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Preface

The "humid tropics" consists of those zones with tropical rainy
climates lying on either side of the equator. They extend over the
lowlands of the River Amazon, the central Congo basin and along the
African Guinean coast as well as over the southern Asiatic peninsula
and the islands of Malaysia, Indonesia and the Philippines.

The geographical extent of the regions with tropical rainy
climates depends on the location of the Intertropical Convergence
Zone. In association with the trade-winds on the eastern sides of
continents and islands the tropical rainy climates of the Brazilian
Atlantic coast extend down to about latitude 28°S; at this latitude
they are also found on the east coast of Madagascar.

In regions bordering the equator, the humid tropics arc well
developed and temperatures are high all the year round; precipitation
totals are substantial and there is no seasonal pattern. The
northernmost extent of these regions is in Bangladesh and northeast-
ern India where they reach latitude 28°N. In Central America and the
Caribbean islands they extend to 20°N. Beyond these latitudes both
north and south of the equator, the precipitation is concentrated
into the summer and in some areas totals are enhanced by
precipitation induced by topography. In such regions there are
decided wet and dry periods but the poleward boundary with the
semiarid areas is indistinct and one climatic zone merges gradually
into the next.

In the humid tropical regions, temperature variations are less
significant than seasonal variations in humidity. It is the constant
solar radiation, predominance of convective rainfall with high
precipitation rates, tropical cyclones, hydropedological and
geomorphological processes accelerated by higher temperatures and
higher amounts of moisture, which influence the hydrology of humid
tropical regions.

In the last decades hydrological science has focussed attention
on the arid zones rather than on the humid tropical areas, stressing
the improvement and protection of water supply in the arid areas of
the earth and the use of irrigation to improve food supply. Many
hydrologists assumed that water resources in the humid tropical areas
were sufficient to cause no hydrological problems.

There is therefore little hydrological knowledge about humid
tropical regions. However, man has radically interfered with the
natural vegetation and ecology of the tropics in recent years in
order to develop and cultivate these regions. How has this affected
the ecology and in particular the hydrological processes?

UNESCO and the World Meteorological Organization (WMO) have
therefore intensified their activities in the humid tropical regions
within the scope of the International Hydrological Programme and the
Operational Hydrological Programme. The Hamburg Symposium on the
Hydrology of Humid Tropical Regions is a contribution to these
activities. The principal questions to be discussed are whether
there is a difference between the hydrology of the tropics and the
hydrology of temperate regions, and whether the methods developed for



vi Preface

temperate climates can be directly transferred to humid tropical
regions. The hydrologists working in tropical countries have been
almost exclusively trained in temperate countries. Is this training
adequate to meet the demands of tropical conditions?

Even in tropical regions water is essential for nature and man.
Therefore we extend our gratitude to UNESCO, WMO and the United
Nations Environmental Programme for supporting this IAHS symposium.

Originally a special workshop with the title "Hydrological Aspects
of Tropical Cyclones" was planned under the sponsorship of UNESCO
and WMO. It was to include the following topics: definition and
catalogue of tropical humid areas affected by precipitation from
cyclones; runoff characteristics in these areas; problems of river
discharge measurements in these areas; precipitation. On account of
low number of intended papers submitted by January 1983, the
Convenors' suggestion was accepted to combine the workshop with the
Symposium "Hydrology of Humid Tropical Regions with Particular
Reference to the Hydrological Effects of Agriculture and Forestry
Practice". Accordingly, the first group of papers in the present
volume deals with hydrological aspects of tropical cyclones

The second group of papers consists of contributions on the
regional hydrology of the humid tropics. The regional differentia-
tion results in varying effects and problems of land use and water
management. These subjects are included in sections 3 to 5.

REINER KELLER
Institut fur Physische
Geographie
Albert-Ludwigs-Universitat
Werderring 4
7800 Freiburg
Federal Republic of Germany



Preface

Les regions tropicales humides sont constitutes par les zones
beneficiant d'un climat tropical pluvieux qui s'etendent des deux
cotes de l'equateur. Us couvrent les parties basses du bassin de
l'Amazone, le bassin central du Congo et une bande le long du Golfe
de Guinee en Afrique ainsi que la pe"ninsule du sud est de l'Asie et
les iles de la Malaisie, de l'Indonesie et des Philippines,

L'extension geographique des climats tropicaux pluvieux depend
de la situation de la zone intertropicale de convergence. En
association avec les vents alize's sur la partie orientale des
continents et des iles, les climats tropicaux pluvieux de la cdte
atlantique du Bresil descendent jusqu'a une latitude proche de 28°S;
si ces latitudes en les trouve aussi sur la cote est de Madagascar.

Dans les regions de l'equateur, les regimes hydrologiques
tropicaux humides sont bien marques et les temperatures sont elevees
toute l'annee; la hauteur totale de precipitations annuelles est
assez e"levee et i l n'y pas de schema de variations saisonnieres.
L'extension la plus septentrionale de ces regions est observes au
Bangla-Desh et dans le nord est de 1' Inde oil elles atteignent la
latitude 28°N. En Amerique centrale et dans les iles Caraibes elles
s'etendent jusqu'a 20°N. Au dela de ces latitudes, au nord et au
sud de l'equateur les precipitations sont concentrees en ete et dans
certaines regions la hauteur annuelle est renforcee par les
precipitations resultant des caracteristiques topographiques. Dans
de telles regions i l y a des periodes seches et humides distinctes
mais la frontiere en direction du pole avec la zone semi aride est
mal definie et 1'une des zones climatiques se perd progressivement
dans la suivante,

Dans les regions tropicales humides, les variations de temperature
sont mo ins significative que les variations saisonnie'res de
l'humidite, Ce sont: la constants solaire du rayonnement, la
predominance d'averses convectives avec des intensities e'leve'es, les
cyclones tropicaux, les processus hydropedologiques et g^omorpholo-
giques accele"re"s par les fortes temperatures et un pourcentage e'leve"
d'humidite qui ont le plus d'influence sur l'hydrologie des regions
tropicales humides.

Au cours des dernieres decennies les chercheurs hydrologues ont
concentre leur attention sur les zones arides plutot que sur les
zones tropicales humides, en insistant sur 1'amelioration et la
protection de 1'alimentation en eau dans les parties arides de la
terre et l'emploi de 1'irrigation en vue de 1'amelioration des
cultures vivri&res. De nombreux hydrologues admettaient que les
ressources en eau dans les regions tropicales humides e"taient assez
abondantes pour qu'il ne se pose pas de problSmes hydrologiques,

Mais cependant nos connaissances hydrologiques dans ces regions
sont faibles. Par ailleurs 1'homme est intervenu de facon radicale
pour modifier la ve'ge'tation naturelle et l'e'cologie des regions
tropicales au cours de ces dernieres annexes en vue de mettre en valeu
valeur et de deVelopper les cultures dans ces regions. Comment cette
action a-t-elle affectee l'e'cologie et en particulier les processus
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hydrologiques?
L1UNESCO et 1'Organisation Mete"orologique Mondiale (OMM) ont en

consequence intensifie leurs activites dans les regions tropicales
humides dans le cadre du Programme Hydrologique International et le
Programme Hydrologique Operationnel. Le Colloque de Hambourg sur
l'Hydrologie des Regions Tropicales Humides, 1983, a pour objet de
contribuer a ces activites. En premier lieu on devrait discuter des
questions suivantes: Y a- t - i l une difference entre 1'hydrologie des
climats tropicaux et des climats temperes? Los methodes qui ont 6t€
mises au point dans les climats temperes peuvent elles etre directe-
ment transferrees aux regions tropicales humides? Les hydrologues
travaillant dans les regions tropicales ont ete presque exclusivement
formes dans des pays a climat temperes. Cette formation est elle
adequate pour repondre aux demandes des conditions tropicales?

Meme dans les regions tropicales l'eau est essentielle pour la
Nature et 1'Homme. C'est pourquoi nous exprimons tout© notre
gratitude a 1'UNESCO, a 1'OMM et au Programme des Nations Unies pour
1'Environnement (PNUE) pour avoir apporte tout leur appui a ce
colloque AISH.

A l'origine on avait prevu un atelier special portant le t i t re
"Aspects Hydrologiques des Cyclones Tropicaux". II devait
bfineficier du parrainage conjoint de 1'UNESCO et d'OMM et les sujets
suivants devaient y etre t ra i tes : definition et catalogue des regions
tropicales humides affectees par les precipitations d'origine
cyclonique; caracteristiques de l'ecoulement dans ces regions;
problemes de mesures des debits dans ces regions; precipitations.

En tenant compte du faible nombre de communications preVues
soumises a la date du 31 Janvier 1983, on a accepts la proposition du
responsable de 1'organisation de cet atelier de le combiner avec le
Colloque "Hydrologie des Regions Tropicales Humides avec une
Reference Particuliere aux Effets Hydrologiques des Pratiques
Agricoles et Forestieres". En accord avec ce qui pre"cdde, le
premier groupe de communications du volume trai te des aspects
hydrologiques des cyclones tropicaux.

Le second groupe consiste en contributions & l'hydrologie
regionale des regions tropicales humides. Les diffgrenciations
re~glonales ont des consequences variees sur l'hydrologie, et les
problemes d 'uti l isat ion des sols et d'ame"n age ment des eaux. Ces
sujets sont trai tes dans les groupes 3 a 5.

REINER KELLER
Institut fiir Physische
Geographie
Albert-Ludwigs Universit'dt
Werderring 4
7800 Freiburg
R&publique Fe'de'rale
d'Allemagne
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hydrology of Humid Tropical Regions wiih Particular Reference to the Hydrological
Effects of Agriculture and Forestry Practice (Proceedings of the Hamburg
Symposium, August 1983). IAHS Publ. no. 140.

Operational hydrology in the humid tropical
regions

WORLD METEOROLOGICAL ORGANIZATION
Hydrology and Water Resources Department, CP
No.5, CH-1211 Geneva 20, Switzerland

ABSTRACT This paper reviews the similarities and differ-
ences which exist between operational hydrology as applied
in tropical areas and that which is applied elsewhere. On
the basis of this review, it recommends operat ional hydrology
techniques which can be adapted or transferred directly
from other areas to the humid tropics; it delineates problem
areas which are due either to the transfer of inappropriate
techniques or to the lack of a solution to the specific
operational hydrology problems which are specific to these
areas; it suggests research topics and their priority for
solution for the problems outlined and indicates areas
where international organizations could most effectively
assist developing countries in humid tropical regions.

Hgdrologie operationnolle dans les regions tropicales
humides
RESUME Ce document passe en revue les ressemblances et
les differences qui existent entre l'hydrologie operation-
nelle telle qu'appliquee dans les regions tropicales et
celle appliquee ailleurs. Sur la base de cet examen, on
recommande les techniques d'hydrologie operationnelle qui
peuvent etre adaptees ou transferees directement d'autres
regions aux regions tropicales humides; on souligne les
problemes des regions qui sont dus soit au transfert
de techniques inappropriees soit a 1'absence d'une solution
aux problfemes specifiques d'hydrologie operationnelle
concernant ces regions; on suggere des sujets de recherche
et leur priorite en vue de re"soudre les problemes identif ie's
dans cette communication et on indique les domaines dans
lesquels les organisations internationales pourraient
assister le plus efficacement les pays en de"veloppement
dans les regions tropicales humides.

INTRODUCTION

Scope

According to the definition adopted by WMO, operational hydrology
includes:

(a) Measurement of basic hydrological elements from networks of
meteorological and hydrological stations; collection, transmission,
processing, storage, retrieval and publication of basic hydrological
data;

(b) hydrological forecasting;
3
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(c) methods, procedures and techniques used in: (i) network
design; (ii) instrumentation and methods of observation; (iii) data
transmission and processing.

The scope of this paper is limited to an analysis of differences
and similarities between the activities described in this definition
as they are carried out in humid tropical regions on the one hand
and temperate zones on the other.

The paper is based on the proceedings of the Seminar on Hydrology
of Tropical Regions (convened by WMO in 1981 in Miami), available
literature, WMO consultants' reports and comments from a large number
of experts who were invited to contribute to the report.

Definition of humid tropical regions

The areas under consideration in this paper are: the humid tropical
regions, located principally between the Tropics of Cancer and
Capricorn and having a mean annual precipitation of at least 1000 mm

o
and a mean monthly temperature in any month of at least 20 C. The
extent of such areas can be estimated on the basis of available world
maps of precipitation, such as published by UNESCO (1978), and
temperature, such as prepared by Budyko (1963), By and large these
regions coincide with the areas defined by Koppen and presented by
Trewartha (1954) as tropical rainy climates (Fig.l).

DISTINCTIVE HYDROLOGICAL FEATURES OF TROPICAL AREAS

From the viewpoint of features relevant to operational hydrology, the
tropical regions may be separated into two main subregions; one which

FIG.l Tropical climates according to the K'6ppen system
(modified by Trewartha) and areas of tropical cyclones
showing frequency of occurrence in per cent.
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is affected by tropical cyclones and one which is not. The second of
these may be further subdivided into two sub-climate zones: one that
is continuously humid and one that is seasonally humid and dry (see
Fig.l).

Non-tropical-cyclone sub-region

The main distinctive hydrological features of the humid tropical areas
not affected by tropical cyclones relate to the large amount of
precipitation falling in rain bursts of high intensity coupled with
high temperatures. However, there are significant differences between
the meteorological and hydrological features of the two sub-climates.

The continuously wet zone includes areas of various sizes which
are mainly found within a relatively narrow band at 3 N-5 S latitude.
Their precipitation varies little from one month to another, although
some slight variations related to the seasonal position of the sun at
the given latitude may be observed. The main rain-generating mechan-
ism is convection (thunderstorms). The infrequent windy periods
(mainly easterlies) are characterized by low wind speed. The major
distinctive hydrological characteristic of this area is the existence
of a dense network of rivers with stable flow and occasionally unstable
channels generated by runoff retarded by the dense vegetation and
related forest canopy. Two of the largest rivers of the world, the
Amazon and the Congo, collect the largest portions of the runoff from
this zone.

The non-continuously wet zone (seasonal precipitation) extends over
the vast proportion of non-tropical-cyclone regions. The variation in
precipitation is primarily caused by the seasonal displacement of the
sun's position relative to the earth and the related displacement of
the inter-tropical convergence zone (ITCZ). In connection with this
displacement the limits of the trade winds also vary seasonally. In
the vicinity of the Indian Ocean, due to the peculiar position of
land masses and ocean areas and their related differential heating,
seasonal wind patterns (monsoons) develop and thus further complicate
the intra-annual precipitation distributions. There are two major
precipitation-generating mechanisms in areas not affected by monsoons
or trade winds: convection and convergence, the latter being mainly
related to the displacement of the ITCZ.

Runoff follows the pattern of precipitation but with a lag of
between two and six weeks. The inter-annual variation of flow is
moderate at low latitudes and increases markedly at higher latitudes.
The main distinctive hydrological feature of this zone is the presence
of a dense network of permanent rivers presenting a significant
seasonal and inter-annual flow variation and of an additional network
of temporary small streams. The hydrological cycle components vary
markedly from one season to another.

Tropical-cyclone sub-region

Tropical cyclones, or hurricanes or typhoons as they are called in
certain parts of the world, are defined by WMO (1976) as very low
pressure areas originating in warm ocean areas with diameters of a
few hundred kilometres with maximum winds exceeding 17 m s . Even
before reaching land they may produce damage through the surge waves
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they generate and can precede them and cause extensive flooding. The
main hydrological effect, however, occurs when the tropical cyclones
reach land and result in significant amounts of rain over vast areas.
When coupled with other rain-generating factors, the effect may be
further amplified and disastrous flooding may result. Figure 1
indicates the areas which most frequently experience tropical cyclones.
An example of an areal study of tropical, cyclones and their tracks
can be found in Coleman (1972).

From an operational hydrology viewpoint, the distinctive character-
istic of river basins in tropical-cyclone-prone areas is the actual
or potential occurrence of floods which exceed (in particular from
the standpoint of peak flow and rate of increase of the flow) the
floods generated by other types of precipitation. In other respects
the hydrological characteristics of such areas do not differ much from
those of the underlying climate sub-region (seasonal or monsoon trade-
wind type).

Thus, in the humid tropics, the rain-generating mechanisms referred
to above - convection, convergence, tropical-cyclones and orographic
effects - may produce, by combining together in increasingly complex
groupings, more and more complex rainfall and runoff conditions. Only
small river basins (up to a few thousand km") will have drainage areas
located within one single climate sub-zone. Larger basins may be
influenced by several climate zones, including some outside the humid
tropical regions. In such cases the hydrological regimes may not
conform very closely to any of those described above.

NETWORK DESIGN AND MEASUREMENT EQUIPMENT

Operational hydrology in humid tropical regions, as in any other
areas of the world, is based on a network of meteorological and
hydrological stations. In addition to the network a number of special
surveys are conducted in many countries to supplement the data
required for operational hydrology purposes.

Ideally, the network should be developed on the basis of a
nationwide plan which considers long term objectives in addition to
current and short term ones. However, in most countries of the world
the meteorological and hydrological network has developed in an
empirical manner related to ongoing data needs. Network design in
an operational sense must take into account the existing network
and try to adjust it so that long term objectives can be satisfied
at a minimum cost. In the following discussion, the focus is on
the acquisition of data for broad-scale national planning purposes.
The stations used for this purpose are clearly the responsibility
of national hydrological organizations as indicated by Rodda
(1969).

Hydrological networks require an infrastructure (stations,
measurement and data transmission equipment, repair and maintenance
shops, rating laboratories, transportation means - plus the
corresponding staff) and a superstructure (for planning and running
the network, and for collecting, checking and processing the data
and disseminating the resulting information to the users) (WMO,
1977a). This section is concerned with the network infrastructure.
Activities pertaining to its superstructure are discussed in
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subsequent chapters.
Data collected on the tino and space variation of meteorological

and hydrological characteristics of an area may be separated into
three major groups: historical data, real time data and special survey
data. The design of each group presents different problems in
tropical areas.

Historical data and station density

Historical data are collected to obtain a space/time series of data
on meteorological and hydrological elements of the relevant area from
which the hydrological characteristics can be estimated. The density
of the stations is primarily dictated for this group by the variability
of the elements to be measured and the acceptable errors of estimation
at the ungauged locations. Budgetary constraints often override these
considerations.

In most tropical countries, particularly developing ones, the most
significant difficulty in the realm of operational hydrology is the
sheer lack of measurement stations. While a number of countries may
have reasonable densities in some areas, they lack stations in
difficult-to-access regions (e.g. India and Malaysia). In only some
areas in a few countries is the density of stations sufficient (e.g.
a few areas in Australia, Costa Rica and Northern Venezuela). These
countries could be used to assess relationships between network
density and error of interpolation.

The WMO Guide to Hydrological Practices (1981/1.983) makes recom-
mendations with respect to the density of rain and flow measurement
stations in flat and mountainous regions of temperate Mediterranean
and tropical zones. .Taking into account these recommendations and
the variation in hydrological characteristics in various zones and
Sub-zones, it is possible to make recommendations for minimum network
densities and length of operation of the stations in the tropical
regions as shown in Table I .

A denser network (about one raingauge in 250 km" and one stream
discharge gauge in 500 km") is required in areas assumed to form the
boundaries between zones to enable the definition of the zone
boundaries. It is advisable to designate some 5-10% of stations as
benchmark stations with gauges to be operated indefinitely. When the
hydrological regime is nonstationary because of man's activity,
indefinite observation periods are also necessary.

In continuously wet areas, rainfall-runoff models usually work
very well as ascertained in WMO (1975b), and in these areas it is
possible to consider leaving certain sub-areas with a sparser flow
measurement network (e.g. reduced to half the recommended density)
and other sub-areas with a sparser precipitation measurement network.
Similarly, reductions in network densities can be considered where
good models relating precipitation variation in space with topograph-
ical features have been developed and validated. Such models could
be useful in areas affected by monsoons and trade winds. The square
grid technique, which has been applied recently to a large tributary
of the Amazon River (Basso et al., 1979) and is currently being
extended to the whole Amazon River basin, also provides a tool for
more efficient distribution of meteorological and hydrological stations
in tropical areas.
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Table 1 Recommended minimum network for historical data
(stationary regime)

Typo of climate Type of
topography*

Station
density
for preci-
pitation
network+

Station
density
for stream-
flow
network+

Duration of
operation
for station-
ary regime
(years)

Continuously wet

Wet, with
seasonal variat-
ion (not affect-
ed by monsoons
or tropical
cyclones)

Affected by
tropical
monsoons

Affected by
tropical
cyclones

Flat
Rugged

Flat
Rugged

Flat inland
Rugged and
coastal

Flat
Rugged and
coastal

2 5OO
2000

2OOO
16OO

1OOO
8OO

600
250

sooo
450O

4000
32 OO

10-20

2000
16 OO

12 OO
5OO

20-60

60-100

*Mountainous areas are excluded from the region as the temperature
drops to below 20°C at about 1OO0 m elevation.
+A.rea in km'' per station.

Measurement equipment and techniques

Experience reported by Rodier (1978), as well as judgement indicate
that in the humid tropics it is desirable to use automated recording
equipment. Availability of an observer should always be a consider-
ation in selecting station location, but reliance on observations by
manual techniques should be minimal. This is rendered necessary
primarily because of the rapid variation within the day of some of
the elements measured, particularly in tropical-cyclone-affected
areas. Furthermore, in a number of cases where stations are difficult
to get to, it may be worthwhile considering the installation of data-
transmitting (telemetering) equipment even at stations where real
time data may not be necessary. In this way one may monitor by
remote control the functioning of the stations and avoid carrying out
unnecessary maintenance trips. It is often demonstrable from
experience that installation of duplicate (redundant) equipment at
some stations may prove economical.

In selecting equipment in tropical countries, one must take into
account the particular climatic conditions (high temperature and
humidity, high content of sediments and the frequently low pH of
water caused by the high content of organic matter) , the possible
damage due to small wildlife including insects, as noted by Strange-
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ways (1976), possible vandalism, ease of inspection and the possibility
of verification on site, as well as the characteristics of the elements
measured. For example, some tipping bucket rain recorders may not
have the required mechanical capabilities to record appropriately very
intense rains. One should opt for sturdiness and simplicity of instal-
lation with the possibility of replacing defective components. Imbed-
ding of fixed portions of the equipment in a plastic mass as is done
with some rain recorders developed in the UK may also be advisable (WMQ
1980a). However, any new type of equipment should be introduced only
after adequate arrangements for maintenance have been established.

Installation of gauging equipment to ensure that it can be accessed,
if necessary, during rainstorms and floods and that it is not destroyed
by extreme meteorological and hydrological events presents a difficult
problem and makes installation of gauges in this area very expensive.
Use of prefabricated elements may reduce significantly the costs of
such installations. Benchmarks for streamgauging stations are always
required to ensure continuity in case of loss of the gauge during a
flood. The installation of a streamgauge in stages up the river bank
is probably advisable for all tropical rivers. In areas affected by
backwater, including backwater from tidal or other surges, the
installation of two or three recording gauges along the river to
enable observations of slope variation to be made is strongly recomm-
ended .

Measurement of river discharge by different methods is explained in
detail in publications of WMO (1980b, 1981/1983). For very large
rivers flow measurements from helicopters (Dubreuil et. al., 1975), or
aeroplanes, as practised on a wide scale in the USSR (Kuprianov, 1976),
could be an efficient and economical solution. As many tropical rivers
carry significant amounts of floating material, particularly during
floods, the use of such natural floats to carry out velocity measure-
ments may offer an alternative. Furthermore, applying simple hydraulic
calculation techniques, such as those associated with indirect methods
of computing discharge (WMO, 1968), could be particularly useful in
rivers with flash floods. However, in some reaches, the slopes of the
rivers are very small, and the relative errors in measuring them arc
therefore large. Use of indirect methods on such reaches is not
advisable.

Sampling for suspended sediment discharge is required only at a
certain percentage of flow gauging stations according to the climatic
aone (3-5% of the total number in areas with a continuously wet
climate, 5-7% in areas with seasonal variation in precipitation and/or
affected by monsoons and trade winds, and up to 10% in areas affected
by tropical cyclones). Similarly the frequency of sampling can vary
from four to six per year in the continuously wet sub-region to, at
least, 12 per year plus additional measurements during flood events
in areas affected by cyclones. A very important requirement with
respect to sediment gauging for tropical zones is to gauge river
basins in which the natural vegetation cover has been removed by man
or natural events (bush or savannah fires) or affected by recent
volcanic eruptions (Arriagade c(, ul. , 1976).

Sampling for suspended sediment gauging can be done with simple
equipment. It may be entrusted to observers. At any rate the sources
of errors in sampling have to be carefully checked, as indicated by
Lussigny k Toucheboeuf (1973). Difficulties encountered in sampling
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during flash floods could be circumvented by attaching sampling
containers to the gauge structure at various levels.

Bed load is very difficult to measure in any part of the world,
and as yet there are no practical solutions that could be suggested
for humid tropical regions. Arriagada et al. (1976) recommended the
use of theoretical formulae which could be calibrated using data
obtained by surveying at various intervals the bed loads accumulated
in large reservoirs.

The density of water quality measurement points can be roughly the
same as that indicated for suspended sediment sampling. The same
applies to the frequency of measurement. Obtaining data on water
quality is a problem in humid tropical countries because collecting
samples and shipping them to central laboratories for water quality
analysis is very difficult. This is due to the high temperatures
which cause significant changes in the water quality of the samples
and to shipment difficulties. Both of the difficulties mentioned
above, can be best solved by using a mobile water quality laboratory
installed in a sturdy half-track, if possible of the amphibious type.
The inclusion of a suspended sediment laboratory and streamgauging
equipment could make such a mobile laboratory a very useful tool for
the operation oC a hydrometric network in the humid tropics. A
description of such a laboratory is given by Knop (1973). Such
laboratories are used successfully in Central America, Columbia and
Brazil.

Real time data

Real time data are transmitted as they are recorded to data-collection,
processing and dissemination centres in order to monitor or forecast
water-related phenomena for various practical operational purposes.
The bulk of real lime data is required in tropical countries in
connection with forecasting flood events. However, use is also made
of real time hydrologicai data for the operation of water resource
projects. Such use will increase in time as more and more water
resource projects are commissioned in the humid tropics.

Real time data, when stored and processed appropriately, also
become part of the historical data. In addition they can provide
early indications of rare events taking place in the region and allow
more efficient use to be made of the staff and equipment available to
operate the historical data network. The infrastructure for real
time data consists of gauging network subsystems and a remote sensing
subsystem,

With respect to gauging equipment, significant progress has recent-
ly been made in developing sensors and digital transducers (data
collection platforms) and their use should be considered in all cases
(Doran et al., 1979). It is, however, crucial to ensure adequate
maintenance by the manufacturer or by an appropriate local organizat-
ion when using such equipment. It is also important to ensure that
it is possible to read and check the equipment in the field.

Remote sensing subsystems may consist of ground-based (radar) or
airborne and space craft equipment fitted with remote sensing devices.
The role of remote sensing techniques both in collecting real time
data and in special surveys is growing very fast, particularly in the
humid tropical countries lacking conventional networks (Deutsch ct al.,
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1981).
Radar is of particular significance for real time data collection

on precipitation in the humid tropical regions because of the rapid
space variation of precipitation which is very difficult to monitor
using conventional raingauges. However, it must be noted that radar
stations have to be used in conjunction with conventional raingauges
to calibrate the radar. Also the cost/efficiency ratio of radar is
advantageous only under special circumstances. Often the cost of
radar is prohibitive.

Airborne remote sensing has been widely used in special surveys,
but until now it has been employed very little in the collection of
real time data with the exception of flow measurements.

Meteorological satellites can be used to monitor the presence and
movement of clouds and estimate precipitation distribution. GOES is
a satellite which is particularly suitable for such applications in
the tropical zones because image distortion in such zones is minimal
and the high frequency of images obtainable (up to three per hour)
makes this satellite very suitable for monitoring the evolution of
tropical cyclones (WMO, 1977b). GOES can also be used to estimate
radiation at the earth's surface and other meteorological data.
Although other satellites can be used for similar purposes they
present the inconvenience of providing imagery at larger intervals.
Use of spacecraft for estimation of land and sea temperature and of
atmospheric humidity is currently at an experimental stage, but is
opening up new and interesting possibilities for operational hydrol-
ogy applications.

Difficulties in the way of the practical use of satellites as a
source of real time data for operational hydrology in developing
humid tropical countries arise from the sophistication and cost of
the equipment and lack of trained personnel. The development of
cheaper satellite-data-receiving stations and the development of
programs for computer processing and interpretation on non-dedicated
mini computers could help in solving these problems, as reported, for
example, by Solomon & Swain (1981). For the time being, however, the
data transmission role of satellites is far more operationally
effective than remote sensing from spacecraft.

Special surveys

Special surveys are defined for the purpose of this report as surveys
for obtaining meteorological and hydrological data which are conducted
occasionally or periodically in addition to the regular network
observations (e.g. survey of the minimum flow of ungauged rivers
during a drought). Because of gauge scarcity in many areas of the
humid tropics, special surveys may be of great significance. As many
special surveys are not carried out by official meteorological and
hydrological organizations but frequently by engineering consultants,
there is a need, particularly in developing countries, to collect and
coordinate the information contained in reports on such special
surveys.

Special surveys to determine relationships between climate,
hydrology and basin characteristics are of particular significance in
the tropical rainforest (Gilmour et al. , 1980), because of difficulties
in access and carrying out measurements under such climatic conditions.
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Special surveys can be carried out using either conventional ground-
based or remote sensing techniques or a combination of the two. The
latter alternative is becoming more and more the approach of choice,
although some not fully justified claims have been made about the
accuracy of remote sensing applications in operational meteorology
and hydrology.

Many remote sensing surveys have been made and a number of
applications can be considered already as proven and adequate for
operational purposes. Thus, large area surveys for obtaining river
basin data related to hydrology (soils, vegetation, geology, river
networks) can best be carried out by remote sensing techniques
combined with ground truth data (e.g. the RADAM Project in Brazil).

Because of the dense tall vegetation cover in humid tropics, the
river channel system in such areas is often erroneously delineated,
especially in areas with smooth topography. In this case side-looking
radar (SLAR) could be successfully used to correct such errors.

Remote sensing from satellites or airborne platforms can also be
used in special surveys (mainly in the research stage) for mapping
land-use/land-cover, delineating the extent of flooded areas and
estimating soil moisture (Hoilman & Moore, 1979).

Landsat has been used experimentally in many applications that
could be incorporated in special field surveys programmes. With the
increased resolution (30 m) of its "thematic mapper", the sphere of
such applications will certainly increase in the near future.

The above analysis shows that, although numerous adjustments are
required for adapting operational hydrology techniques for network
design and equipment selection to tropical regions, by and large
these techniques are applicable to such regions.

COLLECTION, PROCESSING, STORAGE AND DISSEMINATION OF DATA

Data collection and processing

Accessibility problems and the rapid variation of river levels, flows
and discharges and, in some cases, of river bed characteristics lead
to specific data-collection problems in the humid tropics. Because
of this, in many instances, the collecting and processing of hydrolo-
gical data, particularly the definition of the stage/discharge
relationship, is difficult. Dissemination of data by publication or,
as is currently done in developed countries, by computer-to-computer
communication is rendered difficult because of lack of resources and/
or technology. Other specific problems such as difficulties in
preserving paper because of persistent high air humidity, or damage
by insects and rodents, further complicate the problem of storage and
dissemination of hydrological data in the humid tropics.

Water level measurements raise questions regarding the frequency
of observation. The reliance only on staff gauge observations should
be avoided as much as possible in the humid tropics by also installing
water level recorders. Wherever it is not possible to install stage
recording equipment, water level observations during flood periods
should be made at least four times per day for small rivers (< 5000
km 2), at least three times per day for medium rivers (5000-20 000km2)
and twice per day for large basins (> 20 000 km 2). When floods
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destroy the gauging installation, something which occurs relatively
frequently in the humid tropics (particularly in a monsoon-tropical
cyclone climate), marks left by the high water could be used to
establish the maximum levels reached.

Discharge measurement presents a problem which plagues hydrolo-
gists the world over, but in particular in the humid tropics, when
attempts are made to obtain discharge data using water levels and
stage/discharge relationships in the face of a lack of discharge
measurements at high and very high levels. Adverse weather,
flooding, inaccessibility, lack of proper equipment, and the danger
to life when measurements are carried out at flood levels
frequently combine to make it very unlikely to obtain discharge
measurements at very high levels at any gauging station. Careful
planning of measurements to be carried out during and following an
extreme event can help to obtain the best results (Cobb & Barnes,
1981). In rivers bearing a significant sediment load it is ad-
visable to investigate the depth of freshly deposited sediment.
These data can be used to improve the accuracy of indirect
measurements.

Sediment measurement presents problems parallel to those of flow
measurement. They are difficult to obtain during floods, but
are of greatest significance during such events. In the humid tropics
with two or more seasons the relationship between sediment concent-
rations and discharges can be expected to vary from one season to
another. For example, for the same discharge, concentration is
higher during the transition from the dry to the humid season and
vice versa. This is in addition to the generally observed trend for
higher sediment concentrations during the rising limbs of flood
hydrographs and lower concentrations during the falling limbs.
Sediment measurements should be planned in such a manner as to ensure
that this variation in the sediment/flow relationship can be
adequately detected.

Data processing and quality control require skilled personnel.
Such personnel are usually scarce in developing countries, and as
the humid tropics is composed almost entirely of such countries,
there is considerable incentive to use computerized techniques. At
present it appears that the use of microcomputers could significantly
improve the efficiency of data processing.

Stage/discharge relationships, when extrapolated, may give rise
to quite appreciable errors in the values of daily flows. In the
humid tropics, extrapolation errors may frequently be due to an
inadequate knowledge of the extent of the flood plain and secondary
channels. This may be related to difficulties in obtaining accurate
maps of the area because of the dense vegetation cover. When the
gauging station has not been selected immediately upstream of a
natural control, the stage/discharge relationship may change
frequently, particularly after the passage of a large flood. Where
the river slope is small and the flood hydrographs show rapidly
increasing and decreasing levels, a frequent occurrence on rivers in
the humid tropics, this is an indication of significant dynamic
slopes during the passage of flood waves. In such cases the variation
in the stage/discharge relationship during a flood event should be
estimated either from flow measurements or from hydraulic calculat-
ions, as was done in Central America by Projecto Hidrometeorologico



14 World Meteorological Organization

Centro-Americano (1977) .

Data, storage

The problems of storage of historical data are discussed in sufficient
detail in the WMO Guide (1981/1983). It should be emphasized that
preserving paper documents in the humid tropics is extremely difficult
because of the hot and humid environment, damage by animals etc. Data
stored on magnetic tapes have to be frequently recopied, as the tapes
deteriorate rather quickly under these conditions. Air conditioning
would generally solve this problem, but cannot be obtained on a
continuous basis at most localities of the region. Hard disks, though
more stable, are expensive. Floppy disks, used with microcomputers
arc relatively stable and inexpensive. Their use should therefore be
encouraged. Microfilm is probably the most advisable form of data
storage for the humid tropics and should be used in addition to
storage in computer-compatible form. When selective storage on micro-
fiche is to be carried out, preference should be given to original
data sheets and graphs over those that have been processed (derived) .

Real time data

Flanders (1981) discusses in detail the problems of collection,
processing, storage and dissemination of real time data. The WMO
report on automatic weather stations for tropical cyclone areas (WMO,
1981b), is particularly relevant to tropical conditions. The special
conditions in the humid tropics make it advisable to collect and
disseminate data through communication systems which are not depend-
ent upon land lines, as these may fail frequently during extreme
events. It is noted that the particular location of geostationary
satellites above the equator makes it very advisable to use their
communication systems both for data collection and for dissemination
to the users. Such systems have already been implemented or are
planned for several operational hydrology projects in the humid
tropics. Another element which should be considered in connection
with real time data collection and dissemination to users is the
fact that in the humid tropics power failures are fairly frequent.
Where obtaining real time data is essential, the provision of a
standby power source should be envisaged.

In the area of data collection, processing, storage and dissemin-
ation, the adjustments required to the relevant operational techniques
used in temperate zones in order to make them applicable to the humid
tropics are of significance. However, once adjusted, most of these
techniques are applicable.

HYDROLQGICAL ANALYSIS

The techniques of hydrological analysis described in the WMO Guide
(1981/1983) are generally applicable to the humid tropics. The
following provides some indications on particular aspects of hydrol-
ogical analysis related to the distinctive hydrological character-
istics of the zone.
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Areal variation of meteorological and hydrological characteristics

There is a close relationship between vegetation in tropical areas
and precipitation and runoff (Davy et al . , 1976). It is therefore
advisable to use information on these geographical characteristics
and relate them to various meteorological and hydrological variables.
Such relationships can be estimated using graphical techniques such
as the one illustrated in the WMO Guide (1981/1983). In some cases,
it may be efficient to use comouterized data banks, for example, of
the type described by Solomon (1972a) when using regression analysis.
These techniques have been used, for example, to estimate the
distribution of mean annual precipitation, evaporation and runoff by
Basso et al. (1979), in the Tocantins River basin in Brazil and are
currently (1983) being extended to estimate mean annual and mean
monthly precipitation, evaporation and runoff for the whole Amazon
River basin. The techniques can be used to relate meteorological
or hydrological characteristics in a square grid to the physiography
of the area and permit also hydrological regionalization and related
network design, as indicated by Solomon (1972b). The data bank
generated by the square grid technique can be used to develop a
distributed rainfall/runoff model for flow estimates, as well as
estimates of other components of the hydrological cycle, at any point
of the river basin modelled. It can also be made compatible with the
system of remotely sensed data observed by various satellites,
particularly Landsat and GOES. The use of this technique may be
advisable where the scarcity of data results in large errors of inter-
polation when conventional approaches are used. In view of the costs
involved careful cost/efficiency study is needed before this approach
is used.

Frequency of storms and flood peaks in aroas with two rainfall-
generating mechanisms

In the tropical-cyclone sub-region, non-homogeneity in the storm rain-
fall and flood peak data recorded at various gauging stations may
occur. This is related to the fact that there are at least two rain-
fall-producing mechanisms in this sub-region. There are various
possible solutions to the problem of calculating the frequency of
such rainfall and peak flow data. Dubreuil et al. (1975) treat the
tropical cyclone-generated data as outliers. Ashkanasy & Weeks (1975)
and Canterford et a/.. (1981) suggest the use of a "complex" frequency
distribution.

One may also approach the above problem in a different way. In
such an approach the probabilities are calculated separately for each
rainfall-producing mechanism. The probability of the non-tropical
cyclone rainfall (peak flow) is calculated using conventional tech-
niques (WMO, 1981/1983). For the tropical cyclone rainfalls (peak
flows) all tropical cyclones recorded in the region would be consider-
ed using regional studies such as that of Coleman (1972). Each event
would receive a probability of occurrence in the given station (basin)
based on the probability of the tropical cyclone occurring as calcul-
ated by means of conventional techniques, multiplied by the probab-
ility of the tropical cyclone occurring at the given station (river
basin). The latter could be estimated as the ratio of the area
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covered by the cyclone to the total area of the region. This
calculation could be more realistic than any calculation based
exclusively on observations at the station (basin). A further
advantage of the technique consists in the fact that it could be
applied to any point (basin) of the region including points (basins)
lacking observations.

Estimation of probable maximum precipitation

In estimating probable maximum precipitation in the humid tropics
one must apply different techniques in the various sub-zones. This
is necessary because where only one rain-generating mechanism is
present the maximum probable precipitation values are significantly
lower than where several such mechanisms are possible. In the non-
tropical cyclone areas not affected by monsoon or trade winds it is
likely that reliable estimates of the PMP can be obtained by combining
observations of maximum annual (or seasonal) precipitation at all non-
correlated meteorological stations and thus generating a long series
of data (station-year method). The PMP could then be estimated as a
precipitation with an extremely low probability of occurrence using
for example the technique suggested by Hershfield (1965). In such
areas one can expect little variation of the PMP from one point to
another. In the monsoon and trade-winds sub-zone, where orographic
effects and frontal precipitation may combine with conventional storm
precipitation, conventional techniques as described in the WMO Guide
(1981/1983) can be used to estimate the PMP. In such areas one can
expect PMP values to vary with geographical location, proximity to
the ocean, relative location with respect to prevailing wind
directions and orographic characteristics.

In tropical cyclone-prone areas PMP can be estimated using global
maximization as proposed by Kennedy & Hall (1981). Global values
are first adjusted for regional differences such as those in southern
USA and northwest and northeast Australia. The regional values are
further adjusted for local conditions such as distance from the coast
and for orographic (topographical) effects.

basic to the regional differentiation proposed above in estimating
the PMP is the delineation of the various sub-regions according to
the rain-generating mechanism. This underlines the need for a denser
meteorological network in the assumed boundary areas, supported by
the extensive use of available satellite data (WMO, 1977c).

It is noteworthy that in all the countries of the world there is
a tendency to increase PMP estimates as recorded storm values increase
in time with a longer period of observation. Whereas comparisons of
PMP estimates to recorded maximum precipitation (Kaul, 1976; Dhar
et al., 1980) are also advisable, differences in the rain-generating
mechanism should always be considered before increasing a PMP
estimate on the basis of recorded higher values in the country or
region,

Conceptual hydrologica.l modelling

Fitting of hydrological models in the humid tropics is generally
less difficult than in other climatic zones (WMO, 1975b) because the
complications related to snow melt are not present.
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The most difficult periods for modelling purposes are the transit-
orial ones (from dry to wet and wet to dry) when modelling errors are
usually largest. Since areal distribution of precipitation from
satellite imagery is apparently estimated with better results in the
humid tropics (Scofield & Oliver, 1981), it could be valuable to use
such estimates, if available, if models are used in these areas.

Initial infiltration losses during a storm following a dry period
represent the process most difficult to model in the humid tropics.
Data obtained from detailed measurement of precipitation and runoff
in such basins, supplemented by data on the types of soil (Dubreuil,
1972), could be of significant use. Examples of the application of
models in such areas are given by NSmec & Kite (1981) and Askew (1981)

In conclusion, the methods of hydrological analysis used in
temperate zones are applicable, with minor adjustments, to the humid
tropical regions. In fact, it is possible that some of these tech-
niques provide better results in these regions than elsewhere.

FORECASTING AND PREDICTION

Two types of forecasting or prediction need to be considered. The
first refers to real time forecasting, i.e. the forecasting of flows
(levels at a point) on a river for subsequent time intervals. The
second refers to the prediction of changes in the hydrological regime
and characteristics following actual, planned or possible changes in
basin characteristics.

Real time forecasting

This type of forecasting is extensively discussed in the WMO Guide
(1981/1983) and in other WMO publications (1977c). In principle all
the techniques presented there are applicable to real time fore-
casting in the humid tropics. Several of these techniques have been
operationally tested many times in the humid tropics. The following
additional comments relate to the distinctive meteorological and
hydrological characteristics of this zone.

A difficulty in using rainfall/runoff models in this zone is the
large areal variation in rainfall, coupled in many areas with a
sparse network of raingauging stations. A second difficulty is the
generally very rapid response of the rivers to precipitation inputs.
This, coupled with the scarcity of rainfall data, makes it necessary
for many small rivers such as those in central America to use warning
systems based on river levels instead of forecasting systems based
on rainfall/runoff models (Giron, 1981). The forecasting lag can be
extended by using, in addition to meteorological data, meteorological
forecasts of precipitation. Unfortunately, the accuracy of such
forecasts is currently not very high. In some cases, for larger
basins with scarce observations, short term forecasts based on
statistical (multiple regression) techniques using flows of upstream
stations as independent variables are as good as or better than those
obtained by means of rainfall/runoff conceptual models. In statist-
ical forecasting models, it is preferable to use, as dependent and
independent variables, incremental flows rather than total flows,
both for the forecast station and for the upstream stations. This
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eliminates the spuriousness of the correlation due to the seasonal
variation of the flows and normalizes the variables.

Predicting of hydrological regime changes due to changes in river
basin characteristics

Of great practical significance in the humid tropics is the possibility
of predicting changes in the hydrological regime of rivers due to
changes in the land-use/land-cover. There are not as yet well estab-
lished, operational techniques to estimate such changes. This subject
should therefore be considered as a first priority for hydrological
research,

As expected, recent investigations by Davy et aJ. (1976) show that,
for the same amount of precipitation, the runoff increases as the
amount of the vegetation cover decreases. As the runoff increases
with reduction in vegetation cover so does soils erosion (Lai &
Barneji, 1974). Both factors reduce the amount of soil moisture
accumulated in the soil and consequently the corresponding actual
evaporation, since this, in the humid tropics, is essentially limited
by the amount of water available to evaporate. A large proportion of
the rainfall in the humid tropics is generated by local evaporation
(Salati et al . , 1979). Therefore deforestation may result in decreased
precipitation. How far the process may evolve by successive iterations
is difficult to estimate and may depend on the type of land management,
particularly the farming techniques employed. It is notworthy that,
according to Frasier ct al. (1976), soil erosion in farmed land in
Hawaii is negligible from fields with a crop cover, but may be
significant from roads within the cropped area and during and after
harvest. Further information on the subject can be found in a
publication by FAO/UNESCO (1973).

It may be concluded from the above discussion that although fore-
casting techniques of operational hydrology in temperate zones could
also be applied to the humid tropics, there are strong indications
that such techniques will not provide much lead time in forecasting
the floods on small rivers. This is due to the high intensity of
rainfall events and the rapid river response.

With respect to predicting changes in the hydrological regime due
to changes in basin conditions, there are preliminary indications
that techniques developed elsewhere for this purpose might be adapted
to the humid tropics. Further research in this area is needed.

APPLICATIONS TO WATER RESOURCE MANAGEMENT

In the humid tropics, as well as in other climatic zones, the hydrol-
ogist may be required to provide data and information for the
inventory, design, planning, construction and operation of water
resource projects. Such projects may be of local, regional or global
significance. The latter involves one or several large river basins,
very extensive storage, abstractions and diversions, and significant
changes in the conditions of the river basins.

Because of the large amount of energy and matter (water and soil)
involved in climate and hydrological processes in the humid tropics,
it can be anticipated that projects in large areas may exert their
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Influence on the hydrology and possibly the climate of entire
countries (or continents) more rapidly than in other areas of the
world. However, such projects have not yet been implemented in the
humid tropics and there is no valid operational experience in this
regard.

Data for projects of local significance (local projects)

The techniques described in the WMO Guide (1981/1983) could be used
with minor adjustments. Two aspects deserve mention regarding these
adjustments. The first refers to the use of time series for various
purposes, particularly in the design of storage reservoirs , as
described in the WMO Guide. When carrying out time series and
probability analyses of flood flows (or in calibrating deterministic
models for estimation of design flows), the conditions prevailing
after the construction of the dam and reservoir should be envisaged
and flow records corrected accordingly. In general, such correction
involves an increase in the peak flood flow due, on the one hand, to
the loss of natural storage in the area where the reservoir has been
built and, on the other, to the shortening of concentration time
because the travel time through the full reservoir is much shorter
than through the natural valley. Effects of changes in land-use/
cover should also be considered.

The second aspect which requires some adjustment is the recommend-
ations given in the WMO Guide on the selection of the design flood.
The Guide indicates that "for situations involving danger of loss of
human life the aim (of design flood selection) is to provide maximum
protection and the probable maximum flood or the standard project
flood are usually adopted as the design flood". There are three
elements to be considered with regard to this problem. The first is
the uncertainty regarding the probable maximum precipitation. The
use of data from tropical cyclone-prone areas in non-tropical cyclone
areas may lead to significant overestimation in design. This is
further compounded by the uncertainty of the estimation of the flood
peak which varies greatly depending on the type of technique used to
estimate it (Askew, 1975; Solomon & Associates, 1980; Harvey, 1981).

The third aspect is related to the fact that, given the very high
intensities of rainfall and runoff in certain areas of the humid
tropics, floods approaching the probable maximum level are so large
and destructive that the failure of some relatively small dams may
not result in a significant increase in flooding levels downstream.

Finally, it should be noted that the construction of dams with
large gated spillways may create the danger of flooding downstream
through faulty operation of a reservoir. Thus the probability of a
flood approaching the PMF increases significantly in the downstream
area of a dam with a large gated spillway.

For these reasons, when designing dams in the humid tropics these
considerations should be borne in mind before making use of the PMF
concept, A comprehensive technical and economic analysis coupled
with a judicious assessment of risks (including economically intangible
ones such as loss of life or environmental destruction that may be
caused by a dam failure) could be used at least as an alternative
method in selecting a design flood for a dam and reservoir in the
humid tropics. The selection of standards for design storms and
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floods for various types of structures should be conducted in
consultation with all organizations concerned, including the competent
hydrological agencies in each country and not decided upon by the
single body or by an individual engineer.

Large regional projects

When large regional projects are considered, it is important to
predict the changes in hydrological and possibly meteorological
conditions that are likely to result. Changes in meteorological
conditions are of a microclimatic nature and result from an increase
of evaporation due to the construction of reservoirs and irrigation,
decreased evaporation due to deforestation and urbanization or
changes in the albedo for all the above reasons. These in turn lead
to changes in temperature, humidity, precipitation and wind regime.
Due to the intensity of meteorological phenomena in the humid tropics
these changes may be significant.

From a hydrological point of view, economic development usually
leads to increased runoff (deforestation, urbanization) and sediment
transport (agriculture, urbanization) and to the related effects on
microclimate mentioned above. Economic development often leads to
changes in water quality. This is discussed in some detail in the
WMO Guide. The changes mentioned above combine in a complex way
with the deliberate changes (storage operation, diversions, abstract-
ions) to create a completely new hydrological regime in the affected
area.

Operational hydrology techniques capable of reliably predicting
such changes in the hydrology of a region, following a regional
water resource development project, are not yet available. However,
the literature contains numerous data on such changes (WMO, 1971;
FAO/UNESCO, 1973; IAHS, 1974; WMO, 1975a, 1979a) as well as descrip-
tions of some attempts to explain and subsequently predict them
(WMO, 1975c; Landsberg, 1976; Davey et al., 1976; WMO, 1979a, 1979b;
Stewart, 1979; Riehl, 1979). There remains, however, a hydrological
area full of uncertainties where research is therefore very much
needed. Because of this, staged development of projects of regional
significance, with continuous monitoring of their effects on climate
and hydrology and comparison with the natural regime, with the gradual
introduction of corrective measures, is necessary for rational
implementation. This also highlights the need for "benchmarking"
(i.e. measuring for a reasonable period of time) of the natural regime
prior to development.

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

(a) The humid tropics may be subdivided into climatic sub-zones
depending on the number and types of generating mechanisms which
combine to produce rainfall. As the number of rain-generating
mechanisms increase so do the intra-annual and inter-annual variations
in flow and the intensity of erosion phenomena. To facilitate the
solution of operational hydrology problems in the humid tropics, the
climatic sub-zones must be delineated as accurately as possible. A
relatively dense network of meteorological and hydrological stations
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should be installed in what are considered to be the transitional
areas, with network information supplemented by satellite surveys.
In the remaining areas, the density of networks should increase with
the increase in time/space variation of the characteristics measured
which, in its turn, increases as the number of rain-generating
mechanisms increase.

(b) There are significant problems in hydrological data collect-
ion, particularly as regards flow measurement, because of the large
discharges, their rapid variation, tidal and surge effects and inacc-
essibility of sites in the vast majority of countries in the humid
tropics. These may be compounded by administrative problems, such
as basic lack of funds and skilled personnel, delays in paying
observers, breakdowns in the transportation system, fuel shortages
and the like. Use of techniques that enable flow measurements to be
carried out more rapidly than by conventional means , the recording of
slopes and the automated sampling of sediment at high levels should
be encouraged.

(c) Data storage presents appreciable difficulties because of
high humidity and temperature conditions which affect both convention-
al and computerized storage methods. Data storage on microfilm should
be encouraged as a back up to data storage in computer-compatible
form. Catalogues of data repositories should be published and
disseminated widely so that data users may have them at their disposal
as early as possible. Use of microcomputers for data storage and
processing should be encouraged.

(d) Equipment used in the humid tropics should be adapted to the
intensity of the meteorological and hydrological processes peculiar
to those regions. Use of advanced technology for data measurement
and transmission should be considered since it may, in some circum-
stances, be of great assistance in solving many of the specific
operational problems of the humid tropics. Duplicate (redundant)
equipment should be used where continuity of data collection is
important; use of equipment that cannot be read and checked in the
field should be avoided.

(e) Record length requirements for hydrological analysis vary
with the number and complexity of rain-generating mechanisms, ranging
from 10-20 years, in areas dominated by convectional rain-generating
mechanisms, to 60-100 years in cyclone prone areas. In the latter
areas the frequency of occurrence of storms and floods follows a
complex relationship which is partially determined by the frequency
of occurrence of tropical cyclones in the given area. The analysis
of cyclone meteorology and hydrology should always be carried out on
an areal (regional) basis both for deterministic and statistical
investigations. Satellite data may be used extensively for this
purpose. Publication of consistent data on large storms by countries
in the region should be strongly encouraged.

(f) Variation in meteorological and hydrological characteristics
is closely related to topographical and location characteristics as
well as vegetation, soil and surface geology. This relation is more
marked in sub-zones where orography influences the rain-generating
process. The relation between meteorological and hydrological
characteristics, on the one hand, and the physiographical character-
istics, on the other, should be used to improve the interpolation of
observed data, and can also offer a basis for network design.
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(g) Since rainfall/runoff models can be calibrated more easily
for humid tropical basins, these should be used to the largest extent
possible to transfer information from the meteorological to the
hydrological networks and vice versa. This, in turn, could be used
to reduce network density in certain areas.

(h) Even at relatively smaJ1 distances, probable maximum precip-
itation values may be assumed to be quite different in each of the
climatic sub-zones within the humid tropics. These values increase
with the number of rain-generating mechanisms which can combine in
the given sub-zone. Probable maximum precipitation calculations
should be carried out in a differentiated manner in accordance with
the rain-generating mechanisms prevailing in the area (basin).

(i) Caution should be exercised in estimating and using the PMF
for the design of reservoirs and dams , given the uncertainty in
calculating it and the particular hydrological and socio-economical
conditions prevailing in most countries of the humid tropics. When
conditions permit, the design should be based on technico-economic
considerations. The estimation of flood flow into reservoirs should
take into account changes in time of concentration and natural storage
brought about by the reservoirs and possibly by changes in land-cover
in the basin; the estimates based on records at the reservoir outlet
should be increased accordingly .

(j) Hydrological short term forecasting for small river basins in
the humid zones is very difficult unless meteorological forecasts are
available. For larger basins (over 10-20 000 km') short term (one to
two days) forecasting is possible on the basis of recorded meteorolog-
ical data and those obtained from small tributaries. Short term
forecasting for small basins may be carried out only in conjunction
with meteorological forecasting. Forecasting for longer periods is
not yet possible and research in this area should be encouraged.
Satellite and other remote sensing data can be of appreciable help
in supplementing data from conventional networks in the humid tropics,
in particular for forecasting purposes.

(k) Techniques for predicting changes in the hydrological regime
due to changes in land-use/land-cover, storage diversion and
abstractions in the humid tropics are currently not available at an
operational level. It is possible that changes in land-use/land-
cover may produce changes in the meteorology and certainly produce
significant changes in the hydrology of the areas affected. Changes
in the meteorological and hydrological regime which may be due to
regional water resource projects should be carefully investigated
and estimated. Research based both on theoretical considerations
and the performance of existing projects should receive high
priority. Water resource projects of regional significance should
not be initiated before carrying out the research required to make
it possible to predict their effects on the regional and global
climate.

(1) At present, financial aid to tropical countries should aim
mainly at establishing hydrological networks (which may be based on
comparatively advanced equipment and technology) , training personnel
to install and operate the networks and transferring technology. The
appropriate use of satellite data should be considered in all cases.
The collection of satellite data and their free transmission to users
in the humid tropics should be considered as part of international
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financial assistance to developing countries, provided that the
appropriate technology for using the data is also made available.
This is one of the objectives of WMO's Hydrological Operational Multi-
purpose Subprogramme (HOMS).
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Crues d'origine cyclonique dans l'Oc6an Indien
(Madagascar) et le Pacifique Sud (Nouvelle
Caledonie et Tahiti)

J, DANLOUX
ORSTOM, BP A5-Noumea Cedex, Nouvelle-Cal6donie

RESUME Apres une rapide description des caracte'r ist iques
pluviometriques des lies etudiees et des trajectoires des
depressions et cyclones tropicaux dans le Bud-Ouest de
1'Ocean Indien et le Sud-Ouest Pacifique, les me'thodes de
mesures directes employees sur reseaux et quelques exemples
precis d'evaluation des debits maximums et des volumes
ruisseles sont presenters . Les resultats obtenus permettent
de situer un certain nombre de valeurs maximales connues
pour ces pays. Toutefois, et bien que certains debits de
pointe constituent des records mondiaux, il apparait,
d'apres les enquetes historiques, que ceux-ci, qui ne sont
connus que sur des reseaux recemment cr^s, peuvent
difficilement etre consideres comme ayant des periodes de
retour sup6rieures a 50 ans.

Cyclonic floods in the Indian Ocean (Madagascar) and the
South Pacific (New Caledonia and Tahiti}
ABSTRACT After a short description of the precipitation
characteristics of the islands studied and the trajectories
of depressions, tropical storms and hurricanes in the Indian
Ocean and Southwest Pacific, direct methods of measurement
on networks and some examples of the estimation of maximum
instantaneous discharges and runoff volumes are described.
The results make it possible to site several maximum
discharges known for these countries . However, though
some peaks floods constitute worldwide records, it appears
that those records which are known on recent networks,
cannot be considered if the recurrence intervals are
greater than 50 years.

GENERALITES

Situe*s entre 10 et 25°S, Madagascar, la Nouvelle-Caledonie et Tahiti
ont un climat de type tropical, caracte'rise' par une saison chaude et
pluvieuse, plus ou moins marquee, de Novembre a Avril (Fig.l).

A proximite des principaux centres de cyclogenese de 1'Hemisphere
austral, aucune region de ces lies n'est epargnee par des crues
consecutives au passage des depressions tropicales.

LES REGIMES PLUVIOMETRIQUES

La saison pluvieuse est beaucoup plus differenciee dans les regions
centrale et ouest de Madagascar, ou 80% des pluies annuelles sont

29
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FIG.l Carte de situation.

reparties en moyenne sur une periode de moins de 200 jours, que sur
le nord et la cote est malgaches, la Nouvelle-Cale'donie et Tahiti
(maximum pluvieux secondaire entre juin et aout).

Les donnees des services meteorologiques et des reseaux de
pluviometres totalisateurs installes en altitude par l'ORSTOM
(Nouvelle-Caledonie et Tahiti) mettent en evidence les variations
considerables de la pluviometrie lie"es au caractere montagneux de
ces iles et a l'exposition de leurs facades est aux alize's (Fig.2),

Sur Tahiti, les hauteurs annuelles de pluie passent dans le
secteur au-vent de 3400 mm sur la cote & plus de 8000 mm sur le
bassin de Papeiha, pour decroitre ensuite dans la zone sous-le-vent ,
de 4200 mm sur l'Aorai a 1300 mm a Punaauia sur la c6te ouest.

En Nouvelle-Caledonie les ecarts sont aussi importants, en
particulier de part et d'autre du massif du Panie-Colnett, avec
3300 mm a Tao sur la cote est et pres de 10 000 mm sur le Mont Panie
a 1628 m d1altitude, contre 750 mm a Ouaco sur la cote ouest.

A Madagascar, ces differences sont moins sensibles, en raison
d'une certaine continentalite, et du fait que la plupart des postes
des Hauts-plateaux de l'lmerina et du Betsileo sont tres abrites,
mais les rares observations en montagne (Massif de 1'Andringitra,

> 3000mm
2000-3000
1000-2000

< 1000 mm

TAHfTI

2600 mm

I ] 2600-6000

Y/X 6000-7600

F~71 7500-10 000

10 000mm

FIG.2 Pluviometrie annuello.
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montagne d'Ambre) ont toujours montre un net accroissement des
precipitations avec 1'altitude.

LA MESURE DES PRECIPITATIONS

L'evaluation des lames d'eau tombees sur les bassins versants au
cours d'un episode cyclonique demeure toujours difficile en raison
do la faible densite et de la situation des postes pluviometriques,
ainsi Que des defeats allant de 1'obstruction des capteurs a la
destruction totale des mate'riels. Lors du cyclone Gyan (Nouvelle-
Caledonie, 23-24 de'cembre 1981), pres dc 20% des pluviographes ont
6t6 ainsi endommages. Afin d'eviter une perte totale de 1'information.
la majeure partie des reseaux de pluviographes de Nouvelle-Caledonie
et de Tahiti est maintenant doublee de pluviometres totalisateurs;
mais pour la pluviometrie journaliere de nombreux releves, anciens ou
rScents, apparaissent tronques (debordement des seaux de pluviometres
type Association) et sont difficilement recuperables.

Parmi les plus fortes precipitations ponctuelles journalieres
enregistr^es, celle de Haut-Coulna dans le Nord-Est Cale^donien (1692
nun le 23 decembre 1981) est proche du maximum mondial connu actuclle-
ment , mais les records de Tahiti (924 mm a Taharu cote 800 les 9-10
mars 1981) et de Madagascar (568 mm a Morondava les 20-21 Janvier
1977) demeurent modestes, en 1'absence de mesures plus completes dans
les regions au-vent (Fig.3).

MADAQASCAR

UOBONOAVA AERO (OOMITILE ] NOUVELLE CALEDONIE

, 21/01/1977 |

+ aaflmm +
100-

150 •
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_J_ Z3'1Z'<

+
h-1

(GYAN)

H I i 24/12/

J

1697mm +

1981

5 0 -

100-

150-

TAHITI
TAHARU COTE UQO (TAHMAR )

, 10/03/1981 i

FIG.3 Plus fortes precipitations journalieres connues .

ORIGINES ET TRAJECTOIRES DES PERTURBATIONS CYCLONIQUES

Les perturbations cycloniques sont en general issues de petites
depressions qui jalonnent la zone de convergence intcrtropicalc entre
les 10° et 20°S lors de l'e"te austral, ou plus rarement dans le cas
de Madagascar, a partir d'une depression orographique sur le canal de
Mozambique.

Madagascar et la Nouvelle-Caledonie sont sur le passage de ces
perturbations qui les longent ou les traversent parfois & plusieurs
reprises avant d'aller se combler au-dela du 30°S, Le Nord-Est
Cal€donien et la cote est malgache sont ainsi touches par pres de
50% des perturbations signalees dans le Sud-Ouest Pacifique et le
Sud-Ouest de l'Oce'an Indien. Plus proche du front des alize's, Tahiti
est affecte par des perturbations qui demeurent le plus souvent au
stade de depressions tropicales faibles.
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LES METHODES DE MESURES DES CRUES

De fortes crues peuvent se produire, suite a une simple reactivation
de la zone de convergence deportee vers le Sud comme cela fut le cas
en Nouvelle-Caledonie le 17 avril 1975 apres le passage du cyclone
Alison, ou apres un flux de mousson, origine la plus frequente des
crues du Nord-Ouest malgache, mais tous les maximums de crue connus
des rivi&res drainant des bassins relativement importants (plus de
15 km2 a Tahiti, 30 km2 en Nouvelle-Cale"donie et 100 km2 a Madagascar)
sont dus au passage des perturbations tropicales. Les informations
meteorologiques donnees alors, permettent le plus souvent a un
service hydrologique disposant de quelques equipes suffisamment
mobiles d'intervenir:

des la pre-alerte administrative sur certaines stations
eloignees ou difficiles d'acces;

lors de la premiere phase d'alerte pour les stations plus
proches et les mieux ei^uipees;

en fin d'alerte pour les control.es et les Evaluations des pentes
de la ligne d'eau d'aprfes les delaissees,

Bien que la rapidite des crues (Tahiti), la force des vents
(Nouvelle-Caledonie), 1'impraticabilite des routes ou des passages
en riviere limitent considerablement le travail , les mesures en
periode de depressions ou de cyclones demeurement essentielles.

Ainsi les cyclones Felicie et Joelle, qui se sont succedes sur
Madagascar du 19 Janvier au 3 fevrier, puis du 17 au 19 fevrier 1971
ont permis, avec l'envoi de cinq equipes sur 14 stations, les plus
eloignees distantes de 1400 km, des jaugeages de crues dont le plus
spectaculaire a et£ effectue sur le Menarandra & Bekily, avec des
vitesses mesurSes au moulinet de 7,1 m s 1 pour un debit de 3500
m s~ , debit maximal connu au cours de la periode d'observations
1963-1978 (Fig.4(a)).

(a) (b)

<" "Tl-™'A K A

,^ .^-TCHAMBA

FIG. 4 Trajectoires de qucl gucti cyclones et localisation
des bassins: (a) Madagascar, (b) Nouvelle CalSdonie.
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Lors du cyclone Alison, le 7 mars 1975 sur la Nouvelle-Caledonie,
et pour 1'etalonnage de hautes-eaux de la Boghen, des jaugeages
complets au telepherique , puis plus simplement de surface par moullnet
et enfin par flotteurs ont ete realises, au fur et a mesure que les
equipements en riviere s'averaient insuffisants (poids de lestage) ou
etaient emportes (station telepherique puis limnigraphe) (Fig.4(b)).

Sur Tahiti, a la suite du passage d'une petite depression tropicale
non denommee mais tr£s active les 24-25 feVrier 1982, trois brigades
operant sur cinq stations ont realise un grand nombre de jaugeages
de hautes-eaux malgre les vitesses relativement importantes (de 3 a
6 m s 1 ) , les nombreux corps flottants ou charries et la quasi-simul-
taneite des crues, toutes les plus hautes eaux observees le 25 fevrier
1982 se situant entre 11 h 30 et 14 h 00 (Fig.5).

PUNARUU COTE 50
DEPRESSION DU It

HI 2H O2 1S8S

CYCLONE TAHMAR

ET DEPRESSION FRA

E
O

1000

6 0 0

PAPENOO COTE 45

DEPRESSION DU 22 AU 26/02/1982

\

1981 23/02 24/02 25/02
1982

FIG.5 Crues dues k de perturbations cycloniques 3 Tahiti.

L'EVALUATION DES DEBITS MAXIMUMS DE CRUE

Si 1'estimation directe des maximums connus de crue est rarement
possible, les caracteristiques des controles hydrauliques, les
jaugeages et le reperage des laisses permettent cette evaluation
suivant differentes methodes:

Application de la forraule des deversoirs. Calcul direct comme
pour l'evacuateur du barrage de la Dumbea Est, ou apres etude sur
modele en laboratoire du seuil deversant comme pour 1'lkotja a
Antelomita et le maximum (710 m3s~l) de crue du 28 mars 1959 (Cyclone
Cap-Est Manakara).

Extrapolation logarithraique (Fig.6) de la partie superieure
d'une courbe de tarage sur rivieres & profil transverse regulier
comme la Ouinne (2800 m 3s" 1 le 24 decembre 1981 lors du cyclone Gyan),
ou si partir d'un seuil deversant naturel, cas de nombreuses stations
de Madagascar (Betsiboka, Mania, Namorona, Vohitra, . . . ) .
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Reconstitution des debits naturels (Fig,6) apres determination
ou controle (par echo-sondage) de la capacite de la retenue. comme
pour le barrage sur la Yate , ou la quasi-totalite (350 x 106m3) de la
cruo consecutive au cyclone Gyan a ete emmagasinee.

NAMOBONA A VOHIPARARA

CYCLONE JANE

1971 24/12 25/12/
19611959

FIG.6 DSbits de crues d£duits d'une extrapolation
logarithmique ou debits naturels reoonstitues.

Application de la formule de Manning (Fig.7) apres determination,
a partir de mesures de moyennes et hautes-eaux, de la valeur du
coefficient de rugosite dont on adraet la stabilisation en tres hautes
eaux. n varie ainsi de 0.0714 a 0.0556 s m~1//3 pour les lits sinueux
et tres encombres par les blocs et les gros galets, cas de la plupart
des rivieres de Tahiti (Papenoo, Papeiha) et de la Ouaieme (n =0.0667)
a plus de 0.0250 s m V 3 pour certains fleuves & fonds sableux de
Madagascar (Mandrare).

LAMES D'EAU TOMBEE ET RUISSELEE

L'analyse des averses-crues d'origine cyclonique n'est guere permise
en raison de la faible couverture pluviometrique en zone montagneuse
et de la brievete des pointes de crue a Tahiti ou des durees de
ruissellement (de un a plusieurs jours) a Madagascar.

Sur la Nouvelle-Caledonie avec la taille des bassins, des corps
centraux d'averse et des temps de base d'hydrogrammes de ruissellement
qui excedent rarement 24 h, il est parfois possible d'evaluer lames
d'eau tombee et ruissellee. C'est le cas pour le cyclone Gyan et les
bassins de la Ouaieme (P = 1400 mm, R = 1060 mm) et de la Tiwaka
(P = 1030 mm, R = 970 mm).



MANORARE A AMBOASARY

CYCLONE FELICIE

Crues d'origins ajclonique 35

0UA1EME

TIWAKA A T1AOU

CYCLONE JANE

1970

i

4066

1

/

I
1

1

1+ —
1
1
1
|
1

1

1981 1975 1981

FiC.7 Debits de cru.es 6valuds d'apres la formule da
Manning.

REPERTOIRE DES CRUES MAXIMALES

La presentation (Figs 8 et 9) des debits de crue des principaux
Episodes cycloniques do ces dernit?res annees et des maximums connus
sur les principales stations des r-feeaux et en quelques points
particuJiers montre qu'un soul cyclone, quelles que soient sa traject-
oire et son intensity, est rarement cause de toutes les crues maximales
observes dans une region.
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FIG.8 Maximums do cruc observes h Tahiti et en Nouvolle-
CalSdonje.
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MADAGASCAR
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k'IG.9 Ma.xj.mums de crue observes a Madagascar.

Par contre les petits bassins des secteurs que franchit une pertur-
bation tropicale d§s 1'abordage sont souvent tr£s seVSrement touches,
ce fut le cas en Nouvelle-Caledonie pour la Tiwaka lors du cyclone
Alison, ou a Madagascar pour les petits bassins cfitiers du Nord-Est
(dont la Saharenana) de la Montagne d'Ambre avec le cyclone Isis.

Les crues importantes sur les grands bassins (superficie de plus
de 5000 kn/) ou les bassins mal draines (Maningory et Haut-Ikopa S
Madagascar) sont plutot dues au passage successif de deux perturba-
tions, comme en mars 1959 avec les cyclones de Mananara (17-23) et du
Cap-Est Manakara (25-29).

L'echa.ntillonna.ge demeure faible

Les stations du reseau malgache ne sont pas suivies depuis plus de 30
ans ct celles des re'seaux tahitien et caledonien n'ont au plus que
10 et 17 ans d'age et seuls, quelques documents d'archives ont permis
pour certaines stations (Betsiboka, Faraony, Sambirano et Papenoo) de
determiner ou de mieux juger de 1'importance des maximuras de crue.

Si ces courtes periodes d'observations et le nombre de stations
limitent toute tentative d'e'tablissement de formules regionales, les
valeurs de certains debits de crue meritent d'etre signalees. (Tableau
1).

PERIODES DE RETOUR

L1estimation des periodes de retour de ces valeurs records, par la
seule utilisation des relations statistiques a partir des debits
maximums annuels ne pouvant etre realisee dans la plupart des cas,
des enquetes historiques ont ete menees.

De ces recherches, il ressort que des debits de crue au moins
aussi importants sont signales depuis moins d'un siecle.
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TABLEAU 1

Station

MADAGASCAR
Betsiboka
Ambodiroka
Bemarivo
Andranomiditra
Mahavavy ~ Nord
Ambilobe
Zomandao

Ankaramena
Saharenana
Saharenana

NOUVELLE-CALEDONIE
Ouaiome derniers
rapidos
Dumbea Est
barrage
Tchamba Tchamba

TAHITI

Papenoo cote 45
Papeiha cote 1O

A(km2)

11 8OO

6 520

3 250

610

195

320

56

74

75

31

Q(n

24

15

10

2

1

10

1

1

1

i^s'1)

ooo

400

5OO

5OO

120

400

2OO

600

5OO
47 O

Coefficient
Francou-
Rodier

5.88

5.67

5.59

5.01

4.83

6.39

5.33

5.44

5. 39

4.89

Evenement
cyclonique

Cyclone Tamatave
4/O3/27
Cycl. Cap-Est
26-27/O3/59
Cyclone Daisy
19/01/62
Cyclone Genevieve
17/01/70
Cyclone Isis

16/02/73

Cyclone Gyan
24/12/81
Cyclone Colleen
2/02/69

Cyclone Alison
7/03/75

??/ - /44
Cyclone Robert
18/04/77

A Madagascar, des cyclones avec fortes crues sont connus dans le
secteur de la Betsiboka et la Bemarivo en 19O1 ("Crues extraordinalres"
de la Haute-Sofia) , en 1903 avec le capture de la Mahajamba par le
Kamoro et en 1905 (Alaotra, Haute-Betsiboka), et le maximum de crue
de 1943 aurait egale le record de 1927.

Dans le Nord (Mahavavy et Saharenana) les maximums de crue de 1912
et 1917 paraissent egalement tres importants.

A Tahiti, il est probable que les cyclones de 1905 et de 1906, qui
sont passes le plus prfes de cette ile causant des degats considerables,
sont h. 1'origine de tres fortes crues.

En Nouvelle~Caledonie, la crue du 17 avril 1975 sur la Tchamba a
pratiquement atteint le niveau de celle provoquee par le cyclone
Alison (9.94 m contre 9.95 m).

Pour la Ouaifeme, une crue nettement superieure et plus ancienne que
celle de 1948 (evaluee pourtant a 7300 m3s-1) avait 6te" signaled par
enquete, et pourrait correspondre au passage des cyclones du 25-26
mars 1934 ou du 20 fevrier 1940 qui ont frappe" le Nord Cal^donien.
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Tropical storms in Central America and the
Caribbean: characteristic rainfall and forecasting
of flash floods

ANDRES DIAZ ARENAS
PO Box 6053, La Habana, Cuba

ABSTRACT The hydrology of the countries within the
Caribbean region is characterized by frequent torrential
rains and flash floods. Heavy rains may occur throughout
the year, but the more intense ones are associated with
or mainly produced by tropical storms. During the seven
months from May to November, the conditions are favourable
for generating great floods. Rainfall higher than the
mean annual rainfall may be registered in only one storm,
whilst in a single day precipitation can be greater than
the annual total for many temperate countries. Time
series of rainfall and rain intensity, and also of
discharge, frequently reach values which do not have a
good fit to the distribution functions commonly used in
hydrological studies. Warning systems based on forecasts
using methods applicable to large continental basins or
to phenomena with different origins are normally
unsuitable to the very small basins of this region.

Les cyclones tropicaux en Amerique centrale et dans las
Cara'ibes. Pluie caracteristique et provision des
crues subites
RESUME Les pluies torrentielles frequentes et les crues
subites caracterisent l'hydrologie des pays de la region,
Les pluies torrentielles peuvent tomber tout au long de
l'annee, mais les plus intenses sont accompagnees ou
produites, en general, par des cyclones tropicaux.
Pendant sept mois, de max a novembre, les conditions sont
favorables aux grandes crues. Pendant un seul cyclone,
la quantite de pluie tombee peut etre superieure a la
moyenne annuelle. En un seul jour, il peut pleuvoir
davantage qu'en un an dans beaucoup de pays temperes.
La quantite et l'intensite de ces pluies et les
caracteristiques des series chronologiques de debits
fluviaux sont telles que bien souvent elles ne repondent
pas aux fonctions de distribution les plus utilisees dans
les etudes hydrologiques. Les bassins, en general tres
petits, rendent impropre tout systeme de protection et
d'alarme fonde sur des previsions e*tablies a partir de
methodologies utilisees avec succes dans le cas des grands
bassins continentaux pour des phenomenes d'origine
differente.
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INTRODUCTION

The rain regime within the region, with rain falling throughout the
year, may be classified as torrential. This feature and the
morphometric characteristics of the basins are responsible for the
occurrence of flash floods and devastating inundations.

Torrential rains are convective or orographic or can be caused by
tropical storms or fronts. Thus (as is shown in Table 1 for Cuba),
torrential rains are expected every month, but the most intense and
longest events are always associated with cyclones or hurricanes
passing through the country or nearby.

TABLE 1 Frequency of torrential rains (higher than 100 mm in 24 h)
in Cuba for the period 1930-1970 (Hernandez Perez & Crespo Gonzalez,
1982)

Jan.
Feb.
March
April
May
June
July
Aug.
Sop.
Oct.
Nov.
Dec.

Storm

100-
150

8
8

13
34

100
140
42
72
95

162
52
24

duration in

151-
200

5
4
3
3

33
35
7

10
25
66
18
3

201-
250

_

1
1
1
6

15
1
5
8

17
7
1

minutes

251-
300

_

-
-
-
5

12
-
3

11
5
1
-

301-
350

-
-
-
2
4
-
5
3
5
-
-

351-
400

-
-
-
1
3
-

3
2
1
-
-

401-
450

-
-
-
1
-
-
1
-
1
1
-

451-
500

_

-
-
-
-
-
1
-
1
-
-

>500

_

-
-

-
-
-
1

1
1
-
-

Total
frequency

13
13

17
38

148
209
50

101
145
259
79
28

Torrential rains cause serious damage to agriculture, the
principal source of income of the region; they hinder the normal
operation of industry and transportation and seriously affect water
supply systems in many towns. In Saint Vincent and the Grenadines
the water supply is so affected that France (1980) points out that
even though it seems paradoxical, the rainy season is not welcome
because it brings problems for the water supply and distribution
systems. When a torrential rain is caused by a cyclone or hurricane,
high winds increase its destructive effects. The character of the
more intense and heavier rains makes it advisable to apply a new
approach to the treatment of raingauges and rain recorder series in
order to estimate the mean and extreme design values.

Rivers, with torrential regimes too, increase their stage
enormously in only a few hours and the discharge becomes hundreds of
times greater than that before the flood. When freshets are caused
by convective rains, the peak flow generally occurs in the evening or
at dawn. If the flood has as its origin a tropical storm, the shape
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of the hydrograph and the value registered during the peak flow
depend mainly on rainfall intensity and basin characteristics; water
losses due to infiltration can be neglected during the more intense
spells. Time of concentration is very short in most of the drainage
basins.

As is the case with extreme rainfalls, the peak discharge does not
always fit well to the commonly used distribution functions. The
rational formula, with a properly adjusted coefficient, may be used
with good results. When sufficient reliable records exist, the unit
hydrograph gives acceptable values. Torrential rains transposition
and further estimates of maximum floods are useful to evaluate the
most unfavourable alternative.

CHARACTERISTIC RAINFALL OF TROPICAL STORMS

Non-cyclonic rains

In most Caribbean basin countries, the most dangerous rainfall values
are not registered during non-cyclonic torrential rains (convective,
front or orographic), although they can give rise to showers with a
high rainfall amount and intensity. These are short rainfalls
separated by well distinguished dry spells. In Cuba these rains
rarely exceed 200 mm and, as is shown in Table 2, the rain intensity
sharply decreases after 150 min of continuous rainfall. Showers with

TABLE 2 Precipitation intensity (p;) oL non-cyclonic
— limportant rainfalls (Cuba) (mm h )

Zone Period ot conti.nuous rain (min) :
5 10 40 60 90 250 300

Western
Central 122 122 101 75 57 44 23
Eastern

a duration of more than 300 min are scarce. As an exception to what
commonly happens in the Caribbean area, Croney (1980) said that in
Barbados neither the path of a hurricane nor its direct hit has
resulted in the most intense and highest recorded total rainfall in
the country. This researcher made reference to 762 and 584 mm of
rain in 24 h, in 1901 and 1970 respectively. But, even though he
indicated that in the last event a rain of 254 mm was registered in
3 h, he did not determine accurately whether this rainfall amount
resulted from a continuous shower or from a daily rainfall record.
Anyway, due to their depth and intensity, these rains are as
dangerous as cyclonic or tropical storms of 24 h in the rest of the
area. In several countries, flooding caused by frontal rainfalls or
precipitation falling outside the cyclone season was reported. In
Honduras, according to the Ministerio de Recursos Naturales (1980),
the occurrence of such phenomena directly causes serious damages to

180
122
163

2 65
122
162

.138
101
91

109
75
82

82
57
65

50
44
45
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the country's economy. Also in Jamaica, Hardware (1980) reports
1118 mm of torrential rain in 24 h in January 1960,

The way of expressing the rainfall time distribution as cumulative
percentages of storm rainfall and storm duration may be applied to
any kind of rain.

Cyclonic rains

As is shown in Table 3, cyclonic rains differ from non-cyclonic ones
on account of their longer duration and sustained intensity. During
these storms, precipitation may stop for some minutes as is shown in
Fig.l, but the lapse can be so short that the rainfall amount may be
considered as continuous. Therefore, cyclonic precipitation
references or isohyetal maps should also include the length of
rainfall duration. In such rains, unless otherwise specified, the
rainfall amount of 24 h corresponds to the rain collected between
two common raingauge measurements.

TABLE 3 Precipitation intensity (Pj_) during the tropical heaviest
storms hitting Cuba within the period 1926-1982 (expressed in mm h~ )

Date Period of continuous rainfall (min):
5 10 40 60 90 ISO 300 720 1440 2800 4320

20 Oct. 1926
4-7 Oct. 1963
15-16 Nov. 1971
9-10 Sept. 1979
2-3 June 1982
18-19 June 1982

342 282 144 1,15 87
132 114 84 72 66
264 216 165 150 133
96 84 69 64 60

168 150 135 127 115 102
156 156 129 125 105

65
55
96
53
02
95

43
48
64
45
80
78

23
37
33
35
52
50

-
29
30*
21
31
29

—
26
26
21
31
_

21

In most of the islands comprising the Antilles the more intense
and heaviest rains are mainly caused by the direct hit or path of a
tropical storm or depression. Leonce (1980) reports a record of
229 mm in 2 h when the Beulah hurricane passed through Saint Lucia
in September 1967. Furthermore, Urrutia (1980) pointed out that
although cyclones do not directly affect Guatemala, river floods
which seriously damaged the country were related to the occurrence

r
FIG.l Chart ot the Matoso rain recorder, in the province
of the city of Havana (Cuba), during a tropi.cal storm
(18-19 June 1982). Rainfall amount: 706 mm.
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of a hurricane in the national territory or nearby. In Panama,
according to Candanedo (1980), only two hurricanes have passed
through the country; however, maximum river floods were caused, in
most cases, by rains associated with hurricanes or tropical storms.

A mass diagram based on the data of the heaviest storms in the
locality, similar to that prepared by Diaz Arenas ct al. (1980)
(Fig.2), can be used to transform a raingauge record into its time
distribution, and to determine if a similar behaviour exists between
different rains, in order to use this criterion for the storm
transposition.
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The greater the number of high peaks occurring during the storm
the greater is the danger of cyclonical rains. Matakiev (1973)
studied the effects that can be produced by storms with two maxima
and gave suggestions on the method to be used in the computation of
the design flood. Torrential rains with one, two and four peaks are
shown in Fig.3. Thus, the hydrologist should also take the number of
these peaks within rainstorms into account when determining the
design storm or when estimating the storage required for a reservoir
to give protection against floods. Having in mind hurricane David
(Republics Dominicana, 30 August-1 September 1979) and cyclone
Frederick (5-6 September 1979), and cyclone Albert (Cuba, 1-5 June
1982) and the tropical storm of 18-19 June 1982 in Cuba, it is
reasonable to expect two important storms in rapid succession. Due
to its political and economic implications, this last consideration
is only valid for those countries, or even parts of them, which are
in the track of frequent tropical storms.

Taking from the most significant storm isohyetal maps the area of
each different rainfall depths for the same interval of time, the
depth-area envelope curves for different storm durations may be
similar to those shown in Fig.4. It is very useful to compare the
envelope curves with the rainfall depth that, as a result of a
statistical treatment of time series or of a certain empirical
method, is assumed as the design rainfall.
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mmh"1 (a) (b)
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L i.........
Precipitation intensity of torrential rains in
(a) A cyclone in 1926 (Havana); (b) Laura cyclone

in 1971 (isla de la juventud);
(Santiago de Cuba).

(c) Flora cyclone in 1963

The rain recorder network in the majority of these countries is
not dense enough, and there are only very short time series
available. In some of them, families of depth-duration-frequency
curves have been made using data from all rains registered in one
rain recorder or within an area. These curves may be used in
dimensioning waterworks or forecasting floods, when storm curves are
not available. However, in such cases the hydrologist should be very
careful because experience has shown that the actual intensity of
extreme rains corresponds to that calculated for relatively high
probabilities. An indiscriminate use of families of curves drawn
for all shower values without distinguishing origin or duration may
give excessively high values resulting in an over-dimensioning of
the waterwork (Figs 5, 6 and 7). The intensity-duration envelope
curve (Fig.8) may be useful to give the maximum safety for a

2000 4000 6000 6000 10000 A (Km1 5)

FIG.4 Torrential cyclonic rains (Cuba). Depth-area-

duration enveloping curves for the western part of the

country.
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FIG.5 Intensity-duration curve. Frederick cyclone
(1979) (Havana, Cuba) (after Rodriguez et al., 1982).
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FIG.8 Intensity-duration enveloping curve (western part
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hydraulic work or to select the design rainfall intensity.
The spatial distribution of cyclonic torrential rains is another

important characteristic if the hydrology of the Caribbean countries
within the tropical storm track is to be thoroughly specified or if
hydrological studies for water storage reservoirs or flooding
protection projects are to be made in those countries. The area of
heavy rain can become very extensive as well as the core of maximum
rainfall. Maps of maximum daily precipitation and of total rainfall
for all the rainstorms made by Trusov (1967) for cyclone Flora show
that in this case a core of 1800 mm, in seven days, covered 830 km
and a core of 600 mm, in 24 h, influenced more than 1700 km2. The
isohyetal maps of cyclone Albert and the tropical wave (Figs 9 and
10) give an idea of what has previously been expressed. Due to a
dense rain recorder network it is possible for Cuban hydrologists to
determine the intensity gradient of heavy rains. Research on the
variation of rain in space and the infiltration coefficient during
heavy storms is useful when a rational formula or any other empirical
flood formula is used.

To estimate design values or to forecast certain river discharges,
the hydrologist generally makes use of distribution functions. In
time series of extreme values including cyclonic rains, Fernandez

300°

2 50°—L

FIG.9 Isohyetal map of Albert cyclone (Pinar del Rio,
Cuba, 1-5 June 1982).
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tropical wave (Havana, Cuba,

(personal communication) found a good fit to the Gumbel distribution
in a great number of raingauges in Nicaragua. But as regards the
study of similar series in an area in Cuba, this and other well known
functions could not be applied; only the lognormal function fitted
by the graphical method of G. Alexeev worked satisfactorily.
However, it is necessary to say that in spite of its flexibility,
this method did not properly describe the behaviour of some time
series including torrential rains caused by tropical storms. In
this case, as pointed out by Diaz Arenas (1982) the safety of a
structure does not depend on the assumption of a very high return
period value, which would be uneconomic for water management and
unrealistic as regards nature, but relevant for the safety is the
analysis of the most unfavourable situation. It is evident that
the hydrologist's skill and knowledge about the nature and behaviour
of tropical storms is very important in order to analyse cyclonic
torrential rains properly.

The rainfall data of most stations include rains of any origin;
therefore, it should be emphasized that in some basins the mean
annual rainfall estimated following the method commonly used in other
regions could seriously be skewed toward maximum values, depending on
the extension of time series and the period covered and on the number
of storms and the magnitude of the meteorological phenomena involved.
The common way is not to consider how good a separate analysis of
rare events in the time series will be. To keep a value of different
nature from the rest in a time series it is often sufficient if only
one tropical storm hits the country or passes through the country.
Febrillet & Abinader (1979) referring to studies made in the
Dominican Republic concerning tropical storms said that since 1900
the country has been affected by at least four hurricanes every
10 years, with no more than two cyclones in a year. However, as to
the statistical treatment of a particular basin, it will be advisable
to make this calculation and also that of the maximum rainfall amount
without taking extraordinary phenomena into account. The safety of
a hydraulic structure will then be tested, analysing its behaviour
in the presence of extreme phenomena. This calculation process -
although it is rather extensive - takes into account the real
possibilities of nature. The transposition of the heaviest rainstorms
from one area to another may be considered as a way to estimate the
possible maximum flood provided that the humidity content of the
atmosphere available for the formation of storm precipitation or the
topographical influence does not recommend the contrary.
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FLOOD FORECASTING FOR HEAVY RAINS

Floods are exclusively caused by rain in the Caribbean region. As a
result of torrential rains, river channels are filled and flooding
occurs in a short period. Although non-cyclonic rains may also cause
river floods, the highest ones are associated with tropical storms
passing through or near the area involved. Many floods caused by a
cyclone or hurricane could be considered as national disasters as
happened in Cuba (1963) or in the Dominican Republic (1979). Other
serious floods such as those which occurred in Havana city and
Havana provinces (Cuba) caused by a tropical wave (1982), show the
flashy nature of some of these floods. In only a few hours heavy
rains and river discharges changed the landscape and caused serious
damage in Havana city. However, previous flood warning could not be
taken in due time because of the rapid occurrence of these floods,

A small number of countries have hydrometric observation networks.
Some do not have any gauging station and they cannot determine
directly their highest flood flows. Flood flow estimation may then
be made by using indirect hydraulic or hydrological methods based on
the precipitation intensity or 24-h precipitation amounts. In
certain countries (Cuba and the Dominican Republic) the highest
floods caused by tropical storms exceeded the maximum levels
predicted by gauging stations. In Barbados, according to Croney
(1980), it is not possible to use conventional current meters during
floods due to the high velocity of rivers and the damage caused by
bed load material. In the same country the slope-area methods are
complicated because of the lack of suitable reaches.

The occurrence of flash floods is a common feature of all the
countries considered in this study, many of the flash floods
occurring at evening. Many activities such as indiscriminate
deforestation also contribute to increase flood flows.

The above refers only to Cuba, since this country only recently
started to make hydrological forecasts (after 1963). During these
years the effective operation of a network of hydrometric stations
and selected points and the operation of a national flood forecasting
and warning system has given interesting data on these phenomena
within the region as well as on proper forecasting methods for small
basins.

Nodarse Avedo & Marrero Hernandez (1982) defined flash floods as
those where the time taken for the water to rise from its normal
level to the warning stage is too short to collect and analyse
rainfall and stage data as a basis from which to forecast. Taking
this rising time to flood peak gauged at 34 observation stations,
some with 20 years of records, Fig.11 was prepared. From the ratio
found it was possible to conclude that, under Cuban conditions, in
basins up to 500 km2 time to peak is <15 h, and a range from 2 to
10 h may be accented. From the same figure it can easily be seen
that in a very large basin such as that of the Mayari River to Rio
Arriba station (1050 km 7), the observed maximum flood lasted only
5 h, but the flood lasted 37 h.

An analysis of the hydrological records together with field
research confirms that water stage may suddenly change and the peak
flow values are determined mainly by the rainfall depth, rain
intensity and the antecedent soil moisture conditions. The peak
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FIG.11 Relationship between basin area and time to
peak. Including all gauging sites in Cuba.

discharge within the areas of heaviest rainfall during cyclone
Albert and the tropical wave are shown in Table 4. The similarity
of these rains are shown in Figs 9 and 10.

According to the available information, it is possible to conclude
that the highest floods in Central America and the major part of the
Antilles are directly caused or induced by cyclonic rainfall. In
Nicaragua, the disastrous floods of 1982 were caused by a cyclone
coming from the Pacific Ocean.

The flood hydrographs of tropical rainstorms often differ, as is
clear from the records of hurricane David and cyclone Frederick
supplied by the Dominican Republic.

The accurate forecasting of flood flows and its possible maximum
river stage mainly depend on the existence and easy availability of
adequate hydrological data. In most of the Caribbean countries it
is unlikely that forecasting methods requiring information of river
discharge and levels will be applied in the near future because of
problems to do with the hydrometric network. However, rainfall

TABLE 4 Maximum flows due to tropical storms (Cuba)

A Q
(km2) (m3s~ (km2) (m3s (kmz)

Pinar del
Rio
Havana

62
62

1800
1200

114
119

1660
1900

41
52

940
950
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runoff relation techniques are promising, although they need
simultaneous hydrometrical and hydrometeorological information.
On the other hand, it must be pointed out that even the rainfall
forecast which is quantitatively represented is still of an
experimental nature and is not accurate enough to reduce the time
needed for river forecasts. This is due to the nature of the floods
and the geographical situation of the countries in the track of
tropical storms. The rapid transmission of information on maximum
rain depth and intensity could be helpful in the forecasting of
river flows and stages.

Cuban hydrologists make their forecasts using rainfall runoff
relation techniques. Taking into account the importance of the soil
moisture content in flood formation, the use has been recommended of
antecedent precipitation amounts registered 10 and 30 days before the
flood in the forecasting process. As a practical method the main
characteristics of the highest floods in the time series, including
the maximum rainfall registered at one raingauge in 24 h, the rain
duration within the basin and the antecedent precipitation are
tabled. This antecedent precipitation may be estimated by any
commonly used method.

A more sophisticated process is to make nomographic charts
correlating the rainfall during 10 days before the flood with the
basin area, the maximum rainfall in 24 h and the expected river
discharge. These nomographic charts may change when torrential
rains and extreme floods (with values not hitherto recorded occur.

Natural disasters caused by floods are a serious obstacle to
economic and social development. However, in many cases, the
response to these disasters has been only to undertake rescue and
emergency measures. If such disasters are expected, river channel
rectification works and reservoirs must be constructed, but this is
very expensive. However, no structural measures such as inundation
maps and planning and prevention give good results. Cuba's
experience shows that flood-plain zoning effectively contributes to
flood forecasting. Of course, a forecasting system, as a part of a
prevention plan against the effects of tropical storms should
include the coordination of the meteorological and hydrological data.
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Runoff and flood characteristics in some
humid tropical regions
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Prevention, Tennodai 3, Sakura-mura, Niihari-
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ABSTRACT In the humid tropical regions of Asia the
staple diet is rice. To increase rice production, it is
necessary to establish irrigation and drainage systems
and manage these effectively. The study on runoff and
flood characteristics is of vital importance in Asia.
This paper first discusses annual precipitation, the
spatial distribution of rainfall, and the return period
of heavy rainfall. Next, annual runoff ratios, flood
runoff ratios and other runoff parameters are listed.
They characterize the humid tropical region from the
hydrological viewpoint. Finally, a flash flood based on
humid tropical conditions is considered. This caused
serious devastation in a limited area with heavy debris
flow.

Caracteristiques des ecoulements et des c.rues de certaines
regions tropicales humides
RESUME Dans les regions tropicales humides d'Asie, le
principal aliment de la population est le riz. En vuc
d'augmenter la production de riz, il est indispensable de
mettre en oeuvre des systdmes d'irrigation et de drainage.
L'e'tude des caracteristiques relatives a 1'dcoulement
et aux crues est d'une importance vitale en Asie. Ce
rapport traite tout d'abord des precipitations annuelles,
de la repartition spatiale des precipitations et des
pe"riodes de retour des fortes averses. Les donnees
concernant les averses revdlent plusieurs caracteristiques
remarquables. Les valeurs de l'ecoulement annuel , les
caracteristiques des crues annuelles ainsi que d'autres
parametres qui leurs sont relatifs sont par la suite
enumeres. U s caracterisent les regions tropicales
humides du point de vue hydrologique. Une crue subite est
prise en consideration en se basant sur les conditions
tropicales humides, & la fin de ce rapport, Elle est la
cause de graves desastres dans des zones limitees et
charrie des debris divers en grande quantite.

INTRODUCTION

Floods are one of the most disastrous phenomena occurring all over
the world. Many people may be washed away in a second, and many
properties can be damaged by a flood. A flood is a fatal obstacle to
social progress both in developing and developed countries. Its

53
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characteristics must be defined from social and hydrological view-
points .

Most of the developing countries, including Japan, are located in
humid tropical regions where a flood occurs every year. Strange as
it may sound, years ago a flood was not considered a disaster;
people live on rice in southeast and east Asia, and rice needs
plenty of water as well as a high temperature. People planted flood-
resistant rice although it was not high productive. A moderate flood
was preferable to a drought. Nowadays all countries desire to
develop their economies as quickly as possible. In order to increase
rice production, highly productive rice which is intolerant of
flooding is now planted and costly irrigation and drainage facilities
have been constructed in humid tropical regions. These facilities
are easily damaged by flooding. Under such conditions a flood is
very disastrous to agriculture.

The problem of urbanization is similar to agriculture. In some
countries a water festival is held during the flooding period in
rural communities. But a flood is called harmful when living
conditions are affected by flooding in the highly urbanized communit-
ies. All countries are now trying to develop urban communities.
They have constructed roads, bridges, factories, hydropower plants
with much effort, and have made other investments in the basins. In
spite of eager activities for development, flood damage increases
year by year especially in humid tropical regions.

The author introduces runoff and flood characteristics observed
in some humid tropical regions like Japan. He first discusses the
variation of rainfall, and secondly runoff ratio. In addition to
this the vulnerability to flash flooding is also mentioned in this
report,

RAINFALL

A flood in a humid tropical region displays characteristics somewhat
different from those in semiarid or temperate zones . Although snow-
melt floods are common in Europe and.the northern part of North
America, rainfall is the main cause of large floods in southeast and
east Asia. When a monsoon blows from the sea or a typhoon (a trppical
cyclone is called a typhoon in southeast and east Asia) passes over
or near to the region, it rains heavily everywhere. Other
meteorological disturbances such as a front and a thunder storm also
produce heavy rainfall.

Japan is one of the humid tropical countries though it is located
in the high latitude. It is covered by tropical Pacific air masses
in summer. Therefore, it is hot and humid during the summer season.
There are three wet seasons in Japan: two are warm rainy seasons,
namely June-July and September-early October.

Annual precipitation

The annual precipitation is of course bigger in the humid tropical
regions than in other regions. It is 1800 mm in Manila, 1600 mm in
Calcutta, 1500 mm in Bangkok and Tokyo. It is affected by local
conditions. On the Pacific side of the mountain range of Japan, it



Runoff and flood characteristics 55

is much more, namely 4200 mm in Owase and 2600 mm in Miyazaki. The
community which is located in a high precipitation area is well
accustomed to floods. A simple key of foreseeing rainfall disasters
is some fraction of the annual precipitation. Roughly speaking, when
1/10 of the annual precipitation is observed in a storm, a rainfall
disaster occurs in a rural area, and when 1/20 is observed, a rain-
fall disaster occurs in an urban area in Japan. Every country should
find a similar threshold in its own area to make disasters predict-
able.

Spatial distribution

As the tropical rainfall is produced by convective clouds, rainfall
in a humid tropical region generally has a random distribution. The
correlation of daily rainfalls between two stations is almost always
low, as is shown in Fig.1, (Overseas Technical Cooperation Agency,
1970). When a monsoon lasts for a long time, or a typhoon comes, a
lot of rain clouds are stimulated everywhere and continuous heavy
rainfall is induced over a wide area. In this case a big flood
occurs. In addition to a typhoon, a frontal activity often causes a
flood or a flash flood in Japan. Along the front over Japan during
the rainy season, a small but strong convergence occasionally
appears. It brings forth local heavy rainfall. Arao (1982) reported
the spatial distribution of the 24 h rainfall of 23 July 1982 in
Nagasaki in the western part of Japan, where 299 persons were swept
away (Fig.2). The long axis of 200 mm of rainfall is only 80 km
long. The maximum 24 h rainfall is 608,5 mm in this case.
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FIG.1 The correlation of daily rainfall between two
stations in the Pampanga River basin, more than 1.5" in
either station.
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FIG.2 Spatial distribution of heavy rainfall at
Nagasaki, July 1982.

Rainfall probability

A typhoon has a certain probability of occurrence, therefore rainfall
caused by a typhoon is also probabalistic, Two or more strong
typhoons may strike in a year (two typhoons in Tokyo in 1982), while
no typhoon may come in a few decades. The discharge may be adequate
to design structures, but it is easily affected by human activities
as will be mentioned later. Therefore, the rainfall may be taken as
a good probability parameter. Kinosita (1980) reported examples of
return periods of rainfall used for disaster prevention in Japan.
Return periods of 100 ̂  200 years are used for river improvement
works for class A rivers, 1 ̂  10 years for drainage systems of roads,
and 5 v 10 years for sewerage systems.

The rainfall of some return periods is also dependent upon the
period of statistics at a certain site. In other words, the
probability of rainfall is changing with time. Figure 3 shows how
many times daily rainfalls greater than the rainfall of the 100-year
return period occurred during the 31 years between 1950 and 1980, where
the rainfall of the 100-year return period is determined by the set
of annual maximum daily rainfalls during the period 1900-1949 at the

FIG.3 Number of occurrences of rainfall greater than the
1OO year return period within the last 31 years in Japan.
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same site (Kinosita, 1982a,b). At some sites, rainfalls greater than
the rainfall of the lOO-year return period occurred four times in
the 31 years. This means that probability and the daily rainfall
increases of the latest years should be considered.

RUNOFF CHARACTERISTICS

What percentage of rainwater runs off into the river in humid
tropical regions? Consideration should be given to the period during
which the runoff process occurs. A year is an important period for
the hydrological cycle, while a storm period or the time of concent-
ration is also meaningful. Runoff characteristics, for instance a
runoff ratio, are discussed in this section for flood damage mitigat-
ion and water resources development.

Annual runoff

The annual runoff in Japan is analysed by comparing it with the
annual precipitation (Public Works Research Institute, 1969) as
illustrated in Fig.4, where the annual precipitation is in mm on the
abscissa and the annual runoff is in mm on the ordinate. Each point

1000

1000 2000 3000 4000 ram
Annual precipitation P

FIG.4 The relation between annual precipitation and
annual runoff.

corresponds to the relation in a year in a certain drainage basin.
All points must lie on the 45° lines when all the rainwater runs off
to the river. There are some points above the 45° line due to
inadequate observations of snow in the northern mountain basins in
winter. Most of the points are plotted within a zone of about 500 mm
below the 45° line. Therefore, the annual loss, which is the
difference between the annual precipitation and the annual runoff may
be about 500 mm on average. The annual loss is influenced by geology,
climate and other factors. For instance, in some basins where porous
pyrocrastic rocks are predominant, it is almost 1000 mm, while in a
neighbouring basin it is nearly equal to zero due to the groundwater
supply. As a climatic factor, evapotranspiration is estimated at
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600 '\' 700 mm a year by formulae using air temperature. It might be
said that the loss of rainfall is rather small in humid regions
because of high atmospheric humidity.

Flood runoff ratio

A flood runoff ratio is the ratio of the volume of the flood water
to the volume of the rainwater during the flood period. The flood
water in this interpretation includes all components of runoff,
namely overland flow, interflow, and baseflow during the flood.
Depression storage, groundwater recharge and other components of
basin storage are not included. The runoff ratios obtained in recent

TABLE 1

Sonohara
Shimokubo
Kusaki
Ikari
Kawamata
Futase

Kurihashi

Runoff ratios on

Drainage

(km1)

493.9
322.9
254.O
271.2
179.4
170.0

8588.0

August

RT

(mm)

211.5
243.7
388.0
329.7
366. 7
273.7

213.2

the Tone River

, 1981.

QT

(mm)

16O.8
176.8
332.2
259.4
292.3
16O.5

104.8

Ty81J5

f ~- QT/

0.76
O.73
0.86
O.79
0.80
0.59

0.49

(see ref Fig.5)

August

Rfp Rrp

(mm)

21O.O
235.0

320.0
238.3
385.3

348.0

2O9 .5

, 1982.

QT

(mm)

50.
115.
148.
177.
219.
301.

133.

4
4

0
3
6
6

3

T 8210

f = QT/RT

0.24
0.49
0.46
O.74
0.57
0.87

0.64

floods in Japan observed by the Ministry of Construction (1981 & 1982)
are listed in Table 1 where all data except Kurihashi were recorded
at multipurpose reservoirs near Tokyo. The basin is covered with
forest and rice fields. The ratio is 0.7 ̂  0,8 when the total rain-
fall is about 200 mm. The major portion of rainwater turns to river
discharge if the rainfall is heavy. This trend was proved by a
runoff experiment using a rainfall simulator at the National
Research Centre for Disaster Prevention (Fig.6). According to the
data measured on the experimental plot of 1000 m2, Kinosita &
Nakane (1977) found that the loss decreased with the increase
of rainfall over the critical rainfall. Therefore it appears that
the runoff ratio increases considerably with increasing
rainfall.

The main concern of hydrologists in humid tropical regions is
the determination of the distribution of runoff with time from the
unit of rainfall as can be obtained by the unit hydrograph method,
because the loss is generally minor during flood periods;
though the estimation of effective rainfall is of prime concern in
semiarid and temperate zones. All the conceptual models developed
in Japan try to estimate the hydrographs from rainfall (Kinosita,
1981).
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Vatjisaw.

Shinak

FIG.5 Location of the gauging stations on the Tone
River (see Table 1).

Runoff coefficient

The runoff coefficient is characterized as a parameter of the
rational formula

Q = f r A/3.6

Where Q is the discharge (m3s 1 ) , f is the runoff coefficient; r is
the rainfall intensity within the time of concentration (mm h ), A
is the drainage area (kmz). The formula is generally applied to
estimate the peak discharge for the design of a flood channel. The
time of concentration is assumed to be twice the difference between
the peak time of the rainfall and that of the runoff. The runoff
coefficient is not the same as the runoff ratio but is also dependent
upon the rainfall amount and other geological and climatic parameters.
The examples of the Tone River in Japan and the Pampanga River in
the Philippines obtained by Kinosita (1982) are plotted in Fig.7.
Both river basins have almost the same annual rainfall and vegetal
cover. The runoff coefficient is 0.6 v 0.8 for the Tone River, and
0.2 % 0.3 for the Pampanga River. This difference may be caused by
the retardation effect of the basin. Depression storage in foothills,
swamp storage and other natural conditions may greatly reduce the
peak discharge of a flood. One comment must be added concerning the
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100
'.; i t y (mm ti1)

FIG.6 Final loss and rainfall on the experimental plot
at the National Research Centre for Disaster Prevention.

time of concentration. There are two or three peaks in a hyetograph.
It is difficult to identify the significant peak of rainfall with
regard to the flood peak. Some ambiguity cannot be avoided in
deciding the time of concentration in the case of two or more rain-
fall peaks. Some errors might be included in the plots shown in
Fig.7. Agricultural developments such as swamp reclamation,
construction of embankments, and sophisticated irrigation and drainage
systems, induce an increase in the runoff coefficient as well as a
decrease in the time of concentration. In some cases flood prevention
measures might increase the flood discharge.

FLASH FLOOD

One particular flood in the humid tropical regions is the flash flood
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0.6

0.5

0.4

0. 3

0.2

0.1

Runoff
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Rainfall intensity (mm H')

FIG.7 Runoff coefficients in the Pampanga River basin
(indicated by P) and the Tone River basin (indicated by
T).
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(Kinosita, 1974). It occurs within a limited area immediately after
heavy rainfalls. It takes place unexpectedly and causes serious
damage.

Kelang River flows through Kuala Lumpur in Malaysia. All the
tributaries join together in the city. Therefore a flash flood often
occurs on the Ke]ang River at the centre of the city. The Government
of Malaysia, Drainage and Irrigation Department developed a good
procedure for forecasting a flash flood, using the flood warning table
prepared for easily forecasting the water level by combining three
parameters: rainfall over the drainage area measured in the last 24 h,
rainfall in the last hour, and the duration of the storm in hours.

In Japan a flash flood is produced by the heavy rainfall of a
typhoon or a frontal activity. As illustrated in Fig.2, there was
a big flash flood in Nagasaki Prefecture in July 1982; 299 lives were
lost in one night. No streamgauging station was installed there. The
specific flood discharge was estimated to be 42 m/!s~'km~? from flood
marks by the Nakazima River (Nakane, 1983). This value seems unlikely,
but it is one of the characteristics of humid tropical regions.

CONCLUSION

The author discussed runoff and flood characteristics in Japan and
other humid tropical regions. The results reported in this paper
are useful for preventing flood disasters in agriculture, especially
rice production, as well as in industrial and urban areas.
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ABSTRACT Research on tropical rainstorm characteristics
relevant to moisture availability for agricultural
purposes has concentrated mainly on seasonality and
variability. The characteristics - rainfall amounts,
rainstorm intensity, duration of rainstorms and the
sequence of rainstorm events - which determine the exact
amount of moisture available have been relatively
neglected. The present study, based on an analysis of
470 rainstorms recorded in Ibadan between 1960 and 1980,
is an attempt to examine the effect of these
characteristics. Their temporal variations (diurnal,
monthly and annual) are analysed and the results will be
used in establishing guidelines for the use of rainwater
in agriculture, the adoption of land use practices to
improve soil moisture retention, and the prevention of
soil erosion.

Caracteristiques des averses affectant les disponibilites
en eau pour 1'agriculture
RESUME Les recherches sur les caracteristiques des
averses tropicales concernant la portion de l'humidite du
sol disponible pour des fins agricoles ont £te concentres
principalement sur leur caractere saisonnier et leur
variability. Les caracteristiques telles que, hauteur de
precipitations, intensite de 1'averse, sa duree et la
succession des evenements pluvieux, qui determinent la
valeur exacte de la portion d'humidite du sol disponible
ont ete relativement negligees jusqu'ici. La presente
etude basee sur 1•analyse de 470 averses enregistrees a
Ibadan entre 1960 et 1980 est une tentative d'examen de
l'effet de ces caracteristiques. Leurs variations
temporelles (diurnes, mensuelles et annuelles) sont
analysees et les resultats de cette analyse seront
utilises pour etablir des directives en vue de
l'utilisation de l'eau provenant des pluies a des fins
agricoles, pour 1'adoption de pratiques d'utilisation des
sols, pour ameliorer la retention de l'eau dans le sol et
pour eviter son erosion.

INTRODUCTION

Water is an important element in any agricultural production system.
Crops and animals are adapted to survive within given soil moisture
and humidity levels. Moisture in soils aids the mobility of

63
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nutrients necessary for the growth of crops. Soil nutrient
depletion in the processes of leaching and soil erosion is aided by
the availability of excess water.

The tropical environment is blessed with abundant supplies of
rainwater. An understanding of the supply characteristics of this
important element is of necessity if we want fully to harness
rainwater for agricultural production purposes. It is disheartening
to witness every year the abundant supply of rainwater running off
in our streams to the ocean or evaporating back to the atmosphere
unharnessed. Often it is not only large quantities of water that
are lost but in addition a considerable amount of plant nutrients is
carried along with the water into the oceans.

There have been relatively few studies of tropical rainstorm
characteristics. These few have concentrated on two rainstorm
characteristics, seasonality and variability. Walter (1967), Ayoade
(1970), Jackson (1977), Walsh & Lawler (1981) and Oyebande (1982)
made reasonable spatial comparisons of rainfall seasonality and some
other aspects of rainfall regimes of different areas in the tropical
environment. These studies have been helpful in determining the
onsets and ends of the wet season useful for agricultural calendar
planning and the expectancy of certain amounts of rainwater.

There are other specific problems posed by tropical rainstorm
characteristics for which some detailed understanding of other
attributes of the rainstorm is needed. For example, many irrigation
and water supply dams designed during the colonial days have now
become obsolete due to the previous inadequate understanding of the
nature of tropical rainstorms and because flooding has become much
more frequent than before (Oguntala & Oguntoyinbo, 1982). An
analysis of rainstorm characteristics relating to storm runoff peak
values, time to peak, peak values, lag time and variations in
rainfall intensities throughout the duration of a storm with
specific return intervals is now of absolute necessity. Moreover, a
detailed understanding of rainstorm duration/intensity variations is
necessary for infiltration of rainstorm water into soils. Rainstorm
energy, soil erosion rates and nutrient recycling all relate to the
time distribution of storm intensity variations.

Diurnal variations in tropical rainstorm characteristics have
received little or no attention. Yet an analysis of diurnal
variations in rainstorm amounts, intensities and duration is basic
to understand moisture exchanges between the terrestial and
atmospheric systems. Solar radiation is the main source of energy
for evaporation and evapotranspiration processes which take place
only during the day time. So, if the rains come during the night
most of their moisture would end up as soil moisture.

THE STUDY AREA

The data used in this study were collected from rain chart
autographs of the University of Ibadan climatological research
Station, located at 07°-20'N and 3°50'E. A Dynes automatic
raingauge installed on a low hill reserved for studies of the
physics of the atmosphere, has been in operation since December
1951.
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Ibadan is located about 100 km north of the Nigerian coast, that
is, from Lagos. The area is in the vegetational transitional zone
between the forest and savanna. The area experiences two seasons,
the dry and the wet. The onset of the wet season is estimated at
15 March within a two week variation period and 15 November as the
tentative end of the wet season with the same level of variation
(Walter, 1967). The area also experiences the double maxima
rainfall regime with the characteristic break in August known as the
"little dry season" (Ireland, 1962).

METHODOLOGY

The initial intention in this study was to evaluate the
characteristics of all rainstorms occurring between I960 and 1980
for amounts greater than 12.5 mm. This value was chosen because the
traces on the recording charts for values below 12.5 mm were too
small to be analysed manually without errors. For a number of
reasons, however, it was not possible to lay hands on all the data;
first because the records for 1968, 1970, 1971 and 1973 were missing
and secondly, occasional breakdowns of the automatic raingauge
occurred during a few major storms such as on 30 August 1980 when a
rainfall total of 214 mm was recorded in 24 h with such an intensity
that the autographic recorder broke down. All the 470 storms were
available for analysis. The frequencies for the years with complete
records are shown in Table 1. This gives an average frequency of
about 34 rainstorms per year. However, it is assumed that the
characteristics of the storms displayed by the 470 storm occurrences
will generally be representative for the total rainstorms at Ibadan
and environs. Extrapolations of the results of these analysis are

TABLE 1 Annual frequencies of rainstorms at Ibadan
1960-1980

Year Frequency %

1960 30 6.4
1961 29 6.2
1962 41 8.7
1963 37 7.9
1964 28 6.0
1965 35 7.4
1966 16 3.4
1967 21 4.5
1969 32 6.8
1974 25 5.3
1975 35 7.4
1976 52 11.1
1977 60 12.8
1978 29 6.2

Total 470 100.0



66 J.S.Oguntoyinbo & F.O.Akintola

assumed valid since we do not expect significant differences in the
climate in the area.

The amount of rainfall per unit of time is recorded as a line
trace on the rotating chart. From these lines, series of rainstorm
characteristics were drawn out. These include day, month and year
of the storm; time of day, duration, total amount and a breakdown of
the amounts of 15-min intervals. The number of peaks of the storm
and the times to peak were also recorded. Each rainstorm duration
was further split into quarters and the amounts recorded as first,
second, third and fourth quarter values. For example, a rainstorm
lasting 60 min was split into 15-min values while a 40 min rainstorm
was split into 10-min values. This was to find out the temporal
distribution of rainstorm energy based on duration. All other
analyses were carried out with a digital computer.

FREQUENCY OF RAINSTORMS

Temporal variations in the frequencies of rainstorms relate to the
certainty of occurrence of rainstorms. The results of this section
help to support conclusions from other studies concerning the onset
and end of the wet season for this particular area. Table 2 shows
the monthly frequencies of rainstorm occurrence for the 14 years

TABLE 2 Monthly frequencies of rainstorm in Iba.da.ri
1970-1980

Month Frequency %

1 5 1.1
2 12 2.6
3 31 6.6
4 SO 10.6
5 71 15.1
6 82 17.4
7 55 11.7
8 34 7.2
9 50 10.6

10 62 13.0
11 14 3.0
12 4 0.9

Total 470 100.0

considered in this study. The table shows the relative non-occurrence
of rainstorms in January, February, November and December. The
rainstorms during these four months for the 14 years form only 7.5% of
the total number. The table also shows the double maxima
characteristics of the rainfall regime of this zone. The frequencies
rose to a peak in June, decline to a low in August and rose to
another peak in October. These trends are vividly shown in Fig.l.
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J F M A M J J A S O N D

FIG.l Monthly rainfall distribution in Ibadan 1960-1980.

This figure shows the mean monthly frequencies as percentages. Thus
for the 14 January months there are only five rainstorms, giving an
average of 0.4% for January. June has a mean percentage of 5.6%,
October 4.4% and August 2.4%. From this figure it can simply be
concluded that we should not expect any rainstorm at Ibadan in
December and January, with the number rising from an average of one
storm each in February and November to about six storms in June.

Frequencies of rainstorms occurring during various periods of the
day are shown in Table 3 as well as in Fig,2. The results show that

TABLE 3

Period Frequency

0000
0300
0600
0900
1200
1500
1800
2100

h
h
h
h
h
h
h
h

to
to
to
to
to
to
to
to

0300
0600
0900
1200
1500
1800
2100
2400

h
h
h
h
h
h
h
h

Total

28
37
20
42
72

135
106
30

470

6.0
7.9
4.3
8.9

15.3
28.7
22.6
6.4

100.0

although rainfall can occur during any of the eight periods into
which the day has been divided, most of the rainstorms in Ibadan
occur in the late afternoon and early evening. This general trend
shows the convectional nature of the rainstorms in Ibadan. Of the
470 storms studied 51.3% occurs between 1500 h and 2100 h. The
implication of this pattern is that most of the water in rainstorms
occurring late in the afternoon is available for soil moisture
replenishment since little evaporation takes place during the night.

6 9
pm midnight

Time of occurrence of rainstorms.
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TABLE 4 Frequency of diurnal variation

January
E'abruary
March
April
May
June
July
August
September
October
November
December

00

-

0.2
_

0.6
0.6
1.9
0.9
0

1.1

0.6

0
-

03

„

0.2
0.2

1.3
1 .7
2.1
0.2

0.6

1 .1

0.4
0

-

06

-

-
0

0.4
0.2
0.9
0.4
0.4
0.9

1.1
0
-

09 12

-

-
0

0.6
1.1
1.3

2.3
1.9

1.1

1.4
0.2

-

1

-

0.2
0.4

0.4
3.2

2 .6

3.0

1.5

2.1

1 .5

0.2
0.7

5 18

0.4
0.6

2.6
3.4
4.9
4.7
3.8

1 .7
2.1

3.8
0.4
0.2

21

-

1.1
2.8
3.4
1.9
3.4
0.9

0.9

2.1
4.3
1.7
0.2

24 hours

0.6
0.2

0.6
0.4
1.5
0.6
0.2
0.2

0.2

1.1
0.4
0.2

A further breakdown of these diurnal variations was carried out
on a monthly basis. The results are shown in Table 4 and Fig.3.
Two things clearly emerge from this table. One is that the early
rains and late rains are often associated with thundery activities,
i.e. rainstorms occurring between March and May and between
September and November occur in the late afternoons. The other fact
is that when the rainy season has been fully established, i.e.
between June and August, though most rainstorms are still
concentrated in the later afternoons, some definitely take place in
the early mornings and during the night. This shows the significance
of the oceanic influences on Ibadan rainstorms when the Intertropical
Discontinuity has moved northwards beyond Ibadan.

(a)

JANUARY

3 6 9 11 3 6 9 12
Nqijn Midn.

1 0 T FEB.

3 6 9 12 3 6 9 12

DEC.

3 6 9 12 3 6 9 12

(b)
(C)

0

MARCH

3 6 9 12 3 6 9 12
Noon Mid

15 T APRIL

3 6 9 12 3 6 9 12
Noon Midnight

3 6 9 12 3 6 9 12

JULY

3 6 9 12 3 i 9 12

1 0 r AUG.

3 6 9 12 3 6 9 123 6 9 12 3 6 9 12

FTG.3 Time of occurrence of (a) dry season rainstorms,
(b) early and late rainy season rainstorms, and (c) rainy
season rainfalls.



Rainstorm characteristics and water availability 69

RAINSTORM AMOUNTS

The water amount delivered by a rainstorm relates to soil moisture
availability, soil erosion and water availability in general. The
amount of a particular storm relates positively to the rainfall
intensity and duration of the storm. Past studies Hudson (1971) and
the review by Jackson (1977) show that most tropical rainstorms
occur in large storms of high intensities.

Fig.4 shows the rainstorms class distribution for Ibadan based on
amounts of each storm. About 20% have amounts with 12.7 mm or less,
65% with 25.4 mm or less (1 in) and 98% with 50,8 mm or less.
Results from East Africa compare favourably with those in Ibadan.
Niugini in his study has 63% of the rainstorms with 25 mm or less,
while the University of Ife Teaching and Research Farm, with the same
latitude of Ibadan, has 75%.

0 127 254 361 508 535 762 839 1016 ;
mm

FIG.4 Rainstorms class distribution.

The mean amounts per storm do not vary significantly if compared
on a monthly basis. All the months have about 25 mm per storm while
December and January have 12 ram per storm.

RAINSTORM DURATION

Table 4 shows the monthly distribution of rainstorm durations. The
pattern follows that of rainstorm amounts. Rainstorms of short
duration occur (luring the dry season months of November, December,
January and February. The duration per storm for all the other
months is about 110 min.

Figure 5 shows the frequencies of rainstorm durations set out at
30-min intervals. The distribution is skewed towards short
durations. Most of the rainstorms last between 30 and 60 min. In
fact, over 50% of all the storms last for less than 1 h. The
distribution shows that Ibadan can have rainstorms of extremely long

' 0 30 SO 90120150180210 270 330 730
m i n u t e s

FIG.5 Rainstorm duration.
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FIG.6 Relationship between rainstorm depths and
durations.

durations, though they are generally rare.
Figure 6 shows the relation between rainstorm amounts and

durations of each storm. The pattern shows that most Of the storms
are of short duration as well as of high amounts. The figure also
shows that the amount does not directly relate positively with the
durations. In fact, most of the rainstorms lasting more than
120 min contain less than 30 mm of rainfall. The situation is that
each storm releases most of its rainfall within a few minutes of the
storm of the rain and just drizzles for hours later. This will be
discussed in the next section.

RAINFALL INTENSITY

Rainfall is only meaningful if it is compared with the infiltration
capacities of receiving soils. The relationship shows the
proportions of rainstorms that really end up as soil moisture.

The average rainfall intensity per storm in this study is
17.5 mm h :. This is significantly lower than 25 mm h~1; a figure
considered as a threshold level at which rainfall becomes erosive
(Hudson, 1971). This may be so due to the lumping together of all
the 470 rainstorm intensities to arrive at this mean value.

Table 5 shows the mean intensity per storm on a monthly basis.
This shows only May as exceeding this threshold.

For the Ibadan region, Akintola (1974) has 17,8 mm h~x as the mean
infiltration capacity for all the land use surfaces. When this
figure is compared with those in Table 5 only four months exceed this
threshold of excess water generation.

Rainstorm intensity variation within the duration of each storm is
shown in the number of peaks the storm has. In this study, 69% of
all the storms have single peaks, 18.7% have two peaks, 8.5% have
three peaks and 3.6% have more than three peaks. Most of the storms
with single peaks attain this peak in less than 15 min while those
with a second peak attain it in about 30 min from the start of the
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TABLE 5 Mean rainfall intensity per storm in mm h'1

January
February
March
April
May
June

16.3
15.7
19.3
15.7
46.7
24.6

July
August
September
October
November
December

9.4
12.0
12 .7
12.7
23.4
14.0

rain. The fact that most of the rainstorms have one or two peaks
and reach these peaks in less than 30 min shows that the concentration
of high intensities in the early periods drops drastically.

CONCLUSION

This study shows that most of the rainstorms at Ibadan compare
favourably in their characteristics with rainstorms from other parts
of the tropics. The rainstorms are short in duration and of high
intensities concentrated in the early portion of their duration.
The storms will generally lead to high excess water flow a few
minutes after the start but for those that last long, intensities
after about 30 min end up as soil moisture since they are lower than
the infiltration capacities of the area.

The implications of these findings, in relation to agriculture,
are as follows:

(a) The intensities of the rainstorms of the early and late months
of the rainy season are higher than the soil infiltration capacities.
These are the periods, especially the former, when the soils are
vulnerable to soil erosion processes due to the lack of the necessary
protective cover of vegetation. It is then postulated that soil
erosion rates would be very high early in the rainy season. This is,
however, supported by the relatively higher concentrations of
sediment in tropical rivers during the early period of the rainy
season.

(b) Most of the erosive work by excess rainfall is carried out in
the early period of the rainstorm duration. This problem will be
compounded by rainstorms with double peaks.

These findings show the vulnerability of our soils to rainstorm
attacks due to the soil surface exposure. Exposure results from land
preparation for cultivation and bush burning. Great care is then
needed to protect our soils from the vagaries of the climate.
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Hydrologieal characteristics of the Caribbean

ANDRES DIAZ ARENAS
PO Box 605.5, La. Uabana, Cuba

ABSTRACT The author deals with the hydrologieal
characteristics of the islands of the Caribbean region.
The paper is based mainly on unpublished or restricted
information; for the first time in a single paper isohyetal
maps of various islands, mean rainfall values and data on
extraordinary phenomena are given.

Cara.ctt'sristiques hydrologiques de la r&yion Cara'ibe

RESUME L'auteur traite des caracteristiques hydrologiques
des lies Caraibes , a partir, principalement, d'une
documentation inedite ou restreinte. Pour la premiere
fois , les cartes isohyetes de plusieurs iles, les moyennes
de pluie et les donnees sur des phenomenes exceptionnels
sont reunies dans un seul document.

INTRODUCTION

The term "Caribbean", applied also to denominate the Antilles,
includes thousands of islands with similar hydrologieal features
located between latitudes 10°N and 23°N and longitudes 59°W as shown
in Fig.l. The total land area of the Antilles is about 240 000 km;,
but only the area of four islands, the Greater Antilles (Cuba,
Jamaica, La Espanola and Puerto Rico), exceed 8000 km2. According
to the United Nations (1977), its population is approximately 25
million inhabitants.

Except for the leeward islands of the Netherlands Antilles, the
mean annual rainfall in the region exceeds the world mean precipitation
of 970 mm (United Nations, 1976). However, in the Greater Antilles
there are subhumid and semiarid zones close to excessively rainy
ones .

The basins of the Greater and Lesser Antilles, including the most
extensive ones, are relatively small. Most of the rivers are short
and their slopes steep, whilst the intense rains of tropical storms
cause flash floods.

These islands are located in the track of hurricanes and cyclones.
Tropical storms are associated with heavy rains causing catastrophic
flooding. Together with the disastrous effects of torrential rains
and floods, the strong winds accompanying hurricanes and cyclones
cause additional damage.

MORPHOMETRICAL CHARACTERISTICS OF THE BASINS

The islands widely differ in size, but one of them, Cuba, comprises

about 44% of the total land area of the region. In the Greater

Antilles only a few basins exceed 1000 km 2, and in the Lesser, basins
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0 CARBONATE ROCKS

A VOLCANIC ROCKS

E'IG.l The Caribbean region.

are extremely small; for example in Grenada the largest basin does
not exceed 55 km". The mean slope of small basin rivers is very
steep. Cauto river (Cuba) with a basin area of 4680 km' and 191 km
of river length to the gauging station Cauto Cristo, has a mean slope
of 1.2%. The summit of the Caribbean is Duarte elevation in the
Dominican Republic. The geology of the Greater Antilles is complex,
but in the Lesser Antilles some islands are exclusively composed of
carbonate rocks and others are of volcanic origin. Table 1 gives
morphometrical characteristics of the biggest islands.

TABLE 1 Biggest islands in the Caribbean region

Island

Cuba
La h'spanola
Jamaica
Puerto Rico
Trinidad

Is la dc la Juv-
entud (Cuba)
Martinica

A
(km2

105
76
10

8

4

2

1

>

7OO
4 34

990

897
82 8

2OO

1O2

Highest
elevation
(m a.m.s.l.)

1972
3175
2256
1150
940

3O.3

1400

Is J and

Domj.nica

Saint Lucia

Antigua

Barbados

Saint Viri-

ve nt
Grenada

A
(km2 )

749

616

442
43O

345

311

Highest
elevation
(m a.m.s.1.)

1448
95O

*

4 30

122O

840

*No information available.

RAIN

Both distribution within the year and the year-to-year variations
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are irregular (Figs 2-4), The rainfall difference between dry and
wet years is notable. As a rule, rainfall increases from coastal
to inland areas, as is shown in Figs.3, In small islands rainfall
gradients are very steep; in Saint Lucia for example, 1270 mm of
rain are recorded in coastal areas and 4600 mm in mountainous regions
in the centre of the country. Windward basins generally receive a

200 -

100

NORTH (1500 mm)
SOUTH (2075mm)
MIDDLE (1300mm)

• EAST (1350 mm

JUNE DEC 1924 19*8 1976

FIG.2 (a) Haiti: monthly distribution of rainfall in
four regions of the country. (b) Grenada and Carriacou
seasonal distribution of rainfall. (c) Jamaica: yearly
distribution of rainfall (1924-1977).

greater amount of rain than those to leeward.
In Cuba and La Espanola (Haiti and the Dominican Republic) the

mean annual rainfall is 1400 mm, while in Puerto Rico it is 1750 mm
and in Jamaica, 1980 mm. The Cayman islands just at the south of
Cuba and the west of Jamaica, have only 1250 mm of rain in a year.
As to the rest of the islands, with the exception of Barbados with
1520 mm of precipitation and the Dutch Antilles, with 500-1100 mm,
the mean annual precipitation is higher than that in the Greater
Antilles.

In Haiti, rainfall on the northern and windward slopes of the
mountainous regions is commonly two or three times that of leeward
slopes. Moreover, in Basse-Terre Island (Guadalupe) the western
slopes exposed to trade winds receive 10 000 mm of rain in one year.
As shown in Fig,4, in the southern coast of the eastern part of Cuba,
close to the most rainy area of the country (over 4000 mm) and
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(a)
Cuba

Mean annual precipitation

Period 1931-1972(42Years)

After:
Gagua, S. Zarembo, A. Izqu

Legend:
—"°° Isohyets

Assumed Isohyets
• Capitals of Provinces
-•* Bogs

Rivers

FIG. 3 Isohyetal maps of (a) Cuba, (b) Dominican Republic,
(c) Jamaica (for the period 1925-1977), (d) Saint Lucia,
(e) Barbados, and (f) Grenada,
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FIG.4 Cuba: aridity index.

TABLE 2 Hurricanes, cyclones and tropical depressions affecting
the western provinces of Cuba (Pinar del Rio, Cuidad de La Habana
and La Habana) From 1926 to 1982, according to data from the
InsLiLuto do Metcorologia, Acadernia de Ciencias

No.

1

2
3
4

5
6
7

8

9
1O

11
12

13

14

15
16

17
18

19
20

21

22
2 3
24

25

26

27
28

Classifi-
cation

C
11
C

D

D
D

C

C
D

H

C

II

11

C

c
c
c
D

11

II

C

D

C

11

II

C

II

C

Year

.1926
1926
1926
1928
1929
1'J29
19 3D
.19 31
19 3 3
1933
1933
1933

1 9 3 3
1936
1936
1938
1942
1943
1944
1 946
1947
1947
1947
1948
1948
1950
1950
1953

Month

Aug.
Oct.
Nov,
June
June
Oct.
Sept.

Sept.
June
Ju.l y
Aug.
Aug-
Sept .
Oct.
June
A L2<7 .

Aug.
Aug.
Oct.
Oct.
Oct.
Sept.
Aug.
Oct.
Sept .
Oct .
Aug.
Sept.
May-
June

Days

22-23
19-20
15-16
2 3
8-9

20

6

6
9

2-3

17-18
1-2

3-4

25-26
14

10
17-18

1-2
18
6-7
1

18

11

20

5

26-28
.3

31-6

No.

29

30
31
32

33
34
35

36
37
38

39

4O

41

42

4 3
44
45
46

47
48

49

50
5 1
52

Classifi-
cation

C

C

C-H
D

C

H

II

C

C

II

11

C

c
c

II
H
U

D-C
D
II

C

D
H
Wave

Year

1955
1958'
1958
1964
.1.964
1964
1.966
1968
1968
1968
196 9
1969
1970
1970

1971
1972
1977
197 9

1979
1980
1980
1980
1982
1982

Month

Aug.
Jan.
Sept.
June
Sept
Oct.
June
June
Sept .
Oct .
Aug.
Oct.
May
July-
Aug.
Nov.
June
June
Sept .
Oct.
Aug.

NOV.
NOV.
June
June

Days

24-25
2-3
3
5

29
13-14
8

2-3
26
16-17
15-16
1-2

23-24
31-1

1 5-18
17-18
1-2

9-11
12-15
6-7
9-10
16
3-4
18

C: cyclone. H: hurricane. D: depression.
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separated only by a mountainous massif, there is a semiarid zone
with 500 mm of mean annual precipitation. In the western part of
the north coast and in the southwest of the Dominican Republic
Dominicans, precipitation is low, ranging from 450 to 500 mm. There,
rains are scarce but intense.

It rains all the year, so it is difficult to determine accurately
the beginning and end of the less rainy season. The rainy season
lasts from May to October, or November, depending on the locality.
In some islands only January-April could be considered as the less
rainy months. The rainy season is usually interrupted in August by
a short dry spell. Torrential rains may occur in any month.

This region comprises the belt of tropical storms that crosses
the Caribbean Sea from May to November. Wind velocity is usually
taken as a basis to classify tropical storms but the author considers
that it does not fit well to a hydrological approach of the phenomena.
From an engineering point of view the hydrological approach is more
important in order to give criteria about flood safety or to make
estimates for hydraulic structures. When sockal development has
passed the stage of elementary exploitation of water resources, the
interest of Water Authorities both in understanding the hydrological
behaviour of a storm and in forecasting its implications increases.

For Diaz Arenas (1983) the most intense and heavy torrential rains
are associated with or caused by tropical storms, including hurricanes,
cyclones and tropical depressions (Table 2).

Febrillet (personal communication) estimated that the three-day
mean total precipitation over the whole of the Dominican Republic
under the influence of hurricane David was 216 mm. When cyclone
Albert crossed the western provinces of Cuba a rain recorder register-
ed 775 mm in 24 h. In the core of the highest rainfall 1000 mm were
recorded in five days over an area of 100 km . Cyclone Flora has
been the most destructive tropical storm registered in Cuba, although
that of November 1932 completely destroyed a town, and more than
3500 people died. Extraordinary phenomena are gathered in Table 3,

In spite of the high rainfall which predominates within the region,
droughts may occur and sometimes even last several years. Under such
conditions rain behaviour, amount and frequency becomes very erratic.
Agriculture could be seriously affected as happened in Cuban sugar
cane areas during 1970-1972 and 1976 . Diaz Arenas & Sampedro Delgado
(1970) made a quantitative evaluation of the droughts that occurred
during 1945 and 1962 in Cuba. Raingauge records were low in Grenada
during the drought of 1947 and the range in the 1927-1965 series
between the minimum and maximum yearly precipitation reached 4OOO mm
at one observation site.

Raingauge records date from the last century but few of them are
complete. In addition, instrument allocation is not always correct
since the mountain precipitation records are scarce. There are few
rain recorder stations; therefore, only in part of the Caribbean
region can actual rain intensity data be used in project design.

EVAPORATION

The annual evaporation is high as a result of the high temperature
and breeze prevailing during most of the year. The evaporation



Hydrological characteristics of the Carribbean 81

TABLE 3 Extraordinary phenomena registered in the
Caribbean

Country

RAINFALL
Barbados

Cuba

Grenada
Jamaica

Dominican Republic
Saint Lucia

RAIN INTENSITY
Cuba

Dominican Republic

Country

RIVER DISCHARGE
Cuba

Dominican Republic

WIND VELOCITY
Cuba
Dominican Republic

Month

X
X

XI
VI

VI
Vi
I

VI

VIII
IX

VI
VI
VIII

Year

1963
1963
1963
1963
1982
1982
1982
1979
1979
1979
1979

Year

19O1
197 O
1926
1963
1981
1982
1982
1976

1960
1979
1979
1967

1982
1982
1979

@max_

55OO
22OO
216O
2060
18OO
166O
1396
5081
34O7
2324
1402

Mean velocity

316

24o

Ua i n

(mm)

762
584
51O
730
331
775
706

506

1118
813

518

229

135 mm
129 mm
80 mm

Basin
') area

(km2)

1O5O
5O6

325

73

62

114
502

620

2663
799
402

(km h'1)

Time
interval (h)

24

24
16
24
8

24
24

24

24

24

24

2

h"1 in 40 min
h 1 in 40 min
h-1 in 6O min

Annual mean
daily
discharge
(m's"1)

1O.2
3.9
6.8
2.6
1.8
2.6

12.2
17.6
18.9
19.8
3.6

pattern of the biggest island of the Caribbean region is shown in
Fig.5.
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FIG.5 Cuba: annual evaporation depth.

RIVER DISCHARGE

Generally speaking, the rivers are short and the flow regimes
torrential, with great fluctuations in discharge and stage during
floods. Many streams do not flow all the year. According to the
United Nations report (1977) there is no surface runoff and rainwater
infiltrates directly through the surface in the Cayman Islands,
Conversely, in Martinica there are many permanent rivers, with the
exception of the southeastern part of the island. Specific low water

in the north and
in the south. Streamgaugings made

by Varela k Molerio (personal communication) appearing in Table 4,
registered similar specific discharges in this period. In Cuba only
200 rivers may be considered as significant and most of them stop
flowing in the less rainy season. In Jamaica there are 30 permanent
rivers. Data recorded during several years in Cuba and the Dominican
Republic are shown in Table 5.

discharges could be of the order of 0.010 m3s 1km 2

they do not exceed 0.002 m3s~1km~z

DISSOLVED SOLIDS AND BED LOAD MATERIAL

Perez Monteagudo & Villamil Martinez (1982) have made a thorough
study of dissolved solids in Cuban rivers. Of 28 gauging stations
under analysis, 20 have a correlation coefficient higher than 0.90
between the specific river discharge and specific dissolved solid
charge. These authors suggest formulae to calculate dissolved solid
charge in different parts of the country. The mean value of the 12-
year series is 150 km"2, but with highly divergent values at some
gauging stations. Bed load material has not yet been studied.

TABLE 4 River discharge during 198O low water period
(Grenada)

River Basin area (km2) River discharge (mis 1)

Beausejour
Saint Louis

15.7
5.O

0.072
O.O73
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TABLE 5 River discharges of the same streams in Cuba and
the Dominican Republic

River

CUBA
Sa]ado
Mayari
S. de Tanamo
San Agustin
Cuyaguateje
S. Juan y Mtnez.

DOMINICAN REPUBLIC
Boba
Bajabonico
Camu
Bani

Basin area
up to gauging
station (km7)

2140
1O5O
325
268
145
62

384
209
172
64

Mean
(m3s

4.4
10.2
5.5
5.1
3.8
1.8

13.2
4.2
4.6
1.5

Mean daily dj'.scharge

In Saint Lucia and Grenada torrential rains followed by floods
with a great amount of silt and bed load material reduce storage
capacity, increase maintenance costs and cause trouble in distribut-
ion .
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Water resources development and management
efforts in Asia and in the Pacific

REYNALDO M. LESACA
59 Mabini Street, Area One, University of the
Philippines Campus, Diliman, Quezon City,
Philippines

ABSTRACT The purpose of this paper is to describe
significant attempts at water resource management under-
taken in the Asia-Pacific region, in conjunction with
both existing and foreseen needs particularly in the
mainstreams of Third World economies, based as they are
on agriculture and the region's beginnings as a signifi-
cant industrial sector. The operation and the nature of
the predicted effectiveness of important water resource
management programmes introduced in the Asia-Pacific
region is discussed. Existing situations and needs in
various Asia-Pacific countries are reviewed to generate a
clearer understanding of the importance of effective water
resource management in the region. The focus of this
examination is the increasing importance of remote sensing
and the recent introduction of a computer simulation model
of a resource system, using as an example the Nam Pong
water resource development in the Lower Mekong basin.
Suitability of various small-scale water resource manage-
ment programmes, as well as the need for comprehensive
water management training programmes in the region is
mentioned. Finally, the paper attempts to present global
water management activities undertaken by international
organizations,

Mise en valcur des ressources en ea.u et premiers essais
de gestion syste'matique en Asie et dans le Pad fique
RESUME Le but de cette communication est de decrire des
essais significatifs de gestion des ressources en eau
entrepris dans la region Asie-Pacifique, en relation avec
les besoins existants et prevus particulierement dans
le cadre des orientations principales des Economies du
Tiers Monde, basees comme elles le sont sur 1'agriculture
et avec des debuts de secteurs industriels deja significat-
ifs. On y traite de 1'exploitation et de la nature du
rendement prevu d'import ants programmes de gestion et
d'amenagement des ressources en eau realises dans la
region Asie-Pacifique, Les situations existantes et les
besoins de divers pays de la region Asie-Pacifique sont
passes en revue pour arriver a une claire comprehension
de 1'importance de 1'amenagement et de la gestion effect-
ive des ressources en eau dans la region. Le point le
plus important de cettc communication est 1!importance
croissante de la teledetection et la recente introduction

85
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d'un modele mathematique de simulation d'un systeme de
ressources en eau, en prenant comme example 1 'ame"nagenient
du Nam Pong dans le bassin inferieur du Mekong. On
mentionne les possibilities de divers programmes de
gestions des ressources en eau a petite echelle ainsi que
la necessite de programmes d'ensemble de formation dans
Le domaine de la gestion des ressources en eau dans la
region. Enfin cette communication a essaye de presenter
les activites d'amenagement et de gestion globaux des
ressources en eau entreprises par les organisations
internationales.

IM-RODUCTION

Asian and Pacific countries number some 45. There is a great diver-
sity in land size, total population, religion and culture and ethnic
groupings among these countries. For example, the region has four
countries with over a hundred million inhabitants, but also includes
small Pacific island states with less than 10 000 inhabitants. It
is the cradle of two ancient religions, Hinduism and Buddhism, both
of which have a special reverence for life and life-giving waters.

The southeast Asia region contains a little less than half of the
world's existing rainforests where water is abundant, but north and
west Asia also contains desert areas where rainfall is of the order
of only several centimetres annually.

Thus, because of this great diversity, it is not possible to
generalize conditions in the region and many examples will be cited
in this paper to show specific instances of water quality conditions
and management practices.

A REVIEW OF WATER MANAGEMENT NEEDS IN THE ASIA-PACIFIC REGION

The social and economic structures of the Third World communities
have brought about not only disturbing setbacks to water management
in the region, but also the degradation of natural resources and the
ill effects of poorly planned development projects. Whether land-
locked or surrounded by vast seas, many Asian-Pacific countries
suffer from severe water management problems. The land area of the
South Pacific region, for example, covers only about 600 000 km2

while its surrounding waters exceed 20 000 km . Yet, more than half
of the Pacific countries suffer from water shortages, in addition to
problems of groundwater pollution and inefficient drainage basins
which have been cleared of vegetation. Because of their island
settings, the South Pacific countries face the particular difficulty
of disposing of non-degradable and liquid wastes, a problem that has
aggravated the pollution and contamination of water supply systems.

Water management needs are similarly acute in the Asia-Pacific
region's arid and semiarid areas. In south Asia, conquering poverty
has also come to mean preventing the further spread of devastating
aridity. It likewise means ensuring irrigation and adequate drainage
to increase agricultural productivity, while protecting the fishing
and farming population from the vagaries of nature. Bangladesh, for
instance, suffers almost annually from either too much or too little
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water, an erratic natural phenomenon that creates health problems
with fish shortages, as fish comprise over 60% of the protein intake
of the Bangladeshi people.

Beyond its importance to health and food needs and the overall
survival of the present generation, water also determines much of
the future that lies ahead for the next generation. The reason for
this is simple: water is a natural resource and also an element of
the natural environment in which the economic , social , technological
and biological processes are closely related and interdependent.

From an economic standpoint, proper water management paves the
way for the growth of the Third World economies, increasing their
agricultural yields as well as developing their industrial potential.
This is clearly seen in the development of the Lower Mekong basin;
here, water plays a vital role in the development of the four
riparian countries - Laos, Vietnam, Kampuchea and Thailand - as their
two major crises, food and energy, are unlikely to be solved without
well planned irrigation and water management. By and large, water
power remains the most important resource, especially for Laos where
75% of the hydropower potential of the Lower Mekong basin is estimated
at 505 000 x 10 kW-h which can be harnessed by carrying out a series
of multipurpose schemes for power production, irrigation, flood
control, fishing and navigation.

The importance of water in transport systems can hardly be over-
emphasized. In Thailand, over three quarters of all goods are
transported by water. The different regions of Vietnam, on the other
hand, are so well linked by rivers and canals that failure to develop
the country's network of waterways would be a major hindrance to the
national development.

The rational use of water resources can also be appreciated from
the standpoint of the region's population growth. The annual rate
of increase in population projected to 1985 varies from 1.5% to
about 2.5%. The Asia-Pacific region accounts for more than half of
the world's population. The total population of the member countries
of ASEAN (Association of Southeast Asian Nations) is expected to
increase to 315 million in 1990, It takes no more than simple logic
to realize the large numbers of poor and disadvantaged people the
Asic-Pacific region will have should the present run of poorly
managed water resources continue.

On one point there can be no argument: effective management of
water resources today may well be the most valuable legacy to the
future generations of the world.

THE IMPORTANCE OF WATER TO THIRD WORLD ECONOMIES

Agriculture

Although some Third World countries are approaching the path towards
semi-industrialization, agriculture still represents the mainstay
of young agrarian economies, especially in the rural areas. More
and more countries are coming to terms with the fact that the vast
supply of rural manpower cannot possibly be fully absorbed by their
newly-industrializing business sector. About 70% of the Asia-Pacific
population live in rural areas, where the main activities are
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agriculture and allied occupations, including livestock and aquatic
production.

However, finite land resources have now called for a shift in
agricultural strategy, from extensive to intensive agriculture. In
the region most of the available agricultural land is already in use,
with the exception of a few countries such as Indonesia where there
is still some scope for expansion.

Increasing land productivity can be achieved by increasing the
crop yield through the efficient use of water, the adoption of
appropriate technology, and the discriminate use of appropriate
fertilizers and pesticides, and other related factors.

For many of the countries in the region, maximum utilization of
direct rainfall with provisions for adequate and clean storage will
therefore be necessary. On a bigger scale, the construction of dams
across rivers and streams for the creation of storage reservoirs can
be a suitable option, having first made allowances for the detriment-
al impacts of dam construction insofar as health, human settlements
and other problems are concerned.

In the tropics, as in other areas in the world, water require-
ments for agriculture depend on climate, soil type, crop, type of
irrigation, etc. Crops like rice are best grown during the rainy
season so that maximum use is made of the directly available rainfall.
The rational use of water in agriculture also necessarily involves
the rational use of land; clay soils, for example, are suitable for
rice cultivation which requires continuous flooding during the
growing season.

The use of water to irrigate agricultural land must take into
account the content of soluble salts, the nature of the soil to be
irrigated, drainage availability and the type of crops to be grown.

However , while the burden of â  ensuring steady water supply may
be considered a governmental responsibility, the public shares the
duty of ensuring rational water use. This brings up the all too
important point of training direct users of water in the wise
utilization of this finite resource.

In the Asia-Pacific region, farmers' associations, cultivation
committees and other similar community groups are being developed to
teach water use, conservation and management. These training
projects cover improved farm preparation, selection of Suitable crops
and planting patterns, soil studies and other relevant topics.

As in any development project aimed at the development of the
community, water management programmes can only succeed if user
participation is solicited.

Water is a catalyst in development, and we can only ensure that
water serves this important role by working with the people at the
grassroots level.

industry

Water management is open to golden rules capable of application to
shared situations. In the Asia-Pacific region, one of these shared
situations is the burgeoning industrialization of some economies,
as in,the case of the ASEAN member countries.

The case for industrialization is best appreciated when juxtaposed
with the need for corresponding growth between the young economies
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and the increasing population of the region. The fifth largest
country in the world, Indonesia, is found in Asia, together with
Thailand and the Philippines, two countries which rank among the 20
most populous countries in the world.

The need to support a growing population spells out the importance
of introducing industrialization to the region. However, the benefits
of industry are not without disadvantages. Industries often also
present problems to the environment, especially water resources, as
in the case of pollution by tin-mining sediments which in Thailand
clog up to 310 ha of river area annually. Mining tailing discharges
have made the Klang River in Malaysia impassable except for tiny
canoes, and have caused considerable damage to the cultivated lands
in the Pangasinan area in the Philippines.

The region's major industries, including textiles, sugar mills and
distilleries, are not the sole culprits, however. Small-scale
industries also cause pollution; the most notorious, electroplating
and battery plants, are particularly common in Greater Bangkok where
up to 12 t of heavy metals are dumped in the city's waterways by
metal finishing industries yearly. Also alarmingly harmful are the
"batik" factories in Malaysia and Indonesia where wax and spills from
dye baths find their way into rivers and streams.

Limited capital, lack of technically qualified personnel and space
limitations hinder the adoption of anti-pollution measures by the
region's small-scale industries. However, the importance of clean
water resources is not lost on private entrepreneurs and government
authorities , some of whom are now carefully looking into the
possibility of collective waste treatment facilities for similar
industries which are closely located.

Neither is the issue lost on countries whose hopes for industrial-
ization are determined by the fate of their surrounding waters.
Nowhere in the world is this more evident than in the four riparian
countries in the Lower Mekong Basin - Thailand, Laos, Vietnam and
Kampuchea .

The total impact of the basinwide development of the Lower Mekong
will naturally bear on the introduction of water-related industries
in the future; namely, electro-processing industries to maximize the
river's hydroelectric power potential to produce iron and steel,
caustic soda, etc; agricultural industries, including both input
industries (to produce livestock, fish feed, fertilizers) and output
industries (for food processing and oil extraction); and river-
transport industries to maximize the use of improvements.

RECEM" SIGNIFICA^ WATER MANAGEMEW ACTIVITIES/PRACTICES

The choice between small and large-scale water management projects
is generally a debatable issue. Large-scale water management projects
may not always be suitable and are, in some cases, not viable
considering the large capital investment which is not easily avail-
able in developing countries, and the long gestation periods required.

It is clear, however, that some needs can only be satisfied by
available new technology, such as the use of remote sensing and
computer simulation model of water resource systems.
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Remote sensing

Remote sensing makes possible the collection of data at repeated
intervals of transient parameters in the ecosystems, as in the case
of aquatic or semi-aquatic agriculture where water supply is a major
production factor.

Remote sensing is especially useful in tropical areas where
climate, soils and vegetation conditions demonstrate almost innumer-
able combinations of variability. In the Pacific Basin countries,
multi-spectral sensors carried on board orbital satellites have
produced a wealth of data on ecosystems. With the use of Landsat
derived data and ground studies, the complex and highly dynamic wet-
land rice agro-ecosystems of Java, Indonesia, are now better under-
stood, for example.

Landsat information has provided broader knowledge of the five
major features found in wetland rice agricultural landscapes: wet
fields, ponded fields (fields ready for planting), flooded area
(poor drainage, water accumulation), water courses and water bodies.

Remote sensing techniques must necessarily be approached in a
comprehensive and analytical manner, taking into account intimate
knowledge of field conditions, elaboration on the realistic model of
ecosystem s behaviour, and also realizing its inherent limitations.

The benefits of remote sensing are many, one of which being the
opportunity it gives resource analysts to verify the presence of
features in the field or the occurrence of events which often goes
unnoticed during conventional surveys. This is particularly useful
when dealing with large areas and highly dynamic systems.

Remote sensing is a new priority for the ASEAN countries' joint
environment programme, known as the ASEAN Sub-regional Environment
Programme, set up with the support of the United Nations Environment
Programme (UNEP). Its high cost could be cushioned by the common
utilization of existing facilities and the exchange of expertise.
Potential areas of collaboration have been identified. They include
systematic dissemination of satellite images from a ground receiving
station in Bangkok, the exchange of expertise in remote sensing
application to land use planning, forest survey and coastal zone
management. Training in remote sensing technology by using facilities
in the Philippines and Thailand is now being pursued.

Computer simulation model for water resource development

In development projects, synoptic pictures of their current and
future results are complementary. However, a serious shortcoming of
development projects is the lack of certainty as to their probable
conditions and effects in the future. The danger of failed develop-
ment projects is clearly related to this handicap.

A solution comes in the form of a computer simulation model of a
resource system, as applied to the Nam Pong system in the Lower
Mekong basin. The model, produced by the Environment Unit of the
Mekong Committee Secretariat in Bangkok, uses the Adaptive Environment
Assessment and Management (ASEAM) methodology, which is being applied
in Asia for the first time.

The computer model simulates the interaction of the main components
of the system, such as natural resources, population, agriculture
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and industry, for a specific period, enabling planners to see the
likely effect of current policies on the region. In addition, the
effect of alternative policies can be seen by varying the parameters
in the model.

For example, by altering current rules for operating the Ubolratana
Dam to decrease flooding, the model is able to demonstrate the con-
sequent effects on agricultural water supply, agricultural production
and ultimately, on household incomes.

Much of the value of the computer simulation model lies in its
ability to present a generalized picture of the basin under present
management conditions and its likely trends under different condit-
ions. Access by local experts in Thai government agencies working in
the area is the core of the computer simulation model's usefulness.

The basic model and the management scenarios have been transferred
to the Water Resource Information Centre at Khon Kaen University.
The question is: can we believe the model?

Traditionally, the accepted form of model evaluation involves
extensive validation, during which the model passes various rigorous
statistical tests until it is declared "valid". In AEAM, this task
is approached from the opposite direction - invalidation. The matter
of credibility brings up the laborious work that has gone into
building the computer model. Working with Thai administrators and
scientists involved with the Nam Pong basin, the Environment Unit
carefully screened and analysed all data collected to ensure that the
model would faithfully represent the dynamics of the Nam Pong basin
system.

The turning over of the model to Khon Kaen University does not
imply that the job is finished. As the Environment Unit points out
"A simulation model such as this can never be described as 'complete'
or 'finished'." Instead, the Environment Unit suggests further
revision and refinement as new information becomes available. It
will also be modified as the information needs of planners change in
future years.

Going by the simple "consumer-product" relationship, the computer
model, having been made available to its direct users, now requires
marketing-oriented strategies. The Environment Unit singles out the
need to convince users that the product will cater to their needs,
and to assure them that technical support and technical services will
be readily available.

The need for a follow-up programme cannot be overlooked. Having
built the Nam Pong computer simulation model and handed it over to
its final users, new but related tasks arise: to improve the model
and explore its possible application to other rivers in the Mekong
basin and other parts of Thailand.

GLOBAL WATER MANAGEMENT ACTIVITIES

Obstacles to overcoming water management problems can only be
eliminated through international cooperation. The fact is that while
land boundaries divide countries, waves, currents and movements of
bodies of water do not respect national boundaries. Any major
alteration, pollution or contamination can have widespread effects.
This points to the need for water management activities on a global
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or at least a regional basis, such as those undertaken by internat-
ional organizations, including UNEP.

Water has a place in practically all programmes sponsored by the
United Nations' system, especially the International Drinking Water
Supply and Sanitation Decade launched by the UN General Assembly in
November 1980, in which WHO, UNEP, UNDP and many other international
and intergovernmental organizations are involved. UNESCO is also
conducting major intergovernmental programmes through the IHP and
MAB.

The attached Appendix provides a listing of activities undertaken
under the UN system, as catalyzed by UNEP, on water quality and
management of water resources.
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APPENDIX

UNEP MEDIUM TERM PLAN ON WATER RESOURCES

OBJECTIVE 1

To implement demonstration projects in selected river basins on integrated approaches and methods for the conservation
and utilization of water resources in harmony with other natural resources.

STRATEGIES *
To study and analyse a number of specific problems of water resources development and management at different levels,
and related environmental problems, and to identify appropriate project sites, engage in consultations with the parties
concerned, and conduct studies on the basis of which demonstration activities will be undertaken.

Elements of the strategy Date of action Main actors Remarks Achievement indicat or

1

(a) Case studies on the dynamics Ongoing
of wetland ecosystems and shallow
water bodies

(b) Preparation of guidelines Ongoing
based on, inter alia, evaluation
of case studies of large dams,
their review at a workshop and
in a seminar

(c) Continuation of demon- Ongoing
stration project in Euphrates
basin (Syria)-on environmental
aspects of irrigation develop-
ment and management

SCOPE, UNESCO
MAS No. 5,
UNEP, COWAR,
UNTECOL

UNESCO (IHP,
MAB No. 10)
UNEP, WHO,
CMEA, Govern-
ments

UNEP, UNDP,
FAO, WHO,
UNIDO, ECWA

Activities started
in 1980

UNEP will cooperate
with UNESCO which,
working through MAB
Committees and IHP,
will study field
projects upon which
the guidelines will
be developed. Acti-
vity started in 1981

FAO and national
governmental insti-
tutions will play a
leading role in close
cooperation with
UtlEP and UNDP. The
main phase of the
project started in
1981

Improvement of knowledge of
wetland ecosystems and shallow
water bodies and publication
and dissemination of guidelines

Publication and dissemination
of guidelines for rational
management of large dams

Wide dissemination of the
experience gained in the
implementation of the project
through training and
publications

0

CO



Appendix continued

Element of the strategy Date of action Main actors Remarks Achievement indicator

(d) Implementation of a field Ongoing
project in the Lower Mekong River
basin (the Mekong River Delta) to
demonstrate the solution of environ-
mental problems in deltaic areas

(e) Implementation of programmes 1982-1985
on the development and application
of new methods for the assessment
and management of national water
resources with due regard to
environmental aspects

(f) Implementation of a field Ongoing
project in Latin America to
demonstrate methods for integrated
and environmentally sound planning
and management of water resources
in large river basins, which will
include the preparation of appro-
priate demonstration sites, imple-
mentation of training programmes
and dissemination of the results
of the above activities

(g) Implementation of project 1982-1983
on river basin planning and mana-
gement (Rufiji River basin, United

Republic of Tanzania)

ESCAP (the Started in 1981
Mekong Commit-
tee) FAO, UNDP,
UNEP,
Governments

FAO, UNESCO,
WHO, CNRET,
UNEP

ECLA, UNEP,
UNESCO,
Governments

FAO, WHO
UNEP

Preliminary studies
started in 1981

UNEP will study
environmental changes
and make recommenda-
tions for the inclu-
sion of environmental
dimensions in the
planning for the river
basin

Improvement of water planning
and management process in the
Mekong Delta and in Lower Mekong
River basin. Dissemination of
the results of the project
through training and
publications

Improvement of water planning
and management practice in
Latin American river basins



OBJECTIVE 2
To develop integrated methods for management of water resources of the lithosphere.

STRATEGY
To elaborate techniques for the management of groundwater resources and geological processes relating to water.

Elements of the strategy Date of action Main actors Remarks Achievement indicator

(a) Continued implementation of Ongoing
the project on rational use and
conservation of groundwater.
Studies on groundwater pollution
and exhaustion, preparatory work
for demonstration of monitoring
of mudflows and landslides, and
conducting of a training
programme within the project

(b) Selected demonstration 1982
projects in Mexico and Nigeria;
in the former on subsidence due
to groundwater use, and in the
latter, on groundwater pollution

UNEP, UNESCO Project started
Governments in 1980

UNESCO,
Governments

Improved knowledge through
conducting workshops, training
courses and publications

Increased knowledge of
groundwater dynamics

OBJECTIVE 3
To contribute to the efforts to achieve the objectives of the International Drinking Water Supply and Sanitation
Decade (1981-1990). a

STRATEGY

To demonstrate integrated and environmentally sound water supply and sanitation techniques in rural areas of
developing countries. To develop methods for assessing and protecting drinking water quality in rural areas.

o

CO
O1



Appendix continued CD

en

Elements of the strategy Date of action Wain actors Remarks Achievement indicator

BUDGETARY IMPLICATIONS

1982 (BUS) 1983 ($VS)

UNEP

UNESCO regular programme

2 150 000

600 000

2 500 000

600 000

Jo

(a) Field studies to demonstrate Ongoing
the provision of safe drinking
water and sanitation within a
large-scale irrigation scheme in
the Sudan

(b) Field demonstration of safe 1982-1983
rain and storm water harvesting

(c) Demonstration on inte- 1982
grated management of small
impoundments for safe rural
water supply

WHO, UNEP,
Governments

UNICEF, UNESCO,
UNEP,
Governments

WHO, UNESCO,
UNEP

UNEP to contribute
to a WHO study on
water-borne
diseases in the
area

Governments and
UNICEF as a
cooperating agency
to play a major role

Improved sanitary conditions
in the area, dissemination of
experience through publications
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Recent trends in aspects of hydroclimatic
characteristics in West Africa
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Department of Geography, University of Lagos,
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ABSTRACT In this paper the question is discussed whether
climate is changing and whether its variability has become
greater in recent years, especially with particular refer-
ence to West Africa, whereby rainfall, and evaporation
data of the last 50-60 years are used. The character-
istics and recent variations of drought frequencies over
this period are also examined while the consequences of
recent droughts particularly with respect to population
and economic development of the region are discussed. The
study shows that no trends towards increased variability
are proven over the period considered. It also shows that
although, as in other parts of the world rainfall in West
Africa varies in time and space , the same trends or
variations do not necessarily occur all over the region.
The study confirms previous conclusions that fluctuations
of wet and dry years occur approximately every 2-3 years
in West Africa.

Des nouveautees dans certains aspects des caracteristiques
hydrodimatiques en Afrique Occidentale
RESUME Dans cet article, la question suivante est abordee
avec une reference particuliere a l'Afrique Occidentale:
le climat change-t-il et sa variabilite augmente-t-elle
de plus en plus an cours des dernieres annees. On se sert
des donnees des precipitations et de 1'evaporation pour
les 50-60 dernieres annees. Les caracteristiques et les
variations recentes de la frequence des secheresses
pendant cette periode sont aussi examinees tandis que les
effets des secheresses recentes sont analysees particuliere-
ment en ce qui concerne la population et le developpement
economique de la region. La recherche montre qu'aucune
tendance vers un surcroit de variabilite n'est apparente
au cours de la periode etudiee. Elle montre aussi que
bien que, cone dans d'autres parties du monde, les
precipitations varient selon le temps et l'espace, les
memes tendances ou variations ne se produisent pas
necessairement dans toute la region. La recherche confirme
les conclusions anterieures que les oscillations entre les
annees humides et sfeches surviennent dans toutes les 2-3
annees en Afrique Occidentale.
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INTRODUCTION

Climate has varied over the past millenia, centuries and decades. In
recent years, the significance of such climatic changes and variations
have been reflected in the current awareness for the study and
research on the impact of climatic variability and change on human
activities and the translations of the results of these studies in
terms of the use to governments and the people. As already noted
by White (1979), the disastrous consequences of the climatic events
particularly during the past decade are well known and no part of the
world has been immune. Such consequences have shaped our past,
moulded our society today and will continue to affect our future.

West Africa, in particular, and Africa in general has been greatly
affected by climatic change and climatic variations. Thus, for
example, during the late sixties and early seventies, the southern
border regions of the Sahara desert , the Sahel , succumbed to pro-
longed drought and famine which lasted about five years. Similar
occurrences of drought in Africa have been witnessed during the
present century, for example, between 1941 and 1944. Variations in
climate during the same century have resulted in floods, an example
of which occurred in 1980 in many parts of Nigeria. The results of
these climatic events have demonstrated the sensitivity of human
welfare and international relations to climatic events. These
climatic events are not unusual. Similar events occurred in the past
and will continue to occur in the future.

DATA COLLECTION AND DATA ANALYSIS

The data used in the present study were collected from the Meteorol-
ogical Department in Lagos. Due to problems of obtaining data for
locations outside Nigeria, the present study is limited to the use
of stations located mostly within Nigeria although references are
made to some other locations in the French speaking areas of West
Africa, where some data are available to the author. For detailed
studies of the year-to-year variations in rainfall in the savanna
regions, four stations in northern Nigeria and five stations in the
French speaking countries of West Africa have been used. These
stations include Maiduguri, Sokoto , Kano, Jos in northern Nigeria,
and Dakar, Timbuctu, Kayes, Niamey and Zinder in the French speaking
countries. Three stations have also been used to examine the
variations and variability of rainfall in the forest zones of West
Africa. These include Lagos, Ondo and Calabar. All the climatic
environments are no doubt represented by one or more of the stations
used in the present study. For example, Sokoto and Maiduguri are
located in the Sahel region, Kano and Jos in the Sudan and Guinea
savanna regions while Lagos, Ondo and Calabar are located in the
forest areas of the region. Moreover, because of the latitudinal
extent of Nigeria stretching over about 13 of latitude, the country
is usually regarded as an epitome of West Africa (see for example
Harrison Church, 1957).

Using the computer printout on rainfall, graphs of year-to-year
rainfall, relative rainfall variability and evaporation were drawn
for selected stations used in the present study.
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VARIATIONS IN RAINFALL

The year-to-year diagrams of rainfall and rainfall variability were
used to study the patterns of rainfall variations in recent years.
When the annual average of 710 mm year 1 +o is considered as normal
rainfall for Sokoto, dry periods include 1934, 1942, 1951, 1968 and
1971-1975 for the location. On the other hand 1936, 1946, 1948-1950,
1952, 1954, 1957-1958, 1960, 1965 and 1976-1977 were wet years. The
remaining years were fairly normal for the location. In Kano, the
annual average rainfall is approximately 850 mm. When this figure
±o is considered as normal, the location has dry years in 1942-1944,
1948-1949, 1953, 1963, 1968, 1971-1976 while the wet years include
1931-1932, 1938, 1945-1946, 1951-1952, 1954-1955, 1957, 1959 and
1962. Most of the other years had fairly normal rainfall for the
location. In Maiduguri, the average annual rainfall is 630 mm year .
When this figure ±a is considered as normal for the period, 1932,
1940-1944, 1948-1949, 1953, 1958, 1964 and 1971-1973 were dry years
while 1931, 1934, 1936, 1938-1939, 1945-1946, 1952, 1955, 1957 and
1967 were wet years. The other years were fairly normal. In all
three stations, there appears to be no definite trend in annual rain-
fall; in fact, some years of wet period in one location show dry or
normal periods in others. For example, in 1934 the relative rainfall
variability in Sokoto was -41.7% while in Kano, it was only -6.4%.
In Maiduguri which is located in the same climatic region as Sokoto,
the relative variability in the same year was +23.6%. A similar
situation was observed in 1940 when the relative rainfall variability
in Sokoto was only -7.9% while that in Maiduguri was -41.6%. There
were, however, some years when similar trends in climatic variability
were experienced in the same climatic region. A typical example
occurred between 1971 and 1973 in the Sahel region of West Africa as
can be observed from Table 1. A similar situation which occurred for
northern Nigeria was also exhibited in southern locations. In Lagos,
for instance, dry years include 1932, 1938-1939, 1945-1946, 1948-1950,
1956, 1964 and 1971-1972 while wet years include 1929, 1947, 1957,
1965, 1968 and 1970. Similarly in Calabar, the dry years include
1932, 1934, 1937, 1946, 1948 and 1973-1974, while the wet years include

TABLE 1 Relative variabilities for six stations in West
Africa between 1971 and 1973

Dakar
Timbuetu
Kayes
Niamey
zinder
Sokoto
Maiduguri
Kano
Lagos
Calabar

1971

-49. 7
-16.1
-30.5
-4O.8
-32.0
-31.8
-22.5
-16.9
+20.4

-2.4

1972

-38.8
-26.4
-43.4
-46.7
-41.5
-22 .5
-32.2
-21.4
-36.1

-2.0

1973

-49.1
-48 .5
-34.8
-31.7
-42 .4
-45.3
-33.3
-51.1
-11.2
-30.1
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1927-1929, 1935, 1939-1941, 1954 and 1961. In Ondo , dry years include
1927-1928, 1932, 1938, 1945-1946, 1948, 1953, 1965, 1973 and 1974,
while wet years include 1931, 1933-1935, 1941, 1957, 1963 and 1967.
Other years had fairly normal rainfall for the locations. As for the
stations in the north, there appears to be no definite trends in
annual rainfall while locations in the same climatic regions some-
times exhibited contrasting conditions of annual rainfall. For
example, in 1927, Lagos had a relative variability of -25% while
Calabar had +61% relative variability. Similar in 1970, Lagos had a
variability of +27.2% while in Calabar, the variability was only
-6.6%. In 1963, Lagos had a variability of -7% while Ondo had a
variability of 53%.

DROUGHT FREQUENCIES

There are many approaches to define drought. However, because the
present paper is concerned with relative climatic variations, the
concept of variability is further employed. Although many types of
variability have been recognized in the application of statistics to
climatology, the standard deviation, which is generally acclaimed to
provide the best and most exact measure of the scattering of a
variate (Conrad & Pollark, 1950) will be employed in this study. If
x is the random variable (in this case, rainfall) the standard
deviation (a), is defined as the square root of the variance (a' or
var x) of x. In statistical terms, the standard deviation can thus
be expressed in the form [n"1 )J(x± - x)]

2 where x i is a series of
values and x is defined as

x = n 1 Ex^

The results of the computation of ax for eight of the stations used
in the present study are grouped together using the following categor-
ies:

below -3a extremely subnormal (ES)
between -3a and -20 greatly subnormal (GS)
between -20 and -a subnormal (S)
between -a and +0 normal (N)
between +a and +2o above normal (AN)
between +2a and +3o greatly above normal (GA)
above 3a extremely above normal (EA)

From the analysis of the results, it was noted that there is no
distinctive downward trend and based on the percentage frequency of
occurrence of the different rainfall deviation characteristics for
the eight stations, it can be concluded that conditions have for the
most part been normal. Thus, although variations have occurred in
the amount of precipitation received over West Africa, these variat-
ions have been localized over parts of the region. Thus, while some
stations experience heavy rainfall, others not far away from them are
little affected during the same period. This indicates that completely
different patterns are sometimes characteristic of stations close to
one another.
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The seasonal variations of precipitation was also examined for the
stations used in the present study. In doing this, the rainfall
variability for each month of each year was computed as a percentage
of the average rainfall for the month during the study period. The
results were grouped into the following class intervals: ±81 to ±100,
±61 to ±80, ±41 to ±60, ±21 to ±40, ±1 to ±20 and 0. The percentage
frequency of each class interval was computed and the resulting per-
centage frequencies represent the probabilities or the ratios of the
number of occurrences (r^) of each of the class intervals to the
total number of occurrences (n) expressed as percentages. Thus, the
probability of the occurrence of the interval (r^) expressed as per-
centage is

Pr = (n"
1ri x 100)%

The results of the computation indicated that for the northern
stations there appears to be fairly even distribution of all the class
intervals at the beginning of the rainy season (April-May). In the
middle of the rainy season (June-August), however, there is a relativ-
ely high concentration of the frequencies between ±1% and ±40%.

Similar patterns were observed for the southern locations with
relatively high frequencies between ±1% and ±40% particularly in the
middle of the rainy season (May-September). On the other hand
completely normal (0%) and extreme (more than 61%) conditions are
much less frequent than near normal or normal conditions
(±1% to +20%).

EVAPORATION

An examination of the year-to-year evaporation shows that years of
relatively heavy rainfall usually coincide with years of relatively
low evaporation. For example, in Sokoto, the lowest evaporation
rates during the study period was less than 10 mm day and this was
recorded in 1952 which approximately coincides with one the years
with relatively heavy rainfall. Similarly, the highest evaporation
of more than 12.5 mm day"1 (4568 mm year"1) occurred in 1956, 1959,
1965, 1966, 1970 and 1971. These periods approximately coincide
with years of relatively snail values of rainfall for th.e
location.

Conditions similar to those found in Sokoto are exhibited for
Maiduguri, where on the average, evaporation rates range from about
7.5 mm day I to about 10 mm day 1 (2738 to 3650 mm year 1 ) . The
highest evaporation rate of approximately 12 mm day (4380 mm year )
was recorded in 1956 while the lowest evaporation rate of about 7 ,5 mm
day x was recorded in 1966. It was also noticed that while 1956
showed relatively high evaporation rates for both Sokoto and Maiduguri,
both of which are located in the Sahel region, the year 1966 showed
contrasting conditions in both locations with relatively high evap-
oration rates in Sokoto and relatively low evaporation rates in
Maiduguri. This situation, as for rainfall, indicates that, in
general completely different patterns are sometimes characteristic of
stations close to one another.
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RECENT CLIMATIC EVENTS AND SOCIO-ECONOMIC IMPLICATIONS

In spite of the fact that the present study has indicated that
conditions have been normal in West Africa for the most part and that
climatic variations have been localized over parts of the region, the
consequences of these climatic variations are sometimes grave and
sometimes widespread. For example, typical localized climatic
variations caused floods in Calabar in 1978 and in Ibadan in 1980.
During the 1978 floods in Calabar, hundreds of houses were destroyed
and property worth about 1.9 million dollars were lost in the torren-
tial rains. In Ibadan, during the 1980 floods, more than 200 lives
were lost while hundreds of houses and property worth millions of
dollars were destroyed.

Probably, the most widespread and widely discussed recent climatic
events are those which occurred during the five-year period of 1969-
1973. In general, the rainfall pattern during this period shows a
continuous downward trend over West Africa although a detailed
analysis confirms the conclusion in the present study that localized
variations did occur over parts of the region and many stations had
normal or near normal precipitation. Not much has been done
statistically to relate these climatic events to socio-economic
effects in different parts of the region. However, it is
evident that droughts in general, and particularly those associated
with the 1969-1973 climatic events resulted in large economic
losses and brought hardships in various forms to the inhabitants
of the affected countries. Probably the most significant effect
is on population. Following the droughts, large-scale movements of
people occurred from countries located in the Sahellan regions.
In 1975, for instance, about 726 000 and 348 000 people
were estimated to have migrated respectively from Upper Volta
and Mali to Ivory Coast. These figures form considerable
proportions of the population of the countries of origin when it
is realized that the total populations in these countries are
6.4 million and 6.0 million respectively for Upper Volta and
Mali (Best & de Blij, 1977),

The socio-economic consequences of such migrational effects were
substantial. For example, the immigrants sometimes form considerable
proportion of the total population of the countries to where they
migrate. For example, immigrants represented more than one fifth of
the total population of Ivory Coast in 1975 and more than half of the
population growth in Ivory Coast and Gambia in the same year. Such
migrations also reduced the level of education in the countries of
immigration since people who migrated from one country to another
were usually those with relatively low education attainment. For
example, in 1975, about 38% of the native males of Ivory Coast
(6+ years) were literate while only 15% of non-Ivorians living in
that country could read and write. Similarly in Gambia in 1973,
about 15% of the native males and 7% of the native females had
completed primary education. The corresponding proportions among
non-Gambians arc 7% for males and 5% for females. There are,
however, significant economic benefits such as the provision of
relatively cheap labour and the remittances of large sums of money
to the home countries which in turn had significant economic and
social effects.
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CONCLUSION

As in many other parts of the world, climatic variations and the
resulting hydroclimatic effects in West Africa are of great concern
not only to the hydrologist, but also to many other scientists. The
present study shows that there is an extremely high fluctuation in
the year-to-year precipitation in West Africa. However, these
fluctuations usually show completely different patterns within the
same climatic regions and stations located relatively close to one
another may exhibit different patterns of annual totals. For
example, the year-to-year spatial analysis of the distribution of
rainfall in West Africa shows that, although 193], 1939 and 1954-1955
were relatively wetter years than the average conditions, many
locations in the country had negative rainfall deviations. Similarly,
during 1932, 1942-1944 and 1971-1973, when conditions were relatively
drier, many parts of West Africa had positive rainfall deviations.
Thus, there is no readily observable climatic trend both in time and
space. However, it was generally observed that the fluctuations of
wet and dry years occur approximately every 2 to 3 years and this
confirms the findings of Obasi et al. (1979) in a previous study.

The present study indicates that it is difficult to conclude that
the climate of West Africa is progressively becoming drier or moister
and there appears to be no evidence of increasing aridity due to
climatic variations. The same conclusion was also reached when some
climatic indices were used to determine drought frequency in the
present study.

The cause of the variations in the climate of West Africa is
usually attributed to the movement of the inter-tropical discontinuity
(ITD). Other minor variations, particularly resulting from the day-
to-day weather conditions are usually attributed to local factors such
as disturbances, orography and surface conditions. On the basis of
the results of the present study , it would appear that these local
factors play a relatively greater role on the pattern of variations
of hydroclimatological parameters than the movement of the ITD and
its associated winds. This conclusion is probably supported by
Eldridge (1957) who showed that during the rainy season in West
Africa, particularly at the beginning and end of the rains, more than
75% of the rains are caused by disturbance lines.
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Aspects scientifiques et techniques de
I'hydrologie des zones humides de I'Afrique
centrale

J. A, RODIER
39 rue de la Pacee, F-85470 Brctignollcs sur
mcr, France

RESUME La region etudiee couvre 5000 000 km2 dont
3 800 000 km2 pour le bassin du Zaire. La variete des
regimes est tres grande, surtout a l'est. Le relief, des
zones sedimentaires ou volcaniques tres permeables, des
couvertures vegetales tres differentes, expliquent cette
diversite. Les debits specifiques moyens annuels estimes
pour 80 bassins environ presentent des yaleurs comprises
entre 3 et 55 1 s^1km";. Avec 43 000 m3s~1 le Zaire a un
debit specifique de 11.4 1 s~1km~2. La distribution
temporelle de ces debits est proche d'une distribution
Gaussique avec des coefficients de variation faible ou
tres faible. Le deficit d'ecoulement, entre 800 et
1300 mm par an est stable. Les debits de crues presentent
la meme variete et la meme regularite temporelle que les
moyennes annuelles, L'erosion nulle sous foret peut etre
intense en savane et dans les zones a culture mecanique.
Des recommandations d'etudes et de recherches completent
cet expose.

Scientific and technical aspects of the hydrology of
humid zones in central Africa
ABSTRACT The area studied covers 5 000 OOO km2, including
the 3 8000 000 km2 basin of the River Zaire. The diversity
of hydrological regimes is very great, especially in the
eastern part. This diversity is explained by differences
in slope, degree of permeability of the soils (sedimentary
and volcanic zones being highly permeable), and vegetal
cover. The specific mean annual discharges have been
estimated for about 80 basins: their values vary from 3 to
55 1 s^km"2. With 43 000 m 3s~ 1, the Zaire River shows a
specific discharge of 11.4 1 s~1km~2. The temporal
distribution of these discharges is approximately normal
with a low or very low coefficient of variation. The
runoff deficit of between 800 and 1300 mm year"1 is stable.
Flood discharges display variations in magnitude and
temporal changes similar to those shown by the annual mean.
Erosion is negligible in forest areas but may be high in
savanna and in cultivated areas. The paper ends by making
recommendations for further studies.

I PRODUCT I ON

La definition des zones tropicales humides donfiee p£î ?QMM dans son
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rapport en preparation sur l'hydrologie operationnelle dans les
regions tropicales humidcs precise que la latitude doit etre
inferieure a 40 la hauteur de precipitation annuelle 1000 mm au
moins et la temperature moyenne mensuelle ne doit pas descendre en
dessous de 20 . II est toujours extrement difficile de mettre au
point une definition acceptable sur le plan mondial. Comme ceci a
ete propose au cours de la premiere reunion des rapporteurs du
programme hydrologique international sur l'hydrologie des zones
tropicales humides (6-9 juillet 1982) (annexe F) , nous pensons qu'il
conviendrait d'ajouter, tout au moins pour l'Afrique que dans les
zones tropicales on doit trouver au moins six mois par an une hauteur
de precipitation depassant 76 mm. Avec cette condition supplementaire
on elimine ainsi entre les zones tropicales humides et le Sahel au
nord, et les regions semi-arides australes au sud, une bande de
precipitation moyenne annuelle comprise entre 1000 et 1100 mm qui
correspond nettement au point de vue hydrologique a un regime trop-
ical sec, sans eliminer des regions recevant 1000 a 1100 mm par an
plus proches de l'equateur oii la longueur de la saison des pluies
permet de maintenir une couverture vegetale correspondant a une
zone humide. II convient egalement de considerer la limite infer-
ieure de temperature a 20° valable seulement aux faibles altitudes.

La zone etudiee dans le present rapport est limitee: a 1'ouest
par la dorsale separant le Cameroun du Nigeria et 1'Ocean Atlantique,
au nord par une ligne joignant le rebord sud de la depression de la
Be'noue, la ligne de relief peu elevee qui borde 1 ' Aouk jusqu'a la
frontiere du Soudan et la bordure meridionale des marais du Sudd, au
sud par la limite meridionale du bassin de la Couanza puis la limite
sud-ouest du bassin du Zaire et une ligne joignant Balovale sur le
Zambeze k Lusaka. A l'est la limite est tres mal definie puisque
certaines enclaves en Ethiopie, au Kenya et en Tanzania font partie
du regime tropical humide au milieu de zones semi-arides et arides
alors qu'a 1 ' interieur des regions orientales du Zaire, en Ouganda
et en Zambie il existe des enclaves semi-arides et sub-humides au
milieu de regions tropicales humides. Nous reviendrons plus loin sur
ce point.

Ces limites correspondent sensiblement aux limites de la zone sub-
humide telle qu'elle est definie sur la carte de repartition mondiale
des zones arides de l'UNESCO (Note technique no.7 du MAB, Paris 1977).
Un certain nombre de zones de faible etendue sont situees a plus de
2000 m et il n'est pas evident que leur climat puisse etre classe
dans la categorie tropicale. Cette zone couvre plus de 5 000 000
km2 avec pratiquement la totalite du Zaire, du Gabon, de la Guinee
Equatoriale, du Congo, du Rwanda et du Burundi, le Cameroun a
1'except ion des regions au nord de Adamaoua, 1'extreme sud du Tchad,
la Republique Centre Africaine a 1'exception du nord, la moitie1 nord
de 1'Angola, la plupart des regions septentrionales de la Zambie, une
partie du Malawi et de l'Ouganda, l'extreme sud-ouest du Soudan et
des enclaves en Ethiopie, au Kenya, en Tanzania et au Mozambique
(Fig.l).

Les bassins fluviaux concernes sont:
le Zaire et ses affluents en totalite a 50 000 km2 pres. La

superficie de ce bassin correspond a plus des trois quarts de la
zone etudiee.

La Sanaga, l'Ogooue et le Kouilou respectivement au Cameroun, au
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Gabon et au Congo, la Couanza en Angola.
Une partie du bassin du Haut Nil y compris le bassin superieur du

Nil Bleu (dont une bonne partie est a haute altitude).
Les bassins superieurs de la Benoue (Cameroun) du Chari (Tchad)

et du Zambeze (Zambie) , une partie du bassin du lac Nyassa.
Un bon nombre de cours d'eau d1importance secondaire.

CARACTERES GENERAUX DE LA REGION ETUDIEE

Cet ensemble massif est tres complet puisqu'il couvre tous les
regimes tropicaux humides africains , du regime tropical de transition
boreal (selon la terminologie des hydrologues francais) au regime
tropical de transition austral en passant par les regimes equatoriaux.
II presente aussi des caracteres marques de simplicite. D'abord la
simplicite relative des mecanismes mcteorologiqucs a la base du
regime des precipitations que l'on groupe sous le vocable: mousson
d'Afrique. Le caractere massif de cette region combine avec le fait
que les tres hautes chaines do montagnes sont situees aux extremites
nord-ouest et est ne peut guere provoquer de perturbations notables
des mecanismes meteorologiques sur la majeure partie de la region.
Enfin 1'absence de cyclones tropicaux sur la quasi totalite de cette
zone et l'influence negligeable de la neige qui n'affecte que les
tres hauts reliefs. II en resulte de notables differences avec un
bon nombre de regimes tropicaux d'Asie, d'Amerique ou du Pacifique.

Cette simplicity n'empeche pas une grande diversite due:
a la diversite de constitution des sols qui presentent touts la

gamme des permeabilities d'oii des regimes trgs reguliers et relative-
ment irroguliers;

3 des hauteurs de precipitations annaelles diverses pour une meme
lat itude;

a I1act ion des grands massifs montagneux sur le regime des
precipitations, ceci est surtout valuable pour la region des grands
lacs oil les precipitations annuelles peuvent passer en 10 ou 20 km de
2000 mm 5 moins de 1000 mm avec une couverture vegetale nettement
Sahelienne;

a la presence dans les memes regions de types de couvertures
v^g^tales tr§s differents foret dense avec fort amortissement de
1'ecoulement ou savane protegeant tr§s mal le sol. Le contraste
s'aggrave si en plus de 1'action des differences de couverture
ve"ge"tale s'ajoutent des permeabil ites differentes des sols. On arrive
& des resultats analogues avec des cultures extensives sans mesure de
conservation de l'eau et des sols.

Tout ceci est developpe dans 1'analyse des diverses caract^ristiques
hydrologiques.

VARIATIONS SAISONNIERES DES DEBITS

La classification des hydrologues francais comprend cinq regimes
types (Fig.2). Si on considere leurs formes les plus simples on peut
les decrire comme suit du nord au sud (Rodier, 1964).

Le rSgime tropical de transition boreal avec une periode de hautes
de 5 & 6 mois: juin , juillet, aout , septembre, octobre, avec un
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decalage d'une quinzaine de jours en avant ou en arriere suivant les
annees, une periode de basses eaux de 3 a 4 mois: fevrier , mars,
avril; si le sol n'est pas tres permeable et la hauteur pluviometrique
inferieure a 1500 mm les petits cours d'eau sont a sec pendant deux
ou trois mois et enfin deux periodes de transition entre les hautes
eaux et les basses eaux,

Le regime equatorial de t: ran s:i Lion borSal: la periode de hautes
eaux se dedouble avec un minimum secondaire en aout ou septembre et
une assez court© periode de basses eaux en fevrier, mars, avril,
comportant souvent quelques crues secondaires. Le premiere periode
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de hautos eaux est souvent la plus longue mais c'est ge'ne'ralement la
seconde en octobre, novembre qui presente les plus fortes crues.

L& r&gime Equatorial pur observe vers les tres basses latitudes
et sur une bande etroite avec deux periodes de hautes eaux k peu prds
equivalentes et deux saisons do basses eaux tres comparables du 15
Janvier au 15 mars et du 15 juillet au 15 septembre.

Le regime equatorial de transition austral avec une assez longue
pe'riode de basses eaux du 15 juin au 15 octobre, une premiere pe'riode
de hautes eaux de novembre a Janvier, une courte periode de basses
eaux en fevrier, mars et une seconde periode de hautes eaux en avril
ou mai qui presente souvent les debits les plus elev^s.

Le regime tropical de transition austral avec une assez longue
pe'riode de hautes eaux de decembre k avril ou mai, une pe'riode de
basses eaux de trois mois au moins: aout , septembre, octobre,
separees par deux periodes de transition.

II existe un certain nombre de variantes moins classiques. Par
exemple a l'ouest de Bangui et dans beaucoup dc regions bien arrose'es
ou avec un sol permeable le regime tropical de transition presente
une periode de basses eaux plus courte et une grande re'gularite
interannuelle. Au contraire si la hauteur de precipitation est
faible comme sur le haut Loualaba la saison de basses eaux s'allonge
et 1'irregularite interannuelle est plus forte.

Pour certaines regions equatoriales en montagne ou en terrain tres
permeable la plus courte des periodes de basses eaux disparait
pratiquement. D'autres variantes peuvent etre observ^es: si la
hauteur de precipitation approche de 1000 mm 1 ' irregularite' inter-
annuelle devient tre"s forte et la saison s&che tend si s'allonger.
Au contraire 1'act ion de grands lacs reduit I1amplitude de ces
variations. Enfin on doit signaler ici la re"gularisation extraordin-
aire des sables du Kalahari qui re"duit les variations entre les
hautes eaux et les basses eaux e"qua.toriales & de petites ondulations
insignifiantes, on reviendra plus loin sur ce point.

Bien entendu les grands cours d' eaux drainant des regions de
regimes hydrologiques differents presentent des variations de debits
resultants de la combinaison de ces divers regimes: par exemple pour
le Zaire a Kinshasa les variations de de"bit resultent d' une combinai-
son complexe de divers regimes oil les de"calages dus & la dur£e de
1'ecoulement sur un bassin de telle dimension jouent un rSle important.
Cependant les bassins bien arroses des affluents les plus abondants
du Za'ire confluant pas trop loin de Kinshasa ont une influence
beaucoup plus importante sur la forme de 1'hydrogramme que l'Uele,
le Mbomou ou les branches superieures du Zai're telles que le haut
Lualaba ou la Luvua. En definitive les debits du Za'ire a Kinshasa
varient comme suit: Le maximum principal 60 000 m's a lieu en
decembre, en Janvier les debits dtscroissent jusqu'en mars, c'est la
periode secondaire de basses eaux avec un minimum de 30 000 m s ;
puis vient la seconde periode de hautes eaux avec un maximum second-
aire depassant un peu 40 000 m s~1 en mai quelquefois en avril. Cette
periode est suivie par les basses eaux principales avec minimum
principal en aout de 25 000 m 3s~ 1 et les debits remontent de septembre
a decembre. C'est a peu pres le schema des variations du regime
equatorial de transition austral , mais les basses eaux sont beaucoup
plus abondantes parce que, comme on le verra par la suite, un bon
nombre d'affluents n'ont pas de basses eaux et parce que ces epoques
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correspondent a l 'arrivee vers Kinshasa de hautes eaux provenant des
regions les plus eloignees. II y a aussi l'influence des lacs.

DEBITS MOYENS ANNUELS

Une grande partie des donnees qui aeront presentees ci-apres: celles
du Zaire ont ete amassees pendant dc longues annees par le Comite
hydrographique du bassin congoLais (Devroey, 1951, 1952-1961) une
bonne partie d'entre elles ont ete revalorisees par Lempicka (1971).
Les donnees de la rive droite du Zaire et de l'Oubangui proviennent
de l'ORSTOM (Rodier, 1964; annuaires ORSTOM 1951-1979; Dubreuil
ct a/., 1975; Billon et a.l., 1976) ou des Services Hydrologiques
Nationaux. Enfin pour 1'Afrique de 1 'Est un bon nombre de donnees
ont ete collectees par les Services locaux des Travaux Publics et
revues par le projet OMM/PNUD sur le Haut Nil (UNDP-WMO, 1974).
D'autres sources ont ete utilisees. Elles ont servi a etablir le
tableau general de donnees pour 77 stations (Tableau 1).

Lorsque l'on pense aux regimes tropicaux humides d'Afrique on
songe souvent a des fleuves de regions forestieres avec des debits
specifiques de 15 a 20 1 s^km"2, ecoulement 5 a 600 mm par an et
c'est vrai pour beaucoup de cours d'eau de la region etudiee mais ce
n'est pas le cas general, la repartition spatiale est assez complexe.
II y a d'abord du nord au sud un schema simple de repartition
correspondant a la duree de la, ou des, saisons des pluies en
relation avec la latitude; les regions les plus meridionales et les
plus septentrionales recevant par an une hauteur totale de precipitat-
ions correspondant & la limite de la zone tropicale humidc vors
1200 mm, on trouve au nord 4.1 1 s~1km~? pour le Bangoran sous
affluent du Chari, au sud 3,8 pour le Luapula, 2,7 pour la Luvua mais
le bassin contient des regions a la limite de la zone tropicale
seche, Au contraire le chiffre du Bangoran est un peu fort, il
correspond a une hauteur de precipitation moyenne de 1350 mm, un
chiffre de 3.5 serait plus normal (ecoulement 110 mm par an). A
partir de cette latitude vers le sud les precipitations augmentent
progressivement jusqu'a 1800-2000 mm vers l'equateur ce qui
correspond a 27 a 31 1 s~1kra~Z (ecoulement 800 a 1000 mm). Puis les
debits decroissent progressivement vers la limite sud.

En fait la realite est beaucoup plus complexe. On retrouve ce
schema mais souvent deforme. II y a d'abord l'influence de la
hauteur de precipitations annuelles telle qu'elle resulte de
1'action de 1'exposition et du relief. On trouve deux regions S
tres fortes precipitations: les pentes des Monts Mitumba qui culmin-
ent a 3100 m a l'ouest du lac Kivu et qui recoivent plus de 2200 mm
sur une large superficie et la cote du Golfe de Guinee depuis le
Nigeria jusqu'S la frontiere du Congo qui recoit jusqu'a 9000-10 000
mm par an sur les pentes du Mont-Cameroun et 6000 mm dans le fond
du Golfe mais plus generalement 2200 a 3000 mm. Les ecoulements
correspondants sont probablement de 30 a 32 1 s~1km~2 pour la Lowa
et l'Ulindi qui correspondent a la premiere region, de 41 1 s"1km~2

pour le petit ruisseau Nzang dans les Monts de Cristal au Gabon, de
55 1 s km" pour la Lob6 au Cameroun, de 38 1 s~ km" pour le
Wouri au Cameroun.

Mais dans cette region equatoriale il y a aussi des regions



112 J.A.Rodier

3,

IV

W
•H
t

w<D
tn
Si
0

•—i

0

"a
-q

w

-H

3
q
T

Q

b

.̂0 1>1

H S-4 S QJ

CD C5 CD
fN ^T LO
^ ^ Co

q q

q co
0 'M
:1H i<

<HJ 13

13

o
V fQ

c;
13
E
0

• H

q
• H

'a

E,

iq
fa

13

ft]'

• H

-q

CD
- ^

• H

-q

e• H
-U
H

aj

H

2J
ft;

(13

0

^H ,

r 13

--H

Cn

(13

0

0

o5-

o

o'4-1
4-1
0

U
t

it)

0
EH

c;
fa

/ fa

•i-H

(13

'M

0
CQ

(13

0

CO

a
o

i -r;
& • ,

q

q

/ fd

0
3
0

(13
-V

-q
ut-i

• H

E-
0

•g
13

f 13

q
QJ



Kasai a Port Franqui
a Kutu Moke

a^Lediba
Kwango^a Bandundu

Zaire a Kinshasa

Foulakari

Inkisi
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Nyabarongo
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6 . 7

110
31

2200

73

61

53

58.5

138

700

61

56

3
6
7

9
6

4

4

4

3

1
3
0

0

3

4

9

10

8

4

.8

.3

.5

.7

.7

.04

.9

.28

.7

.25

.6

.25

. 7 5

. 5

.3

.45

a,



TABLEAU 1 continue

Station ou bassin Surface

(km2)

Pred p-

itafci on

annuelle

(mm)

Debit moyen annuelz

fjj]3s~") (1 s~ km~)

Irreg.

K 3

Crue decennale:

firms'1) (1 s'lknr2)

Debit

355 jours

(1 s-lkm~2)

CAMEROUN

Ntem

Myong

LoKoundje
Lobe

Djerem

Wina du Sud
Lorn
Mbani
Sanaga a Sdea

Mape
Wouri a Yabassi

Wina Touboro

18

13

1

1

060

750

150

940

1770

1550

1860

2700

20 390

1
11

42

131

4

8

12

680
100

300

500

020

250

200

1480

1780

1630

2150

1470

282

156

31
106

404

39.2
175
713

2 080

102
312

144

15.7

11.3

27
55

19.8

23

11.8
16.8
15.8

25.4
38

11.8

1.6

1.8

1.6
1.5

1.31
1.41
1.37
1.3

1.6

1.8

1
1

2

2

3

7

7

1

1

1

200
300*

482

575*

200

504

540*

000

090*

145

675

000

300

700*

800

845*

500

67

35

174

260

98

H6

61

71

55.5

218

123

4.9

4.8

3.4
6.6

1.26

3.2
1.9
2.3

7.4

0.6

REPUBLIQUE CENTRE
AFRICAIHE

Bamingui

Koizkourou

Bangoran

Gribingui

TCHAD

Mbere

Batir Sara

Logons a Moundou

4 380

5 720

2 590

5 680

7 430

67 600

33 970

1350

1350

1350

1400

1470

1440

1390

25.3

31.4

10.6

29. U

144

498

370

5.8

5.5

4.1

5.25

11.8

7.4

10.8

2.7

> 2

2.5

2.05

1

1

3

3

3
2

150

170

57

135

700

930*

000

680*

200

640*

35

30

22

24

230

44.3

94

2 .15

2.16

0.17

0.88

a,

* Crue maximale observee.
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defavorisees avec des hauteurs de precipitations variant entre 1400
et 1500 mm au sud-est du Cameroun, region du Nyong; la plaine du
Niari abritee par la chaine du Mayombe recoit par endroit moins de
1100 mm; enfin a partir du Rift Africain certains fonds de vallee
sont semi-arides a commencer par une partie du bassin du lac Tangan-
ika et plus loin vers l'est en Ouganda et au Kenya les quelques
bassins que l'on peut classer dans le regime tropical humide
presentent pour des latitudes equatoriales des hauteurs de precipitat-
ions annuelles de 1200 a 1300 mm. Souvent ces bassins sont des
enclaves humides au milieu de zones semi-arides. On passe d'ailleurs
des zones semi-arides aux zones arides en s'approchant de 1'Ocean
Indien. Les ecoulements qui en resultent sont les suivants: pour ]e
Nyong (au Cameroun) 11 .3 1 s~1km~'' les debits sont encore amoindris
par des pentes tr£s faibles dans le bief superieur; dans la plaine
du Niari les valeurs minimales du debit specifique sont peut-etre
de 1 ou 2 1 s~1km~2; en Ouganda le Kafu 1.65 1 s~1km~z (ecoulement
50 mm par an) la tres faible pente reduit encore le debit specifique
et au Kenya le Nyando: 5.6 1 s^'km"2 (ecoulement 175 mm), beaucoup
moins dans les zones semi-arides bien entendu.

Mais un autre facteur peut intervenir de facon tres importanto
pour modifier l'abondance des cours d'eau. C'est la permeabilite du
sol. II y a quelques zones karstiques mais leur etendue tres limitee
ne permet pas de tirer des consequences quelconques sur les caracter-
istiques de l'hydrologie de surface qui en resultent. II y a au
voisinage du Rift Africain des formations volcaniques permeables qui
jouent un role nettement plus important dans une region ou dejS la
variete des regimes est grande, mais ceci n'intervient que sur de
petites surfaces. Par contre certaines formations sableuses et
greseuses du tertiaire par exemple les sables des plateaux bat^kes
(sables du Kalahari) a l'ouest du Congo et au sud de l'equateur jouent
un rdle tout a. fait remarquable: les precipitations s'infiltrent tr£s
rapidement de sorte que pour de petites surfaces le debit specifique
est tres faible mais pour des cours d'eau drainant quelques milliers
de km les valises assez profonde"ment incisees recupferent l'eau des
nappes souterraines et en definitive le deficit d'ecoulement est plus
faible qu'en terrain impermeable, d'autant plus que la couverture
vegetale, savane presque sans arbre, absorbe peu d'eau. En definitive
alors que la hauteur de precipitations annuelle varie entre 1600 et
1850 mm 1'ecoulement varie entre 725 et 1050 mm correspondant & un
deficit d'ecoulement de 800 a 850 mm nettement inferieur k ce qu'il
est ailleurs. Les debits specifiques correspondant varient entre 23
et 33 1 s -"-km" correspondant a peu pres a ceux des bassins issus
des Monts Mitumba beaucoup plus arroses.

On voit toute la vari^te des debits sp£cifiques moyens annuels
puisque pour la seule zone equatoriale ils peuvent varier de 1 ou
2 1 s"1km~2 a 55 1 s"1km"2.

En region tropicale de transition la variability spatiale est
moins grande. On trouve entre 2.7 a pr§s de 20 1 s~1km"2 au
voisinage de la dorsale entre Cameroun et Nigeria ou les precipitat-
ions sont assez abondantes et le deficit d'ecoulement assez faible
par suite de 1'altitude. Pour preciser on trouve des chiffres
compris entre 11 et 17 1 s^km"2 au Cameroun sur le plateau de
l'Adamaoua, de 5 a 10 pour le bassin de l'Oubangui, de 10 k 12 pour
le bassin superieur de la Sangha, de 2.7 S 10 pour le sud du bassin
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du Za'ire .
On voit que ce grand bassin est assez peu arrose sur une partie

importante de son etendue: la partie nord du bassin de 1'Oubangui
correspondant a 200 000 km2 environ a un debit specifique infeVieur
a 5 1 s^km"2, le Haut Zaire en amont de Kindu (810 000 km2) a
seulement un debit specifique de 2.7 1 s 'km . De la station de
Kindu a celle de Ponthierville le debit passe de 2200 a 6280 m3s~3

alors que le bassin est passe de 810 000 a 948 500 km2: cette tres
grosse difference provient de la partie la plus arrosSe des Monts
Mitumba.

En definitive le debit moyen annuel a Kinshasa est e"gal & 43 000
m's"1 pour 3 747 000 km2 correspondant a 11.45 1 s^km"2. Ce de"bit
moyen annuel classe le Za'ire en seconde position parmi les grands
fleuves du monde. La premiere place est occupe'e par l'Amazone a
Obidos qui pour 4 640 000 km2 presente un debit moyen annuel de
160 000 m 1s - l soit 34.5 1 s~1km"2 la majeure partie du bassin recevant
plus de 2000 mm par an et il y a moins de zones defavorisees.

A cote du Zaire les autres fleuves de la region: la Sanaga avec
1630 m^s"1 (15.8 1 s"1km"?), l'Ogooue avec 5500 m3s~1 (27 1 s~1km~2),
le Kouilou avec 935 m^s"1 (17 1 s~1km~2), le Nil Bleu avec 1600 m's"1

(7.5 1 s^knT 2), le Bahr el Jebel (Nil Blanc) avec 840 n^s"1 (1.9
1 s~1km"2) sont beaucoup moins importants.

Deficit d'§cou1ement

Pour les regimes tropicaux humides sans cyclone le deficit d'e"coule-
ment: difference entre hauteur annuelle de precipitations et e"coule-
ment annuel en mm par an est un parametre interessant car il est
assez stable: variant assez peu dans le temps on arrive a le
determiner au bout de quelques ann6es, en outre il varie peu d'un
regime hydrologique a un autre. II peut done rendre de grands
services pour le calcul du de"bit moyen annuel lorsque l'on manque de
donnees hydrometriques.

Par une approche analogue S celle qui a ete choisie au debut de
la section precedente, on arrive S la conclusion que depuis la
limite du regime tropical de transition et du regime tropical sec
jusqu'au regime equatorial pur avec hauteur de precipitations
annuelle depassant 2000 mm, le deficit d'ficoulement passe de 1000
a 1100 mm k un palier de 1150 k 1250 mm pour une hauteur de
precipitations annuelle de 1500 & 1600 mm et reste ainsi jusqu'aux
regions equatoriales. Notons que dans les regions tropicales
humides d'Amerique de Sud, dans les for&ts de Guyane Francaise le
deficit d'ecoulement est souvent de 1500 mm: les precipitations sont
nettement plus fortes: 2400 a 3700 mm et par suite les pertes par
interception plus e"levees (Roche, 1982) .

Tous ces chiffres correspondent S de faibles altitudes. Sur des
plateaux depassant 1000 m le deficit est de 900 a 1000 mm au lieu de
1100 S 1200 mm. Les fortes pentes et un sol peu permeable r^duisent
le deficit d'ecoulement comme sur le Wouri 3 950 mm et sur la Comba
& 900 mm. Une tres forte perm^abilite preservant 1'eau de 1'Evapor-
ation diminue egalement ce deficit pour les rivieres dralnant les
aquiferes comme sur les sables du Kalahari oil le deficit d'e"coule-
ment n'est que de 800 a 850 mm comme on l'a vu plus haut, mais dans le
premier cas les debits sont concentres sur la saison des pluies dans
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le second ils sont regularises, Enfin une pente tr£s faible avec lacs
et marecages conduit £ un deficit d'ecoulement proche du maximum
correspondant aux conditions climatiques. Dans la pratique on doit
estimer d'abord le deficit d'ecoulement tel qu'il resulterait d'un
regime hydrologique theorique k faible altitude, avec precipitations
moderees et pente mode're'e puis il faut le moduler si les facteurs
de 1'ecoulement varient largement.

Distribution tempo £ elle do 1'icoulement moyen annuel-irr&gularite

La distribution statistique des de'bits moyens annuels est assez
souvent une distribution de Gauss ou en est tres voisine. Ceci
s'explique facilement puisque la hauteur de precipitations annuelle
suit e'galement une loi normale et que le deficit d'ecoulement varie
peu d'une annexe S 1'autre; en plus il n'y a pas de precipitations
cycloniques pour perturber cette distribution. Mais pour les regions
a faibles precipitations pour lesquelles 1' e'coulement devient marginal
par rapport aux pertes par Evaporation le coefficient d'asymetrie
devient alors nettement different do zero et la distribution s'e"carte
assez largement de la distribution normale.

Pour mesurer 1'irregularite interannuelle on a utilise le
coefficient K 3: rapport du debit moyen annuel decennal humide au
dEbit moyen annuel decennal sec. Ce coefficient est en rapport
e"troit avec le coefficient de variation pour une distribution normale
ou presque. On trouvera dans le tableau des donnees 46 valeurs de
K, certaines determinees avec des relcves de 30 a 50 ans, done
precises d'autres simplement evaluees avec une dizaine d'annees done
mo ins sures. On a elimine les annees 1961 ou 1964 lorsqu'elles
figurent dans les releves car elles correspondent A des periodes de
retour nettement superieur a 10 ans. Malgre le peu de precision
qui s'attache a certaines de ces estimations il est frappant de
constater que 33 d'entre elles sont comprises entre 1 et 2 ce qui
montre une tendance k la regularity pour une bonne partie de la region
e'tudiee. On peut classer les 46 valeurs disponsibles en 3 groupes:
Le premier qui presente des valeurs de K 3 superieur a 3 soit un
coefficient de variation superieur a. 0.40 correspond £ des bassins &
la limite du regime tropical sec: deux en Ouganda et au Kenya, les
deux derniers concernent la Luvua et la Luapula (le second constit-
uant la partie amont du premier) a 1 ' extremite" sud-est du bassin du
Zaire. Les debits specifiques sont tres faibles ce qui est bien en
rapport avec la forte irregularite interannuelle. On trouverait
certainement une valeur de K 3 bicn superieure a. 3 pour une bonne
partie des tributaires du lac Tanganika. La distribution des de'bits
n'est certainement pas Gaussique.

Le second groupe presente des vrileurs de K 3 comprises entre 2 et
3 soit des coefficients de variation entre 0.26 et 0.40. On y trouve
neuf valeurs dont une correspond au Zaire en aval du confluent de la
Luvua done influence par cet affluent important. Sur les huit autres
sept correspondent & des: rivieres tropicales de transition avec des
bassins versants mediocrement arroses comme on en trouve beaucoup en
Afrique de l'Ouest avec la meme valeur de K 3, le dernier est un
bassin en regime equatorial qui ne recoit pas des precipitations trSs
abondantes. II faut dire que tres souvent, plus le debit specifique
est eleve plus K 3 et le coefficient de variation sont faibles, ceci
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est vrai en regions humides comme en regions arides.
Enfin le troisieme groupe comprend 33 valeurs de K 3 comprises

entre 1, 1 et 2 soit des coefficients de variation compris entre
0.04 et 0,26. Elles correspondent a des bassins tropicaux de
transition ou equatoriaux & debit specifique d£passant 8 1 s"1km~z

sauf pour le Bahr el Jebel (Nil Blanc) regularise par le lac Victoria.
C'est la trSs grande majorite des cas et cela justifie la reputation
de regularity des cours d'eau de cette region. On peut distinguer
trois sous-groupes: un avec coefficient K 3 compris entre 1.5 et 2,
un second avec des valeurs comprises entre 1.25 et 1.5 et le
troisieme reduit ici a trois valeurs, pour K 3 compris entre 1.1 et
1 .25.

II est interessant de trouver dans le premier sous-groupe le
Zaire a Lowa avec K 3 = 1.6 a 1,65 alors que 54% du d£bit provient
de l'Ulundi et de la Lowa et que le coefficient K 3 ft 1'amont, a
Kindu etait egal a 2.6 ce qui tend £ prouver que ces deux affluents
tres abondants ont un coefficient d' irregularity au plus e"gal a 1.5
comme les autres bassins arroses de la region que 1'on trouve dans
le sous-groupe suivant.

Le second sous-groupe correspond & une grande re'gularite' avec des
coefficients de variation compris entre O.09 et 0.16: c'est le
Plateau de l'Adamaoua au centre du Cameroun, une partie du bassin de
1'Oubangui, le Kasai' et la Lomani. Tous ont des debits specifiques
eleves, supe'rieurs 5 10 1 s km

Enfin le troisieme sous-groupe montre une re"gularite" extraordinaire:
les plateaux batekes represented par le bassin du Nke"ni ont sur toute
leur etendue des coefficients K 3 non indique"s dans le tableau et
qui sont compris entre 1.1 et 1.25 correspondant S des coefficients
de variation inferieurs a 0.09. Ceci est du S la tr£s grande
permeabilite du sol. Le Kwango gross! du Kwilu dont le bassin est
bien plus etendu que ces plateaux, avec K 3 e'gal & 1.2 et des valeurs
certaineraent voisines de 1.1 pour certains affluents du Kwilu tels
que la Kwenge, est a classifier dans la meme cate"gorie, de meme
qu'une partie du bassin du Kasai en amont de Kutu Moke. Le Zaire
lui-meme 5 Kinshasa a un coefficient d'irregularity egal £1.3 Cette
faible valeur est due autant aux phe'nomSnes de re"gularisation
internes propres a certains trSs grands bassins qu'ft la re"gularite*
des affluents les plus proches de la station. Notons cependant que
sur les 43 000 m3s-1 du module annuel au moins 10 000 proviennent du
troisifeme sous-groupe.

En ce qui concerne la distribution statistique des debits moyens
annuels, le maximum se produisant en de'cembre, il convient de
calculer ces debits sur 1' anne'e hydrologique de aout £t juillet sinon
on introduit un serieux biais pour les valeurs extremes: par example
1'annee trds se~che 1958 a un dgbit moyen de 34 125 n^s"1 si on
considere 1' annee calendaire et 32 460 m 3s - 1 si on considdre 1' anne"e
hydrologique. Pour evaluer un certain nombre de valeurs de K 3
citees plus haut on a done 6t6 oblige de considgrer les anne"es
hydrologiques qui seules conservent la variance. Cette precaution
etant prise , si on etudie les debits moyens annuels du Zaire avant
1961, on trouve une distribution & peu pr£s Gaussique avec me"me un
coefficient d'asymetrie le'ge'rement negatif. Mais avec les annexes
exceptionnellement fortes 1961-1962 et 1962-1963 il n'est plus
possible de conside"rer que les choses sont aussi simples. Si on
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conservait la meme distribution on devrait admettre pour ces deux
annees des p^riodes de retour extremement eleve*es, plus de 1000 ans,
qui sont peu vraisemblables. En fait la distribution est tres
complexe. Tout d'abord les debits annuels ne sont pas independants,
la presence des grands lacs, de nappes souterraines tres puissantes
s'y oppose, en second lieu les annees 1961 £ 1964 ont ete exception-
nellement fortes sur l'Est Africain done dans des regions du bassin
qui generalement ne jouent qu'un role secondaire dans la formation
des debits et qui presentent des coefficients de variation beaucoup
plus eleves qu'ailleurs; avec ces annees I960, qui ont eu tres
probablement leurs pareilles dans le passe la serie statistique n'est
plus homogene et il serait vain de chercher a e"piloguer sur la forme
de la courbe de distribution d'un aussi vaste bassin.

Heureusement pour les tributaires du Zaire leurs bassins plus
homogenes ne peuvent pas donner lieu a de pareilles difficulte's mais
on se heurte alors au probleme des pseudo-cycles, surtout pour les
regimes tropicaux de transition. Les annees seches et humides se
succedent par se'ries: par exemple la serie seche 1913-1915, la
se'eheresse re"cente qui a commence apres 1967, la sdrie humide qui a
prisente les annees exceptionnelles 1955 et 1961 au nord de l'equat-
eur. Tout se passe un peu comme s'il y avait une serie de cycles
superposes mais nous nous garderons bien de prendre parti sur ce
point qui a donne lieu a bien des controverses. Retenons simplement
qu'il y a des pseudo-cycles avec des series de longueurs ine'gales.
L'intervalle peut Stre de 20 a 30 ans entre le milieu d'une periode
sSche et le milieu d'une periode humide. Si une analyse statistique
sur 20 ans est centre'e sur une serie humide ou sfeche les re"sultats
seront ne"cessairement fausses. II est heureux que dans cette zone
les correlations entre rivieres voisines soient assez bonnes ce qui
permet souvent d'allonger les series de longueur insuffisantes.

DEBITS MOYENS MENSUELS

Dans la plupart des regions tropicales humides 1'ensemble des 12
de'bits mensuels schematise 1 'hydrogramme suivant une forme toujours la
meme chaque annexe pour un regime hydrologique determine. On en a
donne' une ide"e dans la section variations saisonnieres. Cependant
ces variations sont peu visibles dans deux cas: celui correspondant
au troisi&me sous-groupe que l'on vient de conside'rer pour lesquels
les debits mensuels sont k peu pres les mdmes toute l'ann^e avec
seulement un leger f le"chissement en juin, juillet , aout , et dans le
cas de certains regimes equatoriaux tr&s arrose's pour lesquels seule
la grande saison seche donne lieu a des debits mensuels un peu
faibles pendant deux mois avec un de'calage possible de un mois, tous
les autres mois correspondants a des hautes eaux avec des de'bits
variables assez nettement autour de moyennes assez peu diff^rentes.

Pour les tres grands bassins: Zaire, Oubangui, Sangha, Kassal,
Ogooue", Sanaga, 1' hydrogramme annuel est re'gulier, le de"coupage en
d6bit mensuel d^formant assez peu cet hydrogramme. Pour les pet its
bassins la monte'e des debits pour le regime tropical de transition
et les periodes de hautes eaux correspondent a une veritable
"dentelle" de pointes. Seules les basses eaux, dans ce regime quand
les precipitations ne sont pas trop abondantes ou dans le regime
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equatorial austral quand il presente une saison s&che bien marquee,
correspondent a une recession bien nette et a un palier avec tres
peu de pointes. Meme pour les petits bassins les lacs naturels ou
artificiels regularisent la forme du diagramme.

Dans le premier cas cite au debut de cette section les debits
mensuels restent a peu pres constants. Dans le cas general les mois
des debits maximaux presentent des debits assez stables dont la
distribution est voisine de celle des crues surtout pour les grands
bassins, II en est de meme pour les debits des mois de la saison
seche principale quand elle est bien caractSrisee, leur distribution
est a rapprocher de celles des valeurs minimales annuelles. Mais
les mois de transition entre saison seche et periodes de hautes eaux
presentent une irregularite et done des coefficients de variation
beaucoup plus eleves que pour la distribution des debits annuels,
exception faite des rivieres a debit a peu prSs constant. De facon
generale cette irregularite peut etre tres grande dans le cas des
rivieres a precipitations deficitaires.

Crues

11 convient d'analyser separement les crues sur les tres petits
bassins, moins de 200 km , et les crues sur les grands bassins.

Dans le premier cas la crue est due a un orage convectif pendant
la saison des pluies. Si on met a part les zones de haute altitude
ces averses varient, pour la plupart de leurs caracteristiques , d'une
region a l'autre: la hauteur pour la frequence decennale par exemple
est comprise en general entre 100 et 160 mm. La hauteur mais non
l'intensite est plus forte sur le littoral de 1'Ocean Atlantique ou
elle atteint souvent 200 mm et plus et il semble que souvent cette
hauteur diminue avec 1'altitude a partir de 700 a 800 m pour la meme
frequence. Mais cette averse arrivee au sol peut rencontrer des
conditions extremement variables qui sont a rapprocher du caractfere
de diversite sur lequel on a insiste au d^but de ce rapport. En ce
qui concerne la couverture vegetale il n'y a pas en region tropicale
humide que la foret dense et la savane boisee dense, il y a aussi la
pseudosteppe ou la savane qui souvent couvre mal le sol, et les
cultures qui le couvrent au moins aussi mal pour beaucoup de cultures
mecanisees et dans certaines regions pour les cultures traditionnelles.
II y a aussi des differences enormes dans la permeabilite des sols,
enfin la pente si elle est faible sur une bonne partie de la region
peut etre forte en montagne et jouer un grand role dans 1'ecoulement,

II n'y a pas eu de programme general de recherche sur bassins
representatifs pour 1'ensemble de la region mais ceux qui ont e"te"
etudies dans certains des pays concernes permettent de donner
quelques indications.

Si on considere le debit specifique maximal de crue decennale,
frequence facile pour les comparaisons on peut donner une idee de la
diversite de ces crues. On a trouve une valeur minimale de 60

T — 9 2

1 s km pour la superficie standard de 25 km avec pente assez
faible sur sables permeables de la region de Pointe Noire, une valeur
maximale de 2 a 4000 1 s~1km~2 pour un sol impermeable couvert de
savane et avec fortes pentes au sud-est du Niari et a l'ouest du
Zaire et 6000 1 s ' W en foret a trSs forte pente. Si la premiere
valeur doit etre courante pour les sols permeables des bassins du
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troisieme sous groupe de la section irregularite interannuelle, la
seconde valeur maximale doit etre recontree moins frequemment sauf
dans les regions a culture mecanique sans aucune mesure de conser-
vation de sols des que la pente devient significative, la troisieme
valeur maximale en foret n'est pas tres fr^quente non plus.

Dans presque tous les cas la foret reduit fortement le de'bit de
crue decennale. line etude generale qui ne concerne malheureusement
qu'une partie de la zone etudie"e a donne les resultats suivants:
toujours pour un bassin de 25 km2 on trouve: 500 1 s xkm dans des
cas tres courants, pour une averse decennale standard de 120 mm,
mais on peut trouver deux fois moins pour un sol tres permeable. On
peut trouver aussi nettement plus; sur un sol impermeable de la zone
cotiere du Gabon, la meme averse standard de 120 mm donnerait pour
25 km2 un debit specifique de 1900 1 s"1km"/; sur sol assez imper-
meable avec tres fortes pentes dans les monts de Cristal (Gabon) on
trouve 6000 1 s-1km~2 on voit que dans ce cas l'effet amortisseur de
la foret est tres faible on le verifiera dans une certaine mesure
sur les grands bassins.

La permeability du sol joue un grand r61e: en savane boise"e pres
de Bangui le debit de crue decennale pour 25 km2 n'est que de 400
a1 500 1 s~:km~2. On a vu plus haut le cas de sol partlculiSrement
impermeable en foret.

Malheureusement on ne dispose que de tr§s peu de donn^es sur
l'action de 1'nomine sur les crues de petits bassins. Signalons
simplement que dans la region de Brazzaville avec pentes mode're'es on
trouve pour 25 km2 un debit de crue decennale de 400 a 600 1 s km
pour une region urbanisee de facon traditionnelle avec une forte
proportion de terre battue, la meme surface couverte de foret
prisenterait probablement un debit specifique de 2 ou 300 1 s~ km" .
Une culture mecanise'e sur les memes pentes sans precaution contre le
ruissellement conduirait a des debits specifiques surement inferieurs
a 50O0 1 s'^ni"2 mais surement sup^rieurs a 1000 1 s~1km~?" . La pente
dans ce cas joue un role capital. Le debit specifique de crue
decennale decrolt plus ou moins rapidement lorsque la surface crolt.
leu d'e"tudes systematiques ont 4t£ faites a1 ce sujet dans la region.
Citons deux formules applicables au bassin de la Sanaga au Cameroun
(savane tropicale de transition 1000 m d'altitude) et gvaluant le
de'bit de crue decennale Q en m s~1 en fonction de la surface S en
km2 (Dubreuil et al., 1975):

zone a forte pente voisine de la dorsale Q = 0.93 S 0-7G

reste du bassin de la Sanaga Q = 0.22 S0"86

Ces formules sont valables de 1000 a 10O 000 km2 mais en general
il n'y a pas d'etudes de ce genre et les lois de variation sont trfes
diffe>entes d'un regime a" un autre. Indiquons seulement qu'en region
forestiere, en plaine le de'bit specifique varie peu avec la surface,
il est d'ailleurs assez faible a l'amont.

Sur les donnees de crues d£cennales qui figurent dans le tableau
1 la tr£s grande majority correspond S des bassins de plusieurs
milliers de km2 au moins. Pour la game 200 k 3000 km2 on salt peu
de chose; les debits sont interme'diaires entre ceux qui ont ê te1

pre"sente"s pour les petits bassins et ceux que 1 'on va consid^rer mais
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dans le premier cas la diversity est extremes. Seuls le Tomi, la
Foulakari, la Lokoundje, la Lob*? et le Bangoran correspondent k cette
categorie, les debits specifiques varient entre 22 et 260 1 s"1km~2

mais on trouverait certainement beaucoup plus, entre 500 et 1000 (?)
pour un bassin tel que la Comba avec 1200 km2 au lieu de 90, La
diversit6 doit etre tres grande,

Sur des bassins de'passant 3000 km les debits de crue de"cennale
varient entre 1 et 230 1 s~ 1km~ . Comme pour les debits moyens
annuels on peut distinguer plusieurs cas. Eliminons le cas de la
Lukuga dont le bassin est en partie semi aride et regularise par le
lac Tanganika. On retrouve avec une s€rie de valeur de 10 & 15
1 s 1km~2, le sud-est du bassin du Zaire, l'est de la region consid-
eree (Kenya, Ouganda), le nord-est du bassin de l'Oubangui; dans
cette categorie le Nil a 1' aval du lac Kyoga regularise" par le lac
Victoria a un debit spe*cifique de crue de"cennale tr&s faible 2.8 et
la Kafu k bassin tres plat presente e"galement une valeur anormalement
faible 6.5. Un grand nombre de valeurs sont comprises entre 20 et
40 1 s~1km~2, si on elimine les tres grands bassins, ce sont des
regions recevant des precipitations mode're'es et £ pente mod^re'e. Si
la pente devient forte le debit specifique d^passe 60 1 s~1km~z et
peut atteindre 218 1 s~"Lkm~2 pour le Wouri (au Cameroun) et 230 pour
la l̂ bere" (au sud du Tchad) . Toutes choses restant e'gales il semble
que dans les regimes tropicaux le de'bit de crue soit nettement plus
eleve que dans les regimes 6quatoriaux. Dans le cas de fortes
precipitations, plus de 1800 mm par an, en plaine le de'bit spe"cifique
tend a depasser 40 1 s"1km~2: on trouve 56 I s~1km~2 pour 1'Ivindo
et 61 1 s~xkm~2 pour l'Ogooue. Sur les bassins & sol tres permeable
le de'bit specif ique sans atteindre de fortes valeurs reste soutenu,
30 a 45 1 s~1km"2, la valeur un peu faible 24 1 s~1km~2 du Kwango
s'explique par la grande longueur de cette riviere. En ge"ne"ral ces
diverses caracteristiques sont assez peu diffe'rentes de celles que
l'on rencontre dans l'Afrique de l'Ouest; comparers aux regions
tropicales humides avec cyclones des debits spe"cifiques maximaux de
218 ou 230 1 s"1km~2 pour 7 a 8000 km2 sont assez faibles.

Distribution statistique des crues

Dans ce cas egalement il est frequent de trouver une distribution
proche de la loi de Gauss comme pour les debits moyens annuels, on
trouve meme quelquefois des distributions avec un faible coefficient
d'asyme'trie negatif. On doit rappeler que pour beaucoup de cours
d'eau de ces regions, il y a une correlation acceptable entre le de'bit
maximum annuel et le de'bit moyen annuel. Pour certains regimes
equatoriaux on doit considerer l'annee hydrologique pour le calcul du
de'bit moyen annuel (ceci n'est pas valable pour les bassins trop
petits). Cette correlation est fort utile pour comple'ter les series
de donnees. II n'y a pas d'e"tude systematique de 1' irregularity
temporelle des crues annuelles mais comme pour les debits moyens
annuels plus le bassin est mal arrose plus le coefficient de
variation est e'leve'. En general on trouve des coefficients de
variation faibles: 0.12 £ 0.16 sur le bassin de la Sanaga, 0.10 &
0.12 sur les sables du Kalahari. Mais les regions §. precipitation
deficitaire s'il n'y a pas de grands lacs pre"sentent un coefficient
de variation beaucoup plus e'leve' superieur & 0.3 et dans certains cas
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a 0.4 avec des distributions qui ne sont plus Gaussique et un
coefficient d'asymetrie positif. De facon general le coefficient K
3 pour les debits de crue est assez comparable au meme coefficient
pour les debits moyens annuels . Avec des distributions presque
normales la croissance des valeurs maximale est moderee lorsque croit
la periode de retour. Si on considere le Zaire a Kinshasa le debit
de crue decennale est egal a 65 500 n^s"1 soit 17.5 1 s^km"2. On
peut sur la distribution des valeurs maximales annuelles reprendre ce
qui a ete dit pour les debits moyens annuels avec une precision
supplementaire: le debit tout a fait exceptionnel du maximum de 1961
pres de 80 000 m 3s~ 1 correspond en grande partie au caractere
exceptionnel de la crue sur la partie orientale du bassin sans oublier
que sur l'Oubangui la crue a presente une frequence inferieure a la
frequence decennale et que sur la Sangha sa periode de retour est de
3 ans, Sur le Nil Blanc c'est egalement un maximum tout a fait
exceptionnel que 1'on retrouve a Assouan bien qu'il soit difficile de
preciser le maximum de 1961 a cette station, il est nettement
inferieur cependant au maximum connu de 1878 ce qui tendrait a
ecarter l'hypothese d'une periode de retour a Kinshasa superieure a
1000 ans comme ceci a deja ete annonce. On doit rappeler encore une
fois que pour les valeurs maximales annuelles comme pour les debits
moyens annuels la distribution statistique est beaucoup moins simple
qu'il n'apparait a premiere vue et ceci pour des raisons physiques
relativement aisees & mettre en evidence. Le probleme des pseudo-
cycles se pose de la meme facon.

En conclusion si on met a part les tres petits bassins et certains
bassins de superficie moyenne (quelques milliers de km ) en montagne
avec forte precipitations, les crues de cette region sont beaucoup
plus moderees que celles des regions tropicales a cyclones surtout si
on considere des pe"riodes de retour inferieures a 30 ou 50 ans.

Debits minimaux annuels

Dans les regions les moins arrosees a la limite du regime tropical
humide et dans les regions equatoriales deficitaires telles que les
bassins derri§re la chaine du Mayombe, ou bon nombre de bassins a
l'est du Rift Africain, il n'y a pas ecoulement permanent pour les
tres petits cours d'eau, il en est de meme pour les sols tres
permEables. Mais en general il y a Ecoulement permanent meme pour les
petits bassins en regime tropical de transition avec precipitations
annuelles supe"rieure ou egale a 1500 mm et en regime Equatorial. En
regime tropical de transition la courbe de tarissement est nette et
souvent re"guli£re. II en est de meme au debut de la saison s£che
principale pour le regime equatorial de transition austral. Mais ce
tarissement peut etre perturbe par des pluies tardives surtout dans
les regions a fortes precipitations comme sur la Lowa.

Pour 1'analyse des debits de basses eaux on a considErE le dEbit
caracteristique d'etiage, de"bit qui est dEpassE pendant 355 jours.
Ce debit a fait l'objet de determinations precises ou d'estimations
parfois grossieres pour 59 stations. On trouve des valeurs infEr-
ieures a l l s'^m"2 pour neuf stations correspondant & des rivieres
a regime tropical de transition en plaine, ou avec faibles precipitat-
ions et pour des rivieres k regime Equatorial dEficitaire de l'est de
la re'gion. II conviendrait d'ajouter a ce groupe le Nil & l'aval du
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lac Kyoga regularise par le lac Victoria et la Lufira egalement
regularised . Le debit caracteristique d'etiage est generalement
compris entre 1 et 2 1 s km en regime tropical de transition des
que la hauteur de precipitations annuelle depasse 1500 a 1600 mm.
Ce sont les memes chiffres que 1'on trouve dans les regions comparables
de l'Afrique de l'Ouest. Mais dans certains cas il peut atteindre
3 ou 4 1 s~ km par exemple sur la Mbali dans la region de Bangui ou
le bassin permeable constitue des reserves. En regions equatoriales
non deficitaires le debit d'etiage est compris entre 3 et 6 1 s-1km~2

mais dans le cas de precipitations annuelles trfes abondantes il peut
etre plus eleve: 8 1 s^km"^ pour l'Ogooue, 7.4 pour le Wouri , 10.3
pour la Nyanga, 16 a 17 (?) pour la Lowa et l'Ulundi. II atteint des
valeurs remarquables si les conditions geologiques sont favorables
7.9 1 s 1km 2 sur la Lobaye et surtout 20 a 30 1 s'^m"' pour les
cours d'eau des sables du Kalahari. Ceci est moins visible pour le
Kwango qui ne draine pas que des regions permeables. En ce qui
concerne le fleuve Zaire son debit caracteristique d'etiage est de
25 000 m 3s" 1 environ soit 6.67 1 s~1km~2 a Kinshasa, valeur nettement
relevee par les debits eleves des sables du Kalahari, et 4400 m 3s" 1

soit 4.55 1 s^km"2 a Kisangani apres que la Lowa, l'Ulundi et
d'autres affluents aient releve le debit de 800 m 3s~ 1 a Kindu. Pour
la majeure partie de la region etudiee les debits d'etiage sont
soutenus et parfois tres eleves mais les distributions ne sont plus
Normales (loi de Galton ou autres).

EROSION ET TRANSPORTS SOLIDES

Dans presque tous les cas il n'y a pratiquement pas d'Erosion en foret
tropicale mais on ne peut pas en dire autant pour les zones de
savanes qu'elles soient situees dans des bassins & regime tropical
de transition ou a regime equatorial. Pour le premier cas nous
citerons les re"sultats obtenus sur le bassin de la Sanaga dans les
savanes des plateaux de l'Adamaoua: pour le Mbam a Goura 42 300 km
la concentration maximale est de 200 g m~ 3 , les transports solides
sont en moyenne de 2 200 000 t par an pour un de"bit moyen annuel de
715 m3s~1. U s croissent de avril & juillet le maximum etant situe"
deux mois avant le maximum du debit. Puis ils decroissent re'gulierfe-
ment jusqu'en novembre fin de la periode de hautes eaux. Ils
d^croissent alors tr£s brutalement. La degradation specifique est de
28 t km"2 ou km"1. En fait elle est nettement plus e'leve'e, une
partie des produits Code's se dgposent soit sous forme de colluvions
au bas des pentes, soit au voisinage des confluents dans les plaines
d'inondation. Sur le Djerem a Mbakaou (20 390 km2) avec un dibit
moyen annuel de 404 m 3s~ 1 la masse de transport solide a e"te" evalu£e
a 1 400 000 t correspondant a une degradation spScifique de 70 t km~2

ou beaucoup plus eleves. A 1'extremity est de la region qui nous
concerne des e'tudes de transports solides ont 4t4 faites sur le Nyando
(2700 km2 d^bit moyen annuel 15.2 m3s~l) elles ont mis en Evidence
des concentrations en sediments atteignant 1000 g m~ ce qui conduirait
k une degradation spe'cifique triple ou quadruple de celle observed sur
le M'bam, il est vrai que la savane doit couvrir plus mal. Les
savanes de la valise du Niari au Congo doivent egalement presenter
une forte degradation specifique. Enfin dans certains sables tels que
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ceux de la serie des cirques pres du littoral de l'Atlantique on
trouve comme leur nom l'indique des "lavaka" d'erosion comme a
Madagascar.

Bien que la grande majorite des rivieres pr^sentent des transports
solides trfes modestes il apparait des que l'on de"truit la foret et
que l'on met en culture des problemes d'erosion souvent difficiles Et
resoudre sauf si la pente est insignifiante, mais pour 1'erosion
comme pour les debits de crues le manque d'e"tude syste"matique de
1'influence de l'homme se fait cruellement sentir.

CONCLUSIONS ET RECOff-IANDATIONS

Dans 1'ensemble cette partie de 1'Afrique tropicale presente des
caracteristiques favorables pour 1'amenagement des eaux et en
particulier pour la production d'energie electrique des que la
denivelee disponible le permet: debits relativement abondants,
abondants et souvent meme tres abondants, irregularite interannuelle
des debits faible ou meme Ire's faible, etiages soutenus et parfois
eleves, transports solides peu importants. II y a la en reserve un
enorme potentiel pour la production d'energie electrique dont une
faible partie a ete amenagee jusqu'ici. II y a aussi un beau reseau
de voies navigables qui a rendu de tres grands services et continuera
k en rendre. II y a enfin des possibilites d'irrigations pour la
plupart des regions qui en auraient besoin. Malheureusement il y a
encore beaucoup a faire pour faciliter les etudes hydrologiques des
amenagements a venir et nous presentons ci-apre"s un certain nombre de
reconunandations a ce sujet.

(a) II existe pour 1'ensemble de la Republique du Zaire une masse
d'informations considerables et souvent de bonne qualite sur les
variations de hauteurs d'eau pour un tres vaste reseau hydrometrique.
II faudrait pouvoir valoriser ces donnees en faisant un effort partic-
ulier pour l'etalonnage d'un nombre limite de stations. Avec une
vingtaine de stations en plus de celles qui sont d£ja etalonne*es on
augmenterait dans de tres larges mesures les connaissances hydrolo-
giques pour des rivieres dont le regime des debits est mal connu
comme l'Ulundi la Lowa ou le Ruki par exemple. II suffirait de
quelques campagnes de mesure. Plus cette operation tardera moins il
sera facile de rotrouver des reperes de nivellement.

(b) La crue dc 1961 dont la connaissance est capitale pour
1'hydrologie d'une bonne partie de la region n'est connue qu'a un
petit nombre de stations du Zaire. Une enquete minutieuse permett-
rait souvent une estimation valable des hauteurs d'eau atteintes.
Cette operation est urgente elle aussi.

(c) Les reseaux hydrometriques doivent §tre suivis de facon tr£s
reguliere , de serieuses economies peuvent etre faites, le principe
de Langbein des stations secondaires s'applique tres bien dans ce
cas. Une dizaine d'annees d'observations, parfois moins, suffisent
pour ces stations. La teletransmission peut resoudre dans bien des
cas le probleme des observateurs. Mais de toutes faeons 1'exploit-
ation des reseaux restera assez difficile et couteuse. Certains pays
n'auront pas la possibilite de la faire sans assistance technique et
financi&re.

(d) La modification de la couverture ve'ge'tale peut changer
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radicalement les caracteristiques des crues, de 1'Erosion et des
transports solides. Des recherches & l'echelle de la parcelle des
bassins experimentaux et de petits bassins homogdnes avec action de
l'homme vSrifiee par satellites devraient etre intensifies avec un
programme precis debouchant sur des resultats pratiques.

(e) Dans-les programmes de recherches concernant le climat et ses
variations, un effort devrait etre fait pour une meilleure comprehen-
sion des mecanismes qui sont a la base des series d'annees seches et
humides et pour leur prevision & moyen terme.
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Rivers of southeast Asia: their regime,
utilization and regulation

A, VOLKER
106 Westlaan, 2641 DP Pijnacker, The
Netherlands

ABSTRACT Southeast Asia is a region with copious rain-
fall, large rivers and a high population density. The
population is concentrated in the lower river valleys and
deltas where lowland rice, the staple diet is produced.
Therefore river flooding and high rainfall play an
important role in agricultural water supply. The annual
average per capita volume of water available is 4000 m ,
which is below the world average and about equal to that
for Europe. The intimate relationship between man and
rivers in southeast Asia is due both to these facts and
to the warm climate. The paper deals mainly with the
hydrological regime, utilization and possible regulation
of large rivers such as the Irrawaddy (Burma), Chao Phya
(Thailand) , Mekong (an international river) , and the Red
River (Vietnam); some smaller rivers are also considered.
Emphasis is given to the effects of human intervention in
the river valleys and deltas on the river regime.

Rivi&res du sud est dc I'Asic: Zeur regime, 1'utilisation
de leurs apports et leur rSgularisation
RESUME L'Asie du sud ost est une region presentant des
pluies abondantes de grands fleuves et une forte density
de population, Celle ci est concentres dans les parties
inferieures des vallees des fleuves et les deltas oil le
riz des terres basses, part principale du regime aliment-
aire, est produit. Par consequent les inondations dues
3 ces fleuves et les fortes averses jouent un role
important dans la fourniture d'eau a 1'agriculture. Le
volume d'eau disponible par tete est en moyenne de 4000
m par an, ce qui est inferieur a la moyenne mondiale et
si peu pres egal au volume moyen en Europe. Les rapports
tres etroits entre l'homme et les fleuves dans 1'Asie du
sud est sont dus a ce fait et au climat chaud. Cette
communication traite principalement du regime hydrologique,
de 1'utilisation des eaux et de la regularisation de
grands fleuves tels que 1'Irrawaddy (Birmanie), le Chao
Phya (Thailande), le Mekong (fleuve international) et le
Fleuve Rouge (Vietnam); on considere egalement certains
cours d'eau moins importants. On insiste plus particulie"re-
ment sur les effets de 1'intervention de l'homme dans les
vallees des fleuves et les deltas sur le regime des
rivieres.
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INTRODUCTION

The paper is intended as a contribution towards Project A.1.10 of
the second phase of the International Hydrological Programme. This
project deals with the hydrology of humid tropical zones with
particular reference to the hydrological effects of agriculture and
forest practice. The paper deals mainly with the hydrological regime,
the utilization and possible regulation of a number of large rivers
of southeast Asia e.g. the Irrawaddy (Burma), the Chao Phya (Thailand),
the Mekong (an international river) and the Red River (Vietnam).
Some attention will also be paid to some smaller rivers. Stress has
been laid on the effects of human intervention in the river valleys
and in the deltas on the river regime. The paper does not consider
the effects of deforestation and agriculture on the hydrological
regime in the upland portions and head reaches of the river basin.

HYDROLOGICAL REGIME OF THE RIVERS

Under the impact of the economic development needs of the past two
decades many hydrological investigations of the rivers of southeast
Asia have been carried out. This especially applies to the largest
international river of the region, the Mekong River, ranking
fourteenth in the largest rivers of the world according to discharge
(drainage basin 795 000 km?, length 4350 km and mean annual flow at
Kratee in Kampuchea 14 000 m Js~ ]). Among the rivers of Asia, its
minimum flow of about 1800 nr's"1 at Phnom Penh, is exceeded only by
the Yangtze at Tatung, the Ganges at Farakka and the Irrawaddy at
Prome. The hydrological investigations and actual implementation of
water resources development projects of this important international
river basin is in the charge of the "Committee for Coordination of
Investigations of the Lower Mekong Basin" (UN, ESCAP - Bangkok).

The Irrawaddy River in Burma is even larger than the Mekong,
ranking twelth in the world with an average annual flow of 15 200
m s at Prome .

Generally speaking the regime of all the rivers of southeast Asia
is governed by the monsoons. The intensive heating of the vast land
masses of Asia during summer causes the build-up of large zones of
low pressure followed, in winter, by cooling and the formation of
large zones of high pressure. The resulting wind pattern is that of
the northeast monsoon from October/November to May/June bringing dry
air masses from the Asian continent and the southwest monsoon from
May/June to October/November carrying moist masses of air from the
Indian Ocean to the region. Sri Lanka (partly), Malaysia, Indonesia
and the Philippines show a somewhat different pattern. In this
region the monsoons have so great an effect that they completely
overshadow the general circulation so that trade winds are frequently
diverted or even replaced by the monsoons.

The monsoons govern the variability of the flow of the rivers,
the occurrence of floods and the agricultural pattern. Typical
annual hydrographs for the year 1972 are given in Figs. 1 and 2
(ECAFK, 1972). They refer to a large river, the Mekong at Phnom
Penh (basin area 663 000 km2) and a small river the Huai Bang Sai
at B.Nong Aek (Thailand) (basin area 1340 km ). The occurrence of
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FIG.i Hydrograph of the Mekong River at Phnom Penh
(Kampuchea) for the year 1972.

the flood season (southwest monsoon) and the dry season (northeast
monsoon) can clearly be seen but due to the differences between the
basins, the distribution of runoff is entirely different. The floods
of the Mekong present themselves as a single flood occurrence of a
gentle type whereas the floods of the Huai Bang Sai are flashy with
separate responses to individual rains. With respect to the degree
of water control required for growing lowland rice in the lower
river valley and the deltas it is important to distinguish between
gentle and flash floods. The large rivers of the region like the
Irrawaddy, the Chao Phya and the Mekong have gentle floods (also the
Ganges and the Brahmaputra) and the small rivers flash floods
("banjirs" of the rivers of Java). The Red River in the northern
part of Vietnam also has flash floods in spite of its relatively
large size (120 000 km 2).

Many of the small and large rivers of southeast Asia transport
large amounts of silt (Red River, rivers of Java) and are subjected
to frequent meandering (Irrawaddy River).

Comparative studies of the rivers of the ESCAP (Economic and
Social Commission for Asia and the Pacific) region have been carried
out by its Division of Natural Resources (United Nations, 1965).
These studies include runoff coefficients and maximum floods (return
period about 50 years) in monsoon areas which are based on Myers
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3maj£ is the specific peak discharge;
is a coefficient.

A isformula Q m a x = CA
2 where

the drainage area; and C
Water balances of land areas were also computed based on rainfall

data and estimates of the potential evapotranspiration according to
the formula of Thornthwaite. Maximum annual soil moisture deficits
were found ranging from 960 mm (Sri Lanka) to 760 mm (southern
Vietnam).

SIGNIFICANCE AND UTILIZATION OF THE RIVERS FOR AGRICULTURAL
PURPOSES

As stated before, the agricultural activities in southeast Asia are
concentrated in the deltas, the low-lying coastal areas and lower
river valleys.

Originally, and still today in most deltas a crop of rice was
grown during the wet monsoon with the floods in spite of the absence
of any flood protection. This is possible because local rice
varieties that can grow in water with a depth increasing during the
flood season had been developed. A prerequisite is that the rise of
the flood water does not exceed some 5-10 cm a day. This means that

A H J J A 5 D N 0 J F M

FIG.2 Hydrograph of the Huai Bang Sai at B. Nong Aek
(Thailand) for the year 1972.
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this is only possible if the floods are of the gentle type. As an
extreme adaptation of the local variety to the prevailing hydrological
conditions mention should be given of the so-called floating rice
which can be grown in areas subject to a maximum depth of flooding of
3-5 m, the stem of the rice plants attaining a length of 4-5 m.

The general relationship between flooding and productivity in the
lower river reaches is shown in Fig.3. This still applies to the
entire delta of the Mekong River in the southern part of Vietnam.
Actually, there are no embankments in this delta except for the
coastal strip where during spring tides sea water flooding may occur.

coast lins
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FIG.3 Relationship between flooding and productivity in
the lower river reaches.

A partial water control has been established in the deltas of the
Irrawaddy and the Chao Phya. On the other hand in the delta of the
Red River an almost complete system of embankments has been built up
dating back to perhaps some two thousand years, unique in southeast
Asia, This can be explained firstly by the ancient history of this
delta when human occupancy started two millenia ago and secondly, by
the fact that the floods of the Red River and its affluents are of
the flashy type. In that case in the absence of flood protection
nothing, not even rice, could be grown.

In the unprotected Mekong delta (Fig.4) where the floods are
gentle, the productivity depends on both rainfall and flood
characteristics. In a statistical study (ECAFE, 1974) regression
equations were developed for the period 1939-1970 relating annual
paddy production to these variables and the population.

In the zone of deep flooding the flood volume plays the most
important role. In the coastal plain where flooding is small, rain-
fall is the dominant factor, especially during the months of June,
July, August and October/November, In the area with intermediate
flooding both rainfall and flood volumes are significant. Here the
flood water may constitute a supplemental water supply during periods
when local rainfall is insufficient to meet the requirements of the
crop. In the Central Plain of Thailand where the average rainfall
during the growing season (wet monsoon) is inadequate to meet the
demands one of the first hydraulic interventions as regards the
relation between natural environment and agricultural production was
the cutting of natural levees so that the flood water could flow into
the backswamps at an early stage (Fig.5). Canals connecting two
river branches were dredged (United Nations, 1963). There are other
cases in southeast Asia where farmers deliberately breached the dikes,
which had been erected as a protection against extreme floods, to get
the beneficial supplemental irrigation water during dry spells.
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FIG.4 Monsoon flooding near the city of Phnom Penh
(Kampuchea) at the apex of the Mekong River. The city can
be seen at the left-hand side of the picture slightly
above the middle. The upper channel is the Mekong flowing
from left to right, the lower channel is the Bassac River-
flowing in the same direction as a distributary of the
Mekong. The natural levees of former river courses can
be seen as emerging ridges.

HYDROLOGY OF THE DELTAS AND SALT WATER INTRUSION

In southeast Asia the modern deltaic areas of the large and small
rivers are of great economic significance. The Mekong River has
the largest delta of the region (55 000 km 2), followed by the
Irrawaddy River (31 000 km 2), the Red River (15 000 km2) and the Chao
Phya River (11 300 km 2). Moreover, there are numerous smaller
deltas like the delta of the Pampanga River (Phillippines, Luzon),
the deltas on the east coast of Sumatra, the deltas on the east coast
of Malaysia, the deltas on the south coast of Kalimantan and the

FIG. 5
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small deltas on the northern coast of Java. All these areas are very
productive (the "rice bowls" of the countries) and densely populated.
Although their hydrological regimes show a great similarity, their
actual hydraulic development shows striking differences.

As in all deltas the water levels and discharges are governed by
the conditions at both ends: the water levels at sea and the river
stages and discharges ("upland discharges") at the apex of the delta.
The upland discharge varies with the monsoons so that the wet ncnsoon
is the season during which large-scale flooding of the deltas occurs
unless flood protection has been provided.

As to the sea levels the deltas of the region are blessed by not
having such disastrous storm surges as occur in the coastal areas of
the delta of the Ganges, Brahmaputra, and Meghna rivers. The
astronomical tides are rather weak and vary between 3.5m (mean tidal
range Irrawaddy delta) and 1.5 m (mean tidal range Chao Phya delta).
Storm surge effects are usually of the order of only a few decimetres.
An exception was the storm surge of 5-8 May 1975 which occurred along
the coast of the Irrawaddy delta, with a storm surge effect of some
0.9 m.

The hydraulic characteristics of the rivers and the tidal range
at sea are propagated by the astronomical tides into the rivers over
distances which depend on the upland river discharge. The gross
slope I of the four above mentioned deltas (i.e. elevation at the
apex of the delta divided by the distance to the sea) is small and
minimum for the Mekong River:

River I
Chao Phya 1 x 10" "*
Red River 9 x 10"^
Irrawaddy 5 x 10"5

Mekong 3 x 10~ 5

The result is that with the minimum flow of the Mekong River the
tidal effect is still felt (tidal range 0.3 m) at Phnom Penh, some
350 km from the coast,

The tidal ranges decrease in the upstream direction; in the
coastal zone, where they are maximum, the low tide levels are of
practical significance for the gravity drainage of the embanked land
areas.

Sea water intrusion is a major problem in all deltas, especially
during the dry season when intrusion is maximum and the need for
fresh water is also greatest. The incursion depends on the upland
discharge and increases with decreasing flow in the course of the
dry season to reach a maximum in April/May. It makes the water in
the lower river reaches for many tens of kilometres unsuitable for
water supply and it penetrates into the land areas through creeks
and canals which are openly connected with these reaches. With-
drawal of fresh water upstream for irrigation purposes and dredging
of bars and estuary channels for navigation purposes increases the
salt water intrusion. For this reason the intrusion has been
measured and analysed, especially in relation to the upland discharge
in the four deltas. This requires a good insight into the distribut-
ion of the total upland discharge through various distributaries of
the main river. For this purpose mathematical models, based on
actual measurements, have been designed for the deltas of the
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Irrawaddy and Mekong rivers.
An example of the relation between saline intrusion and upland

discharge is shown in Fig.6 (referring to one of the branches of
the Mekong) where the salinity of the water in three river stations
at different distances from the coast is plotted as a function of
the total upland discharge at Phnom Penh. Obviously the saline
intrusion could be repulsed by increasing the upland discharge. This
could be achieved by the creation of reservoirs in the upstream
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FIG.6 Re.1 at Ion between saline Intrusion into the
Bassac River and the upland discharge at Phnom Penh.

portions of the river basin as envisaged by the Mekong Committee.
However, this would require large flows of water as shown by the
following table referring to the averages of the relations for the
six branches of the river:

Increase
500 m 3 s"T

1000 m3s~"
2 500 m3s~

Shi ft
0.85 km
2.25 km
5 km

This increase would constitute an important loss of water
considering that with a supply of 1000 m's , in principle, an area
of not less than 1 million ha could be provided with dry-season
irr igat ion.

EFFECTS OF HUMAN INTERVENTION AND REGULATION OF THE RIVERS

As mentioned before an adaption of the agricultural pattern to the
natural hydrological environment has taken place in the river valleys
and deltas of southeast Asia. Because of the growing population and
the attempt to improve the nourishment of the people, the need for
more agricultural production and crop diversification came to the
fore. The introduction of high-yielding varieties of rice (HYV) and
the expansion of horticulture are only possible if the surface and
groundwater levels can be controlled. An artificial drainage system
and above all, protection against flooding are necessary. This
protection can be achieved by flood control in the upstream reaches
of the river and/or on the spot measures, in the first place embanking.

In this region and in Asia in general the desirability of embanking
has been a controversial matter for a long time. Embanking is a
simple and usually economical way of flood protection. Under the
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conditions of cropping water management and the hydrology prevailing
in this region, however, embanking is liable to produce a number of
side and environmental effects. In the first place the hydraulic
effects comprise a possible rise of flood levels resulting from the
elimination (by diking) of the longitudinal overland flow and the
storage of water on the flood plain. This effect is quite pronounced
in the case of flash floods.

When the necessity of protecting the lowlands in the Pampanga
River valley (Luzon, Philippines) was recognised in the sixties, it
was also concluded that this matter had to be investigated thoroughly.
To this end a hydraulic model was used in an improvised outdoor
laboratory (Fig.7). It was found that complete protection would
raise the maximum levels of the major floods by 2.5-3.5 m depending
on the location. It was recognised that this was due to the flashy

FIG.7 Hydraulic model test in an improvised outdoor
laboratory on the flood plain of the Pampanqa River,
Luzon Island of the Philippines. The objective was to
assess the effect of embanking on Lhe maximum flood levels.

nature of the floods of this river basin. For this reason a solution
with partial embanking and floodways had to be chosen.

The same question was examined in the seventies for the flood
protection of the Mekong delta (ECAFE, 1974). This was done with the
help of a mathematical model simulating the effects of channels and
overland flow as well as storage. Since the floods here are of the
gentle type the effect of embanking was found to be smaller than in
the former case but still significant so that it was recommended not



136 A.Volker

to embank the upstream portions of the Delta where deep flooding
occurs.

A second hydraulic effect of embanking is the more frequent
flooding of the unprotected strip of land between the river channel
and the set-back embankment where many people live.

Embanking may also cause morphological side effects. The most
important ones are a possible rise of the river bed and an increased
tendency of the river to meander.

The result is a long-term additional rise of the flood levels
and a possible failure of river dikes due to bank erosion. In the
case of the Irrawaddy River in Burma (Fig.8) river training would
not be economically feasible because of lack of such material.

The effect of the elimination of the silt is that the land areas
are no longer being built up and agriculture is deprived of the
fertilizing effect of the silt.

In the field of water management and agricultural practices
embanking means a drastic and sudden intervention. Whereas the
floods have been halted, the removal of the local rainfalls requires
the layout of a drainage system with canals and outfalls. Supple-
mental irrigation by floods has to be replaced by an irrigation
sytem. All this requires time and it takes even more time for the
farmers to adapt themselves to the newly created conditions and
development opportunities, and initially embanking may be experienced
as a destructive factor.

r.*--

FIG.8 Upper delta of the Irrawaddy River (Burma).
Owing to river meandering embankment had to be abandoned
three times and replaced by an embankment set further
back. The picture shows the present alignment and a
sluice for the controlled admission of silt laden waters
for further building up of the backswamps.
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Finally, embanking changes the environment: the absence of
beneficial flushing and rinsing effects of the floods removing dirt,
waste products and human disposal means that these accumulate during
the dry period.

The hydrological conditions and the side effects of embanking
explain the different technical developments of the four largest
deltas of southeast Asia. In the case of the Red River delta there
was no other option than to embank completely the land areas at an
early stage of human occupancy.

As regards the different developments of the other three deltas
it is very important to consider the supply and demand situations as
can be seen from the following table:

Delta
Irrawaddy delta
Chao Phya delta
Mekong delta

where columns 1,2, 3 refer to mean rainfall during the growing
season in the wet monsoon, and crop requirement, respectively.

The fact that in the Irrawaddy delta an excess of rain over demand
exists in all years except the driest ones, has led more than a
century ago to the construction of a system of partial protection by
embankments. In view of the expected hydraulic effects the system
was designed as horse-shoe-shaped embankments which are open at the
downstream ends so that in case of extreme floods some of the storage
is preserved. In this area the issue of closed or open embankments
has always been a controversial matter.

In the Chao Phya delta of Thailand there is, except for very wet
years, a general shortage of water even during the wet season. The
water supply by the floods was beneficial, a year without a flood
was a bad year and only extreme floods were harmful. For this
reason no flood protection by embanking was planned. People became
accustomed to "living with the floods" which were considered a
blessing (Fig,9). More recently, water management by upstream multi-
purpose reservoirs, the Bhumiphol (Yankee) dam (1964) and the Sirikit
(Nan) dam (1973) has been established. In this way extreme floods
could be reduced, the dry season flow augmented and saline intrusion
further pushed back. The great advantage of this type of regulation
is that it allows a gradual transition from irrigation by flooding
to controlled irrigation.

The same type of development is envisaged for the Mekong River
basin where - as mentioned before - no complete flood protection
by embanking is envisaged. A low flow augmentation of some 2500
m 3s~ 1 might be realized.

Large-scale river regulation, especially for dry season irrigation,
must be applied throughout southeast Asia. This intervention may
substantially change the hydrological regime of the rivers as is
demonstrated by projections of required irrigated areas and the
irrigation requirements (United Nations, 1971) which show that by the
year 1990 in Sri Lanka the requirements will be not less than 30%
of the mean annual runoff. The figure is 16% for Thailand and 11%
for Vietnam, In Sri Lanka a major project is under execution
(Mahaweli Ganga Project): the transfer of water from the wet
southwestern part of the island to its dry northeastern zone through
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FIG.9 The city of Song Phi Nong in the Central Plain
of Thailand showing an adaption of human life to the
river regime. During the dry season shopping is done at
ground level; with the annual arrival of the flood all
goods are moved to the first floor and gangways make the
cicy accessible on foot.

a complex system of intermediate reservoirs and multipurpose dams.
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ABSTRACT The Tocantins-Araguaia basin in the Amazon
region has in recent years been of increasing interest as
a potential resource for power generation, agricultural
and industrial water supplies and navigation; this has
resulted in a better understanding of the physical
processes governing the system. From a sedimentological
point of view which considers the basin as a dynamic
system, the present study takes all the available d&ta
into account, although morphological and hydraulic data
are still being collected. The analytically developed
approach allows qualitative and quantitative interpreta-
tions and emphasizes some aspects of basin behaviour
which are important for solving practical river engineer-
ing problems. Finally, recommendations for future studies
and field data collection are made to identify and
prescribe controls for both natural and manmade changes in
the system.

Interpretation du comportement du bassin Tocantins-
Araguaia en ce qui concerne la sedi mantologie
RESUME Le bassin Tocantins-Araguaia, representant une
partie de l'Amazonie, a suscite recemment un regain tres
marque d'interet pour son exploitation particulierement
pour la production d'energie et pour la navigation. Ceci
a contribue egalement au developpement des etudes des
phenomenes physiques du systeme. Du point de vue
sedimentologiques, on doit regarder ce bassin comme un
systeme dynamique, cette etude generale prend en consider-
ation toutes les donnees disponibles, quoique les
caracteristiques morphologiques et hydrauliques soient
encore en cours de mesure. L'approche de son etude par la
voie analytique permet 1'interpretation qualitative et
quantitative en mettant en evidence quelques aspects du
comportement du bassin, importants pour la resolution des
problemes pratiques de genie fluvial. On fait encore des
recommendations pour les etudes futures afin d1identifier
et de prevoir des controles pour un eventuel changement
dans le systeme resultant, soit des activites humaines,
soit d'evenements naturels.

141
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INTRODUCTION

Researchers have more and more recognized the importance of improving
their knowledge relating sediment transport by rivers and sediment
yield indicating the rate of erosion in the drainage basin. Since
fluvial systems are among the most dynamic of all geomorphological
forms this study presents a small contribution towards interpreting
the sedimentological behaviour in the Tocantins-Araguaia basin.

PHYSIOGRAPHICAL CONSIDERATION OF THE REGION AND THE AMAZON BASIN

The basin of the Tocantins-Araguaia rivers (IBGE, 1977) is a
hydrographical unit separate from the Amazon basin; however, a
short description of that region is given considering various legal
and political aspects of the Tocantins basin itself, which is even
incorporated and as such called "Legal Amazon".

The part of the Amazon basin in Brazil (Fig.1) has an area of
3 600 000 km2, and is characterized by thick vegetation and a low
population density. It constitutes a sedimentary plain of Tertiary
origin delimited by two older PreCambrian shields, the Guiana Massif
in the north and the Brazilian Plateau in the south. The climate of
the Amazon region is equatorial, hot and humid, with average tempera-
tures greater than 25°C, with considerable diurnal amplitude and a
low annual variation. The total annual precipitation surpasses
1500 mm reaching values over 3000 mm. However, there exists a dry
season whose duration varies from one to five months depending upon
location.

The Amazon River has its source in the Peruvian Andes. Its main
tributaries in Brazil are the Madeira, Japura, Purus, Negro, Tapajos,
Xingu and Trombetas rivers. The river is 50 km wide in some regions
during flooding and diminishes to 2600 m at Obidos, where the maximum
depth is more than 50 m. The river bed is modified after each flood
as the result of erosion and sedimentation processes. The presence
of suspended particles causes differences in the colour of the
Amazon and its tributaries: the white rivers such as the Madeira
with higher suspended transport; the black rivers such as the Negro
have a high dissolved organic matter content which makes the waters
acid; the clear rivers such as the Tapajos and Xingu with lower
proportions of clay Pediments and higher in sand.

THE TOCANTINS-ARAGUAIA BASIN

The basin of the Tocantins-Araguaia rivers (IBGE, 1977) has a
drainage area of more than 800 000 kmz (Fig.l). The main river, the
Tocantins, being 2400 km long with considerable hydroelectric
resources, is a typical plateau river, while its principal tributary
the 2115-km-long Araguaia is a plains river. The upper and median
courses of the Tocantins River have a large number of waterfalls and
rapids intermingled with low-gradient reaches which allow regular
navigation. In the lower course downstream from the Tucurui dam site,
it is similar to the other Amazon rivers in that it traverses
Tertiary and Quaternary sediments.
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144 F, .A.L.Bcquio et a.1 .

The Araguaia River, despite being a plains river, still has a
series of rapids caused by outcrops of the more resistant formations.
In its mid course, the slope noticeably decreases and the river bed
presents a flood plain 10-15 km wide and a minimum depth which
guarantees year-round navigation.

The Tocantins basin is influenced by the tropical morphogenetic
process of the "cerrado" brush lands, a type of vegetation character-
istic of the tropical precipitation regime with a dry and wet season.
The variation in heat and humidity exacerbates the morphogenetic
processes like mechanical, chemical and biochemical processes which
are intensified by the reduction in vegetal cover and affect erosion
as well as the consolidation of soil cover, phenomena common to the
"cerrado" and the African savanna.

The northeastern and northern winds affect the region and are
responsible for the stable weather conditions, disturbed by three
circulation systems: the currents of the west-tropical instability
lines mainly in the summer, the ITCZ system of currents of the
Northern Hemisphere in the autumn, and anticyclones and polar fronts
in the winter. The climate is semihumid tropical, with a rainfall
season in the summer and a dry season with a duration of four to
five months in the winter. There exists a weak thermal seasonal
variation; there is a noticeable diurnal variation mainly in the
winter.

PRELIMINARY DIAGNOSIS

Available data

Sediment data, both suspended and bottom material, were obtained from
studies undertaken by Eletronorte (the Northern Brazilian Electricity
Company) at Itupiranga on the Tocantins River (Fig.1), in the periods
29 May-23 July 1975, 19 January-19 July 1979, and January-March 1982.
A similar study was undertaken at Santa Isabel during the period
27 September 1981-25 August 1982. The main objectives of these
studies were to collect sufficient information on total solid
discharge, looking at the estimated live volume of the reservoirs of
Tucurui and Santa Isabel (Fig.l) and to establish methods of
measuring the sediment in tropical rivers.

Comparative studies

Tables 1 and 2 (Eletronorte/Hidroesb, 1975, 1979; Eletronorte/
Hidrologia, 1982) present the solid transport at Itupiranga and Santa
Isabel. From these values conclusions as to the solid transport of
the Tocantins and Araguaia rivers can be drawn (Table 3).

The values obtained in periods of high sediment transport show
low material loads compared with average values of other large basins.
It can be inferred that the annual average for these two rivers
decreases noticeably when the months of low discharges are also taken
into account in the computations of the mean. Comparing the annual
sediment loads of some rivers with these two rivers for periods of
principally high transport, verifies that the sediment loads of the
Tocantins and the Araguaia are very modest (Table 4).
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TABLE 1 Summary of sediment discharge - Itupiranga
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TABLE 3 Average solid transport over different periods

at Itupiranga and Santa Isabel

Station Period/average solid tansport (t day )

Jan'82 Jan- Jan- Jan- Sept'81
March' 82 July'79 July'79 -hug'82

SS TS SS TS SS

Itupiranga 369 675 245 300 184 843 224 105
Santa Isabel 81 421 89 575 - - 4 9 925

SS - suspended solids; TS = total solids.

TABLE 4 Comparative analysis between sediment loads of

large rivers

Ri ve r Basin area Sediment transport

(km2)

in suspension
(t km~2 year~ )

Tocantins at Itupiranga 744 600 77*

Araguaia at Santa Isabel 372 000 SSt

Columbia, USA 266 000 35%

Mississippi, USA 3 222 000 98%

Amazon at Obidos 4 640 000 200%

Colorado, USA 637 000 1082%

Yelloe, China 673 400 2641%

Ganges, India 955 700 1401%

Mekong, Thailand 795 000 434%

Red, Vietnam 119 140 1082%

*Average value of studies during the floods of 1975, 1979

and 1982.

fAverage value of thn study during the 1982 flood.

§Holcman (1968) - average values over a long period.

Figure 2(a) presents the hydrographs of water, total and suspended

load at Itupiranga and Fig.2(b) shows the hydrographs at Santa Isabel

station during the same high flood season.

The ocillation of loads in the Tocantins River is much more

accentuated. This may be due to the fact that it receives contribu-

tions from affluents with different sedimentological characteristics.

It is evident that the Araguaia River has a very low transport

compared with the Tocantins River, presumeably due in part to the

buffering and settling effect of Bananal Island (see Fig.2(b)), which

even filters the ocillations of the upstream tributaries' contribu-

tions. Figure 3 shows the variation in suspended load in the

Tocantins in 1975, 1979 and 1982. The peaks are similar in 1979 and

1982, but the 1982 peak in February/March is much larger than the

1979 peak. In the lower portions of the hydrographs the values for
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SEP/BI OCT/at NOV/SI DEC/61 JAN/fl2 FE6/B2 MAR/S2 APA/S2 UAV/82 JUN/82 JUL/82 AUG/S2

FIG.2 Water, total and suspended load hydrographs at
(a) Itupiranga and (h) Santa Isabel.
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Q ..CAMPAIGN EXECUTED IN 1982 AT ITUPIRAN6A

CAMPAIGN EXECUTED IN 1979 AT ITUPIRANGA

JAN 31 PEB ZB MAR 31 APR 30 MAT 31 J(JN 30 JLJL 31

FIC.3 Suspended solid hydrograph of the Tocantins River
in 1975, 1979 and 1982.

all the years are very similar, which confirms a stable sedimento-
logical behaviour during periods of low water.

CORRELATION BETWEEN DISCHARGE AND SEDIMENT TRANSPORT

Figure 4 shows the correlation between discharge and sediment
transport at Itupiranga for the years 1975, 1979 and 1982. It is
known that flood water discharges are not a permanent phenomenon,
therefore no solid discharge will occur as long as the discharge is
higher than the area of the correlation. The problem is to find
criteria to localize the boundary in discharge for the beginning of
the sediment transport processes.

SIMULTANEOUS HYDROGRAPHS OF LIQUID AND SOLID WAVES

As illustrated in Fig.5 the difference in the occurrence of the peaks
of solid and liquid discharges can be explained by the fact that at
the beginning of the flood periods, the moving water in the channels
encounters much more loose solid material ready to be transported than
at the end of the flood periods. This is due to the breakdown of
the armouring effect as well as to the intense precipitation
with its strong erosive action over the basin, preceding the
flood.
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CHANGES IN THE BASIN

It is possible that changes in the basin are causing the increase
in the sediment transport. A study by IBDF-INPE (1980) to evaluate
the changes in vegetal cover through observation and automatic data
furnished by satellite and field information, showed there is a
large degree of deforestation. Other factors contributing to the
increase in transport load are; intensive land use, type and intensity
intensity of precipitation, season, temperature.

CONCLUSIONS AND RECOMMENDATIONS

Observing the maximum annual discharges at Tucurui Dam site on the
Tocantins River, a certain tendency can be seen for higher peaks in
recent years. If there is a relationship between the liquid and
solid discharges as shown in Fig.4, it can be concluded that the
solid discharge is also increasing. Obviously this analysis is not
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LtGEND
i Hi Suspended sediment ••

discharge
X water discharge

YEAR 79

FIG. 5 Simultaneous hyd.rogra.phs.

a complete analysis, but for the time being it can be assumed that
certain factors in the basin influence this trend; these include
deforestation, forest devastation, intensive use of soils, the
activities of man.

At present the Tocantins-Araguaia basin still exhibits hydro-
dynamic equilibrium with regard to the sediment regime. However,
due to the lack of data any conclusion must be considered carefully,
since government agencies have started to study the region only
recently.

For a better understanding of the solid transport processes in
the Rivers Tocantins-Araguaia and the erosive process in the basin,
it will be necessary to undertake regular new measurement programmes
in order to estimate their temporal variation. Simultaneously,
technical and legal controls are indispensable to prevent
indiscriminant deforestation, erroneous management and utilization of
soils.

A third aspect that should be targeted is the search for sampling
methods and calculations of solid discharge more adequate for large
tropical rivers such as the Tocantins and the Araguaia.
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Nutrient balance of a central Amazonian
rainforest: comparison of natural and man-
managed systems
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Frankfurt am Main, FR Germany

ABSTRACT At present the natural tropical rainforest
systems of the Amazon basin are being rapidly converted
into man-managed land-use schemes. The nutrient balance
of the natural "terra firma" rainforest ecosystems on
Tertiary formations in the central Amazon displays a
dynamic steady-state system with tightly closed biogeo-
chemical cycles for calcium, magnesium, total phosphorus
and total nitrogen. If transferred to man-managed systems
on a large scale, the nutrient pool, primarily the organic
compartment of the system, is diminished by burning which
promotes excessive nutrient losses and the destruction of
the root-mat trap mechanisms which feed the nutrient
return flow. As a consequence, large-scale monoculture
depends on the application of mineral fertilizers and
pesticides, which in the long run causes a negative cost-
benefit balance for the region, both economically and
ecologically.

L'equilihre du systeme nutrltif do la foret tropicalc
de 1'Amazonie: systeme naturel de la foret compare au
systems des terres labourees
RESUME La transformation du systeme ecologique de la
foret tropicale du bassin amazonien en terres labourees
s'effectue actuellement sur une grande echelle.
L'equilibre de substances nutritives de la terra firma -
systeme ecologique de la foret tropicale d'Amazonie sur
des formations du Tertiaire - consiste en un dynamisme de
caractere constant (steady state system) comprenant des
cycles biogeochimiques tres complets en ce qui concerne le
calcium et le magnesium et egalement en ce qui concerne le
phosphore total et 1'azote total. La transformation de
larges surfaces en terres labourees entraine un des-
equilibre du reservoir de substances nutritives. Le
procede employe qui consiste a bruler la foret tropicale
provoque tout d'abord un desequilibre des matieres
organiques ce qui me'ne a de grandes pertes de substances
nutritives ainsi qu'a la destruction de l'horizon du
syste"me des racines - horizon qui regie le recyclage
des substances nutritives. Par consequent, des mono-
cultures etendues ne peuvent subsister que par 1'applicat-
ion d'engrais et de pesticides. A long terme, il en
resultera un bilan cout-be"nefice negatif: cela aussi bien
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du point de vue &ononiique que du point de vue e"cologique.

INTRODUCTION

The natural tropical lowland forest ecosystems of the Amazon basin
demonstrate a wide range of dynamic steady-state conditions following
from the abundance and availability of macronutrients and micro-
nutrients in the various compartments of the systems , the flux of
elements and energy through the ecosystems, the productive activity
of the biomass, the multiple interactions among species, matrices
and environment: all aspects of the systems complexity.

Theoretically, the conversion of large parts of the natural
Amazonian ecosystems into man-managed land-use schemes , triggered by
the need of Brazilian society for land and resources, should be based
on comprehensive understanding of processes which govern the
resilience and dynamic properties of the natural systems and should
give a fair estimate of the dominant processes to be expected to
control the new land use schemes. Such analyses include the evaluat-
ion of potential environmental impacts to which the ecosystems are
subject, measures for long term maintenance, and provisions for the
restoration of perturbed schemes where development has not gone
according to plan. The systems evaluation is incomplete if presented
without a thorough socio-economic analysis.

In fact, the "controlled development" for the Amazon basin propa-
gated by the government was a big failure and the ever growing search
for ranch land and natural resources bred an uncontrollable pioneer
front which by clearing forest through slash and burn practice,
partially perturbed and in some cases destroyed the potential of the
area for long term natural and man-managed ecosystems.

The conversion of large areas of natural forest into man-managed
ecosystems is a legitimate goal of mankind to provide for its needs,
but the development has to be controlled by the understanding and
assessment of the man-induced impacts on and the response from the
ecosystems.

MATERIAL AND METHODS

This report being part of an analysis of central Amazonian ecosystems,
considers the cycling of selected organic and mineral constituents
along the path of water flow and its biomass-bound flux in a "terra
firme" rainforest covering the pale yellow latosols of the central
Amazonian Tertiary formations, The study takes into account the
cycling of elements of a natural system and evaluates the changes in
structure, function and dynamics when converted to a man-managed
system by slash and burn practice.

The study is based on a four-year period of field and laboratory
work on the central Amazon at the National Research Institute (INPA)
in Manaus. The experimental sites were located at the Ducke Forest
Preserve (km 26 of the AM-10 road) and on both sides of the Manaus-
Caracarai road (BR 174).

According to topography and slight differences in structure and
composition the rainforest system at the experimental sites is
divided into three sub-units: (a) the terra firme rainforest on
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"chapadas"; (b) the inclined terra firme rainforest (Takeuchi, 1961)
or Carrasco forest, and (c) the riverine forest. Detailed forest
inventories were excecuted by Aubreville (1961), Klinge k Rodriques
(1973), Takeuchi (1961).

The terra firme rainforest on "chapadas" is the typical, species-
rich , heteorogeneous climax forest of the Tertiary in the central
Amazon. Dominant tree species are Eschweilera spp. (8.2 trees ha" 1),
Scleronema micranthum Ducke (3.5 trees ha" 1), Corythopora alta Knuth
(2.9 trees ha 1) and Ragala spuvia (Ducke) Aubr. (2.2 trees ha" 1).
The most abundant families are T.cguminosae, T,ecythidaceae and
Sapotaceae. Canopy height of the stand ranges from 25 to 35 m.
Epiphytes, bromeliads and trailing lianas are common. The shrub-
stratum is dominated by palms such as Astrocaryum munbaca, Syagrus
inajai, Bactris sp. and many saplings. The ground-stratum is
formed by seedlings, stemless palms such as Schcloa sp, Orbygnia
spectabilis and a few herbs of the families Cyperaceac, Maranthaceae
and Orchidaceae.

The dominant soil type of the "chapadas" is a pale yellow latosol
of heavy texture, well structured and drained but poor in natural
soil fertility (Table 1).

TABLE 1 Natural soil fertility (me per 1CXJ g soil) for
pale yellow latosols of the terra firme rainforest on
"chapadas"

Soil pH (H20) 3.60- 4.10 Carbon content 2.4O-4.7O
Soil E.G. O.4O- O.9O Nitrogen content 0.06-0.95
Soil C.E.C. 5.20-18.60 C/N ratio 10-25

The Carrasco forest is assumed to be an intermediate forest stand
between the terra firme rainforest on "chapadas" and the riverine
forest. Canopy heights of the forest range from 22 to 32 m. The
dominant tree species are Protium spp. and Escliweilcra spp. The
understorey consists of numerous seedlings and saplings, some
herbaceous plants and small palms. The soils are pale yellow
latosols of medium to light texture. The latosols have good percol-
ation mainly in the vertical direction and are extremely poor in plant
nutrients (Brinkmann & Santos, 1971, 1973).

The dominant tree species of the riverine forest belong to families
such as Leguminosae, Sapotaceae and Moracae. The canopy heights
range from 22 to 35 m. Epiphytes, bromeliads, orchids and lianas are
common. The dense ground cover consists of stemless palms, herbaceous
plant communities, seedlings and saplings. The sandy, hydromorphic
soils have a natural low soil fertility (Table 2). Except for the
dry season (August-October) the groundwater is close to the soil
surface (Brinkmann & Santos, 1971, 1973; Brinkmann, 1983). During
and after heavy downpours the forest floor is temporarily flooded

The tropical ecosystem analyses were run by the "small watershed
technique" using a compartment model to facilitate the understanding
of input-output hydro-biogeochemistry and system dynamics. It was
assumed that the elemental flux in the central Amazonian rainforest
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was at a dynamic steady-state (Brinkmann & Santos, 1971, 1973;
Fittkau & Klinge, 1973; Kllnge et al., 1975; Jordan, 1982; Stark,
1971a) which allows the calculation of elemental rates in the
different compartments in terms of an annual model. It is evident
that such a model neglects a vast number of biotic and environmental
variables and the effects of seasonal changes (wet and dry season).

The constituents selected for the annual model (kg ha~1year~1) of
elements cycling in the path of water flow were: Ca2+, Mg2+, NH^,
NOg, N03, N

o r g, N* , P* , Fe1-. For litter analyses the elements were
limited to: Ca 2 +, Mg2+, N1-, P* , Fe* .

TABLE 2 Natural soil fertility (me per 1OO g soil) for
sandy hydromorphic soils of the riverine forest

Soil pH (H2O) 3.60- 4.1O Carbon content 0.05-3.80
Soil E.G. O.2O- 1.7O Nitrogen content O.O2-1.18
Soil C.E.C. 1.10-11.10 C/N ratio 8-21

The compartments analysed were: rainwater, throughfall, stemflow,
groundwater, river water, total litter (including micro-litter and
macro-litter) and finally, soils.

THE ACID INPUT-OUTPUT HYDROGEOCHEMISTRY

The hydrogen-ion concentration (pH) of rainwater, throughfall, stem-
flow, groundwater, river water and soils at various depths (topsoil,
subsoil, total soil column) is summarized as the relative frequency
distributions of grouped pH-values in the different compartments
(Fig.l).

Rainwater, groundwater and river water are unbuffered acid solutes
in which the content of free CO2 is the principle pH regulator, being
slightly supported in groundwaters by free mineral acids and humic
acids (Brinkmann, 1981, 1983).

The biodegradation and mineralization processes which decompose
organic matter above (litter) and in the topsoil layer (rootmat trap)
function under acid conditions where high CO2 concentrations and a
considerable amount of humic acids combine. Because of favourable
pH conditions in the litter layer, biochemical decomposition is
brought about mainly by bacteria, while in the acid topsoil layer
fungal activity plays the dominant part (Brinkmann & Santos, 1971,
1973; Klinge, 1973; Klinge & Fittkau, 1972; Stark & Jordan, 1978).
Some decomposition products are leached from the rootmat trap to the
groundwater (Brinkmann, 1983) and into subsoil where they enter the
return flow (through deep root systems) to the standing crop or are
held by the soil matrix.

Buffering substances in stemflow and throughfall arise from the
intensive processes of biodegradation and biosyntheses at leaf and
stem surfaces, from epiphyllic communities such as bacteria, mosses,
lichens and yeasts and from the activity of small animals and the pre-
fall decomposition of leaves. While the throughfall pH data demon-
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values at different compartments of a natural terra firme
rainforest in the central Amazon (n = 2OO per compartment)

strate the existence of optimal conditions for microbial activity at
any time, stemflow pH-values display a time dependence on rainfall.
Frequent consecutive rainfall exhausts the pool of buffering
substances of the stem communities which leads to low pH-values
similar to those of rainwater.

The distribution of grouped pH data of the different compartments
supports a short-circuiting cycle of buffer substances between canopy
and stem area and the rootmat trap, while the input-output conditions
are strongly acid (Brinkmann & Santos, 1971, 1973; Brinkmann, 1983).

THE LOW LEVEL NUTRIENT TURNOVER

Total dissolved solids (TDS) were analysed for compartments within
the water cycle such as rainwater, throughfall, stemflow, groundwater
and river water expressed in terms of electric conductivity (nS2_ cm"

1)
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FIG.2 Relative frequency distribution of grouped values
of total dissolved solids (TDS) expressed as electrical
conductivity (US^Q cffl"',l at different compartments of a
natural terra firmc rainforest in the central Amazon
(n = 2OO per compartment).

(Fig.2). For all compartments the values for TDS are extremely low
but their characteristic distribution patterns along the waterpath
provide significant insight into the cycling of elements in the terra
firme rainforest system. Comparison of the inputs of TDS into the
ecosystem with its outputs shows only small losses.

The bulk of TDS is concentrated in stemflow and throughfall. A
part of TDS transferred to and generated within the rootmat is
leached to groundwater, but leachates are practically free of calcium
and magnesium (Fig.l, Brinkmann, 1983).



Nutrient balance of a central Amazonian rainforest 159

THE ELEMENT CYCLE OF A NATURAL SYSTEM

Analyses of cycling elements in the central Amazonian rainforest
reveal the hydro-biogeochemical cycle of some elements to be open or
partly open, while for others the cycle is tightly closed, e.g. the
elements released from the biomass are rapidly recharged to the
biomass (Table 3). Table 3 is based on 200 analyses for bioelement
and compartment.

TABLE 3 Annual model (kg ha~1year~1) of selected bloelements- of
a natural terra flrmc rainforest on Tertiary formations in the
central Amazon
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In addition to the element budget (Table 3) the coefficients of
elemental compartment rates were calculated for better understanding
of the system dynamics (Table 4). For the identification of input-

TABLE 4 Coefficients of annual rates of element transfer
between compartments of a natural terra firme rainforest
system

Ca? +

Mg2 +

NH%
NO~
NO~3

N°r9
Nt
pt
Fet

(1)

0.29
O.36
O.48
0.27
0.12
O.15
O.17
1.33
0.16

(2)

0.008
O.OO9
O.16
O.14
0.61
0.14

O.O3

O.1O
O.3O

(3)

38.44
40.4O

3.O8
1.91
O.2O
1.O7

5.O2

12.33
O.55

(4)

0.89
O.77

-
-
-

-

0.38
O.77

0.65

(5)

1.81
3.3O
2.O8
O.4O
1.03
1.89

1.67
1.46
2.OO

output hydro-biogeochemistry of the terra firme rainforest system the
coefficient of annual rates of elements in rainwater and river water
are given in column (1) of Table 4. The release of elements from the
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biomass and by biomass leachates may be estimated by the coefficients
of annual rates of elements in rainwater and total input of elements
to the root-mat of the system (column (2) of Table 4). The efficiency
of the rootmat trap mechanisms in retaining incoming compounds may be
approximated by the coefficients of total input rates of elements to
the rootmat and output rates in river water (column (3) of Table 4).
The importance of waterpath-bound elements (leachates) for the
maintenance of the system compared with biomass-bound elements may be
expressed as coefficients of summed throughfall and stemflow data
and total litter-bound rates (column (4) of Table 4). The relation
between throughfall and stemflow is given as coefficients of their
annual elemental rates (column (5) of Table 4).

Results of the terra firme rainforest ecosystems analyses can be
summarized as follows:

(a) In the long run (on the scale of centuries) the available
nutrient pool of cycling bioelements will be successively diminished
of some essential plant nutrients, primarily calcium and magnesium,
but also potassium. The de-stabilization of the system will acceler-
ate whenever conditions for optimal photosynthesis are combined with
growing nutrient deficiency.

(b) At present the hydro-biogeochemical cycles of calcium,
magnesium, total phosphorus and total nitrogen are tightly closed, but
the terra firme rainforest ecosystem is in a dynamic steady-state
which provides for heteorogeneity of composition and luxuriant
habitat,

(c) The maintenance of the ecosystem is supported by a complex
web of multi-linked element cycles which may be characterized as:

(i) The direct nutrient recycling by solutes. These are stemflow
and throughfall-bound bioelements , which are easily available for
the direct uptake by root systems or for a slightly retarded
uptake along the microbial chain, e.g. bacteria and fungal mycorr-
hiza (Brinkmann & Santos, 1971, 1973; Bernhard-Reversat, 1975;
Stark & Jordan, 1978).
(ii) The rapid nutrient recycling by biochemical decomposition
of micro-litter (small organic particles such as fragments of
leaves and bark, flowers, faeces) being completely mineralized
several months after fall.
(iii) The medium-term nutrient recycling by biodegradation of
macro-litter (leaves, branches, fruits). Decomposing processes
range from a number of months to several years.
(iv) The long term nutrient recycling by wood decomposition (big
branches, tree trunks).
(d) The primary sources for cycling bioelements are (i) the

biomass overturn (litter and wood compartment) and (ii) the canopy
and stem areas where the uptake and release dynamics of dense
epiphyllic communities as well as pre-fall decomposition processes
(mainly on leaves) produce a great number of essential plant nutrients
the bulk of which is drained to the ground by rain, but parts of which
are released to the atmosphere. These constituents, mainly gases and
particulate matter, contribute to the cycle as washout products and
dry deposition. At the same time the canopy area plays a considerable
role as a sink for elements in the liquid, solid and gaseous phase,
brought into the forest from the atmosphere and from the rootmat zone.

(e) The most important area of biochemical activity is the rootmat
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zone, which is formed by the topsoil (20-50 cm) and the litter layer
(Brinkmann & Santos, 1971, 1973; Klinge et al. , 1975; Stark & Jordan,
1978). The permanent availability of plant nutrients for the
maintenance of the rainforest system is brought about by physical
destruction, biochemical degradation and biosyntheses in the rootmat
area. As the supply of organic matter and the biochemically gener-
ated nutrient uptake, release and transfer processes overlap in time
and space, a permanent flux of sufficiently high rates of nutrients
and energy within the ecosystem is guaranteed. The rootmat mechanisms
are quite efficient as regards some elements such as calcium,
magnesium, phosphorus and nitrogen but are less so for other nutrients.

(f) The terra firme rainforest system of the central Amazonian
Tertiary is highly sensitive to perturbations caused by man (Brink-
mann & Goes Ribeiro, 1971). The buffer capacity is limited to
native shifting cultivation and small scale agriculture, the recovery
period of which is of the order of 60-80 years, if cleared areas are
abandoned after 2-3 years of cultivation.

THE MAN-MANAGED SYSTEM

Clearing the climax forest by slash-and-burn practice is a widely
used method in the Amazon basin for substituting natural forest areas
by man-managed land use schemes (mainly ranch land) the result of
which is monoculture. The impact of environmental controls such as
solar radiation, evapotranspiration, albedo, rainfall distribution
and intensity, air and soil temperature regime, runoff characterist-
ics and soil erosion is changed drastically and comes into play with
a new efficiency dependent on land use.

For the terra firme rainforest ecosystem, the carbon balance as
well as the nutrient budget is in a dynamic steady state. The
destruction of the forest changes this balance progressively:
secondary forest - deforested areas - non-forest land. The release
of CO2 will significantly increase with this transformation (Lugo &
Brown, 1980),

THE ELEMENT CYCLE OF MAN-MANAGED SYSTEMS

The large-scale clearing and burning of the terra firme rainforest
on nutrient-poor pale-yellow latosols in the central Amazon implies
the following:

(a) The irreversible destruction of the climax forest, e.g. the
nutrient pool of the ecosystem. As a consequence the man-managed
succession depend on input-output hydrogeochemistry (Table 3) which
is not able to sustain a long term land use system (Brinkmann &
Vieira, 1971; Brinkmann & Nascimento, 1973).

(b) The breakdown of the active rootmat zone which propells the
bioelement flow dynamics of the ecosystem. The conversion of natural
forest into large-scale agriculture, timber plantations and pastures
is accompanied by a build-up of a new, land use specific rootmat
zone, but the efficiency of nutrient transfer is low because of the
imbalanced nutrient pool (insufficient litter return, nutrient
extraction by harvest) and a change in the overall impact of
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environmental controls (Brinkmann & Goes Ribeiro , 1971; Krebs, 1975).
(c) The excessive losses of nutrients during and after burning

(Brinkmann k Nascimerito, 1973). A considerable amount of nutrients
bound within the standing crop is blown from the area in the form of
particulate matter and volatiles during burning, resulting in short
term increases in input chemistry of the region due to nutrient
return by wet and dry deposition. Great quantities of fire-extracted
nutrients are drained to the rivers or leached into the subsoil,
where, to a large extent, immobilization processes prevent the re-
current uptake by deep root systems.

(d) As the pale yellow latosols of the Tertiary region of the
central Amazon are extremely poor in essential nutrients large-scale
land use schemes depend on the heavy and permanent application of
mineral fertilizers and pesticides which are indispensible to ensure
production and reduce root competition, insect pests and plant
diseases. Economic/ecological cost-benefit analyses prove the
central Amazonian Tertiary region to be unsuitable for large-scale
monoculture such as cattle ranchings. On the other hand, the region
will sustain well balanced and well managed multistorey systems of
combined polyculture land use schemes including agriculture/silvi-
culture and cattle raising, A basic requirement for the success of
system conversion is knowledge of the limits of agro-ecosystems with
respect to nutrient and energy balance and a good estimate of the
prospective local , regional and global hazards produced by the
conversion.
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Evaluation of runoff sources in a forested basin
in a wet monsoonal environment: a combined
hydrological and hydrochemical approach
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ABSTRACT A semiquantitative description of stormflow
producing mechanisms is given for a forested basin in
central Java, Indonesia. Storm runoff events, consisting
of a mixture of channel precipitation, Horton overland
flow, saturation overland flow and subsurface flow v/ere
studied in terms of contributing areas. Occurrence and
importance of the various flow types are tentatively
evaluated on a lumped basis per storm by combining field
observations and the concept of "minimum contributing
area". Description of subsurface stormflow behaviour
during storms became possible to some extent by detailed
water quality sampling. Subsurface flow contributes to
total quickflow throughout storms via the mechanism of
displacement flow, becoming dominant during the later
stages of the storm hydrograph. It is concluded that the
variable source area concept is applicable to this tropical
basin.

Estimations des diverses composantes de I'Ecoulement
dans un hassin forestier en climat de mousson humide:
une approche combinee hydrologiquc ot hydrochimique
RESUME On donne une description semi-quantitative des
mecanismes generateurs de crue dans un bassin forestier du
centre de Java, Indonesie. Les debits totaux de crue,
consistant en precipitations sur le cours de la riviere,
ruissellement superficiel de Horton, ruissellement super-
ficiel par saturation des sols et ecoulement hypodermique
ont ete etudies en caracterisant 1'aire d'origine de
chaque terme. On a tente d'evaluer la nature et
1'importance des differentes composantes de I1ecoulement
en combinant les observations sur le terrain et la notion
theorique de "surface contribuante minimale". Une
description de 1'ecoulement hypodermique pendant les crues
a ete rendue possible, tout au moins en partie par
1'analyse de la qualite des eaux. L'ecoulement hypo-
dermique contribue au ruissellement rapide total
("quickflow") tout au long des crues par une mecanisme de
piston, qui devient dominant lors des stades tardif des
crues. En conclusion il apparait que la notion de "1'aire
contribuante variable" s'applique a ce bassin tropical.
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INTRODUCTION

In spite of an increasing research interest in tropical forests
during the last decade, processes of storm runoff generation have
received relatively little attention. Yet, knowledge of such
processes in forested tropical basins may be helpful in predicting
hydrological consequences of changes in land use.

Although some work has been conducted on overall basin response
to rainstorms (Dagg & Pratt, 1962; Low, 1971; Gilmour, 1975), studies
relating timing and magnitude of the storm hydrograph to source areas
are very rare indeed for the tropics. Of the various types of flow
that may contribute to storm runoff, overland flow is probably best
studied, usually in relation to sediment production (e.g. Kellmann,
1969; Leigh, 1978a; Lundgren, 1980; Wiersum, 1983). Rates of sub-
surface flow ("throughflow") under tropical forest have been measured
in such environments as the superwet rainforests of Queensland
(Bonell & Gilmour, 1978) and Dominica (Walsh, 1980), the humid low-
lands of Malacca (Leigh, 1978b) and the more seasonal forests of
Amazonas (Nortcliff & Thornes, 1981) and Ivory Coast (Roose, 1982).
Of all these studies only Bonell & Gilmour (1978) related the
behaviour of their stream during storms to hillslope processes in a
quantitative manner.

The present paper presents some data on storm runoff for a small
forested Indonesian drainage basin, as collected within the framework
of a larger investigation of biogeochemical cycling patterns in
tropical forest plantations (Bruijnzeel , 1983), Over 40 runoff
events, consisting of a mixture of channel precipitation, Horton
overland flow, saturation overland flow and subsurface flow (notably
local pipeflow and throughflow) have been studied during the rainy
seasons of 1975/1976 and 1976/1977 in terms of contributing areas.

To supplement the hydrological observations a limited number of
runoff waves and soil moisture, overland flow and pipeflow were
sampled for water quality determinations. In this way a separation
between chemically more concentrated "baseflow" and dilute stormflow
was computed along the lines indicated by Pinder & Jones (1969).

DESCRIPTION OF STUDY AREA

The 19-ha Kali Mondo basin is situated in the hilly northern rim of
the South Serayu range, c. 5 km south of Banjarnegara, south-central
Java, at 7°26'S lat. and 109°45'E long. Basin elevation ranges from
508 to 714 m a.m.s.l.

The site receives on average (1926-1977) 4770 mm of rain per
year, distributed over 176 raindays. A dry season occurs between
July and September, when on average two months experience rainfall
totals of less than 60 mm. Precipitation usually falls in the late
afternoon with most showers not lasting more than 2 h. Mean annual
Penman evaporation amounts to 1345 mm.

The steeply dissected basin is underlain by Quaternary volcanic
ashes of an andesitic nature. Slopes are usually convex and soils
developed in the ashes are humic Andosols (FAO/UNESCO, 1974) with
locally slight signs Of pseudo-gley at a depth of 200-250 cm. The
Kali Mondo has incised itself into the underlying Lower Tertiary



Evaluation of runoff sources in a forested basin 167

rocks which consist of andesitic breccia deposits and -• in the lower

reaches of the basin - shales. Flood-plain size is very limited,

with an abrupt and often canyon-like transition to the hillslopes.

Ash cover thickness is generally over 6 m on the divides, but may

become as thin as 1 m on some steep slopes near the stream (Fig.l).

Legend :

- drainage line
- intermittent drainage line
" diversion
• unpaved road ; compacted surface

thin soils over bedrock ; ( idem on shale unit )
wet zone ; spring : perennial / intermittent
fresh landslide scar
stage recorder & stage staff
V - notch
site for sampling of suspended sediment
idem for water quality determinations
raingauge (daily read)
storage gauge for chemical determinations
pluviograph
meteorological station
site for soilmoisture determinations
tensiometer nest
profile pit
nutrient cycling study plot

N

50 100m

t'lC.l Kali Mondo drainage basin: instrumentation and

hydro logical features.

Infiltration rates of these forest soils are very high, but are

virtually zero on compacted surfaces such as trails and the yard of

the forestry station (Fig.l).

Basin vegetation consists of Agathis dammara plantations ranging

in age between 11 and 35 years and exhibiting different degrees of
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stocking. In the more open stands vigorous shrub thicket is found on
the better sites, whereas poorer sites have been invaded by alang-
alang grasses (Imperata cylindrica). Further details of drainage
basin characteristics are given by Bruijnzeel (1983).

PROCEDURES

The hydrological instrumentation of the basin is shown in Fig.l. The
raingauges were inspected daily and the arithmetical mean of all
readings was used for the areal precipitation estimate. Most of the
data presented in this paper have been collected during the rainy
season of 1975/1976. During this time streamflow was monitored at
the basin outlet V notch weir by a water level recorder equipped
with a daily chart for detailed reading. At the start of the 1976/
1977 wet season a second weir and recorder (W3 in Fig.l) were
installed just upstream of the compacted area. Both this and the
existing recorder were equipped with weekly charts since November
1976. Small discharges (up to 20 1 s"1) were determined at these
and other sites (see Fig.l) by volumetric gauging, higher flows were
usually measured by the salt dilution or the area-velocity methods.

Rates of surface water entry were determined with a small double-
ring infiltrometer (Hills, 1970) at more than 40 sites (three to five
measurements per site) randomly distributed over the basin. Subsoil
permeabilities were measured in the same way in a soil pit of mid-
slope position (NC 1 in Fig.l).

Size of channel area and associated saturated zones, occurrence
and size of areas having surface compaction or thin soils over bed-
rock as well as locations and discharge of springs and pipes were
mapped during a hydrological reconnaissance survey (Fig.l).

Nine runoff waves were sampled throughout their duration to obtain
information on variations in stream water quality during storms:
four at the lower weir and five at the upper weir (W3, see Fig.l).
Riparian and hillslope soil moisture was extracted by means of
vacuum tube lysimeters (Wood, 1973). Major springs and baseflow were
sampled on a weekly basis.

RESULTS AND DISCUSSION

A hydrological approach to runoff sources

In the present context "quickflow" or "stormflow" is defined as the
amount of water leaving the drainage basin during and "immediately
after" a rainstorm minus the basal flow. The latter statement
requires some explanation. For most storms the bulk of the quickflow
is made up of some kind of overland flow and subsurface flow ("trans-
latory flow") from the immediate surroundings of the stream. The
time required for this water to travel from the headwater area to the
lowest gauging point exhibits a strong inverse relationship with
prevailing discharge level. Application of travel times obtained
with this formula (30-120 min) to storm hydrographs revealed the co-
incidence of the end of overland flow and the second of two knick-
points on the recession limb. The line between this point and the
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start of hydrograph rise has been taken as the separation of quick-
flow and baseflow. In this way a consistent set of data was obtained.
Although subsurface flow will continue to contribute to the recession
limb of the storm hydrograph beyond the selected knickpoint, this is
seen as a continuous process which may last for days. As such it
has been included in the baseflow component from which it is hard to
distinguish hydrologically.

During the rainy season the Mondo basin reacts to rainfall almost
immediately. Hydrographs are typically single peaked, unless
reflecting more complex patterns in rainfall intensity. Major storms
produce an increase in baseflow but no secondary peak. Quickflow
volumes (Qq) of 42 storms recorded during the 1975/1976 season
related to storm rainfall (P) according to the equation:

= 0.009 P 1 , U 15 (r = 0.90) (1)

with Q and P expressed in millimetres. Distinguishing between
"relatively wet" and "relatively dry" antecedent conditions did not
raise the coefficient of determination.

Quickflow normally makes up 5-7% of monthly runoff in the wet
season, a figure comparable to the 8-9% reported by Dagg & Pratt
(1962) for a Kenyan basin of similar geology. It is distinctly lower,
however, than found for forested basins in Dominica (Walsh, 1980;
up to 20%) or Queensland (Bonell & Gilmour, 1978; 47% on an annual
basis). (The presently applied quickflow-separating technique leads
to slightly lower estimates than a more traditional approach (cf.
Hewlett & Hibbert, 1967). In the latter case one would arrive at a
figure of 10% at most. Implications of differences resulting from
the two techniques are currently being evaluated,) Clearly the
Javan and Kenyan basins have smaller contributing areas than the
other basins quoted, reflecting their specific geological and
climatological settings.

Dickinson & Whiteley (1972) defined the concept of "minimum
contributing area" (MCA) as the minimum area, which, contributing
100% of the effective rainfall, would yield the measured direct

0.5

o.i

0.05
x "relatively wet" witecedent conditions

• "moderately dry" ((

10 SO
P (mm)

FIG.2 Minimum contributing areas vs. precipitation for
the Kali Mondo basin .(wet season values).
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runoff. Values of MCA have been evaluated for the storms referred to
above, with MCA expressed in hectares (Fig.2), Gross rainfall instead
of effective rainfall had to be used since no canopy saturation value
for the drainage basin vegetation was available. This resulted in
slightly lower estimates for the MCA's corresponding with low
rainfalls. Minimum values of MCA in Fig.2 amount to 0,22 ha, whilst
MCA's of more than 0,90 ha (5% of basin area) are only rarely attained.

Field observations revealed that stormflows in the Mondo basin
consisted of a mixture of channel precipitation (CP), saturation
overland flow (SOF) from wet riparian zones, Horton overland flow
(HOF) from the compacted area as well as subsurface flow (SSF)
emerging from pipes and cracks in the stream banks. The relative
importance of these flow types will now be discussed in terms of
"sub-MCA's".

Permanently wet zones are found along the principal drainage lines
(Fig.l), making up c. 0.09 ha, Channel area itself varies between
0.145 and 0.155 ha. Together this implies a basic contributing area
of 0.24 ha or 1.3% of total basin area. This agrees well with the
minimum value of 0.22 ha in Fig.2, the difference being caused by the
use of gross rather than effective rainfall in the computation of
MCA. This basic area produces CP, SOF and SSF, probably via a
"push-through" mechanism ("translatory flow" of Hewlett & Hibbert ,
1967).

Horton overland flow-producing trails and yards occupy c.
0.165 ha or 0,9% of total basin area. This type of overland flow
has never been observed on the forest floor. Even rainfall intensi-
ties of 200 mm h~ (as recorded on 25 November 1975) were not
sufficient to produce HOF on noncompacted surfaces.

So far the various flow categories could be linked to a certain
areal extension by field mapping. Such an approach is not directly
possible for the subsurface component (SSF). Although perhaps a
corollary of the limited size of the sample population, Fig.2 suggests
a low frequency of MCA-values between 0.4 and 0.5 ha. Since the
headwater area of the basin produces runoff only above a certain
level of wetness (Bruijnzeel, 1983), it may be argued that an MCA of
0.5 ha represents a threshold value for a significant contribution of
SSF. Taking the maximum value of MCA observed during the 18 months
of investigation (viz. 1.45 ha - 7.7% of basin area - for a rainstorm
of 169 mm fallen in 3 h) as a first approximation of the maximum
annual flood, an additional contributing area of 1.05 ha (1,45 minus
0,4) has to be accounted for. This contributing zone will not be
evenly distributed along the stream, but will rather consist of
isolated saturated patches. Areal extent of these will be governed
by spatial and vertical distribution of permeabilities (Bonell &
Gilmour, 1978) and local topography (Anderson & Burt, 1978),

Areas of special interest, therefore, are those with bedrock
relatively close to the surface (cf. Fig.l), major concavities
(discharging their water through pipes in the present case) and the
lowermost parts of hillslopes. Channel lengths associated with
"shallow rock areas" are such that a sub-MCA of 0.25 ha at most can
be assigned. Similarly the "headwater pipe area" contributes a
maximum MCA of 0.22 ha (Bruijnzeel, 1983).

Since the stream is mostly incised in a canyon-like manner there
is little opportunity for widespread extension of saturated lenses in
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the valley bottom. This area, termed "occasionally wet area" (OW)
contributes c. 0.06 ha. With respect to the rest of the riparian
zone does the limited information on "riparian permeability" suggest
that the average of 760 ± 640 mm h"1 (n = 10, surface entry values)
is sufficient to account for the remaining 0.5 ha needed to explain
the maximum observed value of MCA, Figure 3 summarizes the above
information on sub-MCA's,
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FIG.3 Contributing area and runoff type in the Mondo
basin.

A hydrochemical approach to runoff sources

Thus far the various contributions to the storm hydrograph have been
considered on a lumped basis. The contrast in chemical composition
between baseflow and (bulk) quickflow was used by Pinder & Jones
(1969) to separate the two by means of a mass balance equation having
as its solution:

Q b f = [(Ct - Cq)/(Cbf - Cq)]Qt (2)

are respectively discharge of mixed water ("totalwhere Q̂ - and
runoff") and baseflow (1 s~ ); and Ct and Cq are respectively concen-
tration of a selected chemical parameter in the mixed water and
quickflow (mg I" 1).

The question arises to what extent the complex patterns of storm
runoff generation prevailing in the Kali Mondo drainage basin can be
approximated by this two-component model. Direct data on the dis-
charge patterns of the various runoff components during the storms
are not available, but their approximate chemical concentrations are
known. Especially silica concentrations differ per flow type and
therefore are a good marker (Fig.3). As a compromise weighted mean
silica concentrations were assigned to the bulk quickflows of those
runoff events that were sampled in detail, based on the approximate
relative importance of each flow type according to the MCA-approach.

Figure 4 shows the variation of streamwater silica concentration
with time and discharge and the resulting runoff separation for a
double-peaked storm of 89 mm falling in 2 h. Other examples are
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given by Bruijnzeel (1983).
The strongest dilution of basal flow is observed for the rising

limb of the hydrograph, with a slower return to pre-storm concentrat-
ions on the recession limb, giving the typical loop shown in Fig.4(b).
Strong dilution is interpreted as contributions by CP and HOF mainly,
whereas the apparent "stabilization" of silica levels during much of
the recession will represent a dominance of inflows from subsurface
sources.

The mixing model of equation (2) indicates a rapid contribution of
water having pre-storm silica concentrations ("baseflow") which
closely follows fluctuations in total runoff (Fig.4(c)). The data
suggest that the mechanism at work is "translatory flow" or
"displacement flow" (Hewlett & Hibbert, 1967). This flow type occurs
throughout the runoff event but becomes the dominant supplier of
runoff during the later stages (cf. Fritz ct al., 1976). It remains
difficult, however, to translate these findings into a general
runoff separation technique.
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CONCLUSIONS

In conclusion it can be stated that the investigated basin responds
to rainfall in a quite predictable manner. Field mappings indicate
that contributions to stormflow by CP, HOF and SOF originate from
well-defined and relatively constant areas in the basin. Subsurface
contributions are more variable depending on basin wetness before
and during storms and the "variable source area" model seems
applicable to this tropical basin. Subsurface flow contributes
throughout storms via a mechanism of displacement flow and becomes
dominant during the recession stage.
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Soil moisture regimes as affected by silvicultural
treatments in humid East Texas

MINGTEH CHANG, JENNIE C, TING, KIM L. WONG &
ELLIS V. HUNT, JR
School of forestry, Stephen F.Austin State
University, Nacogdoches, Texas 75962, USA

ABSTRACT Based on 268 observations, average soil moisture
content generally increases with depth, and with treat-
ments in this order: undisturbed forest, thinned, clear-
cutting without site preparation, clearcut and KG bladed,
clearcut and chopped, and cultivated. Differences in the
mean soil moisture content between cultivated and undist-
urbed forest plots were as great as 0.20 g cm
Fluctuations are greater near the ground surface, in the
growing season, and on plots with greater forest cover
and less site disturbance. Eight of ten depletion
models gave estimates of soil moisture content at 30 cm
and 0-120 cm depths for the six treatments with fair
accuracy and reasonable results. The most desirable model
estimates moisture contents with R greater than 0.95
and standard error of estimates less than 5% of the
observed mean. The depletion rate is generally greater
when soil moisture content is high, near the ground
surface, on forest plots, and during the growing season.
Surface runoff and soil losses of the six silvicultural
treatments are associated with soil moisture content.
About 8, 10, 10, 21, 31, and 40% of net storm rainfall,
in the above order, occurred as surface runoff; and storms
with gross rainfall more than 16.9, 10.0, 4.6, 3.8, 3.4
and 6.5 mm were required to generate surface runoff on
these East Texas sites under the six treatments listed
above.

Les regimes de 1'humid ite du sol tels qu'ils sont affectes
par les activities forestieres dans la partic orientale
humirfe du Texas
RESUME A partir de 268 observations on constate que la
teneur en eau moyenne du sol augmente avec la profondeur
et suivant les traitements dans l'ordre suivant: foret non
perturbee , foret eclaircie , foret coupee a blanc sans
preparation du site, foret coupe"e a blanc et pass^e au
"KG", foret coupee a blanc et de"bitage des branches, coupee
3 blanc ct cultivee. La difference entre les teneurs
moyennes en eau correspondant aux zones cultive"es et &
la foret non perturbee atteignent sur les parcelles
jusqu'a 0.20 g cm"'. Les variations sont plus fortes pres
de la surface du sol, pendant la periode de crolssance et
sur les parcelles avec le couvert forestier le plus eleve
et la plus faible perturbation du site. Huit sur
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dix dos modeles de deeroissancc de l'humiditc du sol
donnent 1'estimation de la teneur en eau du sol a 30 cm
et 0-120 cm de profondeur pour leg six traitements avec
une assez bonne precision et des resultats raisonnables.
Le meilleur modele estime la teneur en eau avec une
valeur de R superieur a 0.95 et un ecart type de
l'estimation inferieur a 5% de la moyenne observee. Le
taux de decroissance de l'humidite du sol est generale-
ment plus eleve lorsque la tenour en eau du sol est forte .
pres de la surface du sol, sur les parcelles forestieres
et pendant la periodo de croissance. Le ruissellement et
les pertes en sol correspondant aux six traitements
enumeres plus haut sont en relation avec la teneur en eau
du sol. Si l'on considere les traitements dans le meme
ordre plus haut, on observe des lames de ruissellement
egales respectivement a 8, 10, 10, 21, 31 et 40% de la
pluie nette; et des averses avec une hauteur totale
supfirieure a 16.9, 10,0, 4.6, 3.8, 3.4 et 6.5 mm sont
necessaires pour donner lieu a ruissellement sur ces six
sites de l'Est du Texas qui ont ete soumis aux six
traitements itiumeres plus haut.

INTRODUCTION

Clearcutting and mechanical site preparation are common practices in
southern forests in the USA. Heavy equipment is used to remove all
vegetation and slash to facilitate planting and to reduce plant
competition for soil moisture and nutrients, enhancing the establish-
ment and development of well stocked stands at earlier ages (Stransky,
1981). On the other hand, exposure of the soil surface to acceler-
ated erosion may deplete site productivity, degrade water quality,
and jeopardize wildlife habitats and the aquatic environment, a
problem of concern to scientists and administrators especially since
the passage of the Federal Water Pollution Control Act Amendments of
1972.

In humid regions, such as East Texas, accelerated soil erosion
(excluding landsliding) results largely from surface runoff. When
soil moisture is below field capacity and rainfall intensity is less
than soil infiltration and percolation rate, much of the rainfall
enters the soil, resulting in no surface runoff and little or no
soil erosion. Soil moisture is of key importance in storm runoff
and sediment modelling.

Soil moisture has been studied under a variety of conditions
including different types of ground cover (Metz & Douglas, 1959;
Johnson, 1970), pine and hardwood stands (Zahner, 1955), after
species conversion (Tew, 1969), and under different stand
conditions (Eschner, 1960; Moyle & Zahner, 1954), clearcutting
(Hart & Lomas, 1979; Johnson, 1975; Klock & Lopushinsky, 1980;
Troendle, 1970), thinning (Orr, 1968), and patch cutting
(Dietrich & Meiman, 1974), etc. Reported here is a study of
the depletion of soil moisture content under six common
silvicultural treatments in humid East Texas and its relationships
with soil and water movement.
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STUDY AREA AND METHODS

Study area

The study was conducted In the humid subtropical environment of
forested East Texas, about 30 km southwest of Nacogdoches and 230 km
northeast of Houston. The area, with prevailing winds from the south
and southeast, is characterized in winter by frontal storm systems
and in summer by convective afternoon storms of short duration, high
intensity and low frequency (Chang, 1981). Mean annual precipitation
and temperature (1941-1970) at Nacogdoches are 1207 mm and 18.7°C,
respectively.

The soil of the study site is gravelly fine sandy loam of the
Woodtell series, a member of the fine, montmorillonitic, thermic
family of Vertic Hapludalfs with slope ranging from 6 to 11% and
supporting a 40-year old forest dominated by loblolly (Firms taeda)
and shortleaf (P. echinata) pines with scattered hardwoods. The clay
content in the B horizon, only about 0.15 m below the surface, ranges
from 50 to 70%.

Methods

Six different treatments, including the most common methods of timber
harvesting and site preparation in the south, were employed to study
their effects on the soil moisture regime and on soil and water
movement. They include:

(a) undisturbed forest with full crown closure,
(b) thinned forest, 50% of its original crown density,
(c) clearcut , all merchantable timber removed, no site preparation,
(d) clearcut and roller chopped,
(e) clearcut, sheared, root raked and slash piled in windrows,
(f) clearcut, clean tilled, continuous fallow, cultivated up and

down hill.
A surface runoff plot 0.02 ha in area (9.14 m wide x 22.13 m long)

bounded by a plywood barrier 0.15 m deep with half of its depth above
and half below the surface, was installed centrally in each treatment
area. Soil moisture was measured using a Campbell Pacific Hydroprobe
#503, a neutron moderation instrument, through three access tubes
installed in the soil of each plot to a depth of 1.20 m. The
measurements were made at a two to four day interval and at five
different depths, i.e. 0.15, 0.30, 0.60, 0.90, and 1.20 m below the
ground surface. At the lower end of each plot an apron, an approach
section, a 0.154 m H-flume, an automatic water level recorder (FW-1),
a Coshocton N-l runoff sampler collecting about 1% of flow water, and
a storage tank were installed to sample soil and surface water
movements from the plot.

Throughfall in the forest plots (treatments (a), (b), and (c)) was
sampled in five 5.08 cm PVC improvised raingauges randomly installed
in each plot (Roth & Chang, 1981). A climatic station, equipped with
one recording and one standard nonrecording raingauge, two 5.08 cm
PVC improvised raingauges, and one hygrothermograph housed in a
weather shelter, was also installed in an open area at the northwest
corner of the study site.
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Data collection

The treatments were applied during the summer and fall of 1979 and
site preparation was completed on 10 September 1979. All the
mechanical treatments were done using the methods and equipment
commonly employed by lumber companies in the south. Cultivation was
first performed on 18 October 1979 and on seven other occasions up
to the fall of 1982.

The collection of soil moisture data began on 28 May 1980 and
continued until 26 July 1982. Because of abundant organic matter
and roots in forest soils, the curve (instrument readings vs.
moisture content) supplied by Campbell Pacific Nuclear, Inc. was
recalibrated by the gravimetric method and expressed by the following
equation for the undisturbed and thinned treatments:

0 = -0.0466 + O,32Ra (1)

where G is the soil moisture content in g cm" , and Ra is the ratio
between field counts and the standard counts. For the other four
treatments the equation was:

6 = -0.1494 + O.32Ra (2)

Detailed procedures of instrumentation, data collection and sediment
analysis were given by Chang et al. (1982).

Soil moisture depletion rate

Ting (1982) used 1O models (Table 1) to fit soil moisture depletion
rates for three southern pine plantations in East Texas, These
models predict soil moisture content that either depends on the
moisture content of the previous day (0t_1) or original content (9O)
observed t days earlier. They were employed here to test their
goodness-of-fit for the soil moisture depletion rate under the six
silvicultural treatments and accordingly a model was selected to
compare differences in the moisture depletion rate between the six
treatments. The selection was based on ranked R values (coefficient
of multiple determination), standard error of estimates, and
Friedman's (1937) X2 test.

RESULTS AND DISCUSSION

The results discussed below were based on analyses of data collected
between 28 May 1980 and 26 July 1982. There were 268 observations of
soil moisture content and 130 storms during the 790-day period.

Soil moisture content

The average soil moisture contents of the whole soil profile
(0-1.35 m) during the study period were 0.292, 0.397, 0.405, 0.437,
0.427, 0.492 g cm for the undisturbed, thinned, clearcut without
site preparation, chopped, KG bladed, and cultivated plots, respect-
ively. Figure 1 shows the average moisture contents for each of the
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TABLE 1 Ten models For fitting depletion rate of soil
moistuze contents in humid East Texas (Ting, 1982)
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FIG.l Soil moisture content under six different treat-
ments , (a) at five measured depths and (b) entire soil
profile, O-1.35 77i. Treatments are a - undisturbed forest,
b - thinned forest, c - clearcut, no site preparation,
d - clearcut, chopped, e - clearcut, KG bladed, f - clear-
cut, cultivated.

six treatments and at the five different delplthŝ in the soil profile.
In general, the soil moisture content i n c r ^ g ^ syith dap|;ji and with tl

increasing severity of surface and cover disturbances.
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Soil moisture content was least at the surface level (15 cm) in
all treatments; at all levels the moisture content was least on the
undisturbed forest plot. The soil moisture content of the cultivated
and the undisturbed forest profiles differed by as much as 0.20 g
cm . Duncan's multiple t-test showed that mean moisture differences
between thinned and clearcut without site preparation, and between
chopped and KG bladed plots were insignificant at the 0.01 alpha
level. Moisture extraction by tree roots, most abundant in surface
layers, probably accounts for most of the moisture differences
related to treatment; surface layers depleted by tree roots can
supply only limited moisture to lower layers.

The fluctuation of soil moisture content with time tended to be
greater near the ground surface, in forest plots, and during the
growing season. These trends appear to result mainly from added
recharge capacity due to extraction by tree roots, and perhaps by
reduced throughfall under tree crowns. Coefficients of variation
of the mean soil moisture content (0-1.35 m) were 0.144, 0.149, 0.207,
0.137, 0.169 and 0.085 for the treatments a - f, respectively. On
the plot under treatment c, a commercial clearcut, the residual hard-
woods, unmarketable pine trees and understory appear to have extracted
more moisture than on the plots cleared for planting, while inter-
cepting less rainfall than the forested plots.

Moisture depletion rate

The 10 moisture depletion equations shown in Table 1 were employed to
fit the observed moisture contents of the six treatments at 0.30 and
0-1.35 m depths for the growing (March-September) as well as the
dormant (October-February) seasons. Only those observations with at
least five consecutive depletion periods (two to four days each
period) were used in the analyses.

Results of the analyses showed that the coefficients of multiple
0

determination (R'~), a statistic used to evaluate the goodness-of-fit
between the 10 depletion equations and the observed values, ranged
from 0.998 to 0.443. Only 4% of them are below 0.70 and 75% are
greater than 0.90, Equation (8) was the poorest for fitting the 12
soil moisture conditions (six treatments and two depths each) in both
growing and dormant seasons, while equations (11) and (4) were best
for the growing and dormant seasons, respectively. However, the
total ranks of the R' values for equations (3), (4), and (10) are so
close to equation (11) that Friedman's (1937) x test showed no
significant differences at the 0.01 alpha level among the four
models.

Equations (3), (4), (10), and (11) all produced estimates of great
accuracy. The standard errors of estimate ranged from 5.02 to 0.41%
with an average of 1.22% of the observed means. The four 5% standard
errors obtained in the analyses were for the estimates of the undis-
turbed forest plot at the surface level (0.30 m deep) during the
growing season.

Equation (8) had the highest standard errors of estimate among the
10 equations and its errors depended upon the initial moisture content

By considering accuracy and simplicity, equation (10) was selected
as the most suitable model for predicting the soil moisture depletions
in this study. The k values of equation (10) for the six
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TABLE 2 The k values of equation (10) for six silvi-
cultural treatments in East Texas

seasons and . . *
, Silvicultural treatment

depths

GROWING
0.30 m
O-1.35 m

DORMANT
O. 3O m
O-l.35 m

0.9769 O.9795 0.9796 0.982.1 0.9869 O.9869
O.9895 0.9878 0.9875 0.9902 0.9876 0.9923

O.9858 O.9937 0,9862 0.9836 0.9924 0.9860
O.9926 O.995O O.9943 0.9938 0.9876 0.9911

a, undisturbed forest; b, thinned; c, commercial clearcut
without site preparation; d, chopped; e, KG bladed; f,
cultivated.

silvicultural treatments are given in Table 2; none of them shows
a depletion rate exceeding 3% of the moisture content on the
previous day. In general, the errors of estimate were greater in
forested plots, near the ground surface, and during the growing
season.

An analysis of the covariance of k values for the six treatments
at 0.30 and 0-1.35 m depths and for both growing and dormant seasons
showed a significant difference for all at an alpha level less than
0.05. Figure 2 shows the depletion curves of the six treatments,
estimated by equation (10) and the k values shown in Table 2, at the
two depths and for the two seasons. For comparison purposes, they

t, OAYS

FIG.2 Soil moisture depletions estimated by 0t = kOt_j
for six silvicultural conditions in humid East Texas.
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were all calculated using 0.35 g cm 3 as the initial moisture content
and for a depletion period t = 25 days. These depletion curves
clearly illustrate differences among the treatments as well as
between growing and dormant seasons, and between the ground surface
and the total soil profile.

During the growing season, evapotranspiration occurred at greater
rates, precipitation was less but of greater intensity, and soil
moisture storage was usually under stress conditions; soil moisture
depleted more rapidly in forested plots (i.e. undisturbed forest,
thinned, and commercial cut) than the cleared plots, especially at
the ground surface. The differences in moisture depletion among the
six treatments were less consistent in the dormant season, probably
due to reduced extraction by tree roots and to the more frequent re-
charge of soil moisture and to subsurface flows to lower depths.

Runoff-sediment-soil moisture

Table 3 shows mean, maximum, and minimum values for surface runoff,
sediment, and antecedent soil moisture content at 0,30 m depth along
with total net rainfall from 33 storms for each of the six silvi-
cultural treatments during the study period. Both surface runoff
and sediment were least in the undisturbed forest plot and increased
with increasing degree of disturbance to vegetation and soil. This

TABLE 3 Means and ranges of net rainfall, surface runoff, sediment,
and antecedent soil moisture of 33 runoff-producing storms during
May 198O-July 1982, near Nacogdoches, Texas

Treatment

(a)

(b)

(c)

(d)

(e)

(f)

Forest

Thinned

Commercial
cutting
chopped

KG bladed

Cultivated

Net rainfall
(mm)

21.8
(2.62-159.54)
22.9
(3.22-164.14)
25.6
(4.04-179.16)
26.8
(4.4-186-44)
26 .8
(4.4-186.44)
29.5
(4.4-186.44)

Runoff
(mm)

0.64
(0.0-12.64)
1.44
(0.0-14.04)
2.05
(0.0-14.49)
4.81
(0.09-38.16)
7.12
(0.1-54.71)
14.09
(0.1-152.85)

Sediment
(kg ha'1)

0.426
(0-4.30)
0.889
(0-8.50)
6.20
(0-111.30)
18.55
(0.1-133.40)
143.26
(0.1-979.10)
349.49
(0-1395.60)

Antecedent
soil moisture
(g cm"3)

0.2 38
(0.110-0.368)
0.306
(O.16O-O.4O5)
0.297
(0.096-0.474)
0.345
(0.174-0.461)
0.341
(0247-0.527)
0.42 3
(0.329-0.518)

Based on data from 34 storms.

pattern apparently reflects differences in net rainfall, soil moisture
storage, infiltration capacity, surface detention, and the roughness
of the ground surface created by the various treatments.

Surface runoff occurs only when rainfall intensity is greater than
the soil's maximum infiltration capacity. In this case, actual
infiltration rate is equal to maximum infiltration capacity and the
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excess runs over the land surface. Based on data from the 33 storms,
surface runoff (Ro, mm) is best related to net rainfall (Pt, mm) in
the following forms:

Forest: Ro =-1.0115 + 0.0755Pt (R2 = 0.88)

Thinned: Ro = -0.8454 + 0.1040Pt (R2 = 0.62)

Commercial cutting: Ro = -0.4378 + 0.1044Pt (R2 = 0.48)

Chopped: Ro = -0.8007 + 0.2095Pt (R2 = 0.83)

KG: Ro = -1.0456 + O.3O5OPt (R? = 0.86)

Cultivated: Ro = -2.6918 + 0.3962Pt + O.OOO25Pt2 (R2 = 0.96)

These equations showed that about 8, 10, 10, 21, 31, and 40% of net
rainfall occurred as surface runoff in the forest, thinned, commercial
cut, chopped, KG, and cultivated plots, respectively. The negative
constant of each equation implied the mean initial soil moisture re-
charge of each treatment; for the occurrence of surface runoff, a net
storm rainfall of more than 13, 40, 8.13, 4.20, 3.82, 3.43, and
6.53 mm was necessary, in that order.

That the cultivated plot had a greater value (6.53 mm) of maximum
initial soil moisture recharge than the commercial cut (4.20 mm),
chopped (3.82 mm), and KG plots (3.43 mm) seemed anomalous. The
cultivated plot was cultivated eight times up-and-down slope during
the two year period. Immediately after each cultivation, the soil
was fluffy, and infiltration was high; for smaller storms surface
runoff was less than on the KG plot. This situation was gradually
reversed as the soil settled and voids were sealed by eroded soil
particles.

Responses of silvicultural treatments to storm rainfall can be
better illustrated by the surface hydrographs (Fig.3) produced from
a two peaked 176.53 mm storm On 31 August-1 September 1981, (the
largest and the most intense recorded in the study period), and a
9.91 mm storm which occurred 22 h later. Total surface runoff
produced from the two successive storms was 12.64 (6.8% of gross
rainfall), 14.04 (7.5%), 14.49 (7.8%), 38.16 (20.5%), 54.71 (29.3%),
and 152.85 mm (82.O%), for treatments a-f, respectively. About
122.68 mm of rain fell in the first 3 h, an intensity equivalent to
a 25-year return period (Chang, 1981) in the study area. Peak flows
ranged from a rate equivalent to 4.88 m3h"1 in the undisturbed forest
to 32.62 m3h~1 in the cultivated basin.

On each of the six basins there was a secondary runoff peak in
response to the rainfall peak which began 15 h after the start of
the storm; all of them approached or exceeded the height of the
initial peak, although the rainfall amount was only 28% of that for
the initial 3 h. This indicated lowered soil storage capacity at the
time of the second rainfall peak. Only the three cleared treatments
produced appreciable runoff from the second storm. Time scales of
recording equipment were inadequate to determine whether there were
significant differences in time-to-peak runoff among the six treat-
ments .
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SEPTEMBER 1981

FIG.3 Surface hydrographs generated from two successive
storms of 186.44 mm beginning at 23OO h 31 August and
ending 21OO h 2 September 1981 near Nacogdoches, Texas.

The differences in runoff volume and flow rate generated by the
two storms also produced significant differences in sediment move-
ment among the six treatments. Total sediments produced from the
storms, including suspended and deposit, were 1.36, 1.05, 5.08,
96.45, 341.21, and 1250.35 kg ha"1 for the forest, thinned, commercial
cutting with no site preparation, chopped, KG, and cultivated plots,
respectively. The sediment ratios between the former five treatments
to the last treatment (i.e. cultivated plot) were 0.001 09, 0.000 84,
0.004 06, 0.077 14, 0.272 89, in that order. They were generally in
good agreement with the differences in the cover factor (C) of the
universal soil loss equation given in a previous report (Chang et al.,
1982).

Although differences in runoff and sediment from the 33 storms
seemed to be associated with mean antecedent soil moisture conditions
(Table 3) , this factor was insignificant when used in conjunction
with storm rainfall to estimate surface runoff or with runoff to
estimate sediment.

CONCLUSIONS

Average soil moisture content generally increased with depths and
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with silvicultural treatments in this order: undisturbed forest,
thinned forest, commercial cutting without ite preparation, KG
bladed, chopped, and up-hill cultivated. Difference in mean soil-
moisture content between cultivated and undisturbed forest was as
great as 0,20 g cm"3, but differences between thinned and commercially
cut, and between chopped and KG plots were insignificant. The
fluctuation of moisture content is greater near the ground surface,
in the growing season, and for the plots with greater forest cover
and lesser site disturbances.

The depletion of soil moisture can be estimated by eight
different models with fair accuracy and reasonable result. The
most desirable model, based on moisture content in the previous
day, gives estimates with R greater than 0,95 and standard error
of estimates less than 5% of the observed mean. Depletion rate
is generally greater at greater soil moisture content, near the
ground surface, for the forest plots, and in the growing season.

Surface runoff and soil losses of the six silvicultural
treatments are associated with soil moisture content. About 8,
10, 10, 21, 31, and 40% of net storm rainfall, in the above order,
occurred as surface runoff; and storms with greater than 16.90
gross rainfall, 9.95, 4.57, 3.82, 3.43, and 6.53 mm were required
to generate surface runoff on treatments listed above in these
East Texas sites.
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On the lack of dependence of losses from flood
runoff on soil and cover characteristics

IAN CORDERY & DAVID H, PILGRIM
School of Civil Engineering, The University of
New South Wales, PO Box 1, Kensington, New
South Wales 2033, Australia

ABSTRACT Most manuals of agricultural and engineering
design practice published in the last 50 years embody the
assumption that soil and vegetation characteristics are
major determinants of flood runoff. This assumption may
be true for minor floods from small homogeneous areas, and
for deep forest soils in temperate regions, especially
during high infiltration early in a storm. However, for
basins in many regions this assumption is probably not
true and data are presented indicating the independence of
storm continuing loss rates and soil and cover type for
about 50 basins throughout Australia. These basins are
located in various agricultural and forested regions in
the humid zone, with one in the arid zone. Data collected
in New Zealand and USA support these findings. The data
indicate some differences in loss characteristics between
climatic regions and it is suggested these may be due to
the effects of climate on soil profile development.

De 1'absence de dSpendance des pertes dues S 1'ecoulement
pendant les crues par rapport aux caractgristiques du sol
et de la couverture vSgStale
RESUME La plupart des manuels d1agriculture et d'agronomie
publies dans les 50 dernieres annees reposent sur l'hypo-
these que les caracteristiques du sol et de la vegetation
sont les principaux facteurs determinant le taux d'ecoule-
ment pendant les crues. II se peut que cette hypothese
soit exacte en ce qui concerne des crues moderees en
regions homogenes et peu etendues ainsi que pour les sols
6pais des forets en regions temperees, surtout pendant la
pgriode de haute infiltration en debut d'averse. Cependant,
en ce qui concerne les bassins de nombreuses regions, cette
hypoth&se n'est probablement pas valable et des donniSes
sont presentees qui indiquent que les pertes qui subissent
les precipitations sont independantes de la nature du sol
pour environ 50 bassins dans l'ensemble de l'Australie.
Ces bassins sont situes dans differentes regions forestie"res
agricoles de la zone humide, avec un cas dans la zone aride.
Des informations recueillies en Nouvelle Zelande et aux
Etats Unis vont dans le meme sens que cette constatation.
Les donne"es recueillies indiquent des differences dans les
caracte"ristiques des pertes selon les regions climatiques
et il est sugge"re" que cela pourrait etre du aux effets du
climat sur le deVeloppement du profil des sols.

187



188 Ian Cordery & David H.Pilgrim

INTRODUCTION

The loss from gross storm rainfall on a drainage basin is an important
parameter in a wide range of hydrological studies. Loss here is taken
to mean the difference between rain which falls on a basin and the
direct storm runoff which results from that rain. Over a long period
it has been widely accepted that the losses, which are mainly com-
prised of interception, infiltration and depression storage are
related to basin soil and vegetation characteristics. This wide-
spread acceptance is reflected in design flood estimation. For
example in guides to practice such as the American Society of Civil
Engineers Manual of Engineering Practice (1949) the infiltration
capacity is related to soil and land use characteristics. In the US
Department of Agriculture National Engineering Handbook (1971) the
difference between storm rainfall and storm runoff is related to soil
type and land use. A similar relationship is recommended in the UK
Flood Studies Report (Natural Environment Research Council, 1975),
the difference between storm rainfall and runoff being related solely
to soil characteristics. The last two of these examples are concerned
with the differences between total storm rainfall and storm runoff.
The ASCE Handbook is concerned with the infiltration capacity.

In this paper, data from over 50 Australian drainage basins
covering a wide range of locations and climatological conditions are
used to indicate that for large flood events such as those of interest
in the design situation, average rates of loss from rainfall during
the periods in which direct runoff is generated (the supply period)
are independent of soil and cover types. This is supported by data
from USA and New Zealand. In addition, these loss rate values
relevant to the design situation are shown to be of low magnitude,
and sufficiently consistent to be capable of generalized estimation
over wide ranges of location and conditions.

NATURE OF LOSS RATES

The loss rate under consideration here is the average rate of loss
from gross rainfall during the supply period of a storm. This period
is preceded by an initial period where all of the rain is accounted
for by "initial loss", generally at higher rates than the loss rate
during the supply period. The commencement of the supply period is
generally taken in practice to be the time at which the hydrograph at
the outlet of the basin commences to rise, or is at some time before
the start of hydrograph rise evaluated from a study of the records of
many events as described by Laurenson & Pilgrim (1963). For consist-
ency, the initial loss must be deducted from the gross rainfall in
determining a loss rate value, which is then calculated so that the
spatially averaged excess of rainfall over the loss rate is equal to
the observed direct storm runoff from the basin. The loss rate
concept is illustrated in Fig.l.

While the variation of potential losses with time in Fig.l may
be valid at a given point, the loss rate concept involves an averag-
ing or integration of conditions over a drainage basin, and an
assumption that direct runoff is produced over all or most of the
basin. This averaging reduces the physical realism of the concept
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FIG.l Loss rate definition sketch.

and means that its definition is somewhat arbitrary. It also tends
to mask any differences in rates of loss resulting from differences
in soil types, vegetation, antecedent wetness or any other conditions
from point to point within a basin.

The loss rate concept illustrated in Fig.l is really based on
Horton-type infiltration and rainfall excess. In recent years several
other types of runoff processes have been proposed and documented,
particularly saturated overland flow on temporarily saturated areas
and rapid subsurface stormflow or throughflow. This has been accom-
panied by the growing recognition that runoff may be generated from
only part of a basin, and that the source area may vary during a
storm or from storm to storm. For the temperate zone, especially
with deep soils in forested areas or where rainfall rates are relat-
ively low, there is much evidence that most runoff is generated in
saturated zones in valley bottoms occupying only small portions of
the total basins. However, Pilgrim et al. (1982) and Pilgrim (1983)
have shown that runoff processes vary widely in different regions,
and that suggestions that processes observed in some regions have
general applicability are not valid.

Most of the data reported in this paper apply to basins in tropical
areas as defined by the Seminar on the Hydrology of Tropical Areas in
Miami in 1981. As discussed later, the low values of the derived loss
rates indicate that runoff must have been produced over all or most
of each of the basins in the large flood events under consideration.
For these conditions, the loss rate is a valid concept, and simply
gives the average rate of loss over the whole basin irrespective of
the loss and runoff processes. It would be valid whether the runoff
process was excess of rainfall over Hortonian infiltration at the
ground surface, runoff of all rainfall on saturated areas covering
most of the basin, excess of rainfall over infiltration into a sub-
surface horizon of low hydraulic conductivity while the surface layer
of the soil is saturated, or any other process.

The loss rate simply gives the average rate of loss over the whole
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basin, irrespective of the loss process, and as such is of interest
and relevance to design estimation of major floods.

However, the results reported here would not necessarily apply to
temperate regions where runoff may be produced from only a relatively
small part of drainage basins. The use of loss rates may not be
appropriate under these conditions.

DATA AVAILABLE

For this study data were collected from a number of sources. The
most important was the study of Baron ct al. (1980) in which loss
rate values of 336 major flood events for 27 basins in eastern New
South Wales (NSW), Australia, had been assembled from a number of
sources. The authors also derived loss rates for two other NSW basins.
A further 92 values on six basins in Victoria (VIC) , southeastern
Australia, were obtained from Karoly (1968) and 116 were obtained for
five basins in the southwest of Western Australia (WA) from Lowing
(1970). The Queensland Water Resources Commission provided 37 values
on six basins in Queensland, northeastern Australia. In addition
rainfall and runoff data suitable for derivation of loss rates were
available for a further six basins in Victoria from Glover (1979) .
Data from 30 runoff events were also available on eight small basins
and plots at Fowlers Gap in the Australian arid zone. These plots
and basins range in size from 25 m2 to 13 km2 and one median loss
rate value was obtained for this region.

Details of the basins considered are shown in Table 1. Excluding
the arid zone the basins for which data were available range in size
from about 6 ha up to 15 000 km2. The WA basins are near longitude
116°E and the other basins are located between 145°E and 153°E. The
latitude range of the basins is from 24°S to 39°S. The VIC, WA
and southern NSW basins have mediterranean climates. The remainder,
(about one third of the total) have predominant summer rainfall with
a few basins in the transition zone with rainfall distributed
uniformly throughout the year.

A general condition for acceptance of data was that there should be
derived loss rate values for at least five flood events for any basin.
This minimum was adopted so that the mean and median value for any
basin would not be unduly influenced by one exceptionally high or low
value.

Median and mean values of derived loss rates for each basin are
also shown in Table 1. Examination of the individual derived loss
rates indicates that the values for any basin are not usually normally
distributed. Wherever a large number of values are available for a
basin they are positively skewed as would be expected from logical
consideration. However, some of the smaller samples are negatively
skewed as can be seen from a comparison of the mean and median values.
As the derived loss rate values are not normally distributed the median
is probably the best indicator value for each basin.

The median values are generally low, with the mean of all the median
values shown in Table 1 being 3.0 mm h~l with a standard deviation of
1.4 mm h~1. These low values are representative of the storms which
cause large floods. Over widely diverse areas of Australia and for
drainage basins of all sizes large floods generally result from long
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TABLE 1 Loss rate data

Hobo R
Badqery's Ck
Caw.lfiy ' s f:k
Blicks R
Blicks R
Eastern Ck
South Ck

Lidsdalc- No. 1
l,idsda.l c No .5

l.idsdale NO.6
Lidsdalc Nu.9
Pokolbin No.1
Pokolbin No.3

Research Ck
Ml. vernon Ck
Mann H

Gwyd i r R
Natnoi F5
Severn R
Bolubula R
Manilla R
Brogo R
Hunt.fir R

cudgogong R
Eucumbone
I.achlan K

Mauquarie R
Macquario R
Nymrjoida R
Fowlt~:r?; Gap

Carey Fik

South Dandalup R

Ellen Bk
Jane Bk

Shabby Gully
parwan
Stewarts Ck 4
West Arkins Ck
Second Wannon
jack son s Ck
Stewarts Ck 5
Avon R
East Tarwin R
Cobbannah Ck
Lerderberq

Seven Cks
warrambine

Gregory R
Mary R
RaqIan Ck
Boyne R

Kolan R

Basin
location

NSW
NSW
NSW
NSW
NSW
NSW
NSW

NSW
NEW
NSW
NSW
NSW
NSW

NEW
NEW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
iMSW
NSW
NEW
WA
WA
WA
WA
WA
VIC
VIC
VIC
VIC
vic-
vic
VIC
VIC

VIC
VIC
VIC

VIC
QLD
QLD
QLD
Q1..1J

QI.l)

QLD

Basin
size krrT

80
O.Ofcii

5.4
252
70
2 5

88

0,055
0.062
0.090
0.23
14
25
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storms in which initial loss is satisfied and the infiltration rate
becomes quite low. It is likely that in regions where the subsoil
has low hydraulic conductivity the longer storms produce surface
saturation over a considerable part of the basin, and this would also
produce a low loss rate value. As discussed later the low values
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observed for USA and New Zealand indicate that similar conditions
probably apply in these countries.

Examination of the values in Table 1 indicates that all the Western
Australian median values are above the mean of all the medians. This
seems to indicate a different population even though the actual values
are not very different. The single arid zone value is also high but
no conclusions can be drawn from a single value.

RELATIONSHIPS BETWEEN LOSS RATES AND BASIN CHARACTERISTICS

The loss rate data presented in Table 1 are for the continuing losses
only. In most instances initial loss has been separated and the
continuing loss rate only applies to the storm supply period. It is
assumed here that in each of the events for which loss rate data were
available runoff occurred from the whole basin surface. To increase
the probability that this was the case, loss rate values were only
accepted from events where there was substantial runoff. The low loss
rate values shown in Table 1 are an indicator that events in which
partial area runoff occurred were, in general, not used. Runoff must
have been produced from the whole or nearly all of each basin in the
great majority of the events accepted.

To examine possible relationships between median loss rates and
basin characteristics such as location, soil type and vegetation cover,
non parametric statistical tests were carried out. These were used
to examine whether there were significant differences between loss
rate values obtained from basins with different physical character-
istics, such as soil types.
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FIG.2 Median loss rate vs. drainage basin size and
vegetation type.
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The median loss rate values shown in Table 1 have been plotted
against basin size in Fig.2, It can be seen that these median values
are independent of basin size. However, as mentioned above, closer
examination of Table 1 indicates that all the WA basins have high loss
rate values. As shown in Table 2 the Mann-Whitney U test indicates
that the WA values are significantly different from the values for
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eastern Australia. The mean of the median loss rates for the WA
basing was 4.1 mm h~l, For the remainder of the data the mean of
the 48 median values was 2,8 mm h~ with a standard deviation of
1.3 mm h"1. The median of all 532 individual loss rate values
(excluding WA and the arid zone data) was 2,5 mm h

The soil and vegetation characteristics of each basin shown in
Table 1 have been used to assess whether or not the median loss rates
are affected by these parameters. The Kruskal-Wallis multi-sample
test of analysis of variance of ranks showed that there were signifi-
cant differences between loss rates from the various basins. However,
from the sample of data available the only conclusion that can be
drawn is that the loss rates are quite independent of basin soil and
vegetation characteristics. Seasonal changes in both soil and
vegetation may have some influence. Pilgrim (1966) reported that
loss rates for 21 Australian basins, some of which have been included
in this study, varied by a factor of about 2 over a yearly cycle,
with the higher values occurring during summer. However, no distinc-
tion can be drawn between basin median loss rate values on the basis
of basin size, soil type or vegetation cover.

In general the differences between the groupings of loss rate
values shown in Table 2 could have occurred by chance, and there is
insufficient evidence for distinguishing between the groups. Only
the Western Australian (Lowing, 1970) and arid zone data were differ-
ent as mentioned above. For the WA basins the higher loss rate
values could be due entirely to the definition of loss rate adopted.
Lowing assumed that the potential loss rate is constant throughout
the storm and no initial loss was separated from the total rainfall.
Separation of the WA and arid zone data from the remainder does not
change the conclusions regarding the independence of loss rates from
soil and vegetation types. In fact, as shown in the third row of
Table 2, removal of the WA data makes the remaining loss rates even
less dependent on vegetation type. Inspection of the distribution of
points on diagrams such as Fig.2 showed that it was most unlikely
that any particular soil or vegetation classification could be shown

TABLE 2 Levels of significance for rejection of hypothesis that two
samples could have come from the same population of data. Mann-Whitney
U tests. Note that if the significance level is higher than about 5%
the hypothesis should be accepted

Basis of division of samples Significance
level (%)

Western Australian basins All non WA basins 2

All basins with dense or All basins with scattered
medium forest forest or grassland 38

As above, excluding WA As above, excluding WA
basins basins 83

Soils with large clay Soils with little clay
content content 65
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to be related to the loss rates.
As discussed by Pilgrim et al. (1979), in the arid zone region for

which a median loss rate is reported, the soils and physical charact-
eristics vary considerably from one basin to another. However, there
is no evidence of soil type or any other characteristic being related
to the observed loss rates.

Similar conclusions can be drawn when considering initial loss.
For the 14 basins used in the study by Cordery (1970) there was no
evidence to suggest that median initial loss was related to soil type
or vegetation characteristics. The median initial loss was related
to basin size, and there was a very strong relationship between ante-
cedent wetness and individual initial loss values. The size of the
data sample analysed was fairly small but the available evidence
indicates that basin soil and vegetation characteristics may not
influence median initial loss values.

DATA FROM OTHER REGIONS

Some published loss rate data for regions outside Australia were
reported by Pilgrim (1966). These comprised 460 values from 101
basins in USA and 116 values from eight basins in New Zealand, Unfor-
tunately, the soil and vegetation cover characteristics of these
basins are not known but the range of loss rate values is very similar
to that for the Australian basins shown in Table 1. For the USA
basins the median loss rate is about 2.1 mm h~1 with a standard
deviation of about 1.6 mm h"l and the median value for the New Zealand
basins is about 2.7 mm h"1. These values agree well with the eastern
Australian median loss rates of 2.5 mm h"1 and a standard deviation
of about 1.3 mm h"1. In addition Pilgrim showed that the distributions
of loss rate values for each of the three countries were similar.
Since the overall characteristics of the loss rate values for USA and
New Zealand are the same as those of the Australian data it is reason-
able to assume that the same conclusions could be drawn. For drain-
age basins where loss rates have been derived from events where
runoff has been generated over most of the basin, the median loss
rate is low and is probably not related to the soil or vegetation
characteristics of the basin.

CONCLUSION

Loss rate data from 53 basins ranging in size from 5 ha to 15 000 km
have been collected and analysed to determine whether they are related
to such basin characteristics as size or soil and vegetation types.
It has been shown that the median loss rates are not dependent on any
of these basin characteristics but vary, apparently randomly, within
a fairly narrow band. The variation of loss rate values derived from
any one basin is quite large, but there is a significant difference
between values from different basins which indicates that the values
are not all drawn from a single population. This means that for
estimating large floods the use of design loss rate values which vary
from basin to basin depending on the soil and/or vegetation character-
istics is not justified and the adoption of a single, low value for a



Flood runoff Josses and soil and cover characteristics 195

whole region may be more appropriate.
These conclusions may not apply to basins in the temperate zone,

and investigation of data from a large range of these basins would
be required before the conclusions of this study could be
extrapolated to the temperate zone.
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Evolution des ecoulements, des transports
sol ides a I'exutoire et de I'erosion sur les
versants d'un petit bassin apres defrichement
mecanise de la foret tropical humide

JEAN-MARIE FRITSCH
ORSTOM, Cayenne, French Guiana

RESUME Dans le cadre d'un vaste programme d'etude de
1'ecosysteme forestier tropical humide en Guyane
Francaise, la section hydrologique de 1'Office de la
Recherche Scientifique et Technique Outre Mer (ORSTOM)
assure depuis 1977 une operation d'hydrologie experimentale
sur 10 petits bassins versants. Les ecoulements de surface
et les transports solides ont ete mesures pendant deux
cycles hydrologiques annuels dans le milieu physique et
climatique amazonien originel (foret primaire, pluvio-
metrie annuelle 3200 mm). Passe ce delai , les bassins
versants sont deforested et defriches a 1'aide d'engins
lourds (tracteurs a pneus et a chenilles) en simulant les
conditions d'une exploitation forestiere de type papetier,
Le suivi de 1'erosion mecanique sur l'un des bassins
versants dont les resultats sont pre"sentes dans cette
communication, a beneficie d'une attention part iculie're:
les transports solides mesures a I'exutoire du bassin
versant ont pu etre confronted avec 1'erosion des versants
connue par des methodes topographiques. Cet article fait
le point sur 1'evolution du ruissellement, de l'ecoule-
ment , du transport solide et de 1'erosion pendant l'annee
du defrichement.

Changes in streamflow, solid transport at the basin outlet,
and erosion on the slopes of a small tropical forest basin
after clcarcutting with heavy machines
ABSTRACT With the framework of a vast study of the
tropical forest ecosystem in French Guiana, since 1977
the Hydrology Section of ORSTOM has undertaken experimental
studies on 10 small basins. The streamflow and solid
transport under the physical and climatic regime of the
natural amazonian forest (annual rainfall of 3200 mm)
were measured throughout two annual cycles. The basins
were then clearcut using heavy machinery (tractors with
tyres and catapillar tracks), in a similar way to that
used by the paper industry. The results of the mechanical
erosion that followed are presented; particular reference
being given to the solid transport measured at the basin
outlet compared to the erosion on the slopes calculated
by topographical methods. The paper discusses the
changes in streamflow, discharge, solid transport and
erosion during the clearcut year.

197
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LE PROGRAMME DE "MISE EN VALEUR DE L'EOOSYSTEME FORESTIER EN 6UYANE"

Depuis 1977, dans le cadre d'un vaste programme scientifique dans
lequel sont impliquees de grandes centrales de recherches francaises,
1' ecosyste"me forestier amazonien et les conditions de sa mise en
valeur en Guyane Francaise ont ete objets d'etudes menees de facon
integree dans la plupart des disciplines du milieu naturel (pe"dologie,
botanique, bioclimatologie, hydrologie, etc.).

La genese du programe se place a une epoque oii la foret guyanaise
faisait l'objet de speculations a. court terme de la part de deux
grandes compagnies papetieres qui avaient obtenu des permis
d'exploitation sur plusieurs centaines de milliers d'hectares de
foret vierge. Les inquietudes et les incertitudes pesant sur le
devenir spontane" et la recuperation possible de ces espaces promis
a" la devastation, ont infle*chi ce programme scientifique vers un
aspect experimental qui prevoyait d'etudier les effets du defriche-
ment papetier qui serait simule 3 echelle re*duite sur des micro-
bassins versants, apr£s quoi 1'utilisation e"conomique de ces terres
serait testee selon des scenarios reputes vraisemblables dans le
contexte socio-economique de la Guyane: plantations de vergers
d'agrumes, plantation d'essences a croissance rapide (pin et eucaly-
ptus), plantation de paturages, recru spontane* de la foret.

Le protocole de 1 ' etude preVoyait le suivi des e'coulements et des
transports solides pendant 2 ans sous foret naturelle sur 10 bassins
versants elementaires drainant entre 1 et 1.5 ha (Roche, 1979). Ce
sont des considerations d'ordre pe"dologique , plus pre'eise'ment lie"es
au regime hydrodynamique des sols qui ont preValues dans le choix
des bassins versants (Boulet, 1979). Le dispositif comporte effective-
ment 1'ensemble des systSir.es pe"dologiques susceptibles de se deVelop-
per k partir du substratum des schistes de Bonidoro, qui vont de
sols relativement profonds et perme'ables dans lesquels la dynamique
de 1'eau est verticale jusqu'a des sols qui voient leur capacity
d1infiltration se reduire pratiquement a neant des les premiers
centimetres et pour lesquels la dynamique de 1'eau est late>ale et
superficielle.

Les resultats hydrologiques obtenus apres un an d'observation en
moyenne par bassin ayant permis de quantifier de facon globale les
rapports eau-sol-plante sous foret (Roche, 1980), la phase d'expe"ri-
mentation a debute en 1979 et le dernier bassin a e"te" defriche en
decembre 1982.

Cet article exploite les resultats obtenus sur l'un des 10 bassins
versants (H) , qui a fait l'objet d'un suivi particulier en ce qui
concerne 1'erosion et sur lequel des mesures topographiques fines
sur le bassin lui-meme ont complete les mesures faites selon le
protocole standard 3 l'exutoire du bassin versant.

LES CARACTERISTIQUES DU BASSIN VERSANT

Le bassin versant est situd au PK 12 de la piste de St Elie dans la
region de Sinnamary (5°20'N-53°05W).
Des releves topographiques execute's dans des conditions difficiles
sous foret par plusieurs ope"rateurs avec des me"thodes differentes
(boussole-clisimetre et topofil , niveau de chantier, theodolite auto-
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re"ducteur) convergent vers une meme surface de bassin a 5% pr§s.
Au droit du deversoir, la surface draine'e est de 1.0 ha, chiffre
obtenu a partir du leve" au theodolite execute" par le Centre Technique
Forestier Tropical CTFT (Fig.l). La denivelee maximale entre les

BASSIN H
G2m_.: Erosion moyan

-UU/rr,

5 POSITION DE V ANOAIN

ID 13 SO SSm

FIG.l Situation du bassin
versant.

cretes et le deversoir est de 24 m. La pente des versants atteint
localement 27% en rive gauche, sur 30% de la surface environ, alors
que pour le reste du bassin les pentes sont legerement inferieures
a 20%.

Les sols sont developpes sur un sustratum de micaschistes
(formation de Bonidoro) , recoups par quelques filons quartzeux de
pegmatites en rive gauche. La caracteristique hydrologique essent-
ielle de ces sols est leur aptitude au ruissellement , le pedologue
ayant identifie 1'ensemble du bassin comme un systeme a1 dynamique de
l'eau laterale. De surcroit, la partie aval du bassin presente une
nappe phreatique qui peut affleurer en surface sur 15% du bassin en
saison pluvieuse et constituer un impluvium parfaitement impermeable.

La foret recouvrant le bassin est parfaitement originelle dans la
mesure ou la piste n'a ete ouverte qu'en 1975 et qu'il n'existe
aucune riviere navigable qui aurait permis une action anthropique dans
un passe plus lointain. La biomasse vegetale superficielle de cette
foret mesuree par 6chantillonnage destructif sur une parcelle d'un
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hectare est estime a 588 t de mati&re sSche, dans les meilleures
conditions pedologiques (Lescure et al., 1982),

Sur le bassin versant proprement dit, une estimation de la
phytomasse epigee faite par ces memes auteurs aboutit a 312 t ha
toujours en poids sec, mais en considerant seulement les arbres de
plus de 20 cm de diametre.

La pluviometrie moyenne interannuelle sur le bassin £tablie a
partir de 4 annees hydrologiques (1978-1981) est de 3230 mm, et
correspond bien a l'esperance de la moyenne longue durtse en cet
endroit , compte tenu des connaissances meteorologiques g6n^rales sur
la region.

La distribution annuelle des precipitations s'op&re selon deux
saisons:

- la saison des pluies qui dure de d^cembre a juillet en pre"sent-
ant un petit minimum statistique en fevrier-mars et recoit 86% du
total annuel soit 2785 mm pour le bassin versant;

- la saison "seche" constitute par les 4 mois d'aout a novembre,
pendant lesquels sont tombes en moyenne 450 mm (14% du total).

LES CONDITIONS DE MESURE DES PARAMETRES DE L'ECOULEMENT ET DE
L'EROSION

Les precipitations

Les precipitations sont enregistrees par un pluviographe a rotation
rapide ct les diagrammes sont depouilles a" l'aide d'un numeriseur
Benson, avec un pas de temps pouvant descendre a 2 min. L'exploitat-
ion du fichier magnetique ainsi constitue permet d'individualiser des
"averses" selon des criteres etablis par 1'utilisateur, A ce propos ,
si 1'idee subjective d'avcrse, c'est-a-dire d'episode pluvieux de
duree limitee ne pose guere de probleme en regime pluviometrique
contraste, il en est tout autrement en Guyane , du moins dans le type
de temps ou la zone intertropicale de convergence stationne sur le
pays et ou des pluies continues d'intensite faible a moderee persis-
tent pendant plusieurs jours. Aprcs plusieurs essais, 1'individual-
isation automatique des averses a ete faite selon les criteres
suivants:

On appelle averse toute pluie d'au moins 1 mm separee des averses
adjacentes par une intensite restee inferieure a 1 mm h pendant au
moins 60 min,

Ce seuil de 1 mm, extremement bas a du etre retenu apres examen
des ecoulements du bassin versant , qui peuvent se produire ou se
modifier pour des pluies de 1'ordre de 2 mm; cette methodologie
aboutit a 1'individualisation de 450 averses par an pour la periode
1978-1981. Malgre la severity de ces criteres, on n'englobe ainsi
que 90% de la pluie annuelle, ce qui temoigne de I1importance des
"averses" de moins de 1 mm qui representent par exemple 307 mm en
1981 .

Les Ecoulements

Les debits sont connus a partir de 1'enregistrement continu des lames
d'eau d^versantes sur un seuil de type H-flume sure"leve" par un petit
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deversoir en V pour permettre une connaissance des tres faibles
debits frequents sur ce bassin par suite de la vidange de la nappe
phreatique qui se poursuit pendant plusieurs jours apres les Episodes
pluvieux importants.

A la difference des "averses" , les "crues" sont individualisees
manuellement sur des traces automatiques d'hydrogrammes a partir des
fichiers magnetiques de hauteur ci'eau etablis a la meme echelle de
temps que pour les pluies (2 h-.in) . Sur ce bassin coexistent effect-
ivement les trois formes d'ecoulement: ruissellement superficiel,
Ecoulement retarde et ecoulement de nappe. L'ecoulement retarde est
caractEristique de ce type de bassin ou 1'infiltration s'arrete au
bout de quelques centimetres au contact de 1'horizon pedologique dit
"rouge compact".

Pendant les averses, nous avons assiste S la creation de micro-
nappes perchees qui se vident aussitot a la faveur d'un accident
topographique mineur et qui contribuent a grossir 1'hydrogramme de
la crue, cette juxtaposition de petits ecoulements hypodermiques
epars sur le bassin generant alors un veritable "ruissellement
retarde"".

Dans 1' impossibilite que nous somes de connaitre la variation
des ecoulements de cette nature pendant la crue et dont on peut
simplement prEsumer qu'ils mobilisent un volume important, nous avons
inclus ce terme dans ce que nous appellerons "ruissellement" en
choisissant les points caractEristiques de fin de crue trds peu de
temps avant que 1'hydrogramme ne redevienne "plat", indice de la
participation exclusive de la nappe dans 1'ecoulement.

La separation de ce ruissellement avec 1'Ecoulement de base est
faite en supposant lineaire la variation du debit de base entre le
dEbut et la fin de la crue. En 1'absence de toute connaissance sur
l'evolution effective de ce type d'Ecoulement , ce procede simpliste
a l'avantage d'etre systematique, independant de l'ope"rateur et facile
S mettre en oeuvre par calcul automatique (Roche, 1967).

Les transports solides S 1'exutoire

Les transports solides par suspension sont connus par prEldvement
d'echantillons d'eau de 2 litres preleves par un opErateur a
intervalles de temps reduits, pendant les crues. Ce suivi de
l'evolution de la turbidite en fonction des debits, permet de
connaitre les quantites de matieres en suspension transportEes par
chaque crue en fonction de son volume. Cette relation a permis de
reconstituer les transports solides par suspension pour les crues
qui n'avaient pas et^ echantillonnees par suite de 1'absence ou de
la defection de 1'opErateur. Les poids reconstitues representent
15% du total transports en 1979 (situation sous foret) et 37% de ce
total en 1981 (bassin en cours d'amenagement).

Le transport solide par charriage est connu £ 1'Echelle mensuelle
par cubage des sediments qui se sont deposEs dans une fosse situ€e
a 1'amont du deversoir.

L'6rosion sur le bassin versant

Pour perturber le moins possible le milieu naturel, la mesure des
variations topographiques a 6te" faite sur les layons d£jH ouverts
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pour la prospect ion pedologique.
On a ainsi pu disposer de huit transects (Fig.l), selon lesquels on

a mesure tous les metres la distance entre le terrain naturel et un
fil tendu a 1 m du sol environ entre deux reperes nivelles par
rapport au de"versoir pour que cette operation soit reproductible
apres le defrichement mecanise".

CHRONOLOGIE ET CARACTERISTIQUES DES AMENAGEMENTS REALISES SUR LE
BASSIN VERSANT

L'observation du milieu naturel a commence" en Janvier 1978 et s'est
poursuivie jusqu'en juin 1980.

A partir de juillet 1980 commence le "d&forestage" selon le
protocole de la coupe papetiere suivi par les exploitants de la
societe Parsons et Whittemore en juillet et aout 1976 sur une
parcelle de 10 ha (Guiraud, 1979), Tous les arbres de plus de 20 cm
de diametre hormis les "gaulettes" (Licania sp. ) sont abattus ik la
scie a chaine et faconnes en grumes. II n'y a aucune intervention
d'engins roulants dans cette phase,

L'exploitation de ces grumes en dehors du bassin versant est
censee avoir lieu immediatement apres le deforestage, mais les
responsables du programme avaient resolu de situer 1•intervention des
moyens mecanises dans les conditions ecologiques les plus seVferes,
c'est-5-dire en saison des pluies. Le bassin est done reste" au stade,
"de"foreste" jusqu'en de*cembre 1980.

Le "debardago" a finalement lieu en Janvier 1981 sous une pluvio-
me"trie mensuelle de 337 mm. Les grumes sont halves par un tracteur
de'bardeur a pneus sur un pare situe vers 1' amont , au-del£i des limites
du bassin versant, C'est habituellement une operation tr£s traumatis-
ante pour le milieu naturel et on s1attend a voir apparaitre des
changements significatifs dans l'ecoulement et le transport solide a
partir de ce moment.

Un dSfrichement complementaire visant a degager les esp&ces non
abattues au cours de 1'exploitation papetiere, les arbres de moins
de 20 cm de diametre , les houppiers et les souches fait suite des
lors que l'espace n'est pas voue au recru naturel.

Ce defrichement est realise" par un trds gros tracteur a chenilles
(Caterpillar D8®) e"quipe* k l'avant d'une lame coupante destinee k
trancher a ras du sol les arbres reste"s sur pied (lame Rome®) et a
l'arriere de puissantes griffes hydrauliques permettant l'arrachage
des souches et utilisees comme rateau andaineur. Cette phase s'est
de"roulee entre le 24 fevrier et le 11 mars 1981 , sous une pluie
intense, puisqu'on a releve 445 mm pour le mois de fevrier,

Ces conditions climatiques severes ont d'ailleurs perturb^
1'experimentation: En effet , il a fallu interdire a l'engin sous
peine d'enlisement toute la zone du talweg affectee par une nappe
phreatique quasi superficielle. De ces restrictions aux possibilites
de manoeuvre du tracteur est resulte un immense andin en forme de
croissant, d'un metre de haut, constitue de troncs , de souches et de
terre enserrant le talweg et formant un obstacle a l'ecoulement des
versants vers le bas fond comme une veritable banquette (Fig.l). Ce
phenomene sera bien entendu de premiere importance dans 1'interpret-
ation des phenomenes hydrologiques et erosifs.
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L'amfinagements proprement dit commence en mai 1981 par la plantat-
ion d'eucalyptus. A cet effet 1300 trous de 20 cm d'arete sont
creuses a la beche pour recevoir les jeunes plants.

Au cours de la saison des pluies, la terre agglome're'e dans l'andin
est peu 5 peu lessive'e tandis que les parties ligneuses sont brGlees
pendant la saison sfeche & partir du mois d'octobre 1981.

LES ECOULEMENTS ET LES TRANSPORTS SOLIDES SOUS FORET*

La premifere observation qui s'impose est 1'importance exceptionnelle
de 1'Scoulement sur ce bassin. En 1979, pas moins de 57% de la
pluie atteignant la voute forestiere se sont ecoules, ce qui repre1-
sente une lame equivalente de 1836 mm,

A l'echelle mensuelle, ce "rendement hydrologique" augmente encore
et peut ainsi atteindre 83% des 692 mm de pluie mesure's en clairiere
en avril 1979.

On peut a priori penser que 1'existence du dgversoir avec ses
fondations bgtonnees profondes est responsable de ces fortes valeurs
en bloquant 1'Scoulement de la nappe au profit de 1'ecoulement de
surface. En realite, ce phenomene ne peut pas introduire de
distorsion significative, d'une part parce que la situation de nappe
affluente en saison humide £tait deja une caracteristique du bassin
versant et d'autre part parce que les trois quart de 1' ecoulement
annuel (1836 mm) ont lieu pendant les "crues", c'est-a-dire pratique-
ment dans un meme temps que les averses.

L'application d'une relation lineaire fonctionnelle a l'echelle
mensuelle entre pluie totale P et lame ecoulee Le, pour les 30 mois
d'observation sous forfet de Janvier 1978 a juin 1980 donne d'assez
bons rgsultats (r = 0.93 pour Le = 0.86 P - 76.2).

Nianmoins la repartition des points montre qu'il subsiste une
dispersion marginale voisine de 200 mm de Le pour P donne. Un cas
observe1 assez proche de ces conditions est constitue par le binome,
juin 1979-mars 1980 qui, pour une pluie equivalents de 290 mm ont
present^ des e'coulements respectifs de 185 et 27 mm. Cet ecart
reprSsente physiquement la capacity d'absorption confondue de la
foret et de ce type de sol impermeable, compte tenu de l'abondance
pluviometrique en Guyane.

Toujours a l'echelle mensuelle, la meilleure representation du
ruissellement est obtenue en mettant celui-ci en regression avec la
pluie des averses ayant entraine une crue (Pac), II s'agit lit. d'un
concept proche de celui de "pluie utile" utilise par certains auteurs.

Selon cet adjustement (Fig.2(a)), la lame ruisselle"e mensuelle
s'exprime par la relation: Le = 0.63 Pac - 35,8 avec r = 0.97.

Pour comparer Involution du bassin apres d^forestage, nous avons
calculi l'intervalle de confiance k 90% pour 1'estimation de Lr &
Pac donne, en admettant que les deux distributions ne s'ecartaient
pas trop de la normale pour que cette demarche conserve une certaine
consistance. L1 inde"termination sur Lr au seuil p = 0.9 varie trfes
peu entre 49 et 53 mm dans le domaine 50-600 mm de Pac.

Nous avons egalement considere les phenomenes d'e'coulement et de

L'ensemble de ces resultats a l'echelle mensuelle fait l'objet de
1'Annexe.
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(a) ECEREX-Bassin H
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FIG.2 Lame: ruisBellee mensuelle Lr (mm) en Fonction de
la pluie des aversos Po (mm).

ruissellement a l'echelle de l'evfenement elementaire "averse-crue"
k partir d'une selection de toutes les crues ayant provoque un
ruissellement ou un ecoulement superieur a 0.5 nun au cours de l'annee
1979.

On dispose ainsi de 113 evSnements pour le ruissellement et 132
pour 1'ecoulement sur un total de 159 crues effectivement recensees
au cours de cette annee,

Les regressions de Lr et Le en fonction de la pluie des averses
Pac font 1'objet de la Fig.3.

L'ecoulement de chaque crue qui s'exprime par Le = 0.93 Pac - 5.2

implique 1'existence d'une esperance moyenne du coefficient d'ecoule-

ment variant de 72 S 88% pour des averses respectives de 25 et 100 mm.

On est evidemment tres proche du maximum physique possible et il

n'y a pas lieu d'esperer de croissance significative apres deforest-

ation. Ces chiffres montrent egalement que 1'interception et la
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FIG. 3 Lame ruissellee T,r (mm) et lame ecouloe Le (mm)
par averse.

retention de la pluie par la foret ost quasi-nulle au cours d'une
serie d'averses de saison des pluies, bien que cette interception
represente finalement 15% du total pluviometrique a l'echelle d'une
annee (Roche, 1980).

Le ruissellement a l'echelle de "1'averse-crue" conserve le memo
ordre de grandeur selon une relation Lr = 0.90 Pac - 6.2, e'est-a-
dire que ces coefficients de ruissellement pour les mimes limites
d'averses a 25 et 100 mm varient entre 65 et 84%.

Rappelons que la pluie des averses Pac n'a fait l'objet d'aucune
troncature de type "pluie efficace" et qu'il s'agit bien de toute la
pluie tombee immediatement avant et pendant la crue. Cependant, il
faut constater que 1'annee 1979 sans revetir de caractere tres
exceptionnel presente des conditions tout & fait favorables pour
1'ecoulement: cinq mois consecutifs les plus abondants en 1979 ont
un total des pluies d'averses de 1865 mm, alors qu'en 1978 cette
valeur n'etait que de 729 mm.

De maniere caracteristique dans ce milieu forestier, les transports
solides par suspension constituent le mecanisme predominant de
1'erosion mecanique.

Conside"rant les transports solides par charriage, nous constatons
que la fosse S sediments, situee a 1'amont du d&versoir a capte
seulement 52 kg de matie"res minerales sSches au cours de l'anne'e
1979, dont nous avons dit que le ruissellement y avait ete particulife-
rement favorise. Le climax se situe probablement encore en decS de
cette valeur au vu des depots dos six premiers mois de 1 'anne"e 1980
precedant le deforestage, au cours desquels 3 kg de terre seulement
sont restes pieges dans la fosse.

En 1978, ce chiffre etait de 128 kg, valeur forte dvidemment due
a des remaniements du lit & proximite du d^versoir, suite aux travaux
de construction de celui-ci.

Si les transports solides par charriage constituent un ^piphe'nomene
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du surtout & des manifestations aleatoires telles que la chute d'un
arbre ou l'activite animale (rongeurs, grosses fourmili&res), les
transports solides par suspension peuvent d'une certaine maniere etre
mis en rapport avec 1'ecoulement .

En terme de flux global, 1'exportation par cette filiere s'etablit
a 362 kg ha"1 en 1978, 566 kg en 1979 et 313 kg de Janvier & juin
1980, ce qui laisse presupposer une moyenne interannuelle de l'ordre
de 40 t km~zan~1.

Ces chiffres tiennent compte a la fois des debits solides mesure's
au cours des crues ayant fait l'objet de prelevements d'eau et de
ceux qui ont du etre reconstitutes a partir de relations e"tablies annee
par annee du type de celle represented pour l'anne"e 1979 (Fig.4), dans
laquelle on a mis en regression le volume d'eau ecoule pendant la
crue et le debit solide par suspension effectivement mesure.

« * " ' ' ' it
FIG.4 Transports solides en suspension par crue.

On constatera qu' a cette echelle de l'e"vSnement hydrologique
elgmentaire, la variability du transport solide reste e"leve"e pour un
meme volume de crue. Cette estimation demeure cependant moins
mauvaise que celle que l'on obtient a partir de 1' indice e'labore' de
Wischmeier qui intfegre pourtant 1'energie cinetique de 1'averse et
son intensite maximale en 30 min.

La concentration moyenne des 81 crues pr£levees a varie" entre
10 et 100 mg 1~l d'eau, sans relation directe avec 1'Ecoulement.
L'utilisation d'une relation lineaire du type Ws = f(Le) qui admet
implicitement 1'existence d'une concentration moyenne quasi constante
quel que soit le volume de la crue, est done justifie' d£s lors que
l'on vise a1 la reconst itut ion globale du transport solide d'un
ensemble de crues.

En l'occurence on obtient la relation:

W= = 0.49 LE - 0.5
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qui determine un debit solide de l'ordre de 0.5 kg ha"1 par milli-
metre d'ecoulement pour des crue d'importance moyenne avec une
concentration solide de 50 mg I"1.

Par symetrie avec l'ecoulement (cf. 5), cette relation a aussi
ete testee a l'echelle mensuellc sur 1'ensemble des 30 mois d'experi-
mentation sous foret naturelle. La regression apparait bien
meilleure qu'a l'echelle de l'averse (Fig.5(a)), fait en partie du
a la reconstitution sur les crues non observees , ce qui a pour effet
evident de reduire la dispersion.

La relation devient:

W_ = 0. 35 Le - 9.6

et quantifie le transport solide en kg ha"1 a partir du debit moyen
mensuel d'une bassin sans avoir a considerer individuellement chaque

ECEREX - Bassin H

0 100 200 300 400 500 600

(b)

Situations
Qpr« deForeslage
apres defrichemenl papeMer
pendant « opres plonlolion

Regression sous toiet
uvec intervalles de

^ | confiailce Q 90°/o

100 2 0 0 7000

FIG.5 Transports solides par suspension, Ws (kg) en
fonction de la lame ecoulee r,e (mm) a l'echelle msnsuelle.
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true .
L'heteroge'ne'ite de cet Echantillon ferait perdre tout sens au

calcul d'un intervalle de confiance du type de celui tent£ sur
1'ecoulement. Nous nous sommes content^ de fixer des droites envel-
oppes a ±20% de la droite de regression, ce chiffre de 20% repriSsent-
ant la precision de 1'estimation du d^bit solide d'une crue par la
methodo utilisee des pre"levements ponctuels et planime'trage du
"solidogrararae". On admettra l'existence d'un changement significatif.
d5s lors que les points correspondants se situeront & l'exte"rieur de
ce faisceau.

LES MODIFICATIONS DU REGIME HYDRIQUE PENDANT LA MISE EN PLACE DE
L'AMENAGEMENT

Rappelons que la premiere phase d' intervention mecanise*e commence en
Janvier 1981 avec le debardage, et que 1'amenagement choisi (plantat-
ion d'eucalyptus) , mis en place sous le controle du CTFT se termine
en aout de la meme annee.

L'evolution des ecoulements mensuels en 1980 apr§s le de'forestage
et en 1981 apres le debardage est sans equivoque (Fig,2(b)) en termes
statistiques: aucune difference significative n'apparait par rapport
a la foret naturelle, et on pourrait meme dire de facon subjective
que le bassin ecoule moins d'eau sur sol nu que dans 1 'Ecosysteme
naturel.

Nous avions signale dans 1'analyse des crues sous forfit , que
1'Ecoulement ne pourrait augmcnter beaucoup avec le de"frichement,
mais cette stagnation est pour le moins paradoxale dans la mesure ou
des experimentations anterieures faites sur un bassin de meme taille
avaient conclu a une augmentation tres sensible (pres de 100%'.) de
1' ecoulement annuel (Fritsch, .1981). On ne partait pas il est vrai
dc la me"me situation, car le bassin A dont il est question aurait
pr£sente un coefficient d'ecoulement annuel de 1'ordre de 25% en 1979
3 comparer aux 57% sur le bassin presentement e"tudie\

La situation n'apparait pas differente si 1'on passe a l'e'tude
des crues individuelles; a cctte echelle, la repartition des couples
lame/pluie plaide en faveur du mOme type de conclusion, a savoir
.1 ' absence de changements signif icatifs .

Ces regressions en Fig.6(a) pour le ruissellement et en Fig.6(b)
pour 1'ecoulement, et qui sont a rapprocher de celles des
Figs.3(a) et (b) aboutissent a. des ruissellements et des Ecoulements
par crue legerement infericurs a ceux existant sous foret et au mieux
on peut dire qu'elles illustrent des situations semblables compte
tenu de la precision de .1 ' est imat ion ,

Le ruissellement par exemple qui s'exprimait par Lr = 0.90 Pa - 6
sous foret devient Lr = 0.77 Pa - 4, ce qui induirait un ruisselle-
ment inferieur de 10% sur bassin d^frichd pour une averse de 50 mm.

La cause essentielle de cette evolution est bien e"videmment a
mettre en rapport avec la formation incontrole'e de l'andin lors du
dEfrichement tel que nous l'avons decrit (cf. 4). Le bourrelet
enserrant le talweg (voir Fig.l) n'a pu que perturber de facon import-
ante 1'evolution des ecoulements dans le sens constate* d'une diminution
de ceux-ci. Cet andin a eld progressivement resorbE, par lessivage,
puis par brfllis des souches en novembre 1981, et 1' inde"terminat ion
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FIG.6 Lame ruissel.lSe et lame ecoulee par averse aprbs
defrichement.

hydrologique pourra sans doute etre levee a partir des observations
de l'annee 1982 pendant laquelle les plants d'eucalyptus n'avaient
pas atteint une taille suffisante pour exercer une influence signifi-
cative sur le comportement du bassin versant,

LES TRANSPORTS SOLIDES A L'EXUTOIRE DU BASSIN AMENAGE

Le charriage qui e"tait en baisse constante depuis la construction
du dSversoir, marque une le"gere augmentation a partir du mois d'aofit
1980 (cf. I1annexe). 23.7kg de sediments sont extraits de la fosse
en aout et septembre suite a l'abattage des arbres. Puis aucune
augmentation sensible n'accompagne le debardage ou le defrichement
puisqu'on recupere seulement 24.5 kg de terre en Janvier et mai et
cela malgre des pluies mensuelles de 445 mm en fevrier, 413 mm en
avril et 400 mm en mai!

II y a une disjonction complete et presque incroyable entre la
situation au deversoir et celle du bassin, ou a quelques metres
seulement des engins de 32 t deplacent des centaines de metres cubes
de terre! Les quelques ares de bas-fond situes Imme'diatement a
l'amont du deversoir non parcourus par les engins auront suffit a
capter et a retenir la fraction sableuse du de"bit solide.

II faut attendre le mois de juin pour voir arriver des sediments
en quantite notable, 292 kg, puis 2572 kg en juillet. Cette pointe
correspond a la phase de plantation des eucalyptus qui comports
l'enlevement manuel des debris laisses par le tracteur et surtout le
creusement des 1300 trous destines a recevoir les plants. Finalement
cet afflux de terre relativement peu important cesse et ne reprend
pas, meme avec le retour de la saison pluvieuse en de'eembre (234 mm
de lame pour 410 mm de pluie) , puisqu'on recueille seulement 19 kg
ce mois la.
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Les transports solides par suspension n'amorcent aucune remonte"e
apres le deforestage de juin-juillet 1980. On reste S quelques
kilogrammes ou quelques dizaines de kilogrammes par mois , tout a fait
dans les limites etablies pour les suspensions sous foret, ainsi
qu'en temoignent les signes "+" portes sur la Fig.5(b), qui corres-
pondent aux mois de juillet k decembre 1980.

Les chosent evoluent nettement a partir du d£bardage et l'on passe
de l'echelle de la dizaine a celle de la centaine de kilogrammes de
suspensions pour les mois a fortes precipitations: 206 kg en Janvier,
240 kg en fevrier et 237 kg en avril . Les observations relatives a
ces cinq mois de Janvier a mai sont notees avec le symbole "X" et
constituent un groupe bien d6tache\

Puis avec le debut des plantations, on assiste a une nouvelle
augmentation avec 643 kg en juin, 925 kg en juillet et 329 kg en
octobre (points not6s "0"). Les transports solides du mois de
decembre regressent pour se situer dans le groupe du premier semestre
anterieur 6 la plantation.

A partir de cette constatation, on a aborde' 1'etude des debits
solides crue par crue en s^parant les deux phases precedemment
individualisees: juin a octobre (Fig.7(b)) et reste de 1'ann£e
(Fig.7(a)).

Selon les estimations calculees sur ces deux e'chantillons on
aurait Involution suivante:

bassin on cours de cl6frichement:
pendant la plantation:
alors que l'on avait obtenu
bassin sous for&t naturelle:
Ces relations de"terminent l'existence d'un facteur 2.3 entre milieu

naturel et defrichement et d'un facteur 11 entre foret et phase de
plantation.

A la fin de l'annee, ce sont en definitive 3 t de sediments qui

Ws = 1.14 Le - 1
Ws = 5.52 Le -

6
9.9

Ws = 0.49 Le - 0.

SAUF JUIN A DCTDBRE

BASSIN H

US It (b) JLJIN a OCTOBRE

BASSIN H
i sei

t-l. 14X-1. BS
R-B. 7D N- Bl

FIG.7 Transports solides en suspension par crue aprbs
le dSfrichement.
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ont et£ exportes en suspension hors du bassin versant. On est passe1

ainsi de 40 t km"2an~1 a 300 t km~?an~1 soit un facteur de 7,5 entre
les deux situations. Lk encore, comme pour 1'ecoulement, on peut
penser que la presence de 1'andin a pu perturber le debit solide,
tout comme 1'existence d'un bas-fond plat avant le deversoir de
mesures. Le facteur multiplicatif du transport par suspension avait
en effet e"te de 20 pour un bassin ame"nage" en 1979 (Fritsch, 1981).

L'EROSION SUR LES VERSANTS DU BASSIN

Deux leves topographiques ont €te faites le long des transects home's,
en juin 1980 sous foret puis en juillet 1981 apres le defrichement.

L'analyse prendra en compte exclusivement les portions de versants
situees k l'amont du croissant de 1'andin, ce qui fera porter notre
estimation sur 81% de 1'hectare effectivement drains au niveau du
deversoir,

Sur cette surface, il y a globalement un depart de matiere sur
tous les transects, sauf un , comme le montre le Tableau 1.

TABLEAU 1

Transect B2-B1 B2-B3 B6-B5 B6-B7 B9-B10 B9-B8 B13-B12 B13-B14

Erosion 24 0 117 62 90 96 75 86
moyenne
(mm)

Erosion 12O 10 225 15O 265 310 190 290
maximale
ponctu-
elle

La position des transects sur le bassin et 1'erosion correspond-
ante, ont e"te egalement reported sur la Fig.l. L'estimation globale
de l'e'rosion sur le bassin a ete tente"e en affectant 4 la moyenne de
chaque transect une surface presentant des caracteristiques de pente
semblables.

Cette demarche permet d'avancer le chiffre de 656 m pour le
volume des materiaux p^dologiques deplace's sur 8100 m de versants,
soit une ablation moyenne sur le bassin de 8 cm alors qu'en haut de
versant les decapages atteignent 15 a 30 cm.

En termes de degradation specif ique, ceci repre'sente environ 1000 t
de terre en prenant une densite en place de 1.5 pour les horizons
superficiels, c'est-a-dire que les remaniements & 1'interieur meme
d'un bassin elementaire se chiffrant & 120 000 t km~3an~1.

On est bien loin des 3 t de suspensions et des 2.9 t de charriage
effectivement exporte's hors du bassin'. Un chiffre intermediaire
interessant k conside'rer ici, est celui de l'e'rosion provoque"e sur
une parcelle experiment ale de 100 mz (20 x 5 m) situe"e & quelques
centaines de metres du bassin, desherbe'e et ratisse"e selon le
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protocole pr^conisS par Wischmeier. Sur ce dispositif, 1'Erosion sur
une ann^e, c 'est-a-dire la quantity de materiaux exporte's en dehors
de la parcelle, s'etablit a 109 t ha"1 sur une pente de 11.5%
(Sarraich, 1981).

Cette valeur doit etre interpretee comme le potentiel maximal du
transport solide sous les conditions climatiques guyanaises et
represente la limite "id^ale" de sediments qu'un bassin pourrait
exporter en un an, en 1'absence de rupture de charge dans le fond de
talweg.

Finalement , en ramenant tous ces resultats a l'echelle de notre
bassin d'un hectare, on peut quantifier les phenomenes d'erosion et
de transports solides mecaniques de la facon suivante:

(a) foret naturallc: 0.5 t ha"1an"1

(b) transports solides a
1'exutoire du bassin
ver stint pendant la
mise en place dc
1'xmenagement: 6 t ha an

(c) transports solides sur
parcelle de Wiscmeier: 100 t ha~1an"1

(d) remanicnients sur le
bassin lors de l'umenage-
ment: 1000 t ha"1an"1

CONCLUSIONS

Outre l'obtention des donnees physiographiques qui ont ete presentees,
cette experimentation comporte un certain riombre d'enseignements
methodologiques.

Une premiere conclusion est la necessite d'un protocole de
transposition a l'echelle de l'hectare de techniques d1exploitation
sauvages qui affectent normalement des surfaces d'un seul tenant
d'ordre kilometrique. La technique de deforestage et de defrichement
doit bien entendu rester ce qu'elle est sur les versants, mais il
s'impose une intervention complementaire destinee a laisser les fonds
de talweg dans un etat artificiel standard comparable de bassin a
bassin. Faute de quoi, 1'experimentation ne porte plus sur un
hydrosysteme donne , mais sur une surface terrassee de maniere
aleatoire.

II faut done absolument prevoir de 'jardiner' les abords du
collecteur en saison sfeche a l'aide d'un engin leger (tracteur a
chenille type D4).

Cette reproductibilite de 1'experimentation etant assuree, la
comparaison des ecoulements avant et apres et de bassin a bassin,
gardera tout son sens. Par contre, en ce qui concerne les transports
solides, la notion de flux a travers une section de controle, en
l'occurence 1'exutoire du bassin versant, ne rend plus compte que de
facon trfes indirecte de l'^rosion, Cette restriction peut etre
quantifiee de la facon suivante: le colluvionnement sur le bassin est
10 fois superieur aux possibilite"s ide"ales maximales du transport
solide selon Wischmeier. En rgalite", avec 6 t de suspensions et de
charriages pour l'annee, le transport solide a e"te" de fait 17 fois
plus faible que cette limite. Ce facteur 17 est susceptible de
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diminuer sensiblement avec le protocole que nous avons pre'conise',
puisque nous avions obtenu un rapport 9 sur un bassin diSfriche" en
saison sfeche, mais en tout e'tat de cause, les debits solides qui ont
represents 0.6% des remaniements ne sont pas susceptibles de depasser
quelques pour cents de ceux-ci.

Un suivi par placettes sur les versants parait done indispensable
pour completer la surveillance qui s'exerce au droit du deversoir.
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ANNEXE

SUIVI DU BASSIN VERSANT H. PROGRAMME ECEREX EN GUYANE FRANCAISE
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Water yield resulting from clearcutting a small
hardwood basin in central Taiwan

Y. J. HSIA
Taiwan Forestry Research Institute, Taipei,
China

C. C. KOH
Council for Agricultural Planning and Develop-
ment , Taipei, China

AbSTRACT The water yield increase was studied resulting
from clearcutting a small (5.86 ha) low altitude experi-
mental basin. The basin was covered originally with sub-
tropical montane hardwood forest and ground disturbance
was kept to a minimum as skyline logging was used. The
climate of the studied area is characterized by a distinct
wet (from May to September) and dry season. Rainfall
during the wet season averaged 1680 mm or 82% of the annual
rainfall. Based on the "paired basin technique", water
yield increases of 402 mm (55%) and 184 mm (47%) were
estimated for the first and second wet seasons after the
clearcut respectively. For two dry seasons the yield
increases were 46 mm (108%) and 20 mm (293%). Although
the ratios of increase were high during the dry seasons,
the absolute amounts accounted for only 1O% of the total
annual yield. The results suggested that water yield
increases after small-scale deforestation had little effect
on the water supply during the dry season.

Augmentation des apports en eau resultants de la coupe a
blanc dans un petit bassin de bois dur au centre de
1'ile de Taiwan
RESUME L'augmentation des apports en eau resultant de la
coupe a blanc dans un petit bassin experimental de faible
altitude est presentee dans cette communication. Le
bassin etait couvert a l'origine de foret montagneuse sub-
tropicale de bois dur et les perturbations du sol ont ete
reduites au minimum puisqu'on a adopte le principe de la
coupe au niveau du sol. Le climat de la zone etudiee est
caracterise par une saison des pluies (dc mars a septembre)
et une saison seche bien distinctes. La hauteur de
precipitations en saison des pluies est en moyenne de 1680
mm ou 82% de la hauteur de precipitations annuelles. Avec
la technique du bassin temoin, on a estime 1'augmentation
des apports en eau a 402 mm (55%) et 184 mm (47%)
respectivement pour la premiere et la seconde saison des
pluies apres la coupe. Durant les deux saisons seches
1'augmentation des apports a ete de 46 mm (108%) et 20 mm
(293%). Quoique 1'augmentat ion relative ait ete plus
elevee pendant les saisons seches, la valeur absolue ne
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represente que 10% du total annuel des apports en eau.
Les resuitats suggerent que 1'augmentation des apports en
eau apres deboisement a peu d'importance pour 1'approvision-
nement en eau en saison secho.

INTRODUCTION

The fact that timber harvest activities increase streamflow has been
demonstrated in numerous studies although a few exceptions do exist
(Hibbert, 1967). It has also been suggested that cutting forest
vegetation or manipulation of the existing forest cover may have a
favourable impact on the water supply by increasing water yield
during the low flow period (Douglas & Swank, 1972; Lull & Reinhart ,
1967; Rich k Gottfried, 1967). However, as the seasonal distribution
of yield increase varies with differences in physiography, climate
and other factors, cutting forest may not augment water supplies
appreciably (Harr et a.1. , 1979).

Few data have been reported on the hydrological response to silvi-
cultural operations of tropical and subtropical humid evergreen mixed
forests. This study summarizes the change of water yield after
clearcut in a small evergreen forest drainage basin at Lien-Hua-Chi,
in the centre of Taiwan Island. Sediment delivery from logging
practices which is a serious problem in Taiwan, however, was excluded
from the scope of this study, by being careful not to disturb the
ground cover during logging operations. The seasonal distribution of
yield increases after the clearcut is examined and the implication
of possible beneficial water supply increases is also discussed.

STUDY SITE

Five small drainage basins in Lien-Hua-Chi, 5 km northwest of the Sun
Moon Lake in the central part of Taiwan Island are gauged. Basin
LHC-4 and LHC-5 were chosen for this study. The area of basin LHC-4
is 5.86 ha and basin LHC-5 is 8.39 ha. Both basins face southeast
and their average slope is approximately 40%. The climate of this
region is warm and humid, the average monthly temperature never
falling below 15°C, and the average relative humidity above 80%
throughout the year. The annual precipitation for this region is
approximately 2100 mm, ranging from 1100 to 3400 mm. Runoff measured
at the gauged basins is approximately 1100 mm annually. Character-
ized by torrential rainfall in the typhoon season and heavy summer
thunderstorms, 80% of the annual rainfall and 90% of the annual
streamflow occur in the period from May to September (Fig.l). A
daily maximum rainfall near 600 mm has been recorded and rainfall
intensities over 100 mm h~1 are not unusual.

The vegetation cover for this region is evergreen mixed forest
with main tree species of Ciyptocanja chinens.is, Tucheria shinkoenzsis,
Engelhardtin ruxhuri.ihia.na, Hvlic.ia formosuno and can be classified as
a warm-temperate montane rainforest (Liu , 1972) . The soils are
shaly yellow fine silt loam derived from sandstone and shale with
about 1 m depth.
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FIG.l Monthly average streamflow and precipitation at
basin LHC-5 (1975-198O).

METHOD

The approach used in this study is based on the "paired basin
technique". Basin LHC-4 (treated) was clearcut during 1978-1979 .
The adjacent basin LHC-5 is kept as a control basin (Fig.2). The
surface disturbance was kept minimum as skyline logging was used.
Road constructed was located along the basin boundary away from the
stream and all yarding was uphill.

Streamflow data were analysed to determine changes in water yield
after clearcut. The calibration period covers a 7-year span.
Monthly streamflow data were divided into wet season (from May to
September) and dry season (from October to April of the next year)
categories corresponding to the distinct rainfall distribution
pattern. Periodical soil samplings also indicated that the soil
moisture always maintained its saturation during the wet season.
Prelogging prediction equations were established separately for the

LHC-5 CONTROL BRSIN

LHC-4 CLEHRCUT BflSIN' 0 100 £00 M

JCRLF

FIG.2 Topography and location of experimental basins
LHC-4 and LHC-5.
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dry season and wet season. The postlogging monthly streamflows at
the treated drainage basin were then compared with the prediction
limits at the 95% confidence level to determine the significance of
streamflow changes after logging.

RESULTS AND DISCUSSION

Prelogging correlation

Due to instrument failure and occasionally the filling of the stilling
pond at gauged weirs by bed load, the number of months of streamflow
data used in the analysis was 17 and 19 for the wet and dry season
respectively. The prelogging correlations between the monthly
streamflow at the control and the treated basin were good. Prediction
equations explain at least 98% of the variance (Table 1).

TABLE 1 Pralogging monthly streamflow relationship
between the treated basin LHC-4 and control LHC-5

Season

Wet
Dry

(May-September)
(October-Apri1)

Q4

a

-2
-1

= a -

.44

.OO

f- bQ5

b

0.

o.
80
67

r2

O.
O.

984
978

Water yield increase aiter clearout

The water yield increase after the clearcut at basin LHC-4 can also
be tested qualitatively by the double mass curve of streamflow
between the control and treated basin (Fig.3). Such an analysis,
however, can only project the trend of streamflow change (Hewlett,
1982). Comparison between the predicted streamflow of basin LHC-4
at prelogging condition and the postlogging streamflow indicated
that streamflow increased significantly, except for three months in
the dry season and for the months when the streamflow was less than
100 mm in the wet season (Fig.4).

The linear regression equation between the monthly streamflow at
basin LHC-4 (Q4) and that of basin LHC-5 (Q5) during two wet seasons
after the logging was:

Q4 = 16.56 + 1.08 Q 5 r2 = 0.980

The slope of this equation is significantly different than that of
the prelogging prediction equation at the 0.01 level, which gives an
additional test on the water yield increases after the clearcut.

Seasonal distribution of water yield increases

The 24-month period after logging can be divided into two wet and two
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FIG.3 Double mass curve of streamflow at basins LHC-4
and LHC-5

dry seasons. The rainfall of the first year was 2070 mm. The second
year (consisting of 11 months as the April 1981 data were missing)
was a relatively dry year with rainfall a little less than 1500 mm.
The yield increases for the first and second year after the clearcut
were 450 mm (58%) and 200 mm (51%) respectively. Divided into dry
and wet seasons, the yield increases were 108% and 293% respectively
for the first and second dry season. Ratios of yield increases were
smaller for the two wet seasons, which were 55% and 47% (Table 2).
Such a result confirmed the statement that "any change in forest
cover that results in a water yield will have a greater effect
during low-flow periods" (Lee, 1980).

Ratios of yield increase after the logging during dry seasons
were high, however, the absolute amount of water increases were only
46 and 20 mm because of scarce rainfall. This study was carried out
on a relatively small scale in comparison to the whole river basin.
Therefore, forest manipulations aiming at increasing the water supply
during the dry season may have to include a larger area. The amount
of water increase was 402 and 108 mm respectively, for the first and
second wet season . Whether or not such increases will increase the
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FIG.4 Monthly streamflow relationship between basin LHC-
4 and LHC-5; (a) wet season, (b) dry season.
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Table 2 Seasonal distribution of rainfall and streamflow increases
after the clearcut

Rainfall (nun)
Streamflow
increase (nun)
Ratio of
increase (%)

Mag-Sept.
1979

7 6 J'S

402

55

Oct .
Apri

4 36

46

108

1979-
7 198O

May-Scpt.
1980

12 35

184

47

Oct.
Marc

263

20

2 93

198O-
:h 1981

risk of flooding downstream is uncertain at the present time without
further analyses of the peak flow rate, stormflow volume, and
morphology of the larger channel network. However, as flooding has
always been a serious problem in Taiwan during the typhoon season ,
the impact of large baseflow increases alone cannot be overlooked
if large-scale deforestation were to be carried out upstream of
existing major water reservoirs.
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Soil erosion in the humid tropics with particular
reference to agricultural land development and
soil management

R. LAL
International Institute of Tropical Agriculture,
Ibadan, Nigeria

ABSTRACT This report reviews the problem of soil erosion
on arable lands in the humid tropics and its relation to
deforestation and land development and to soil and crop
management practices. It also discusses the problem of
evaluating acceptable rates of soil erosion in relation to
the rate of weathering and of new soil formation and to
the soil erosion-crop productivity relationship.

Erosion du sol dans les regions tropicalcs humides uvec
examen purticulicr du developpement de 1'agriculture et
de 1'amenagemcnt des sols
RESUME Ce rapport passe en revue le probleme de
1'erosion du sol sur lcs terres arables des regions
tropicales humides et ses relations avec le deboisement
et le developpement de 1'agriculture, les pratiques
d'amenagement des sols et les facons culturales. II
examine egalement le probleme de'evaluation avec une
precision acceptable des taux d'erosion des sols en
fonction du taux d'alteration des sols, de la formation
de nouveau sols et des relations entre productivite des
recoltes et erosion,

INTRODUCTION

We refer to the lowland humid tropics as that geographical region
situated between 10°N and 10°S of the equator with a latitude below
500 m a.s.l., a mean temperature in the coldest month of more than
21 C, and more than 1000 mm of rainfall in most years. More
specifically speaking, the humid tropics are the region where
precipitation exceeds potential evapotranspiration (PE) for at least
nine months per year. During dry months PE exceeds actual evapotrans-
piration (AE). Soil moisture storage capacity is such that roots can
withdraw soil moisture from the root zone long after the rains have
ceased. A quantitative climatic analysis is presented by Budyko
(1974) who classified climates on the basis of an aridity index "D"
defined as D = R/LP, where L is the latent heat of vaporization
estimated to be 2500 J g , P is the annual rainfall (cm) and R is
the annual radiation in ly. Humid tropics thus are defined as the
region with D < 1 and an annual net radiation > 80 K ly.

The annual rate at which new arable land is developed in these
regions is estimated to be about 11 x 10' ha or 20 ha per minute

q

(Eckholm, 1979). It is believed that some 10 ha of once forested
land have been turned into semidesert during recorded history
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(Bene et al . , 1977). If not managed properly, the areas currently
being developed may also be degraded and become unproductive. A
significant portion of the current annual land degradation rate of
5 to 7 x 10G ha (Kovda, 1977) may be occurring on the soils of the
tropical regions. At that rate, some 40% of the remaining forest
cover in the humid tropics will be gone by the year 2000 (Barney,
1980). It is important, therefore, that arable land not only be
managed properly so that its productivity is sustained, but that
immediate measures be taken to restore lands rendered unproductive
by degradation.

SOIL AND CLIMATE

The seasonal distribution of rainfall in the humid and subhumid
regions is characterized either by a continuous long rainy season
with no real dry season or by two rainy seasons separated by a short
dry spell with a more pronounced dry season during the low sun period.
These simple patterns generally occur with some local variations.
Tropical rains are typically short , intense storms characterized by
relatively high median drop size and therefore by a high total energy
load. The mean rainfall intensity in tropical regions may be 2-4
times greater than in the temperate regions of western Europe
(Chareau, 1974). Kowal & Kassam (1976) observed the drop size
distribution of selected rainstorms in northern Nigeria and reported
that the drops ranged from 2.34 to 4.86 mm in diameter, the predom-
inant drop diameter being 2.34 mm and the median for the rainstorm
3.42 mm. Lai (1981c) observed the median drop size of rainstorms
received at Ibadan, Nigeria, from 1976 to 1980 and reported that 25%
of the rains had median drop diameters between 2.25 and 2.55 mm, 9%
between 2.85 and 3.15 mm, and 14% between 3.50 and 4.30 mm. It is
not uncommon to have rainstorms with energy loads as high as 70 J
m~2mm~1 of rain and occasional storms with a total energy load in
excess of 100 J m mm of rain. The drop size distribution and
energy load of a rainstorm received on 19 September 1977 at Ibadan,
Nigeria, is shown in Fig.l. The median drop size for this storm was
2.4 mm and the total energy load 275 J ha"'mm : of rain. This was a
very erosive rain indeed. It is generally observed that a sizeable
proportion of the soil erosion in one year is caused by one or two
isolated storms such as the one shown in Fig.l.

Soils in the humid tropics, with a few exceptions, are structurally
unstable. They slake readily under the impact of raindrops. Quick
desiccation following an intense storm causes a surface crust to
develop that drastically reduces the infiltration rate. These
structural alterations are accentuated in soils that have lost their
protective cover of vegetation. This rapid deterioration of the soil
structure and its decline in rainfall receptivity are due partly to
low soil organic matter content. That is why deforestation and
cultivation rapidly increase the susceptibility of tropical soils to
erosion. The erodibility of these soils as defined in the Universal
Soil Loss Equation is generally low to medium (Barnet et al., 1971;
Lai, 1976; Dangler & El-Swaify, 1976; Roose, 1977; Aina et al., 1980).
It is generally believed, therefore, that the high risk of erosion in
the humid and subhumid tropics can be attributed more to the intensity
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FIG.l Drop size distribution and kinetic energy of a
rainstorm received at Ihadan, Nigeria.

of the rainfall than to the exceptional fragility of the soils.
Because these factors together determine the risk of erosion in an
ecology, it is difficult to quantify the relative importance of one
or the other.

SOIL EROSION IN A TROPICAL FOREST ECOSYSTEM

Soil erosion under dense natural perhumid and seasonally humid forest
is usually low, i.e., less than 1 t ha~1year~1 (UNESCO/UNEP/FAO,
1978). Slope wash and soil creep are the major processes by which
tropical forest slopes are denuded, the rate of soil creep being
0.5-1 cm year"1 (Kesel , 1977). The low rates of soil erosion from
tropical forested lands are also confirmed by the low sediment load
of rivers draining tropical forested river basins (Holeman, 1968).
The observed rates of erosion have been estimated to range from about
0.08 um , where the annual rate of rainfall is about 1000 mm, to 0.3 pm,
where annual rainfall is 2000 mm (Kirkby, 1980). These erosion rates
are lower than in regions with less than 1000 mm rainfall annually
(Hudson, 1976; Holy, 1980; Kirkby, 1980).

Erosion under tropical primary forest is generally more severe
than in temperate forests, Birot (1968) gave three reasons why this
is so; (a) the ground flora is less developed in tropical forests
because it receives less radiation, (b) the humus layer is thinner
and the organic matter undergoes more rapid biodecomposition as a
result of prevailing high temperature (Jenkinson k Ayanaba, 1977),
and (c) rains are more frequent and intense. Soil erosion in the
humid regions increases drastically when the vegetation cover is
removed for conversion to arable land or for nonagricultural purposes.
The magnitude of the erosion caused by removal of protective vegetat-
ion cover depends on soil, land form, and rainfall characteristics
and on the management systems adopted. The severity of erosion in
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terms of its effects on crop yields also depends on rooting depth,
soil physlcochemical and biological properties, and the crop grown.

RATE OF WEATHERING AND NEW SOIL FORMATION

The rate and depth of weathering depend on climate, parent material
and relief because these factors govern such processes as organic-
matter influx and decomposition, soil-water reaction, and the rate
and depth of leaching. Tropical forest is characterized by intense,
deep weathering (Strakhov, 1967). The observed rates of weathering
and new soil formation indicate that soils of volcanic origin are
formed more rapidly than those derived from residual parent material
or from igneous or basement complex rocks (Table 1 ) . In Africa, the

TABLE 1 Rate of weathering and soil formation in the tropics

Country Region Rate (mm Soil
year" )

Reference

SO IT, OF VOLCANIC
ORIGIN
Indonesia
Trinidad

Papua New
Guinea

RESIDUAL SOILS
Ivory Coast

Zimbabwe

Zimbabwe

Cameroon

Senegal

Humid tropics O. 73
Humid tropics 0.4 60-

0. 508
Humid tropics 0.058

Ilumi d tropi cs O. O.I. 3-
0.045

Subtropic 0 .0.1 I

Subtropjc 0.041

Humid tropics 0.07

Semiarid 0.0013-

tropics O.OO17

Andisol Van Baren (1931)
And!sol Hay (I960)

Andisol Ruxton (1.966)

Ultisol Leneuf S Aubert
(I960)

Ultisol Owens a Watson
(1979)

Al f.isol Owens & Watson
(1979)

A.I fj sol Boul ad et a.1 .
(1977)

Alfisol Nahon & Lappart-
ient (1977)

annual rate of new soil formation for Ultisols is estimated to be
0.011-0,045 mm (Leneuf & Aubert, 1960; Owens &. Watson, 1979). The
annual rate at which Alfisols are formed has been estimated to be
0.0013 mm in the semiarid or arid region (Nahon & Lappartient, 1977)
and 0.07 mm in the humid region (Boulad et al., 1977). These data
confirm the popular belief that it takes thousands of years to
develop 1 cm of fertile top soil.

EDAPHOLOGICAL SIGNIFICANCE OF SOIL EROSION IN THE HUMID TROPICS

The objective of land development and soil management practices is
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to hold erosion to acceptable levels to that the economic product-
ivity and stability of the ecosystem is maintained. The erosion rate
should not exceed the rate of new soil formation through physico-
chemical and biological weathering. For soils of the temperate
region, the acceptable rate is between 5 and 15 t ha^'year"1.

Although soil erosion has serious ecological implications, the
edaphological significance of the acceptable rates of soil erosion
needs to be examined also. Even a relatively low rate of soil
erosion can be very severe if it causes a rapid decline in crop
productivity and economic yields cannot bo attained through moderate
application of fertilizers and amendments or through routine agron-
omic practices. The data in Fig.2 were obtained from some western
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50IL LOSS TOLERANCE Una"1 a"']

FIG.2 The acceptable range of soil loss tolerance for
some soils in southwest Nigeria.

Nigerian soils according to the procedure described by Smith & Stamey
(1967) and Skidmore (1979). The analyses presented here indicate that
the acceptable rates of soil erosion for these shallow soils of low
inherent fertility range from 0.5 to 2.0 t ha"Sear"1. A severe
decline in soil productivity occurs when the soil management and
agronomic practices adopted fail to limit erosion to these rates (Lai,
1981a, 1983). For example, maize grain yield from plots that had
lost 20 cm of surface soil could not be restored by addition of
inorganic fertilizers (Fig.3). The exposed subsoil was not a favour-
able medium for root growth, and crops no longer responded to fertil-
izers. This is not to say that all soils in the tropics have such
low soil loss tolerance. In fact, some deep soils with edaphologic-
ally favourable subsoil properties (e.g. Andisols, Inceptisols, etc.)
can sustain economic yields even after they have been truncated.
However, the great majority of soils in the tropics (Alfisols,
UltisoXs, Oxisols, and Vertisols) seem to have rather low soil loss
tolerance. It is important to consider this fact in developing a
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J

N I T R O G E N RATE ( k g ha" 1 )

FIG. 3 Maize grain yield from a desurfaced Alfisol at
three levels of N fertilizer application.

strategy for development of new arable land in the humid tropics and
for selecting appropriate land uses and soil management practices.

HYDROLOGICAL CONSEQUENCES OF DEFORESTATION

With some exceptions in the perhumid regions (Bonell & Gilmour, 1978;
Bonell et nl., 1979), the tropical rainforest is generally a closed
ecosystem. High rainfall interception and surface detention,
relatively high evapotranspiration (Lawson et al., 1981), and
extraction of soil moisture from subsoil horizons by deep-rooted
species keep water runoff and baseflow to a minimum (Lai , 1981b) .
Hibbert (1967) and Pereira (1973) reviewed the effects of deforest-
ation and changes in land use on the hydrological balance. These
and other researchers have observed that deforestation increases
streamflow at a rate generally proportional to the reduction in
forest cover over the basin (Pereira, 1973; Lai & Russell, 1981).

Land management studies conducted on a 44 ha drainage basin in
alfisol regions of western Nigeria indicated that deforestation
significantly increased the total water yield. Both direct runoff
and the interflow component increased after deforestation. The data
in Fig.4 indicate a steady increase in total water yield from 1979,
the first year after deforestation, to 1981. Furthermore, at the
beginning of the dry season in January, the baseflow increased from
an unmeasurable trace in a forested river basin in 1978, to less than
0.1, 0.18 and 3.2 mm month"1 in 1979, 1980 and 1981, respectively.
The increase in direct storm runoff is attributed to a gradual
deterioration of the surface soil structure and infiltration. The
increase in baseflow is also due to a gradual decrease in bush re-
growth and therefore to nonutilization of subsoil water by shallow-
rooted seasonal crops. A decrease in the organic matter content and
in the relative proportion of retention pores in the soil profile also
limits its storage capacity. Deforestation, therefore, causes a
dramatic shift in various components of the hydrological cycle. More
specifically, the phenomenal increase in direct runoff and baseflow
is associated with a corresponding decrease in soil water storage,
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FIG.4 Total water yield From a 44-ha. cleared basin for
three consecutive years after deforestation. Note the
increase in the baseflow from November till March for 198O
and 1981 compared with 1979.

evapotranspiration and surface detention.
Changes in microscale and mesoclimate (Lai & Cummings, 1979;

Lawson et al., 1981) also influence the diurnal patterns in baseflow.

FIG.5 Diurnal fluctuations in streamflow from a 44-ha
cleared basin.
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The data in Fig.5 indicate the effect of daily evapotranspiration

over the drainage basin (44 ha) on rate of baseflow measured on 5:1

weir. The maximum flow rate, measured during the dry season after a

prolonged rainless period, occurs in the early hours (0400-0600 h)

of the day, and the minimum is usually observed late in the afternoon

between 1600 and 1800 h. The effects of evapotranspiration rate over

the drainage basins on baseflow are observed 3-4 h after the period

of maximum evaporative demand. Forested basins with relatively

uniform ambient environments do not exhibit noticeable diurnal

fluctuations in their baseflow patterns.

TABLE 2 Effects of methods of deforestation and post-clearing soil

management on runoff and erosion from an alfisoi for maize-cassava-

maize-cowpea rotation from 1979 to 1981. Land was cleared in 1979

Treatment

Forest
Traditional farming

Manual clearing/no-tillage

Manual clearing/conventional

tillage

Shear blade clearing/no

tillage

Tree pusher-root rake/

no-tillage

Tree pusher-root rake/

conventional tillage

Basin

area

(ha)

15
2.6

3.1

3 .2

2.7

3.2

4.0

Runoff

1979

T
3.O

16.O

54.0

86.0

153.0

250.0

(mm) :

1979-81

T
6.6

16 .1

79 . 7

1O4 . 8

170.0

330.6

Soil

(t ha

1979

T
o.ol
O.4

5.0

4.O

15.0

20.0

erosion

197 9-81

T
0 .O2

0.4

9.8

4.8

15.7

24.3

T = unmoa.sura.ble trace.

The effects of deforestation method and of subsequent management

on runoff and erosion have been monitored on 3-4 ha drainage basins at

IITA, Ibadan, and reported by Lai (1981b). The data in Table 2

indicate that deforestation, method of land clearing and development,

and tillage system significantly affect runoff and erosion. A

forested basin in this transitional zone, with thick undergrowth and

leaf litter, had virtually no storm runoff and soil wash. A little

localized soil movement was occasionally observed during heavy rain-

storms, but none of any consequence was monitored over the entire

drainage basin. The basin with traditional farming based on an

incomplete clearing also registered minimal runoff and soil loss.

Among the basin treatments involving complete clearing, followed by

mechanized farm operations, manually cleared plots lost a total of

48 mm of runoff and 5 t ha" 1 of soil over a period of 3 years (1979-

1981), compared to 201 mm of runoff and 15 t ha" 1 of soil lost from

the mechanically cleared plots. Averaging the data in Table 3 for

treatments with similar tillage systems indicates that over a 3-year

period runoff and erosion from no-till river basins were 97 mm and

7 t ha" 1, respectively, compared with 205 mm and 17 t ha 1 from

the conventionally ploughed and terraced basins. The effects of
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TABLE 3 Runoff and a soil loss from a no-till vs. a
ploughed basin (data. 7 June 1981)

Basin Runoff (mm) Soil loss (kg ha 1)

No-till 0.0
Ploughed and harrowed 13.1

O.O
64. S

deforestation method on runoff and erosion were more pronounced only
in the first year after land clearing (Table 2). The most effective
soil conservation system of land clearing and management was manual
clearing followed by no-tillage. Soil erosion and runoff loss from
shear blade clearing was also within acceptable limits. In Fig.6

TRAfjriONAl TAKMINO
•x MANUAL CLEARING-NO Till ACH-"

" CLEARING-CONV. "
SHtAK BLADE - NO TILLAGE
TRLT puf,HFR -NO

CONV.TH [ AOh

0 20 to 60 80 100 HO 180 :>20 260
MEAN ANNUAL RUNOFF (mm)

FIG.6 Sediment-runofl' discharge relationships .lor sly
agricultural basins manacjed with different methods of
land clearing and post-clearning tillage sgstems.

the annual soil loss from each basin is plotted as a function of
mean annual runoff for the same land clearing and post clearing
management treatment. The sediment load from the machine cleared
plots was greater than that from manually cleared plots. Both runoff
and sediment density from the no-till treatments were lower than that
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from conventionally ploughed and terraced basins.
The effectiveness of an agronomic or a soil management practice

towards soil and water conservation can be evaluated by computing
soil loss-yield or runoff-yield ratios. For the experiment described
above these ratios are shown in Fig,7(a) and (b) respectively. The
soil loss-grain yield ratio was very high in the first year after

(b)

TREE PUSHER/ROOT RAKE-CONV. TILLAGE

TREE PUSHER » RAKE-NO »

SHEAR BLADE-NO TILLAGE WITH CASSAVA

" " * WITHOUT it

MANUAL CLEARING-CONV, TILLAGE

MANUAL CLEARING-NO TILLAGE

TRADITIONAL

MA I Z E - CASSAVA-MAI ZE-COWPEA ROTATION ( 3 YEARS )

13BD 1981 1979 19B0 1981

FIG. 7 (a) Soil Joss: yield ratio for different manage-
ments, (b) Runoff:yield ratio for different land clearing
and tillage methods.

clearing and decreased subsequently. Similar trends were observed
for the runoff-yield ratio. It is apparent that machine clearing
causes the soil to be more susceptible to erosion and water runoff
than manual clearing. Furthermore, these relationships also depend
on t he crops grown and cropping sequences observed. For example,
soil erosion-yield and runoff-yield ratios are more without than
with cassava (Manihot esculenta) in the cropping sequence. The ratios
are also less for no-till and mulch farming than for conventionally
ploughed methods of seedbed preparation.

SOIL EROSION AND AGRICULTURAL PRACTICES

Agronomic practices can be broadly divided into crop management and
soil management practices. Agronomic practices that cause frequent
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and prolonged exposure of the soil to raindrop impact permit much
more surface runoff than those that provide continuous ground cover
and protect the soil from impacting raindrops. Soil and crop manage-
ment practices can, therefore, be described on the basis of these
broad principles.

LAND USE

Choosing an appropriate land use can drastically curtail soil erosion.
For example, replacing unproductive native vegetation with more
productive cover such as that of a plantation crop (rubber, oil palm,
coffee, cocoa, etc.) will eventually restore the soil-vegetation-
climate equilibrium. Pereira (1973) reported that when land that had
been natural forest was made into a tea plantation , the risk of
runoff and erosion was lower than if the entire drainage basin had
been deforested and then replanted. By the time the tea bushes had
developed a complete canopy, the water balance was virtually unchanged
from that of natural forest. The risk of erosion in improved and
properly managed pastures is lower than on arable land (Dunne, 1979).
But since water yield and erosion increase with grazing intensity,
grazing must be restricted to sectors of the basin where soil is
adequately protected by grass.

Agro-forestry, the practice of growing seasonal crops in associat-
ion with woody perennials, is another useful way to maximize output
without increasing the risk of soil erosion (Mongi & Huxley, 1979).
A combination of deep-rooted perennials with shallow-rooted annuals
can maximize water use and should decrease baseflow. It is estimated
that by the year 2000 the need for fuel wood in tropical countries
will exceed available supplies by about 25%. Agro-forestry should
help meet this increased demand (Eckholm, 1979). Woody perennials
planted on terrace banks can stabilize the back slope and decrease
the risk of their breakage and eventual failure.

Soil surface management

Soil surface management involves seedbed preparation, weed control
and crop residue management. Seedbed preparation and soil management
have both long-term and short-term objectives. In the long run, the
aim of soil management is to preserve, restore and sustain soil
productivity and keep the ecosystem stable. Its immediate objectives
are to optimize biophysical environments, alleviate soil-related
constraints, and reduce drudgery and labour.

Seedbed preparation It is now well established that methods of
seedbed preparation that involve both primary and secondary mechanical
tillage, including moldboard ploughing and harrowing, expose the
soil to the harsh tropical climate and increase the risk of wind and
water erosion (Lai, 1979). Soil detachment and splash are directly
proportional to the extent of mechanical soil manipulation. In
general, the more soil surface area exposed to raindrop impact, the
greater the soil splash. For example, measurements of soil splash
on a sandy soil at IITA, Ibadan, Nigeria, indicated that soil splash
was greatest on ridges, somewhat less on mounds, and least on flat
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seedbeds. Soil detachability and splash are drastically reduced by
providing a protective cover such as mulch on the soil surface.

Detached soil particles are transferred from the interrill zone
to the rill system and eventually downstream through splashing and
shallow surface flow (Yariv, 1976; Foster et ai., 1977). Foster
et a.l . (1977) expressed the relationship of interrill erosion rate
(Di) to soil erodibility (K^), raindrop impact and interrill flow
detachment and transport parameter (R), and slope steepness as
follows:

U± = K± R(bs + c)

The capacity of shallow overland flow and raindrops to detach and
transport soil particles can be drastically reduced by leaving the
soil surface rough or by adding crop residue mulch and vegetative
cover. All these methods increase the soil's resistance to flow.
Lai ct aJ. (1980) observed that runoff losses decrease exponentially
with increasing mulch rate. For example, the runoff losses from an
alfisol on an 8% slope where 18, 10, 4, 1 and 0% of the rainfall
for mulch rates of 0, 2, 4, 6 and 12 t ha 1, respectively. The
corresponding soil losses were 10, 2, 0.5, 0.1 and 0 t ha"1. In
addition to lessening the impact of raindrops and increasing resist-
ance to overland flow, mulching reduces erosion in other ways. By
reducing soil dispersion and eliminating crust, it improves soil
structure and water infiltration.

One way of procuring In situ mulch is through a no-tillage system.
With this system there is no mechanical tillage, and weeds are
controlled by means of herbicides. Field experiments conducted at
IITA on 4-5 ha agricultural basins indicate that no-tillage systems
will control runoff and erosion (Table 3). Where this system is
adopted, it is often unnecessary to use other erosion control
measures such as terraces and grass waterways.

The no-till system is more suitable for some soils and crops than
for others. It is generally applicable to soils having low-activity
clays with coarse-textured surface horizons. Where the soil and
environmental conditions support fauna such as earthworms and
centipedes, no-till or reduced tillage systems will normally succeed.
The outline shown in Fig.8 attempts to relate tillage and seedbed
requirements to soil properties and soil-related constraints upon
crop production in terms of seed germination and seedling establish-
ment, runoff and erosion, and soil structure. Friable soils with
low shrink-swell characteristics are likely to respond more to no-
till or reduced tillage systems than soils with massive structure
and high swell-shrink properties. The applicability of no-till
systems, however, can be greatly expanded by developing suitable
"packages" of agronomic practices that apply specifically to these
systems. With their high fuel and input costs, tillage systems
should be used to alleviate soil-related environmental constraints.
The number of passes with heavy farm machinery should be reduced to
the minimum.

Runoff management Landslides commonly occur in soils with steep
slopes and clayey subsoil if provision is not made for safe disposal
of excess runoff. A range of engineering devices are used to decrease
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FIG.8 Soil physical constraints and appropriates tillage
systems for soils of different texture and mineralogical
comjMsition in the humid tropics.

runoff velocity and its shearing and carrying capacity. Graded
channel terraces, controur ridges with gentle grades, and many kinds
of diversion ditches and waterways have been described in the
literature (Sheng, 1981). The data in Table 4 show that much more
soil can be lost without terraces than with properly constructed and

TABLE 4 Runoff and soil loss from a terraced vs.
unterraced basin at IITA from a single rainstorm received
on 6 July 1981 (West Bank)

Basin Runoff (mm) Soil loss (kg ha )

Terraced
Unterraced

18.1
18 .8

657
2253

maintained terrace-grass waterway systems. Terrace channels decrease
the velocity of water runoff and encourage deposition, thereby
reducing the net movement of soil from farmland. Although the amount
of runoff from terraced and unterraced basins was identical, 3.4 times
more soil was lost from unterraced basins than from terraced basins.
These engineering devices are expensive, however, and require regular
maintenance (Couper et al., 1979). It is also important to realize
that terrace channels and their outlets are only effective if properly
constructed and maintained. Runoff and erosion losses from improperly
constructed devices can far exceed those without them.

The choice of soil management vs. runoff management practices
depends on the soil properties, the amount and distribution of rain-
fall, the cropping system, and the land use. Table 5, which is based
on the literature available in the tropics (Lai, 1979; Anon., 1978),
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summarizes the basic principles governing the choice of these
practices.

TABLE 5 Soil management practices commonly used to decrease runoff
volume and peak runoff rate

Soil Principle Technique

Structurally unstable light
textured soils (Alfisols,
Vltisols, Oxisols, Incepti-
sols) in subhumid regions

Soils with low activity
clays and light textured
(Alfisols, Ultisols,
Oxisols, Inceptisols) in
semiarid to arid regions

Medium to heavy textured
soils compacted

Good structured soils
(Andisols)

Vertisols, soils with
expanding day minerals
in arid regions with
short rainy season

Vertisols and soils with
expanding clay minerals
in semiarid or subhumid
regions with a long
rainy season

Prevent surface
sealing and
raindrop impact

Increase surface
detention

Improve infilt-
ration

Prolonging drainage
ti me

Maintain soil
surface moisture
potential above
the hygroscopic
coefficient and
reduce heat of
wetting

Safe disposal of
water and re-
cycling for
supplementary
irrigation

Mulching, reduced
tillage, cover
crop

Rough cloddy
surface by plough-
ing at the end of
rainy season

Vertical mulching,
chiselling

Tied ridges, ridge-
furrow system

Mulching, soil
inversion just
prior to rain

Graded ridge-
furrow system with
grass water ways
and storage tank,
camber bed
technique

Crop management

Canopy cover Agronomic practices that provide ground cover
quickly early in the season and maintain an effective canopy through-
out periods of erosive rains are known to cause less soil erosion.
In this respect, the traditional farming practice of mixed cropping,
growing more than one crop on the same field simultaneously, is a
useful soil conserving system. Aina et al. (1977) observed
significantly less runoff and soil loss from plots of maize + cassava
than from monocropped maize or cassava. In fact, soil erosion
decreased exponentially with increases in canopy cover (Table 6).
Many agronomic practices, including early planting, optimum crop
stand and plant population, balanced fertilizer application, weeding,
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TABLE 6 Regression equations relating vegetal cover with

soil erosion (Aina ct a]., 1979)

Cropping system Correlation

coefficient (r)

Regression

equation

Soybean-soy bean 0,6.1

Pigeon pea-pigeon pea O.94

Maize-cassava (mixed

cropping) 0.84

Cassava (monoculture) O.9O*

Y = 5.38e
Y - 3.27e

-0.04x
-O.Olx

Y - 2.20e
Y = 2.71e

-O.Olx
•O.OOx

Y = t ha cm 1 of rai.n: x - per cent vegetal cover.

etc. are known to provide early crop cover and protect the soil

against runoff and erosion.

Soil conserving vs. soil degrading crops Crops that establish

an early and close canopy cover protect the soil against the impact

of raindrops. In crops with slow initial vigour, there are many bare

patches that are vulnerable to the impact of raindrops. The data in

table 7 indicate the differences in canopy cover among different

crops and crop associations, as reflected in soil and sand splash on

bare ridges. Soil splash was generally greater for single than for

mixed crops and greater for open canopy than for closed canopy crops.

TABLE 7 Effect of crop cover and methods of seedbed preparation on
soil and sand splash (t ha ) under different cropping systems from
14 June to 12 October 1982 (unpublished data of S.Huke & R.Lai)

Cropping system

Cassava (ridges)
Maize

Yam (mounds)

Sweet potato

Cassava + sweet potato

(ridges)

Sweet potato + maize

Yam + maize (mounds)

Cassava + maize (ridges)

Ridges (bare)

Soil

Abso 1
(t ha

186.8

±11.0
2O3.6

237.2

60.2

140.0

175.0
65.4

440.1

splash:

ute Relative

-1)

42 .4

25.2

46.3

53.9

13.7
31.8

39.8

14.9

100.0

Sand splash:

Absolute Relative
(t ha

61.3
53,5
8.1 .2
86.1

62.3
76.5

74 .2

68 .O
93,1

-1)

65.8

57.5

87.2

92.5

66.9

82.2

79.7

73.0

1OO.O

Cassava has a very open canopy during its first 3-4 months and there-

fore is more susceptible to erosion than maize. Increasing the leaf

area index by growing more than one crop simultaneously or by
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substituting cultivars with dense foliage for those with less cover
should decrease erosion. The regression analyses shown in Table 8
indicate that soil splash is negatively correlated with the leaf
area index and that it increases linearly with increases in 130 and
amount of rainfall per storm.

Crop management practices are less effective than appropriate soil
management practices in controlling erosion. Thus, open-row, soil
degrading crops grown in a no-till system and with residue mulches
cause less soil erosion than soil-conserving crops grown with
inappropriate soil management practices (Greenland & Lai, 1977).

TABLE 8 Regression equations relating soil splash with leaf area
index, rainfall amount and 30-min maximum intensity (unpublished data
of S.IIuke S R.Lai)

Cropping system Regression equation r

Cassava E = 0.56 + O.7O 1 ̂ Q + 0.43 A - 0.46 LAI 0.93
Yam E = 0.08 + 0.88 l'3O
Maize E = 0.15 + 0.06 l"-i0
Sweet potato E - O.91 + O.3O I30
Cassava + sweet potato E = O.45 + O.18 I3Q
Maize + sweet potato E - O.31 + O.O3 I3Q
Yam + maize E = 0.14 + 0.32 I3Q
Cassava + maize E = O.O2 + 0.11 I-^Q

E = splash (kg m ); I-^ = maximum 30-min intensity (in h );
LAI = leaf area index; A = rainfall amount per storm (in).

CONCLUSIONS

Soil erosion in the humid tropics increases drastically when the
protective forest cover is removed. One reason for this increase is
that intense rainstorms of high energy load occur commonly in the
region. Erosion is generally most severe in the first year after
land clearing. After the soil has stabilized, erosion depends more
on postclearing soil management than on the methods of land clearing.
Field experiments conducted in southwestern Nigeria and elsewhere in
the tropics indicate that mechanical land clearing causes more
erosion than manual clearing. Erosion is also affected significantly
by the type of attachment used (e.g. shear blade, tree pusher, tree
extractor, tree crusher, root rake, etc). Attachments such as the
tree pusher and root rake that cause more soil disturbance and
remove all roots and stumps leave the soil more susceptible to erosion.
Among different types of land uses, perennial and plantation crops
cause less erosion than seasonal or annual crops. Well managed
pastures with controlled grazing may also erode less than arable
land, although excessive grazing causes very severe erosion. Agron-
omic practices including methods of seedbed preparation, weed control,
and crop establishment and protection, determine the amount of soil
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exposed to pelting raindrops.
Agronomic practices that conserve the soil include mulch farming,

no-till systems, mixed cropping with multistorey canopy structure,
and appropriate crop rotations with frequent use of cover crops and
planted fallows. Engineering practices such as tied ridges, graded
channel terraces, diversion channels, and grassed waterways are less
effective than improved soil management practices. These engineering
practices also require regular maintenance and are fairly expensive.
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Groundwater hydrology in agriculture of the
humid tropics

JOHN F. MINK
PO Box 4452, Honolulu, Hawaii 96797, USA

ABSTRACT ' Throughout virtually all of the humid tropics
groundwater is a ubiquitous but modestly exploited
resource. In many places it is considered a problem
rather than a benefit because of waterlogging and the
creation of marshes. However, agricultural efficiency can
be vastly improved by using groundwater for irrigation
during seasonal dry periods and throughout extended
droughts. The aquifers may be classified broadly as coastal,
in which fresh water exists in hydraulic connection with
sea water, and interior, in which sea water is not present.
The composition of the groundwater is essentially the same
as in mid-latitudes. Although rates of leaching are more
rapid in warm, moist climates, the final composition of
groundwater is a steady state condition dependent on parent
material of the soil-weathering zone and 1ithology of the
aquifer. The rapidity and thoroughness of weathering in
the humid tropics produces soils in non-deltaic areas that
are poor in minerals and nutrients necessary for good
plant growth. Fertilizers and agricultural chemicals
employed to compensate for this inadequacy contribute a
significant load of dissolved constituents to groundwater.

Hydrologie des eaux soutcrraines dans 1'agriculture
des regions tropicalns humides
RESUME Pour pratiquement toutes les regions tropicales
humides 1'eau souterraine est une ressource toujours
presente mais peu utilisee. Dans de nombreux endroits
elle est consideree conne une source de difficulties
plutot qu'un element interessant des ressources en eau par
suite de 1'engorgement des sols et de la creation de
marais, Cependant les rendements agricoles peuvent etre
largement augmentes par 1'utilisation des eaux
souterraines pour 1'irrigation pendant les saisons seches
et au cours de secheresses prolongees. On peut classifier
les aquiferes de facon tres large en nappes cotieres dans
lesquelles l'eau douce est en relation hydraulique avec
l'eau de mer et en nappes interieures ou l'eau de mer est
absente. La composition des eaux souterraines est essent-
iellement la meme que sous les latitudes temperees. Bien
quo le taux de lessivage soit plus rapide dans les climats
chauds et humides, la composition finale de l'eau
souterraine est dans des conditions d'equilibre permanent
qui depend des materiaux d'origine de 1'ensemble sol-zone
d'alteration et du caractere lithologique de l'aquifere.
La rapidite et la caractere pousse' du phenomene d'alter-
ation dans les regions tropicales humides produisent dans
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les regions en dehors des zones delta'iques , des sols qui
sont pauvres en mineraux et en elements assimilables
necessaires a une croissance satisfaisante de la
vegetation. Les fertilisants et les produits chimiques
utilises par 1'agriculture pour compenser cette deficience
contribuent a creer une charge significative de
constituants en solution dans les eaux souterraines.

INTRODUCTION
The humid tropics are not easily classified, and the uncertainty
about the defining conditions is reflected in numerous schemes
proposed by climatologists, geographers and agriculturists to set
geographical limits. KSppen's classification (Koppen, 1936) is
perhaps the most universally recognized, and it has served as the
basis from which other classifications have evolved. His thermal
requirement of an average temperature for the coldest month of 18°C is
rarely questioned, but his moisture requirement, especially rainfall,
is the pivot about which other classifications rotate. Not only the
amount of rainfall over the normal statistical interval of a year is
contested but also its distribution individually and serially by months.

Under Koppen's definition about 4.1% of the earth's land surface
is included in the humid tropics (Chang, 1968). In contrast, 36% is
categorized as semiarid to extremely arid. A more permissive view is
the suggestion by Balek (1977) that all land between latitudes 10°N
and 10 S should be classified as having a humid tropical climate.
This simplification is modified by recognizing tropical wet climate,
where rainfall is ample for 10 or more months of the year, and
tropical wet and dry climate, where rainfall is ample for nine
months and a dry season of two to three months occurs.

More recently Chang & Lau (1982) of the University of Hawaii
surveyed the classification schemes for the humid tropics and
proposed a synthesis shaped by the following criteria:

(a) mean temperature of coldest month, 18 C;
(b) a wet month defined as having average rainfall •= 100 mm;
(c) a half wet month defined as having average rainfall between

60 and 100 mm.
Employing these limits , they divide the humid tropics into three
classes:

(a) wet tropics - more than 9.5 equivalent wet months;
(b) moist tropics - 7 to 9.5 equivalent wet months;
(c) wet and dry tropics - 4.5 to 7 equivalent wet months.
This scheme is general enough to include Koppen's regions and has

the advantage of incorporating virtually all monsoon climates. It
improves Balek's suggestion by using an average isotherm rather than
a latitude criterion but refines it by more clearly defining the
rainfall requirement.

The Chang-Lau synthesis, though climatological like other classifi-
cations, offers a simple framework for discussing agriculture. For
instance, in the wet tropics rainfall availability does not normally
limit agriculture. In the moist tropics at least two crops per year
can be harvested without irrigation, while in the wet and dry tropics
at least one, and often two, crops can be grown. The synthesis is
also reasonable for discussing groundwater because it is broad enough
to embrace regions where irrigation is either necessary during certain
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times of the year or can increase agricultural efficiency when used
to supplement natural moisture.

Within the above definition the largest continuous continental
regions of the humid tropics extend approximately between 10 N and
10°S of the equator while the maritime regions reach further to about
20°N and 20°S. The principal continental expanses consist of the
Amazon basin of South America; southeast Mexico and Central America;
the Congo basin, Mozambique, Madagascar and the Guinea coast of Africa;
the peninsular and large islands of southeast Asia; and northeast
Australia and New Guinea. Maritime regions include in particular
islands in the Pacific from Hawaii at 20°N to 22CN to New Caledonia
and other south Pacific islands reaching to nearly 22°S, and the
islands of the Caribbean and of the Indian Ocean.

GROUNDWATER OCCURRENCE

Groundwater is ubiquitous in the humid tropics but frequently is
considered detrimental to successful agriculture rather than perceived
as a potential benefit. The most obvious manifestations of ground-
water occurrences are marshes where the water table is at and above
ground surface and in alluvial valleys and deltas where it lies just
below the surface. In these extensive areas successful agriculture
has depended on efficient drainage. Incentives for extracting
groundwater for supplemental irrigation have been weak. However,
with intensification of agriculture and the desire for a clean potable
water supply, groundwater, even in those areas where it is a problem,
has taken on new importance.

Much of the cultivated humid tropics lies in the alluvial lowlands
and deltas of coastal regions where the preponderance of the populat-
ion lives. This is especially true in Asia. Further inland, aside
from the alluvial terraces associated with rivers penetrating deep
into the land masses, cultivation normally occurs in scattered
valleys and tablelands, the total area of which is only a fraction
of the coastal lowlands. From this perspective, groundwater in the
humid tropics can be fitted into two broad categories, one referring
to coastal regions and the other to interior regions.

The coastal category includes all groundwaters, from fresh to
salty, that are hydraulically continuous with the sea. The position,
volume and quality of these waters are dependent on density variations,
the physics of which are referred to as the Ghyben-Herzberg conditions.
Interior groundwaters, on the other hand, are not hydraulically
connected to the sea, although they may include saline waters. Coastal
groundwater dominates the subsurface of deltas and alluvial valleys
open to the sea, often extending great distances inland. The water
resources of entire islands may consist of coastal groundwater.
Interior aquifers may extend over vast areas and in many instances
reach virtually to the sea coast. Even small islands often contain
interior groundwater isolated from the sea.

The adequacy of rainfall in the wet tropics ensures the opportunity
for essentially constant percolation of moisture below the root zone.
In seasonal climates this continuity is interrupted, but nevertheless
a large fraction of total rainfall infiltrates to the saturated zone.
Even in those areas where potential evapotranspiration exceeds rain-
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fall, percolation occurs because the rain falls in showers, the
volume of which can exceed moisture holding capacity of the soil.
In addition recharge takes place from rivers and streams that
commonly originate beyond aquifer boundaries. This is especially
true for alluvial aquifers.

Potential evapotranspiration is high in the tropics but actual
evapotranspiration rarely consumes all of the natural rainfall. In
many classifications of the humid tropics average annual rainfall is
required to exceed 1000 mm, about equal to actual evapotranspiration.
The typical potential evapotranspiration value, however, is about
1800 mm, but this rate of consumption is possible only in heavily
vegetated swamps where water is continuously available. Even in arid
areas groundwater recharge from rainfall occurs because of the impulse
nature of storm rainfall.

River and streamflow is persistent and appears to represent a
large fraction of rainfall. Persistence and volume are the results
both of favourable rainfall and a high water table. Total non-
groundwater drainage as a percentage of total rainfall is not
exceptional. In some terrains where soil infiltrability is great,
such as in wet portions of the Hawaiian Islands, the runoff to
rainfall ratio for regions averaging 2500-5000 mm rainfall per year
is as low as 25%, Where channels of streams lie above the water
table they are frequently dry between rain events.

In deltas , coastal plains and alluvial lowlands the principal
aquifers are composed of unconsolidated alluvium of variable permea-
bility. These aquifers are easily accessible but require the
imposition of controls to prevent waterlogging and salinization. Sea
water intrusion is an ever present threat. Other important coastal
aquifers include fossil reefs and volcanic terrains. Raised fossil
reef aquifers are characteristic of Pacific islands west of the sub-
duction trench striking northward from the western Caroline Islands
past the Mariana Islands to the northwest Pacific. East of the trench
the coral aquifers are at and below sea level as a result of sub-
sidence. Fossil reef aquifers also occur in islands and along coasts
of the Indian Ocean, Volcanic formations constitute the most exten-
sive aquifers in the Hawaiian Islands,

Alluvial sediments also form important interior aquifers, in
particular in river valleys, A large portion of the interiors of
both southern Asia and Africa consists of Pre-Cambrian crystalline
and metamorphic rocks in which groundwater resources are meagre and
resistant to extraction. Igneous rocks in the petrographic range
from granites to andesites generally constitute inferior aquifers.
Extensive basins of sedimentary rocks containing exploitable aquifers
occur in Africa and South America. A very important groundwater
source throughout much of the tropics is the weathered mantle in
which water accumulates in low permeability residuum and saprolite.

GROUNDWATER PROCESSES

Because of the large volume of infiltration available throughout the
year, the hydrological cycle leading to the accumulation of ground-
water is more continuous in the humid tropics than elsewhere.
However, the end product of the cycle, which is groundwater of a
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composition approximately in equilibrium with its aquifer, is
virtually identical in all climate zones. Groundwater composition
is controlled by the lithology through which the water percolates
and in which it accumulates. Warm temperature and excessive infil-
tration does not create unique groundwater types.

Soils in the humid tropics are poor in fertility components and
the zone of weathering below them is highly leached. Dissolved
material is carried away in groundwater. The intensities of
reactions are largely determined by the acidity of the infiltrate,
which is controlled by the partial pressure of carbon dioxide in
the soil. Creation of vegetable matter is constant and breakdown is
rapid, leading to high carbon dioxide concentrations and thus highly
charged water. This unrelenting activity is what produces deep
weathered zones. In gently sloping lands chemical erosion is not
balanced by physical erosion to the same degree as in other climates.

The chemical laws of solution considered apart from the environment
indicate that solubility of rocks largely composed of calcareous
minerals such as calcite and dolomite should be inversely proportional
to temperature, suggesting that such rocks should be more resistant
in the tropics. This is not the case, however, because the solubility
characteristics are overcome by the greater availability of carbon
dioxide in tropical soils. The continuous supply of carbon dioxide
leads to highly effective weathering. Drake & Wigley (1975) give an
empirical equation which asserts that in actual groundwater environ-
ments dissolved carbon dioxide is directly proportional to temper-
ature. This equation,

log PCQr = -3.16 + 0.070T°

holds true in spite of the fact that it is an inversion of the law of
simple solutions.

For other mineral species a rise in temperature enhances reactivity,
but the change in rates is not critical over the temperature range
between the temperate zone and the tropics. For instance, Garrels &
Christ (1965) point out that a change of 10°C has virtually no
measureable influence on Eh-pH relationships. On the other hand,
organic reactions are temperature sensitive. Mohr (1944) states that
a 10°C increase in temperature enhances organic rates of reaction
by a factor of 2.

By and large most chemical activity is restricted to the soil
mantle and the leaching zone. Unless the vertical pathway is very
short, the infiltrate is neutralized before arriving in the zone of
saturation. The composition of groundwaters in monolithologic
aquifers of all climate zones is the same except that it may have
been affected by human activity such as agriculture and waste dis-
posal .

Agriculture affects the composition of groundwater in the humid
tropics no differently than in other zones, but the continuity of
infiltration provides more opportunities for leaching agricultural
chemicals. The abundance of rainfall mobilizes soluble fertilizers
and transports a fraction below the root zone to accumulate eventually
in groundwater. Transfer of nitrogen from the soil to the saturated
zone is the most notorious example of leaching of agricultural
chemicals. Massive transfers can occur in inefficient farming. Even
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where agricultural practices are highly scientific, as in the sugar-
cane plantations of Hawaii, some fertilizer is lost to leaching. In
Hawaii the background concentration of NOa-N in uncontaminated
groundwater is less than 0,2 mg 1~ , but in cultivated areas it
averages about 1.2 rag 1 , Leaching contributes approximately 15 kg
of nitrogen per acre per year to the groundwater, about 1 0 % o

 o f that
applied as fertilizer.

Agricultural chemicals of significant toxicity in minute concent-
rations also percolate to groundwater. Improper application combined
with excessive infiltration leads to the transfer of measureable
quantities of refractory compounds out of the soil zone. A recent
example in the USA has been the contamination of shallow aquifers by
DBCP (Di-bromochloropropane), a soil fumigant employed to control
neraatodes. DBCP is considered a carcinogen in concentrations of
just a few parts per billion. Aquifers that are ideal as a sanitary
source of water for domestic needs are threatened by the careless use
of chemicals in agriculture.

EXAMPLES OF GROUNDWATER USE IN AGRICULTURE OF THE HUMID TROPICS

Groundwater has been an integral component in agriculture in the
Jaffna region of northern Sri Lanka for centuries. Without it only
one crop each year could be grown; with it two and three crops are
the rule.

Jaffna has an average annual rainfall of 1320 mm, 70% of which
falls during the northeast monsoon from October to December. For
every other month evapotranspiration exceeds rainfall by a large
amount. About 70 000 ha are cultivated.

The aquifers are coastal and consist either of fossil coral reefs
alone or a layer of sand on reef. The elevation of the water above
sea level is less than 1.0 m and consequently the volume of useable
groundwater in the Ghyben-Herzberg lenses is limited. Nevertheless,
the groundwater is so intensively exploited that by the end of the
dry season in late summer the aquifers are saline.

During the monsoon, activity is concentrated on producing a single
rice crop. But the monsoon serves another equally important service,
which is to refurbish the lenses with fresh water. Irrigation with
relatively fresh water is then possible for the next six to eight
months. Cavity wells, the yields of which are small but suited to
the thin lenses, are the chief way of extracting groundwater. A few
wells have been drilled, but widespread dependence on deep wells will
undoubtedly exacerbate salinity problems.

Groundwater underlies both the agricultural and urban areas.
Excessive concentrations of dissolved nitrogen are appearing and will
increase unless both fertilizer and waste disposal practices are
modified.

In Taiwan, most of which is classifiable as the humid tropics,
about 350 000 ha are irrigated in spite of the fact that over the
country the average annual rainfall ranges from 1300 mm to about
6000 mm. Groundwater obtained principally from sands and gravels of
the coastal plain is an important source of irrigation supply. Rain-
fall originates from the northeast and southwest monsoons and from
typhoons, yet irrigation in this humid climate is necessary to ensure
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high agricultural efficiency. In the Philippines coastal plain
aquifers of alluvium are also exploited as a source of irrigation
water.

The Hawaiian Islands are a good example of dependence on ground-
water to sustain high crop yields in a tropical insular climate.
Rainfall varies greatly over short distances in these mountainous
islands , but even where it exceeds 2000 mm year irrigation is used
to maximize yields. On Oahu, an island having an area of 1550 km2,
about 12 000 ha are irrigated with an average of 1 x 106 m3day-1 of
groundwater. Average annual rainfall on the island is 1650 mm, but
some areas have as little as 500 mm while others as much as 7600 mm.

In contrast to southeast Asia and the islands of the Pacific,
agriculture in the humid tropics of neither South America nor Africa
has yet been enhanced by irrigation. Groundwater development is not
widespread. According to Balek (1977), only 200 000 ha in the African
tropical belt are expected to be irrigated by the end of this decade.
Compared to southeast Asia this is very small.

In those regions of the humid tropics where irrigation is being
utilized in agriculture the consistency of production and high yields
have justified the development of groundwater resources. This
experience will encourage other regions to promote the same practices.
Efficient exploitation and protection of the tropic's groundwater
resources will require effort and diligence by the world community of
hydrologists in the years ahead.
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Effects of deforestation on flood characteristics
with particular reference to Hainan Island,
China

QIAN WANGCHENG
Hydrological General Station of Guangdong
Province, Canton, China

ABSTRACT Hainan Island, the second largest island in
China, has an area of 33 900 km2 and lies in a humid
tropical region. In the last 30 years the forest cover
has been drastically reduced from about 50 to 21%. To
study the effects of deforestation on flood characteristics,
trends in annual storm rainfalls and floods, rainfall/
runoff relationships, and convergence of runoff in the
water courses, are analysed. Since deforestation should
not change the atmospheric circulation, there should be
no noticeable change in annual depth of storm rainfall and
flood, Hainan Island is in a humid tropical region with
heavy storm rainfall where scrub grows rapidly after
deforestation; therefore flood characteristics are not
noticeably affected by deforestation.

Influence dc la deforestation sur les caracte'res des crues:
exomplG concernant 1'lie d'Hainan
RESUME L'ile Hainan, avec sa superficie de 33 900 km2

situee dans une region humide et chaude, est la deuxieme
grande ile en Chine. Le pourcentage de couverture
forestiere dans l'ile a ete reduite brutalement depuis les
30 dernieres annees de 50 a 21%. Pour 1'etude de
1'influence de la deforestation sur les crues, une analyse
particuliere a ete presented dans le present rapport,
relative aux trois points suivants: tendance des variations
pluriannuelles des averses et des crues, relation entre les
precipitations et 1 'e'coulement , et la convergence de
l'ecoulement des cours d'eau. Comme la deforestation ne
peut pas modifier les conditions de circulation atmospher-
ique dans l'ile d'Hainan, les tendances de variations
pluriannuelles des averses et des crues demeurent
inchangees. Par suite de sa situation en region humide et
chaude, des concentrations d'averses intenses se produisent
souvent; apres la deforestation, le fourre de vegetation
secondaire croit abondamment en peu de temps, par suite
il n'y a pas de changement notable dans le caract&re
des crues.

I [PRODUCTION

Hainan, with an area of 33 900 km2, is the next largest island in
China after Taiwan. It is located between 108°-110°N, and 18°-20°E
(Fig.l), and is a tropical island with evident tropical monsoon
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climate. The annual mean air temperature of the whole island is
about 24°C, the accumulated temperature £1O°C is 8200-9200°C. The
mean annual precipitation of the whole island is about 1800 mm. As
a result of the seasonal alternations of the East Asia monsoon
circulation, the space-time distribution of precipitation is uneven,
with greater precipitation in the southeast than in the northwest,
and a distinct, wet and dry season. The island lies in the region
much affected by typhoons and typhoon rain is the main source of
precipitation, with high concentration and high intensity; the amount
of annual precipitation is also closely related to typhoons. The
Altitude increases towards the centre of the island: the mean
elevation is about 220 m a.m.s.l. , and about a quarter of the total
area has an altitude >500 m a.m.s.l. The summit of Mt Wuzhi is
1879 m a.m.s.l. Nandu River, Wanguan River and Changhua River are
the three main rivers on the island, together they drain 47% of the
total area of the island. There are 10 rivers with drainage areas
of 500-2000 km^; these are all rather short, steep and fast flowing
rivers .
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In the last 30 years, due to the lack of forest conservation and
afforestation, the forested area was reduced from about 50 to 21%
by 1980 (including artificial forest). Only 11% of the island is
covered by natural forest.

In order to study the effects of deforestation on flood character-
istics, trends in the annual variation of storm rainfall and runoff,
the rainfall-runoff relationship, and the convergence of runoff, are
analysed in this paper.

Large-scale deforestation occurred in 1958, 1968 and 1978.
However, since hydrological stations were only established in the
late 195O's, analyses can only be made of variations in flood
characteristics in the 1960's and 1970*s.
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VARIATIONS IN ANNUAL STORM RAINFALL AND RUNOFF

According to storm characteristics, topography and other meteorologic-
al factors (such as maximum 24 h precipitation, number of days with
rainfall of 80 mm, annual precipitation and the precipitation in
early and late flood periods, mean flow patterns in early and late
flood periods, typhoon tracks, etc.), the island may be divided into
three regions:

I southwestern heavy rainfall region;
II southeastern heavy rainfall region; and
III northern average rainfall region.
Four stations in the central mountainous area seriously affected

by deforestation were selected to study the effects of deforestation
on the annual variation of storm rainfall and runoff:

Region I: Basia (75.3 km ) and Fucai (508 km ), located upstream

H IL
(mm)

1950 60 70 80 1950 60 70 80

FIG.2 Histograms and 5-year moving averages for H24 and
Qm at each station.
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on Nandu River; Maozhi (610 km 2), located upstream on
Changhua River;

Region II: Chengpo (727 kn/ located upstream on Wanquan River.
The maximum 24 h rainfall H24 and peak discharge Qm of each

station were calculated and are shown in Fig.2; their 5-year moving
average is also calculated and shown in Fig.2.

For comparison, eight precipitation stations in the coastal region
only slightly affected by deforestation were selected:

Region I: Yinggehai, Dongfong (Basuo) and Daxigiao;
Region II: Wencheng, Qunhai (Jiaji), Wanning reservoir, Lingshui

and Yaxian.
The maximum 24 h rainfall H24 and 5-year moving average rainfall

of these stations were also calculated (Fig.2). From Fig.2 it can be
seen that in both regions the annual variations of H 2 4 are in phase
and have a similar range and cycle. This indicates that the annual
variations of storm rainfall are not obviously affected by deforest-
at ion.

In region II, most of the storm rainfall in the early flood period
is produced by frontal troughs coming from the east, and that in the
late flood period produced mainly by typhoons passing over Hainan
Island or to the south of the island (north of 17°N). This is also
one of the major convergence zones of typhoons and cold air. In
region I, storm rainfall is mainly produced by typhoons. After
crossing longitude 110°E, the typhoon air currents passing over
Leizhou Peninsula or the north of Hainan Island on their way to Beibu
Bay, are forced to rise steeply over the Jianfengling range of
mountains, and this brings about extraordinarily heavy storm rainfall.

Most maximum 24-h rainfalls were caused by typhoons. For Fucai
stations flood peak discharges of 2990 and 2710 m3s~x corresponding
to maximum 24 h storm rainfalls of 417 and 300 mm resulted
respectively from typhoon no. 7703 and typhoon no. 6311. These
were the annual maximum values in 1977 and 1963 respectively.

It may be seen that, the annual variation of maximum 24-h storm
rainfall of the above-mentioned station is closely related to the
variation of atmospheric circulation, especially the moving track of
typhoons. Deforestation could not change the atmospheric circulation
of Hainan Island.

On Hainan Island flooding is produced by Storm rainfall. From
Fig,2 it can be seen that the annual variation of peak discharge Qm

of four of the stations corresponds well with that of maximum 24-h
storm rainfall. The coefficient of correlation r is calculated to be
about 0,8. (Baisa r = 0.89; Fucai r = 0.82; Maozhi r = 0.79; Chengpo
r = 0,84). Therefore, combined with the annual variation of maximum
24 h storm rainfall, it may be concluded that there is no obvious
relationship between deforestation and variations in annual runoff.

Ra.infa.ll-runoff relationship

During storm rainfall, the effects of forest cover on the rainfall-
runoff relationship are chiefly the interception of rainfall by
branches and leaves, the absorption of rainfall by the layer of
litter and the changes in soil permeability and soil storage capacity
due to the activity of the root system. In a single storm, the
interception may be very small, while the activity of the root system
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may be going on through the soil regime. The absorption by the
litter depends upon its thickness and local climatic factors. The
effect depends not only on the tree species and its growing state,
but also to a limited extent on any antecedent precipitation. If
continuous rainfall occurs before a storm, the litter and soil will
be saturated, and runoff will be greater. On the other hand if there
is no rainfall for a long period of time, the soil moisture and the
water content of the litter will be low due to evapotranspiration.
There will be larger pore spaces for absorption and runoff will be
less. On Hainan Island, the litter layer is not very thick and the
storm rainfall is heavy.

The observed maximum 24 h rainfall of all stations is >300 mm.
For regions I and II, maximum 24 h rainfalls >500 mm occur quite
often. At Jianfengling, H 2 4 = 777 mm (8 September 1963) and at
Qilingchang H24 = 783 mm (13 June 1974); therefore, even if there is
no rainfall for a long period of time, the amount of rainfall inter-
cepted and retained by the forest cover is small.

In order to ascertain the full effect of deforestation on the
rainfall-runoff relationship, the total loss of precipitation in a
river basin after a long dry period, Im was analysed. In addition
to the above-mentioned four stations, four other stations, Dawang
(337 km 2), Xinzheng (72.6 km 2), Maowan (14.9 km2) and Shirang
(6.96 km ) were also considered (Fig.l),

The storms selected for analysis all occurred after long dry
periods and the resulting runoff was small because the interception
and retention capacity of the forest cover was very high. The
criteria are as follows:

Antecedent precipitation index (index representing soil moisture
before the storm) Pa *-30 mm, calculated by

3 0 .
Pa = l1 Pt K*

where K = 0.9, Pt = average precipitation of the basin on the t-th
day before the storm; t - calculated up to the thirtieth day before
the storm.

The average storm rainfall of the P 5 80 mm, and the rainfall at
each station in the basin should not be much less than 80 mm.

The coefficient of runoff a = R/P <30%, where runoff depth R is
calculated from the flood hydrograph after deducting the baseflow.
The baseflow is the minimum daily flow during the month before the
rise of flood.

Since most of the water entering the stream in the form of shallow
groundwater by infiltration has already been included in the runoff
depth R, the value of Im is calculated by

where Im includes total losses of precipitation - such as interception,
depression storage, absorption of soil and litter and evapotranspirat-
ion in flood periods.

Based on a preliminary classification for the Guangdong province
by incorporating the values for neighbouring stations in the same
storm, and making a comprehensive study of the relationship between
P + Pa and Im it may be concluded that the eight stations considered
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belong to the same type.
To compare the variation of Im before and after deforestation,

P + Pa and Im data are used in power correlation analysis in three
separate cases. The results are as follows:

curve I : all data
lm = 2.228 (P + P ; = 0.899, r = 0.948

curve 11
Im = 1.090 (P + Pa)

data for 1968 and prior to 1968
0 . U b 2 r = 0.897, r = 0.947

curve III : chit.a for 1969 and after J 969
I m = 3 . 3 1 9 ( P + P a ) 0 - / 1 ( , r ' = 0 . 8 7 2 , r = 0 . 9 3 4

All correlation coefficients are close to 0.95.
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Figure 3 shows that within the range of observation, the curves
are all very close to each other. The error of curves II and III is
less than ±5% with respect to curve I. It may be concluded that
after deforestation Im shows no notable difference from that before
deforestation. It clearly shows that even for storms occurring
after a long dry period, the effect of deforestation on the rainfall-
runoff relationship is not significant.

CONVERGENCE OF RUNOFF

The convergence of flood flow may be roughly divided into two stages:
convergence of sheetflow and convergence of the stream network. The
effect of retarding runoff by forest cover occurs chiefly at the
sheetflow stage. Therefore, a small basin where sheetflow was the
dominant effect was selected for analysis, to find the effect of
deforestation on the convergence of flood flow. In order to obtain
fairly corresponding records of rainfall and runoff, Shirang station
was chosen for the analysis.

The drainage area of Shirang station is 6,96 km2, with main river
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length of 4.07 km and main river gradient of 9.2%. The mean elevation
of the basin is 371 m, and the terrain inclines from west to east.
Thirty-eight per cent of the total areas has an altitude above 400 m.
The soil of the basin may be roughly divided into three groups:
yellow soil, red soil and paddy soil. The soil forming rocks all are
granite. Yellow soil is mainly distributed over the areas above
400 m, and comprises a layer of sandy clay over a layer of clay. Red
soil is mainly distributed over hilly land with elevation below 400 m,
and comprises a layer of gravelly sandy loam over a layer of light
loam, Paddy soil is distributed over the paddy fields cultivated to
a depth of 20-30 cm, and comprises fine sandy loam and silty loam.
The total basin has thick soil layer, no bare waste slopes, and
slight soil erosion.

The investigation results for 1960-1965 are shown in Table 1. No
data are available after 1965.

TABLE 1 Land use distribution from 1960 to 1965
(in km2)

Paddy Cield
Dry land
Meadow
Sc rub
Forest
Villages, roads

1960

0 .820
0.704
0.854
1.51
3.0.3
O.O42

1 961

0.820
1 . 40
0.858
1 .51
2 . 31
0.042

1962

0.820
1.50
O.858
2 .1 3
1 .61
0.042

196 3-64

0.820
1 .00
0.858
2 .62
1.61
0.042

1 965

0.820
0.518
1.11
2 .89
1 .58
O.O42

Observations at Shirang station began in July 1959 and ended at
the end of .197.1. All precipitation stations in the basin arc self-
recording. The distribution of the stations was improved after 1965.

The rainfall-runoff relationship is often nonlinear. In general
with increasing precipitation intensity, the peak of the unit hydro-
graph increases, and the duration of the unit hydrograph decreases.
By using similar storms for the analysis , the interference of the
nonlinear effect can be eliminated and the analysis made easier.

The method of analysis is to select the storms for the 1960's and
1970's with similar precipitation and peak flow, solve the unit
hydrographs separately by use of the method of least squares and
compare them with each other. The storms selected for analysis are
listed in Table 2, and the corresponding unit hydrographs are shown
in Fig.4.

From Table 2 and Fig.4 it may be seen tbat the peak flows differ
only slightly. The peak of storm 65724 is slightly less than that
of storm 71930. The peak flows of all the other storms in the 1960's
are slightly greater than those of the 1970's. With regard to the
time to peak flow, two storms of the 1970's, storms 70929 and 71930,
occur slightly earlier than the storms of the 1960's, but apart from
these all other storms occur at the same time.

The above analysis indicates that the effect of deforestation on
the convergence of runoff, at least after a definite period of time,
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ioihi

FIG.4 Comparison of unit hydrographs.

TABLE 2

Storm
no.

63924
67909
70929

621OO7
7081 9

65724
71930

651118
71929

pa
(mm)

110.O
110.O

77.9

110.0
82 .4

110.0
96.0

28 .2
2 3.9

P

(mm)

61 .9
73.5
93.6

44 .8
49.2

35.9
25.5

6 7.1
78 .8

V
(mm)

8.5
1 4 .1

6.5

17.8
8.3

0.2

0.0

7.0
10.6

R
(mm)

28.3
41 .6
49.4

11.1
14.2

15.7
15.8

15.7
18.1

(mm h'1)

2 3.2
24.2
27.6

11 .1
7 .2

13.5
12 .4

6.3
10.7

(mm h'1)

3.68
2 .32
3.O1

15.6
11.1

9 .83
1 .82

7.89
8 .88

Qm
(m

29
32
33

14

14

11
12

8
9

V1;
, 7
. 6
. 7

. 9

. 7

. 7

. 6

.96

.19

n ^

1 .195
1 .098
1 .02 6

1 .285
1 . 2OO

0.726
0.822

0.800
0.650

Ir, - Initial loss.

TJ. - maximum rainfall excess intensity during interval At
§F - mean loss rate of later stage.
11[/m - peak flow of unit hydrograph.

is insignificant. The interception of branches and leaves is mostly
eliminated by evapotranspiration. A part of the absorption water is
a component of the convergence of groundwater flow and runoff.
Nevertheless, the difference between absorption capacity before and
after deforestation is small, and it cannot substantially affect the
regulation of flood flow, especially in the case of continuous
antecedent rainfall or storms with heavy rainfall.

CONCLUSION

Comparing (a) annual variations of maximum 24-h precipitation and
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peak flow at four stations in the central hilly region where
considerable deforestation has occurred, with those of eight stations
in the coastal region only slightly affected by deforestation; (b)
total precipitation losses at eight stations in the hilly region in
the 1960's With those in the 1970's; and (c) unit hydrographs for
Shirang station in the 1960's with those for the 1970's for similar
storm rainfalls, it may be concluded that because Hainan Island is
situated in the humid tropical region with heavy storm rainfall,
deforestation does not affect the atmospheric circulation. Scrub
grows rapidly after deforestation, therefore deforestation has no
notable effect on flood characteristics.

Forest plays a role in preventing soil erosion, conserving water
resources, and regulating streamflow, as well as retarding storm
runoff to some extent, therefore emphasis must be placed on forest
conservation and afforestation.
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Province for providing storm rainfall data and analyses.
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Moisture adequacy in relation to forestry
and agricultural land use in the Mahanadi
river basin

A. A. L. N. SARMA
Department of Meteorology and Oceanography,
Andhra University, Waltair 530003, India

ABSTRACT The moisture that is necessary for the
sustenance of a crop or a vegetation species can be best
derived from a knowledge of the index of moisture
adequacy. In this paper the moisture adequacy concept is
extended and applied to the Mahanadi River basin, one of
the major rivers in India, by trying to understand the
soil moisture availability and its variation during the
four conventional seasons of the year on a macroclimatic
scale. Special attention is also paid to the distribution
and spatial variation of crops and forest types in view of
the present findings. The water balance concept is
employed for obtaining the basic parameters of the present
study.

Humidite optimale des sols en relation avec 1'utilisation
des terres pat 1'agriculture ou les forets dans le bassin
du fleuve Mahanadi
RESUME Le taux d'humidite des sols qui est necessaire
pour maintenir en bonnes conditions une plante cultivee
ou un type de vegetation determine peut etre obtenue par
la connaissance de l'indice du taux d1humidite optimale
(index of moisture adequacy). Dans cette communication
le concept d'humidite optimale est applique au bassin du
fleuve Mahanadi (un des principaux cours d'eau de l'Inde)
en essayant d'apprecier 1'humidite du sol disponible et
ses variations pendant les quatre saisons conventionnelles
de 1'annee, le tout sur une grande surface. On s'est
particulierement attache a suivre la repartition et les
variations spatiales des divers types de cultures et de
forets en vue de la presente application. Le concept du
bilan hydrologique est utilise pour obtenir les parametres
de base de la presente etude.

INTRODUCTION

An excess or deficit of moisture above or below field capacity in the
root zone of the soil depends upon the relative magnitudes of
rainfall over the area and the water need of the crop or vegetation.
The amount of moisture that is lost to the atmosphere through
evapotranspiration depends primarily upon the moisture content of the
soil, the temporal variation of which may be determined from a
knowledge of rainfall distribution. The rate and amount of soil
moisture deficiency below the evapotranspiration demands under the

259
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prevailing conditions serve as an important tool to understand the
nature and extent of land use in a region and its successful
management.

Information regarding the amount of moisture that is normally
available in the root zone and its matching with the water need can
be derived from a knowledge of actual evapotranspiration (AE) and
potential evapotranspiration (PE) and can be computed from the water
balance concept of Thornthwaite (1948) by knowing P (rainfall) and
PE together with the information as regards the water holding
capacity of the soil. AE is defined as that amount of water lost to
the atmosphere through evaporation, and transpiration under existing
conditions of moisture availability. On the other hand, PE
represents the maximum amount of water that evaporated and transpired
under conditions of continuous water supply at the root zone of the
soil at any time. The AE to PE ratio varies with the availability of
moisture in the soil. Thus this ratio of AE/PE which is called
"index of moisture adequacy" serves as a good indicator in estimating
the moisture status of the soil.

MATERIAL AND METHODS

In order to find out the moisture status in the different parts of
the Mahanadi River basin 20 stations have been selected for which
temperature and rainfall data are available. Sarma & Rao (1979)
reported the nature of the Mahanadi River basin following the
modified bookkeeping procedure of Thornthwaite (Rao & Subrahmanyam,
1961). To find the AE and PE at the selected stations, the modified
procedure of Thornthwaite has also been adopted for this study. The
procedure that is followed here to estimate the annual index of
moisture adequacy expressed as a percentage, is the same as that of
Subrahmanyam et al. (1963). The index of moisture adequacy for the
four conventional seasons of the year has also been worked out for
all the selected stations; these seasons are: southwest monsoon
(June-September), post monsoon (October-November), winter (December-
February) , hot weather (March-May). The AE and PE values are
expressed as percentage ratios.

ANNUAL INDEX OF MOISTURE ADEQUACY - FOREST COVER

Figure 1 clearly depicts the distribution of moisture adequacy over
the Mahanadi River basin. Even on an annual basis the entire river
basin recorded higher values of the index ranging from a value of
63.4% to 87.9%. The areas with the index higher than 80% are found
in the southern and in the extreme northeastern portions of the
basin; the index falls to 63.4% near the western portion. Larger
values of the moisture adequacy index are due to the availability of
moisture in abundant quantities in relation to water need and might
support better defined and more stable units of forest vegetation.
Figure 2, as prepared by Champion & Seth (1968), shows the forest
types and their distribution over the drainage basin. Comparing
Figs 1 and 2 show that a considerable portion of the basin with the
index > 80% supports tropical moist deciduous forest cover.
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Fig.l Annual index of moisture adequacy.

Tropical dry deciduous forest is observed in several parts of the
basin area. The western and the central portions even support sal
and teak forests. An isolated pocket of subtropical broad leaved
hill forest cover is found in the far eastern part of the Mahanadi
basin.

SEASONAL MOISTURE ADEQUACY - CROPPING PATTERN

During the southwest monsoon period almost the entire basin area has
a moisture adequacy value of 100% (Fig.3(a)): Sambalpur alone
registered a value of 99.5%. The very high moisture status during
this season indicates that the basin's moisture regime has a strong
bearing both on the strength and depth of the southwest monsoon
circulation over the region. In the post monsoon season more than
two-thirds of the basin experienced indices varying between 89.2%
and 99,2%. The extreme southern periphery of the basin has an index
value of 100% extending from west to east in the form of an arc
(Fig.3(b)). The regime of the basin during winter (Fig.3(c)) is
highly interesting since the index value varies from 90.3% to 64%.
One important feature of Fig,3(c) is that in winter there was no

1— —I Tropical moist
I—Hldeciduom forest

i p i c i l dry
Jdgciduout forest

]sal

]Teak
1 Subtropical broad
I leaved hill forest

Fig.2 Forest types.
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(a) (c)

Fig.3 Seasonal index of moisture adequacy (a) southwest
monsoon season, (h) post monsoon season, (c) winter
season, and (d) hot weather season.

part of the basin with an index value of 100% and no part with a
value < 60%. The river basin that maintained higher moisture values
from June to February experienced poor index values during the hot
weather period <Fig.3(d)). The southern quarter of the river basin
and the extreme northeast portion maintain a value of > 50%. Thus to
sum up the moisture adequacy status of the Mahanadi River basin, the
index is very high right from the month of June to the month of
February for a continuous period of nine months without any
shortage of moisture for evapotranspiration purposes. It is only in
the hot weather season that more than half of the basin area has a
mild moisture stress for the water need. Therefore except for the
hot weather season, the remaining nine months of the year are highly
favourable for any type of crop that may be introduced into the basin.

A comparison of these moisture adequacy charts with the cropping
pattern for the basin area for rice, wheat, groundnut, linseed and
sesame reveal the rich climatic potential of the basin. The Mahanadi
basin has a total planted area of 7 million ha which is 88% of the
cultivable area. Only 22% of the area is irrigated. Figure 4
clearly reveals that the areas cjf cultivation do not require
irrigation during the period between June and February. The rice
crop (Fig.4(a)) is grown over the entire basin area since it is a
crop of very wide physiological adaptability and can be raised at
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(d)

Fig.4 . Distribution of (a) rice {each dot represents
20 000 acres), (b) wheat (each dot represents 10 000
acres), (c) groundnut (each dot represents 2000 acres),
(d) linseed (each dot represents 1000 acres), and
(e) sesame (each dot represents 2000 acres).

altitudes from sea level to about 2000 m a.m.s.l. Moreover, the
whole basin by having the fourth mesothermal type as its thermal
regime and, with a slight variation in thermal efficiency on an
annual basis (Sarma & Rao, 1979), largely supports rice. Wheat
(Fig,4(b)) is sparsely distributed on the western side of the basin
only; but if altitude, thermic and hygric, are considered, the wheat
could be recommended even for the northern and southern parts of the
eastern side of the Mahanadi basin. The author is well aware of the
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limitations of the recommendation since the present report is an
attempt to study the spatial variation of the cropping pattern of the
Mahanadi basin in relation to moisture adequacy. But if a particular
crop is to be introduced into a region it is absolutely necessary to
thoroughly study the agroclimstic relationships of the region. The
groundnut crop (Fig.4(c)) is only sparsely distributed over the
entire river basin. On the other hand, the linseed crop (Fig.4(d))
is grown profusely from north to south in the western portion of the
drainage basin but thins on the entire eastern part of the basin.
A welcoming feature of Fig.4(e) is that the sesame crop is dispersed
over the entire basin area and that the clustering is very dense in
the central part of the eastern portion of the basin. A very
interesting conclusion that can be derived from the present study is
that the acreage of wheat, groundnut, linseed and sesame may be
successfully increased.
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Selection of soil and water conservation
practices for a giant bamboo plantation in
Taiwan

SHENG LEWIS LIANG
Department of Soil and Water Conservation,
National Chung Hsinq University, 250 Kuokuang
Road, Tuichuny, China

ABSTRACT This paper attempts to find a suitable
supplementary conservation measure for a sloping giant
bamboo plantation in Taiwan already traversed by ditches.
Five treatments are compared: Bahia grass, Geania grass,
one-year fallow, natural grass, and natural grass cover
without interillage. The experimental plot with a barrier
of Bahia grass is found to give the lowest runoff , the
lowest soil loss, the highest organic matter content, the
best pH value in the upper 5 cm of topsoil , and a reasonable
crop yield in both wet and dry years. The one-year fallow
plot gave similar results but the yield was lower at
harvest. Therefore the Bahia grass barrier was found to
be the best supplementary conservation practice.

Choix des moyens de conservation du sol et das eaux pour
.las plantations dc bamhous geants a Taiwan
RESUME Un essai est fait pour trouver une technique
complementaire adequate pour les plantations, sur terrain
en pente, de bambous geants de Taiwan qui comportent deja
des rigoles a flanc de coteau a travers de la pente, Une
barriere de gazon de Bahia s'est revelee etre la meilleure
technique parmi les cinq traitements: barriere de gazon de
Bahia, barriere de gazon de Geania, une annee de jachere,
une couverture de gazon spontane, une couverture de gazon
spontane* sans labour intermediaire, La parcelle experi-
mentale avec barriere de gazon de Bahia et rigoles k flanc
de coteau assure le minimum de pertes d'eau, le minimum de
perte de sol, le contenu de matieres organiques le plus
eleve et la meilleure valeur du pH dans la couche
superieure de 5 cm, ainsi qu'un rendement de recolte
raisonnable d'apres les donnees experimentales pour une
annee seche ou une annee humide, Une parcelle laissee en
jachere pendant un an a fourni les memes avantages que ci-
dessus sauf en ce qui concerne le rendement.

INTRODUCTION

According to The Statute of Slopeland conservation and Ultization
(1979) (JCRR and MARDB, 1977), slopeland is defined as an area with
gradient S5% or with altitude sSlOOm. According to this classificat-
ion 73% of Taiwan Island is slopeland. Figure 1 shows the central
mountainous regions and the marginal areas which are mainly classified

265
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121°00'

60 km X EXPERIMENTAL SITE

FIG.l The distribution of slopeland on Taiwan Island
(Lee, 1978).

as slopeland. When the R-index (Fig.2) is compared with the rate of
denudation, it can be seen that the slopeland suffers from serious
soil erosion (Fig.3).

Since the first soil conservation field office was established to
show farmers how to achieve maximum production on the slopeland with
minimum soil loss (Lee, 1978) and although researchers and government
offices know how to maintain a sustained-yield slopeland agroecolog-
ical system, farmers still cultivate the steep uphill areas due to
the pressure of the increasing population and the limited area of
arable land. Illegal cultivation and wrong cultivation methods cause
soil erosion on the hills. However, the steady increase in the
number of soil conservation field offices and soil conservation work
stations over the years reflects public concern for the need to stop
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further deterioration of the soil and water resources of Taiwan.
Today there are 19 field offices and six work stations established
by the Mountainous Agricultural Resources Development Bureau which
was founded in 1961. The Statute of Slopeland Conservation and
Utilization promulgated in April 1976 to emphasize proper develop-
ment of agricultural resources on slopelands was another sign of the

PHYSICAL DENUDAllOrK?0'. ,%6«0
RATE '•

Mg cm2 Yr '

CHEMICAL OENUD,
RAT!
Mg cm2 Yr"'

FIG.'J Physical and chemical denudation rates tor Taiwan
Island (Li, 1975). (The mountainous area is indicated by
the dotted line.)

public awareness of this problem.
Among the practices applied, the use of hillside ditching is

increasing. Figure 4 shows the trends in the use of hillside ditching
and bench terracing from 1965 to 1977 (MARDB, 1965-1977). The reason
why hillside ditching has become so popular is due to the trend
towards labour-saving, machinery-orientated systems, and is basically
an approach to the gradual formation of terraces over 3-5 years for
small grain farms on slopeland (Hsu et al., 1976; Liao, 1979, 1976;
Liao et al., 1974; Sheng, 1977). In order to strengthen the positive
effects of hillside ditching some additional practices are necessary
such as a grass barrier, ground cover, mulching, grass ditch, and
planting Bahia grass on the riser (Hsu et al,, 1976; Liang, 1980;

< 50

= BENCH TERRACE

x HILLSIDE DITCH

1965 69 li 77 YEAR

FIG.4 Trends in bench terracing and hi!7 side ditching.
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Liao, 1977). This paper presents the results of an experiment to
compare these five treatments on sloping giant bamboo plantations on
Taiwan Island.

MATERIALS AMD METHOD

Treatments

The five supplementary treatments to be used with hillside ditching
are:

Treatment 1: volunteer grass cover and intertillage (1977-1980);
Treatment 2: volunteer grass cover but without intertillage

(1977-1978);
Treatment 3: three rows of Geania grass and intertillage (1977-

1980);
Treatment 4: Bahia grass barrier (2.5m wide) and intertillage

(1977-1980);
Treatment 5: One year fallow (1978-1979).

Intertillage was performed in January.

Plots

The experimental site is located at 23°50'N and 120°43'E. The
elevation, the aspect, and the slope are respectively 350 m, north-
east and 15°. Moreover, the annual rainfall at the experimental site
is the same as the island average annual rainfall of 2500 mm.

The area of each plot is 25 x 36 = 900 m'". The number of bamboos
per bunch is kept to four or five, and each bunch occupies 5.0 x
6.0 m", therefore, the total number of bamboo bunches is 30. The
layout of the plots is shown in Fig.5. The design criteria for
hillside ditching is given in the Handbook of Soil and Water Conser-
vation (JCRR and MARDB, 1977),

25 m - * )

BAMBOO

/ H P 4 if)-* HD 7 10 cm

FLOW DIRECTION U — HORIZONTAL DISTANCE

( S P A C I N G )

PIG.5 Layout of experimental plots: (a) plan, (b) profile
giving dimensions.
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Observations and measurements

(a) Rainfall is measured by a slanting hole gauge (Liang, 1979a).
(b) Runoff is measured by a triangle weir with a 90° angle.
(c) Sediment is sampled by an automatic sediment sampler

(Liang, 1979b).
(d) The harvest of young bamboo shoots,
(e) The cost of labour and management.
(f) Laboratory analyses of the physical and chemical properties

of the upper 5 cm of topsoil on plot and of sediment samples.

RESULTS, DISCUSSIONS AND CONCLUSIONS

Experimental data from 1977 (wet year with 2865 mm rainfall: June-
September 1393 mm, and October-November 975 mm) and 1979 (dry year
with 1697 mm rainfall: June-September 780 mm, and October-November
635 mm) were examined. Four storms (26.5-148.5 mm, lasting between
4 h and 2 days) in 1977 and three storms (25.0-100.7 mm, lasting
between 3 h and 2 days) in 1979 were analysed. Four-hourly data
are presented in Fig.6.

1977

0,0

SYMBOL
x

1979

1CL0 20,0 3tV> « ( IO 0.0 10.0

RUNOFF! mm/4 hrsl

FIG.6 Runoff-soil loss relationship: the reduction of
runoff and sediment concentration by treatment 4 are
significant for runoffs of less than 32 mm per 4 h.

It is clear that treatments 4 and 5 significantly reduce runoff
and sediment concentration. Due to the fact that volunteer grasses
and Geania grass didn't grow well under the bamboo stands, the poor
ground cover of treatments 1, 2 and 3 resulted in higher runoff and
correspondingly higher sediment concentrations. The higher the
runoff and the sediment concentration the higher the soil loss. For
runoff rates above 32 mm per 4 h, even treatment 4 may not provide
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any better protection from soil loss than the other treatments.
Treatments 4 and 5 help maintain a higher organic matter and

improve the pH value of the upper 5 cm of topsoil (Fig.7(a) and (b))
The pH is higher in sediment samples, and drops to a value of 4.2
in the topsoil. Samples from June to August show a bigger range of
drop than those from September to November. The pH values from

TREATMENT
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• o
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FIG.7 Physical and chemical properties of samples from
various treatments: (a) pH value, (b) percentage of
organic matter, (c) grain size distribution.

treatments 4 and 5 are higher than those from the other treatments.
The organic matter content is as high as 2.5% in sediment samples
but decreases to 1.5% in the topsoil, the decrease becoming smaller
in drier seasons. Treatments 4 and 5 have a higher organic matter
content than the other treatments. Judgements based on the soil
properties of the root zone are essentially considered for a long-
term experiment rather for this short-term experiment; therefore
the soil properties of 5 cm top soil is investigated.

All the samples show homogeneous composition with illite 30%,
mica 30%, kaolinite 34% and montmorillonite 6%, due to the fact that
both sediment and soil samples originate from the same source.
Figure 7 shows (a) a 10% clay increase and a 10% sand decrease in
sediment samples, while the silt content remains almost the same in
both topsoil and the sediment samples; and (b) the clay increase is
inversely proportional to rainfall. The drier the season the bigger
the range; however the differences between the treatments are not
significant.

Table 1 shows the cost and harvest values of the various treat-
ments. With high runoff rates and soil losses treatment 1 is not a
good conservation practice, even though it may result in the highest
harvest. The yield of eatable young bamboo shoot varies with the
seasonal rainfall: the wetter the season the higher the yield.
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TABLE 1 Cost of and harvest from the various treatments on an
annual basis (plot size = .56 x 2'J = 900 m ; unit = US$ in 1979)

Trca La-

ment

1977
.1

2
3
4

1979
1
5
3
4

Va I ue of
young
bamboo
shoots

2OO
1OO
115
14O

145
-
SO
95

Management.
and harvest
cost*

55 + 30 + 3O
48 + 30 + 30
44+30+30
30 + 30 + 3O

40 + 3O + 3O
0 + 0 + 30
30 + 3O + 3O
2O + 15 + 30

Fertilizers,

pesticides,

herbicides

10

10

1O

10

15

5

17

2O

Hi 11 aide

di t ch
construct-

ion cost

10
10
10
lo

_
-
-
-

Balance

+65
-28
-9
+3O

+30
-35
-27
+1O

*The cost of digging eatable young bamboo shoots under treatment 4

is $30 (US), the transportation cost is $30 and management cost

is $30.

Treatment 4 provides a reasonable income. One year fallow, treatment
5, does not produce any harvest.

Above all, hillside ditching with the supplementary practice of a

good ground cover gives good protection from soil loss. The Bahia

grass barrier of treatment 4 results in not only the lowest soil

loss, no deterioration, and lower runoff rate but also a seasonal

harvest. Due to the excellent covering of volunteer grasses during

the one year fallow treatment, treatment 5 is regarded as a good

practice if harvest income can be ignored. Treatment 1 maintains

good yield within a short period but suffers from terrible soil loss,

soil deterioration, and high runoff hazard. Volunteer grasses cannot

grow well under the bamboo stands , treatments 2 and 3 are no good at

all and they should be avoided in all cases.
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Deforestation impact assessment: the problems
involved

M, F. WILSON & A. HENDERSON-SELLERS
Department of Geography, University of
Liverpool, PO Box 147, Liverpool, UK

ABSTRACT Deforestation may result in rapid positive
environmental feedbacks because of the large energies
inherent in the climate system, e.g. soils are eroded and
fertility declines. The relative importance of the radi-
ative and hydrospheric feedbacks and their respective
relaxation times are extremely difficult to assess. The
responses of general circulation climate models seem to
be very sensitive to the land surface parameterization
employed. Here we investigate some of the difficulties
encountered by climate modellers undertaking climatic
impact assessments of the removal of forest vegetation in
tropical regions. This study considers the different
results of climate models with varying degrees of sophis-
tication. Improvements in hydrological and land surface
parameterizations in climate models are necessary in order
to obtain a more coherent picture of possible environmental
impact.

Determination de 1'impact du dSboisement: problemes
souleves par cette pratique
RESUME Le deforestation peut donner lieu a des effets
retroactifs positifs et rapides sur 1'environnement par
suite de 1'importance des energies inherentes au systeme
du climat; les sols sont erodes et la fertility de"crolt.
II est extremement difficile d'e"tablir 1'importance
relative de l'effet de retroaction radiatif et affectant
1'hydrosphere ainsi que leur temps de relaxation relatifs.
Les r£ponses des modeles climatiques de la circulation
generale semblent tr£s sensible a la mani&re de fixer les
parametres representants l'etat de surface des sols. Nous
etudions ici certaines des difficultes rencontrees par les
chercheurs specialistes de modeles climatiques entreprenant
d'etablir l'impact climatique de la suppression de la
vegetation forestiere en regions tropicales. Cette etude
considere les differents re"sultats de modeles de climats
avec des degres variables de complexite, II est ne'eessaire
d'ameliorer la mise en parame"tre des caracteristiques
hydrologiques et de l'e"tat de surface du sol pour arriver
a une vue plus coherente de l'impact possible sur
1'environnement.

INTRODUCTION

Land clearance during the development of a country results in the
273
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removal of original vegetation and intensification and modification
of agricultural practices in the reclaimed areas. Both these effects
can have significant influence upon the local climate and ecology and
may feed back to cause regional and global climatic perturbation.
Tropical rainforests are biologically diverset multi-layered, pre-
dominantly evergreen forests, with little to no seasonality, heavy
rainfall (» 200-300 mm month" ) and relatively constant temperatures
(around 25°C) (see e.g. Fig.l). The dark, dense, moist vegetation
gives these forests a lower surface albedo than almost any other

ANNUAL PRFCIPITATION

FJ.G.1 Rainfall regime of the Brazilian Amazon:
(a) location map, (b) total annual precipitation.

natural or manmade area. Additionally, rainforests are hydrologically
very active. Fluxes of water vapour from the dense vegetation canopy
are often higher than from even tropical oceans (s 1500 mm year

-l

-l cf.

~ 1000 mm year ).
Deforestation is detrimental in the tropical environment , since

most of the nutrients are concentrated in the above-ground biomass
and therefore removal of the vegetation leads to rapid decrease in
soil fertility (Baumgartner, 1979; Jordan, 1982). Deforestation adds
C02 to the atmosphere, thereby enhancing the greenhouse effect, and
also leads to an increase in the surface albedo. It has been suggested
that the removal of tropical rainforests will substantially alter
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climate (Bolin, 1977; Woodwell et al., 1978; Sagan et al., 1979;
Hampicke, 1980; Potter et al., 1981; Shukla & Mintz, 1982). Such
claims merit careful investigation, especially as different climate
models give rise to different predictions. In this paper, the
possible climatic impact of tropical deforestation is discussed.

Climate modelling techniques are not yet sufficiently well
developed to permit definitive statements about the magnitude or
even the direction of likely perturbations. However, it is possible
to consider the nature of the impact of these environmental changes
and through analysing model results to establish possible climatic
effects. Results from simple one-dimensional radiative convective
models, a two-dimensional statistical dynamical model and from three-
dimensional general circulation models are discussed here. It is
concluded that, in terms of the potential for influencing climate at
local scales, deforestation is a highly significant land use change.
However, it is likely that a complete understanding of the way in
which climatic -modification will occur must await more complete and
appropriate land surface parameterization schemes in climate models.

SURFACE ALBEDO CHANGE AND CLIMATE

Anthropogenic perturbations have already affected local urban climates
and are now implicated in global climatic change (Hansen et al. , 1981).
Land clearance results in a number of environmental alterations
possibly of significance for the climate: (a) increased surface albedo;
(b) perturbation of the carbon cycle causing variations in the atmos-
pheric levels of CO2; (c) local changes in the water balance; (d)
addition of particulates to the troposphere, both directly from
combustion and by increasing the wind-blown dust, and (e) perturb-
ation of the hydrological and turbulence characteristics over
areas where tall forest stands are replaced by low crops of cleared
land.

Increases in the level of atmospheric CO2 have been monitored for
over half a century (e.g. Keeling et a.1. , 1976) and have been
implicated in climatic change (e.g. Hansen et al., 1981). However,
the interactions between the biosphere and the atmosphere are so
complex (e.g. Woodwell et al. r 1978; Hampicke, 1980) that there is,
as yet, not enough information to permit climatic predictions based
directly upon the effects of deforestation on the carbon cycle. Here
we consider the climatic effects resulting from the two other primary
changes caused by deforestation: surface albedo increase and modifi-
cation of the surface hydrology.

All types of climate models have been used to test the sensitivity
of the predicted climate to alterations in the land vegetation. Much
more attention has been devoted to the effects of overgrazing in
semiarid regions than to tropical deforestation (Charney et al., 1977),
It is possible that results from the former type of sensitivity
experiment may contribute to understanding of climate model sensitivity
to all vegetation changes. We therefore review both types of experi-
ments .

Sagan ct al. (1979) used results from the one-dimensional radiative
convective model of Manabe & Wetherald (1967) to estimate a 2 K
temperature decrease caused by a planetary albedo change of 0,01.
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They further suggest that anthropogenic changes over the last 25 years
have led to a global temperature decrease of around 0.2 K, However,
the rates of vegetation change and the albedo values they proposed
have been questioned by Henderson-Sellers & Gornitz (1983). Their
calculated planetary albedo increase is between 0.000 32 and 0.000 63
giving rise to a much smaller temperature decrease of the order of
between 0.07 and 0.13 K. Such a temperature alteration is probably
too small to be detected above the interannual and longer period
variability (Hansen et a.1., 1981). The climatic modification
proposed by Sagan et al. (1979) seems to be somewhat uncertain
especially since their model did not include cloud-climate feedback
effects.

Hansen et al. (1981) used their one-dimensional radiative convective
climate model to calculate a temperature decrease of 1.3 K for a
surface albedo change of +0.05. Using a linear interpolation of this
result to estimate surface temperature change, the anthropogenic
surface albedo changes given in Henderson-Sellers & Gornitz (1983)
result in a temperature decrease of between 0.02 and 0.03 K. These
temperature changes, which are forced, almost entirely, by the
alterations in tropical forest areas, are very small. Henderson-
Sellers & GOrnitz (1983) therefore conclude that within the error
ranges of glbbal one-dimensional radiative convective climate models ,
the climatic impact of surface albedo change due to deforestation
over the last 30 years is close to zero.

Two and three-dimensional climate models have also been used to
study the possible impacts of vegetation changes. The nature of
local feedback effects which could amplify the climatic impact of
tropical deforestation are complex. Initially the increased albedo
is likely to be offset by the reduced ability to lose energy through
evapotranspiration and surface temperatures may increase. The
stripping of vegetation from grassland areas, however, leads to a
net cooling and hence an overall descent of air over the modified
region, (Charney, 1975). Initially convection may increase and
therefore, if there is sufficient water vapour available (say,
transported from an upwind source area), cloud formation and possibly
precipitation will increase. Hydrologists have not yet been able to
make detailed studies of the local vs. regional movement of water
vapour, and therefore estimating the environmental impact of forest
removal and agricultural irrigation is difficult. Modelling studies
by Lettau et al. (1979) suggest that a considerable proportion of
the precipitation over the Amazonian forest results from regional
evaporation rather than from advected moisture. Convective activity
may be enhanced by providing an effective heat source at the surface.
Water consumption for bare soils and young partial vegetation cover
is found to be between 400 and 500 mm per year, whereas mature
forests consume from 700 to 900 nun per year (Baumgartner, 1979). The
decrease in evapotranspiration must lead to increased local runoff
if precipitation rates remain constant. The interactions between
the perturbed energy and water cycles as a result of deforestation
are likely to be very complex. Negative and positive feedback
effects may exist and predominate at different times and heights in
the atmosphere. The interaction between surface albedo changes and
local hydrological modifications may be critical for the final
climatic state.
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SURFACE PARAMETERIZATION AND THE SENSITIVITY OF CLIMATE MODELS

Charney et al. (1977) considered a simplified situation for their
sensitivity studies of the effects of vegetation removal in semiarid
regions. They attempted to estimate the effects of albedo-hydrology
interactions by considering two extreme cases: zero evaporation and
excessive evaporation. In the case of high evapotranspiration an
albedo increase from 0.14 to 0,35 resulted in a large reduction in
rainfall over all the semiarid and two of the three monsoonal
regions investigated. In the case of negligible evapotranspiration,
however, the same albedo increase resulted in a significant decrease
in rainfall over only one of the semiarid regions considered.
Recently Sud & Fennessey (1982) have performed a similar series of
experiments which support the earlier conclusions of Charney (1975)
and Charney et al. (1977). It is interesting to note that Sud &
Fennessey (1982) also draw attention to disturbances in areas removed
from the region of albedo perturbation. They suggest that such
relationships should be more fully investigated. Carson & Sangster
(1982) also tried to incorporate the effects of simultaneous changes
in surface albedo and local surface hydrology. Their investigation
consisted of three sets of experiments: (a) fixed soil moisture
content permitting potential evaporation with global snow free land
albedo of 0.1 and 0.3: designed to test the sensitivity of the model
to surface albedo; (b) fixed global snow free land albedo 0.2 with
interactive soil moisture initialized at 15 and 0 cm: designed to
test the sensitivity of the model to soil moisture content; (c)
albedo as a quadratic function of soil moisture content with inter-
active soil moisture initialized at 15 and 0 cm. Lower albedo
resulted in lower pressure over most land areas resulting in increased
atmospheric ascent and convective rainfall in the case of fixed soil
moisture. Higher soil moisture with fixed albedo resulted initially
in greater rainfall over the land. Initially dry and initially wet
runs were shown to converge, although global differences of approx-
imately 0.2 mm day 1 in precipitation persisted even after 260 days.
Moisture-albedo coupling generally caused greater spatial contrasts
in rainfall, evaporation and heat fluxes than occurred in decoupled
simulations. Carson & Sangster (1982) concluded that regional scale
anomalies may be strengthened if interaction between hydrology and
albedo is incorporated into climate models.

Potter et a.1. (1975) also considered two extreme cases of "wet"
and "dry" deforestation. They found that in the latter experiment,
in which the albedo of rainforest areas was increased from 0.07 to
0.25 and runoff was increased whilst evaporation was decreased, the
resulting climatic response was smaller than in the "wet" deforest-
ation in which only the albedo change was made. They suggested that
the increased effect in the case of "wet" deforestation is the
result of increased cloudiness in this experimental simulation. They
calculated that the globally averaged surface temperature decreased
by 0.2 and 0.3 K respectively in the "dry" and "wet" deforestation
experiments. Despite these interesting results Potter et al. (1981)
do not consider the additional impact of hydrological changes in a
later paper on a similar theme.

The impact of forest removal on the climate has also been studied
using the GISS GCM (Hansen et al., 1983). In this study Henderson-
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Sellers & Gornitz (1983) maximized the impact of tropical deforest-
ation by concentrating all the likely alterations of the surface
vegetation into one locality: a large-scale deforestation of the
Brazilian Amazon region. The magnitude of the modification is
equivalent to 35-50 years of deforestation at the current global
rate concentrated in the Brazilian Amazon, This is therefore the
locational antithesis of the global estimates of, for example, Sagan
et al. (1979). Detailed climatological data for this region are
extremely difficult to obtain. There were only 515 climatological
stations in the whole of Brazil in 1976 (Schwerdtfeger, 1976) of
which only four were radiosonde stations. The studies of Molion
(1975) and Lettau et al. (1979) were based on hydrological data from
as few as 28 stations in the Amazon basin. Validation of all climate
models is therefore difficult. Here the climatology of two obser-
vation stations, Alegrete and Bele'm, are compared with model-derived
rainfall and temperature statistics from the GISS GCM (Fig,2). The
regimes of these two locations, prior to the deforestation experiment,
are reasonably well simulated despite the coarseness of this model's
horizontal resolution: 8° latitude by 10 longitude.

The vegetation alteration (forest to grass/crop) caused a number
of immediate effects. The surface albedo increased as a result of
the vegetation replacement. This effect is particularly noticeable
in the near infrared spectral region where grass/crop cover is known
to exhibit high albedoes (values range from 0.1 at 0.5 nm to 0.35 at
l.O |jm). The roughness length is also significantly affected by the
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vegetation change due to the small scale of topography in this region.
An anticipated climatic response to the perturbation would be a
lowering of surface temperatures together with a reduction in turb-
ulent fluxes from the surface to the atmosphere, similar to the
results of Potter et al. (1975, 1981). However, the field capacit-
ies, which are related to the vegetation in the GCM are also perturbed
by the simulated deforestation. These and subsequent hydrological
changes are found to feedback in such a way that the final surface
temperature change is close to zero. Figure 3 shows that despite
the increase of surface albedo from 0.11 to 0,17, the temperature
does not decrease. This is because the reduction in evaporation
caused by a combination of less available water and reduced ability

f-25
0_

8

•? 6
6
E 4
Z

(XL 2

0

o 55

50

• STANDARD
- DEFORESTED

YEAR 9 YEAR 10

YEAR 6 YEAR 7 YEARS YE4R 9 YEAR It)

YEAR e YEAR 7 YEAR B YEAR 9 YEAR 10

YEAR S YEAR 7 YEAH YEAR 9 YEAR 10
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to transpire has offset the radiative cooling by an evaporative (or
latent heat) warming.

The effects of deforestation in the Amazon have been assessed
here by comparison with a control (standard) climatic simulation:
five years from 10 and 20 year runs respectively are illustrated in
Fig.3. The results of deforestation were to alter significantly all
the climate parameters considered, except the surface temperature.
Figure 3 underlines the departure of the hydrology from the control
run: rainfall has decreased by between 0,5-0.7 mm day and evaporat-
ion and total cloud cover are both reduced. The effects of reduced
rainfall and increased runoff are shown in the significantly lowered
values of water available in the upper ground layer. These results
contradict the assumption that the surface albedo is the most
important parameter. The overall albedo-plus-hydrology effect is to
produce a negligible temperature change.

It should be noted that the surface is not the only area in which
the hydrosphere seems to oppose the input alterations. The decreased
cloud also opposes the increase in the surface albedo, leading to a
smaller overall albedo increase than would have been expected from a
model which did not incorporate both atmospheric and hydrological
feedback effects, e.g. the model used by Sagan et a.1. (1979).

The local results of the GISS GCM deforestation experiment can be
summarized as follows from Fig.3: no change in the surface temperature;
precipitation decreased by around 0.6 mm day ; evapotranspiration
decreased by 0.4-0.5 mm day"1; planetary albedo increased by between
0.010 and 0.015 as a combined result of the increased surface albedo
and the decrease in cloud cover. These results contrast with those
shown in Table 1. During the course of the simulation, the excursions
of the regional climate were carefully monitored (Henderson-Sellers &
Gornitz, 1983). At the termination of the simulation there was found
to be only a very small region of significant departure from the
control Walker cell circulation pattern in July although in January
there is a significant decrease in the vertical velocity above the
deforested region. This is consistent with the reduction in the
surface evapotranspiration and the reduction in the moist convective
heating aloft. This latter effect became statistically significant
at two levels in the atmosphere in January only. The resultant
decrease in the vertical velocity over the deforested area is similar
to that predicted by Charney (1975) as a result of desertification.
In the case of deforestation, however, there is no strengthening
feedback and decreased upward motion never becomes descent. Henderson-
Sellers & GorniLz (1983) do not find any effects that penetrate beyond
the area local to the perturbation.

The effects upon the simulated climate of albedo changes associated
with tropical deforestation have also been considered using the UK
Meteorological Office 11-layer GCM (UKMO). In this case the control
run was initialized with a geographically specified albedo based on
the land type data set of Hummel & Reck (1979). In the perturbation
experiment equatorial rainforest was replaced by grazing and marginal
farm land, thus introducing a local increase of 0.07 in surface albedo.
Three areas of significant sensitivity were recognized: Amazonia,
southern Africa and northern Australia. The response in Australia
seems to be due to changes in large-scale circulation patterns and
is dominated by changes in the surface moisture regime. Preliminary
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TABLE 1 Characteristics and main results of a two-dimensional
(zonal) atmospheric model (Potter et al.,1975) in comparison with
the study of Lettau ct al. (1979) concerning responses to albedo
increase in the tropical rainforest zone (from Lettau et al., 1979)

Potter et al. (1975) Lettau et al. (1979)

Area coverage

Independent variables

Horizontal resolution

Albedo modification

Area of albedo change

Atmospheric tropical
circulation

Precipitation change

Precipitable water

Air temperature near
the surface

Entire globe
(51O x 10('kml)

Height and geographic
latitude

10° latitude

O.O7 changed to O.25

About 15 x 10('km?- of
land between 5°N and

Weakened Hadley cell
as model output

-230 mm year"1

between 5°N and 5°S
latitude

-O.74 mm globally

-0.4°C between 5°N
and 5°S latitude

Amazonia
(6.3 x 106km2)

Distance from Atlantic
coast

5° longitude

0.13 changed to 0.16

About 2 x lO6kmz

between 57°W and 68°W
longitude

Regional tradewinds
assumed unchanged

+75 mm year'1 average
for Amazonia

+0.59 mm over Amazonia

+O.55°C in Amazonia

analysis suggests that in each of these regions a cellular circulat-
ion appears to have been induced. In South America and Africa the
descending limb occurs in the deforested region and an ascending
limb in the area to the south. Only in Amazonia is the area of
maximum response coincident with the deforested region. Here the
increase in albedo resulted in reduced fluxes of energy to the lower
atmosphere and suppressed convective activity. There was a corres-
ponding decrease in soil moisture. Decreased absorbed energy and
flux of latent heat resulted in only a very small decrease in the
surface temperature.

The results from these two recent GCM experiments (GISS and UKMO)
contrast with earlier, simpler climatic simulations. For example,
Table 1 lists the predicted climatic alterations resulting from a
deforestation experiment calculated by Potter et al. (1975) and
Lettau et al. (1979), These two simulations differ from one another,
predicting surface temperature and precipitation changes of -0.4 and
+0.55 K and -230 and +75 mm year"1 respectively. Additionally, these
results also differ from those from the GCM simulations (e.g. Shine
& Henderson-Sellers, 1983). The latter suggest much smaller climatic
perturbations which can be difficult to identify above the natural
variability of the model. Parameterization and the nature of feedback
effects implemented seem to influence the results produced in climate
model simulations.
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CONCLUSION

One of our major conclusions is that the effects of the hydrosphere ,
which have generally been neglected in simpler climate models and
incompletely incorporated into more complex two and three dimension-
al models, must be adequately parameterized if realistic and useful
simulations are to be produced (see also Manabe et 3.1., .198.1). Our
results seem to suggest that the climatic effects of a surface albedo
change are smaller in a very moist atmospheric environment than in
arid regions (of. Charney et a.l. , 1977, and Sud & Fennessey, 1982).
However, attention must be drawn to the considerable range in the
types of climate models applied in analysis of the impact of
deforestation. These models differ considerably in the methods
employed and level of sophistication of the parameterization of land
surface processes. The diversity in the climatic perturbations
found reflect both this range in parameterization schemes and their
ability to simulate time-lagged feedback effects.

These considerable differences underline the clear need to re-
consider and improve the parameterization of land surface processes
in climate models. Until such improvements are implemented it is
unwise to draw conclusions about the possible impact upon climate of
tropical deforestation.
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ABSTRACT The aim of this paper is to review the more
important findings from runoff generation studies in the
tropical rainforests of northeast Queensland, Australia;
and to examine a number of implications for land management
and future research. Widespread overland flow is commonly
recorded in the undisturbed forest. The prevailing rain-
fall intensities frequently exceed the saturated hydraulic
conductivity of the profile below 0,2 m, which causes the
rapid development of saturation in the top layer and the
generation of overland flow. As a result no change in
the runoff hydrology occurred following logging but
suspended levels were doubled during high flows, whilst
clearing produced a tenfold increase. A major problem is
that the subsoil of some of the tropical soils is highly
dispersible once the A horizon has been removed by logging
or agriculture. Thus the frequent occurrence of overland
flow and raindrop impact ensures high soil losses from
sugar cane fields under monsoonal conditions.

Genese du ruissellement dans les forets tropicals humides
de Queensland du nord-est, Australie, et les implications
pour 1'amdnagement des sols
RESUME Le but de cet expose est une revue ge"ne"rale des
de'eouvertes les plus importantes sur la genese du ruissell-
ement dans les forets tropicals humides du Queensland du
nord-est, Australie, et d'analyser un certain nombre
d'implications pour 1'amenagement des sols et pour des
recherches futures. Le ruissellement extensif est general-
ement observe dans les forets non perturbees. Les
intensite's de precipitation prevalente excedent souvent la
conductivite hydraulique saturee du profil au dessous de
0.2 m, ce qui provoque la saturation rapide dans la couche
superficielle et donne lieu au ruissellement de surface.
11 en re"sulte qu' il n'y a pas de changements dans le regime
hydrologique du ruissellement a la suite de coupes forest-
ieres, mais les concentrations de matures en suspension
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doublent pendant les ruissellements importants, tandis que
la deforestation produit une augmentation dix fois plus
elevee. Un probleme majeur est pose par dispersion extreme
du substratum de certains sols tropicaux, quand 1'horizon A
a ete enleve par les coupes forestieres ou par
1'agriculture. Ainsi 1'apparition frequente de
ruissellement de surface, et la force d'impact des gouttes
de pluie, assurent de grandes pertes de sol dans les
champs de Cannes a sucre pour des conditions de mousson.

INTRODUCTION

The wet tropical coast of northeast Queensland is noted for receiving
high intensity, long duration events in the summer when most of the
annual rainfall occurs. However, until recently little quantitative
documentation on the storm runoff hydrology has been available to
resolve questions which inevitably arise concerning the ability of
agricultural and forest management systems to cope satisfactorily with
the annual wet season deluge.

THE RESEARCH SETTING

The paper centres on the paired drainage basins, viz. North Creek
(18.3 ha), South Creek (25.7 ha), located 5 km east of Babinda in the
wet tropical forested belt of north Queensland (Fig.l), The undis-
turbed vegetation is classified as mesophyll vine forest (Tracey &
Webb, 1975), which is typical of the rainforest vegetation that covers
much of the lower foothills.

The basins are characterized by steep slopes, e.g. South Creek
average is 19°, and underlain by kaolin dominated silty clay loam to
clay soils which may continue to 6 m in depth (red podzolic; Stace
et al., 1968; Gn 3.11, 3.14; Northcote, 1979) formed from basic
metamorphic rocks. The combination of a high root density in the top
0.2 m and the rapid incorporation of organic matter from a thin
surface layer of rotting leaf and twig litter, causes a marked decline
in hydraulic conductivity, K, and bulk density with depth.

The outstanding feature is the high mean annual rainfall (4239 mm,
1970-1977) with a marked concentration (63.3%) in the summer months
(December-March). This is the most hydrologically active period
when peak 6-min rainfall depths for individual storms range between
7 and 15 mm (70-150 mm h"1)(Bonell & Gilmour, 1980). Daily totals in
excess of 250 mm are common resulting from well organized tropical
lows and cyclones which develop in the monsoonal trough. The orogra-
phic effect is also important as the prevailing easterly winds are
uplifted over the Bellenden Ker/Bartle Frere mountain range (1600 m
a.m.s.l.), west of the drainage basins. Annual rainfall at the top
of Bellenden Ker is 9140 mm (1972-1979) with the maximum 24 h total
of 1140 mm recorded on 5 January 1979 as a result of tropical cyclone
"Peter", Thus during the summer monsoon, rain occurring on only a
few days makes up a large proportion of the annual total. In the
case of the experimental basins, 23% of the 1977 annual total of
5206 mm fell in five consecutive days in February (Gilmour & Bonell,
1979a). It is these characteristics which have a significant
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FIG.l The location and physiographical features of the
experimental basins and the location of the detailed
process study sites within the undisturbed rainforest
drainage basin.

influence on the runoff hydrology and give peak discharges in excess
of 5000 1s"1 from the undisturbed South Creek. Some 47% of the total
annual streamflow appears as quickflow and frequently more than 45%
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of rainfall from individual storms appears as quickflow in the wet
season.

THE MONITORING STUDIES

The initially undisturbed, paired basins were instrumented in 1969,
each one with a compound V notch weir with a stilling pond and a
bank of rising stage, stream water samplers, A meteorological
station was established between the two drainage basins including
a 0.25 mm tipping bucket raingauge and digital event recorder on a
6 min time base.

The frequency of storms enabled a short calibration period between
the two streams. In June 1971, North Creek was logged and 67% of the
area cleared by July 1973, then stick-raked and ploughed in prepar-
ation for the establishment of tropical pastures. This step was
never undertaken because of economic problems in the beef cattle
industry. Consequently the river basin remained almost completely
bare for over two years before rccolonization by volunteer grasses
and regrowth forest.

The runoff generation studies were confined to the undisturbed
South Creek. Three study sites were selected, two in the incised
area of the basin and one on the upper slopes (Fig.l). At each of
the plots lateral flow was collected from the surface, 0.25, 0.5 and
1.0 m depths by means of troughs 2 m long, and piped into large
(3 1) tipping buckets. Each tip was translated to a digital event
recorder using mercoid switches. A network of piezometers, wells
and tensiometers was established upslope from the troughs at sites
la and 2.

Soil water movement below 0.20 m was traced using tritiated water
at site lb and an upper slope site (Fig.l). At all sites detailed
investigations of soil physical properties were made, notably near-
saturated hydraulic conductivity as measured by the methods of
Talsma (Talsma, 1969; Talsma & Hallam, 1980). More details of the
methods and experimental design are summarized elsewhere (Bonell
et al. , 1981, 1982, 1983a; Gilmour et a.1 . , 1980).

RESULTS

Runoff generation studies

The trough studies indicated that widespread overland flow is common
in the undisturbed rainforest river basin during summer monsoon
storms. However, subsurface flow becomes a more important flow path
in the incised area if there is a temporary decline in short-term
intensities in the summer or more persistently in the post-monsoon
season (mid-April, to mid-June, maximum 6 min storm depths 25-65 mm
h~1, Bonell & Gilmour, 1980). This is illustrated in Fig.2, where
the magnitude of overland flow at site lb only exceeds subsurface
flow during intensity peaks. Despite differences in plot area,
much greater volumes of overland flow occurred at site 2 and the
role of subsurface flow (not shown) was minor (see Bonell & Gilmour,
1978; Bonell et al.r 1981; Gilmour et al . , 1980),
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FIG.2 The continuous record for rainfall, saturation
overland Flow and subsurface flow for 6 March 1977 1230-
1600 h EST.
Notes:

(a) No record from site la because of tree fa.ll
damage to the troughs, caused by tropical cyclone "Keith".

(b) No reliable record for subsurface flow at site 2
but earlier data collected indicated an insignificant
response below O.25 m. Total 0.25 m flow for individual
storms was normally an order of magnitude lower than the
total for saturation overland flow (Bonell & Cilmour,
1978) .

(c) Plot areas: site lb (O.OO6 ha), site 2 (O.016 ha).
To avoid redirecting any major flow paths, the runoff
plots were not bounded but remained open to receipt of a.I ?
runoff upslope. Consequently, the exact area contributing
to runoff is not known and the figures quoted are only
approximate.
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The relationship between rainfall intensity and soil hydraulic
properties explains these patterns. The surface soils (0-0.1 m) are
highly transmissive (log mean K = 20.13 m day"1, > 800 mm h"1) to
even peak monsoonal intensities. However, it is in the subsoil
below 0,2 m that the prevailing rainfall intensities rapidly exceed
the K values. In addition the available capacity for water in the
top 0.15-0,20 m layer (soil matrix AWSC, 41-52 mm, 0-15 bars at site
1b; AWSC, 19-25 mm, 0-15 bars, at upper tracing site), is frequently
exceeded during prolonged rainfall events because the matrix potential
is persistently close to saturation (Bonel1 et al. , 1983a). This
causes the rapid development of positive matric potentials and
saturation in the top layer which leads to "saturation overland flow"
(Kirkby & Chorley, 1967) and rapid subsurface flow. The saturation
overland flow is considered to be a mixture of "surface storm flow"
and "subsurface storm flow", as defined by Hewlett (1974). The
magnitude of the lateral and vertical storm flow components is
determined by the spatial variability of the subsoil K. The log
mean K of the 0.20-1.0 m layer at site 2 (K, 0.02 m day"1, < 1 mm
h is an order of magnitude lower than at sites la and lb (K, 0.11-
0.16 m day" , 5-7 mm h ). This results in only a smaller proportion
of rainfall input being transmitted vertically below 0.2 m and more
water available for surface and subsurface flow at site 2. In the
incised area any decline in rainfall intensities below monsoonal
levels means that vertical recharge can accommodate more of the
input and subsurface flow becomes a more important process. This
component depletes the upper water store making less input available
for overland flow.

Cross-correlation analysis indicated that this is a remarkably
sensitive environment with maximum coefficients corresponding with
response times of 6-12 min saturation overland flow, 12 miti for
0.25 m flow and 24 min for stream discharge despite differing storm
lengths and intensities. This is a function of several factors
including high rainfall intensities, sparsely littered forest floor,
large volume of biopores in the topsoil, high antecedent soil
moisture, steep slopes and a high drainage density during storms.

More complete descriptions of these studies including a stat-
istical model of the runoff generation process are given elsewhere
(Bonell & Gilmour, 1978; Bonell et al. , 1979, 1981; Gilmour & Bonell ,
1979b; Gilmour et al. , 1980).

Tracing studios

The tracing experiments established that both the vertical and down-
slope flux of soil water below 0.2 m occurred through interstitial
piston flow (Horton & Hawkins, 1965; Zimmermann et al., 1967) acting
in conjunction with preferential flow in the macropores (Beven &
Germann, 1982), The general advance of the interstitial piston flow
was slow and the experiments indicated that there was a long soil
water transit time, particularly below 1 m, despite the high levels
of hydrological activity in the upper profile. Another factor
delaying the vertical advance of the tritium pulse was upward move-
ment of soil water in various sections of the profiles suggested
from the distribution of hydraulic potential under different hydrol-
ogical conditions. More details of this work are to be found
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elsewhere (Bonell ct al. , 1982, 1983a).

The effects of logging and clearing on the storm runoff hydrology
and water quality

The following summary concerns data analysis up to the end of 1975.
More complete details of this work have already been reported (see
Gilmour, 1977a).

After logging and clearing in North Creek, there was no detectable
change in quickflow volume, quickflow duration or time to peak and
only weak statistical evidence for a small increase in peak discharge.
These characteristics imply that there are only minor changes in the
storm runoff pattern in the wet season.

However, major changes were evident in the water quality of North
Creek after the change in land use. Peak suspended sediment concent-
rations rose from about 180 ppm before logging to about 320 ppm
during the first year after logging and about 520 ppm during the
second year after logging. The most dramatic change came on clearing
which produced more than a tenfold increase in suspended sediment
levels to between 2000-4000 ppm during high flows. These high
levels persisted until 1976 and though much reduced, had still not
returned to pre-clearing levels by 1981. Bed load was not directly
measured but 3-4 m of material has had to be removed from the
North Creek stilling well after each wet season. Before clearing,
the same period showed no noticeable accumulation of bed load
material.

DISCUSSION

The combination of high prevailing rainfall intensities and the
experimental basins soil hydraulic properties, places this environment
in part of the extreme "wet" hydrological situation. The frequency
of rainfall events maintains a low matric potential in the basin
soils, thus allowing saturation and runoff to redevelop almost
instantaneously with the onset of intense storms between December and
mid-June. This means that the amount of vegetation which remains on
the basin slopes, and the condition of the top 0,2 m of soil are
relatively unimportant factors in terms of quickflow generation.
However, the study shows that the same two factors are of great
importance in controlling surface wash and erosion. The extensive
network of buttressed and surface roots of the rainforest provides
some impediment to downslope sediment transport that otherwise occurs
given the presence of widespread overland flow. In addition, the
surface soil has been ameliorated by the continual incorporation of
organic matter to provide a thin but very stable and highly
permeable zone. On removal of the rainforest such protection is
lost and the B horizons of certain granite and metamorphic soils
are highly dispersive on exposure (unpublished data, Middleton,
1930). The least dispersive soils of the area are those derived
from basalt and colluvium, and the soils in the experimental
basin.
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IMPLICATIONS FOR LAND MANAGEMENT

The main objective is to control watei' quality. In terms of forest
harvesting, it is essential to retain undisturbed streamside buffer
strips up to 20 m wide. These have two functions. The first is to
prevent harvesting operations creating soil disturbances in the
stream bed or along the immediate stream banks. The second is to
trap some of the sediment transported by overland flow towards the
stream. However, the nature of the runoff process means that
inevitably some of the suspended load will pass through and enter
the creek.

Regular road and snig track drainage into the adjacent undisturbed
forest is also necessary to reduce water velocities over the exposed
soil. Failure to do this exposes the highly dispersive subsoil at
many sites leading to spectacular gully erosion up to 12 m deep
(Gilmour,1977b).

Where rainforests are cleared for conversion to alternative land
uses, the presence of widespread surface runoff means that there is
a high erosion potential. In fully vegetated fields under well
managed pasture, the soil is effectively shielded from raindrop
impact and there are many impediments to surface wash. In these
situations there is little evidence of significant soil erosion even
after intense monsoonal storms. However, erosion in mature sugar
cane remains a problem because the cultivation is aligned in sympathy
with the slope instead of a contour layout to facilitate mechanical
harvesting. This can result in wholescale movement of the topsoil to
the slope base on even moderate slopes during heavy monsoonal events.
The situation can be disastrous in young sugar cane and late
cultivated ratoon crops. After 2260 mm of rain in the period 1-14
January 1981, in Innisfail, estimated erosion losses ranged from 10 t
ha j on areas protected by plant residues to over 500 t ha X on bare
fields cultivated with slopes up to 20% on basalt. Spectacular gully
erosion occurred up to 3 m deep and 10 m wide (Capelin, personal
communication 1981).

The long soil water transit time documented during the soil
moisture tracing studies indicates that despite the intense surface
hydrological activity, there is some potential for agricultural
chemical inputs to accumulate in the deeper horizons in intensive
agricultural systems such as sugar cane. Long term environmental
monitoring of soil water quality would seem essential for sustained
commodity production in this region.

CONCLUSIONS

The prevailing high rainfall intensities and the soil hydraulic
properties ensure that widespread overland flow is common and that
a high proportion of inputs are quickly routed out of undisturbed
tropical rainforest as quickflow in the experimental basins. This
results in serious erosion losses in disturbed areas unless correct
management procedures are followed. In this context these experi-
mental basins occupy part of the "wet" spectrum in comparison with
other tropical rainforest areas based on the relationship between
synoptic climatology and rainfall intensity (Gilmour et al., 1980).
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However, within northeast Queensland, the rainfall characteristics of
these basins are by no means the most extreme when compared with the
hydrometeorological conditions experienced on the mountains further
west. Many of the management problems discussed in this paper will
only be accentuated in such areas.

However, knowledge of the hydrology of the area is far from
complete and many more problems still need to be investigated. A
more complete picture of the spatial variability of soil hydraulic
properties throughout the experimental basins is desirable. Also the
implicit assumption in the discussion of this paper is that similar
hydrological processes operate elsewhere in north Queensland.
Investigations of regional patterns of soil hydraulic properties
have been initiated (Bonell et al., 1983b), but regional rainfall
intensity patterns are still required before the Babinda basin model
can be clarified in terms of describing the region's hydrology. In
addition, a detailed understanding of erosion processes both in the
undisturbed setting and the managed setting is required.
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ABSTRACT The large-scale features of evapotranspiration
(ET) in the humid tropics are discussed as well as methods
for the estimation of potential ET (PET). A simple
method, requiring the duration of sunshine only, is tested,
using climatological data for several stations. Good
results are obtained. Methods for the evaluation of ET
in the dry season are considered. The annual ET for about
60 stations is estimated for illustration,

Evapotrunspirntion dans les regions humides tropicalcs
RESUME Les caracteristiques sur une grande dchelle de
1'evapotranspiration (ET) dans les regions humides
tropicalcs sont discutees, ainsi que les methodes pour
estimer l'ET potentielle (PET). Une methode simple est
verifiee, qui ne demande que la duree d1insolation. Pour
cette verification des donnees climatologiques de
plusieures stations sont analysees. Les resultats sont
satisfaissants. Quelques methodes pour evaluer ET au
cours de la saisson seche sont considerees. A titre
d'exemple les valeurs annuelles d'ET sont estimees pour
environ 60 stations.

INTRODUCTION

The objective of this paper is to discuss the large-scale features
of evapotranspiration (ET) in the humid tropics. The general theory
of ET is not discussed; for this, the reader is referred to textbooks
by e.g. Sellers (1965), Geiger (1966), Monteith (1973) and Brutsaert
(1982). If a wet period is defined as any period when rainfall
exceeds potential evapotranspiration (PET), the climate in the humid
tropics can usually be characterized by the existence of a wet and
dry season. In the wet season water supply is plentiful, so that ET
is approximately PKT. In a later section methods of estimating
(P)ET in the wet season will be considered. Since data are often
scarce in the tropics, special attention is paid to simplification
of existing methods, requiring a minimum of input data. In the dry
season matters are much more complicated; immediately after the rainy
period, ET will still be close to PET, because the plants still
have a plentiful supply of soil moisture. After some time a shortage
of soil moisture will arise however, and ET will be reduced. In the
last section some methods for estimating dry season ET are described.
A simple method estimating dry season ET will be used to evaluate
mean annual totals of ET from about 60 tropical stations for which

*0n leave at the Institute of Hydrology, Wallingford, UK.
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climatological data are available.

DATA ANALYSED

This study uses the same climatological data set as Stewart et al.
(1982). These are mean monthly values of air temperature, vapour
pressure, wind speed and duration of sunshine. The data were
obtained from the World Survey of Climatology (Landsberg, 1969, 1972,
1974, 1976 and 1971). The stations lie between 23°N and 23°S. To
eliminate the influence of altitude only stations below 600 m were
considered.

In many cases the data were not in the ideal form and, therefore,
had to be converted. For example, at some stations only the relative
humidity was given twice a day, whereas the corresponding temperatures
were unknown. In these cases the vapour pressure was obtained by
assuming that at 0600 or 0700 h the relevant temperature was the
mean minimum while for measurements between 1200 and 1500 h the
maximum temperature was used. Evidently these uncertainties also
introduce uncertainties in the calculated evaporation figures.

METHODS OF ESTIMATING PET

The Penman method

Usually, the potential evapotranspiration is understood to refer to
the maximum rate of ET, under the given weather conditions, from a
large area covered completely and uniformly by an actively growing
vegetation with adequate moisture supply at all times (Brutsaert,
1982). In the literature several methods are proposed for estimating
PET from standard weather data and simple crop parameters. This
section discusses the well-known Penman formula.

Starting with the concept of Penman (1948) two approaches can be
dist inguished;

(a) the resistance approach,
(b) the crop-factor approach.

These will be considered separately in the next sub-sections.

The resistance approach: the Ponman-Monteith equation In the
resistance approach a canopy or surface resistance is introduced to
characterize the transfer of water vapour between the stomatal
cavities of the plants and the atmosphere. This concept results in
the Penman-Monteith equation (Monteith, 1965, 1981; Thorn 1975;
Rijtema, 1965; Brutsaert, 1982), which reads

ET = " G ) (pcp/ra)<5o

\{A rs/ra)}

where A is the latent heat of vaporization, p the air density, cp

the specific heat of air at constant pressure, fie the vapour pressure
deficit at screen level, Rn the net radiation, G the soil heat flux
density, A the slope of the saturation water vapour-temperature
curve at air temperature T, y the psychrometric constant, ra the
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aerodynamic resistance and rs the surface resistance.
Usually in the tropics G can be neglected. PET from a particular

crop is obtained by taking rs at its minimum value ( r s ) m i n . A
typical value for this is 40 s m"1 (Russell, 1980). When the canopy
is wet rs = 0.

Equation (1) shows how (P)ET depends on the different soil/plant
factors. For instance, the albedo of the vegetation affects the
net radiation, the aerodynamic roughness of the surface determines
ra, whereas rs and ( r s ) m i n are crop dependent. In the crop-factor
approach these surface influences are "summarized" empirically in
the crop-factor kc (see section on crop-factor approach).

The aerodynamic resistance ra can be evaluated (Thorn & Oliver,
1977) as

= 4.72 {in (2/snI
2
 (s m-i>

a i + o.54 u 2 ^ '

where z o is the roughness length of the surface expressed in m (for
typical values of zQ see Sellers, 1965 or Brutsaert, 1982) and U2 is
the wind speed at 2 m.

The Penman-Monteith equation provides a good physical description
of evaporation, although it contains some empirical features. For
many practical problems it is, however, too complicated. For instance
it is rather difficult to find realistic values for ra and rg for
inhomogeneous regions. Thus the use of the Penman-Monteith equation
is generally restricted to research purposes and diagnostic studies.
An exception is the special form of (1) proposed by Thorn & Oliver
(1977) which can be applied for general hydrological purposes. These
authors took zo = 2 cm and rs/ra constant at 1.4 to obtain with
equation (1) an estimate of PET from a short vegetation in the mid-
latitudes .

The crop-factor approach: the "old" Penman Formula In the crop-
factor approach, which is extensively used in hydrometeorological
studies, the PET for a particular crop is estimated from (Doorenbos
& Pruitt, 1977)*:

(PET)crop = kc ( P E T )° < 3 )

where kc is an empirical crop-factor and (PET)Q the potential evapo-
transpiration from a (hypothetical) reference grass cover. The
latter is evaluated from a special form of the Penman equation,
which is obtained by putting in (1) and (2) G = 0, rs = 0 and zo =
1.37 mm, while an albedo (see Appendix) of 0.25 must be chosen (Thorn
& Oliver, 1977). In the following we will denote this as the "old"
Penman formula.

In his original paper Penman (1948) followed a slightly different
approach to estimate (PET)O: he used (PET)O = f E o, where f is an
empirical factor and E o is the so-called open water evaporation
(which is obtained from (1) taking the albedo as 0.06, zo = 1.37 mm,
G = 0 and rs = 0),

Due to the different forms of the Penman equations, the diversity

Note that Doorenbos S Pruitt use a different terminology.
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of computation methods (tables and nomograms) and the different
empirical constants used to evaluate Rn and ra, there is frequently
confusion concerning which version of the Penman formula is being
used.

It was shown by Thorn & Oliver (1977) that the values rs = 0 and
zo = 1.37 mm used to obtain the "old" Penman equation, are both too
low. As a result this equation tends to overestimate transpiration
(then rs >> 0), whereas it underestimates ET from a wet rough surface,
i.e. interception (then rs = 0 but zQ >> 1.37 mm).

It appears that often errors cancel each other out in the long
term. However, in conditions where either interception or transpirat-
ion is dominating the method breaks down, A well-known example is
the water loss in winter from a wet forest in England and Wales (Thorn
& Oliver, 1977; Monteith, 1981). In this case the "old" Penman
formula yields much too low values.

Notwithstanding these shortcomings, it was often found that the
"old" Penman equation, used in the framework of equation (3), also
gives satisfactory results in the tropics (e.g. Brutsaert, 1965;
Edwards et al., 1981; Bruijzeel , 1982). Doorenbos & Pruitt (1977)
recommended the method for irrigation purposes (in a slightly modified
f o rm ) .

Although ( P E T ) O refers specifically to a green grass cover,
experiences show that ( P E T ) O evaluated with the "old" Penman formula
provides a reasonable first approximation of PET on a regional scale,
i.e. from large inhomogeneous areas (Edwards ct al., 19 7 6 ) .

From the above considerations I conclude that the "old" Penman
formula is appropriate for practical hydrological purposes. However,
the user is cautioned that there can be circumstances where the
method breaks down.

From a practical point of view the method has, in my opinion, two
drawbacks:

(a) It requires quite a ]ot of input parameters; this is
especially difficult in the tropics where data are scarce and
observations must be carried out under often difficult circumstances.

(b) There are too many versions and calculation schemes, all
using different empirical constants, for the Penman formula. This
introduces a great deal of confusion.
Therefore, I think it is worthwhile investigating whether it is
possible to simplify the method, firstly to reduce the number of
input data and, secondly, to avoid confusion.

The Priestley-Taylor method

General and physical background A well-known simplification of
the Penman equation is the method proposed by Priestley & Taylor
(1972). They found that ET from well-watered surfaces is rather well
described by

ET _ — (R^ _ G) (4)

where a is an empirical factor with a mean value of 1.26. Since (4)
refers to a well-watered surface it provides an estimate of PET.
Several authors (see e.g. Brutsaert, 1982) confirmed that a = 1.26.

In the first instance the Priestley-Taylor (P-T) formula seems to
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be purely empirical. However, a more detailed analysis shows that it
is based on more physics than is immediately apparent. To make this
clear, I consider, firstly, the energy balance equation at the earth's
surface. For the sake of simplicity I ignore the soil heat flux.
Then we obtain:

Rn = H + AE (5)

where H is the sensible heat flux density. Equation (5) states that
the available energy supplied to the surface is partitioned into
evaporating water (AE) and into heating the overlying air (H). A
measure of this partitioning is given by the Bowen ratio 3 F H/AE.

Slatyer & Mcllroy (1961) argued that when unsaturated air passes
over a wet surface it will tend to become saturated. Then (i will
approach y/A (Priestley, 1959) and consequently ex will become unity.
However, air above even very extensive wet surfaces such as the
oceans hardly ever becomes saturated. An explanation for this is
the entrainment of dry air at the top of the atmospheric boundary
layer (ABL), which is usually at the first inversion. Due to this
mechanism there is a water vapour "leakage" from the ABL to higher
levels in the atmosphere causing a lower humidity at the surface.
In a recent study De Bruin (1983) took this effect into account in a
model for parameter a. He found that a varies, among other things,
with the surface resistance and with the entrainment rate of dry air
at the top of the ABL. This shows that a is not akin to a universal
constant. Nevertheless De Bruin (1983) found about the same range
for a as reported by Priestley & Taylor (1972) for wet surfaces.
This does not prove that the mean value of a = 1.26 also applies in
the tropics, since the calculations carried out by De Bruin (1983)
refer to mid-latitudes summer-time conditions. Indirect evidence
that a is also about 1.26 in the tropical regions was provided by
Priestley (1966). This author analysed a set of air temperature
data in the humid tropics and found that the maximum air temperature
in the wet months shows a rather sharply defined upper limit of about
33 C. This leads to the conclusion that at this temperature the
sensible heat flux apparently vanishes to zero, which is confirmed
by the experiments by Linacre (1964). This feature is very well
described by the P-T model, using a = 1.26, which predicts that H
becomes zero at 32°C (Priestley & Taylor, 1972). As a consequence
the P-T method predicts that ET in humid tropical conditions is
almost equal to the water equivalent of net radiation (at least at
sea level), where the temperature is often close to 33°C , i.e.
ET = Rn/A.

The evidence presented in this section, though far from being
convincing, shows that the P-T method is based on more physics than
one would have thought at first sight. Prom a practical viewpoint,
it has the great advantage of simplicity.

Comparison with the "old" Penman formula Recently Gunston &
Batchelor (1983) compared the P-T and the "old" Penman methods in
tropical countries. They found good agreement in the wet months for
30 selected stations, which had a wet season varying from 0 to 10
months. In the dry season the P-T method yields significantly lower
values. The authors analysed the data set described in the section
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on Data Analysed. In this study we have a special interest in the
wet season. Therefore, I re-analysed the data set in a slightly
different way; all the months were selected which had at least 150 mm
of rainfall and which were preceded by a month with at least 120 mm
of precipitation. It was also required that the wet season lasts
for at least 3 months. A comparison between the two methods for
these selected months is given in Fig.l. The way in which the net
radiation was evaluated in both methods is described in the Appendix,

E

50 100 150

Priestley-Taylor (Win-2)

FIG.l Comparison of the "old" penman and the Priestley-
Taylor methods for the estimation of (PET)O. "Wet"
months (Rainfall >15O mm, rainfall previous month >120 mm).

Bearing in mind the many uncertainties inherent in this type of
study, it can be concluded that the agreement is very satisfactory.
It should be noted that the results shown in Fig.l refer to altitudes
less than 600 m.

Further simplification From the above section on general and
physical background it follows that in the humid tropics both the air
temperature (T) and the relative humidity (RH) are fairly constant.
At sea level typical values are: T = 27° and RH = 0.8. Taking T and
RH constant at these values I recalculated PET for the wet months
using the P-T method. In Fig,2 the results are compared with those
obtained with the full P-T formula. It can be seen that the agree-
ment is excellent. For practical calculations this result is of
great importance, since the simplified P-T method requires the sun-
shine duration as the only input. In principle, this quantity can
be observed remotely from satellites.

Adopting the numerical values for the empirical constants involved
in the estimation of the net radiation as recommended by Doorenbos &
Pruitt (1977) (see also the Appendix), the simplified P-T equation
reads:
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50 1OO 15O

Simplified PT (WITT2)

FIG.2 As Fig.l except for the Priestley-Taylor and
simplified Priestley-Taylor method, while the mean
temperature :~25°C.

A (PET)O = (0.36 Ra - 41)(n/N) + 0.18 Ra - 5 (W m~Z)

where n/N is the relative duration of bright sunshine and Ra the

(6)

-2,extraterrestrial incoming shortwave radiation (W m i ) . Note that
1 mm day"1 corresponds to about 28.5 W m~2. An alternative form of
(6) is

83.
X (PET)Q = (0.72 - — ) R + 16 (W m 2) (7)

where now the incoming shortwave radiation Rs is taken as an input
variable. Equation (7) is similar to estimates proposed earlier by
Makkink (1957) and Jensen (1973) (see also Brutsaert (1982) and
Doorenbos & Pruitt (1977)).

We recall that (6) and (7) are restricted to the wet season in the
tropics and to altitudes of less than 600 m.

ET IN THE DRY SEASON, ANNUAL TOTALS

In the dry season matters are much more complicated than in the
rainy period. As pointed out before, immediately after the wet
period enough soil moisture will be available, so that plants can
transpire close to their potential rate. But after some time ET
will be reduced due to a shortage of water. When the dry period is
sufficiently long the plants will reach wilting point. Then all
available soil moisture is consumed. This amount depends on soil
and plant type. In a recent study Sutcliffe et al. (1981) presented
a method to determine the available soil moisture from long-term
weather and runoff data. They found a value of 175 mm for a drainage
basin area in India.
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Bouchet (1963) proposed the so-called complementary method to
estimate ET under non-potential conditions. It requires standard
weather data only. Bouchet's ideas have been developed further by
Morton (1978), Morton ot al. (1980) and Brutsaert & Strieker (1979),
see also Brutsaert (1982) and Monteith (1981). Recently, Stewart
et a.i . (1982) examined the Brutsaert-Stricker version. They analysed
the set of climatological data described in the above section on Data
Analysed. Some encouraging results were obtained. However, the
method appears to break down during periods of low rainfall. At
present, the author is carrying out a similar verification of Morton's
method; the first results are similar to the findings of Stewart
ct al . (1982) concerning the Brutsaert-Stricker approach. Therefore
X draw the preliminary conclusion that the complementary method has
yielded encouraging results, but that it is not yet suitable for
general practical use so that further refinements have to be made.

In order to present some estimates of the annual ET (AET) in the
humid tropics , I estimate the dry season ET using a method similar to
that of Thornthwaite (1953). In the wet months, i.e. when precipitat-
ion (P) exceeds the (PET)O, evaluated by the P-T method, ET is taken
at (PET)O, while in the dry period ET is estimated as the minimum of
(PET)O and (0,9 P + ASM), where ASM is the available soil moisture.
The latter is determined with a simple book-keeping method. An
arbitrary value of 100 mm is used for the total available soil
moisture.

For illustration I calculated AET with this method for the
stations mentioned before which have a mean annual rainfall of at
least 1200 mm. In Fig.3 the results are plotted against the corres-
ponding (PET)O values determined with the simplified P-T formula.

Three types of stations were distinguished:
(a) stations with a long wet season indicated by (•); the number

of wet months is at least eight;
(b) stations with a very pronounced dry season indicated by (o);

the dry season lasts at least four months, while the total rainfall

500 1000 1500 2000

Simplified PT(mm)
FIG.3 Estimated annual ET (AET) vs. annual (PET)O
evaluated with the simplified Priestley-Taylor method.
For symbols see text.
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in the four driest months is less than 100 mm;
(c) the rest of the stations, marked with (.)•

From Fig.3 it can be seen that the calculated AET's from stations of
category (a) are primarily determined by (PET)O, which in turn
depends primarily on the mean sunshine duration. In this group the
maximum AET value occurs, which is about 1700 mm. This value agrees
well with the maximum AET in Monsoon Asia reported by Kayane (1971).
The data points belonging to type (b) do not show much correlation
with (PET)O, This is due to the fact that for this type of station
AET is primarily determined by the length and "intensity" of the dry
season. AET's for type (b) stations vary between about 700 and
1200 mm.

The stations from group (c) have a behaviour somewhere between
those of type (a) and type (b).

It should be emphasized that the values of AET presented here are
rough estimates, which are meant to give the reader an impression of
the approximate range of AET in the humid tropics.

DISCUSSION AND CONCLUSIONS

The previous sections can be summarized as follows:
(a) For research purposes and diagnostic studies the Penman-

Monteith equation is the most appropriate for the determination of
ET.

(b) In the wet season it is to be expected that ET reaches its
potential rate.

(c) In the wet season ET approaches the water equivalent of net
radiat ion.

(d) Under conditions where on the average neither the interception
nor the transpiration dominates ET, the "old" Penman formula provides
a reasonable estimate of PET for a reference green grass cover.
Moreover, it appears to give a good first approximation of PET on a
regional scale.

(e) Evidence is presented for the validity of the Priestley-
Taylor method. Although the P-T parameter a is not a universal
constant, a value of 1.26 for a also appears to be an appropriate
working hypothesis for the tropics.

(f) In the wet season a simplified Priestley-Taylor formula
(equations (6) or (7)) appears to be a suitable substitute for the
"old" Penman equation. A verification of this is presented for about
60 tropical stations which are less than 600 m in altitude.

(g) In the dry season evaporation is much more variable. The
complementary approach of Bouchet (1963) for estimating ET under non-
potential conditions requires further refinements.

(h) For stations with a long wet season (more than seven months)
the annual ET (AET) is found to be primarily determined by the
duration of sunshine.

(i) For stations with a very pronounced dry season (less than
100 mm of rainfall in the four drieat months) AET depends to a great
extent on the duration of that dry season.

As pointed out previously, the "old" Penman formula breaks down
in the mid-latitudes in the case of a wet forest, especially during
winter-time: the crop-factor approach does not work any longer,
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because kc becomes indeterminate ((PET)O is about zero, but ET from
a wet forest is significantly greater than zero). Since an important
part of the humid tropical regions are covered with forests it is
worthwhile to comment on the applicability of the "old" Penman
formula (and the related Priestley-Taylor method) to tropical forests.
The conditions under which the "old" Penman formula breaks down in
the mid-latitudes are (a) high wind speeds, (b) low radiation input,
(c) low rainfall intensities of long duration, (d) a negative
sensible heat flux, caused by meso-scale advection (Thom & Oliver,
1977; Monteith, 1981), which is often the main energy source for
this component of evaporation. In the tropics the conditions are
completely different: low wind speeds, high temperatures, high rain
intensities of short duration, and a high radiation input. An
important reason why the "old" Penman method breaks down for a wet
forest in winter-time is that it does not describe properly the
feature of a negative sensible heat flux being the main energy source
for evaporation. In the tropics the radiation input is high, so,
even if H is negative above a wet tropical forest it is to be
expected that net radiation will still be the dominant energy source
for ET. As we have seen then PET is properly described by the "old"
Penman formula. Therefore, it is likely that the "old" Penman method
is still applicable to tropical forests, i.e. the crop-factor will
be not too far from unity. This is confirmed by measurements of
Edwards & Blackie (1981) in Kenya. For an indigenous forest at
Kericho, a crop-factor of about kc = 1.15 (assuming that (PET)O =
0.8Eo); for nearby tea and bamboo vegetation, a kc of respectively
1.05 and 1.08 was found.

Although further experimental verification is needed, it is
provisionally concluded that in the humid tropics the "old" Penman
method is applicable for practical calculations, even for forested
regions. This implies also that the simplified Priestley-Taylor
method, proposed in this paper can be used. This method is very
attractive from a practical viewpoint, since it only requires sun-
shine duration (n/N), or the incoming solar radiation Rs, The latter
can be measured directly rather easily and accurately, while the
first can be observed remotely from satellites, removing the need
for any surface measurement. It is shown in the previous section
that for the determination of ET in the dry season, additionally, the
precipitation and the available soil moisture must be known. In
principle this information can be obtained from satellites (see e.g.
Barrett & Martin, 1981; Deutsch et al., 1981). Because in the tropics
reliable measurements are extremely difficult to carry out, it is
in my opinion very worthwhile to investigate further the use of
satellites along these lines.
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APPENDIX

ESTIMATION OF NET RADIATION

In this study the semi-empirical formula for the estimation of net
radiation, Rn, is used which had been applied by Stewart et al.
(1982), who, in turn, adopted it from Doorenbos & Pruitt (1977). It
reads

Rn = (1 - r)Rs +
 aTl*(eatm ~

 1) [cl + C2 <n/N>] <hl~>

where r is the albedo, Rs the incoming shortwave radiation, 0 the
Stefan-Boltzman constant (= 5.67 x 10~8 W m~2K~1*), e a t m the effective
emissivity of the atmosphere under clear skies, n/N is the relative
duration of bright sunshine and c^ and C£ empirical constants taken
here as c^ = 0.1 and C2 — 0.9.

Rs is obtained from the empirical expression

Rs = Ra[a + b(n/N)j (A2)

where Ra is the incoming shortwave radiation at the top of the
atmosphere and a and b empirical constants. Here we used

a = 0.25 and b = 0.5

For e t the well-known Brunt formula is applied:

e=+m = c 3 + c4/e (A3)

in which e is the vapour pressure (in mb) and eg and c4 are other
empirical constants. Appropriate values for these in the tropics
are c3 = 0.66 and

c4 = 0.044 mb"*

It should be noted that in the literature several other expressions
for eatm, Rs and the influence of clouds on the net longwave radiat-
ion [described in (Al) by the term (cj + C2(n/N))] are proposed
while the published values for the empirical constants show a great
scatter (see e.g. Brutsaert , 1982).
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Runoff regime of a tropical high mountain
region
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ABSTRACT Investigations concerning river runoff and
water balance in the Mt Kenya region were pursued within
the scope of a hydrological research project. For the
northwestern Mt Kenya region, runoff data obtained from
12 stations for the period 1960-1980 are available. The
runoff regimes are of the type "equatorial regime of high
mountains with two maxima" . Compared with known equatorial
regimes the more extreme coefficients are the main differ-
ence. Precipitation is the main controlling factor.
Considerable regional differences in river flow have been
found.

Regimes d'Seoulement d'une region gquatoriale montagnarde
RESUME Les recherches sont effectue"es dans le cadre
d'un projet hydrologique concernant l'^coulement et le
bilan hydrologique dans la region du Mt Kenya, Pour le
nord-ouest du Mt Kenya, des donne'es de debit fournies par
12 stations pour la pe"riode de 1960-1980 sont disponibles .
Les regimes sont du type du "regime equatorial montagnard
k deux maxima". Compares aux regimes equatoriaux connus,
ils se distinguent surtout par des coefficients plus
extremes. Le regime des rivieres suit principalement
celui des precipitations. II y a des differenciations
regionales considerables.

INTRODUCTION

The high population density in Africa forces many of its inhabitants
to occupy less fertile, low-humidity regions. In relation to this
problem, a research programme is being conducted in the northwest of
the Mt Kenya region dealing with the basis of land utilization.
Water represents a limiting factor as regards further development
(Leibundgut, 1982). River discharge is the main resource. It is
the purpose of this contribution to describe the basic geographical-
hydrological situation, taking into consideration the discharge
regime of a river region which has remained largely unknown until
now. The results are based on the evaluation of the data from 12
stations during the period 1960-1980.

FEATURES OF THE INVESTIGATION AREA

The investigation area lies northwest of Mt Kenya (Fig.l) and is the

313



374 Ch.Leihundgut

S U D A
,

/ " f\ S \ E T H I O P I A

FIG.l General map. Situation of the investigation area
in Kenya with the drainage basin of the Uaso Nyiro as far
as the Lorian Swamp.

source of the country's main rivers. Whereas the River Tana, which
rises southeast of the mountain (windward), flows right across the
East African Plateau to the Indian Ocean, the Uaso Nyiro seldom
reaches Somalia, and then only during periods of high water. It can
be called a perennial river only as far as the Lorian Swamp. This
dissimilar flow behaviour reflects the features of the hydrological
situation around Mt Kenya. The elevation of the Tertiary volcanic
massif on the East African Plateau, jutting out to approximately
5200 m a.s.m.l,, is the reason why the district around Mt Kenya has
quite a high level of humidity. The relatively humid air masses
of the tradewinds from the Indian Ocean lead to orographic precip-
itation. Thus, in the middle of the East African dry regions, the
equatorial position of Mt Kenya gives rise to almost regular daily
precipitation events characteristic of the humid tropics. Depending
on the altitude there is a vertical sequence of zones on the slopes
of Mt Kenya. The glacial-nival zone in the area around the summit
is followed by the afro-alpine belt and the moorland zone. The
dense humid montane forest begins at an altitude of about 3300 m.
The zone at the foot of the mountain becomes savanna foreland at
about 1800 m. The rivers carry the life-giving water far out into
the semidesert.

The investigation area is situated in the upper basin of the Uaso
Nyiro (Fig.2). From a hydrological point of view, the area can be
divided into two parts: the well watered part extending from the
slopes of Mt Kenya to the foot of the mountain (road), and the dry
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savanna forelands. The water drains radially in ten main channels
in narrow, elongated drainage basins. Not all of them extend to the
summit region. The main sources rise in the forested belt. Further
information concerning climate, geomorphology and soils can be
obtained from Ojany (1968), Winiger & Messerli (1978), and Speck
(1982).

In addition to the three villages, Fig.2 also shows the permanent
rivergauging stations, for which the official terms of the Ministry
of Water Development are used (5BC2 etc.). For further information
regarding the rivergauge network, see the relevant study on the
reliability of the data.

FIG.2 Map of the investigation area. The drainage basins
have the same name as the rivers. 5 BC2 etc. are the
official terms for the river gauging stations. PCF:
raingauge "Cedarvale Farm". The road from fia.ro Moru to
Nanyuki and Timau goes along the foot of thg mountain.

LONG TERM DISCHARGE 1960-1980

The mean, maximum and minimum values set out in Table 1, serve to
give a general view of river discharge magnitude northwest of the Mt
Kenya region. The absolute discharge (n^s"1) - even their values
(MQ2i) - varies greatly at the individual stations depending on the
different sizes and the position of the river basin areas.

The values (HQy) and (NQY) represent the maximum and minimum
annual mean discharges for the period 1960-1980. The maximum values
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TABLE 1 River discharge for the period 1960-1980. MQ71 is annual
average discharge; HQY is maximum annual mean discharge"; NQy is
minimum annual mean discharge; Mq, Hq, Nq are corresponding values
for' the yield

River1

Naro Moru R.

Burguret R.
(without 1974-77)

Nanyuki R,

Liki R.

Ont.ulili H.

Kontjoni R,

SiHmon R,

T.l^ani R,

Timau R.

Nanyuki R.
(from 1965)

Nanyuki R.

Uaso Nyiro R.

Catchment area
Nanyuki R.

Catchment area
Uaso Nyiro

Station
No.

bBC 2

bBC 6

5BE 1

5BE 7

5BE 2

5BI' 3

5BE 4

561- 1

5BE 6

SBtJl

5BE2O

5BC 4

(5RI~?1)-
(5BE1+/)

(5BE2O)-
15BE2--6+21)

(SBC 41-
(5BC 2+6)

Catchment
Area
[km2]

83

98

68

184

61

14,4

62

'36

64

329

B60

1S65

77

294

16B4

[ HI * 5 " ' ]

1.15

0.939

0.679

1.17

0.611)

0.064

0.59S.

0.322

0.213

2.37

4.54

4,1.1

0.125

0.324

2.04

Mq

[lr,--k,if;

13.9

9.18

9.19

8.12

10.1

4.45

9.60

8.93

3.96

7.21

!': . 28

?.??

1.62

1.10

1.21

HQy

2.13

' • ' "

1.44

2.90

1.40

1.175

1.41

0.621

0.480

4.22

11.9

1?.?

-

Year

[Is

1968

1968

1961

1961

1961

1961

1961

1968

1961

1977

1961

1961

-

Hq

• k m " ]

25.7

18.1

21.2

15.8

23.0

12.2

22.7

I/.3

7,50

12.8

13.8

6.51

N0y

[nrV1]

0.439

0.289

0.238

0.590

0.135

0.006

0,260

0.154

0.138

0.846

1.17

1.30

0.020

(-0.37)

0.52

Yea r

1980

1980

1980

1980

1980

1980

196')

1980

1973

1980

1980

1980

-

-

Nq

ris"'knf']

5.94

2.95

3.50

3.20

2.22

0.440

4.19

4.28

2.16

2.57

1.37

O./OO

0.260

(-1.21)

0.310

[HQ

4

6

6

4

10

29

5

1

3

10

9

i a t i o n

/NQ]

.3

.?

.1

.9

.4

.2

.4

.0

.5

.0

.1

.3

are higher by a factor of 1.8-2.9, whereas the smallest annual
discharges attain values of O.22-O.55 for the period average. The
1980 value of the River Kongoni-BE3 must be regarded as an exception
(0.006). The fluctuation (Table 1) is the quotient HQ/NQ. The river
discharges for which the year is given show that the highest annual
discharges occurred, with few exceptions, in 1961, while the lowest
were recorded, with hardly any exceptions, in 1980, In wet years,
the river discharges are up to 10 times higher than in dry years.

As far as precipitation is concerned, there is, at present, only
one continuous series of measurements available for the same period.
The average rainfall at Cedarvale Farm (cf. Fig.2, PCF) for 1960-
1980 amounts to 667 mm. The lowest annual mean is 327 mm (1980) and
the highest Z200 mm (1961). The year-to-year variability of rainfall
is therefore in the same order as that of the discharge. The rain-
fall increases with height. The maximum with values of 1500-2000 mm
year is attained at 3000-3600 m on the western slopes. In the
higher regions distinctly less precipitation is measured (Winiger &
Messerli, 1978).

In Fig,3, the period values of the discharge are represented half-
schematically as diagrams according to their geographical position.
This illustration gives a general view of the regional discharge and
also gives an impression of the discharge in wet and dry years.
Generally, the discharge fluctuations increase from the River Naro
Moru-EC2 in the southwest to the River Kongoni-BE3 in the northeast.
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The River Liki-BE7 is an exception. The discharge from the River
Sirimon-BE4 to the River Timau-BE6 are very steady. The biggest
fluctuations appear in the total discharge of the River Nanyuki-
BE20 and of the Uaso Nyiro-BC4.

The mean values discussed so far are average values of period
and year. The "cardinal numbers of the discharge" give further

BE6

FIG.3 River discharge for the period 196O-198O and its
situation in the field (half-schematic). A : Mt Kenya;
BC2 etc.: indicates river gauging stations; B, C, O, E:
river sections without a gauging station (calculated
discharge).

information, because daily values and extreme values are taken into
consideration (Table 2), HHQ is defined as the highest measured
daily discharge at the station in question during the measurement
period. This is defined on the basis of the annual highest water
value (HQ) . The quality of these HQ data is relatively poor in view
of the fact that not all of them were arrived at in the same way.
At the 0ntulili-BE2 station, the daily value is determined by one
reading of the staffgauge. At the Nanyuki-BE20 and -21 stations, it
is obtained by one reading every second day, and at the Uaso Nyiro-
BC4 station, by the daily mean calculated from the recorder. The
other staffgauges are read twice a day. Thus, in some places, the
HQ values do not represent the peak value of the discharge. In view
of the fact that the HQ values for the entire measurement period are
taken into consideration, the highest discharge measured here
corresponds to the highest high water level (HHQ). The MHQ values
are defined as the arithmetic mean of the 21 HQ annual highest values
in the measurement period.

The low water values (NNQ, NQ, MNQ) are defined in the same way
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3 - 1 ,TABLE 2 Discharge characteristics (m s ) for the period 1960-1980

HQ = HHQ

MHO

NO

HNQ

NQ = NNQ

2 7 , 9

1 1 . 1

1.15

0,2j>:>

0 .107

RC1

111

in .a

14.13

0.165

0.118

BC6*

25.7

9.75

0.939

11.170

0.021

BE1

23,6

10.3

0.679

0.083

0.008

BE2

W-3

6.23

0.G1S

0.100

0.013

BE3

2.11

0.5511

0 .061

0.006

0-001

BE1

29,7

11.3

(1.595

0.102

0.051

BtS

6.58

0.976

0.322

0-182

0.089

BE6

5.98

1.05

0.253

0.162

0,079

BC7

?98

26.1

1.57

0.271

O.OOS

BEZO

1()3

15.6

1.51

0.698

0.279

BE21 +

217

2,37

0.325

0.126

*Z5ata missing for 1974-1977
fData missing for 196O-1964.

as the high water values, but with respect to the low water level.
The quality of the NQ values is considerably better than that of the
HQ values because the different methods of determining them are of
far less consequence because there is far less variation in the low
water values. Moeri (1982) reckons there is a maximum error of 5%
as opposed to a maximum of 30% in the case of HQ values.

The average high water levels (MHQ) are 9-22 times higher than the
period averages at the individual stations. Exceptional behaviour
is shown by the discharges of the Teleswani-BE5, Timau-BE6 and
Nanyuki-BE2O with the factors 3-4. The same situation is to be met
with in the case of the average low water discharges: with 57-64%
average low water discharge, the Rivers Teleswani-BE5 and Timau-BE6
differ vastly from the fluctuation of all the others, which lie
between 6 and 20% of the mean water level. The extreme values (HHQ,
NNQ) necessarily fluctuate very much and lie between 1:37 239 (River
Liki-BE7) and 1:50 (River Timau-BE6) .

DISCHARGE BEHAVIOUR 1960-1980 (ANNUAL VALUES)

Two features are particularly evident in the annual mean discharges
over the test period: first, a certain similarity in the process
with a succession of periods showing higher and lower flow; second,
a general falling tendency in the discharges (Fig.4).

At the beginning of the measurement period, the maximum annual
mean discharge at all the stations occurred in 1961. It is known
that Kenya suffered devastating floods during that year (Grundy, 1963)
Uniform peak values (albeit of smaller dimensions) were also recorded
at all the stations in 1968, 1975 and 1977. Most stations registered
peak values in the very wet years 1963 and 1971. The dry years
presented a considerably less uniform pattern. The reactions of the
individual river regions differed more widely. Nevertheless, only
two rivers, the Timau-BE6 and the Sirimon-BE4, did not register their
minimum annual mean discharge in 1980. Altogether 84 "wet" years
were recorded as opposed to 125 "dry" years. The stations on the
Burguret-BC6 and Nanyuki-BE21, where the data are incomplete , are
not included. "Wet" and "dry" years are defined as years when the
annual mean discharge at the station in question exceeded or fell
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FIG.4 Hydrographs of the annual mean discharge I960-
1980. Block diagram shows rainfall at Ccdarvale Farm.

short of the period average. The uneven distribution shows that
the wet years with high amounts of precipitation contribute to the
discharge to an excessively large extent.

The running weighted five-year averages of the annual mean flows
show a sequence of drier and wetter periods (Fig.5). Three periods
of high discharge can be distinguished around 1962, 1967 and 1977.
Between these years relatively dry periods with minima in 1965 and
1973 occurred.

The graphs of the annual values show a generally falling tendency
during the test period. The slopes of the linear regression equations
are, without exception, negative. The greatest slopes are to be
found, significantly, in the savanna foreland whereas at the stations
near to the mountain, the differences are generally less by a decimal
power. In part, the moving averages of the flow graph also show the
falling tendency clearly (Uaso Nyiro-BC4 in Fig.5). Others, such as
the River Nanyuki-BEl generally indicate a more stable character.

The annual mean flow corresponds very clearly to the rainfall
during the 21-year test period (Fig.3). Apart from the absolute
rainfall depths, the succession of years with more or less rain seems
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to be of particular significance for the annual discharge. The
periodicity of the rainfall is reflected in that of the discharge
and appears to be characteristic of the test area.

FIG.5 Running, weighted average of the annual mean
discharge of two chosen river basins for the period 1960-
1980 ( ). Weighting c' = a + 2b + 3c + 2d + e. c'
corresponds to the year 1962; — denotes the hydrograph
of the annual mean discharge; denotes MQ2±-

THE ANNUAL RUNOFF REGIME

The graphs of the flows studied in the region of Mt Kenya show two
peaks (Fig.6). This is clearly reflected in the principal annual
climatic pattern, which has two rainy/dry seasons. However, the
second dry season is weakened by the continental rains (local anti-
cyclones) .

The runoff is slightly out-of-phase. The months with the highest
discharge are April/May and October/November. During these four
months, approximately half the annual amount of water (46-53%) is
discharged. In the case of a few of the rivers, the months of June
and December are also part of the rainy-season discharge, and 55-68%
of the annual amount is then discharged. Finally, the continental
rains (August/September) lead in some of the basin areas to above-
average monthly discharges. During these five to eight months,
between 73 and 83% of the annual amount is discharged with the
exception of the rivers Teleswani-BE5 and Timau-BE6. The spring
maximum is hardly distinguishable and only 35-46% is discharged
during the rainy season.

Owing to their dual-peak nature, the runoff in the region north-
west of Mt Kenya belongs, according to the classification set up by
Keller (1961), to the "I-complex-regime" of the equatorial type of
runoff regime. As rainfall is the main controlling factor, the
runoff regime being thus determined by only one cause, it is actually
a simple regime with a symmetrical arrangement. The monthly maxima
of the discharge are separated by an interval of six months and
therefore correspond exactly to the position of the sun in this
investigation area, which is situated below the equator. Keller
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(1961) also places the tropical rain regimes, which can also have a
dual-peak character, amongst the simple regimes. Following the
global classification presented by Chorley (1969), the discharges
from the region northwest of Mt Kenya belong to the megathermal,
equatorial regime with a double maximum (AF). Here "A" means
belonging to the tropical rain climate with monthly average temper-
ature above 18 C; "F" means that a discharge is present throughout
the year. The latter condition is true of the discharges under
consideration here, even though there are only minimum discharges
for quite long periods. On the other hand, the average temperatures
in the investigation area, owing to the altitude, are considerably
lower than in the equatorial, humid tropics of the lowlands. The
25-year measurement series in the Atlas of Kenya (1970) , does not
show a single month for Nanyuki with an average temperature of >17°C.
In spite of this, the course of the region's flow regime corresponds
to known instances of the tropical rain regime with its two maxima
(cf. A. Guilcher, 1979).

The characteristics of the discharge are also indicated, in
addition to the course, by the size of the discharge coefficients.
The extreme values of the Mt Kenya discharges are 0.2 and 2.27, These

A/

1

h
V

A
/

\

s
v.

<--

' • • <

h
BE21

A A

r

\ A/ \ 7
MARCH JLJNE SEPT . DEC .

—

CH JUNE 5LP!1, DEC ,

FIG.6 River regimes 1960-198O, Coef.: MQmonth/MQyear;
P. precipitation Cedarvale Farm. The river regimes belong
to the type of the "equatorial runoff regimes of high
mountains with two maxima".
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are "Gg, 11 .5-regimes", according to the universal regime formula set
up by Keller (1968), The monthly discharge fluctuations are thus
slightly higher than those of comparable equatorial regions in
Central and West Africa (e.g. Ogowe 0.4-1.6 in Guilcher, 1979). The
isolated position of the humid, tropical source areas on the mountain
in the middle of a dry region may be shown here.

Generally speaking, there is still too little material available
to formulate a subgroup which might be necessary to classify the
equatorial discharge regime with two maxima, characterized according
to the discharge process in lowlands. Nevertheless , such a subgroup
can already be seen. We postulate an "equatorial runoff regime of
high mountains with two maxima". It is characterized by more extreme
coefficients than those found in the "equatorial runoff regime of
the rainforests" (cf . Balek, 1977).

Both the hydrograph and the coefficients of the regime show groups
of runoffs with different regimes which are, nonetheless, uniform in
themselves. The flow of the Rivers Liki, Ontulili, Kongoni, Sirimon
and Nanyuki evince a similar hydrograph during the period 1960-1980
with coefficients around the maximum. High coefficients (0.38-2.27
~ Gf, 11.5) in connection, however, with a pronounced second dry
period from June to September (coefficient <1), are also features of
the River Naro Moru, the Burguret and the Uaso Nyiro. At this station
the spring maximum is reached as early as April , and not in May as is
the case with all the others. The northeastern river flow from the
Teleswani and Timau region demonstrates a very different behaviour
as regards the fluctuations, with coefficients from 0.76 to 1.38
(Bb, 11,5). Although, amongst the mountain rivers, these are situated
in the driest zone, the fluctuations are least pronounced, which
indicates special conditions in the aquifer.

The above applies to the regimes for the period 1960-1980. If
these are analysed according to "dry" and "wet" periods (cf. Fig.4),
the basic character of the regime is, in part, obscured. The
significant period determining the shape of the regime curve for
1960-1980 are the years 1960-1968. The regime hydrograph shows this
period most clearly, the second dry period is obviously present.
The regimes in the period 1969-1974 portray a different regime where
the second dry period is scarcely, if at all present. In the same
way, the discharge maximum of the big rainy season is missing almost
everywhere (Fig.7), In the period 1975-1980 the runoff south of the
equator shows a conspiciously lower discharge maximum in the second
rainy season than in spring. These results show that the discharge
can be considerably shifted according to the season. Comparisons
with runoff regimes of other river areas must therefore be made on
the basis of the same periods of time.

Obviously rainfall is also a main controlling factor in the annual
river regime. As regards the long term average, the rainfall on the
northwest slope of Mt Kenya in April/May (long rains) is above that
in October/November (short rains). This is followed by a pronounced
dry season. The second dry season is far less pronounced as a result
of the continental rains. In view of the fact that the monthly mean
temperatures are practically constant (Nanyuki station 15.9 C),
evaporation is also substantially limited during the continental
rains by increased cloud and air moistured bearing (Roberts, 1963).
Clear regional differentiations appear according to the varying
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FIG.7 Typical river regime 1969-1974, The principal
course of the long term regimes can be blurred in shorter
periods. Legend cf. Fig.6.

influences of the different wind systems in the equatorial low-
pressure convergence and the strong modification due to the mountain
topography. The drainage basin areas of Naro Moru, Burguret and Uaso
Nyiro clearly lie in the lee of the northeasterlies which dominate in
northern summers. Here, the continental rains only have a marginal
effect. The runoff regimes largely reproduce these rainfall
conditions. Only the two maximum levels are interchanged.

The situation can be summarized as follows: The long rains, which
fall in spring and are generally the heaviest rainfall, follow the
most pronounced dry season. A large part of the rainwater is used to
replenish the underground reservoir. Therefore, only a relative
maximum (May) is reached in the annual flow regime. The refilled
aquifer and the reduced evaporation, combined with continental rains
are able to supply the river discharge throughout the subsequent dry
period such that, generally, larger quantities are discharged than
during the first dry period. Obviously the aquifer only partially
diminished so that the short rains can produce the annual maximum
discharge. As a result of the amplified potential evaporation in
connection with minimum rainfall, the store is subsequently diminished
very quickly and extensively. An analysis of the factors controlling
the river regimes is the purpose of the current investigations;
this analysis is based on altitudinal belts in order to understand
the different conditions in the individual river basins.
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Some aspects of water balance in the tropical
monsoon climates of India
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ABSTRACT India is a spectacular example of the monsoon
climates of the Asian tropics. Monsoons are defined as
the seasonal winds blowing in almost opposite directions
in summer and winter; it is mainly the summer monsoon
that is of economic importance because of its rainfall
potential. The paper presents and discusses the climatic
water balances of three representative stations situated
in the path of the summer southwest monsoon. The results
indicate that the water balances change from humid to arid
as one proceeds from south to north over the country. The
examples of the stations studied depict various features
which appear to be useful in planning water use and
agricultural economy of the region. An assessment is made
of the water balance elements of the stations during years
of both active and weak monsoons.

Certains aspects du bilan hydrologique sous les climats de
mousson tropicale en Jnde
RESUME L'Inde presente un exemple spectaculaire des
climats de mousson en Asie tropicale. Quoique les moussons
soient definies comme des vents saisonniers qui soufflent
dans des directions presque oppose'es en ete et en hiver,
e'est principalement la mousson d'ete qui pre'sente une
reelle importance e'eonomique par suite de ses potentialites
en precipitations. La communication presente et analyse le
bilan hydrologique climatique de trois stations d1etude
representatives situees sur le passage de la mousson d'e'te'
du sud ouest. Les resultats indiquent que la nature du
bilan hydrologique change d'une regime hydrologique humide
k un regime hydrologique aride en allant du sud vers le
nord du pays. Les exemples des stations etudiges mettent
en evidence des caracte"ristiques variees qui sont utiles
a connaitre pour la planification de 1'utilisation de
l'eau et 1'economic agricole de la region. Une estimation
est faite des elements du bilan hydrologique des stations
d'etude pendant les annees ou la mousson pre'sente une
forte ou une faible activite,

India is considered to be an outstanding example of a typical
monsoonal country since the prevailing wind direction over the
region reverses almost exactly by 180° from the summer to the winter
seasons of the year. What is, however, important in this context is
not so much the wind regime but the rainfall distribution associated
with the monsoon circulation. In fact, India experiences two

325
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monsoons - the southwest or summer monsoon (June-September) and the
northeast or winter monsoon (December-March) - of which the former
is the most important on account of its rainfall potential.
Agriculture in India heavily depends on the southwest monsoon rain-
fall, failure or even delayed onset of which seriously hampers
agricultural operations and crop yields.

The southwest monsoon, according to accepted concepts, originates
in the subtropical high pressure zones of the southern hemisphere,
travels northwards, crosses the equator and strikes the southernmost
portion of the south Indian region towards the end of May, Then
branching into two streams - the Arabian Sea branch and the Bay of
Bengal branch - the southwest monsoon air gradually spreads over the
whole country up to the State of Punjab by the end of July.
Excluding the northernmost State of Kashmir, the entire region
receives about 79% of its annual rainfall during the southwest
monsoon period; the monsoon withdraws from most parts of the country
by October. Yet, the monsoonal airflow over the Indian region is
neither continuous nor steady but displays marked pulsations - late
onset, early withdrawal, breaks as well as sudden intensifications -
all resulting in both regional and seasonal variations in the
distribution of rainfall. Studies have revealed (Subrahmanyam &
Karuna Kumar, 1976) that the climate of the country is determined
almost exclusively by the characteristics of the monsoon, stations in
different parts of the country along the path of the monsoonal
circulation experiencing different moisture regimes. Monsoons, as a
special climatic category, were first recognized by Koppen (1900) who
used the magnitude of the driest month's rainfall in relation to the
total annual rainfall for distinguishing the monsoonal from the non-
monsoonal climates. The concepts and criteria of water balance
developed by Thornthwaite (1948) and modified later by Thornthwaite
& Mather (1955) have enabled a more rational classification of
climates. Subrahmanyam (1956), Subrahmanyam, et al. , (1965) and
Subrahmanyam & Ram Mohan (1980) have used these criteria for
classifying the climates of the Indian region. It was later shown
by Subrahmanyam & Sarma (1981) that the evolution of the moisture
regime of the Indian climates is mainly the result of the inter-
action between the monsoonal circulation and the topography of the
country. The climatic types generated by this interaction range from
the perhumid on the wet side to the arid on the dry side and are
shown in Fig.1.

It may be seen that the western portion of India is completely
arid (E) and adjoining this zone is an almost continuous semiarid (D)
belt extending from Punjab in the north to the southern tip of the
peninsula, divided into a northern-southern zone by a narrow
subhumid (C) strip running east-west along the Vindhyan mountain
region. To the immediate east of Western Ghats in south India
is a very narrow subhumid zone (C) merging gradually with the
humid (B) and perhumid (A) zones westwards to the Arabian Sea coast.
An island of a fairly humid (B) climate in the northern semiarid (D)
zone is found in the Aravalli Hills. To the east and north of this
extensive dry belt lies a vast subhumid region (C) joining the same
climatic category of the Vindhyan range of mountains. Further east
and northeast are the humid (B) and the perhumid (A) areas of
eastern India and Assam. Humid climates also prevail in the elevated
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zones of south India like the Eastern Ghats, Nilgiri, Annamalai and
Palni Hills.

It is thus clear from the above description of the climatic
spectrum of India that though the rigorous Koppen definition of the
monsoon climates is applicable only to a narrow strip on the west
coast of south India, all five climatic types and zones discussed
above do represent the monsoon climates of the Indian region and
must be treated as such. It is in fact this aspect that has been
stressed in this paper with a view to highlight the potential of the
various sections of the country for agricultural and hydrological
development. For this purpose, representative stations have been
chosen from different sections of the country influenced by the
southwest monsoon circulation. Three stations are cited as examples:
Mangalore from the west coast of south India belonging to the per-
humid (A) zone, Balasore from the upper east coast of peninsular
India which has a moist subhumid climate (C2) and Delhi from the
semiarid (D) north Indian plain.

Mangalore which is under the direct influence of the Arabian Sea
branch of the southwest monsoon may be taken to be a typical
monsoonal station since it receives about 90% of its total annual
rainfall within a period of about six months from May to October
while it is extremely dry from December to March. While this is the
climatic picture (Fig.2(a)) the moisture regime of this perhumid
station in more active and less active monsoon years is equally
interesting (Table 1). In the wet year of 1961 (Fig.2(B)) the rainy
season here started in April and the water surplus of 464.2 cm was
more than twice the normal of 216.3 cm, while in the dry year of
1934 (Fig.2(c)) when the very weak monsoon started in June and
practically ended by September the water surplus of 111.2 cm was less
than half of the normal. What is interesting, however, is that there
was not much change in water deficit even during the dry year when it
was just 12% higher. It may thus be seen that in perhumid climates
of monsoonal origin water deficits do not show much variation even
during dry years but the water surpluses, which themselves are fairly
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FIG.2 Water balances of Mangalore (perbumid, A).

high, register considerable diminution; it is significant to notice
even an increase in water deficiency (44.7 cm) during the wet year
of 1961 at Mangalore while the normal water deficit is only 43.3 cm.

TABLE 1 Comparative water balance data in monsoon climates of the
Indian region

Year

MANGALORE
Average
Wet year
(1961)
Dry year
(1934)

BRLASORE
Average
Wet year
(1956)
Dry year
(1954)

DELHI
Average
Wet year
(1933)
Dry year
(1929)

Water need
(cm)

169.
166.

168.

156.
154.

158.

147.
134.

153.

8

7

6

6

1

O

6
1

2

Precipitation
(cm)

342.8
583.8

219.5

162 .4
295.3

115.7

65.2
153.5

30.1

Water surplus
(cm)

216.3
464.2

111.2

28.1
155.8

0.0

O.O

47.1

O.O

Water deficit
(cm)

43.3
44.7

48.5

22.3
8.3

53.2

82.4
27.7

123.1
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This is only on account of the uneven distribution of rainfall
causing large imbalances in the water budget,

Balasore is a moist subhumid (C2) station on the upper east coast
of south India exposed to the Bay of Bengal branch of the southwest
monsoon whose potential precipitation is not only much less than
that of the Arabian Sea branch but Balasore is almost in the lee of
the Eastern Ghats as far as the prevailing monsoonal circulation is
concerned. Consequently, its normal annual rainfall (162.4 cm) is
less than half that for Mangalore and water surplus is only 28.1 cm,
while the water deficit is 22.3 cm (Fig.3(a)). In the very active
monsoon year of 1956 Balasore received 295.3 cm of rainfall which
produced an enormous water surplus of 155.8 cm - six times the normal
- and reduced the water deficit to 8.3 cm - almost to one-third the

(a) Climatic
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FIG.3 Water balances of Balasore (moist subhumid

normal (Table 1). But in the dry year of 1954 when the southwest
monsoon was very weak and was delayed until August, the rainfall was
only 115.7 cm - about 70% of the normal value. The water surplus,
therefore, came down to zero while the water deficit (53.2 cm) rose
to about two-and-a-half times the normal.

This is but a characteristic feature of the subhumid climates
which are intermediate between the wet and the dry climates on either
side and, therefore, they possess very critical water balances that
fluctuate between large water surplus and large water deficiency year
after year. The vagaries of the monsoons are very strongly felt in
these buffer climates where the water resources are meagre and
uncertain and augmentation and conservation measures are a dire
necessity for successful implementation of agricultural and hydrol-
ogical programmes.

On the other hand, Delhi is almost at the northernmost limit of
the southwest monsoon over the Indian region and has an annual rain-
fall of 65.2 cm which is less than half its water need of 147.6 cm.
Hence, it has a semiarid (D) climate (Fig,4(a)) which becomes much
worse in the dry year (1929) when the water deficit (123.1 cm) rose
to one-and-a-half times its normal value of 82.4 cm. (Fig,4(c)). But
when the monsoon was particularly active as in 1933 (Fig.4(b)) Delhi
received so much rainfall (153.5 cm) that its water deficit (27.7 cm)
had not only come down almost to one-third its normal value but a
water surplus of 47.1 cm was registered, while in normal years it
has none (Table 1). Such wet monsoon years are, however, very rare
in the semiarid climates of either the north Indian or the south
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Indian region but when they do occur they cause much concern because
of the resulting river flooding and vast inundations.

The behaviour of individual stations in the paths of the two
branches of the southwest monsoon in summer as well as of the north-
east monsoon during winter is thus a very interesting study
particularly from the point of view of water balance and its
fluctuations from year to year. The monsoon climates cannot, there-
fore, be defined purely in terms of the total annual rainfall and

(a) CUmotlc
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FIG.4 Water balances of Delhi (semiarid, D) .

rainfall of the driest month as Koppen did. It would appear that
monsoons can generate a whole spectrum of climates from the perhumid
to the arid depending upon the geographical location of the region
and topography of the area (Table 1). Under these circumstances the
natural vegetation cannot be forest but varies depending on the water
surplus and water deficit in relation to water need. The humidity
and aridity indices thus obtained as percentages serve a very useful
purpose in the ecoclimatic planning of the region for development
purposes. Considering these points monsoons must be understood only
as seasonal wind circulations with their rainfall potential deter-
mined by several regional factors.

One of the significant conclusions that has emerged from this study
is that the concept of monsoons as regions or periods of heavy down-
pour of rainfall supporting forest vegetation is not in fact quite
correct. They must be viewed as only one aspect of the general
circulation of the atmosphere in the tropics and rainfall associated
with this circulation is neither the same nor constant everywhere;
it is the complex interaction between this circulation and the
geography and the physiography of the region that generates a range
of climates varying between the perhumid and the arid depending upon
the nature and the extent of the interaction. The Indian region
being an outstanding example of the Asiatic tropical monsoon affords
strong evidence supporting this concept, perhaps necessitating a
revision of the definition of monsoon climates from an ecological
angle.
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The meteorological feasibility of windmills for
water supply in northern Malawi

DAVID R. ARCHER
Northumbrian Water Authority, Cos forth,
Newcastle upon Tyne, UK

ABSTRACT The availability of a water supply for domestic
and stock use is a limiting factor in the development of
rural areas in Malawi. The meteorological feasibility of
windmills to obtain a supply is investigated. Variations
in wind speed with location, season and time of day are
outlined. Manufacturer's wind pump ratings were obtained
to determine volume of water pumped at various wind speeds
and specified heads. Volumes of water pumped are estimated
from five daily readings of wind speed for three mill
diameters and two operating elevations. The amount of
storage required to sustain a given yield is determined by
mass curve analysis. It is concluded that windmills are
ideal for stock water supply, as supply appears to fluct-
uate with demand. However, yields are low during the wet
season, and domestic supplies would require substantial
storage or supplementation from another source.

Les possibility's sur le plan metSorologique das Soliennes
en ce qui concerne les reserves d'eau dans le nord du Malawi
RESUME Les disponibilites en eau pour usage domestique
et pour le betail sont un facteur limitant du developpe-
ment des zones rurales du Malawi, On a procede a des
recherches sur les possibilites sur le plan meteorologique
des eoliennes pour fournir un volume d'eau donne. On
tient compte des variations de la Vitesse du vent en
fonction du site, de la saison et du moment de la journee.
On a obtenu le rendement des eoliennes en demandant aux
usines pour determiner le volume d'eau pompe pour
differentes vitesses du vent et differentes hauteurs de
charge. On fait une estimation du volume d'eau pompe a
partir de cinq releves quotidiens de la Vitesse du vent
pour trois diametres d'eoliennes et deux hauteurs de
recharge operationnelles. Le volume de reserve necessaire
pour maintenir un debit donne est determine en fonction de
1'analyse de courbes cumulees. On en a conclu que les
eoliennes sont une solution ideal© pour le betail; puisque
la fourniture d'eau semble varier avec la demande.
Toutefois, les rendements sont bas pendant la saison des
pluies et il faudrait pour les usages domestiques un
stockage t;ubsfcantiel ou l'apport d'autres ressources en eau.

INTRODUCTION

The supply of good quality water for domestic use and for cattle is
335
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a problem in many rural areas in Malawi, as it is in many other parts
of the tropics with a prolonged dry season. At the end of the dry
season surface sources may dry up, and people and cattle have to walk
considerable distances to secure their supplies. Areas that might
otherwise be suitable for settlement may therefore remain unoccupied.

A variety of solutions has been adopted at different locations in
northern Malawi (Fig.l) depending on physical conditions at the site
and comparative costs. The most common solution is to install a
borehole with handpump for village domestic water supply and for
small institutions, and to fit a motorized pump for small urban and
larger institutional supplies. In a few cases a piped water supply
has been provided from a nearby perennial surface source. However,
there are few suitable sites for such developments.

Wind pumps have been extensively used for water supply in
apparently similar situations in other countries. Hutchinson (1974)
noted that there are several thousand windmills in adjacent Zambia,
predominantly for stock water supply. In the Karonga and Chitipa
Districts of northern Malawi wind pumps have not previously been used
and this investigation was carried out to evaluate their feasibility
and to develop methods for determining the optimum operating arrange-
ments .

Wind pumps have the potential advantage for stock water supply that
they can operate unattended. They have low operating costs and
should require little maintenance. A disadvantage, however, is that
they do not operate in low wind speeds and a reservoir or storage
tank may be needed to maintain supplies during such periods. Methods
are described to calculate storage requirements to meet a given
demand, assuming a certain depth to groundwater, with specified wind
pump characteristics and operating height.

LOCATION AND DATA

The area lies at 10°S (Fig.l) and is bounded to the east by Lake
Malawi. A lakeshore plain at 474 m, averaging 8 km in width, is
bordered to the west by a scarp zone which rises to the Chitipa
Plateau at 1200 m. Several small hill masses rise above the plateau

FIG.l The location of northern Malawi in central Africa.
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to 2000 m. Topography and the effects of the lake combine to give
a spatially varied climatic pattern (Archer & Laisi 1980; Archer,
1981).

The climatic year consists of a wet season and a slightly longer
dry season. The rains generally start around the end of November
and die out over most of the area in April , except the northern part
of the lakeshore where heavy rainfall may continue until early June.
Temperatures and potential evapotranspiration build up from an
annual minimum early in the dry season to a maximum in October just
before the onset of the rains.

Wind data are available from three stations, Chitipa (1959-1975),
Karonga Old Airfield (1960-1968) and Karonga New Airfield (1969-1975).
The instruments used are cup counter anemometers mounted at 1.83 m
(6 feet) above ground level. These give run of wind over a specified
time interval and observations are made five times daily at 0600,
0800, 1100, 1400 and 1700 h.

WIND VARIABILITY

There are marked variations in wind speed depending on location,
season and time of day (Fig.2). Investigations of monthly mean wind
speed by the Malawi Meteorological Service (1972) indicated that
plateau stations have higher wind speeds than lakeshore ones, and
that Chitipa is one of the windiest sites in the country. There is
a contrast in the wind characteristics of the two Karonga sites,
which demonstrates the influence of the lake on a very local scale.
The old Airfield, adjacent to the lake, has substantially lower wind
speeds during the dry season than the new Airfield, 5 km inland.
Local variations are probably less marked on the Chitipa Plateau.

Seasonally wind speeds are lowest during the wet season and
increase rapidly once the rains have ceased. At Chitipa (Fig.2(a)),
there is a steady rise to a peak at the end of the dry season where-
as at Karonga there is a more moderate increase from May to October
(Fig.2(b)). The diurnal distribution shows a maximum around noon
throughout the year at all seasons. There is a minimum in the early
morning and a rapid rise after dawn. Although data are not available,
personal observation suggests that there is a secondary peak in the
early evening around 2200 h at Chitipa during the late dry season.

Temporal variations in wind speed are important in assessing the
performance of windmills. Monthly mean and daily mean wind speeds
may appear inadequate to operate the mill, although there is an
extended period in the middle of each day when considerable quantit-
ies can be pumped. The shortest time available must be used for
design investigations, whilst recognizing that even with hourly
figures there is likely to be an underestimate of water pumped, due
to the skewed frequency distribution of extreme wind speeds.

There are also variations between wind speed at the measured level
and the higher operating level of windmills. Adjustments using
Hellman's (1915) logarithmic formula have been made:

uh/u10 = 0-656 log(h + 4.75)

where Uh and U l o are wind speed at height h (metres) and at 10 m.
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FIG.2 Diurnal and seasonal wind distribution (m s
(a,) Chitipa, (b) Karonga New Airfield.

WINDMILL CHARACTERISTICS
Windmill specifications were obtained from one manufacturer with an
agency in Malawi. Mills were available in five sizes: 1.83, 2.44,
3,05, 3.66, and 4.27 m diameter. The basic windmill tower is 6 m
but it may be extended in 3 m sections up to 15 m. There are
therefore 20 alternative combinations of mill size and installation
elevation.

The volume of water pumped at various wind speeds can be estimated
from manufacturer's specifications (Fig.3). Work-done is the volume
(m3) lifted over a given height <m). Thus at a wind speed of
8 m s"1 , the 3.65 m diameter mill can lift approximately 5.9 m3 per
hour through 10 m. There are slight differences in work-done with
variations in cylinder diameter and in this case the mean value has
been assumed.

The mills are designed to start in a wind speed of 3.1 m s"
whilst operating at maximum head for a given cylinder size. Lower
starting speeds can be achieved by reducing the lift below the
maximum for the same cylinder size, but this at the expense of lower

-1
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FIG. 3

Wind Speed (m S"1)

Manufacturer's ratings for five windmills.

yields at higher wind speeds. There may be advantages in lower
Starting speeds in lakeshore areas where wind speeds are lower.

At higher wind speeds the mills are designed to furl or turn their
blades in line with the wind to prevent damage due to excessive speed.
Wind speeds at which furling occurs are shown on Pig.3.

ANALYSIS - DAILY WATER PUMPED

As calculations were made using a hand calculator only, it was found
necessary to limit the duration of the analysis period and the number
of alternatives investigated. A 15 month period from October 1967 to
December 1968 at Chitipa was identified, during which individual
monthly wind speeds did not differ greatly from mean monthly wind
speed. Comparative wind speeds are as follows (in m s~ ):

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

1967-1968
Mean

5.7
4.9

4.0
3.6

2.0
2.2

1.8
1.6

2.0
1.6

1.3
2.0

2.4
2.9

3.0
3.2

3.1
3.5

4.3
4.0

4.3
4.4

4.9
4.9

4.9
4.9

5.0
3.6

2.0
2.2

Run of wind data were converted to mean wind speed at 1.83 m to
give six daily values for 458 days. Night wind speed was determined
from the run of wind from 1700 and 0600 h the following day. Speeds
were adjusted to 6 and 15 m, the lowest and highest operating windmill
heights. For each level wind speed data were then converted to work-
done (m^h"1) by the 1.83, 2.44 and 3.66 m diameter mills using the
mill rating curves (Fig.3).

The six daily values were then summed to give a daily work-done
with weighting for each reading as follows:
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WDDAY = 13 .0 (wd n i g h t ) + 1-O(wd0600) + 2.5(wd0 8 0 0) + 3 .0(wd U 0 0 ) +

+ 3.0(wd140Q) + 1.5(wd1700)

Mean daily work-done (WDp^y) w a s converted to daily volume pumped
at selected heads. Mean daily volumes pumped in each month with 10 m
head are shown on Table 1.

TABIS 1 Mean daily water pumped by three mills at two operational
heights with 10 m head from October 1967 to December 1968 (m2)

Mill
diameter
(m)

1.83
2.43
3.66
1.83
2.43
3.66

1.83
2.43
3.66

Operating
height
(m)

6.0

6.0

6.0

15.0
15. o
15.0

6.0

6.0
6.O

Oct.

15.5
25.4
79.3
18.4
29.7
99.9

June

6.7
12.2
33.6

Nov.

5.5
10.0
27.O
8.8
15.5
43.9

July

11.8
2O.5
58.4

Dec.

0.2

0.5
1.1
0.8

1.6
3.5

Aug.

12.6
21.8
63.0

Jan.

O.2
O.4
l.O
O.7
1.5
3.2

Sep.

13.6
22.1
70.4

Feb.

0.7
1.4
3.3
1.5
3.O

7.3

Oct.

14.0
23.7
70.4

Mar.

1.4
3.0

6.7
2.5
4.7
12.2

Nov.

14.5
24.0
72.2

Apr.

5.0
9.1

25.0
8.2

13.4
38.7

Dec.

3.O

5.4
14.8

May

6.

12.
33.
9.

16.
48.

8
4
3
8

5
O

1.83 15.0 10.0 16.6 16.6 17.9 17.7 18.1 4.0
2.43 15.O 17.0 27.3 26.5 28.1 27.9 28.3 6.6
3.66 15.O 5O.1 84.5 83.8 91.7 91.3 93.7 2O.3

ANALYSIS - STORAGE REQUIREMENTS

If a constant daily demand is assumed, then storage facilities are
required to maintain supply during periods of calm when no water is
pumped. McMahon & Mein (1978) list a number of procedures which have
been proposed to estimate storage requirements to meet a specific
demand in the design of impounding reservoirs. Several of these
methods are suitable for adaptation to the present analysis, but in
view of limited resources for computation the simple graphical mass
curve technique was used for the 1,83 u windmill at 6 m elevation
only. The steps in the procedure as shown in Fig,4 are as follows:

(a) Construct a mass or cumulative curve of the daily work-done
(m-m3day~1) over the period of historical record.

(b) Superimpose on the mass curve the cumulative demand line,
again as work-done, such that it is tangential to each hump of the
mass inflow curve.

(c) Measure the largest intercept between the mass inflow curve
and the cumulative demand line (AB and CD on Fig.4) to obtain the
storage required to meet the demand. This is repeated for a number
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FIG.4 Schematic representation of storage capacity-
yield analysis by mass curve.

of specified demands.
(d) Demand and associated storages are converted from work-done

to volume (m ) by specification of pumping heads at 1, 10, 20, 30
and 40 m. The resulting demand storage curves are shown on Fig.5.
Where a long period of record is available, the largest estimated
storage to meet a specified demand in record length N has an implied
probability of failure of P = 1/(N + 1). In this instance with the
short record available, the storages derived are merely representative
of average conditions and more critical sequences will occur in the
record.

RESULTS

There are marked seasonal variations in yield (Table 1). Mean daily
yields in the late dry season are about 70 times and 25 times those

Storage

FIG.5 Demand storage curves for 1.83 m diameter windmill
at 6 m elevation - Chitipa 1967-1968 for specified heads.
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in the early rainy season for 6 and 15 m operating heights respect-
ively. There are long periods during the rainy season when virtually
no water is pumped. On the other hand, individual days with zero
yield in the dry season are very rare and inspection of weather
records shows that these coincide with a brief return of wet season
conditions with overcast skies and light showers.

An increase in installation elevation from 6 to 15 m typically
increases the yield by 30 to 40% during the dry season but by 100 to
300% during the wet season, for all three mills.

The 2.44 m mill yields about twice as much and the 3.66 m mill
about 5 times as much as the 1.84 m mill at the same elevation.

Dry season yields are adequate to meet most anticipated rural
domestic and stock water supply needs. However, during the wet
season, substantial storage is required to meet comparatively modest
demands (Fig.5) and in many instances an alternative hand pumping
mechanism would be a more appropriate solution. Dry season yields
from the 3.66 m mill at 15 m are sufficient to irrigate about 1 ha
with a pump head of 10 m.

The results are subject to a number of limitations, due to the
initial assumptions.

(a) This analysis considers only meteorological feasibility. For
any particular installation, the depth and availability of groundwater
supply would obviously also have to be accounted for.

(b) Over the comparatively flat surface of the plateau or lake-
shore the areal variability of wind speed is likely to be small , and
the figure from the analysed stations fairly representative. Never-
theless local conditions of exposure or shelter due to topography or
vegetation require consideration in individual cases.

(c) As noted above, due to the skewed frequency distribution of
extreme wind speeds, the small number of daily average readings is
likely to underestimate the actual water pumped, the most serious
discrepancy arising from taking average wind speed during the night.

(d) When calculating storage requirements no account has been
taken of other sources of inflow (precipitation) and outflow
(evaporation and leakage) from storage.

CONCLUSIONS

In spite of limitations in analysis wind pumps appear ideal for stock
water supply as the supply appears to fluctuate with demand. During
the wet season when yields are low, alternative sources are available
but yield steadily increases during the dry season as water needs
build up. Similarly for dry season irrigation, yield and demand
fluctuate together and investigations of the economics of such
installations are required.

Owing to the wide seasonal variation in yield and the large and
costly storage requirements to sustain a constant yield, a pump
operated by a mill only would be unsuitable for domestic and
institutional supplies and an alternative source or an alternative
pumping mechanism would be essential to maintain wet season supplies.

The method of analysis could be more appropriately carried out by
computer. With access to a computerized meteorological archive, a
least cost solution for a particular application could easily be
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identified.
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Estimation of areal precipitation

A. K. BAGCHI
Department of Survey, Kwara State College of
Technology, PMB 1375, 1 lor in, Nigeria

ABSTRACT This paper presents a method for the estimation
of form and quantity of the areal precipitation in high
mountain areas.

Estimation de la hauteur de precipitation moyenno sur une
surface donnee
RESUME Cette communication presente une methode pour
1'estimation de la forme et de la quantite de precipitat-
ions reparties sur une surface donnee dans les regions de
hautes montagnes.

INTRODUCTION

Hydrologieal phenomena in many areas of the tropics are influenced
by the presence of mountains. Thus a considerable amount of river-
flow in the Ganga-Brahmaputra basin originates in the Himalayas.
Similar examples are the tropical plains of Nigeria which receive
much of their water resources from the hilly upper reaches in the
north and eastern parts of the country. The Kenya-Tanzania region
is dominated by Kilimanjaro.

It is very difficult to estimate the surface water volume
originating in the mountainous region because in general, only very
few rain/snow gauges are available in these areas. Furthermore, the
few existing data collection stations are almost invariably situated
in the lower regions. Thus, there are practically no data collection
stations available in the high Himalayas. This is particularly
unfortunate because, in general, at the windward side of the mountain
slope the amount of precipitation generally increases with altitude.
In addition we have practically no information on the pattern of the
orographic increase. Moreover, the form of precipitation also
changes with altitude. Consequently, the precipitation data
collected in these areas are almost invariably unrepresentative, in
form and quantity. Because of these reasons areal precipitation
figures are seldom acceptable in such areas.

This paper investigates these aspects and presents a method for
the estimation of areal precipitation, in form and quantity, in
highly contorted terrain, A self imposed condition is that no data
are used which are not normally available in an average mountainous
basin.

EXPERIMENTAL BASIN

The methodology has been developed for the Beas basin above Manali
(Fig.l). Elevation ranges from 1900 to 6000 m and during winter

34S
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FIG.l The Beas basin.

almost the entire basin is covered with snow; by the end of summer
about 95% becomes bare. The permanent snow line is around 5000 m
and only 3% of the basin area lies above this altitude. Thus,
glaciation is insignificant. Hydrometeorological data like discharge
at Beas, daily minimum temperature T m i n, daily maximum temperature
Tmax> daily rainfall and snowfall are recorded at Manali , the lowest
point of the basin. The fairly dense vegetation at Manali gradually
reduces with altitude and merges with shrubs at 2700 m. Above 3000 m
the basin is bare, without vegetation. Landsat images are available
but few are usable.

The basin has been divided into 20 elevation zones (j), each
200 m high; the area AAj of each has been planimetered from the
topographical map. lz0 AAJ = A = 345 km'.

J-l >J

METHODOLOGY

If it is possible to derive areal rainfall and areal snowfall in such
a basin from the one data point that is available, only then will
the methodology prove operationally useful. Fortunately, satellite
imageries are now commercially available to make this possible. What
is called for arc: a method to determine the form of precipitation
and a method of determination of the pattern of orographic variation
of precipitation with altitude.

FORM OF PRECIPITATION

The form of precipitation depends upon the ambient temperature; to
follow this concept a record of the time of occurrence of precipitat-
ion must be available as well as a continuous record of temperature.
Both are unavailable in this basin and also in an average mountain-
ous basin. A method has therefore been developed to relate the form
of precipitation to the minimum temperature of the day (Bagchi et al. ,
1981). It has been found that in general the entire day's precipitat-
ion is in the form of rain if T m l n £ 3.5°C and entirely in the form
of snow if T m i n S - 7.5°C. Between these extremes the percentage of
snowfall (x) in the day's precipitation is given by the following
equation

x = 9(3.5 - (1)
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The empirical relation has been developed by graphical regression
through data collected at Manali during the 9 years 1971-1979. The
relation has proved to be correct 97% of the time to within ±15%.
The constants in the equation are expected to be latitude dependent.
They may also vary with local climatological conditions. However,
no study has been made in this regard.

By assuming a suitable lapse rate it is possible to calculate
CTmin)ij i.e. the minimum daily temperature on the i-th day in the
j-th zone. From this calculated value of the minimum temperature it
is possible to estimate x-ĵj the percentage of snowfall in the day's
precipitation at that zone. Figure 2 has been constructed using
equation (1) and the adopted lapse rate. The recorded values of
Tmin a t Manali are shown on the abscissa. The y-axis shows the
elevation. The percentage of snowfall/rainfall is the third variable.

6000-1-

8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 « 5 6 7 8 9 10 11 12 !3 V. 15 16 1? 18

FIC.2 Rain/snowfall percentages at various altitudes
corresponding to Tm,-n at Manali.

Thus when T m i n at Manali is 0 C, Manali gets 32% snowfall but there
is likely to be 100% snowfall at 3100 m and above, in between, the
percentage of snowfall gradually increases from Manali upward.
Similarly in a summer month when Tm^n is as high at 15°C at Manali,
all precipitation is likely to be in the form of snowfall at 54OO m
and above.

There are some assumptions involved:
Assumption 1: It is assumed that equation (1) is valid at any

higher altitude. This is an untested assumption.
Assumption 2: In the absence of an experimentally determined local
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value the lapse rate has been assumed to be 0.65°C/100 in. It is
hoped that this lapse rate will correctly estimate Tm^n under
different conditions of ground cover and topography. This is indeed
an unverified assumption and is an approximation, a dictate of
practical consideration.

OROGRAPHIC VARIATION IN PRECIPITATION

Precipitation generally increases with altitude on the windward side
of a mountain slope. In the present experimental basin it is
considerable, the average rainfall being 2.5 times higher than the
point precipitation at Manali. To be able to calculate the areal
rainfall or snowfall it is essential to know the pattern of the
orographic variation. In the Himalayas there is no study available
which could indicate this pattern and this also applies to most
mountains, especially in the tropics. A method of determination of
this pattern of variation was presented at the IAHS conference held
in Exeter (tfagchi , 1982) and will not be given here. The method
depends upon a comparison of accumulated seasonal snowfall with
seasonal snowmelt. Landsat images afford a method of calculation of
the number of days for which a particular zone remained under snow.
Defining [i as average precipitation in zone j minus evapotranspiration
divided by the point precipitation recorded at the base station,
these 0 values have been calculated and presented in Fig.3. These
values are based on 1978-1979 data and have been used throughout to
generate areal snow/rainfall.

"2000 2800 3600 W00 5200 6000

Altitude in rn

FIG.3 Variation of 3 with altitude.

AREAL SNOWFALL AND RAINFALL
The percentage of areal snowfall in the total precipitation in any
zone j on any particular day i is given by

*.. . 9(3.5 - (Tm.n)..) (2)

in which (T ) is calculated from (T . )•-•) recorded at the base
station via the adopted lapse rate. Average depth of snowfall (water
equivalent) in the zone is given by the expression: (1/100)(Pilxij3j),
in which P±1 is the recorded precipitation at the base. The
percentage of basin snowfall to basin precipitation is:

The calculated value of the denominator is 2.5A. Thus the percentage



of basin snowfall is:

x., 6, AAH/(2.5A)
—i

8,
J
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( 4 )

Similarly the percentage of basin rainfall to the basin precipitation
is:

£.° (100 - x..) 8. AA,/(2.5A)
J—! IJ J J

Areal snowfall during a period of n days is given by:

(1/100) 'in y20

i=l
0, P. AA,

Finally the rainfall during a period of n days is given by:

(1/100) Pil(l00 -

(5)

(6)

(7)

Figure 4 gives the percentage of basin rainfall (in the total basin
precipitation) as a function of T m i n recorded at the base station.

- 2 0 2 4 6 8 10 12 14 16
Tm |n °C as recorded at Manali

FIG.4 Basin rainfall.

APPLICATION

The obvious application of the method of determination of areal rain-
fall and areal snowfall lies in the generation of streamflow from
the one data point recorded at the base station. This was done for
the years 1971-1979. Figure 5 shows the runoff volumes for the
years 1971 and 1979,

From Fig.4 it can be seen that when Manali records T m i n as 0°C,
only 4% of the basin receives precipitation in the form of rain and
the rest is in the form of snow. On the other hand 80% of the
precipitation is in the form of rain when the recorded minimum daily
temperature is 14 C. For a basin with a pronounced orographic
increase of precipitation such quantified information should be
useful in issuing a flood warning.

VERIFICATION

A successful generation of the streamflow using a conceptual model
over a period of nine years is a verification of the concept and
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FIG.5 Observed and generated mass curves.

calculated values of x and B. It is emphasized that the generation
is based on daily meteorological data from a single station and the
measured streamflow data recorded on 1 January of each year at a
single station.

COMMENTS AND OBSERVATIONS

The determination of the pattern of the orographic variation of
precipitation is based upon the implied assumption that precipitation
variation is strongly correlated to elevation. Actually, this may
be the case in the present experimental basin. The standard deviation
of the measured snow line altitude, from Landsat images, suggests
that the snow line follows the elevation contour. If this be the
case it is reasonable to surmise that both snowfall and snowmelt are
correlated with altitude. This may not be the case in some other
basins; the present method is then not applicable.

It may be appropriate to refer to the many ground experiments
carried out to find the variation of precipitation in mountains
(e.g. Handrick ct al., 1978). These are experiments carried out
in situ and their analyses are based on these point data. The
temporal and spatial variability of point precipitation, especially
in the mountains, is such that they should be considered of rather
limited value in areal precipitation studies. On the other hand the
areal precipitation variation pattern shows much less temporal
variation. The 3 factors have been calculated using 1975-1976 to
1978-1979 data. They satisfy the requirements of the X test.

If P^ is the precipitation at the base station on the i-th day
then the precipitation in the j-th zone is given by 3j P^. This
quantity is the depth of average precipitation in the zone minus
evapotranspiration. To obtain true meteorological precipitation,
one has to add evaporation about which very little is known in the
high Himalayas. Fortunately, hydrologists are primarily interested
in the available water quantity and hence this is not a serious
handicap. It should be understood that the zonal precipitation is
obtained from the recorded point precipitation at the base station.
The zonal values are not likely to be correct on a day-to-day basis
because of gauge catch deficiency and variation of point precipitation
which may not be related to the areal value. The methodology has not
been tried in any other basin.
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AREAL PRECIPITATION IN THE TROPICS

In trying to determine areal precipitation in the tropics one has to
take the intense rainfall during the summer into account. The
crucial question is how accurately the 3-factor can help in estimat-
ing the precipitation in the higher elevation. Keeping this in
mind the rainy season runoff, from 1 July to 30 September, was
generated during the years 1976-1979 (Bagchi, 1982); the generated
runoff agrees well with the observed runoff in the river. In a
country like Nigeria where mountains are of modest height there is no
question of change in the form of precipitation, and hence one has
only to take into consideration the orographic increase factor. The
foregoing method of determining the (3-factor is obviously not
available and also there is no locally determined figure to suggest
the pattern of the orographic variation. This is a virgin area of
enquiry.
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Hydrological studies of the Irrawaddy Delta

J. S. A. BRICHIERI-COLOMBI
Sir William Halcrow & Partners, Burderop Park,
Swindon, Wiltshire, UK

ABSTRACT As part of joint study of the Irrawaddy delta
undertaken between 1977 and 1981, a one-dimensional
mathematical model of the delta was set up to study the
fluvio-tidal interactions under low-flow and flood
conditions. For increased efficiency and to identify
errors in the data collection and modelling, the modelling
programme proceeded in parallel with the major data
collection programme.

Etudes hydrologiques du delta de 1'Irrawaddy
RESUME Constituant une des parties de 1'etude conjointe
du delta de 1'Irrawaddy entreprise entre 1977 et 1981,
un modele mathematique unidimensionnel du delta a ete mis
au point pour etudier les interactions de 1'ecoulement
fluvial et de la maree en conditions de basses eaux et de
crues. En vue d'augmenter son efficacite" et pour
identifier les erreurs dans la collecte des donnees et la
mise en modele, la programme de la mise au point de ce
modele a ete effectuee en parallele avec le principal
programme de collecte des donnees.

im"R0DUCTI0N

The Irrawaddy is formed by the confluence of the Mali and N'Mai
rivers which rise among 6000 m peaks on the Burma-China border, and
drains a 415 000 km2 drainage basin. As it is navigable for much of
its 2000 km length, and provides a constant supply of fresh water to
the dry central zone, it has played a dominant role in the history
and economic life of Burma.

The delta starts at Kyangin , 380 km from the Gulf of Martaban , at
an altitude of 15 m, and extends over an area of 31 000 km2 between
the confining hills of the 1300 m Arakan Yomas in the west and the
900 m Pegu Yomas in the east. The river fans out from its braided
channel above Kyangin in a complex of tidal creeks which drain into
the gulf by 12 major mouths extending over 260 km of coast.

The climate, topography and silty clay soils of the delta are ideal
for rice production, and extensive development of paddylands has taken
place since the 1850's. In the 1880's, great horseshow embankments
were constructed in the apex of the delta to provide protection from
the annual flooding of the Irrawaddy and to drain the mangrove
swamps (Gordon, 1893). Concern was expressed about the effects these,
and subsequent embankments, would have on the regime of the river,
and there is some evidence of a raising of bed levels in the 1920's.

In the period November 1977-March 1981, a hydrological survey was
carried out by the Irrigation Department of the Ministry of Agric-

353
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ulture and Forests, Government of Burma, and hydraulic studies by
the Hydraulics Research Station, Wallingford, UK, with the advice
and assistance of Sir William Halcrow & Partners, under a project
funded by the IDA and ODA (UK). The study objectives were (a) to
establish hydrological design parameters for paddy projects; (b) to
determine the availability of fresh water in the lower delta channels;
(c) to assess the effect of short-term projects for development of
400 000 ha of paddyland, and long-term development with widespread
embanking, on the hydraulic regime of the delta. To satisfy the
second and third objectives, a one-dimensional mathematical model of
the delta was set up to study the fluvio-tidal interaction under
low flow and flood conditions. The modelling work was carried out in
parallel with a major survey effort in order to concentrate the
survey efficiently, and to identify errors in the survey or modell-
ing while the teams were still available.

TABLE 1 Survey activities

CONSTRUCTION/INSTALLATION
Installation of 460 benchmarks and 36 staff gauges
Site preparation for five permanent and 27 temporary

discharge locations
Construction of six fuel depots, one maintenance depot and

jetty
Installation of three meteorological stations and eight
raingauges

SURVEYS
Benchmark survey over 2100 km of paddy1 ands
River cross sections at 663 locations, at an average of

4km intervals
Cross sections of 16 islands, average length 50 km
Bed sampling (three samples per cross section, total 1989)
Surge survey in 61 villages

MONITORING
Tidal observations at 30 min intervals over 2 9 days at
15 locations

Hourly levels for 37 h over 120 tides at 100 locations
Discharge and sediment flux measurements to establish

rating curves at four permanent loactions, and flow
proportions at eight key junctions

Maximum monthly extension of saline front on 10 rivers

ANALYSES
Verification of all collected data
Area-depth-duration-frequency analysis of 900 station

years of daily data
Monthly evapotranspiration estimates at five stations
Surge Frequency analysis of 90 years of record
Elood, drought, and stage frequency analyses of 113 years
of record

Distribution of flow in apex distributaries
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DATA COLLECTION

The application of one-dimensional modelling techniques to deltas is
relatively straightforward (Odd, 1982), but the collection of data
can be a major undertaking. Great care was taken in the planning
stage of the project to ensure that the accuracy and quantity of data
was consistent with the demands to be made on the model , and the
ability of the survey teams to collect the data in the four-tear-
period allowed, A summary of data collected is given in Table 1.

The data collection was carried out by engineers and hydrologists
of the Irrigation Department, together with gauge readers and
meteorological observers. The staff was organized into 14 groups, of
which seven were six-man field measurement teams, and two were teams
for the supervision of gauge readers (89) and meteorological and
raingauge observers (20). Other teams dealt with laboratory analyses,
reduction of field measurements, maintenance and administration,
bringing the total to 230 staff.

Roads are few in the delta, and though it is possible to circulate
within a particular island, there are no bridges between islands,
and very few ferries. The hydrometric survey was therefore based on
diesel launches and outboard run-abouts, and a network of fuel
supplies was set up for the project.

Before work on the hydrometric survey started, a network of bench-
marks was set up in the upper and middle delta areas. The lower
delta is covered with mangrove swamp, and could not be surveyed in
the single six-month dry season allowed. A primary circuit of 760 km,
including several major river crossings, closed with an error of
19 cm, and these standards (between first and second order levelling)
were maintained for the whole 2100 km survey. Some 460 permanent
benchmarks were constructed by the survey teams, and a total of
1000 man months of field work and 90 man months of reduction were
required .

A map of the delta (Fig.l) shows the creeks and rivers which were
included in the final stylization with 74 junctions, 140 reaches and
12 ocean outfalls. Some of the equipment used is shown in Fig.2.

STAFF GAUGE NETWORK

A network was set up to provide readings at approximately 25 km
intervals along the main river channels, combined with automatic level
recorders on the main river entering the delta, and at a coastal
location. Additional temporary gauges were also required at six
other coastal locations for 29 day tidal measurements. Seventy gauges
were selected from the existing network, and a further 30 added by
the project.

The gauges consisted of tide boards some 5 m long, set in the
river. All suffered from wave action from passing boats, and the
more permanent the gauge, the greater the use that was made ot it as
a mooring post. To facilitate relocation after damage, a peg was set
in the bank below high tide level, corresponding to a mark on the
gauge. The peg could be well protected, and the water surface used
to check the gauge as the tide rose to the level of the peg.

Readings were taken each hour, day and night, for 37 h, from 0600 h
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FIG.l Location map.

one day to 1800 h the next, at spring and neap tides and at 0600 h
every day. This system gave good coverage of the critical phases of
the tide, and allowed easy error checks to be made at the time of
collection by the supervisor.

The volume of data was reduced to, typically, 182 readings per
month, without loss of accuracy. The method also reduced the time the
gauge readers had to spend at the gauges, an important point as,
being poorly paid, they generally had other work.
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FIG.2 (a) Recording hydrographical circle position
fixes with sextants; (b) fixing sextant targets; (c)
preparing to take bed load samples; (d) measuring
discharge with a moving boat integrator.

The staff gauges operated by properly supervised observers were
as reliable as automatic gauges, cheaper to purchase, install and
run (despite the need for the torch, batteries and clock issued to
each reader) and the records easier to analyse (since they were
collected on forms which could be copied directly from computer
input). This was because of the low cost of labour in Burma, a
factor true of many other third world countries.

Coastal tide readings and certain inland gauges were made on staff
gauges, checked in Burma, and sent on punched cards for analysis at
the Institute of Oceanographic Sciences, UK. The reliability of the
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harmonic values were described as good in nine cases, medium in four
cases, and poor in two cases. The quality of readings reflects not
only observational accuracy, but also atmospheric conditions during
the period of readings,

CROSS SECTION SURVEY

The criteria for fixing the locations of the 663 cross sections used
to define the hydraulic properties of the 2500 km of delta river
channels included in the mathematical model were defined at the
planning stage, as

(a) number to be within capacity of teams to survey; initially
set at 580, with an allowance for further additions;

(b) distribution to give increased weight to major channels and
cross links, as shown up in satellite imagery;

(c) end sections within 1 km of junctions, and at 5 km intervals
in between, on straight reaches were possible.
The spacing is chosen to allow adequate resolution of the effective
wave length of the M2 tidal constituent, given by

L = T/gd

with T the period of the M2 tide as 12.5 h, and d the mean channel
depth as 9 m, the wavelength is 400 km, and a resolution of 1/30 th
gives a spacing of sections of 13 km. In the shallow channels, where
depths of 2-3 m are frequent, the corresponding spacing would be
7 km. The adoption of 5 km gives an adequate resolution consistent
with the aims of minimizing survey effort.

The detailed location was chosen after a study of aerial photo-
graphs where access to the bank was possible, and subject to
revision by the section team leader.

The datum level at each site was established by posting observers
at upstream and downstream benchmarks, typically 25 km apart, and
noting levels on the hour throughout the day. The levels at the
section were calculated by linear interpolation, assuming a plane
water surface.

The wet profile was measured using small portable echo-sounders,
the position being determined by sextants and the hydrographic
circle technique. The team was issued with calculators pre-programm-
ed to calculate the position coordinates, so that any errors could
be detected and the section resurveyed before the team moved on to
the next section. The section was extended overland for a few
hundred metres, wherever possible. This technique allowed an aver-
age of three sections a day to be measured, including for the
positioning of observers and the setting up of sextant targets.
With training, the position fixes were taken simultaneously, every
15-20 s, and the boat traversing the section did not need to stop
for each fix .

On rivers more than 2 km wide, the sextant targets were invisible,
and the boats were kept on line by a radio link to a surveyor
observing with one theodolyte while a second surveyor fixed positions
from the other end of a base line set up on one bank. This technique
worked satisfactorily for traverses of up to 10 km, the maximum
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width of the delta rivers.
Bed samples of the rivers were also taken by grabs, at three

locations on each cross section, for particle size analysis in the
project laboratory. Difficulties were experienced when the grabs
failed to close on touching the bed because of the high drag forces
on the suspension cable; these were overcome by fitting sinker
weights immediately above the grab.

In addition to the river cross section survey, a series of 16 land
traverses of the islands of the delta, of average length 50 km, were
undertaken to provide an estimate of depression storage. Tacheometry
was used to provide an adequate combination of speed and accuracy.

SALINITY PROFILES

The month-by-month location of the saline front, defined as the 1 ppt
iso-haline, was measured in order to describe the present position,
and to forecast the changes in its location with increased fresh
water abstraction.

A map was drawn indicating the 10 river channels on which profiles
were to be taken, with sections marked at 5 km intervals numbered
from the month. Two boats were used, each starting two days before
spring tide and taking a profile each day for five days, one day per
river. The boats took three measurements of salinity (surface, mid-
depth and bottom) , then proceeded upstream at the rate of three
sections per hour. The boats started 45 km downstream of the
expected location of the 3 h before high water, so timing their
arrival at the front close to the time of high water. The maximum
penetration of the front occurs at the time of current reversal soon
after this time.

Errors were inevitably made in the expected location, and in timing
due to unforeseen circumstances and delays, but these could be
corrected using the channel mean velocities predicted by the mathem-
atical model.

Later in the survey, the observations were augmented by regular
observations of salinities at the mouth of six of the rivers over
the day-time high tide period.

A survey of open sea salinity was also made over one spring tide
period, but this was very approximate as the boats were not equipped
for working several kilometres offshore in choppy shallow seas.

DISCHARGE MEASUREMENTS

Discharge measurements were required in order to estimate the total
inflow into the delta and its distribution in the main river channels
in the system, and to calibrate the mathematical model.

Four fixed sites were selected, one above the apex and the others
on the main flood distributaries in the upper delta. A further eight
sites were located at key junctions in the middle delta where a "zero
sum" check could be applied to the measurements made in the three
branches. All of these eight stations were subject to tidal influences
(but not reversal) in the dry season, and three of them at all times.

Conventional methods were used at most locations, with 8-12
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verticals and two points per vertical. In addition velocity was
measured at a single location throughout the tidal cycle to provide
the basis for the corrections required to eliminate tidal effects.
High accuracy was again not required, as the slope of the rating
curve was flat and a 10% change in discharge corresponded to a small
change in water surface level.

At Yandoon , on the Irrawaddy, the high velocities, wide section
and changing profile made conventional measurements very difficult,
and the moving boat method coupled with a real time processor was
used (Colombi, 1982). It was also used successfully on some of the
tidal reaches. Moving boat measurements took typically half a day
for several measurements compared with 1-2 days for a single
conventional measurement.

Sediment flux observations were also made on the main branch of
the river at each location, using a 250 cc sample at the head of the
delta, and pumped samples elsewhere. The pumped samples were very
difficult to take because the high drag on the cable and delivery
hose required excessively high sinker weights, and even with the
maximum used of 100 kg, the angle subtended by the cable exceeded
30". The drag also caused the hose to deform at the points of
attachment to the cable, thus impeding delivery.

SURGE SURVEY

The Bay of Bengal is frequently subject to severe cyclonic storms,
some of which cross the Arakan coast of Burma, and very rarely the
delta coast. When this happens, the surge induced leads to wide-
spread flooding, which could be amplified by extensive polder
construction.

Preliminary reports of the most severe recent conditions, those
of May 1975, referred to depths of flooding of up to 4 m, which
would have entailed very large embankment costs. A survey was
therefore carried out to identify high water marks throughout the
delta, and reduce them to survey datum.

The results obtained from villagers' recollections were remarkably
uniform, and revealed a depth of flooding of, typically, 1 m, with
increased depths reported from areas where wave action was probably
more severe, leading to some exaggeration. Reports of surge duration
were also very reasonable.

The results obtained by smoothing the results over several village
locations were used to calibrate a run on the mathematical model
described below.

METEOROLOGICAL OBSERVATIONS

The existing meteorological network included 34 raingauges in the
delta, and two synoptic stations. These were supplemented by three
additional synoptic, and eight additional raingauges installed by the
p ro j ec t t earn s.

Daily records for 30 years of long-term records were mounted on
a computer at Rangoon University, and analysed in various standard
ways to determine parameters for polder drainage design. Computer-
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generated search routines picked out the large-scale storm events
for one to six days duration, and analysed depth-duration-frequency
and depth-area-duration curves. Significant variations of rainfall
were found throughout the delta, and the gauges added by the project
team, mostly at the coast, illustrated the importance of extending
the observations to the limit of the project area. These extra
observations were, of course, for a short period compared with the
existing stations, but nevertheless provided valuable extra infor-
mation .

EQUIPMENT

Maximum use was made of the equipment which the Irrigation Department
already had available, which included a number of 18 m river launches
which were used on many occasions. For cross section surveys on
inland water, locally hired boats were adapted to provide a working
platform between two hulls, which was satisfactory in sheltered areas.

The main imported items consisted of six 8 m fibreglass launches
equipped with HF radio and echo-sounders, six 5 m outboard run-abouts,
moving boat discharge measurement equipment, two 8 bit microcomputers
and 12 VHF radio sets. The launches took up 60% of the $600 000
(1977) equipment budget, which did not include vehicles. A full list
is given in Table 2.

The equipment list was generally adequate, although greater
numbers of cheaper items like bed samplers and salinity meters
would have been useful. Small yatch type echo-sounders were inval-
uable as they could be mounted easily on any craft , and although
they suffered frequent failures through damage to cables, the costs
were low enough to allow adequate back-up. The main problems were
the delays in the delivery of the equipment due to the purchasing
procedures required by the IDA credit.

MATHEMATICAL MODELLING

Five models were developed for different aspects of the study.
(a) A pilot model was initially set up, using plan geometry

derived from satellite photography, and rectangular river cross
sections based on old charts and a miscellaneous collection of spot
depths. This allowed a gross understanding of the delta, and ended
in the identification of channels of major importance where greater
detail would be required.

(b) A dry season model incorporated a few modifications in plan
geometry proposed by the field team, and cross sections with equiva-
lent rectangles based on the field observations. Water surface
width, flow area and hydraulic radius were correct at mean tide level
for low flows, and provision was made for overbank storage.

(c) A surge model generated boundary conditions to be used in
the dry season model, by simulating the propogation of surges
generated by a cyclone in the Bay of Bengal.

(d) A saline intrusion model used the residual fLow pattern
generated by the dry season model in a more detailed (1 km between
sections) schematization of the estuarine reaches of the rivers to



362 J.S.A.Brichleri-Colombi

TABLE 2 Equipment

BOA TS

5 120 IIP 8 m shallow draft work boats with HF radio, echo-sounder,
200 kg capacity derricks, and long range fuel tanks

6 55 HP 5 m shallow draft mobility launches, 75 kg capacity
derrick

RADiOS
I Base station HF set, 200 km range
6 Mobile boat mounted HF sets, 220 km range, with chargers
12 Hand held VHF weatherproof walkie-talkies

OPTICAL SURVEY EQUIPMENT
4 Self reducing tacheometcrs, with staves, subtense bar and

optical plummet
6 Prismatic compasses
6 Binoculars
12 Sextants
3 Electronic distance measuring equipment

MEASURING STATIONS
3 Stations with anemometer, automatic rainfall records, barograph,

sunshine records, evaporation pan, Stevenson screen with maximum
and minimum thermometer, wet and dry hygrometer

12 Raingauges

HYDROMETRIC EQUIPMENT
6 Hydrographic quality chart recording echo-sounders
12 Yatch quality neon indicator echo-sounders
12 Nondirectional propeller type current meters with a selection of

sinker weights (15, 25, 50 and 100 kg)
5 Automatic drum type water level recorders
5 Portable salinity and temperature meters
5 Suspended sediment pumps with hose
4 Bed sediment samplers
3 Moving boat discharge integrators

SEDIMENT LABORATORY
1 200 g direct reading balance, precision ±0.05 mg
1 2 kg scale balance, precision ±0.05 y
1 Drying oven, 64 litres
1 Direct reading photocell absorptionmeter
1 Conductivity bridge
1 Sieve shaker with full set of sieves
1 Vacuum pi amp

Miscellaneous filters, galssware, rubber and plastic fittings,
chemicals, small tools

COMPUTERS
Access to ICL 1902S at the University of Rangoon

2 Z-80 based interlinked micros with 64K RAM, 10 M byte Winchester
disc, 0.5 M byte twin floppy disc drive, plootcr, printer, two
VDUs, FORTRAN
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calculate the movement of salt at a standard state of the tide.
Since only the seasonal movement of salt was required, a tide-averaged
model was used.

(e) A wet season model used the same plan geometry as the dry
season model, but with equivalent rectangular sections representative
of section properties at high flow levels.
The models which are discussed by Odd (1982) allowed a good under-
standing of the phenomena flooding and saline intrusion in the delta.
The models were able to reproduce the division of flows observed at
the junctions where discharge measurements had been made (Table 3),
and the species analyses of modelled and observed levels at the key
junctions showed a good fit of the tidal harmonics. Simulations were
made of the passage of a major flood through the delta, of the effects
of surge, and of increased dry weather abstraction, for the various
levels of development proposed. The results allowed the positive
identification of the areas in the delta where development could take
place without adverse effects, and a quantitative assessment of the
increased levels which would occur if other, more sensitive, areas

TABLE 3 Distribution of flood discharge in the middle delta:
comparison between model and observations, 1980

Junction Reach Local % split: % of discharge at Za.l.un:
name/no. no. Model Observation Model Observation

Yandoon, 63

Kywedon, 45

Maubin, 60

Sh.wela.ung, 31

Titito, 26

Einmc, 50

Hlezeik, 7.1

naqawa, 6

98
77

111

73

50

72

95

94
85

49

48

32

32

28
78

78
129
127

1.1.6
118
115

6

7

13

100
88

12

J00
60

40

100
79
21

100
80

20

100

81

19

100
71
29

100
58

42

100
93

7

100
90

10

100
60
40

100
84

16

100
85
15

;>

7

6 3

100
37

100
63
37

100
57

4 3

100
88
12

50

30

20

38
30
8

31
25

6

6

5

7

1
1 .5

0.5

15
9
6

16
15
1

100
90

10

53
32
21

36
28
8

32
27
5

5
5

<1

1
1.5
0.5

9
6
3

14
1.0

4
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were poldered.

CONCLUSIONS

Mathematical modelling of complex hydraulic processes has become the
accepted approach to the study of problems such as the one posed in
the Irrawaddy delta. The activity programme has frequently been one
in which data collection has been followed by a preliminary evaluation
which identified the need for a model. In the Irrawaddy survey, the
need for the model was accepted from the start, and the data collect-
ion proceeded simultaneously with the development of the model. This
programme of activities led to faster reporting, and also brought
significant advantages. The modelling process identified areas where
the field work should be concentrated, and picked up errors in the
data collected early enough to allow re-verification without the
costs of remobilizing survey teams. The field reports suggested
additions and simplifications to the model where ground conditions
were not as deduced from earlier information, and sometimes obliged
new model assumptions to be made when preliminary results were not
confirmed by closer inspection.

The collection of data for models is an expensive and time-
consuming process. Data collection costs are high, particularly in
areas of difficult access, because of the cost of mobilizing the
teams; the collection of the data itself, once the team is on site,
is relatively low. Verification of data collected before the team
departs is essential, and was made considerably easier by the
availability of portable processing equipment, such as programmable
calculators, robust microcomputers, or real time processors such as
the moving boat equipment. There is a need, however, to minimize
equipment costs, and make maximum use of available labour resources.
For the delta survey, up to 230 men were required over a four-year
period in addition to a benchmark survey of 100 man months. Emphasis
on the use of relatively cheap local labour allowed the equipment
budget to be kept to a modest $750 000 (1978). This was particularly
true in relation to automatic water level recorders, which were
reduced in numbers to a minimum. By concentrating on obtaining the
required information from a minimum of observations, the gauge
reader duties were reduced to a level compatible with the wages paid.
The project benefited enormously from the availability of local
computing facilities which allowed the pre-processing of the data
collected to minimize errors and control quality. It also allowed
a local participation in the modelling process which is essential if
ongoing use of the models developed is to be encouraged.
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ABSTRACT The Brazilian Government in cooperation with
the United Nations Development Programme (UNDP) and the
World Meteorological Organization (WMO) is developing
large-scale studies to improve the hydrological and
meteorological knowledge of the Amazon basin. All the
existing hydrological and climatological data, together
with information on land use, land cover, physiographical
and other characteristics are being stored and respect-
ively completed by computer interpolation using the so called
"square grid technique". Besides the installation of
conventional hydrometeorological equipment , a programme of
telemetric data collecting stations using the geostationary
satellite GOES was initiated. The automatic stations
monitor water stage, precipitation, air temperature,
relative humidity and atmospheric pressure. A hydrological
conceptual model for the tributary sub-basins and a
channel routing model were developed for the middle and
lower Amazon. Their operational use for water stage and
discharge forecasting in Manaus and dbidos assists
navigation, agriculture and flood warnings.

Recentes activities hydrologiques et climatologiques dans
le bassin do 1'Ajnazone
RESUME Le gouvernement bresilien en cooperation avec le
Programme des Nations Unies pour le Developpement (PNUD)
et 1'Organisation Meteorologique Mondiale (OMM) a entrepris
des etudes a grande echelle dans le but d'ame'liorer la
connaissance hydrologiques et meteorologique du bassin
amazonien. Toutes les donnees hydrologiques et climatiques ,
disponibles, aussi bien que toutes les informations sur
1'usage du sol, couvert vegetal et caracteristiques phy-
siographiques ont ete stockees sur des disques magnetiques
et completees par interpolation en utilisant la technique
de la "maille carree". Outre 1'installation de l'equipe-
ment conventionnel on a entrepris l'execution d'un
programme de telemesure avec satellite GOES, Les plates-
formes mesurent et transmettent les niveaux de 1'eau, les
precipitations, la temperature de l'air, l'humidite'
relative et la pression atmospherique. Un modele concep-
tuel hydrologique a ete mis au point pour les sous-bassins
des affluents et un modele dynamique pour le chenal
principal de la moyenne et basse Amazone. Leur applicat-

365



366 VAdav Eli&s & Antonio Jorge Serrano Cavalcante

ion operationelle pour la prevision des niveaux et debits
a Manaus et Obidos servira a. la navigation, 1' agriculture
et a la protection contre grandes crues.

INTRODUCTION

The River Amazon drains a vast area of almost seven million square
kilometres (Fig.l); 4.8 million km2 nearly half the size of Europe,
lies in Brazil. It has its source in the Peruvian Andes, joins the
Ucayali above Iquitos and flows east to the Atlantic coast of Brazil.

Fed by annual runoff derived from 1800-3000 mm of rain, the
river pours at least 250 000 mJs , i.e. an estimated one-fifth of
all the world's surface fresh water, into the Atlantic. Ocean-going
vessels can navigate up to Iquitos, 3600 km from the sea. With the
upper tributaries Ucayali and Apurimac its total length is 6750 km
and it could be considered not only the world's largest river in
volume and drainage area but also the longest.

The lower and middle Amazon and the basins of all its northern
affluents and most of its southern tributaries are covered by dense
tropical rainforests. Parts of the upper Rio Negro basin and the
lower Tocantins are tropical savanna. Only small parts of the
southern Andean areas are arid and semiarid.

Most of the Amazon basin is sparsely populated. Although it
constitutes about 55% of the total area of the Amazonian countries
(Bolivia, Brazil, Colombia, Ecuador, Peru), the basin is inhabited
by only 15% of the population. For all these countries the Amazon
basin represents a zone of great potential but until now there has
been little or no development. Appropriate zonification of the area,
rational decisions regarding the use of land arid water resources and

FIG*1 The River Amazon basin.
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the establishment of reservations are possible on the basis of the
hydrometeorological data collected.

At national level there are two Brazilian governmental institut-
ions responsible for hydrometeorological information: the National
Department of Water and Electric Energy (DNAEE), which acts as the
official hydrological service, and the National Institute of Meteor-
ology (INEMET), which provides the meteorological service. Until
recently, both institutions have paid more attention to the developed
regions with higher density of population and industry. However,
under the First National Development Plan (1972-1976) an effort was
made to reduce regional disparities. To attain the priority
objectives in the exploration of the water resources of Amazonia, it
was necessary to intensify the study of the hydrology and climatol-
ogy and the Brazilian Government decided to request international
technical assistance. Since 1977, large-scale studies on the
hydrology and climatology of the Brazilian Amazon basin have been
executed jointly by the national institutions DNAEE, INEMET and SUDAM
(Development Agency for Amazonia) , in cooperation with the United
Nations Development Programme (UNDP) and the World Meteorological
Organization (WMO).

Four main projects with UNDP/WMO (Basso, 1982) assistance have
recently been undertaken:

(a) Storing in a data bank all the hydrological and climatological
data, and land use, land cover, physiographical and other terrain
characteristics, using the square grid technique. With the use of
adequate models for interpolation of basic hydrological information,
the missing data are synthesized, checked and interpreted by computer
output media.

(b) Installation and operation of a pilot telemetry network
using the geostationary satellite GOES.

(c) Testing and real time operation of a mathematical model for
discharge and stage forecasting on the middle and lower reaches of
the River Amazon.

(d) Updating the climatological atlas and agroclimatological
zonification for the main crops grown in the area (cocoa, coffee,
African palm and rice).

Starting from July 1983 these activities should be continued as
a Brazilian national project giving technical support to similar
projects with the prime objectives of efficiently coordinating the
development and conservation of renewable natural resources in the
Amazon basin.

SQUARE GRID TECHNIQUE

Due to the particular conditions prevailing in the Amazon basin, it
is very expensive to install and operate a conventional hydrometeor-
ological network. As a more adequate and immediate solution the WMO
consultant (Solomon, 1979) suggested the application of an indirect
method known as the square grid technique, which uses the basic water
balance equation and the relationship between hydrometeorological
and physiographical characteristics to estimate precipitation,
temperature and surface runoff at each node of a rectangular square
grid covering the study area.
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This technique can be used in hydrometeorological studies for the
following purposes:

(a) to produce coordinated maps of long term mean values of
precipitation, temperature, evaporation and runoff;

(b) to correlate parameters of hydrological time series with
physiographical characteristics and provide the basis for estimating
such parameters and time series for any river at any point in the
study area;

(c) to estimate the relationships between the accuracy of hydrol-
ogical parameters and the network density using the split sampling
technique;

(d) to delineate hydrologically homogeneous regions and use this
information for the rational distribution of new stations.

Since this technique of interpolation is based fundamentally on
firstly a system of interfaceable computerized data banks, and
secondly on models for interpretation of hydrological information,
the first stage was to store all hydrological and climatological
data, land use, land cover, physiographical and other terrain
characteristics in a computer data bank.

The square grid technique was first applied to the River Tocantins,
a tributary on the lower Amazon,

As groundwater losses, compared to the other water balance
components can be considered negligible and as there is also no
greater water management scheme in the basin, the analysis was
limited to the correlation between long term mean annual precipitat-
ion and temperature as dependent variables and topographical charact-
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eristics as independent variables.
These correlations allowed an estimation of mean monthly precip-

itation and temperature. By using Turc's formula the monthly
evaporation was calculated and when this value was subtracted from
precipitation totals the monthly runoff was obtained. The integration
of these estimates at square elements over the total basin area gives
the total or mean values corresponding to the respective basin.

The error of these estimates, determined by comparison with
observed data, was diminished by iterative computation. Figure 2
shows an example of a precipitation map produced by means of the
square grid. The standard error of the estimated runoff varies
between 12 and 20%.

The relationship between the error of the estimated mean annual
runoff and network density when using the square grid technique is
shown in Fig. 3. It can be seen that on the basis of 450 stations in
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FIG.3 Relationship between network density and error of
the estimated mean annual runoff.

the Amazon basin the long term estimates could be expected to have
an error of about 17%,

To delineate homogeneous regions a regression analysis was
carried out , which demonstrated that type of soil and land cover
together with the following: shield effect in the southeast
direction, the barrier height in the east direction, and elevation,
are all significant variables.

Considering three steps for each of these variables , the
Amazon basin consists of 81 physiographically homogeneous regions.

HYDROLGGICAL FORECASTING MODEL OF THE AMAZON BASIN

A hydrological model (PLUMUS) of the middle and lower reaches of the
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River Amazon was developed under a subcontract with the Argentinian
consultants EGASAT; its main purpose was to provide stage and dis-
charge forecasts for Manaus, Parintins and (3bidos. The model,
comprising a generalized basin model (BALAN) for synthesizing runoff
from daily rainfall, and a river system model (MUSK) for routing
streamflow using the Muskingum method, was programmed in HP BASIC on
a HP9845B computer with a 56 Kb memory and calibrated with data for
the period 1975-1979.

PARTIAL MODEL BOUNDARIES

^ ^ 5TASE5«UCE AT SUB-BASIN INFLOW

CONTROL STA6EGAU6E

O FORECASTING STAGEGAUGE

0 50 100 ZOOhm

FIG.4 Sub-basins inflow and stage gauge locations on the
lower Amazon.

Table 1 lists the sub-basins of the Amazon, and the location of the
gauging station, the total area, the actual area considered for the
model, and the raingauge density for each sub-basin. Past daily
rainfall recorded by raingauges was transformed by the Thiessen
method to give estimated rainfalls for the sub-basins.

The complex nonlinear rainfall-runoff process is simulated by
means of a set of 12 equations which permit the determination of 12
unknown functions. The set of eight constants is obtained by the
calibration procedure (Gradowczyk et al., 1980),

The Muskingum method has been used in each reach between the
points of discretization. The routing model simulates the streamflow
through the main channel of the Amazon and its tributaries at chosen
points: the boundary points including points representing lateral
inflows synthesized by means of the rainfall-runoff relations,
gauging stations and the confluences of the river and its tributaries.
The boundary conditions at the confluence of each tributary with the
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TABLE 1 River Amazon sub-basins characteristics

River

Branco
Negro
Solimdes

Pur us
Madeira

Amazon

Total

Gauging
station

Caracarai
Serrinha
Itapeua
T,abrea
Fazenda
V. Alegre

Obi dos

Total
(km2)

122
245

1 821
228

1 280

4 640

area

439
026

262
470

945

285

Model
(km2)

122
141
224

228

405

858

1 980

area

439
366
5O3

470

272

537

587

Raingauge
density (km ' /
raingauge)

30 610
20 195
28 063
2O 170

19 299

27 695

Amazon are discharges synthesized from historical rainfall.
Besides the hydrological model using the Muskingum routing method

a one-dimensional hydrodynamic model MHD2, based on the application
of the Saint Venant equations, was developed for the reach from
Manaus to Obidos which has a total length of 758 km. The MHD2 model
receives inflow discharges from the Negro, Solimoes, Madeira, Uatuma,
Maues-Acu, Nhamunda and Trombetas rivers calculated by means of the
global hydrological model of the Amazon (PLUMUS).

1979— PLUMUS CALIBRATION 19BQ— PLUMUS VALIDATION
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FIG.6 Stages and discharges for the Amazon at Obidos.

Navigation maps on the scale of 1:100 000 relating to the mean
minimum water levels provided the only available cartographic and
bathometric information at the cross sections. The Amazon inundat-
ions were evaluated by the interpretation of LANDSAT imagery and
RAUAM-BRASIL aerial photographs. Figure 5 shows the general plan of
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the River Amazon from Manaus to Obidos together with the 19 cross
sections used in the computations which are located at existing
stage gauges, and lateral inflow sections.

Both models, i.e. the PLUMUS and the MHD2 , were calibrated with
data for the period 1975-1979 and validated with data from 1980.
Figure 6 shows the comparison between observed and simulated stages
and discharges.

The model is used to simulate the behaviour of the basin as a
whole in real time and to provide data for multipurpose forecasts
in order to aid navigation, to assist flood warning and flood control,
to support riverine agriculture and finally to aid logging activities.
The initial results are promising.

SATELLITE TELEMETRY SYSTEM

From the various options available the GOES telemetry system was
recommended as a means of acquiring hydrometeorological data in the
Amazon basin. Telemetry is used to monitor the operation of stations
in remote areas and also to provide real time data for operational
purposes.

The first phase of the overall plan, the installation of 10 data
collecting stations (DCPs) in the 750 000 km2 Tocantins sub-basin
and the establishment of a ground receiving station at Sao Jose" dos
Campos has been achieved.

The data collecting stations transmit water level, precipitation,
air temperature, relative humidity, barometric pressure and battery
voltage at 3 h intervals. The DCP antennae are aimed midway between
the active satellite and the spare satellite, that is at 90°W longi-
tude, so that communication is assured if a failure on the active
satellite should take place.

The data are used for flow forecasting in connection with the
8000 MW Tucurui hydroelectric plant now under construction.

A detailed description of the telemetric network, the problems
that occurred during the installation and initial operation and the
experience acquired using the GOES Data Acquisition and Monitoring
Subsystem (DAMS) will be reported by Dengo & Cesar (1983).
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The effects of meteorological inputs on the
variability of runoff with time

S. JOVANOVlC M. JOVANOVlC & Z. RADIC
Faculty of Civil Engineering, Bulevar
Revolucije 73, 11OOO Beograd, Yugoslavia

ABSTRACT In this paper the influence of storm movement
velocity and direction upon the variability of runoff with
time is investigated. Different synthetic storm models
are used as meteorological inputs for the mathematical
model of runoff. The results show that the spatial
distribution of rainfall and the dynamics of the phenomenon
have an important effect on the shape of the runoff hydro-
graph. Floods of great magnitude are to be expected if
the storm velocity is small, even at moderate rainfall
intensities. In this respect, peak discharges are greater
if the storm is moving downbasin than if it is moving up-
basin. The differences in the shape of runoff hydrographs
are less apparent as the storm movement velocity increases.
Peak discharge attenuation is also evident at higher storm
propagation rates.

Effet des entrees de nature meteorologique sur la forme
des hydrogrammes de ruissellement
RESUME L'influence de la Vitesse et de la direction du
deplacement des systemes pluvieux sur le developpement et
Involution des crues, est examinee dans cet expose.
Different modeles synthetiques des episodes pluvieux,
servant comme entree dans le modele mathematique du bassin
versant , ont ete utilises. On a montre que les caracter-
istiques spatiales du champ de pluie et la dynamique du
phenomene, ont une influence importante sur la forme de
l'hydrogramme de ruissellement. Si le systeme pluvieux
progresse a une Vitesse faible, les averses, meme
d'intensite moderee, peuvent provoquer des crues importantes.
A cet £gard, le debit maximum est plus grand si l'orage se
deplace dans la direction aval que si le mouvement est en
direction opposee. Les differences des hydrogrammes sont
d'autant moins indiquees que la Vitesse de deplacement de
l'orage est plus grande. Avec 1'augmentation de la vitesse
la pointe de l'hydrogramme diminue.

INTRODUCTION

Hydrological processes are the results of many mutually dependent
physical phenomena in the atmosphere, on the river basin surface, in
the soil, and in the river channels. To investigate these processes
in nature, it is necessary to undertake extensive measurements and
observations of parameters affecting the basin runoff. On the other
hand, hydrological processes could be investigated by the use of

375
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mathematical and physical models. Measurements in nature have the
definite advantage of enabling a researcher to vary inputs and states
of a hydrological system over a wide range, and of facilitating the
simulation of rare events in nature.

To investigate the effects of meteorological inputs on the
variability of runoff in time, a mathematical model of the River
Kolubara basin in Yugoslavia was used. This basin of about 1000 km
is located 70 km southwest from Belgrade (Fig.l). The model inputs

(a)

2030

FIG.l (a) Storm registered on 25 April 1981 (isohyctal
situation at 1910 h). (b) Mass curves in the west-east
direction.

were synthetic storm patterns, obtained as a result of investigations
of the direction, speed and areal extent of storm patterns registered
in the Belgrade area, together with experience gained from work in
other countries.

THE MATHEMATICAL MODEL

The mathematical model used to evaluate the effect of meteorological
inputs on runoff consists of two components.

The first could be represented as the product of a matrix and a
vector, in the form:
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(1)

where aj are the areas within boundaries defined by lines connecting
points in space having equal travel times to the basin outlet profile
(isochronal lines); ij are the average excess rainfall intensities
during the time increment At (equal to the time of travel between
adjacent isochrones), and Qk are the ordinates of the unit
hydrograph.

Equation (1) is used for calculation of the surface runoff rates
from a basin. This method is referred to as the isochronal method.
Because such a synthetic hydrograph is based purely on translation
and does not take into account the storage effects in the basin, the
translated hydrograph is taken as an inflow hydrograph to a
hypothetical linear reservoir located at the basin outlet. The
outflow from the linear reservoir is obtained using the following
relation:

= o.5{qi_1 + + (K/At - 0.5)qj_1

K/At + 0.5
(2)

where q. and qj_n are the outflow rates from the reservoir (i.e. the
ordinates of tne hydrograph at the outlet of the basin) , Q, and Q-j^
are the ordinates of the elementary hydrograph obtained by the
isochronal method and K is the storage constant (in hours). Equation
(2) represents the second component of the model. Thus, the model is
named the "ILR model" (^sochrones + Linear Reservoir). Its two
parameters, the time of concentration Tc (in the time-area diagram)
and the constant of the linear reservoir, K, may be obtained for a
gauged basin using one of the many parameter-optimization techniques
(Jovanovic & Radic, 1982).

Equation (1) is also valid in cases when the rainfall duration is
less than the time of concentration as well as in cases when the rain
covers only a part of the river basin (within corresponding
isochrones). In these cases, the relevant matrix, or vector elements
(intensities or areas) are set equal to zero. However, model (1) is
not valid of the storm propagates from one part of the basin to
another,

Assuming that the travel time of the storm over the river basin is
equal to its time of concentration, and that the rain moves in
succession over areas bounded by specific isochrones, then for a
storra moving upbasin, the model of the elementary hydrograph has
the form:
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( 3 )

For the downbasin storm movement, the following system of equations
is valid:

Ql = 0

Qo - 0

= 0 ( 4 )

= i2A

where A is the total surface area of the basin and n is the number of
isochrones.

Models of the elementary hydrographs (3) and (4), under the given
assumptions, are quite simple. A somewhat more complex model is
obtained for the case when the storm is moving lateral to the general
direction of the main water course (Jovanovic & Jovanovic, 1981).
However, when considering the dynamics of the storm propogation and
the consequent effects upon the runoff variability in time, storms
moving at higher velocities than the travelling velocity of the water
in the river basin are of more interest. To investigate such
situations, a computer program (Fig.2) has been developed enabling
calculation of the elementary hydrograph for arbitrary storm velocity
and direction of movement.

DIRECTION, SPEED AND AREAL EXTENT OF STORM RAINFALL PATTERNS

Using records of radar observations for a number of storms which
occurred in the vicinity of Belgrade, two particular storms were
selected as being characteristic. The first one, shown in Fig.l(a),
occurred on 25 April 1981. The storm width ranged from 40 to 60 km,
while its length was about 100 km. The rainfall intensity in the
cells was of the order of 30 mm h . The storm movement direction
was southwest to northeast and its velocity was about 30 km h~ . The
mass curves of the storm are given for several points along its
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\INPUT CATCHMENT-RELEVANT DATA, AND CALIBRATED PARAMETERS/

DISCRETISIZE THE CATCHMENT AREA BY MEANS OF A SQUARE GRIDI

INPUT STORM-RELEVANT DATA
(RAIN INTENSITIES, VELOCITY,DIRECTION OF MOVE M E N T ) ,

INPUT TIME STEP AT~]

READ THE SPATIAL RAINFALL DISTRIBUTION OVER THE CATCHMENT AT TIME T |

SEARCH PROCEDURE OVER THE GRID
PAR SPECIFIC RAINFALL INTENSITIES

CALCULATION OF THE ELEMENTARY RUNOFF HYDROGRAPH
AT TIME T USING THE ISOCHRONAL METHOD

CALCULATION OF THE BASIN OUTLET HYDROGRAPH
USING THE LINEAR RESERVOIR METHOD

FIG.2 Block diagram of computer program.

course in Fig.l(b).
The second characteristic storm is an example of frontal rainfall;

it occurred on 24 June 1981 and covered a considerable area (about
40 000 km ), moving from west to east at a rate of about 50 km h
(Fig.3).

The storm velocity and its duration tend to vary widely. Thus,
the investigation of intense rainy spells over the southeast part of
the Massif Central in France done by Tourasse & Obled (1981) showed
that the duration of storms in the period 1971-1979 varied from 30 to

FIG.3 The isohgetal situation of the frontal storm
registered on 24 June 1981 at OO55 h.
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160 h, with maximal rainfall up to 600 mm, and with maximal rainfall
intensities up to 90 mm h"1. The width of these storms was of the
order of 30-40 km, and the length about 100 km. The rate of propa-
gation for certain events was unexpectedly small, about 5 km h 1.

The statistical distribution of the rainstorms directions of move-
ment, their speeds in a given direction, and their areal extent has
been also investigated by Shearman (1977). On the basis of the
analysis of frequency of occurrence of storm speeds of 4 and 6 h
duration, it can be concluded that the velocities are from 20 to 70
km h"1, while velocities of 20-50 km h"1 are fairly frequent for
storms of 6 h duration. No general relationship between storm speed
and intensity was found, except perhaps the suggestion that more
intense storms (up to 50 mn h"1) have slightly higher speeds of
movement. A comparison of direction of storm movement with rainfall
intensity did not yield any obvious relationship.

(a)

(b)

FIG.4 (a) The isohyetal pattern of the convective
rainfall model (LS). (b) Mass curves for the storm
moving in the west-east direction at rates of 2,4 and
8 km h~1.

SYNTHETIC STORM PATTERNS

Based upon the above analysis, two storm models were defined. 2

first one, shown in Fig,4(a), has an areal extent of about 4000 km ,
and the storm movement velocity was set to the values 2, 4 and 8 km
h"1. The corresponding mass curves for two points 40 km apart, in
the case when the storm is moving from west to east, are shown on
Fig.4(b).

The second storm model refers to intense rain spells covering large
areas with high rainfall intensities. The storm velocities were 7,



Meteorological inputs and runoff variability 381

-l14 and 28 km h ^. Two cases were considered - one having symmetrical
isohyetal configuration (FSS) and one asymmetrical (PSAS), The model
FSAS and corresponding mass curves are shown in Fig.5. As can be
seen from Figs 4(b) and 5(b) the rainfall intensities and total

FIG.5 (a) The isohyetal pattern of the irontal rainfall
(model FSAS). (b) Mass curves for the storm in the west-
east direction at rates of 7, 14 and 28 km A"1.

volumes for the same isohyetal pattern depend heavily upon the storm
movement velocity. Obviously this circumstance has an essential
influence on the shape of the runoff hydrograph.

COMPUTATION RESULTS

Figure 6 shows the results of computation for the LS storm model
(Fig.4), moving at a speed of 2 km h , and considering five alter-
native directions: upbasin, downbasin, laterally to the general
direction of the main watercourse, (to the north, to the south) and
in an arbitrary direction, to the northeast. As Fig.6 clearly shows,
the upbasin and downbasin movements produce runoff hydrographs which
significantly differ in shape and maximal discharge values. For the
downbasin storm movement, the peak discharge is attained earlier, and
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12 24 36 48 60 72 hours 84

FIG.6 Runoff hyd.rogra.phs for the River Kolubara basin
produced by the LS storm moving at a speed of 2 km ft"1.
(1) upbasin; (2) downbasin; (3) north-bound; (4) south-
bound; (5) northeast-bound storm movement.

has a higher value than in the case of the upstream storm movement .
This tendency is even more pronounced when the basin shape is
elongated. The lateral storm movements (to the north, to the south)
produce runoff hydrographs similar in shape and peak discharges.

When the velocity of the storm moving downbasin is increased to
4 and 8 km h-l the runoff hydrographs shown in Pig.7 are obtained,

250

0 12 54 36 48 60 72 /lours 84

FIG.7 Runoff hydrographs produced by the LS storm moving
downbasin (west-east) at rates of (1) 2 km h , (2) 4 km
IT1 and (3) 8 km h'1.
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having peak discharges of about 100 and 50 m s respectively.
The tendency of the discharge attenuation when the storm movement

velocity increases, is also confirmed when the storms FSS and FSAS
are used for the mathematical model input. The results are shown in
Fig.8. The given runoff hydrographs refer to the case when the storm
model FSAS moves upbasin and downbasin at rates of 7, 14 and 28 km
h . As the storm moves faster, the peak discharge results earlier
and has a smaller value. This is closely related to the time
distribution and the total rainfall volume falling on the basin (see
Fig.5).

24 36 48 60 12hours

60 72 hours 80

FIG.8 Runoff hydrographs obtained with the FSAS storm
as the input for the mathematical model: (a) downbasin
storm movement; (b) upbasin storm movement. Propagation

1rates: 7 km h'1 yg
h'1 (2/d and 2/n), and 28 km h'1

(runoff hydrographs 1/d and 1/n) , 14 km
1 (3/d and, 3/n).

The peak discharge obtained using the FSAS storm model is, in the
case of the downbasin storm movement with vg = 28 km h

-1 of the
order of magnitude of the 1000-year flood. At the rate of 14 km h ,
the peak discharge is close to the 10 000-year flood, and at the rate
of 7 km h"1, it is close to the peak discharge of the maximal probable
flood for the considered region.

The shape of runoff hydrographs resulting from the upbasin and
downbasin storm propagation tend to be more similar as the velocity
of storm movement increases (Fig.8). For instance, the peak discharge
difference between floods 1/d and 1/n is 17%, while between flood
waves 2/d and 2/n it is about 6%.
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LABORATORY MODEL INVESTIGATION

The influence of different factors upon the runoff has been also
investigated on a laboratory model at the Faculty of Civil Engineering,
University of Belgrade , The influence of duration of rainfall of
constant intensity upon the runoff is shown in Fig,9, On the basis
of research in the laboratory and observations in nature, it can be
concluded that rainfalls of long duration produce runoff hydrographs
with peak discharge close to the maximal possible value for the given
rainfall intensity (i.e. Q m a x = CIA). Due to water detention effects

60 seconds 90

FIG.9 Runoff hydrographs from the laboratory model for
rainfall intensity of 205 mm h
(2O, 40, 6O and 90 s).

and of variable duration

results obtained by the ILK method (Tc = J5 s,
K = 10 s); hydrograph obtained by the isochronal
method. (The rainfall simulator and the testing fibreglass
surface are also schematically shown).

on the surface of a river basin and in the river network (a phenomenon
registered even in the laboratory basin), floods occur in situations
when the rainfall duration exceeds the travel time of water through
the basin.

CONCLUSIONS

The storm movement ve loc i ty has an important e f fect on the ra infa l l
duration and amount, which in turn, influence the runoff volume and

The laboratory basin has an area of 16.36 m~. The rainfall simulator
is capable of producing rain intensities from 12O to 270 mm h
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the peak discharge. Catastrophic floods can occur when storms prop-
agate slowly, even at moderate rainfall intensities. In this respect,
storm moving downbasin are more dangerous than storms moving upbasin.
In the case of lateral storm movement, the runoff hydrographs are
largely influenced by the shape of the river basin and the isochronal
patterns. This could be investigated beforehand for any given basin.
Fortunately, storms of high rainfall intensities usually propagate
at rates higher than 70 km h , If such storms do not cover large
areas, they will not produce extreme discharges. However, frontal
rainfall can even produce floods under these conditions if the basin
is smal1.

An understanding of the circumstances under which meteorological
inputs produce floodflows on a given basin is helpful in forecasting
flood hydrographs, thus enabling early flood warning measures to be
undertaken.

ACKNOWLEDGEMENTS The authors wish to express their gratitude to the
personnel of the Serbian Institute of Hydrometeorology , for making
available radar storm records of the river basin considered, and for
their help in data interpretation.
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A dynamic model for determination of soil
moisture budget and its applications

H.-B. KLEEBERG & G. WPLITZ-WEISSGERBER
Hochschule der Bundeswehr M'unchen, Werner-
Heisenberg-Weg 39, 8O14 Neubiberg, FR Germany

ABSTRACT Prediction of soil moisture content is consid-
ered important for irrigation timing purposes as well as
for precipitation-runoff computations. This paper presents
a model for assessment of daily variations of soil moisture.
In terms of water consumption, the model describes evapor-
ation from bare and from cropped soil for which plants are
stressed through variable climatic conditions. In terms
of water supply, the model describes the infiltrated part
of precipitation, as well as irrigation and groundwater
contributions, A numerical expression for infiltration
that considers ponded and dry surface conditions, respect-
ively, is used, together with well-established formulae
for evaporation. The mathematical model is transformed
into a computer program, which enables fast and simple
data processing. Required input data consist of generally
available climatic measurements and soil water constants.
Compared over a two year period, the predicted soil
moisture values correspond satisfactorily to the measured
values. An example of application to irrigation is
presented.

Un modble dynamique pour la determination du bilan de
1'humidito du sol et son utilisation
RESUME La provision de l'humidite" du sol est importante
aussi bien pour la mise au point du programme d'irrigation,
que pour le calcul des relations pr£c ipitation-e'coulement.
Get expose pre"sente un modele pour la determination des
variations journalidres de l'humiditg du sol. Du cote1 des
pertes, il est tenu compte de 1'evaporation du sol vierge
et du sol cultive, en faisant intervenir des effets de
contrainte sur les plantes pour des conditions climatiques
variables. Du cote des apports on tient compte de la
partie des precipitations qui s'infiltre et des contribut-
ions de 1'irrigation et des eaux souterraines. Une
expression numerique pour 1'infiltration , prenant en compte
les conditions des surfaces des sols inonde"es et non-
inondees, est utilisee en meme temps que des formules
eprouvees pour le calcul de 1'Evaporation. Le modele
mathematiqe est transform^ en un programme d'ordinateur
qui permet un calcul rapide et simple. Les donndes
necessaires consistent en mesures climatiques normalement
disponibles et en constantes hydrologiques des sols. La
comparaison entre l'liumidite" mesure"e et 1'humidite pre"vue
sur une pe>iode de deux ans montre une bonne concordance.

387
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Un exemple de 1'application pour 1'irrigation est presente.

INTRODUCTION

Since the availability of digital high-speed computers began to allow
the possibility of performing numerical solutions to many problems,
quite a few models have been developed for estimating soil moisture
influenced by climatic conditions (Baier & Robertson, 1966; Nimah &
Hanks, 1973; Carbon & Galbraith, 1975; Parkes & O'Callaghan, 1980).
These models describe unsaturated flow in the root zone of plants
which is regarded as the main factor in soil water changes based on
empirical or physical conditions. Two major constraints are signif-
icant for common application of these models. First, based on our
limited knowledge of the behaviour of plants and roots under various
influences, some assumptions have to be made and proved by detailed
investigation of the crop and area under consideration. Second,
restrictions concerning the period of validity of a model are often
encountered: for example where the range of applicability covers only
the period from sowing to harvest. For long term simulation of soil
moisture, as required for instance in precipitation/runoff models or
irrigation planning under stochastic climatic conditions, the time
between planting periods also has to be respected. The structure of
the presented model has been chosen for a specific reason, namely
that the daily variation of soil moisture can be computed from an
initial value as long as climatic input data are provided. Emphasis
is laid on the possibility of using data available from literature
where information on soil characteristics is lacking,

SOIL MOISTURE DEPLETION

In dealing with soil water budgeting the concept of potential evapor-
ation EP, and of potential evapotranspiration ETP, as a measure for
the consumptive demand of the atmosphere when water is not limiting,
are very helpful tools. The study of Doorenboos & Pruitt (1977)
resulted in simple computation procedures for ETP and EP, which
depended on available climatic data. The computation is based on a
reference crop evaporation ETR which has to be multiplied by empirical
constants to obtain ETP and EP. Although an empirical method is used,
it is still preferable to other more sophisticated methods which
require information that is rarely available.

It became evident that there is a reduction of ETP and EP if soil
moisture is depleted to somewhere below saturation. This fact leads
to actual evapotranspiration ETA and actual evaporation EA, depending
on the level of soil moisture, SM.

Actual evapotranspiration ETA was investigated by many authors
(e.g. Norero, 1969; Rijtema, 1965) under various atmospheric
conditions and for various plant and soil characteristics. Exact
solutions have not been found, but some useful approaches have been
developed. In the present study the expression of Minhas et al.
(Id74) is chosen and modified, since it is possible to reproduce
experimental curves of different investigators. Boundary conditions
for equation (1) are: ETA equals ETP at field capacity FC, and ETA
is zero if soil moisture SM is decreased to permanent wilting point
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PWP (SM is expressed as per cent of plant-available soil water).

ETA _ 1 - exp(-R.SM) (1.
(1

ETP 1 - 2.exp(-R) + exp(-R.SM)

Equation (1) can be handled easily, since it is integrable and
determined by only one free empirical parameter R. A collection of
some values of R is shown in Table 1, the values being established by
least square analysis of data given by Norero (1969). This type of
water uptake function only needs information on the mean root depth
HD which can be taken from Doorenboos & Prewitt (1977), whenever no
local data are available.

TABLE 1 Empirical values R for different soils and plants

Plant

Soil

R

Plant

Soil

R

Oats

Loamy

3.44

Bean

silt

0.36

Bean

clay

O.O

Wheat Corn

3.48 1.O4

Lentils

loam

1.38

Wheat

2.70

Lent-
ils

1 .64

Sunflower

2 .70

Sun-
flower

5.13

Clover

-

7.70

Grass Pepper

Sand

3.O 0.72

Atriplex

-

8 .85

Cotton

3.27

Alfalfa

-

4 .34

Concerning the actual evaporation EA from bare soils, Gardner &
Hillel (1961) stated that, starting from saturated soil to a level
of soil moisture somewhere below saturation, EA is maintained at rate
of EP, i.e. depending only on evaporative demand of the atmosphere.
Below this point EA is determined by the water transmitting properties
of the soil. The diffusivity equation has been used to describe this
situation but since the diffusivity factor can be established only by
extended measurements the empirical approach by Benetin & Cervencova
(1969), given below, was selected representing a similar behaviour for
decrease of EA.

EA/EP = exp {-c1.[log(SMSAT/SM)]
C2> (2)

Empirical parameters for six soil types are shown in Table 2.
The measured decrease of SM under different evaporation rates of

Gardner & Hillel (1961) was compared with the results of equation
(2) and a good correlation was found. The depth of influence DD
for drying of soil varies with soil types and temperature; estimates
can be taken from Mueckenhausen (1975).

When we now employ the continuity equation for the decrease of
soil moisture in the layer of soil directly influenced, this leads
to
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TABLE 2 Parameters of equation (2)

Soil

cl

C2

Sand

1.08

2 .14

Loamy

1.11

2.86

sand Sandy

1.27

2.32

loam Loam

0.91

1.51

Loamy

1.06

2.26

clay Clay

1.32

2.09

(dSM/dt) RD + ETA(T) = 0 (3)

for evapotranspiration, and

(dSM/dt) DD + EA(t) = O (4)

for evaporation.

Replacing ETA and EA by equation (1) and (2), respectively, and
integrating under the assumption that ETP and EP are constant over
the integration interval, yields the following expressions for water
uptake from the soil (subscripts 0 and 1 indicate the integration
limits):

^ | 1 SMQ[ 1 - 2 . e x p ( - R ) ] ASM1 + ^ . l n | l - e x p ( - R . S M 1 ) 1 -

- R - 1 " ] 1 - Cxp(-R.SMO)J | + jljlnll - exp(-R.SM1)J

f I, 2>
+ 4cxp -Ci -. I log -

Ci . I log
L V SMQ+SMX J

Due to moisture movement within the soil , upflow from tae layer
below the root zone has to be considered. This is done in the
following way: with the governing soil moisture SM-ĵ  at the end of a
day an ETA is computed based on equation (1) and used in equation (6)
instead of EP. The resulting difference in soil moisture is added
to SM-ĵ  in the root zone.

When contributions from groundwater near to the soil surface are
to be included, Rijtema's (1965) equation for capillary rise is
employed:

1 v + K K Pw
+ ' o wa r r,»

where DGW is depth of groundwater table below the root zone , a is an
empirical constant varying with soil type, v is the amount of
capillary rise, Ko is hydraulic conductivity at saturation, Pw is
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prevailing suction, and Pwa is suction at air entry point. These
values can be taken from graphs and procedures described in Rijtema's
study.

As outlined above, it is possible to compute soil water depletion
from bare soil as well as from fully-cropped soil. Now the question
arises of how to incorporate the period between seed emergence, and
full cover of the soil. Two assumptions must be made for this
purpose. Firstly, a linear development of the root system from 0 at
seed emergence to RDmax at full cover. Secondly, a linear increase
of the degree of cover. Total release of soil humidity is computed
by reducing ETP and EP by the degree of cover and degree of bare
soil, and using these values in equation (5) and (6), respectively.
The resulting SM-values are used in order to obtain a mean value in
the root zone.

INCREASE OF SOIL MOISTURE

Any substantial increase of soil water content is effected either by
precipitation or by irrigation. Since both are time dependent, a
common method for calculating infiltration rate is convenient. In
general, there are two ways of expressing infiltration. First there
is the flow equation for saturated flow which was employed by several
authors for either analytical or numerical analysis of infiltration
(for a review, see Freeze, 1969). Second, Kostiakow (1934) set up
the infiltration equation as an exponential function which has to be
calibrated by field measurements. It was adapted mainly for precip-
itation/runoff computations.

The present study takes the above-mentioned Darcy equation into

3a [LiIldi + Z ( t ) " P w< S M) + H(t)].K(SM)
INF = ~S- = _i_t -

Equation (8) is written for a mono-layer system, but can be extended
easily to several layers with different properties. Instead of a
continuous SM-profile Fig.l displays the model concept, stating that
the soil is divided into different layers with varying soil moisture
SMi, whereby thickness dA and SMi of each layer are influenced by
evaporation and infiltration that has taken place previous to the
respective infiltration event. Five distinct stages must be regarded
as important in dealing with infiltration:

(a) when rainfall or irrigation starts, SM at the soil surface is
at or below saturation;

(b) an arbitrary layer of soil is saturated and ponding occurs;
(c) soil surface is ponded, water supply and infiltration

continues, ponded depth H is rising;
(d) ponded depth H reaches certain level Hcrit , runoff begins;
(e) water supply ceases, infiltration continues, runoff is

limited.
The time required to reach stage (b) can be computed if one takes

into account the boundary condition that infiltration rate INF equals
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-8-

FIG.l
d«pth

Assumed soil system.

intensity of rainfall or irrigation IN. The corresponding form of
equation (8) is

tp
*^n _n-1 i-o 1 i

~L1 - (IN/Kn) i=o 1 + ASMn _T IN(IN/Kn)

and the theoretical time for saturating each layer is

(9)

(10)

For each layer starting from the top, tp is compared with tps; thus
the position of the wetting front can be determined when ponding
begins. From this point in equation (8) the variable H(t) has to be
included which can be expressed as:

H(t) = t IN - VI(t) (11)

where VI(t) denotes infiltrated volume. An analytical solution of
the resulting differential equation is not found, but the problem
can be solved by retaining H constant over small downward movements
of the wetting front. integration then yields

VI(tj) - VI ( t ^ - ASMn(H - Pw n). (12)

C)}

with C = ASMn(H - Pwn + I
n~1di)-E

n"1ASMidi. Thus in a stepwise

manner (with the increment j) the interdependence between the
position of the wetting front and the increase of infiltration water
can be established. When ponded water level reaches its maximum
value, runoff begins and H must be kept constant. The difference
between rain and infiltrated volume at this stage (d) marks the
amount of runoff.

Stage (e) deals with infiltration after the water supply has ended
by diminishing H in every time interval by the infiltrated volume
during that interval until H reaches the soil surface. Afterwards
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the soil is drained, which means a reduction of soil moisture to
field capacity and percolation of the surplus water into deeper
layers or recharge of groundwater. H must be substituted in equation
(12) by

H(tj) = HCtj.-L) - VI(tj_1).(SMSAT - SMFC) (13)

where SMgAT and SM FQ are soil moisture (in per cent volume) at
saturation and field capacity, respectively.

The parameters Pw and K vary with soil moisture. Relationships
must be established by infiltration experiments. However, best
results with the type of infiltration presented can be obtained by
keeping Pw and K constant using 0.5 of the suction value at air
entry point and 0.5 of the hydraulic conductivity at full saturation
(Aggelides & Youngs, 1978). The parameter Hcrit depends upon depth
of furrows, slope of the area and density of crop growth; a mean
value can be determined by observation of rainfall events with high
intensity. For instance, paddy rice fields have a Hcrit equal to
the height of the surrounding mounds.

COMPUTER VERSION

The computer version of the model is written in Fortran IV and
implemented on a Burroughs B 7000 computer. The computing procedure
is as follows with the soil moisture at beginning of day I, the
decrease of water content is calculated depending on the stage of
growth. The resulting soil moistures are taken as a basis for the
infiltration computation of that day. If there is any rain
exceeding 24 h or any pre-ponding, H(t) is maintained and we proceed
to day I + 1 omitting stage (a) and (b).

Up to 60 points with different soil and plant properties can be
considered at the same time, so that soil moisture deficit can be
calculated for a wide area.

Since the calculations of changes in soil moisture are not
performed simultaneously, the influence of sequence of water release
and supply had to be investigated. In addition to the arrangement
described above, infiltration was computed before evaporation took
place each day. Daily evaporation was then divided into two halves,
with infiltration placed between them. The result was that in long
term simulations no differences between the three procedures could
be seen, even under high evaporative demand. Two conclusions can be
drawn from these results: daily intervals give sufficient accuracy
and a successive order of computing increase and decrease of soil
moisture is permissible.

TESTING THE MODEL

The results of computation were compared with measurements taken by
Staschen (1976). These measurements were performed by means of
neutron probe measurements at 17 sights in the Miliane Valley, Tunisia,
over an interval of one to three weeks. Several depths down to 1.4 m
were investigated. The measurements took place between 1971 and 1973.
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As an example of the results Fig.2 displays the comparison of mean
soil moisture values in the root zone. The correspondence is evident.

Based upon the computed values an analysis of sensivity of the
model to errors in estimating the parameters Hcrit , K, Pw, R was
undertaken. A variation of R between 1.0 and 15.0 showed the most
influence, producing very different shapes of the computed curves.
Large changes in Pw gave little effect. Changes in Hcrit and K were
significant, particularly when they were performed simultaneously,
because reduction in K and Hcrit resulted in a sharp increase in
surface runoff. An upper limit of simulated soil moisture could be
observed when Hcrit was increased and in the case of K, when no run-
off occurs and all precipitation is infiltrated. Another interesting
result was the following; in the absence of groundwater, only soil
moisture in shallow depths affected the infiltration rate.
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Fig.2 Simulation of soil moisture for Khadra. (Tunisia) .
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APPLICATION

Application of the model will now be shown for the case of irrigation.
Two options can be considered:

(a) Estimation of the mean annual irrigation requirements based
on historical climatical data.

(b) On-line irrigation decision.
Both cases need information concerning the lowest soil moisture level
Slvicrit which must not be exceeded; as a common figure 30-40% of
available soil water may be taken.

To solve problem (a) the computation procedure is extended. When
soil moisture in the root zone is depleted to SMcrit, irrigation
starts with an intensity smaller than K and ceases when SMFC is
attained. Adding up the amounts of supply over the growth period
yields the total irrigation requirement; the dashed line in Fig.2
represents the result of the computation.

For case (b) the model can be employed directly, since it is only
necessary to enter the increased SM-value after irrigation. The
upper diagrams in Fig.2 show the irrigation requirements for the
example.
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ABSTRACT A method is presented to evaluate the
performance of a flood forecasting response system in an
overall framework of flood disaster management. It is
shown how the forecast and its related errors can be more
accurately assessed by using an on-line adaptive filter
algorithm. Uncertainties in the forecast are incorporated
in a mathematical model which enables the optimal flood
damage reduction strategies to be determined based on
imperfect forecast and the expected reduction in damage by
taking an optimal decision. An example is given.

Politique optimale de controle den cru&s hasoe sur des
previsions imparfaites
RESUME On presente une methode pour evaluer les
performances d'un systeme de reponse de prevision des
crues dans le cadre general d'un amenagement pour reduire
les dommages provoques par fortes crues. On montre
comment la prevision et ses erreurs relatives peuvent etre
etablies de facon plus precise en utilisant un algorithme
de filtre adaptable utilise "on line". Les incertitudes
relatives a la prevision sont introduites dans un modele
mathematique qui permet de determiner les strategies
optimales de reduction des dommages provoquees par les
crues en partant de previsions imparfaites ainsi que la
reduction des dommages a laquelle on peut s'attendre en
prenant la decision optimale.

INTRODUCTION

Short-term forecasting of floods is an important non-structural
method of reducing flood damage. Based on a reliable forecast,
different measures can be initiated to reduce the loss of life and
property. Extensive resources are presently being allocated in the
collection and dissemination of hydrological information in order to
reduce flood damage by better forecasts. Keeping in view the import-
ance of flood forecasting, the Central Water Commission a Govern-
ment of India Organization, has established a wide network of fore-
casting stations on some of the important interstate Indian rivers.
With such a large and widespread network of forecasting stations,
it has become important that the forecast issued is quite accurate.
The need to issue accurate forecasts has accelerated the development
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of more elaborate forecasting models, the best-known being physically-
based models (Freeze, 1972), conceptual models (Dooge, 1977),
stochastic models (Chander et al., 1980). A comprehensive review
of forecasting models is given by Chander & Prasad (1981). However,
none of the forecasting models yields a perfect forecast due to
various uncertainties which can broadly be classified as (a) the
model uncertainty, (b) the input uncertainty, (c) the parameter
uncertainty, and (d) the initial state of the system uncertainty
(Kitanidis & Bras, (1980). In fact, forecast errors are considerable
and are stochastic in character. A forecasting scheme is, therefore,
required to issue, not only a quantitative T-h-ahead forecast, but
also the distribution of forecast errors. Though extensive work
has been done on different forecasting models, not much work has
been done in assessing the forecast errors accurately. Generally,
errors are quantified as the r.m.s.e. (root mean square error)
obtained by comparing the observed and forecast values of a
historical flood. The r.m.s.e. can be a proper index of forecast
errors only if all future flood flows have the same attributes as
historical floods. However, it is well known that every flood has
its own distinct character, and the r.m.s.e. obtained from historical
floods may be a poor index of likely forecast errors of the occurring
flood. It is, therefore, desirable that the forecast errors are
estimated recursively as the flood develops. In this study, a
procedure based on state space formulation is suggested for on-line
estimation of forecasts and their error variance.

While the purpose of the forecast is to reduce the potential
damage, not much work has been done on the economic evaluation of
the forecasting response system. The benefits of a perfect forecast
have been analysed by Day & Lee (1976) but what is required is to
evolve optimal flood damage reduction strategies based on imperfect
forecasts. The present study describes a procedure for the decision-
theoretical evaluation of a flood forecasting response system in an
overall framework of flood disaster management. The objective of
this study is (a) to determine the optimal policy for a future time
period based on forecasts which are subject to large errors, and (b)
to determine the expected reduction in damage by taking an optimal
decision. The use of the methodology is illustrated by a simple
example,

FORECASTING RESPONSE SYSTEM

A forecasting response system has two major components, (a) the
forecasting system and (b) the response system. The forecasting
system includes the hydrometric system, the forecasting model and
the dissemination system, whereas the response system consists of a
decision model and the protective system. All these components and
their interaction are shown in a diagram by Sniedovich & Davis (1977)
Since the effectiveness of the forecasting response system is
dependent on the forecasting system and the response system, a
mathematical formulation is required to quantify their effect.
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MATHEMATICAL FORMULATION

It is assumed that the forecast can be issued T hours ahead and the
lead time to forecast is adequate to take suitable flood damage
reduction strategies. The errors in the forecast play an important
role in determining optimal strategies and are required to be
calculated as accurately as possible. The commonly used r.m.s.e.
index calculated from historical data is not a valid measure of
system information of future flows. Since each and every flood is
controlled by many inter-related factors, every flood has some
characteristics which make it distinct from historical floods. It
is therefore desirable to set up self-regulating algorithms to
monitor continuously the forecast and its related error for every
flood under consideration. In other words, a Bayesian approach of
estimating forecasting errors is required in which the r.m.s.e. acts
as an a priori estimate which is modified as the flood develops.
Adaptive filter algorithms based on control engineering concepts are
best suited for such cases where the residual errors between the
actual flows and the forecast is used as feedback information in the
model adjustment mechanism (Harrison & Stevens, 1971: Szolbsi Nagy,
1976: Jowitt, 1979).

It is worth investigating which of the commonly used forecasting
models is suitable for on-line estimation of forecast errors. For
example, the conceptual model, which is quite popular as a fore-
casting model, is deterministic and is unable to estimate in its
present form the likely errors in the forecast. Only recently,
Kitanidis & Bras (1980) have attempted to apply the Kalman algorithm
on the Sacramanto conceptual model by linearizing the different
components of the process using multiple input describing function
for the most strongly nonlinear responses and Taylor series expansion
for the rest. However, extensive work is still required to transform
the deterministic form of the conceptual model to a stochastic one.
Unlike the conceptual models, the ARMAX type of stochastic models
are most suitable to adaptive mode and its use in the on-line
estimation of forecast errors is briefly described here.

ADAPTIVE MECHANISM FOR ESTIMATING FORECAST ERRORS

A hierarchy of forecasting models (e.g. rainfall-runoff, tributary
inflow and channel flow routing) can be embedded in an ARMAX model
form. The state space form of the ARMAX model rearranges the model
into a form so that the extended forecasts of drainage basin outflows
with associated error variance can be obtained recursively (Bolzern
et al., 1980; Chander & Prasad, 1981; Kumar & Devi, 1982).

The state space model is represented as a set of system and
measurement equations.

System equation: X, „ = A x. + wt (1)
—K+ .1 K —*•

Measurement equation: Z . = H x + v i (2)

where X̂ k is the state vector. ^+± is the measurement vector; Wj^

and ^jj+j are vectors of measurement and modelling errors with zero
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mean having Q and R error covariances. A and H are the state and
measurement matrices.

The recursive estimation of state correction, forecast and the
forecast errors are summarized as:

On line correction:

Kk+1 = Pk+l|k V l Pk+l|k
(3)

- +i|k

pk+llk+l

" H

- Kk+1 Hk+1 ] pk+llk

(4)

(5)

Forecast equation;

*k+ljk
= A X,

k+llk

(6)

(7)

where K
X at

is the Kalman gain, P
(k+l) given the information"up

'k+llk.
is error covariance of vector
> time k.

X-k+1 Ik is the expected value of the forecast of the state vector

k is the forecast with
). If the flood

X made~at time k. Thus, at any time k, X k + 1

multivariate Gaussian distribution N (Xk+-^ k
discharge or stage forms the first element of the state vector X,
then the first element of the vector X k + 1| k gives the T-h-ahead
f S i i l l h f i ĵ +i k quanti-

(Xk+l|

k |
forecast. Similarly , the first element of the matrix
fies the forecast error at time k+l|k. The forecast N |k>
' k+1
step.

k) is then used in deriving an optimal strategy at each time

RESPONSE SYSTEM EVALUATION

In order to introduce a decision theoretical approach for evaluating
the flood forecast, a simplified process is considered, i.e. prior
to the occurrence of each flood, a flood forecast x

k + j | k and the
forecast error Pjj+i ^ is issued. In response to the forecast, the
decision maker selects a decision from a set available to him. In
order to arrive at an optimal decision, the decision maker compares
the allocation of resources for the protective action and the damage
prevented because of flood forecasts. The losses thus consist of
two components: (a) the cost of implementing the protective action
and (b) the actual damage caused by the flood. The forecasting
model supplies the following information: (a) the magnitude of flood
T hours ahead and (b) the related forecast error. A "no action"
strategy provides a consistent yardstick against which the worth of
forecasting can be compared.



Optimal flood control policy 401

NO ACTION STRATEGY

No action strategy means that no forecast is available and no action
is taken to protect the flood plain dweller. The major input to
calculate the flood damages will be the appropriate damage function
and the knowledge of the stochastic pattern of flood flows.

If p(q) is the p.d.f. of the flood flows q and D8q) the correspond-
ing damage function, the expected damages, E(D) can be defined as:

E(D) - J" p(q) D(q) dq (8)
o

For a discrete case, the flood plain is divided into n steps and
the expected damage is

E(D) = In p, D, (9)

where i is the flood level; Pi and D^ are the corresponding
probability and damages at the i-th level.

DAMAGE FUNCTION AND THE FORECAST

At any given time k, the forecast for the period (k + 1) is expressed
as N (xo, a

2). If the i-th element of X is the flood discharge, then
the i-th element of the state vector X k + 1 k is the forecast xo.
Similarly a is the a.±i element of the error covariance matrix
pk+lIk-

Let p(q xo) be the p.d.f, of actual flows q at time (k + 1)
conditional on the forecast x o issued at time k (perfect forecast
q = x o ) . The p.d.f. of q will depend upon the uncertainty in the
forecast. Let b k, k = l,2,..,,m be the set of policies of potential
damage reduction. For example, m may be 2, where bj is the policy
to evacuate and b 2 is the policy of no evaluation. Let D(q|xo, a,
bk) be the damage function conditional on the choice of the policy
bk based on the forecast xo.

The expected damage using the forecast xo is

Q, a, bk] = |™ p(q|xo) D(q|xo, a, bk)dq (10)
o

The optimal one-step-ahead policy based on the forecast N(xo, a
2)

E[D1|'XOl a, bk] = mink EID^x,,, a, b k (11)

EXPECTED BENEFITS OF THE FORECASTING SCHEME

Equation (12) calculates the minimum expected damage over one time
step, conditional on the information x o received just prior to the
policy selection. But x o itself is a random quantity having its
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own probability density function. The expected global damage using
the forecast and the optimal strategy is obtained by weighting
equation (12) with the probability of occurrence of flood xo.

b) p(xo) dxo (12)

The worth of the forecast can be obtained by comparing the damages
derived from equations (8) and (10). The strategy to be chosen for
optimal flood damage reduction is the one which gives the minimum
damages in equation (11). The expected overall benefit of the fore-
cast can be obtained from equation (12).

EXAMPLE

The example is made deliberately simple in order to elaborate the
essential steps. Many of the realities inherent in the actual problem
can easily be incorporated in the analysis.

Forecast model

A model is required to forecast river stages/discharges at a
particular place which is flood affected. It is assumed that a major
tributary joins this river upstream and the forecasting model is of
the form

6lwk 92wk-l (13)

vk+l = alwk k-l a2.k (14)

where q is discharge at the potential damage site; W is discharge in
the upstream tributary (the travel time of flow between the confluence
site and the potential damage site has already been adjusted); a-̂  ,
a% are random component with zero mean and variance o ,

There exist many adaptive algorithms of the type given in equations
(3) - (7) for recursive estimation of a forecast and its related
errors. Todini & Wallis (1978) have shown that the MISP algorithm
(Mutually Interactive State and Parameter) is particularly suitable
for use with ARMAX model. In order to apply the MISP algorithm, two
state space representations, one each for the parameter and state
estimation, need to be formulated as follows:

Parameter estimation:

h
9 1
h
°3

. « 2 • k + 1

9 1

H
°3

. «2 -
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(13)

V l

q k
0

w k

0

w k -

0

1 w k-2

0

0

wk

0

w k - 1 6

0

6

a

a

1

1

2

3

1

2

(14)

State estimation:
The Kalman filter for state estimation is formulated as

tf1 o]_ a 2 o3

0 ax a2 0

wk 0 1 0 0

w k _ 1 o o i o

q k

wk

w k-l

wk-2

+

1 0

0 1

0 0

0 0

a l

. a2 .
k

(15)

—k+1
Xk B -w-k

V i

l

o
0

1

0

0

0

0

"k

i. V l
k+1

The updating of parameter _0k and state vector x,k are done by the
Kalman algorithm based on the MISP technique (Todini & Wallis, 1978).

gives the forecast qk+ljk>
 T hours ahead

Pk+]ik gives the variance of the actual
The first element of
and the first element of the
flows based on the forecast.

Let the distribution of flood flows q, follow a log normal
distribution such that log10 q is N (3.4771, 0.3010). Based on the
value of _Xk+i k and Pk+i k, the expected value of the forecast and
the likely errors in the forecast are recursively obtained from the
model. Though P k +ij k is likely to vary depending on the forecast
discharge (larger forecast errors at larger floods), it is assumed
for simplicity that Pk+i k remains constant for higher discharges.
Let the distribution of actual
N (q,,̂ i I,. , 1000 m's" 1).

flows based on the forecast qk+-i k be

Damage function

In order to calculate accurately the flood damages, detailed depth
damage information in terms of stage area curves and area damage
curves need be evaluated. The important parameters for assessing
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the damages are (a) the drainage area and the cross slope, (b) extent
of urbanization of upstream area, (c) length of the reach and (d)
value of the structures affected by flooding. The procedure for
estimating the flood damages is documented by the US Army Corps of
Engineers (1976). Recently, Debo (1981, 1982) suggested a simplified
procedure for estimating flood damage curves for any given flood
prone area.

In this example, the following simplified flood damage function is
assumed (Rs = rupees):

q < 4 500 m s :

4500 < q < 7500
q > 7500 n^s"1

Flow remains within banks and no damage
occurs.
D(q) = Rs 1 x 107 + 5 x 103 (q - 4500) (17)
D(q) = Rs 2.5 x 107

Response function and cost

The choice is between two policies, (a) evacuation and (b) no
evacuation. Let b-̂  be policy of no evacuation; b2 be policy of
evacuation; c be cost of evacuation = Rs 2 x 10G; b be cost of
issuing forecast = Rs 1 x 10'; a be cost of residual damage when
flood occurs and evacuation adopted given as

••{
Rs 4 x 106 + 1 x 103 (q - 4500)
Rs 7 x 106

Then

4500 < q < 7500
q > 7500

D(Vi|bi> =

1 x 10"
1.001 x
2,501 x 107

107 + 5 x 103(q - 4500)
q < 4500
4500 < q
q > 7500

< 7500 (18)

Similarly

b2) =
2
6

9

. 0 1

. 0 1

.Ol

X

X

X

X

1 0 J

1 0 G

(q -
iob

•+• 1 x 1 0 3 *

450O)

q < 4500
4500 < q < 7500

q > 7500

(19)

Expected damage per unit time

No action strategy Assuming no forecast and no evacuation,
taking log^Qq as N(3.4771, 0.3010) and the damage function given in
equation (18) , the expected damages are computed from equation (8)
as E(D) = Rs 7.856 x 10G.

Perfect forecast
would be as follows:

If the forecast is perfect, the optimal policy

_ , , . , . (no evacuation when q. - |u<4500 m s~
1

Optimal policy< „ ^k+llk 3 ,
( evacuation when q, >45OO m s

it "f~ J. K

Taking the damage function for no evacuation and evacuation given
in equations (18) and (19) , the expected damage is computed from
equation (10) as E(D) = Rs 3.02 x10b.
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If the forecast is imperfect, i.e. at timeImperfect forecast:
k, the forecast is (q. . -• 11 ) based on the policies b-̂  and b2.
simplicity, the expected damages are plotted for two cases (a) when
the forecast error is 1000 m 3s - 1 and (b) when it is 500 m3s~ . As is
observed from the figure, the optimal decision is dependent on the
forecast errors. When the forecast is less accurate (q^+1

b̂  • No evocuotion

t> - Evacuation

q k + 1 ~ N(qkll/|,,1000]

0
7500 3000 3S0O 4000 *~ 4500~" 5000 ^>00 6000 6500 7500 3000 3500 4000 4500 " 5 0 0 0 " " 550O""""6OOO" 6500

Forecast flows q^ > vi< [cumecl Torecast flows q . [cumccl

FIG.l Relationship between expected damage with
imperfect forecast for policy b^.

the optimal policy is to evacuate when the forecast
m s~ , whereas, if the forecast is more accurate

= ̂ 800
i 500), then

the optimal policy is to evacuate at q k + 1 ̂ = 4200 m^s" . In the case
of a perfect forecast (q^+i k>0)> t h e policy is to evacuate at

| ^ 4500 ill's-1.
The global expected damage using the optimal policy with an

imperfect forecast is calculated from equation (12) as

is N

£ 3800

is N

V i k-
 4200

, 1000) E(D) is Rs 3.3614 x 10 evacuate when

, 500) E(D) = 3.1329 x 10 evacuate when

In this example, the flood damage is reduced by 61% if the fore-
cast is perfect, When the forecast has a standard error of 500 m s
and 100O m s the expected damage is reduced by 60% and 57%
respectively,

CONCLUSIONS

The performance of a flood forecasting response system in flood
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disaster management depends upon the accuracy of the forecast and
the lead time to forecast. The use of an adaptive filter algorithm
is suggested for on-line correction of the forecasting model para-
meters in order to improve the forecast and in correctly estimating
the forecasting errors. A procedure is then suggested (a) to
determine the optimal flood damage reduction based on an imperfect
forecast, and (b) to determine the expected reduction in damage by
taking an optimal decision.

ACKNOWLEDGEMENTS The authors thank Dr P.W.Jowitt of Imperial
College, London, for suggesting the use of state space modelling in
policy optimization.

REFERENCES

Bolzern, P., Ferrario, M. k Fronza, G. (1980) Adaptive real time
forecast of river flow rates from rainfall data. J. Hydro!. 47,
251-257.

Chander, S. & Prasad, T. (1981) Forecasting and prediction of floods.
In: Indo-US Workshop on Flood Mitigation (New Delhi).

Chander, S,, Spolia, S.K. & Kumar, A. (1980) Flood stage forecasting
in rivers. In: Monsoon Dynamics (ed. by Sir M.J.Lighthill) .
Cambridge University Press, London.

Day, H.J. & Lee, K.K. (1976) Flood damage reduction potential of
river forecast. J. Wat. Resour. Manag. Div. ASCE 102, 77-87.

Debo, T.N. (1981) Estimating flood damage in the state of Georgia,
Tech. Report no. EkCOl-81, Environment Research Report, Georgia.
Inut. of Tech., Atlanta, Georgia.

Debo, T.N, (1982) Urban flood damage estimating curves. J. Hydraul.
Div. ASCE 108 (10), 1059-1069.

Dooge, J.C.I, (1977) Problems and methods of rainfall runoff
modelling. In: Mathematical Models in Surface Hydrology (ed,
T.A.Cirinani). John Wiley, London,

Freeze, R.A. (1972) Role of subsurface flow in generating surface
runoff; base flow contribution in channel flow. Wat. Resour. Res.
8, 601-623.

Harrison, P.J. & Stevens, C.F. (1971) Baycsian forecasting. Tech.
Report no. 13, Univ. of Warwick.

Jowitt, P.W. (1979) The economic evaluation of combined real time
forecasting and policy optimisation in flood damage control - an
initial study. Unpublished Report, Imperial College London.

Kumar, A. & Devi, R. (1982) Evaluation of adaptive filter algorithms
in real time hydrological forecasting. In: Int. Sump, on
Mountainous Watersheds, (Proc. Roorkee Symp. , November 1982),
5( 1)16 - V 23.

Kitanidis, P.K. & Bras, R.L. (1980) Real time forecasting with a
conceptual hydrologic model - analysis of uncertainty, Wat.
Rosourc. Res. 16 (6), 1025-1033.

Sniedovich, M. & Davis, D.R. (1977) Evaluation of flood forecasting
response system. J. Wat. Resour. Manag. Div. ASCE 103, 83-97.

Szolosi, Nagy, A. (1976) An adaptive identification and prediction
algorithm for real time forecasting of hydrological time series.



Optimal flood control policy 407

Hydrol. Sci. Bull. 21 (1), 163-176.
Todini, E. & Wallis, J.R. (1978) A real time rainfall runoff model

for on-line flood warning system. In: Applications of Kalman
Filters to Hydrology, Hydraulics and water Resources (ed. by Chao
Lin Chiu), 355-368. Dept of Civil Engineering, Pittsburg, USA.



Hydrology of Humid Tropical Regions with Particular Reference to the Hydrological
Effects of Agriculture and forestry Practice (Proceedings of the Hamburg
Symposium, August 1983). IAHS Publ. no. 140.

Hydrological computation for water resources
development within I mo River basin, Nigeria
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ABSTRACT The economic and efficient planning of engineer-
ing systems requires relevant and reliable data. One area
of hydrological concern and of importance for water
resources development, for which data are lacking in West
Africa, is in the design of drainage systems. To carry
out this engineering work, rainfall intensity-duration-
frequency distribution for the locality under consider-
ation is desirable. The present work arose from the
proposal of the Imo State Government in Nigeria to provide
for the towns in the Imo River basin a suitable drainage
network compatible with the agricultural and forestry
practice in its basin. An analysis of the rainfall data
for the basin was carried out and from it a formula
expressing the relationship between the rainfall
intensity, the duration and frequency is proposed. The
results will serve as a computational model useful in the
design of dams and drainage systems within any tropical
West African hydrological region with inadequate
data.

Calculs hydrologiques pour 1'amenagement des ressources
en eax dans le bassin de la riviere Imo au Nigeria
RESUME Pour une planification economique et efficace de
1'amenagement des eaux, il faut des donnees qui soient &
la fois utilisables et sures. Un domaine posant des
problemes hydrologiques avec un developpement important
des ressources en eaux la ou il n'ya pas de donnees, en
Afrique de l'Ouest, ce sont les projets de systemes de
drainage. Pour pouvoir mener a bien cette tache
d'inge"nieur il est necessaire de trouver les relations
intensite-dure"e-frequence de la pluie pour les localite"s
en consideration. La raison a la base de la presente
6tude, est la proposition du gouvernement de l'etat d'Imo
au Nigeria, demandant un reseau de drainage des eaux
convenables, pour les villes du bassin de la RiviSre Imo.
Une analyse des donne'es des chutes de pluie pour le bassin
a 6t6 faite et une formule exprimant une relation entre
les chutes de pluie, la duree et la frequence est
proposed. Les re"sultats serviront come modele de
calcul pour projeter un systeme de drainage dans des
regions tropicales de l'Afrique de l'Ouest ou il n'y a
pas de donnees convenables en ce qui concerne
l'hydrologie.
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INTRODUCTION

The Imo River basin is situated between latitudes 4°25'N and 6°05'N
and longitudes 6°50!E and 7°40'E and has a total area of approximately
9000 km2 .

AGRICULTURE AND FORESTRY PRACTICE

The Imo River basin has a rainy and a dry season. Agriculture is
practised during the rainy season when the rainfall is normally
adequate for the growth of some crops. Crops do not grow during the
dry season from November to April because of insufficient rainfall.
Irrigation is therefore necessary to produce crops in this season and
this is greatly enhanced by water storage through the construction of
dams .

Forestry practices in the basin are mainly in the form of
zoological gardens and amenity forestry. It is envisaged that these
practices will attract tourism to the basin.

It is therefore evident that although the agricultural and
forestry practices within this particular basin have no effect on
the rainfall intensity-duration-frequency distribution, nevertheless
a knowledge of the rainfall intensity distribution would be of
immense benefit for the computation of rainfall-runoff relations for
the construction of dams and drainage systems.

PHILOSOPHY OF ANALYSIS

Three parameters of interest in connection with rainfall are intensity,
duration and frequency. The methods of hydrological forecasting and
probability concepts in design are discussed in Wisler & Brater
(1963); Linsley et aJ. (1949); Wilson (1974) and Linsley & Franzini
(1972).

In general, the greater the intensity of rainfall, the greater
the recurrence interval and the shorter the duration. A formula
expressing the relationship between rainfall intensity, duration and
frequency takes the form:

I = KTx/te (1)

where I is intensity (mm h~ ), t is duration (h), T is recurrence
interval (years), and k, x, e are locality constants. The recurrence
interval, T, is computed from the expression:

T = (n + l)/m (2)

where n is the number of years of record, and m is the rank of
events. The probability percent P, is given by the expression

P = I/T x 100% (3)

Furthermore, equation (1) can be expressed logarithmically as
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log I = -e(log t) + (log k + xlog T) (la)

from which it is seen that -e is the slope of the curves obtained
when the equation is plotted; x determines the spacing of the curves
for the various recurrence intervals T, and k determines the vertical
position of the curves as a set. Therefore, a given set of curves
can be shifted vertically by changing k only, holding e and x
constant.

From the governing equation K - I when T and t are equal to unity;
x is the change in log I per logcycle of T; and e = slope = -(A log
I)/(A log t) is the change in log I per logcycle of t.

RAINFALL DATA AND ANALYSIS

Investigations showed that daily rainfall data could only be
obtained from the Nigerian Meteorological Department for stations
bordering the Imo River basin. In the absence of published rainfall
intensity-frequency-duration data for stations within the basin and
its environs, it became necessary to collect the available rainfall
data, analyse them, and present the results of the study as an aid
to drainage design for towns within the Imo River basin and its
environs.

The rainfall data used in this study were collected from the
Nigerian Meteorological Department at Oshodi. The daily rainfall
records of the following stations, have been analysed:

Station
Enugu
Onitsha
Awka
Adani

Data period
1916-1965
1906-1966
1942-1965
1948-1965

Wo. of usable years
4 5
58
22
17

The following procedures were adopted in the analysis:
(a) By means of a distribution of extreme values as propounded

by Gumbel (1941), the frequency of occurrences (or return period)
for the maximum rainfall in one day, two days, three days, four days
and five days of the above stations have been calculated. The
results are presented in Table 1 and plotted in Fig.l for the above
four stations.

(b) Values shown in Table 2 were then computed by dividing values
in Table 1 by the corresponding time in hours.

(c) Rainfall intensities are then plotted against recurrence
intervals for various durations, on logarithmic scale, (as shown in
Fig,3 for the four stations).

(d) To estimate K in equation (1), a line is drawn representing
a one-year-recurrence interval for each station (see Fig,2); the
distance from the 10-year-line to one-year-line is equal to the
distance from the 100-year-line to the 10-year-line), Extrapolation
of the one-year-line to 1 h duration gives K for each station.

RESULTS AND DISCUSSION

A graphical plot of rainfall intensity against duration for
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TABLE 1 Frequency of maximum rainfall in 1,
5 days (rainfall in mm)

2, 3,4 and

Station

Enugu

Onitsha

Awka

Adani

Return
period
(years)

1
5

1O

50

1OO

5OO

1000
1

5

1O

5O

1OO

500
1OOO

1
5

10

50
1OO

5OO

1OOO
1
5

10

5O

1OO

5OO

10O0

Number

1

53
1O8

120

147
158
184

196
43

117
136

178

195

236

254
53

107

118
144
155
18O

191

45
115
134
175
193
234
252

of days

2

60

134
ISO
186
201

236

251
57

146

167
213

2 33
278

297
70

139
155
191
206

241

256

5O

154
181
241

266

324

34 9

3

75
16O

180

224
243
287
3O5
75

164

185
2 33

253
3OO

32O

80
16.1
181
224
242
285

303

6O
163

19O

2 5O

275
334
359

4

8O
185
210
265
288

342
365
84

183

206

253
279
329
350
87

177
198

245
264
310

330

7O
181
209

272
299
360

386

5

95

199
224

279
303

357
38O
94

253

2 3O

279

312

370

394
95

208

235
294
32O

378

403

7O
2O8

244
323

356
434
467

recurrence intervals of 5, 10, 50, 100, 500 and 1000 years is shown
in Fig.2 for the four stations. One noteworthy trend of the rainfall
intensity-duration graph for various recurrence intervals is that
they are all approximately parallel.

A graphical plot of rainfall intensity against recurrence inter-
vals for various durations plotted on a logarithmic scale is shown
in Fig.3. The figures for all the stations show that for a given
recurrence interval the rainfall intensity varies from 0.20 to 0.63
as the duration decreases from 72 to 24. From logarithmical plots
of I against T, the average x = 0.12. Similarly, from logarithmic
plots of I against t, the average K = 28. Thus the rainfall intensity
for the Imo River basin and environs may be expressed as:

I =
28TU

1.65
(4)
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RETURN PERIOD

FIG.l Frequency of maximum rainfall in specified days
at (a) Enugu, (b) Onitsha, (c) Awka, and (d) Adani.

APPLICATION

For ease of application the average intensities of rainstorm using
equation (4) are set out in Table 3. Suppose that a drainage system
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TABLE 2
ships
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Maximum rainfall-intensity-frequency relation-

Station

E'nugu

Onitsha

Awka

Adan.i

Return

period

(years)

1
5

1O

so
loo
5OO

WOO
1
5

10
5O

1OO
5OO

100O

1
5
lo
SO

1OO

5OO
1OOO

1

s
10

so
100

500

1000

Number

1

2.2

4.5
5.0

6.1

6.6

7.7
8.2

1 .79
4.9

5.7
7.4
8.1
9.8

1O.6

2.2
4.5

4.9

6.0
6.5

7 .S

8 .0
1 .87

4 .8

5.6

7.3
8.0

9.8

1O.S

of days:

2

1.25
2.8
3.1
3.9
4.2
4.9
5.2
1.18
3.0

3.S
4.4
4.9
5.8
6.2

1 .46

2 .9

3.2
4.0

4.3

5.O
5.3

1 .04

3.2

3.8

5.O

5.5
6.8
7 .2

3

1.04

2.2
2.S

3.1

4.O
4.O

4.2
1 .04

2.3

2 .6

3.2

3.5

4 .2

4.4
1.11
2.2
2 .5

3.1
3.4

4.0
4.2
O.83
2.3
2 .6

3.5
3.8

4.6

5.0

4

0.83
1.9
2.2
2.8
3.O

3.6

3.8

0.88
1.9

2 .1
2.7
2.9
3-4

3.6

0.91
1 .8
2.1

2 .6

2.8

3.2
3.4
O.73

1 .9

2.2
2.8
3.1

3.8

4.0

5

0.79
1.7
1.9
2.3

2.5
3.0
3.2
0.78
1.7
1.9
2 .4

2.6
3.1
3.3

O.79

1.7
2.O

2.5

2 .7
3.2

3.4

O.S8
1.7
2.O

2.7
3.O
3.6
3.9

is to be constructed in a town within the Imo River basin. The
quantity of storm runoff or discharge may then be computed based on
the correlation between rainfall intensity and surface flow using the
expression

Q = 0.001 CIA (5)

3. - 1,
where Q is discharge (m h ); C is runoff coefficient, defined as the
ratio of runoff from an area to the rainfall on that area; I is
rainfall intensity (mm h ), and A = area of drainage basin (km2),
discharging into the outlet under consideration.

The relevant aspect of this work is that the rainfall intensity,
I, may be obtained from Table 3 for the computation of the discharge,
Q, for a given time of concentration and chosen frequency.
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(a)

Average slop?
- 0-12

10 56 100 500 1000
RECURRENCE INTERVAL (YEARS)

100 560 1000
RECURRENCE INTERVAL(YEARS)

FIG.3 Rainfall intensity against recurrence interval for
various durations at (a) Enugu, (b) Onitsha, (c) Awka and
(d) Adani.
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TABLE 3 Average rainstorm intensities for the Imo River
basin and environs (mm h~ )

Duration
(h)

O.I
0.2
O.3
0.4
O.5
O.6
0.7
O.8
0.9
1.0
2.O
3.0
4.O
5.O
6.O
7.0
8.O
9.0

1O.O
12.0
14.0
16.0
18.0
2O.O
22.0
24,0
48.0
72.0

Frequency

1

125.1
79.7
61.2
50.7
43.9
39.0
35.3
32.4
29.9
28 .0
17.8
13.7
11.4
9.8
8.7
7.9
7.2
6.7
6.3
5.5
5.0
4.6
4.3
4.O
3.7
3.5
2.3
1.7

(years):

2

135.9
86.6
66.5
55.2
47 .7
42.4
38.4
35.2
32 .5
3O.4
19.4
14 .9
12 .4
1O.7
9.5
8.6
7 .8
7.3
6.8
6.0
5.5
5.O
4.6
4.3
4.1
3.8
2.5
1.9

5

151.5
96.5
74.0
61.5
52.9
47.2
42 .8
39.1
36.3
33.9
21.4
16 .3
13 .6
11.9
10.5
9.5
8.5
7.8
7.6
6.7
6.1
5.6
5.2
4.8
4.6
4.3
2.7
2.1

10

164.6
104.8
8O.5
66 .8
57 .6
51.3
46.5
42 .4
39.5
36 .9
23.3
17.7
14.8
12 .9
11 .4
10.3
9.2
8.5
8 .2
7.3
6.6
6.1
5.6
5.2
4.9
4.6
2.9
2.3

25

183.7
117.0
89.8
74.6
64.3
57.3
51.9
47.4
44.1
41.2
25.9
19.8
16.5
14.4
12 .8
11.5
10.3
9.5
9.2
8.2
7.4
6.8
6.3
5.9
5.5
5.2
3.3
2.6

encouragement in this study.
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River flow forecasting through a regression
model: a case study of the Basement Complex
of western Nigeria
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ABSTRACT Monthly streamflow forecasting models were
developed for eight of the major rivers draining the
Basement Complex region of western Nigeria using stream-
flow records available at 12 gauging points. The area of
study is generally characterized by inadequate
hydrological records. However, for the River Oshun, for
which longer and more reliable rainfall records were
available, a correlation between the rather short stream-
flow data and the longer rainfall records was used to
obtain a more accurate streamflow forecasting model.

Prevision de 1'Seoulcment des rivieres par un modele de
regression: cas-type d'Stude du complexe de base du
Nigeria occidental
RESUME Les modules statistiques ont e'te mis au point
pour la prevision de l'ecoulement mensuel des huit
riviSres les plus importantes qui drainent le complexe de
base de l'ouest du Nigeria, a1 partir des donnees de
hauteurs d'eau re*levees en 12 points. La region etudiee
est caracterise*e par 1' insuf f isance de donne'es hydrolo-
giques. Nean-moins l'un de rivie'res, la riviere Oshun qui
pre*sente des re'leve's de precipitations de longue dure"e et
digne de confiance, nous a aide" S faire une correlation
entre les donne'es d'ecoulement et les donnees de la pluie
pour cette riviere. Cette correlation a ete employee pour
aboutir a un meilleur modele statistique de provision pour
son e"coulement,

INTRODUCTION

The area of study is predominantly the Basement Complex region of
western Nigeria, drained by a system of rivers communicating with the
sea through a system of lagoons and creeks that characterize the
coastal region of West Africa.

The Basement Complex, a geological formation which dominates the
north-central parts of Nigeria, extends to these southwestern areas.
It covers some 33 000 kmf in the Ogun River basin; 23 000 km2 in the
basin areas of the rivers Oshun, Shasha, and Owena; and nearly
69 000 km2 of the drainage basins of the River Osse and of those
rivers draining into the lower and middle Niger (Fig.l).

419
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The geological formation is generally regarded as comprising poor
aquifers because of its limited storage capacity and the low
permeability of much of its laterized surface layers. The area is
generally well drained and streamflow responds quickly to rainfall
inputs. The correlation between rainfall and runoff is thus high and
when monthly rainfall-runoff relationships are developed, complex
hydrograph separation may be safely avoided. The Basement Complex
areas are thus most suitable for developing forecasting models for
periods less than a hydrological year when groundwater storage may
otherwise complicate the problem in hand.

The perennial rivers in this region provide well drained
agricultural land and the recording and proper documentation of stage
and discharge records for a long time were not given the proper
attention they deserve. This attitude changed with the pressing need
for the development of the region's water resources for water supply,
irrigation and to some extent, inland waterways. Attempts at
recording storage as well as dissemination of the region's hydrolo-

GULF OF GUINEA

ATLANTIC OCEAN

SO 75 0 SO 100 ISO Km
i i i ^ i ^ ^ J LmiaD,^J

fUw gauqaq station lurinl nos at in tab1" ] * '

DrtBiga Arto Bmndary

1"

FIG.l Study area.
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TABLE 1 Some characteristics of the .rivers under study

River Gauging point Location Drainage Length of
area record
(km*) (years)

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12 .

Os nun

Oba

Oba

Oshin

Egwa.

Ofiki

Ofiki

Ofiki

Ogun

Ogun

Osse

Kampe

Iwo railway
station
Iwo town

Oyo-Ogbomosho
road
Esie-Oro road

Cbaza town

Ofiki

Iganna-Ilere
road
Igangan

Shepetcri

Oyo-Isehin
road
Kabba

Mopa-Ife roa.d

07
03
07
04

07
03
08
04
08

11
07

03
07

0 3
07
03
08

03
07
03

07
06

05
08

°51
"56
"38
"11

"51
°56

"12
°53
°56
"02

"37
°12

"57
"14

"40

°n.
C38

"39
°51
°56

"4 9
°04

"53
"05

'N
'E
'18
•E

•00
'40
•48

'58
•55
'12
•45

•20
•N
•E
•45
•00
' N

' E
'00
'00

•40
•26

'44
•46

It

"N

" £

"N
" E
"N
"E
"N

"E

"N

"E

"N

"E
"N

"E
"N
"E

4325

2354

578

194

4403

715

2 732

3978

1077

5737

150

1233

12

12

11

12

13

12

12

12

1.2

12

12

12

gical data thus began in the middle to late 1960's.
At present the length of available consistent streamflow records

for the rivers under study ranges from 10 to 14 years (Table 1). For
this reason, a rigorous deterministic or stochastic analysis of the
available records was not considered worthwhile. Instead, regression
models to forecast the monthly streamflow using Fourier series are
developed partly for their simplicity but also because the
seasonal variation of streamflow records results from a combination
of climatic and geological factors. The exercise is not concluded
but as more data become available, they can be used to improve the
reliability of the models in forecasting the monthly streamflows not
only for the rivers included in the present study, but also for
others with similar basin environments.

SELECTION OF MATHEMATICAL MODEL

Time series of monthly discharges belong to the characteristic
pattern of time series in which the process level is assumed to vary
cyclically over time. The year with 12 monthly values is thus
considered a sub-series of ensemble for n years of avaialable record.
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The seasonal variation in the series can be attributed largely to the
climatic factors. The correlogram and the variance spectrum for the
hydrograph of the monthly flow series have been found to have a
periodic component that is very close to a sine function on which the
stochastic component is superimposed (Roesner & Yevjevich, 1966; Hall
& O'Connell, 1972). A periodic series basically repeats itself at
regular intervals, w, so that an equation of the form

x(t) = x(t ± jw) j = 1, 2, 3, ...

represents the composite nature of hydrological series. If the
series is expanded into the Fourier series it is represented by the
fundamental frequency f- = 1/w and at least some of its sub-harmonics
(Yevjevich, 1972).

To obtain some idea of the significance of the periodic component
a simple but useful test designed by Schuster was used. Table 2
shows the application of the Schuster test to indicate the presence
of periodic components in the streamflow records. From the table,
the values of Ps, which is a measure of total randomness indicate
that the periodic components of the series comprising monthly flow
volumes for the rivers under study is highly significant. River Oba
at Xwo town and the River Ogun at Shepotori are the only possible
exceptions.

A classical scheme found useful in representing the periodic
component of a time series consisting of superimposed harmonics is
the Fourier series expressed in the form

f(x) = ia + T" [a cos(nrr:x/L) + b sin(nTrx/L) ] (1)
0 ^n^l n n

where f(x) is a function in the interval (+L, -L) and aQ, an, b n are
Fourier coefficients given by

a = (l/L)jLTf(x)cos(nnx/L)dx n = 0, 1, 2, ... (2)
n ' -L

and

b = (1/L)/^ f (x)sin(nTrx/L)dx n = 0, 1, 2, ... (3)

Here a 12-period season was obtained by setting w = 2TT/L, where
L = 12 giving a cyclic frequency of 1/12. If the random stochastic
component of the the hydrological time series is represented by £:t
where ê . is uncorrelated with e^-k for all k except zero, then a
simple regression model to represent both the periodic and
stochastic component of monthly streamflow can be expressed by

Q = a + Rcos(2Tit/12) + ysin(27Tt /12) + e. ... (4)

where Q is the volume of flow in month t,

a = Q = (l/N)^=1Qt (5)

3 = (2/N)^=1Qtcos(2TTt/12) (6)

y = (2/N)y^=1Qtsin(2nt/12) (7)
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TABLE 2 Application of the Schuster test for periodicity (names of
rivers and gauging stations given in Table 1)

Ri ver

1.
2.

3.
4.

5.
6.

7.
8 .
9.

10.
11.
12 .

0.06 3
-0.177
-0.017

0.038
-0.246
-0.066
-0.205
-0.084

0.100
0.001

-0.049
-0.077

y

0.859
-0.400
-0.695
-0.506
-0.741
-0.606
-0.953
-0.924
-0.32 9
-1.076
-0.650
-0.073

j

0.737
0.0305
0.483
0.257
0 .610
0.372
0. 950
0 .861
0.118
1 .158
0.425
1 .157

°2

0.784
0.734
0.811
0.578
0.836
0.854
0.863
0.838
0.830
7 .736
0.392
0.941

R2=4o2/12
m

0.261
0.245
0.270
0.193
0.297
0.285
0.288
0.279
0.277
0.579
0.1 31
0.314

K=R2/R2

J m

2.82
0. 12
1 .79
1 .33
2.18
1 .30
3 .30
3 .086
0 .427
2 .00
3 .24
3.69

P (%)s

5 . 96
88.29
16.70
26.40
11.20
27 .10

3.70
4 .60

6 5.30
13 .50

3. 90
2 .50

*P = Probability of randomness,
the series Q .

The higher the P_ the more random

An e s t i m a t e o f t h e v a r i a n c e ( o _ ) i s g i v e n b y

°e = =1<Qt - Q) - (3 + y )N/2]/(N - 3) (8)

while the unbiased variance of the forecast is given as

Q2(l + 5/N)

If we assume further that the random variables £ t are normally
distributed, then the confidence limits for the forecast are given by

Q + 6COS(2TTT/12) + ysin(2TTT/12) ± t O2N(1 + 5/N)
N-3 £

where t is the t-statistic obtainable from tables for the
appropriate probability level with (N - 3) degrees of freedom.

Applying the formulae outlined above to the data of the River
Oshun at Iwo railway station a regression model of the form

Qt = 39.50 + 13. 59cos(2TTt/12) - 57.00sin(2Trt/12) + r, ... (9)

was obtained which at 95% confidence level for January is given by

(̂  = 39.50 + 13.59cos(2nt/12) - 57.00 sin(2irt/12) ± 136.2 (10)

that is

Q =22.77 ± 136.2

giving January flow as ranging from -113.44 to +158.97 which is
clearly useless for purposes of flow forecasting. Hence the need
arises for the use of transformed streamflow records,
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ANALYSIS OF TRANSFORMED FLOWS

The unduly wide range of values obtained for January flows with
reference to the calculation above as well as a thorough inspection
of the available streamflow records of all the rivers in Table 1
clearly show the need to use transformed streamflow records in place
of the recorded data.

Consequently, the flow volumes were converted into their logarithm
values and equation (4) is modified and used in the form

log Q = u + 3cos(2TTt/12) + Ysin(2Trt/12) + e (11)

The sets of regression equations through this procedure are given in
Table 3.

IMPROVING PARAMETER ESTIMATES OF RIVER FORECASTS

The estimates of the parameters a, 0, y and o'| of the models
developed in the last section can be greatly improved with the use of
longer concurrent sequences such as streamflow in nearby gauging
stations or longer records of monthly rainfall within the same basin
area. The procedure to follow in this case is clearly outlined by
Clarke (1973) as follows: we denote the short record by (Q } such that

Q = a + 6 cos(2irt/12) + y sin(2irt/12) + E. (12)
t q q q t

(t = 1, 2 n3)

while the longer record is denoted by

P = a + 3 cos(27it/12) + y sin(2iit/12) + r\ (13)

t p p p t
(t = 1, 2, . . . , n1, n l + l , . . . , n3+n2)

where n and N = (n + n ), are both divisible by 12. Let us
indicate that P is obtained with all N terms of the sequence (pt) by
writing the mean p as p( N). Then from equations (5) to (7):

ap = "p(N) (14)

(•', = (2/N)VN P cos(2i,t/12) (15)
p /Jt=l t

and

--Nv = (2/N)> P sin(2TTt/12) (16)
p '-t=l tp

If we define a new variable X such that

A = IT ,(P( - P
(ni>)(Q+ - Q

< n i )) - (n1/2)A}/'jt=l t t 1

where
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TABLE 3 Monthly streamflow forecasting eguations (names of rivers
and gauging stations given in Table 1)

River Expression

1. logiaQ - 0.970 + 0. 063cos (2-nt/12) - 0.8S9sin (2t\t/12)

2. logioQ = 0.695 - 0.177cos(2vt/12) - 0.40sin(2nt/12)

3. logioQ = 0.627 - 0.017cos (2vt/12) - 0.695sin (2iit/12)

4. log10Q = 0.023 + 0.038cos(2vt/12) - 0.50bsin(2vt/12)

5. iogioC. = 0.987 - 0,246cos (2trt/12) ~ 0.741sin(2i\t/12)

6. log-mQ = 0.6.73 - 0.066cos(2t\t/12) - 0.606sin(2nt/12)

7. log10O = 0.362 - 0.205cos (2i\t/12) - 0.953sin(2-nt/12)

8. logiaQt = 0.591 - 0,084cos (2vt/12) - 0.924sin(2vt/12)

9. log1QQt = 0.499 + 0 .lOOcos (2i\t /12) - 0 .329sin(2vt/12)

10. logioQt = 1.415 + 0.001cos(2i\t/12) ~ 0.076sin(2T\t/12)

11. log10Q = 0.212 - 0.049cos(2i\t/12) - 1.073sin (2i\t/12)

12. log1oQt = 0.211 - 0.077cos (2i\t/12) - 1.073sin (2i\t/12)

A = (4/n2){f P cos(2nt/12) jV.Q.c

and

The improved parameters are then obtained as

aq = Q<
nl> - X(p(nl> - ttp) (20)

and

q 1 Jt=l t 1 ^t = l t p

and

APPLICATION TO THE RIVER OSHUN

The method outlined above was applied to the streamflow record of the

River Oshun at Iwo railway station. Although the streamflow record in

this respect is only available for 12 years, 24 years of monthly



426 E.S.Oyegoke et aJ.

rainfall data were available upstream at Oshogbo within the basin
area of the Iwo railway station gauging point.

The original form of the expression obtained for monthly stream-
flow forecasts in this respect was

logioQ. = 0.970 + 0.063cos(2TTt/12) - 0.859sin(27rt/12)

with a standard error (SE) Of ±0.491. The new monthly streamflow
forecast is given by:

= 0.755 + 0.061cos(2TTt/12) - 0.708sin(2iTt/12)

with a much improved SE of +0.0529.

CONCLUSION

With respect to the River Oshun at Iwo railway station where a longer
and reliable rainfall record was available upstream and within the
same basin area, a better monthly forecasting model was achieved
through the use of the correlation between the longer rainfall record
and the rather short streamflow data. The forecasting capabilities of
these models will improve with each passing year as more data become
available.

Finally, it is hoped that the results of these studies will meet
the urgent needs of hydrologists and engineers engaged in the
planning and development of water resources projects in similar
regions with inadequate or nonexistent hydrological information.
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ABSTRACT A thousand years of synthetic streamflow data
were generated for a set of rivers in the humid tropical
region of West Africa using a lag-one Markov model. The
basic statistical models and procedure employed are the
normal distribution, the two-parameter lognormal distri-
bution and Beard's (1972) procedure. A comparison of
several models permits the selection of the most suitable
distribution for the rivers in the West African region.

Sequences synth&tiques d'tfcoulement pour ccrta.ines
rivieres de 1'Afrique de 1'ouest
RESUME Les donnees synthetiques de l'ecoulement ont e'te'
simulees pour une p^riode de mille ans pour une serie de
rividres dans les regions tropicales et humides en Afrique
occidentale avec un modele de "lag-one Markov". Les
modeles statistiques de base qui ont ete employes sont la
distribution normale, la distribution log-normale a deux
param^tres, la distribution gamma et celle de Beard (1972).
La comparaison de plusieurs modeles a permis le choix de
la distribution la plus convenable pour les rivieres qui
ont ete ^tudiees dans 1'Afrique occidentale.

INTRODUCTION

The design of water resources systems usually involves the prediction
of future flows over the economic life of a project. Because
historical streamflow records often contain certain inherent
inadequacies and are usually short, engineers, hydrologists and
planners utilize long synthetic sequences that resemble historical
records.

In this paper, several statistical models and one synthetic
generation procedure are used to generate a long period of data for
some rivers in the humid tropics of West Africa. At the onset, a
pair of pseudo random variables uniformly distributed between 0 and 1
were transformed to pseudo random deviates from each of the statisti-
cal models used. A Markov model was then used to generate synthetic
sequences with the aid of a microcomputer, the Apple II. The quality
of the resulting simulation was assessed by comparing six basic
stochastic parameters and two extreme values of the generated flow
with those computed from historical records. The objective of such a
comparison of several models is to enable one to select the most

427
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suitable distribution for the rivers within the study region of West
Africa .

SIMULATION PROCESS

First-order and second-order Markov models are of particular interest
in hydrology. Much support for their use is derived from the already
developed estimation techniques and distributions of estimated
parameters. These, together with the simplicity of the approach, the
limitations of sample size and the lack of physical justification for
the nonlinear models give sufficient support for the use of linear
autocorrelation techniques in hydrology. The following lag-one
Markov model is used in this study:

Qt = P Qt_1 + (1 - P
Z)*et (1)

where Qt is the flow at year t standardized to have zero mean and
unit variance; p is the lag-one autocorrelation coefficient, and the
et are independent and identically distributed random variables
having zero mean and unit variance.

By using equation (1) as the base, synthetic flows can now be
generated employing various statistical distributions. The procedure
of generation however requires mathematical equations of both the
distribution of the independent variable and its dependence. It is
also necessary to estimate all the parameters used in the model.
Appropriate programmes were written for generating independent
standard normal and random numbers.

GENERATING FLOWS WITH NORMAL DISTRIBUTION

Hydrological events seldom follow the pattern of the normal
distribution which is symmetric about the mean value. However when
skewness is quite small , hydrological events such as mean streamflow
can be represented approximately by the normal distribution.

The generation of normally distributed flows is fairly straight-
forward. With reference to the Markov model given in equation (1),
the independent and identically distributed random numbers, £^, are
used with samples taken from the normal distribution. The resulting
generated flows are also normally distributed.

GENERATING FLOWS WITH GAMMA DISTRIBUTION

The gamma distribution features a wide variety of shapes which are
always positively skewed. For these reasons they are capable of
representing several phenomena found in applied science and related
fields.

Srikanthan & McMahon (1978) have used several statistical
distributions including gamma in generating synthetic sequences for
several Australian streams. Following the example of Thomas &
Fiering (1963), they made use of the Wilson-Hilferty transformation
by employing skewed distributions in their simulations. By this
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transformation, skewness is accounted for by replacing the random
component e^ by ?t which is defined as:

1 C ill3 A_ (2)

where £t is a standardized deviate, Yq is the skewness coefficient
of the variable Q as y is the skewness coefficient of the random
variate £t

 a n d ?t i s t h^ standard normal variable.
The relation between Yn an<* Y<- is of the form:

Y? = [d - P
3)/(1 - P2>3/2]Yq <3>

To ensure that C+ is approximately distributed as gamma, 'C,^ is
standardized and normalized with zero mean and unit variance.

Using the above Wilson-Hilferty transformation, the lag-one Markov
model is a third-order stationary process capable of generating
synthetic data that will resemble historical records in terms of the
first three moments and the lag-one autocorrelation coefficient.

It is known that the Wilson-Hilferty transformation breaks down
for a skewness >2 . Kirby (1972) has therefore devised a transforma-
tion to be used in such cases and has successfully applied it to the
Pearson type III distribution.

GENERATING FLOWS WITH LOGNORMAL DISTRIBUTION

The flexible shape, the positive skewness and the close relationship
of the lognormal distribution to the normal distribution whose
properties are readily available in tables has made the two-
parameter and three-parameter lognormal distribution a model that is
frequently used to describe naturally occurring phenomena.

Given a variate Qt with a lower bound, a, such that (Q - a) is
lognormally distributed, then Yt = log(Qt - a) is normally
distributed. Properties of the lognormal distribution are readily
available in standard books on this subject (Aitchison & Brown, 1957;
Chow, 1964; Yevjevich, 1972). It is shown in such books that the
mean uq , variance oX" , and skewness coefficient Yq of the historical

(Q) l t d t th l b d d tq q

data (Q^) are related to the lower bound a, and to the mean ii_,
variance oy of Yt by the following expressions:

and

]J = a + exp(a /2 + y ) (4)
q y y

oz = exp[2(o2 + u )] - exp(o^ + 2u ) (5)

Y = [exp(3oz) - 3 exp(o2) + 2]/[exp(a2) - l ] 3 / z (6)

p = [exp(a2p ) - l]/[exp(az) - 1] (7)

For a two-parameter lognormal distribution, a is assumed to be zero
and the skewness Cg and the coefficient of variation Cv are related
through the expression given by the following equation:

C = 3C + C3 (8)
S V V
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GENERATING FLOWS WITH BEARD'S PROCEDURE

Besides the use of statistical distributions, a procedure for
generating flows which has been used with much success is that
proposed by Beard (1972). The procedure can be outlined in seven
steps as follows:

(a) Checking of each flow quantity within the record and if any
be zero, add a small increment, such as 0.1% of the mean annual flow
to each flow value.

(b) Logarithmic transformation of each flow quantity.
(c) Computing of the mean (Q), standard deviation (S) and

coefficient of skewness (Y) of the log values and standardization of
the log values.

(d) Tranforming of the standardized log values to a normal
distribution using the expression:

K = (6/Y){[(y/2)t + i ] l / 3 - i} + (Y/6) (9)

where t, the standardized value, is given by (Q - Q)/S and K is the
normalized value.

(e) Compute the serial correlation (p) of the normalized values
and generate standardized variates using a Markov model in the form:

K± = pKi_1 + (1 - P
2 ) V (10)

(f) Transforming of the generated values using the expression:

Q = Q + ts (11)

where t is obtained from equation (9) as

t = i.[J(k - ̂ ) + 1] - 1 } ^ (12)

(g) Exponentiating of the values obtained in step (f) and subtract
the small increment added in step (a). If a negative flow value is
obtained, it should be set to zero.

STATISTICAL PARAMETERS

The following parameters were used to check the agreement between the
historical records and the generated flows.

(a) Mean of flow (Q) where

(b) Standard deviation (S) expressed as:

S = '/[I(Qi - Q)
2/(N - 1)] (14)

(c) Coefficient of skewness (y) given by the expression:

Y = [N^(Qi - Q)
3]/[(N - 1)(N - 2) S3] (15)
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and the serial correlation coefficient (p) given as:

P = Ci^i

The unbiased es t imates of p and S are given in Srikanthan & McMahon
(1978) as

p = p + ( l / n ) ( l + 4p) and S2 = S z / f ( P , N) (17)

where

f r a n> - 1 2 [Mp(l - P) - P( N

f ( P ' n ) " X " N(N - 1) L (1 - p)2

(d) Hurst coeff icent (H) i s defined as

H - log (R/S) / log (N/2) (19)
10 io

where R, S are the rescaled range and standard deviation, respect-
ively. Calculation of the rescaled range (R) and hence the Hurst
coefficient (H) for 1000 years of flow data takes a lot of computing
time .

GENERATING THE STREAMFLOW DATA

The generation of long samples from information on small samples is
the most typical application of the generation method. Having
selected appropriate models for estimating the stochastic parameters
we are set to generate the data of the independent stochastic
component before transforming the same into the dependent series as a
large sample. For each of the rivers listed in Table 1, 1000 years
of streamflow data were generated using each of the four procedures
outlined earlier: the normal, lognormal and gamma distributions in
addition to the Beard (1972) procedure.

At the onset, two pairs of 1500 rectangular variates uniformly
distributed in the (0, 1) interval are generated using the congruential
methods of Lehmer (1951), The three integers of the recursive
relation for generating the random variates were carefully chosen to
avoid each sequence repeating itself for the first 2000 or more
values. At this stage the two pairs of random deviates were used to
derive 1500 normally-distributed pseudo-random numbers using Box
& Miiller's (1958) method as described by Clarke (1973).

These new series of pseudo-random numbers were then standardized
to have zero mean and unit variance so that they can be used to
realize the random deviates of the gamma and lognormal distributions
as well as those to be used with Beard's procedure.

At this stage each set of the 1000 years of synthetic flow data
could be obtained by using the Markov generating process as defined
by equation (1). In fact, 1500 streamflow data were obtained for
each distribution type, but 250 values at each end of the
generated series were discarded to ensure the total removal of end
effects.



TABLE 1 Some characteristics of the rivers used

o

ft
rt

River

1 .
2.
3.
4.
5.
6.
7.
8.
9.

10.

Benue
Sanaga
Volta
Niger
Senegal

Chari
Ch^ri
Benue
Niger
Kaduna

Gauging station

Garoua
Edea
Senehi

Kouii Koro
Bakel
Fort Lamy

Fort Archamhault
Ibi

Shintaku
Kaduna South

Country

Came roon
Cameroon
Ghana
Mali
Senegal
Chad
Chad
Nigeria
Nigeria
Nigeria

Basin outlet

River Niger
Gulf of Guinea
Gulf of Guinea
Gulf of Guinea
Atlantic Ocean
Lake Chad
Lake Chad
River Niger
Gulf of Guinea
River Niger

Drainage area

64 000
131 52 0
394 100
120 000
232 200

600 000
450 000
257 000

1 106 000
18 200

Altitude
a.m. s.l .
(m)

174
12

6
290

0
285

32 5

Length of
record
(years)

32
49
25
68
63
34
26
59

59
17
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DISCUSSION AND CONCLUSION

A summary of the results obtained in this study is shown in Table 2.
The annual mean discharge values are generally well predicted by all
four models employed. This is also true for the coefficient of
variation except when the historical value of the coefficient of
variation is >0.30 as in the case of the River Chari at Fort Lamy.

As one could expect, the normal distribution is found inappropriate
for estimating skewness since the normal distribution is a symmetric
nonskewed distribution. When the skewness is very small as in the
case of the River Sanaga at Edea in Cameroon, the normal distribution
is found to be satisfactory in reproducing synthetically each and
every one of the parameters. The serial correlation coefficient (p)
is generally poorly reproduced by Beard's procedure. The two-
parameter lognormal distribution is generally the best in this respect
closely followed by the normal and gamma distributions. Beard's
procedure appears to be the best for reproducing the values of the
flow minima for the rivers. The same can be said for the maximum
flow values but perhaps with a lower level of confidence. The series
of historical data are themselves suspect, however, in the case of

TABLE 2 Comparison of historical (Hist.) flow characteristics with
generated flow sequences

Parameter

Q frn's"1;

s/x = Cy

T

f.i

MAXIMUM

MINIMUM

Distri-
bution

Hist.
Normal
Gamma
LN-2
Beard

Hist.
Normal
Gamma
LN-2
Beard

Hist.
Nor maI
Gamma
LN-2
Beard

Hist.
Normal
Gamma
LN-2
Beard

Hist.
Normal
Gamma
LN-2
Beard

Hist.
Normal
Gamnia
I.N-2
Beard

Rivers
1

382
378
378
373
360

0 .25
0.2C
0.26
0.25
0 .24

0.75
0.005
0.8 9
0.93
0.68

-0.1 1
-0.16
-0.14
-0.10
0.92

593
757
958
967
754

238
45
145
162
178

2

2026
2003
2000
1999
1940

0.15
0-15
0.15
0.15
0.15

-0.01
0.06
0.04
0.74
0.33

0.47
0.44
0.53

o'.se
0.95

2680
3307
3345
3948
2877

1450
890
859

1114
1262

3

12 78
1252
1254
1275
1126

0,46
0.48
0.47
0.55
0.50

0.86
0.20
1 .00
2.21
1 . 30

-0.05
-0.09
-0.059
-0.12
0.93

2996
3595
4989
7648
3808

360
-704

55
206
256

•1

1531
1505
1505
1503
1411

0.22
0.22
0.22
0.22
0.22

0.34
0.06
0.55
1.13
0.33

0.49
0.46
0.51
0.50
0.97

2346
2979
3332
3987
2351

839
252
457
634
756

5

777
764
764
766
700

0.30
0.31
0.31
0.35
0.33

0.12
0.05
0.20
1.6
0.64

0.19
0.15
0.18
0.23
0.06

1230
1735
1807
2829
1485

287
-0.18
30

237
271

6

1 105
1067
1057
1065
961

0.35
0. 36
0.37
0.5 3
0.47

-0.60
0.05

-0.68
3.2b
0.96

0.63
0.61
0.72
0.68
0.96

.1675
2870
2134
8158
2756

278
-408
-897
180
2 36

/

292
284
281
28 3
267

0. 30
0.30
0.31
0.35
0 .34

0.07
0.05
0.18
1.90
0.81

0.61
0.59
0.73
0.67
0 .94

478
688
705
1249
618

115
-49
-16
79
99

8

2168
2135
213 3
2143
2022

0.29
0.29
0 .29
0.31
0.30

0.17
0.04
0.27
1.34
0.88

0.13
0.09
0.18
0.14
0.92

3346
4679
4977
7136
5126

1059
121
241
76 3
83 9

9

4467
4397
4 398
4401
4001

0.28
0.28
0.28
0.30
0.28

0 .39
0.05
0.54
1.30
0.44

0.20
0.16
0.20
0.20
0 .97

7 221
9 615

10 941
14 046
7 647

1906
291
899

1589
1768

10

165
1.64
164
164
157

0 .25
0.26
0.26
0.27
0.26

0. 35
-0.045
0.33
0 . 93
0 .86

-0.35
-0.40
-0.42
-0.39
0.89

247
313
359
393
395

103
14
31
63
74
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the extreme flows. This is because in West Africa, the mode of
discharge data acquisition is through rating of stage data collected
by daily observations (two or three readings) of staff gauges. For
accurate determination of extreme discharge values however, automatic
water level recorders are indispensable.

The results in Table 2 impel us to conclude that no one distribu-
tion could be reserved exclusively for generating the much needed
longer streamflow records for West African rivers. The normal
distribution can be recommended for use when skewness is small but it
cannot be relied upon for the all important extreme events necessary
to forecast drought and flood flows. A closer look at the result
seems to show that over the whole range of coefficients of variation
encountered with West African rivers and streams, Beard's procedure
is apparently the most suitable, bearing in mind that it does not
predict accurately the serial correlation coefficient. It may be of
interest to note that Srikanthan & McMahon (1978) have made a similar
observation as regards Australian rivers and streams.
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ABSTRACT The research programme VIMHEX (Venezuela Inter-
national Meteorological and Hydrological Experiment)
produced valuable rainfall and streamflow data during two
summer seasons for selected drainage basins in Venezuela.
Applying VIMHEX data, the forecasting of flood flows from
heavy rainstorms has been investigated for the predomin-
antly rural Guanipa River basin (4324 km2) in the eastern
plains and for the small tributary basin of the Caris
River (329 km 2). The nonlinear runoff routing model (RORB),
with areal rainfall inputs computed by the Thiessen method,
after calibration, simulated a test flood hydrograph with
an overall goodness-of-fit of 93% for the Guanipa and 94%
for the Caris. Operated in the design mode, using only
the storm rainfall data, there were errors of 4% and 1% in
the simulated peak discharges for the drainage basins.
Effects of the spatial distribution of storm rainfalls on
the resultant stream hydrographs were also studied for the
Caris basin. The areal rainfalls for six storms sampled
by three rain recorders were derived by different tech-
niques and characteristics of the output hydrographs from
the RORB model were compared.

La simulation des hydrogrammes de crues provenant
d'averses orageuses au Venezuela
RESUME La programme de recherche VIMHEX (Venezuela
International Meteorological and Hydrological Experiment)
a fourni des donnees importantes concernant les precipit-
ations et les ecoulements dans le reseau hydrographique
pendant deux saisons des pluies pour quelques bassins
versants choisis au Venezuela. D'apres les donnees
VIMHEX, la prevision des crues produites par des averses
intenses a ete etudiee pour le bassin rural de la riviere
Guanipa (4324 km2) qui se trouve dans les plaines de l'est
et aussi pour le bassin du petit tributaire Caris
(329 km ). Un modele non-lineaire de la propagation des
crues et des ecoulements (RORB), a ete calibre pour
simuler 1'hydrogramme de crue en se servant des donnees
des precipitations sur des superficies donne"es, qui ont e"te"
calcule"es par la methode de Thiessen. La simulation de
1'hydrogramme d'une crue-test presentait pour I1ensemble
de l'ajustement 93% de 1'hydrogramme observe pour la

435



436 Ricardo R.Ponte Ramirez & Elizabeth M.Shaw

Guanipa et 91% pour la Caris. Le debit de pointe de
chaque bassin a ete calcule dans les conditions de calcul
du projet avec une erreur de 4% par le modele RORB, n'
utilisant que les donnees de precipitation. Une etude sur
1' influence de la distribution spatiale des averses
intenses a ete faite pour le bassin Caris. Les precipit-
ations sur des superficies donnees, mesurees par trois
pluviomfetres, ont ete calculees pour six averses en se
servant de proce"de"s dif ferents . Les hydrogrammes simules
avec ces donnees par le modele RORB ont fate" compare's.

INTRODUCTION

In all parts of the world where man is endeavouring to develop the
environment to improve the quality of life, the forecasting of flood
discharges in the rivers is a prime necessity. Whether the develop-
ment is for industrial or urban water supplies, for the enhancement
of agricultural production or merely for bridge construction in the
design of improved land communications, it is a function of the
hydrologist to provide the civil engineer with the required infor-
mation on the incidence of peak flows. The need for such information
is paramount in the developing economy of Venezuela.

Any study of river behaviour is dependent on a good series of
discharge measurements and the most satisfactory results are obtained
from continuous records. In addition, for individual flood events,
a representative network of raingauges over the drainage basin is
essential in order to give prior warning of increasing river flows.
During the rainy seasons (May-September) of 1969 and 1972 in north-
east and central Venezuela, the Venezuela International Meteorol-
ogical and Hydrological Experiment (VIMHEX) established networks of
recording raingauges and streamgauges. The meteorological objectives
of the experiment were to study the local structure of the mesoscale
convective systems and their relationship to the synoptic (macro)
scale situations. About 75% of the rainfall comes from mesoscale
systems (local showers and thunderstorms) and on the macroscale,
the rainy season results from the northward migration of the Inter-
tropical Convergence Zone (ITCZ). Results from the meteorological
studies of the VIMHEX data have been published by many workers in the
field (e.g. Riehl, 1973; Betts efc al,, 1976; Cruz, 1973). In this
study, some of the river flow records, together with the recording
raingauge measurements in the corresponding drainage basins, have been
analysed with the aim of simulating flood hydrographs from storm
rainfalls with particular attention to forecasting the peak flows.

THE DRAINAGE BASIN

A drainage basin in the eastern plains of Venezuela was selected
from the VIMHEX area where the storm development is unaffected by
the orographic effects of the high Andes mountains. Figure 1 shows
the location of the Guanipa River basin defined by the streamgauging
station no. 35 at the crossing of the Temblador to Maturin road.
The headwaters with the tributaries, Tonoro and Caris, drain a rocky
area which rises to a maximum height of 300 m above sea level and
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FIG.l Topography of study area.

the total drainage basin area is 4324 km . Vegetation is scarce
over the upland area due to the acidic soil and only becomes
extensive along the river valleys where it is controlled by the water
table. In the lower parts of the drainage basin, sandy alluvial
soils also support sparse vegetation except adjacent to the streams.
The Guanipa basin is predominantly rural. Situated in the savanna
climatic belt, temperatures are high, annual average 26 C, and of the
average annual rainfall (1000 to 1300 mm), the maximum falls are in
the summer, June to August, with monthly totals of around 200 mm.

Rainfall and streamflow data were taken from the VIMHEX 1969
records for the 20 recording raingauges at the sites shown in Fig.2
and for the three marked streamgauging stations. Stations 33 and 34
define the drainage basins of the tributaries Caris and Tonoro
respectively. In this paper only the results of the hydrological
studies for the Guanipa (4324 km2) and the Caris (329 km2) are
presented to give the greatest contrast in drainage basin area
(Ponte Ramirez, 1981).

Particulars of 11 storm events for the two drainage basins are
given in Table 1. The total rainfall for each storm is the areal
rainfall value derived by the Thiessen method from the recorded data;
the appropriate polygons are shown in Fig.2. The discharge data
were abstracted from the published 2-h values (Simons ct al., 1971).
The storm hydrographs were plotted on semilogarithmic paper; the
times of the start, peak and end of the storm flows were identified.
The baseflow separations were made consistently for each event by
extending the pre-storm baseflow recession to the time of the peak
and joining this point to the end of the stormflow.

THE RUNOFF ROUTING MODEL

The ability to forecast the peaks of flood flows is dependent on the
size of the drainage basin and on the availability of hydrometric



438 Ricardo R.Ponte Ramirez S Elizabeth M.Shaw

O2 \

X

}
16

y"

/
OH

> ~ ^

IR

^ :

110 \

- 06

o7

O12

O»,i;

N

FIG.2 Guanipa basin: raingauge distribution, Thiessen
polygon network, streamgauging stations and subareas.

TABLE 1 Rainfall and discharge for the selected storms

Drainage
basin

Guanipa

Car is

Storm:
Date

14.07.69
26.07.69
1.1.08.69
28.08.69

23.09.69

12.07.69

14.07.69

1.1. O8. 69

16.O8.69

28.08.69

23.O9.06

No.

Gl
G2
G3
G4
G5

Cl
C2
C3

C4
C5
C6

Total
rain
(mm)

25.3
8.3

35.8
16.4
19.8

2O.7
32.6
5.4
17.3
20.6
17.8

Rainfall
duration
(h)

24.0
26.0
23.0
6.0

35.0

4.0

5.O

3.0
5.0

5.O
8.0

Peak
discharge
(m's-1)

68.76
78.95
78.40
61.46
94.35

88.34
79.10
68. O8
48.07
40.65
34.10

Antecedent
bascflow

23.6
27.4
13.9
30.0
13.0

4.69
5.31
O.4O
3.33
1.9O
l.OO

measurements. For a large drainage basin observations of river levels
in the headwaters may be used to forecast maximum levels at strategic
downstream points on the river. Failing upstream river levels and
in small basins, rainfall measurements are necessary on which to base
forecasts of flood peaks. There are many methods developed by
hydrologists for relating rainfall quantities to river discharges;
for short term events a deterministic method has much to recommend
it.

For the Venezuelan basins, the runoff routing method initiated in
Australia (Laurenson, 1965) and developed further for flood estimation
(Mein et al., 1974) has been applied to the available rainfall and
river flow data. The computer package of the runoff-routing model,
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RORB, was made available at Imperial College (Laurenson & Mein, 1978).
The rainfall data first enter a loss model which produces rainfall-
excess which then passes into a basin storage model to produce a
surface runoff hydrograph. If there is significant baseflow it is
estimated separately and added to the surface runoff hydrograph.

The loss model comprises an initial loss (I.L.) followed by a
constant loss rate (0); for urban basins with impervious areas, an
initial loss may be followed by a proportional loss related to the
impervious area. The drainage basin storage effects are represented
by the nonlinear expression of the form:

S = 3600 KQ1" (1)

where S is the volume of water in storage (m ) , Q is the outflow
discharge (m3s"1), K is the storage-discharge coefficient related to
the travel time in the area of storage, and m is the discharge
component usually in the range 0.6 to 0.8.

The runoff routing model is applied to selected basins of the
total area to be studied. For the Guanipa basin 11 appropriate sub-
divisions labelled A to K are shown in Fig.3. Model nodes are sited
at the following selected points:

(a) at the point on the stream nearest to the centroid of each
sub-basin;

(b) at the downstream limit of each sub-basin;
(c) at the confluence of streams from different sub-basins; and

finally,
(d) at the outlet of the main drainage basin.

A sub-basin, with model nodes at the "centroid" streampoint and the
sub-basin outlet , may be defined for any point on the river or
tributaries where flow data are required.

"M—I-,. --B -t---- fl t.->—ft

FIG*3 Basin storage model: Guanipa basin.
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The model operates on the sequence of nodes as displayed diagram-
atically in Fig,3. For each of the sub-basins, the areal rainfall
quantities are evaluated for the chosen time intervals (t) from the
pluviograph data. In fitting the model the rainfall inputs are
subjected to the "loss model" calibrated so that the total rainfall
excess for the basin is equivalent to the volume of observed surface
runoff. The rainfall excess hyetograph for sub-basin A (mm h~ ) is
converted to a rainfall excess hydrograph (m s~ ) which is then
assumed to enter the stream at centroid A, node 1. This is routed
to node 2 via the storage model, equation (1).
Expressing the continuity equation

I - Q = ^ ^
3600 dt

in finite difference form, gives:

lt + it+i Qt + Qt+i st+i " st

2 2 36OOAt

and the solution of the equations by an iterative technique proceeds
until two successive estimations of Q differ by less than 1%. The
rainfall excess hydrograph for sub-basin B is then added at node 3
and the combined hydrographs routed to node 4. The sequence continues
down the mainstream to be joined at node 6 by the runoff routed down
the Caris tributary with the Tonoro tributary contribution joining
at node 11. The total drainage basin hydrograph is produced at node
19 from the 11 subareas.

MODEL PARAMETERS

There are two main parameters K and m to be evaluated for the model.
The storage-discharge coefficient K is regarded as the product of

two factors:

K = KcKr

Kr is a dimensionless ratio, the relative delay time for a given
model storage determined from the physical characteristics of the
stream channel.

It is defined in the RORB package for each sub-basin (i) by:

Kri = di/ QaV R

where d^ is the distance from the centroid to the outlet of the sub-
basin along the river (km); dav is the drainage basin mean travel
distance (km), the distance from the centroid of the whole basin to
the outlet; and R is a channel condition factor and equals 1 for
natural channels, Kr is determined therefore from drainage basin
and channel characteristics.

Kc is the principal parameter to be determined in calibrating the
model. Kc and m are interdependent; changes in m in its range 0.6
to 0.8 cause changes in Kc.

The RORB package has been assembled to run in three modes



Simulating flood hyd.rogra.phs in Venezuela 441

according to the information required and the existing knowledge of
the parameters. Table 2 sets out the combinations of the various
states and the type of run prescribed.

TABLE 2 RORB model run modes

FIT TEST DESIGN

Hydrograph
Parameters
Purpose, of run

Known
Unknown
To determine
parameters

Known
Known
To test
model

Unknown
Known
To determine
design hydrograph

The program is designed for interactive operation from a computer
terminal. The basic data, rainfall and hydrograph values and drain-
age basin data are read from a preprepared data file. Parameters
are punched in while running the program. The loss model is chosen,
the initial loss is given by the user for FIT and TEST runs and the
constant loss rate is evaluated by the program. In DESIGN runs, the
user must supply both loss model parameters and they are assumed
constant for the whole drainage basin. The drainage basin storage
parameters m and Kc are then supplied to serve the whole drainage
basin; the predetermined Kr values in the drainage basin data modify
Kc to give a separate storage coefficient K for each sub-basin area.

The output from the program comprises on-line plots of the
observed and simulated hydrographs from FIT and TEST runs and the
simulated hydrograph only from DESIGN runs together with the numerical
data at the prescribed time intervals. The rainfall excess is also
plotted and numerous other statistics produced and printed.

APPLICATION TO THE GUANIPA AND CARIS BASINS

For the fitting or calibration of the model, four storm events were
used for the Guanipa basin and five for the Caris basin. Storm
numbers G3 and C3 were set aside for independent testing of the
model. The results are shown in Table 3. It will be noted that the
value of m has been kept constant at 0.75. The simulated peaks (Qp)
fit the observed peaks very well; the larger discrepancies erring
on the positive side with higher simulations and any differences in
the times to peak (Tp) erring on the early side; an acceptable fault
in practical forecasting. The goodness-of-fit criterion represented
by R is a measure of the overall fit of the hydrographs.

If qo are the observed hydrograph ordinates with mean qo and qs are
the simulated hydrograph ordinates,
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TABLE 3 Fitting RORB to the Guanipa and Caris basins

Storm no.

GUANIPA
Cl
G2
04
G5

Average

CARIS
Cl
C2
C4
C5
CO

Average

Loss

I.L.
(mm)

0.0
0.0
1.0

1O.53

2.O
29.1

1.0
17.2

5.0

Model:

([Cm IT1 )

24.5
3.8

19.9
6.0

10.06
0.04

11.65
1.09

12.9

Model
parameters:
Kc

68.9
57.5
56.4
67.0

62.5

11.0
10.4
17.1

4.3
8.O

10.2

m

0.75
0.75
0.75
0.75
0.75

0.75
0.75
0.75
0.75
0.75
O.75

Qp(
obs

68.
7 3 .
61.
94.

88.
79.
48.
40.
34.

mh
t

76
95
46
35

34
10

07
65
10

Sim

69.
78.
61.
94.

as.
79.
48.
40.
34.

70
70
70
30

16
28

97
61
19

T (h
Obs.

31
32
21
34

4
6
7
7

13

) i

Sim.

3O
32
21
33

4
6

7
7

13

Error
in

peak(%)

0.5
0.3
O.4
0.1

0.33

0.2
0.2
1.9
O.I
O.3

0.54

92
85
77
97

88

93
9O
95
98
95

94

.3

.4

.O

.4

.O

.3

.1

.6

.2

.4

.5

and

= 1 <qo - qo>"

Although the simulated peaks on the smaller drainage basin show
the larger error on average, the overall fit of the simulated
hydrographs is better than that for the large Guanipa drainage basin
where the storm G4 brought down the average for K2. The variability
of the storm patterns over the large basin is a factor which
provides difficulties in the evaluation of the loss model
parameters.

The RORB model was then applied to the two test storms using the
mean values obtained for K from the PIT runs with the value of m
fixed at 0,75. The results of the TEST runs are given in Table 4,

TABLE 4 Test results for the Guanipa and Caris basins

Storm no. Loss model: Model Error
I.L, parameters: ohs* Sim. obs. Sim. in

K m peak (%)

GUANIPA
C3 34.8 5.96 62.5 0.75 78.4 77.4 28 29 1.2 93.4
CARIS
C3 0.0 0.3O 10.2 0.75 68.1 69.2 S 4 1.7 93.7

The calculated peak flows of the simulated hydrographs compare very
well with the observed flows with errors of only 1.2% and 1.7% in
the Guanipa and Caris basins respectively. The overall fit of the
simulated hydrograph of the large basin, 93.4% is similar to that
for the small tributary, 93.7%.

The model was then run in the DESIGN mode for the test storms.
Only the rainfall data are used in this mode with the same average
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model parameters derived in the fitting runs but with estimated loss
model parameters. The peak of the simulated hydrograph obtained in
the design run differed by 4% from the observed peak for the
Guanipa and only 1% for the Caris basin.

One of the main objectives of the simulation studies is to derive
a discharge hydrograph using only the rainfall data. The simulated
peak discharges for the test storms are highly satisfactory. The
times to peak, 29 h for the Guanipa and 4 h for the Caris, were also
acceptable. Such results would be valuable in forecasting flood
peaks in practice. A further application of the simulation technique
is the estimation of extreme floods with long return periods for
civil engineering design purposes. Some indication of such high peak
discharges may be derived by simulating the hydrographs from design
storms taken from rainfall depth-duration-frequency data published
by the Ministry of Public Works.

AREAL RAINFALL VARIABILITY

One of the particular interests in this investigation was the
quantification of areal rainfall variability. This is particularly
important in regions with scattered rainfall from irregular
convective systems. An attempt was made to assess the areal rainfall
differences by deriving the areal rainfalls by two methods and
observing the hydrograph variations from respective runs of the
RORB model.

For the experiments, the data for the six storms on the Caris
basin were abstracted from the records of raingauge stations 6, 10
and 19. These are shown more clearly in Fig.4. The subareas A, B

53 °!0'

1 i N

STREAM GAUGING
' STATION
0 PLUVIOGRAPHS

Q 5 10 km

FIG.4 Carls sub-basin: three subareas and the Thiessen
polygon network.

and C for the Caris basin are also defined. The areal rainfalls
for the subareas were obtained from the area proportions of the
relevant Thiessen polygon rainfalls. Thus the rainfall of subareaA
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was totally defined by the measurements at gauge 19, rainfall of
subarea B required the measurements of all three gauges and sub-
area C needed only gauges 6 and 10. A second determination of the
areal rainfall values for each subarea was made by the multiquadric
method (Lee et al., 1974) which provides for a gradient of the
rainfall quantities between measuring sites. The percentage
differences between the areal rainfalls for the total drainage basin
and the three subareas derived by the two methods is given in
Table 5.

TABLE 5 Comparison of areal rainfall by multiquadric
and Thiessen methods

Storm Percentage differences multiquadric to Thiessen:

Basin area Subarea A Subarea B Subarea C

Cl

C2
C3

C4
C5
C6

Average

-16
-34

+1
-31

+16
+10

-14.3

-32
-37

+3

-33
+24

+1

12.3

-9

-TO
+5

-12

+11
-14

-4.8

+14
-43

-9
-4O
+24

-28

-13.7

The multiquadric method on average gives a lower areal rainfall
value than the Thiessen weighting method. This is due to less areal
weighting on the high rainfalls, particularly noticeable for storm
Cl which was centred on subarea A. Although the rainfall differences
are considerable for four of the storms , the errors in the simulated
peak discharges from the observed values were all under 1% for both
sets of rainfall data. The overall fit of the hydrographs given by
R2 showed little difference on average, 93.1% with the multiquadric
method and 90.7% with the Thiessen method. Storm Cl however,
provided a 90.1% fit with the multiquadric and only 75,0% with the
Thiessen method.

The variability in the represented rainfall distributions is
damped by the drainage basin response modelled by the storage
relationships. Some smoothing of the differences is also provided
by the loss model.

It is not advisable to draw firm conclusions from this limited
experiment with only six storms represented by measurements from
only three raingauge stations. Further investigations should be
carried out with a larger raingauge network on basins with other
hydrological regimes.

In conclusion, it has been demonstrated that the nonlinear runoff
routing model (RORB) can be applied satisfactorily to simulate the
rainfall-runoff relationship and to produce flood hydrographs from
storm rainfalls in Venezuela. Given good rainfall measurements, peak
flows can be forecast and design floods can be derived from extreme
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rainfall intensities.
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Hydrological computations for water resources
development with inadequate data

J . A. RODIER
39 rue de la ParSe, F-8547O Bretignolles sur
mer, France

ABSTRACT Preliminary operations such as data checking,
gap filling and field surveys, together with a thorough
analysis of the physical factors controlling runoff, are
all absolutely necessary. For most parts of a zone the
runoff deficit is stable (exhibiting variations with
precipitation, temperature and physiographical factors)
permitting an estimation of annual runoff. For small
basins formulae derived from representative basins give
annual runoff in terms of most of its determining factors.
Combined with the unit hydrograph these representative
basins permit the computation of the 10 year flood for
ungauged basins. For larger basins, one may derive long
time series of computations by using correlations between
discharge data from neighbouring stations (mean or maximum
discharge). In general, the distribution curves are not
far from normal, with a low coefficient of variation, but
the pseudo-cycles of wet and dry years cause perturbations.
Areas that are relatively dry or affected by cyclones
present difficult problems.

Calculs hydrologlques pour 1/am£nagement des ressources en
eau dans le cas de donnees insuffisantes
RESUME Le controle des donnees et une analyse minutieuse
sur le bassin, des facteurs de 1' e'coulement sont absolument
necessaires. Dans la majeure partie de la zone £tudide le
deficit d'ecoulement stable (variations progressives avec
les precipitations, la temperature et les facteurs physio-
graph iques) perraet 1'estimation du module annuel. Pour
les petits bassins des formules deduites des donnees de
bassins representatifs d^terminent le module annuel en
fonction de la plupart des facteurs conditionnels.
Combiners avec l'emploi de 1 'hydrogramme unitaire ces
donnees permettent le calcul de la crue decennale. Pour
les grands bassins par correlation avec les debits d'une
station voisine (debit moyen ou maximum) on reconstitue
une longue serie temporelle pour la plupart des calculs.
En general la distribution voisine de la distribution
normale, le faible coefficient de variation facilitent
cette tache, mais les pseudo-cycles d'annees sdches et
humides apportent des perturbations. Les regions relative-
ment seches ou affectees par les cyclones pr£sentent de
se*rieux probl&nes.

447
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INTRODUCTION

Hydrologists are not often satisfied with the information available
for hydrological computations needed for the planning and design of
a water resources project. This is particularly true in humid
tropical areas: raingauge and flow gauging networks are generally
sparse, the quality of the data is sometimes poorer than is desirable,
the length of time series is often too short, and for some countries
the estimation of design floods is made very difficult by
catastrophic floods produced by cyclones.

On the other hand humid tropical areas may offer some hydrological
characteristics which often facilitate these computations. With the
exception of areas affected by cyclones, the meteorological mechanism
generating rainfall is relatively simple and the characteristics of
the precipitation can easily be estimated. The statistical distrib-
utions of mean annual discharges and of maximum floods are not too
different from normal distributions, with low or relatively low
coefficients of variation. There is often good correlation between
the discharge of neighbouring rivers or between the maximum annual
and the mean annual discharge. Water balance computations or the use
of the concept of the runoff deficit offers better possibilities than
in arid countries. Sometimes at last, for large rivers some very
long time series have been provided by navigation services.

PRELIMINARY WORK

To make best use of meagre data it is necessary to have a perfect
knowledge of these data. A thorough checking of rainfall and runoff
data and of rating curves is essential. It is also important to
improve these data. Finally, it is impossible to carry out hydrolog-
ical computation without having a good knowledge of the physical
characteristics of both the basin and the river. All these things do
not only apply to humid tropical areas. Here, we shall only recall
what is specific to these regions.

Most of the rainfall (in some countries all rainfall) corresponds
to convective storms covering relatively small areas. Consequently,
for small basins, the correlation between the precipitation at rain-
gauges say more than 50-100 km apart, is bad with the exception of
very wet years, when there are very many storms over a large area, or
very dry years when there are very few. For large basins there is
often a good correlation between mean annual discharge and correspond-
ing maximum discharge. The correlation between the precipitation of a
rainy season and the mean annual discharge may be satisfactory if
there are more than two or three raingauges in the basin. During
cyclonic precipitation it may happen that raingauges are over-filled
and also that 75-90% of them are destroyed. All such information
should be utilised when checking data and for filling gaps in a
record. This last operation must be achieved as far as possible; we
have often found one whole year eliminated from the records of mean
annual discharge because two months of dry season record were
missing for which mean discharge was less than 20% of the mean
annual discharge.

Another improvement may be brought in the field by supplementary
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gauging to give some idea of the magnitude of the rating curve for
high discharge or for low flows. The last case is the more frequent
because surveys generally take place in the dry season. Even with-
out a gauging station one may obtain an indication of the value of
low flows particularly for very permeable basins where the low flow
discharge does not vary too much throughout the low flow period and
from one year to another year. A field survey is necessary in order
to obtain a good knowledge of the basin, especially for small basins;
even for large basins the hydrologist should know exactly the nature
of the soil, vegetal cover, slope and aspect of the river beds
belonging to the different zones of the basin. Not all important
information can be found from maps, even those obtained by remote
sensing. For instance, the grass of the savannah might or might not
be a good protection against runoff and erosion; in forest areas on
clay soils some of the small basins with the same climate, area and
slope index may have 10 year flood peaks of 500 or of 3200 I s " 1 km2.
The last case does not often occur but is possible whenever there is
a compact layer 30 cm to 1 m under the soil surface. A quick survey
of river beds or rivulets might give some idea of the runoff; but in
forests, with the exception of mountainous areas, it is difficult to
derive the annual flood magnitude from the inspection of river beds
for small basins. This is much more difficult in such an area than
in an arid zone . It is not possible to present here all that could
be observed in the field but many indications might be obtained by a
skilled field hydrologist and this might significantly supplement the
available data.

HYDROLOGICAL PARAMETERS NEEDED FOR WATER MANAGEMENT

The following parameters are generally used: the mean annual runoff;
its statistical distribution; sometimes autocorrelation characteristics,
seasonal variations; flood for the period of construction; design
flood; possibilities of silting of the reservoir; water quality
(deleterious effects on turbines or for irrigation water or water
supply). These parameters and the approach to their estimation vary
broadly with the nature of the project, the basin area, the available
data and the financial constraints on the study. In the following we
shall consider only the case of both small basins and large basins,
the former generally correspond to small structures, few data and
small financial resources.

For hydrological computations no magic formulae or procedures
exist. The hydrologist must rely heavily on his judgement and
experience and has to deduce the maximum from the available data and
from his knowledge of the river and of the basin characteristics.

COMPUTATION OF ANNUAL RUNOFF FOR SMALL BASINS

Here, commonly no discharge data are available, and there is no rain-
gauge in or near the basin. In a homogeneous area it may be possible
to find a raingauge for the same precipitation regime. If not, the
precipitation can be deduced from vegetation indices but this is not
easy in the humid tropics. To choose the specific mean discharge of
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a larger reference basin and to consider only the basin area is
dangerous if the annual precipitation is less than 1400 mm on an
impervious basin with steep slopes. With these exceptions, it is
sometimes possible to use the formula Qx = QQ (AX/AQ) as a first
approximation, with Qo and AQ corresponding to the reference basin
(Basso, 1973).

Some formulae may be used which take into account an approximate
value of the yearly or monthly precipitation depths. They start from
the ratio runoff/precipitation, R/D = runoff coefficient Kr or from
their difference, rainfall minus runoff = deficit. Both vary with
climatic and physiographical conditions. The old Strange's table
used in India (Banerji & Lai, 1973) considered (for each given
precipitation depth) three categories: "good, average and bad basin"
with three different runoff coefficients. In other parts of the
world other regional values of K are given. For average conditions
of slope, soil and vegetal cover, Smith (1973) gave a curve presenting
variation of Kry with the basin climatic index (BCD combining
monthly precipitation and temperatures, but unfortunately the
influence of the other factors was neglected and important errors may
result from this.

Other formulae mostly use the runoff annual deficit D which is
relatively stable in the humid tropical zone. It varies between
700-800 and 1500 mm. In Africa, at a lower altitude, it increases
from 1000 mm year~1 for P = 1100 mm to 1150-1250 mm for Py = 1500-
1600 mm. At this stage it is practically constant as precipitation
increases from 1500 up to 2200 mm. But in South America with
precipitation between 24OO and 3700 mm in the forest, it reaches
1500 mm (Roche, 1982). The runoff deficit decreases with altitude:
at 1000 m, for instance, in Central Africa, Dy is 900-1000 mm instead
of 1100-1200 mm (P = 1500 mm). All these variations are similar to
those applied for computing K r y by Smith (1973). But if the slope or
the permeability greatly varies from the average conditions, Dy is
significantly different from the values computed with climatic
parameters only. Steep slopes or impervious soils may correspond to
a runoff deficit of 900 mm or even less instead of 1150 mm. This
also applies to mountains affected by cyclonic precipitation; very
few accurate data are available for this last case. As regards very
small basins, high permeability increases the losses and consequently

V
It is often possible to obtain a first approximation of Ry by the

simple formula Ry = P - Dy, Dy being the mean value for a small or
medium basin under the same conditions. Rule of thumb corrections
are made by taking into account the altitude, slope and permeability
of the soil. The Khosla formula (1949) used in India gives the
monthly runoff: F^ = Pm - Dm with Dm = 5Tm (Tm = monthly temperature).
The annual runoff is Ry = Py - k (45 ,Ty + 800) where T y is the annual
average temperature, and k is a constant corresponding to the physio-
graphical factors of D Some maps of Dy exist, for instance for
Central America (Basso, 1973). The main difficulty is obtaining a
good estimation of Py: for instance in mountains with significant
variations of Py (if Py exceeds 2000 mm).

More elaborate formulae may be used for very small basins: Dubreuil
& Vuillaume (1975) , using data from 65 representative basins in Africa
and in French Guyana, established two formulae taking into account
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most of the significant runoff factors. They considered the index Pr:

Pr = I2 <Pm - -£ ETB>

where Pm is monthly precipitation, and E T B is the annual evaporation
from a sunken pan of 1 m2. For savannah with trees Ry is defined as
follows: R = 0.47Pr + 1.5C + (aDg + b) + B, where Dg is Ig x /X,
with A the area of the basin; Ig is global index of slope (Dubreuil,
1966); C is percentage of cultivated land; a = 1.78, b = 50 for
relatively sparse vegetation; a = 1.20, b = 1.75 for dense bush or
very permeable soil; B = +175, +50, -70 respectively for A < 5 km ,

2 2 2p ; ,
5 km2 < A < 25 km2, A > 25 km2. For forest areas R = l,05Pr + 0.92
Ds - 960, In East Africa Balek (1973) presented characteristic curves

R = l,05Pr
s - 960, In East Africa Balek (1973) presented cha
for the estimation of Ry for 1000 < P < 1700 mm and for four general
cases corresponding to various slopes, altitudes, and vegetal covers.

SEASONAL DISTRIBUTION OF RUNOFF FOR SMALL BASINS

The seasonal distribution of runoff for small basins is generally
deduced empirically from the mean annual discharge and from the
variations of monthly precipitation with the help of at least one
annual hydrograph of a similar river having a basin area of the same
magnitude. If such a basin is not available the use of data from
compilation of representative basins results such as those of Dubreuil
(1972) may give an idea of how to transform a plot of the mean monthly
precipitation into a plot of mean monthly discharges.

STATISTICAL DISTRIBUTION OF MEAN ANNUAL RUNOFF

This is less frequently used than for larger basins, which present
lower coefficients of variation. Nevertheless it is sometimes use-
ful to know the 10 year low (annual) flow. If a representative basin
for the same regime was observed, a good rainfall/runoff model permits
a long time series of annual discharges to be derived from rainfall
series,from which their distribution can be studied. However, this
situation does not often occur.

There are many formulae for estimating mean annual runoff but it
would be unwise to use them for the establishment of a series of
annual runoff since the coefficient of variation would be completely
wrong. Only the Khosla formula can be used on a monthly basis. This
takes into account the altitude, but neither the slope nor the nature
of the soil are considered. It certainly underestimates the variation.

For some small basins in equatorial or tropical areas of transition
regimes, no runoff may occur during a year of a drought if the mean
annual precipitation is near 1100 mm. In 1958 this was the case for
drought with a return period 10-20 years in the two representative
basins of Lhoto (Benin) and Ifou (Ivory Coast) (Rodler, 1964). In a
normal year the mean annual discharges are 2.5 and 0.3 1 s - i km" ;
the coefficients of variation are perhaps 0.80 and 0.40. For basins
with a higher precipitation of 14O0-1700 mm year"1 the situation is
much better, but even in large homogeneous basins with a coefficient
of variation of 0.16 for Ry it is possible to find small basins with
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values of 0.25 for the same coefficient. It is not easy to estimate
this coefficient starting from large basins and this also applies to
variation coefficient deduced from precipitation series because the
discharges are often more irregular than rainfall.

FLOODS FOR SMALL BASINS

Often for small structures (small weirs, very small bridges), the
flood of interest is the 10 years flood. In this case the correspond-
ing rainfall produces surface runoff and the unit hydrograph may bo
used. General studies made on this basis for West and Central Africa
(Rodier & Auvray, 1965) provide guidance for the computation of the
peak and the volume of the 10-year flood starting with the 10-year
precipitation and using an intensity diagram and the antecedent soil
moisture conditions corresponding to the average for heavy storms.
The runoff coefficient Kr is given by a set of curves of KT vs. A
(area of the basin) for various categories of permeability Pe^ to
Peg and slope S1 to S5. The 10-year point precipitation is reduced
to the 10-year areal precipitation by a reduction coefficient kp

varying from 1 to 0.80 for areas varying from 0 to 200 km7. A
diagram gives the base time of surface runoff Tg in relation to A and
S. It is easy to compute the flood volume knowing P-^Q year, k and
Kr. The coefficient k varying with the vegetal cover, the basin
area and to some extent with the slope, defines the ratio between the
10-year peak discharge Qp and Qu (mean flood discharge during Tg),
k = QP/QM which is near 2.5 for savanna.

For forested areas, a more recent study (Rodier, 1976) classified
forested basins in six categories determined by slope and permeability,
the runoff coefficient Kr being computed for a precipitation of 120 mm
which is not far from the 10-year precipitation. The K r values
differentiate into six ranges: 3-5%, 7-10%, 10-16%, 20-30%, 30-40%,
58-62%. The highest values (very impermeable soils and significant
slopes) are less frequent. The determination of the category of an
ungauged basin is often delicate. By the use of small sprinklers
(range: 1 m z) such as those used by ORSTOM followed by a quick
pedological survey it is possible to find the classification range of
the basin and even to determine Kr for 120 mm. This coefficient is
correlated with the runoff from various types of soils computed from
the sprinkler experiments. Kr may also be determined by studying the
structure and texture of the soil but this is not operational at the
present time (Casenave et al. , 1983). The base time is taken from
graphs and the coefficient k = Qp/Q-M varies between 1.9 and 2.3 on
plains for A varying between 1 and 25 km2 and between 2 and 2.4 in
mountain regions. Some hydrologists use a triangular hydrograph
corresponding exactly to a K value of 2, This procedure is valid
for West and Central Africa and it could be used with care elsewhere.
The important points are the necessity for data on the 10-year
precipitation and for the intensity diagram to be comparable from one
area to another.

Sometimes the formula Q = Kr(P^) A is used where Q is flood
maximum discharge of frequency F; P^ is precipitation mean intensity
during the concentration time for a storm of frequency F; A is basin
area and Kr is runoff coefficient. This formula may be improved by
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taking into account the slope S, Q = Kr P^ A (S/A)
1^' (Mac Math

formula). This formula has often been improved but the problems of
determining Kr in relation to the soil permeability remains as
difficult as is described in the methodology above.

COMPUTATION OF ANNUAL RUNOFF FOR BASINS OF LARGE OR MODERATE SIZE

For basins of this category there is some compensation between sub-
basins with varying physiographical characteristics and, therefore,
the formulae based on the runoff coefficient or the runoff deficit
(such as the Khosla formula describing small basins) sometimes give
better results for large basins than for small basins. If
sufficient data on precipitation and runoff factors are available,
computerized data banks and regression analyses may afford a first
estimation of precipitation and runoff (Basso et al., 1979).

For this case it is possible to use a more elaborate method. With
the development of hydrometric networks there is often a gauging
station and, therefore, at least one short record of recharge not far
from the station to be studied. The first step is to determine its
hydrological regime, using precipitation, basin characteristics,
latitude, altitude, the few hydrological data available etc. in order
to choose a reference gauging station. The hydrologist must construct
time series of discharges as long as possible for the basin studied
by correlating the discharges (observed for a short period at the
site or near the site to be studied) with the discharges at the
reference station. This last station may be situated on a neighbour-
ing river or on the same river; in the latter case the correlation is
better. The correlation with annual precipitation depth or with
annual precipitation for the rainy season may also give good results
particularly for an annual precipitation exceeding 1600 mm. For less
than 1600 mm it is necessary to use the data of four or five rain-
gauges in the basin and this is not always possible. Multiple
regressions at the monthly level should be used. For the correlation
with discharge, if the observation period at the station to be studied
is very short, i.e. less than three or four years, it is advisable
to study also the correlation between the monthly values keeping in
mind the fact that the regression can be different during high and
low flows. The improvement cannot be related to the multiplication
of plotted points by the factor of 12 but, nevertheless, is signif-
icant. If the coefficient of correlation is high and the length of
reconstructed records is less than 30-40 years, another correlation
with a station having a longer record is necessary even if this new
correlation is relatively poor. In humid tropical basins series
of dry and wet years are not necessarily of the same length. They
are called pseudo-cycles and this may induce important sampling
errors. In order to reduce these errors, it is necessary that the
record length of the second reference station includes at least
part of a dry period and part of a wet period. This improves the
value of mean annual runoff and information on very low and very
high values of this runoff. Fortunately, the correlations are
better for very wet and very dry years. As regards large basins it
is also often possible to use the correlation with maximum annual
discharge instead of the mean annual discharge.
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If no cyclones occur and if the mean annual precipitation exceeds
1400 mm it is generally possible to obtain an acceptable estimation
of the mean annual discharge from 10 years of observations, but due
to the pseudo-cycles, a sampling error of 5-10% is possible.

DISTRIBUTION OF ANNUAL DISCHARGE

In the case defined above the distribution of the mean annual dis-
charge is often normal or very close to normal. When fitting the
distribution it is not sufficient to accept the normal distribution
as given by the computer; it is necessary then to check the plots on
the curve in order to avoid systematic bias. If the record is not
long enough corrections should be made in order to take the fluctuat-
ions resulting from the pseudo-cycles into account. In such a case
the coefficient of variation is often of the order of 0.16-0.25. For
very large basins the lack of homogeneity may involve complex
distribution curves (see the case of the Zaire River in the following
section).

For the case of P < 1400 mm the distribution is more irregular,
the coefficient of variation higher and if only 10 years of records
are available the mean error may be 30% or more. The situation is
not quite so difficult but very similar for areas affected by cyclones.
In both cases long time series are necessary to obtain a first
approximation of the statistical distribution which is no longer
normal.

FLOODS IN LARGE BASINS

Here the distinction between areas with and without cyclones is
extremely important. As regards the first case, in large basins a
flood of very low frequency results from an exceptional cyclonic
rainfall or an exceptional series of such rainfalls. In the second
case a flood of the same frequency results from a very wet rainy
season or from an exceptional series of convective storms.

The second case is relatively simple when Py exceeds 1400 mm. The
distribution is not far from the normal distribution often with low
coefficient of variation; sometimes the skewness coefficient is
negative (the influence of flood plains). Much of what has been
written concerning the mean annual runoff is valid including the
possibility of getting an idea of the flood distribution with a 10-
year record and the necessity of taking account of the pseudo-cycles.
For very large basins such as that of the Zaire River some parts of
the basin with very low runoff generally have no influence on the
yearly maximum but when the exceptional flood occurred in an area of
deficit as happened in 1961, the representative plot was relatively
far above the distribution curve, with negative skewness coefficient
established before 1961. The situation for the 1953 flood on the
Amazon River was similar. The distribution was very complex.

With these reservations, this part of the tropical region is a
rare example where the design flood can be safely estimated by
statistical analyses of long time series of discharges obtained by
regression.
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We have left aside the problems of some of the rivers in the
Himalayas and Andes where the construction followed by the destruction
of natural dams is responsible for catastrophical floods.

If no discharge data are available many empirical formulae can bo
applied for the calculation of a discharge of frequency F. Most have
the form: QF = k A

n, k and n being coefficients which must be deter-
mined for each homogeneous area; often in the humid tropical zone
0,7 < n < 0.9 (forest with low slopes), but k varies considerably.
For 5000 km2 in Central Africa for instance Q,n varies between 100

3 — 1

and 1250 m s . Some formulae give the ratio between QF and Q^o-
These empirical formulae are only valid for a given hydrological
homogeneous area and their validity must be checked before use.

For areas affected by cyclones the problem is completely different.
There, rainstorms generate the most heavy floods in the world. The
maximum observed at this time is 31.53 m3s~1km^2 for a basin of 330
km in New Caledonia, Fortunately, these cyclones are not frequent.
Consequently, the long time series of maxima directly observed or
obtained by correlation is a sample which can be divided into two
statistical populations: one with numerous values of a relatively
moderate discharge, the other with a few values having high coeffic-
ients of variation and skewness. Unfortunately, the number of plots
is not sufficient for studying the distribution by a direct analysis
of discharges. If for some reason a hydrologist wants a time series
of floods he may use correlations with rainfall or with discharges
but he must be very careful because the tracks of the cyclones vary
and the zones affected are not always the same. This operation is
only sound for extrapolating the data from one gauging station to
another not too far away on the same river.

All attempts to determine the design flood by direct statistical
analysis are risky. Three approaches are possible: the world or the
regional envelope curves do not provide a methodology for computation.
They provide a general idea of all maximum observed floods so as to
be able to take the differences of basin area into account. In areas
being observed (at least qualitatively) for two centuries or more
the general envelope curve did not significantly move upwards between
1961 and 1981 (last general world review for the IAHS Catalogue of
Large Floods) but for areas observed for less than 60 years the
envelope curve is not the same as that 20 years ago. Unfortunately
many tropical areas affected by cyclones come in this category and
here the envelope curve represents an average return period not
exceeding 50-100 years. Francou & Rodier (1967) defined straight
lines characterised by a factor K (K = 6 approximately corresponding
to the maximum values) . Since K may characterize the more dangerous
river of a homogeneous area, it is an interesting element to be
considered for regionalization purposes. For the very low frequency
part of the distribution curve the hydrologist must choose a value
for the design flood whose K value significantly exceeds the regional
K value of the envelope curve. But what is a reasonable value for
the difference between the two K's?

Due to the lack of meteorological data it is very difficult to
adapt the probable maximum precipitation method to the conventional
procedure, Hershfield (1965, 1981) presented a simple formula to
compute PMP; PMP = P_ + kS, where Pma is daily maximum precipit-
at ion, and S is standard error of P m a x • k is determined by regional
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studies of precipitation records. The PMP method often overestimates
precipitation values. Afterwards one must transform this PMP into
corresponding flood values; the runoff coefficient should be very
high, i.e. 90% for very small basins.

The Gradex method (Guillot, 1979) gives some guidance for the
extrapolation of frequency curves of discharges for that which are
too short. To use it correctly three essential conditions must be
considered: (a) the daily rainfall frequency presents an exponential
decrease exp(-p/a) corresponding to a straight line of slope a (a
is the Gradex) on Gumbel paper; (b) the upper layers of soil are
saturated at a very low frequency of discharges; (c) the basin is
not too large (less than 10 000 km 2). Under such conditions, for
return periods exceeding 50 years, the distribution curve of runoff
in mm on Gumbel paper is parallel to the distribution of precipitation
with a duration equal to the time base of the hydrograph. For areas
affected by cyclones the second condition is often satisfied and
the Gradex method might be very useful for basins of moderate size.

The best way to compute Gradex is to consider the distribution of
the means of the precipitation for all the raingauges used in the
study and to estimate its Gradex, Given the two populations of
rainfalls, the cyclonic precipitation should be considered separately
and all cyclonic precipitation should be taken into consideration
even if there are several such rainfall events during the same year.
Once the runoff volume is estimated only that shape of the hydrograph
must be chosen which is similar to the most frequent or the most
dangerous shape, taking the characteristics of the basin into account.

MINIMUM FLOWS

Minimum flows are often significant but sometimes small streams may
dry up in areas of low precipitation. It is very difficult to extrap-
olate minimum annual flows in both space and time, due to the heter-
ogeneity of geological conditions, and because only on a few rivers
is it possible to observe several successive recession curves. Never-
theless, relatively similar specific low flow discharges can be
observed for rivers in homogeneous areas. The study of low flows
must always be based on a sound knowledge of the geological conditions.
Gaps in low flow data can be filled by deriving the missing data from
information on precipitation and recession curves; however, in humid
areas small floods often perturb the recession. Roche (1962) used
the following method: the beginning of the recession is given an
arbitrary fixed date (for east Madagascar this is taken as 1 July);
the discharge on this date is correlated with the precipitation of
the preceding months of the rainy season; the theoretical recession
curve is drawn and the following discharges taking into account the
secondary floods of each month are computed by multiple regression
using the precipitation data of the preceding months.

CONCLUSIONS

There is no sure and accurate formula or methodology suitable for a]l
cases. If possible it is prudent to use several methods for each
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computation and to compare the results. The progress in hydrology
from the use of remote sensing, multiple regression analyses,
generation of stochastic series and various models, is very useful
but if only inadequate data are available the weakness of the basis
of these combined procedures must be borne in mind; the validity
of each procedure must be checked taking into consideration the
basin characteristics; a careful comparison of the computed results
must be made with the observed results. If these precautions are
neglected large errors may occur.
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The slanting hole raingauge proposed for
hillslope hydrology
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National Chung Hsing University, 2So Kuokuang
Road, Taichung, China

ABSTRACT To investigate storm characteristics in typhoon
areas, the correct location of the most suitable type of
raingauge on a hillslope is the main method of improving
the validity of hydrological projects in watershed
engineering. To account for variations due to topography,
aspect, wind speed and other factors, experiments of latin
square design, three randomized complete block experiments
and other experiments were performed in Japan and Taiwan.
From a statistical analysis of the data from experiments
using four kinds of raingauge: tilted, slanting hole,
Hamilton's vector, and conventional, the slanting hole
raingauge is proposed as the most suitable for installation
on hillslopes. Detailed procedures showing how to compute
the dimensions of the orifice, how to set up the gauge,
and how to check the validity of its operation, are also
given.

Propositions pour un pluviometre a ouverture
pour 1'hydrologie des bassins versants h flanc de ooteau
RESUME Implanter correctement un pluviometre de
conception parfaitement appropriee sur les pentes des
collines est la meilleure facon d'ameliorer la validite
des etudes hydrologiques pour les amenagements des bassins,
dans le cas d'observations des precipitations provoquees
par les typhons. Pour prendre en compte les variations
resultant de la topographie des bassins, de la vitesses
du vent et d'autres facteurs, des experimentations sur
la base de la method© du carre Latin, sur des blocs avec
repartition au hasard des appareils et d'autres essais ont
ete effectues au Japon et a Taiwan. Se basant sur
1'analyse statistique des donnees de ces recherches
comparant quatre types d'appareils: a auget basculeur, a
orifice incline, le vecto-pluviometre d'Hamilton et le
pluviometre conventionnel , on propose d'adopter le pluvio-
metre a orifice incline comme appareil standard pour les
etudes hydrologiques sur les pentes des collines. On
donne egalement les methodes detaillees pour calculer les
dimensions de 1'orifice mettre en place 1'appareil et
verifier si l'emploi de ce pluvlomStre est effectue"
correctement.
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INTRODUCTION

In assessing point rainfall the usual procedure is to ascribe to each
sample a certain representativity of measurements on hillslopes
depends on the type of gauge, steepness of slope, aspect, shape of
valley, incidence of wind, and elevation. Figure 1 shows the flow
chart of a point rainfall on the level and on a hillslope. The
conventional raingauge and slanting-hole raingauge in practical
process correspond to the core sample in theoretical process for the
plane and hillslope respectively.

Wind
) i re c t i on

Splash in

/Conventional J / s l a n t i n g ho
\ raingauge j \ raingoLige

Point, ra in fa l l ~~|

Processes
and

1'actors (Instruments \ /Sources \
anS ( o f >

techniques J Xerror /

Quali ty control

FIG.l Flow chart of point rainfall (modified from
Edwards, 1969; and Liang, 1979).

As regards the conventional raingauge, the most common errors
result from evaporation, adhesion, colour, inclination of the gauge,
splash, wind, faulty technique in measuring the catch, and physical
damage to the gauge. Kurtyka (1953) estimated the errors as follows:

Evaporation -1.0%
Adhesion -0.5%
Colour -0.5%
Inclination -0.5%
Splash +1.0%
Wind -5.0 ^ -80.0%

Most errors regarding conventional raingauges located on the level
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result from wind.
This paper considers the results obtained from a series of

experiments using different types of raingauges in different
situations. The problem of selecting the right type of raingauge
for hillslopes, reliability of the slanting hole raingauge, and
sources Of error in results from the various gauges are also
considered.

EXPERIMENTAL METHOD

Type of raingauge and Lhe measure- of depth

Four types of raingauges installed with their receivers at a height
of 60 cm above ground are considered. Figure 2 shows these gauges:
the Hamilton's vector, conventional, tilted, and slanting hole.

(b)

FIG.2 (a) Hamilton's vector raingauge:
tan i cos 5. (b) conventional raingauge
slanting hole raingauge: R - Rs.
R = Rrp sec a.

R = Rc + Rc tan a
R - RQ. (c)

(d) tilted raingauge:

According to Fourcade (quoted from Hamilton, 1954) the depth R
for Hamilton's vector is computed from (1).

R = Rc + Rc tan a tan i cos 5 (1)

where Rc = the depth obtained from a conventional raingauge; a =
slope angle; i = angle of inclination of rainfall (angle between the
direction of rainfall and the vertical) ,

tan i = [<N - + (E - (2)

where N, S, W, E are the depths obtained from the north-facing, south-
facing, west-facing, and east-facing components of the Hamilton's
vector raingauge respectively; and 6 = the angle between w and the
direction of greatest slope, where

"*• 1
= tan [(E - W)/(N - S) ] (3)

Layout of experimental sites

Experiment 1 The four kinds of raingauge were installed on the
slopes of a V-shaped valley in the Kasuya Experimental Forest , Kyushu
University, Japan, between March 1968 and December 1969 (Chiang, 1970)
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The gauges were arranged in a latin square design on both the south-
west and northeast slopes (Pig.3).
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(a) EXPERIMENTAL SITE (b ) LATIN SQUARE DESIGN INBOTH SITES

FIG.3 Layout of experiment 1. V, S, T, C respectively
denote a Hamilton's vector, slanting hole, tilted and
conventional ra.inga.uges.

Experiment 2 Four kinds of raingauges were installed on the
same site as experiment 1 and arranged in a randomized complete
block design (Fig.4) from March 1969 to December 1971 (Chiang, 1972a).

ASPECT OF
INCLINATION

ELEVATION OF
CONTOUR

I
335 m

Arrangement of raingauges at both sites used
experiment 2.
FIG.4

Experiment J Three kinds of raingauges were installed on two
different slopes according to the randomized complete block design
(Fig.5) at Huei San Experimental Forest, National Chung Hsing
University, Taiwan, China, from July 1971 to July 1972.

NORTH FACING
SLOPE

(n) EXPERIMENTAL SITES

FTC.5 Layout of experiment 3.

(b) RANDOMIZED COMPLETE
BLOCK DESIGN IN BOTH
SITES.

Experiment 4 One recording slanting hole raingauge was installed
at a height of 325 m on both slopes of the V shaped valley used for
experiment 1 from May 1972 to August 1972 (Chiang, 1973a).

Experiment 5 Windshields were arranged according to the random-
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ized complete block design at the site used for experiment 3 as shown
in Fig,6 from August 1973 to July 1974.

NORTH-FACING SLOPE
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INCLINATION
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(BLOCK: I
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FIG'. 6 Arrangement of raingauges on each site of
experiment 5.

Experiment 6 One recording conventional raingauge was installed
on each slope of the sites used for experiment 4 from March 1970 to
December 1971.

Experiment 7 Three sets of Hamilton's vector raingauges were
installed on the north-facing slope of the Huei San Experimental
Forest, National Chung Hsing University, Taiwan, China, at an altitude
of 820 m from April 1973 to October 1973 (Chiang, 1973b).

RESULTS., DISCUSS IONS, AND CONCLUSIONS

Table 1 shows the results obtained from experiments 1,2,3 and 5.
Statistical analyses were performed storm by storm. (*) Indicates
the depth measured by the same type of raingauge under the influence
of various erratic sources reaches the 5% significance level; (**)
indicates it has reached the 1% level of significance. The higher
the score, the poorer the accuracy of the raingauge type. Out of
20 storms in experiment 1, Hamilton's vector raingauge scores 6* and
5**; the conventional raingauge scores 2* and 2**; the tilted rain-
gauge, 1* and 1 ; and the slanting hole raingauge scores 1* only.
Certainly Hamilton's vector raingauge dropped behind the rest, and
therefore, will no longer be considered in experiment 2. In experi-
ments 2 and 3, the conventional raingauge showed many faults,
especially under strong wind conditions. The tilted raingauge is
inferior to the slanting hole raingauge under low wind velocities,
say, below 4 m s . The results from these three experiments lead
to the conclusion that the slanting hole raingauge is the most
suitable for hillslope conditions. More evidence to substantiate
this conclusion is given in the next two paragraphs.

A windshield does not improve the accuracy of the slanting hole
raingauge as can be seen from the results of experiment 5 in Table 1.
Therefore, it is not necessary to install a windshield in front of a
slanting hole raingauge on a hillslope when the wind speed is not
more than e m s " 1 (Chiang, 1974).

Figure 7 shows that topography, wind speed and storm character-
istics do not affect the accuracy of the slanting hole raingauge in
experiment 4.

Experiment 6 shows that the conventional raingauge is affected by
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TABLE 1 Statistical analyses for experiments I, 2, 3 and 5

Type of
raingauge

HAMILTON'S
VECTOR

CONVENTIONAL

TILTED

SLANTING
HOLE

Wind
velocity

(m s'1)

Unknown
0.0^2.O
4.1^6.O
>6.0

Unknown

O.O'\>2 .0
2.1^4.0
4.1^6.0
>6.0

Unknown

0.0'v.2 . 0
2 .1^4.0
4.1 'V6 . 0
>6.0

Unknown

O.O^2.0
2.1^4.O
4.1^6.0
>6.0

Experiment

1 +

0
3*4**/ll
1*1** /4

0/1

o
0/4

O/J..1
l*2**/4
1* /I

0
0/4

1**/ll
l*/4

O/l

0
O/4

O/ll
l*/4

O/l

2§

_

-
-

5**/10
6*6*/34

2*11**/16
3**/4
2**/2

1*/1O
3*1**/34
1* 3**/16
O/4

l*I**/2

1*/1O
2* /34
1*/16
0/4
l*l**/2

_

_

-

O
6*7**/25

1** /4
0
0

0
3*/2S

O/4
0

O

O

1* /2rj
O/4
0
0

-
-

-
-
-
-

-

-

-
-
-

-

o
0/27
O/7
O/l
0

+ Latin sguare design.
§ Randomized complete block design.
* Denotes 5% significance level and ** denotes 1% significance level
for rainfalls collected by the same type of raingauge.

changes in topography and wind speed. The results from conventional
raingauges, located on slopes with different aspects differ depending
on the wind speed (Fig,8). The stronger the wind, the larger the
difference.

The weakness of the Hamilton's vector raingauge can be derived
from the inaccuracy of the Fourcade formula. The co values obtained
by equation (3) are counted clockwise from the base line of the
northern direction storm by storm. The standard error of the mean
(Su) of to among three raingauges located along the same contour on
the same slope increases with increased wind speed as shown in Fig.9.

Since the slanting hole raingauge works so well it is necessary to
know how the rim of the receiver can be computed and how to set up
this type of raingauge. Three coordinates (S^, AH-^), (L^, AH^) and
(L-j , Sj) are assigned as shown in Fig. 10. Equation (4) expresses
the relationship between these three coordinates:

AHmax = Dtan a

di = R - AH±/tan ex
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FIG.7 Data from the slanting hole raingauge show
consistency under various wind velocities, storm character-
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FIG.8 Tdnear regression of leeward rainfall/windward
rainfall and wind velocity (after Chiang, 1972b).
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FIG.1O The slanting hole raingauga (after Liang, 1977).

- 1 ,= Rcos

= R7i ( r ad i an s )
( 4 )

where D and R are the diameter and radius of the conventional
raingauge respectively, a is the angle of slope in degrees, and d^
is a transient parameter. The calculator and the computer programs
for computing points (S±, AI^) may be obtained from Liang (1977).
Once the points (S^ AHĵ ) are obtained, the procedure shown in Pig.11
is followed to set up the slanting hole raingauge. The mechanical
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(O,o)

(a) Plotting th« coordinate
points of receiver rim

(t>! Cutting off the residual

Cc) Checking the receiver (d)Sttup of slanting hole raingouge

FIG.11 Installation of slanting hole raingauge (after
Liang, 1979).

operation of recording rainfalls using slanting hole gauges is not
changed at all, and is reliable.
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