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ABSTRACT / Water quality monitoring conducted routinely
over time at fixed sites has been a part of most water quality

management efforts for many years. It has been assumed
that such monitoring plays a major role in management.
However, the lack of routine data analys:s, and reporting of
information derived from such analysis, points up the fact that
the exact nature of the role of routine, fixed-station monitoring
is poorly defined.

There is a need to very clearly define this role in the de-
sign of such systems if routine monitoring is to efficiently and
effectively meet the information expectations placed on it.
Design of routine monitoring systems will theretore have to
consider not only the where, what, and when of sampling, but
also why. A framework for including the "why" of monitoring
in the design process is proposed and experience with using
the framework in New Zealand is discussed.

Most professionals involved in the design or opera-
tion of water quality monitoring programs recognize
the symptoms: file cabinets bursting with data sheets
or boxes and boxes of floppy disks full of numbers;
large monthly bills for sampling and laboratory anal-
yses; observations coming in daily, weekly, or monthly
and piling on top of other observations; managers,
government agencies, legislative bodies, and John Q.
Public constantly asking nagging questions like, “Is the
water quality in our area actually getting better or
worse?”; and, finally, no way to answer them. The dis-
ease 1s, of course, the “data-rich but information-poor”
syndrome, which appears to permeate throughout the
water quality management field. Many cures have
been proposed by practitioners and researchers (in-
cluding the authors) alike. In spite of these sugges-
tons, water quality data often keep piling up without
being utilized to provide needed information. This is
indeed a precarious position for monitoring programs
to be in during these days of budget slashing.

The authors, frustrated by the failure of technolog-
ical innovation to extract meaningful information
from water qualit;/ monitoring programs, have spent
the past year reviewing their own previous work and
that of others in an attempt to identify the weak links

in monitoring system design and to suggest ways of
g Sy

strengthening them. It is their hope that this fresh
look at the lack-of-information problem will help to
improve both well-established monitoring programs,
such as those found in the United States, and new ef-
forts, such as those anticipated for New Zealand.

KEY WORDS: Water quality monitoring; Data analysis: Monitoring
systems design; Monitoring goals; Network design
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Background

First, what do we mean by monitoring? For the pur-
pose of this discussion, water quality monitoring will be
defined as any effort by government or private enter-
prise to obtain an understanding of the physical,
chemical, and biological characteristics of water via sta-
tistical sampling. Both routine (ongoing) and special
survey (one off) programs are included. Monitoring is
performed in support of water quality management
and is universally recognized as indispensable for ef-
fective management. The two key terms—auater quality
management and water quality montoring can take on
varied meanings among the various professions in-
volved. For example, water quality management t0 a
sanitary engineer can often mean the design, construc-
tion, operation, and maintenance of a wastewater
treatment plant. Water quality management to a
planner can often mean a series of plans: (a) basin
planning, (b} regional planning, (c) p]annirig for a spe-
cific treatment plant, and (d) planning for the pro-
grams that control the quality of water.

Likewise, water quality monitoring to a biologist
means some form of biological measurement, while to
a lawyer it would refer to measurements related to the
water quality variables in standards. A stauistician may
view water quality monitoring in statistical terms, while
a hydrologist may view it in terms of flow-related pro-
cesses. Consequently, there is not yet widéspread
agreement on what constitutes effective water quality
management or on fow monitoring should support it.
(It should also be pointed out that the word quality it-
self is ambiguous.)

In the United States, the inadequacy of monitoring
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systems for water quality management purposes has
been described by three major studies. The National
Academy of Sciences (1977) noted the need to recog-
nize monitoring as a statistical sampling process and to
design accordingly. The Council on Environmental
Quality (1980) was an atempt to better coordinate
monitoring o avoid duplication of effort while stll
providing the needed information. The General Ac-
counting Office (1981) addressed the need to have
monitoring results more closely tied to management
decision making. The general consensus of all three
studies 1s that a much more scientific and systematic
approach to water quality monitoring is required if itis
to efficiently meet the information needs of water
quality management.

What these reports have not done is to propose so-
lutions to the more basic problem, that of achieving a
clear definition of “management” and of promotng a
thorough understanding of the relationship between
management and monitoring. For each management
program that involves water quality monitoring, the
interface between management and monitoring should
receive far more attention than it has to date. Only in
this way can clear and achievable monitoring system
design criteria be formulated.

Case Study: Larimer—Weld Monitoring Program

In order to illustrate the importance of the manage-
ment/monitoring interface, let us briefly exarnine a
local water quality monitoring program which was
carefully designed in 1979 and might be viewed as
representative of the state of the art for that ime. The
Water Quality Monitoring Program for the Larimer—
Weld Region (Pitts 1980) was planned and imple-
mented as a part of the Continuing 208 Planning Pro-
cess for the region. It was designed to support an
Area-Wide Water Quality Management Plan devel-
oped by the Larimer—Weld Regional Council of Gov-
ernments. The plan was certified by the governor of
Colorado and approved by the US Environmental
Protection Agency (Pitts 1980). Quoting:

The Area-Wide Plan recognized the need for developing a coor-
dinated water monitoring program in the region to insure that future
investments in water pollution control are made in a wise and effi-
cient manner, and to insure protection of beneficial uses throughout
the region.

The Area-Wide Water Quality Management Plan identified the
principles of monitoring program design, regional goals related to
the program, program objectives. general recommendations, and cri-
teria for program design. These factors together constituted the basis
for development of the Regional Water Quality Monitoring Pro-

gram. . ..
A Water Quality Monitoring Program Advisory Committee was

established by the Larimer—Weld Council of Governments to assist in
review of existing programs and identifving future program
needs. ... The Advisory Committee established priorities for water
quality monitoring within the region.

The management goal and supporting objectives
which were adopted by the Larimer—Weld Regional
Council of Governments and identified in the plan as
relevant to monitoring are as follows (Pitts 1980):

Goal: Encourage maintenance and enhancement of surface and un-
derground water quality consistent with the use of these waters.

(Supporting) Objectives

1. Develop and implement an efficient and effective regional
management plan for collection and treatment of wastewater.

2. Assure that the quality of surface and underground water is
monitored by the appropriate agencies.

3. Support controls that will maintain and improve the region's
water quality consistent with its use.

4. Encourage communication with water resource management
and waste-water treatment agencics.

The monitoring objectives stated in the regional 208
plan and utilized for the monitoring program design
are as follows (Pius 1980):

1. Define the impacts of discrete point source discharges on water

quality within the region;

Define the impacts of non-point sources such as agriculture, silvi-

culwure, mining, urban runoff, septic tanks and leach fields, and

natural background conditions on water quality;

3. Define the relationships between non-point source pollution, nat-
ural background pollution. and point source pollution in the re-
gion.

4. Define the relationship between water quality parameters which

can be measured and the beneficial uses of water recognized in

the region;

Provide the basis for evaluating the effectiveness of measures im-

plemented by municipalities, industries, and others involved in

pollution control in the region;

6. Provide an indication as 1o the degree of pollution of ground-
water supplies in the region, their significance on beneficial uses.
future trends, and sources of pollution;

7. Provide the data necessary to insure protection of beneficial uses

+0
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in the region;
8. Provide the data necessary to indicate trends in water quality.

These objectives seem reasonable, inclusive, and sup-
portive of the stated management goal, and, unlike
most monitoring programs, they were documented.
They are, however, entirely qualitative. The plan did
not address how the monitoring program, with its
stated objectives, would provide information that will
affect management decisions. -
Moving on to the details of the design, the Water
Quality Monitoring Program for the Larimer--Weld
Region does include a thorough review of existing
monitoring activities by the state of Colorado, the US
Geological Survey, and other entities. These activities
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are evaluated in terms of the stated objectives of moni-
toring, and deficiencies are noted. An extensive list of
suggested changes (additions and deletions) to current
activities is provided and includes locations, variables,
and frequencies of monitoring. The list is comprehen-
sive, providing for measurement of flow, chemical
constituents, and biological variables. An effort is
made to accomplish stated objectives at minimum cost,
and cost estimates for the suggested changes are in-
cluded.

All this is quite impressive. Even more impressive is
the fact that the suggested program was actually docu-
mented and implemented and continues to function
today. In retrospect, however, it is possible to see that a
necessary step of the monitoring system design was
left out—that of how the data were 10 be processed
into the information required in the stated objectives
of monitoring. Consequently, the program is afflicted
by the aforementioned “syndrome,” and the data con-
tinue to pile up without routinely providing informa-
tion. (Data have been analyzed when a specific need
for information arises at a specific site.) Had a pre-
planned method for periodically processing the data
into the desired information been defined as part of
the initial design, the monitoring program would be
better able to document that its monitoring objectives
are being achieved. The program managers, aware of
this fact, are now making a serious study of the systcm
design in an effort to rectify the situation.

Framework for Complete Design

Our purpose is not to criticize previous efforts! but
to use them to illustrate recent advancement in the
state of the art. What can we learn from the short-
comings of the past? Simply put, a monitoring system
must be viewed as a complete system from the first if it is
to be effective. This implies that the system designer
must see the monitoring program not only from the
top down—water quality goals supported by manage-
ment objectives, which in turn imply monitoring ob-
jecuves, which finally suggest monitoring acuviiies—
but also from the bottom up. This latter view starts with
water quality samples to be analyzed, and continues
with data recording, data storage, and statistical data
analysis. Finally, reports must be generated and sup-
plied to users, who in wrn make management deci-
sions. These decisions will affect water quality and will
also affect future monitoring activities. No step can be

"The Larimer—Weld example was selected not because it represents a
poor design, but because it is one of the best documented monitoring
program designs available.

Table 1. Steps in the design of a water quality
monitoring system.

Step 1 Evaluate information expectations
Water quality goals
Water quality problems
Management goals and strategy
Monitoring role in management
Monitoring goals (as statistical hypotheses)

Step 2 Establish statistical design criteria

Statistically characterize “population” 10 be sampled
Variation in quality
Seasonal impacts
Correlations present (independence)
Applicable probability distributions

From many statistical tests, select most appropriate (match
test requirements to population characteristics)

Step 3 Design monitoring network
Where to sample (from monitoring role in management)
What to measure (from water quality goals and problems)
How frequently to sample (from needs of statistical tests)

Step 4 Develop operating plans and procedures
Sampling routes
Field sampling and analvsis procedures
Sample preservation and transportation
Laboratory analysis procedures
Quality control procedures
Data storage and retrieval hardware and data base
management systems
Data analysis software

Step 5 Develop information reporting procedures
Type of format of reports
Frequency of report publication
Distribution of reports (information)
Evaluation of report ability to meet initial information
expectations

left out. Otherwise, the users will probably not receive
the information they need, if they receive anything at
all (Ward 1979).

The design framework presented in Table 1 repre-
sents a formalized design procedure that has evolved
from the authors’ monitoring system design efforts
(Sanders and others 1983, Ward and others 1982,
Ward and Loius 1955, and Ward and McBride 19853).
This design framework helps to ensure that water
quality monitoring systems are designed in a system-
atic and scientifically sound manner and that they are
capable of producing the information initially agreed
upon. The framework permits a “holistic treatment”
of the total monitoring system.

As part of initiating any design (or evaluation of an
existing design) there must be a clear purpose in mind.
Step 1 of the monitoring system design process, as
outlined in Table I, involves determining what infor-
mation is sought—why is the monitoring being under-
taken? A major task in step 1 is to evaluate manage-
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ment's need for the type of information the moni-
toring system is to acquire. Such an evaluation should
be designed to stimulate a discussion among informa-
tion users and monitoring system designers regarding
not only what the user wants, but what the monitoring
system is capable of producing. This discussion will,
invariably, cover the water quality goals, management
strategies, and the role of monitoring in management
if an acceptable compromise between information “de-
mand and supply” is to be reached. T'wo recent papers
(Cairns 1983, Herricks and others 1985) are particu-
larly timely in discussing the need to establish exactly
why data are being collected by a water quality man-
agement effort.

Specifics on water quality problems, water quality
goals, and the role of monitoring in management be-
come input for later aspects of network design. Like-
wise, a formulation of information expectations in
terms of statistical hypotheses plays a large role in fu-
tre sampling frequency determinations. Output of
step 1 is a mutually agreed upon (by information user
and system designer) and carefully documented state-
ment detailing the information the monitoring system
is expected to produce.

In step 2 of the design framework, statistical design
criteria are established. Water quality monitoring is
gradually becoming recognized as a statistical sampling
procedure (Ward and Loftis 1983). This is especially
true for the more conventional pollutants, which have
been studied more thoroughly. The question of which
statistical procedures are best suited for use in design
and operation of monitoring programs continues to
confront practitioners. However, recent work has con-
tributed to our understanding of water quality as a
stochastic process (that is, influenced by the random
effects of nature and society). The reader is referred
to Hirsch and others (1982), Lettenmaier (1976),
Loftis and Ward (1980), Ponce (1980), Lofus and
others (19838), and Sanders and others (1983) for dis-
cussions of specific statistical methods which are ap-
propriate in monitoring.

Establishing statistical design criteria involves two
major tasks: (a) evaluating the statistical characteristics
(for example, underlying frequency distributions and
dependence structure) of the water quality population
to be sampled, and (b) using the above information to
select the most appropriate statistical tests with which
to obtain the desired information from the collected
data. Knowledge of which statistical tests are most ap-
propriate plays a role in determining sampling fre-
quencies in step 3. Thus, in step 2, the statistics of the
monitoring program are dealt with in a quantiative
manner, before sampling begins. This implies that ei-

ther data are available from an existing monitoring ef-
fort or knowledge about behavior of water quality
random variables has been regionalized from dara col-
lected in a similar, nearby setuing. Only in a completely
new water quality management effort would there be
no existing knowledge. This was the case in much of
the USA when the 1965 Federal Water Quality Act
initiated water quality monitoring as we know it today.
With the data now in hand, the situation has changed
greatly, and thus step 2 becomes feasible before revising
the design of a monitoring system.

In step 3 the physical details of the monitoring net-
work (that is, the where, what, and when of sampling)
are specified. Sampling sites are identified and pre-
asely documented as to the exact spot where the
sample will be taken. The reason for location of a site
is documented in the goals identified in step 1. The
variables to be measured are derived from the water
quality problems and goals of the management effort
(step 1) and the correlation structure between variables
(step 2). It may not be necessary to measure two vari-
ables that are highly correlated—measuring one pro-
vides information on the other. The frequency of
sampling, and measurement frequency of different
variables (which may be different from the sampling
frequency) are selected on the basis of the require-
ments of the statistical tests that were chosen for fu-
ture data analysis as part of step 2. The mechanics in-
volved in network design are described in detail by
Sanders and others (1983).

Step 4 involves defining the means by which
samples will be collected, analyzed, and verified and
the data stored and retrieved. Quality control is a
major concern at this point. Computer hardware and
software are specified. The monitoring system opera-
tions, as defined by Ward (1979), are spelled out in
detail during this step. Literature and standard
methods may be heavily relied upon. The key point is
that in step 4 the operation of the entire system will
be defined in sufficient detail to enable different
people working in the monitoring effort to generate
identical results. Nothing, operationally, should be left
open to interpretation. To do so is to generate data
that may not be comparable (that is, useless for its in-
tended purpose).

Step 5 insures that the monitoring system will pro-
duce final products (written reports) that are designed
to convey the information expected in step 1. The
monitoring system design comes full circle at this
point. To communicate the expected information ef-
fectively, reports must be prepared in an understand-
able format and distributed at a frequency that
matches both the needs of the users of the information
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and the ability of the monitoring system to generate
information. The most appropriate reporting methods
and procedures should be identified as part of the
monitoring system design, but they should not be
beyond future fine tuning. In fact, a procedure to
continuously evaluate the reporting methods, and the
entire monitoring system, should be designed into the
reporting procedure.

The results of the entire design process, all five
steps, should be documented in a written report. Such
a report serves to provide consistency to the moni-
toring effort and therefore greatly enhances the value
of the data and information. It also helps users eval-
uate the quality of information.

The five steps in the monitoring system design
framework represent a large amount of work prior to
initiating a new monitoring effort or modifying an old
one. This type of effort, before initiating monitoring
for regulatory water quality management purposes, is
rare. However, many management efforts (both public
and private) are discovering that no amount of post
data manipulation can cover up the lack of initial de-
sign. Given the cost of monitoring over, say, a 20-year

time frame, the question becomes, what percentage of

this total should be devoted to initial design? Most
people would not consider building a large wastewater
treatment plant without proper imtial planning and

design, but little similar logic is applied in the design of

a monitoring program that may ultimately spend mil-
lions of dollars.

Many management efforts are also discovering that
many unrealistic information expectations are placed
on monitoring programs without any counter-defini-
tion of what information can actually be obtained. The
systematic approach to monitoring system design”pro-
posed herein should minimize such problems in the
future.

Case Study: Applying the Systems Design
Concept in New Zealand

The “systems” approach to the design of routine,
fixed-station water quality monitoring program, sum-
marized in Table 1, is currently being applied o the
possible establishment of a national water quality mon-
itoring program for New Zealand (Ward and McBride
1985). The application of steps 1, 2, and 3, in partic-
ular, have involved a considerable amount of effort
because of the absence of past work on these topics
and the muliifaceted nature of a large water quality
management effort. Once the objectives are quanti-
fied, steps 3 and 4 can be accomplished by making use
of the large body of literature available in the field and

experience developed from past operations (particu-
larly with respect to sampling, laboratory analysis, and
quality control/quality assurance procedures).

In applying the design concepts to the New Zealand
situation, it proved extremely difficult to develop a
concensus on the quantitatve information expecta-
tions to be placed on the monitoring effort. The ap-
proach of the monitoring system designers was to first
visit the principal information users. These are the
staff of the Soil and Water Directorate in the Ministry
of Works and Development in Wellington and the
staffs of the 20 regional water boards located around
the country—an organizational structure not unlike
that used in the USA with the USEPA on the national
level and the states on a more regional level. These
initial contacts served to permit the designers and in-
formation users to state their respective positions in a
nonthreatening situation—no expectations had vet
been formulated.

Following the initial meetings, the monitoring
system designers attempted to formulate the informa-
tion expectations. These expectations were based not
only on the discussions but also on the laws and regu-
lations affecting water quality management in New
Zealand. This evaluation of information expectations,
along with follow-up discussions with New Zealand’s
water quality managers, pointed up a major split in the
expectations. The major water quality management
legislation in New Zealand (the National Water and
Soil Conservation Act of 1967 as amended) contains
ambiguous, and possibly conflicting goals for water
quality, and these conflicts have filtered down into the
management structure. Many managers in New Zea-
land feel that their water quality goal is 1o “maintain or
improve water quality,” while others feel it is to “pro-
mote conservation and best use of natural water.”
Both statements appear in the act, but neither “water
quality” nor “conservation” is defined, which leaves
room for considerable ambiguity.

An evaluation of the monitoring system design cri-
teria required to support these two different goals is
presented in Table 2. It is clear that the definition of
goals can greatly influence the design of a national
monitoring system. Discussions are currently un-
derway to develop a consensus as to which goal has
highest priority from a national perspective. Alterna-
tives to declaring one national goal are also being con-
sidered (for example, regional goals or dual moni-
toring systems).

Leaving these divergent information expectations
unreconciled prior to designing the monitoring system
can open the way for a number of water quality man-
agers in the future to declare the monitoring system to
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Table 2. Implications of alternative goals for design and operation of a routine monitoring system.
Goal (= why)
Maintain or improve Promote conservation and
Item water quahty best use of natural water

Information needed
for design

Information expected
from operation tme

Design criteria?

detection

Characteristics determined by
definition of water quality

Reporiing

Objective definition of water quality
Changes in that water quality over

Sites “representative,” tend to be
spread uniformly
Frequency related to trend

Goal met when trends are either
absent or improving

Objective definition of desired
water uses

Compliance with standards
for those uses

Sites concentrated where
water use conflicts
anticipated

Frequency related to
definition of compliance

Characteristics related to
water quality requirements
of all desired uses

Goal met when probability of
violation of water quality
requirements in acceptable
range

2Sites = where; frequency = when; and characieristics = what (e.g., BOD;, pH, invertebrates, and bacteria).

be inadequate and not supportive of their manage-
ment efforts. In order to avoid this pitfall, system de-
signers simply must not assume an information objec-
tive and proceed. The National Academy of Sciences
(1977) makes this point very clearly in its criticism of
the senior author's early efforts, as well as those of
other monitoring system designers.

Step 2 in the New Zealand application also posed a
major stumbling block. The existing water quality data
were not widely computerized, and in many cases,
known data were difficult to locate even on the labora-
tory reporting sheets. The data that were computer-
ized were rarely in a consistent format and had not
been verified. A considerable amount of effort was
and is being spent on developing a computerized
water quality data base containing consistent, verified
data.

Data now available via computer are being analyzed
to describe their statistical characteristics. The knowl-
edge gained from this task will be invaluable in in-
suring that the monitoring system design recognizes
the unique behavior of New Zealand’s water quality
variables.

Step 3 awaits the outcome of steps 1 and 2. Too
often in the past the urgency felt to immediately pro-
ceed to step 3 has led to the “syndrome” discussed in
this article. Step 4 proceeds primarily from using the
expertise currently involved in the monitoring efforts
around the country.

Step 5 was approached indirectly during the discus-

sions with the information users. Often the reporting
frequency which the information users expect from
new water quality information is beyond the moni-
toring system’s capability. This fact was discussed in
connection with the time required for, say, monthly
sampling to accurately predict a significant trend. An-
nual reports, summarizing the year’s water quality pic-
ture, appear to be essenual, but the top-level adminis-
trators involved are very concerned about the political
ramifications of these reports. This issue is a major
concern, which remains to be addressed.

More detail on the application of the systems design
approach to the New Zealand situation can be found
in Ward and McBride (1985).

Concluding Remarks

The best treatment for the “data-rich but informa-
tion poor” syndrome is preventive medicine. Thus,
water quality monitoring system design is undergoing
evolution as efforts are made to ensure that the data
collected can be developed into information sup-
portive of society’s efforts to manage water quality.
Perhaps the greatest advancement in the next few
years will come in the identification of the exact (statis-
tical) nature of information sought. These information
expectations must be based on a “total system” concept
of monitoring and must be tempered, beforehand, by
the ability of monitoring to accurately describe the sto-
chastic behavior of water quality variables.
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This evolution will also lead to more precise docu-
mentation of the operational details of the design—
including sample collection and analysis. routine data
analysis, information reporting, and inlormation dis-
semination. Future monitoring systems must be oper-
ated in a manner which is more consistent with their
information objectives. This consistency can be
achieved through complete designs with thorough
documentation.

Again, looking to the future, we see the evolution
of monitoring extending bevond those variables that
are currently routinely monitored. Although biological
monitoring is not a major topic of this article, no dis-
cussion of future monitoring activities should ignore
the fact that biological monitoring will play a role of
ever-increasing importance. The integration of quati-
tative information from biological monitoring with
that from chemical and physical monitoring to form a
complete picture of water quality is a cructal topic for
current discussion and research. Perhaps equally im-
portant is the problem of extracting meaningful infor-
mation from monitoring of “new” chemical water
quality variables—such as hazardous organic com-
pounds—which are important in current hazardous
wasle management programs but which behave much
differently (chemically and statistically) from the “con-
ventional” variables.

The above, and many other, issues confront moni-
toring system designers today. However, the problem
definition attempted in this article along with the sug-
gested framework for approaching monitoring system
design provide designers with an organized approach
for dealing with many of the ills which currently affhct
the design and operation of water quality monitoring
systems. It is the author’s hope that the perspective
presented here will lead to monitoring efforts that
more effectively provide information support for
water quality management in the future.
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