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SENSITIVITY OF WATER-RESOURCE
SYSTEMS TO CLIMATE VARIATIONS
V. Klemes

National Hydrology Research Institute, Environment, Canada
Summary
Within the World Climate Programme of WMO, a project is being
implemented on the sensitivity of water-resource systems to climate
variations. This report reviews the past work on the project and presents
general recommendations and specific proposals for further work of WMO in this
area.

1.

INTRODUCTION

1.1
The World Climate Programme (WCP) was established by Eighth WMO
Congress in 1979. Congress invited the collaboration of other bodies of the
United Nations family and in February 1981 and November 1982 meetings were
organized jointly by WMO and Unesco to plan water-related activities under the
general title WCP-Water as part of the World Climate Programme. One major
activity area identified by these meetings concerned the sensitivity of
water-resource systems to climate variations and studies of this topic were
commenced as a specific project of WCP-Water.
In 1983 Ninth WMO Congress endorsed the plans for water-related
activities under the WCP, including these for work on the above project. The
first phase of the project being completed, the decision was made to prepare a
report summarizing the results achieved to date and presenting proposals for
further work in response to the decision of Congress.

1.2

Aim and scope of the project

One general objective of the project is to find out whether it is
feasible to assess the impact on water resources of a climate change of the
order of magnitude presently anticipated by climatologists for the beginning
of the next century. Such an assessment would be of great help to
water-resource managers in that it would show the changes in the efficiency of
the present water-resource systems under the new climate conditions, thus
making it possible to plan in time the measures necessary to mitigate the
impact of adverse changes, as well as to take full advantage of favourable
changes.
The urgency of an assessment of the impact of a climate change on
water resources becomes apparent when one realizes that, in the case of large
water-resource systems, the time from preliminary studies to realization is in
the range of 10 to 20 years. Thus, for the facilities that are to commence
operation at the beginning of the next century, the planning must start in the
next few years and, undoubtedly, has already started in some cases.
An assessment of the impact of climate change on water resources
involves three distinct steps:
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(1)

A quantitative estimate of changes in the long-term indices of the
major climate variables such as air temperature, precipitation,
évapotranspiration, snow cover, runoff.

(2)

A simulation of the hydrological regime corresponding to these
changes; and

(3)

An evaluation of performance characteristics and design parameters of
water-resource systems for the simulated post-climate-change
hydrological regime.

The scope of the present project has been limited to steps (2) and
(3). As for step (1) which, of course, is their necessary prerequisite, a
range of values of air temperature and precipitation changes given in recent
climatological literature has been considered, rather than any single estimate
that could be advanced as a deterministic forecast. While it certainly would
be preferable for water managers to have an assessment based on a reliable
real-time climate forecast, it was felt that the present state-of-the-art of
real-time climate forecasting does not guarantee the correctness of any
specific estimate, notwithstanding the strength of the current concensus
behind it. For this reason, the assessment of the climate change impact was
made for several different scenarios without any attempt to rate their
respective plausibilities.
Thus the aim of the project has been limited to an attempt at a
sensitivity analysis of water-resource systems to climate variation, an
analysis based on the current methodology of modelling hydrological and
water-resource systems. Most of the work undertaken in relation to the
project has been published in scientific journals or proceedings of scientific
conferences. The work carried out within the project with a direct
participation and/or support of WMO is contained in the five reports listed
below. These reports are reproduced as annexes at the end of this report.

1.3

List of reports

Klemes. V. (1982a): Effect of hypothetical climatic change on reliability
of water supply from reservoirs. A report by National Hydrology
Research Institute, Environment Canada, Ottawa, to WMO.
Klemes. V. (1982b): The desirable degree of rigour in the testing of
rainfall runoff models. Amer. Geoph. Union, Fall Meeting,
San Francisco EOS, 63(45), Nov. 9, 922.
Klemes. V. (1983): Climatic change and the planning of water resource
systems. Proc. 6th Canad. Hydrotech. Conference, Canad. Soc.
Civil. Eng., Ottawa, 485 500.
•

Klemes. V. and Nemec, J. (1983): Assessing the impact of climate
change on the development of surface water resources. II
International Meeting on Statistical Climatology, Paper 8.2, National
Inst, of Meteorology and Geophysics, Sept. 26-30, Lisbon.
Nemec, J. and Schaake, J. (1983): Sensitivity of water resource systems
to climate variation. Hydrol. Sci. J., 27(3), 327-343.
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2.

SUMMARY OF WORK DONE

2.1

Simulation of Streamflow Series

Two river basins in the USA were chosen for the study, one in a humid
region (Leaf River, Collins, Mississippi) and one in an arid region (Pease
River, Vernon, Texas). The basic data for both basins are listed in Table 1.
The reason for selecting one basin in a humid climate and one in an arid
climate was to obtain an indication of the difference in the performance of
the employed hydrological model under humid and arid conditions since it is
known from experience that the modelling error tends to grow with increasing
ariditiy of the modelled basin.

Table 1
Basic hydrological characteristics of river basins employed in the study

River Basin

Leaf River
Collins, Mississippi

Pease River
Vernon, Texas

Basin area

1949 km2

9034 km2

Mean annual precipitation

1314 mm

540 mm

409 mm

11 mm

Mean annual runoff

The Sacramento model was chosen to simulate the streamflow in both
basins. The model is a typical representative of the present generation of
deterministic conceptual hydrological models; it is well documented and has
been widely used, both for streamflow simulation and forecasting. The model
was calibrated using six-hourly time steps and on the basis pf historical
daily streamflows; the calibration period was 18 years for the Leaf River and
12 years for the Pease River. The evaluation of the calibration was based on
mean monthly flows computed from the daily flows used in the modelling
exercise.
The climate change scenarios examined were represented by changes in
precipitation and temperature, the latter being converted into changes in
potential evaporation for the purpose of streamflow modelling. Twelve
scenarios were considered; they correspond to all the possible combinations
of the following assumed changes of the two variables:
Precipitation changes

(in %)

-15,

Changes in potential
evaporation

(in %)

-4,

-10, +10, +25
+4, +12
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The Sacramento model, with parameters derived by calibration on the
historic data, was then used to simulate, for each basin, twelve daily
streamflow series corresponding to the twelve possible combinations of changes
in precipitation and potential evaporation. The percentage changes" in both
variables were applied uniformly to all values of the two respective
historicseries within the calibration period and a daily streamflow series was
generated for each combination. For further analysis of impact on reservoir
storages, only series of mean monthly flows were used. The simulated
streamflow series were used for two basic kinds of analysis:
(1)

analysis of the hydrological impact, and

(2)

analysis of the impact on water-resource potential.

2.2

Hydrological Impact Analysis

The first aim of the hydrological impact analysis was to find out
what change in the runoff corresponds to a given combination of changes in
precipitation and potential evaporation. It was found that in the humid Leaf
River basin, the percentage of the runoff change was 2-to-3 times (depending
on the change in potential evaporation) as large as the precipitation change
whereas in the arid Pease River basin, it was about 5-to-8 times as large.
The percentage changes in runoff were several times the modelling errors
defined as the differences between the actual runoff for the historic period
and the runoff obtained from the streamflow series generated by the model for
the same period using the historic precipitation and potential evaporation
data (i.e., from the calibration run). It was thus concluded that the
Sacramento model is sufficiently sensitive to be able to simulate the impact
of the changes in its forcing functions, especially in precipitation, for the
range indicated above.
The second aim of the hydrological impact analysis was to find out
whether the changes in the simulated annual runoff values corresponding to the
various climate-change scenarios were statistically significant, i.e., whether
or not they were outside of the range of annual runoff fluctuations that could
be expected to occur in samples of given sizes (18 and 12 years) due to
natural sampling variability under stationary climate conditions. Two
different approaches were used to tackle this problem:
(a)

In the first approach, a stochastic model (random series with a
two-parameter lognormal distribution) was fitted to a given series of
annual flows generated by the Sacramento model, a large number
(n=250) of series of the same length as the original series were
generated, for each of them the mean annual flow x,a) was
constructed. If the parameters x and 6 corresponding to a jth
scenario were within the 90% confidence region of the bivariate
distribution f(x,a) was constructed. If the parameters x and a
corresponding to a jth scenario were within the 90% confidence region
corresponding to kth scenario, then the hydrological impact of the
jth climatic change was judged to be insignificant with regard to the
kth climate scenario. In this way it was found that the runoff
changes corresponding to precipitation changes of about 15% (Leaf R.)
to 20% (Pease R) were on the border of the 90% significance level.
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In the second approach, empirical ranges of x and o for the present
(20th century) climate were constructed using proxy streamflow data
represented by samples from historic flow series from basins with
conditions similar to those in the two basins under study. Using the
same sample sizes (i.e., 12 and 18 years), it was found that the
spread of historic values of x and o was greater than that indicated
by the sampling variability of the stochastic models fitted to the
annual flow series generated by the Sacramento model. It was
apparent that even the runoff changes corresponding to precipitation
changes greater than
20% may not be significant vis-a-vis sampling
fluctuations of runoff from recent historic flow series.

2.3

Analysis of Impact on Water-Resource Potential

The work carried out has been concerned only with problems pertaining
to the mitigation of water deficits, i.e., to the impact on the potential for
water supply. Therefore while the analysis was done for all cases, the
emphasis was on the results for the dry climate scenarios. Analysis of
problems pertaining to water excess (impact on flooding), where the wet
scenarios would be of main interest, has not yet been done.
Since the key element of most large-scale water supply systems is a
storage reservoir, the study concentrated on the impact on performance
characteristics of a hypothetical reservoir operated for water supply, in
particular on the reliability with which a reservoir of a given storage
capacity can supply a given constant target draft.
Reservoir regime functions (storage-draft-reliability relations) were
developed on the basis of the historic monthly flow series for both basins, as
well as for each of the twelve post-climate-change flow series. It was found
that, for the driest scenarios (precipitation reduction by 25%), the current
reliability requirements (typically about 95% of time with failure-free
operation) could be met by increasing the reservoir storage capacity for
target drafts not exceeding approximately 1/3 of the historic mean flow. For
target drafts over about 2/3 of the historic mean flow, reliability would drop
below 40% no matter how much the storage capacity would be increased. This is
because there simply would not be enough water available to be stored in the
reservoirs and used for augmenting low flows during dry years.
The statistical significance of the reliability changes was analysed
by a Monte Carlo technique making use of stochastic models fitted to mean
monthly flows generated by the Sacramento model. The sensitivity of the 95%
time-based reliability was examined in detail (including a consideration of
the uncertainty in the sample estimates of annual mean flow x and its standard
deviation o) and the results were consistent with those obtained for the
significance of the changes in mean annual flow and its standard deviation
described in section 2.2 above. Thus, the reliability changes induced by
precipitation reduction by about 15% to 20% (combined with any potential
evaporation change) were on the border of significance at a 90% confidence
level.

- 6 However, this significance is likely to be overestimated because of
the oversimplification resulting from the inadequacy of information on
long-term flow variability contained in the short flow series (12 and 18
years) used as a basis for the stochastic models. This opinion is
corroborated by the results of the hydrological impact analysis based on proxy
flow series (see item b in the preceeding section).

2.4

Conclusions

In general, the limitations of the approach adopted in the project
are given by the limitations of the current state-of-the-art of hydrological
modelling and, as regards the inputs to the hydrological models, of climate
modelling. The main problem with both these kinds of modelling is that the
development of the modelling technology has far outstripped the level of our
understanding of the physical processes being modelled. Making use of this
technology then requires that the gaps in the factual knowledge be filled with
assumptions which, although often appearing logical, have not been verified
and may sometimes be wrong. This introduces into the results an element of
uncertainty. However, the modelling exercises carried out within the project
were useful in that they revealed some possible major sources of error and
thus identified areas where improvements are necessary to make climate impact
modelling more reliable. The major areas are listed below together with
recommendations for future work.

RECOMMENDATIONS ARISING FROM WORK ON THE PROJECT
3.1

Validation of Hydrological Models

The pivotal element of the project was the presumed ability of the
Sacramento hydrological model (and models of a similar nature) to simulate
reasonably well the streamflow under climatic conditions different from those
for which the model has been calibrated. While there may be reasons for
hoping that the model possesses such an ability within the range of the mild
climate changes considered, the fact remains that this ability has not been
verified and, strictly speaking, cannot be verified before the occurrences of
the changes that were modelled.
In current practice, the validation of hydrological models even in
the best cases, does not go beyond a split-sample test, and is often limited
to a satisfactory fit in the calibration period. However, even a successful
split-sample test lends to a model only a very modest level of credibility,
limited to an interpolation capability under stationary conditions.
Obviously, the requirement to simulate flow under a non-stationary climate is
much more demanding and should be tested much more rigorously. It follows
that the modelling of the hydrological (and water-resource) impact of climate
change brings into the forefront the problem of climate transferability of
hydrological models and the possibility of testing this transferability. This
is a natural extension into a higher dimension of the long-standing problem of
hydrological modelling - the geographic transferability and its verification
which is a necessary prerequisite for the application of hydrological models
in ungauged basins. By analogy, a verification of climate transferability of
a hydrological model should be a prerequisite for the application of a
hydrological model in "ungauged" climates.

7 The pioneering efforts of WMO in emphasising the testing of
hydrological models by validation on independent data (WMO, 1975) should be
expanded to meet the stricter criteria imposed by the application of
hydrological models under conditions of non-stationary climate. A proposal to
this effect appears in section 4 below.

3.2

Structure of Hydrological Models

The study contributed to the growing evidence that current
deterministic conceptual models are often overstructured, i.e., have too many
degrees of freedom, reflected in the many parameters whose values are
"optimized" by maximizing the goodness of fit of the observed flow record. In
the present case, it is apparent that the simulated flow series for all
climate scenarios are essentially linear combinations of the historic series.
This was demonstrated by the fact that all the simulated monthly flow series
virtually collapsed into the historic series after standardization by monthly
means and standard deviations and despite the fact that the model was
developed for daily flow series and run for six-hourly intervals. This result
indicates that the optimized parameters of the model are essentially linear
regression coefficients which, being all obtained on the basis of minimization
of the same differences between observed and generated output, are not
independent and do not properly reflect independent physical features of the
basin as implied by the "conceptual" nature of the model.
Thus climate-impact modelling highlights the necessity of developing
hydrological models on a sounder physical basis and testing the adequacy of
their structural components separately, rather than globally as has become the
standard practice in hydrological modelling.
The first step along this difficult route has been made by the WMO
project for the intercomparison of conceptual models of snowmelt runoff (WMO,
1982). These efforts should be extended to other components of hydrological
models, such as évapotranspiration, soil moisture, groundwater (base flow),
a.o. Such an approach requires, in the first place, that each assumption used
in a model is tested against all available empirical and scientific evidence,
and rejected if it is not compatible with it. While it should not be
necessary to emphasize this basic necessary condition for all scientific work,
it is an unfortunate fact that it is not always met in contemporary
hydrological modelling where mathematical convenience often takes precedence
over adherence to reality.
It thus appears obvious that, in the first place, a better
understanding of the dynamics of the component processes can lead to their
better parameterization which is needed for a substantial improvement of
hydrological models necessary for the difficult tasks required of them by
climate impact modelling. Hence scientific research on the dynamics of
hydrological processes should be strongly encouraged.
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Water Balance Studies

Assessment of the impact of climate change on the hydrological regime
and water-resource potential highlights the necessity for a very accurate
water balance of a basin, especially in arid conditions, and consequently for
an assessment of the impact of dry climate scenarios. This follows from the
fact that, in arid conditions, runoff is represented by a small number
obtained as a difference between two large numbers representing precipitation
and évapotranspiration (e.g., see the data for the Pease River). Hence an
increased accuracy of estimation of both the areal precipitation and areal
évapotranspiration is another prerequisite for quantitatively correct
estimates of runoff changes.
The importance of precipitation is sufficiently clear from the
results obtained in the study. However, the importance of accurate
évapotranspiration estimates has been masked in the study by the fact that,
for a given precipitation change, the runoff change did not appear very
sensitive to the three changes in potential evaporation. One important point
to be realized in this connection is that there is a distinct possibility that
this insensitivity may be a consequence of the structure of the hydrological
model employed. A different model, with equally good performance in the
calibration period, may show a different sensitivity to perturbations of the
driving parameters. Another point which is equally important is that the
whole range of runoff responses to the three potential evaporation changes,
for a given precipitation change, may be biased up or down depending on the
model structure.
The potential errors in the estimate of actual évapotranspiration,
even if relatively small, may give rise to extremely large errors in the
estimate of the change in runoff. For example, in the Pease River basin,
runoff is only about 2% of precipitation, évapotranspiration comprising 98%.
Thus, assuming no change in precipitation, a 1% error in the actual
évapotranspiration estimate would result in a
50% difference in runoff
(i.e., 2% ± 1%) if the latter were to be estimated from precipitation and
évapotranspiration as is the case in the simulation studies for the various
climate-change scenarios.
It is thus desirable to pay more attention to obtaining reliable
estimates of areal precipitation and évapotranspiration and to improve the
methods for their computation.

3.4

Data Banks for the Testing of Hydrological Models

From the point of view of all the three major problems described in
sections 3.1 to 3.3 above, it appears highly desirable to develop a
comprehensive data base that could serve the hydrological community for the
testing of the various aspects and components of hydrological simulation
models, and would also facilitate comparisons between the various modelling
approaches. An important first step in this direction has already been made
by WMO in 1975 and experience accumulated during its execution could
profitably be used for the present purpose.
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PROPOSAL FOR OPERATIONAL TESTING OF HYDROLOGICAL SIMULATION MODELS

4.1

Introduction

A hydrological simulation model is defined here as a mathematical
model aimed at synthesizing a (continuous) record of some hydrological
variable Y for a period T, from available concurrent records of other
variables X, Z, ... . In contrast, a hydrological forecasting model is aimed
at synthesizing a record of a variable Y (or estimating some of its states) in
an interval A T, from available records of the same variable Y and/or other
variables X, Z, ... in an immediately preceding period T.
A hydrological simulation model can operate in a "forecasting mode"
if estimates of the records of the independent variables X, Z,
, for the
forecast interval A T are available through an independent forecast. Then
the simulation model, by simulating a record of the dependent variable,
{Y} A T, will in fact produce its forecast. In short, a hydrological
simulation model works in a forecasting mode whenever it uses forecasted
rather than observed records of the independent variables (it should also be
mentioned that whenever a simulation model involves lagged variables, it has a
limited inherent forecasting potential within an interval not exceeding the
lag). In this report, the term hydrological simulation model is used for
models designed for simulation as defined in the preceeding paragraph.
It is obvious that a hydrological simulation model is useful only if
it can reliably synthesize hydrological data which are not available. While
the same can be said about a hydrological forecasting model, the essential
difference is that the data synthesized by a forecasting model will eventually
become available, whereas those synthesized by a simulation model will not hence the performance of a forecasting model can be directly tested whereas
that of a simulation model cannot.
Referring to the usefulness of hydrological simulation models, it
should be emphasized that what is meant is usefulness for extra-hydrological
purposes, typically for water-management decisions. The model is useful if it
can synthesize data on which a decision should be based, but for which such
data are not available. However, such data are of no use to hydrological
science since their correctness cannot be verified - their accuracy can only
be inferred from the hydrological knowledge already available and utilized in
the synthesis. It has been said (Dooge, 1972) that "... in the context of
water resources development a model is something to be used rather than
something to be believed". However, this is applicable only to forecasting
(and, to a lesser extent, prediction) models where only the use can provide
the test data on the basis of which the model performance can be judged, i.e.,
after their comparison with the reality. For a simulation model, on the other
hand, it must be stressed that it should not be used unless it can be believed
- the data it produces are ^intestable as "the reality" will never be
available. Such is the case when "filling-in missing data" or simulating
records for ungauged sites or for physical conditions different from the
historical ones.

- 10 The central question then is: What are the grounds for credibility
of a given hydrological simulation model? In current practice, it is usually
the goodness of fit of model output to the historic record in a calibration
period, combined with an assumption that conditions under which thé model will
be used will be similar to those under which it was calibrated. This may be
reasonable in the simplest cases of the "filling-in of missing data" problem
but certainly not if the express purpose of the model is to simulate records
for condtions different from those corresponding to the calibration record.
Here we have to face the problem of model transferability which has long been
recognized as the major aim and the most difficult aspect of hydrological
simulation models. Despite this fact, very little effort has been expanded on
the testing of this most important aspect, certainly orders of magnitude less
effort than has been spent on many rather peripheral problems such as manual versus - automatic calibration.
The problem of model transferability has long been confined to
geographical transferability within one homogeneous region. Later, its scope
has been broadened to transferability from one type of land use to another
(i.e., flow simulation for a basin after future deforestation), and between
two geographically heterogenous regions. Now it should also include climatic
transferability as hydrological models are seen as potentially powerful tools
for the assessment of the impact of climatic change on the hydrological regime
and on water-resource development.
This new dimension greatly increases the difficulty of the modelling
task, makes model credibility the key issue in deciding model applicability,
and brings to the forefront the so far neglected problem of testing of
hydrological simulation models.
This section of the report describes a proposal for a hierarchical
scheme for systematic testing of hydrological simulation models, a scheme that
would lend to a model a minimum level of credibility commensurate with the
difficulty of the modelling task. The scheme would be easy to implement
operationally and its adoption would provide a convenient common basis
standard applicable to models irrespective of their structure. The proposal
has been motivated by problems encountered during the execution of the
WCP-water project described in the earlier sections of this report and is
based on the following sources: Klemes (1978, 1982, 1984a, b, 1985), Lawson
and Shiau (1977), WMO (1975, 1983).
4.2

General Philosophy

Before going into details about the model testing system which is the
subject of this proposal, it is in order to outline the premises and the
general philosophy on which it is based.
The first premise is that the type of hydrological model under
discussion is the type intended for use outside hydrology, in particular for
planning, design or making operational decisions about matters in which
hydrological information is relevant and useful. This specification is quite
important, as one may also be concerned with models intended for use inside
hydrology, as exploratory or research tools, models whose purpose is to
contribute to the understanding of hydrological processes. This is not the
case here. Models discussed in this report are not meant to contribute to
hydrological knowledge but rather to present the already available
hydrological knowledge in a form in which it can be useful for a particular
applied purpose - a function forcefully defended by Dooge (1972).

-.11 The second premise is that the criteria for model performance are
user-oriented, or operational, i.e., that they measure only the correctness of
the estimates provided by the model (model output) and not the degree of
understanding of the processes being modelled.
The third premise is that the best basis for judging model
performance is a comparison of model estimates with observations.
These premises explain why this proposal concentrates on the testing
of simulation models and does not address the problem of testing forecasting
models. For a forecasting model, this type of operational testing is
straightforward and the user can do it himself by using the model during a
trial period. He is in no danger that major inadequacies in model performance
would remain long undetected. This ease of testing deters modellers from
inflating the performance characteristics of forecasting models and guarantees
a reasonable level of realism as far as the capabilities of hydrological
forecasting is concerned ("Prediction ... is a precarious game because any
prediction can eventually be compared with the actuality" - Aitchison and
Dunsmore, 1975). However, this is not the case with simulation models which
cannot be directly tested. As a result, simulation has been a safe-game for
the modeller but a precarious one for the user. The missing corrective
potential of comparing simulation results "with the actuality" has encouraged
proliferation of both deterministic and stochastic hydrological simulation
models and exaggerated claims of their performance, which have led to their
uninhibited application to problems far beyond their capabilities. This has
created a false impression that hydrology has answers to problems which in
fact may remain beyond its reach for decades to come, and has led to a
situation damaging to both the user and the science of hydrology. In the
first case, the damage may arise from taking action based on grossly incorrect
estimates of hydrological conditions; in the second case, from a reluctance
to support genuine hydrology research resulting in an increased delay in
acquiring the knowledge needed to make realistic inferences about hydrologie
processes beyond the range of observations.
The purpose of the present proposal is to provide a set of basic
safeguards against the use of simulation models for tasks beyond their
capabilities. While this alone is not enough to improve their quality, it
could, and would provide means for restraining their abuse.
The philosphy behind the proposal can be summarized as follows: - a
hydrological simulation model must demonstrate, before it is used
operationally, how well it can perform the kind of task for which it is
intended. Since no simulation model is intended merely to show how well it
fits the data used for its development, performance characteristics derived
from the calibration data set are insufficient evidence for its satisfactory
performance. The data used for model validation (verification) must represent
a situation similar to that in which the model will be used, as it is
recognized that data from the actual situation to be simulated are not
available. While a desirable higher level of similarity, in particular one
between the structure of the model and of its physical prototype, is not
explicitly invoked, an implicit assumption is being made that a good
performance at progressively more difficult simulation levels will favour
models with a sound hydrological (i.e., physical), basis over black-box
models; accordingly, it is hoped that the proposed operational testing
scheme, if consistently applied, will indirectly lead to an improvement of the
quality of hydrological simulation models.
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A Hierarchical Scheme for Systematic Testing of Hydroloqical
Simulation Models

The scheme is called hierarchical because the modelling tasks are
ordered according to their increasing complexity, and the difficulty (rigour)
of the test increases in the same sense. Two major categories are proposed
for the process to be simulated:
(1)

stationary conditions, and

(2)

non-stationary conditions,

each of them being subdivided into two hierarchical subgroups according to
whether the simulation is to be done for
(a)

the same station (basin) which was used for calibration

(b)

a different station (basin).

The term stationary is used here to denote physical conditions that do not
appreciably change with time.
Examples of modelling tasks in these four classes of increasing
difficulty are as follows:
(la)

Filling-in a missing segment of, or extending, a streamflow record.

(lb)

Simulation of a streamflow record in an ungauged basin.

(2a)

Simulation of a streamflow record in a gauged basin for conditions
after a change in land use, climate, or both.

(2b)

Simulation of a streamflow record in an ungauged basin for conditions
after a change in land use, climate or both.

The following tests are recommended as a minimum required standard
for operational validation of models for the above four levels of difficulty.
(la)
Split-sample test. The available record should be split into two
segments one of which should be used for calibration and the other for
validation. If the available record is sufficiently long, so that one-half of
it may suffice for adequate calibration, it should be split into two equal
parts, each of them should be used in turn for calibration and validation, and
results of both arrangements compared. The model should be judged acceptable
only if the two results are similar and the errors in both validation runs are
acceptable. If the available record is not long enough for a 50/50 split, it
should be split in such a way that the calibration segment is long enough for
a meaningful calibration, the remainder serving for validation. In such a
case, the split should be done in two different ways, e.g., the first 70% of
the record for calibration and the last 30% for validation; the last 70% for
calibration and the first 30% for validation. The model should qualify only
if validation results from both cases are acceptable and similar. If the
available record cannot be meaningfully split, then only a model that has
passed a higher level test should be used (see next paragraph).
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Proxy-basin test. This test should be required as a basic test for
geographic transferability of a model, i.e., transferability within a
climatically, geographically and otherwise homogeneous region. If streamflow
in an ungauged basin C is to be simulated, two gauged basins A and B within a
homogeneous region should be selected. The model should be calibrated on
basin A and validated on basin B and vice versa. Only if the two validation
results are acceptable and similar can the model command a basic level of
credibility with regard to its ability to simulate adequately the streamflow
in basin C.
This kind of test should also be required when an available
streamflow record in basin C is to be extended and is not adequate for a
split-sample test described in the preceding paragraph. In other words, the
inadequate record in basin C would not be used for model development and the
extension would be treated as simulation in an ungauged basin (the record in C
would be used only for additional validation, i.e., for comparison with
simulated records in A and B ) .
Geographic transferability between nonhomogeneous regions I and II
should also be tested. For example, the Inland Waters Directorate of
Environment Canada has identified a need to develop models for simulating
streamflow in ungauged basins of Northern Ontario; such models would have to
be developed on the basis of gauged basins in Southern Ontario which have
different climate conditions. The test should be conducted as follows: If
streamflow is to be simulated in an ungauged basin C in region II the model is
calibrated on the historic record of a gauged basin D in region I. Streamflow
measurements are started on at least two different substitute basins, A and B,
in region II and maintained for at least three years. The model is then
validated on these three-year records of both A and B and judged adequate for
simulation in basin C if erors in both validation runs, A and B, are
acceptable and not significantly different. After longer records in A and B
become available, these two basins can be used for model development and
subjected to the simpler test for transferability within a homogeneous region
as described above, using A and B as proxy basins for C.
(2a)
Differential split-sample test. This test should be required
whenever the model is to be used to simulate flows in a given gauged basin
under conditions different from those corresponding to the available flow
record. The test may have several variants depending on the specific nature
of the change for which the flow is to be simulated.
For a simulation of the effect of a change in climate, the test
should have the following form: Two periods with different values of the
climate parameters of interest should be identified in the historic record,
e.g., one with high average precipitation, the other with low. If the model
is intended to simulate streamflow for a wet climate scenario, then it should
be calibrated on a dry segment of the historic record and validated on a wet
segment. If it is intended to simulate flows for a dry climate scenario, the
opposite should be done. In general, the model should demonstrate its ability
to perform under the transition required: from drier to wetter conditions or
the opposite.
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If segments with significantly different climate parameters cannot be
identified in the given record, the model should be tested in a substitute
basin in which the differential split-sample test can be done. This will
always be the case when the effect of a change in land use, rather than in
climate, is to be simulated. The requirement should be as follows: to find a
gauged basin where a similar land-use change has taken place during the period
covered by the historic record, to calibrate the model on a segment
corresponding to the original land use and validate it on the segment
corrresponding to the changed land use.
Where the use of substitute basins is required for the testing, two
substitute basins should be used, the model fitted to both and the results for
the two validation runs compared. Only if the results are similar, can the
model be judged adequate. Note, that in this case (two substitute basins),
the differential split-sample test is done on each basin independently unlike
in the case of the proxy-basin test where a model is calibrated on one basin
and validated on the other (see next paragraph).
(2b)
Proxy-basin differential split-sample test. This test should be
applied in cases where the model is intended to be both geographically and
climatically (or land-use-wise) transferrable. Such universal transferability
is the ultimate goal of hydrological modelling, a goal which may not be
attained for decades to come. However, models with this capability are in
high demand (e.g., in Canada for assessing the climate-change impact in
northern regions where most basins are not gauged) and hydrologists are being
encouraged to develop them despite the fact that thus far even the much easier
problem of simple geographical transferability within a homogeneous region has
not been satisfactorily solved.
The test to demonstrate such a general transferability may have
different forms depending on the specific modelling task involved. In the
simplest case of geographic and climate transferability within a homogeneous
region, e.g., for a model intended for assessment of impact of climate change
in an ungauged basin C, the test should have the following form. Two gauged
basins, A and B, with characteristics similar to those of basin C are selected
and segments with different climate parameters, e.g., w for wet and d for dry,
are identified in the historic records of both of them. Then, for an
assessment of the impact of a dry climate scenario, the model is (i)
calibrated on Aw and validated on Bd, and (ii) calibrated on Bw and validated
on Ad. It is judged adequate if errors in the validation runs Ad and Bd are
acceptable and not significantly different. By analogy, a model intended for
an assessment of the impact of a wet climate scenario would have to be
calibrated/validated on Ad/Bw, and on Bd/Aw, and judged adequate if results
from Bw and Aw are adequate and similar.

4.4

Discussion

A consistent application of the hierarchical scheme described above
requires that a model validated at a given level must also pass validation
tests at the applicable lower levels. Thus, for example, a model to be
calibrated on the proxy basin A at level (lb) would first have to pass a
simple split-sample test on the record A before it is calibrated on the whole
record A and calidated on the whole record B. It goes without saying, that
calibration results based on the whole record A should not be significantly
different from calibration results for the individual segments of A used in
the split-sample test.

- 15 It may be argued that a validation of a model at a given level of
difficulty automatically guarantees its adeguacy at all lower levels. This
probably would be so in the case of strictly physics-based models which would
not have to be calibrated, i.e., whose parameters would not be obtained by
optimization of the output fit. However, the present generation of
hydrological simulation models is not in this category but rather in the
category of conceptual models which can be described as gray-box, with a
darker shade of gray than commonly assumed. In such cases it is guite likely
that a model which is transferable from one basin to another may not pass a
simple split-sample test because the "transferability" may be due to
pronounced synchronicity (seasonality) of records in the two basins, i.e., be
the result of spurious correlation. This danger is always present when a
model involves black-box elements as is the case with hydrological conceptual
models. Herein lies the weakness of operational testing such as described
above. It follows that validation based on these tests lends to the model
only a rather modest level of credibility limited to interpolation within the
range of the data base and confined to the task for which the model has
actually been tested. In other words, a given operational test provides no
basis for extrapolation, whether in terms of the modelling task or the range
of data. For example, if the data base contains floods no higher than a
20-year flood, the model, even if properly validated in operational sense,
cannot be trusted to simulate adeguately, say, a 100- or 200-year flood.
However, if it is granted that the passage of a higher level test is likely to
indicate a sounder conceptual basis, then it also indicates a better potential
for extrapolation.
The extrapolation potential can also be judged from the
difference between the calibration and validation performance characteristics
and can be explicitly tested by validating the model on a data set which
contains data significantly outside the range of the calibration set.

4.5

Performance Criteria

Bearing in mind the aforementioned assumption that hydrological
simulation models considered in this proposal are intended for synthesizing
missing hydrological information deemed desirable for specific non-hydrologic
(engineering, water management, i.e., in general, applied) uses, there is
little point in trying to propose a general all-inclusive set of performance
criteria. It follows from the operational viewpoint adopted herein that the
criteria should be relevant to the purpose for which the simulated data will
be used. Their relevance should pertain both to the type of application and
to its scale, as it has been demonstrated (Klemes, 1983) that different
hydrological aspects may be important for different scales (in terms of
physical size, time horizon, or economic size) of the same project, such as a
storage reservoir or a hydropower plant as well as for its different aspects
such as planning, design, and operation.
For general purpose streamflow simulation models intended as
substitutes for streamflow observation, the criteria should be similar to
those used in the WMO intercomparison studies (WMO 1975, 1983). Typical
examples are: Linear plot, double mass plot, duration curve; various
characteristics of the differences between simulated and observed flows; mean
flow; characteristics of maximum flows and minimum flows; measures of
persistence. It is recommended that the individual criteria be evaluated for
the entire simulation period, and also separately for characteristic seasons
(e.g., summer, winter; spring snowmelt runoff season; growing season, etc.),
and for different flow ranges (e.g., above the 1-year or 2-year flood
threshold; below the 250-day or 300-day exceedance freguency, etc.).
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4.6

Conclusions

The purpose of the present proposal is to narrow the gap between the
validation standards applied to hydrological forecasting and those applied to
simulation models which is due to the fact that the performance of the former
is directly testable by later observationsa whereas the performance of the
latter is not. The proposal suggests a scheme which would provide a
feasible substitute for direct testing and tie the test to the specific
simulation task. In spite of the fact that the testing being proposed is
indirect, it would lend to a simulation model a level of operational
credibility which, while modes, is much higher than is customary in
contemporary practice. Among the indirect effects of the adoption of the
proposed scheme would be a curtailment of at least the most glaring abuses of
simulation models, discouragement of exagerated claims regarding model
capabilities and encouragement of research leading to better models.
The extent of the testing suggested in the proposal is to be regarded
as a minimum. For example, use of more test basins, more extensive and
refined split-sample schemes, would increase the credibility of a model and an
accumulation of test results may lead to meaningful generalizations, such as
mapping of parameters on regional basins, which could be useful for
water-resource planning purposes in areas with sparse data, such as in
developing countries. To this effect it is recommended that WMO continues as
a long-term project the operational testing of hydrological simulation models
with the major objective of systematically describing such models and
evaluating their capabilities, emphasis being on their geographic, climate and
land-use transferability, so as to enhance their value to studies of
sensitivity of water resource systems to climatic variability. Components of
this project could be:
1.

Generalization of validation results with respect to geographic and
climate regions;

2.

Compiling and maintaining benchmar data sets for the specific types
of testing suggested in this proposal, such as different types of
land-use changes, climate differences, etc., which would be available
to model developers and users;

3.

Periodic reviews of results of the project (initially every three
years) in the form of international workshops (or similar), including
the publication of the findings, conclusions and recommendations;

4.

Promoting hydrological research needed to improve capabilities of
hydrologie simulation models.

Such a project would represent a natural and very useful extension of
WMO activities in the area of operational hydrological modelling (WMO, 1975,
1982, 1985) for which it would provide a clearly defined unifying focus and
long-term perspective.
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ABSTRACT
The problem of the response of water resource
systems to climate variations is stated. The importance
of the sensitivity o*f the systems to such variations is
demonstrated with respect to the stationarity of the mean
and the extremes. A definition of moderate climate
variation is adopted. Results of deterministic modelling
of the influence of such a variation on streamflow are
reported, in extreme conditions of arid and humid basins.
The results are used in modelling the influence of
climate variations on reservoir storage systems. The
model indicates a considerable amplification of the
effect of climate change on runoff and storage and
emphasizes the importance of studies of sensitivity of
water resource systems to climate variation.
Sensibilité
des systèmes
de ressources
en eau aux
variations
climatiques
RESUME
On pose le problème de la réponse des systèmes
de ressources en eau aux variations climatiques. On
démontre 1'importance de la sensibilité de ces systèmes
à de telles variations en considérant la stationnarité
de la moyenne et des extrêmes. On analyse et on adopte
une définition des variations modérées de climat. On rend
compte des résultats de la mise en modèle déterministe
de l'influence de telles variations sur l'écoulement dans
les rivières, en utilisant divers scénarios pour des
.,conditions extrêmes de bassins humides et secs. Les
résultats sont utilisés pour mettre en modèle l'influence
des variations du climat sur les systèmes de
régularisation par réservoirs et on examine le
comportement des réservoirs. La conclusion corrobore
l'importance et le besoin d'études sur la sensibilité
des systèmes de ressources en eau aux variations du
climat.

INTRODUCTION
In I960, Ray K.Linsley, one of the world's leading hydrologists,
identified the single most serious technical problem facing water
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resource managers as that of determining the appropriate response to
climate change. Twenty years later, J.P.Bruce, another leading
hydrometeorologist and expert in water resource management, restated
the question of what to do about possible climate changes or trends
when designing and operating water projects intended to last for
50 to 100 years. However, the question has still not been fully
answered.
Perhaps the most comprehensive programme relevant to this subject,
at least at the international level, is the World Climate Programme
(WCP), launched in 1979 by the World Meteorological Organization, in
cooperation with other international, governmental and scientific
organizations, which groups the efforts of individual scientists and
scientific institutes of many nations. This programme foresees
studies of the mutual relationship between climate and water
resource variability. Such studies are to be conducted in several
sub-programmes of the WCP, in particular those on research and
application. A review of relevant problems was presented in a paper
by Schaake & Kaczmarek (1979} at the World Climate Conference which
was organized at the inception of the programme. Previously, in
1977, the US Academy of Sciences had published a panel study on
Climate,
Climatic
Change and Water Supply (US National Academy of
Sciences, 1977), in which several US scientists examined the
"problems of water shortages, which may or may not have resulted
from climatic change, and made an assessment of the probable effects
of climatic variability and climate change on ... water supply needs,
policy and design". These studies all corroborate the need for
further research.

DESIGN OF HYDRAULIC STRUCTURES AND CLIMATIC IMPACT ON FLOWS
As noted by Schaake & Kaczmarek (1979), climate statistics are
inherent in the design of water resource systems by the prediction
of two aspects of hydrological processes: the extremes and the
averages. The extremes, both floods and droughts, are the end
results of climatic and hydrological causes but, up to now, the
input from climatology has been minimal (Klemes, 1980). The
averages are used in designing structures for water supply,
irrigation and water-power projects. They affect not only the
quantity of the end-product (water, energy, crops) but also the size
of the storage reservoirs. The need for knowledge of future averages
increases with the degree of water utilization and the size of the
reservoir. The relationships between climate information and the
design and operation of water resource systems is present in Fig.l.
However, before the designer approaches the climatologist and the
hydrologist with a request for better long-term forecasts, more
data and more information, he should know what effect the additional
information will have, for example in relation to other
uncertainties and errors of design. In the case of climatic
influence on streamflow, a sensitivity analysis is the first step in
assessing the importance of the supplementary information.
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SENSITIVITY OF WATER RESOURCE SYSTEMS TO CLIMATE VARIATIONS
In connection with the use of hydrological models for sensitivity
analysis, one important problem may be formulated as follows: are
errors in the transfer function provided by hydrological modelling
for transformation of climate data into runoff data of such
magnitude as to absorb possible variations of runoff resulting from
those of the climate? To use the terminology of information theory:
is the magnitude of the noise larger than the magnitude of the
signal? Should this be so, any investigation using models of
climate-water supply transfer functions would be hampered.
There is again a certain controversy over the ability of
hydrologists to forecast streamflow for the life-span of a water
resource structure, especially of a reservoir. The above-mentioned
US National Academy of Sciences report (1977, p. 3) states: "The
uncertainty of hydrology in water resource design arises because
hydrologists are unable to forecast the future sequence of flows
that any proposed water resource structure will encounter during its
design life." We feel that it will almost never be possible to
forecast a long sequence of actual flows equal to the life of a
project in real time, but at the same time we do not consider this
as necessarily requisite to alleviate the uncertainty in the design
of structures such as reservoirs. There are several reasons for
this, most of which are beyond the scope of this paper, but one
cited by Klemes (1980) is predominant, namely that "in most
practical situations the differences in performance (of a reservoir)
are lower than the noise level in reliability computations. This is
so because reliability and storage capacity are highly nonlinear.
Thus it may happen, for example, that while a reservoir with a
storage capacity K is capable of ensuring the release of outflow with
a (near) 100% reliability over a period of 30 years, a reservoir with
storage capacity equal to only 50% of K does not reduce the
reliability to anything close to 50% but, in terms of failure years
to (say) 90%, in terms of the time to (say) 93.7% and in.terms of
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volume of water supplied to (say) 99%." The validity of extrapolation, be it by deterministic or stochastic modelling of historic
hydrological records, is conditioned on the one side by the error,
or what Klemes calls reliability of computation, and on the other by
what any extrapolation is by definition dependent upon, namely the
stationarity of the climatic mean (mainly precipitation and
évapotranspiration) and other elements influencing streamflow.
With respect to the latter, there are some reassuring views. As
a result of a study of global data samples from 140 observing
stations throughout the world, including records from 40 to
150 years, Yevjevich (1977) has stated that his study "may give some
comfort to those in practical fields of endeavour, who plan systems
and make decisions drawn on the conclusions from the best data of
the past, assuming that the future will be similar to the past.
Those who doubt this approach are invited to place themselves in the
year 1890 (with some' instrumentally obtained data about 85 years
long, available at that time) , and project the behaviour of those
phenomena for the period 1890rl975. How (pleasantly) surprised
they would be with their (correct) projection based on the temporary
stationarity of annual precipitation and annual runoff data."
The climatologists are still grappling with the basic problems
involved in determining the non-stationarity of means with the aid
of general atmospheric circulation models and in drawing statistical
inference from the series generated by these models. Indeed,
without reliable statistical inference, "any climatic changes
reportedly discovered (either from simulated or truly observed
time series) could just as well be attributed to the chance
variation of essentially unpredictable natural fluctuations"
(Katz, 1980).
Then there are some disturbing views. Indeed, for a start, it is
a fact that man is tampering with his environment incomparably more
in the twentieth century than he did during all his past. Many
climatologists agree with Budyko (1980) and Manabe & Wetherald
(1980) that, should the CO2 content of the atmosphere double, the
rainfall over continents above 50° of both north and south latitudes
may double or quadruple. According to Budyko, research in the USSR
corroborates this assumption (Budyko, 1980, p. 283).
However, man's influence is not only the threat to the
stationarity of the mean of climatic elements. There are others,
although on an entirely different time scale: those of cyclic
variations due to sunspots and planetary motions (Milankovich•
theory). There is no question but that the water resource systems
would be'greatly affected by such large and potentially disastrous
events as a new glacial period or a relatively large and rapid
increase in average temperature. The latter could cause a
correspondingly large change in precipitation, resulting in a
catastrophic rise in sea level or in ice caps either melting
entirely or extending to middle latitudes.
At present, however, the water resource management planners are
primarily interested in the influence on the water systems of
relatively small variations in climate, with slowly increasing or
decreasing means and distribution of extremes. The question which
appears important in this context, therefore, is whether the
sensitivity of the water resource system to such climate variations
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is so small that it can be included in the modelling error, and the
water system so robust that it will not even feel it, or is it large
enough to be taken into account?
If the latter is the case, is the climate information already
available fully utilized in the design and operation of this system?
This paper does not intend to discuss whether the mean of climatic
elements is or is not stationary, or whether there will or will not
be significant climatic variations in the near future. Although
work has been, is and will continue to be done in this respect,
particularly within the World Climate Research Programme, the main
interest of this paper is to examine the sensitivity of water
resource systems and their design to moderate climate variation.
A similar problem has been studied, with an entirely different methodology, concurrently but independently by Beard & Maristany (1979).

MODERATE CLIMATE VARIATION
What is the definition of moderate climate variation? Fortunately,
this question has, in our view, been satisfactorily answered by a
panel of 24 leading world climatologists and reviewed by practically
all relevant US governmental agencies in the study Climate Change to
the Year 2000 (National Defense University, 1978). Among the major
objectives of the study was the definition and estimation of the
likelihood of changes in climate during the next 25 years and the
construction of climate scenarios for the year 2000. The method of
the study may be questioned, but for our purposes it provides a good
basis for further consideration. It considers as possibilities
(although with different probabilities) moderate average cooling in
different latitudes with a decrease of maximum 1°C, moderate average
warming with an increase of 1°C and a maximum of 3°C, and
corresponding changes in average precipitation of ±10%. On the
other hand, Budyko (1980) considers, in the case of warming
(towards which the panel of climatologists, queried in the above
study, was slightly biased), the possibility that precipitation may
increase or decrease in different latitudes by 25%. For this reason
these values, namely temperature changes of ±1°C, +3°C and
precipitation variations of ±10% and 25%, were adopted as scenarios
and used in subsequent sensitivity studies of climate influence on
water resource systems. Similar scenarios (±2°C and ±10% precipitation changes) were adopted by the study of Beard & Maristany (1979)

DETERMINISTIC MODELLING OF THE INFLUENCE OF CLIMATE VARIATIONS ON
RUNOFF (STREAMFLOW)
The relationship between climate variables and runoff is the basis
of the fundamental equation of hydrology - the water balance
equation. Because of time lags in the system and nonlinearity of
the relations, the solution of this equation has, until fairly
recently, only been possible for means spanning the hydrological
year, seasons and in best months. The nonlinearity of the
rainfall-runoff system and the role played by "losses" (ETP and
infiltration) has given rise to a wealth of literature on the
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subject (Dooge, 1981; Eagleson, 1981). The longer the time-step
involved, the less significant the terms of storage become and the
easier it is to accomplish a balance and vice versa.
For annual
means, many authors have empirically (by regression) derived curves
of dependence of runoff on precipitation and évapotranspiration and
these dependences of means are basically linear. Budyko has arrived
at such annual mean curves (Budyko, 1977) using the radiation
balance approach and deriving what is known as climatic runoff
balance (not taking into consideration actual évapotranspiration and
surface, ground or soil-water storage). The use of these curves to
evaluate the influence of climate variation on water systems is of
limited use. The different neglected runoff storages are most
important for the operation of water systems mainly on a monthly
basis. A regression of shorter-term values may cast some light on
the changes in runoff (discharge) design values with climatic
variation, and was used on a 3-monthly basis by Beard & Maristany
(1979). However, it is felt that the best way to study the
influence of climate variation on a basin's hydrological system is
to simulate the system with a deterministic or stochastic model with
at least a monthly but preferably a daily time-step, the runoff
being a dependent variable. Several such models are available, the
basic difference between them being that their approach is either
deterministic or stochastic. The above-mentioned US National
Academy of Sciences study (1977) took the stochastic approach
(Schwarz, 1977) to study the possible climatic sensitivity of the
water systems of the northeast of the United States. Although a
239-year record of precipitation and temperature has been produced
for this region by Landsberg et al. (1968), no deterministic
modelling was attempted. Schwarz chose to "select a method of
synthetic streamflow generation, ... arbitrarily vary parameters
and observe the effect of these variations on the safe yield that
could be developed from this streamflow record". All this was done
on a monthly time-step.
We selected the deterministic Sacramento Soil Moisture Accounting
Model for reasons of convenience (ready availability), but also due
to the general acceptance of this model as one of the most reliable
in varied climatic conditions on several continents, including arid
and tropical regions of Australia, Africa and Asia (WMO, 1975; Nemec
& Kite, 1981). A detailed description of the model is included in
several publications, particularly in that of Burnash et al. (1973).
The model represents the distribution of soil moisture by an upper
and a lower,zone. Within each zone the moisture is separated into
tension and free water. The movement of water between the two zones
is controlled by a physically-based percolation equation whose
parameters are controlled by the free water in the upper zone and
the soil-moisture deficiency in the lower zone (Fig.2). The model
contains 16 parameters defining the capacities (storage) of the soil
zones, the drainage rates of the zones and the shape of the
percolation curve.

EXTREMES OF CLIMATE/RUNOFF RELATIONSHIPS
Previous experience with many deterministic models (WMO, 1975)
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indicates that modelling is most difficult in the case of very dry
basins. In these conditions the modelling error is largest. As one
of our basins we therefore selected a very dry one, that of the
Pease River; a gauging station near Vernon, Texas, measuring the
streamflow from a basin of 9034 km2. It should be noted that, in
addition to the climatic conditions, the size of the basin was also
considered important. Indeed, it is assumed that generalized
climate variation would occur in rather large climatic regions, as
small basins could be influenced by local anomalies far more easily.
The Pease River basin has an annual average precipitation of 540 mm
and an annual average runoff of 11 mm. The Sacramento model was
calibrated on 12 years of observed input and output data. In such
conditions it is probable that the modelling error would be at its
maximum, as would also be the influence of a climate variation on
runoff, the runoff being a small residual between two large input
variables: precipitation and évapotranspiration. For this reason
a second basin with extreme humid characteristics was also selected
for modelling. This was the Leaf River basin, with a drainage area
of 1949 km2, the streamflow being measured by a gauging station near
Collins (Mississippi). The average annual precipitation over this
basin is 1314 mm, corresponding runoff 409 mm. The calibration
period was 18 years. Modelling error in such climate conditions is
to be expected to be relatively moderate (WMO, 1975) and the
influence of climatic variations likewise. The change in potential
évapotranspiration with the change in temperature was assumed to
follow the average relation derived by Budyko (1980, p. 138). In
accordance with his relation, a change of 1°C corresponds to a 4%
change in évapotranspiration. The results of the simulation
indicated that the changes in évapotranspiration have relatively
less influence on the change in runoff than have the changes in
precipitation. It is therefore considered that the use of this
average relationship between temperature and évapotranspiration is
acceptable for the purposes of this study.

RESULTS OF MODELLING RUNOFF
The model was run on both basins with the different scenarios,
within the limits of the moderate climate variation specified
previously, for the same period as that for calibration of the
parameters. For this purpose the daily values of the input
variables (precipitation and évapotranspiration) were multiplied by
constant factors prescribed by the scenarios, namely ±0.25 and
±0.10 for precipitation and ±0.04 and +0.12 for évapotranspiration.
Tables 1 and 2 provide a statistical evaluation of the
performance of the model on the Pease and Leaf Rivers respectively,
expressed by an error analysis based on observed discharge data
versus discharges simulated with observed input data. The results
of the simulation with the input data from the two scenarios are
illustrated by Figs 3 and 4 for Pease and Leaf Rivers respectively.
In these figures only mean annual runoff is included; a monthly
breakdown would represent 24 figures, which is considered
unnecessarily cumbersome for the purposes of this paper.
The following discussion and conclusions are proposed on the

Table 1 Statistics summarizing calibration of the Sacramento model over the period 1965-1975:
Pease River at Vernon, Texas (basin area 9034 km3 )
1
Months

3
2
Simulated Observed
mean
mean

4
Per
cent
bias

5
Monthly
bias
(sim-obs)
(mm)

6
Maximum
error
(sim-obs)
Im's-*)

85.455 79.49
42.903 88.34
-10.344 74.60
59563 98.24
66.060 213.17
185.727 153.71
-128.678 90.30
-76.222 76.87
124.069 63.47
-165.810 59.34
-82.365 79.03
155.581 59.40

(m*fl)

(mV)

4.795
1.279
0.408
0.891
1.527
2.711
1.691
3.281
4.136
4.458
2.535
8574

3.624
1.123
0.473
0.742
0.624
1.417
2.332
4.334
5576
4.623
2.662
9.988

32.31
13.89
-13.74
20.08
144.71
91.32
-27.49
-24.30
-30.80
-3.57
-4.77
. -10.15

0.347
0.045
-0.019
0.044
0.242
0.384
-0.184
-0.312
-0.528
-0.049
-0.038
-0.291

Year avg 3.058

3.161

-3.25

-0.360

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

185.727

7
Per
cent
average
absolute
error

7450

8
Per
cent
daily
RMS
error

9
Maximum
monthly
volume
error
(mm)

10
Per
cent
avg abs
monthly
volume
error

11
Per
cent
monthly
vol RMS
error

283.08
321.16
203.84
504.15
978.26
862.67
408.35
213.23
192.26
344.22
308.60
172.81

2.491
0.695
-0.307
0.955
2.676
3.020
-2.279
-1.693
-1501
-1.924
-1.456
-3.084

61.97
51.43
69.26
62.66
18052
115.62
64.65
46.30
33.58
28.86
46.82
34.37

102.31
78.54
95.82
136.21
485.28
231.02
113.67
5955
45.35
58.77
68.77
48.91

322.76 -3.084

47.19

8650

Table 2 Statistics summarizing calibration of the Sacramento model over the period 1952-1969:
Leaf River at Collins, Mississippi (basin area 1949 km3 )
1
Months

2
Simulated
mean
(m»s-»> .

3
Observed
mean
lm»s-' )

4
Per
cent
bias

5
Monthly
bias
(sim-obs)
(mm)

6
Maximum
error
(sim-obs)
(m 8 *- 1 )

7
Per
cent
average
absolute
error

8
Per cent
daily
RMS
error

9
Maximum
monthly
volume
error
(mm)

10
Per
cent
avg abs
monthly
volume
error

11
Per
cent
monthly
vol RMS
error

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

8.527
13.796
30.711
38.038
58.647
47.332
48536
25563
9.303
8542
7.230
8.326

7.763
13.535
30.032
36.555
58.685
48.046
52.372
27.386
9.260
11.074
8.198
6.637

9.84
153
2.26
4.06
-0.06
-1.48
-6.56
-5.56
0.46
-19.26
-1150
25.45

1.050
0.347
0533
2.037
-0.047
-0.980
-4.570
-2.093
0.057
-2531
-1.330
2.247

56.589
95.567
226.571
-115.148
-272.097
120.643
-134.101
-141.195
130.080
-84.707
-40.143
115.095

33.12
28.72
27.35
26.40
2055
21.72
21.19
29.99
36.46
42.05
33.78
38.27

80.16
76.66
6654
48.36
46.79
3851
40.71
62.68
103.67
95.38
68.29
121.13

12536
-15.146
32.231
-18.787
-30.363
17.226
-22.727
19.599
16.777
-20.347
-10.216
19.149

22.54
18.23
13.54
13.92
11.18
11.71
753
1755
28.79
29.06
22.75
2850

37.63
28.71
22.81
17.33
14.86
14.09
11.51
24.77
43.67
46.09
31.11
59.74

Year avg 26.285

25.611

-1.27

-5.279

-272.097 2553

61.52

32231

14.35

21.81

Notas for Tables 1 and 2
Columns 2 and 3: The monthly means were derived from daily values.
Column 4: Per cent bias = 100 [(Col. 2/Col. 3) - 1].
~ — 3 l 8 , 6 ; l ° 0 " X 1000 where n = number of days in the month,
basin area X 10°
Column 6: Maximum error in any of the mean daily discharges during the whole period of calibration.
Column 5: —

2

Column 7:100 [t\(\ - Qol/DQo] where Q, and % are respectively simulated and observed mean
daily discharges.

V2(Q s -Q 0 ) 2 /n 1

where n1 = number of days in the particular month during
ZQoTri1
the whole calibration period.
Column 9: Maximum error in monthly discharge volumes for the particular month (Jan., Feb., etc.).

Column 8 :100[

Column 10: 100 l

3».——

where V8 = simulated volume of monthly mean flow and V 0 =

observed volume of monthly mean flow.
VS(Vs-Vo)2
Column 11: 100

I

N

SV 0 /N

where N = number of years in the calibration period.
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Pease River at Vernon, Iexas
Drainage area = 9034 KUK
Mean precipitation base 540 n
Mean runoff base 11 on

Q - base

-20
-10
0
+10
+20
Per cent change in precipitation

Fig. 3 Changes in streamflow as a function of changes in precipitation and potential
évapotranspiration — Pease River.

basis of the model's behaviour with respect to the influence of
moderate climate variations on runoff:
(a) The simulated influence on annual averages of runoff is of
such magnitude that it cannot be covered or explained by a random
error in the modelling of these averages. This applies both to
extremely dry and humid basins. For the dry basin, an increase of
Leaf River near Collins. Mississippi
Drainage.area = 1949 km?
Mean precipitation base = 1314 mm
Mean runoff base = 409 ma
0 amplitude

base

Per cent change in precipitation

Fig. 4 Changes in streamflow as a function of changes in precipitation and potential
évapotranspiration - Leaf River.
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25% in precipitation and a decrease of 1°C in temperature increases
the runoff by 250%. For the humid one, this increase is 70%. In
both cases these increases are about three times larger than the
root mean square random error ascertained for the simulation of the
multi-year annual average for each basin (Tables 1 and 2 ) .
(b) Error analysis for the scenario-based simulations lacks
observed verification data. It may be noted that RMS errors in the
daily discharges and in some monthly discharges in the (base)
simulation are larger than the annual value of increase or decrease
in runoff resulting from the scenario input data. It should also be
noted that RMS deviation follows the same trend as do the input data,
although the input-output relationship is nonlinear. Thus the
conclusion which is valid for the annual values can also be
ascertained for the monthly data. An analysis on the basis of daily
values was not considered conclusive in view of the large RMS
deviation of these values in general and only monthly values were
used in subsequent simulation of reservoir operation. A subsequent
analysis of the stochastic properties of the simulated series based
on the scenaria was made by Klemes (1982). The size of storages
being calibrated by historical data, zero storage may occur
more often than if the storages were calibrated for the scenario
data, a point elaborated upon below. Nevertheless, for a
scenario with increased precipitation, this distortion should not
occur. This is corroborated by the respective positions of the
curves in Figs 3 and 4. The increase in ETP does not compensate
for the increase in precipitation, which is particularly salient
in the upper right-hand quadrant of Fig.3.
(c) As a result of the previous conclusion, the possible error in
measurement of precipitation in deterministic runoff modelling,
particularly in dry basins, is of capital importance and when
improvements in data are possible and necessary, they sliould be
directed to precipitation measurement.
The basic challenge to the results obtained could stem from an
argument that the model has run in conditions for which it was not
calibrated. We feel that this argument is not valid for two
reasons. Firstly, due to the 6-h time-step used, the model's
storage behaviour beyond the calibrated conditions was for very
limited periods and its influence on the averages obtained would
thus be minimal. Beard & Maristany (1979) reasoned similarly.
Secondly, in any modelling intended for design or forecasting
purposes, a rainfall-runoff model is used for conditions not
observed in the past. There is, of course, the argument that,
should the climate variation be a change which influences the
stationarity of the mean, the basin itself would change, including
its soil, vegetation, etc. Furthermore, present deterministic
climatic models simplify the conditions under which their parameters
change (for example, direct influence of CO2 content on vegetation).
Thus the adopted scenaria may appear oversimplified, as pointed out
by Klemes (1982). While the validity of this argument is accepted,
the change in the basin with moderate climate change is assumed to
be also moderate and so slow that it could not play a substantial
role in the life of a water resource system. Here again. Beard &
Maristany (1979) reasoned quite independently along the same lines.
In any case, the influence of such changes in the relatively short
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life-span of a manmade structure would be insignificant in
comparison with the possibility of changes involved in some types of
stochastic modelling, covering many centuries or millennia.
Simulations using the same methodology and the same type of model
(Sacramento) were subsequently conducted in the basin of Lake
Victoria in Africa. The Nzoia River basin (area 11 900 km2, average
annual precipitation and runoff 1233 mm year -1 , 169 mm year-1
respectively) in western Kenya was used for this study by Kite &
Waititu (1981). In the tropical conditions of these equatorial
basins an increase of 25% in precipitation combined with a 6%
decrease in évapotranspiration produced an increase in runoff of
about 170%. Conversely, a 12% increase in évapotranspiration
combined with a 25% decrease in precipitation produce a decrease in
runoff of about 75% (see Fig.5). These altered inflows were then
used to study the possible effects of such climate changes on the
level of Lake Victoria. It was ascertained that such changes could,
in the case of the maximum increase, produce a rise in lake level of
over 3 m above the maximum recorded level or, in the case of the
maximum reduction in precipitation, a fall of about 1 m below the
minimum recorded level.

MODELLING OF INFLUENCE OF CLIMATE VARIATION ON WATER-STORAGE
SYSTEMS
The relationship between the amount of water which can reliably be
taken from a reservoir and the storage capacity of the reservoir is
known as the storage-yield relation. The effect of climate
variations on the storage-yield relation was studied for each of the
rivers modelled. Two types of effect were considered. The first

Nzoia River, W. Kenya
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Fig. 5 Changes in streamflow as a function of changes in precipitation and potential
évapotranspiration — Nzoia River.

Sensitivity of water resources systems to climate variation

339

w a s the change in yield which could b e taken with constant
reliability from a given reservoir. T h e second w a s the change in
storage capacity required to produce a given yield a t constant
reliability.
The storage-yield relationship for each climate scenario w a s
determined, using the simulated streamflow data from the
deterministic catchment m o d e l . These data were first reduced to
monthly average streamflow values. These monthly values were then
used a s inputs t o a very large hypothetical reservoir. T h e
reservoir w a s assumed to b e full a t the start o f the historical
period o f record. Storage deficits were then noted month-by-month
to m e e t various rates o f withdrawal. These deficits also represent
the storage required to sustain the target withdrawal. Each year
the maximum storage deficit w a s observed. This set o f annual
storage deficits (or requirements) forms a sample distribution, and .
the m e a n a n d standard deviation of this distribution o f annual
storage requirements were computed. T o ensure that a reasonably
constant level o f reliability of*yield w a s obtained throughout the
analysis and further, to ensure that the effects o f year-to-year
variability for a given climate scenario were adequately considered,
a n amount of storage equal to the mean plus one standard deviation
o f this annual distribution w a s used in subsequent sensitivity
analyses a s a standard reservoir dimension to define the storageyield relation.
T h e effect of climate variations o n the yield which c a n reliably
b e taken from a g i v e n storage is illustrated i n Figs 6 and 7. T h e
given storage w a s taken to b e the reservoir volume required to
produce a reliable yield equal to 1 0 % of the m e a n annual runoff for
the historical climate scenario. The results for the two climates
represented in these figures show that a 1% change in precipitation
will produce about a 2 % change in reliable yield. Therefore,
changes i n precipitation are greatly magnified in terms of their
effect o n yield. O n t h e other hand, a 1% change i n potential
évapotranspiration produced a 0.5% change in yield for the very d r y
climate a n d a 1% change in yield for the m o r e m o i s t climate.

-25

-10
0
+10
Per cent change in precipitation

Fig. 6 Changes in yield (10% of MAF with 90% reliability) - Pease River.
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Fig. 7

Changes in yield (10% of MAF with 90% reliability) - Leaf River.

The effect of climate variations on the storage required to
produce a given yield is illustrated in Figs 8 and 9. The given
yield was taken as 20% of the mean annual runoff for the historical
climate data. The results show that a highly nonlinear relationship
exists between storage requirement and changes in the climate
variables. This is because increasingly larger increments of

^600
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® — 4* increase in ETP
•— 4% decrease in ETP
500 ••

a 400

*. 300 -

200 -

100

+25 +20
+10
0
-10
-20 -25
Per cent change in precipitation

*

Fig. 8 Change in storage requirement to produce a guaranteed yield (20% of MAF for
historical base with x + o reliability) — Pease River.
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Fig. 9 Change In storage requirement to produce a guaranteed yield (20% of MAF for
historical base with x + a reliability) — Leaf River.

storage are needed to offset the effects of climate change as the
magnitude of change increases. It is obvious from Figs 8 and 9 that
the effects on required storage of precipitation change are much
greater than the effects of potential évapotranspiration change.
In the humid case, a decrease of 25% in precipitation gave a more
than 400% increase in required storage. The required storage
increase was about half as great in the humid case as in the arid
case.

SUMMARY OF CONCLUSIONS AND THEIR VALIDITY
The influence of moderate climate variations on the runoff regime
has been simulated as significant in two extreme and opposite cases:
one oZ a very dry basin and another of a relatively humid one. The
change in runoff values for months, seasons and years derived from
deterministic simulation with a daily time-step is considered
superior to the possible modelling error in the rainfall-runoff
process. Both these results are similar to those obtained through
extrapolation of regression relationships (Beard & Maristany, 1979).
The serious impact shown by the Sacramento model of the runoff
changes on storage design further substantiates the need for
consideration of climate-change impact on the design and operation
of water resource systems. Longer time series of base historical
observations would have provided better statistical inference of
the results obtained both for the streamflow situation and its
impact on storage.
It is obvious that the three basins involved, two in the USA and
one in Africa, are not sufficient to derive final conclusions.
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It is expected that, within the World Climate Programme, both
deterministic and stochastic simulations will be conducted with
longer series of observations in different climatic regions of
the world, using the same methodology in so far as possible, in
order to assess the global validity of the results of the
sensitivity study reported in this paper and those referenced as
having the same objective.
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1.

Introduction and Terms of Reference

World Meteorological Organization (WMO) in cooperation with the
U.S. National Weather Service (NWS) Office of Hydrology have undertaken a
study aimed at analyzing the sensitivity of water resource systems (in
particular, storage reservoirs serving for flow augmentation and/or water
supply) to climatic variations (Nemec and Schaake, 1982).

This study

employed deterministic hydrologie modelling (in particular, the NWS, or
Sacramento, model) to simulate series of monthly flows corresponding to
several different climatic scenarios imposed on two basins in the
United States. One of these basins is that of the Leaf River upstream of
Collins (Mississippi) and is representative of a humid climate under the
present conditions. The other basin is that of the Peace River upstream
of Vernon (Texas) and is representative of an arid climate under the
present conditions. The basic characteristics of the two basins are
shown in Table 1.

Table 1.

Characteristics of River Basins under Study

Leaf River

Peace River

Basin area

1949 km 2

9034 km 2

Mean annual precipitation

1314 mm

540 mm

409 mm

11 mm

Mean annual runoff
Length of record used in
streamflow modelling

18 years

11 years

The objective of the present study has been to make, for' each
basin, a detailed analysis of long-term performance of a hypothetical
water-supply reservoir fed by the simulated monthly flows corresponding
to the different climatic scenarios. The input series of monthly flows
were supplied on cards by NWS as follows:
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For the Leaf River:

13 sets, each containing 18 years of

monthly flows (the "base" series corresponding to natural conditions,
plus series corresponding to all twelve combinations of the following
perturbations of the Sacramento model inputs: precipitation change +25%,
+10%, -10%, and -25%; potential evaporation change +12%, +4%, and -4%).
For the Peace River: 12 sets, each containing 11 years of
monthly flows (as above, except for the series corresponding to the
perturbation: precip. = +25%, potential evap. = -4%, which was not
supplied).

Plots of all the flow series supplied are shown in Figs. 1 and 2.

The purpose here is not to examine the credibility of these flow
series vis-a-vis the underlying perturbations of precipitation and
potential evaporation.

Given the present state of development of

hydrological and climatic deterministic models, a number of aspects of
the modelling approach employed can be questioned.

For instance, the

effect on évapotranspiration resulting from the direct response of plant
stomata opening to a CO

increase, from a changed radiation balance due

to changes in cloud cover and surface albedo; the effect on the temporal
distribution of precipitation; the effect on the distribution of plant
species and, through it, on soil moisture conditions in the basin, etc.

As a result, the flow series corresponding to the individual
scenarios can be in error the magnitude of which will vary from one case
to another.

It cannot even be excluded that, in some cases, the effect

on runoff as exhibited by the modelled flow series, while statistically
significant, may represent negative information; in other words, the
problem is not only in the discrimination between signal and noise as
Nemec and Schaake (1982) point out but also in the discrimination between
a correct and a wrong signal when both are statistically significant.
Unfortunately, an unambiguous solution of the latter problem is largely
beyond the capabilities of contemporary climatology and hydrology. Ah
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indirect indication that the response of streamflow to the twelve
scenarios mentioned above has been oversimplified by the approach adopted
is the fact that, in neither of the two basins, the modelled monthly flow
series (Figs. 1 and 2) are significantly different from each other and
from the respective historic records when standardized by the monthly
means and standard deviations (Fig. 3). This implies that even rather
drastic climatic changes would not significantly alter the dynamic
structure of the streamflow process - an assumption which does not seem
to be plausible.

Thus it has to be emphasized that the results of this study
cannot be regarded as a demonstration of the true effect on reservoir
water supply reliability of the postulated precipitation and potential
evaporation changes. Rather they demonstrate only the effect of the
specific changes in the streamflow series as shown in Figs. 1 and 2,
leaving open the question whether such changes are plausible and what
kind of climatic change could bring them about.

The precipitation and

potential evaporation changes associated with the individual flow series
throughout this study are to be interpreted merely as lables used for
identification rather than the necessarily true physical causes of the
corresponding flow series pattern and parameter changes.

2.

Assumptions
A major implicit assumption of the present study (apart from

that of hydrological plausibility of the modelled flow series) is the
stationarity of all the flow series employed.

While not too realistic,

it is the only one that is operationally feasible since the flow series
supplied do not suggest any specific type of nonstationarity and, at any
rate, have been generated in concert with the stationarity assumption.
Thus, while intended for an assessment of water resources under the
influence of a gradual buildup of atmospheric C0 2 , the flow series
employed imply that, for practical purposes, the changes in precipitation
and potential evaporation indicated in Figs. 1 and 2 have been completed
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and the resulting hydrological regime has stabilized as shown by the
streamflow series.

For the evaluation of the water supply reliability, the
following explicit assumptions have been made:

1)

Closed reservoir water balance over the operation period, i.e.
equality of the starting and the terminal storage;

2)

Operation period equal to the length of the flow series supplied,
i.e. 18 and 11 years for the Leaf River and the Peace River,
respectively.

3)

Only gross reservoir releases are being considered, with no
adjustment for changed reservoir evaporation and other losses.

4)

Reservoir release reliability has been evaluated in terms of the
percentage R. of the length of the operation period during which
the given target release rate could be maintained (the so called
time-based reliability).
that R

The time unit used was one month so

changes in increments of 100/216 = 0.46% for the Leaf River

and 100/132 • 0.76% for the Peace river.

These two values thus

represent the maximum numerical ac<
accuracy of R. evaluated on the
basis of the flow series supplied.

Other assumptions, especially those necessary for a stiatical
interpretation of results, will be mentioned at the time when they
are invoked.

3.

Annual Flows

The mean and the standard deviation of annual flows are the two
most important variables influencing the long-term performance of a water
resource system, in particular, the reliability of water supply from
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storage reservoirs. Following in importance are the serial correlation
structure of the annual flow series and the coefficient of skewness of
annual flows (more generally, the type of their probability distribution),
A reliable estimate of the two latter properties requires considerably
longer series than the two ones examined here.

Since for the record

lengths of 18 and 11 years practically none of the hypotheses usually
valid for annual flows can be rejected, it has been assumed that all
annual flow series in this study are serially uncorrelated and have
lognormal distributions.

The responses of the mean and the standard deviation of annual
flows to the various combinations of precipitation and potential
evaporation changes used in the runoff model are shown in Figs. 4 and 5.
An interesting aspect of the response is that it is practically linear
for the Leaf River, both in the mean and the standard deviation, and
distinctly nonlinear for the Peace River.

However, the Peace River

historic record (base) does not seem to fit the nonlinear pattern which
would lead to quite a large displacement of the zero-change runoff line
from its proper position.

On closer examination, it looks as if the

runoff model responded linearly to precipitation changes, but at a rate
which abruptly changes when the precipitation perturbation changes sign.
This pattern, which would imply some threshold effect at the base level,
is especially suggestive in the case of the runoff standard deviation
(Fig. 5, bottom).
At this point it is appropriate to address the signal-versusnoise problem, the implicit assumption being that the signal, whatever
its strength may be, is a correct one (as mentioned earlier, the problem
of possible errors resulting from defficiencies in the hydrological model
used to produce the streamflow series is beyond the scope of this
study).

The aim is. to provide an answer to the following question:

What

is the likelihood that the results shown in Figs. 4 and 5 are
significantly different from values compatible with the historic flow
record (the base parameters)?
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The first step to the answer is to determine the range of the
two sample parameters compatible with the base series. By an arbitrary
choice/ the compatibility is here identified with the 90% statistical
confidence level. Hence the region of compatibility is bounded by the
90% confidence contour of the joint distribution of sample mean and
standard deviation corresponding to the given length of record and to the
probabilistic model of the series.

In the present case, this contour has

been obtained via the Monte Carlo technique as follows. The population
mean y and standard deviation a were first estimated from the N (18
and 11, respectively) annual flows; using the estimators M and o, 250
samples of size N were generated from a lognormal distribution Ln
(v,o);

next the corresponding 250 points defined by the sample means

and standard deviations were plotted in the (u,c) plane and an elipse
drawn by free hand so that about 25 points remained outside.

A common term for the designation of the region inside such an
elipse is "90% confidence region" and its very common interpretation is
that it is a region within which the true population parameters y and
o would be found with a 90% probability.

Such an interpretation is

however wrong since there is no way how an absolute probability of a
population parameter can be judged on the basis of one sample parameter,
no is it even generally accepted that it makes any sense at all to assign
a probability to a population parameter (such a notion is accepted
without reservation only by the Bayesian school).

The only statistically valid interpretations of a 90% confidence
region are in terms of conditional probabilities of sample parameters,
for example:

1)

If the estimates y and a were perfect (i.e., equal to the true
population values) then there would be a 90% probability that
parameters of a random sample of size M would define a point inside
the region bounded by the 90% confidence elipse.
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2)

The parameters computed from the historic record are within 90%
confidence regions for sample parameters of N-sized samples drawn
from populations whose parameters are not outside the 90% elipse.

In

other words, the historic sample parameters are compatible with
sample parameters from any population whose parameters are within the
eliptic confidence region.

The second interpretation is more helpful in practical
situations similar to the present one where one does not know how good
the historic estimators V and a are.

Figs. 6 and 7 show the 90% confidence regions for the annual
means and standard deviations for the base series and series
corresponding to the four precipitation changes combined with the +4%
potential evaporation change in all cases. From these Figures the
following observations can be made:
1) For a given precipitation level, the three different levels of
potential evaporation did not produce annual flow series with
significantly different means and standard deviations in either basin.

2)

In the Leaf River basin, for a given potential evaporation level, a
15% precipitation difference produced annual flows whose means and
standard deviations are just about at the limits of compatibility at
the 90% confidence level.

In other words, there is a small region of

population parameters with which the sample parameters corresponding
to both precipitation values are compatible.

This region is defined

by the overlap (intersection) of the two confidence regions.
In the Peace River Basin, a similar limit of compatibility extends
from 15% of precipitation difference for the dry scenarios to about
20% for the wet ones.
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General comment.

The confidence regions shown in Figs. 6 and 7

are a function not only of the sample size (length of record) used but
also of the underlying assumptions about the annual series stochastic
properties. Hence, if the streamflow process were more complex than
assumed here (which is quite likely) the regions would be larger and,
consequently, the differences between the scenarios less significant.
The regions shown in Figs. 6 and 7 can thus be regarded as representing
the most favourable cases for the given sample sizes.

The conclusion then is that, in both basins, it would be
possible under the present climatic conditions to encounter 10 to 20 year
long streamflow series typical for scenarios with +15% precipitation
change. In other words, it would not be possible to positively identify a
climatic change within these limits on the basis of 10 to 20 year long
streamflow records.
4. Water Resource System Reliability

4.1

General Aspects

The water resource system is represented by a storage reservoir
supplying a constant rate of flow, called target release, under the
so called "standard" policy.

This policy stipulates that the target

release is maintained whenever it is physically possible; it means as
long as the reservoir storage is between zero and full storage capacity.
If the reservoir runs dry and inflow drops below the target release, the
actual release is reduced to the inflow rate.

If the reservoir fills up

and inflow exceeds the target release, the actual release rises to the
inflow rate.

The reliability is measured in terms of the time during which
the actual release is equal or higher than the target release.

Its

numerical value within any finite period of time is between 0 and 100%
and, for a given streamflow regime, depends on the value of target draft
and the reservoir storage capacity.

The function
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Reliability « f (target draft, storage capacity)
if often called regulation regime function, or "regime function" for
short.

All the above concepts are discussed in detail elsehwere (e.g.
Klemes, 1981).
In the present context one aspect of the concept of
"reliability" must be reemphasized, in particular that reliability cannot
be automatically identified with "probability" as is often erroneously
done.

If reliability is evaluated for a specific (e.g. historic),

streamflow series it has no probabilistic connotation and expresses
nothing more than the percentage of time of nonfailure operation during
that period.

Only if it refers to an unspecified hypothetical period

(whether finite or infinite) for which it is evaluated on the basis of
some probabilistic (stochastic) streamflow process model, then it can be
interpreted as probability.

In principle, reliability evaluated for one

specific flow series can be used as an estimate of reliability in the
probabilistic sense but it must be remembered that such an estimate can
involve large errors. An example will be shown later for the Leaf River
data.

4.2 Results

The main results of this study are the regulation regime
functions for all the flow series supplied.

They are shown in Figs. 8.1

to 8.13 for the Leaf River and Figs. 9.1 to 9.12 for the Piece River.

In

both cases they are arranged so that the regime function for the natural
conditions is given first and the other follow starting from the driest
scenario and finishing with the wettest one, i.e. in the order which
naturally follows from Figs. 6 and 7.
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The isolines corresponding to the various constant reliability
values have been interpolated by free hand from values computed for a
grid of points defined by selected values of target release and storage
capacity.

The points where R

reaches exactly 100%, wherever they were

computed, have been marked by dots.
The most obvious thing which Figs. 8 and 9 demonstrate is that,
should the climate become substantially drier, the reduction in
streamflow cannot be effectively compensated by building larger
reservoirs. Such a solution would be feasible only a) for very low
levels of development (below about 0.3 of present mean flow) for which
very small reservoirs are needed under present conditions, and b) for
middle levels of development (around 0.6 of present mean flow) if the
reduction in streamflow were relatively mild. For high streamflow
reduction combined with high levels of development the additional storage
capacity would not help since the reservoirs would never be filled to
capacity (see also Klemes et al., 1981).

On the other hand, should the

climate become wetter the reliability of present systems would increase
and the level of development could be increased accordingly.

These

conclusions are of course quite self-evident and can be reached without
resort to modelling. Figs. 8 and 9 are helpful in supplying approximate
numbers.

It must be emphasized that the regime functions in Figs. 8 and 9
have very little practical value if taken in an absolute sense because
the reliability values are valid only for the flow series from which they
have been computed and can be vastly different for different series taken
from the same process (the uncertainties involved will be discussed in
the next section).

The limited value they have is confined to the

differences between the R

values corresponding to the same release and

storage pairs in the different underlying streamflow series. To
facilitate such comparisons between the base series and those for the
various scenarios, transparencies of the two base regime functions
(Figs. 8.1 and 9.1) are supplied.

They can be superimposed on the
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modified regime functions and the differences corresponding to the
particular modification easily visualized.
From such comparisons it is obvious that the reliability
differences are not the same within the whole regime function but vary
according to the target release and storage capacity.

It is therefore

helpful to examine the reliability values separately for different
combinations of release and storage. Examples of such an analysis are
shown in Figs. 10 and 11.

In each of these Figures, four levels of

target release are examined, in particular those corresponding to 0.9,
0.7, 0.5 and 0.3 of the historic mean flow.

In each case the storage

capacity associated with the particular degree of regulation (level of
water resource development) is such that the reliability under the
natural (i.e. historic) conditions is 95%. Reliabilities for the four
release-capacity pairs were then found from Figs. 8 and 9 for all
scenarios and displayed as a function of the corresponding precipitation
and potential evaporation changes.

Again, it must be emphasized that only the reliability
differences between the various scenarios (represented by circles in
Figs. 10 and 11) are reasonably representative.

It is apparent that

reliability changes due to changes in potential evaporation are much
lower than those due to changes in precipitation.

In particular, at a

given precipitation level, the reliability change is about equal to the
potential evaporation change. However, at a given potential evaporation
level, the reliability change is about two-to-three times as large as the
precipitation change, the higher figure applying to high development
levels, the lower to low development levels. These results parallel
those for the annual flows shown in Figs. 6 and 7.

This was to be

expected since, other things being equal, the reliability of a water
resource depends chiefly on the mean flow and its variability.
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4.3

Result Uncertainty by Statistical Approximation

It was mentioned in Section 3 that, based on one small sample of
data, it is not possible to tell what the most probable values of
population parameters really are. Because of the same reasons, it is not
possible to tell what the most likely values of the regulation regime
function are and hence what is the actual error in the regime functions
shown in Figs. 8 and 9.

A meaningful question that can be asked in this

regard is this: What is the range of population flow parameters (and
model structures) with which these regime functions would be compatible
at a given level of significance?

Limitting the inquiry to the annual flow regime and the
assumptions associated with it in Section 3, one can use Figs. 6 and 7 to
arrive at an approximate answer. An example is shown in Fig. 12 which
shows the uncertainty in the reliability values corresponding to target
release 19.3 m /s and storage capacity 600 mill, m . The points
corresponding to the means and standard deviations of annual flows are
labeled with the R values to which the given target release and
storage capacity lead in each scenario.

If the Rfc values are then

interpolated along the dotted line connecting the points, the range of
values within each confidence region illustrates the uncertainty of the
R. value corresponding to the elipse centre. Thus, for instance, the
90% confidence range for R

= 95% corresponding to the historic record

is between about R. = 78% and Rt = 100%. Since Fig. 12 is a
counterpart of Fig. 10.1 (top) in which the R. values associated with
the individual scenarios are the same, the boundaries of the confidence
regions from Fig. 12 can be transferred into Fig. 10.1 (top) where they
would appear as bands bounded by the appropriate R. isolines.

Thus using the regime functions in Figs. 8 and 9 in conjunction
with the annual flow parameter confidence regions in Fig. 6 and 7,
approximate 90% confidence bands can be found for reliabilities
corresponding to any combination of target draft and storage capacity.
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4.4

Result Incertainty by Stochastic Modelling
A stochastic model of streamflow series developed by G. Cavadias

(1980) has been used for an independent assessment of uncertainty in the
regime function for the base series for the Leaf River.

The model is

based on the singular value decomposition method and makes possible the
generation of stochastic series of the same lengths as that of the
prototype.

The generated series preserve the monthly means and variances

as well as the monthly autocorrelation function.

The model was tested by

its author on three scenarios for the Leaf River» in particular for the
base series, the driest scenario (P • -25%» E « +12%), and the wettest
scenario (P = +2.5%, E « -4%).

In each case, 100 series were generated

and all passed the appropriate statistical tests.

In order to account for the uncertainty in the mean and standard
deviation of annual flows which, as mentioned earlier, are the most
important parameters for the long-term reliability of water resource
systems, each of the 100 synthetic series generated by the Cavadias model
was modified as follows. A random sample of size N « 18 was drawn from a
lognormal distribution fitted to the annual means of the prototype
series.

Its sample mean X and standard deviation S were computed and

each value of the monthly synthetic series q., i * 1,2,..., 216, was
transformed into

where x and s are the mean and standard deviation of annual flows of the
{g> series.

In other words, each synthetic series was standardized

to the mean and standard deviation of a different sample of annual
flows. This standardization had only a negligible effect on the
stochastic structure of the series. Ten of the hundred series modified
in this manner have been plotted for each of the three scenarios and are
shown in Fig. 13. Their comparison with the respective prototypes in
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Pig. 1 indicates that they are credible representations of the original
flow regimes.
The regulation regime function based on the above described
stochastic model of the historic monthly flow series is shown in
Fig. 14. The reliability values in this figure are averages from
300 series since each of the original 100 synthetic series was used in
conjunction with 3 different annual means and standard deviations.
While the regime function in Fig. 14 is more representative than
that in Fig. 8.1, it must be emphasized that it is correct only to the
extent to which the sample estimators y and $ in Fig. 6 represent the
true population parameters of the annual flow series. As a result,
statements about uncertainty in the reliability values, which can be made
on the basis of reliability distributions obtained from the 300 series,
can be taken only as conditional in the sense of interpretation 1 of the
confidence regions given in Section 3.

With this caveat in mind, 90% confidence limits for reliability
values corresponding to the four pairs of target release and storage
capacity shown in Fig. 10 were derived from reliability histograms
(compiled from the 300 series mentioned above) for the base flow series,
i.e. for situations for which the historic series yields a reliability
R

= 95%. The confidence bands derived in this manner are shown as

shaded areas in Fig. 10. Examples of reliability distributions compiled
from 100 series are shown in Fig. 15.

It can be noticed that, on average, the confidence limits
derived by these elaborate computations agree well with those derived
from the confidence regions for y and o in Fig. 12.

It thus can be

concluded that a reasonable assessment of uncertainty in reliability of
water supply from a storage reservoir, conditional on the correctness of
the annual flow parameter estimates y and a, can be made without
recourse to detailed stochastic modelling of the streamflow series, just
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with the aid of an annual flow model for the particular scenario and the
regime functions for corresponding monthly flow series (Figs* 1 and 2).
For the present purpose, detailed stochastic modelling of monthly flows
seems superfluous for at least two additional reasons, 1) because the
standardized series for all the climatic scenarios are not significantly
different from each other (Fig. 3), all the flow series for the same
river can be fitted with the same model; 2) the long-term reliability of
a water resource system depends chiefly on the parameters of the annual
flow process because the variations in seasonal flow distribution in
individual years are "drowned" in the reservoir through its integrating
function.

Therefore their representation by the historic series can be

considered quite adequate and can be used to modify a stochastic.model of
annual flows by a simple disaggregation scheme in the sence of Svanidze's
"method of fragments" (Svanidze, 1964; Klemes et al., 1981).

5.

Conclusions
Because of the shortness of the streamflow series on which this

study has been based, a rather high degree of uncertainty is associated
with any assessment of the impact of the changes in the streamflows on
surface water resource development by means of storage reservoirs.

The

main source of this uncertainty is the high variability of all the
important statistical parameters in small samples.

As a result, two

series 10 to 20 years long can look very different even if they are
sample realizations of the same process. The differences within a 90%
confidence region for even the two most stable parameters like the mean
and standard deviation of annual flows, can be, for instance, much larger
than those produced by the postulated potential evaporation changes for a
given level of precipitation.

However, even a relatively large step of

10% precipitation change produces, at a constant potential evaporation
level, annual runoff changes barely significant at the 90% level.
Correspondingly, reliabilities for different 10 to 20 year periods can
well differ by +15% to +20% without the necessity of any climatic
change. These findings are not supprising and they well agree with the
published evidence (e.g., Klemes, 1969, 1979)*
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The other side of the same coin is that even a rather profound
climatic change cannot be readily identified as such and differentiated
from the normal short-sample variability (such as, for instance, the
change in streamflow in the Elbe river between the two successive 20 year
periods 1855-75 and 1875-95; Novotny, 1963).

From the water resource development point of view, the important
point is that at best, a climatic change can be identified for some past
period for which the damage done cannot be undone and the lost
opportunities cannot be recovered. As far as the future conditions are
concerned, there is little that a water manager can do other than to
refrain from developing a water resource up to its last drop and keep a
reasonable margin of safety.

This, after all, had been a common practice

in the pre-optimization era and is now being rediscovered and
reintroduced under fancier labels of rubustness and resiliency (Matalas
and Fiering, 1977; Fiering, 1982; Hashimoto et al., 1982).

Oie more outcome of this study, although self-evident to the
water resource specialist, may be worth pointing out since a great deal
of misunderstanding seems to exist about the issue. The regime functions
in Figs. 8 and 9 show in a quantitative way that it is not possible to
hedge effectively against climatically caused long lasting aridity by
building larger storage reservoirs, the reason being that reservoirs do
not "supply" water but only redistribute the available water in time.
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for eleven simulated 11-year periods characterized by the indicated
changes (in percent) in precipitation P and potential evaporation E.
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Peace River. Time-based reliability (in %) of flow regulation
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to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of flow regulation
for stationary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of flow regulation
for stationary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of -flow regulation
for stationary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of flow regulation for
stationary conditions over an 11-year period corresponding to
the indicated changes in precipitation and potential evaporation.

PRECIPITATION
POTENTIAL EVAR

+ 10%
* 12%

2 £
ttf
<

lu
Ui

o:
H

UI

U>
<

i—i—r

50

—i—i—i—i—i—r

100

150

STORAGE CAPACITY MILL m»
Fig. 9.8

Peace River. Time-based reliability (in %) of flow regulation
for stationary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of.flow regulation
for staitonary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of flow regulation
for stationary conditions over an 11-year period corresponding
to the indicated changes in precipitation and potential
evaporation.
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Peace River. Time-based reliability (in %) of flow regulation
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to the indicated changes in precipitation and potential
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Leaf River. Distributions of reliability R and its average values in one hundred
18-year series of monthly flows generated by Cavadias stochastic model (each series standardized
to a random sample mean and standard deviation of annual flows). In all four cases
the reliability derived from the historic record is 95%.
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THE DESIRABLE DEGREE OF RIGOUR IN THE TESTING
OF RAINFALL-RUNOFF MODELS
by
V. Klemes

(Amer. Geoph. Univer., Fall Meeting, San Francisco,
EOS Vol. 63, No. 45, 9 November 1982)

The desirable degree of rigour in the testing of
rainfall - runoff models
V. Klemeï, National Hydrology Research Institute
Environment Canada, Ottawa.

Notes for 1983 AGU CKall) presentation
Fig.l
Scientific view of reality
Science A specific filter (screen) through which the "real world"
is viewed. Result: scientific knowledge about (image of) the world.
Many interlocking disciplines with fuzzy, interlocking and overlapping
boundaries, "missing links", etc.
First kind of rigour: in the selection of the correct vantage point
("prism") for achieving the given scientific aim. Common error: mistaking
the Water Management prism for the Hydrology prism; discussed in Scientific
Basis of Water-Resource Management" (Klemes, Chapter 8 ) , Nat. Acad. Press,
Wash. D.C., 1982.
TOPIC OF PRESENT PAPER: The rigour to be pursued after the "correct prism"
has been successfully chosen, i.e. within the area of HYDROLOGY.
Fig.2 - The "optics" of the "Hydrology prism"
Emphasis: The hydrologie rigour is the rigour along the "line of vision"
(=in the direction of hydrologie inquiry) as opposed to the rigours in the
direction normal to it - here we have the rigour in observation, in modelling, etc. None of them can be substituted for the hydrologie rigour. In
current literature, "modelling rigour" (e.e., in the mathematics of model
identification, fitting, optimization, etc.) often presented as hydrologie
rigour - WRONG.
Popper (in: Postscript to the logic of Scientific Discovery, 1982):
"I must make it clear what I do not mean by physical
understanding—I certianly do not mean by it the
building of models"
(Similarly, see Bronowski on "observational rigour" in relation to sciencesee quotation in Klemes, 1982, cited above).
Typical in Hydrology: model selected rather arbitrarily, without real
knowledge of the physical mechanism and then the modelling game is played
according to the strictest rules (learned disputations about optimization
criteria, properties of estimators, stability, convergence, etc.)
Paradox: the modelling rigour can be best pursued where it least matters,
i.e. within the range of the data (interpolation) where even without any
model a reasonable estimate can be made. Example. Fig 3a; here the data
suggest some direct proportionality - linear model would be probably used;
however, no amount of sophistication and rigour in its fitting can tell
us what the correct relationship is beyond the range of observations see Fig 3b obtained from the same physical system for a wider range of
data; here only a physically based scientific theory of the system can
help in absence of data; in the above terminology, the "hydrologie" as
opposed to the "modelling" rigour.

2

-

EXAMPLES of futility of pursuing modelling rigour in the absence of
adequate physical theory.
Fig.4: Crpss-correlation functions of input and output, and autocorrelation functions of output, all for the same physical system
(six identical nonlinear reservoirs in series). Even functions corresponding to two different samples obtained from the same driving
parameters (Figs.5a,b) a "significantly" different for sample sizes
of 8000!
TESTING OF CONCEPTUAL HYDR0L0GIC SIMULATION MODELS
For a model to be used with reasonable confidence it is necessary to
pass some test which
1) would provide evidence that the model can do what it is expected
to do,
2) would give a reasonably good idea about the model performance
accuracy (erros)
Important to realize: the final aim of the model is not to duplicate
an available(historical) trace of data but simulate data where no
observations exist!
Fig.6 Hierarchy of tests: split sample, split station, differential
split sample, differential split station. Higher-level test presupposes
the passage of all lower-level tests. Higher-level test requires higher
degree of physical realism in model: upper limit is a physically based
model needing no (local) calibration.
Note 1: in many cases encountered in practice such tests are impossible
for lack of data. Consequence: credulity must replace credibility.
Note 2: Forecasting models are exempt from above criticism since their
performance testing by subsequent observations is equivalent to gradually
extending split-sample testing.
Aichinson and Dunsmore: Statistical Prediction Analysis, Cambridge U. Press,
1975: "Prediction—is a precarious game because any prediction can eventually be compared with the actuality". This supplies the necessary rigour.
In simulation it is missing; hence simulation is a safe game because it is
not possible to compare the result with the actuality. The aim of the
suggested system of tests is to make simulation a game which is, as much
as possible, as precarious as forecasting.
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ANNEX

D

CLIMATIC CHANGE AND THE PLANNING OF WATER RESOURCE SYSTEMS
by
V. Klernes

(Canadian Society for Civil Engineering,
6th Canadian Hydrotechnical Conference,
2 and 3 June 1983, Ottawa, Ontario,
pp. 485-500)

• CANADIAN SOCIETY FOR CIVIL ENGINEERING

6* CANADIAN HYDROTECHNICAL CONFERENCE
• JUNE 2 and 3, 1963
OTTAWA ONTARIO
•
* »
a LA SOCIÉTÉ CANADIENNE DE GÉNIE CIVIL
6* CONFÉRENCE CANADIENNE D'HYDROTECHNIQUE
• LES 2 et 3 JUIN, 1963
OTTAWA, ONTARIO

CLIMATIC CHANGE AND THE PLANNING
OP WATER RESOURCE SYSTEMS

V. Klemesl

gPÏQfglg
Storage reservoirs represent the core of most large water
resource systems serving flood protection, low-flow augmentation and
water supply, and hydro-power generation. Reliable estimation of
reservoir effectiveness in controlling the streamflow is thus an
important component in the planning and design of water resource
system. This estimation is complicated by the uncertainty in
streamflow during the working life of the reservoir, i.e. during a
future 50-100 years. Further uncertainties arise in the case of a
climate change. In this paper, results of a recent study on the
impact of climate change on streamflow are analysed from the point
of view of their statistical significance vis-à-vis the
uncertainties in estimates of reservoir effectiveness.

EgyvQEDg
Water resource systems; climate change impact; water resource
planning; streamflow control; reservoir regulation; hydrological
modelling.

* National Hydrology Research Institute, Environment Canada,
Ottawa, Ontario, K1A 0E7
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SISUHK
Lai réiarvoiri représentent la coaur da la plupart des
réseaux important! da raaiourcaf an aau servant à la protection
contra las crue», à l'augmentation d'un débit pau élevé, à
1'approvisionnaient an aau at à la production d'hydro-électrlclté.
Il ast donc important da posséder una estimation fiabla da
l'efficacité d'un réservoir afin d'etre an mesure da planifier at d®
eoncavoir un résaau da ressourças an siu. Catta estimation ast
difficile à établir vu l'impossibilité da prédira avec certitude la
débit qui sera enregistré au cours da la via util® d'un réservoir,
c'est-à-dire pour les 50 à 100 prochaines années. Un changement
climatique soulève également d'autres Incertitudes. Dans le présent
document, on analysa les conclusions d'une étude effectuée récemment
au sujet des effets d'un changement climatique sur le débit du point
de vue de leur signification statistique face aux Incertitudes qui
se posent dans l'évaluation da l'efficacité d'un réservoir.
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INTRODUCTION
Climetologiats claim that a man-induced cliaata change ia a
vary likely possibility and can occur within tha naxt few dacadai.
So far, intaraat has bean focussed on ona particular euasa of this
change, namely on an ineraasa of CO2 eoncantratlon in tha
ataosphara dua to tha world-wide intansiva consumption of fossil
fuals. Tha prasant consensus of experts saasis to ba that a doubling
of atmospheric CO2 will lead to an increase of temperature by
about 2*C and will be accompanied by substantial changea in
precipitation, evaporation, and runoff. While the quantitative
predictions are subject to errors due to the lack of adequate
knowledge of the physical mechanisms involved, the fact remains that
a' climate change could have a substantial effect on water resurces
and those sectors of the economy which depend on them.
from the water management point of viewr three questions
arise, 1) what is the range of magnitude of the foreseeable changes
in the available water resources, 2) bow will they affect the
present water management capabilities, and 3) what can be done about
the problem in the planning ef water resource development measuresT
It is fairly obvious that everything hinges on the answer
to the first question. Unless we know how much the available water
resources are likely to change, we cannot estimate the effect on
water management and can take no remedial action in the planning
process.
The fundamental question of Hhow much?" was recently
addressed by a Panel on water and climate of the U.S. National
Academy of Sciences (1977) and the answer was in general
pessimistic: based on current knowledge,the magnitude of the change
cannot be estimated and hence very little can be done about it at
the present time.
Nemec and Schaake (1982) are more optimistic and claim that
hydrologie modelling can provide reasonable estimates of the
quantitative changes in water resources and thus facilitate a
consideration of climate change in the design and operation of water
resource systems. As an example, they demonstrate the use of the
Sacramento hydrological model for a simulation of streamflow
sequences corresponding to changed conditions of the climate in two
U.S. river basins, and the use of these sequences for an assessment
of future performance characteristics of storage reservoirs.
This paper reports on the results of an analysis of the
Nemec-Schaake study from the point of view of its value to the
planning of surface water resources and storage reservoirs (Klemes,
1982a).
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GENERAL CONCEPT
The general eoneapt adoptad by Nfoec and Schaeke ia to take
a river basin for which historic racorda of pracipitation,
temperature, and streamflow ara available, fit tha Sacramento modal
(or, in ganaral, any adaquata conceptual hydrological nodal) to tha
data, than cbanga tha pracipitatioo aad potential évapotranspiration
(computed from temperature) according to a postulated climate
scenario and use the nodal to simulate the corresponding streamflow
series. In the laat step they use the simulated streamflow aeriea
aa input into a storage reservoir, evaluate ita performance criteria
and compare them with thoae obtained on the baais of the historic
streamflow record.
CLIMATOLOGY
Recognising the fact that a consensus of experts cannot, be
equated with an unequivocal scientific evidence, Nemec and Schaake
conaider 12 different climate scenarios characterised by all
combinations of the following changes of precipitation P and
potential évapotranspiration E:
P - 25*, 101, -101 and -251;
E - 121, 41, and -41.
Thua, rather than taking sides in the climate change controversy,
they propose to investigate a wide range of possibilities which
comfortably accommodates most of the competing hypotheses. This
broadening of the acope ia, in effect, tantamount to a negative
answer to questions NO. 1 nd 3 posed above and limits the area of
inquiry to conditional answers to question No. 2, i.e. to a
senaitivity analysis of the response of water resource development
to climate changes aa the authors explicitly state. One weakness of
this approach is that no differentiation is possible between
scenarios which are physically plausible but practically unlikely
and those which may be physically implausible. An additional
weakness arisea from the fact that the above listed changes were
imposed on the historic records uniformly, i.e. each historic daily
precipitation and évapotranspiration value was changed by the
percentage corresponding to the given scenario, for instance by 251
and 41, respectively. Such uniformity is unlikely. The prevailing
opinion is that the changea will be different in different aeaaons
of the year while the pattern will vary with latitude (Manaba and
Stouffer, 1980).
HYDROLOGY
From the hydrological point of view, the main problem ia
whether and to what extent a conceptual model is "climatically
transferable**, i.e whether it can be expected to perforai
satisfactorily under conditions different from those for which it
has been calibrated. It ia well known that conceptual hydrological
models of the present generation are not geographically
488

transferrable sine© thai? parameters do not reflect specific
physical conditions but represent merely numerical eoaffieiants
applied to tha input variables with tha sola purpose of minimizing
tha differences between tha simulated and recorded streamflows. In
general, the same can he expected in connection with climatic
transferability. Moreover» it has been amply demonstrated (WKO,
191%) that conceptual models, including the Saeracento model, don't
perform well in arid conditions even if they have been calibrated
for the». The principal difficulty is that, unlike the geographic
transferability, the climatic transferability of hydrologie models
cannot be rigorously tested. Only comparatively weak testing is
possible with the aid of differential split sample tests (Klemes,
1982b), but even this has not been carried out in the present ease.
It thus can be concluded that the simulated streamflow sequences can
be regarded only as responses of the model to different sets of
forcing functions, and that their correspondence 4o the specific
elimate scenarios is at best approximate. The whole exercise
represents only a first step in the assessment of the sensitivity of
climate-change impact via the modelling route. Its main value is in
that it highlights the weak points in the art of modelling and
indicates the direction of climate and hydrology research necessary
for a better understanding of the problem.
STATISTICAL SIGNIFICANCE OF WATER RESOURCES
SENSITIVITY TO CLIMATE CHANGE
In the following assessment of statistical significance of
the sensitivity of surface water resources (represented by
streamflow series from the Nemec-Schaake study), the climatological
and hydrologieal reservations cited above have not been considered
and the simulated streamflow series are taken at their face value.
In other words, the analysis addresses the problem on the unlikely
assumption that the simulated streamflow series are truly
representative of the respective climate change scenarios for the
two basins under consideration (Table 1).
Table. 1.

Characteristics of River Basins under Study

Leaf River
(Collins, Mississippi)

Basin area
Mean annual precipitation
Mean annual runoff
Length of record used in
streamflow modelling

1949 km2
1314 mm
409 mm
18 years

Pease River
(Vernon, Texas)
9034 km2
540 mm
11 mm
11 years

A good overall characteristic of the potential of surface
water resources is the statistical distribution of annual runoff
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(or mean annual flow). In the given cases, this distribution
is approximately lognormal so that all information about it is
contained in its nean and standard deviation. This simplifies the
analysis in that it can be limited to investigating the impact of
precipitation and évapotranspiration changes on only these two
parameters. In this representation, the response of the water
resource potential of the two basins to the 12 climate scenarios is
shown in Figs. 1 and 2 by the 12 points in the mean-standard
deviation plane. In general, it is obvious that the major
differences arise form the change in precipitation while the impact
of évapotranspiration (i.e. of temperature from which the latter has
been estimated) is relatively minor.
VOIMJB©

The problem of statistical significance of these
differences arises from the fact that both the mean and the standard
deviation have been computed from finite, and relatively very short,
samples and are contaminated by large sampling errors. Thus each
point shown in Figs. 1 and 2 must be regarded as a sample point from
a bivariate distribution of mean and standard deviation. The true
parameters of this distribution are not known. All one can do is to
estimate a Confidence regionH (at a given significance level) where
a point defined by them must be in order for them to be compatible
with the sample parameters represented by the point plotted. In
this study a 90% significance level was chosen and the corresponding
confidence region was obtained via the Honte Carlo technique. The
confidence regions were constructed only for the base (historic)
flow series and for the simulated cases corresponding to
évapotranspiration change of 4%. Figs. 1 and 2 show that, given the
lengths of the series (Table 1) from which the parameters have been
computed,the differences corresponding to the évapotranspiration
changes are not significant for any single precipitation change.
The extent of overlap of two regions indicates the extent of
statistical "insignlficance" of the differences between the
corresponding samples and, by Implication, between the corresponding
climate scenarios. This is so because of the possibility that both
samples could originate from the same population if the parameters
of the latter define a point inside the overlap.
While the present analysis has stopped here, the problem
itself does not. In the planning context, it is not enough to
identify the region within which the population parameters are
likely to be found since within the planning horizon only one sample
from the unknown population will be effective. Thus, from the
planning point of view, one would have to specify confidence regions
linking the compatibility of the historic sample with a future
sample of a length equal to the length of the planning horizon (the
elipses in Figs. 1 and 2 correspond, so to speak, to an infinite
planning horizon); work on this problem is in progress.
SENSITIVITY OF SURFACE WATER DEVELOPMENT POTENTIAL
The surface water development potential is conveniently
characterized by a reliability with which a given rate of flow
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(target draft) can be assured. Under virgin conditions, this
reliability is equal to tha.natural esceedance fraquaney (cumulative
duration) of tha target draft. This raliability can ba ineraasad by
a storage reservoir designed to eussent flows lower than the target
draft by water stored during periods when the natural rata of flow
is higher than tha target draft. The relationship between tha
target draft, its reliability, and tha reservoir storage capacity is
often called the "reservoir regime function" (also storage-yield
function, etc.) and depends on the stochastic properties of the
streamflow process. Hence the differences between regiae functions
baaed on streamflow series corresponding to different climate
scenarios are indicative of the sensitivity of surface water
development potential to climate change. Regime functions hava baan
constructed for both basins, in each case for the historic flow
series and for all the twelve climate scenarios. As an example,
three regime functions for the Leaf River are shown in rigs. 3, a
and S. For a given level of water resource development (i.e. for a
specified combination of target release and reservoir storage
capacity), the sensitivity to climate change is characterised by the
difference between the corresponding reliability obtained from the
regime function for the given scenario and the reliability obtained
from the regime function based on the historic flow record.
It can be seen that the effect of climate change can, to a
degree, be compensated for by a change In reservoir storage
capacity. Thus, for instance. If water demand in the basin calls
for a target draft of 8 m3/s delivered with a 90% reliability, it
would now be necessary to build a reservoir with an active storage
capacity of about 60 mill m 3 . Should however the climate become
drier (scenario P • -25%, B • 4%) tha reservoir would have to be
increased to a storage capacity of 370 mill m 3 In order for the
90% raliability to be maintained. However, the important point
which was not mentioned by Nemec and Schaake is that the possibility
to compensate for dryness by {Increased storage is not absolute. For
example, a 95% raliability of a target release equal to IS m3/s
(present storage required is 300 mill m 3 ) cannot be restored under
the dry scenario considered previously by whatever increase of
storage capacity - its maximum theoretical reliability attainable
for such a scenario would be less than 40% - a value which under the
present climate Is attained without any reservoir.
STATISTICAL SIGNIFICANCE OF RELIABILITY DIFFERENCES
The relgme functions shown In Figs. 3, 4 and S were
constructed on.the basis of short streamflow series and are subject
to sampling errors as any other characteristics or parameters
derived from them. To obtain an Idea about the statistical
significance of the reliability differences deduced from the
sample-based regime functions/a detailed analysis was carried out
for four levels of development for the Leaf River, in particular for
target drafts equal to 19.3 m 3 /s, 1S.0 m 3 /s, 10.8 m3/s and
6.5 m^/s. In all four cases, the present rellabllty was* considered the aame and equal to 95% so that the atorage capacities
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raqulrad were 600, 280, 125 and 40 sill m 3 , respectively* For
aach storage capacity and tba corresponding target draft the
reliabilities for all climate scenarios were obtained and mapped
onto tbe plane of precipitation and potential évapotranspiration
changes (Figs. '6, 7, 8, 9). Thus, for example, Fig. 9 shows that a
storage of 40 mill m 3 which is enough to assure a draft of
6.5 m3/s with a 95% reliability under present climate, would
assure the same draft with only a 90% reliability In the scenario
(P - -10%, K - -4%} and with only a 60% reliability In the
sceanrlo {P - -25%, 8 - 4 % } .
«

However, these reliability differences mutt be evaluated In
terms of their statistical significance since etch value (I.e. the
value for each scenario) was derived from a short flow series and It
is conceivable that a different series from the same scenario would
yield a different reliability value for the same target draft and
storage. In this study, the statistical significance was evaluated
In detail only for the reliability value of 95% corresponding to the
present climate. For this purpose a stochastic model was fitted to
the historic series of monthly flows and 300 series of the same
length as the historic series were generated for 300 random pairs of
population means and standard deviations of apnual flows drawn from
their blvarlate distribution. For each series the reliability of
the given development level was found and a histogram from the 300
reliability values constructed. A 90% confidence Interval was then
determined from the hlstorgram by truncating Its tails at 5% and 95%
levels. The corresponding reliability range was then entered onto
the map for the corresponding development level. The shaded strip
thus represents a 90% confidence region for the reliability value of
95%. The circles which lie Inside the shaded area Identify the
scenarios for which the difference In reliability Indicated by the
map Is not statistically significant at a 90% level. It should be
noted that the type of the stochastic model employed made It
possible to construct the reliability confidence regions only for
the planning horlton equal to'the length of the historic record
which In Figs. 6, 7, 8 and 9 Is 18 years.
CONCLUSIONS
Apart from the c Hematological and hydrologie el
uncertainties the quantification of which was not feasible In the
present case, the sampling uncertainties arising from the shortness
of the employed historic record Impose by themselves considerable
limitations on the usefulness of modelling of the hydrologlcal
Impact of climate change. It transpires that, based on historic
records of about 20 years (which are quite typical In water resource
planning and design), the sampling error In the data combined with
the sampling uncertainty In the conditions during the future
operation period are of the same order of magnitude as the changes
ascribed to a moderate change In the climate. Thus, even If the
direction of the climate change were certain (which It Is not),
there would be very little the water planner could do In addition to
what he has to do anyway - I.e. to take Into account a possibility
499

that tha future can ba hydrologieally considerably different fro»
tha past. Tha practical consequence for tha plannar it to ba
cautious and rafrain fro» pushing tha davalopmant of tha prasant
rasourcas to tha Unit. In othar words, tha time-honoured
anglnaarlng practlca of keeping a safaty margin as a hadga against
uncartalnty is avan mora commendable fron tha parspactiva of climate
changa than it is without it.
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1.

INTRODUCTION

Large storage reservoirs with controllable
rates of release are, at the present time, the
most effective means for the development of
surface water resources.
They are the only
means capable of redistributing the Irregular
natural streamflow In accordance with water
needs of a region, In particular of Increasing
streanflow during dry periods and reducing It
during wet periods.
There are several reasons why the planning
of these reservoirs c a l l s for an accurate
knowledge of future climate. The f i r s t and most
basic Is that the size of a reservoir required
for a given degree of water resource development
depends on streamflow properties during Its
period of operation which In turn are a result
of climate during that period. In the current
practice, the design of these reservoirs i s
based on the assumption that the climate Is
approximately stationary - that during the,next
several decades 1t- will not be significantly
different from Its conditions In the past 50 to
100 years. If this should not be the case then
our present estimates of reservoir sizes,
feasible levels of water resource development,
and the overall water resource planning would be
1n error.
The second reason 1s that these
errors night easily Involve billions of dollars
since, as a rule, the reservoirs Involve the
construction of large dans, new roads, bridges,
e t c . , which all are expensive undertakings. And
the third reason Is that all these structures,
once finished, are rather difficult to change so
that any errors made are l i t e r a l l y cast In
concrete.
It seens obvious that an accurate forecast
of climatic conditions (not to mention an
accurate forecast of streamflow in specific
rivers) over the period of, say, the next 50
years
Is
an
unrealistic
proposition,
notwithstanding
the
repeated
attenpts
to
dlsebver deterministic
trends
In
climate
associated with a wide variety of phenomena
ranging from the wobbling motion of the Earth to
the enigmatic sun spots (the hypothesis that the
11 year sun spot cycle Is the key factor enjoys
a popularity which Itself seems to exhibit an

11 year period - now again It may be passing
through a maximum because of the periodicity of
the presently
fashionable
layers In the
P1ch1-R1ch1 Pass; Williams, 1981; Plttock, 1983).
Thus the fact remains that contemporary
water resource developnent planning must take
the uncertainty regarding future climate Into
account.
In general, taking uncertainty Into
account Is not new to water management. For
example, the uncertainty resulting from the
stochastic nature of streamflow series was first
considered In reservoir design about 70 years
ago by the famous American hydrologlst and
engineer
Allan
Hazen
(the
Inventor
of
"probability paper").
The first problem that water resource
management 1s facing vis-à-vis a possible
climate change In the near future Is to estimate
the range of the consequent change 1n the runoff
and compare I t with the range of random
fluctuations of runoff which can be expected
even under the assumption of a stationary
c Una te. Only If It can be conclusively shown
that runoff changes during the next two or three
decades (beyond which horizon no serious
planning activity 1s now possible) are likely to
be much higher than those due to the stochastic
nature and the attendant sampling variability of
•a stationary runoff process} only then can the
water resources planner face a practical problem
of what can now be done about them. In other
words, the f i r s t task Is to find out whether
runoff changes due to a climate change are
statistically significant within the context of
1) our knowledge of the stochastic structure of
the runoff process, 2) a planning horizon of
about 20 years, and 3) the hydrologlcal data
base used for the design of large storage
reservoirs.
The aim of this paper 1s to examine these
problems and to indicate ways that nay lead to
their better understanding.
2.

QUANTIFYING THE WATER RESOURCE DEVELOPMENT
POTENTIAL

A convenient means for quantifying the
potential for development o f surface water

resources at a given point along a river 1s the
so called reservoir reglne function which shows
the r e l i a b i l i t y with which a given constant rate
of flow can be sustained In the river by a
reservoir of a given storage capacity.
This
rate of flow 1s usually referred to as the
target release (fron the hypothetical reservoir)
or safe y i e l d , and Its r e l i a b i l i t y (or degree of
safety) Is expressed either as a percentage of
tine during which the release does not drop
below the target value, or as a probability that
i t does not drop below the target during a
period of one year,
or by some similar
characteristic.
As an example, a reservoir
regime function for the Leaf River (at Collins,
Mississippi) Is shown in Fig. 1 .

STORAGE CAPACITY. MILL m»
Fig. 1 .

Reservoir reglne function for Leaf
River dsollnes are drawn for tinebased r e l i a b i l i t y , in percent).

Quantitative relations between the three
variables of the regime function (the target,
storage, and r e l i a b i l i t y ) are uniquely specified
by the properties of the stochastic process
representing the streamflow. Thus, in theory,
the effect of climate change on the potential
for surface water development can be determined
from the difference between regime function
based on the stochastic process representing the
historic streamflow and regime function based on
the stochastic streamflow process corresponding
to the conditions after a climatic change. The
effect of climatic change could thus be
exoressed either as a difference
in the
r e l i a b i l i t y with which a given reservoir could
maintain a given target release, or as a
difference In the value of target release
corresponding to given values of r e l i a b i l i t y and
storage capacity, or f i n a l l y as a difference in
the storage capacity of a reservoir needed for
the maintenance of a given release with a
specified r e l i a b i l i t y .

Since both of the stochastic streamflow
processes (pre- and post-climate change) would
be estimated from f i n i t e data samples, and the
reglne functions constructed for some finite
period of reservoir operation, each of the three
variables
being
compared
would
have
a
probability
distribution.
In general,
the
extent of the overlap of
the pre- and
post-climate change distributions would Indicate
the degree of statistical significance of the
climate change Impact on the surface water
resource development potential.
3.

PROBLEMS INVOLVED

While the
program outlined
above Is
theoretically
straightforward,
Its
practical
execution poses several serious problems. One
Is a quantitative estimate of the changes In the
primary
climatic
variables
such
as
air
temperature,
radiation,
precipitation,
and
évapotranspiration; moreover, 1t Is not only the
changes In the long-term normals that are of
Interest here but also the changes In .seasonal
variability and, In general, In the properties
of the associated stochastic processes.
The
second problem, which In theory should be less
d i f f i c u l t to overcome but In practice does not
seem to be so, is the modelling of the mechanism
by which the primary climatic variables are
transformed Into the streamflow process. To be
sure, a large number and a great variety of such
models (cornonly called hydrologlcal) exist,
ranging from purely
black-box Input-output
(transfer
function)
models
to
grey-box"
conceptual models of various shades of grey.
However,
none
of
them
qualifies
as
a
climate-transferable model, or at least none has
so far been conclusively proven to qualify as
such (KlemeS, 1982b). A third problem 1s our
lack
of
understanding
of
the
stochastic
structure of the streamflow process even under
stationary conditions (KlemeS, 1974) - a sine
qua non for establishing a firm basis for
meaningful comparisons; this problem is of a
fundamental nature since our streamflow records
are generally short and do not contain enough
Information for solving I t (Moran, 1957; UalHs
and O'Connell, 1973).
4.

THE OPTIONS

Under the circumstances outlined In the
preceding section there are basically two
options: one Is to refrain from any attempts to
assess the Impact of climate change on the
development of water resources; the other 1s to
see how far one can get using the current state
of the art. The f i r s t approach Is rigorous and
safe; the second Is l i k e l y to be just the
opposite but, we believe, more productive.
It
may, and often w i l l , lead to wrong answers and
dead ends.
But by forcing the currently
available concepts, models, etc. to work and
Interact In a clearly defined framework designed
with a specific aim In mind, I t should be
possible to Identify more readily the weakest
l i n k s , to see where, and what kind of, research
1s needed, and whether one direction Is likely
to be more promising than another. As a matter
of f a c t , the more suspect and contradictory the
results,
the
greater
the
Incentive . for

Improvement and rethinking of the concepts
enployed. I t may be pertinent 1n this context
to quote the Nobel prize winner In physics,
Richard Feyman: "The thing that doesn't f i t 1s
the thing that's the nost Interesting, the part
that
doesn't
go according
to
what you
expected...[our laws] sometimes look positive,
they keep on working and a l l of a sudden, some
l i t t l e glntrick shows that they're wrong. And
then we have to investigate the conditions under
which [they are wrong] and so forth, and
gradually learn the new rule that explains I t
oore deeply" (NOVA, 1983).
The only real danger posed by this second
approach Is not that I t s results may be wrong,
but that they night be accepted uncritically as
correct, either because of the prestige of their
authors, or of the Institutions with which the
authors are associated, e t c . , and then used as
sacred dogma to
suppress
whatever
night
contradict then. To put I t none positively, the
second approach can be productive only i f
perceived as a catalyst In a learning process.
S.

SOrC RESULTS

.

The f i r s t
two authors
considered 12
different scenarios of cllnate change covering
the approxlnate range of possibilities presently
considered compatible with the buildup of
atnospheric
COg.
These
scenarios
were
characterized by a l l combinations of three
different changes In a i r temperature converted
Into
three
corresponding
values
of
évapotranspiration (E) changes of 12% 4% and
-45, and the following four precipitation (P)
changes, 251, 10X, ^101 and -2.51. These changes
were then Introduced as perturbations of the E
and P variables 1n a Sacramento conceptual
hydrologlcal model (which had been calibrated on
historical records of cllnate variables and
streanflow) for two U.S. basins described In
Table 1 , and 12 hypothetical post-clImate-change
Characteristics of River basins
under study
Leaf R.
Collins. Miss.
Basin area
Annual preclp.
Annual runoff
Record length

1) the
drop
1n
reliability
night
be
percentagewise - m u c h ' f a s t e r than the drop In
precipitation or the rise 1n évapotranspiration;

2) the Impact of a drier climate would be more
severe where the present level of development Is
high (Fig. 2a, b) than where I t Is low (Fig. 2c,
d); 3) the relative effect of the precipitation
change would probably be greater than that of
the évapotranspiration change.
6.

An example of the second approach Is a
recent atteopt to assess the Impact of cllnate
change on the development of surface water
resources I n two specific locations of the
United States nade by Nenec and Schaake (1982)
and followed up by KleneS (1982a, 1983).

Table 1 .

An example of the result Is presented 1n
Fig. 2a, b, c, d. I t shows how the reliability
of four different levels of development (for the
Leaf River), for all of which the reliability
under a stationary climate 1s 95% (black
circle), night change for any of the 12 climate
change scenarios (open circles). He do not
claim that the reliability values shown are
accurate; most likely they are not because of
the presently Inevitable Inperfectlons both 1n
the representation of the post-change climatic
forcing functions and In the hydrologlcal model
enployed. However, they give an Idea of a
possible order of magnitude of the Impact and of
some of Its likely features that may be of
Interest to the water manager, for Instance:

1949
1314
409
18

km2
ran
an
y

Pease R.
Vernon, Tex.
9034 km2
540 mm
11 mm

il y

streanflow series were generated for both
basins.
The third author then constructed
reservoir regime functions of the type shown In
Fig. 1 for the historic streanflow series and
for the 12 simulated series.

STATISTICAL SIGNIFICANCE AND ITS PROBLEMS

While the changes such as those shown In
Fig. 2 are Interesting, they lack a proper
perspective
unless
their
statistical
significance 1s assessed, I.e. unless they are
compared with conditions that might occur simply
because of sampling fluctuations of a stationary
climate or, In the present context, streanflow.
Such a perspective can be provided by confidence
limits corresponding to a given reliability
value for stationary climate, e.g. to the value
of 955 In our case. As mentioned before, these
Units can be derived I f the stochastic process
of the streanflow 1s known. Unfortunately, 1n
our case the length of the historic flow record
Is very short so that the stochastic structure
of the process cannot be satisfactorily
Identified. Respecting Ocean's razor, one has
to settle for a random (uncorrelated) series
model for the annual flows. On this basis, and
taking Into account the variability Inherent In
a sample of size 18 (see Table 1), 90",
confidence regions were constructed for a
20-year planning horizon (KleneS, 1982a); they
are represented by the shaded areas In Fig. 2.
In all likelihood, these confidence regions are
too narrow since their underlying stochastic
model probably Is grossly overslnpllfled. I t Is
Important to see that this cannot be corrected
by
any
amount
of
mathematical-nodel ling
legerdemain Involving the given historic data
since, because of the shortness of the record,
there 1s no more Information In then.
In this context, one problem should be
emphasized which 1s not always appreciated. I t
1s common knowledge that the statistical
significance of a difference between two
hypotheses, parameters, etc., drops as the
underlying data base shrinks and the sampling
uncertainty
Increases.
This reduction of
significance follows from the flattening of the
sampling distribution and 1s graphically
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reflected In the widening of the confidence
Interval. I t thus seems to follow that, because
of the shortness of the flow series underlying
the results shown In Fig. 2, the shaded
confidence regions are. I f anything, too wide
rather than too narrow as claimed 1n the
preceding paragraph. The point Is however that
the above claim does not refer to the confidence
region width as a function of sample size but
rather to the width as a function of process
structure for a given sample size.
In other
words, 1n the claim, the shortness of the record
was invoked as a reason for our Inability to see
a greater complexity which Is probably Inherent
In the process and which would lead to wider
confidence regions for N-18 than those shown In
Fig. 2.
Thus, Ironically, I f we are concerned with
assessing statistical significance of climate
change Impact on the basis of a short record,
the paucity of data nay lead to an Inflation of
i t s statistical
significance because of an
underestimation of the complexity of the natural
climate process, while 1t is true, as Nenec and
Schaake (1982) point out In quoting Katz (1980).
that
'...without
reliable
statistical
Inference,
any climatic
changes
reportedly
discovered could j u s t as well be attributed to
the
chance
variation
of
essentially
unpredictable natural fluctuations', 1t must
also be remembered that reliable statistical
Inference Is not possible without a knowledge of
the dynamic structure of the climate process
which a short record does not reveal.
As
Bartlet put I t as early as 1954, "unless the
statistician has a well defined and realistic
model of the actual process he Is studying, Ms
analysis Is l i k e l y to be abortive" (Kleraes,
1978).
I t follows that statistical and dynamic
(physical) analyses are Inseparable i f they are
to be meaningful and that neither can benefit
from Ignoring the other.
7.
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F1g. 2. Reliability (for Leaf River data) as a
function of precipitation and potential
evaporation changes, for the following
4 levels of development ( a l l with an
original 951 r e l i a b i l i t y ) :
Level
a
b
e
d
Target (mVs) „
19.3 15.0 10.8 6.5
Storage ( n l l l n 3 )
600
280 125
40
Shaded areas represent 90S confidence
regions (for the 95», r e l i a b i l i t y contour)
conputed on the basis of a stochastic
nodel fitted to data, for sample size
U-18 and a 20-year planning horizon.

INSIGHTS THROUGH PROXY DATA

In cases where historic samples of data
against which the effect of climate change Is to
be evaluated are too small and Inadequate for
reliable statistical Inference, proxy data may
provide some Insights. In general, best results
are to be expected from proxy data which are
most closely
related
to
those
on which
Information is being sought (some dangers
Inherent In the use of remotely related proxy
data will be discussed l a t e r ) . In our case, the
f i r s t choice obviously 1s strearaflow data from
basins as similar as possible to the two basins
under study (Table 1 ) , but with longer records.
The similarity c r i t e r i a may vary and In practice
w i l l often by dictated by the Information
available.
Our data source (Yevdjevlch, 1963)
called for the adoption of mean annual runoff
depth and basin area.
The basins selected on
this basis are l i s t e d In Table 2.
In order to simplify the analysis, we
refrained from assessing the r e l i a b i l i t i e s (as

Table 2.

Characteristics of proxy river basins
Annual
runoff
an

A.

Basin Record
area length
kn z
years

leaf River Proxy Data

Current R., Van Buren
Missouri, U.S.A.

390

4320

45

Petit Jean Creek, Danville
Arkansas. U.S.A.

394

1910

41

Keweah, near Three Rivers,
California, U.S.A.

380

1345

53

Feather, Boldwell Bar,
California, U.S.A.

476

3500

45

Boise, Twin Springs,
Idaho. U.S.A.

486

2150

45

Stugeen, Walkerton,
Ontario, Canada

428

2200

40

Elbe, Deefn
Czechoslovakia*)

186

51100

100

B.

PRECIPITATION
,CHANGE
IN PERCENT
5 ! ^ " • * - - 4 , ) POTENTIAL
N X . I EVAPORATION
X w j j f CHANGE IN
PERCENT
BASE

O

% -.
Sample mean as ratio
of other sample means

Fig. 3.

Pease River Proxy Data

Climate-change Induced changes I n
sample parameters of annual flows for
Leaf River (connected triads) compared
to natural parameter v a r i a b i l i t y In
samples of equal size (N«18) from proxy
basins l i s t e d I n Table 2 (crosses; open
circles correspond to Elbe River data).

t

North Llano, near Junction
Texas, U.S.A.

26

2380

42

Pecos, near Anton Chlco,
New Mexico, U.S.A.

48

2720

46

Verde, below Barlett Dan,
Arizona, U.S.A.

43

15900

50

Unbolt, Palisade,
Nevada, U.S.A.

25

13000

46

Avoca, Coonoorer Bridge
Victoria, Australia

27

2600

59

S«

*J Hovotny (1963)
I n Fig. 2) and concentrated on the annual runoff
Instead, In particular on I t s mean and standard
deviation which represent the two most Inportant
paraaeters on which the
reservoir
regime
function (and hence the r e l i a b i l i t y ) depends.
Within this franework, the objective i s to
coopère these two streamflow parameters of the
12 climate-change scenarios with those of the
historic flows.
This comparison Is shown In
Figs. 3 and 4 where the four connected triads of
f u l l circles show the
parameters of
the
12 scenarios and the double circle those of the
historical flow series (base). Both parameters
are « d e dtaenslonless with respect to those of
the base series which are set equal to unity.
To be able to relate, at least approximately.
Fig. 2 with Figs. 3 and 4, the l a t t e r figures
contain ellipses representing 90S confidence
regions for the true population parameters, on
the assumption (see section 6) that the annual
flows form random series.

1
2
3
Sample mean as ratio of other sample means

Fig. 4.

Climate-change Induced changes In sample
parameters of annual flows for Pease
River (connected triads - see legend In
Fig. 3) compared to natural parameter
v a r i a b i l i t y In samples of equal size
(N-11) from proxy basins listed I n
Table 2 (crosses).

If
statistical
significance
of
the
differences between the "post-change" parameters
and the "base" parameters were to be judged
solely on the basis of primary data (I.e.
without any reference to proxy data) 1t would
have to be done as follows. Any point within
the ellipse could be regarded as defining the
population parameters and would serve as a
centre of a "sample confidence" ellipse for
parameters of samples of size equal to the
planning oeriod (If the planning period were of
the same length as the historic period, this
sample-confidence ellipse would be similar to
the
one shown).
Those
scenarios
whose
parameters would fall
inside
the sample
confidence ellipses could then be considered
statistically Indistinguishable (at a given
level of significance) from the historic period
since
their
sample parameters would be
compatible with the sane population. In our two
cases, this analysis leads to a conclusion that
annual flows corresponding to a precipitation
change of about +105 would not be significantly
different from those that might be expected
under a stationary climate.
However, talcing Into account the proxy data
shown 1n Table 2, the above conclusion seems
rather conservative as indicated by the spread
of the crosses In Figs. 3 and 4. These crosses
were
constructed
In
such
a
way
that
nonoverlapplng segments of the same length as
the base series (11*18 for the Leaf River, N-ll
for the Pease River) were formed from the proxy
series, the parameters of each segment were 1n
turn set equal to one and those of the other
segments expressed as their ratios.
This
representation shows the range of relative
differences between compatible samples.
The
variability Indicated by the crosses, while not
associated with any specific confidence level.
Is ouch higher than that indicated by the
procedure described In the preceding paragraph.
The variability of the Pease River proxy data
seems to be markedly higher than that for the
Leaf River. This Is suspected to be an artefact
of the analysis and caused by the fact that the
Pease River sample has size N»11 as compared to
N«18 for the Leaf River. Because of this, more
Independent samples can be formed from a proxy
series of a given length In the former case than
In the latter so that the sampling variability
of the latter case will be lower. To get a
spread at the same level of significance for
both basins, the Leaf River would require proxy
series about 80-100 years long to produce the
necessary number of Independent samples. The
most similar flow series of such a length that
we could find was one for the Elbe River at
DSCfn In Czechoslovakia (Novotny, 1963).
Its
variability Is believed to be of the same order
as that of the Leaf River despite the
differences both In mean annual runoff and In
basin area (Table 2) since their effects would
tend to compensate each other. Parameters of
the Elbe River samples of size N*18 are shown by
open circles in Fig. 3.
In general, the proxy data Indicate that
the
Inherent long-term variability
of a
stationary annual runoff series Is higher than

that of a random series and, consequently, that
a blind statistical analysis of climate-change
Impact, based on short historic records, can be
grossly In error.
This conclusion Is 1n
agreement with results of some related earlier
studies (KlemeS. 1979; KleneS and Bulu. 1979).
8.

RELEVANCE OF PROXY DATA AND OF THEIR ANALYSES

The main reason for the use of proxy data
Is to extend the length of record of a process
under study In the hope that a longer proxy
record will reveal Important features of the
process that are not apparent from a short
primary record.
While this objective Is
legitimate, the methods for Its achievement are
often Inadequate and .the Inferences wrong. The
most common Inadequacy 1s an exclusive reliance
on formal statistical methods both In the
assessment of the closeness of the relation
between the proxy and the primary data, and 1n
the analysis of the proxy time series. Such an
approach can lead to correct results only In
exceptional circumstances, to quote Norbert
Wiener, only If "the main elements of the
dynamics of the situation are either explicitly
known or Implicitly felt" (Kleme*. 1978) as they
are In our case. Here the main elements of the
dynamics are relatively clear since both the
primary and the proxy data are streamflows and
most of the proxy data come from basins with
similar climatic and hydrologie conditions.
Moreover, and this 1s Important, the Information
being sought 1$ concerned only with relative
statistical variability of successive short
samples and definitely not with extrapolation of
deterministic features (trends, periodicities,
etc.) depending on real-time connectedness
between the proxy and primary data.
Instances where the main elements of the
dynamics are not so straightforward Involve all
the cases where the proxy data relate to a
different physical process than the primary
data; for Instance when properties of a runoff
process are being Inferred from records of lake
levels, tree rings, varves, etc. In such cases,
the physical (deterministic) transfer mechanism
between the two processes must f i r s t be
Identified and Included In the analysis since It
can cause drastic differences 1n the statistical
properties of the two processes.
To Illustrate the point, the use of lake
level records as proxy data for streamflow will
be discussed In more detail. In general, both
processes tend to follow a similar long-term
pattern In the sense that during long dry
periods both lake levels and streamflows are
lower than In long wet periods. However, this
similarity can be grossly distorted In shorter
periods. This has been repeatedly pointed out
by hydrologlsts but routinely Ignored by the
modem "correlation hunters" mass-produced by
typical
contemporary graduate programs In
hydrology. Thus, for Instance, Langbeln (1961)
warned that, In using the fluctuations of lake
levels as Indexes of climatic variations, It
must be remembered that "The Interpretation of
lake levels depends on the value of the response
times, k. The longer the response tine, the

greater Is the possibility that climate and lake
levels nay be out of phase". More recently,
Kurdln (1975, 1977) shotted by an analysis of
levels of Lake Balkhash that the dynamics of Its
water balance (In particular, the conditions In
the delta of Its tributary, the 11a River) may
reduce or amplify long-term fluctuations of lake
levels caused by climate variability.

Nile (which Is the Lake Victoria outflow)
closely follows the lake level record Including
the sudden rise In the early sixties which does
not appear In streamflows of rivers In the area
not originating In Lake Victoria or In other
large equatorial lakes.

The main reason why lake levels and
streanflow may exhibit markedly different
fluctuation patterns 1s that. In principle, lake
level fluctuations reflect a running Integral of
the net precipitation process while streanflow
may reflect either this process itself, or Its
running Integral, or a mixture of both. For
example, i f the precipitation process were a
random (serially uncorrected) process, a lake
level
record would be
highly
serially
correlated, streamflows In some rivers of the
basin could be only weakly serially correlated
while In other rivers they could exhibit high
serial correlation. Moreover, In some rivers
the streamflows could belong In the category of
short-memory processes while In others they
could form long-memory processes.
This Is
because 1) lake levels reflect a storage process
(equivalent to running Integral) of the (net)
precipitation process; 2) streanflow formed on
an Impervious part of the basin would have a
structure similar to the precipitation process,
with only a slightly stronger persistence (short
memory); and 3) rivers fed from large lakes may
have streanflow structure similar to that of the
lake levels. I.e. belong In the long-memory
category (Klenes. 1974, 1978). Hence to use
statistical analysis (stochastic model) of a
lake level
record for
inferences about
statistical properties of streanflow In all
rivers In the area (or of rainfall, etc.) could
be rttry misleading.

The Importance of an accurate assessment of
the Impact of climate change on the development
of water resources must not be underestimated.
But neither should be Its difficulty which stems
from the following:

A specific example of this situation Is the
case of Lake Victoria levels.
Their record
shows a sudden rise of about 2.5 m around 1964,
then a gradual drop of about 1 n followed, In
1978 and 1979, by a rise almost back to the 1964
level. A classical statistical analysis of the
record would point to a nonstatlonary process,
perhaps Indicative of a climate change In the
early sixties. However, precipitation records
do not Indicate any such change. This apparent
discrepancy
can
be
explained
by
the
above-mentioned fact that lake levels behave,
in general, like
an
Integral
of
(net)
precipitation. Precipitation which was quite
high (and probably s t i l l underestimated) In the
early sixties was capable of shifting the lake
level to a new quasi-equilibrium. This was
demonstrated by Kite (1981) with the aid of a
deterministic water balance model for the lake.
In a later, purely statistical, analysis of Lake
Victoria levels. Kite (1982) found that the lake
level record could not be homogenized without
removing the above mentioned step and rightly
concluded: " . . . i f a [stochastic] model must
Include the possibility of random junps of such
a magnitude Its usefulness for planning purposes
Is
doubtful".
The
latter
study
also
demonstrates the validity of point 3 above. I t
shows that the streanflow record of Victoria

9. CONCLUSIONS

a)

b)

c)

d)
e)

uncertainty In quantitative estimates
of change of primary climate variables
which Is mainly due to our Imperfect
understanding of climate dynamics;
the limited capability of current
hydrologlcal models which Is a consequence of our Imperfect understanding
of hydrologlcal mechanisms;
shortness of historic records which
hinders the Identification of the
correct structure (and parameters) of
the streanflow stochastic process which
constitutes the basis of any assessment
of a statistical
significance of
climate change Impact;
Inadequacy of
current
statistical
methods for making useful Inferences on
the basis of small samples;
difficulties with Information transfer
from proxy variables In the absence of
solid
understanding
of
dynamic
relationships between them and the
primary variables, namely streanflow.

In short, the quality of climate Impact
modelling as well as that of the assessment of
statistical significance of the Impact depend
primarily on our understanding of the physical
mechanisms Involved. With the present state of
knowledge, and with the aid of the current tools
reflecting I t , only a very crude picture can be
obtained whose usefulness to the planning
process Is extremely limited.
10.
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