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Abstract. This paper explores the variation in hydrological response (often termed as non-stationarity, though
this is not necessarily the correct use in the statistical meaning of this term) through time for the Bani catchment
in Africa (mostly located in Mali). The objective is to identify deficiencies in the ability of the model to capture
the variation in the hydrologic response of the catchment, and modify the model to capture this variation. Due
to the large catchment area (approximately 103 000 km?), the unit hydrograph component of the model was
modified to permit the model to be used at a daily timescale. Further, an additional driver (population growth)
needed to be included in order to adequately capture the transition from a perennial to an ephemeral river.

1 Introduction

Predicting future water resources requires determining what
drivers of hydrological response might change, and how
those drivers can be represented in the model. Generally, the
focus is on climate change (e.g. observations of the impact
of the Millenium drought in south-eastern Australia, Chiew
et al., 2014). However, other drivers may also be significant
(e.g. changes in land use, population, demographics, ...),
and there is increasing emphasis on capturing these drivers
(e.g. Peel and Bldschl, 2011). The impact of these drivers is
instability in the parameters of hydrological models (Brigode
et al., 2013), leading to the need for a means of validating
model parameter values under changed conditions (see Ref-
sgaard et al., 2014 for a suggested framework for achieving
this).

This paper investigates a catchment which has a significant
change in hydrological condition over the available period of
record, with a decline in rainfall and the river transitioning
from perennial to ephemeral. The IHACRES rainfall-runoff
model (Jakeman et al., 1990; Croke and Jakeman, 2004; An-
drews et al., 2011) has been used as the starting point for this
study, exploring possible changes to the model structure that

enable the model to capture the change in hydrological be-
haviour of the catchment without the need to vary the model
parameters.

2 Bani catchment, Mali

Streamflow data for the Bani catchment from a gauge lo-
cated near Douna, Mali (approximately 103 000 km?), about
230 km SW of the confluence with the Niger River (Ruelland
et al., 2012) has been used to investigate the variation in the
catchment response between 1959 and 1990, with 6 five-year
calibration periods used (starting in 1961, 1966, 1973, 1978,
and 1983), with a 2-year period (1959-1960) used to spin-
up the model. Rainfall and streamflow data (Rueland et al.,
2008, 2012) and estimates of potential evaporation using the
approach of Oudin et al. (2005) have been used to explore the
temporal variation in the hydrological response of the catch-
ment. This data has been supplemented by an estimate of the
average population density across the catchment using the
variation between 1960 and 1990 for three study areas in the
region (Ruelland et al., 2010). Assuming an equal weighted
average of the three areas as being representative of the pop-
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Figure 1. Variation in runoff coefficient with annual rainfall amount and time.

ulation growth in the Bani catchment, an exponential growth
with time constant approximately 35 years is found. This has
been used to explore whether anthropogenic drivers are im-
portant in modelling the change in the streamflow response
of the catchment.

Before the mid 1980’s, streamflow at the gauge site was
perennial. After 1983, zero flows were recorded every year,
extending typically from early April to mid-June. Annual
peak flows show a downward trend with time, though this
appears stepped, with decreases in the early 1970’s and in
1982.

An investigation of the variation in the observed runoff co-
efficient with respect to annual rainfall shows the expected
strong relationship, but with a large scatter at higher rainfall
depths. Investigation of the change in runoff coefficient over
time was carried out using the observed runoff coefficient di-
vided by a fitted power law (termed here the residual runoff
coefficient). Figure 1 shows the variation in the runoff coeffi-
cient with rainfall, and the decline in the residual runoff coef-
ficient (runoff coefficient minus fit shown in first panel) over
the observed period. This suggests either a gradual change in
the catchment response from 1959-1990, or a step change in
1974, slightly later than the break at 1970 suggested by the
analysis performed by Ruelland et al. (2008).

3 Method

A combination of data analysis and model test-
ing/development has been used to detect evidence of
variability in the response of the study catchment. The
analysis is then used to explore ways of modifying the model
to capture these variations.

3.1 Data analysis

Correlation analysis (Croke et al., 2011) is useful for ex-
ploring the average response of the catchment across the
data period (or sub-sample if looking for changes in the re-
sponse). The autocorrelation of streamflow can give infor-
mation about the seasonality of rainfall, as well as the per-
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sistence of rainfall between time steps. The cross correlation
between rainfall and streamflow gives insight into the catch-
ment response, including the strength of the baseflow com-
ponent and the seasonality of the streamflow.

3.2 Model testing and development

Based on the data analysis results, potential modifications
to the model were hypothesised. These modifications were
tested against the observed data, comparing with the perfor-
mance of the original model in order to determine the impact
of the modifications. Testing of the model performance was
carried out in a number of ways (see review by Bennett et al.,
2012 for an extensive discussion regarding the approaches
for testing model performance):

— Plotting observed and modelled time series on both lin-
ear and log scales to see if there are particular aspects
of the hydrograph that are not well represented,;

— plotting model residuals against observed and modelled
flow, as well as modelled effective rainfall (this gives in-
sight into possible model deficiencies, particularly when
residuals are plotted against observed flows);

— flow duration curve;

— model performance indicators, including the Nash-
Sutcliffe efficiency (R?, also called the coefficient of
determination), log transformed R?, and bias.

4 Results and Discussion

4.1 Data analysis

Cross correlation of the rainfall and streamflow data
(Fig. 2) shows a strongly seasonal rainfall pattern, with the
streamflow-rainfall correlation peak delayed by about 50
days, with slightly enhanced seasonality. This analysis shows
the slow response of the catchment to rainfall events, and im-
plies a standard UH model structure comprising of exponen-
tially decaying stores arranged in parallel will not adequately
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Table 1. Parameter values for the Bani catchment.

Parameter  Description Lower Upper  Value
limit limit

Vi Proportion to first store 0 1 0.1933
Vo Proportion to second store 0 1 0.7554
V3 Proportion to third store 0 1 0.0183
71 Time constant for first store 0 10 2.4657
8 Delay 0 30 0.9400

Number of stores 1 12 3.8295
L Loss 0 10 1.3028
dq First effective rain threshold 20 1000 228.43
f Stress threshold scale factor 0.3 2 13233
n Proportion to second threshold 0 1 0.9442
do Second effective rain threshold 1.1 10 1.9787
e Effective crop factor 0.5 2 1.3845

e Autocorrelation of rainfall

Cross correlation of streamflow
06 with rainfall

Correlation coefficient

-0.4
Lag (days)

Figure 2. Correlation analysis of rainfall and streamflow data.

capture the hydrologic response of the catchment. Instead the
model will require a cascade of stores; for example, a Nash
Cascade, (Nash, 1960).

4.2 Model development and testing

Following the results described above, several modifications
were made to the standard IHACRES model:

— a variation of the Nash Cascade used for the UH trans-
fer function module to capture the slow rise to peak ob-
served in the catchment response;

— aloss from the UH added to capture the transition from
perennial to ephemeral flows.

4.2.1 Unit Hydrograph structure

The adopted structure of the UH involved a Nash cascade
of identical compound stores (Fig. 3). Each compound store
contained four exponentially decaying stores arranged in par-
allel, with the first time constant (z1) allowed to vary be-
tween 0 and 10 days, with the remaining three time con-

proc-iahs.net/371/29/2015/

stants fixed (16, 64 and 256 days). The other calibrated pa-
rameters in the UH module were partitioning between the
components of each compound store (V1, V2, and V3, with
V4 =1 — (V14 Vo + V3), the number of compound stores in
the cascade (m), and a delay (8), giving a 6 parameter mod-
ule. The number of compound stores is treated as a real num-
ber, with the fractional store corresponding to scaled time
constants for each component store (modified time constant
set to fraction component of m times the original constant).

4.2.2 Loss from Unit Hydrograph

The loss from the streamflow is included in the last term in
the Nash Cascade using a modified version of the approach
by Ivkovic et al. (2009) and Herron and Croke (2009). This is
done first as a loss from the slowest component, and then se-
quentially through the remainder of the stores until all stores
were empty. Any further loss was then subtracted from all
stores in proportion to the partitioning. The resulting nega-
tive value represents the water level in each store falling be-
low the point where water is contributed to the streamflow,
leading to a delay in the resumption of flow at the start of the
next wet season.

Different sources of the loss term were explored, includ-
ing subsurface outflow, evaporation loss as well as losses due
to anthropogenic influences. A subsurface outflow was rep-
resented as a constant loss (i.e. will over-estimate the loss in
dry conditions relative to wet conditions, and so would re-
sult in an over-estimation of the loss rate towards the end
of the data period). Evaporation losses were simulated using
a multiplication factor times the available potential evapora-
tion data, where the multiplication factor represents the frac-
tion of the catchment on which there is an evaporative loss
from the groundwater systems. Thus, the evaporative loss op-
tion would be sensitive to changes in the potential evapora-
tion, and so impacts by climate change/variability. Anthro-
pogenic influences were represented as a scale factor times
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Figure 3. Unit Hydrograph model structure, including loss from
last component of the cascade.

the population density growth through time. Analysis of the
model results show that an increasing loss through time is
needed to capture the transition from perennial to ephemeral
flows. This increase cannot be captured using the potential
evaporation data, suggesting that the main driver of the loss
term is likely to be due to population growth (e.g. increased
extractions).

4.2.3 Modelled flows

Combining the modified UH module, the loss from ground-
water and the IHACRES CMD module gives a rainfall-
streamflow model with 12 parameters. The modelled flows
are shown in Fig. 4 and the parameter values shown in Ta-
ble 1. Using the modified model, the values for most param-
eters showed modest variation though the data period (coeffi-
cient of variation < 5%). The notable exception was the loss
parameter, where the CV was approximately 100 %. The loss
parameter is poorly defined in all but the last calibration pe-
riod as this parameter is determined by the point where flows
became ephemeral (post 1984). Note that the range of per-
mitted values for the evaporation coefficient (e) has been in-
creased. This potentially indicates that a natural evaporative
loss from the groundwater store is also necessary in more
accurately represent the mass balance of the system.

5 Conclusions

Two changes to the traditional model structure were needed
in order to capture the hydrological response of the Bani
catchment:

— Modification of the unit hydrograph to use a Nash-like
cascade of parallel stores;

— addition of a loss term that had an exponential growth.

The change to the unit hydrograph was necessary to enable
a daily model to reproduce the slow response of the catch-
ment to rainfall. The addition of the loss term was necessary
to capture the transition of the river behaviour from perennial
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Figure 4. Comparison of modelled flows generated by modified
model with the observed flows for the Bani catchment.

to ephemeral. This was found to be best captured by an ex-
ponential growth in the loss term, which suggests population
growth may be a significant driver.

The Supplement related to this article is available online
at doi:10.5194/piahs-92-29-2015-supplement.
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