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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
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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.


