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Preface 

In 1974 the Geophysics Research Board completed a plan, subsequently 
approved by the Committee on Science and Public Policy of the National 
Academy of Sciences, for a series of studies to be carried out on 
various subjects related to geophysics. The Geophysics Study Committee 
was established to provide guidance in the conduct of the studies. 

One purpose of the studies is to provide assessments from the 
scientific community to aid policymakers in decisions on societal prob­
lems that involve geophysics. An important part of such an assessment 
is an evaluation of the adequacy of present geophysical knowledge and 
the appropriateness of present research programs to provide information 
required for those decisions. 

This study was motivated by the perceived need for substantial 
improvements in the hydrologic sciences to enable more firmly based 
decisions involving water. This is particularly important in dealing 
with water quality, the interaction of water quality and the ecosystem, 
toxic and radioactive wastes, and the management of water for agricul­
tural and energy production. Larger-scale and longer-term understanding 
of the scientific basis will enable more accurate predictive statements 
on problems involving large investments and human welfare. 

The study was developed through meetings of the panel and presenta­
tion of papers in a preliminary form at the American Geophysical Union 
meeting in San Francisco in December 1979. The papers provide examples 
of our current geophysical knowledge base in hydrology and how that 
knowledge base interacts with the management and planning of our water 
resources. In completing their papers, the authors had the benefit of 
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Preface 

discussion at this symposium as well as the comments of several scien­
tific referees. ResP9nsibility for the individual essays rests with 
the corresponding authors. 

The Overview of the study summarizes the highlights of the essays 
and formulates conclusions and recommendations. In preparing it, the 
panel chairman had the benefit of meetings and discussion that took 
place at the symposium and the co111111ents of the panel of authors and 
selected referees. Responsibility for its contents rests with the 
Geophysics Study Committee and the chairman of the panel. 
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Overview 
and 
Recommendations 

INTRODUCTION 

Hydrologists and water-resource managers and planners can deal effec­
tively with many, if not most, questions of local water supply. In fact 
most existing water-management institutions (e.g., state and local water 
boards and irrigation districts) were designed to manage water supplies. 
However, hydrologists are confronted increasingly with long-term and 
large-scale (regional and national) problems of water management, such 
as (1) groundwater contamination due to toxic and nuclear-waste dispos­
ali (2) nonpoint sources of pollution on our stream systemsi (3) impacts 
of changes in both flow and water quality on the aquatic ecosystemi (4) 
the frequency, duration, and impacts of droughts including long-term 
trends toward desertificationi (5) long-term hydrologic budgets for 
assessing the adequacy of regional or national water resourcesi (6) 
global geochemical cycles such as the fate of nitrogen and sulfur (e.g., 
acid rain) i and (7) protection of engineered systems (e.g., nuclear 
power plants) against hydrologic extrema. These macroscale and long­
term problems, involving large investments and the health and well-being 
of much of the world's population, demand increasingly precise and 
accurate predictive statements. 

Until recently there has been a crude congruence between the knowl­
edge needed to make forecasts and the time horizon (the economic period 
over which the project costs are amortized) of most hydrologically 
dependent decisions. The report, Geophysical Predictions (NRC Geo­
physics Study Committee, 1978), describes many of these forecasts, for 
example, the prediction of flood heights produced by rainstorms. There 
are many other such forecasts, e.g., next season's water supply, the 
drawdown of water levels by pumping, and the oxygen sag-curve in a pol-
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OVerview and Recommendations 

luted stream. These forecasts are short-term forecasts so that projects 
depending on them can be monitored, controlled, reversed, or abandoned 
to avoid egregious errors. But increasingly intense use of the hydro­
sphere for storage, detoxification, and assimilation of wastes, along 
with the potential global hydrologic effects of other societal activi­
ties (e.g., energy production, intensive agricultural development, and 
urbanization) and climatic change, has shifted much of the emphasis in 
prediction to long-term hydrologic phenomena. What makes the problems 
confronting the hydrologic community particularly important now are 
their global and temporal scales and the rate at which they are imposed 
on us. 

Some important problems confronting hydrology were outlined in the 
previous paragraphs. Solutions to these problems require new approaches 
extending beyond conventional hydrologic knowledge and practice. This 
report examines the problems and the differences in approaches, with 
emphasis on gaps in our scientific understanding. Examples of these 
differences follow: 

l. The difference in viewpoint, as well as in practice, between the 
use of empirical and causal models has deep roots in hydrology. Em­
pirical models offer a practical answer to today's problems. These 
models require fitting to onsite data and continuous updating with fur­
ther collection of data. They can have low capacity for transferability 
in time and place and for extrapolation beyond the range of the data. 
Causal models, based on the principles of physics, chemistry, and biolo­
gy, make possible (at least in theory) the explicit incorporation of the 
effects of natural and artificial changes in the land and water environ­
ments provided the same hydrologic mechanisms are involved. Whether 
they do is a pivotal issue because it is tempting to resort to familiar 
mechanistic constructs or to develop new ones on theoretical arguments, 
but these cannot adequately be tested over large temporal and spatial 
scales. In principle, causal models are transferable in space and time, 
but in practice this is often found to be impossible. Accordingly, 
statistical tools, or inferential analysis, necessarily have been used 
to plan water-resource systems. 

An operational and intermediate view is that hydrologic determinism 
admits statistical as well as causal relations. Excessive emphasis on 
causal or theoretical models diffuses hydrologic inquiry by concentrat­
ing primarily on description and explanation, when these might not be 
possible. The two categories are not in conflict but rather in a sym­
biotic relationship. Statistical principles help bridge those gaps in 
causal relationships that arise from unknown and perhaps unknowable 
components called uncertainties or noise (e.g., in quantum mechanics, 
scattering, and turbulence). 

2. Related to the matter of models is the difference between pre­
diction and understanding--the first is directed to immediate needs by 
whatever methods are most practical or that meet some optimization 
objective and the second toward improved ability to explain the connect­
ing factors that control events in time and space. These should be 
intertwined because progress in predicting the performance of complex 
systems almost always requires both. Some might take prediction (see 
Chapter ll) as the ultimate purpose of hydrology--and science in gener­
al. On the other hand, there are others who hold that prediction is a 
means of assessing understanding and that understanding is itself a 
temporal phenomenon. 

3. Attempts at solutions for most of today's water problems are 
concentrated at a local (watershed or aquifer) spatial and temporal 
scale with little reference to the global hydrologic cycle of which 
the local systems are a part. Many hydrologists believe that inter­
action between continental waters, the oceans, and the atmosphere must 
also become a part of hydrologic inquiry especially as large-scale 
problems of climate and environmental change become critical. 

The controversies associated with empirical versus causal models, 
prediction versus understanding, and local versus global scale are the 
main concerns of this report. They are all related to the apparent con­
flict between immediate or short-run concerns and those of the long run. 
This was reflected in some unresolved differences among panel members. 
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OVerview and Recommendations 

The time horizon for hydrologic prediction is of the essence, because 
short-term forecasts often are insensitive to a wide range of imperfec­
tions that would be intolerable in long-range schemes. 

PERSPECTIVES ON WATER-MANAGEMENT PRACTICE 

Society has long had to make major decisions involving large investments 
under conditions of uncertain costs (fiscal, societal, and environmen­
tal) and uncertain benefits. The large investment of time and resources 
associated with initiation of water-resource projects often makes it 
practically impossible to discard a project in favor of a significantly 
different alternative--the inertia can be enormous. What makes such 
management decision making so critical is the possibility of irreversi­
ble, unanticipated effects--perhaps on a global scale--such as those on 
climate, water chemistry, and land erosion. Any environmental decision 
involves risk. By minimizing this risk we can make more efficient use 
of our resources1 there is a penalty for uncertainty in that full uti­
lization of resources is compromised when consequences cannot be pre­
dicted closely. The long-term effects of irreversible error might be 
intolerable. 

The long lead times and the complexity of the planning process-­
involving scientific, economic, environmental, political, recreational, 
and societal concerns (LOrd et al., 1979)--put a premium on the accu­
racy of the predictions of benefits and effects. Confidence in our 
predictive skills can be maintained only through audits of completed 
projects. The difficulty with retrospective audits is that the projects 
themselves may significantly change the local societal and hydrologic 
environment so that there is insufficient opportunity to monitor the 
system for its long-term performance. It frequently becomes impossible 
to make reasonable postproject assessments of the impact of a project 
unless there are causal models to estimate reliably (after the fact) 
what would have happened had the project not been constructed (or had 
it been constructed and operated differently). Such estimates are need­
ed to evaluate the success or failure of the large investment in water­
supply projects and in environmental control. Moreover, as the chapters 
in this report stress, substantial improvements in hydrologic science 
are necessary (but not always sufficient) for the construction of such 
causal models. For example, conjunctive use of surface water and 
groundwater will, under conditions of resource scarcity, beco11e more 
important in water-resource planning. We must know more abOut water 
and chemical transport through the vadose zone--the unsaturated zone 
between the surface and the groundwater table (see Chapter 3 for further 
discussion). 

Few would dispute the need for an improved physical, chemical, and 
biological understanding of the hydrologic regime, but modern computers 
and the opportunities that they afford for use of probabilistic modeling 
techniques suggest an extension of this basic knowledge. For example, 
in modeling aquatic ecosystems it would be inadequate to deal only with 
deterministic processes because of inherent random variabilities in the 
system. One issue facing the hydrologic community is determination of 
when one mode or another of investigation is more appropriate1 the sym­
biosis of theoretical and empirical approaches mentioned abOve is 
essential. 

In addition, customary statistical analyses that have been based on 
hydrologic extremes need further attention. Floods, historically dra­
matic and threatening, have been the wellspring of statistical hydrology 
--but droughts are an equally devastating kind of extreme albeit differ­
ent scales of time and space and different consequences. The estimation 
of hydrologic extremes and their consequences--floods, droughts, glacial 
advances and retreats, channel degradation and aggradation--is a pervas­
ive goal of hydrology, often beyond the powers of the customary statis­
tics derived from an observational record1 these phenomena require 
further understanding if their impacts are to be predicted reliably. 
Moreover, the phenomena are distinct: Droughts are not merely the sta­
tistical opposite of floods. Dunne (Chapter 1) shows that climatic 
fluctuations alter rainfall-runoff relationships so that even long 
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Overview and Recommendations 

records might not provide an adequate sample. Leopold (Chapter 9) and 
Baker (Chapter 10) argue persuasively for the use of the geomorphic 
record as a source of information on floods and droughts. This suggests 
the possible application of the ergodic theorem (observations in space 
as a substitute for those in time). Matalas et al. (Chapter ll) en­
dorse the use of geomorphic data as well as techniques such as regional­
ization of hydrologic data. The problems of extremes deserve scientific 
attention on their own merit to achieve better estimation of the magni­
tude of hydrologic events of low probability. 

MODES OF HYDROLOGIC ANALYSES 

The recent history of water-resource investigations has been dominated 
by computer models for planning and management, without corresponding 
attention to the scientific advances in understanding physical hydrolo­
gy. There are several observations concerning this trend: 

1. Computers have facilitated the estimation of empirical numerical 
relationships, thus making the publication of papers on numerical models 
more attractive than further basic research in hydrologic processes. 
•Fascination with automatic computation has encouraged a new set of 
mathematical formalisms simply because they can now be computed; we 
have not often enough asked ourselves whether they ought to be computed 
or whether they make any difference ••• • (Fiering, 1976). This focus 
and reliance on computational power and empirical relationships have 
consumed resources that might have been applied to theoretical, descrip­
tive, and field hydrology. 

2. Several early and highly innovative water-resource research pro­
grams emphasized the interdisciplinary {physical, social, economic, and 
political) approach to planning. This, unfortunately, has overwhelmed 
the interest in theoretical hydrology and masked ita importance. 

3. Many available theoretical watershed models require an extraor­
dinary number of parameters--perhaps as many as SO. The estimation of 
these parameters by enforcing agreement between basin inputs and out­
puts leads to nonunique seta of results. This inherent nonuniqueneas 
makes applications of these models potentially inappropriate when ap­
plied to hydrologic phenomena on different spatial and temporal scales. 
To minimize this problem, generalizations from offsite data and hydro­
logic experience are required. 

4. The availability of mathematical programming software for rapid 
solution of management and decision-oriented problems prompted promiscu­
ous usage that soon dominated water-resource planning activities. De­
cisions based on these available (and often inadequate) models might not 
have been optimal because the models necessarily discounted some signif­
icant hydrologic realities that could not be accommodated within compu­
tationally tractable analyses. 

5. New problems associated with water-quality management and indices 
of water-quality trends have focused attention on assessment of stand­
ards, economic equity, and regulatory and management policies. 

6. The indiscriminate use of large computers in the modeling of 
large systems concentrated on the linkages (such as ecological impact, 
economic equity, recreational uses, and other societal impacts) between 
the model components and not on the hydrologic bases of the components 
themselves. There has been a trend to rely on interdisciplinary com­
mittees to develop strategies for managing these large systems. 

Just as insistence on causal models can lead to some nonunique esti­
mation of parameters (with large fluctuations of the parameter set due 
to minor changes in the data), so might emphasis on probabilistic and 
management models without adequate concern for hydrologic data or scien­
tific understanding lead to some scientific traps. For example, the 
extreme value statistical theory (Gumbel, 1954) used in the derivation 
of some flood-frequency distributions does not fit well with many obser­
vational hydrologic data. Because empirical evidence often did not 
support proposed statistical models, other (and presumably better) sta­
tistical models were sought, generally with little concern for the 
hydrologic phenomena that they attempted to describe. Another example 
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OVerview and Recommendations 

is that hydrologic practice stresses the use of unbiased estimates. 
However, Fiering and Kuczera (Chapter 7) and Matalas et al. (Chapter 
11) argue that, for many predictive and operational purposes, biased 
regional estimators have desirable properties that offer more advantages 
than disadvantages. 

FINDINGS 

The three major findings of this report are as follows: 

1. Neither empirical-optimization models nor increased causal 
understanding alone will enable hydrologists to respond with the neces­
sary effectiveness to current societal demands--a combination of the 
two is required. The scientific understanding of hydrology is current­
ly inadequate (documented in all the accompanying chapters) and needs 
substantial advances. Statistical models also are inadequate, but the 
panel did not address this issue. Both forms of analysis have strengths 
and weaknesses. 

Even though this study emphasizes causal understanding, it is argued 
that it is unrealistic to cast aside statistical models in the hope that 
deterministic or causal principles will be found to provide timely an­
swers to the urgent planning questions. The most challenging hydrologic 
problems occur at intermediate scales because of the difficulty in 
extrapolating from microlevel understanding or from macrolevel descrip­
tion. We cannot afford to be selective in the quest for usable toolsf 
indeed, even if refined tools are found they might not be as useful to 
the planner as more pedestrian models. 

2. The problems of hydrologic scale impact not only scientific 
alternatives and research directions but also the management of water­
resource systems. Institutional jurisdictions extend to those mesoscale 
concerns (typically basins) that are of a similar scale to the principal 
unresolved hydrologic problems. 

3. Although these institutional aspects are not specifically ad­
dressed within the context of this study, the panel recognized the 
importance of these problems. No scientific approaches will be totally 
successful without reduction of existing institutional difficulties (see 
NRC Water Resources Research Review Committee, 1981). Consider the fol­
lowing examples. (1) Some institutions collect, while others are 
consumers of, data. This has often led to fragmented data bases for 
which integrated data-retrieval systems are prepared at great expense 
but only used infrequently. (2) Watersheds and political boundaries 
rarely coincide. This often leads to jurisdictional problems that 
should and could be overcome. (3) There is evidence that some institu­
tions do not now efficiently utilize the available knowledge in planning 
and discharging their mandated responsibilities [e.g., the requirement 
that virtually all flood-frequency analyses be based on the log-Pearson 
III density (U.S. Water Resources Council, 1977) despite its recognized 
inadequacies and proposed modifications). One might thus infer that 
more thorough understanding and regional data bases might not be fully 
utilized because of traditions, inertia, and the longer time constants 
of institutional change. (4) Some institutions deal with water quality 
and some with quantity, which sometimes leads to regulatory and program­
matic inconsistencies. 

These findings suggest that it is far more practical to express 
these research opportunities in terms of questions to be answered than 
in terms of categories of social objectives or problems. Almost all of 
the papers in this report look at hydrologic research in this way. 

Several specific fundamental and applied research questions are 
cited as examples of the scientific issues that need to be addressed. 

1. Can the concept of scale--temporal and spatial--be included in 
hydrology so that some of the processes can unambiguously and efficient­
ly be studied and managed at one level and some at another? The drain­
age basin or aquifer has been the customary unit for hydrologic inquiry, 
and this unit has indeed been satisfactory for short-run projections. 
However, the watershed is only a local or regional unit in the global 
moisture cycle, which has branches in the continents, the oceans, and 
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the atmosphere. A change made by man of the land surface alters the 
natural balance through changes in the transfer of beat and moisture 
between the land and the atmosphere. Determination of the new balance 
raises many questions that tax present hydrologic understanding. The 
long-term alteration of permeability of confining materials around a 
nuclear-waste repository involves time scales heretofore neglected in 
conventional hydrologic inquiry. These questions, in which the temporal 
and spatial scales are quite different from those of the watershed or 
aquifer, are at the bottom of uncertainties about the long-run effects 
of global land use change and of climate change (Chapter 2). 

2. How can chemistry and biology be coupled with our understanding 
of the physics of water movement? How can this understanding be applied 
to the management of groundwater and surface-water quality (Chapters 5 
and 6), especially to the resolution of problems of waste transport and 
disposal? Do institutional specilizations require reorientation to 
apply this coupling? 

3. What is the impact on the food web--and, ultimately, on human 
life--of toxic substances in water (Chapters 5 and 6)? Do the long­
time horizons explicit in the migration of toxic substances impose the 
need for a new calculus of risk assessment to establish optimal regula­
tory standards? 

4. Given various theoretical models, what advances and techniques 
are needed to measure and define statistically stable estimates of the 
requisite parameters? Are existing data sets adequate for both causal 
and statistical usage? Do new data sources from the other sciences sug­
gest improved techniques for parameter measurement and/or estimation, 
either for existing formulations or for new models motivated by analyses 
of these data? What information needs to be collected to meet the 
requirements of both theoretical and applied hydrology? Which institu­
tions should collect, archive, and disseminate these data? Is hydrolog­
ic research constrained by institutional structures and needs, which 
themselves represent the accumulated scientific knowledge of earlier 
generations? 

5. Can models of sequentially dependent processes (e.g., pollution 
discharge, transport, dilution, exposure, and physiologic consequence) 
be linked satisfactorily to form a causal chain of understanding leading 
to optimal control? Given such uncertainties of each process and of 
their linkages, can such a causal chain have the predictive power neces­
sary to address the relevant societal issues? Can existing data bases 
be manageably integrated to formulate and calibrate such chains of 
models and their parameters? 

6. What is the proper role of statistics in developing and assessing 
models? How far should we press for predictive accuracy and precision? 
When is a model •good enough• for scientific understanding or engineer­
ing applications? At what scale should we strive for understanding 
hydrologic phenomena, and at what scale is empiricism adequate? How 
can we encourage the utilization of better understanding by the client 
institutions? 

7. What algorithms should be used to design protective works (e.g., 
reservoirs, flood walls, levees) and establish nonstructural defenses 
against hydrologic extremes. Planners often express the need to know 
•the true density function• of these extremes, but in fact there is 
little to be gained in this achievement because the short-term sampling 
instability of rare events is so great that wide errors in estimation 
are to be expected. The concept of regret should be incorporated. Thus 
the real question is not •What is the 500-yr flood?• but •we know that 
an event of size x has occurred. Do we protect against other poten­
tial events of size x, 2JC, sx, • ? What are the socioeconomic 
consequences of protection to these levels?• The definition and esti­
mation of hydrologic extremes and their incorporation into the planning 
process need improvement. 

SCIENTIFIC UNDERSTANDING OF ELEMENTS OF HYDROLOGY 

The panel addresses (in the remainder of this volume) the current status 
of causal or theoretical hydrologic science in terms of its contribution 
to the management of water resources. There is general agreement that 
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for most surface-water and most groundwater hydrology our understanding 
of the physics of basic hydraulic processes is reasonably well develop­
ed. On the other hand, enhancement of the predictability of related 
hydrologic components, such as weather and climatic feedbacks (Chapter 
2J NRC Geophysics Study Committee, 1977) and runoff relationships (Chap­
ter 1), would be beneficial. In addition, chemical and biological 
information must be further integrated with our basic understanding to 
help formulate and apply hydrologic models for predicting hydrologic 
fluxes and societal impacts. 

New research would improve our understanding of water qualit!l• 
Conventional investigations involving indicators and standards of common 
pollutants, biological well-being, and human health have not typically 
resulted in fundamental understanding of the water system or the role 
of the works of man. Improved understanding of the basic chemical and 
biological processes (see Chapters 5 and 6) would increase our predic­
tive capabilities in addressing widespread and long-term effects of 
anthropogenic perturbations and natural phenomena and would help bring 
regulatory activities into focus. It would be marvelous if hydrologists 
could track a large number of molecules of water and entrained substan­
ces to ascertain how they arrived where they are and how long they re­
sided in various storage compartments along the way. It would be even 
better if their future trajectories could be established, but we recog­
nize the impossibility of conducting such an •interview.• However, a 
careful study of past trajectories might enable us to determine probabi­
listically some potential anticipated long-term trajectories (in other 
words, to make predictions). 

Despite the firmly developed understanding of the occurrence of 
groundwater, some misconceptions (e.g., that the water budget of an area 
determines the magnitude of possible groundwater development) continue 
to pervade practice with adverse consequences on public water policy 
(Chapter 4). our water-management institutions generally do not take 
into account the interconnections between groundwater and surface water. 
Further, with respect to the design of groundwater systems for supply or 
waste disposal, the time horizon is so distant that a customary period 
of observation or monitoring (several years or decades) will not gener­
ally be meaningful for predicting long-term effects. Such predictions, 
inherently uncertain, must depend on an understanding of the hydro­
geologic system as well as the processes--the nature of the transport 
with its accompanying dispersion and chemical reactions. Because the 
variances are large, these are high-risk predictions from a statistical 
and operational viewpoint. Although we have good models for many con­
ventional flow patterns, a particular concern in groundwater is how to 
treat flow and chemical transport in fractured geologic media--an impor­
tant issue in the search for adequate methods and sites for waste dis­
posal. These questions need to be addressed if we are to cope with 
societal matters related to significant usage (i.e., mining) of ground­
water. 

The vadose zone--and several other components of the hydrologic 
cycle--offers a particular class of problems. The equations governing 
flow and transport in the vadose or unsaturated zone are of a type for 
which measurements are especially difficult, so that calibration of 
various models and of their estimated parameters is extremely tenuous 
and fragile. The inherent difficulty (see Chapter 3)--or perhaps impos­
sibility in the foreseeable future--of measuring the physical properties 
within the vadose zone suitably to calibrate theoretical models of its 
behavior is explicitly recognized. In the absence of such calibration, 
it is currently necessary, and frequently acceptable for engineering 
purposes, to accept some associative (lumped-parameter) models in order 
to make predictions within this domain. 

HYDROLOGIC SCALE 

One of the most difficult problems in hydrology is that of scale. Cur­
rent societal problems confronting hydrology are of large temporal and 
spatial scales heretofore of little practical interest. Hydrologic 
thinking needs to be extended beyond small catchments or even major 
watersheds, beyond conventional design horizons and institutional and 
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budgetary constraints. It is necessary to identify the dimensions of 
time and space along which explanations and predictions must hold if 
they are to serve satisfactorily. 

Much of what we know, and much of what could be proposed to be 
learned, deals with understanding the various microscale elements in 
the hydrologic cycle. One of the assumptions frequently made is that 
our understanding of the microscale elements and processes can, with 
minor modifications, be extrapolated in principle to an understanding 
of the macroscale environment, thus enabling reliable predictions to be 
made by linking the solutions to form a causal chain. Unfortunately, 
it seldom happens that way. Sooner or later, at some scale or charac­
teristic dimension, mechanistic explanation breaks down and is necessar­
ily replaced by unverified causal hypotheses or statistical representa­
tions of the processes. Several papers in this report deal with this 
scale problem. 

Studies tend to focus on hydrologic representations of the fundamen­
tal fluxes that connect a small set of storage reservoirs, inflows, and 
outflows within the watershedJ the watershed is typically taken as a 
convenient unit. It is probably unreasonable to expect that the sue 
set of equations and parameters that •explain• the performance of a 
small watershed will serve equally well for a large one, let alone the 
global hydrologic system. We cannot apply to the whole the sue sci­
entific formulations that are optimal for designing each of its parts. 
We need some measure of hydrologic scale (analogous to the Froude and 
Reynolds numbers in hydraulics) to help discriminate among alternative 
forms of analysis. 

We cannot be comfortable with our understanding of critical hydro­
logic or hydraulic processes because the temporal and spatial scales of 
our problems are such that even small prediction errors might be levered 
into catastrophic effects when magnified and extended by the systems as 
actually constructed, operated, and impacted by unforeseen events. 
There is therefore an understandable or even laudable tendency to exaa­
ine in minute detail some of the processes that are presumed to govern 
these massive systems, the justification being that understanding the 
microhydrologic processes is a necessary and perhaps sufficient condi­
tion for making usable predictions of the performance and effects of 
macroscopic systems. The problem is that hydrologic analysis has con­
centrated on systems that are small compared to real or potential per­
turbations to the hydrologic cycle. Thus it must be asked if causal 
models are a necessary condition for formulating working hypotheses 
about macroscopic systems. Perhaps not. This is not to argue against 
understanding components of a causal chain but rather to suggest that 
advances are made by an orderly alternation between theory and careful 
observation. 

But changes on the watershed scale exert global hydrologic effect. 
A change in local evaporation, for example, caused by a change in 
vegetation cover, results in compensating changes in precipitation else­
where. Questions of this order raise difficult problems of incommensu­
rate spatial and temporal scales among the linkages between the conti­
nents, the atmosphere, and the oceans. These questions have long vexed 
those concerned with atmosphere-ocean modeling, including the land phase 
in these models would introduce even more complexity. 

A finer scale of inquiry is needed to answer some critical ques­
tions, such as nonpoint sources of pollution (Chapter 1), than is now 
provided by most lumped-parameter watershed models. In these models, 
total precipitation over the watershed is related to observed runoff 
and gives results that are satisfactory for many short-run predictions 
of future runoff or of the flow of nearby ungauged streams. The models 
neglect considerations of some internal mechanisms and flow paths that 
govern both the flow and the water quality, and it is argued that these 
must be understood to predict the long-run effects of changes in land 
and water use. Fiering and Kuczera (Chapter 7) take an intermediate 
view, arguing that coupled equations, and fitting procedures designed 
for them, are efficient predictors. 

Some hydrologic processes have time scales on the order of minutes 
or hours (e.g., atmospheric precipitation), others centuries (e.g., 
groundwater): some are scaled in meters (e.g., channel width and depth), 
others in kilometers (e.g., river distances). All of these are linked, 
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and yet it is infeasible for a single model to accommodate range of 
temporal and spatial scales. The challenge of scale, coupled with the 
challenge of appropriate utilization of new data commensurate with the 
scale of inquiry, constitutes an important and exciting frontier in 
hydrology. The computer is essential in this respect. With an increase 
of about one million times in the computing speed, we can begin to ask 
questions for which solutions were essentially unapproachable under 
former computational constraints. We must begin to think in large­
scale, global terms with utilization of as much data as are applicable 
to provide new theoretical and empirical insights to the solution of 
hydrologic problems. 

HYDROLOGIC MODELING 

One branch of hydrologic modeling deals with the frequency of extremes-­
floods, droughts, and major storms--for which statistical techniques 
are clearly essential. Decision making in water-resource planning 
involves a class of operations-research models for guidance in optimal 
utilization of resources; appropriate use of these models is not chal­
lenged here. The division between causal and statistical models does, 
however, become an issue in considering the prediction or retrospection 
of the movement of water through a basin and its chemical and biological 
effects. At one end lie full, causal (conceptual) explanations, based 
on reCOCJnized first principles of the basic sciences. At the other end 
lie statistical empirical explanations based on analysis of data 
collected in the basin. 

Empirical models of hydrologic processes differ from conceptual 
models principally in the dimension of the system under study. For 
example, in the typical empirical representation of the rainfall-runoff 
process, the characteristic dimension (i.e., the catchment) is large. 
The selected scale of the representation serves to emphasize relation­
ships between input quantities (current and antecedent precipitation, 
basin characteristics, groundwater storage, and evaporation potential) 
and outputs (runoff, discharge, and aquifer flow). The results derived 
from these models often do not fit the observations well enough for the 
predictive purposes at handJ therefore, random components might be in­
troduced to accommodate residual variation. In contrast, the potential 
modification of transmissivity of aquitards and aquiclude& over thou­
sands of years of exposure to heat and radiation that could exist in 
the vicinity of a nuclear-waste repository is an example for which the 
characteristic spatial dimension is small. 

In managing our water resources, we resort to empirical models of 
phenomena and to a variety of decision-oriented optimization models 
(many of questionable scientific value) because of imperfect understand­
ing. Some of these are deeply rooted in institutional tradition. This 
has inevitably led to occasional overenthusiastic reliance on operation­
al mathematics and optimization techniques and a plethora of rainfall­
runoff relationships that harbor inconsistencies and incompatibilities 
with respect to possible physical systems, with inadequate consideration 
(e.g., the use of linear models for nonlinear processes) of the inter­
actions of hydrology and its related disciplines of geology, chemistry, 
biology, and meteorology [a form of Gresham's law might be operating 
(Comar, 1978)). 

Empirical model building is valued by many respected hydrologists. 
The difficulty with such empirical analysis inheres in what is excluded 
rather than in what is included. For example, global runoff accounts 
for approximately one third of the incident precipitation, with infil­
tration and evapotranspiration accounting for the remainder. When the 
latter two fluxes are ignored in rainfall-runoff relationships, the 
models are almost certain to fail as predictive tools except in local 
and short-term applications, where they can be fine tuned to a particu­
lar data set. Predictive failure occurs because the omitted flux is 
about twice as large as that which is included. Moderate errors in the 
omitted portion are levered into much more substantial errors in the 
runoff. Perhaps what is needed is systematic use of lumped-parameter 
watershed models that strive for robust representation of basin perform­
ance. 
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The proliferation of models has led to many inconsistencies (Chap­
ter 8) and incompatibilities among the assumptions incorporated in the 
models. Moreover, many of the values of hydrologic parameters used in 
conventional empirical models are generated by an optimization tech­
nique. Such estimated parameters may bear little or no resemblance to 
the physical parameters in the system. Fiering and Kuczera (Chapter 7) 
offer possible improvements here, but the coupled problems of IIIOdel 
specification and parameter estimation and measurement will remain per­
vasive in hydrology. 

Philip (1975) recognized two important points with respect to model­
ing: (1) that hydrologists deal with models that specialize in, and 
attempt to relate, processes of enormously different (temporal and 
spatial) scale and (2) that • • • • hydrologists do not always make good 
use of what is known.• Whereas this appears to be a tautology, Philip 
suggested the inherent difficulty or perhaps impossibility of developing 
a widely applicable catchment-runoff scheJDe based on a few axioms and 
the potential for use of existing regional data. Philip (1975) suggest­
ed a compromise with respect to physical models: 

Any such model suffers ••• from a lack of •robustness of identifiabil­
ity• and, in consequence, the parametric representation of the system 
is inefficient and will tend to be unreliable. In these circumstances 
it may well happen that, when there are sufficient external reasons to 
regard the system as stationary, a seemingly mindless use of a predic­
tion system based on a regression (with no pretense at a physical model) 
may well represent a most efficient procedure • • • On the other hand, 
for dynamic systems where changes in catchment characteristics are known 
or suspected, a regression-type prediction system is powerless to take 
account of catchment changes. What, then, can be done? All tnat one 
can counsel is that the pseudo-physical model should be confirmed and 
supported by as much •ground-truth• as possibleJ and that continuous 
monitoring of catchment characteristics be undertaken. Presumably one 
must keep the model under continual review and also must maintain a 
programme of direct physical observations on the catchment. 

The difficulty in hydrology is that, if each element of a long 
causal string of interconnected models requires an enormous amount of 
insight, work, and data to be validated within the conventional scien­
tific framework, there is still the nagging problem of how to put the 
pieces together in a meaningful way. This is essentially to divide 
problems into microscopic and macroscopic scales1 the issue is where to 
make the cut and still preserve the essence of the problem, and this 
might not coincide with the existing institutional structure. So long 
as there is the possibility that one of these links will remain weak, 
we must seek some middle ground that utilizes as much as we know. How­
ever, if unifying concepts enable complicated pieces to be linked in an 
operationally useful way, obsolete formalisms need to be replaced by 
these new insights. 

Operationally useful models are neither black nor white but are 
varying shades of gray. To suggest otherwise frustrates the decision 
makers who, when faced with the apparent hopelessness of the situation, 
might turn to frauds and charlatans with •divining rods• to seek advice. 
Decisions must be made, and in the absence of a mediating mechanism that 
allows for an interplay in the scientific process and periodic assess­
ments, incalculable harm could be done. such a mechanism and the role 
of periodic assessment and monitoring are critical. 

continued reference to models reflects the inductive nature of 
hydrologic research whose advances are judged in terms of predictive 
capability (Chapter 11). Matalas et al. note in Chapter 11 that there 
is no generally accepted definition of causality and prefer to apeak in 
terms of the connectedness between events in space and time. Within 
this framework the principle of determination admits statistical laws, 
as well as causal laws. 

This Overview argues that what hydrology needs is to (1) integrate 
the available knowledge, (2) guide programs for data collection--partic­
ularly as remote sensing and satellite imagery are beginning to show 
utility in hydrology, (3) develop techniques for accessing and integrat­
ing the various data bases, and (4) make incisive models of those hydro-
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logic, chemical, and biological processes that are needed for acceptable 
predictions. The operational test of a prediction is not necessarily 
its accuracy or precision, but rather the extent to which it leads to 
good decisions. 
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Models of 
Runoff Processes and 
Their Significance 

1 
THOMAS DUNNE 
Universit!l of Washington 

INTRODUCTION 

Rainwater and meltwater can follow one of sever­
al surface or subsurface paths down hillsides to 
stream channels. The migration of water along 
one of these paths is called a runoff process, 
and more than one such process usually operates 
at any given site. The relative magnitude of 
flows along each path depends on local climatic, 
soil, and geologic characteristics and particu­
larly on vegetation cover, as is discussed 
later. 

Runoff processes are the central issue in 
land-surface hydrology because they affect the 
volume, rate, and timing of streamflow and 
therefore the generation of floods and critical­
ly low dry-weather flows, the prediction of 
which has been the subject of much effort. 
These efforts have responded uinly to design 
needs in water-resource development and flood 
control, and their aims were limited. Conse­
quently, it was sufficient to ignore the complex 
set of processes generating streamflow and to 
treat the problem of runoff prediction as a 
statistical problem in which measured output 
(streamflow) was related to measured input 
(rainfall or snowmelt) and various drainage­
basin characteristics such as area and slope. 

J7 

The resulting empirical relationship could be 
used for predicting future streamflow in the 
measured drainage basin or on unmeasured catch­
ments. This method has yielded useful results 
that formed the basis of a great deal of suc­
cessful engineering. However, the statistical 
approach has several limitations. 

1. Most hydrologic records are short and 
unlikely to sample extreme eventsJ the most 
important design events must often be estimated 
through extrapolation from an inadequate set of 
data. 

2. Climatic fluctuations and human influ­
ences in the hydrologic cycle constantly alter 
the rainfall-runoff relationship in some re­
gions, so that even long records do not provide 
a homogeneous set of data for statistical analy­
sis. 

3. The statistical approach provides little 
or no information about the physical character­
istics or spatial distribution of runoff within 
a drainage basin. Recent interest in the scien­
tific aspects of hydrology and in the applica­
tion of hydrologic studies to a wider range of 
societal problems have focused attention on 
these runoff characteristics. 

Runoff from hillsides entrains and trans-
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ports into channels the sediment, chemical, 
organic debris, bacteria, viruses, and other 
materials that affect the characteristics of 
streamwater. On its way to the channel, runoff 
is associated with various degrees of soil wet­
ness and pore pressure, which affect such impor­
tant land characteristics as suitability for 
agriculture or waste disposal, trafficability, 
and stability against landsliding. 

Human activity frequently alters the inten­
sity of runoff mechanisms or introduces a pro­
cess that did not occur in the area before 
disturbance. Thus, changes in land use are 
often accompanied by increases in the size of 
floods on small streams, waterlogging of soils, 
and landsliding or high concentrations of sedi­
ment, chemicals, or biological pollutants in 
streamwater. The disturbances spread and their 
effects accumulate while subject to a random 
array of meteorological events. Consequently, 
it is exceedingly difficult to predict the in­
fluences of human activity on the basis of 
empiricism alone, because it is not possible to 
compile adequate data sets through repetition 
of controlled experiments. Various federal 
agencies have expended a great deal of effort 
on such experiments in small drainage basins, 
but the statistical limitations of the experi­
mental designs and the inherent difficulty of 
interpreting spatially distributed processes on 
the basis of measurements at the basin outlet 
alone severely restrict the conclusions that 
can be drawn from such experiments. Thus, after 
30 yr of such research there is still controver­
sy and confusion about such issues as the influ­
ence of forest management on flood peaks, soil 
nutrient status, sediment production, and water 
quality. · 

Many questions concerning land and water 
management are likely to be of this type in the 
next few decades. For example, the problem of 
predicting nonpoint sources of phosphorus, 
nitrogen, or bacteria in streams and lakes or 
of the wash-off of heavy metals and other pol­
lutants in urban storm drainage requires that 
the amount and path of runoff and its hydraulic 
characteristics can be predicted. A statistical 
relationship that would predict peak runoff is 
not adequate. The sources and characteristics 
of the runoff and what it can entrain and trans­
port to the stream need to be known. A model 
of these processes would need to account for 
spreading of the urbanized area in a drainage 
basin and the impact of strategies for modulat­
ing runoff rates. 

Another example is the problem of predicting 
some effects of large-scale exploitation of 
tropical landscapes, such as the Amazon Basin. 
Concerns such as the potential for physical and 
chemical degradation, the alteration of biogeo­
chemical cycles, and the ·stream transport of 
organic materials involve runoff. Yet, only 
one small experimental investigation of runoff 
processes has been conducted in the 6.1-million 
km2 Amazon Basin (Northcliff et al., 1979) 
and only several in tropical forests in other 
parts of the world (Bonell and Gilmour, 1978; 
Leigh, 1978). We have virtually no basis for 
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making predictions about the hydrologic conse­
quences of disturbanceJ about the probable dis­
tribution of accelerated erosionJ or of leach­
ing, waterlogging, or any other impact. 

In this and many other situations the conse­
quences are likely to be predicted on the basis 
of simple statistical relationships that incor­
porate coefficients to predict volumes or peak 
rates of runoff, amounts of soil loss, or other 
requirements. These conceptually simple rela­
tionships are often applied to small portions 
of drainage basins and added together or other­
wise manipulated by high-speed computers and 
presented as complex models. Close examination 
of such calculations frequently indicates that 
the application is fundamentally wrong. The 
relationships are often developed with the wrong 
runoff process or erosion and transport mecha­
nism in mind, or the parameters are unreasonable 
in light of field observations or physical pos­
sibilities. Despite the fact that such calcula­
tions may not describe what is happening in the 
field, they are often defended with such argu­
ments as: •the procedure can be calibrated 
against field measurements so that it yields 
correct answers, • or •we have to have a simple 
uniform procedure that can be applied in all 
situations to meet the requirements of the 
law,• or •we do not have the resources to train 
our prediction personnel in field observation 
or data collection.• 

If prediction efforts continue along these 
lines they will lead to expensive failures and 
mismanagement of land and water resources. 
Errors are most likely to appear in the predic­
tion of extreme events or disruptions of kinds 
that have not been well documented. There will 
also be a lack of intelligent approaches to 
problems other than prediction of some stream­
water characteristic at the basin outlet. In 
many cases the manager or policymaker may be 
less interested in a precise calculation of 
(say) peak runoff than in anticipating the char­
acteristics of certain zones of a landscape 
under various hydrologic scenarios or where to 
collect samples to monitor changes. Answers to 
this kind of question depend on a knowledge of 
the physics of the land phase of the hydrologic 
cycle. 

During the past 20 yr an alternative ap­
proach to hydrologic prediction has emerged 
through a combination of field experiments and 
mathematical models. These developments concen­
trate on the physics of runoff and of the ero­
sion and transport for which it is responsible. 
They permit predictions not only of basin out­
flows but of the spatial distribution and char­
acter is tics of runoff. This chapter reviews 
the current status of field observation and 
physically based modeling capability. 

DESCRIPTION OF RUNOFF PROCESSES 

Horton Overland Flow 

The paths that water can follow to a stream are 
indicated schematically in Figure 1.1. An im-
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Hodels of Runoff Processes and Their Significance 

portant separation occurs at the soil surface, 
which can absorb water at a certain maximum rate 
known as the infiltration capacity. This rate 
is relatively high at the onset of rainfall but 
declines rapidly to an approximately constant 
value after about 0.5-2 h. If rainfall intensi­
ty at any tiM during a rainstorm exceeds the 
infiltration capacity of the soil, water accu.u­
lates on the surface, fills small depressions, 
and eventually spills over to flow downslope as 
an irregular sheet. This runoff is known as 
Horton overland flow {path 1 in Figure 1.1) 
after Robert E. Borton {1933, 1940), who first 
developed a theory of the relationship between 
infiltration and runoff and their consequences 
for land and water management and who also con­
ducted soM of the earliest experiments on these 
processes. The occurrence of Borton overland 
flow depends mainly on the surface characteris­
tics that control infiltration, the most impor­
tant of which are vegetation and soil condi­
tions. Dense vegetation cover protects the soil 
surface from the packing effect of raindrops, 
provides organic material, and promotes biolog­
ical activity that forms open stable soil aggre­
gates. Coarse-textured soils can absorb rain­
fall at a higher rate than silty or clayey 
soils. Land use often involves the reduction 
of vegetation cover and the breakdown of soil 
aggregates, with a consequent lowering of infil­
tration capacity and an increase in the frequen­
cy and a.ount of Borton overland flow. In the 
extreae case of urban land use, the infiltration 
capacity of large fractions of the land surface 
is reduced to zero. 

Horton overland flow tends to produce a 
major portion of the total runoff in arid and 
semiarid landscapes and in disturbed zones of 
humid landscapes, such as cultivated fields, 
paved areas, mine spoils, construction sites, 
and rural roads. These areas lack a dense vege­
tation cover and well-aggregated topsoil. In 
areas where Borton overland flow is the dominant 
producer of storm runoff, large areas of hill­
side commonly have a low infiltration capacityJ 
but because infiltration aay vary from place to 
place over a surface, the runoff is not distrib­
uted uniformly. An important problem in runoff 
prediction is the determination of whether over­
land flow will occur on a certain portion of the 
landscape in a particular rainstorm, as well as 
the amount that will be generated. Identifica-
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tion of runoff-producing zones is also important 
for recognizing areas that are susceptible to 
erosion and the washing off of pollutants. 
Betson {1964) referred to the nonuniform genera­
tion of Borton overland flow as •partial-area 
runoff.• 

Horton overland flow typically travels over 
hillslope surfaces at velocities of 10-500 m/h, 
so that the whole of a 100-m-long hillside can 
contribute runoff to a stream channel in rain­
storms of 0.2-10 h duration. This rapid influx 
to the channel is responsible for a rapid re­
sponse of streamflow to rainfall and high peak 
rates of stream discharge relative to those from 
basins of similar size but subject to different 
runoff processes. Prediction of response time 
is another important goal of runoff modeling. 

Subsurface Flow 

In densely vegetated, humid regions the infil­
tration capacity is usually high enough to 
absorb all but the rarest, most-intense storms. 
If the soil and underlying rock are deep and 
permeable, the infiltrated water percolates 
through the soil into the vadose zone {see Chap­
ter 3) and then follows a curving path through 
the phreatic zone to stream channels. Typical 
rates of this groundwater flow {path 2 in Figure 
1.1) are many orders of magnitude slower than 
velocities of overland flow, and the subsurface 
paths are generally long, so that groundwater 
supplies dry-weather streamflow and is a less 
important con-tributor to storm runoff. {The 
characteristics, significance, and modeling of 
this runoff process are examined in Chapters 4 
and 5.) 

In many soils or rocks, water percolating 
vertically encounters an impeding horizon and 
is diverted laterally. It migrates downslope 
through the soil and displaces into the stream 
channel water that is in storage and has been 
migrating slowly downslope during the preceding 
days or weeks. If this shallow subsurface flow 
(path 3 in Figure 1.1) is generated under a low 
rainfall intensity onto a highly permeable soil, 
the water may travel downslope without saturat­
ing the soil. Flow is confined to the narrower, 
intergranular pores, and its velocity is usually 
of the order of 10-4 11/h or less. Under in­
tense rainstorms the soil often becoaes saturat­
ed at some depth. Water is then able to migrate 
through the largest pores, rootholes, wormholes, 
and structural openings, and its velocity may 
increase up to about 0.2 m/h in highly permeable 
forest soils on steep slopes but to much lower 
values in most soils. Although it travels more 
slowly than Borton overland flow, some of this 
runoff arrives at the channel quickly enough to 
contribute to floods and is classified as sub­
surface stormflow (Whipkey, 1965). But small 
streams fed dominantly by this process respond 
an order of magnitude more slowly to rainfall 
than those with similar drainage area receiving 
Horton overland flow, and their peak rates of 
runoff tend to be more than an order of magni­
tude lower {Dunne, 1978). After a rainstorm, 
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shallow subsurface flow declines and may cease 
altogether in some soils. Hewlett (l96la, 
l96lb) showed, however, that in a mountainous 
region underlain by impervious rock, slow drain­
age of water from unsaturated soils may be 
responsible for dry-weather flow also. Recent 
important work has been reported by Barr (1977), 
Anderson and Burt (1977, 1978), and Anderson and 
Kneale (1980) • 

Saturation Overland Flow 

Vertical and horizontal percolation may cause 
the soil to become saturated throughout its 
depth on some parts of a hillside. The soil 
saturates upward from some restricting layer, 
and when saturation reaches the ground surface, 
rainfall cannot infiltrate but runs over the 
surface as saturation overland flow. Some of 
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the water moving slowly through the topsoil aay 
emerge and flow overland to the channel as re­
turn flow (Musgrave and Holtan, 1964). Thus, 
direct precipitation onto the saturated soil, 
with or without return flow, generates satura­
tion overland flow (path 4 in Figure l.l), 
which is intimately related to subsurface runoff 
and soil conditions. The process occurs most 
frequently on gentle footslopes and hollows with 
shallow, wet soils (Dunne, 1970) but can also 
occur on other parts of a hillslope with thin 
or wet soils. During a storm the saturated zone 
may spread upslope and especially into topo­
graphic hollows and zones of shallow, wet, or 
less permeable soil. Slower fluctuations of the 
zone producing overland flow result from season­
al changes in wetness. Figure 1.2 provides 
field examples of such fluctuations. Saturation 
overland flow usually moves more slowly (0.3 m/h 
to less than 100 m/h) than Horton overland flow 
because it travels through dense ground vegeta­
tion on low gradients. It generates streamflow 
with a lag time and peak discharge that are 
intermediate between those characteristic of 
Horton overland flow and of subsurface storm­
flow. 

It is now generally agreed that in densely 
vegetated humid regions, most storm runoff is 
generated by a combination of shallow-subsurface 
stormflow and saturation overland flow, which 
in turn consists of various proportions of 
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FIGURE 1.2 (a) Seasonal variation of the saturated zone 
in a catchment at Randboro, Quebec. (b) Expansion of the 
saturated area during a 46-mm rainstorm in a catchment 
in northern vermont. The solid area indicates the sat­
urated zone at the beginning of the storm1 the lined 
area indicates that zone at the end of the storm (from 
Dunne et al., 1975). 
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FIGURE 1.3 Scheaatic summary of the occurrence of runoff processes in relation to their major controls (after Dunne, 
1978). 

return flow and direct precipitation onto the 
saturated area. The relative contributions of 
subsurface stormflow and overland flow vary with 
soil and topographic conditions, and it is im­
portant that mathematical models be able to 
separate these contributions not only for pre­
diction of the stream hydrograph but beCause the 
processes are associated with differences in 
soil draina9e, entrainment of pollutants, and 
other facets of hillslope hydrology that are 
important in resource mana9ement. Where deep, 
hi9hly permeable soils border narrow-valley 
floors, almost all of the infiltrated water can 
travel beneath the soil surface to the stream. 
The stream hydrograph is dominated by subsurface 
stormflow, althou9h the initial rapid response 
of streamflow to rainfall is often supplied by 
saturation overland flow from the saturated 
valley floor. Hewlett and Nutter (1970) and 
Barr (1977) have described conditions in forest­
ed mountains of the southeastern and western 
United States where subsurface flow is the 
dominant runoff aechanism. At the other end of 
the spectrum in humid landscapes are those 
re9ions that have lon9, 9entle, concave foot­
slopes covered with shallow, wet soils of low­
to-moderate hydraulic conductivity. In these 
areas, soils become saturated more frequently 
and the area 9eneratin9 saturation overland flow 
may expand from less than 10 percent of the 
basin to more than 50 percent durin9 a storm or 
a wet season. Fi9ure 1.3 summarizes the condi-

tions affectin9 the dominant runoff processes in 
a re9ion. 

The temporal and spatial variation of zones 
producin9 storm runoff by subsurface flow led 
early investi9ators to refer to their conceptual 
models of the process as the variable-source­
area concept (Hewlett and Hibbert, 1967) and 
the dynamic-watershed concept (Tennessee Val­
ley Authority, 1964). Most fieldwork on hill­
slope hydrology in humid re9ions is now focused 
on this concept, and a su111111ary of progress up 
to about 1974 is provided in the book edited bY 
Kirkby (1978). 

Snowmelt Runoff 

In cold-temperate and subarctic re9ions, snow­
melt runoff 9enerates floods, rechar9es 9round­
water, and renders 1ar9e areas of land temporar­
ily uncultivable. When the economic and social 
impacts of snowmelt runoff are considered, as 
well as the sophistication of research into the 
physics of the meltin9 process, it is almost 
inconceivable that so little effort has been 
spent on investi9ations of runoff processes 
durin9 snowmelt. Yet differences in the path 
of runoff can have much 9reater impacts on the 
timin9 and peak rates of runoff than do many of 
the melt parameters that have been studied in 
detail. 

At a recent state-of-the-art conference on 
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modeling of snow-cover runoff {ColbeCk and Ray, 
1978), only 3 papers {out of 41) reported on 
field investigations of runoff processes. The 
difficulty and discomfort of making the neces­
sary measurements probably contribute to this 
dearth, but the importance of the subject was 
attested to by several other papers that dealt 
with snowmelt-runoff prediction without the 
assistance of field observations. 

Major advances have been made recently in 
understanding the physics of snowpack metaJIOr­
Phism and the percolation of meltwater through 
the pack {Colbeck, 1971, 1978). After meltwater 
reaches the ground surface it follows one or 
more of the paths outlined earlier, but several 
factors may alter the relative importance of the 
various runoff processes from the situation 
under rainfall at the same site. $nowaelt 
releases large quantities of water more slowly 
than in most important flood-producing rain­
storms, so that the probability of the infiltra­
tion capacity being exceeded is low. Under some 
circuiDStances, however, a dense layer of ice may 
accumulate in the topsoil, rendering it almost 
impermeable. The equivalent of Borton overland 
flow occurs as saturated percolation through the 
lower layers of the snowpack. Horton {1938) was 
the first to recognize the importance of this 
process and to propose an approach to its compu­
tation and formal study. Colbeck {1974) pre­
sented a more refined theory, which was applied 
to a field investigation by Dunne et al. {1976). 
The opposite extreme of complete infiltration 
and the generation of subsurface stormflow was 
studied by Stephenson and Freeze {1974), and 
Dunne and Black {1971) documented an intermedi­
ate case of both surface and subsurface flow. 
The current state of knowledge on this subject 
was summarized by Wankiewicz {1978a) and Price 
et al. {1978), but much remains to be done, 
particularly in areas of ephemeral soil freezing 
or saturation. 

PHYSICALLY BASED MATHEMATICAL MODELS 

General Statement 

Freeze {1974) pointed out that physically based 
mathematical models of runoff processes involve 
solving boundary-value problems based on the 
partial differential equations that describe the 
various kinds of low described in the preceding 
section. Definition of the problem {Freeze, 
1974, p. 634) requires that the following be 
available: 

1. Size and shape of the flow region; 
2. Equation describing flow in the region; 
3. Boundary conditions around the margins of 

the region and their spatial and temporal 
distributions; 

4. Initial conditions and their spatial dis­
tributionr 

5. Spatial and temporal distributions of the 
hydraulic parameters that control flowr 

6. A mathematical method of solving the flow 
equations. 

If a runoff problem involves more than one 
process it is necessary to specify the region 
over which each process occurs and to ensure 
that the boundary conditions in each region are 
compatible with those of the adjoining region. 
Current computer capacity severely constrains 
the treatment of three-dimensional, time-vary­
ing flow, but fortunately .ast hillside and 
channel flow regions can be treated as one- or 
two-dimensional units. 

The simplest runoff problema, such as the 
calculation of Borton overland flow from a 
Planar hillside with uniform surface character­
istics, can be solved analytically using a tech­
nique known as the kinematic-wave approximation 
{see Woolhiser, 1975, for a review). Simplifi­
cations of this type are useful, for example, 
in urban storm-drainage design and even for 
computations on some natural hillsides. Most 
runoff problema require that solutions be ob­
tained by numerical techniques that can be used 
for transient processes within irregular bound­
aries and for surfaces or media with heterogene­
ous hydraulic properties {Freeze, 1974, 1978r 
Beven, 1975). The models are capable of speci­
fying not only the outflow from a hillside or 
stream channel but also the spatial and temporal 
distribution of overland flow, soil moisture 
content, pore pressure, and several other hydro­
logic consequences of rainfall or snowmelt. 

Infiltration 

In the first half of the twentieth century, many 
empirical equations were used to describe the 
frequently observed temporal variation of infil­
tration capacity during a rainstorm. At the 
beginning of an intense storm the infiltration 
rate is high but declines rapidly after the on­
set of rain and approaches a constant value. The 
most widely used of these empirical equations is 
that of Horton {1933), which has proven adequate 
for many simple tasks. The three parameters of 
the equation can be obtained from a relatively 
simple field test under artificial rainfall, 
although they are often highly variable between 
tests on a single soil type. 

The need to explain such variability and to 
understand the effects of land treatment and 
other controls of infiltration such as rainfall 
intensity and antecedent .aisture has stimulated 
the development of equations describing the 
physics of the process. The earliest such at­
tempt was by Green and Ampt {1911), who proposed 
that under ponded conditions the infiltration 
rate depends on the saturated hydraulic conduc­
tivity of the soil, the depth of ponded water, 
the depth of the zone of saturated soil, and the 
pore pressure in the water at the wetting front. 
Because the underlying physical model was a 
crude approximation of the correct process, only 
the general form of the equation was used as a 
guide for determining two empirical constants 
from field measurements. However, the simplic­
ity of the equation and the fact that it has 
some physical basis make it attractive for in­
corporation into models of runoff generation. 
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Therefore, in recent years, the Green-Ampt equa­
tion has received detailed study, and important 
advances have been made in interpreting the 
equation on the basis of a better understanding 
of soil physics {e.g., Mein and Farrell, 1974J 
Mein and Larson, 1973J Morel-Seytoux and Kanji, 
l974J Smith and Parlange, 1978). There is a 
need for careful, detailed field measureMnts 
of infiltration and soil moisture behavior in 
order to evaluate the performance of these equa­
tions over a wide range of field conditions. 
Morel-Seytoux {1976, 1978) examined the combined 
effects of air and water movement during infil­
tration and developed a relatively simple and 
practical physically based method of predicting 
infiltration during rainstorms of varying inten­
sity. The equation will probably be used in 
many runoff models in the near future. 

The most ambitious attempts to develop phys­
ically based infiltration models involve 
solution of the equation for one-dimensional 
unsaturated flow, which combines the continuity 
equation with Darcy's law specifying the velo­
city of flow under a potential gradient in a 
porous medium. In the latter equation, the 
hydraulic conductivity and pore pressure in the 
porous medium depend on moisture content and, 
consequently, vary during the rainstorm. 
Philip's {1957-1958) classic works on the phys­
ics of infiltration provide some analytical 
solutions to the unsaturated flow equation and 
a practical prediction tool for relatively 
simple conditions. 

Following the work of Rubin {1966), many 
infiltration models are now based on numerical 
solutions of the flow equation, and it is pos­
sible to analyze more complicated and realistic 
field situations such as infiltration into lay­
ered soils under varying rainfall intensity. 
Freeze {1969), Smith {1972), and many others 
have computed infiltration and the resulting 
profiles of moisture and pressure into uniform 
soils and have explained how the intake rate 
declines as a result of capillary suction as 
water is stored in the topsoil. Eventually, the 
limiting rate of infiltration declines to the 
saturated hydraulic conductivity of the topsoil. 
The computations are usually based on laboratory 
measurements of the relations between moisture 
content, pore pressure, and hydraulic conductiv­
ity of the soil. Solie field measurements of 
these relations are also available {Davidson 
et al., 1969). The measurements are time-con­
suming to make and are not available for most 
soils, but Brooks and Corey {1966) compiled 
statistical sUllllaries of soil properties from 
which it is possible to make a rough estimate 
of the hydraulic properties of a soil from its 
texture. Computation of infiltration into lay­
ered soils by numerical methods increases the 
data requirements. Another complication arises 
where soil properties vary systematically or 
randomly along a hillslope profile {Freeze, 
l980J Philip, 1980). 

However, two important effects are ignored 
in these calculations. The first is the influ­
ence of plant root-holes and other structural 
openings that are not usually aaapled in labora-
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tory measurements of conductivity. In many 
soils these effects are probably small and do 
not invalidate or reduce the utility of models 
of porous-media flow. However, the effect of 
flow down large voids in cracking clay soils 
{Bouma et al., 1978J Dunne and Dietrich, 1980) 
is not dealt with in current infiltration mod­
els. A second complication involves the devel­
opment of crusts of exceedingly low conductivity 
that are formed on the surface of thinly vege­
tated soils by raindrop dispersal of soil aggre­
gates and the plugging of the surface by washed­
in clay and silt particles {Mcintyre, 1958a, 
1958b). Although it is possible with a great 
deal of difficulty to obtain field measurements 
of the necessary hydraulic parameters to model 
these processes, it is unlikely that such models 
will be used routinely for the infiltration com­
ponent of runoff predictions. It is easier to 
make a direct field measurement of the infiltra­
tion capacity using simple equipment. In this 
case the primary value of the physically based 
models lies in formalizing our understanding of 
the infiltration mechanism and its controls and 
in guiding field-measurement programs, inter­
preting results, and extrapolating them to un­
measured sites. 

Horton Overland Flow 

The depth, velocity, and discharge of Horton 
overland flow are calculated on the basis of 
equations that describe flow in a shallow chan­
nel. These equations involve statements of the 
conservation of mass and of momentum {the •shal­
low-water equations•) and a relationship, such 
as the Darcy-Weisbach equation, between the 
velocity and depth and slope of the water sur­
face. These last three variables are related 
by an empirical coefficient {the Darcy-Keisbach 
friction factor) that represents the flow re­
sistance over the particular hillslope surface. 
The friction factor is an important parameter 
that varies with the Reynolds number {discharge 
Per unit width of hillside divided by the kine­
matic viscosity of water) and therefore ranges 
over two orders of magnitude or more along a 
hillside. The friction factor also varies with 
the rainfall intensity impinging of the flowing 
sheet, the vegetation cover, the texture of the 
soil surface, and the gradient. The flow equa­
tions are solved numerically, either in their 
complete form or after simplification by means 
of the kinematic-wave approximation described 
in detail by Woolhiser and Liggett {1967). This 
approximation involves the assumption, reason­
able under most circumstances, that the rates 
of change of water depth and velocity head along 
the hillside are negligibly small compared with 
the ground-surface slope. 

In some applications of these runoff models, 
serious difficulties can arise in specifying the 
geometry of the flow region and the hydraulic 
resistance. The geometry of the hillslope is 
approximated as a plane or as a set of contigu­
ous planes {called a •cascade,• see Figure 1.4), 
which have various lengths, gradients, and by-
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FIGURE 1.4 Sche•atic illustration of a kinematic cas­
cade used for computing overland flow fro. a convexo­
concave hillalope. The hillalope indicated by the 
dashed line, and ita approximation as a series of 
planes, is represented by the lower solid line . The 
shaded area shows the sheet of overland flow. 

draulic resistances. On these surfaces, Borton 
overland flow is assuaed to move directly down­
slope as a laterally uniform sheet. On some 
short s11100th hillsides, field observations in­
dicate this to be a reasonable approximation, 
and it is possible to conduct plot experiments 
under simulated rainfall and to measure flow 
depth, velocity, and slope and to compute the 
friction factor over a range of Reynolds numbers 
for a variety of hillslope surfaces (T. Dunne 
and w. B. Dietrich, University of Washington, 
manuscript). On other hillsides, microtopo­
graphy and clumpy vegetation cause the water to 
converge, diverge, and meander to such an extent 
that it is not possible to define a meaningful 
average depth in the field. Emmett {1970) con­
ducted a valuable study of the hydraulics of 
overland flow in hillsides in Wyoming and docu­
mented the variability of flow characteristics 
but was unable to generalize about the hydraulic 
characteristics of the sheetflow in a form that 
could be used in a mathematical model and trans­
posed to other sites. Other natural hillslopes 
that have been represented by sJDOOth, regular 
surfaces are intricately dissected by gullies 
{Singh, 1976). When such approximations are 
made, it is obviously not possible to specify 
the average hydraulic resistance at some dis­
tance along a hillslope, except in an artificial 
way. It must be assumed that for the scale of 
the drainage basin under study, flow conditions 
are laterally ho11109eneous, even if locally ir­
regular, at some distance from a major ridgetop. 
The most common way to obtain an answer is to 
choose by trial values of the friction factor 
that provide a good fit between computed and 
measured discharge from a hillside or small 
watershed {Woolhiser et al., 1970). The friction 
factor thus obtained may be a single value for 
an entire watershed or may vary with the 
Reynolds number along a hillslope profile. 

Several writers have suggested that this is 
the best that can be done in the computation of 
overland flow, and Woolhiser {1975) has proposed 
that overland flow be defined as that phenomenon 
as represented mathematically by the shallow­
water equations and a fitted resistance law. 
Such an approach is an adequate basis for study­
ing the physics of runoff that is well repre­
sented as a sheetflow and is adequate for the 
purpose of computing storm hydrographs, although 
it has led to several notorious examples in the 
literature of subsurface stormflow being modeled 
as overland flow with a high resistance coeffi-

cient. Such mistakes could be avoided by a 
modest amount of field experience on the part 
of the user of such a model. lbr rougher hill­
slopes or surfaces with rills and gullies, the 
•~allow-water equations provide only an abstrac­
tion that is useful for computing the aggregate 
discharge from many small channels. There is 
probably little to be gained from foriiUlating 
more detailed models of hydraulic resistance and 
lateral variation of flow if one is concerned 
only with runoff rates. However, this artifi­
cial representation is not adequate for a de­
tailed, physical understanding of such channel­
ized runoff or for certain applications of 
runoff models in geomorphology and soil erosion 
research or the study of nonpoint-source pol­
lution. For these purposes, the degree of flow 
convergence, or even rilling and gullying, is 
important, as are the hydraulic properties of 
the highly nonuniform flow. Useful description 
and summary of these characteristics will proba­
bly be difficult, but some progress is necessary 
on this important topic {fOster and Meyer, 
1975). This is a matter on which computational 
techniques are clearly ahead of understanding 
and field ~~easurements, and new concepts need 
to be developed on the basis of new field obser­
vations. 

Smith and Woolhiser {1971) combined a math­
ematical model of infiltration described earlier 
with a model of overland flow based on the kine­
matic approximation of the shallow-water equa­
tions. Their method successfully reproduced 
runoff hydrographs from a natural hillside plot, 
but a considerable amount of estimation and 
parameter fitting was required to obtain the 
necessary hydraulic parameters for both the 
infiltration and overland-flow components. Yet 
the hillside was on a research station and had 
already been the subject of a better-than-aver­
age soil-~~easurement program. The complexity 
and expense of developing nuaerical, physicallY 
based models does not reduce their value in the 
investigation of the fundamentals of runoff pro­
cesses nor in certain important engineering ap­
plications. The complexity allows meaningful 
representation of complex processes and allows 
one to deal with spatial variation in types and 
intensity of processes. However, for applica­
tion to field sites, these models require more 
data than are usually available. One response 
to this paucity should be the collection of more 
extensive, relevant data on the hyd;:aulic pro­
perties of soils and the resistance characteris­
tics of hillslope surfaces, for example. These 
data should be related to easily observed tex­
tural and morphological features. An alterna­
tive strategy, used successfully by Smith and 
Woolhiser {1971) and others for predictions of 
hillslope and watershed discharge, is to back­
calculate the necessary parameters through 
trial-and-error fittings of predictions to run­
off records. The estimated parameters can then 
be used for the prediction of discharge in other 
storms. 

A simpler model of infiltration and overland 
flow was described by Engman and Rogowski 
{1974). They used Philip's {1969) approximate, 
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physically based method of computing infiltra­
tion when the soil surface is suddenly ponded. 
The Philip equation requires knowledge of the 
soil-moisture content at the beginning of rain­
fall and the relationship between hydraulic 
conductivity and moisture content. Spatial 
variations of infiltration and therefore of 
overland-flow generation were allowed, in keep­
ing with Betson's {1964) partial-area concept 
of runoff referred to earlier. If the initial 
soil moisture of soil hydraulic properties var­
ies through the basin, the model accounts for 
expansion of the area contributing Borton over­
land flow. Rainwater accumulating on the soil 
surface is routed downslope using the kinematic 
wave method with a fixed hydraulic resistance 
coefficient obtained from the literature. The 
Englll&n-Rogowski model is designed to be used 
with data obtained in routine soil surveys, 
which suggests the direction in which much ap­
plied modeling research needs to be focused in 
the immediate future, although even with this 
approach large amounts of data are required for 
field application, and collection of such data 
is slow and expensive. 

Subsurface Flow . 

The prediction of subsurface flow to supply both 
stormflow and dry-weather streamflow involves 
numerical solution of the continuity equation 
and Darcy's law describing time-varying, unsat­
urated-saturated flow in a heterogeneous, aniso­
tropic porous medium, such as a layered soil or 
rock. The models require that the geometry and 
hydraulic properties of the soil horizons or 
geologic strata be known in considerable detail. 
The computer capacity required for the computa­
tions is much larger than that needed for model­
ing overland flow, and only two-dimensional 
subsurface cases are tractable with present 
computer storage capacity, although the three­
dimensional case has been addressed by Freeze 
{1971) • Output from these models includes the 
rate of subsurface flow to streams, the config­
uration of the water table, and the distribu­
tions of water content and hydraulic head within 
the porous medium. 

Models of this kind were developed by Freeze 
{1971, 1972a, 1972b), who used finite-difference 
methods of solution, and by Beven {1975), who 
employed the finite-element method. The models 
were applied to a wide variety of hypothetical 
situations and contributed to a unified inter­
pretation of many field experiments on runoff 
processes in different environments. A particu­
larly enlightening application was that by 
Stephenson and Freeze {1974), who attempted to 
simulate the runoff mechanism and hydraulic 
potential field resulting from snowmelt on an 
instruaented hillslope in Idaho. The results 
were encouraging in some respects but cautionary 
in others. The two investigators, closely in­
volved with the field-data collection and with 
the details of model construction, had to use 
considerable ingenuity and experience to esti­
mate some of the model parameters, even though 
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the site has already undergone detailed investi­
gation. Most of the problems involved specify­
ing the geometry of the subsurface flow region 
and the hydraulic properties of the soil and 
rock. 

Stephenson and Freeze {1974) concluded that 
the application of the currently most sophisti­
cated, physically based model of subsurface flow 
was useful for interpretation of field measure­
ments and for defining mechanisms of flow so 
that simpler, more approximate physically based 
models could be based on a firmer understanding 
of processes. Although numerical models of 
saturated groundwater flow are used routinely 
{see Chapter 4), Stephenson and Freeze argued 
that the transient unsaturated-saturated model 
of runoff processes is not useful for routine 
applications. They pointed out limitations in 
the theoretical development, the difficulties 
of model calibration, the constraints imposed 
by the storage capacity of the current genera­
tion of computers, and the enormous task of 
collecting sufficiently detailed field data. 

Simpler models of subsurface flow have been 
introduced, for example, by Beven and KirkbY 
{1979), but they represent runoff processes by 
rudimentary analogies governed by highly simpli­
fied relationships. For example, in the case 
referred to above, it is proposed that subsur­
face flux is simply an exponential function of 
soil water content, and the boundaries of the 
subsurface flow region are not well defined. 
Parameters for the model must be obtained from 
extensive but simple field measurements. These 
models are, however, useful for some tasks, such 
as in those cases where the need for simple 
computations of whether a portion of a water­
shed will yield significant subsurface flow is 
more important than obtaining a correct physical 
representation of that process. 

Saturation Overland Flow 

Because of its close association with shallow 
subsurface flow, saturation overland flow has 
been computed by the transient unsaturated-sat­
urated model of Freeze {1972b). The predicted 
water table rises to the surface over an expand­
ing zone at the base of a hillside and creates 
a seepage face from which soil water emerges as 
return flow {see Figure l.S). The width of the 
seepage face perpendicular to the contour deter­
mines the saturated area on which direct precip­
itation contributes to saturation overland flow. 
Precise definition of the occurrence and spread 
of saturation overland flow requires a closely 
spaced network of nodes in the numerical model 
of the topsoil and, therefore, increases the 
required computer capacity, computation time, 
and data requirements. 

The relative importance of saturation over­
land flow to the hillslope hydrograph {Figure 
1.5) depends on the ratio of rainfall intensity 
to the saturated hydraulic conductivity of the 
soil, the duration of rainfall, and the volume 
and geometry of the subsurface flow region, 
including the effects of layers. The Freeze 
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FIGURE 1. S Calculated hydrographa 
of subsurface storaflow and return 
flow (shaded zone) and direct pre­
cipitation onto saturated areas 
(unshaded zone) for a S-h rainstorm 
with an intensity of 1. 26 cm/h, on 
soils with various hydraulic con­
ductivities (Ko). The hill­
slope and the position of the water 
table at the end of rainfall are 
shown for each case in the inset 
(after Freeze, l972b, reproduced 
with permission of the American 
Geophysical Union) . 
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(1972b) hydrograph calculations shown in Figure 
1.5 do not separate return flow over the satu­
rated zone from subsurface stormflow, although 
such a separation is within the capabilities of 
the model. This is an important distinction 
that such models should make because of the 
ability of return flow to wash soil and pollu­
tants from the hillside. Field measurements 
indicate that return flow may comprise up to at 
least 50 percent of the peak rate of saturation 
overland flow (Dunne, 1970). Refinements are 
also needed in the calculations of velocities 
of saturation overland flow. In the calcula­
tions by Freeze the hypothetical hillslopes were 
so steep and the saturated zones so narrow that 
it could be reasonably assumed that overland 
flow is evacuated from the surface as soon as 
it is generated. Some saturated zones on 
natural hillsides have widths exceeding 100 m 
(Dunne et al. , 1975) and gradients of only 1 

or 2 percent and are densely vegetated. Flow 
velocities are often less than 10 m/h under such 
circumstances, and there may be a considerable 
lag between a burst of rainfall and runoff. 

For reasons referred to above, the detailed 
physically based model of saturation overland 
flow is unlikely to be used routinely in the 
foreseeable future. The simpler approach of 
Beven and Kirkby (1979) involves dividing a 

8 10 120 2 
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L 

4 8 10 12 

basin into small units (areas of 200-2000 m2) 
on the basis of soil and topography. On each 
unit, runoff may be generated by Borton overland 
flow, subsurface flow, and direct precipitation 
onto saturated areas, and the model predicts the 
time-varying spatial distribution of each pro­
cess. Bach runoff rate is calculated from a 
simple empirical relationship between the amount 
of water stored in some portion of the soil and 
a parameter that must be estimated or measured. 
Thus, subsurface stormflow is taken to be an 
exponential function of the volume of soil­
moisture storage. Bach parameter may be obtain­
ed from field experiments in which small plots 
are irrigated with a spray nozzle and measure­
ments are made of soil-moisture changes and the 
volume, rate, and velocity of runoff. Runoff 
is routed to the channel using a velocity that 
varies with local gradient and soil type (and 
therefore probably vegetation cover) but not 
with flow depth. It is then routed down the 
channel network under the assumption that flow 
velocity varies with discharge at a station on 
the channel but not along the channel. The 
authors were able to make satisfactory predic­
tions of storm hydrographs from an 8-km2 
drainage basin using parameters based only on 
simple field measurements. 

Although it contains several important com-
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promises with reality, and several parameters 
without precisely definable physical meaning, 
the model has certain advantages over the cur­
rent generation of statistical-empirical models. 
It describes explicitly, though approximately, 
several processes that have been recognized in 
the field, and it predicts their tiae-varying 
spatial distribution. Yet it retains enough 
simplicity to be usable on a routine basis for 
predicting hydrographs, zones of a basin that 
are subject to erosion or the removal of pollu­
tants, and the wetness of soils between storms. 
It is not yet clear whether the model provides 
a description of overland flow that is adequate 
for a deterministic model of erosion and trans­
port of solids, although an empirical, statisti­
cal approach to these matters would probablY 
still be necessary. Such work is in the early 
stages of develop.ent and with refinement of its 
physical basis will probably be the basis of 
most routine predictions of runoff in areas to 
which the variable-source concept applies. 

To improve physical insights and computa­
tional efficiency in variable-source hydrology, 
there is a need for carefully conceived field 
experiments coupled with modeling efforts. As 
in other areas of hydrology, it is an unfortu­
nate fact that field researchers and modeling 
specialists traditionally work separately. 
Large quantities of data might be collected, but 
SOlie measure11ent crucial to understanding the 
Physics or to making an acceptable mathematical 
approximation to the physics might be overlook­
ed. Mathematical modelers then make assumptions 
and approximations to the disappointment and 
scorn of some field investigators. This state 
of affairs can be improved through cooperative 
investigations of processes aimed at understand­
ing the physics of variable-source runoff and 
at making field results generalizable and trans­
posable to other sites. Government agencies and 
the major funding bodies should encourage this 
cooperation in preference to solitary efforts 
in field measurement or computation. For exam­
ple, there is IIUCh to be learned about how to 
compute efficiently the spatial patterns of soil 
drainage in a catchment between rainstorms, the 
effect of large openings (•macropores•) in the 
soil, the effects of soil anisotropy and varia­
bility, and the hydraulics of shallow runoff 
through dense ground vegetation. 

SJ\OWIIelt Runoff 

Major advances in our understanding of water 
transmission through snowpacks are mainly the 
result of the work of Colbeck, who in a series 
of papers summarized in his 1977 and 1978 review 
articles has outlined theories of snow meta­
morphism (•ripening•) and its effect on the 
hydraulic properties of snow, of vertical unsat­
urated percolation in h011109eneous and hetero­
geneous snowpacks, of unsaturated-saturated flow 
in packs containing discontinuous ice lenses, 
and of lateral saturated flow within the base 
of the snowpack. Wankiewicz (1978a) published 
experimental work on the hydraulic properties 
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of snow and has reviewed (1978b) the important 
concepts dealing with snowmelt runoff models. 
The models treat snow as a porous medium with 
hydraulic properties (which have been measured 
in the laboratory and in the field) similar to 
those of a coarse sand. Thus, modeling is based 
on Darcy's law and the continuity equation, and 
solutions of the resulting equations are obtain­
ed for the simplest cases by a simplified kine­
matic approximation (Colbeck, 1971, 1974). Ir­
regular flow-region geometry and other complica­
tions, such as introducing more precise conduc­
tivity-moisture relationships, require numerical 
solutions. 

The Colbeck models of vertical percolation 
and lateral overland flow are simplifications 
of the previously discussed physically based 
models of infiltration and subsurface flow 
through a porous medium. The hydraulic proper­
ties of snow and the geometry of the flow region 
(particularly the small thickness of the basal 
saturated layer compared with the thickness of 
the pack) allow such simplifications. Dunne 
et al. (1976) demonstrated that these models 
could be used easily to predict hillslope runoff 
hydrogr~phs from h011109eneous ripe snow if hourly 
melt rates were known. However, the complexity 
of the problem escalates rapidly if the snowpack 
contains ice lenses or even snow layers with 
differing hydraulic properties as most snowpacks 
do. The situation becomes similar to that dis­
cussed earlier for subsurface flowr the data 
requirements concerning the thickness, permea­
bility, and continuity of ice lenses are beyond 
present routine monitoring capabilities, and 
there is little prospect of incorporating the 
modern physical concepts into the current gener­
ation of lumped models used to forecast snowmelt 
floods. Other major uncertainties about the 
accumulation, distribution, and depth of the 
snowpackr the spatial variation of melting; and 
topographic effects on runoff also preclude 
routine application of physically sound snowmelt 
runoff models. Routine prediction of the lag 
and attenuation of the diurnal wave of meltwater 
released at the surface of the pack will con­
tinue for some time to be based on quasi-physi­
cal, empirical relationships that are based on 
an analogy between storage and transmission of 
the meltwater wave through the pack and the 
storage and transmission of a flood wave through 
a lake or a stream channel. The latter methods 
require at least a few historical records, but 
they work reasonably well for most purposes. 

The contributions of Colbeck and others 
have, however, cast light on several features 
of the timing of snowmelt runoff that were puz­
zling heretofore, and they promise to stimulate 
major refinements in field observations of run­
off and of statistical tools for its prediction 
at the basin scale. They also allow computa­
tions of extreme conditions that lie beyond the 
range of the historical record and of runoff 
during times when the snowpack characteristics 
are changing rapidly. Thus, relatively few ap­
plications of the detailed physical models based 
on limited measurements of snowpack characteris­
tics or even plausible assumptions can extend 
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the usefulness and reliability of the empirical 
techniques currently in use. The applicability 
of physically based models of snowmelt runoff 
to hydrological forecasting was reviewed by 
Colbeck {1977). 

The scientific study of soil-snow interac­
tions is not well developed. Current research 
is focused on the coupling of equations describ­
ing heat and water movement at the interface 
(Guymon, 1978). In some regions, a requirement 
of snowmelt runoff models is the ability to 
predict whether the topsoil is frozen (cary et 
al., 1978) and the hydraulic properties of the 
frozen soil. These issues are strongly affected 
not only by weather and snow depth but also by 
vegetation cover (Post and Dreibelbis, 1942J 
Trimble et al., 1958)J however, little or no 
effort has been expended on modeling these ef­
fects or on predicting them by other means. This 
gap in our present knowledge is only one aspect 
of the general lack of concern for runoff pro­
cesses in models designed to predict streamflow 
from snowmelt (see the papers on this topic in 
the symposium proceedings edited by Colbeck and 
Ray, 1978). 

SUMMARY AND PROSPECT 

Most hydrologic predictions are still based on 
the empirical correlation approach in which 
measured variables such as flood peaks, mean 
annual floods, low-flow statistics, or charac­
teristics of unit hydrographs are correlated 
with various geologic, geomorphic, and climatic 
variables, and the resulting empirical equation 
is used to estimate future hydrologic events or 
statistics in the measured basin or in ungauged 
watersheds. The approach is adequate for pre­
diction of streamflow at a basin outlet during 
moderate-sized events and is still the preferred 
tool of many hydrologists, as indicated by the 
papers presented at a recent symposium of the 
International Association of Scientific Hydrolo­
gy (1975). Limitations of the statistical pre­
dictions include the difficulty of estimating 
extreme events through extrapolation from short 
records and the fact that methods that treat the 
drainage basin as a lumped system fail to de­
scribe important characteristics of runoff pro­
cesses that vary spatially. These spatial 
characteristics are required for rational pre­
diction of other processes, such as the entrain­
ment and transport of pollutants and impeded 
soil drainage, that may render fields impassable 
to farm equipment or reduce the suitability of 
a site for liquid-waste disposal. 

Within the last two decades, field experi­
ments have enhanced understanding of the physics 
and spatially varying characteristics of runoff 
processes. The work has stimulated physically 
based mathematical modeling of the spatiallY 
distributed processes. These efforts have in 
turn provoked better field research by providing 
unified interpretations of data from disparate 
environments and by suggesting critical measure­
ments that need to be made. This synergism 
bodes well for scientific hydrology and particu-
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larly for field research that seeaa likely to be 
conducted selectively in conjunction with phys­
ically based mathematical models of each process 
in order to verify that the model is an adequate 
description of the process and that the model 
incorporates correct values of important para­
meters. Closer cooperation between fieldwork 
and modeling efforts should encourage forlllla­
tion of better field experiaents and discourage 
much of the ailll.ess collection of data that 
sometimes passes for field hydrology, especially 
at the watershed scale. A vigorous effort is 
necessary to improve the quality of hydrologic 
field studies along the lines suggested above. 
Publication trends in major hydrologic journals 
suggest that the most vigorous and sophisticated 
current developments in hydrology are due to the 
efforts of researchers concerned with physically 
based mathematical models. However, this ex­
panding frontier will be hollow unless it is 
matched by equally sophisticated field experi­
ments to discover unexpected hydrologic phenom­
ena, to develop new concepts about faailiar 
processes, and to guide the development of 
mathematical models based on sound physical 
insights into field conditions. 

The most sophisticated physically based 
mathematical models of runoff processes are cur­
rently competitive with and more accurate than 
statistical models when the paraaeters of the 
former are derived carefully from field measure­
ments. In the simplest cases, such as Borton 
overland flow from nearly straight, ungullied 
hillsides, approximate mathematical solutions 
of the flow equations can be used with great 
value for routine prediction. Even for 110re 
complicated overland-flow situations, computer 
programs involving numerical solutions of the 
flow equations are usable for predicting dis­
charge but not yet for predicting the other 
characteristics of runoff or its ability to 
transport soluble and solid materials. 

Physically based models involving subsurface 
flow (including infiltration) are much more 
difficult to apply routinely than are computa­
tions of Horton overland flow. They tax comput­
ing capacity because of the need to acooaacdate 
two- and three-dimensional layered flow regions 
and to obtain and store information on the ca.­
plex hydraulic properties of unsaturated porous 
media. The data requireaents of these models 
are also extremely expensive and time-consuming 
to satisfy, and it is often not easy to check 
all aspects of the predictions. They are of 
value first because in conjunction with field 
experiments they contribute to the understanding 
of fundamental hydrologic processes. They can 
also provide information about certain economic 
or social concerns that are so important that 
the resources are made available to overcome the 
difficulties listed above. Thus, one could en­
visage questions about the consequences of an 
accidental spillage of hazardous liquid waste 
being answered with the aid of an infiltration­
runoff model or with a model of unsaturated­
saturated subsurface flowJ either model would 
have to be coupled with a transport model to 
compute the dispersion and chemical reactions 
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of the pollutant. Calculations of maximum prob­
able snowmelt floods in some basins may warrant 
the use of a sophisticated numerical model of 
anowpack metamorphism, water percolation, and 
runoff. Or a two- or three-dimensional computer 
model of subsurface flow may be of use in ana­
lyzing the stability of a large landslide that 
threatens a daa or other structure. Another 
potential use of the sophisticated models might 
be the calculation of nomograph& baaed on rela­
tively few runs of the model. The resulting 
nomograph& could be used for routine predictions 
by interpolation (graphically or through the use 
of multivariate statistical methods). 

In the longer term it is likely that the 
usefulness of the sophisticated physically baaed 
models will be extended by improvements in com­
puter technology, in methods of collecting the 
necessary input data, and in simplifications of 
theory. However, in the foreseeable future moat 
routine predictions of atreaa discharge, soil 
moisture, and other hydrologic variables of im­
portance to land and water management will be 
made partly on the basis of empirical statisti­
cal methods and partly by means of approximate 
physically baaed models that account for the 
spatially distributed nature of runoff processes 
and their contr.ola. Such approximate physical 
models are now being vigorously developed. It 
is hoped that they will incorporate parameters 
that can be obtained by direct field measurement 
or by estimation on the basis of field condi­
tions rather than by fitting of predictions to 
measured results. The latter approach is ac­
ceptable when observations confirm that the 
model represents field conditions well. But in 
the banda of some users the fitting approach baa 
proven simply to be a retrogression to empirical 
methods of the past and could be iJBProved on 
through careful field observations. 

An earlier draft of this manuscript was improved 
considerably by the reviews of R. A. Freeze, R. 
E. Smith, and D. A. Woolhiaer. 
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IN'l'RODUCTION 

The global moisture cycle has branches in bOth 
the earth and the atmosphere. These branches 
are dynamically coupled across the earth's 
surface (at widely different time and space 
scales), so that a change in one branch produces 
a change in the other. 

Hydrologists and atmospheric scientists have 
achieved a first-order understanding of this 
complex system through independent study of 
their respective, decoupled land-surface and 
atmospheric components. Emerging problems as­
sociated with anthropogenic alteration of bOth 
components demand a higher order of understand­
ing. 

Anthropogenic alterations in the land sur­
face disrupt the natural balance of the moisture 
cycle by causing changes in the transfer of heat 
and moisture between land and air. A new bal­
ance must ultimately be reached, but bow and 
where will it differ from the old? A reduction 
in local evaporation such as that resulting from 
deforestation or swa11p drainage or an increase 
in local evaporation such as that occurring with 
extensive irrigation must produce compensating 
changes in precipitation or evaporation else­
where. The question is where? What other 
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changes will result from the accompanying 
changes in land-surface temperature? Gradually 
increasing atmospheric concentrations of carbon 
dioxide and particulates are certain to bring 
future modification of the hydrologic cycle. 
What will be the nature, magnitude, location, 
and time scale of these changes? 

Such questions are of increasing importance 
to food production, water supply, energy demand, 
and public health. Their answers require the 
development and verification of complex mathe­
matical models of the global atmosphere-land 
surface-ocean system. 

BACKGROUND 

Since the birth of modern hydrology a century 
ago, water scientists and engineers have focus­
sed their attention on the fundamental hydro­
logic unit, the catchment. Until relatively 
recently, perhaps the last two decades, interest 
bas been on small-scale problems such as provid­
ing for adequate water supply and protecting man 
against the extremes of streamflow. This limit­
ed viewpoint, while stressing the sensitivity 
of catchment output to land-surface state, has 
encouraged the convenient assumption that there 
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is no feedback to the climate from either the 
state or the hydrologic output of the catchment. 
This simple conception is illustrated schemati­
cally in Pigure 2.1a. This has proved adequate 
for the purposes stated above primarily because 
of inco111111ensurate at110spher ic and land-surface 
scales. In the middle latitudes of the develop­
ed world, atmospheric processes are dominated 
by cyclonic motions having horizontal scales an 
order of magnitude larger than those of the in­
dividual catchments being studied. Given the 
local atmospheric inputs and the configuration 
and state of the local land surface, hydrolo­
gists have developed complicated causal models 
of such systems (Crawford and Linsley, 1966) , 
which, with adequate local calibration, do an 
acceptable job of generating, for example, the 
desired streamflow& and soil moistures. 

Nevertheless, the current literature pre­
sents considerable evidence implicating man in 
hydrologic anomalies through his changes to the 
land surface. As stated by the World Meteoro­
logical Organization (WMO, 1979), these changes 
are of four basic types: 

1. Changes of surface roughness, which gov­
erns the exchange of momentum and energy of air 
motion between the atmosphere and groundJ 

2. Changes of surface albedo, which governs 
the fraction of solar radiation converted to 
surface heatingJ 

3. Changes in thermal behavior of the ground 
and in heat transfer to the atmospherer and 

4. Changes of moisture-holding capacity of 
the surface (and of vegetation), which causes 
the flow of water substance between the surface 
and the atmosphere to be redistributed in space 
and time. 

PETER S. EAGLESON 

1. Former Viewpoint 

Natural Processes 

I 
Atmosphere Earth Surface Man 

t Surface Changes I 
Mass and Energy Injections 

b. Current Viewpoint 

FIGURE 2.1 Evolution of understanding of man's role in 
atmosphere-earth surface coupling. 

The most easily recognizable of these anoma­
lies are small scale where the hydrologic effect 
occurs in the vicinity of the land-surface 
change, the 110st familiar of which are urban 
related (Landsberg, 1956, 1974). Table 2.1 sua­
mar izes the known urban-rural climatic differ­
ences as averaged for a number of cities. The 

TABLE 2.1 Climate Changes Resulting from Urbanization (from Chagnon, 1977) 

Variable 

Solar radiation 

Temperature 

Humidity (relative) 

Visibility (frequence) 

Pog (frequency) 

Wind speed 

Cloudiness (frequency) 

Rainfall (amount) 

Snowfall (amount) 

Thunderstorms (frequency) 

Average Changes, as a Percentage of Rural COnditions 

Annual 

-22 

+2 

-6 

-26 

+60 

-25 

+8 

+14 

;!:10 

+16 

COld Season warm Season 

-34 -20 

+4 +1 

-2 -8 

-34 -17 

+100 +30 

-20 -30 

+5 +10 

+13 +15 

;tlO 

+5 +29 
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observed increase of urban-induced precipitation 
results not from increased local evaporation, 
for this is normally decreased by urbaniza­
tion, but rather from the thermodynamic changes 
and from the presence of additionaL condensation 
nuclei. The urban-produced anomalies are not 
confined to the urban areas themselves but have 
been felt in rural areas as far as 100 km down­
wind (Changnon, 1977), where their economic im­
pact on agriculture can be important. 

Observations also suggest that the well­
known direct amplification of flood flows by the 
surface changes accompanying urbanization (Ter­
striep et al., 1976) may be augmented indi­
rectly by an urban-induced increase in precip­
itation intensities. 

Extensive irrigation in the Great Plains 
(Schickedanz, 1976) and in the Columbia Basin 
(Stidd, 1967, 1975) has been shown to increase 
the rainfall in the vicinity of the irrigated 
areas during the irrigation months. It is 
thought that the increase results not only from 
the changed (here increased) atmospheric mois­
ture but also from thermodynamic side effects 
produced by a cool, moist •dome• over the irri­
gated area. Optimum water use suggests the need 
for understanding this feedback process and an­
ticipating it during project design. 

As we begin to consider problems of regional 
scale, and as development increases in the low 
latitudes (where thermal convection may dominate 
the moisture cycle), the atmospheric and surface 
scales become coaaensurate and the feedback ef­
fects of land-surface state on local atmospheric 
processes become important. 

Increasing atmospheric pollution (i.e., 
carbon dioxide) as well as serious public con­
sideration of such macroengineering projects as 
drainage of the White Nile swamps, flooding of 
the Qattara depression, and deforestation of the 
Amazon Basin have prompted growing scientific 
interest in the climatic as well as the hydro­
logic consequences of large-scale anthropogenic 
influences (Sagan et al., 1979). There is 
even some concern (Lorenz, 1976) that the cou­
pled earth-atmosphere system may have one or 
more alternate equilibrium states to which it 
might move under the proper natural or anthro­
pogenic perturbation. 

Theoretical analyses indicate that the re­
moval of vegetation may cause a change in the 
precipitation regime. Charney (1975) showed 
this for the arid Sahel, where albedo increase 
due to overgrazing can apparently cause sinking 
atmospheric motion that amplifies the dryness. 
Lettau et al. (1979) demonstrated that radical 
deforestation of the Amazon Basin should de­
crease precipitation in the western, downwind 
portion of the basin. 

Morton (1968) and others demonstrated the 
direct regulation that regional evapotranspira­
tion exerts on regional humidity. 

To study such problems it is necessary to 
consider the coupled behavior of the atmosphere 
and the earth's surface with respect to the 
storage and flux of both heat and water vapor. 
This feedback system is illustrated schematical­
ly in Figure 2.lb. Current lack of understand-
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ing of the nature, strength, sensitivity, and 
scale of the many feedback loops of this system 
(Kellog and Schneider, 1974) inhibits our deal­
ing with these questions. Moat specific and 
many general hydroclimatological questions may 
never be answered without global analytical 
models that include the oceana as well as the 
atmosphere and the land surface. Such analyti­
cal models are one of the goals of the WMO-ICSU 
Global Atmospheric Research Program (GARP, 
1975). Other more limited questions may be an­
swered at least qualitatively through the use 
of judicious idealizations (Lettau, 1969; sasa­
mori, 1970; Deardorff, 1978; Eagleson, 1978) 
although the counterintuitive nature of the 
complex physical interactions makes such system 
simplifications a dangerous expedient. 

IMPORTANCE OP EARTH-ATMOSPHERE COUPLING 

Philip (1977) characterized the global hydrolog­
ic cycle as •a gigantic distillation scheme• 
that forma a critical part of the earth's heat 
engine. He reminds us that the intensity of 
this cycle, and hence life as we know it, is a 
result of a particularly favorable juxtaposition 
of earthly temperatures and water properties. 
In particular, the heat capacity and latent heat 
of vaporization of water are high (in fact, 
greater than for moat known substances), and 
earth's temperatures are moderate enough to en­
sure the presence of either ice or liquid water 
in addition to water vapor, yet at these temper­
atures the saturated density of water vapor is 
great enough to produce significant rates of 
evaporation and condensation. The combination 
of these factors produces a close coupling of 
our planet's energy and water cycles, leading 
to latent-heat fluxes that are the major compo­
nent of earthly energy redistribution. 

The average annual heat and water balances 
are given in Tables 2.2 and 2.3, respectively, 
for the planet as a whole and for its separate 
ocean and land-surface portions. We see from 
these that globally 83 percent of the net radia­
tional energy is involved in evaporation. For 
ocean surfaces where the water supply is unre­
stricted, this process uses 90 percent of the 
locally available energy, while for land sur­
faces, where surface moisture supply is limited 
either by precipitation or by soil properties, 
slightly more than half (51 percent) of the 
available energy is used in evaporative proces­
ses. 

The oceans of the earth are thus certainly 
the key element in this heat engine, being a net 
source of atmospheric moisture and hence of en­
ergy at least on an annual basis. We must an­
ticipate global hydrologic consequences from any 
significant change in their surface tempera­
tures. 

The land surfaces, however, must not be 
dismissed as a negligible and passive climatic 
component. Fully 10 percent of all solar energy 
absorbed globally goes into evaporative pro­
cesses on the land surfaces, and there is evi­
dence (Benton and Bstoque, 1954) that in the 
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TABLE 2.2 Annual Beat Balance in kcal cm-2 (from Budyko, 1974) 

Region Net Radiation 

Ocean (71\) 82 (100\) 

Land (29\) 49 (100\) 

Earth (100\) 72 (100\) 

&UIIIIIIer half-year the hydrologic cycle is re­
versed, with the land surfaces becoming a net 
source of atmospheric moisture. As our natu­
ral land-surface systems beCome more highly 
stressed by man, the risk of catastrophe in­
creases and a higher order of physical under­
standing becomes essential. 

TABLE 2.3 Annual Water Balance in Millimeters 
(from Philip, 1977) 

Region Precipitation Evaporation Runoff 

Ocean 1270 1400 -130 

Land 800 485 315 

Earth 1133 1133 0 

PHYSICAL DESCRIPTION OF THE VERTICAL HYDROLOGIC 
COUPLING 

The atmosphere is hydrologically coupled to the 
earth through the exchange of thermal energy and 
water mass across the ocean and land surfaces. 
The primary one-dimensional elements of this 
coupling are indicated schematically in Figure 
2. 2 for ocean surfaces, in Figure 2. 3 for snow 
and ice surfaces, and in Figure 2.4 for natural 
land surfaces. In these illustrations the prin­
cipal-state variables are indicated by the la­
beled rectangles. The primary energy and mois­
ture fluxes that either lead to or are produced 
by these states are indicated by the labeled 
arrows. The unlabeled arrows represent the ef­
fect of one state variable on another. Plus and 
minus signa at the arrowheads indicate the sense 
of the change in the •directee• variable produc­
ed by an increase in the •director• variable. 

Atmospheric dynamics and energetics produce 
concentrations of atmospheric water vapor in the 
form of clouds, the density of which serves to 
regulate the local inputs to the surface of both 
precipitation and net solar radiation. The 
other primary-atmospheric state variables are 
temperature and humidity (or vapor pressure). 
These last two have their counterparts on the 
earth aide of the interface, only here the state 

Latent Beat Sensible Beat 

74 (90\) 8 (10\) 

25 (51\) 24 (49\) 

60 (83\) 12 (17\) 

of the water is represented by a different mea­
sure, depending on the medium. The local states 
of the systems on each side of the interface, 
as determined by their respective temperatures 
and moisture concentrations, control the amount 
of water (and hence the amount of latent heat) 
that is returned locally to the atmosphere 
through the surface cooling (or self-limiting), 
as indicated in Figure 2.2 by the negative sign 
on the feedback loop of the evaporation process. 

Ocean Surfaces 

At oceanic surfaces (Figure 2.2), the local 
moisture concentration is, of course, unity re­
gardless of local precipitation. Local evapora­
tion thus takes place independently of local 
precipitation and according to the local vapor 
transport capacity of the atmosphere. This 
•potential•-evaporation rate is an increasing 
function of the sea-surface temperature, which 
in turn depends on the evaporative cooling as 
well as on the radiant and sensible heat trans­
port in both media. The negative feedback of 
evaporative cooling illustrates ita potential 
for thermostatic regulation of surface tempera­
ture. 

Snow and Ice Surfaces 

At snow and ice surfaces (Figure 2.3), there 
also is an unrestricted supply of moisture, al­
though the low-vapor pressures accompanying the 
frozen surface greatly suppress evaporation 
(i.e., sublimation). In contrast to liquid 
water, snow and ice metamorphose with age, and 
their state is only crudely described in terll\8 
of the two variables shown. Moat important of 
the omitted variables is the very high albedo, 
which reduces to secondary importance the radia­
tional term of the vertical-energy balance. 

Not shown in this one-dimensional idealiza­
tion is the areal extent of the snow and ice 
surface. For water surfaces, this variable 
plays an integral role in a lateral positive­
feedback process sequentially involving water 
surface cooling, ice formation, albedo increase, 
surface super-cooling, air cooling, and spread­
ing further water-surface cooling. The sensi­
tivity of this process, first suggested by 
Budyko (1962), has aroused concern over the 
stability of the earth's climate (Schneider and 
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Atmospheric 

FIGURE 2.2 Primary moisture and 
energy couplings across the ocean 
surface. 
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energy couplings across a snow or 
ice surface. 
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Gal-Chen, 1973) in the face of changing average 
ourface temperatures in the polar regions. 

It should be pointed out that when consider­
ing formation of ice, the •melt• of Figure 2.3 
becomes •accretion• and the sense of its feed­
back to water mass and the sense of the sensible 
beat flux will both be reversed. 

Land Surfaces 

At land surfaces (Figure 2.4) the couplings are 
much more complex. Here, the water-vapor flux 
from earth to atmosphere bas components in both 
the bare soil (evaporation) and in the vegeta­
tion (transpiration). Their sum, evapotranspi­
ration, depends on and is limited by the atmo­
spheric-vapor-transport capacity, which is 
strongly influenced by land-surface temperature. 

Within certain temperature bounds the vege­
tation canopy will develop to a natural equilib­
rium (i.e., •climatic climax•) density governed 
by the available energy, nutrients, and soil 
moisture. The vegetation canopy plays the cen­
tral role in feedback loops on both aides of the 
interface. 

Finally, the local land-surface evaporation 
(in contrast to local oceanic evaporation) is 
bounded by the local precipitation. 

Por the land surface it is not only the pre­
cipitation climate (i.e., statistics of annual 
totals) that is of interest but also the inten­
sity, duration, and spacing (both temporal and 

FIGURE 2.4 Primary moisture and 
energy couplings across a land 
surface. 

Atmospheric 
Convection 

Surface 
Runoff 
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spatial) of ita episodes, because these are 
critical to the establishment and maintenance 
of soil moisture levels. 

We see from this that evaporation from land 
surfaces may be controlled by either the climate 
or the soil. As evaporation falls away from its 
potential value with increasing climatic arid­
ity, its tber110atatic control of land-surface 
temperature is correspondingly weakened. 

Gravity continually pulls soil moisture 
downward (i.e., •percolation•), where it •pud­
dles• to a water-table elevation that is suf­
ficient under steady-state conditions to force 
a groundwater runoff equal to the gravitational 
accretion. Where such lateral runoff is sharp­
ly constrained geologically, the water table may 
rise to the surface, forming a swamp. Under 
these extreme but not unco111110n conditions, the 
earth-atmosphere coupling reverts essentially 
to that shown in Figure 2.2 without the subsur­
face convection but with the addition of vege­
tation. 

Another lateral process not seen in this 
one-dimensional simplification and that baa 
overriding hydrologic importance in arid cli­
mates results froa the small spatial scale of 
the convective-precipitation events characteris­
tic of such areas. In these cases, local precip­
itation becomes local surface runoff according 
to the local increase in soil moisture during 
the storm. This local runoff moves laterally 
to a dry spot and infiltrates, to be largely 
evaporated later. 

+ 

Temperature Atmospheric 

Convection 
± 

Soil 

Elevation 

Evapotranspiration 
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Hydrology and Climate 

Characteristic Times and Horizontal Scales 

In thinking about the behavior of this •engine,• 
it helps to have a feeling for the intensities 
and scales of the major components. 

Dividing values of volume and turnover rate, 
Philip (1977) eatiaated the global average resi­
dence times for the various caaponents of the 
earth's waters. These are reproduced here as 
Table 2.4, which clearly shows the inc~nsu­
rate time scales of the separate water reser­
voirs of the atmosphere, hydrosphere, and litho­
sphere. Proportional differences in spatial 
scales also exist, which presents difficulty 
when modeling the coupled system to answer 
questions of large scale. To represent all 
processes in their dynaaic majesty would require 
models having time resolutions of minutes and 
spatial grid spacings of a few kilometers. At 
present this is clearly unfeasible, both coapu­
tationally and economically. 

One solution to this problem baa been to 
model only the atmosphere dynamically and to 
represent the earth-surface boundary by simple, 
uncoupled heat and moisture conservation rela­
tionships. Some inferences from such models are 
a~rized in the following section. 

Another resolution of this problem may be 
found through the development of statistical­
dynamic models (Leith, 1975). In such models 
the system is divided into two parts, one having 
long-period or slow fluctuations and the other 
containing the rapidly varying components. The 
scales of the latter system are left unresolved, 
and this co.ponent is represented statistically. 
These statistics appear in a relatively large­
scale dynamical representation of the former 
system. Eagleson (1978) took a first step in 
this direction hydrologically by representing 
the annual water balance in terms of the soil 
moisture. The soil moisture responds dynamical­
ly to atmospheric excitation, which is statis­
tically expressed. 

When assessing man's impact on climate and 
hydrology we need to know the lateral scale of 
the feedback loops shown in Figures 2. 2, 2. 3, 
and 2.4. This knowledge will help to define the 
geographical influence function (i.e., the en-

TABLE 2.4 Global Average Residence Times for 
the Waters of the Barth (Philip, 1977) 

COJIIPOnent 

Ocean 
Ice caps and glaciers 
Groundwater 
Lakes 
Soil water 
Rivera 
Atmosphere 
Biological water 

Global Average 
Residence Time 

2600 yr 
llOO yr 

700 yr 
13 yr 

0.5 yr 
13 days 
8.2 days 
3.4 days 
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vironaental impact radius) of a proposed land­
surface change and will lead to an estimate of 
the percentage of local precipitation derived 
from local evapotranspiration. Very little is 
known about these scales. 

We may approximate the horizontal scale of 
the evaporation precipitation process by consid­
ering the longitudinal travel of an atmospheric 
parcel in one residence time. This will vary 
from nearly zero in radiative-thermal, convec­
tive-type (i.e., vertical process) atmospheres 
to continental scale, where horizontal atmo­
spheric mtions predominate. The scale of the 
land-surface change will have to exceed this 
atmoapheric-.oisture replacement distance before 
the feedback loop can begin to create a downwind 
amplification of the original disturbance. 

The strength of the local coupling between 
evaporation and precipitation was eatiaated to 
be small by Budyko and Drozdov (1953) for the 
European U.S.S.R., and also by Benton and Bato­
que (1954) for the Mississippi Valley. However, 
Lettau et al. (1979) found localities in the 
Amazon Basin where up to 71 percent of the pre­
cipitation appears to coae from locally evapo­
rated water. As they point out, the apparent 
underestimation of moisture recycling provided 
by the Budyko theory results predominately from 
local showers caused by the diurnal heat cycle 
and occurring before the locally evaporated 
moisture gets uniformly mixed throughout the 
tropospheric column (as Budyko assumed) • Evi­
dently, this extremely important environmental 
question has not yet been resolved, and we look 
to detailed dynamical models for the answer. 

SOME HYDROLOGIC INPBRBNCBS PROM CLIMATE MODELING 

In recent years, dynamic general circulation 
models (GCMa) have been developed and exercised 
numerically (Mason, 1979). They have proved 
capable (Manabe and Hollaway, l975J Gates and 
Schlesinger, l977J Stone et al., 1977) of simu­
lating the gross features of the global distri­
bution of various hydrologic quantities, partic­
ularly annual precipitation and annual evapora­
tion. Early models employed primitive (i.e., 
prescribed) hydrologic boundary conditions in 
the interests of computational economy and in 
the naive belief that the land surface, at 
least, was a passive system having relatively 
constant local thermal and moisture states. 
Modeled hydrologic cycles using these boundary 
conditions proved much too intensive and led to 
numerical experiments in which the effect of the 
boundary representation was explored. For ex­
ample: 

1. Manabe (1975) demonstrated that pre­
scription of all continental soils to be con­
stantly saturated causes a large increase in 
precipitation when compared with model runs 
having no such constraint. 

2. Charney et al. (1977) found signifi­
cant sensitivity in simulated atmospheric cir­
culation and precipitation to the particular 
formulation used for surface evapotranspiration. 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


38 

3. Rowntree and Bolton (1978) showed the 
monthly rainfall of central Europe to be ex­
treuly sensitive to the soil 1110isture of that 
region at the beginning of the prior month. 

These and improved IIOdels have also been 
used to explore some of the likely hydrologic 
consequences of anthropogenic influence. For 
example: 

1. Manabe and Weatherald (1975) showed that 
doubling the carbon dioxide concentration of the 
atiiiOsphere significantly increases the intensity 
of the hydrologic cycle. 

2. Charney et al. (1977) demonstrated that 
with or without local evaporation an increase of 
surface albedo causes a decrease of precipita­
tion. 

3. Walker and Rowntree (1977) found for the 
Sahel region of Africa that increasing or de­
creasing the soil moisture (while keeping the 
albedo constant) produced a positive feedback, 
which, respectively, increased or decreased the 
precipitation. 

4. Washington and Chervin (1979) found that 
the intensity of thermal energy expected to be 
injected into the atiiiOsphere by the u.s. Bast 
Coast megalopolis in A.D. 2000 may produce large 
and significant precipitation changes in that 
region. 

SOME CLIMATIC INFBRBNCES FROM HYDROLOGIC 
MODELING 

At land surfaces the soil column responds dynam­
ically to the climatic sequences of precipita­
tion and evapotranspiration events. It accepts 
part of the delivered moisture during periods 
of precipitation (shedding the rest as surface 
runoff), pumps some of this back to the surface 
during evaporative periods, and rejects the re­
mainder to the water table more or less continu­
ously. The surface moisture exchange and thus 
the surface heat exchange depend critically on 
the physical properties of the soil and vegeta­
tion as well as on the weather conditions dur­
ing the alternate periods of precipitation and 
evapotranspiration. The quantitive relation 
among the long-term averages of this partition 
is called the •water balance.• 

The single most important measure of mean 
hydroclimatological behavior is the evaporation 
efficiency, the ratio of the average annual 
actual evapotranspiration to the average annual 
potential evapotranspiration of a given surface 
(Budyko, 1974). This ratio approaches 1 as the 
critical evapotranspiration parameters (soil 
moisture, soil properties, time between storms, 
water-table elevation, vegetation species and 
density, and potential rate of bare soil evapo­
ration) combine (Eagleson, 1978) to indicate an 
increasing ability of the clinaate-soil-vegeta­
tion system to deliver moisture to the surface 
from below. At this extreme the actual evapo­
transpiration is said to be •demand limited• or 
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•climate controlled, • since its value is re­
stricted only by the capacity of the atmosphere 
to remove moisture from the surface. Such sya­
teu are classified as •humid. • At the other 
extreme, as the above parameters combine to in­
dicate a decreasing ability of the system to 
deliver water to the surface from below, the 
evaporation efficiency approaches zero. For low 
efficiencies we say the system is •supply limit­
ed• in that the actual evapotranspiration is 
controlled either by the supply of water to the 
soil surface from above (i.e., precipitation) 
or by the soil properties that regulate the 
supply of water from below. 

The next moat important hydroclimatological 
parameter is the potential humidity, which is 
defined as the ratio of the mean annual precipi­
tation to the mean annual potential evapotrans­
piration. It has been shown (Eagleson, 1978) 
that when this ratio is less than 1, the mobil­
ity of soil moisture controls the evaporation 
efficiency and that systeu in this range are 
highly sensitive to those land-surface changes 
that alter the vegetation or the effective soil 
properties. Such systeu ~~ay be classified as 
•arid.• Systeu having potential humidities 
greater than l are potentially humid in that 
their evaporation efficiency is not limited by 
atmospheric 1110isture supply. They have the 
climatic capability of high-evaporation effi­
ciencies, and this efficiency is constrained to 
a decreasing degree by soil-moisture i.-ability. 
For high potential humidities, the evaporation 
efficiency approaches 1, giving again the case 
in which evaporative behavior is limited by the 
atmospheric-vapor transport capacity. The hy­
drologic behavior of such humid systems is high­
ly sensitive to land-surface changes that alter 
the albedo and is insensitive to land-surface 
changes that alter the vegetation and/or the 
effective soil properties (unless these also 
modify the albedo). 

Practical interpretations of the above be­
havior must take account of another feedback 
loop not yet pictured or discussed--the effect 
of vegetation on soil properties (Syre, 1968). 
The presence of vegetation assists in the pro­
cesses of mechanical and chemical weathering. 
More important to this discussion, however, is 
the role of vegetation in modifying soil struc­
ture through the addition of humus. The clay­
humus complex facilitates the movement of soil 
moisture and has the potential for holding plant 
nutrients in chemical bond. Availability of 
water and nutrients pro1110tes growth of the 
vegetation canopy. The canopy protects the soil 
from the nutrient-leaching action of unimpeded 
precipitation as well as from the structure­
changing drying and chemical reactions induced 
by direct sunlight. When we consider the effect 
of deforestation, for exaaple, we must realize 
not only that the albedo may change (particular­
ly in the arid climate where the soils are dry 
and light in color), and that the soil moisture 
will change, but also that the hydraulic prop­
erties of the soil may change in such a way as 
to inhibit soil-moisture movement. 
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Hydrology and Climate 

SUMMARY 

The atmosphere, oceans, and land surface {in­
cluding vegetation) are coupled dynamically at 
widely different time and space scales, forming 
a complex global system for the transport of 
heat and water. The behavior of this hydrocli­
matological system has a large-random component, 
thus its state variables must be defined proba­
bilistically. 

'!be system responds selectively to change 
in its parameters, with the marginal {i.e., 
highly stressed) ecosystems being particularly 
sensitive. We have seen this recently in the 
Sahel, but we do not yet understand the sense, 
strength, and scale of the sensitivities. Pa­
rameter change alters the variance {if not the 
mean) of certain state variables. Anthropogenic 
change often removes the buffering of natural 
systems {for exaaple, the removal of tempera­
ture-modulating vegetation by urbanization or 
deforestation), leading to a variance increase. 
Many of man's life-support systems, particularly 
agriculture, water supply, and space heating are 
sensitive to change in the existing hyarocli­
utological regime, thus it is essential that 
we develop the capability of anticipating the 
quality, quantity, and location of the anthro­
pogenic effects. 

The hope for such a distributed, quantita­
tive understanding of the interrelationship 
between climate and hydrology lies with the 
development of sophisticated aodels--models with 
the capability of providing at least the second 
111011ents of the state variables. To do this at 
global scale without the prohibitive expense of 
repetitive Monte Carlo simulation presents a 
primary challenge to climatological modelers. 

Current physical understanding of the sepa­
rate system components seems to provide an ade­
quate basis for the necessary modeling effort. 
The problems lie with the modeling; that is, 
isolation of the critical physical processes and 
representation of these at dynamically adequate 
{yet computationally economical) time and space 
intervals while bridging the disparity of scale 
between coupled system elements. 

To verify these models, global data sets are 
needed that specify current land-surface state 
{i.e., soils, vegetation, land use, water sur­
face, and snow cover) and give the global dis­
tribution of the water-balance elements. These 
data sets should give monthly averages and must 
include the oceans. 

Finally, as Eriksson {1975) pointed out, the 
interactive role of hydrology in climate will 
be aastered only with an uncommon degree of co­
operative endeavor from a broad range of the 
earth sciences. Perhaps this will be the aost 
difficult problem of all. 
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Implications of the 
Vadose Zone to 
Water-Resource Management 

3 
DONALD R. NIELSEN and J. W. BIGGAR 
University of California, Davis 

The vadose zone is usually considered the por­
tion of the earth's crust that is positioned 
between the soil surface and the groundwater 
table, which is usually composed of soil and 
unconsolidated ~~aterial and is not completely 
saturated with water. 

The vadose zone is inextr ictably involved 
in many aspects of hydrology--infiltration, 
evaporation, runoff, groundwater recharge, and 
water quality. Despite its role in the hydro­
logic cycle, the nature and behavior of the 
vadose zone remain obscure compared with other 
facets of hydrology. The importance of the 
vadose zone has either been overlooked or con­
sidered of marginal importance relative to rain­
fall-runoff, flood distribution, and groundwater 
analyses. our ing the past decade the vadose 
zone has received greater recognition--an out­
growth of the need to improve and protect the 
quality of water supplies. 

A major factor leading to an increased in­
terest in the vadose zone has been the disposal 
of solid and liquid wastes in the land and the 
desire to maintain water quality and to prevent 
environmental degradation near waste-disposal 
sites. Laws and regulations at both the local 
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and federal levels have focused attention on 
such problems. The relatively slow movement of 
constituents within the water through and away 
from disposal sites into the vadose zone and 
eventually into surface waters and groundwater& 
is beginning to be appreciated. Recent research 
on the chemical, physical, and biological 
processes associated with waste disposal in 
treatment plants or in land-disposal sites has 
demonstrated that some discharge is inevitably 
transmitted by the vadose zone, therefore, zero 
discharge as mandated by Public Law 92-500 is a 
scientific impossibility. There is a general 
lack of theoretical and experimental understand­
ing of the vadose zone, which would allow pre­
diction and possibly management of the rate of 
advance of a pollutant through it. 

The impetus to understand further the vadose 
zone stems from needs far greater than just the 
waste-disposal example cited above, where, al­
though readily perceived by the public as im­
portant, the portion of the landscape involved 
with waste disposal is almost nil compared with 
the total domain of our land and water resour­
ces. Surface waters and groundwater& are linked 
by the water in the vadose zone. In the past, 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


42 

as well as in the present, surface waters were 
often diverted and managed without sufficient 
regard to the impact on groundwater, and vice 
versa. The desire for conjunctive use of sur­
face waters and groundwater& in basin planning, 
development, and management is already appreci­
ated by hydrologists, particularly in geographic 
areas of llllrginal or deficient rainfall. How­
ever, the quality of water as it .aves through 
and over our land forces consideration of the 
vadose zone and the delineation of its role in 
water-resource management. 

The transfer and retention of water and its 
constituents in topsoils and soils have tradi­
tionally been investigated and managed by agri­
cultural and soil scientists with the primary 
emphasis on plant and crop production. They 
have shown little or no concern for the water 
that passes into the vadose zone (Black, 1968). 
TWo notable exceptions exist. One is the appli­
cation of additional water to the soil to leach 
excess salts out of the root zones into the 
vadose zone (Richards, 1954). The other is in 
deciding the a.ount and frequency of the appli­
cation of pesticides, fertilizers, and other 
soil additives so that excessive rainfall or 
irrigation will not leach them out of the area 
where they would be beneficial to crop produc­
tion (Taylor and Ashcroft, 1972J Ayers and 
Branson, 1973). Bven in these cases, management 
decisions are based on the economics of crop 
production rather than the potential impact on 
the quality and quantity of water in the vadose 
zone. 

'lbere are two traditional hydrologic views 
of the vadose zone. One is that the vadose zone 
is a buffer for runoff and erosion as the top­
soil and underlying vadose zone, through the 
process of infiltration, serve as a sink for 
water reaching the soil surface during rainfall 
and irrigation. The other view is that of the 
vadose zone as a source of water that reaches 
the water table with a strength equal to the 
difference between infiltration and evapotrans­
piration (Eagleson, 1970). Although both view­
points have provided a rationale for examining 
the hydrologic cycle with respect to rainfall­
runoff and groundwater recharge, it is obvious 
that such viewpoints ignore those properties of 
the vadose zone that impinge on the quality of 
the water. The quality of the water, in turn, 
has a direct influence on the retention and 
transmission of water in the vadose zone. 

NATURE OF THE VADOSE ZONE 

Compared with the vadose zone the water content 
of the topsoil oscillates over a wide range of 
values. Oscillations are associated with wet 
and dry seasons and with each rainfall or irri­
gation and subsequent drainage into the vadose 
zone and evaporation of water into the atmo­
sphere. Absorption of water by vegetation causes 
additional oscillations. Depending on the rela­
tive dryness of the topsoil, it has the capacity 
to allow large quantities of water to infiltrate 
its surface before runoff begins (Philip, 1957). 
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The infiltration rate depends not only on soil­
water content but also on soil texture., pore­
size distribution, and the quality of the infil­
trating water (e.g., Reeve and TAIIIlddoni, 1965). 
On the other hand, the water content of the 
vadose zone at any one depth is nearly constant 
regardless of the season or how the topsoil is 
managed. This near constant behavior of the 
water content stems from the fact that the 
water-conducting property of the vadose zone is 
approximately logarithmically related to the 
water content (Gardner, 1959). That is, the 
hydraulic conductivity of a soil is greatest for 
water-saturated conditions and decreases by 
about 7 orders of magnitude as the soil-ater 
content diminishes to an air-dry condition. 
Hence, any appreciable change in the rate at 
which water drains from the topsoil because of 
seasonal or management practice is easily accom­
modated by an increase or decrease in the water 
conduction rate within the vadose zone without 
a major change in its water content. The vadose 
zone bas the potential to transmit both water 
and solutes over a wide range of rates depending 
on the net rate at which water leaves the top­
soil. 

In the topsoil and in the vadose zone, water 
moves predominately in a vertical direction, 
whereas in the water-saturated aquifer, water 
generally moves horizontally and at a rate pro­
portional to the difference in elevation and the 
pore-size distribution of the aquifer. The 
vadose zone usually consists of layers of dif­
ferent physical and chemical properties that 
give rise to mixed water-saturated and unsatu­
rated zones with water traveling horizontally 
even though its primary direction is downward. 
Transient times for vertical movement for the 
vadose zone are generally much greater than 
those for the soil profile and much smaller than 
those for the aquifer. 

The transient time for water or solute to 
move through the vadose zone is directly related 
to the thickness of the zone. Its thickness is 
no greater than that of the topsoil (1 or 2 m) 
in many locations, especially in the eastern 
United States, and can extend to several hundred 
meters in alluvial basins in the western United 
States. In the eastern United States, where 
rainfall generally exceeds evapotranspiration 
and where soils are shallow, water moves quickly 
to streama and rivers each season. In the west­
ern United States, where rainfall is minilllll and 
where the vadose zone is deep, water moves ex­
ceedingly slow. Hence, the rate at which a soil 
additive o~ its metabolite reaches a groundwater 
or surface water supply may vary by several 
orders of magnitude depending solely on local 
geography. 

The vadose zone experiences a geotherlllll 
gradient (about l°C increase in temperature for 
every 40-m increase in the distance from the 
topsoil) as well as annual oscillations of tea­
perature. The topsoil experiences both annual 
and daily temperature oscillations, which 
enhance chemical weathering. Although there are 
numerous examples of theoretical and practical 
considerations of water flow in the presence of 
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thermal gradients, groundwater aquifers are 
usually analyzed in aost textbooks as if they 
were insensitive to temperature fluctuations 
(Vies~~ann et al., 1977). Teaperature has its 
greatest iapact in the vadose zone on the vis­
cosity of water and on biological and chemical 
reactions. Temperature oscillations at the soil 
surface have an indirect but nevertheless im­
portant effect on the vadose zone inasmuch as 
both chemical and biological processes are 
d~inant within the soil profile. The topsoil 
has larger quantities of organic matter and an 
abundance of microbial species that account for 
the transformation rates of vegetative residues, 
soil additives, pesticides, solid and liquid 
wastes, and other inorganic and organic constit­
uents. Because the translocation and retention 
of inorganic and organic constituents within the 
vadose zone hinges on the above rates, which to 
date have not been appropriately ascertained 
under field conditions, their prediction remains 
obscure and subject to conjecture. Unless ex­
ceedingly heavy volumes of solid or liquid waste 
are applied and leached rapidly into the vadose 
zone, both the groundwater aquifer and the va­
dose zone exhibit only inconsequential traces 
of organic matter and aicrobial species. 

The vadose zone is characterized further by 
slow, subtle changes in constituent concentra­
tions of its gaseous phase as co~ared with the 
topsoil, caused principally by the differing 
rates at which air is exchanged within the 
water-unsaturated profile. The primary constit­
uent is C02, which directly affects pH and 
concentrations of bicarbonate and carbonate in 
the water phase that enter directly into many 
cheaical reactions in the vadose zone. 

We do not suggest that the basic scientific 
principles of chemical, physical, and biological 
phenomena within the vadose zone differ from 
those operating in other sectors of our natural 
resources, for they are identical. We encourage 
familiarity with classical textbooks on solution 
chemistry (Garrels and Christ, 1965), physical 
processes (Davies and Rideal, 1963), enzyae 
kinetics (Segal, 1974), and soil microbiology 
(Alexander, 1961). The recent book by Freeze 
and Cherry (1979) summarized the various pro­
cesses that i~inge on the quality of the ground 
water. Nevertheless, most water-resource pub­
lications do not treat the vadose zone explicity 
nor do they provide experimental procedures or 
aethods by which the various phen0111ena can be 
quantified for natural field situations. 

DBSCRIPTIVB THEORETICAL CONCEPTS 

What is known theoretically about the vadose 
zone has been borrowed a priori fro• aany 
scientific and technological disciplines inas­
mch as experimentation within the zone below 
the root depths of vegetation is nearly non­
existent. 

The water in the vadose zone is not pure, 
but is a solution of water and dissolved solid 
and gaseous constituents. Moreover, vadose 
water cannot be considered simply as ordinary 

water with a few dissolved solutes, since its 
properties are intimately linked to the chemical 
and physical properties of the solid phase on 
which it is sorbed (Nielsen et al., 1972). 
The impact and degree of this linkage hinge on 
the amount of water that is in the soil and the 
mineralogical composition and particle-size dis­
tribution of the solid phase. Typically, vadose 
water exists as films having thicknesses on the 
order of only a dozen water IIOlecules. The 
physical properties of this water differ ~~arked­
ly from that which completely fills the rela­
tively large pores in groundwater aquifers 
because water is a strong dipole (dipole moment 
of 1.87 x lo-18 esu cal and is readily influ­
enced by the net surface charge density of the 
soil particles and the numbers and kinds of its 
dissolved constituents. Ions in the water sat­
isfy the surface charge on the soil particles 
caused by isomorphous substitution of one ele­
ment for another in the crystal lattice of 
clays, ionization of hydroxyl ions at the sur­
face edges of clay particles, and other mecha­
nisms. The charge density distribution of an 
assemblage of soil particles gives rise to an 
electrical field that controls cations and ions 
within the water films, and it changes the con­
figuration and properties of the water. Figure 
3.1 shows distributions of cations and anions 
in the soil solution as a function of distance 
fr0111 the soil-particle surface within a water­
saturated soil pore. For the more concentrated 
solution of 0 .IN the impact of the electrical 
field is not evident at distances greater than 
about 50 A, while that for the dilute solution 
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FIGURE 3.1 Concentration distributions of cations and 
anions in the vicinity of the boundary of a soil pore 
filled vith vater having concentrations O.lN and O.OOlN. 
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(O.OOlN) extends further than 200 A into the 
pore. As the soil-water content decreases, the 
cations and anions are forced to occupy a space 
limited by the thickness of the fila& on the 
soil-particle surfaces. Such a surface-related 
phenomenon gives rise to swelling pressures 
(Bolt and Bruggenwert, 1976), streaming poten­
tials (OVerbeek, 1952), and salt sieving 
(Keaper, 1960). It is well known, even for 
water-saturated conditions, that the hydraulic 
conductivity of a soil can change an order of 
magnitude by merely altering the concentration 
of the soil solution or the kinds of cations 
associated with the soil-particle charge density 
(Quirk and Schofield, 1955). Compared with 
water saturation having pores and lenses with 
thicknesses on the order of 103-104 mole­
cules of water, the water-solute-particle sur­
face interactions become increasingly more 
important as the soil becomes progressively 
drier and cannot be neglected at those water 
contents aanifested in the vadose zone that are 
characterized by films that are 10-20 molecules 
thick. 

Because of the complexities described above, 
a description of the forces acting on the vadose 
water to predict ita retention and movement 
cannot be restricted as it is for groundwater 
aquifers to those stemming from the earth's 
gravitational field. Defining a force as the 
gradient of a scalar potential, the soil-water 
potential Yw (ergs/gm) is defined as 

'I' 
w 

i 

'I' + 'I' + 'I' + 'I' + 'I' 
p m s e z' (3.1) 

where 'l'p is the pressure potential, 'I'm 
the metric potential, 'I' 5 the solute poten­
tial, 'l'e the electrical potential, and 'z the 
gravitational potential. The first and last 
terms on the right-hand aide of the equation are 
usually applied to water-saturated conditions. 
Por the water-unsaturated vadose zone, the first 
term is not applicable. Assuming that water 
moves porportionally to the forces acting on it, 
for steady-state conditions, the rate at which 
water moves through the vadose would be 

v 
w 

i 

d'l'. 
~ 

dz ' (3.2) 

where Vw is the volumetric flux of water 
(cm3/cm2 sec) and K1 are proportionality coeffi­
cients that all depend more or less on the 
degree of water unsaturation and the tempera­
ture. For nonisotherul conditions, Bq. (3.2) 
becomes extremely complex. Although the magni­
tude of v w depends on the local climate and 
the season, its average value usually oscillates 
between nil and 1 mm/day. For waste-disposal 
sites, irrigated agriculture, or humid areas, 
its value may be much larger. 

The obscurity of the vadose zone can be 
easily explained by the fact that field techni-
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ques for aeaaur ing 'I'm, 'I' 5 , and f e 
remain undeveloped or are liaited to special 
condi tiona (Black, 1965) • Moreover, no direct 
means have been devised to measure Vw (CAry, 
l973J Dirksen, l972)J hence, values of K1 , 
the transfer coefficients, have not been ade­
quately evaluated or correlated with the compo­
sition of the vadose zone. In other words, 
direct measurements or calculations of the rate 
at which water moves through the vadose zone, 
baaed on ita properties, have not yet been 
devised. 

The above discussion of the soil-water flux 
was baaed on the assumption that no marked or 
sudden changes take place at the soil surface 
that significantly alter the soil-water content 
or the composition of the soil solution in the 
vadose zone. Por such abrupt, transient condi­
tions the soil-water content, e , would change 
both with time t and depth and be described 
by, 

(3.3) 

Most field studies to date caamonly aaauae that 
f 5 , f e, and the temperature are constant and 
that ~ + 'l'z equals '~'h• the hydraulic potential, 
giving rise to 

a a -= (3.4) at 

where ( e lfml includes all the uncertainty of 
neglecting '1'5 , '~'e• and teaperature variations. 
When these terms are neglected, many textbooks 
and treatises are available that clearly de­
scribe the fundamental physical processes of 
water moving through saturated and unsaturated 
porous materials (Child, l969J de Wiest, 1969, 
Eagleson, 1970, Kirkham and Powers, 1972). It 
should be emphasized that neglecting such terms 
for the vadose zone uy simplify the analysis 
but may not be appropriate. For example, Bq. 
(3.4) applies to transient conditions whereby 
the soil-water content changes because of ex­
traction or displacement of the soil solution. 
Such transient conditions give rise to changes 
in the concentration of the soil solution that 
in turn affect the magnitude of the hydraulic 
conductivity. This phenomenon is illustrated 
in Figure 3.2 for a clay loam whose hydraulic 
conductivity K (e) was measured by Dane and 
Klute (1977) for two soil-solution concentra­
tions having identical sodium adsorption ratios 
(Richards, 1954). The data show that the values 
of K diminish twentyfold when the concentra­
tion is reduced froa 100 to 10 meq-1. Siailarly, 
for a given soil-solution concentration, it is 
well known that the value of the hydraulic con­
ductivity depends on the distribution of cations 
and anions within the soil solution. Hence, 
analytical or numerical solutions of the above 
equation may be able to simulate a sequence of 
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events at a given location because of the 
special manner in which the parameters are 
evaluated but would not be applicable nor be 
able to predict future events without a rigorous 
consideration of the ionic constituents within 
the soil solution. Research is required to 
measure Y1 and K1 in situ and to relate 
such values to major land forms and geologic 
strata. 

The composition and general quality of the 
water that enters the vadose zone hinge on the 
biological and chemical reactions that dominate 
the topsoil. It has only been during the past 
quarter century that soil scientists, hydrolo­
gists, and engineers have given serious thought 
to how dissolved constituents in soil and vadose 
waters behave. Earlier investigations date back 
at least to the turn of the century, when 
Schlicter (1905) and others were interested in 
the dispersion of solutes associated with ground 
water migration. With the current environmental 
emphasis on coupling conservation and efficient 
utilization of both renewable and nonrenewable 
resources, the pace to understand and manage 
.ore effectively the concomitant progress of 
solutes and water .oving through the vadose zone 
has accelerated. The spectrum of solutes in­
cludes fertilizers, pesticides, municipal and 
industrial wastes,· and other organic and inor­
ganic solutes intentionally or inadvertently 
added or modified in the topsoil. 

In the 1950's, initial studies of the prin­
ciples of leaching, hydrodynamic dispersion, and 
miscible displacement were confined to rather 
simple, artificial conditions in the laboratory 
(e.g., Day, l956J Rifai et al., 1956). And 
in large measure, current research still re­
flects those modest beginnings from myopic view­
points of isolated scientific disciplines. The 
general perception and understanding of solute 
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movement in the vadose zone is far less than the 
little-understood concepts of its water move­
ment. A good understanding requires considera­
tions of chemistry, physics, and microbiology. 
After having given such considerations to the 
various processes, a substantial number of para­
meters are inevitably introduced, giving rise 
to a theory that can easily be adapted to fit 
any set of experimental data without necessarily 
proving anything or providing substantive guid­
ance for future research or technology. 

Review articles on how solutes and water mix 
as they migrate through water-saturated soils 
and groundwater aquifers are now relatively 
abundant and implicitly identify areas of the 
unknown (e.g., Fried, 1975). The unknown, we 
believe, stems from the propensity of soil 
scientists, hydrologists, and irrigation engi­
neers to limit their consideration and vision 
to their respective disciplines. For example, 
irrigation engineers tend to disregard the chem­
ical interactions between soil particles and 
solutes in the unsaturated vadose zone, whereas 
soil scientists neglect the physical aspects of 
the zone. The hydrologist, on the hand, gener­
ally acknowledges but diSregards the chemical 
and microbiological processes occurring in the 
topsoil that are important to the retention and 
migration of water in the vadose zone. Experi­
mentally, in the laboratory or in the field, 
each discipline tends to continue to select 
those conditions and treatments to emphasize a 
single disciplinary viewpoint without really 
coming to grips with a more common, realistic 
situation or one that can be analyzed and· trans­
ferred to other conditions. We illustrate the 
above assertions by using the following commonly 
used but oversimplified equation for describing 
the c (carbon) concentration of a solute as it 
is leached through a homogeneous, isothermal 
vadose zone: 

.e.. as + ac = a2c ave + 
6 Clt Clt D Clz2 - Clz Q, 

(3. 5) 

where s is the solute associated with the 
solid phase, D the apparent diffusion coeffi­
cient, v the average pore-water velocity, Q 
a source or sink term, P the bulk density of the 
soil, and 6 the soil-water content. Hydrolo­
gists minimizing the impact of the first and 
last terms utilize solutes to evaluate the be­
havior of D for different kinds of porous 
media and flow conditions and suggest improve­
ments to the formulation of similar equations 
based on geometric considerations of the soil 
pores (Bear, 1969). Of paramount importance is 
the magnitude of the pore-water velocity. Vir­
tually all research for ascertaining its value 
hinges on two concepts: (1) the application of 
equations to determine the hydraulic properties 
of the soil or (2) the behavior of a tracer 
purposely introduced or found naturally in the 
environment. When the former concept is used, 
the implications of the water-solute-solid 
interactions on the value of the hydraulic prop­
erties illustrated in Figure 3.2 are seldom 
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included in the derivation of Bq. (3.5). The 
utility of the latter concept depends on the 
tracer either being •nonreactive• with the po­
rous material or that the nature and impact of 
the reaction [first and last terms of Bq. (3.5)) 
are quantitatively known. There are few, if 
any, tracers within the thin water films of the 
vadose zone that do not interact with the soil­
particle surfaces, and as the thickness of the 
water film changes, the relative rates of move­
ments of the tracer and the water also change. 
This is illustrated in Figure 3.3, which shows 
the concentration distribution of an anion trac­
er and the water velocity distribution within a 
single soil pore. The distance d5 is the 
idealized portion of the pore containing no 
tracer, and du is the idealized portion of 
the water that is stagnant (Krupp et al., 
1972). The relative rates of water and solute 
moving through the pore depend on the relative 
values of d5 and du• If, indeed, du < d 5 , salt 
sieving occurs. The magnitudes of d5 and du de­
pend on the concentration and kinds of ionic 
species in the soil solution, the thickness of 
the water films, and the soil-water flux. Sim­
ilar considerations hold for cationic, polar, 
and nonpolar tracers. 

Geochemists emphasize parameters of the 
first term (exchange and precipitation reac­
tions) at the expense of neglecting the right­
hand side of Eq. (3.5). The rate at which a 
solute interacts or exchanges with the solid 
phase is of great interest with many issues 
remaining unresolved (Helfferich, 1962J Lind­
strom and Boersma, 1970). Resolution of such 
issues usually rests on the consistency between 
the scale at which the phenomenon is perceived 
and the scale of the observations for which the 
perceptions are tested. Often overlooked is the 
fact that the surface charge characteristics of 
soil colloids are of two types: a constant sur­
face charge and a variable surface potential, 
and a variable surface charge and a constant 
surface potential (van Olphen, 1977). For the 
latter type, because the charge is determined 
by the nature of the adsorbed ions, the concen­
tration of the ions in solution, and the pH 
(Keng and Uehara, 1974), any displacement of the 
soil solution or change in the thickness of the 
water films will impinge directly on the para­
meters used to describe the first term in Bq. 
(3.5). 

Microbiologists emphasize the last term of 
Eq. (3.5), which describes the growth and main­
tenance of a microbial population in relation 
to organic materials applied to the soil surface 
and the decay of roots of vegetation. Soil 
microbiologists often neglect the third term of 
the equation (McLaren, 1970). Prediction of the 
retention and movement of a given solute also 
hinges on the quantitative description of the 
solute's precursors (e.g., through hydrolysis, 
the precursor of ammonium is urea) and its suc­
cessors (e.g., through oxidation, nitrate is the 
successor of ammonium). such a prediction could 
be conceptually derived from a series of equa­
tions analogous to Eq. (3.5) written for each 
solute within the liquid or gaseous phase of the 
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vadose zone. For example, a soluble organic 
nitrogeneous material could be leached into the 
vadose zone, transformed into amaoniua, oxidized 
to nitrate (from oxygen stemming from the gase­
ous phase diffusing from the soil surface), and 
reduced to N2, which moves through the soil 
water and into the gaseous phase and diffuses 
eventually back to the soil surface and out into 
the atmosphere. Such studies, even for the most 
iaportant elements of c, H, o, s, N, and P as­
sociated with industrial and municipal wastes 
and leachate& from plant and animal production 
in agriculture and ecological investigations, 
have received only cursory consideration in the 
laboratory, much less a comprehensive examina­
tion in the field. 

Finally, regardless of the disciplinary em­
phasis given in Eq. (3.5), experimentation for 
water-unsaturated soils has been largely con­
fined to laboratory studies involving rates of 
water movement of an order of magnitude greater 
than is usually manifested in the vadose zone 
and concentrations of solutes and their relative 
abundances compared with other solutes in excess 
of realistic connate values. 

It should also be recognized that partial, 
nonlinear, second and higher order equations 
similar to Eq. (3.5) are now amenable to numer­
ical solutions that were not even attempted as 
recently as a decade ago (van Genuchten, 1978). 
Hence, the capability to solve such equations 
and to simulate the behavior of water and 
solutes in the vadose zone has surpassed our 
technology to derive more appropriate equations 
and to verify their numerical solutions. We 
illustrate this latter statement by referring 
to Eq. (3.5) or any one of a number of its homo­
logues in the scientific literature. We refer 
specifically to the scale of measurement of any 
of the terms in Eq. (3.5). Reduced to its sim­
plest form for a •nonreactive constituent• being 
displaced in the vadose zone, Eq. (3.5) becomes 

(3.6) 
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for which time t and depth z definitely are 
deterministic and unambiguous compared with c, 
v, and D. The values c, v, and D hinge 
on the scale of measurements and the method by 
which a spatial or temporal average is obtained. 
At the molecular level or at an aggregation 
equivalent to the thickness of a water film in 
the vadose zone, the values of all three terms 
are dependent on the distance within the film 
from the soil-particle surface at which the 
terms are evaluated. At an aggregation one or 
two orders of magnitude larger, their values 
hinge on the localized characteristics of the 
particular volume of soil sampled. At still one 
or two larger orders of magnitude, their values 
would differ appreciably compared with those 
estimated at the molecular level. TO date, no 
publications are available that report the scale 
of measurement relative to its applicability in 
terms of Eqs. (3.5) or (3.6), or related formu­
lations. 

Regardless of scale considerations, there 
is a lack of experimentation to ascertain para­
metric values in Eqs. (3.5) or (3.6). For 
water-unsaturated soils or granular geologic 
materials, most experiJDentation has been con­
ducted in the laboratory. In fact, most labora­
tory studies have been limited to water-saturat­
ed materials or ·to systems evaluating the 
simultaneous solutions of simplified equations 
such as Eqs. (3.4) and (3.6) for infiltration 
(Kirda et al., 1973; Smiles et al., 1978). 
Because of the complexity of experimental tech­
niques and the inordinate amount of time needed 
to deal with water-unsaturated flow conditions, 
the information used to predict water and solute 
movement in the vadose zone usually stems from 
water-saturated experiments. For example, from 
observations of the migration of dye and other 
soluble materials added to water tables in field 
situations as well as observations in water­
saturated sand columns in the laboratory, the 
behavior of D in Eq. (3.6) is thought to be 

n 
D = v0 + mv , (3.7) 

where Do is the molecular diffusion coeffi­
cient within a porous material, m a constant 
that depends on the properties of the material, 
and n a constant usually taken as a value be­
tween 1 and 2 (Fried and Combarnous, 1971). For 
unsaturated soils, the values of Do, m, and 
n all depend on soil-water content (Yule and 
Gardner, 1978). The value of Do is also 
known to vary with the distribution of solute 
species in the water (Kemper and van Schalk, 
1966). The second term, commonly called mech­
anical dispersion (Freeze and Cherry, 1979), 
remains virtually unknown for water-unsaturated 
conditions. In the vadose zone, the magnitude 
of v may be either smaller or larger than 
Do, the description of m has not been at­
tempted, and, to date there has been only one 
comprehensive field study of the magnitude of 
n for a nearly water-saturated soil. The re­
sults of that study (Biggar and Nielsen, 1976) 
relative to Eq. (3. 7) are shown in Figure 3.4 
for 358 observations of pairs of values of D 
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FIGURE 3.4 Apparent diffusion coefficient versus pore­
water velocity measured at 358 locations within a 150-ha 
field. 

and v measured at six depths from the topsoil 
to 2 m within a 150-ha field. The value of m 
is two orders of magnitude larger than those 
obtained from laboratory studies with the value 
of n being close to that reported by Fried and 
Combarnous (1971). The striking feature of 
Figure 3.4 is the extreme scatter of the data 
with the values of D ranging between 0.5 to 
13,000 cm2/day. The significance of such 
variability on the accuracy and precision of 
solutions of Eq. (3.6) was recently demonstrated 
by Warrick and Amoozegar-Fard (1979). 

The formulation of Eq. (3.5) or (3.6) is 
subject to further investigation as the water 
velocity distribution within the pores of the 
soil is not even adressed for different degrees 
of water saturation or for different magnitudes 
of v. Field studies conducted more than 80 yrs 
ago demonstrated that several small applications 
of water-leached solutes more efficiently per 
unit water applied than did one large water 
application. Means and Holmes (1900) suggested 
that a significant fraction of the soil pores 
did not conduct water and that the solutes that 
they contained were leached only after they 
migrated by diffusion into pores containing 
water that was mobile. A more recent field 
study by Miller et al. (1965) showed similar 
results and related the leaching efficiency of 
chloride to the degree of water saturation and 
the soil-water flux during the leaching process. 
They applied a chloride salt to the surface of 
a soil and observed its movement through the 
soil profile under two different soil-moisture 
regimes (Figure 3.5). Applying the water slowly 
(Figure 3.5A) compared with a more rapid appli­
cation and at a greater soil-water content 
(Figure 3.58) leached the chloride deeper. Com­
paring Figures 3.5A and 3.58, it is apparent 
that 60 em of water applied slowly leached the 
salt to a greater depth than did 90 em of water 
applied more rapidly. The processes responsible 
for the differences in behavior may be attribut­
ed to the water-solute-solid interactions 
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FIGURE 3.S Chloride distributions within a soil profile 
ste .. ing froa a pulse of surface-applied chloride leach­
ed under two different soil-water regiaes. 

discussed above as well as recognizing that 
relative amounts of water may be stagnant within 
soil aggregates (Philip, 1968), dead-end pores 
(Coats and Smith, 1964), and isolated regions 
in unsaturated soils (Gaudet et al., 1977). 
Moreover, several investigators have shown that 
infiltrating water moves preferentially through 
a limited number of pore sequences bypassing 
much of the soil mass (Anderson and Bouma, 1977: 
Kanchauasert et al., 1978: Quiasenberry and 
Phillips, 1976: Scotter, 1978: Wild, 1972). 
Equations analogous to Eq. (3.5) that account 
for zones of mobile and imaobile water have also 
been derived and solved for special restrictive 
conditions (Coats and Smith, 1964: Villermaux 
and Swaaij, 1969: Bennet and Goodridge, 1970: 
van Genuchten and Wierenga, 1976: de Smedt and 
Wierenga, 1979: and several others). The appli­
cation of such equations to the vadose zone 
awaits further investigation. 

OUTLOOK FOR FU'l'URB RESEARCH 

The utility of equations similar to Eqs. (3.2), 
(3.3), and (3.5) to analyze and manage water and 
solutes moving through the vadose zone hinge, 
as a minimum, on the development of field tech­
nology to measure or estimate the soil water 
potential and its components, the flux of water 
and its solutes, and the chemical reactions of 
the solutes as a function of apace and time. 
We have seen that the value of hydraulic con­
ductivity can be altered by at least twentyfold 
depending on the concentration and species of 
the solutes in the unsaturated zone. We also 
recognize that the net charge density of soil­
particle surfaces can be altered and their sign 
even reversed from negative to positive depend­
ing on the concentration of the solutes and the 
pH of the unsaturated soil-water system. Hence, 
for vadose zones of more or less well-behaved, 
solute-water-soil matrix inter actions it would 
not be unexpected that the relative movements 
of water and solute would vary on the order of 
20 percent provided the flux of water could be 
appropriately ascertained. Because of the un-

DONALD R. NIBLSBN and J. 1f. BIGGAR 

certainty of the hydraulic conductivity in tbe 
vadose zone, coupled with little or no verifi­
cation of the magnitude of the solute-water-soil 
matrix interactions, standard modeling approach­
es are unfounded and rendered ineffective with­
out i11proved exper iMntal observations. It is 
perhaps satisfying to some to simulate the 
retention and migration of water and solutes in 
the vadose zone, but it is also equally disturb­
ing to others that field verification of aucb 
simulations have seldom been atteapted much leas 
been successful or utilized by groundwater man­
agers in predicting the impact of soil-surface 
events and vadose-water travel times on the ar­
rival of constituents at groundwater interfaces. 
Even witb the development of acceptable aethods 
for meaaur ing water and solute fluxes and con­
centrations, it is also becoming clear tbat 
there is a need to analyze and simulate vadose­
water regimes using stochastic approaches rather 
than the deterministic systems used traditional­
ly by agriculturists and hydrologists (e.g., 
Bresler and Dagan, 1979). The primary reason 
for the stochastic approach is the realization 
that the vadose zone is exceedingly heterogene­
ous. This heterogeneity gives rise to large 
uncertainties in botb inputs and outputs of 
numerical and analytical 80dela. Spectral anal­
yses, Monte Carlo simulations, perturbation 
methods, and deterministic equations containing 
regionalized parameters and variables need to 
be developed for the vadose zone. 

How should a vadose soil-water property be 
defined or measured to represent a distinct 
region of a watershed? Do particular values 
measured at one site represent the watershed? 
How many sites need to be measured to represent 
the watershed? How meaningful are average 
values determined for a few sites if the fluctu­
ations are large over the watershed? These 
questions cannot be answered using statistical 
analyses that assume observations are independ­
ent of their spatial locations unless shown 
experimentally. We expect geostatiatical tech­
niques used for in the vadose zone to provide 
answers relative to the number, size, and spac­
ing of observations in relation to morphological 
criteria for the characterization of soil and 
geologic mapping units. Identifying appropriate 
scales of observations for the unsaturated zone 
remains a major task. 

In the immediate future we expect progress 
to be made primarily through the following ap­
proaches. Firat, we envisage miscible displace­
ment techniques currently being used on surface 
soils where biological, chemical, and physical 
processes are integrated concomitantly to be 
extended to in situ vadose zones with depths 
of 10-30 m where travel times are on the order 
of a year or two. Such field investigations 
could use existing technology in locations 
judiciously selected on the basis of accurate 
land-management history that is typically avail­
able in agricultural and watershed experiment 
stations. Second, samples of unconsolidated 
sediments and materials described and catego­
rized geologically could be brought to the 
laboratory and analyzed in relatively large 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


Implications of the Vadose Zone to Water-Resource Management 49 

columns subjected to soil-ater contents and 
fluxes prevailing in the vadose. At matrix 
potentials on the order of -100 mb the various 
chemical-physical reactions that control and 
transport processes could be ascertained for 
major geologic for~~ations. Third, we foresee 
the re-examination of geologic and hydrologic 
borehole loggings in relation to soil-surface 
events ranging from management decisions to 
cli~~atological data. Emphasis would be given 
to the dynamics of the transport processes 
rather than the capacity or storage character­
istics of the profiles. Closely associated with 
this approach is the need to re-examine the 
migration of radioactive materials from nuclear 
testing, where distances and travel times are 
effectively known and could be related to other 
solutes. 

Finally, progress toward the understanding 
and management of the vadose zone will be 
substantially improved when principles of chem­
istry, physics, microbiology, and hydrology 
transcend the curricula of agriculturists, hy­
drologists, and engineers. The microbiologically 
and chemically induced reactions in the soil 
that control the quality of the recharge must 
be understood and coupled with the physical­
chemical processes that control the transient 
nature of the vadose water and its constituents. 
With the above pedagogic elements co-.on to the 
various professions, each professional viewpoint 
of the vadose zone should become more clearly 
focused and eventually would lead to a melding 
of the various viewpoints into rational planning 
and management acceptable to public policies. 
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INTRODUCTION 

Water-resource scientists are concerned that 
soee basic principles are being overlooked by 
water aanagers. Rather than discuss tbe scope 
of groundwater hydrology, we have chosen to 
focus on a c~n aisconception to illustrate 
the point. 

Perhaps the most coaaon aisconception in 
groundwater hydrology is that a water budget of 
an area deteraines the aagnitude of possible 
groundwater developeent. Several well-known 
hydrologists have addressed this aisconception 
and attetipted to dispel it. Sollehow, though, 
it persists and continues to color decisions by 
tbe water-.anageaent c0111unity. 'l'be laws gov­
erning the devel~nt of groundwater in Nevada 
as well as several other states are based on the 
idea that puaping within a groundwater basin 
shall not exceed the recharge. It is the intent 
of tbis paper to re-examine the issue. 

BIS'l'ORICAL PBRSPBC'l'IVB 

Theis (1940) addressed the subjects 

Onder natural conditions • • • previous to de­
velopeent by wells, aquifers are in a state of 

51 

approxiaate dynamic equilibriua. Discharge by 
wells is thus a new discharge superiaposed upon 
a previously stable systea, and it must be bal­
anced by an increase in the recharge of the 
aquifer, or by a decrease in the old natural 
discharge, or by loss of storage in the aquifer, 
or by a combination of these. 

Brown (1963) atteapted to illustrate these 
points by demonstrating that (l) under virgin 
conditions the height of the water table is a 
function of the recharge and transaissivity, and 
recharge is balanced by discharge froa the aqui­
fer, (2) the effects of groundwater developeent 
are superiaposed upon these virgin conditions, 
and (3) the rate at which the hydrologic systea 
reaches a new steady state depends on the rate 
at which the natural discharge (in his exaaple 
to a stream) can be captured by tbe cone of de­
pression. Brown's arguaent, which was highly 
technical, was essentially ignored by aany hy­
drologists. 

Bredeboeft and Young (1970) re-examined the 
issue and restated Theis's conclusionss 

under virgin conditions, steady state prevails 
in aost groundwater systems, and natural re-
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charge is equal to the natural discharge. We 
can write the following expression for tbe 
system as a whole 

where R 0 is the aean recharge under virgin 
conditions and Do is the mean discharge 
under virgin conditions. 

Some disturbance of the ayatea is necessary 
to have a development. At aoae tiae after the 
start of pumping we can write the following ex­
pression: 

(4.2) 

where fl R0 is the change in the mean re­
charge, fl Do the change in the mean dis­
charge, 0 the rate of withdrawal due to 
development, and dV /41:. the rate of change in 
storage in the ayatea. From Bqa. (4.1) and 
(4.2) we can obtain 

flR0 - !J.D0 - 0 + dV = 0 dt . (4.3) 

Assuaing water-table conditions we can them 
compute an average drawdown for the system as a 
whole in the following aanner: 

S = flV /(S • Ab), a t y (4.4) 

where sa is average basinwide drawdown, fl Vt the 
volume removed from storage at time t, Sy the 
specific yield of the aquifer, and Ab the area 
of the basin. Such an input-output analysis 
treats the systea just as we would treat a sur­
face water reservoir. The response of the system 
is assumed to take place rapidly with effects 
equally distributed throughout the basin. In 
110at groundwater ayateu the response is not 
equally distributed. 

RBSPONSB OF GROUNDWATER SYSTEMS 

In groundwater syateu the decline of water 
levels in a basin because of withdrawal will 
occur over a period of years, decades, or even 
centuries. some water must be taken from stor­
age in the system to create gradients toward a 
well. There are two implications to be gathered 
from tbeae facts: (1) some water must always be 
ained to create a development, and (2) the time 
delays in a groundwater ayatea differ from those 
in surface-water ayateu. 

It is apparent from Bq. (4.3) that the vir­
gin rates of recharge Ro or discharge Do are not 
of paramount importance in groundwater investi­
gations. For the system to reach aoae new 
equilibrium, which we define as dV/41:. • 0, there 
must be some change in the virgin rate of re­
charge and/or the rate of discharge Do. It 
is these changes, fl Ro and flD0 , that are 
interesting. 

The response of groundwater systems depends 
on the aquifer parameters (transmissivity and 
storage coefficient), the boundary conditions, 
and the positioning of the development within 
the system. 

Lohman (l972a), referring to the High Plains 
of Texas and New Mexico, aade the point again. 
The following discussion is a synopsis of Lob­
aan'a argument taken fro• Bulletin 16 of tbe 
u.s. Water Resources Council (1973): 

Withdrawals cannot exceed tbe rates of re­
charge or discharge for a prolonged period of 
time without resultant •aining• of ground water. 
Adjuatllenta in recharge and discharge rates as 
a result of pumping can be referred to as cap­
ture, and, inaaauch as sustained yield is limit­
ed by capture and cannot exceed it, eatiaates 
of capture are fundamentally important to quan­
titative groundwater analysis and planning for 
long-tera water supply. 

Decline of water levels in response to sus­
tained withdrawal aay continue over a long 
period of tiae. At first, some water aust be 
taken from storage in the aystea to create gra­
dients toward pumping wells. Two iaportant 
implications of these statements concerning a 
long-tera water supply are that (l) some water 
IIUSt be re110ved fro• storage in the ayatea to 
develop a groundwater supply, and (2) time de­
lays in areal distribution of pumping effects 
in aany groundwater ayateu deiiOnatrate that 
balanced (equilibriua or steady-state) condi­
tions of flow do not ordinarily exist. In the 
clearest examples, water levels decline drasti­
cally, and some wells go dry long before the 
syatea as a whole reaches a new equilibr iwa 
balance between repleniahllent and natural and 
imposed discharge rates. 

The moat well-known example of such a condi­
tion of nonequilibriua is the aajor groundwater 
development of the southern High Plains of Texas 
and New Mexico. Water is contained in extensive 
deposita (the Ogallala foraation) underlying the 
plains (Figure 4.1). Average thickness of these 
deposits is about 300 feet. They consist of 
silt, sand, and gravel and fora a groundwater 
reservoir of moderate permeability. The reser­
voir rests on relatively impermeable rock and 
constitutes tbe only large source of groundwater 
available to the area. 

The southern High Plains slope gently from 
west to east, cut off from external sources of 
water upstream and downstream by escarpments, 

w E 

~[ 
(little or no usable groundwater} 

l-...-------150 miles----------' 

FIGURE 4.1 Developa.nt of groundwater in the aouthern 
High Plains of Texas and Nev Mexico. Withdrawal has 
resulted in a pronounced decline of water levels in the 
aiddle of the southern High Plains, but it has had 
little effect on the gradient to the east (natural dis­
charge) or on natural recharge. 
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as illustrated in Figure 4.1. Replenis~nt is 
dependent on tbe scanty precipitation, and total 
recharge in the southern High Plains is extr ... -
ly aaall in ca.parison with the enormous iaposed 
discharge (pu.ping for irrigation) • Total re­
charge is equivalent to only a fraction of an 
incb of water per year over tbe whole of the 
Bigb Plains. The natural discharge, of the aaae 
order as the recharge, continues froa seeps and 
springs along the eastern escarpment. 

Withdrawal by puaping baa increased rapidly 
in the past SO years and at present amounts to 
about l.S trillion gallons per year (4.6 aillion 
acre-feet per year). The withdrawal baa result­
ed in a pronounced decline of water levels in 
tbe aiddle of the Plains, where pumping is heav­
iest (and where the increase in coat of pumping 
baa been greatest). Little additional natural 
recharge can be induced into the ayatea because 
tbe water table lies SO feet or more beneath the 
land surface in .oat of the area, the unsaturat­
ed voluae of aquifer available for possible re­
charge is more than aaple. 

Nor baa natural discharge been salvaged by 
tbe lowered water levels. As aay be noted in 
Figure 4.1, the hydraulic gradient, or water­
table slope, toward the eastern escarpment baa 
been virtually unchanged. EVen if all discharge 
could be salvaged by pumping, however, the sal­
vaged water would be only a saall percentage of 
present puapage. 

TBB CIRCULAR ISLAND 

Perhaps the easiest way to illustrate our point 
further is to consider puaping groundwater on 
an island situated in a freshwater lake. The 
situation is shown acheaatically in Figure 4.2. 
An alluvial aquifer overlies bedrock of low per­
aeability on the island. Rainfall directly on 
tbe island recharges the aquifer. Under virgin 
conditions, this recharge water is discharged 
by outflow from the aquifer into the lake. The 
height of the water table beneath the island is 
deterained by the rate of recharge, the area of 
the island, and the transmissivity. 

Under virgin conditions, we can deteraine a 
water balance for the island. Froa our previous 
notation, recharge to the island is 

A J ra dA .. Ro, 

where ra is the average rate of recharge and A 
is the total area of the island. Discharge fro. 
the island is and 

! L kh ah I as s dL "' DO, 

where k is the hydraulic conductivity of the 
aquifer, h the height of the water table de­
fined to be equal to the hydraulic bead), and 

ah 1 as s 
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tbe gradient in hydraulic head taken at the 
shoreline of the island (defined to be noraal 
to the shoreline), L the total length of the 
shoreline, and R0 • Do• 

We drill a well and begin to pump water froa 
the aquifer on the island. A cone of depression 
develops and expands outward froa the well. 
Figure 4.3 shows this cone of depression a abort 
tiae after pumping baa begun. 

If we look at the periphery of the island, 
we see that until the pumping causes a signifi­
cant change in the gradient in head at the 
shoreline the discharge continues unchanged. 
Gradients in hydraulic head, or saturated thick­
ness, must be changed at the shoreline in order 
to change the discharge. 

If we write the systea balance for the en­
tire island, at aoee tiae before the cone 
expands to the shoreline, we see that 

R0 - D0 - o ~ o, 

where 0 is the rate of pumping. As neither the 
recharge, R0 , nor the discharge, Db• bas changed 
from its initial value, the water p~, o, is 
balanced by the water reaoved froa storage. 

The cone of depression will eventually 
change the gradients in hydraulic bead at the 
shoreline significantly. At this time, dis­
charge froa the ayatea begins to change. This 
is shown acbeaatically in Figure 4.4. The dis­
charge can be changed by puJIPing so that the 
ayatea is brought into balance. At some tiae 

L 

R0 - J kh ;: I s dL = o. 

Since the virgin rate of recharge, Ro, 
equals the virgin rate of discharge, Do, we 
can write 

L 

D0 -J kh ~: Is dL = o, 

where the quantity 

L L 

R -J kh ah I dL D - J kh aahs Is dL "' l:J.D, 0 as s = 0 

which we define as the •capture. • The system 
is in balance when the capture is equal to the 
water pumped, i.e., 0 =!:J.D. 

The term capture is defined and discussed 
in Definitions of Selected Ground-Water Terms-­
Revisions and conceptual Refinements (Lohaan, 
l972b): 

Water withdrawn artificially from an aquifer is 
derived from a decrease in storage in the aqui­
fer, a reduction in the previous discharge froa 
the aquifer, an increase in the recharge, or a 
combination of these changes. The decrease in 
discharge plus the increase in recharge is tera­
ed capture. capture may occur in the fora of 
decreases in the groundwater discharge into 
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streaas, lakes, and the ocean, or from decreases 
in that component of evapotranspiration derived 
froa the saturated zone. After a new artificial 
withdrawal from the aquifer has begun, the head 
in the aquifer will continue to decline until 
the new withdrawal is balanced by capture. 

Por the island system chosen, we can induce 
flow froa the lake into the aquifer. In fact, 
the capture can be greater than the virgin re­
charge of discharge 

FIGURE 4.2 Cross section of an alluvial 
aquifer, underlain by bedrock of low 
peraeability, on an island in a fresh­
water lake. 

FIGURE 4.3 Cross section of the island 
depicting the cone of depression soon 
after puaping has begun. 

FIGURE 4.4 Cross section of the island 
aquifer systea when the influence of 
pu.ping has reached the shoreline. 

FIGURE 4.5 Scheaatic cross section of 
the island aquifer system, which illus­
trates that the aagnitude of puapage 
fr011 this systea is dependent on the 
available drawdown, aquifer thickness, 
and the hydraulic conductivity of the 
aquifer. 

or 

In fact, the magnitude of pu~~page that can be 
sustained is determined by (l) the hydraulic 
conductivity of the aquifer and (2) the avail­
a9le drawdown, which are independent of other 
factors (Figure 4.5). 

At first glance, this island aquifer systea 
seeu much too si11ple for general conclusions; 
however, the principles that apply to this sys­
tem apply to most other aquifer systeu. The 
ultiute production· of groundwater depends on 

Rainfall 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Alluvial Aquifer 

Pumping 
rwen 

Pumping r Well 

uke 
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FIGURB 4.6 Scheaatic aap of an intermon­
tane basin shoving areas of recharge, 
diachar9e, and two hypothetical water­
developaent scheaes, Case I and Case II. 

0 

how much the rate of recharge and (or) discharge 
can be changed--how auch water can be captured. 
Although knowledge of the virgin rates of re­
charge and discharge is interesting, such knowl­
edge is al110st irrelevant in deteraining the 
sustained yield of a particular groundwater 
reservoir. We recognize that such a statement 
is contrary to much co11110n doctrine. Somehow, 
we have lost or misplaced the ideas Theis stated 
in 1940 and before. 

RESPONSE 'liMB 

Groundwater systems generally respond auch slow­
er than other ele .. nts of the hydrologic cycle. 
It can take long periods of time to establish a 
new steady state. For this reason, groundwater 
hydrologists are concerned with the time-depend­
ent dynamics of the systea. 

TO illustrate the influence of the dynamics 
of a groundwater systea, we have chosen a rather 
siaple systea for analysis. Consider a closed 
inter110ntane basin of the sort one might find 
in the western states. Under virgin conditions 
the systea is in equilibrium: phreatophyte 
evapotranspiration in the lower part of the 
basin is equal to recharge froa the two streams 
at the upper end (Figure 4.6). 

Pumping begins in the basin, and, for sim­
plicity, we assume the puapage equals the re­
charge. The following two assumptions regarding 
the hydrology are aade: 

1. Recharge is independent of the pumping 
in the basin, a typical condition, especially 
in the arid west. 

2. Phreatophyte use decreases in a 1 inear 
manner (Figure 4. 7) as the water levels in the 
vicinity decline by 1-5 ft. Phreatophyte use 
of water is assumed to cease when the water 
level is lowered 5 ft below the land surface. 

Tbe geometry and pertinent hydrologic parameters 
assumed for the systea are shown in Table 4.1. 

The systea was simulated mathematically by 
a finite-difference approximation to the equa­
tions of flow. The equations are nonlinear and 
of the following fora: 
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10 20 30 40 50 

Case I Case II 10 
••••• 00000 
••••• 00000 
••••• Wells ooooo 
••••• 0000 
••••• 0000 
••••• 0000 

20 

ah 
V • (khVh) = S at + W (x • y • t) 

where k is the hydraulic conductivity, h the hy­
draulic head (which is equal in our case to the 
saturated aquifer thickness), s the storage 
coefficient, and w the source function (time 
dependent) • In essence, this is a two-dimen­
sional water-table formulation of the problem in 
which the change in saturated thickness within 
the aquifer is accounted for. 

One-thousand years of operation were simu­
lated. Stream recharge, phreatophyte-water use, 
pumping rate, and change in storage for the en­
tire basin were graphed as functions of time. 
'l'wo development schemes were examined 1 case I, 
in which the pumping was more or less centered 
within the valley, and case II, in which the 
pumping was adjacent to the phreatophyte area. 

The system does not reach equilibrium until 
the phreatophyte-water use (the natural dis-

! 
z 
~ 
0 

~ 
a: 
0 

PERCENT OF INITIAL PHREATOPHYTE USE 

FIGURB 4. 7 AasuJDed linear function relating phreato­
phyte-water use to drawdown. 
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charge) is entirely salvaged (captured) by puap­
ing, i.e., phreatophyte water use equals zero 
(we define equilibriua as 6 V/ 6 t • 0). In 
case I, phreatophyte-water use (Figure 4.8) is 
still approxiutely 10 percent of its initial 
value at year 1000. In case II it takes 500 yr 
for the phreatophyte-water use to be completely 
captured. 

we can illustrate the s..e point by looking 
at the total volUIIes pUJIPed froa the systea, 
along with the volume taken froa storage •ained• 
(Figure 4.9). 

In both cases, for the first 100 yr, nearly 
all of the water coaes froa storage. Obviously, 
as the systea approaches equilibriua, the rate 
of change of the volwae of water re110ved from 
storage also approaches zero. If the aquifer 
was thin, it is apparent that wells could go dry 
long before the systea could approach equilib­
riwa. 

This example illustrates three iaportant 
points: 

1. The rate at which the hydrologic systea 
can be brought into equilibrium depends on the 
rate at which the discharge can be captured. 

2. The placeaent of pwaping wells in the 
systea significantly changes the dynamic res­
ponse and the rate at which natural discharge 
can be captured. 

3. so.. groundwater aust be ained before the 
systea can be brought into equilibriua. 

CONCLUSIONS 

We have atte11pted to aake several iaportant 
points: 

1. Magnitude of developeent depends on hy­
drologic e~fects that you want to tolerate, 

TABLE 4.1 Aquifer Parameters 

Basin dimensions 

Aquifer 
Hydraulic conductivity 
(k) 

Storage coefficient (S) 

Initial saturated 
thickness {b) 

Phreatophytes 
Area 
Average use (annual) 

Recharge 
Area 
Average recharge rate 

Developeent 
Area 
Average pumping rate 

50 x 25 miles 

o.s x lo-3 ft2/sec 

0.1 

2000 ft 

172 miles2 
100 ft3/sec 

7 miles2 
100 ft3/sec 

30 ailes2 
100 ft3/sec 

YEARS 

..........,._.._,. 
T•O.I 
s •0.1 

FIGURB 4.8 Plot of the rate of recharge, pu.ping, and 
phreatophyte use versus ti ... 

ultiaately or at any given tiae (which could be 
dictated by econoaics or other factors). To 
calculate hydrologic effects you need to know 
the hydraulic properties and boundaries of the 
aquifer. Natural recharge and discharge at no 
tiae enter these calculations. Bence, a water 
budget is of little use in deteraining aagnitude 
of developt~ent. 

2. The aagnitude of sustained groundwater 
pUIIpage generally depends on how auch of the 
natural discharge can be captured. 

3. Steady state is reached only when pUIIping 
is balanced by capture ( liRo + liDo), in 
110st cases the change in recharge, liR 0 , is 
small or zero, and balance aust be achieved by 
a change in discharge, liD0 • Before any natural 
discharge can be captured, some water aust be 
removed froa storage by puaping. In aany cir­
cuastances the dynamics of the groundwater 
systea are such that long periods of tiae are 
necessary before any kind of an equilibriua 
condition can develop. In soae circWI8tances 

YEARS 

FIGURB 4.9 Total volu .. puaped and the change in stor­
age versus tille. 
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the systea response is so slow that mining will 
continue well beyond any reasonable planning 
period. 

These concepts aust be kept in aind to aan­
age groundwater resources adequately. Unfortu­
nately, aany of our present legal institutions 
do not adequately account for thea. 
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INTRODUCTION 

One of the major concerns of those involved in 
water management is the maintenance of water 
quality, the avoidance of degradation that may 
be hazardous to health. The primary threats to 
health come from the chemical loading of surface 
and subsurface water reservoirs derived from a 
multitude of sources. These chemical loads are 
in transit to a variety of sinks from which they 
are removed, long- or short-term, from the sur­
face-subsurface water system. The major public 
health problem is related to the immediately 
toxic effects of metals and organic compounds 
and their long-term carcinogenic or teratogenic 
effects. (Though of undeniable concern, the 
question of disagreeable taste and esthetic 
disturbance, insofar as they are not health 
hazards, will not be discussed here.) 

Our concern is not only with the immediately 
apprehended effects on the humans who drink the 
water, but on the foods we eat, related to geo­
logic and agricultural amplification of toxic 
effects. Grains, fruit, and vegetables grown 
on the soils and livestock fed on the agricul­
tural products may accumulate and concentrate 
harmful substances. Degraded water quality may 

58 

also affect the quantity of agricultural produc­
tion. Though the probleas of poor water quality 
are better recognized now in the highly indus­
trialized societies of the world, they are 
equally serious, if not acre so, in many of the 
developing countries. 

Unrest in the populations of various coun­
tries concerning geologic storage of nuclear­
waste materials bas focused attention on the 
general interrelations of waste disposal and 
water supplies. Where we formerly centered our 
attention on sewage disposal in relation to sur­
face-water supplies, we must now enlarge our 
scope to include many more diverse solid and 
liquid waste disposals of a wide range of chem­
ical substances in various kinds of geologic 
situations at or beneath the surface. 

The scientific problem is to assess human 
modifications of the natural systea, including 
the many ways in which chemical species enter 
the aquatic environment, how they are distribut­
ed within it, and how they leave it. We propose 
that the best way to do this is against a back­
ground of knowledge of the natural geochemical 
cycles of the elements, the geocheaical base­
lines that were characteristic of the times well 
before the industrial revolution. In consider-
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ing this cycle it is necessary to consider the 
hydrologic regime--both surface and subsurface-­
as a major part of a large system, the geochem­
ical system of the outer crust of the earth, the 
atmosphere, and the oceans. 

The engineering problem is, on the one hand, 
the best way in which to change our present 
intervention in the natural system so as to 
maintain high water quality. Our current pat­
tern of water use and disposal is constantly 
being altered as needs for irrigation, urban 
water system, industry, and mining compete for 
available surface- and subsurface-water sup­
plies. So far, our efforts have not been emi­
nently successful in keeping the quality of 
water supplies uniformly high throughout the 
industrial countries, although we have done 
reaarkably well in a few places and have pre­
served potable-water supplies for the overwhelm­
ing bulk of the population. As the population 
grows, as the range of our chemical activities 
continues to increase, and as hard choices have 
to be JU.de on energy supplies, we will have to 
work even harder not to lose ground, much less 
to improve the quality of already degraded water 
supplies. 

THE GEOCHEMICAL CYCLE AND WATER QUALITY 

Our concepts of geochemical cycling at the sur­
face of the earth have evolved to a comprehen­
sive and sophisticated view of the general sys­
tea by which materials from the interior of the 
earth are brought by geologic processes into 
contact with the atmosphere and hydrosphere and 
chemically react with them (Garrels and Macken­
zie, 1971). The nature of the coamonest chemi­
cal reactions are now fairly well understood in 
terms of equilibrium concepts, most important 

GRANITIC 
FIGURE 5 .l The geocheaical cycle 
of Sr at the surface of the earth. 
Strontiua concentrations are shown 
in parts per aillion (fro• NRC u.s. 
National Caa.ittee for Geoch-is­
try, 1977). 
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in knowing the state toward which the system 
tends (Garrels and Christ, 1965; Stumm and Mor­
gan, 1978). In addition we have begun to under­
stand the kinetics of the system: rates of in­
flux and efflux into and from various reservoirs 
and conduits within the system, residence times 
of elements and compounds, and rate constants 
of specific chemical reactions. 

Weathering 

The main input to the hydrologic system for most 
elements is weathering. Rainwater, including 
dissolved components such as C02, operates on 
rocks and soils of various compositions to dis­
solve co111110n and trace elements (see, for ex­
ample the cycle of Sr in Figure 5.1). These 
elements are supplied to soil water, partly to 
seepage into the vadose zone and then below the 
groundwater table, or run off ultimately to the 
oceans. Natural weathering may be understood 
as a process of adjustment of the water-mineral 
mixture, by which its composition gradually 
changes by reference to combined equilibrium 
diagrams (Garrels and Mackenzie, 1967). Though 
we now have a good appreciation of the chemical 
nature of weathering, we still have much to 
learn about the rates of weathering in relation 
to dissolved C02, sulfur species, and physical 
rates of denudation by erosion. 

Artificial Weathering 

The introduction of toxic substances to the 
hydrologic regime can be likened to artificial 
weathering . As a factory, a city, or a farm 
operates, it takes materials derived artificial­
ly from the earth's crust by mining (e.g., oil, 
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gas, coal, metal ores, and phosphates), chemi­
cally reacts them, and dumps the products into 
the geochemical system in some form. The acid 
rains that come from burning high-sulfur fuels 
can in this way be seen to be the result of 
artificially enhanced rates of weathering of 
these fuels. These rates of artificial weather­
ing are enormously greater than the natural 
process. For newer synthetic organic compounds, 
such as the chlorinated hydrocarbons, it is 
weathering of artifact compounds heretofore un­
known to the natural world. We need to know how 
these materials enter the system and how they 
react or accumulate in various reservoirs--in­
cluding the food chain. 

Hydrologic Networks 

Though much of the hydrologic regime is typi­
cally seen as a distribution network by which 
chemical materials are transported from one 
reaction site to another, we must avoid treating 
rivers, lakes, and aquifers as passive or inert 
conduits. In each part of the hydrologic net­
work, there are many kinds and rates of reaction 
between dissolved and suspended materials in the 
waters and the walls of the conduit. The 
•walls• of a river include the algae and other 
aquatic plants and animals that live there and 
may extensively modify its composition. The 
•walls• of a subsurface aquifer are the minerals 

Load Cone. bv 
Rold or Roil 
to Smelter 
orStor~g~ 

Trorwpart 
bv Rold or Roil 
to Other 
Smlltorsond 
Other ECOIYS-

FIGURE 5.2 Sources of trace metals in the environment 
of the New Lead Belt of southeastern Missouri (from 
Jennett et al., 1977). 
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FIGURE 5.3 Factors regulating concentrations of cheai­
cal substances in surface waters. 

of the rocks through which the groundwater 
flows. If that water flows through a solid­
waste disposal site, its •walls• will be the 
solid waste. Human activities in transporting, 
mining, processing, and fabricating various 
materials and processes make the networks far 
more complicated as trucks and trains traverse 
the country (Figure 5.2). 

Outputs of the Cycle 

The outputs of the geochemical cycle are the 
sinks in which the elements or compounds are 
sedimented and re.oved from the hydrologic sys­
tem. The relation of these outputs to the 
inputs determines the concentrations in a water 
body (Figure 5.3). Outputs range from sediments 
at the bottou of lakes and the oceans, where 
they tend to be removed more or less permanently 
for our purposes (though only temporarily fraa 
the long-term geologic point of view) to river 
sediments. Deposits of floodplains, point bars, 
and backwaters may lie undisturbed for decades 
only to be picked up and further transported by 
the next large flood. The chemical components 
of waters are removed as sediment either by 
direct precipitation or by adsorption on solids, 
particularly the clays and other colloids. Di­
rect precipitation may play a more iaportant 
role in the subsurface than in the surface, at 
least on the continents. In the oceans, direct 
precipitation takes place primarily by biochem­
ical mechanisu. 

Once sedimented, the chemical components 
cannot be neglected, for there is abundant evi­
dence that chemical components may diffuse back 
into the overlying water columns of lakes, 
rivers, and the oceans from the interstitial 
waters of the sediments. 

Anthropogenic Sources of Chemical Substances 

The quality of water bodies generally reflects 
the types and extent of human activities in 
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their catchment areas (BlWDer and Sass, 19721 
Butzinger et al., 19781 Suffet, 1977). Major 
anthropogenic sources of cheaicals, in addition 
to huun excreta and gross industrial wastes, 
include drainage froa aniaal feedlots, co~~~~~er­
cial fertilizers, and pesticide applications to 
farm land. During the last decades the gross 
pollution load has increased and its character 
has changed, especially in industrialized and 
densely settled regions1 it is now more and more 
composed of discards of aodern industrial socie­
ty (synthetic cheaicals, mining products, phos­
phates, metals, and by-products of energy pro­
duction and consuaption). The aain source of 
tbe chemicals found in receiving waters is often 
not directly from industry, which has made some 
efforts to limit its onsite emissions, but in­
directly through the distribution and use of its 
products via households (cleaning agents, deter­
gents, solvents), agricultural drainage, and 
dispersion into the atmosphere. 

A comparison of production of direct indus­
trial versus dispersed use is instructive. The 
world production of industrial chemical sub­
stances is 100-200 tons per yr. Nearly half of 
this production occurs within the united States. 
Yet there are about 2000 of the 4 million known 
cheaical substances. which are produced at a 
rate of more than 500 tons per yr for dispersed 
use. 

Additional activities of man, such as de­
forestation, intensification of agricultural 
production, urbanization (e.g., the covering of 
land surface with asphalt), dredging of streams 
and damming of rivers into lake-like reservoirs, 
alter the networksJ cause the redistribution 
between surface and subsurface waters1 and 
modify the cycles that couple land, water, and 
atmosphere. Many of these activities contribute 
to an acceleration of both nutrient cycles and 
transport of soil nutrients. This in turn leads 
to the enrichment of surface waters with nutri­
ents (phosphates, nitrates) followed by in­
creased production of algae and aquatic weeds 
and by other changes in the aquatic habitats. 

The burning of fossil fuels produces a vari­
ety of gaseous oxides of carbon, nitrogen, hy­
drogen, sulfur, compounds of heavy metals, and 
solid particles that become redistributed among 
the hydrosphere, lithosphere, and biosphere 
(Figure 5.4). Of particular concern are the 
increases in co2 in the atmosphere and the 

FIGURE 5.4 Sedi .. nta as indicators 
of heavy aetal pollutions a, Euro­
pean coal production during the 
last 170 yr1 A, coal, a, lignite1 
b, the anthropogenic input of heavy 
aetala to the Baltic Sea1 c, Zn, 
Pb, Cd, and Cu in Greifenaee. 

17'50 
'f!ll 

a b 

61 

production of acid rain and fallout froa the 
oxidation of s and N to sulfuric and nitric 
acid, respectively. Acid rain may increase the 
erosion rates of rocks, thereby solubilizing 
trace-metal ions and phosphate. 

Another major identifiable pollution source 
is road salt in northern cliaates. Nine million 
tons of salts are spread on highways annually 
in the United States (100 tons per km2 per yr 
in the region around Boston) J eventually it 
finds its way to surface waters and groundwater& 
(Ceasar et al. , 1976) • In the last few de­
cades, sodium and chloride increased in Lake 
Ontario by 20 percent, sulfate by 6 percent, and 
calcium by 3 percent (NRC Planning COmmittee for 
the International Symposium on Eutrophication, 
1969). 

The dispersion of metals to the atmosphere 
as a consequence of industrial and agricultural 
activity appears to rival and sometimes to ex­
ceed natural mobilizations (Lantzy and Macken­
zie, 1979). The increased exposure levels of 
metals in the environment have potential impact 
on the structure of ecosysteJDS and perhaps even 
on human health. 

Both terrestrial and aquatic ecosystems have 
two biotic coaponents: (1) plants and algae able 
to fix light energy and manufacture bioaass 
(photosynthesis) and (2) organisJDS, chiefly 
aniuls, bacteria, and fungi, that utilize and 
dec011pose the complex materials synthesized by 
the algae and plants (respiration). The activ­
ities of photosynthesis and respiration in nat­
ural landscape and waters as a whole, i.e., the 
production and destruction of organic material, 
tend to be balanced. 

This balance, necessary to maintain water 
in an esthetically and ecologically satisfactory 
condition, becomes upset when a water body re­
ceives an excess of organic wastes or an excess 
of fertilizing substances (phosphate or nitrogen 
compounds). In the first case, decomposition 
processes tend to dominate and dissolved oxygen 
may become exhausted (biochemical oxygen de­
mand) 1 in the second case the iiUiediate result 
is progressive accWDulation of algae and plants 
(Schindler, 1974, 1977). 

Release of organic substances by infiltra­
tion of organically polluted waters or by leak­
age from septic tanks and sanitary landfills 
into groundwater a, where reaeration is slow or 
impossible, often causes serious deterioration 
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in water quality. Depletion in dissolved oxygen 
is followed by reduction of manganese and iron 
oxides, imparting soluble iron and manganese to 
the water, nitrate also is reduced to ammonia 
and sulfate to hydrogen sulfide. 

Many synthetic chemicals survive long enough 
in the environment, usually because they are not 
readily biodegradable. In drinking water, some 
of these substances may be harmful to human 
healthJ others tend to become concentrated in 
organisms and may reach, as a result of such 
biomagnification, toxic levels. Some pollutants, 
although they may exhibit no toxicity with 
regard to individual organisms, can nevertheless 
impair the self-regulation of aquatic ecosystems 
and damage life-support systems. 

Responses to Pollution 

The chemical-hydrologic system responds to per­
turbations in various ways depending on the 
nature of the chemical load, the dynamics of the 
water reservoir, the size of the reservoir, and 
the solid materials suspended or on the walls. 
Perhaps the most difficult to evaluate is the 
rapidity with which the system responds to the 
perturbation and reaches a new dynamic equilib­
rium. Equally important is the reversibility 
of a deleterious change. If we pollute a lake, 
we may discover that it might take a hundred 
years to reverse. One of the more far-reaching 
perturbations is that of climatic change. 
Weathering, and thus the chemical composition 
of the waters, is highly responsive to tempera­
ture and rainfall changes, chiefly because of 
the changes in the biota and their biochemical 
activity. Perhaps the more important effect is 
on the quantity and distribution of surface 
waters and their consequent influence on sub­
surface-water distribution. Desertification 
affects regional groundwater supplies in addi­
tion to dessication at the surface. At the same 
time, because of the change in dilution factors, 
the chemical composition changes. 

We must distinguish between the different 
domains of analysis: local, regional, and glob­
al. The global picture is beginning to emerge 
reasonably well, partly because the numbers are 
so large and so few major stream networks domi­
nate the land surface. The 10 or lS major river 
systems of the world so overwhelm the discharge 
of the thousands of smaller rivers that we can 
get good estimates by studying only a few. It 
is unlikely that minor adjustments in the inven­
tory of rivers over the globe will have much 
effect when dealing with numbers of the order 
of 1olS g. 

When examining regional and local domains, 
it is difficult to neatly delimit the system and 
analyze it in terms of anthropogenic loads. The 
chemical mass fluxes of given constituents, 
which can be determined by combining the time 
series of their concentration with the associat­
ed water flows, are the result of many processes 
operative in the catchment area. Combination 
of such data with additional information about 
the geology, rainwater composition, land use, 
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and the density of population and domestic ani­
mals may allow Jlodel building of the chemical 
dynamics of a watershed and the estimation of 
pollutional loads (Rickert et al., 1976). 
usually a significant anthropogenic load is best 
correlated with population density, whereas a 
significant natural input is often best corre­
lated with water flow (Figure S.S). A closer 
analysis must consider that the water carried 
in streams is made up of a fraction consisting 
of subsurface water and groundwater that re­
enters the surface water as well as a fraction 
arising from surface runoff, which enters tbe 
drainage system during, and soon after, precip­
itation. 

Trace Elements 

Though we know the broad outlines of the geo­
chemical cycles of the major elements we are 
less well off with respect to many trace ele­
ments and compounds, both organic and inorganic. 
Even with an element seemingly as well known as 
lead, a detailed study, such as that of the 
Missouri lead belt (Jennett et al. , 1977), is 
needed to assess all of the sources and sinks 
in a relatively small region. There is still 
much to be learned about the geochemical cycling 
of mercury and other metals in which organic 
complexes such as methyl mercury may form as a 
result of microbiological activity. our knowl-
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FIGURE 5. 5 Dependence of diasolved or9anic carbon (OCX:) 
on rate of flow, () (a, b) and on population denaity 
(c, d). In (a) and (b), data from the river Aara (Swit­
zerland) are plotted. In (c) and (d), OCX: data with 
•ean ran9e between 5 and 95 percent values (i .e., values 
that are observed in more than 5 and leas than 95 per­
cent of all aaaplea) of various rivera are 9iven. 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


Quality of Water--Surface and Subsurface 

edge of the detailed geochemistry of artificial 
radionuclides like plutonium or neptunium is 
small. 

Our poor knowledge of the trace elements, 
some of which may be highly toxic, starts with 
the paucity of careful regional studies of water 
compositions with respect to source-rock weath­
ering. Though we know how to approach such 
studies, careful analysis of the trace-element 
composition of both source materials and waters 
is not a trivial matter. Though some work has 
been done on inorganic trace substances, work 
on the natural and anthropogenic distribution 
of organic compounds is still in its infancy. 
A good evaluation of the role of the biota of 
rivers and lakes with respect to a large group 
of inorganic& and organics is lacking. We still 
know too little about the effects of sediment­
dwelling worms and other organisms that mine the 
sediment for their food and may reintroduce some 
substances back into the water. The microbio­
logical role in water-rock interaction and in 
precipitation and adsorption of inorganic& or 
organics is likewise poorly known. 

This information is needed if we are to 
specify the results of passage of pollutants 
into the hydrologic system. A prime example is 
the current ferment about the possible conse­
quences of invasion of subsurface waters into a 
subsurface repository of radioactive wastes. 
To predict the course of events adequately, we 
need to know the geochemical pathways for a 
group of elements such as Sr, Cs, Ba, I, Pu, Ra, 
Am, Cu, and Np. Of these only the first four 
are moderately well known. A host of other 
materials, in particular organic compounds re­
sistant to degradation, such as kepone, various 
plasticizers, surfactant&, and others, need 
study. 

The Problem of Prediction 

The fundamental bind of predicting the conse­
quences of pollution by any of thousands of 
conceivable substances is the impossibility of 
studying the detailed geochemical behavior of 
all of them. we cannot even think of testing 
every synthetic substance for possible delete­
rious effects. There are few unambiguous cri­
teria for the concentrations in natural waters 
that produce toxic reactions or are mutagenic, 
teratogenic, or carcinogenic. Bven the poten­
tial harm of low-level radiation is still being 
debated after any years of research on the 
subject. Bven if we knew in advance just which 
co11pounds were likely to be harmful, we would 
face enormous difficulties in predicting, before 
any passage into the hydrologic network, exactly 
where they would end as precipitates or absorbed 
into a food or water chain. Though we knew of 
the potential for damage by polychlorbiphenyls 
(PCBs), no one predicted the course of transmis­
sion of accidentally introduced polybrombiphe­
nyls (PBBs) in Michigan a few years ago. There 
are too uny variables in complex geochemical 
cycles and too few substances have been upped 
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in detail to be able to generalize from a knowl­
edge of general chemical characteristics. 

From the effects we have observed we can 
issue a warning: To indiscriminately subject the 
system to components whose behavior is not known 
may be hazardous. 

Analytical Data 

Any study of the geochemical behavior of a pol­
luting substance requires high quality analyti­
cal data. Much of the literature is stocked 
with inaccurate data, particularly for trace 
elements and many organic compounds, based on 
the poor methods of the past. The advent of 
modern analytical methods makes possible much 
more accurate and precise inventories of nano­
gram and even picogram quantities of many sub­
stances. But for many organics, the problems 
remain nonnegligible. What we have learned, in 
particular in the last few years from marine 
chemical studies, are the stringent requirements 
for extreme care to avoid contamination at every 
stage in the analysis, from sample collection 
to final analytical reagents and instruments. 

SURFACE-WATER QUALITY 

surface waters that look blue and clear may 
nevertheless contain materials that are danger­
ous to our health. Other waters may look dis­
agreeable and have poor taste but be perfectly 
safe to drink. Much of the enormously success­
ful classical effort in preserving water quality 
was devoted to keeping bacterial counts down so 
that infectious disease transmission was stop­
ped. The task remaining now is the prevention 
of chemical loading by toxic materials of a non­
infectious nature. Here we do not ignore the 
many countries, particularly in the tropics, 
where parasites may be carried by surface waters 
and pose a severe health problem, such as bil­
harzia in parts of Africa. And microbiological 
problems remain in abundance. Yet some of the 
most serious problems of the future are the 
chemical by-products of modern high-technology 
living and the production of goods and services. 
Without surveillance, many of these chemicals 
enter surface-water supplies in kinds and quan­
tities that are dangerous to our health. 

Understanding the Natural System 

To monitor the chemistry of a river or lake 
requires, first of all, a quantitative knowl­
edge of the hydrologic regime of the area invol­
ved. The water budget, including rainfall, 
runoff, evapotranspiration, and infiltration, 
must be well known before the origin of the 
chemical composition of a stream can be deduced. 
This means the necessity for adequate measure­
ments of discharge, rainfall, soil moisture, and 
the other measurements required to determine the 
hydrologic budget. 
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We have established SOlie broad patterns of 
chemical weathering in relation to stream com­
positions, yet there is much to be done to 
determine the specific effects of climate, topo­
graphy, rock type, soil, and aquatic biology. 
We are well advanced in our knowledge of rates 
of weathering of the coamon rocks exposed in a 
watershed as derived from the chemical analyses 
of streaa waters and their dissolved and sus­
pended loads. An exaJBple of this is the work 
done by Garrels and Mackenzie (1967) based on 
hydrologic and chemical analytical work by Feth 
et al. (1964) on the springs and ephemeral 
waters of the Sierra Nevada Mountains of Cali­
fornia. Here the changes in coapositions of 
groundwater& and surface waters were traced back 
to the reaction of specific minerals in the 
granitic rocks of the Sierras. This and similar 
investigations have led to extensive experimen­
tation with modeling of various kinds of natural 
waters, using a wide range of approaches, as 
exemplified by the recent American Chemical So­
ciety monograph, Chemical Hodeling in Aqueous 
Sgstems (Jenne, 1979). We are now able to do 
fairly well in computerized chemical modeling 
of natural waters and can reconstruct the prob­
able nature of the solid phases that reacted 
with water and gases to form the solutions of 
the composition analyzed (Nordstrom et al., 
1979). These approaches depend on knowledge of 
the fundamental thermodynaaic quantities and on 
accurate chemical analyses of the waters. 

We are beginning to understand the rates and 
mechanisms of water-rock interactions from lab­
oratory studies of the dissolution of silicates 
(e.g., Luce et al., l972J Lagache, l965J 
Grandstaff, 1977J Siever and Woodford, 1979). 
Even with this promising beginning the difficul­
ties of studying heterogeneous chemical reac­
tions with nonstoichiometric substances have 
prevented us from reaching adequate solutions 
to what would appear to be the simpler problems, 
such as the dissolution of pure feldspar (Berner 
and Holdren, 1979). Carbonates have been stud­
ied intensively, partly because of their impor­
tance for understanding seawater chemistry, 
particularly in relation to the co2 cycle 
(Plu.aer and Wigley, 1976J Berner, 1975). Yet 
we are far from the ideal of taking a battery 
of rate constants and calculating the chemical 
compositions of rivers knowing water-discharge 
rates and the kinds of rocks that are exposed 
in the. watershed. 

One major difficulty with the data that we 
do have is that few comparisons of water compo­
sitions and discharge rates at given monitoring 
stations are available for many elements and 
compounds. Systematic changes along water 
courses as functions of discharge are likewise 
poorly known. A good example is a study of the 
Mekong River in southeast Asia, in which the 
chemical composition was followed in relation 
to floods and low-water periods (Figure 5.6J 
Carbonnel and Meybeck, 1975). Although we know 
that concentrations of most elements are reduced 
by dilution during high-water stages, the 
details are not well understood. It may become 
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particularly i.portant to determine the cheaical 
response of the hydrologic regiae to extreaes 
of drought and wet seasons, for chemical pollu­
tants will be affected in their own ways, as are 
the inorganic constituents of ca.aon rocks. 

Anthropogenic Sources of Streaa Loads 

The gross load of surface waters with pollutants 
often can be estimated by considering the den­
sity of population, livestock, industrial activ­
ities, the area of the watershed, land use 
(forests, grassland, cropland, urbanization), 
and the type of waste treatllent involved. Mu­
nicipal wastes carry approximately the following 
loads per inhabitant per day: 40-50 g of organic 
carbon, 10-15 g of nitrogen (organic nitrogen 
compounds and aaaonia), and 3-4 g of phosphorus 
(of which more than half is due to phosphate 
detergents). 

For a streaa with a rate of flow Q, the 
chemical mass flux L is often composed of a 
(}-independent mass flux A (e.g., fr011 rela­
tively constant waste discharges) and a (}-de­
pendent part, bQ (e.g., from background fluxes 
including lakes and erosion as a function of 
equilibration between water and rocks, and elu­
tion of soil): 
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FIGURE 5.6 Variations of cheaical ca.poaition with dis­
charge of the Mekong River. (A) Dally variation of 
total ionic content with discharge during the 1962 high­
water period. (B) Schematic cyclic variations related to 
peak discharges caused by Annaaitic rivera in 1962 (froa 
cubonnel and Meybeck, 1975, with peraiaalon of the 
Journal of Hydrology, Elsevier Scientific Publishing 
Co.). 
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L•CO•A+b() 

This equation cannot be applied uncritically, 
its validity, among other things, depends on the 
tiae period over which 0 is averaged and the 
possible temperature dependency of the component 
being considered. 

The scale of enviroruaental changes taking 
place in industrial society has an especially 
pronounced iapact on many lake systems. One of 
the most important probleu is the progressive 
enric~nt of waters with nutrients (phosphate 
and nitrogen compounds) concommittant with mass 
production of algae, increased productivity and 
other undesirable changes. Such a deterioration 
of lakes is referred to as eutrophication (NRC 
Planning co .. ittee for the International Syapo­
sium on Eutrophication, 1969). As has been 
demonstrated in whole-lake experiments (SChind­
ler, 1974, 1977), phosphate is the limiting 
nutrient that determines the productivity of 
bi011ass. 

Conceptual aodels are available on the 
relationship between phosphate loading and the 
degree of eutrophication. It is thus possible 
to estimate the allowable phosphate loading as 
a function of mean lake depth and hydraulic 
residence time (Figure 5.7). 

It is difficult. to identify the compounds 
that are potentially hazardous to un and to 
ecology, although analytical chemistry has ude 
remarkable progress in improving detection down 
to extremely small concentrations (10-3 g/1) 
(Figure 5.8). The harmfulness of a substance 

depends on its specific structure and on the 

FIGURE 5. 8 Bach peak repreaente 
(at leaat) one ca.pound. Peake 
with a nw.ber repreaent aubatancea 
identified with uaa apectr011etry. 
SOIH of the .ore refractory pollu­
tanta, eapecially aa.e hydrocarbona 
and chlorinated hydrocarbon• occur 
alao in groundwater and drinking 
water (fro. K. Grob et al., 1975). 
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FIGURE 5.7 Hiatorical loadinga of total phoaphorua to 
aome Great Lakes in thouaande of tona per year, aa cal­
culated by .odel (from Chapra, 1977, with peraiaaion of 
the Aaerican Society of Civil Bngineera). 

concentration of the substance under considera­
tion, but other factors such as temperature, 
turbulence, and the presence of other substances 
are also important. 

In evaluating toxicity, we need to distin­
guish between (1) substances that impair the 
health of humans and animals or poison aquatic 
organisms and (2) substances that primarily af­
fect the organization and structure of aquatic 
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ecosyateiiS. In this interaction, contaainanta 
aay impair the self-regulatory functions of the 
system or interfere with food chains. 

Of particular concern are huaan-health haz­
ards from long-term effects by trace concentra­
tions of pollutants in drinking water (Borneff, 
1978). Epidemiological studies have shown sig­
nificant correlations between cancer morbidity 
and origins of potable-water resources (Cantor 
and McCabe, 1978). (Although such a correlation 
does not establish a cause-effect relationship, 
it appears difficult to explain the correlations 
by other factors.) Furthermore, substances 
contained in drinking water (concentrates from 
inverse osmosis or elutes from adsorbent col­
umns) ·have been shown to produce mutations in 
bacteria (Cooper et al., 1978). 

Since many carcinogenic substances are also 
mutagenic (though not neceaarily), tests for 
mutagenic effects in bateria (e.g., Ames testa) 
are often used as screening teats to recognize 
potential carcinogens (Ames et al., 1975). 

The. ultimate objective is to be able to 
develop sufficient information about a given 
compound to allow prediction of ita environmen­
tal behavior and toxicological effects. Dozens 
of standard testa have been developed to predict 
such effects. If one considers however that 
such short- and long-time testa must be carried 
out for each substance (and ita degradation 
intermediates) with different organisms, that 
synergistic and antagonistic effects with other 
substances present may occur, and that each 
negative test result does not necessarily mean 
•zero toxicity, • one realizes that the predic­
tive value of such standard testa is limited. 
New chemicals may be produced and may enter the 
environment faster than they can be tested sat­
iafactor ily. 

Certain aspects of the pollution potential 
of individual compounds may be assessed on the 
basis of a few physical-chemical paraaeters 
that--in addition to biodegradability--permit 
forecasting of the manner in which the compounds 
are distributed in the environment and thus in 
turn their fate and approximate residence time 
as well as their ecological impact (Hutzinger 
et al., 1977). Information on the biodegrad­
ability of a pollutant is of particular impor­
tance in estimating its residence time in water. 
The latter is also affected by the tendency of 
a substance to escape into the atmosphere, as 
characterized by its vapor pressure, the distri­
bution equilibrium between water and atmosphere, 
and the gas-transfer coefficient. 

The lipophility-as measured by the n-oc­
tanol-water distribution coefficient--is a good 
measure of the tendency of a substance to be 
accumulated in the food chain and to become bio­
magnified (Figure 5.9). 

The best way to safeguard man and the aqua­
tic ecosystems against unanticipated effects of 
organic pollutants is to require that all such 
substances that are mass-produced and have a 
chance of becoming dispersed in the environment, 
especially substances used in households and in 
agriculture (e.g., detergents, cleaning fluids, 
pesticides), be fully biodegradable. 
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FIGURB 5. 9 Both the n-octanol-ater partition coef­
ficient and the bioconcentration factor in rainbow trout 
are inversely proportional on aqueous solubility (froa 
Chiou et al., 1977, reprinted with peraission fro• 
Environmental Science and Technology, copyright 1977, 
Aaerican Cheaical Society). 

Case Histories 

Hubbard Brook 

About 20 yr ago an ecosystem aodel of a forested 
watershed and the conception of a method (•the 
s~~all-watershed technique•) whereby some major 
parameters could be measured under field condi­
tions were developed by Likens et al., (1977). 
The method enabled the measurement of input and 
output of chemicals and the construction of mass 
balances, especially on nutrients and their 
cycling. The study shows how the ecosystem 
moderates and changes inputs and how it affects 
biogeochemical cycles by ita outputs. Meteoro­
logical input, strongly influenced by advertent 
and inadvertent manipulation by man (acidity 
traced to sulfur pollution and to nitrate re­
sulting from internal colllbustion engines), is 
an important source of chemicals in this water­
shed. Streaa-water chemistry of the undisturbed 
forest ecosystem is highly predictable and re­
flects environmental conditions (geologic, me­
teorological, aa well as biological features). 
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Rhine River 

Over the last 100 yr the co11p0sition of the 
Rhine River, the catchllent area of which has a 
high population and industrial density (140 
inhabitanta/km2, lS,OOO inhabitants per m3;sec 
flow rateJ and a gross national product per unit 
water flow about three times as high as that for 
the Ohio River), has changed dramatically. 
Today in the Rhine River the mass flux of re­
fractory substances (i.e., those--frequently of 
synthetic origin--that resist biodegradation) 
exceeds that of biodegradable (mostly excreta 
and other biogenic wastes) substances (Figure 
S.lO). Conventional biological waste treatment 
for municipalities and industries within the 
catchllent area is unable to prevent the progres­
sive accuiiUlation of refractory substances, as 
biological waste treatment and self-purification 
are not very effective in eliminating these 
relatively persistent chemicals. 

An attempt has been made by Zobrist and 
StWIIII (in press) for the Rhine catchment area 
to assess the influence of rock composition and 
anthropogenic sources on the water chemistry and 
to extrapolate these findings to estiute the 
respective dissolved inputs into the ocean from 
natural and anthropogenic sources. The follow­
ing data sources were weighed to estimate the 
ca.position of a •pristine• Rhine: The aineral­
ogical rock composition, the meteorological 
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inputs, information on relatively unpolluted 
parts of the alpine Rhine, the interpretation 
of the concentration-flow relationship, and 
analytical determinations carried out 12S yr 
ago. The postulated •pristine• concentrations, 
in comparison to the mean actual concentrations 
of today, are given in Figure S.ll. According 
to these estimates, only the concentrations of 
bicarbonate and dissolved silica have remained 
constant. The loads in sodium chloride, in 
calcium chloride, and in heavy metals have 
increased more than tenfold, that of calcium 
sulfate about fourfold. 

Swiss Rivers, Seasonal Effects 

Both the use of graphical methods, as for ex­
ample in the extrapolation of the load as a 
function of Q, and of statistical methods have 
allowed for a rough approximation of the loads 
arising from the anthropogenic and background 
sources. Data on the aajor Swiss rivera, col­
lected as weekly c011p0site samples for several 
years, have shown that a nWiber of coaponents 
vary markedly in their behavior throughout the 
year. Several factors may contribute to these 
observed fluctuations, aaong thea changes in the 
amount of water and its sources (rainfall-runoff 
versus aelting of snow and glaciers), fluctua­
tions in contribution of subsurface water to the 
river, and temperature. Because temperature 
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FIGURE S.lO Change ln pollutlonal load of (a) Rhine River (organic carbon) and (b) Lake Constance (phosphate). 
a, Increase in conau.ption of organic cheaicala in the catchaent area of the Rhine River in comparison to the 
groaa load of the Rhine with degradable organic carbon (excreta). The flux of refractory organic carbon C (cal­
culated and aeaaured for Dusseldorf) reflects the increase in conau~tion of synthetic cheaicala. The flux of 
biodegradable C reaaina constant, however (data free Stu.. and Roberta, Swiaa Federal Institute of Technology). 
The insert illustrates the increased downatreaa accuaulation of chlorinated organic ~unda ln the water and 
ln the biota (free data of H. Sonthelaer). Reproduced from International Association of Water Supplies of the 
Rhine River (1973). b, The increase in concentration of P in Lake Constance (aeasured during overturn) is com­
pared with the quantity of phosphate rock ained globally. 
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FIGURE 5 .ll A COIIpediiOn of the 
esti .. ted concentrations in the 
"pristine• lower Rhine River (per­
cent) vith the .. an aeasured values 
of today (fro• Zobrist and Stu1111, 
RIOS Workshop, in press). 
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does not change in the same way as water flow, 
different situations occur with regard to sour­
ces of water, chemical inputs, and temperature­
dependent (biological) reactions at different 
times, for example, in spring and fall. In the 
case of phosphate (Figure 5.12), for example, 
the variations in the phosphate load of the 
rivers may be explained by (1) annual changes 
occurring in lakes located upstream& (due to 
photosynthesis and respiration) and (2) drainage 
from farm land where manure and fertilizers are 
applied primarily in spring. Correcting for the 
modulations in the lake allows for better esti­
mates of the phosphate load of the river. 

FIGURE 5.12 Phosphate load as a 

3 4 5 

Mg2+ 

function of vater flow. Weekly 
coaposite saaples. (The points are 
nuabered according to the nuaber 
of -eks in the year.) Lov loads 
are observed d~ring summer because 
of r11110val by algae in upstreaa 
lake. The high values in the 
spring are caused by drainage from 
farm land. The values at the low­
est teaperatures (left side of the 
curve) are representative of the 
bade river load (fro• J. Davis, 
Sviss Federal Institute of Technol­
ogy, unpublished). 
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SUBSURFACB-wATBR QUALITY 

The quality of water drawn from wells is of 
vital concern to the millions of people who de­
pend on these supplies for their drinking water, 
for irrigation, and for industry. Because sub­
surface waters are derived from surface waters 
at some time in the past, their chemical ooapo­
sitions carry the stamp of their origin at the 
surface as well as the soils and rocks through 
which they have passed underground. In analyz­
ing a particular region we need to know the 
surface hydrology: which streams are effluent 
and-together with apr ings--drain the ground-
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Oualit~ of Water--Surface and Subsurface 

water and which are influent and seep into the 
ground. We have to know the partition between 
soil infiltration and runoff. But knowing the 
partition between surface and subsurface just 
prepares the way for understanding the chem­
istry. 

Perhaps the moat important environment that 
influences the compositions of groundwater& is 
the upper part of the vadose zone (unsaturated 
zone) (see Chapter 3). Soil-water reactions are 
the primary ones in weathering, in the produc­
tion of soil-organic 0011pounda and soluble or­
ganics that infiltrate downward to the saturated 
zone. These reactions continually change the 
content of dissolved gases and concentrations 
of dissolved solid components as rainwater per­
colates downward. Many of these reactions are 
mediated by bacteria and higher soil organiaaa. 

In irrigation regimes we see artificial 
drainage networks that operate to distribute 
water from the subsurface and put it back on the 
top of the soil, there to evaporate and re-in­
filtrate. The increase in salinity of irrigated 
soils is a problem that, if not faced, may re­
sult in the spoiling of agricultural lands. Yet 
we have paid too little attention to the fact 
that, if the salinity increases, the concentra­
tions of many trace substances must be increas­
ing sympathetically 'with the abundant elements. 
If there are toxic materials in the irrigation 
waters, they also will be concentrated and may 
find their way into the food products being 
grown. Conventional treatment of salinized 
soils by flushing with freshwater may not remove 
some of these substances, which may be sorbed 
irreversibly onto soil clays but which may, by 
biological reactions, be imbibed by plant roots. 
We know little of how these reactions work. 

Of particular concern in soil-water syateas 
is the influx of materials from septic tanka in 
the huge areas of sprawling suburban development 
surrounding many of our large cities. In s011e 
ways they act like giant dispersed primary sew­
age-treatment ayateas, cleaning up the major 
biological wastes but leaving relatively un­
touched most of the chemical components. If 
these infiltrate down to aquifers, the region's 
water resources are endangered. In our aging 
cities, sewer syateas are getting older and 
leakier. Though major main breaks are repaired, 
we know from inspection of many breaks that they 
must have been leaking extensively for extensive 
periods before the final break. Whereas fresh­
water supply mains are monitored for pressure, 
the sanitary drains may not be checked and leak­
age goes undetected. To the extent that these 
sewer syateas are connected to aquifers supply­
ing freshwater, we may attribute some chemical 
contaminants to that source. Many parts of the 
country use sanitary landfill and dumps for 
waste disposal. In these there may be exten­
sive leakage and infiltration to aquifers below. 

In all the reactions of sanitary wastes with 
infiltrating groundwater we must watch for the 
trace elements, both organic and inorganic. For 
e~le, there are a variety of toxic materials 
used in newsprint that may become solubilized 
and leached into groundwater. We have already 
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recognized this threat by forbidding the use of 
recycled newsprint for paper products for food 
wrapping. The trace elements in detergents may 
show up in groundwater& if infiltration routes 
carry septic-tank effluent to aquifers. The 
aggregate of all the average households may be 
a significant source of toxic materials. We 
siiiiPlY do not have enough accurate information 
to tell. 

over many areas of the country, particularly 
in the high plains, we have been •mining• water 
for decades (see Chapter 4). As we continue to 
deplete groundwater supplies in extensive aqui­
fers faster than they are being recharged, we 
may ask whether there is any effect on the water 
quality. As artificial recharge experiments are 
tried, we must watch the quality of the surface 
water that is used for infiltration. Here rates 
of groundwater movement are pertinent, for a 
degraded aquifer can be iJIIProved but it will 
regrade with a time scale similar to that of the 
original transformation. This is one reason why 
we have to know the rates of chemical influxes 
as well as groundwater movement: Some reservoirs 
that take a long time to become changed for the 
worse may take equally long to be reversed for 
the better. The ways by which to study these 
problems are to determine the steady-state 
equilibria with respect to flow rates and rates 
of chemical reaction with the waters. Flow 
rates have been successfully determined by use 
of tritium and 14c. As noted above, reaction 
rate constants have been determined for a number 
of minerals, from these data we can reconstruct 
the progressive changes of groundwater as it 
moves along an aquifer. As we show below, this 
kind of problem will loom ever more importantly 
as we bury greater amounts and different kinds 
of solid and liquid waste at depths where they 
may interact with aquifers. 

Anthropogenic Sources of Subsurface-Water Loads 

One of the classic sources of subsurface-water 
contamination is mining. Typical of underground 
coal mining is the production of large quanti­
ties of iron-rich and sulfateor sulfide-rich 
waters. Pyrite (FeS2)--c0111110n in coal beds-­
weathers, oxidizes, and dissolves in the mine 
or in mine wastes as they are piled in dumps 
above ground. Below ground they may react more 
slowly, but they affect the groundwater& adja­
cent to the mine. We must look to increasing 
problems in the western United States as a 
result of the greater exploitation of coal--both 
from strip and underground mines--in hydrologic 
regimes where flow rates are slow. Western 
coals are generally low in pyrite but there are 
large enough concentrations to lead to signifi­
cant sources of potential pollution. Mines for 
other materials, such as metallic ores, may 
contribute a variety of toxic metals in the same 
way. Many of the metallic ores are sulfides, 
which oxidize rapidly in the mine environment. 
In many of these the trace-element content of 
the vein being mined may be extraordinarily 
high--that, in fact, may be why they are being 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


70 

mined--and such metals, as soluble species, may 
find their way into groundwater&. 

Subsurface waste disposal in old mines, in 
specially constructed caverns, and in permeable 
aquifers raises new problems. Increasingly, as 
we become aware of the dangers of waste inciner­
ation and of surface disposal, we turn to sub­
surface burial. Though there has been much at­
tention paid to the radioactive-waste disposal 
problem in the past few years, the hazards of 
BOlle highly toxic nonradioactive wastes may be 
as great. The problem is that it is difficult 
to find the perfectly sealed underground vault 
with no possibility of leakage. And, though 
radioactive wastes eventually decay so that 
radioactivity is no longer a problem, some chem­
ical wastes may be extraordinarily stable in 
subsurface environments and can be expected to 
last for geologic times. Though we can be op­
timistic about finding good sites in low-perme­
ability rocks, we must evaluate the consequences 
of invasion by groundwater• and transport to 
aquifers. The chemical hydrologist needs to be 
able to predict the results if there is leakage. 

Other wastes introduced to groundwater may 
cause serious problema. As our gasoline service 
stations age, their buried tanka start to leak 
and infiltrate the ground. Though the volumes 
may be small, they may be locally important. 
Liquid-waste disposal in buried permeable forma­
tiona is becoming more common. When done with­
out taking care to watch the pressure, the over­
burden may be lifted and small earthquakes may 
result, as was found at the Rocky Mountain Ar­
senal near Denver. The danger here is more than 
that of small earthquakes, it is that hydraulic 
fracturing from lifting overburden may open new 
subsurface pathways so that groundwater-migra­
tion patterns may change, leaving open the pos­
sibility of migration to potable water aquifers. 

Moat of the waste-disposal programs that 
have been responsible have been put well below 
the interface of near-surface potable water 
aquifers and the deeper formations that contain 
waters of varying salinity but generally too 
high to be potable. But almost daily we hear 
horror stories of waste materials being stored 
near the surface, in shallow ditches or leaky 
tanka, well connected to surface potable waters. 
What is needed is much more sophistication about 
routes of migration in the top few hundred 
meters. 

STRATEGIES FOR THB FUTURE 

Bow are we to plan for the future? Bow can we 
keep up with the steadily increasing pressures 
on the quality of water in our surface and sub­
surface reservoirs? We are dependent on funda­
mental knowledge of water-rock and water-biolog­
ical reactions that can come only from careful 
and detailed studies of specific reactions in 
specific regions. Further, we are dependent on 
coaputer modeling of the larger chemical sys­
tems. The models being developed for estimating 
mineral equilibria from multicomponent solutions 
are a guide. Yet we should not hold out the 
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goal of understanding in detail every watershed 
in the world with respect to every possible 
pollutant. We need to develop a workable and 
economic approach toward following quantitative­
ly the diatr ibution of a toxic material in the 
hydrologic regime, once it is known that a 
clearly deleterious substance has invaded the 
system. Such approaches will take the form, we 
suspect, of working backward froa high-quality 
chemical analyses of particular strategically 
placed monitoring points with a view to diacria­
inating between the natural--the pristine--con­
tribution and the anthropogenic load. Once the 
load is defined, the hunt begins for the sources 
and sinks. We .ust not only learn how to iden­
tify the sources as to location and kind but to 
discover the sinks as well. For if we want to 
intervene intelligently, we may want to work to 
enhance the efficiency of sinks so that we can 
engineer the removal of undesirable substances 
by taking advantage of the natural cycling of 
all compounds on the surface of the earth. 
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TYPES OF IMPACTS ON AQUATIC ECOSYSTEMS 

The sources of pollutants that impact fresh­
waters in the United States are thought to be 
nearly equally divided between point and non­
point sources. The Federal Water Pollution Con­
trol Act Amendments of 1972 classify nonpoint 
sources in four categories: agricultural activ­
ities, forest-related activities, mining activ­
ities, and construction activities. Urban 
runoff is a nonpoint source that does not reach 
the aquatic ecosystem through a pipe. An En­
viron-Control, Inc. (1974) report on a study of 
the Delaware River estuary revealed that 40-80 
percent of the total annual chemical oxygen 
demand and biological oxygen demand entering 
receiving waters from a city originated from 
sources other than treatment-plant discharge. 
The point sources primarily are toxicants 
(potentially hazardous chemicals), heated waste­
waters, suspended solids, and degradable organ­
ics (cairns, 1978). In addition, deleterious 
impacts to stream biota may result from velocity 
changes from impoundments or once-through cool­
ing systems for steam-electric power plants 
(e.g., Kerr, 1953J Jensen, 1974) as well as 
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channelization (e.g., Barton et al., 1972). 
This chapter will not discuss these effects but 
rather a strategy for mitigating them. 

It is now abundantly clear that serious 
damage may result when the intrusion of toxic 
chemicals, heated wastewater, degradable organ­
ics, and particular material exceed the ability 
of natural ecosystems to cope with them. This 
means managing the intrusion of these potential­
ly harmful materials at an ecosystem or regional 
level so that their collective impact will not 
be deleterious. A more extensive discussion of 
this need is in Cairns (1975, 1978). 

PREDICTIVE CONTROL 

A hazard assessment designed to estimate risk 
to an aquatic ecosystem requires evidence to 
make a scientific judgment on (1) toxicity--the 
inherent property of the chemical that will 
produce harmful effects to an organism (or com­
munity) after exposure of a particular duration 
at a specific concentration and (2) environmen­
tal concentrations--those actual or predicted 
concentrations resulting from all point and non-
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point sources as IIIOdified by the bioloqical, 
chemical, and physical processes acting on the 
chemical or its by-products in the environment 
(Cairns, 1978). The strategy for estimating the 
hazards on aquatic ecosysteiDB from activities 
is similar, although the information required 
will differ. The range of concentrations caus­
ing no adverse bioloqical effects may be called 
the assimilative capacity (Cairns, 1978). 

The basic hazard-evaluation procedure is 
designed around two distinct types of informa­
tion: (l) concentrations of the chemical (or 
other stressor) that do not produce adverse 
bioloqical effects and (2) the environmental 
concentrations that will result from production 
and use of the chemical. Figure 6.1 depicts the 
hazard-evaluation process. In Figure 6 .la the 
•no adverse bioloqical effect• level and the 
concentration that will result from introducing 
the chemical into the environment (e.g., Mill 
et al., 1977) are well apart. In fact, only 
estimates of these concentrations are known and 
are indicated by dotted lines that envelope the 
solid concentration lines. This is because 
Tier I testing (see Table 6.1 for definitions 
and criteria for Tiers) consists of comparative­
ly crude short-term dose-response assays with a 
graded series of static or nonrenewed concentra­
tions of a test material using lethality as an 
endpoint. Tier II testing is more sophisticated 
and expensive (e.g., continuous flow instead of 
batch, longer time, and more subtle endpoints) 
and Tier III even more so. Frequently, Tier I 
testing will sufficiently improve the estimates 
so that one will, at decision point P, be able 
to determine that the concentrations are indeed 
different. Thus there may be justification for 
terminating testing in Tier I and concluding, 
at a certain risk level, that introduction of 
the chemical will not cause an environmental 
hazard. One should remember that risk cannot 
be reduced to zero. 

In Figure 6.lb, the two concentrations are 
closer toqether. Now, testing must be carried 
through Tier III before the same statement can 
be made at a comparable risk level. Figure 6.lc 
depicts the case where testing up to the same 
point leads one to conclude that the chemical 
would cause an environmental hazard because the 
environmental concentration would be greater 
than the •no adverse bioloqical effects• concen­
tration. 

REACTIVE CONTROL 

Living organisu, unlike any other analytical 
tool available, will respond to every possible 
substance or mixture of substances at some 
level, no matter what their chemical or physical 
characteristics may be. Even water as pure as 
distilled water is toxic to aquatic organisms 
such as fish and aquatic insects, because some 
dissolved ions are lacking or others are too 
abundant. The universality of the detection 
capability of the living organism is unequaled 
a.ang instruments devised by man (Smith et 
al., 1974). There is no nonliving sensor that 

TABLE 6.1 Tiers Are Groups of TOxicity Tests 
That Furnish Information Necessary to Make a 
Decisiona 

Tier 0 
Chemical-physical data 
Analytical technique 

Tier I 
Acute toxicity screens 
Environmental transformation and degradation 
10-30 day feeding studies 
3 in vitro mutagenicity/carcinogenicity tests 
Analytical to 1-10 mq/liter 

Tier II 
90-day subacute tests 
Teratoqenic-mutagenic-carcinoqenic tests 
Environmental fate 
Bioconcentration tests 

Tier III 
Chronic tests 
Multigeneration mutagenicity 
Metabolic studies 
Terrestrial plants and animals 

Criteria for Number of Tiers 
Production volume 
Use and exposure levels 
Nature of potential hazard 
Physical-chemical properties 
Structure-activity relations 

All tested through Tiers 0 and I. 

aReproduced with permission of the American 
Fisheries Society (Maki, 1979). 

can detect toxicity, although some can detect 
toxic concentrations or conditions. Even these 
are inadequate--(1) some substances have adverse 
biological effects at concentrations below pre­
sent analytical capability, (2) some substances 
interact synergistically with others so that the 
combined toxicity is greater than their individ­
ual additive toxicities, and (3) in aquatic eco­
systeliS, water quality is a major determinant 
in the expression of toxicity. However, one 
must have chemical-physical data to properly 
evaluate the cause of the toxicity, so the two 
sets of data are as essential as they were in 
hazard evaluation. 

The relationship between predictive control 
and reactive control is generally poorly under­
stood. For example, many industrial and regula­
tory wastewater quality control personnel 
believe that only predictive controls (i.e., 
toxicity tests) are necessary to prevent envi­
ronmental damage. As a consequence, publica­
tions such as Water Quality Criteria of 1972 
are used unaccompanied by error-control systeiDB. 
If this much credence were given to unverified 
predictions in other aspects of industrial man­
agement, those companies would soon be in deep 
financial trouble. 
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The schematic of the relationship of predic­
tive and error control is given in Figure 6.2. 
Thus, the discharge of an effluent causes some 
alteration (not necessarily adverse) in one or 
more environmental parameters. If the receiving 
system is being monitored properly, these 
changes should be detected and, if adverse, some 
corrective measures taken. For the predictive 
control, a change in a parameter causes a change 
in algorithm output. Properly handled, this 
should result in corrective action that will 
protect the receiving system. This brief dis­
cussion indicates that only when reactive and 
predictive systeiiS are cOIIIbined will effective 
environmental quality control be possible. 
Reactive control (monitoring or error control) 

FIGURE 6.1 The relationship of a 
che•ical concentration that pro­
duces no adverse biological effects 
with the actual environmental con­
centration of the che•ical [from 
Cairns and Dickson (1978), copy­
eight, ~cican Society foe Testing 
and Materials, 1916 Race Street, 
Philadelphia, Pa., adapted with 
pec•iasion]. 
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is only effective when the predictive system has 
failed. One hopes that a pr011pt response will 
reduce damage, but it is unrealistic to assUIIIe 
that a monitoring system is adequate as a sole 
defense against harm. Most predictive systems, 
especially where toxic chemicals are concerned, 
are based on the response of a few species and 
a comparatively small number of individuals 
exposed under a range of conditions (almost 
certainly less than the total environmental 
repertoire). One is predicting system effects 
from a relatively small data base. It would be 
astonishing if these predictions were always 
correct--hence the need for monitoring. 

A variety of methods suitable for reactive 
control exists. These generally can be divided 
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INDUSTRY 

EFFUJENT CHARACTERISTICS 

DDDDD 

FIGURE 6.2 Inforaation flow in 
environmental quality control pro­
cesses (frOII Merricks and Cairns, 
1979). 

l!.n~o~e~l- -­
Information (Algorithm 
Development) 

RECEIVING 
SYSTEM 

into two basic groups--6tructural and func­
tional characteristics of the biological com­
munity. Structural characteristics usually 
involve counts of both kinds and numbers of 
species present. In Europe the saprobian system 
(e.g., Perginstad, 1965) or the Trent Index 
(Woodwiss, 1964) are examples of co.-only used 
structural-assessment methods. In the united 
States, diversity indices (e.g., Wilha and Dor­
ris, 1968) are regularly used, although a vari­
ety of other methods (e.g., Beak et al., 1959) 

+ 

are also used. Functional indices are used to 
determine whether the biological system is per­
forming properly. These are frequently based 
on rate processes such as carbon fixation, de­
tritus processing (e.g., Paul et al., 1978), 
colonization (e.g. , Cairns et al. , 1979) , and 
the like. Stations (sampling areas) in the 
exposed portion of the aquatic ecosystem are 
compared with reference (or control) stations 
in unexposed areas. A major change in one of 
the exposed stations relative to the reference 
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station is a signal for corrective action (re­
active control). A recent summary of the liter­
ature on reactive control methods can be found 
in Hellawell (1978). 

HAZARD EVALUATION 

The basic strategy for developing laboratory 
protocols for hazard evaluation consists of two 
parts: (1) determining the environmental path­
ways of potentially hazardous substances and 
(2) selecting a group of test organisms and 

methods that will best define the boundary con­
ditions within which damage may result. 

Environmental Pathways 

The determination of the fate of a potentially 
hazardous substance introduced into the environ­
ment is a necessary precursor of any meaningful 
attempt to establish effective standards for 
regulatory purposes. For example, a chemical 
that becomes associated primarily with sediments 
requires a different assessment strategy than 
one associated with the water column. TOxicity 
tests for the former should involve benthic or­
ganisms, whereas planktonic organisms would be 
most appropriate for the latter. Additionally, 
a rapidly degrading substance would require far 
less chronic tests on aquatic organisms than a 
persistent one. Figure 6.3 provides an example 
of an approach designed to identify the princi­
pal environmental component into which a chemi­
cal may be distributed after release into the 
environment. In this example the following 
series of tests were used: water solubility, 
partition coefficient (octanol-water), adsorp­
tion by natural solids, desorption (leaching), 
and volatility. For example, if a chemical is 
soluble in water, does not transfer to octanol, 

ko 
Input 

JOHN CAIRNS, JR. 

Ev~PQration 

kl 

Waw 
kz 

Hydrolysis ~ 
ka • ) 0 

Uptake 

Binding ReleaM 
lk· 

~~sl ~ Depu,.tion 

~ I Sediment 

MATERIAL BALANCE EQUATION 

Whefe V • Volume of -·· ml 

A • Surf- -· cm1 

F • Fith-, gm 

S • Sediment -. gm 

Cw • Concent,.tion of c:hemiall in waw 

k • Rate constant 

C, • Concent,.tiOM of chemical in fish 

Cs • Concentmlon of c:hemiall in lldiment 

FIGURE 6.4 Pond model [from Branson (1978), copyright, 
AIMrican Society for Testing and Materials, 1916 Race 
Street, Philadelphia, Pa., adapted with peraiasion). 

TABLE 6.2 Predicting the Fate of Chlorpyrifos in a Ponda 

Predicted 
Found 

Compartment 
Water 
Soil 
Fish 
Air 
Metabolized 
Hydrolyzed 

7-da 
Wate 
1.0 
1.0 

Concentrations of Chlor rifos 
, g/liter Fish, g/g 

0.8 
1.0 

Percentage of TOtal 
2 days 
48.0 
25.0 
0.8 
3.8 
2.9 

25.0 

25 davs 
0.8 
0.5 
0.1 

11.4 
11.0 
76.0 

a From Branson (1978), Copyright, American Society for Testing and 
materials, 1916 Race Street, Philadelphia, Pa. Adapted with permission. 
b Similar agreement at days 2, 4, and 28. 
c 5.7 g/liter at t • o. 
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TABLB 6.3 Properties of a Ch .. ical Useful in Predicting the Concentration of 
the Chemical in Aquatic Bnvironaents• 

Property 
Molecular structure 
Water solubility 
Vapor pressure 
Adsorption spectra (ultraviolet, visible) 
Particle size (if substance is particulate) 

Rate Constanta 
Photodegradation (ultraviolet, visible) 
Biological degradation 
Chemical degradation 
Evaporation 
Sediment binding 
Uptake by organiaas 
Depuration by organiaas 

Partition Coefficients 
octanol-water 
air-water 
sediment-water 

•Methods for deriving these properties are being prepared by the Task 
Groups of ASTM Subcomaittee B35.21 on safety to Man and Bnvironment [from John­
son et al. (1978), copyright, American Society of Testing and Materials, 1916 
Race Street, Philadelphia, Pa. Adapted with permission). 

does not readily adsorb to soils, readily 
leaches from areas in which it is deposited, and 
has a low degree of volatility, testing of per­
sistence and ecological effects could be limited 
to these conditions and biological targets asso­
ciated with the liquid phase of water bodies 
and, to a lesser degree, their sediments. The 
integration of data developed in tests of envi­
ronmental mobility with the information required 
by Section 8 of the Toxic Substances Control Act 
(TSCAJ Public Law 94-469) will provide a useful 
indication of possible •target• organisas. 

A new and relatively untested approach that 
shows promise is called the environmental rates 
approach (Branson, 1978). This requires that 
properties be measured as time-concentration 
rates. These rates are incorporated into a 
suitable model for predicting environmental 
concentrations. Figure 6.4 shows a pond model, 
the key properties, and the materials-balance 
equation for predicting the fate of chlorpyrifos 
in the pond. The predicted and experimentally 
found concentrations in the fish and water 
(Table 6.2) show rather good agreement. 

It is important to recognize that the envi­
ron~~ental concentration of a chemical is gov­
erned by (l) properties of the chemical, (2) 
rate of introduction into the environment, and 
(3) characteristics of the specific environ­
ment(&) into which it is introduced. Many of 
the properties useful in this regard are so 
fundamental that they are likely to be available 
from other data banks before biological program 
design begins. Table 6.3 lists some of these 
characteristics. The environmental characteris­
tics or properties are equally fundamental 
(Table 6.4). 

The determination or estimation of persist­
ence is an important factor in designing biolog­
ical testing, particularly where the length of 

the test is concerned. Figure 6.5 depicts a 
simple schematic for persistence testing. Aqua­
tic sediments and terrestrial soils in some 
areas contain large amounts of chemical contam­
inants that, if available, could be significant 
hazards. The properties of the sediments and 
the characteristics of the associated microbiota 
control availability, although these factors are 
not well defined. Studies are needed to relate 
a chemical's properties and the properties and 
characteristics just mentioned to bioavailabil­
ity in order to predict the environmental behav­
ior of both new chemicals and chemicals already 
in the environment (e.g., PCBs, kepone). 

TABLB 6.4 Properties of Aquatic Bnvironments 
Useful in Predicting the Fate and Concentration 
of a Chemical in Those Bnvironaentsa,b 

Surface area 
Depth 
pH 
Flow/turbulence 
Carbon in sediment 
Temperature 
Salinity 
Suspended sediment concentration 
Trophic status 
Adsorption spectra (ultraviolet, visible) 

a From Johnson et al. (1978). Copyright, 
American Society of Testing and Materials, 1916 
Race Street, Philadelphia, Pa. Adapted with 
permission. 
b One might also add to the list (1) dilu­
tion and (2) inflow-outflow of replacement time 
for water. 
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FIGURE 6. S Persistence testing 
I froca Stern and Walker (1978 I, 
copyright, ~rican Society for 
Testing and Materials, 1916 Race 
Street, Philadelphia, Pa., adapted 
with peraission). 
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Some specific information needs (Maki et 
al., in press) that will improve predictive 
capabilities are as follows: 

1. Determining the effects of microbial 
transformation processes on the environmental 
fate of chemicals. 

2. Developing predictive models for fate 
determination of toxic chemicals in the environ­
ment (i.e. , where do they go and how long do 
they persist?) 

3. Determining the type of biotransformation 
data needed to predict the environmental concen­
trations of chemicals. 

4. Determining the effects of chemical-phys­
ical variables on bioloqical transformation of 
chemicals. 

5. Quantitatively evaluating the efficacy 
of extrapolating laboratory data to the •real 
world.• 

6. Evaluation of the methods used to des­
cribe the kinetics of microbial transformations 
of chemicals. 

An important element is. the preparation of 
a hazard estimate for criterion documents {para­
graph ll of the Settlement Agreement in Natural 
Resources Defense Council et al. v. Train, 8 
ERC 2120-D.D.c., 1976--required the u.s. Envi­
ronmental Protection Agency (EPA) to publish 
water quality data for 65 specified pollutants 
by June 30, 1978). An overview diagram of the 
integration process is given in Figure 6.5. The 
screening sequence shown was designed for test­
ing only photochemical and chemical degradation. 
As a consequence, other forms of degradation 
should be added to the sequence where it is 
important. Figure 6.5 utilizes three levels of 
screening. Level l (similar to the previously 
discussed Tier system) was designed to differen­
tiate between persistent and degradable chemi­
cals. Those that prove to be persistent would 
then have detailed appropriate tests performed 
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for ecoloqical effects. Degradable chemicals 
would be shunted to Level 2 testing, which con­
sists of a determination of the rate of sub­
strate disappearance usually involving chemical 
half-life determinations. If Level 2 testing 
shows that degradation is insignificant, the 
compound will receive the same ecoloqical test­
ing as the persistent chemicals identified at 
Level 1. Because Level 3 testing (identifica­
tion and quantification of degradation products 
and their rates/conditions of formation) is so 
expensive (costs in excess of $100,000 would be 
common), it should only be carried out if toxic­
ity testing reveals significant adverse effects 
on human health or other organisms. 

Test Organisms and Boundary Conditions 

There are some fundamental differences in the 
strategies to protect humans from deleterious 
environmental conditions and those designed to 
protect other organisms: (1) humans are a single 
species--other species are so numerous a com­
plete count has not yet been mader (2) direct 
tests upon humans that might result in harm are 
illegal in most societies, and such tests must 
be carried out on surroqate speciesJ (3) direct 
tests on •other• species are, with some excep­
tions, permitted but they are too numerous to 
carry out tests for all, even if they could all 
be maintained in the laboratoryr (4) the amount 
of risk to which other species may be exposed 
is considerably greater than that tolerated for 
humansr and (5) it is possible that community 
response may be more than the aggregate of in­
dividual species response to stress. 

The basic problem may be su.aar ized as one 
of extrapolating from a small number of individ­
uals of a few species to a comparatively vast 
number of species. The difficulty is exacerbat­
ed by the need to extrapolate from a small range 
of test conditions to a comparatively vast array 
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of conditions with many para~~eten that vary 
independently froa each other. How can one be 
reasonably confident that the variability in 
response of the natural system has been fully 
exposed? One is, of course, most concerned that 
the most vunerable organisu have been identi­
fied so that a no-adverse-biological-effects 
threshold that will ensure the protection of all 
species has been identified. There are two 
tactics that enhance the probability of achiev­
ing this goal: (1) use an array of species from 
a number of trophic levels in the screening 
tests and (2) carry out thorough studies of the 
most sensitive species to ensure that the IIOSt 
sensitive stage in the life cycle has been 
tested (Figure 6.5). 

Figure 6.6 shows a laboratory protocol pre­
pared in 1973 for the u.s. Army Medical Research 
and Develop!lent Co~~~~and and subsequently pub­
lished (cairns and Dickson, 1978). The delay 
in publishing was to provide an opportunity for 
the protocol to be tested at a variety of muni­
tion plants. It worked quite well, although 
some of the more recently developed protocols 
su.~arized in Dickson et al. (1980) will un­
doubtedly prove to be superior. The initial 
steps for both laboratory and field protocols 
are identical: 

1. Characterization of the Compound (or 
Stress) Generally aost of the information is 
already available for nonbiological reasons. 
Examples in this category are water solubility, 
molecular structure, vapor pressure, particle 
size, photodegradation, and partition coeffici­
ents (octanol-waterJ air-waterJ sediment-water). 
Further details can be found in cairns et al. 
(1978) • 

2. Characterization of the Receiving Sys­
tem Water hardness, temperature, dissolved 
oxygen concentration, flow variability, stream 
order, and other important limnological charac­
teristics. 

3. Determination of Testing Priority The 
large nullber of chemicals being produced each 

TABLE 6.5 Determination of Priority for 

Predictability of Toxicological 
Characteristics of Chemical Substance 

Widespread distribution (4), substantial 
amounts released 

Widespread distribution (3), small 
amounts released 

Localized distribution (2), substantial 
amounts released 

Localized distribution (1), saall 
aaounts released 

year (thousands in this country alone) and the 
scarcity of competent personnel, facilities, and 
funds makes establishment of a testing priority 
aandatory. Table 6. 5 shows a useful way of 
determining priority for testing. 

4. Toxicity Evaluation Protocol The lab­
oratory protocol used as an illustration has two 
basic strategies: (1) An array of species from 
different trophic levels is used for the inex­
pensive screening tests (Tier I) and from these 
the most sensitive is selected for the more de­
tailed and expensive tests (Tiers II and III) • 
The same strategy is used for selecting the most 
important nonbiological parameters. (2) Data 
gathering alternates with decision •boxes• so 
that one need not generate more information 
without scientific justification for doing so. 
This has proved to be a useful approach for the 
u.s. Army Medical Research and Development Com­
mand and should, appropriately modified, prove 
to be useful in other situations as well. The 
strategy for the field protocol (Figure 6.7) is 
essentially siailar, but fish are eliminated 
from the screening studies for financial and 
other reasons. 

Probably the most worthwhile modification 
would be to expand the range of trophic activi­
ties so that as many as 10 species representing 
different coaponents of the food web are repre­
sented in the screening tests. Thus, one might 
have a detritus feeder, a primary producer, a 
primary consumer, a secondary consumer, and 
other trophic levels in the test series. 

BIOLOGICAL MONITORING 

Biological monitoring is merely a systematic 
surveillance of the effects of a potential 
stressor (e.g., a potentially toxic substance) 
for the purpose of maintaining quality control 
in the biota of the system into which the sub­
stance is being introduced. Without the direc­
tive to take i.-ediate corrective action when 
deleterious effects are detected, biological 

Testinga 

High Medium Low 

....i!L 121 illb 

4 8 12 

3 6 9 

2 4 6 

1 2 3 

aTo determine final priority number, multiply the appropriate nulllber above 
by the following vulnerability factor for the receiving system: high • 3, aed­
iua • 2, low • 1 (fro. an approach determining priority testing, NRC Committee 
on Toxicology, 1975). 
baigh nulllber indicates high priority. 
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I. Deto"""'• tile rolotivo aoneilivltr of apecific lifo lliatorr ttoeoa of 
flail, lnvortolwotoa Clld oleo• to t-• CMmicot aallotonco. 

2. De•••- IM offocta of etlticot on.O-tol per-tora on 
toaicitr to filii, ....,,..,. .... , and alto•· 

3 . Oototlftino IM atolllitr of tM toaocolotiOOI cNtoctotiatica of tile ......,_ ....,.._, 
4. SctMn IM -.;cot ..... _ ffW fitll flaM loinlint . 

!1. Detorlftino IM potential for llloc-tnlliorl. 

DECISION lOX - !lA 
I. ~futuro ttudiaaM OOIMiuctoll wit- ol llwM -· of IM foo4 C-'? 

2. ~ld fut••• atudiaa .. conducted to doflno IM . ........... 
bot•••• toaicitr -onvirONn ... tol ptwOiftOIOtt'? 

'·" IM cMiftieol aallotonco undotto" ~~~~. ,..,..col .. lwototlcot 
-.-lion ll'odueinl toaic _....., ll'oduct• allould futuro ....... 
be ccnluetod to define 1M ...... of IM -~ oubotoncoa ClldtM 
factor a offocfinl if. 

4 .... -itionGI fitll 
f ... - toinliftt t .... noodod'? 

!l . la •••• ....,_ of potonNI lwoconcontrotion '? 

~YES 

OEFINITIVE LAIOIIATORY TESTS - 6A 
I. DetWiftiiiO tM roloti" .... oti¥itr of lifo cycle Clld ... .....,.., ....... 
2. Oetwlftino ·-· oatont ,_.. enwirONftentll P•-wa off oct toatc•tr . 

3.Defifto ·-· ... ,. of 1M._., inaiGIIitilr Clld foct•a of foeti"' rt. 

4 . Defino IM ..... of c-ttotton , ..... fttllflotll toint•"l· 

!!.Defino 1M ..... of lwoconcontrotion. 

~ 
DECISION lOX - 7A 
I.W- ···-t of tM food CMin (i .e., fla- . in-tobrota Ot .. , .. , ........ be uaod to • ..... to tM offocta of .. blotMI oapoawa of 

IM - on I'OWt-. "production ... ~ ...... , .. 
2 ... t-·· adequate infonnotion to dotorlllillo tho oatont tMI 

•••i•-ontot potOiftOIWI of feet toaicitr'? 

3. Ia ·- odoquoto infOtlftofiotl to define tM ...... of toaicont 
i...,....litr ond f- offoctiftt it'? 

4.11 tM c-Itation eouoi"l fitll flo all tointi"l known'? 

!I. Ia thwo 0 potential for ltialftotlifiOotion '? 

CHRONIC AND IIOMAGNIFICATION TESTS- lA 
1. Dotorlftinotion of tho offacta of tho taaicont on I'OWth, 

••ll'oduction and phyaiotoer . 

2. Detwlllino tho offocta of onvir-ontol pot-IOta in tho oapranion 

of toaicity •• .,._,.d br ''"'-· tOII'aduction Clld phraoototy. 

3. Del-notion of tho poloniiGI for lli__.,;ficotion. 

Doto ba.. for avaluotine offocta on aquatic lifo ia _,., 

JOHN CAIRNS, JR. 

NO -NO MORE TESTIIIG 
NO R£0UIR£D UIILESS 

IIIIOICATEO IY 

-

FIELD STUDIES .__ __ __. 

....J 

......--

NO 

NO 

FIGURE 6.6 Toxicity evaluation protocol-laboratory studies [fra. Cairns and Dickson (1978), copyriqht, ~rican 
Society for Testinq and Materials, 1916 Race Street, Philadelphia, Pa., adapted with per•ission). 
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TOXICITY EVALUATION PROTOCOL- FIELD STUDIES 

I CHARACTERIZATION OF WASTE - I 

I CHARACTERIZATION OF RECEIVING SYSTEM - 2 

I DETERMINATION OF PRIORITY- 3 

FIELD SCREENING TEST - 4B 
I. Determine the effec:ta of the .tfluent 011 the moc:rolnvertellrate 

and pwlphytOII c:ammunititl in the rec:eivino ayetem. 

2. Determine if the c:onttituenta of the effluent hOYt the pottntial 
to undwga bi011109niflc:ation . 

.. 
NO 0£CISION BOX - !58 

I. Ia there a tltnificant effec:t 011 the mac:roinvertebrate Olld 
periphyt on community "? 

~ ~ 

FOOD CHAIN 
AND PUBLIC 
HEALTH 
STUDIES 

NO MORE TESTS 
REQUIRED UNLESS 
INDICATED BY 
LABCRATORY TESTS .,..... 2. 11 there biomqnific:ation"? _..., 

~------------------~~~------------------~ L--------~ ~YES 

~~--------.-NO 
NO MORE TESTS 
UNLESS 
INDICATED BY .. NO 
LABORATORY TEST 

EXTENDED FIELD STUDIES - 6B 
I. Determine the effec:ta of the effluent on major element• 

of the aquatic food web. 

2. OttwmiM the effec:ll of the effluent 011 primary 
produc:thrity Olld bacterial oc:tivlty. 

DECISION BOX - 7B 
1.. Ia the apec:iea diveralty and func:ti011al c:apac:lty of the 

aquatic: community aitnlflc:OIItly affected by the effluent"? 

2. Ia thwe an effect 011 primary productivity or bacterial 
activity"? 

~YES 
DEFINITIVE FIELD STUDY - BB 
I. Define the extent of rtlponae of the affac:ted group of 

aquatic organiama . 

2. Define the extant and oonditiona under which on effect 
oc:cun 011 primary productivity and bacterial activity. 

DECISION BOX - 9B 
I. Ia the effluent havlnt a tltnificOIIt advwlt effect on 

aquatic lif a"? 

NO~YES 
Data ball for evaluating the effeota 011 aquatic lift Ia 

developed. 

FIGURE 6.7 Toxicity evaluation protocol-field studies [fr011 Cairns and Dickson (1978), copyright, Aaerican 
Society for Testing and Materials, 1916 Race Street, Philadelphia, Pa., adapted with peraission). 
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aonitoring is merely giving the illusion of 
protection without the reality. Biological 
aonitoring, as just defined, is relatively rare 
at this tt.e. However, civilization is now in 
a transitional period in soae ways analogous to 
the agricultural revolution. In that period the 
unmanaged environment was not producing suffi­
cient food to meet society's needs. As a conse­
quence, humans found themselves in a new manage­
.. nt role. Similarly, the unmanaged environment 
is now not capable of assimilating all of soci-

ety's wastes, as now delivered, without being 
harmed. The rate at which potentially harmful 
materials enter the environment must be synchro­
nized with the environment's ability to assimi­
late these wastes. Because industrial wastes 
and other potentially deleterious materials 
entering the environment vary in both quality 
and quantity at the entry site and the environ­
mental assimilative capacity also varies but not 
in synchrony with the former, management is es­
sential if the benefits of both systems are to 
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be optiahed and the debits minimized. The 
infor~~~ation feedback loop that 111akes effective 
quality control possible is called biological 
monitoring. 

There are two basically different types of 
biological monitoring syatell8; (l) biological 
early warning systems that alert management 
personnel to the appearance of deleterious sub­
stances before they enter the receiving systea 
and (2) receiving-system methods that detect 
biological changes in the system itself. A re­
cent su.aary of the literature on early-warning 
systeas aay be found in cairns and van der 
Schalie (in press). Annual reviews of litera­
ture useful in receiving-system aonitoring (but 
not necessarily so labeled) may be found in the 
Journal of the Water Pollution Control Federa­
tion. 

Almost any species, comaunity, or parameter 
can be used for biological monitoring. Appro­
priate selection will depend on the conditions 
at each site. In addition to the scientific 
justification of the ecological importance of 
the species and/or parameter used, the sensor 
chosen should be reliable in teras of informa­
tion produced and not particularly difficult to 
work with. If monitoring methods are to be 
widely eaployed, they .uat not be too difficult 
for a technician to use routinely. 

Single Species Versus Comaunity Criteria 

Most of the tests upon which decisions are made 
regarding the concentrations needed to protect 
natural communities from hazardous chemicals or 
other stressful situations (e.g., heated waste­
water or suspended solids) are carried out with 
single species under carefully controlled labo­
ratory conditions. Only a comparatively few 
species are now used for test purposes. Fortu­
nately, microcosm tests using simple communities 
are being developed by R. L. Metcalf (University 
of Illinois), and others. These are not now 
coDDOnly used, but interest in them is high. 
There are several underlying assumptions to our 
present regulatory policy. First, protecting 
the most sensitive significant species in a 
system can be accomplished without testing that 
species directly. Second, c0111111unity response 
will not vary so much that site-specific tests 
in all areas are necessary. These assumptions 
are not explicitly stated but are implicit in 
criterion and standard regulatory documents that 
rely on a few tests or a few species for wide­
spread determination of •safe• concentrations •. 
There are three key questions that should be 
addressed as soon as possible. 

1. Are the c~nly used bioassay species 
good surrogates for predicting responses of en­
tire communities, and does an application factor 
derived from tests carried out on a single spe­
cies actually protect an entire community? 

2. Do communities in different areas made 
up of different aggregations of species respond 
in a similar way to an identical concentration 
of a toxicant? (In this instance one might have 

JOHN CAIRNS, JR. 

to allow for differences in water quality that 
affect toxicity.) 

3. Do caa.unities of different maturity re­
spond similarly to identical concentrations of 
a toxicant? 

Structural Versus Functional Parameters 

Most of the biological measurements for assess­
ing pollutional impacts on receiving systeas 
have been based on species inventories or •crit­
ter counts. • Coaparatively few teats on func­
tion (e.g., ATP activity, carbon fixation, and 
autotrophic-heterotrophic ratios) are used. one 
can hypothesize three relationships between 
structure and function but, unfortunately, evi­
dence to select the most probable is sparse. 
These possibilities are as followss 

1. That aquatic caa.unity structure and 
function are so intiiiAtely associated that one 
cannot be altered without altering the other. 
If this hypothesis is correct, only one type of 
assessment needs to be used in reactive or error 
control to ensure protection of the other. 

2. That there is so auch functional redun­
dancy in most natural ca.aunities (i.e., many 
species feeding on detritus in a particular way) 
that loss of a species (which would affect 
structure) would not impair function. If this 
assumption is correct, the best receiving system 
parameters for error control would be based on 
species inventories, because structure would be 
more sensitive than function. 

3. That it is possible to impair function 
without killing or eliminating species (e.g., 
inhibition may occur at much lower concentra­
tions than lethality). In this case the best 
receiving system parameters for error control 
would be based on function. 

Evidence is not sufficient to IIAke a reli­
able choice among the assumptions just stated, 
however, it would be prudent to have a mix of 
both structural and functional receiving aystea 
parameters for error control. 

USB OF BIOLOGICAL INFORMATION 

There are soae heartening indications that bio­
logical infor~~~ation based on receiving system 
conditions can be used as evidence for less 
stringent effluent limitation. The .oat notable 
exAIIple is the three types of deaonstrations 
needed to obtain a variance to closed-cycle 
cooling [described in regulations published by 
the BPA in the Federal Register, 1974). Pub­
lic Law 92-500, Section 316 (a) calla for the 
following demonstrations; 

TIJpe l The use of onsite data to demon­
strate absence of prior appreciable harm to the 
biological comaunity. 

T1Jpe 2 A demonstration using BPA water­
temperature criteria that conditions at the site 
would protect important representative species. 
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Type 3 The use of a combination of bio­
logical and engineering data to demonstrate no 
adverse effects. 

Although it has not happened yet, there is 
no scientifically justifiable reason why these 
demonstrations could not be carried out for cer­
tain classes of chemicals (e.g., those that are 
neither persistent nor likely to undergo biolog­
ical magnification). This would replace arbi­
trary standards based on little site-specific 
information with site-specific error control 
based on biological information based on receiv­
ing system condition. 

The Toxic Substances Control Act (TSCA) 
signed into law (Public Law 94-469) on October 
11, 1976, is an interesting example of predic­
tion control based on a mixture of biological 
and chemical-physical information. This law 
provides that no person may manufacture or pro­
cess a new chemical substance or manufacture or 
process a chemical substance for a new use with­
out obtaining clearance from the EPA. One of 
the main objectives of the TSCA is to establish 
a procedure for evaluating hazards to human 
health and the environment before widespread use 
of a new chemical. In short, this is a form of 
predictive error control using biological 
information. After examining the data and 
evaluation, the administrator of the EPA must 
judge the degree of risk associated with the 
extraction, manufacturing, distribution in com­
merce, processing, use, or disposal of the 
chemical substance. If it presents an unreason­
able risk to health or the environment, the ad­
ministrator of the BPA may restrict its use or 
ban it. 

ECOSYSTEM REHABILITATION 

If both predictive and error-oontrol systems 
fail or if an accident or catastrophe (e.g., a 
major oil spill) occurs, ecosystem rehabilita­
tion or restoration will be necessary. This 
must be carried out with a full understanding 
of both the structural and functional character­
istics of the ecosystem state to be achieved. 
Rehabilitation must also be carried out with a 
knowledge of the most effective and efficient 
technology available for the process. These 
technologies include the effective manipulation 
of the physical and chemical qualities of habi­
tats, as well as the technologies of effective 
species stocking and restoration programs. The 
emerging field of ecosystem restoration and 
pollution mitigation should become a basic com­
ponent of an ecosystem management capability. 
Those engaged in this new field must develop a 
detailed knowledge of the fates and effects of 
each type of system perturbation. Practitioners 
will need to know both the rates of recovery for 
different systems and the limits of tolerance 
beyond which perturbed systems cannot recover 
to desired states. Additionally, we must deter­
aine the degree of reversibility of the states 
of the systems that have been subjected to dis­
turbance (e.g., Cairns, 1980). The ecosystem 

damage suffered and the subsequent recovery po­
tential of perturbed ecosystems depend primarily 
on three factors: (1) the ecological type of 
system perturbed, (2) the nature of the disturb­
ance, and (3) the environmental pathway of the 
disturbance agent. 

SUMMARY 

The development of predictive and reactive (er­
ror) control systems for aquatic ecosystem qual­
ity control will not occur unless biologists 
feel a professional responsibility to contribute 
time and energy. Additionally, changes in leg­
islation and regulatory agency policy to permit 
ecosys,tem quality control based on the methods 
discussed is mandatory. Finally, without con­
current development of organizational capabili­
ties for ecosystem management, the other efforts 
will not produce the desired results. 
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Robust Estimators 
in Hydrology 

7 
MYRON B. FIERING and GEORGE KUCZERA 
Harvard University 

INTRODUCTION 

Hydrology serves at least two disjoint clien­
teles--the scientific co.aunity and the engi­
neering ~nity. This rift is exacerbated by 
recent eaphasis on .odeling techniques. The 
scientific co .. unity is concerned primarily with 
causality and proposes increasingly complex and 
sophisticated models of natural phenomena, 
whereas the engineering c01111111nity is concerned 
with water aanage .. nt and is closely identified 
with .odels involving operations analysis and 
decision theory. As the two groups become more 
highly specialized, interaction and collabora­
tion diminish. Robust statistics may be partic­
ularly iiiPOrtant to help bridge many of the 
boundaries between these two disciplines. 

Robustness is difficult to define (Fiering, 
1982a, offers 12 alternative definitions). The 
concept of stability of parameters under a .od­
erate perturbation among the data is a necessary 
condition for predicting systea changes under 
new conditions or aanage .. nt policies. Robust­
ness accommodates features of controlled dynamic 
response--measured rather than precipitous 
chanqes in paraaeters and system performance. 

85 

We maintain that statistics and economics 
are the eyes and ears of formal and informal 
decision making, whereupon models of hydrologic 
processes are useful principally to help decide 
among alternatives. The bases for these deci­
sions are the predictions derived from the 
models. Hence it is naive to argue whether 
these models are descriptive or prescrip­
tive, in fact, they are both. We fit them to 
observations, attempt to decide if they fit 
•well enough, • and if so learn and describe 
something of the hydrology of the baain. We 
then typically use the models to predict perfor­
mance under a new set of circumstances. 

ROBUSTNESS 

Conventional water-resource analysis focuses on 
the time trace of water available in a basin, 
on the storage and control works, on the socie­
tal tensions derived from competing uses, and 
on the decision calculus selected for design and 
management. A water balance governs the entire 
analysis, attempts to balance projected supply 
and deaand display a tendency to self-fulfill-
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ment--all of the available resource is utilized! 
Long-term planning deals with supply and demand 
of water as it pertains to economic growth. In 
addition, such planning should predict important 
alterations in existing regimes, display signif­
icant regional trends, and identify areas sub­
ject to current or potential stress. 

To do so using models of hydrologic process­
es requires (1) substantial improvement in our 
ability to model mechanistic aspects of hydrol­
ogy and to assess the parameters of these 
models; (2) improved mathematical, computation­
al, and statistical techniques; (3) enhancement 
of data collection and retrieval systems; and 
(4) a decision-making calculus that we propose 
be baaed on concepts of resilience and robust­
ness. 

Robustness and Resilience 

The concept of robustness of design has analogs 
in other scientific and social settings (Fiering 
and Holling, 1974). Traditional methodologies 
for designing against probabilistic phenomena 
seek to reduce to some prescribed level the 
probability of occurrence of damaging consequen­
ces. Engineers historically have built dams and 
levees for flood control but have only recently 
begun to change the free body--the mechanics and 
economics of the system--by weather modifica­
tion, early-warning systems, systematic flood 
proofing, zoning, and flood insurance. These 
alternatives delineate and stretch the bound­
aries of acceptable outcomes rather than control 
the probability of an unacceptable event. 

Dams and levees reduce hydrologic threat. In 
so doing, the community develops along patterns 
that make it more susceptible to catastrophic 
damage when, inevitably, the erected restraints 
prove to be inadequate. This form of behavior 
is common in situations involving exposure to 
risk. For example, we drive faster on roads 
equipped with guardrails. This adjustment tends 
to drive the •system• toward stability; we lose 
fewer cars over cliffs protected by guardrails. 
But stability does not imply robustness, which 
is the ability of the system to accommodate 
surprise and to survive under anticipated per­
turbation. Therefore, a blowout along a road 
with a guardrail could be more dangerous than 
on a road without one because speeds tend to be 
higher with a guardrail present. Stability is 
not necessarily a desirable characteristic of 
system performance. 

Systems cannot be designed to be fail-safe, 
at least not over reasonable time periods and 
at reasonable costs; system design should 
reflect consideration of the rate and cost of 
repair or restoration. Flood-control structures 
tend to make the system more brittle, more vul­
nerable to surprise. In ecological terms this 
is equivalent to drawing tighter the boundaries 
of acceptable behavior; it is analogous to what 
engineers do when they impose rigid standards 
for ecosystem management without proper regard 
for those wide swings in state variables that 
characterize many healthy, recovering systems. 
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We can attempt to alter the nature and 
frequency of the flood threat by weather modifi­
cation. There are important uncertainties in­
herent in this policy, so we can further secure 
our position by a series of staged safe-fail 
alternatives that protect against the inevitable 
failure or flood event. In ecological terms we 
define a failure as a precipitous •flip• of the 
ecosystem into an unacceptable IIOde or state. 
We try to prevent failure by avoiding the bound­
aries of acceptable ecosystem behavior but also 
try to maintain and extend these boundaries to 
keep them elastic or flexible, by modifying sys­
tem dynamics (such as introducing new species 
or cutting firebreaks). Thus, we attempt to 
avoid failure by avoiding the boundaries that 
separate acceptable from unacceptable positions 
and, at the same time, by pushing the boundary 
away from current and predicted positions. 
Prediction over a time horizon consistent with 
the boundary's elasticity is imperative if adap­
tive, resilient response is sought. 

Engineers have long attempted to prevent 
pollution episodes by building safe-fail en­
vironmental systems, i.e., large waste-treatment 
plants or double-hulled oil tankers. We must 
explicitly acknowledge that repair of inevitable 
failure is an element of resilient design. 
Global optimality might be calculated readily 
enough but ita utility rests on the precision 
of a few parameter estimates, such as on the 
numerical stability of solutions to large opti­
mization routines or on the suitability of the 
objective function to the several conflicting 
interests impacted by the decision. We must ask 
if the optimal solution can be implemented or if 
a near-optimal solution stands a significantly 
better chance. We should not be so intent on 
locating optimality that we compromise resili­
ence for a myopic optimum. 

Resilience--An Analogy 

Implicit in the notion of resilience is the 
dimension of time. The sensitivity of system 
response (Fiering 1982b) to a decision variable 
xi is given by the derivative 3f/3xi, which does 
not reflect dynamic behavior. The total deriv­
ative df/dKi contains terms dxjldxi' so that if 
xi is forced through a small change dxi, the 
other available decisions Xj can be manipulated 
to optimize system response. Adjustments in 
some of these decision variables can be made 
more rapidly than in others. Some operating 
decisions--lowering or raising gates on a reser­
voir and switching fuel in a generating plant-­
can be made rapidly. Political and institution­
al adjustments--changing standards or regula­
tions--might require months. Structural changes 
might require years, and social changes--shifts 
in land use or demographic patterns--could take 
decades. Thus, minimizing the total derivative 
df/dKi for a prescribed shift away from a 
solution vector x, or minimizing the differen­
tial df subject to constraints on the changes 
dxi (e.g., that the new solution lie on or 
within a unit hyperaphere whose center is at the 
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original solution x) suggests a resilient system 
trajectory from the state given by x to a 
reduced response level. 

In many applications of systems analysis it 
is customary to assess a penalty function for 
failure of the system to perform within pre­
scribed ranges; these ranges are called envi­
ronmental standards. The penalty functions are 
typically increasing with respect to deviations 
from the standard, although they are not neces­
sarily symmetric. A suggested measure of per­
formance is associated with the rate of decline 
along the trajectory between initial and termi­
nal (upper and lower) positions. If a trajectory 
is slowly completed there is often time to 
adjust to anticipated policy shifts and thus to 
sustain less damage. 

PROBABILITIES OF EXTREMES 

Hydrologists live at the tails of density func­
tions. Our advice is requested when things go 
well, i.e., when precipitation and flow levels 
are near the centers of their density functions. 
We are, however, consulted frantically when 
major droughts and floods are experienced. 

Unfortunately, our predictive powers are 
least impressive at these tails. LOng records 
are typically not available, so that estimates 
of the higher moments required to define the 
tails are highly unstable. For example, a tran­
scription error in keypunching the smallest 
•annual flood• in a record of N annual events 
may materially affect the estimate of a major 
flood associated with a long-recurrence interval 
of T yr? If moments are used to define the 
density function, this could easily occur. 

Should goodness of fit be tested by conven­
tional measures of deviation, when should our 
concern more realistically reside in the cumula­
tive function? Historically these problems have 
not been critical in design calculations. They 
were scaled on the basis of mean and median 
flows, near the center of their distribution 
functions, and were consequently not overly 
sensitive to small errors in hydrologic analy­
sis. In recent years, with more marginal water­
resource projects being considered, with manage­
ment for water quality an important objective, 
and with irrigation failure in the face of ris­
ing population a critical issue in pr'oject 
evaluation, assessment of hydrologic extrema 
becomes more important for project planning, 
design, and operation. Good parameter estiu­
tion alone does not provide stable estiut~s of 
periodicities for major events. 

The objective should be to develop distri­
bution functions that are robust in terms of 
estimating both the probability density (or 
ordinate) assigned to a particular argument and 
the cumulative density or integral 

X 

J(~(x)dx F(x). 
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It is not intrinsically useful to develop tech­
niques for robust estimation of parameters if 
small perturbations in the parameters produce 
large deviations in the density or cumulative­
density functions. It is more important to ask 
what we are going to do with the estimates of 
probability and cumulative-density functions, 
and hence with return periods and expected 
losses, than to worry excessively about the 
stability of parameter estimates. These param­
eters have no inherent value, and their close 
estimation implies no operational payoff even 
though the scientific purpose of •better models• 
is served. Many density functions contain ex­
ponential terms, so that even small errors in 
parameter estimates tend to produce wide fluctu­
ations at the tails. Thus, stability or robust­
ness of the parameters themselves is not inher­
ently useful; it is more important to utilize 
density functions that yield stable or robust 
estimates of the recurrence probabilities, even 
though the parameters of those functions may 
vary significantly from one estimate (or sample) 
to another. It is suggested that parameters 
other than moments be utilized in analyzing 
hydrologic extremes because it is more accept­
able that such parameters vary widely, partic­
ularly if there is no obvious physical inter­
pretation readily attached to them. 

The Wakeby Distribution 

One such function is derived from the Tukey 
family of ~-densities. It contains five param­
eters and can most conveniently be written in 
inverse form, which is in itself robust because 
the argument is an integral or cumulated area 
that is inherently more stable than a point or 
functional value: 

x = e + c(l- F)-d- a(l- F)b, 

where F is the cumulative density F(x), 
constants a through e are parameters of the 
function f{x), and x is explicitly given. 
Thomas and Houghton (as reported in Houghton, 
1977) fit this function to a large number of 
annual flood sequences. There is continuing 
need for research in fitting the five parameters 
of this Wakeby density. 

Fiering (1978, 1979) fitted regionalized 
Wakeby functions to low-flow values throughout 
the state of New Jersey and in the Miami River 
(Ohio) • Greenwood et al. (1978) proposed the 
use of probability moments for estimating the 
five parameters of the Wakeby density and demon­
strated by Monte Carlo analysis the stability 
of their probability assignments, which result 
from Wakeby densities whose parameters are high­
ly unstable from sample to sample. 

The five parameters define the location and 
the shape of the two tails of the Wakeby distri­
bution. The heuristic justification for using 
five parameters inheres in the fact that two 
parameters are required to define each of the 
tails and the ,fifth is a location parameter. 
By judiciously setting the parameters the Wakeby 
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distribution can be ude to mimic the nor:ul, 
log-normal, log-Pearson III, or: virtually any 
of the co1111110nly used density functions. The 
flexibility associated with being able to inde­
pendently fit the two tails provides an impor­
tant advantage, the cumulative density function 
is stable (i.e., robust) even though the five 
parameters uy vary widely fr:om sample to sample 
in the same region. 

Old Problems, New Cr:iter:ia 

Neither conventional numerical techniques for: 
measuring goodness-of-fit nor: graphical tech­
niques for: comparing alternative functions meets 
the needs of hydrologic analysis. The u.s. 
Water: Resources Council (1977) stated that 
except for: special cases the standard flood 
density for: federal-project analysis would be 
the log-Pearson III and its associated par:u­
eter:-estimation techniques. One interesting 
feature of these requirements is the use of 
regional statistics to smooth the anticipated 
sampling fluctuations of the higher: moments 
r:equir:ed to fit the log-Pearson III. This rec­
ognizes that the skew coefficient is notoriously 
unstable for the small suple sizes commonly 
encountered in hydrologic practice. The use of 
regional moments represents an important step 
in the adoption of robust statistics or: statis­
tics that ar:e not extremely sensitive to small 
perturbations of the data base. The James-Stein 
(Effron and Mor:r:is, 1977) technique for: estimat­
ing moments (the mean, standard deviation, and 
skew coefficient of flood r:ecor:ds) represents 
familiar quantities. Major: er:r:or:s in their: as­
sessment would be detected because the numbers 
would not •look r:ight.• Much of traditional 
analysis is directed at obtaining stable esti­
mates of these moments. But a small estimating 
err:or: can lead to egregious misspecification of 
the r:etur:n period of major: floods even though 
the density function appears to be acceptably 
close to the empirical observations. This is 
because a small err:or: in the fat par:t of the 
density, wher:e the mean is typically located, 
is levered into a much larger: change in the 
r:ecur:r:ence interval for: an extreme event. What 
is needed is a new way of looking at distribu­
tions of hydrologic events to incorporate as 
much robustness as site-specific and national 
observations can allow. Such a pr:ocedur:e might 
encourage the inclusion of information fr:om 
region-wide flood sites, thereby de-emphasizing 
the importance of individual events at a partic­
ular: site. 

'lbe combination of regional and site-spe­
cific flood information was investigated by 
Kuczer:a (1980) and is summarized below in the 
context of a two-parameter:, log-normal flood 
distribution. Empirical Bayes (EB) pr:ocedur:es, 
conceptually similar: to James-Stein pr:ocedur:es, 
provide a way of augmenting site-specific with 
regional flood information. The EB pr:ocedur:e is 
Bayesian with the exception that regional flood 
information is used to estimate empirically the 
par:ameter:s of the pr:ior: distributions of the 
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mean and standard deviation of floods. These 
pr:ior: distributions ar:e then updated by site­
specific flood data to yield posterior distribu­
tions. Given a loss function, an asyaptotically 
optimal estimator of the 2'-year flood can be 
derived. Simulation studies demonstrate that 
whenever: exploitable regional inforution 
exists, the EB estimator of the 100-yr flood 
significantly outperforms the maximum likelihood 
estimator:, particularly for: short records. 

Analyses of several regions of the United 
States show a substantial reduction in regional 
inforution car:r:ied by the prior distribution 
of the standard deviation when spatial correla­
tions ar:e taken into account. The prior distri­
bution can be further sharpened by augmenting 
the regional flood records with physiographic 
data using a r:egionalization procedure. Anal­
ysis of New England basins suggests that the 
information content car:r:ied by the pr:ior distri­
bution of the standard deviation is the equi­
valent of about 20 •effective years• of site 
r:ecor:d. 

Outliers ar:e the source of much embarrass­
ment to hydr:ologistsJ we do not know how to deal 
with them through conventional for:ms of analy­
sis. Including them in estimates of moments 
does not change the mean ver:y much and might not 
change the standard deviation by a great deal1 
the skew coefficient is profoundly affected, as 
is the recurrence interval associated with 
design events. 

To illustrate some of the difficulties that 
outliers can confer: on estimation of extreme 
events, we undertook a simple Monte Carlo exper­
iment using Houghton's four: Wakeby distributions 
(which purport to represent the r:ange of floods 
in the united States) as the parent distribution 
in the Monte Car:lo simulation, we evaluated the 
mean-squared-error performance of three esti­
mators of the 100-yr: flood for: record lengths 
of lS and 30 yr:. The estimators considered wer:e 
the log-normal maximum likelihood (ML) estima­
tor:, a robust log-normal method-of-moments esti­
mator: utilizing Tukey's biweight estimator of 
location and Lax's estimator: of scale (Mosteller: 
and Tukey, 1977), and the log-Pearson III, 
method-of-moments estimator:. The efficiency of 
an estimator: relative to the ML estimator is 
defined as the ratio of the ML mean-squar:ed-er:­
r:or: to the mean-squar:ed-er:r:or: of the estimator:. 
The Monte Car:lo results are summarized in Table 
7 .1. Note that in the presence of straggly 
tails (Type IV parent in the table), the robust 
log-normal estimator exhibits a significantly 
better: performance than the ML estimator:. How­
ever:, in the case of the Type I II parent, the 
performance of the robust estimator deteriorates 
markedly. This follows fr:om the fact that these 
robust estimators of location and scale are 
designed to stabilize moment estimators when the 
underlying distribution exhibits a fatter tail 
than that of the normal distribution, this is 
not the case for: the Type III parent in log 
space. An adaptive robust estimator: of location 
and scale is needed. Second, the log-Pearson 
III estimator: per:for:ms poorly in comparison with 
the ML estimator except in the case of the Type 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


Robust Bstimators in Hydrology 89 

TABLE 7.1 Efficiency of Robust Log-Normal and Log-Pearson Estimators of the 
100-Year Flood for Different Distributional Assumptions and Record Lengths 

Wakeby 
Distribution 
Parent 'l'YP! 

Mean-Squared-Error Efficiency of Estimator Relative to 
Lag-Normal Maximum Likelihood Estimator• 
Robust Log-Nor•l Lag-Pearson III 
15 Yr 30 Yr 15 Yr .3-.0_Y_r ____ _ 

I 
II 
III 
IV 

1.042 (0.037) 
0.966 (0.020) 
0.591 (0.015) 
1.697 (0.307) 

0.966 (0.013) 
0.922 (0.013) 
0.674 (0.006) 
1.235 (0.064) 

0.125 
0.397 (0.042) 
0.816 (0.089) 
0.037 

0.307 (0.058) 
0.502 (0.038) 
1.178 (0.091) 
0.109 (0.035) 

•Where possible, standard errors are reported7 plus and minus ranges are 
in parentheses. 

III parent. Because both estimators use almOst 
identical estimates of location and seale, it 
seems plausible to attribute the poor perform­
ance of the log-Pearson III estimator to the 
instability of the sample skew coefficient in 
the presence of outlie.rs. This is not to sug­
gest that the log-Pearson approach should be 
abandoned simply because the ML estimator and 
its robust version exhibit in some instances 
uncomfortably high negative biases. Rather the 
development of robust estimates of skewness 
needs to be pursued further, the use of regional 
skew to stabili:&e site-specific skew estimates 
being a first step. 

ROBUST HYDROLOGIC MODELS 

The Rainfall-Runoff Relationship 

The objective of hydrologic science is predic­
tion of the time trace of relevant hydrologic 
variables. Suppose a basin, a convenient hydro­
logic quantum, is •described• by a set of param­
eters e 1 if we are concerned with a rainfali­
runoff relationship then one set of elements e 
would be appropriate, whereas another set &* 
would be appropriate for studying migration of 
pollutants within the vadose zone. There is a 
subset of elements that would appear in most 
arrays of parameters. These represent the mini­
aal set of information required to characterize 
the basin for almost any analysis. We assume 
that e is independent of the state variables of 
the system. 

A general rainfall-runoff model is written 

q + ~<x, s/eJ, 

where the scalar q is the basin runoff, x is a 
vector-valued description of the driving func­
tion (including, for example, precipitation in­
tensity, duration, coverage, and direction of 
storm movement), s is a vector of state vari-

ables, and the notation ~(xI e l represents a 
vector function for a basin characterized by e 
(the time trace of the runoff q associated 
with x). Specification of the functional 
form f and characterization by the vector 
conprise an unresolved problem in hydrology. 
Among the unsettling but answered questions are 
the following: 

1. What is the appropriate function f? 
2. Which variables correctly character be 

the driving function x and the state variables 
S? 

3. What parameter assignments e should be 
made? (This encompasses two different ques­
tions, the first of which deals with identifying 
the parameters that comprise the vector e and 
the second with efficient techniques for esti­
mating these parameters.) 

4. How do the vectors x and e shift with 
time, and how do they interact? That is, could 
slow-moving changes in the local climate induce 
significant changes in the parameterization e 
or in the functional representation f? Do the 
x(t) and &(t) cycle? 

5. How do the vectors x, s, and e, and the 
function f, respond to the works of man? The 
stimuli are more abrupt than natural stresses7 
hence, the responses are likely to be qualita­
tively different. 

Many efforts have been made to resolve these 
questions, the literature is replete with rain­
fall-runoff models and with comparisons a110ng 
alternative models. Important recent works are 
those edited by Chapman and Dunin (1975) and 
Biswas (1976). Both studies review the role of 
prediction in watershed management, with special 
emphasis on catchment models. Both point up the 
intellectual conflicts that arise from alterna­
tive modes of describing and explaining hydro­
logic phenomena and thus are strongly parallel 
to this essay. Our work is a further attempt 
to bridge some of the gaps identified in these 
earlier efforts. The results of this modeling 
have been rather embarrassing, not so much 
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because we have been unable to develop good 
fits but, in a perverse way, precisely because 
we have been successful in fitting functions 
to data. The •beat• set of estiutes can be 
derived for any given application. Por example, 
by imposing some criterion such as minimal re­
sidual squared error, parameter estiutes e can 
be deduced for many reasonable functional forms. 
If the fit is good the resulting relationship 
might become widely accepted, but its indiscrim­
inate use can lead to serious errors in predic­
tion. 

At the simplest statistical level, errors 
can be laid to the paucity of historical rec­
ords. Errors are also introduced by improper 
specification of the list of driving variables 
x. Further, the tacit assumption of station­
arity of parameters pre-empts dynamic interac­
tions in many rainfall-runoff models. Thus, as 
we contemplate increasingly important decisions 
occasioned by growing demands for water use to 
serve an expanding population aspiring to a 
higher standard of living, we exceed the condi­
tions under which conventional rainfall-runoff 
models are calibrated. Man's interventions 
threaten to alter the basic mechanisms and hence 
those relationships that are founded in hard 
science. As developmental lead times increase-­
i.e., as we contemplate hydrologic consequences 
that might not occur for several decades or 
millenia--even modest inaccuracies or impreci­
sions in prediction can be levered into impor­
tant errors that must not be overlooked. we 
must demand from our models better performance 
than we now get. 

Virtually all the basin models currently in 
use concentrate on the relationship between 
rainfall and runoff. But runoff accounts for 
only about one third of the throughput or flux 
in a catchment~ the remainder is treated as a 
residual. It is asking too much of a basin 
model to predict reliably beyond the range of 
its observation set, particularly when two 
thirds of the throughput is not included among 
the outputs: the largest fluxes are ignored. A 
small percentage change in this large residual, 
caused by a natural or man-induced change in 
one or more of the other fluxes, is levered by 
deterministic continuity constraints into a 
large (and unexplained) change in the runoff. 
This results in weak predictive ability of the 
relation when it is applied to those new combin­
ations Of X and e that might OCCUr as develop­
ment proceeds. The bulk of the throughput is 
not accounted for by the model and consequently 
does not contribute to the fitting or validating 
procedures. 

It is tempting to call for direct assessment 
of evaporation, hoping thereby to reduce the 
errors in that important flux and hence in the 
rest of the model. But techniques for direct 
assessment are currently so noisy that it might 
not be advantageous to build into the model that 
extra bit of structure required to accommodate 
available evaporation data. It is not surpris­
ing that models fail when generalized to new 
storm events, new locales, or future events. 

Efforts to handle this shortcoming have 
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produced two kinds of rainfall-runoff relation­
ships, neither totally satisfactory for the 
predictive needs of hydrologists. The first is 
a detailed relationship involving many state 
variables and connections to express continuity 
among storages or boxes. It is a tractable 
mathematical exercise to examine inputs (rain­
fall) and outputs (runoff or discharge) and to 
select the best set of paraaeters, where •best• 
implies some criterion of fit between observed 
and calculated outflow hydrographs. A major 
shortcoming of the analysis is that the derived 
set is not necessarily unique. It is virtually 
impossible on the basis of the observations and 
hydrologic experience to promote one parameter 
set over another. The dilemma is that the use 
of simple causal models with lumped parameters 
likewise does not guarantee a unique set of 
basin parameters. In either case the reliabil­
ity of derived outflow hydrographs is subject 
to serious question when driven by new precipi­
tation values. 

Another way of dealing with hydrologic 
prediction is to rely on statistical curve-fit­
ting techniques, including error terms that 
bound the anticipated sampling fluctuation. But 
again, when basin descriptors are not systemat­
ically incorporated, it is impossible for the 
model to reliably predict the runoff conse­
quences of natural or man-made changes in the 
basin: the black box model simply does not allow 
for this level of manipulation. 

Both extremes could be supplanted by a new 
class of rainfall-runoff relationships that 
utilize the best features of each. Recalling 
that runoff accounts for only about one third 
of the total throughput, it is reasonable to 
seek a model of the following form: 

y = t(x, sle>, 

where the output y represents a stochastic 
process or vector of time series, and f de­
notes a functional form. The symbol f incor­
porates several simultaneous relationships for 
the elements of y in terms of x and s for 
a given e • The exact form of the relation­
ship(&) is not so important as the concept that 
a better, more stable, more robust relationship 
can be developed if just the right amount of 
•structure• is used or if several of the 
"flows• in a rainfall-runoff formulation are 
modeled simultaneously. We traditionally 
focus on rainfall and runoff alone: modern 
theory and measurement capability together dic­
tate that more comprehensive basin budgets 
should be developed. It is essential to collect 
measurements on selected fluxes and state vari­
ables--perhaps three or four would suffice--to 
write the resulting continuity and transfer 
equation, and then simultaneously to solve for 
the parameter set 9 • These robust estimates of 
system behavior define a model that is no longer 
properly called a rainfall-runoff model because 
the parameters are jointly tuned to rainfall, 
runoff, and other system fluxes or state 
variables. 
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Details of a Model 

A model currently being developed represents our 
perception of how to utilize the large amounts 
of hydrologic data soon to become available. 
We propose such a model as a framework for new 
research in the next decade. 

The model has four storage compartments 
representing the surface detention, plant 
storage, vadose zone, and groundwater aquifer. 
Figures 7 .la through 7 .ld show the inputs and 
outputs associated with each of the four com­
partments. The principal driving quantity is 
xe, the precipitation during the time period e. 
In this version of the model we ignore regional 
groundwater throughput, the application of ir­
rigation, inputs for snowmelt, and other sources 
that might be elements of the driving vector X• 
Thus, this model is not so much a water budget 
for the region as a formalism that describes the 
distribution of the water delivered in a precip­
itation event. 

Figure 7.2 shows the connections among the 
four compartments that comprise the model. The 
distribution of input is shown on the rightJ the 
precipitation value in the time period t is 
divided into direct evaporation, direct loss to 
surface channels, direct overland flow, and an 
input component to each of the four compart­
ments. Evaporation output, shown on the left 
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FIGURE 7 . 1 Components of a basin model. 
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side of the figure, is derived from precipita­
tion and directly from each of the compartments. 
The runoff component of output consists of di­
rect channel and overland flow, both of which 
are linearly related to the precipitation xe and 
to the surface detention and groundwater com­
partments. Flows within the system are shown 
as line segments directed from a source to a 
sink; many potential connections are ignored 
because they are presumed to be small or to have 
no hydrologic meaning. An important feature of 
the model is the assumption that all directed 
line segments or fluxes are linear in the driv­
ing quantity (e.g., the input precipitation 
xe or the current storage at the start of 
the time period t in any of the four compart­
ments). It is also assumed that the storage 
capacities of these compartments are never ex­
ceeded and that they never become negative. 

COntinuity equations for each compartment 
are summarized in Figure 7.1. Along with these 
equations there are constraints that bound the 
parameters. The surface runoff is given by the 
deterministic continuity equation 

Analysis of the equation is based on the premise 
that the runoff qtl precipitation Stl 
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and the state variables of each compartment 
Dt, Pt, Vt, and Gt can be measured, directly or 
remotely. The continuity equations as written 
are deterministic, but in reality perfect clo­
sure will not result because of random perturba­
tions. The system thus requires the addition 
of a random disturbance term that reflects 
spatial heterogeneity, noise in measurement 
processes, and misspecification of state vari­
ables and fluxes. 

The parameters can be estimated by using 
several techniques, among them constrained least 
squares. In addition there is a conservation 
constraint, 

€ + (y + A) + 6 + n + w + K = 1, 

in which the sum ( y + >. ) and all subsequent 
terms are known, imputing a value for £. Of all 
20 parameters, 15 are known directly from fit­
ting to the observations 1 3 are calculated by 
continuity, and the single indeterminacy (y + A) 
reuins. This felicitous result rests on the 
assumption of linear system rules that dictates 
an operating policy different from that of most 
real systems. The set of parameters may have 
some persistent lumpiness in that modifications 
of the basic model might produce combinations 
of parameters for which a completely unique 
assignment cannot be made, resulting in some 
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aggregated par.-eter values. Bven if these are 
tightly estiuted it is iapossible to know a 
priori if equally good estiaates can be as­
cribed to the constituent values; this will have 
to await empirical validation. This and other 
shortCOJDings aside, it is useful to speculate 
on some inferences. 

The principal advantage of this approach is 
that we fit the parameters to, and constrain 
them by, an array of time series that is larger 
than usual; this reduces the nonuniqueneas in 
parameter estimation. We have a rainfall-runoff 
relationship whose form is not unlike conven­
tional models, but whose parameters are tuned 
to measurements of more series of concurrent 
observations than is commonly the case. The set 
of parameter values can be fitted by independent 
or coupled applications of least squares, but 
in either case we can improve the robustness of 
the model by imposing tighter constraints on 
those parameters whose values are known to lie 
within specified ranges. $ome of the stocks 
may be known to be approximately zero in some 
basins. We then solve for a set of consistent 
parameter estimates that can represent the im­
pact of the works of man. It should be possible 
to find a suitably large nullber of sites at 
which observations could be used to formulate 
redistribution rules conditioned on basin char­
acteristics. For example, a particular class 
of basins might be characterized by redistribu­
tion primarily at the expense of evaporation and 
another at the expense of direct infiltration. 
This type of basin toxonomy might be adequate 
to yield appropriate precision for the estimated 
runoff. The consequences of such parameter 
modification--whether reflective of natural or 
man-made influences--are perceived throughout 
the system and can be used to assess the capa­
bility of the basin to meet a variety of demands 
imposed over time. 

System response is defined by the five 
concurrent traces (runoff, surface detention, 
plant storage, vadose storage, and groundwater 
storage) that result from passing sequences of 
precipitation events through the model. 

Sources of Error 

There are many sources of uncertainty and impre­
cision in the proposed formulation. Firat, the 
model might contain the wrong combination of 
compartments and vectors. Second, even if the 
correct combination were included, some of the 
formulations for flux rates are certain to be 
nonlinear J for example, the natural operating 
policy for the basin might be better represented 
by logistic functions. Third, ordinary statis­
tical error dictates that parameter estimates 
are subject to anticipated sampling fluctuations 
(temporal error). Fourth, the data are taken 
at several places within the basin and are ma­
nipulated to construct a single value represen­
tative of the basin. Network techniques have 
been suggested for taking basinwide averages. 
Fifth, the data are subject to measurement 
errors. 
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Assessment of Water Resources 

It is difficult to append to a conventional 
model those auxiliary computations in the pro­
posed model that quantitatively assess the water 
resources of a basin. For example, ecosystem 
health, agricultural productivity, and the 
suitability of the region for various levels of 
development depend critically on the projected 
traces of the stocks or storages. Conventional 
runoff models do not provide an index of basin 
assessment. The proposed model makes explicit 
the states of several stocks within the catch­
ment and thereby allows a variety of impacts to 
be assessed by applying different transforma­
tions to each of the storages, we can develop 
an index that incorporates dependent outputs in 
imaginative and innovative ways. For example, 
Thomas and Smith (1977) suggest a geographical 
diversity index unambiguously to assess the 
ecological impact of a major hydraulic project. 
Generalization of this methodology to the sys­
tematic aaseaaaent of similar basin impacts and 
outflows could lead to an unambiguous ranking 
or index of basin status that would then be 
incorporated in a national assessment program. 

PARAMETER ESTIMATION · IN WATERSHED MODELS 

Philip (1975) pointed out that although modern 
attempts to understand hydrologic processes 
baaed on the established and proven methods of 
natural science have been successful, these 
studies have been restricted to •small scale 
local processes.• Synthesis of such local pro­
cesses to model large and spatially heterogene­
ous basins presents formidable tasks of integra­
tion, system characterization, and data collec­
tion. Because many hydrologic observations 
represent integrated outputs from a spatially 
heterogeneous system, Philip notes that •the 
process of inferring the spatial (or sometimes 
temporal) variation of the parameters of the 
system from the (integrated) output runs into 
the problem that any one of a large (even an 
infinite) number of assumed modes of variation 
may yield approximately the same output.• 

For this reason and also on account of the 
enormity of the data-collection program neces­
sary for a successful synthesis, the concept of 
lumped or effective parameters naturally arises. 
Because these parameters are no longer physical­
ly measurable, use of statistical (or curve­
fitting) parameter estimation techniques is 
inescapable. Consequently, the existence of a 
well-posed parameter estimation problem is a 
necessity for the watershed model to be robust. 

Recent work has identified reasons why the 
parameter estimation problem may be poorly 
based. In such cases the high variance and 
arbitrary bias in parameter estimates lead to 
questionable relationships between model param­
eters and measured watershed characteristics and 
also undermines the validity of representing 
land-use changes by altering model parameters. 
Despite poor parameter precision, the calibrated 
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watershed model can furnish an elllbarrassingly 
good fit to observed runoff. 

Mein and Brown (1978) studied the covari­
ance structure of the optimized parameters of a 
particular watershed model and suggested that 
the high variance associated with parameter 
estimates arises in part from a model structure 
burdened by redundant parameters. This concept 
of redundance is analogous to near-multicollin­
earity in linear regression that arises when 
near-linear dependence exists between one or 
more pairs of explanatory variables. Put 
another way, a least-squares estimation proce­
dure that minimizes the sum of squared differ­
ences between predicted and observed runoff 
cannot be expected precisely when different 
configurations of parameters produce nearly 
identical predicted runoffs, it is asking too 
much of the mathematics. 

Kuczera (1980) demonstrated that the use of 
least squares can lead to arbitrarily biased 
parameter estimates in lumped watershed models 
that explicitly contain unobserved storage 
state variables such as groundwater volume or 
soil moisture. This is because watershed models 
are formulated in terms of continuity equations 
(a runoff and several storage mass balances) 
that must be closed by random disturbances on 
account of misspecification of state variables, 
fluxes, and measurement errors. In using least 
squares to estimate parameters without observa­
tions on storage state variables, it is implic­
itly assumed that random disturbances exist only 
in the runoff continuity equation. such limited 
data parameter estimates are biased in the sense 
that, if observations on storage state variables 
were available and employed in a consistent 
parameter estimation procedure, the difference 
between the limited data and full data parameter 
estimates is most likely to be statistically 
significant. 

Model structure is obviously desirable as it 
enhances our confidence in the model's predic­
tive ability. However, excess structure may 
demand data that is unavailable to us and so 
bias parameter redundancy from the viewpoint of 
the parameter estimation technique and so induce 
unstable parameter estimates. The analyst 
undertaking construction of a lumped watershed 
model should be aware of the limitations that 
available data and parameter estimation tech­
niques place on model structure: otherwise, 
model robustness may be jeopardized. 

CONCLUSIONS 

The problem of how much structure to add to 
simplistic models (whether causal or associa­
tive) is central. In a simple case, with two 
inputs Xi and twb outputs Yj• we can write a set 
of equations 
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and estimate the parameters, hoping to predict 
Yj closely for a new set of xi. But if model 
specification is erroneous, and only some of 
the driving variables are included, we might 
have, 

and attempt to •control• Yj over the long 
run by controlling xi according to the 
coefficients bjj• This is an attractive strategy 
if the observea correlation between (x1, Y1> and 
x2, Y2> is high, but might not be cost effective 
or even reasonable because of the correlation 
between x 1 and x2 • Thus, controlling Y2 by x 2 
alone might introduce counterproductive results 
in terms of y 1 if x 2 is not included in the mod­
el for y1 • 

This can be overcome, of course, by knowing 
the causal model--recourse to first principles 
that are presumed to be inviolate and stationary 
over long periods of time. But the operational 
question must be predicted on the notion that 
full knowledge of the relationships, full axio­
matic understanding, is out of the question for 
the near future; how much structure, how many 
variables, how high a correlation should we 
demand in order to make predictions? 

In consideration of these questions, we 
conclude the following: 

l. Constrained and joint least squares and 
related estimating techniques should be utilized 
on multivariate data traces to account for sys­
tems stores as well as the more customary flux­
es. This builds more structure into models, but 
does not necessitate full understanding of their 
underlying principles. 

2. James-Stein and other techniques should 
be adopted for regionalization of extreme-event 
analysis. 

3. Special attention should be directed at 
hydrologic models as the linkage between local 
phenomena (impacts) and global processes (cir­
culation). 

4. Monitoring of long-term environmental 
consequences will enhance the predictive ability 
of our models and allow for timely societal 
adaptation to unanticipated events. 

S. It is not always necessary to collect 
new data to formulate and calibrate hydrologic 
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models. New modeling techniques and consequent 
innovative uses of existing data bases might 
suffice to develop rational assessments and 
policies. 

6. It is essential to have a clear notion 
of the free-body cut--of where, how, and when 
the system is impacted by exogeneous events. 
This is a meta-question, whereas the issue of 
parameter estimation is at a more local level. 
Nonetheless, they are in the same spirit. 
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INTRODUCTION 

Hydrology is the basic science involved with 
water-resource management and enters into it 
through the use of models of hydrologic phenom­
ena in water-resource planning, design, and 
operation. It is therefore important to examine 
the nature of hydrologic models and the rele­
vance of their merits and drawbacks to water­
aanagement decisions. One of the controversial 
issues in hydrologic modeling has been the 
~rita and demerits of empirical models as com­
pared to those of causal models (Kartvelishvili, 
1967, 1975; Scheidegger, 1970; Mandelbrot, 1970; 
Klemes, 1970, 1971, 1974, 1978; Yevjevich, 1974; 
Jackson, 1975; Pilgrim, 1975). 

To put this issue into proper perspective 
one must begin with the fact that while the 
basis of all our knowledge is, in the last anal­
ysis, empirical, the knowledge itself is not 
merely a BUll of empirical facts but emerges 
from the ability of the human mind to discover 
relationships among these facts. 

•All science is the search for unity in 
hidden likenesses ••• The progress of science 
is the discovery at each step of a new order 
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which gives unity to what had long seemed unlike 
• • • Por order does not display itself of it­
self; if it can be said to be there at all, it 
is not there for the mere looking • • • order 
must be discovered and, in a deep sense, it must 
be created. What we see, as we see it, is mere 
disorder• (Bronowski, 1972). 

The relationships initially discovered are 
of necessity simple and lead to only limited 
knowledge and understanding. They generallY 
tell us what change in one observed quantity 
corresponds to a change in another. Such rela­
tionships are commonly labeled •empirical•--they 
tell us what happens but do not derive the out­
come from the dynamic mechanisms governing the 
process, i.e., from the •necessary relationships 
between objects, events, conditions, or other 
things at a given time and those at later times• 
(Bohm, 1957). Those relationships that are 
based on the dynamics of the process are common­
ly labeled •causal•; the road to their discovery 
is basic research. There is a definite hier­
archy in terms of the explicative power of these 
two kinds of relationships in the sense that a 
causal relationship gives us more information 
than an empirical one. But there is no con-
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flictJ as long as an empirical relationship is 
valid, a causal relationship cannot negate it-­
it can only supplement by indicating, for in­
stance, some limits for the validity of the 
empirical relation or by pointing to. external 
(and possibly not yet empirically established) 
factors that may modify it. 

Empirical relationships are also used as 
convenient summaries, or reductions, of results 
of complex causal chains (e.g., Darcy's law). 
If such summaries were not possible, every 
causal model would have to be developed from the 
absolute •first principles• (i.e., elementary 
empirical facts and/or axioms) known at the 
time. Thus, in the physical sciences a causal 
model would have to have been formulated in 
terms of molecular interactions a century ago, 
atomic interactions half a century ago, and in­
teractions among subatomic particles today. 
Whereas this approach may be seen as a theoret­
ical ideal of causal modeling from the point of 
view of science in general, it would be of lit­
tle use to any particular branch of science. In 
fact, science has become specialized into the 
innumerable disciplines because of the infeasi­
bility of such an approach. The essence of 
specialization is to split the (possibly) infi­
nite causal chain into aeg .. nts, each containing 
only a few chain linksJ the scope of one disci­
pline is thus intentionally limited to seeking 
causal relationships among phenomena within only 
a relatively small range, whose lower boundary 
represents the discipline's •first principles• 
or •scientific basis,• coinciding with the dis­
cipline's objective. 

A discipline seldom considers its own first 
principles to be an integral part of the disci­
pline itself and tends to view them as being on 
the other side of the •free-body cut.• Accord­
ingly, problema encountered in the first prin­
ciples are regarded as a hindrance rather than 
a challenge and lead to an impatient desire to 
get rid of them rapidly without much involve­
ment. This is not only convenient but to a 
great extent necessaryt It is the only way 
things can get done, it is the root of efficien­
cy and productivity--unless we draw the line 
somewhere we are bound to drift along the causal 
chain of things indefinitely without being able 
to strengthen any of its links. On the other 
hand, to draw the line and take an action always 
implies a decision based on incomplete knowledge 
and understanding and therefore is prone to 
errors and unforeseen consequences. The rela­
tionship between the disciplines of water­
resource management and hydrology is a typical 
example of this situation. 

HYDROLOGY AS A SCIENCE 

The common definition of hydrology as a •science 
that deals with the procesases governing the 
depletion and replenishment of the water 
resources of the land areas of the earth, and 
treats the various phases of the hydrologic 
cycle• (WMO and UNESCO, 1974) does not convey 
the true perception of hydrology by the disci-

V. ltLDIES 

pline of water-resource ~~anage .. nt. Here hy­
drology is perceived as more like a collection 
of techniques that enables one to make infer­
ences from hydrologic data about the future 
distribution of water resources in apace and 
time. In other words, the emphasis is not on 
the study of hydrologic processes and on the 
understanding of the .. chanisu (physical, 
chemical, and biological) underlying these pro­
ceases, i.e., on hydrology as a science, but 
rather on the prediction of states of hydrologic 
processes in space and time. Hydrology is of 
interest, here, only insofar as it can help in 
the determination of these future values of 
hydrologic state variables. If they could be 
foretold from a crystal ball, hydrology would 
be of little use to water manageaent. As a 
matter of fact, much of the hydrologic effort 
originating in the doaain of water-resource 
management bears a strong rese~lance to a 
search for such a •hydrologic crystal ball. • 
This observation is not meant to have a pejora­
tive connotation, the search for a crystal ball 
is the implicit ideal of every eapirical ap­
proach--to find something simple that works. In 
hydrology the empirical approach has many dif­
ferent labels, such as operational, prescrip­
tive, analytical, and statistical (ltle••• 
1978), which all roughly correspond to what in 
science is more generally known as •reduction­
ism, • whose objective is •finding a wonderful 
new calculus that will break through the barrier 
of the unknown• (Ziman, 1978). The essentially 
reductioniat approach of water-resource manage­
ment to hydrology is understandable and, to a 
great extent, inevitable. As Ziman (1978) ob­
served, •whatever one's philosophical attitude 
towards reductionism, there is an inescapable 
scientific necessity of trying to 'understand' 
and 'explain • the behaviour of any system in 
teriiiS of a relatively few comprehensible ele­
ments without recourse to an elaborate extra­
cerebral computation. • The purpose here is to 
make some observations regarding the origin of 
reductionist pressures in hydrology and their 
effect on hydrology as a science. 

Scientific disciplines usually evolve from 
the construction of ·empirical models to the 
development of causal models. This transition 
can occur only after the science in question has 
reached a fairly advanced stage of developaent 
(Bohm, 1957). Often, this transition coincides 
with (and, perhaps, leads to) a break of the 
developing science away from its parent disci­
pline, with the establishment of this breakaway 
branch as a new discipline. In this regard, 
hydrology is a young science compared with ita 
sister sciences, such as meteorology, cliaatol­
ogy, geology, and mineralogy. Whereas the 
latter sciences separated from their parent 
disciplines (agriculture and mining) a long time 
ago and have been recognized as sciences in 
their own right for many decades, hydrology 
still remains under a strong spell of •hydraulic 
engineering• for which the term •water-resource 
management• often is only a more recent (and 
more ambitious) equivalent. This dependence is 
reflected in the status of hydrology in univer-
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sities and in ita main sources of research 
funds. In moat universities throughout the 
world, hydrology is attached to departments of 
civil engineering where it is usually taught as 
a sideline by professors of hydraulics or fluid 
aechanica. Moat hydrologic research baa tradi­
tionally been financed as a part of the plan­
ning, design, or operation of specific engineer­
ing projects such as dams, flood protection, and 
navigation schemes. 

The fact that hydrologists typically have 
engineering backgrounds, combined with the usual 
applied context of hydrologic analyses, tends to 
reinforce the reductioniat bias in hydrology, 
the trend to find that •wonderful new calculus• 
that will break through the barrier of the un­
known separating raw hydrologic data from infor­
.. tion on future values of hydrologic variables. 
Among the beat-known examples of this trend are 
the rational foraulaJ the unit hydrographJ the 
search for various correlations, periodicities, 
and sy-.atries in hydrologic dataJ flood-fre­
quency foraulaSJ stochastic operational model&J 
and most recently the transfer-functiQn models. 

The strong reductioniat bias in hydrology 
can be seen not only in the proliferation of the 
empirical models but also in the approach to 
causal modeling. This perhaps is best evident 
in the development of · the so-called conceptual 
hydrologic models aiaed at incorporating the 
general pattern of physical mechanisms governing 
hydrologic processes. More effort is spent on 
trying to determine the properties of the indi­
vidual links in the causal chain (the •concep­
tual boxes•) by optimizing the fit of the model 
output to an observed output than is spent on 
the study of the physical phenomena involved. 
Tbe rather low popularity of the latter line of 
work may seem surprising because most hydrolo­
gists would agree with the definition of hydrol­
ogy cited at the beginning of this section, 
which explicitly points in this direction. How­
ever, when viewed in the historic perspective 
discussed above the situation is understandable. 

A third factor has contributed to this state 
of affairs in recent years: the computer. It 
has JUde the pursuit of finding the •wonderful 
new calculus• (or, more specifically, the •per­
fect transfer function•) much less deunding, 
aore publication productive, and therefore more 
attractive and even more prestigious than basic 
research in hydrologic processes. It now seems 
clear that the computer has done a disservice 
to many branches of science by diverting some 
of the best talent into pursuing purely computa­
tional problema of little relevance to the given 
science. As Fiering (1976) puts it, •Fascina­
tion with automatic computation has encouraged 
a new set of matheutical formalisu simply 
because they now can be computed, we have not 
often enough asked ourselves whether they ought 
to be computed or whether they make any differ-
ence • ••• • 

Having reminded the reader that contemporary 
hydrology has a strong reductionist bias and 
having stated the main reasons, one can now ask 
how this affects the science of hydrology and 
its applications to water-resource manageaent. 
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Before trying to indicate soae answers, the two 
main sources of the difficulties arising in 
providing information on future states of 
hydrologic processes--the service expected from 
hydrology by water-resource management--are 
addressed below. 

The principal source of difficulties is the 
extreme. variety, variability, and complexity of 
processes that affect hydrologic phenomena 
(Chapter 2). The different temporal and spatial 
scales of these processes, their direct and in­
direct interactions, and inherent instabilities 
lead to great irregularities in the fluctuation 
of hydrologic processes in time. These irregu­
larities manifest themselves as noise and make 
prediction of future states of a process a dif­
ficult problem. The situation is aggravated by 
the fact that reliable hydrologic recorda are 
usually relatively short and thus grossly inade­
quate for making inferences about long-term 
future behavior of hydrologic processes. Ex­
amples of temporal (and spatial) variability of 
streamflow are shown in Figure 8.1. 

1850 

TIME (YEARS A.D.) 

DISCHARGE 
SCALES LUI 

~··302m'!. 

Q91 

LUI 
\ ..... 

1950 Q91 

FIGURE 8.1 Accu.ulated departures froa 100-yr .. an flow 
x (1851-1950) for three European rivera (aean flow for 
any interviewing period is given by the elope of a 
straight line connecting ita endpoints projected on the 
curve1 it can be •eaaured by the discharge scale shown). 
a, Elbe, Decin, Caechoalovakial b, Danube, Orahava, 
Roaania1 c, Gota, Sjotorp Vanerabury, Sweden (Data 
aourceas a, Novotny, 19631 band c, Yevjevich, 1963). 
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The second major source of difficulties is 
that most hydrologic data pertain to variables 
at a point, whereas the hydrologic information 
desired for water-resource management usually 
involves variables pertaining either to a large 
area or to a different point for which data are 
not available. The difficulty in making this 
type of inference is proportional to the process 
spatial variability and irregularity that in 
turn increase with spatial heterogeneity of the 
environment in which the process evolves. Un­
fortunately, this spatial heterogeneity of 
physical variables affecting hydrologic pro­
cesses is extremely high. Examples of spatial 
(and temporal) variability of point precipita­
tion are shown in Figure 8.2. 

MERITS AND DBMERITS OP EMPIRICAL MODELING 

The aain merits of empirical models are (1) the 
possibility of developing them without much un-
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derstanding of the modeled phenomenon, (2) their 
simplicity achieved by short-circuiting complex 
causal chains, and, as a result of these two 
features, (3) their potential for making the 
collected data useable without much delay and 
hence their promise of high cost effectiveness 
of the modeling exercise. 

The drawbacks follow naturally from the 
above merits but need .are elaboration. 

1. Because of the extreme complexity of the 
environment in which hydrologic processes evolve 
and the fragmentary (both time and space-ise) 
information that hydrologic data normally con­
tain, empirical relationships based on these 
data usually can give only approximate results. 
However natural this may be, the uncertainty in 
the result causes displeasure to the user, who 
then exerts pressure on the modeler to •improve• 
the model. If the door to more information (in 
teru of more data and better understanding of 
the process) is closed, the only choice avail­
able to the modeler is to try to extract more 
information from the data at band using some 
•better calculus. • While sound in principle, 
this course of action faces several dangers. 

One of them is overfitting, which amounts 
to regarding part of the noise in the data as 
information. This error is easy to commit 
because the demarcation line between noise and 
information is often blurred in the data. A 
well-known example from the not-so-distant past 
is the various harmonic analyses of hydrologic 
series. Their claims of discoveries in most 
historic records of periods with wavelengths 
other than those corresponding to the astronomic 
cycles of the earth and ranging from a few 
months to many decades have never been substan­
tiated by more recent data. 

Another is the danger of sidetracking into 
polishing some aspects of the modeling method­
ology that, while perhaps of value for the 
methodology itself, are unimportant in the 
context of the particular application. An out­
standing example is the history of flood-fre­
quency analysis, where much progress has been 
aade in computation of plotting positions, in 
(efficient, unbiased, and consistent) estimation 
of population parameters, in treatment of out-
1 iers, and in goodness-of-fit testing. on the 
other hand, the distribution type is chosen ar­
bitrarily, the calendar boundaries of the year 
are chosen arbitrarily, the typical nonho.ogene­
i ty of the flood-causing factors (some floods 
are caused by snowmelt runoff, some by convec­
tive storms, some by frontal storms, and some 
perhaps by hurricanes) and the influence of the 
changing character of the basin are ignored, the 
presumed mutual independence of flood events is 
usually not checked, the difference in the hy­
draulic behavior of the river under relatively 
small and extremely large floods is not consid­
ered, different hydraulic conditions along the 
river channel are dismissed, and the high 
uncertainty in the reported values of peak dis­
charges (which are seldom directly measured) is 
not taken into account. When examining the 
mainstream of the flood-frequency literature 
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froa this point of view, one wonders what there 
is to be learned about the frequency of floods 
as opposed to the art of distribution fitting 
to samples of exact nUIIbers drawn by randa.a 
88chanisma from hCGOgeneous infinite popula­
tions. 

Another danger originating in the desire to 
iaprove a ~el without additional information 
on the process is to elaborate formally a011e 
aspect of the model known to be wrong and 
present 88rely for operational reasons with the 
understanding that the implied error •does not 
aatter• in the given context. The case in point 
is, for example, the •baaeflow separation• prob­
lem in the unit hydrograph technique. The con­
cept of separate direct runoff and baseflow 
hydrographs is hydrologically doubtful but is 
convenient for estimating the water balance of 
an isolated flood event as long as the estimate 
does not have to be too accurate. The separa­
tion line is an operational device that has 
little, if any, hydrologic significance, and 
the great efforts that have been spent on the 
refineMnt of ita shape have not improved unit 
hydrograph modeling at all. 

In su.ary, the striving for •improvement• 
of an empirical model in the absence of addi­
tional inforaation tends to be scientifically 
ater ile and to have · an extre88ly low bene­
fit/cost ratio froa the point of view of appli­
cations. 

2. Bapirical models must be regarded essen­
tially as interpolation formulas. They have no 
justification outside the range of the underly­
ing data sets and their use for extrapolation 
involves risk of large errors. This aspect is 
of prime importance in water-resource manageaent 
because the hydrologic information required for 
aoat of its applications involves extensive ex­
trapolations in apace, in tiae, and in the range 
of the variable concerned (extreae values). An 
example of a possible consequence of such ex­
trapolation (in time, in this case) for water­
resource management can be drawn from Figure 
8.1. Extrapolation of 88an flow COIIPUted from 
one period of the historic record could lead to 
a serious error when extrapolated into the fol­
lowing period. 

3. A great handicap of empirical modeling is 
the uncertainty about the adopted model struc­
ture. In the absence of theoretical (physically 
based) reasons for a specific structure, auxil­
iary (and, on the whole, subjective) criteria 
for ~el selection must be adopted. Mathemat­
ical convenience is a popular refuge, current 
fashion running a cloae second. The inherent 
danger is that the high degree of arbitrariness 
in the ~el fora is either not realized or the 
awareness of it gradually fades away and the 
assUJIPtions are treated as facts of life and 
later used as unalterable building blocks in 
other ~els. 

A typical example is the use of long-term 
•ans in hydrology. The arithmetic aean is one 
aeasure of central tendency of a process attri­
bute whose central tendency can be expected 
to remain constant as the process develops in u... Central to the usefulness of the long-
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term mean concept is the justifiability of the 
expectation of the constancy of this central 
tendency. This justifiability is by no means 
universal and depends on the nature of the pro­
cess. If we are concerned, for example, with 
the central tendency of the a110unt of beer in 
bottles coming from a specific, well-tested 
bottling uchine, then the expectation of con­
stancy is justified. If, however, we deal with 
the amount of precipitation or runoff in indi­
vidual years this may not be the case as Figures 
8.1 and 8.2 indicate. We have beco88 greatly 
concerned about the apparent lack of this con­
stancy (as our increasing interest in climatic 
change indicates) but, nevertheless, we continue 
to regard long-term 88ans of precipitation and 
runoff as valid concepts and use them as the 
basis of aany hydrologic models. It does not 
seem to matter auch that we then arrive at model 
structures that are hydrologically inexplicableJ 
our hydrologic (and water-manage88nt) conscience 
apparently can accept this situation more easily 
than it can the idea of re-exaaining the arbi­
trary and hydrologically irrelevant concept of 
constant central tendency that baa been deeply 
ingrained into our minds by the never ending 
exposure to superficial interpretations of sta­
tistics. We do not seem to realize that, from 
the empirical modeling viewpoint, the mean of a 
time aeries is 88rely one of many fits by a 
horizontal straight line. Why a geophysical 
series should be fitted by a straight line, in 
particular by a horizontal one that minimizes 
the sum of squares of vertical deviations, is 
difficult to see (Kle88s, 1974). 

4. The essential arbitrariness in the selec­
tion of the form of an empirical model exposes 
the modeler to the danger of adopting a basical­
ly wrong modeling approach as a result of its 
success in some other situation and because of 
some superficial similarities between the model­
ing problem at hand and a problem where the 
model proved successful. This seems to be the 
case with much of the applications of classical 
statistics in hydrology and consequently with 
auch of the applications of statistical hydrol­
ogy in water-resource unagement. Statistical 
aethods in current use have been designed for 
the analysis of large masses of data from re­
peatable and controlled experi88nts. In empiri­
cal hydrologic modeling they are applied to 
hopelessly small samples generated by •unique 
and uncontrolled experiments,• as hydrologic and 
other geophysical processes can be character­
ized. With regard to the mathematical concept 
of stochastic process that we routinely invoke, 
a given historical series is a sample of size 
one. It also is a sample of size one for aany 
planning and design purposes, such as the esti­
mation of reservoir sizes or mean flows for the 
economic life of a project. Yet we are arrogant 
enough to use this single 88asurement to con­
struct distributions, •estimate probabilities,• 
and do aany other things that must make Richard 
von Mises turn over in his grave (•First the 
collective then the probability,• von Mises, 
1957). 

5. It is generally acknowledged in the 
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philosophy of science as well as in science it­
self that the fundamental reason for empirical 
IIOdeling is the availability of data colllbined 
with a lack of understanding of the relation­
ships among the phenomena they describe. This 
colllbination is conducive to the adoption of a 
•let-the-data-speak-for-themselves• philosophy 
that bas many supporters in hydrology and, 
which, through the development of black-box 
(transfer-function) modeling, bas become a kind 
of ideology for many hydrologists. This lack 
of understanding of the process mechanisaa, 
originally regarded as regretable, has been 
transformed into a virtue--questions about the 
internal workings of the system being modeled 
are excluded by design. This philosophy, most 
prominent in stochastic hydrologic analysis, has 
two distinct aspects. 

The first is its failure to recognize that 
what makes the data speak is the context, with­
out it their nwaerical values have little to 
tell and what they do tell is often misleading. 
Por instance, it would be naive to automatically 
identify the mean of a series of numbers with a 
reasonable estimate of the mean of the variable 
whose states they represent. And it would be 
even more naive to hope that the estimate can 
be improved by polishing the formula for the 
mean. An intelligent inference about the mean 
of the phl}sical variable concerned, e.g., a 
distance, can only be made by investigating 
ph1Jsical problems of the following kind: Do 
the numbers represent measurements of the same 
distance or of different distances? Were they 
obtained by the same instrument, same person, 
under the same conditions? Do they represent 
distances between stationary or moving objects 
(moving with uniform or nonuniform motion)? 
Does it at all make sense to talk about a •.aan 
distance' in the given case? It is important 
to realize that these probleaa are not reducible 
to problema of blind-mathematical manipulation 
of numbers. 

The second aspect is .ore subtle and has a 
Machiavellian flavor. The untenability of the 
•apeak-for-yourself• attitude to data baa often 
been exposed not only in the hydrologic context 
(Piering, 1967r Klemea, 1971, Kartvelishvili, 
1975) but also in statistical literature by such 
eminent scientists as Norbert Wiener, M. G. Ken­
dall, A. Stuart, J. Neyman, and M. s. Bartlett 
(Klemes, 1978). It is therefore difficult to 
believe that the belief in this philosophy, 
professed by many hydrologists, is sincere. A 
more likely explanation is that it serves merely 
as a convenient and, it is hoped, dignified 
cover for the hydrologist's reluctance to admit 
his despair face to face with the enormous com­
plexity of hydrologic processes (Karteveli­
ahvili, 1975, suggested that the development of 
an adequate causal theory of hydrologic process­
es may be much more deaanding than was the 
development of the theory of relativity or the 
quantum theory), his lack of h1Jdrologic 
ideas, and his overabundance of computing 
ideas combined with his good formula-manipula­
tive skills (a natural consequence of the 
systems-analytical bias prevalent in graduate 
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hydrologic prograas in many, if not most, lead­
ing universities in recent years), his compli­
ance with the merciless rules of the publish-or­
perish IIIOdus operandi of contemporary science, 
his preference for the cozy at.Jiospbere of his 
office over the inconveniences of field 
research, and, last but not least, his repeated 
failures to secure resources for long-term 
research of •.arely academic• interest with 
little promise of 1-.diate applicability, and 
his surrender to pressures for fast results. 
Many a bird can be killed with the stone of 
black-box modeling, and •occasionally words must 
serve to veil the facta. But this must happen 
in such a way that no one becomes aware of itJ 
if it should be noticed, excuses must be at 
hand, to be produced i.-ediately• (Machiavelli 
in •Instructions to Raffaelo Girolaai•). Here­
in may well be the greatest disbenefit of empir­
ical modeling to hydrology. 

To aun111ar iae, empirical models are useful 
(and, indeed, indispensible as starting points 
in cases of insufficient data and/or understand­
ing) as long as they are not aathematically 
strained beyond their intrinsically limited 
•carrying capacity.• 

WHY DO HYDROLOGIC MODELS WORK? 

It can be argued that if hydrologic modeling bas 
a strong reductionist bias and if this bias bas 
so many dangerous consequences as claimed in the 
preceding section, then the performance of 
hydrologic models could not be as good as it 
appears to be. For, as many would testify, hy­
drologic models have been used successfully in 
innumerable instances in both design and opera­
tion of water-resource engineering projects. 

There are a number of reasons why hydrologic 
models work or seem to work. The most co..on 
are listed below, approximately in decreasing 
order of occurrence: 

1. Hodel Is Bmpirical and Works Well As an 
Interpolation Formula An empir leal model is a 
formal atate.ant of observed facts and thus has 
to give good results, i.e., results within the 
observational accuracy and compatible with the 
level of observed noise, within the range of the 
observations. Inside this domain ita good per­
formance is conditional on the invariance with 
time of the conditions reflected by the vari­
ables involved. All regression models fall into 
this category. A typical example is the stage­
discharge relationship for a river channel cross 
section. While true in tbe above sense, its 
good performance hinges on the stability of 
river morphology in time and is limited to the 
range of river stages and surface slopes for 
which the measurements of flow velocity and 
cross sectional area were actually carried out. 
The reliability of the relationship beyond the 
range of the measurements cannot be deduced from 
the quality of its fit within that range. 

2. Hodel Works Well Because It Portral}s OnllJ 
a Small and Relativell} Well-Understood Segment 
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(or Component) of the Hydrologic Cycle The most 
typical cases are those in which the hydrologic 
process is locally (spatially and tellpOrally) 
dominated by (i.e., can be approxiaately reduced 
to) processes of hydraulics for which relatively 
good causal models exist. Thus it is a hydraulic 
rather than hydrologic model that works. Bx­
aaples include flood-routing models, flow on a 
hillslope, the latest addition being the various 
•urban-hydrology• IIOdels whose success is pro­
portional to the degree to which the urban 
catcn.ent consists of impervious surfaces, sewer 
pipes, and well-defined prismatic channels 
(hydraulic elements). 

3. Hodel Is Bssentially Untestable and Its 
Good Performance Is a Hatter of Faith Into 
this category fall most models intended to 
portray aspects of the long-term behavior of 
hydrologic processes, especially if their char­
acteristics have been conservatively estimated. 
Por example, few hydrologic records will ever 
be long enough to make possible a conclusive 
refutation of the correctness of the aagnitude 
of a so-, 100-, or 1000-yr flood if this magni­
tude is inflated1 no single reservoir will 
operate long enough under the design-release 
policy to enable the analyst to prove that the 
actual risk of failure was less than the design 
value of, say, 2 percent 1 if the value of a 
•probable uximua• precipitation or flood is 
set by an order of aagnitude higher than any 
observed event, then its correctness is beyond 
reproach because of the vagueness of the defi­
nition--if a higher flood occurs it can always 
be classified as an •iiiProbable event• (every­
body knows that iJIProbable events do occur-­
people do win millions in lotteries). 

4. Results Obtained by a Good Bconomic 
Decision Hodel Reflect Favorably on the Quality 
of a Hydrologic Hodel Bmbedded in It Por ex­
a.ple, Slack et al. (1975) state •. • the 
use of the normal distribution to represent the 
distribution of floods is generally better than 
either the Gu~l, lognoraal, or Weibull distri­
butions. Nothing is gained in teras of reducing 
expected opportunity design losses if the under­
lying distribution • • • is identified over and 
above siiiPlY using the normal as the assumed 
distribution.• Here the first sentence may 
convey a wrong iiiPression that the normal dis­
tribution is a better hydrologic model for 
flood peaks (in the sense that it provides bet­
ter estimates of flood frequencies in specific 
cases), whereas what it really ~~eans is that it 
is better in the given decision context as is 
obvious from the second sentence of the quota­
tion. 

5. Hodel Is Largely Irrelevant to Results 
Obtained with Its Aid Claims of good perform­
ance of a specific hydrologic model are some­
times based on results that, while obtained with 
the aid of the model, are irrelevant to its. 
structure and some parameters and depend on 
circuastances external to the model. Por ex­
ample, it can be claimed that a given stochastic 
.adel represents an historical flow record well 
because it leads to an optimum reservoir-operat­
ing policy that is essentially the same as the 
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policy that actually would have been optiaal 
during the period of record. However, because 
the optimal policy for a typical economic-loss 
function depends aainly on the mean inflow and 
is largely invariant with regard to the inflow 
model structure (Kle .. s, 1977), the claim of the 
good performance of the model is misleading-­
most models would do as long as they have the 
same mean and loss function (Jettmar and Young, 
1975). 

6. Bmpirical Hodel Bas a Form That, With­
out Conscious Bffort of the Hodeler, Happens to 
Describe Some Bssential Aspect of the Physical 
Hechanism of the system Such models do not 
occur frequently, but when they do they tend to 
acquire great popularity because their success 
is higher than their empirical nature would sug­
gest. A famous example is the unit-bydrograph 
model. Originally formulated as a purely eiiPir-
ical concept, it has since been shown to repre­
sent outflow from a system of linear storages 
fed by a pulse inflow--a crude but physically 
sound IIOdel for many small catchments. Similar­
ly, the empirically chosen autoregressive model 
for runoff series was later shown to represent 
outflow from a system of linear storages fed by 
an autoregressive input of a lower order. Yet 
another example is the empirical concept of 
partial runoff-contributing area that was later 
found to follow from a physically based model 
of flow on a billslope (Chapter l). 

7. Hodel's Good Reputat,ion Is Based on 
Superficial Appearances Whenever a reasonable 
result is obtained by a model that accommodates 
in a logical way a nulllber of factors believed 
to be relevant to the problem on band, the model 
tends to acquire a good reputation. However, 
it may well be that many of the factors chiefly 
responsible for this reputation are in fact 
redundant as far as the results are concerned. 
Conceptual hydrologic models are prone to ac­
quiring this •false dignity.• For example, Mein 
and Brown (1978) demonstrated that a particular 
conceptual-deterministic model, designed to sia­
ulate monthly flows on the basis of 13 optimized 
parameters and a daily time step, performed only 
marginally better than the same model with only 
3 parameters optimized and the rest set • ••• 
arbitrarily high or to zero and • • others 
fixed to values which can be physically justi­
fied• (in the first case the model accounted for 
95.3 percent of the sum of squares of devia­
tions, in the second for 93.6 percent). Simi­
larly, an undeserved good reputation of a re­
gression model may derive from high correlations 
that may be the result of spurious correlation 
as pointed out by Benson (1965) and Pilgrim 
(1975). 

8. Hodel Worlcs for the Wrong Reasons A 
prominent example from astronomy is that of the 
Ptolemaic geocentric planetary model that, al­
though physically unsound, predicted the common 
astronomical events with a reasonable accuracy. 
Klemes (1974) pointed out that the same may be 
true of some hydrologic models, e.g., of the 
fractional noise model for hydrologic time se­
ries. Based on the hydrologically implausible 
assumption of infinite memory and a constant 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


102 

mean, the model produces time aeries statisti­
cally similar to those exhibited by hydrologic 
(and other geophysical) variables that are more 
likely to possess finite memory and time-varying 
means (see Figures 8.1 and 8. 2) • Examples of 
this situation are also comaon in models with 
large numbers of optimized parameters where 
wrong assumptions uy be compensated by physi­
cally unrealistic values of some parauters so 
that the model gives good results. 

9. Hodel Is Deemed Good by Default Models 
often acquire a good reputation because they did 
not have a chance to fail. They may not have 
been used long enough for their limitations to 
emerge. Model building being a dynamic activity 
in present-day hydrology, models are continually 
modified, recalibrated, and otherwise improved, 
and •good• models are superseded by •better• 
models before they reveal theaselves as bad 
models. 

10. Hodel That Does Not Worlc Is Not Pub­
licized Last but not least, the impression 
that hydrologic models work generally well 
arises from a tautology. We learn only about 
the models that seem to work well and thus can 
only conclude that the models reported in the 
literature seem to work well. Moreover, because 
model performance tends to be interpreted as a 
reflection of the modelers' (model users') own 
competence and skill, their reports tend to have 
an optimistic bias. Critical evaluations of 
hydrologic models are rare. A notable contribu­
tion to this area is that of Pilgrim (1975) who 
discussed the many weaknesses of hydrologic 
modeling and indicates that most of them can be 
traced to our limited ability to properly incor­
porate into the models the causal relationships 
governing the hydrologic cycle. 

DRAWBACKS, DANGERS, AND POTENTIAL BENEFITS OF 
CAUSAL MODELING 

The most serious drawback of causal modeling in 
hydrology is its well appreciated difficulty, 
the clear awareness of the vastness of the void 
separating our data and understanding of the 
processes involved from our goals, (Chapters 1 
and 2) and thus the necessity of an extensive 
program of basic research. The perspective of 
long years of painstaking observations and hard 
thinking without a guarantee of significant 
result appeals neither to many researchers nor 
research managers and perhaps least of all to 
graduate students who should be the main source 
of talent. The difficulty appears perhaps even 
greater than it is in reality because the pro­
spective researchers view it from the perspec­
tive of their own academic background that, as 
already stated, typically is slanted to hydrau­
lic engineering and water-resource systems 
analysis and is inadequate in climatology, 
geology, biology, chemistry, and physics, whose 
indispensability for the task soon becomes evi­
dent to them (see Chapters 2, 3, and 6). 

The attendant danger of this difficulty is 
the temptation of reductionism: to make short­
cuts and to fill the void between the data and 
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the goals with logically plausible assumptions 
that are sometimes correct but often wrong and, 
more often than not, individually untestable. 
The result is a •conceptual• model that purports 
to be causal but sometimes is only a disguised 
and somewhat structured empirical construct 
whose elements are regression coefficients with 
physically sounding names. These models have a 
greater potential than •blind regression• and 
other statistical models (even though they do 
not always perform better, as is shown in WMO, 
1975, and Garrick et al., 1978) provided that 
their structure correctly reflects the basic 
aspects of the processJ however, the danger 
resides in their tendency to elevate the precon­
ceived hypothetical structure on the pedestal of 
truth and to divert attention from the investi­
gation of the behavior of hydrologic process 
into the dead-end street of parameter optimiza­
tion (see point 8 in the foregoing section). 

The potential of causal-hydrologic models 
lies in their ability to derive the behavior of 
a hydrologic process for a given set of states 
of nature (physical variables) from the dynamic 
mechanisms of the process, without recourse to 
model calibration by e.pirical fitting. Conse­
quently, causal models offer a possibility to 
predict the behavior of a hydrologic process 
under conditions that did not exist during the 
process-recorded history, i.e., under conditions 
for which an empirical model cannot be con­
structed. Herein lies the argu.ent against 
frequent claims that, because simple statistical 
and black-box models often outperform complex 
causal models, there is no need for engaging in 
causal modeling. It is not a question of pre­
diction accuracy for known conditions but one 
of model credibility in unknown conditions. It 
is the difference between blind extrapolation 
and sound judgment. The following examples 
illustrate this point. 

Garrick et al. (1978) found that simple 
seasonal averages derived from a historical flow 
record give, in one particular case, better pre­
dictions than a highly sophisticated conceptual 
model (SSARR). In another instance, Todini and 
Wallis (1977) found that a ai.ple transfer func­
tion model (CLS) performed as well or better 
than the SSARR and similar models. The crux of 
the matter is that in these and other similar 
studies the physical conditions in the basin 
were essentially the sue during periods from 
which data were used for model development and 
during those used for ita testing. If, for ex­
a.ple, flows were to be estimated for a future 
situation when a large inundation area within 
the basin would be eliminated, or a large rural 
area urbanized, neither of the two empir leal 
approaches cited above could accommodate the new 
situation, whereas the relatively inferior SSARR 
model could because of its distributed nature 
and ita built-in facility for flow routing. The 
fact that the •accommodation• presently achiev­
able may be unsatisfactory demonstrates only the 
inadequacy of the present state of causal model­
ing, not an infeasibility of causal modeling in 
general. However, it also demonstrates one ad­
ditional point: progress in causal modeling can 
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result only fro• more hydrologic knowledge and 
not from more •causally inspired• manipulation 
of the little knowledge we have. 

Another example is offered by Eagleson's 
(1972) causal model for flood-frequency distri­
bution. In a particular instance, the model 
aay give a fit to observed flood peaks that is 
inferior to a fit obtained by statistical flood­
frequency fitting techniques. However, the 
latter techniques are useless for estimating 
changes in flood regime due to changed land 
aanagement, while Eagleson's model can offer 
approximate guidance because, for a given rain­
fall distribution (which represents one of the 
•firat principles• of the model and remains out­
aide of it), it relates flood-peak frequencies 
dynamically to such factors as the runoff-con­
tributing area and the conditions of flood prop­
agation within the basin. For example, he shows 
that if the runoff-contributing area in one of 
the catchments under study increased (e.g., due 
to urbanization) frOID one third to one half of 
the total area, a 100-yr flood could become 
approximately a 10-yr flood. 

As another example, approaches have been 
suggested in which the distribution of annual 
(or seasonal) runoff total is causally related 
to the amount of perennial snow and ice and the 
amount of energy available for melting (Klemea, 
1971) or to a number of other climatic and phys­
ical variables (Eagleson, 1978). Such approach­
es could, for instance, provide guidance for 
estiaating water resources affected by future 
climatic changes predicted in the literature 
(Budyko et al., 1979). 

The inherent ability of causal models to 
assess the effects of environmental changes, 
both natural and man-made, on water resources 
is by far the most important aspect of their 
potential in water-resource planning and manage­
•nt, especially in the present epoch when the 
rate of environ~~ental changes is higher and is 
increasing 110re rapidly than in any other epoch 
of the recorded history. On a more general 
level, causal approach seems to represent the 
only means capable of increasing the low credi­
bility of essentially untestable models. Another 
i~rtant aspect of causal models is their 
potential to point out ways to efficient short­
cuts and thereby to better empirical models. For 
example, the kineaatic wave approximation of the 
equations of 110tion suggests that the simple 
concept of a nonlinear-storage reservoir (or a 
system thereof) may have a relatively great 
potential in basin-runoff modeling (Laurenson, 
1964; Klemes, 1973). 

On the scientific level the greatest poten­
tial of causal hydrologic models is in their 
intrinsic ability to aeet the following chal­
lenge. •There is need for a systematization of 
research into matheaatical models of hydrologic 
systems in order to provide the framework for 
rational methodology for the use of hydrologic 
.adele. This is necessary both for the organi­
zation of research result& into a body of coher­
ent knowledge and for the ready application of 
research work to field problema• (Dooge, 1972). 
This need baa beCOIIe urgent during the last 
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decade when the proliferation of models has 
revealed many inconsistencies and incompatibil­
ities in the assumptions underlying different 
models used to portray specific aspects of one 
and the same phenomenon. The only framework 
that can reduce these inconsistencies and incom­
patibilities is the causal, i.e., physically 
based, IIOdeling. The following example will 
illustrate this point. 

In the analysis of rainfall-runoff relation­
ships it is a co111110n practice to fit independ­
ently the system's response of the catchment, 
the flow-routing model (models) for its river 
channels, the probability distributions of pre­
cipitation and runoff, the probability distri­
butions of precipitation and runoff extremes, 
and the stochastic structures of the precipita­
tion and runoff series. As a rule, the results 
from the individual models are incompatible with 
each other in the sense that they could not be 
produced by one and the same physical system. 
For example, the unit hydrograph model of a 
basin is incompatible with a nonlinear cascade 
model of the basin's river channels; a random 
precipitation series combined with the unit 
hydrograph model cannot produce a fractional­
noise-type series of runoff; and a nonlinear 
catchment model is incompatible with a runoff­
aeries model based on the concept of autocorre­
lation. These problelllB have been analyzed by 
Klemes (1978) who showed that the unifying 
framework for all these ad hoc models can 
hardly be anything else than a physically con­
sistent model of the catchment mechanislllB, i.e., 
a causal theory of the hydrologic cycle. A 
significant step in this direction has recently 
been made by Eagleson (1978). For the time 
being, his and similar attempts must be viewed 
chiefly as exploratory probes. This line of 
inquiry seeiiiS to be the 110at promising way out 
of the unenviable present situation that has 
been aptly co.pared (Dooge, 1978) to •a riot of 
growth reflecting a variety of scale, colour and 
type and • • • a cacophony of noise • • • con­
fronting ••• a traveller lost in a jungle.• 

CONCLUSION 

Prediction of future states (or ranges thereof) 
of hydrologic processes is a necessary pre­
requisite for scientific management of water 
resources. It requires adequate modeling of the 
hydrologic cycle in which both the empirical and 
the causal models have their legitimate place. 
However, it must be recognized that even at its 
best a model can be nothing more than a partic­
ular system of organization of hydrologic knowl­
edge; at its worst it degenerates into a manip­
ulation of conjectures. The degradation of the 
first case into the second is inevitable if the 
body of knowledge to be organized does not in­
crease proportionally to the advancement of the 
methods for this organization. There are many 
signa that this degradation process has been 
taking place in hydrologic modeling in the 
recent past with active, though unintentional, 
help from water-resources management, which as 
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a rule baa placed .adele above the knowledge on 
which they should be baaed. 

Por aany years, hydrologists have been dis­
couraged, through one-aided training and abort­
sighted •coat-effective• research financing, 
from penetrating to the roots of the hydrologic 
processes and the mechanisms underlying the 
hydrologic cycle. on the other hand, they have 
been applauded for serving the same cheap aath­
ematical cocktails offered under a variety of 
exotic names but always mixed from one or two 
of the three standard ingredients (often of 
questionable quality): point precipitation, 
streamflow, and groundwater level. Naturally, 
the same hangovers followed only to be •cured• 
by aore of the same mixes. Unless this vicious 
circle is broken, the cult of mathematical em­
broidery of sterile concepts abolished, advance­
Mnt of hydrologic knowledge (rather than fast 
service for water-management problema) estab­
lished as the objective of hydrology, there is 
little hope for a substantial improveMnt in the 
scientific basis for water-resource manage.ant, 
an improvement that may be much needed in the 
years ahead. 
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Field Data: 
The Interface between 
Hydrology and Geomorphology 

9 
LUNA 8. LBO POLO 
University of California, Berkeley 

In 1904 the California Miners' Association 
adopted in convention a MilO rial forwarded to 
tbe President of the United States, who in turn 
referred it to the u.s. Geological Survey. It 
was a request for a study of the relationship 
between the hydraulic debris in california and 
proble- of flood control and sedimentation. 
Tbe Geological Survey assigned their most prom­
inent geologist, G. K. Gilbert, to conduct the 
investigation. He soon becaae convinced that, 
although it was possible to make reasonable es­
tiaates of the amount of the debris accumulated 
in the various portions of the valleys and 
basins of the rivers flowing out of the Sierra 
Nevada, there was simply not enough known about 
the principles of sediJDent transport to deter­
aine with surety bow the accumulated debris was 
going to react over time to the passage of 
floods. Nor was it possible to determine wheth­
er the structures that bad been built for the 
containment of this debris were going to operate 
satisfactorily as planned. Solie of the struc­
tures were actually under construction at the 
time Gilbert was aaking his investigation, and 
be was able to map the sediment accumulation 
before and after one of the important structures 

lOS 

bad been raised in height. The concrete and log 
dam, called Barr.ier No. l on the Yuba River, was 
one of those studied in detail by Gilbert. Be 
expressed concern wi tb the erosion at the toe 
resulting from water deprived of its sediment 
load pouring over the structure and scouring 
downstream from the dam. 

As a result of these considerations, Gilbert 
instituted his famous experiments on the campus 
of the University of California, Berkeley, the 
data from which have been a major source of in­
formation on transport mechanics. 

One wonders whether, if the sue problem 
faced modern hydrologists, there would be an 
equally sophisticated understanding of bow the 
lack of specific data would prevent any useful· 
solution to the problem at band. On the basis 
of experience of the last several decades it 
would be reasonable to forecast that the modern 
hydrologist would bave begun with a dimensional 
analysis and from that be would construct a 
theoretical set of equations that would purport 
to relate sediment transport rate to hydraulic 
factors. The prospect of 2 yr of laboratory 
work probably would deter the initiation of an 
investigation for the collection of basic data. 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


106 

Even if the modern hydrologist wer:e wise 
enough to choose a course of action that would 
involve the collection of a long series of care­
fully planned basic data, it is unlikely that 
he would find a place to publish the data them­
selves. One cannot imagine a modern organiza­
tion willing to publish a r:epor:t that totaled 
263 printed pages, including not aer:ely the sum­
marized data but also the original observations 
themselves. In the Gilbert r:epor:t on his sedi­
aent-tr:anspor:t experiments the tabulations of 
the basic observations involve 16 printed pages, 
which include the direct observations as they 
wer:e actually r:ecor:ded. A whole chapter: of the 
r:epor:t is devoted to what Gilbert called •Ad­
justment of Observations,• in which 12 printed 
pages ar:e devoted to a r:etabulation of the same 
basic data. In his words, •The observational 
values wer:e subjected to a process of adjust­
ment, whereby the sequences wer:e freed fr:oa 
irregularities. The irregularities ar:e made 
manifest by the coapar:ison of the sequences of 
two variables, and first consideration will be 
given to those of capacity and slope• (l9l4, 
page 55). 

There follows in the r:epor:t r:etabulated data 
organized for: specific comparisons such as the 
grouping of a particular: discharge at a partic­
ular: width and tabulated such that the relation­
ships, in this case between capacity and slope, 
could be plotted easily for: further: analysis. 

Finally, after: 218 pages of detailed analy­
ses of the data, there is a chapter: in Gilbert's 
r:epor:t that deals with the application of these 
laboratory experiments to natural str:eiUIIS. 
Further:, it must be understood that in addition 
to the r:epor:t on his exper: imental wor:k, there 
is a separate r:epor:t on the aining-debr:is prob­
lem, to which he had been assigned originally. 
This r:epor:t, u.s. Geological Survey Professional 
Paper: lOS, consists of 153 printed pages. In 
the latter: paper:, •Hydraulic-Mining Debris in 
the Sier:r:a Nevada,• Gilbert deals with the mat­
ter: of tides and the tidal prism in San Fran­
cisco Bay. He made detailed measurements of the 
relationship among velocity, water:-sur:face 
slope, and gauge height, as well as channel ge­
ometry of a small tidal estuary in the southern 
portion of San Francisco Bay. To include a 
study of tides and their: effect on the estuarine 
geometry in a r:epor:t on hydraulic mining is an 
interesting aspect of the br:edth of Gilbert's 
thinking about a particular: problem. 

Many of the problems that Gilbert faced re­
main incompletely solved. Some of the most 
important cur:r:ent problems ar:e those that lie 
at the interface between hydrology, hydraulics, 
and geomorphology. 

OVer: the years there has been a series of 
studies of the gradient of deposition of sedi­
ment trapped behind a dam or: barrier:. Fr:om 
these field observations it is now well known 
that the gradient of deposition of sediment be­
hind a bar:r:ier:, not in a reservoir: but behind a 
check-dam, large or: small, will in all cases be 
less than that of the or: iginal valley floor:. 

· Observations on this matter: had not previously 
been made. Gilbert's statement about this mat­
ter: is as follows (1917, page 53): 

LUNA B. LBOPOLD 

The initial slope of the river: bed in the vicin­
ity of the bar:r:ier: was about 16 feet to the 
aile, and there was a rapid increase upstream 
to 2 feet to the aile • • • At Marysville, near: 
the mouth of the river:, where the chief material 
is sand, the slope is about 6 feet to the aile, 
and it increases upstream as the material 
changes successively to a coarse sand, fine 
gravel, and coarse gravel. The erection of the 
first 6 feet of the barrier: in 1904 caused a 
filling dur: ing the flood stages of the ensuing 
winter: which extended at least l l/2 ailes up­
stream and probably somewhat mor:e, reducing the 
average slope in that region to about 12 feet 
to the aile. When the second unit was added to 
the bar:r:ier:, increasing its height 8 feet, depo­
sition again began, and the flood of January, 
1906, in filling the newly formed basin, extend­
ed its deposit upstream about l 3/4 miles, re­
ducing the average grade for: that distance to 
about 9 feet to the aile. The subsequent storms 
of the same winter: extended the ar:ea fill some­
what farther: upstr:eaa and nearly r:estor:ed the 
slope of 12 feet to the mile which had been 
created by the floods of the preceding winter:. 

Gilbert's diagram (1914, page 59, Figure 7) 
is the first quantitative observation of the 
difference in the depositional gr:ade behind a 
bar:r:ier: fr:oa the gradient of the original stream 
before the barrier: was built. He did not at­
tempt to forecast what would eventually happen 
if the bar:r:ier: did not fail, but there is no 
indication in his r:epor:t that he expected the 
depositional wedge to extend upstream indefi­
nitely. He did not specifically say this, but 
the implication in his r:epor:t is that a for:m of 
equilibrium had been establishedJ he did not 
take the matter: any further:. Many subsequent 
r:epor:ts have noted the saae result, and it has 
been a matter: of concern to geomor:phologists 
ever: since consideration of the hydraulic reason 
why the sediment wedge does not continue to ex­
tend itself upstream indefinitely. The latest 
discussion of this matter: is that by Leopold and 
Bull (1979), which includes the first attempt 
to provide a hydraulic explanation of this ob­
served fact. 

This matter: is iapor:tant because it bears 
on the interaction of those factors that deter­
mine the gradient of a river: channel through any 
particular: reach of the river:. This involves 
both hydraulics and geomorphic history and prob­
ably is one of the central questions of fluvial 
geomorphology even at the present time. The 
slope of a stream in a geologic or: geomorphic 
sense involves the interaction of eight (or: 
possibly mor:e) variables and cannot be complete­
ly solved in an analytical fashion. Improved 
understanding will depend on obtaining a series 
of field observations that include factors not 
ordinarily measured at stream-gauging stations, 
especially water:-sur:face slope and its relation 
to the pool and riffle sequence and to river: 
cur:vatur:e. It is nearly impossible to imagine 
that any so-called model or: computational scheme 
would be effective because there ar:e not requi­
site field data on which the model might be 
predicated. 
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Another problea now taking up the time of 
many hydrologists and some geomorphologists is 
the estimation of the effect of forest practices 
on water quality and sediment production. In 
recent years the tendency for timber harvesting 
to be conducted by clear-cutting has posed the 
possibility of long-tera deterioration in water 
quality, which depends to a large de9ree on 
slope stability and channel stability. Foraerly 
it vas thought that the best practice for ero­
sion control requires the aaintenance of the 
soil profile in forested areas. It is nov 
claimed that silvicultural efficiency in conif­
erous forests of the western United States de­
mands that the surface soil be stirred, mixed, 
and churned. This means the destruction of the 
forest soil profile. To what extent the de­
struction of the soil profile is going to alter 
water quality over a period of years, and to 
what extent it will change the rate of sediment 
production, remains to be seen. But theory ex­
pressing the leaching by infiltrating water, the 
cation adsorption on mineral particles, the ef­
fect .of soil structure on erodibility, and other 
processes make it iaposs ible to use any known 
analytical technique to forecast how water qual­
ity will change over the next several decades, 
downstream from areas that have been clear-cut 
of their forest cover. The amount of water 
yielded fro• a clear-cut area and the timing of 
runoff have been investigated in many areas, but 
concurrent studies of sediment deposition, its 
location, form, effect on stream channels, and 
water quality are few. LOng-term field observa­
tions will be needed to ascertain vnat pr in­
ciples are the governing ones. 

Considering the experimental work done in 
forested watersheds, the record shows that much 
effort has been spent in watershed research 
atteapting to forecast the effect of various 
forest practices on water yield. It is inter­
esting to note that, in the actual management 
of our national forests, there are few instances 
of management practices either governed by or 
even greatly influenced by the need to increase 
water yield, even in relatively water-short 
areas. Rather, forest management practices in 
recent decades have been governed by timber 
production, recreation, and wildlife--timber 
production being given the greatest weight. It 
appears then that most of the hydrologic 
research on forested watersheds has been and 
still is being directed toward what is theoret­
ically an iaportant problem but which in actual 
practice is not given much weight in forest ad­
ainistration. 

The point here is that much hydrologic re­
search is directed at problems that are not 
necessarily the most significant ones in theory, 
on the ground, or in practice. 

Where, for purposes required by recent 14!9-
islation, it is necessary to assess changes in 
water quality and sediment yield, especially in 
connection with environaental iapact statements, 
aost of the effort is on office compilations and 
theoretical constructs rather than on the col­
lection of field data. The lack of surety and 
even the lack of confidence in most environmen-

tal impact assessments come from the fact that 
the effort is on fulfilling the requireaents of 
the report rather than on the collection of 
those data that might actually yield the desired 
answers. 

These same remarks might be applied to a 
whole list of problems in hydrology, but espe­
cially those that have an interrelation with 
geomorphology. A short list of such problems 
might include the following: 

l. Channel stabilitg The effect of man's 
work--agriculture, forest management, grazing-­
on channel stability is essentially an area of 
unknowns. A classification of stability based 
on field measurements with associated informa­
tion derived from soil aechanics, pedology, and 
hydraulics is needed. 

2. Rate of bank-cutting and lateral migra­
tion of rivers There is no common body of 
knowledge dealing with factors controlling bank 
erosion even though large amounts of money are 
expended for river revetment, especially at 
highway crossings. 

3. Brosion bg overland flow Though the 
hydraulics of thin films are well known, vari­
ations in rates caused by nonuniformity of sur­
ficial materials and the effect of vegetation 
cannot be solved by analytical techniques. 
Direct field observations under various condi­
tions are needed. 

4. The profiles of bills A great deal of 
theoretical work has been devoted to construct­
ing equations purported to express the longitu­
dinal profile of hillslopes. This problem is a 
peculiar combination of hydraulics, hydrology, 
geomorphology, pedology, and soil mechanics. 

s. The effect of sediment availabilitg in 
rivers on sediment-transport rates With the 
recent development of the Helley:-Smith bedload 
sampler it appears possible to obtain actual 
measurements of bedload-transport rates. Dif­
ficulty exists, however, in interpreting mea­
surement data because the sediment-transport 
rate may be limited if the sediment is not 
available for transport. Therefore, actual 
river data on sediment-transport rate may not 
appear to follow the usual empirical relations. 
Little is known about how to estiaate whether 
sediment is available in the stream channel for 
moveaent. 

6. Bffect of heterogeneities in geologic 
materials on groundwater movement The usual 
equations dealing with transmissibility, specif­
ic yield, permeability, and porosity assume that 
the geologic material is essentially homoge­
neous. The inhomogeneities alter both the di­
rection and paths of groundwater flow. Present 
methods of geologic mapping for groundwater 
purposes are inadequate to assess the form and 
effects of heterogeneity in the geologic aate­
rials. This is a problem involving a combination 
of hydraulics, geomorphology and geomorphic 
history, sediaentology, and hydrology. 

It would seem desirable to keep in mind the 
most important theoretical and practical prob­
lems facing the hydrologic science, especially 
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as it relates to associated sciences or sub­
sciences. A study of the title of grant propos­
als in the field of earth sciences related to 
hydrology and geoaorphology evokes a certain 
surprise that aost of the research projects deal 
with problems that are not of general interest. 
One knows from experience the history of JDOst 
research proposals and how they are often deter­
mined by the preferences of the granting agen­
cies. But these preferences are the result of 
consideration by competent scientists. The 
scientific view of what is worth working on, 
however, is usually expressed in terms so gener­
al that even poor projects might appear to qual­
ify under the general headings listed as prior­
ity items. It would appear far 1110re practical 
to express priority items for research funding 
in terms of the questions to be answered rather 
than a general category of work. As an example, 
a priority item for a funding agency aight be 
listed as •the problem of urbanization. • It 
would be readily agreed that the hydrologic 
results of urbanization constitute a large class 
of problems worthy of study. But that general 
class could be broken down into specific ques­
tions such as, how many tons of sediment per 
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square kilometer will be contributed by housing 
construction using construction .. thods that are 
typical of the area near washington, D.C.? The 
answer is not likely to result froa present 
theory, but would require a set of specific 
field observations designed to answer this spe­
cific question. 

It appears that the hydrologic science is 
making only slow progress at the present time 
because of the choice of the questions being 
researched and the tendency to study only ques­
tions amenable to known theory with the minimum 
of field .. asure .. nt. 
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Geology, Determinism, 
and Risk Assessment 
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THE SCIENCE OF RISK ASSESSMENT 

The concept of risk implies the probability of 
undesirable events. Floods comprise a hydro­
logic risk that is most often analyzed probabi­
listically. The standard procedure is to develop 
statistical associations between observed flood 
events and their estimated probabilities. The 
derived associations, extrapolated along theo­
retical distributions, may provide the primary 
basis for such decisions as the choice of land 
suitable for certain types of use or the choice 
of a spillway design for a dam. Although these 
procedures yield quantitative data, amenable to 
decision imple-.ntation, the underlying assump­
tions are subject to continual debate and to 
considerable research by hydrologists. Rather 
than contributing to this debate, this paper 
introduces a coapletely different approach to 
risk assessmentz the use of the geologic record 
to evaluate risk potential. 

The assess .. nt of risk potential has a dif­
ferent goal fro. the derivation of associations 
between events and their probabilities. The 
latter exercise requires an acceptable probabil­
ity distribution for the events, here an assumed 
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flood-frequency distribution. Various model 
distributions will always provide quantitative 
data for decision makers, but those data will 
probably never inspire universal confidence. 
In contrast, risk potential is assessed by the 
analysis of past catastrophes in time and space. 
The occurrence of one superevent shows that the 
phenomenon warrants serious consideration. The 
occurrence of several superevents in a given 
time span at a given locality shows that such 
events can be expected sometime within the given 
time span. Finally, the clustering of events 
in space and time may indicate important nonran­
dom elements in the system, such as changes of 
climate, vegetation, and land use. This infor­
mation does not constitute an accurate quantita­
tive prediction of a phenomenon, but it does 
inspire confidence that certain pheno.ena have 
occurred and that others have not. Risk predic­
tion is a result that will always be questioned, 
whereas risk-potential assessment is a continu­
ing study necessary to asking the proper scien­
tific questions. 

The present state of the science of hydro­
logic flood studies is similar to that experi­
enced in other sciences, in which one line of 
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study, successful in its early applications, is 
stretched to its methodological limits. Speak­
ing of increasing specialization in geology and 
a seeming preoccupation with the refinement of 
existing scientific methodology, Davis (1926) 
observed, •we shall be indeed fortunate if 
geology is so marvelously enlarged in the next 
thirty years as physics has been in the last 
thirty. But to make such progress, violence 
must be done to many of our accepted prin­
ciples. • 

Stated another way, we can observe that many 
scientists view their profession as concerned 
with an orderly search for truth. The concept 
portrayed in scientific textbooks is that knowl­
edge is gained by a steady, cumulative process. 
One philosophical view, however, holds that 
science is characterized by long periods of con­
formity to a commonly held theoretical framework 
(Kuhn, 1962). This framework, which Kuhn (1962) 
calls the •paradigm,• is the tradition in which 
new. investigations proceed. The science that 
occurs during paradigm-governed periods is 
•normal science• and mainly consists of solving 
puzzles generated by the paradigm. Noraal 
science yields rapid progress through its abil­
ity to predict phenomena. 

A corollary to Kuhn's paradigm concept is 
that the new hypotheses generated to explain 
phenomena in a particular scientific field will 
be most often conditioned by the paradigm. In 
essence, a set of unstated •ground rules• dic­
tates the manner in which science will identify 
puzzles for its study. These rules will also 
act to exclude many possible explanations for 
natural phenomena if such explanations lie out­
side the bounds of normal science. 

Kuhn's thesis holds that normal science 
eventually turns up puzzles that cannot be 
solved within the existing theoretical frame­
work. Such anomalies are frequently ignored, 
and attempts may even be made to suppress their 
study to prevent interference with the rapid 
progress that appears to occur in normal sci­
ence. However, these anomalies hold the key to 
a superior kind of scientific progress. When 
their importance can no longer be ignored, a 
scientific field may experience crisis, pro­
nounced change, and eventually a completely new 
synthesis. This is the •scientific revolution.• 

The concept of scientific revolutions has 
been applied mainly to chemistry, biology, and 
physics. Although Kuhn's thesis may be an over­
simplification, it poses fascinating questions 
for the consideration of any science. The ques­
tioning of first principles in a scientific 
field is one indication of crisis. Does this 
trend in hydrology indicate that the discipline 
may be poised for pronounced change? Unfortu­
nately, that question is better answered by a 
future his tor ian of science than by the actual 
scientists themselves. 

This essay will restrict its examples to the 
risk assessment of flood hazards. This subject 
illustrates the crisis posed for the science of 
hydrology by the need to use hydrologic data as 
a basis for water-resource management. The in­
troduction of geologic data can assist this goal 
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by extending the data base from which to analyze 
flood hazards. However, the introduction of 
this data leads to some questioning of basic 
principles. In addition, the introduction of 
geologie methodology perhaps can clarify some 
philosophical questions concerning the goals of 
hydrology as a science. 

The ultimate risk considered by water-re­
source management is embodied in the word 
•catastrophe.• However, this word also has un­
fortunate connotations, e.g., the following 
American Geological Institute (1972) definition: 
•catastrophe--A sudden, violent disturbance 
of nature, ascribed to exceptional or supernat­
ural causes, affecting the physical conditions 
and the inhabitants of the Earth's surfaceJ 
e.g., the Noahian flood, or an extinction of an 
entire fauna.• The phrase exceptional or super­
natural causes implies that the study of cata­
strophes is something beyond the bounds of sci­
ence. Quite the contrary, it is the exceptional 
nature of catastrophes that warrants close sci­
entific scrutiny. 

During the last century, when individual 
communities were largely self-sufficient, the 
occasional catastrophic flood produced only a 
local calamity. The present century has been 
marked by the increasing interdependence of 
communities through complex transportation, 
communication, resource, and energy systems. 
By disrupting these technoecosystems, local 
disasters now exert a profound impact on society 
as a whole. 

An increasing percentage of the total annual 
flood loss in the United States is occurring as 
a result of so-called catastrophic floods. 
These are floods that either (l) have a return 
period of 100 yr or more or (2) cause failure of 
a flood-protection project by exceeding the 
project design flood (Holmes, 1961). The aver­
age amount of flood loss from floods of moderate 
frequency is decreasing relative to these cata­
strophic events. OVertopping of levees designed 
for rare floods accounted for at least 40 per­
cent of the losses from Hurricane Agnes in 1972 
(White, 1975). The $3.5 billion damage produced 
by Agnes's flooding probably represents the 
trend for all future flood losses in the United 
States. The current national effort on flood 
control continues to curb the level of damage 
from more frequent flooding, while increasing 
the risk that highly developed, •protected• 
flood plains will experience a flood that ex­
ceeds the design capacity of the control works. 
These trends show the importance of being able 
to estimate the potential for achieving cata­
strophic floods. 

THE DILEMMA OF CATASTROPHIC RISK ASSESSMENT 

At present two procedures are used routinely in 
the United States for water-resource decisions 
based on the magnitudes of catastrophic floods: 
(l) calculation of the probable maximum precip­
itation over a drainage basin and conversion of 
this pattern to stream runoff and (2) statisti­
cal flood-frequency computations. Both methods 
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have inherent difficulties and have sparked 
controversy as to which approach is more valid 
(Yevjevich, 1968). The probable maximua precip­
itation (PMP) approach assuaes that there is a 
natural physical limit to the rainfall inten­
sity-duration relationships (Slade, 1936). This 
limit can presumably be calculated from the most 
severe rainfall that may be expected from the 
most severe combination of meteorological and 
hydrologic conditions that could be expected in 
a region. In reality the probable maximum flood 
for an area is a dynamic value that changes as 
our understanding of great rainstorm hydromete­
orology changes. Estimates for the PMP will 
undoubtedly increase as knowledge of the mete­
orological phenomena responsible for storms 
becoaes more sophisticated (Paulhus and Gilman, 
1953). Moreover, climatic and hydrologic con­
ditions may change over time scales of decades 
or centuries (Stockton, 1975). For the long 
time scales, over which very large flood events 
assuae a relatively high probability of occur­
rence, changes in climate and drainage-basin 
properties can attain a primary importance. 

Proponents of the statistical flood-frequen­
cy approach feel that meteorological conditions 
and antecedent drainage-basin conditions can 
always be slightly worse than what is assumed 
for the probable maximum flood. By this philos­
ophy, no physical limits for flood magnitudes or 
rainfall intensity-duration relationships exist 
within the probability span used in most water­
resource decisions (Yevjevich, 1968). There­
fore, even the PMP has a definite probability. 
Otherwise, structures designed by the PMP con­
cept will imply a no-risk-of-failure situation, 
which fosters a false sense of security to occu­
pants of the downstream floodplain (Yevjevich, 
1968). 

The statistical flood-frequency approach 
attempts to predict the tail of a probability 
distribution froa a small sample of values that 
usually are not included in this tail (Moran, 
1957r Melentijevich, 1969). The use of proba­
bility-density functions or frequency distribu­
tions assumes that the data base (streamflow 
records) consists of random samples from the 
total population of flows with a frequency dis­
tribution whose moments we can estimate. Flood 
hydrologists have devoted inordinate effort to 
specifying the proper probability-density func­
tion for a series of flood flows. The national 
standard in the United States is the log-Pearson 
III distribution (u.s. Water Resources council, 
1967, 1976), which has three parameters: the 
mean, the standard deviation, and the coeffi­
cient of skewness of the logarithms of the peak 
flows. Whatever distribution is chosen, a con­
tinuing criticism of the statistical flood-fre­
quency approach is its failure to assess accu­
rately the probability of rare catastrophic 
floods (Meyers, 1966, 1967r Commons, 1966). The 
problem with the continuing criticism is that 
it frequently is as naive as the probability 
methods that are applied. In fact, given the 
extraordinary sensitivity of estimates of tail 
probabilities, it is virtually impossible to 
aeaningfully criticize one flood frequency or 
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another, because the levels of statistical sig­
nificance associated with tests of goodness of 
fit typically apply equally well (or badly) to 
a wide range of candidate functions. Such 
errors have been explained as a failure to prop­
erly define the mathematical form of the flow 
population (Benson, 1962). HOwever, more recent 
literature by Matalas et al. (1975), Wallis 
et al. (1977), and Slack et al. (1975) points to 
a more basic problem by noting the issue to be 
the simultaneous selection of the distribution 
and estimation of its parameters. The problem 
cannot be parsed into its component parts, 
assessed independently and then combined. Slack 
et al. (1975) showed that the use of a loga­
rithmic distribution for annual floods, applied 
to typical record lengths, produces instabil­
ities in the estimation of a frequency-discharge 
function far out on the tails and that for a 
given class of economic-regret functions it is 
more efficient (in an economic sense) to con­
sciously use a density function that avoids the 
calculation of antilogarithms (such as the nor­
mal distribution) even though it might be known 
that the true density funct-ion is (for example) 
log-normal with unknown parameters. This is not 
an attempt to influence the estimation of •true• 
probabilities, but rather to reflect the econom­
ic realities associated with being wrong. 

There exist other theoretical limits to 
flood-frequency analysis, including the estab­
lishment and identification of bounds on sample 
estimates of the moments. These bounds are 
functions of sample size, and typical record 
lengths impose serious constraints on the abil­
ity of a sample to reliably estimate population 
values. Regional data are useful for increasing 
the effective record length, but they frequently 
reveal pronounced variation in flood-frequency 
distributions in areas of diverse climate and 
physiography. Figure 10.1 shows several graph­
ically fitted curves from western Gulf Coast 
rivers draining nearly equal areas. Streams in 
areas of higher mean annual precipitation, dense 
vegetation, permeable soils, and relatively flat 
topography (curves 1, 2, and 3) exhibit rela­
tively little contrast between rare, large 
floods and very frequent, small ones. However, 
rare high-magnitude events obviously highly dis­
tort the shapes of flood-frequency curves in the 
dry interior of Texas, a region of sparse vege­
tation, impermeable soils, and steep slopes 
(Patton and Baker, 1976). These distorted 
curves (curves 4 and 5) are examples of highly 
skewed flood series. 

Another example of a troublesome flood rec­
ord is illustrated in Figure 10.2. The record 
contains a spectacular outlier. On June 24-29, 
1954, an extratropical disturbance resulting 
from Hurricane Alice in the Gulf of Mexico mi­
grated far inland and produced rainfall of up to 
1067 mm on the Pecos-Devils River divide (Figure 
10.3). This storm produced the largest flood on 
record in Texas and peaked at 27,440 m3/sec near 
Comstock, Texas, nearly eight times the maximum 
discharge of the other 54 recorded annual flood 
peaks. A naive extrapolation of the frequency 
curve of the 54 lesser floods (Figure 10.2, 
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curve C) would estimate the recurrence interval 
of the 1954 flood to be on the order of millions 
of years. Siailarly, inclusion of the outlier 
(Figure 10.2, curve A) is equally troubles0118 
because its use changes all the ranks of the 
smaller flood events and hence all the plotting 
positions • 

The above difficulties have been used to 
justify appraisals and reappraisals of flood­
frequency analysis. This paper suggests that 
the problem may be recast froa one in analytical 
statistics to one in applied geology. Geologic 
information from critical locations may provide 
the key information on extreme events against 
which to judge various institutional, societal, 
and economic issues. The use of geologic data 
involves a philosophical shift in the science 
of floods. Rather than analyzing large popula­
tions of observed events, the geologic method 
considers the individual superfloods that have 
left a record on the landscape. The goal is to 
reconstruct the actual flood history of a spe­
cific location over thousands of years as a 
basis for informed institutional and political 
decisions. 

USB OF THE GBOLOGIC RECORD IN ASSESSING LONG­
TERM RISK 

Figure 10.2 (curve B) illustrates how the geo­
logic record occasionally provides auxiliary 
information to enhance an existing hydrologic 
record. The 1954 event becomes a less surpris­
ing occurrence when one considers the geologic 
data from a spectacular alternating sequence of 
cultural habitation layers and flood slack-water 

~~----------------r------------------.----------------,-------------, FIGURB 10.2 Flood-frequency curvea 
for the Pecoa River near Coaatock, 
Texaa. Curve A ahowa the frequency 
curve baaed on the 1954 flood and 
the other 39 yr of recorded annual 
flood peaka. Curve C ia the extrap­
olated flood record, excludin9 the 
1954 event. Curve 8 is a paleo­
flood-frequency curve eati .. ted 
froa the alluvial strati9raphy at 
Arenosa Shelter (Fi9ure 10.3, aite 
A). Vertical bara for the Arenosa 
data repreaent the esti .. ted error 
in deterainin9 flood diachar9e froa 
the aediaent elevations. The 
horhontal ban are the standard 
deviations of the radiocarbon 
date a. 
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FIGURE 10.3 Index map showing the 
west Texas study area. The letter 
.,.. shows the location of Arenosa 
Shelter, and the nllllbers refer to 
slack-ater sediMntation sites. 
The Coastock gauging station is at 
the US 90 Bridge over the Pecos 
River (based on 1:250,000 scale 
maps of the u.s. Geological Survey 
of Del Rio and Sonora, Texas). 

TERREL COUNTY 

--..""' I 

I 

deposits (overbank sediments) at the Arenosa 
Rock Shelter (Figure 10.3, locality A) on the 
Pecos River near its confluence with the Rio 
Grande (Patton, 1977 J Patton and Baker, 1977). 
Arenosa Shelter is a bedrock overhang that began 
filling with flood sediment approximately 9500 
yr ago, following the diversion of the Pecos 
River channel away from the western bedrock 
vall. Sediment from the 1954 event is the 
uppermost deposit that formed at this protected 
locality. Analysis of the alluvial stratigraphy 
and radiocarbon dating of the intercalated cul­
tural horizons provided the means of establish­
ing a paleo-flood-frequency record for the Pecos 
River (Patton, 1977). The alluvial stratigraphy 
of Arenosa Shelter provided real data on ancient 
flood peaks. The discharge for each peak was 
estimated by assuming that the highest deposit 
elevation corresponded to the flood stage and 
by converting this stage to discharge by slope­
area hydraulics calculations. The frequency of 
flooding, however, had to be estimated from the 
radiocarbon dates on the individual floods. 
Thus, the geologic data in Figure 10.2 (curve 
B) are not statistical-recurrence intervals in 
the sense of the annual series of measured 
streamflows. Plotting the geologic data on Fig­
ure 10.2 is meant as a heuristic device, not a 
design criterion for a water-resource project. 

Many additional slack-water sedimentation 
sites occur along the lower Pecos River and the 
nearby Devils River. Baker et al. (1979) ex­
amined these, demonstrating that buried charcoal 
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from surficial fires, buried soil A horizons, 
and archeological materials can provide suffi­
ciently detailed time stratigraphy to establish 
flood-recurrence intervals. The buried soils 
are particularly common and result from the fact 
that floods with recurrence intervals in excess 
of several hundred years allow sufficient time 
for incipient A horizon development prior to 
burial by the sedimentation of a brief flood 
event. However, if the slack-water deposit is 
not sufficiently elevated above more frequent 
flood stages, then sedimentation by the more 
frequent events will be so rapid that soil pro­
file development is inhibited (Patton et al., 
1979). The ideal locations for producing these 
buried A horizons are those that have accumulat­
ed thick slack-water sequences (certainly to an 
elevation in excess of 100-yr flood stage) along 
streams that have highly right-skewed, flood­
frequency distributions and that flow in deep, 
narrow valleys. 

Some slack-water sequences are sufficiently 
detailed that changes can be discerned in flood 
magnitude-frequency relationships over relative­
ly long time scales. The Arenosa Shelter record 
contains evidence that the more humid periods 
during the last 9500 yr were characterized by 
numerous floods of intermediate magnitude but 
no superfloods. Other more arid periods, in­
cluding the last 2000 yr, show relatively few 
floods of intermediate magnitude but have one 
or two immense floods. 

Slack-water flood deposits in deep, narrow 
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valleys appear unique in their ability to pre­
serve a detailed record of both flood magnitude 
and frequency. However, many other stratigraph­
ic situations can yield useful information on 
the occurrence of one or more great floods dur­
ing a long span of geologic tiae (Costa, 1978). 
Even without analyzing the detailed geologic 
record of ancient floods at Arenosa Shelter, the 
long recurrence interval of the 1954 flood is 
implied by its burial with sediment of a 1300-yr 
old surface (Patton, l977J Patton and Baker, 
1977). For Elm Creek in central Texas, Baker 
(1977) described three bouldery deposits of 
superfloods, each separated by buried soils that 
have been radiocarbon dated. The last of the 
three events was the historic flood of 1972, 
which yielded runoff of 90 m3 sec-1 km-2 from 
a catchment of 12.5 km2. The radiocarbon dates 
indicate that the three superevents were sepa­
rated by approximately 400 yr (Patton and Baker, 
1977). In this latter example, precise magni­
tudes of the ancient events are difficult to 
assess. Nevertheless, the key point of this type 
of analysis is that real data on approximate 
flood magnitudes and temporal spacing can be 
used to assess risk potential. 

The geologic examples presented here repre­
sent the results of recent research into an 
underutilized tool for flood assessment. The 
approach is likely to be alien to most hydrolo­
gists. It involves a largely deterministic 
analysis of selected individual phenomena, 
rather than the usual assumptions of randomness 
applied to large populations of phenomena. Aside 
from the philosophical implications, discussed 
in the next section, the method warrants consid­
eration by hydrologists as an alternative source 
of input into effective water-resource deci­
sions. What decision maker concerned with the 
risk of earthquakes or volcanic eruptions would 
base his analysis solely on statistical studies 
of regional seismicity and volcanism? The 
geologic record of a specific fault or of an 
individual volcano can point to important 
periodicities that are only ignored to the per­
ils of the analyst. Similarly, as geophysical 
phenomena, floods, especially the largest 
floods, deserve individual scientific scrutiny. 
For selected localities, geology may provide a 
new source of data that will help stabilize the 
decision-making process so that it does not 
become a meaningless exercise in expected value 
calculation. 

RANDOM OBSERVATION AND CAUSAL EXPLANATION 

Hydrology is a science that deals largely with 
fluctuations and with the adjustment of complex 
systems to those fluctuations. As the time base 
of hydrologic concern is extended, so must 
hydrology increasingly concern itself with 
•catastrophic• fluctuations. Geology not only 
provides a method for documenting past cata­
strophes but it also provides a long philosoph­
ical tradition for contending with the scientif­
ic study of catastrophes. 

The complexity of the geologic record bas 
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led to continued philosophical reflection among 
geologists. Among many concerns has been the 
question of whether the observed (empirical) 
regularity of the record is of a statistical 
(random) or deterainistic (causal) nature. Ob­
servational data clearly support the for.er 
view, although combined deterministic-stochastic 
models are required to explain soae phenomena 
(Mann, 1970). On the other hand, the most cher­
ished first principle of geology is that of 
causal explanation through the principle of 
uniformity, i.e., the familiar concept of sim­
plicity, or Occam's razor (see Albritton, 1967). 
The prospect of a randomly generated catastrophe 
is anatheaa to this tradition. Attempts were 
even made to suppress the study of great geolog­
ic catastrophes, such as the Lake Missoula 
floods (Baker, 1978). consider the comments of 
Brown (1974): 

If catastrophe is not a uniform process, there 
is no rational basis for understanding the past 
• • • the only justifiable key to the past is 
probability and the orderliness of natural pro­
cessJ if uniformity is not the key, there is no 
key in the rational sense. • • • 

In essence, the orderliness and causality 
of nature is a matter of faith. This is no 
better illustrated than in the classic exchange 
between Albert Einstein and Niels Bohr. Ein­
stein's assertion was, •God does not play dice.• 
Bohr supposedly replied, •stop telling God what 
to do. • The Einstein-Bohr debate arose fr011 
considerations of electrons. Heisenberg's fa­
mous •uncertainty principle• was applied to the 
indeterminacy of specifying the position and 
momentum of electrons. Bohr extended that prin­
ciple to a philosophical one: There is no such 
thing as an electron with definite positon and 
momentum. To this, Einstein's rational mind 
rebelled: •The uncertainty principle was not an 
inherent feature of reality, but rather it was 
merely a shortcoming of our current theory for 
reality. • 

The Einstein-Bohr debate was never resolved. 
Indeed it may be the ultimate dilemma of all 
science. The need to predict certain phenomena 
often requires assumptions of randomness to pre­
dict at least probability distributions of large 
populations of those phenomena. However, this 
expedient has also been termed •the philosophy 
of scientific desperation.• Sometimes it is the 
individual phenomena that require scrutiny. 

There is some evidence that nature itself 
compromises in its achievement of order versus 
disorder in phenomena. The great Missoula 
floods, the largest documented in the geologic 
record (Baker, 1973), might be conceived of as 
isolated events, best considered as part of a 
larger population, and no more worthy of indi­
vidual scrutiny than the thousands of flood 
peaks observed on thousands of streams that 
dissect our planet. Most floods do little to 
the landscape. Like most human ideas, they have 
little influence on the larger system of which 
they are a part. Never the less, a small number 
of ideas may lead to revolution and to a new 
order. Biological evolution involves mutations, 
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most of which have no effect on the ecosystem. 
Given sufficient time, however, a mutant may 
appear that will have a profound effect, chang­
ing the entire operation of the ecosystem. The 
sequence of flood events is not different. A 
finite possibility exists that fluvial systems 
may react in an analogous manner when perturbed 
by a phenomenal excess of input. The usual 
factors for damping out such a fluctuation are 
overwhelmed, and the system enters a high-energy 
state of disequilibrium. 

How does one study systems that have been 
driven far from equilibriWI? Does equilibrium 
st.ply lead to chaos? Such questions are funda­
mental in thermodynamics. Prigogine (1977) of­
fers the following approach: •Instead of • • • 
looking (in Physics) for simplicity, you can now 
also go the other way, and try to find the laws 
of caaplexi ty. 

•aow can order be generated out of chaos? 
• • the usual theory was to calculate the 

average nWiber of collisions • • • which would 
produce new species • • • but these new struc­
tures arise from violations of the laws of large 
numbers. This breakdown of the average • 
leads to the new structures.• 

The new structures that develop from non­
equilibriWI are called •dissipative structures• 
(Prigogine, 1978). They are giant fluctuations 
stabilized by exchanges of mass and energy. The 
Missoula floods created a landscape by an im­
mense fluctuation in fluvial system behavior, 
but that landscape comprises an orderly assem­
blage of landforms consistent with the high­
energy state of its formation (Baker, in press). 

The •success• of a science might be measured 
by its ability to predict phenomena. Certainly 
the clients of scientific knowledge regard this 
as the paramount goal of science. Hydrology, 
indeed any physical science, exhibits soundness 
and prestige through its quantitative predic­
tions. Although we scientists must concern our­
selves with this public perception of scientific 
success, we must not let the scientific image 
conflict with the scientific process. 

Kuhn (1962, 1978) argued that laboratory 
measurements in science generally refine prin­
ciples that are presupposed by the prevailing 
consensus of •normal science•, i.e., the para­
digm. In geology and hydrology the •laboratory• 
ia often the earth itself, but the principle 
remains that the quantitative regularity sought 
is conditioned by the regularity that is expect­
ed. Stated another way, Kuhn's argument holds 
that prediction with •loaded dice• is far more 
prevalent in science than frustrating attempts 
to fathom the unknown. Thus, one can deJDOn­
atrate that the predictive capabilities of many 
hydrologic models arise because the teats of 
those models are severely constrained (Chapter 
8) • 

A story of Alexander the Great illustrates 
that a choice must be made. King Gordiua of 
Phrygia supposedly tied an i111111ensely intricate 
knot and stated that the knot could only be 
undone by the future ruler of Asia. Faced with 
the knot's complexity, Alexander summarily cut 
it with his sword. 

Faced with the complexity of the geologic 
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record, many geologists have tried to apply a 
rational method of working hypotheses (Gilbert, 
l886r Chamberlin, 1897). Gilbert (1886) even 
tried to avoid the pitfalls of causality by con­
ceiving of •antecedent and consequent• relations 
constituting a •plexus• that pervades nature. 
Hypotheses are used to penetrate this plexus, 
but it is not their predictive ability that the 
scientist must seek. Rather it is the points 
at which models (hypotheses) fail to predict 
accurately. Science will only progress by this 
concern with the failings of its own accomplish­
ments. The scientific process, as opposed to 
the scientific image, has been clearly contrast­
ed by Bayly (1968, p. 120): •Science is not the 
orderly accuaulation of factsr it is the orderly 
accWiulation of rejected hypotheses.• 

Can hydrology maintain a dualistic philos­
ophy on these issues? The realist position 
dictates a combined deterministic-stochastic 
approach (Yevjevich, 1974). Certainly the 
practical application of hydrology requires the 
refinement of statistical procedures. However, 
hydrology's scientific advancement requires a 
continuing process of hypothesis development and 
testing. Human nature will dictate that many 
of these hypotheses will be formulated in deter­
ministic terma. COnflict between these two 
approaches arises largely when the •success• 
criteria of one are indiscriminantly applied to 
the other. Like geology as a whole, hydrology 
seema fated to a dile..a. 

CONCLUSIONS 

1. Hydrologic risk assessment is increasing­
ly concerning itself with very rare events of 
high magnitude. The possible disruptive effects 
of these events on our increasingly complex 
society leads to an increased concern with 
•catastrophic• phenomena. 

2. Many techniques utilized in normal hydro­
logic science are not adequate for the confident 
assessment of catastrophic risk. For example, 
normal hydrologic science must estimate rare, 
great floods by statistical analysis of limited 
sets of observational data. The moment measures 
of these data sets may not be adequate for haz­
ard assessment in regions of highly variable 
flood behavior. 

3. The geologic record has been underuti­
lized as a source of independent data on the 
magnitude and frequency of hydrologic phenomena. 
Recent work on the geologic effects of individ­
ual floods shows that, for some circumstances, 
geology can play a key role in assessing cata­
strophic risk. More research needs to be devot­
ed to the geologic approach and to the blending 
of the hydrologic and geologic methodologies. 

4. The need to accurately assess hydrologic 
risk for society and the application of geology 
to that goal illustrate several fundamental con­
cerns regarding hydrology as a science. Assump­
tions of randomness or determinacy in hydrologic 
phenomena depend largely on the scale at which 
the phenomena are being studied and on the goal 
of investigation. Hydrologists must remember 
that the empirical base for their science de-
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rives from their implicit conception of that 
science. The goal of prediction requires an 
orderly conception of science within which to 
measure and' extrapolate. The goal of under­
standing relationships among phenomena requires 
the continued scrutiny and reassessment of the 
conception of science that made prediction pos­
sible. 
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INTRODUCTION 

Decisions regarding the management (i.e., plan­
ning, design, and operation) of a water-resource 
system are dependent on predictions as to the 
state of nature and society at some future time. 
Predictions may be qualitative rather than quan­
titative statements, and the dependence may be 
less than an analytical kind. The temporal 
scope of a prediction may be short, hours or 
days, as in the case of decisions pertaining to 
reservoir releases to lessen downstream damages 
from predicted flood waters. In contrast, in­
vestment decisions as to the type, size, and 
location of the structural and nonstructural 
measures composing a water-resource system de­
pend on predictions of water supply and demand 
decades hence. The time span of a prediction 
may well be in excess of normal life expectancy, 
e.g. , in reference to predictions of environ­
mental e(fects on the groundwater system result­
ing from the burial of toxic or radioactive 
wastes. 

Increasing attention is being focused on the 
future, reflected, implicitly at least, by 
recent environmental (e.g., Public Law 92-500, 
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1972), endangered species (Public Law 93-205, 
1973), and climate (Public Law 95-367, 1978) 
legislation. Aspects of such statutes as well 
as derived regulations have been questioned. 
For example, it has been noted that the stated 
goal in Public Law 92-500 of •zero discharge• 
is not physically realizable in 1985 or at any 
other time. Similarly, Public Law 93-251 (Water 
Resources Development Act of 1974) requires •the 
development of measures and programs to protect 
and enhance water quality• within an area of 
•natural integr ity• while concurrently calling 
for the development of the area's •potential for 
healthful outdoor recreation.• Whether such 
paradoxical mandates result from incorrect or 
(socially and politically) ineffective scientif­
ic arguments is debatable. But almost certain­
ly, future statutes will reflect the intent to 
achieve social ends by hedging against uncer­
tainty regarding future events. 

Moreover, the time from conception to reali­
zation of large-scale, federally funded water 
projects, which has never been short, has becoae 
longer, and the decision process more involved, 
as social and environmental issues have come to 
compete with more traditional econoaic and tech-
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nological concerns. It can be argued that 
national problema (e.g., those of energy and 
food) bearing on water resources might well lead 
to decisions that set the further exploitation 
of these resources on a costly and almost irre­
versible course, resources that in many regions 
are sparse or already nearly fully committed. 

If the attendant economic, environmental, 
and social costa of future legislation are to 
be reduced, if the time from conception to 
realization of water projects is to be shorten­
ed, and if more resilient water-management op­
tions are to be proposed (see, e.g., Fiering and 
Holland, 1974), then the basis of hydrologic 
prediction will need to be strengthened. Most 
would agree that this is in the public interest 
and can be achieved only through research. No 
doubt, an increased research budget would im­
prove the probability of doing so. But no less 
important is a change in the focus of research, 
from its present emphasis on resolving immediate 
operational problema to that of furthering a 
fundamental understanding of hydrology. 

Hydrology deals with the distribution, prop­
erties, and movement of water through the natu­
ral system, conceived to be the hydrologic 
cycle. But it must be recognized that huiiiAn 
activity is inherent in the •natural system, • 
both influencing it · and affected by it. This 
is in direct contrast to the widely held, tradi­
tional view that the effects of human enterprise 
can be dealt with as separable from the hydro­
logic cycle. Furthermore, the chemical, biolog­
ical, and physical attributes of water must be 
seen to be as appropriate to the concern of 
hydrology as the quantity of the water mass. 
The necessity of such a viewpoint has been 
anticipated by legislation, such as Public Law 
95-87 (Surface Mining Control and Reclamation 
Act of 1977), which requires the capability to 
characterize the quality as well as the quantity 
of water in aurface-ater and groundwater sys­
tema and to describe the hydrologic balance in 
relation to human activity (mining and reclama­
tion). 

In the following discussions, reference is 
made to the prediction of events, where the 
events as well as the predictions may be of a 
quantitative or qualitative nature. It has been 
said that • ••• prediction of future events is 
a major aim of all geophysical sciences• (NRC 
Geophysics Study Committee, 1978, page 5). Dis­
tinction must be made, however, between two 
types of predictions: those that are inherent 
to and deduced from axiomatic theories are 
referred to below as •consequences, • so that 
•predictions• will only be used to refer to 
statements that are derived to answer specific, 
generally operational, questions, tangential to 
any particular theory. 

Predictions, however derived, cannot be said 
to be right or wrong until after the fact. The 
a priori judgment that they are good or bad, 
plausible or not, rests on the manner by which 
they are obtained, i.e., the credibility of 
predictions derives from their supporting sci­
entific and philosophical arguments. These 
arguments, rooted in the consequences of hydro-
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logic theories advanced through fundamental 
research, assure a scientific foundation in the 
conduct of public affairs regarding water re­
sources. 

HYDROLOGIC CYCLE 

The hydrologic cycle--the basis of hydrologic 
theories and predictions--describes the distri­
bution and characteristics of water as it moves 
through the atmosphere, to and beneath the 
earth's surface, and returns to the atmosphere. 
The word •cycle• is meant to convey the notion 
that the movement is circular, not that it is 
necessarily periodic. The movement itself is 
manifest in various interdependent processes, 
such as precipitation, evapotranspiration, in­
filtration, and runoff, tempered by atmospheric, 
surface, and subsurface storage. (Note that the 
hydrologic cycle is seen as a collection of con­
nected processes, not just a set of events.) 
The range in spatial and temporal dimensions 
entailed in describing the movement is large, 
but no larger than those of processes in other 
empirical sciences. The general acceptance of 
the hydrologic cycle as a scientific concept 
dates back to the late seventeenth century (see, 
e.g., White, 1968). Three tenets characterize 
the present most widely held conception of the 
hydrologic cycle (herein called the •traditional 
paradigm•): (1) the quantity of the water mass 
as it is distributed and moves through the cycle 
is of primary importance, (2) the quantity of 
the water mass can be described independently 
of the qualityJ and (3) human activity is an 
external perturbation of the cycle. 

The driving energy of the cycle is primarily 
solar. Estimates of the principal energy inputs 
to the life system have been reported by Hubbert 
(1976) as (1) 174,000 x 1012 thermal watts 
from solar radiation intercepted by the earth's 
diametrical plane, (2) 32 x 1012 thermal watts 
conducted and convected to the earth's surface 
from its interior, and (3) 3 x 1012 from the 
combined kinetic and potential energy of the 
earth-moon-sun system. Of the total solar 
input, about 30 percent is directly reflected 
and scattered into outer space, 47 percent is 
directly absorbed and converted into heat, and 
23 percent (40,000 x 1012 thermal watts) is 
dissipated in circulating through the atmosphere 
and the land and water bodies of the earth in 
driving the hydrologic cycle. 

The total mass of water in circulation is 
treated as constant: At any one time, it is the 
same as it was at any preceding time or will be 
at any future time. The amount of water taken 
out of circulation, at least for an indefinitely 
long period of time, by geochemical processes 
(e.g., in the formation of anhydrides) and the 
number of hydrogen atoms escaping the earth's 
gravitational pull are negligible within terms 
of human experience. Nonetheless, there is no 
reason to believe that the mass has been con­
stant since the beginning or that it will remain 
so over the life of the solar system. 

Nace (1960) estimated global water supplies 
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on a volume basis. The specific magnitudes of 
the volume estimates are not meant to be taken 
exactly--they are ball park numbers--but the 
relative magnitudes and percentages of the total 
supply are informative. Although the total sup­
ply is within the bounds of hydrologic inquiry, 
it is mainly the total land supply (leas than 2 
percent of total supply) that has concerned 
hydrologists. Even so, the polar icecaps and 
glaciers (greater than 70 percent of total land 
supply) receive lese than proportionate hydro­
logic attention. Primary interest is focused 
on the remaining land supply (leas than 0.6 per­
cent of total supply), that which is within the 
traditional scope of water management. Therein, 
the volume of surface water, excluding polar 
icecaps and glaciers, is about 3 percent of the 
total land supply and the ratio of stream chan­
nel supply to subsurface supply is estimated to 
be on the order of one ten-thousandth. 

Note that these percentages are slightly at 
variance with the more recently published global 
volume estimates--see, e.g., figures provided 
in studies from the soviet union published by 
UNESCO (1978)--but this only emphasizes the 
approximate nature of such figures. 

The qualified percentages of global supplies 
cited above are not meant to imply that water 
aanagement has been preoccupied with a negligi­
ble portion of the total, ignoring the larger 
sources represented by the polar icecaps, gla­
ciers, and oceans. The potential of these larg­
er supplies for augmenting conventional ones bas 
on occasion been discussed, particularly in 
terms of transporting glacier ice to temperate, 
water-short coastal regions. And on a limited 
scale, desalinization plants along coastal 
reaches are used to augment local water sup­
plies. 

'l'hat the potential of the nonconventional 
sources has not been realized to a significant 
extent, because of economic, environaental, 
political, and technological constraints, does 
not diminish their importance regarding the 
management of conventional supplies. Not only 
are nonconventional supplies much larger than 
conventional ones, but they exert a significant 
effect on and are affected by cliaate. However, 
this relationship is not understood well enough 
to permit extensive support for credible predic­
tions of future climate or of the subsequent 
effects that would be relevant to the management 
of conventional supplies. Whatever other prob­
lems are presented, •a further complication to 
a rational study of climatic change and water 
supply is the aura of uncertainty that hovers 
over all who try to predict the future from 
limited data and understanding• (NRC Geophysics 
Study CO..ittee, 1977a, page 2). In part, an 
appreciation of the potential importance of 
cliaatic predictions to national problems of 
water supply motivated the establishment of the 
National Climate Program (Public Law 95-367, 
1978). 

The traditional concept of the hydrologic 
cycle does not serve as an adequate paradigm 
(in the sense of Kuhn, 1962) for guiding hydro-

logic research or for the aanagement of water 
resources as huaan activity is not separable 
from the •natural system.• Huaan enterprise 
invariably affects the movement, distribution, 
and characteristics of water, whether or not the 
effect was intentional, because no part of the 
natural system can be isolated from these activ­
ities. Limitations on the use of water 
resources are determined by rules of aan (e.g., 
water laws) and human behavior (e.g., land use) 
as much as by vagaries of nature. Water-re­
source management seeks to effect a change in 
the system through the use of structural and 
nonstructural measures in order to obtain a 
specific goal. And, in sa.. areas, such as the 
southwestern United States, reservoirs and ir­
rigation channels comprise the major portion of 
the surficial water system, but this represents 
only a portion of huaan involvement in the 
cycle. Hydrologic effects aay be completely 
inadvertent, such as changes in g~rpbology 
resulting from the networks of roads built in 
an area (Bannister, 1979) and the contribution 
of industrial effluents to the carbon balance 
of an estuarine ecosystem (Knapp et al., 1979). 

Furthermore, not only is the cycle affected 
by human involvement with ita terrestrial phase 
(i.e., surface and subsurface water) but also 
with its atmospheric phase. For example, the 
increased acidity of rain and snow is a problem 
that is not confined to the industrialized areas 
in which it arises (Likens et al., 1979). It 
has been eatiaated that the anthropogenic con­
tributions to the atmosphere of all particulates 
is about 12 percent and that of organic aerosols 
ranges from 0.2 percent to 17 percent of the 
•natural• contribution (Zenchelsky and Youaaefi, 
1979), whereas that of ea.. trace metals exceeds 
the •natural• contribution by several orders of 
aagnitude (Nriagu, 1979). As much as half of 
the total carbonyl sulfide, the principal sul­
fur-bearing compound in the atmosphere and of 
cliaatic significance, is thought to be of 
anthropogenic origin (Turco et al., 1980). 
Similarly, the climatic implications of per­
ceived increases in the concentration of atmos­
pheric carbon dioxide due to the combustion of 
fossil fuels reaain a matter of public and sci­
entific concern (NRC Geophysics Study co .. ittee, 
1977b). 

The active paradigm of the hydrologic cycle 
to be adopted should be characterized by the 
following three tenets: (1) huaan activity is 
inseparable from the natural system, (2) quality 
is no less a concern than quantity of the water 
mass as it is distributed and moves through the 
cycle, and (3) the quantity of the water mass 
affects and is affected by the quality of the 
water. 

PERSPECTIVE ON PREDICTION 

Hydrology seeks to describe and explain the con­
nectedness between events in terms of axiomatic 
theories within the paradigm of the hydrologic 
cycle. However, research is not conducted in a 
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philosophic vacuum since the content of any 
theory exceeds what is strictly given or implied 
by the data. Observations uy tell us that 
things are different, but they do not tell us 
why. With regard to any system (i.e., a collec­
tion of objects), what can be physically sensed 
are changes in the system at successive times. 
The necessary connection itself cannot in any 
obvious way be sensed, and the inference that 
changes are necessarily connected has both a 
philosophical and a scientific basis. This 
point has been made by others: in the spirit of 
Hume, Northrop (1958, page 13) stated, •. • • 
one does not sense any relation of necessary 
connection. Nor does one directly sense proba­
bility. • Explanations of necessary connection 
are conditioned on one's philosophical predis­
position. 

The above discussion has centered on the 
notion of connectedness rather than causality, 
for which there is no generally accepted defini­
tion. Bunge (1979, page 26) spoke of determina­
tion in discussing connectedness, i.e., •every­
thing is determined in accordance with laws by 
something else,• distinguishing between differ­
ent categories that include statistical as well 
as causal determination. In contrast, Northrop 
(1958) chose to speak of a weak and a strong 
form of causality, as characterized by the 
statics of the system. Assuming the system is 
closed, the postulates of a mechanistic theory 
specify both a state function, whose independent 
variables define the state of the system at any 
time (i.e., the statics of the system), and a 
time function, relating the empirical values of 
the variables at one time to those at another 
(i.e., the dynamics of the system). If none of 
the independent variables defining the state of 
the system refer to probabilities, then causal­
ity is of the strong form1 otherwise causality 
is weak. 

In the case of weak causality, probability 
enters into the definition of the state of a 
system, i.e., into the theoretical statement of 
knowledge. Probability may enter into the de­
scription of the statics of a strongly causal 
system only indirectly, through the theory of 
errors. Thus, in the case of strong causality, 
probability expresses the limitation of knowl­
edge, i.e., the empirical limitation in defining 
the initial or deduced state of the system. 

The theory of errors recognizes that the 
ability to account for any system is limited by 
time as well as physical constraints. Narrowly 
interpreted, it can be said to describe the oc­
currence of measurement errors in the empirical 
data. It can be argued that any system is oper­
ationally indeterminate, as there exists some 
finite time period over which any time function 
is rendered ineffective by the cumulative mea­
surement error (for further discussion of this 
point, see Suet, 1979, and Feynman et al., 
1965). However, even in the absence of measure­
ment error, there is a broader implication for 
large (with respect to the number of objects in 
the collection) systems: The statics or dynamics 
of the system may not be definable within a 
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lifetime unless connectedness is formulated in 
probability terms. This is the operational 
motivation for statistical mechanics. However, 
the difference between classical statistical 
mechanics and statistical quantum mechanics 
should be noteda The underlying system of the 
former is strongly causal and that of the latter 
is weakly causal, even though both systems are 
treated as if weakly causal. 

These definitions, though convenient, do not 
resolve the philosophical and scientific debate 
regarding what the nature of connectedness is. 
Notably, in physics, efforts to find the •hidden 
variable• that would explain away Heisenberg 'a 
(1930) principle of uncertainty continue despite 
the success of quantum mechanics in dealing with 
subatomic phenomena. And though such efforts 
to date have not been fruitful, attempts have 
been made to establish the philosophical legiti­
macy of the concept of hidden variables (see, 
e.g., Bohm, 1957). Thus, however satisfactorily 
the deduced theoretical consequences accord with 
the experimental data, the acceptance of the 
theories from which these consequences are based 
cannot be fully decided based on the empirical 
experimental evidence alone. 

In tracing the evolution of the concepts of 
determinism and randomness in science (as op­
posed to causal and statistical determination), 
Smart (1979) drew attention to how the study of 
geomorphology has been affected by philosophical 
inconsistencies in their use. He pointed out 
that the issues involved cannot be settled on 
empirical grounds and that in any case they 
should not be allowed to impede investigations. 

Parallels in hydrology can be drawn easily-­
the arguments as to whether the notion of infi­
nite memory (i.e., long-term persistence) is 
physically unrealistic cannot be resolved on an 
empirical basis. Mandlebrot (1980) discussed 
this point with respect to the adoption of a 
stationary versus nonstationary viewpoint con­
cerning hydrologic processes. An initial look 
at a hydrologic record may suggest a behavior, 
e.g., upward trend or a point of discontinuity, 
not inconsistent with a prior conception of a 
nonstationary process. Thus, it is possible to 
postulate this process and develop analytical 
methods to describe the nature of the nonsta­
t ionar i ty. However, it is also possible to 
accept the postulate of stationarity (albeit not 
necessarily as historically perceived in hydrol­
ogy) , maintaining that it is only the •short­
ness• of the data record that gives it the 
appearance of nonstationarity. Neither position 
can be dismissed as false on the basis of the 
data alone, and the adoption of either admits a 
completely different analysis than the other. 
It is possible to invoke the principle of par­
simony for deciding between postulates--i.e., to 
adopt the notion of stationarity as it leads to 
a simpler explanation of the process, not sub­
ject to the infinite possible forms of nonsta­
tionarity. These arguments are also applicable 
to questions regarding the effect of policies 
with respect to water quality. For example, an 
apparent trend in the concentration of a partie-
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ular constituent might be perceived as a mani­
festation of a persistent stationary process, 
rather than as an induced nonstationarity, and 
such a perception would cast trend-detection 
activities in an irrelevant position. 

Hydrology lacks a cohesive axiomatic theo­
retical structure with which to describe the 
quantity and quality of water as it is distrib­
uted and moves through the hydrologic cycle. In 
attempting to explain the experience contained 
in the extant hydrologic data base, various 
empirical relationships have been developed. 
Although not supported by a cohesive deductive 
theory, many of these relationships have been 
codified as •empirical models• that have been 
so finely tuned that they have proven useful to 
water management in predicting the near future 
at particular locales although not generally 
elsewhere. Their limited utility is the motiva­
tion for the development of so-called conceptual 
models, microabstractions of the hydrologic 
cycle under the traditional paradigm, attempting 
to describe aspects of physical processes (e.g., 
gravity, capillarity, friction) as conceived to 
govern the flow of water through elemental stor­
age components and conditioned on the principle 
of continuity. 

A distinction is drawn herein between the 
terms •model• and •theory.• A theory represents 
a synthesis of understanding, which provides not 
only a description of what constitutes the 
states of the system and their connectedness 
(i.e., postulated concepts), but allows deduc­
tion of consequences from these postulates. A 
model is an analogy or an abstraction, which may 
be drawn in verbal, mathematical, electrical, 
even physical or mechanical terms, for rational­
izing the necessary connections between changes 
in a system--it may be derived intuitively and 
without formal deductive capability. The term 
•JIIOdel• has been used so broadly in hydrologic 
studies that do not differentiate between empir~ 
ical relationships, intuitive concepts, and 
formal theories that its meaning has become am­
biguousJ great care must be taken to discern its 
intent if the intuitive and postulated concepts 
of hydrology are to be distinguished. However 
they are proposed, theories evolve and are ac­
cepted as their deduced consequences survive 
critical examination made with reference to em­
pirical evidence. A model may serve the purpose 
of examining the consequences of the theory. 
However, the purpose of hydrologic research is 
the advancement of scientific knowledge, as 
embodied in deductive theories, not the con­
struction of models per se. 

Until the middle of this century the pre­
vailing philosophical perception of scientific 
inquiry was that it proceeded in a manner de­
scribed as logical positivism. Positivism, an 
outgrowth of the German scientific movement in 
the late nineteenth and early twentieth centu­
ries, was structured by the Vienna Circle in the 
1930's and 1940's (see Suppe, 1977). Basically, 
it holds that science is a strictly rational 
process: Theories are proposed through inductive 
logic, and the proposed theories are confirmed 
or refuted on the basis of critical experiments 

designed to verify the consequences of the theo­
ries. Aqd through theory reduction or adoption 
of new or modified theories, science is able to 
approach truth. Furthermore, the most important 
task of science was held to be the ability to 
make predictions in preference to those of de­
scription and explanation. 

Popper (1959) challenged positivism on two 
main points, claiming that science was deductive 
rather than inductive and that theories cannot 
be verified, only •falsified. • Toulmin (1953) 
argued that accurate •prediction• (in the sense 
of deduced consequences) is not a sufficient 
condition for the acceptance of a theory: The 
explanation offered by a theory must be consis­
tent with data and also •pleasing to the mind.• 
More recently ltuhn (1962), Feyerabend (1963), 
and others have strongly criticized positivism, 
suggesting that science is a social enterprise, 
that the human process cannot be disassociated 
from scientific inquiry. This suggestion is 
consistent with discussions in fields other than 
the natural sciences (e.g., DeMillo et al., 
1979). Critics of positivism have placed the 
philosophy of science somewhat in disarray, 
though a dominant alternative to positivism has 
not yet taken hold. However, the positivistic 
view continues to pervade the conduct of hydro­
logic research--strong emphasis is placed on 
such pursuits as •model verification• on the 
basis of the data, i.e., the empirical evidence 
alone (even though •JIIOdel verification• is not 
pursued strictly in accordance with the notion 
of •criticality• or formulated in terms of crit­
ical experiments), and advances in hydrology are 
judged primarily in terms of predictive capa­
bility. 

PERSPECTIVE ON RESEARCH 

It is easy enough to say that more fundamental 
research is needed to provide a firmer basis for 
hydrologic predictions. More to the point is the 
need for assuring a scientific basis in the 
conduct of public affairs concerning water 
resources. A prerequisite for such assurance 
is the ability to discern scientific and trans­
scientific questions (in the sense of weinberg, 
1972)--those that may be stated in terms of 
scientific language but which cannot be answered 
by science as their resolution transcends sci­
entific methods and concerns. For example, 
directives to place a value on research cannot 
be answered in strict economic terms, for there 
is no way to anticipate the results or even the 
exact course of research, much less the subse­
quent benefits, both direct and indirect, that 
will be realized, nor any way of trading off ita 
costs to the cost to society if the work were 
not to be done. Since many questions arising 
in public affairs are of a transscientific na­
ture and since only aspects of any predictions 
that address these questions can be supported 
scientifically, the requisite predictions will 
necessarily have nonscientifically derived sup­
porting argu .. nts. 

There is no lack of predictions of future 

Copyright © National Academy of Sciences. All rights reserved.

Scientific Basis of Water-Resource Management
http://www.nap.edu/catalog.php?record_id=19530

http://www.nap.edu/catalog.php?record_id=19530


Prediction in Water Hanagement 

and recurrent events--the aaking of predictions 
is undertaken by all who have an interest in the 
development of water resources, prompted by the 
awareness that a particular course of develop­
ment may well limit the options of future gener­
ations. All predictions emanating from outside 
recognized scientific circles cannot be said to 
be erroneous or misleading. They are numerous 
and diverse enough so that the •1aw of large 
numbers• assures that at least one will accord 
with the outcome. By the same token, there is 
no guarantee that predictions emanating from 
within the scientific coamunity will always ac­
cord with the outcome. The question comes down 
to which prediction society is to choose, and, 
having aade the choice, what course of action 
to take to counter any implied or perceived haz­
ards or risks concomitant with that prediction. 

That the question is not to be taken lightly 
is exemplified by the March 1979 accident at the 
Three Mile Island nuclear facility near Harris­
burg, Pennsylvania (President's Commission on 
the Accident at Three Mile Island, 1979). The 
nature of the accident and the threat it posed 
to surrounding communities have been extensively 
reported in the news media and need no further 
elaboration. To be noted is that the probabil­
ity of such an accident reoccurring has not 
changed (assuming no technological or managerial 
changes). But the public's perception of the 
posterior probability is considerably larger 
than of the prior probability--no doubt attrib­
uted to greater awareness of human fallability. 
What was accepted as a low risk (from a techno­
logical viewpoint) prior to the accident is now 
perceived as a high risk (from a behavioral 
viewpoint) --a change in probabilistic attitude 
not confined to the Three Mile Island accident. 
However the risk is eventually assessed, it will 
have a bearing on the national energy policy. 

Also to be noted is that flood protection at 
the facility was designed on the basis of the 
probable-maximum flood--a basis used extensively 
in spillway designs, particularly in those cases 
where the failure of the structure would pose a 
direct threat to lives. The hydrologic merit 
of this basis has been questioned on more than 
one occasion. The arguments pro and con might 
be deemed academic were it not for the awareness 
that the protection provided is illusory (Kirby, 
1978). The values of probable-maximum floods 
are revised upward on those occasions when they 
are exceeded or nearly equaled by the magnitudes 
of floods. There is nothing to say that future 
floods will not prompt upward revision at Three 
Mile Island as has occurred elsewhere. 

Assessment of flood risks is a traditional 
concern of water management and remains an im­
portant one: the potential and realized costs 
of floods to society continue on an upward 
trend. The local and immediate nature of flood 
hazards is in sharp contrast to those of 
droughts, whose effects are regionally extensive 
and of long duration. Although much work has 
been devoted to quantifying the effects of 
droughts on agriculture, a general methodology 
for quantifying drought hazards has not been 
developed to an extent that the mitigation of 
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attendant losses can be brought within the main­
stream of water management. Although predic­
tions of occurrences and effects of floods and 
droughts are of major concern to society, of no 
less importance are those concerning water qual­
ity. Like those of droughts, the associated 
hazards and costs have not been well defined. 
Furthermore, water-quality management shares 
common environmental concerns with traditional 
water management but has developed and continues 
to be pursued separately. Outside the concerns 
of either water quality or traditional manage­
ment but, nonetheless, of significance to soci­
ety are predictions of water-related geophysical 
hazards such as ice breaks, channel erosion, and 
landslides. 

Predictions of future and recurrent events 
may enter into decision making in a formal, 
analytical manner but their importance derives 
from the rational basis they provide for risk 
assessment. In turn, the credibility of the 
predictions derives from the scientific and 
philosophical arguments on which they rest. 
Fundamental (basic) research provides the theo­
retical base from which these arguments can be 
advanced and articulated. 

Short-term prediction is essentially a tech­
nological matter, supported by established phys­
ical principles (e.g., those of hydraulics). 
Even so, any number of examples can be found of 
predictions based on empirical relationships 
rather than theoretically derived ones. That 
they should be conversely structured is a rea­
sonable expectation, but such approaches have 
been impeded by the fact that over the years 
many •empirical models• have been so finely 
tuned that their theoretical counterparts are 
not likely to give much better predictions. 

However, errors in prediction increase rap­
idly as the time difference from present to 
future is lengthened, and it is apparent that 
less credibility can be attached to long-range 
predictions derived from empirical relation­
ships. As the difference in time is increased, 
the water-resource system becomes, in effect, 
an open system, and whatever principles and 
theories might have guided near-term predictions 
now become ineffective. The limitations of 
scientific knowledge are manifest in our general 
inability to delineate the boundaries of the 
system (i.e., to make the free-body cut) such 
that the system may be regarded as effectively 
closed. 

The boundaries to be delineated are not 
solely of a physical kind, but economic, socio­
logical, ecological, and political as well. 
Furthermore, depending on the context in which 
they are made (e.g., traditional water manage­
ment versus water-quality management), the free­
body cuts of the system are likely to differ. 
Although it may be that these cuts can be made 
independently (e.g., as exhibited by various 
•empirical• and •conceptual models•), the sepa­
rately made predictions may be inconsistent in 
their implications for common environmental is­
sues. A task of research is to gain an under­
standing of how to make such delineations that 
are not contradictory among the diverse inter-
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eats of water-resource management and that are 
not inconsistent with hydrologic theory. 

Correspondent with this task is the identi­
fication and quantification of the hazards and 
risks that would be imposed on society by the 
realization of specific events. That is, unless 
something is known about how the events trans­
late into hazards (a subject of research), it is 
difficult to determine what it is that is to be 
predicted. The translation is understood rea­
sonably well in the case of floods, a process 
that has been dealt with under the traditional 
paradigm, but less so in the case of droughts 
and in matters relating to water quality, both 
of which may be better suited for description 
under the active paradigm. With respect to the 
former, this is attested to by the many defini­
tions of a drought that have been proposed, none 
of which have proven completely satisfactory, 
in particular those strictly limited to the 
quantity of the water mass. With respect to the 
latter, although there are many secondary facets 
to the concern about environmental degradation, 
such as aesthetics and economics, the primary 
concern is for public-health effects, as exem­
plified by the fishable-swimmable criteria 
stated in Public Law 92-500 (1972), by the Safe 
Drinking Water Act (Public Law 95-190, 1977) and 
by the Clean Water Act of 1977 (Public Law 95-
217). Unfortunately, the state that constitutes 
•good health,• or rather the factors that impair 
good health, are not well defined. Therefore, 
standards for myriad surrogate factors--water­
quality constituents--are promulgated. Such 
standards are purposefully constructed to •err 
on the side of safety,• because the translation 
from specific water-quality constituent levels 
to public-health effects is generally not well 
understood (Krenkel, 1979). Hence, predictions, 
however good they may be, about these surrogate 
variables are irrelevant unless the variables 
bear on the matter of concern, public health. 

Predictions for water-resou~ce management 
should be based on the consequences of hydrolog­
ic theory, which in turn seeks to describe and 
explain the connectedness between events. How­
ever, the systematically collected portion of 
the extant hydrologic data base has evolved 
largely in response to questions of management 
of the water resource rather than being motivat­
ed by scientific inquiry, a situation not unique 
to the United States (see e.g., Chapman, 1975). 
This data base has come to constitute the prin­
cipal empirical (i.e., experimental) evidence 
for the examination of hydrologic theories 
because the past cannot be revisited and time 
between events of interest mitigates against the 
construction of another. This situation has 
forced a particular perception on hydrology. 
Attention has focused almost exclusively on the 
capability to make predictions that duplicate 
this data, rather than on the critical examina­
tion of the theories from whose consequences 
these predictions arise. 

In the aforementioned context, matters of 
prediction cannot be disassociated from those 
of estimation, particularly in the case of re-

current events. Thomas (1978) noted, however, 
that the use of conventional statistical methods 
in hydrologic analysis may be called into ques­
tion because hydrology is concerned with per­
sistent processes and phenomena resulting from 
these processes are typified by probability 
distributions with long straggly tails that do 
not accord well with classical probability laws. 
(But such properties inferred from the extant 
hydrologic data base as persistence and straggly 
tail structure have heretofore not generally 
been considered in examinations of the conse­
quences of hydrologic theories, e.g., such as 
those of global-water balances.) Thomas (1978) 
suggested that robust estimators (see Chapter 
7; and Andrews et al. , 1972) offer promise in 
this respect as they can provide high-estimation 
efficiency while making few assumptions regard­
ing the underlying distributions of the phenom­
ena. Robust estimators are being used more 
widely in areas other than hydrology, although 
the ad hoc nature of their derivations is more 
disturbing to some (see, e.g., Box, 1979) than 
to others (see, e.g., Tukey, 1977). 

A number of criteria (e.g., unbiasedness, 
consistency, minimax) have been proposed for 
deciding among alternative estimators. That of 
admissibility underlies current interest in 
Stein-rule estimators (see, e.g., Judge and 
Bock, 1978). Although derived in a non-Bayesian 
context, the Stein (1956) estimator of the loca­
tion parameter may also be derived by empirical 
Bayes arguments, whereby the Bayes prior distri­
bution is estimated from the data. The risk 
(i.e., the summed-mean-square error) of the em­
pirical Bayes estimator is only slightly larger 
than that of the Bayes estimator with a perfect­
ly specified prior distribution and protects 
against the larger Bayes risk that would arise 
through misspecification of the prior (see, 
e.g., Efron and Morris, 1973). Stein-rule esti­
mators combine seemingly related phenomena to 
improve the estimate of the location parameter 
for a specific phenomenon. In this context, 
relatedness is defined in terms of the distance 
between the location parameters rather than the 
stricter characterization of dependence. Such 
a perception of relatedness underlies the simple 
idea of scaling observations by their mean, 
which in hydrology dates back at least to Fuller 
(1914) • 

Nothing in the above discussion negates the 
potential utility of historical data (e.g., an­
cient-flood marks), geomorphological data (e.g., 
current and past channel geometries), and geo­
chronological data (e.g., tree rings and strati­
graphy). These data have not been incorporated 
into the mainstream of hydrologic analysis. For 
example, there remains the promise of relating 
channel morphology and stratigraphy of fluvial 
deposits to extreme floods, as suggested by the 
description of major, flood-induced shifts in 
the course of the Yellow River in China given 
by Shen (1979). The realization of this poten­
tial--together with an understanding of the 
interplay of climate, geology, and hydrology-­
would provide a rationale for assessing extreme-
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flood risks. In any case, it is these data and 
not the systematically collected data that con­
stitute the empirical basis by which predictions 
of future climates and their effects on regional 
water resources may be judged. 

The attention on •duplicating• the data, 
rather than assessing it within the context of a 
hydrologic theory, has encouraged the explana­
tion of the differences between data and predic­
tions in terms of the peculiarities of each 
particular situation. Thus, increasingly de­
tailed structures are proposed to encompass what 
are perceived to be complex situations, al.llost 
a collection of special cases. What is needed 
is a unifying theory, one that accounts for the 
disparate hydrologic situations. 

SUMMARY AND CONCLUSIONS 

Hydrology deals with the distribution and prop­
erties of water moving through the natural sys­
tem, conceived to be the hydrologic cycle. But 
it must be recognized that human activity is 
inseparable from these concerns, bOth influenc­
ing and affected by them, both intentionally and 
inadvertently. This is in direct contrast to 
the traditional paradigm, which holds human en­
terprise to be a thing apart from the hydrologic 
cycle. The active paradigm to be adopted is one 
that recognizes that human activity is inherent­
ly a part of the natural system. Furthermore, 
the quality (physical, chemical, biological) of 
water is as central a concern in hydrology as 
the quantity of the water aass, affecting and 
being affected by it. 

Water-resource management seeks to effect a 
change in the system through the use of struc­
tural and nonstructural measures to obtain a 
specific goal. Predictions of future and recur­
rent events enter into the risk-cost assessment 
on which water-management decisions are based. 
It is only after the fact that a prediction can 
be said to be right or wrong. However, predic­
tions must be judged a priori to be good or 
bad and acted upon accordingly. The judgment 
is based on the credibility of predictions 
derived from their supporting scientific and 
philosophical arguments, which must distinguish 
between the scientific and transscientific ques­
tions asked with respect to the decision. These 
arguments, rooted in fundamental research, as­
sure a firm scientific basis in the conduct of 
public affairs regarding water resources. 

The economic, social, and environmental 
costs resulting from these decisions are a func­
tion of the errors in the predictions on which 
they rely. However, the principles that guide 
short-term predictions become ineffective as the 
difference in time from prediction to event 
becomes large: •Quantitative predictions of 
economic and social trends are made obsolete by 
qualitative changes in the rules of the game• 
(Dyson, 1979, p. 192). Therefore, research must 
change its focus from its present emphasis on 
resolving immediate operational problems, which 
at best can only refine near-term predictive 
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ability, to furthering the study of hydrology 
on a more fundamental level under the active 
paradigm. Only from such study can long-range 
questions of water management be addressed. 

Within the scope of research is the trans­
lation of events into identifiable hazards-­
events that remain outside the capability of 
traditional water aanagement, notably those 
relating to problems of droughts and questions 
of water quality. The current societal inclina­
tion for a risk-free world in which natural laws 
are to be circu.vented via legislative fiat does 
not mitigate the hard task of research. Prece­
dence may rule that water-management systems in 
the United States will remain distinct, separat­
ed. according to the different uses of the water 
resource. Therefore, when dealing with environ­
mental and societal issues that are co11110n to 
these diverse management interests, particular 
attention must be paid to the natural system in 
delineating the free-body cuts imposed. 

The primary empirical (i.e., experimental) 
basis for the examination of hydrologic theories 
is the extant hydrologic data base, the system­
atic portion of which has evolved largely in 
response to questions of the management of the 
water resources rather than being motivated by 
scientific inquiry. This has forced a particu­
lar perception on hydrology as attention has 
focused almost exclusively on the capability to 
make predictions that duplicate that data. In 
this context, prediction cannot be disassociated 
from estimation. However, conventional statis­
tical methods may be inappropriate to hydrologic 
analysis because of the persistent nature of the 
phenomena and the straggly tails typifying the 
distributions of the resulting phenomena. The 
inherent difficulties in discerning the under­
lying probability law argue for the adoption of 
robust estimators that are not overly dependent 
on assumptions regarding the law and for Stein­
rule estimators that allow for an extended 
notion of hydrologic relatedness. 

The purpose of hydrologic research is the 
advancement of scientific knowledge embodied in 
theory. However they are proposed, theories 
evolve and are accepted as their deduced conse­
quences withstand examination in light of empir­
ical evidence. But, however satisfactorily the 
experimental data accord with the consequences, 
the acceptance of the theories from which they 
are deduced cannot be fully decided based on the 
empirical evidence alone. The necessary connec­
tions between sensed changes in the states of a 
system cannot be inferred in a philosophical 
vacuum so that the philosophical aspects of 
science cannot be ignored. 

Within narrow temporal and spatial dimen­
sions, characteristic of more immediate opera­
tional water-management decisions for which 
quantitative, short-term predictions are to be 
obtained (e.g., those of runoff from a specific 
storm) such that a free-body cut of the natural 
system can effectively be made in terms of spe­
cific physical boundaries, strong causality or 
notions of causal determination may be invoked. 
However, regardless of whether the traditional 
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or active paradigm is adopted, within the broad­
er spatial and temporal dimensions of the natu­
ral system, more introspection is needed to 
interpret the scientific issues of hydrology 
within a philosophical context. 

Hydrology does not seek to describe the 
history of any single molecule as it moves 
through the cycle; rather, its concern is with 
collections of molecules. (This is reflected 
by the fact that measurements of hydrologic 
phenomena do not give precise information about 
any one molecule, be it a water molecule or a 
•pollutant,• but rather imply only the probabil­
ity of finding some collection of such molecules 
at a particular location.) It is suggested that 
operationally there may be a little recourse to 
the use of probability in describing hydrologic 
processes regardless of the nature of the state 
variables. 

Under the active paradigm, causal determin­
ation cannot strictly apply as man is inherent 
to the system. Strong causality also cannot be 
supported because the system of interest cannot 
be observed without interfering with or disturb­
ing it. However, particular concepts of deter­
mination or causality cannot be imposed exter­
nally on hydrology: Adoption will occur if they 
are successful in providing an explanation of 
the empirical evidence that is acceptable to the 
scientific community. Furthermore, this expla­
nation of the necessary connection between 
changes in the state of the system in time, 
i.e., causality, cannot be strictly inferred 
from the empirical evidence alone. 

These statements should not be viewed as 
posing a hindrance to hydrologic research: Ad­
vances in modern physics did not await consis­
tent philosophical support. Rather, they should 
be regarded as optimistic that hydrology can 
evolve in accordance with a more comprehensive 
accounting of the hydrologic cycle under the 
active paradigm, limited neither by •systems• 
descriptions nor by expedient •conceptual con­
structs. • To be kept in perspective is that 
the principal purpose of research is not the 
development of models nor the enhancement of 
predictive capability per se; rather, it is the 
furthering of scientific knowledge, as embodied 
in the description and explanation of hydrologic 
connectedness from which consequences may be 
deduced in a manner consistent with the princi­
ple of determination. It is from this knowledge 
that support is drawn for the predictions on 
which water-management decisions are condition­
ed, assuring a scientific foundation in the 
conduct of public affairs regarding water 
resources. 
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