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Abstract The first objective of this paper is to analyse the trends and change points in the hydroclimatic time
series of five representative sub-catchments of the Macta basin, which lies in western Algeria. The second
objective is to quantify the role of climate on the trends observed in annual flow time series. This is achieved
using hydrological modelling at the multi-annual time step using the Schreiber formulation. The results showed
no significant trends on annual rainfall in the 1975-2005 period, a significant increase of temperature and
different flow responses to the latter, depending on the catchment considered. Two out of five catchments
considered presented a significant flow decrease in the 1975-2005 period with a change point at the beginning
of the 1990s. Modelling results suggest that the increase of air temperature is not the sole factor explaining the
decrease of annual flow time series in these two catchments.

Key words water balance; hydrological model; climate change; Mann-Kendall; Pettitt; Schreiber

Le facteur climatique est-il la seule cause des modifications actuelles de I’écoulement dans le

bassin versant de la Macta (Algérie) ?

Résumé Le premier objectif de cet article est d’analyser les tendances et ruptures des séries de variables hydro-
climatiques dans les sous bassins versants de la Macta qui se situe a I’Ouest de 1’Algérie. En second lieu, le role
du climat sur les tendances observées sur les chroniques de débit a été quantifié par une modélisation hydro-
logique pluriannuelle a I’aide de la formulation de Schreiber. Les résultats montrent une stabilisation des pluies
annuelles sur la période allant de 1975 a 2005, une augmentation significative des températures, et différentes
réponses sur le débit dans les cing bassins versants considérés. Deux des cinq bassins considérés présentent une
baisse significative des débits avec une rupture identifiée apres le début des années 1990. Les résultats de la
modélisation semblent indiquer que I’augmentation de température n’est pas le seul facteur pouvant expliquer la
baisse du débit sur ces deux sous-bassins.

Mots clefs bilan hydrique ; modéle hydrologique ; changement climatique ; Mann-Kendall ; Pettitt ; Schreiber

1 INTRODUCTION

North Africa is extremely vulnerable to climate
variations (IPCC 2007, Schilling et al 2012).
Population growth has been accompanied by an
equally dramatic increase in the demand for
water. Consequently, even without climate change,
it is argued that many countries in North Africa
will surpass their maximum economically-usable

land-based water resources before 2025 (Ashton
2002).

© 2015 IAHS

In North Africa, significant warming associated
with more frequent and longer-lasting heat waves has
been noted for the 1979-2011 period (Fontaine ef al.
2013, Tramblay et al. 2013). In northern Algeria,
historical data show that the annual rainfall has dra-
matically declined since the mid-1970s (Meddi et al.
2008, 2010b, Lambs and Labiod 2009, Donat et al.
2014). These changes necessarily have an impact on
the region’s water resources and to a certain extent
might explain the deterioration of both piezometric
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depths (Bekoussa ef al. 2008) and runoff (Meddi and
Hubert 2003, Meddi ef al. 2010a). However, ground-
water pumping activities have also sharply increased
due to demographic growth, even if quantitative data
on withdrawal volumes are not available.

Since several drivers of runoff change come into
play, it is quite a challenge to distinguish and quan-
tify the role played by each driver (Wagener 2007,
Destouni et al. 2013). Naturally, climate variability is
frequently raised as the major cause of runoff varia-
bility, but other local, human-induced activities
(water withdrawal for irrigation and drinking water,
dams, land-use changes, etc.) could also be the domi-
nant cause.

The main objective of this paper is to quantify
the influence of recent climate variability on the
trends and change points detected on annual
flow time series in the Macta basin, located
in northwestern Algeria. This paper focuses on the
past three decades, i.e. since the shift of mean annual
precipitation in the mid-1970s. Section 2 presents the
sites studied and the hydroclimatic data used. Section
3 describes the methods used to identify existing
trends and change points of selected hydroclimatic
variables over the Macta basin for the three last
decades, and the water balance modelling framework
designed to investigate the role of climate in explain-
ing runoff variability. Section 4 presents the results of

the studies and Section 5 summarizes and discusses
the potential limits and perspectives of this study.

2 STUDY SITE DESCRIPTION AND DATA
USED

2.1 The Macta basin and its sub-catchments
The Macta basin is a relatively large catchment cov-
ering 14 389 km?, with two major tributaries, namely
the Mekerra River in the western part and the
Hammam River in the eastern part. The altitude
ranges from the large littoral plain in the north to
the mountainous areas covering most of the basin and
reaching an altitude of 1455 m. The basin also pre-
sents varied climatic settings, the north having a
Mediterranean climate, while the southern part pre-
sents an arid climate setting. Mean annual rainfall for
the 1930-2002 period ranges from 230 mm in the
southern part to 550 mm in the northern part of the
basin (Laborde 1993).

Given this spatial variability in the area’s cli-
mate, five sub-catchments were used to analyse the
relative sensitivity of runoff to climate characteristics
(see Fig. 1). Table 1 presents the main hydroclimatic
characteristics of the catchments studied, which
describe the diverse climatic settings of the Macta
basin relatively well.
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Fig. 1 Location of the Macta basin, major rivers and hydrometric catchments studied.
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Table 1 Catchment set and main hydroclimatic variables.

Code 0301 0506 1003 1302 1403

Name Sd Bel Abbés Tenira Laabana Ouizert Ain Fekan

Area (km?) 3000 746 257 2210 1160

Mean annual rainfall (mm/year) 276 336 313 305 318

Mean annual temperature (°C) 14.7 14.1 14.5 14.9 15.5

Mean annual runoff (mm/year) 8.22 6.65 6.58 13.4 3.64

Record period 1975-2009 1975-2008 1975-2009 1975-2001 1975-2009

Number of raingauge stations 16 6 4 22 10

Number of pumping sites 5 (1975) 8 (1975) 3 (1975) 9 (1975) 15 (1975)
22 (1996) 20 (1998) 22 (2004) 48 (2004) 65(2000)

The land cover of Macta basin is characterized
by desert to Mediterranean scrublands in the south-
western part of the basin, forested land in the middle-
western part and arable land in the eastern part
(Cherif et al. 2009, El Mahi et al. 2012). Water
pumping activities dramatically increased during the
1975-2005 period, as presented in Table 1, but no
quantitative estimates are available.

2.2 Hydroclimatic data used

In this study, flow data at the outlet of the catchments
were used at the annual and multiannual time steps,
from the available daily database. After delineating
the catchments for these gauging stations, mean
annual catchment-scale rainfall amounts were esti-
mated from the monthly rainfall network, which con-
sisted of 68 raingauges located within or close to the
sub-catchments considered. Missing rainfall data at
each station were estimated using data from sur-
rounding stations and linear relationships on the
monthly rainfall estimates. Note that missing data
were very few, representing only 1.68% on average
for the whole set of raingauges.

The Thiessen polygon technique (Thiessen
1911) was followed to obtain spatial rainfall esti-
mates for each of the catchment sets over the
1975-2005 time period.

Catchment-scale air temperature data were
derived from the climatologically aided interpolated
(CAI) datasets produced by the University of
Delaware (Willmott and Matsuura 1995, Willmott
and Robeson 1995). Estimates were compared to
the air temperature observed for the station at
Ghriss, and the high correlation between the observa-
tion and re-analysis data suggests that this long-term
gridded dataset accurately represents the region’s
temperature changes. As the water balance models
preferentially used potential evapotranspiration

estimates, a simple monthly temperature-based equa-
tion was used in this study (Oudin et al. 2005, 2010).

3 METHODS

3.1 Trend and step changes detection

In this study, we used the classical Mann-Kendall test
(Mann 1945, Kendall 1975), the statistical test most
widely used to detect the presence of temporal trends
in hydroclimatic data. It measures the association
between X and T as the proportion of concordant pairs
minus the proportion of discordant pairs in the sam-
ples. Two bivariate observations, (X; 7;) and (X, T)),
are called concordant whenever the product (X; — X))
(T; — T;) is positive, and discordant when the same
product is negative. The Kendall statistic S is the
difference between the numbers of concordant and
discordant pairs. If X and 7 are independent and
randomly ordered, S has a mean of zero and a
variance that is a function of the sample size.

To detect the presence of change points, Pettitt
tests (Pettitt 1979) were also performed on the time
series of annual rainfall, air temperature and flow.
The Pettitt test is a widely-used, rank-based, non-
parametric test; details are available in the literature
(Kundzewicz and Robson 2004).

3.2 Water balance model

Considering the catchment as a watertight system, the
fundamental water balance quantification can be
expressed as:

P—ET-0-DS=0 (1)

where P is precipitation, ET is actual evapotranspira-
tion, Q is runoff and DS is the catchment water
storage change. Since for a large time step, the catch-
ment water storage change becomes negligible; equa-
tion (1) is usually expressed as:
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ET=P-0Q 2)

or in its dimensionless form as:
= =1-= 3)

The so-called water-energy balance models aim at
proposing the equation of the left term of equation
(3) and they generally rely on potential evapotran-
spiration (PE) estimates and take the following form:

ET PE
— =1 (7> )

or alternatively, by considering equation (2) to be
valid:

o-1-1(%) )

A large number of water—energy balance models exist,
the Budyko (1974) equation being the most commonly
used among them. Although simple, these models are
widely used to study the sensitivity of runoff to cli-
mate variability (Dooge et al 1999, Arora 2002,
Gardner 2009). When applied on large and varied
catchment sets, studies generally report no significant
differences in terms of efficiency in estimating mean
annual runoff (see e.g. Arora 2002, Mouelhi ef al.
20006), particularly when a free parameter is added in
the original formulations (Oudin et al. 2008).

In this paper, we chose to focus our analysis on
the relatively simple Schreiber (1904) equation,
which can be expressed as dimensionless as follows:

( PE
% = exp (—0?> (6)
where % is the computed 3-year runoff (Q)-to-pre-

cipitation (P) ratio, and PE/P is the 3-year aridity
index, i.e. the potential evapotranspiration (PE)-to-
precipitation ratio for three consecutive years. These
two ratios are computed on 3-year time periods and 6
is a free parameter that is obtained by regression on
each catchment. Parameter 6 is necessary to obtain
reasonable % simulations, the original formulation by
Schreiber (0 = 1) yielding large discrepancies for
some catchments. Modelling the response of arid
catchments is a well-known difficulty in hydrology
and we encountered some classical problems on the

Macta sub-catchments when applying the Schreiber
model: the important role of storm events that can
greatly influence the annual flow variations, the fact
that the aquifer is quite deep, which probably means
that the initialization of the model requires a longer
time period and, lastly, the relatively large uncertain-
ties of the data for some periods (particularly during
the political troubles in the 1990s). Consequently, the
choice of the model (and its time step) was a thorny
issue and we finally decided to use a model with a
relatively large time step to cope partly with the large
memory effect of the deep aquifer. This appeared to
be a reasonable trade-off, but this choice precluded
the possibility of representing the large storm events
that could alter model performance for some years.

3.3 Methodology to distinguish observed
and climate-driven runoff variations

The methodology applied to distinguish the climate-
driven runoff variations is derived from the framework
proposed by Arora (2002) and recently applied by
Jaramillo et al. (2013) on Swedish catchments, and by
Coron et al. (2014) on the 14 catchments of the TAHS
Workshop “Testing simulation and forecasting models
in non-stationary conditions” held in Gothenburg
(Sweden) (Thirel et al. 2015). Water—energy balance
models, such as the Budyko or the Schreiber models,
implicitly assume that climate is the sole driver of run-
off variability, and they provide a simple dimensionless
representation of the links between climate variability
and runoff variability. Water balance equations, such as
equation (6), can be plotted on a dimensionless graph as
in Fig. 2. When climate varies, under the assumption
that the Schreiber model is correct, runoff yield might

—Asymplols

- - Schreiber baseline model
—Climate-driven evolution of Q/P
—Positive anomalous evolution of Q/P
—NMNegative anomalous evolution of Q/P

QP

PE/P

Fig. 2 Interpretation of deviations from the climate-driven
baseline of water balance models due to climatic
variations.
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Fig. 3 Observed and simulated 3-year runoff-to-precipitation ratio time series for catchments (a) 0506 and (b) 1403, in
calibration and validation modes. The envelopes correspond to the simulations obtained with the 95% confidence intervals

for the calibrated model parameter values.

vary accordingly on the baseline of the water balance
model. If positive or negative deviation from this base-
line is observed, the cause might be a driver other than
climate.

Figure 3 shows the time series of the observed
and simulated 3-year runoff-to-precipitation ratios for
catchments 0506 and 1403 in calibration and valida-
tion modes. The envelopes correspond to the simula-
tions obtained with the 95% confidence intervals for
the calibrated model parameter values.

The 30-year record period (1975-2005) was split
into two sub-periods: 1975-1990 and 1990-2005.
Then, for the first sub-period of each catchment, 6
and confidence intervals of % were obtained by
linearizing the Schreiber formulation and using the
ordinary least squares technique. The calibrated para-
meter was then used to simulate the climate-driven
runoff-to-precipitation ratio % for the second sub-
period, and the associated confidence intervals, repre-
senting parameter uncertainty.

The comparison between the observed runoff-to-
precipitation ratio and the climate-driven runoff-to-pre-
cipitation ratio allows the assessment of whether

climate alone is responsible for the runoff-to-precipita-
tion variability between the two sub-periods.

4 RESULTS

4.1 Changes detection in hydroclimatic series
over the last three decades

For each catchment, the Mann-Kendall and Pettitt
tests were applied to detect the existence of trends
and/or step changes in hydroclimatic time series over
the 1975-2005 time period. Table 2 summarizes the
results by indicating the significant trends and change
points detected by the tests, and Fig. 4 shows the
annual time series for the five catchments.

Over the five catchments studied, no significant
trend was observed for the annual catchment-scale rain-
fall time series. Previous findings over the same region
(Meddi et al. 2010b, Tramblay et al. 2013, Donat ef al.
2014) detected a significant rainfall decrease, but the
different results obtained in this paper stem from the
shorter time period considered (1975-2005). The change
point in annual precipitation for the region studied

Table 2 Trends and change points of hydroclimatic variables over the 1975-2005 period. “NS” indicates no significant
trend at a 95% confidence interval, “+” and “—” indicate a significant increase and decrease, respectively, at a 95%
confidence interval. Step change years are indicated if detected as significant.

Code 0301 0506 1003 1302 1403
Name Sd Bel Abbés Tenira Laabana Ouizert Ain Fekan
Area (km?) 3000 746 257 2210 1160
Record period 1975-2009 1975-2008 1975-2009 1975-2001 1975-2009
Trend in annual rainfall NS NS NS NS NS

Trend in annual temperature + + + + +

Trend in annual flow NS - NS NS -

Change point in annual rainfall NS NS NS NS NS
Change point in annual temperature + (1994) +(1993) +(1993) +(1993) + (1997)
Change points in annual flow NS - (1987) NS NS — (1987)
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Fig. 4 Time series of runoff, precipitation and air temperature for the five studied catchments over the 1975-2005 period.

occurred in the mid-1970s and therefore it is not detected
here.

Concerning air temperature, the five catchments
present a significant increase for the 1975-2004 per-
iod, which is in agreement with numerous studies
over northern-hemisphere Africa (see e.g. Collins
2011, Fontaine ef al. 2013, Donat et al. 2014). A
significant change point is also detected at the begin-
ning of the 1990s for all catchments.

Trends in the mean annual streamflow time ser-
ies are mixed. Two catchments (0506 and 1403)
presented a significant decrease, and the other three
presented no significant trend. The spatial patterns of
the trends in streamflow time series (see Fig. 1 and
Table 2) suggest that small catchments in the hilly
western and eastern parts of the Macta basin are more
affected by this decreasing trend. This may be due to

the absence of any underlying aquifer in these two
catchments. A change point in the late 1980s is also
detected by the Pettitt test for catchments 0506 and
1403. Consequently, in the following, we consider the
change point of 1990, and model flow before and after
this change point for the two catchments that present
change points and trends in the flow time series.

4.2 Model calibration and validation results

The performance of the modified Schreiber
model was assessed through a classical split sample
test procedure (Kleme§ 1986). As explained in
Section 4.1, two sub-periods (1975-1990 and 1990—
2005) were considered for each catchment in turn.
The 6 parameter was obtained by solving the
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Table 3 Performance in calibration and validation of the modified Schreiber model for 3-year averaged runoff-to-
precipitation ratio (y). The range of model parameters represents the 95% confidence intervals obtained with the linear

equation (7).

Catchment code 0506 1403
Calibration Validation Calibration Validation
First sub-period (before 1990) Model parameter (6) 1.3 1.3
Parameter range [1.1; 1.4] [1.1; 1.4]
Number of observations 5 6 4 6
Mean runoff ratio (y) 0.029 0.012 0.025 0.0023
RMSE In(y) 0.475 1.21 0.425 2.34
0.017 0.020 0.0080 0.017
Bias(y) 0.80 0.34 0.95 0.13
Second sub-period (after 1990) Model parameter (0) 1.7 2.0
Parameter range [1.5; 1.8] [1.8;2.1]
Number of observations 6 5 6 4
Mean runoff ratio (y) 0.012 0.029 0.0023 0.025
RMSE In(y) 0.428 1.266 0.643 2.119
0.004 0.018 0.002 0.023
Bias(y) 1.053 2.149 1.09 6.529

following linear equation using the ordinary least
squares technique, derived from equation (6):

~

0 PE
log[ 2| = —9—=
og| 5 9P (7

Given the linear relationship expressed by equation
(7) and considering that the errors in the regression
are normally distributed, confidence intervals for the
6 parameter and simulated runoff coefficients can be
easily obtained.

Table 3 presents the calibration and validation
results for the two sub-periods on catchments 0506
and 1403. The RMSE and bias values of the 3-year
averaged runoff-to-precipitation ratios (y) exhibit large
discrepancies between calibration and validation. This
is due to the shift of the parameter value from the
validation to the calibration model on both catchments.

Other water balance equations (e.g. Budyko) were
tested to improve the results in both calibration and
validation, but as very similar results were obtained,
we kept the Schreiber model since it is quite simple and
allows us to address the uncertainty issue in a straight-
forward way using the usual regression analysis tools.

4.3 Distinguishing climate-driven runoff
variations from total (observed) runoff
variations

In this section, we interpret variations of the runoff
coefficient from the 1975-1990 time period to the
1990-2005 time period following the methodology
described in Section 3.3. Confidence intervals of the
6 parameter were used to take into account uncertain-
ties of the model calibrated for the first sub-period.
Figure 5 shows the results for the two catch-
ments. For both catchments, the observed runoff

0506 1403
0251 h 0257 &
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Fig. 5 Examples of runoff coefficient variations and climate-driven runoff coefficient variations provided by the modified
Schreiber model: (a) catchment 0506, and (b) catchment 1403.
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coefficients for the second sub-period lie below the
confidence interval, and therefore the decrease cannot
be explained by climate alone. This means that a
cause other than climate might explain the reduction
of runoff. The differences observed on these two
catchments compared to the three other study catch-
ments probably lie in the diverse trends of the under-
lying aquifer levels. Catchments 0506 and 1403 are
no longer sustained by aquifers, unlike the three other
catchments. This assumption is corroborated by pre-
vious studies pointing out the decreasing levels of the
piezometric heads of some aquifers in the region
(Bekoussa et al. 2008).

5 DISCUSSION AND CONCLUSION

In the first part of this paper, we presented a classical
change detection analysis of the hydroclimatic data
available over the Macta catchment for the
1975-2005 period. Mean annual rainfall on this
region encountered a severe shift in the mid-1970s
(see e.g. Meddi et al. 2010b) that considerably
affected runoff amounts, but it seems that, since
then, no trend in mean annual rainfall is detectable
for the catchment set considered. Conversely, air
temperature and consequently potential evapotran-
spiration have increased steadily over the past three
decades. This increase might also explain the runoff
reduction observed for some of the study catchments
after 1975.

Despite the important role played by climate on
runoff variability, many other human-induced causes
may influence runoff variability. The effect of climate
change on mean annual runoff can be investigated by
simple empirical water—energy balance models, such
as the Budyko and Schreiber models (Gardner 2009).
We assessed the relevance of such models to simulate
observed runoff variations in catchments located in
Algeria. Two of the five catchments studied present a
significant decreasing trend in mean annual runoff
over the last three decades, with a step change occur-
ring in the late 1980s. Since the evaporative demand
increased over these three decades, we determined to
what extent this may explain the decrease in runoff
on these two catchments. Interestingly, mean annual
climate variations are not sufficient to explain the
reduced runoff observed, because observed runoff is
generally less than the runoff simulated by the water
balance model and, therefore, other causes for change
need to be investigated.

Increased water pumping probably influences
the reduced observed runoff; the water use has

probably increased considerably over the three past
decades, even if the absence of quantitative data on
water withdrawal make it impossible to readily inves-
tigate this.

The change in seasonal climate patterns—par-
ticularly winter rainfall—might also have influ-
enced the decrease in runoff. This cannot be
assessed by classical water balance models with a
3-year time step; consequently, other models
should be used at a finer time step, but the quality
of finer time step hydrometric data makes it diffi-
cult to implement such models. Refinements of
water balance models that take into account other
inputs, such as rainfall seasonality (Potter and
Zhang 2009), might also be used to address this
issue in a more reasonable way.
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