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I. INTRODUCTION
The purpose of this report is to continue the implementation of project A2 of the
World Climate Programme entitled "Analyzing long time series of hydrological data with
respect to climate variability and change". WMO is responsible for the implementation
of this project.
During the earlier stages of the project, member countries were invited to submit
long hydrological time series. These were then forwarded by WMO to the data base* of
GRDC in Koblenz. Concurrently, WMO published Report No. WMO/TD No. 224 (WCAP3) which contains a number of tests useful for analyzing time series for the purpose of
detecting changes in their structure as well as a computer program for their application.
The time series submitted to GRDC were used by Dr. H. Mitosek to test the hypothesis
of no change in their means and variances and the results of this study show that, for
a substantial number of the series tested, the above hypothesis was rejected (Mitosek
1992).
The further development of project A2 must be in the direction of a quantification
of the location, form and magnitude of the changes in the structure of these series and
of linking these changes to causative factors related to changes of climatic conditions.
The quantification of the impacts of climatic change on the hydrologie conditions of river
basins can be achieved by the formulation and estimation of mathematical models of
two main types:
•

Univariate models of meteorological and hydrological time series and

•

Multivariate models which, in addition to flows, take into account the inputs of
the basin system coming from the atmosphere, e.g. temperature and
precipitation.
The purpose of this report is twofold: to present a survey of the current literature

on univariate and multivariate models taking into account the effects of climatic change
on the hydrology of basins and to formulate a number of questions and point out
possible directions for further research into this important problem.
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In order to facilitate comparison, the models discussed are classified on the
basis of the subsystems they attempt to represent and the goal of the study. Figure 1
shows the series of the following subsystems:
A

=

Atmosphere

Oc
B
WR
U

=
=
=
=

Ocean
Basin
Water Resources Project
User

I
O
DET
M

=
=
=
=

Input
Output
Detection
Modelling

where

In addition to the feedback loop between the atmosphere and ocean systems
shown in Figure 1, there are numerous other feedback loops not shown, e.g. the
influence of changed basin conditions on évapotranspiration as an input to the
atmosphere system. Figure 1 indicates that the input of a system is not identical to the
output of the previous system. This reflects the fact that due to scale and other effects,
it is usually necessary to transform the output of a system before it can be used as the
input of the next system, e.g. the output of GCM's and the input to basin models.
As an example of the above classification, [A(O), B(l,0)M] is a model which uses
the output of the atmosphere system, transforms it into the input of the basin system
and quantifies the relation between the input and the output of the basin system. As
mentioned above, the principal subject of this report is the discussion and comparison
of modelling methodologies. However, given that the boundaries between detection and
modelling, particularly for univariate models, are not clear-cut and that the detection
methodologies included in WMO Report WCAP-3 (1988) do not cover the entire range
of these proposed in the literature, a section on detection of climatic change has been
included in this report.
The literature on models taking into account changes in the structure of the
observations is very extensive and it is not possible to survey all models proposed by
researchers in the area. For this reason, the present report can best be considered as
an attempt to classify and compare the modelling approaches rather than as an
exhaustive survey of the large number of modelling studies and their results.

II. METHODOLOGIES OF DETECTION OF CLIMATIC CHANGE
In this section, we give a brief description of detection methods proposed in the
literature as a supplement to the report by Dr. H. Mitosek (1992) "Occurrence of climate
variability and change within the hydrological time series, a statistical approach",
prepared for project A2.
Since the statistical tests used for detecting non-stationarity of a time series
depend on the type of change to be detected, the discussion will be based on the
following classification of changes:
1)

Abrupt change in the mean

2)

Gradual change in the mean

3)

Shifting levels (more than one change in the mean)

4)

Continuous trend in the mean

5)

Cyclical patterns

6)

Changes in variability
It must be noted, however, that as shown by Solow (1990), it is sometimes

difficult to distinguish between (1) and (2).
Table 1 gives a list of papers and reports which deal with the detection of
changes in climatological and hydrological time series, including the methodologies
used and their applications.
In order to clarify the similarities and differences in the respective approaches,
a few comments are necessary. The basic reference on methods of detection of climatic
change is the Report of WMO No. 195 TP 150 (1966). A list of the detection tests
proposed in this report is included as footnote (1) of Table 1. An examination of Table
1 shows that these or equivalent tests are also recommended in the papers which
propose additional tests.
The WMO Report WCAP-3 (1988) of project A2 proposes Hurst's coefficient as
well as a number of tests developed more recently for detecting the time of change
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(tests for a jump in the mean, test of cumulative deviations and Worsley's likelihood
ratio test). It must be noted that the sub-intervals used in the WMO Report WCAP-3 are
equal-length subdivisions of the interval of record and do not generally coincide wjth
periods of high and low flows.
The new tests proposed in the other papers cited are intended for the case of
non-independent and identically distributed variables which can be modelled by a
stochastic process. These tests include:
1)

Various ARIMA models

2)

Robust statistics for AR processes

3)

Fuller's test for stochastic non-stationarity

4)

Harrison-Stevens' dynamic linear model

5)

Adaptive Kalman filter
It is apparent from the lists of tests included in Table 1 that a large number of

tests, based on different assumptions, have been proposed in the literature for detecting
changes in different hydrologie variables. Given the importance of the detection of
climatic change, it would be useful to classify and compare these approaches and their
assumptions in a manner similar to that of WMO Report No. 195 (1966). This would, in
effect, be a continuation of the analysis carried out by Dr. Mitosek and could include
both a methodological and an application aspect. Detection methods could be tested
and compared on a large number of long climatological and hydrological series. At this
point, it must be mentioned that the literature on water quality includes many proposals
for detecting changes in the univariate and multivariate seasonal and non-seasonal
cases. These tests should be examined for possible use in the detection and modelling
of climate change, e.g. Zetterqvist (1989).

Table 1. Methodologies of detection of climatic change
DETECTION OF:
AUTHOR(S)

YEAR

CLASSIFICATION

Buishand

1984 A(0), B(0) DET

Buishand
Currie et al

1982 A(O) DET
1990 A(O) DET

Demarée
Galbraith et al

CYCLES

ABRUPT
CHANGE
OF
MEAN

GRADUAL
CHANGE
OF MEAN

CONTINUOUS
TREND

SHIFTING
LEVELS

METHODOLOGY

APPLICATIONS

•

Likelihood ratio,
Bayesian approach,
Recursive residuals

Residuals of regression of runoff
on precipitation

y

Von Neumann ratio,
Spectral analysis

Precipitation
Precipitation

Mann-Kendall and
Pettitt tests

Air temperature

•
/

A(0) DET

CHANGE
IN
VARIABILITY

/
/

1990 A(O) DET

/

Fuller's test of stochastic non-stationarity

Air temperature

Bayesian approach

Precipitation

Spectral analysis

Temperature

ARIMA models

Temperature
variability

Adaptive Kalman filter

Precipitation

Time series decomposition, spectral analysis

Lake levels
Regional streamflow change

Hubert et al

1991 A(O) DET

Kane et al

1990 A(O) DET

Katz

1982 A(O) DET.M

Kawamura et al

1987 A(O) DET

Kite

1989 B(0) DET.M

Lins

1985 B(O) DET

y

Principal components

Me Neill

1981 A(0) DET.M

•

Regression, HarrisonStevens linear model

Mitosek

1992 A(0), B(O) DET

•
/
y
•

y

•

•

y

y

Kruskal-Wallis test,
Mann's test

Sub-period means
and variances
(Discharge, lake
levels, temperature, precipitation)

Table 1 (CONT.)
DETECTION OF:
AUTHOR(S)

YEAR

CLASSIFICATION

Refsgaard

1989

B(l,0) DET.M

Sneyers et al

ABRUPT
CHANGE
OF
MEAN

GRADUAL
CHANGE
OF MEAN

CONTINUOUS
TREND

/

/

y

1989 A(O) DET

•

•

Solow

1988

A(O) DET

/

Srikanthan

1983

B(O) DET, M

•

Srikanthan

1991

Tiku

1981

WMO

1966 A(O) DET

•

WMO

1988

y.

CYCLES

CHANGE
IN
VARIABILITY

APPLICATIONS

Students t, Wilcoxon
rank sum, regression,
Mann-Kendall test

Residuals of hydrologie models

Mann-Kendall test,
Pettitt test,
Wald-Walfowitz test

Air temperature

Bayesian approach

Temperature
deviations

y

Autocorrelation,
Non-parametric tests
ARIMA models (2)

Annual flows

y

y

CUSUM test, Two-phase
regression (2)

Annual maximum
daily rainfall

Robust statistic for
autocorrelated series

Simulated data

y

y

METHODOLOGY

y

y

B(O) DET

B(0) DET

SHIFTING
LEVELS

y

y

Autocorrelation, spectral
analysis, orthogonal
functions, Gaussian filter
(1)
•.

13 tests (3)

-

FOOTNOTES TO TABLE 1
1.

2.

Tests included in WMQ Report No. 195 (1966)
1)

Autocorrelation coefficient

2)

Von-Neumann ratio

3)

t-test for difference between two means

4)

Spectrum

5)

Cramer's test for comparing means of sub-periods with the mean of the
whole period

6)

Mann-Kendall test for trend

7)

Spearman rank statistic

8)

Bartlett's test of constancy of variability

9)

Computation of effective length of period

10)

Orthogonal function analysis applied to space and time variability of
circulation and climate.

11)

Gaussian filter

Tests included in Srikanthan (1983)
1)

Autocorrelation coefficient

2)

Runs test

3)

Turning points test (Kendall's)

4)

Length of runs (Gold's test)

5)

Cumulative periodogram test

Tests included in Srikanthan (1991)
1)

Mann-Kendall rank correlation

2)

Spearman rank correlation

3)

CUSUM test

4)

Likelihood ratio test

5)

Two-phase regression

3.

Tests included in WMQ Report WCAP-3 (1988)
1)

Coefficient of autocorrelation

2)

Standard error of coefficient of autocorrelation

3)

Cumulative periodogram

4)

Spectrum

5)

Rescaled adjusted range

6)

Hurst's coefficient

7)

Runs test

8)

Mann's test of trend in the mean

9)

Mann's test of trend in the variance

10)

Kruskal-Wallis' test of equality of sub-period means

11)

Kruskal-Wallis' test of equality of sub-period variances

12)

Test of jump in the mean

13)

a)

Cumulative deviations test

b)

Worsley's test

Gaussian filter
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111. METHODOLOGIES OF MODELLING CLIMATIC CHANGE
III.1

General Remarks on Modelling
The detection of changing behaviour of a hydrological time series is the first step

in understanding the characteristics of the impact of climatic change on the hydrologie
cycle. The next step consists in quantifying the relations between the relevant variables
i.e. in formulating mathematical models of the process of climatic change. As mentioned
in the introduction, the models used for this purpose may include various sub-systems
of the chain of systems shown in Figure 1.
Many causative factors of climatic change have been identified by climatologists,
e.g. astronomical causes, changes in planetary albedo (volcanic effects, cloud and
surface changes), solar radiation, the concentration of greenhouse gases, e.t.c.
Furthermore, many types of models have been proposed to represent the relationships
between the inputs and outputs of the atmosphere sub-system and to quantify the
climatic changes corresponding to the effects of the causative variables. The most
important are the general circulation models (GCM's) because their equations are
mostly based on physical principles.
At the present time, it is not possible to predict changes in the output of the
atmosphere sub-system (e.g. temperature, precipitation, etc.) given the changes in the
causative variables and it is necessary to use scenaria of changed outputs, keeping in
mind that they should be consistent and that they are not predictions.
The WMO Report WCAP-4 (1987) discusses the following methods of
constructing scenaria, as well as their uses and limitations:
1)

General circulation models

2)

Past data from critical periods

3)

Data from paleoclimatic analogues

4)

Data from regions of climatic conditions similar to those anticipated

5)

Scenaria based on expert opinion

6)

Assumed combinations of changes of output variables (mostly precipitation and
temperature).

11

7)

Scenaria based on the physical and statistical relations between large and local
scale values of the relevant variables.
In this report, we shall discuss in more detail the method of using GCM's for

constructing scenaria. A general analysis of the uses and limitations of GCM's for
modelling climatic change is given in the above-mentioned WMO Report WCAP-4. The
main points raised in the Report are:
1)

"GCM-generated hydrologie variables such as 'runoff' and 'soil moisture' are
extremely simplified representations of these quantities and they only represent
some hypothetical large scale area average, possibly with little relevance to
specific regions or drainage areas".

2)

"The limited spatial resolution of the models makes the direct use of the GCM's
for hydrologie assessment unreliable".

3)

"Most published GCM studies consider only equilibrium responses and it is not
known whether the regional patterns of climatic change for the transient
response will correspond to those given by equilibrium studies. A full transient
study would require a realistic ocean model coupled to an atmosphere GCM".
The Report proceeds to point out a number of additional limitations of the direct

use of the output of GCM's and considers the following methods of modifying the GCM
output:
1)

"Interpolation between the GCM's grid points. This interpolation does not
improve the regional precipitation estimates because small-scale patterns are
driven by complex geographic and climate behaviour not captured by the
interpolation process".

2)

Regression relationships between local station data and large-scale grid point
values of the variables. The regression equations can be applied to GCM results
based on doubled CO s scenaria to produce subgrid scale information. This
method is based on the unverified assumption that the relationship between the
regional and local scale climate will remain unchanged in a 2xC0 2 situation".
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3)

Embedding a higher resolution model within the coarse resolution model (Giorgi
et al 1990,1991; Thomas et al 1991).

4)

Developing a stand-alone mesoscale model using the GCM output as input.
[Approaches (3) and (4) have the advantage of reduced computer time with the
disadvantage of "importing coarse resolution model data into the fine resolution
model".)

5)

Improving the resolution of existing GCM models at the expense of considerable
increase in computer time.
In addition to scale improvements GCM's must also be improved internally with

respect to soil moisture dynamics, vegetative responses, cloud dynamics and
évapotranspiration and be coupled to a more realistic ocean model (Gunn 1991; Stone
etal 1990; Grotch 1991).
Given the above difficulties of the direct use of GCM output, it is more realistic
to link GCM's with hydrological models. The use of the linked models offers the
advantages of a wide choice of models and modest computational requirements. The
hydrological models best suited for this purpose are physically based models which,
however, are difficult to use in the case of large basins. For this reason, deterministic
conceptual models have been used instead, e.g. Nemec and Schaake 1982.
In view of the random fluctuations occurring in hydrometeorological time series,
it is necessary to introduce explicitly a stochastic aspect into the hydrological models
used for detecting and understanding climate change (Moss et al 1987). Hydrological
models depend on parameters whose values are determined by calibration. Since they
are used for periods other than the calibration period, particularly under conditions of
climatic change, the criteria for testing their adequacy must be carefully defined. A
thorough discussion of this problem and a prescription for systematic testing of models
is given in Klemes (1985).
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III.2

Univariate Models
In this section, we discuss papers on univariate models of the types A(O) or B(0)

i.e. models of a single output of either the atmosphere or the basin system. These
models can be considered as "black box" because they do not seek to reveal causal
relations between climatological and hydrological variables like the models discussed
in the next section but to represent quantitatively the patterns of climatic change. Table
2 gives a list of papers and reports on univariate modelling including the types of
models and their applications.
The paper by Chin and Yevjevich (1974) discusses long-term climatic change.
The authors postulate a "deterministic-stochastic" model of the form
Observations (t) = Det (t) + Stoch (t)
where the mathematical form of the deterministic term depends on the nature of the
series and the stochastic term is assumed to follow an autoregressive process. The
authors applied this model to ice-core and sea sediment data. The main conclusion of
the study is that the proportion of the variance explained by the stochastic component
is relatively high and consequently the variables which represent climatic characteristics
have a wide margin for short-term fluctuations under the influence of various natural and
anthropogenic factors.
The paper by Salas and Boes (1980) discusses the annual fluctuations of
discharge time series. The basic idea of their model is that the mean of the series shifts
to different levels of random magnitude and duration (Figure 2). The basic assumptions
of the model are:
1)

The levels of the mean of the series form a sequence of independent, identically
distributed random variables.

2)

Their durations form a discrete time stationary delayed renewal process and are
distributed geometrically.

3)

The values of the variable are the sum of the mean levels and the noise terms
which are independent and identically distributed.
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Under the above assumptions, the authors estimate the autocorrelation function
of the "shifting level" process, the ratio of the variance of the mean level to that of the
noise, and the parameter of the geometric process of the durations of the mean levels.
The authors state that the "shifting level" model has the same autocorrelation structure
as the ARMA (1,1) model and that it is to be preferred to it if the criteria of maximum
accumulated adjusted deficits, longest negative run lengths and largest negative run
sums are considered important.
The basic idea of this model is interesting but the above assumptions do not
reflect the complex behaviour of wet and dry periods which depends on causative
factors related to the behaviour of the atmosphere.
Kite (1989) analyses time series of lake levels and river flows for linear trends,
periodicities, autoregressions and random residuals. The analysis is carried out in the
above sequence by examining the spectra at each step and by estimating and removing
the corresponding additive component of the time series. In his conclusion, the author
states that "no statistical components were found that could be ascribed to 'greenhouse'
induced climatic change".
It must be noted that the sequential approach of detecting and removing
individual components of a time series assumes that the process has a simple additive
form which may not correspond to the structure of the observed time series (Tiao et al
1990).
Antonovski et al (1991) propose a method of additive decomposition of a time
series based on the principal component analysis of a Hankel matrix formed from the
elements of the original series. More specifically, if the original series is f, f^., fHthe
following matrix is formed:
f

f

1

2

f

3 -

%n+1

X =

*n

f

r>+1

*N-n+1

f

N
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where if the series is periodic, n is equal to the period and, if not, it is determined by
trial and error.
The matrix X is then expressed as the sum of the matrices
X = X<1> + X<2> + ... + x<n*)
where n* is the number of non-zero eigenvalues of the correlation matrix of the rows of
X, using an algorithm which is equivalent to the singular value decomposition of X (e.g.
Green 1978). The original series is then reconstructed by averaging the elements of the
right diagonals of matrices X^1),

X*n*) corresponding to the equal elements of the

matrix X. The result of this computation is a non-parametric form of the additive
decomposition of the original series into uncorrelated components which can be
identified as trend, seasonal and irregular terms. The authors apply this method to the
time series of global temperature anomalies as well as to the corresponding series of
the northern and southern hemisphere. The one- and two-dimensional graphical
presentations indicate temporal patterns that can be related to physical factors.
This non-parametric approach to time series decomposition is interesting and
should be explored further as a tool for detecting and modelling univariate time series
under conditions of climatic change.
The paper by Carbonnel and Hubert (1989) proposes a "shifting level" model
similar to that of Salas and Boes. However, the segmentation of the series in subperiods of different levels is not based on distributional assumptions but on the
minimization of the sums of squares of the differences between the observations and
the period means. The optimal segmentation is determined by a branch-and-bound
algorithm and the significance of the differences between consecutive sub-period means
is verified by Scheffe's test (Kendall et al 1967). The authors apply this method to one
precipitation and one flow series and determine wet and dry sub-periods. Their
approach can be described as exploratory analysis with the purpose of clarifying the
structure of past wet and dry sub-periods. It is not their purpose to propose a formal
model that can simulate the behaviour of the natural processes of climatic change.
Given the multivariate nature of the problem of climatic change, the fact that a method
of analysis of a univariate series does not attempt to include a formal model may be an
advantage.
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The paper by Szentimrey et al (1992) attempts to answer the same question as
that of Carbonnel and Hubert, that is to detect high and low sub-periods in a past
record. The method used is a window technique based on a complete set of orthogonal
functions (extended Haar function system). This orthogonal function system is used to
estimate the changes in level and, using the normality assumption a statistical
procedure is presented for the detection of non-zero differences in the successive
climatic means. The method is applied to two temperature series and the results show
that the addition of a few years to the record can change substantially the set of
subperiods determined by the method. It is apparent from the above, that the method
has problems of stability and requires further development.
The majority of papers on modelling the impact of climate change focus their
attention on the structure of climatological and hydrological time series and particularly
on their means and variances. The paper of Duckstein and Bobee (1987) addresses the
problem of the effects of climatic change on the probability distributions of hydrologie
variables relevant to the design of water resources projects such as, for example, flood
flows. Their approach is Bayesian and they apply it to the estimation of the posterior
distribution and Bayesian confidence intervals ("credible intervals") for the flood flows
of a Canadian river. The Bayesian approach offers the possibility of incorporating
subjective opinions for formulating the prior distributions and can be combined with
outputs of GCM's to estimate the effects of climatic change. This approach is
complementary to the study of simulated extreme values derived from time series
produced under conditions of climatic change.
Capodaglio et al (1990) discuss and elaborate a univariate model for annual
flows proposed by Klemes (1974). The model assumes alternating periods of high and
low flows (shifting levels) which are assumed to occur with probabilities to be estimated.
The model is presented in additive and multiplicative forms and the parameters are
estimated on the basis of the autocorrelation function. The authors verify by means of
simulations that the Hurst coefficient lies between 0.5-1.00 and state that the model can
be extended to monthly flows. The authors do not give applications of this model to the
problem of climatic change and therefore its usefulness for this purpose must be
investigated.
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The paper by MacNeill (1982) uses an adaptive harmonic regression model for
detecting a change in a univariate series occurring at unknown times and for estimating
the changed values of the regression parameters as a function of time. The approach
is based on the adaptive models of Kalman (1963), Young (1974) and Harrison and
Stevens (1976) and is applied to the time series of annual sunspot numbers. This
method, like others based on adaptive algorithms can be useful for detecting and
modelling gradual changes in climatological and hydrological time series.
In concluding the section on univariate models of climatic change, we must
mention the possibility of modelling "shifting level" phenomena by means of
deterministic non-linear models which create a periodic random-looking behaviour called
"deterministic chaos" (Eagleson 1991). An application of this approach to the annual
precipitation in western Sahel is given in Demarée and Nicolis (1990).

Table 2. Méthodologies of modelling climatic change
univariate models

AUTHOR (S)

YEAR

CLASSIFICATION

METHODOLOGY

APPLICATIONS

Antonovski et al

1991

A(O), B(O) M

Projection pursuit
C 0 2 concentration
(singular value decomposition of Temperature anomalies.
Vegetation index.
a Hankel matrix).

Chin et al

1974

A(l), A(O) M

Additive decomposition of time
series

Incoming radiation. Ice
cores. Sea sediments.

Kite

1989

B(O) M

Additive decomposition of time
series

Lake levels

Salas et al

1980

B(O) M

Shifting levels model

Lake levels

Szentimrey

1982

B(O) M

Shifting levels model Orthogonal Temperature
functions

B(0) M

Shifting levels model
Branch-and-bound algorithm

Preclpitaion
River flow

Carbonnel et al

Duckstein et al

1987

B(0)M

Posterior probability distribution
of hydrologie variables
(Bayesian approach)

River flow

Capodaglio et al

1990

B(0) M

Shifting levels model

Simulated data

Me Nélll

1982

B(O) M

Adaptive regression

Annual sunspot numbers

Demaree and Nicolis

1990

B(0) M

Bl-stable non-linear dynamical
system

Precipitation
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III.3

Multivariate models
In this section, we discuss basin models that include as input the transformed

output of atmosphere models such as GCM's. Table 3 gives a list of the papers,
including the methodologies and applications
We start the discussion of multivariate models with the paper by Gunn (1991)
whicN is not directly related to the impact of climatic change on hydrological variables
but attempts to give a characterization of the relationship between atmospheric forcing
variables influenced by climatic change and the global energy balance. This paper
proposes ANOVA and multiple regression equations to estimate the global energy
balance as measured by the vertically weighted average seasonal and annual
temperature of the atmosphere. The regressors used are:
1)

Solar output as measured by sunspot numbers.

2)

Volcanism as measured by surface-based laser radar backscatter.

3)

El nino-Southern oscillation index (ENSO).

4)

Atmospheric C0 2 , separated into trend and residual.
The introduction of the ENSO index as a regressor enables the authors to model

the relative thermal regimes of the southern and northern hemispheres and to conclude
that the ENSO appears to act as a hemispheric energy balance mechanism. This
conclusion reinforces the suggestions of other researchers (e.g. McFarlane et al 1991)
concerning the necessity of using a more refined ocean model linked to a GCM.
The paper of Lettenmaier et al (1989) will be discussed in some detail because
it is representative of studies using GCM's and hydrological models. The authors of this
paper study the effects of climatic change on the Sacramento River basin in California
using three GCM's, with steady state and transient scenaria, together with an analog
scenario based on the period 1930-1939. Figures 3 and 4 show that the changes from
1 x C0 2 to 2 x C0 2 , according to the three models, agree generally in the case of
temperature but not in the case of precipitation. The authors used modified outputs of
each GCM as inputs to the Sacramento model. The outputs of the GCM's were modified
as follows:
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1)

Precipitation - The historic precipitations were multiplied by the ratio of the mean
monthly precipitation computed from the GCM scenario to that of the base case
(present conditions). For the transient case a test for trend was performed and
a modification applied where appropriate.

2)

Temperature - For the steady-state runs, the differences between the
temperatures in degrees °C for 2 x C 0 2 and base conditions were added to the
historic data. For the transient runs, a trend test was used as in the case of
precipitation.

3)

Potential évapotranspiration - The potential évapotranspiration was computed
from the Penman equation using the base conditions and the 2 x C 0 2
conditions and the monthly differences were added to values computed from the
Penman equation using historical observations.
For the 1930's analog, the precipitation factors and temperature adjustment were

based on the analysis of long-term historic data rather than GCM results. The approach
described above for estimating the inputs to the basin system under conditions of
climate change has, according to the authors, the following implications for the
hydrologie simulations:
1)

The outputs under climatic change have the same coefficient of variation as
those of the base case.

2)

The spatial variability of the inputs is assumed to be the same as in the base
case.

3)

The probabilistic structure of wet and dry sequences remains the same as in the
base case.
Given the importance of the temporal and spatial variability and of the probability

distributions of the input variables for the behaviour of the output of the basin system,
the above implications limit the usefulness of this approach. The main conclusion of this
paper is that "for the snow-dominated hydrology of the Sacramento - San Joachin
basin, a general warming of the order of that predicted by all the GCM's would cause
a major reduction in winter snow accumulation and hence increases in winter runoff and
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reductions in spring and summer runoff. The authors recommend further study on the
following aspects of the hydrologie cycle:
1)

The space-time distribution of precipitation under GCM-predicted altered
climates.

2)

The interaction of long-term shifts in vegetation, particularly as they would affect
évapotranspiration and runoff.

3)

Changes in the distribution of extreme floods.

4)

Estimation of potential evaporation under the GCM-predicted climates.
These studies will also help to clarify the problem of changes in hydrological

model parameters under conditions of climatic change: a problem unresolved at the
present time (Kaczmarek 1991).
The paper by Becker and Nemec (1987) proposes a solution to the problem of
coupling GCM's and hydrological models by a two-level modelling approach based on
the subdivision of the basin into hydrologically nearly homogeneous sub-areas with
regard to évapotranspiration and runoff formation. The first-level modelling fulfills the
requirements of GCM's and is related to the vertical process, i.e. the moisture exchange
with the atmosphere, the runoff production and the local area water balance and
therefore, it can be used for coupling hydrological and climate models. The second-level
model is concerned with surface flow, interflow and ground-water flow. The paper also
proposes using subgrids within the GCM grid area. As an example of the above
approach, the authors mention the INRS-Eau CEQUEAU distributed conceptual model
(Girard et al 1981) used in the study by Morin and Slivitzky (1992), discussed in the
present paper.
Croley (1991) discusses the use of the Great Lakes Environmental Research
Laboratory's (GLERL) integrated model for estimating the impact of climatic change on
the levels and net basin supplies of the Great Lakes. The climatic scenarios are based
on the outputs of the GCM's GISS, GFDL and OSU. Due to the coarse resolution of the
GCM's, the input to the hydrological GLERL models was computed by multiplying the
historical observations by the ratio of the GCM outputs for 2 x CO s and 1 x C 0 2
conditions for both precipitation and absolute (Kelvin) temperatures. In the case of
temperatures the results are not identical to the results of the application of an additive
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correction as is done in other studies which use degrees centigrade. Both steady state
and transient scenaria were considered although the interpretation of the latter
presented difficulties. The components of the GLERL system of models were designed
for purposes other than modelling the impact of climatic change for which a daily time
step is necessary. Given the spatial scale of the GCM models, longer time steps could
have been considered. The authors point out the following limitations of applying simple
ratios or differences to the historical data:
1)

The methodology does not address changes in variabilities that would take place
under a changed climate.

2)

The method preserves seasonal meteorological patterns as they exist in
historical data, although a change in climate implies an alteration of the seasonal
temporal structure for storms and cyclonic events.
The paper by Louie (1991) describes the impact of climatic change on the levels

and inflows of the Great Lakes but it uses the second generation GCM of the Canadian
Climate Centre (CCCII) instead of the GCM's used by Croley. This model includes a
number of refinements which are described by Boer et al (1991): "The CCCII model is
coupled to a mixed-layer ocean incorporating thermodynamic sea-ice, features a
specification of ocean heat transports for the open ocean and under sea-ice,
incorporates information on vegetation and soil type in the treatment of land surface
processes and includes a parametrization of cloud optical properties". Figure 5 shows
a comparison of the main features of the models GISS, GFDL, OSU and CCCII. The grid
size of the CCCII model is 416 x 291 km which is the same order of magnitude as the
size of the basins considered. The CCCII model is linked to the integrated GLERL
system of models used by Croley. On the other hand, the following limitations of this
recent model must also be noted, on which further research is necessary:
1)

Global warming may cause changes in the temporal variability of climate
elements. This possibility is not taken into account in the computations of this
and previous models which use ratios developed from comparison of monthly
data from 2 x C 0 2 and 1 x C 0 2 model runs.
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2)

The ocean and sea-ice components of the model are oversimplified. Further
improvement in this regard would require coupling a dynamic oceanic GCM with
a GCM of the atmosphere (McFarlane et al 1991).
Morin and Slivitzky (1992) use the output of the Canadian Climate Centre (CCC)

General Circulation Model (McFarlane et al 1991) coupled with the distributed
conceptual model CEQUEAU mentioned by Becker and Nemec. The CCC model has
a resolution of 3.75° x 3.75° as compared to the resolutions of 8° x 10° and 5° x 8°
respectively of the GISS and GFDL models. The distributed conceptual model
CEQUEAU is described as follows by the authors of the paper: "The CEQUEAU
deterministic model uses the degree-day method to estimate daily snowmelt under
forest canopy and in the open and the Thornthwaite equation to calculate daily
évapotranspiration for each square grid of the basin. Daily water budget, using linear
reservoir storage for soil moisture and ground water storage is then used on each
square grid element to estimate daily runoff production; this daily runoff production on
each grid is then routed downstream to the basin outlet". This model was used to study
the impact of climatic change on the hydrology of the Moisie River in Quebec (drainage
area 19248 km2) with square grid elements of 20 x 20 km. It must be noted that the size
of the Moisie basin is of the same order of magnitude as the basic square of the CCC
model and consequently the implications of the scale problem are less serious in this
case. The results of this study are given in Tables 4 and 5 which show that climatic
change causes different changes in precipitation, temperature and runoff for individual
months.
The linkage of GCM output with a distributed conceptual model as carried out
in the paper by Morin and Slivitzky deserves further study because this type of basin
model is intermediate between the lumped conceptual models (e.g. Stanford) and the
physically-based (e.g. SHE) models which, at the present time, are not easy to use for
large basins.
The report of Refsgaard et al (1989) analyses the problem of distinguishing
between man's influence and climatic effects on the hydrologie cycle using a physicallybased model. The scope of the study is limited to the effect of anthropogenic factors
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Températures
Mois

Normal es

Précipi tations
Norma'les

Différence (°C)
pour 2C02

co

(mm )

Différence (%)
pour 2C02

Sept-Iles Wabush Sept-Ilias Wabush Sept-Iles Wabush Sept-Iles Wabush
Janvier
Février
Mars
Avril

Mai
Juin
Juillet
Août
Septembre
Octobre
Novembre
Décembre
Année

Table 4

-2,5
-11,0

-0,7
-8,1
-11,0

7,7
7,4
5,3
2,4
4,1
4,1
3,5
3,3
3,6
2,7
1,7
4,4

6,6
5,9
4,5
2,3
3,3
5,4
4,0
3,5
3,5
2,1
1,3
7,7

95,5
79,5
82,8
78,4
84,0
90,2
97,0
104,1
112,2
96,5
100,1
104,6

65,1
48,2
56,8
52,5
59,7
83,7
105,8
94,3
94,0
84,8
76,8
73,0

1,1

-3,8

4,2

4,2

1124,9

894,7

-14,0
-12,5
-6,6

0,0
5,9
11,7
15,2
14,1

9,3
3,6

-22,3
-20,8
-13,8
-5,6

2,7
10,1
13,5
11,8

6,2

8,9

7,1

22,7

27,1
-4,2
18,1
29,8

5,5
-5,8
14,0

5,1

9,1

-22,7
-1,0
-24,2
-2,0
-2,5

-0,2
-7,9
-9,9
-10,5
-3,2
19,8

-1,5

3,7

3,5

Monthly modification of temperatures and precipitations at the Sept-iles
and Wabush stations, estimated by the Canadian Climate Centre General
Circulation Model.
(Reprinted from Morin and Siivitzky 1992).
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Conditions
actuelles
Mois

Table 5

Calculées

Scénario 2xC02

Simulées

Différence*

mm

mm

Janvier
Février
Mars
Avril
Mai
Juin
Juillet
Août
Septembre
Octobre
Novembre
Décembre

18,4
13,1
12,6
28,2
166,3
147,2
74,8
54,5
57,4
65,7
48,0
28,6

23,8
24,7
39,1
77,4
170,3
85,4
52,0
36,2
42,5
49,4
43,9
34,1

5.4
11,6
26,5
49,2
4,0
-61,8
-22,8
-18,3
-14,9
-16,3
-4,1
5.5

29,3
88,5
210,3
174,5
2,4
-42,0
-30,5
-33,6
-26,0
-24,8
-8,5
19,2

Année

714,8

678,8

-36,0

-5,0

mm

%

Annual and monthly runoff of Moisie River in its actual state for the 19661989 period calculated with modifications of the temperatures and
precipitations estimated for 2 x C0 2 .
(Reprinted from Morin and Slivitzky 1992).

29

on the conditions of the basin and does not include their effects on the atmosphere.
The interest of this study for the detection of climatic change lies in two facts:
1)

Physically-based models should be and are being used more in hydrologie
studies because they can take into account local conditions and groundwater
components. The use of a physically based model for representing conditions
of climatic change is particularly appropriate.

2)

If the effect of "ground" anthropogenic factors can be accounted for, it would be
easier to estimate the effects of the changes in the outputs of the atmosphere
system on the hydrology of river basins. Given that the conditions of most
basins have been influenced by man's activities, it is apparent that the
methodology developed by Refsgaard et al is useful.
The papers by Gleick (1986,1987) give a survey of earlier attempts to model the

regional impact of climatic change on hydrologie variables and formulate a number of
criteria for evaluating the applicability of hydrologie models for climatic impact
assessment. The author also proposes the use of water balance models instead of the
deterministic conceptual and physically-based models used in the papers discussed
above. The distinction between "water balance" and "deterministic conceptual" models
is a matter of convention. For the purposes of this report, we may consider that there
are two main differences:
1)

The time step is daily for the deterministic conceptual and monthly (or annual)
for the water balance models.

2)

Water balance models are based exclusively on the continuity equation and
include assumptions concerning lagged effects whereas deterministic conceptual
models may include various forms of the momentum equation, e.g. hydraulic
routing. The choice of a monthly water balance model rather than a daily
deterministic conceptual model raises the question of the appropriate time step
for studies of climate change. Given that the GCM's use an even smaller time
step, it is apparent that matching both time and spatial scales at the interface
between the atmosphere and basin systems is an important problem. It is
possible that, due to data limitations and to the fact that the scale of the
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climatic change phenomena is years or decades, the monthly time step may be
a valid alternative to the daily time step for this type of study.
The paper by Mimikou et al (1991) proposes a monthly water balance model and
uses it to estimate the effects of climatic change on the hydrology of three basins in the
central mountain regions of Greece. As in the case of Gleick (1987), the model was
designed specifically for the conditions of the basins under study. The structure of this
model provides for the possibility of ordinal scale data on relative humidity and wind
velocity. This feature of the model can be useful in many regions of the world where
some observations are only qualitative or ordinal.
The paper by Cohen (1991) describes the use of Thomthwaite's water balance
model coupled with scenaria constructed using estimated growth rates of irrigation,
outputs of GCM's and hypothetical warming patterns for studying the impact of climate
change on the water resources of the Saskatchewan River basin in Canada. The author
points out the advantages of the Thornthwaite model i.e. the modest data requirements
and flexibility of use and its disadvantages, i.e. "not taking into account the effect of
changes in the energy budget, wind effects and possible changes in transpiration and
soil moisture". Another limitation related to the input is that the changes in precipitation,
as compared to the basic period, are not similar for different GCM's (Figures 6 and 7).
These limitations restrict the usefulness of presently used combinations of GCM's and
hydrological models. Satisfactory modelling of the complex interconnections between
climate and hydrologie cycle will require further research in the atmosphere-ocean-basin
system, in order to take into account the local behaviour of the basins including e.g.
feedback effects due to the influence of increased C 0 2 on the transpiration process
(WMO 1989).
McCabe et al (1990) estimate the impact of climatic change on Thomthwaite's
mean annual moisture index on the basis of three GCM's (GFDL, GISS and OSU),
under conditions of 2 x C0 2 . As the authors point out, the Thornthwaite moisture index
is a useful indicator of the supply of water (precipitation) in an area, relative to the
demand for water under prevailing climatic conditions (potential évapotranspiration).
This approach gives an overall picture of moisture conditions under climatic change and
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can be considered as complementary to the more detailed results of monthly water
balance and daily conceptual hydrologie models.
The paper by Schwartzenmaier et al (1992) proposes a regression model of
monthly runoff on meteorological and basin variables for 44 stations in the southeast
of North America. The regressors include variables related to the Kôppen-Geiger climatic
classification. Due to the correlations between regressions, models of this type are more
suitable for forecasting than for revealing the structure of the relationship between
variables. However, regressions which include climatic classification variables may be
useful for understanding the influence of climatic conditions on runoff (Guetter and
Kutzbach 1990).
It is well-known that regressions and other black-box models are less suitable
than physically-based or conceptual models for representing conditions of climatic
change because the changes in their parameters cannot easily be related to the
changed values of the climatic variables. However, within this class of models, transfer
function models (Box and Jenkins 1976, Hipel et al 1975) are preferable to regression
models for the following reasons:
1)

The possibility of including autoregressive and moving average terms in the
input and output variables.

2)

The statistical independence of residuals

3)

The possibility of including intervention terms.
The paper by Hipel et al (1982) describes the application of transfer function

models to the relation between runoff and various input variables. The authors do not
apply this approach to the problem of climatic change. However, this could be done
after the detection of the boundaries of the sub-periods of different levels of the variable
by other methods (e.g. Carbonnel 1989, Sneyers et al 1989).
Kaczmarek et al (1991) propose a monthly water balance model which uses
stochastic storage theory to describe catchment behaviour (Kaczmarek 1974, Klemes
1981). The authors point out the limitations of the scenaria approach for estimating the
inputs to the basin model under conditions of climatic change and state that "in the
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context of limited knowledge of the regional climate change, sensitivity analysis is more
justified than impact studies based on climate scenarios". Their definition of the
"sensitivity parameter" is as follows: Given a water balance component y and a set of
climatic factors xv...xn, we compute the sensitivity parameter
Ay
Axi

m

y(yin+X, Qo) - y(xin-A, Qo)
2X

where Oo is the base set of climatic factors other than x and X is a small disturbance
of x^.
It must be noted that this type of sensitivity analysis is strictly valid only in the
case of independent changes of the climatic factors. The model is applied to the Warta
River in Poland and the computations are carried out both for climate scenaria based
on the output of the GFDL General Circulation model corresponding to 2 x C 0 2
conditions and by means of sensitivity analysis. An interesting aspect of this model is
that it uses stochastic storage theory rather than empirical assumptions to describe the
dynamics of catchment storage. This is a step toward models that are more physically
based and therefore better suited for studying climatic change.

Table 3. Methodologies of modelling climatic change
multivariate models
AUTHOR(S)
Becker and Nemec

YEAR
1987

CLASSIFICATION

METHODOLOGY
OF BASIN MODEL

APPLICATIONS

B(l,0) M

Two-level modelling

Cohen

A(O), B(l,0) M

GCM-water balance model

Gleick

A(O), B(l,0) M

GCM-water balance model

Sacramento River flows

Gunn

A(l,0), OC(I.O) M

Multiple regression

Global energy balance

-

Hipel et al

1982

B(I.O) M

Transfer function

Flows

Kaczmarek et al

1991

B(l,0) M

GCM - Monthly water balance
model

Flows

Lettenmaier et al

1989

A(0), B(l,0) M

GCM - Sacramento model

Sacramento River flows

Morin and Slivitzky

1992

B(I.O) M

GCM - CEQUEAU model

Moisie River flows

Me Cabe et al

1990

B(l,0) M

GCM - Water balance model

Thornthwaite moisture index

Mimikou et al

1991

B(I.O) M

Empirical scenaria - Water
balance model

Flows of three basins in
Greece

Refsgaard et al

1989

B(l,0) M

Physically based model

Man's influence on basin
conditions

Schwartzenmaier et al

1992

B(l,0) M

Regression

Runoff of 44 stations

Croley II

1991

A(0), B(l,0)

GCM - Conceptual
deterministic model

Levels and net basin supplies
of Great Lakes

Louie

1991

A(0), B(l,0)

GCM - Conceptual
deterministic model

Levels and net basin supplies
of Great Lakes
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IV. SUMMARY AND CONCLUSIONS

As shown in this report, extensive work has been done on the analysis of
hydrologie time series for the purpose of detecting and modelling the impact of climatic
change. Given the importance of this task, the tests and models proposed in the
literature should be compared using actual data and their structures improved. The
points raised in the various sections of this report can be summarized as follows:

Detection
In addition to the standard parametric and non-parametric tests for detecting
changes, several tests have been proposed in the more recent literature. Most of these
follow the "exploratory analysis" rather than the "hypothesis testing" approach and
include:
1)

Bayesian methods, which offer the flexibility of subjective estimation of the prior
distributions of the parameters (Hubert and Carbonnel 1987, Bruneau and
Rassam 1983).

2)

Regional approach based on the detection of changes in the first few principal
components of the flow series of a number of stations of a homogeneous region
(Lins 1985).

3)

Robust statistics for the detection of changes in stochastic processes (Tiku
1981).

4)

Adaptive algorithms which can be used to follow the changes in the parameters
of the processes as a function of time (Kawamura et al 1986, McNeill 1981).
The performances of these and of the more traditional approaches should be

compared in a comprehensive intercomparison study, using data from the GRDC data
base.
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Univariate modelling
Univariate modelling is the next step in the process of understanding the effects
of climatic change. The more traditional models proposed in the literature and based
on an additive decomposition of the observed series (Chin and Yevjevich 1974, Kite
1989). In view of the fact that decomposing a changing time series in a number of
additive components is valid only if these components are independent, the nonparametric decomposition into uncorrected components proposed by Antonovsky et
al (1991) deserves further examination.
Another type of model which attempts to capture the cyclic nature of climatic
changes with variable durations of wet and dry periods are the "shifting level" models
(Salas and Boes 1980, Szentimrey et al 1992, Carbonnel and Hubert 1989, Capodaglio
et al 1990). The probabilistic structures of the models proposed for quantifying the
"shifting level" concept are different and this indicates the need for comparing and
evaluating the various approaches. In this connection, it would be interesting to explore
the use of non-linear deterministic systems for explaining the "shifting level" behaviour
of long hydro-climatical time series (Demarée and Nicolis 1990).
In addition to means and variances, the operation of water resources projects
depends on other flow characteristics such as droughts and flood flows. Methodologies
which deal with these other variables should be the subject of further study (Duckstein
and Bobée 1987).
It must be recognized that the attempt to model univariate hydrological series
including the impact of climatic change does not take into account the known causative
factors, both natural and anthropogenic, which influence the behaviour of the
atmosphere and the conditions of the basin. In order to understand this complex
phenomenon, we must use multivariate models which include the ocean, atmosphere
and basin submodels and do not neglect feedback effects. Univariate models merely
extend the methods of detection, clarify the form and magnitude of the changes and
provide a basis for proceeding to the multivariate models.
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Multivariate modelling
The formulation of multivariate models for representing the influence of climatic
change of hydrologie variables is a difficult task. The following are suggestions for
possible improvements of current methodologies:
1)

The various methods of constructing scenaria mentioned in section 111.1 are
complementary and it will be necessary to develop methodologies for comparing
and combining their results. Given the correlations between climatic variables
such as precipitation and temperature, the scenaria constructed should be
based on consistent values of these variables.

2)

GCM's in their present form were not designed for modelling climatic change.
To serve this purpose, they should have smaller grid sizes, improved ocean
components, include feedback effects and allow better links with hydrological
models (Askew 1987).

3)

Hydrological models of all types (Black box, water balance, lumped conceptual,
distributed conceptual and physically based) have been used in studies of the
impact of climatic change. The following remarks and suggestions can be made
concerning possible improvements of their performance:
3.1)

Choice of spatial and time scales (daily conceptual or monthly water
balance models?).

3.2)

Use of distributed conceptual models as a step towards more physicallybased model structures.

3.3)

Use of stochastic intervention and transfer function models as an
alternative to regression models, to allow for a more rigorous treatment
of the stochastic characteristics of the time series.

3.4)

Taking into account the effects of anthropogenic changes of basin
conditions in modelling the impacts of climatic change.

Much work will be necessary to make the improvements suggested above. The
most promising approach toward making progress is to adopt the concept of hydrology
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as an "integrating" geophysical science advocated by Eagleson (1991). Given that the
hydrologie cycle is not only a product of climate but also an active participant in its
creation (Rgure 8), understanding of the effects of climate changes requires models that
take into account the feedback loops shown in Rgure 8b, rather than only the one-way
chain of systems shown in Rgure 8a. This work will require collaboration between
specialists in the areas of climatology, meteorology and hydrology, to achieve really
integrated models. The implementation of Projects A1 and A2 of the World Climate
Programme could be a step in this direction.
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