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[1] Forecasting the hydrological impacts of climatic and anthropic changes assumes that
the evolution of model parameters under changing conditions can be predicted. Hence
it is necessary to study the relationship between hydroclimatic variability and model
parameter values. In this paper, we explore this issue by implementing a daily lumped
hydrological model (GR4J, Perrin et al. (2003)) on the Upper Ouémé watershed
(10,050 km?, Benin). West Africa was subjected to changing climatic and hydrological
conditions during the second half of the last century, and changes in the water balance can
be evidenced on this watershed. Contrasted periods are extracted from the available
1954-2002 data set, so that hydrological and pluviometric extreme periods can

be defined. First, the magnitude of changes in model parameter values under changing
conditions are analyzed, using a resampling method (first approach) and within an
equifinality context (second approach). It is shown that significant changes in the
rainfall-runoff relationship do not induce significant changes in the model’s parameter
values. A third original approach analyzes the signature of hydroclimatic variability in
model performance. Hence a test is defined that uses interannual model efficiency
variances to measure performance homogeneity and a resampling test to statistically
characterize the calculated results. This test demonstrates the hydrological relevance of the
calibrated parameter sets because the more stationary the rainfall-runoff relationship,

the more homogeneous the model’s performance.
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1. Introduction

[2] Changes in water resources are an increasing matter
of concern because of potential consequences of climate
nonstationarity and anthropic pressure. In such conditions,
the watershed hydrological response is likely to change, and
the sustainability of water supplies is questioned, especially
in dry areas. In West Africa for instance, the long-lasting
drought experienced since the 1970s has had dramatic
consequences on water resources and food security. There-
fore forecasting the hydrological impacts of climatic and
land-use changes has received increasing attention in the
last few years. However, it must be recognized that hydrol-
ogists are unable to provide satisfactory responses to this
question because of uncertainties remaining in the use of
hydrological models in nonstationary conditions.

[3] In this context, the detection of watershed behavior
changes once they have occurred may be considered an
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intermediate objective for a better understanding of hydro-
logical system responses to changing conditions. Existing
methods to meet this challenge are based either on paired
watershed approaches (see the work of Brown et al. [2005]
for a recent review) or on rainfall-runoff models [e.g., Lorup
et al., 1998; Schreider et al., 2002; Andréassian et al.,
2003]. Indeed, once it has been calibrated, a model can be
considered as a virtual control watershed because it simu-
lates stationary hydrological behavior. Changes occurring
on the watersheds studied can therefore be analyzed through
statistical trend techniques on simulation residuals.

[4] A complementary issue concerns the relationship
between hydrological changes and model parameter changes
as the capacity to forecast the hydrological impacts of future
changes depend on this relationship. Although this issue
is essential, there is a clear lack of research in this area. To
the knowledge of the authors, the study of Niel et al. [2003]
is the main investigation to date. These authors calibrated a
rainfall-runoff model on several West African watersheds,
before and after the occurrence of the long-lasting rainfall
deficit in the region. The optimal parameter values for each
calibration period, associated with a confidence region,
were compared. From the results, Niel et al. [2003] con-
cluded that nonstationarity in rainfall or runoff series
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Figure 1. Location of the Upper Ouémé watershed in

West Africa.

does not imply nonstability of the model parameters and
therefore does not imply variability in the hydrological
behavior of watersheds. However, this conclusion relies
on the hypothesis that “parameter stability can be translated
into hydrologic stability.” Aware of the weakness of this
hypothesis, they finally conclude that “to judge the rele-
vance of the proposed approach, basins characterized by
significant known changes, in land use for instance, could
be used to estimate the influence of these changes on the
parameter variations.” Indeed, the wide use of spatially
lumped models and calibration to estimate model parameter
values implies that the meaning of parameter values is
difficult to define. As such values are the result of an inverse
problem that is often considered as ill posed [e.g., Sorooshian
and Arfi, 1983; Sorooshian and Gupta, 1983; Troutman,
1983; Beven, 1993], they compensate all kinds of errors in the
modeling process. It is observed that parameter values
depend substantially on the forcing data set, in particular
when climatic conditions display a great variability [Gan and
Burges, 1990].

[s] Therefore this paper aims to extend the work of Niel
et al. [2003] and explores the relationship between hydro-
climatic stationarity and rainfall-runoff model parameter
stability. For this purpose, we chose to study a watershed
in West Africa, where change in the water balance before
and after the long-lasting drought of the 1970s can be
evidenced. This case study, as well as the rainfall-runoff
model, are presented in section 2. Section 3 describes the
methodologies proposed to address the issue of rainfall-
runoff model parameter stability under nonstationary hydro-
climatic conditions. In section 4, we present and discuss the
results obtained from the case study.

2. Description of the Case Study: Data and Model
2.1. Data

[6] Over the last 50 years, West Africa has been subjected
to significant rainfall variability, characterized both by large

interannual fluctuations and by periods of long-lasting
drought (see, for instance, the works of Nicholson and
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Palao [1993] or Le Barbé et al. [2002]). The analysis of
the annual rainfall series displayed a statistical break around
1970 in most West Africa regions [Hubert et al., 1989;
Paturel et al., 1997], defining a wet (1950—1970) and a dry
(1971-1990) period. On the seasonal scale, these changes
are associated with changes in the rainfall regime, as shown
by Le Barbé et al. [2002], Lebel et al. [2003a, 2003b], and
Le Lay and Galle [2005]. During the 1990s, the annual
rainfall depths were more contrasted, and drought persis-
tence is now being questioned [L’'Hote et al., 2003; Ozer
et al., 2003].

[7] This study focuses on the Upper Ouémé watershed,
covering 10,050 km? in Benin (1.5-2.5°E, 9—10°N;
Figure 1). It forms part of one of the African Monsoon
Multidisciplinary Analysis international program windows,
on which atmospheric and continental interactions are being
investigated [Lebel et al., 2003a, 2003b]. The hydrology of
the Upper Ouémé catchment is also investigated within the
IMPETUS project www.impetus.unikoeln.de). Several
modeling studies have been carried out [e.g., Bormann
and Diekkriiger, 2003; Bormann et al., 2005; Varado
et al., 2006]. Situated within the Sudanian climatic regime,
this area is characterized by a single rainy season, with an
average rainfall of 1200 mm spread between April and
October. The streamflows are intermittent, with river dis-
charge occurring between the end of June and January.
Daily series of rainfall and discharge were collected
throughout the period 1954—-2002, excluding years 1971,
1980, and 1989 for which data are missing (see the work of
Le Lay and Galle [2005] for details on data processing).
Mean daily rainfall values on the watershed were obtained
by kriging from 12 raingauges, using a semivariogram
derived from the dense network (40 raingauges) available
since 1998. The high hydroclimatic variability of the region
studied is presented in Figure 2, through rainfall and runoff
indexes. Although rainfall changes that occurred during the
1970s and 1980s are less significant than those that
occurred in the Sahel [Tapsoba et al., 2004], the rainfall
index clearly underlines the existence of a long-term rainfall
deficit over this period. Meteorological data are not available
for the entire period; daily Penman-Monteith potential evapo-
transpiration (PE) calculated over the 19972002 period was
used to estimate a long-term average of mean daily potential
evapotranspiration on the watershed (annual amount is
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Figure 2. Rainfall and runoff index on the Upper Ouémé
watershed.
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Figure 3. Correlation between annual runoff coefficient
and annual rainfall on the Upper Ouémé watershed from
1954 to 2002.

approximately 1500 mm). Although the use of such a
climatological PE is frequent in rainfall-runoff modeling,
the context of hydroclimatic variability makes this assump-
tion questionable. In particular, neglected interannual PE
variability may have impacts on model results. These aspects
are discussed latter in section 4.4.

2.2. Stationarity Analysis

[8] In conjunction with the climatic nonstationarity
described above, the Upper Ouémé watershed is experi-
encing a substantial growth in anthropic pressure because
of the significant increase in population [Deichmann,
1996] and land-use changes in the region. According to
the Food and Agricultural Organization [2003], an annual
deforestation rate of 2.3% (1990—-2000) is observed on the
investigated area. Therefore changes in the hydrological
behavior of the watershed are likely to occur. Many different
variables can be considered to characterize changes in
hydrological behavior at the watershed scale. As PE vari-
ability cannot be documented, this study focuses on the
rainfall-runoff relationship; consequently, evapotranspiration
changes due to land cover changes or PE changes are not
distinguished. Then, the annual runoff coefficient C,= R/ P
(with R and P the annual runoff and rainfall depth, respec-
tively) is used to define the annual hydrological yield of the
watershed.

[v] Because of the changes in rainfall conditions observed
on the 1954—-2002 period, C, is closely related to the rainfall
depth (R* = 59%), as shown in Figure 3. Therefore it is
necessary to decorrelate the rainfall-runoff relationship
descriptor from the climatic conditions. Residuals of the
C, variable, defined as follows, were considered to evi-
dence the nonstationarity of the rainfall-runoff relationship:

Res(C,) = C, — CF
where C,* is the linear estimator of C,, such that C,* =a*P + b
(with @ and b as linear regression coefficients). The choice of
such a simple model for the annual yield coefficient stems
from our limited knowledge of the water balance, which
prevents the use of finer models [e.g., Milly, 1994]. Figure 4
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shows Res(C,) for the 1954-2002 period. The annual
hydrological yield of the watershed displays a significant
decrease, with a clear shift around 1970. This feature may be
statistically characterized, using break detection methods
(see the work of Kundzewicz and Robson [2004] for a review
and caveats). Among the possible tests, the Hubert
segmentation procedure [Hubert et al., 1989] was applied
on Res(C,). Thanks to a specific algorithm, this technique
provides one or several break dates (or possibly none) which
separate contiguous segments whose means are significantly
different in terms of the Scheffé test [Scheffé, 1959]. The
results display only one significant break of the rainfall-
runoff relationship, with a maximum probability between
1970 and 1975.

[10] It is beyond the scope of this paper to explain these
hydrological changes. However, the following several rea-
sons may be suggested: (1) the observed changes in rainfall
regimes [Le Lay and Galle, 2005], which are likely to
modify the runoff generation processes; (2) an increase in
air temperature, inducing a PE increase; and (3) land-cover
changes, due to rainfall deficit and/or growth of anthropic
pressure. It is worth noting that other watersheds of sub-
Sahelian West Africa have experienced the same hydrolog-
ical yield decrease since the 1970s [Mahé et al., 2005].
Actually, the Upper Ouémé watershed offers a great data set
of nonstationary hydroclimatic conditions and provides an
excellent opportunity to explore the relationship between
hydroclimatic variability and model parameter instability.

2.3. GRA4J Rainfall-Runoff Model

[11] The methodologies described in this article can be
implemented with any conceptual rainfall-runoff model
(here “‘conceptual” means that it requires calibration).
Obviously, the capacity to detect hydrological changes will
depend to a large extent on the efficiency and the robustness
of the model used. Furthermore, model complexity sup-
ported by daily rainfall-runoff data is very limited [e.g.,
Jakeman and Hornberger, 1993]. It is therefore recom-
mended to avoid overparametrized modeling structures, as
they tend to lack robustness.

[12] For this study, we used the GR4J model [Perrin et al.,
2003]. This is a reliable lumped model, which operates on a
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Figure 4. Residuals of runoff coefficients on the Upper
Ouémé watershed from 1954 to 2002.
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Figure 5. Diagram of the GR4J rainfall-runoff model (after Perrin et al., 2003): P and PE are the
forcing data; X7, X5, X3, and X, are the four free parameters; internal state variables and fixed parameters

are also represented.

daily basis. Figure 5 shows a synthetic diagram of the
model. Its structure is composed of two stores and four free
parameters, which account for water balance (groundwater
exchange coefficient, X7; maximum capacity of the produc-
tion store, X>) and water transfer (maximum capacity of the
nonlinear routing store, X3; unit hydrograph time base, X3).
The input variables are areal daily rainfall and potential
evapotranspiration. After subtraction of water losses (evapo-
transpiration and interception), the remaining water amount
is transferred by a nonlinear routing store and a linear

routing with unit hydrographs. The total streamflow is the
addition of quick and slow flow components. A detailed
description of the model is beyond the scope of this paper;
the reader can refer to the work of Perrin et al. [2003] for a
complete discussion. However, it has to be noticed that the
GR4J model was developed along empirical lines, ques-
tioning every part of the structure. This approach follows
the methodology encouraged by Nash and Sutcliffe [1970],
who were “prepared to accept additional parts and hence
greater difficulty in determining parametric values only if
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Table 1. Results of the Split-Sample Test on the 1998—-2002
Period

1998—-1999 (Calibration) 2000—-2002 (Validation)

E 0.89 0.84
R? 0.89 0.88
B —0.002 0.09

increased versatility of the model makes it much more likely
to obtain a good fit between observed and computed output.”

3. Methods
3.1.

[13] Model calibration is based on a Monte Carlo sam-
pling with a uniform prior distribution. The popular Nash

and Sutcliffe efficiency [Nash and Sutcliffe, 1970] has been
used as the objective function, and may be expressed as:

Model Implementation

E=1- O-fnod/o-ibs (1)
where 02,0q and o2y are the model error variance and
the observed variance, respectively, for the period under
consideration.

[14] For model evaluation, two additional statistics were
computed, the determination coefficient (R*) and a water

balance criterion (B) defined as follows:
Z Qi‘mod

— i=1 _
Z Qi,obs
i1

B 1 (2)

where 7 is the number of days during the simulation period,
Oi.obs and O; moq are the observed and simulated daily flows,
respectively. Split sample tests were performed for model
evaluation. Examples of simulation results for the 1998—
2002 period are shown in Table 1 and in Figure 6. Model
performance is quite good, with efficiency values up to 0.8
and bias on the volume of stream discharge under 10%. We
therefore assume that the GR4J model correctly captures the
watershed behavior.

3.2. Definition of Reference Periods

[15] In order to explore the relation between hydrocli-
matic stationarity and rainfall-runoff model parameter sta-

2500 0
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°§ 40 ¢
E 1500 E
(V] P
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Figure 6. Example of observed and simulated daily hydrographs, for

Calibration period: 1998—1999.
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bility, we defined several reference periods considered as
representative of different hydroclimatic conditions. Hence
the 1954-2002 period was first restricted to the strongly
contrasted 1954—1990 period, from which two pairs of data
sets were extracted.

[16] The hydrological nonstationarity outlined in section 2.2
defines two 17-yearlong periods (1954—1970 and 1972—
1990, hereafter called high-yielding (HY) and low-yielding
(LY) periods) assumed to represent two different states of the
watershed. However, we cannot speak of stationary periods,
as stationarity would mean that the watershed is experiencing
no significant land-use change, no significant long-term
climate change, and no climate extremes. This is not the
case, even if the changes during these periods are small
compared to the changes between the two periods.

[17] The calibration process creates a statistical relation
between model parameter values and the data set used to
force the model. Thus, although the model’s parameter
values are expected to represent the hydrological behavior
of a watershed, their dependence on climatic forcing con-
ditions has to be questioned [e.g., Gan and Burges, 1990].
The rainfall variability makes it possible to define two
extreme composite periods, one composed of the 17 wettest
years of the 1954—1990 period (hereafter called the wet
composite (WC) period) and the other, of the 17 driest years
(hereafter called the dry composite (DC) period). Definition
of composite periods is based on a fundamental hypothesis,
the hydrological independence of each year. The latter is
ensured for the case study by the intermittent nature of the
water cycle, typical of many arid and tropical regions.
Memory effects are then quite low, as suggested by the
low rank 1 autocorrelation coefficient of annual runoff
coefficients (» = 0.26). This hypothesis may appear too
restrictive in the application of these methodologies. How-
ever, it is worth noting that numerous tropical or arid
watersheds present this feature. Moreover, if long time
series are available, one may define independent hydrolog-
ical periods on most small or medium-sized watersheds, as
done by Andréassian et al. [2003].

3.3. Applied Methodologies

[18] Different methodologies have been implemented to
explore the relationship between hydroclimatic variability
and model parameter variability. The two first approaches
attempt to use changes in model parameter values as a
signature of hydroclimatic variability. They can be resumed
as follows: if model parameter values are representative of a

2500 TWWWWWW 0
% 2000 1?0
B — Qobs Jao E
E 1500f — Qsim )
& {60 =
5 1000F <
S 180 3
@2 e
A 500F 1100
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1998 (left) and 2000 (right).
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watershed behavior, one may think that changes in param-
eter values will be maximum between two sharply con-
trasted hydrological periods, such as HY and LY periods. To
investigate this hypothesis, changes in model parameters
were analyzed using a resampling method (first approach)
and the equifinality concept (second approach). The third
implemented approach is deeply different and is based on an
analysis of the signature of hydroclimatic variability in
model performance.
3.3.1. Resampling Test on Optimal Parameter Values
[19] In the first method, changes in model parameters
were analyzed using a resampling method. This type of
technique is attractive because it is distribution-free and
does not require any assumption on the distribution of the
data [Kundzewicz and Robson, 2004]. The test proposed is
based on the following two hypothesis: (1) the absence of a
trend in hydrological behavior of the watershed on the
1954—1990 period (hereafter called the null hypothesis
Hy); and (2) the hydrological independence of each year,
discussed in section 3.2. According to these hypotheses, the
chronological order of the observations is not important,
and data can be shuffled many times. In what follows, the
resampling covers the 34-yearlong 1954—1990 period
(excluding years 1971, 1980, and 1989 for which data are
missing). One hundred synthetic 17-year periods (P;) were
sampled, and complementary (and therefore independent)
17-year periods (P;) were inferred. For each subsample, the
model was calibrated, leading to new estimated parameter
sets. To characterize the changes in optimal parameter values,
the distance D;; between the complementary periods was
measured as follows:

Dij = |X;(P) — X;(P/)|

where X;(P;) is the optimal value of the parameter X; for the
period P; The D distances were calculated after each
shuffle, so that at the end of the permutation round (i.e.,
after 100 distance calculations), an empirical distribution of
these distances was generated for each parameter. It was
then possible to analyze the relative positions of the distance
obtained (for each parameter) between the reference periods
(HY and LY, WC and DC) within the distribution. If this
distance was somewhere in the middle of the distribution,
one could conclude that there was no reason to reject the
null hypothesis H,. If this distance was larger than almost
all the values of the distribution, we rejected H,, given that
such a value was unlikely with this hypothesis. It should be
noted that such a technique relies on a deterministic
calibration procedure, as it yields to an optimal parameter
set assumed to be representative of watershed behavior
during the calibration period.
3.3.2. Analysis of Marginal Posterior Parameter
Distributions

[20] In the second approach, changes in model param-
eters were analyzed within an equifinality context, to
implicitly consider dependence between the model’s struc-
ture, parameter values, and forcing data in model calibra-
tion. Even in parsimonious rainfall-runoff models such as
GR4J, compensation effects preclude the interpretation of
individual parameter values and the whole parameter set
must be considered instead. In a Bayesian context, imple-
menting the Regional Sensitivity Analysis from the work
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of Hornberger and Spear [1981] leads to marginal poste-
rior distributions of parameter values rather than to one
optimal set. These posterior distributions describe the set of
acceptable parameters, leading to so-called behavioral
solutions, with reference to the measure of model perfor-
mance. In order to detect the signature of hydroclimatic
variability, we hypothesize that behavioral distributions
obtained for the HY and LY periods, as well as those obtained
for the WC and DC periods, should be significantly different.
The significance of this difference was measured using the x*
test, which, for a given significance level «, detects whether
two empirical distribution functions are both realizations of
the same unknown theoretical distribution law. The p value
synthesized the results of the test; it corresponds to the
probability of obtaining, within the hypothesis that a com-
mon distribution law exists (the null hypothesis), a x?
distance value greater than the distance computed between
the two reference periods.

3.3.3. Signature of Hydroclimatic Variability in the
Model’s Performance

[21] The third approach we considered is based on an
original analysis of calibration results. Using a global
mathematical criterion during the model calibration may
appear to be insufficient as a test of model relevance, as it
often reduces the calibration process to a curve fitting. For
Boyle et al. [2000], the resulting loss of information can
even lead to seeing equifinality when there is none, which
justifies the use of multicriteria strategies. As stressed by
Wagener et al. [2003], “it also leads to problems with the
identification of those parameters associated with response
modes that do not significantly influence the selected
objective function.” Nevertheless, a finer study of the
calibration results may lead to a better understanding of
the model’s performance. As an illustration, should it be
considered that two calibrations on x years of data resulting
in the same value of any objective function mean two
equally good model simulations? Clearly not, since obser-
vation of the year-to-year fitting may lead to very different
conclusions.

[22] Our hypothesis can be stated as follows: for any
model, if calibrated parameter values are representative of
the rainfall-runoff relationship, hydrological homogeneity
(i.e., no changes in the rainfall-runoff relationship) of a
calibration data set should result in a certain homogeneity of
the calibrated model’s performance. On the contrary, if
calibrated parameter values are affected by substantial noise
due to the statistical behavior of the model, hydrological
homogeneity of a data set will not result in homogeneity of
model performance. For this purpose, we used the variance
of annual efficiencies as a descriptor of performance homo-
geneity over a calibration period. Therefore we could use
year-to-year calibration results to analyze the model’s
behavior under changing conditions.

4. Results
4.1.

[23] Results of the resampling test defined in section 3.3.1
are shown in Figure 7. We observe a large dispersion in
optimal parameter values suggested by the distributions.
Furthermore, the distances obtained between the HY
(1954—-1970) and LY (1972—1990) periods lie somewhere

Resampling Test on Optimal Parameter Values
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in the middle of the distributions, except perhaps for X3. The
conclusion is that there is no reason to reject Hy. In other
words, changes in the rainfall-runoff relationship are not
associated with significant changes in calibrated parameter
values. As aresult, does it mean that the calibration process is
primarily driven by forcing conditions? To answer, one may
observe distances obtained between the wet and dry (WC and
DC) composite periods. Figure 7 shows that these distances
are also in the middle of the distribution.

[24] Finally, it seems impossible to associate model
parameter values 276 with rainfall-runoff relationship or
climatic forcing conditions. Parameter identification prob-
lems may explain these results. The issue is examined in the
next section by taking into account equifinality in calibrated
parameter sets.

4.2. Analysis of Marginal Posterior Parameter
Distributions

[25] From the initial Monte Carlo sampling calibration
scheme described in section 3.1, we selected the top 10%
of parameter sets performing well as behavioral sets, so
as to calculate the posterior parameter distributions.
Figure 8 shows the cumulative marginal distributions of
behavioral parameter values for the HY (1954-1970) and
LY (1972—-1990) periods. The production module parame-
ters (X; and X,) are the most sensitive, since they show
greater deviation from the original uniform distribution than
the transfer module parameters (X5 and Xy). In particular, the
X4 parameter displays an apparent insensitivity, which may
be explained by the smooth hydrological response of this

large watershed. Given a chosen significance level o = 0.01,
parameters X;, X, and X3 are shown to be significantly
different for the two periods, as the probability of obtaining
a greater distance within the null hypothesis is lower than 1%.
In particular, the X; decrease observed is consistent with the
decrease in runoff coefficient on the watershed, as it tends to
increase groundwater losses.

[26] Figure 9 shows the same distributions for the wet and
dry (WC and DC) composite periods. The results are similar
to those obtained for the HY and LY periods, as several
parameter distributions (here for X; and X3) are significantly
different for the two periods. As a result, changes in the
rainfall-runoff relationship cannot be associated with sig-
nificant changes in model parameter posterior distributions.
Once again, it is impossible to conclude on the relationship
between the hydrological behavior of the watershed and the
model parameter values.

4.3. Signature of Hydroclimatic Variability in the
Model’s Performance

[27] The alternative methodology described in section 3.3.3
was also implemented, using the same resampling approach
that the one applied in section 4.1. What differs is the measured
statistic, here defined as the interannual efficiency variances
and calculated as follows:

n

S (E-E)

i=1

S| =

0'2:
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Figure 8. Cumulative marginal likelihood distributions, for all four model parameters, from behavioral
parameter sets for 1954—1970 (HY) and 1972—1990 (LY) periods.

where n is the number of years in the calibration period, E;
is the efficiency for the year i, and E is the averaged global
efficiency. As the Nash and Sutcliffe efficiency uses the
mean flow on the calibration period as the reference model,
comparison of efficiency values between different periods is
biased. Therefore the efficiency criterion was modified,
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with the reference model becoming the interannual mean
flow (i.e., over the entire 1954—2002 period). This variance
is calculated for the 200 calibration periods defined in
section 3.3.1, thus generating an empirical distribution.
[28] Figure 10 shows the distribution of efficiency
variances. This distribution is compared to the variances
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Figure 9. Cumulative marginal likelihood distributions, for all four model parameters, from behavioral
parameter sets for the wet (WC) and dry (DC) composite periods.
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Figure 10. Distribution of year-to-year efficiency var-
iances, compared to variances obtained for HY, LY, WC,
and DC periods.

obtained for the two reference data sets. Variances associated
with the HY and LY periods, which may be considered as
more hydrologically homogeneous than the randomly gen-
erated ones, are shown to be the two lowest variances of the
distribution. Moreover, one can observe that the variances
calculated for WC and DC periods, which do not present any
particular hydrological homogeneity, are close to the median
of the distribution. This methodology therefore makes it
possible to consider calibrated parameter values of the model
as mostly representative of a given rainfall-runoff relation-
ship on the watershed.

4.4. Discussion

[20] The first two methods did not provide a conclusion
on the relationship between model parameter values and the
rainfall-runoff relationship. It can therefore be concluded
that the magnitude of changes in parameter values is not a
good indicator of changes in watershed behavior, even
taking equifinality problems into account. These results
outline, first, the statistical relation that calibration processes
create between the model’s parameter values and the data
set used to force the model. They also make it necessary to
discuss the use of a climatological PE. At the intra-annual
scale, PE variability is mostly seasonal and daily fluctua-
tions have a negligible impact on rainfall-runoff model
simulations [Oudin et al., 2005]. However, the neglected
interannual variability of PE probably biases the model’s
parameter values. In particular, production module param-
eters can compensate an inaccurate PE estimation. We
therefore regret the lack of long-term PE data, but two
comments must be made. First, the variability in annual PE,
such as calculated on the contrasted 1997—-2002 period, is
quite limited (between 1410 and 1580 mm, i.e., a maximum
relative variation of approximately 11%). We therefore
cannot suggest only this reason to explain the results
obtained. Secondly, PE is always, and by far, the worst
estimated forcing variable. It is also rarely available on
long-term periods. Efficient methodologies must therefore
be developed to deal with this lack of data.

[30] The third method, on the basis of the analysis of
year-to-year calibration results, led to more definitive con-
clusions, as the HY and LY periods were found to exhibit
the lowest variances. In this case, one can conclude that
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calibrated model parameters are relevant from a hydrolog-
ical point of view. Consequently, year-to-year efficiency
variance can be used to investigate the hydrological homo-
geneity of any given period. Hence the test has been applied
to two other periods, 1954-1990 and 1992-2002. The
1954—1990 period constitutes a validation test for the
proposed method, as its hydrological heterogeneity has been
evidenced. On the contrary, we have no preconceived idea
of the hydrological homogeneity of the 1992—-2002 period.
Results are shown in Figure 11. First, the large variance
calculated for the 1954—1990 period gives further confi-
dence in the method proposed. Secondly, the rainfall-runoff
relationship appears to be very stable on the 1992—-2002
period, given the very strong homogeneity of the model’s
performance.

5. Conclusions

[31] The applicability of rainfall-runoff models under
changing conditions is an issue of increasing interest.
Indeed, it appears to be a necessary condition for dealing
with the impact of climate and land-use changes on water
sustainability and for predicting the response of ungauged
basins. In this context, the relationship between hydro-
climatic stationarity and rainfall-runoff model parameter
stability has to be questioned. Hence this study proposed
an exploration of rainfall-runoff model behavior under
changing hydroclimatic conditions.

[32] The Upper Ouémé watershed, in Benin, was chosen
as the case study, because it is a good example to under-
stand and predict changes in water resources in West Africa.
This watershed was shown to have experienced a high
hydrological yield decrease during the 1970s and the
1980s. First, the signature of these hydrological changes
in model parameter sets was investigated. Two methods
were applied, on the basis of an analysis of changes in
optimal parameter values and on changes in marginal poste-
rior distributions. The results showed that the magnitude of
changes in the model’s parameter values is not a suitable
measure of changes in watershed behavior.

[33] An alternative and original methodology was also
proposed. If the model’s parameter values are relevant, that
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Figure 11. Distribution of year-to-year efficiency variances,
compared to variances obtained for 1954—1990 and 1992—
2002 periods.
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is, they are representative of watershed’s behavior, we
suggest that for any calibration period, a relative stability
in the rainfall-runoff relationship will be associated with a
relative stability in the model’s performance over the period
considered. The test applied used interannual model effi-
ciency variances to measure performance homogeneity and
a resampling test to statistically characterize the calculated
results. Applying this test showed that calibrated parameter
values have hydrological relevance. We therefore feel that
the approach proposed is promising, as it can be used to
evaluate a modeling ensemble (i.e., a model structure and a
calibration strategy), before considering scenarios of
changes in parameter values. When hydrological relevance
of calibrated parameter values is thus verified, this test can
also be used to study stationarity of a watershed’s behavior.
To apply this methodology, resampling techniques must be
usable on data, which implies that independent periods can
be identified. However, this restriction is not limiting if long
periods of data are available.
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