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Abstract
Tunisia has a long history of coping with water scarcity, and the quantification of climate change impacts on runoff is important
for future water management. A major requirement for such studies is an estimation of potential evapotranspiration (PET), which
is challenging as many regions often lack the observational data needed for physically based PET equations. In this study,
different PET estimation approaches were used to study the impact of PET estimation on discharge projections for catchments
in Northern Tunisia. Discharge was simulated for five catchments using three rainfall-runoff models (RRMs): HBV, GR4 and
IHACRES. A general differential split sample test (GDSST) was used for an RRM robustness evaluation based on subperiods
with contrasting climatic conditions for the 1970–2000 period. Three cases with varying PET were considered: (1) daily
calculated PET, (2) long-term daily mean PET with the same values for calibration and validation periods (calculated over the
calibration period) and (3) long-term daily mean PET varying between calibration and validation periods (calculated over the
calibration and validation period separately). Over the historical period, the comparison between cases 1 and 3 showed little
impact of reduced PET information on the RRM performance and robustness. The comparison of cases 2 and 3 indicated a
limited impact of varying PET between calibration and validation on the RRM results. The impact of varying levels of PET
information on hydrological projections was also analysed over two future 30-year periods: mid-term period (2040–2070) and
long-term period (2070–2100), with two representative concentration pathway scenarios (RCPs 4.5 and 8.5), by comparing cases
1 and 2. The projected discharge with constant PET (case 2) was generally lower than the projected discharge with variable PET
(case 1) but the difference in volume change did not exceed 9% for both the time period and the RCP scenario considered. While
PET slightly increased under the different climate change scenarios, actual evapotranspiration (AET) was found to decrease.
These opposite trends of PET and AET can be attributed to the projected decrease in precipitation. Overall, our results demon-
strate that discharge, in semi-arid regions like Northern Tunisia, is not sensitive to PET estimates since AET is mainly controlled
by the availability of soil moisture. This finding is useful for performing studies of climate change impact on hydrological cycles
in arid regions, as our study shows that simple PET estimation is a valid approach for such studies.
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Introduction

Tunisia has a long history of coping with water scarcity, char-
acterized by extended periods of drought as well as persistent
issues with water quality and over-extraction. Northern
Tunisia produces approximately 83% of the surface water in
Tunisia while providing several water transfers to the eastern
and the southern parts of the country (ITES 2014). Recent
climate change scenarios project around a 20% decrease in
total precipitation and a + 1 °C to + 3 °C increase in mean
annual temperature by 2050 compared with the 1971–1990
period (Terink et al. 2013; Tramblay et al. 2017). This could
result in a substantial decrease in fresh water availability in the
future, which would have a dramatic impact on various socio-
economic sectors (e.g. agriculture and tourism), and implies
significant risks for ecosystems and for human well-being
(Cramer et al. 2018). Adaptation to climate change is therefore
crucial, and this level of susceptibility calls for an understand-
ing of local climate change impacts on water resources.
Rainfall-runoff models (RRMs), forced by regional climate
models, are widely used to assess the hydrological impacts
of climate change at the catchment scale (e.g. Ruelland et al.
2015; Hakala et al. 2019). Evapotranspiration is an essential
part of the water balance at the catchment scale, especially for
the Mediterranean region where around 90% of the annual
rainfall can be lost through evapotranspiration (Wilcox et al.
2003). Therefore, to accurately simulate discharge, the
estimation of potential evapotranspiration (PET) is required
as an input. However, studies that evaluated the hydrological
impacts of climate change on water resources in the
Southwest Mediterranean Rim region (e.g. Ruelland
et al. 2015; Sellami et al. 2015; Marchane et al. 2017)
did not consider the sensitivity of PETestimation on hydrological
projections.

Although a bias in PET estimation may be compensated
during the calibration process by model parameters (Oudin
et al. 2005a), it can have a considerable impact for periods
outside calibration, especially in the case of climate variability.
This, in turn, can lead to significant errors when modelling
hydrological peaks and recession characteristics (Andréassian
et al. 2004). The sensitivity of discharge to PET estimation
may depend on the climate conditions, with a corresponding
greater sensitivity within wet regions (Sperna Weiland et al.
2012; Seiller and Anctil 2014) than dry regions (Sheffield
et al. 2012; Kingston et al. 2009). Recently, Guo et al.
(2017) found that discharge sensitivity to PET in five catch-
ments in climatologically different regions of Australia de-
pends on both PET estimation and the methods used by hy-
drological models to convert PET to actual evapotranspiration
(AET).

PET values must be expected to vary for a changing cli-
mate (Prudhomme and Williamson 2013; Seiller and Anctil
2014), and the estimation of PET could be an additional

source of uncertainty for hydrological projections. Several
studies show that the impacts of climate change on discharge
depend on the PET formula used (Seiller and Anctil 2016; Bae
et al. 2011; SpernaWeiland et al. 2012). Physically-based PET
formulas could theoretically have the potential to provide
more accurate PET estimations compared with temperature-
based formulas because they consider the different climate
drivers that affect the evaporative demand (Prudhomme and
Williamson 2013). Assuming that anthopogenic CO2 emis-
sions will keep on influencing temperatures over the next
century (IPCC 2013), the use of temperature-based formulas
results in a substantial increase in projected PET. However,
several studies have investigated the pan evaporation paradox
(Li et al. 2013) and have shown that future potential evapora-
tion could be attenuated by the change in other climate vari-
ables such as the expected increase of air humidity (Wang
et al. 2017) and decreasing trend for wind speed (Mansour
et al. 2017).

Although there are inherent limitations to using
temperature-based PET formula, it is often not feasible to
alternatively use a physically based formula due to a large
number of climate variables required to fulfil such equations
and a lack of observational data. In this regard, data availabil-
ity is a particular limitation in regions such as Northern
Tunisia due to limited climate records (e.g. Jabloun and
Sahli 2008; Aouissi et al. 2016). The use of temperature-
based PET formulas is, thus, often considered the only possi-
ble solution. It is therefore not surprising that the hydrological
projection studies performed over Northwest Africa (Maghreb
region) have mainly utilized temperature-based formulas
(Marchane et al. 2017; Tramblay et al. 2016; Ruelland et al.
2015). Given the widespread use of such simple formulas, the
impact of the use of temperature-based PET formulas on hy-
drological projections, rather than physically based PET for-
mulas, needs to be explored in this region of the world. For
this purpose, it would, in theory, be ideal to compare the hy-
drological projections generated with hydrological models
forced by temperature-based PET formula to those forced by
physically based PET formulas. However, in the context of
data scarcity, such a comparison is not feasible. Therefore, this
study employs a novel methodology, with low data require-
ments, to test the sensitivity of hydrological projections to
PET estimation.

The main goal of the present study is to provide a method-
ology for the assessment of the potential impact of PET esti-
mation on the prediction capacity of RRMs and on hydrolog-
ical projections, within a data-scarce region. Additionally, this
study aims to provide a first quantification on the impact of
climate change on discharge in Northern Tunisia, and thereby
encourage additional climate change impact studies for
Tunisia and regions with similar climate and data availability.
To this end, this study addresses the three following research
questions:
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& What is the sensitivity of RRM to PET estimation in an
arid region?

& What are the likely impacts of climate change on the
hydroclimatology of Northern Tunisia?

& How sensitive are the trajectories of hydrological projec-
tions to PET estimation?

Data and models

Study areas

Five catchments located in Northern Tunisia were selected for
this study (Fig. 1). The discharge can be considered ‘natural’
since these catchments are located upstream from major hy-
draulic installations, such as dams and water transfers. The
study catchments are situated within a semi-arid to humid
Mediterranean climate with a warm and dry season which
extends from June to August (Henia 2008). When averaged
over the catchment areas, PET always exceeds precipitation
(Fig. 1). In this region, actual evapotranspiration is mainly
limited by water availability for most parts of the year
(Tramblay et al. 2017). The catchments are located in a pivotal

area, which serves a strategic role as a water supplier for the
rest of the country (Ben Fraj et al. 2019). Some of the streams
feed into wetlands (Lake Ichkeul, Sebkhet Soliman, etc). Lake
Ichkeul, and its marshes, is one of the most important wet-
lands of the western Mediterranean basin and is an essential
stopover point for birds migrating between Eurasia and Sub-
Saharan Africa (Hamdi et al. 2012).

Hydrological models

Discharge simulations have been shown to be sensitive to the
methods used by hydrological models to convert PET to AET
(Guo et al. 2017). This encouraged us to use different model
structures for this study. Three simple bucket-type RRMs, all
running at the daily time step, were used: GR4J (Perrin et al.
2003), HBV (Lindström et al. 1997) and IHACRES (Jakeman
et al. 1990). These models differ in the way they conceptualise
hydrological processes and in their complexity: GR4J has four
parameters, whereas HBV has eight and IHACRES six. These
models differ in how AET is computed from PET, which
allows for an interesting inter-comparison of model simula-
tions. In GR4, a production function accounts for precipitation
and potential evapotranspiration and determines the effective
precipitation that contributes to flow and supplies the

Fig. 1 Locations of study catchments are indicated by a bold black line along with the locations of the precipitation (blue circles), temperature (red
circles) and stream flow gauges (purple circles). The main hydro-climatic characteristics are averaged over the period 1970–2000
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reservoir. AET is calculated according to a parabolic function
of soil moisture. Only one free parameter is dedicated to the
production module. In HBV, AET equals PET when the soil
storage is filled to a certain fraction (as specified by a model
parameter) and decreases linearly for smaller soil water stor-
age values. In IHACRES, the input rainfall is partitioned ex-
plicitly into drainage, evapotranspiration, and changes in
catchment moisture. AET is calculated according to an expo-
nential function of soil moisture. IHACRES allocates two free
parameters to the production module. All three models have
recently been used successfully to simulate discharge from
other catchments in Tunisia (Bargaoui et al. 2008;
Dakhlaoui et al. 2009, 2012; Abbaris et al. 2014).
Additional information for each model can be found in Tab.
S1 (Online Resources). The model parameters were calibrated
using the Shuffle Complex Evolution algorithm (Duan et al.
1992) and the Kling-Gupta Efficiency (KGE, Gupta et al.
2009) as objective functions. The hydrological models were
run at a daily time step, but their efficiency evaluation was
performed on 10-day averages, since our study primarily fo-
cuses on water resources rather than on the day-to-day varia-
tion and the averaged discharge values were more reliable
than the daily values. Model performance during validation
was evaluated based on the Nash-Sutcliffe Efficiency (NSE,
Nash and Sutcliffe 1970) and the relative volume error (VE) in
mean discharge.

In situ hydro-climatic data

In total, 123 rain gauges situated in the study area were used.
The selected gauges have some missing data but do not ex-
ceed 30% of the total data over the period of 1970–2000, thus
providing a stable, coherent network of measurements for the
spatial interpolation of rainfall forcing (see Fig. 1). Eight me-
teorological stations with daily temperature data were used.
Climate forcing data was generated by spatially interpolating
the station data, on a 2-km horizontal grid spacing, using an
inverse distance weighting technique. Based on the available
data, the approach of Oudin et al. (2005b) was chosen to
estimate PET. This formula is based on estimated clear daily
sky solar radiation and mean daily air temperature. It is
expressed as follows:

Epot ¼ Re

λ ρ
Ta þ 5

100
if Ta > −5

Epot ¼ 0 otherwise

ð1Þ

where Epot is the rate of potential evapotranspiration
(mm day −1); Re is extraterrestrial radiation (MJ m−2 day−1);
λ is the latent heat flux (MJ kg−1); ρ is the density of water
(kg m−3) and Ta is mean air temperature (°C).

High-resolution climate simulations and bias
correction of climate variables

Different daily temperature and precipitation time series, sim-
ulated by eleven GCM-RCMs (general circulation models
forcing regional climate models), were obtained from the
Coordinated Regional Downscaling Experiment (CORDEX;
www.cordex.org). Given the location of the catchments,
GCM-RCMs from the European domain were selected
(EURO-CORDEX, http://www.euro-cordex.net/). EURO-
CORDEX simulations are the most recent high-resolution cli-
mate projections for the European domain with a 0.11° reso-
lution (~ 12.5-km horizontal grid spacing). The GCM-RCM
historical simulations span over the period 1970–2005, and
the future period was divided over two periods: mid-term
(2040–2070) and long-term (2070–2100). Two representative
concentration pathway (RCP) scenarios were considered for
the projections: RCP 4.5 and RCP 8.5 (IPCC, 2013). RCP 4.5
assumes that global annual greenhouse gas emissions peak
between around 2040, then decline thereafter. In RCP 8.5,
emissions continue to rise throughout the twenty-first century
(Meinshausen et al. 2011).

Methods

Impact of potential evapotranspiration estimation
on rainfall-runoff model performance and robustness

To evaluate the sensitivity of hydrological projections to PET
estimation, we first assessed the sensitivity of RRM to PET
estimation under historical climate conditions, using a differ-
ential split sample test (DSST; Klemeš 1986). This step is
needed so that we may check whether it is reasonable to ex-
trapolate our methods to future period. We propose an evalu-
ation of the sensitivity of discharge simulations to PET formu-
lation, based on a comparison of three cases of PET estima-
tions (see Fig. S1 in Online Resources):

& Case 1: Daily PET calculated over the calibration and
validation period separately (without averaging).

& Case 2: Long-term daily mean PET with the same values
for calibration and validation periods (PETcalculated over
the calibration period and then averaged to create a series
of 366 values, which were repeated for both the calibration
and validation period).

& Case 3: Long-term daily mean PET varying between cal-
ibration and validation periods (PET calculated over the
calibration period and validation period separately. The
two sets of daily values were then averaged to create two
sets of 366 values, which were then used for calibration
and validation separately).
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Over the historical period, the comparison of RRM perfor-
mance and robustness between cases 1 and 3 allowed for an
evaluation of the impact of long-term averaging of PETon the
hydrological model performance and robustness. The compar-
ison of these two cases was also chosen in order to indicate
whether the long-term averaging of PET was acceptable for
hydrological projections. The comparison of cases 2 and 3
allowed for the evaluation of the impact of keeping PET the
same versus allowing it to change between calibration and
validation periods on RRM performance.

The evaluation of RRM robustness was performed using
DSST (Klemeš 1986). DSST is the typical method to investigate
RRM robustness under climate variability (Seibert 2003;
Hartmann and Bárdossy 2005; Fowler et al. 2016; Dakhlaoui
et al. 2017; Vormoor et al. 2018). It consists of calibration and
validation exercises of RRM under climate-contrasted condi-
tions. The idea behind performing a DSST is that the errors made
by extrapolation from certain observed climate conditions to dif-
ferent observed conditions might correspond to the errors made
when using observed data for calibration and extrapolating this to
future climatic conditions (Seibert 2003). Dakhlaoui et al. (2019)
proposed a generalization of DSST called general differential
split sample test (GDSST) based on an oriented bootstrap applied
to discontinuous subperiods, which allows for a large number of
calibration and validation exercises and a better sample spread,
with more contrasted subperiods (in precipitation and tempera-
ture) compared with previous techniques. This technique helps
with the evaluation of RRM robustness for a broad range of
climate conditions. We used the GDSST as proposed by
Dakhlaoui et al. (2019) to generate 100 climate-contrasted sub-
periods (precipitation and temperature) over the observed period
1970–2000 for each catchment. The duration of each subperiod
was 15 years, which could be non-consecutive. We used each
subperiod as a calibration period for the RRM and evaluated the
performance of hydrological predictions in the complementary
subperiod. In contrast to other studies, which used continuous
calibration and validation periods for the DSST (e.g. Coron et al.
2012; Brigode et al. 2013), we used discontinuous subperiods
but always used entire hydrological years. The initial conditions
for each hydrological year were checked so that they are not
significantly affected by the climatic conditions of the preceding
year. It should be noted that the climate of Northern Tunisia has a
long dry season (June to August) during which most of the soil
moisture is evaporated resulting in almost the same (dry) initial
conditions in the following hydrological year.

We performed the calibration and validation exercise for each
catchment for the 100 GDSST subperiods for cases 1, 2 and 3
separately. The model transferability was evaluated by the
change in NSE and VE between the calibration and validation
periods. NSE was based on a ratio between the squared model
error and the variance of observed flows. Hence, any changes in
variance or volumes between contrasted climatic periods such as
dry/wet could have an impact on the comparison of results.

Performance measures like NSE for different simulation time
periods cannot easily be compared. Therefore, we evaluated
model transferability by calculating the differences between
NSE resulting from calibration period (receiver) and the NSE
calculated over the same period but with parameters provided
bymodel calibration on validation subperiods (donor). The same
was done for VE.We evaluated model transferability in terms of
NSE andVE as a function of the change in total precipitation and
mean temperature (ΔP and ΔT) between the validation and
calibration periods. To study the origin of the differences in
RRM performances between the different cases, we also looked
at the differences in terms of PET and AET between the calibra-
tion and validation periods.

Projections of climate change impacts

Quantile mapping (QM) was utilized as a bias correction
method to correct the daily precipitation and temperature of
the GCM-RCMs. Previous studies have shown QM to outper-
form other bias correction methods (Teutschbein and Seibert
2012; Chen et al. 2013). The aim of QM is to correct the
distribution of the climate model data so that it matches the
distribution of the observational data. It consists of estimating
quantiles for both observation and modelled climate variable
under a control period. A transfer function is then created by
interpolation between corresponding quantile values, which is
applied to the projected climate variable. Here, the cumulative
distribution functions (CDFs) of observed and modelled cli-
mate variable were estimated using empirical percentiles.
Values in between the percentiles were approximated using
linear interpolation. In cases where new GCM-RCM values
(such as from the projected period) were larger than the con-
trol values used to estimate the empirical CDF, a linear regres-
sion fit was used to extrapolate beyond the range of observa-
tions. The transfer function of the QMwas based on a 30-year
control period (1970–2000), which is the recommended time
length for climate applications (WMO, 2011). The transfer
function of the QM was then applied to bias correct the
GCM-RCMs projected daily precipitation and temperature
over the mid-term (2040–2070) and long-term (2070–2100)
future periods for the two RCPs. The RRMs were forced by
the bias-corrected GCM-RCM climate data (precipitation and
temperature) to generate the projected discharge.

Evaluating the sensitivity of hydrological projections
to potential evapotranspiration estimation

Two cases were used to compare the impact of PET estimation
on hydrological projections: (i) case 1: PETcalculated at the daily
scale, using the Oudin formula, over the historical and future
period. In case 1, the observed temperature is used for the histor-
ical period, and GCM-RCM bias-corrected temperature is used
for the calculation of PET for the future periods. (ii) Case 2: The
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long-term daily mean PET is calculated and used for RRM cal-
ibration over the historical period and also repeated over the
future time periods.

Case 1 is meant to represent a situation where a simple
temperature-based PET formula, which is only sensitive to
change in temperature, is used. We hypothesised that this case
would result in the highest future increase in PET, due to the
increasing of temperatures found within the RCP scenarios.
Case 2 represents a different situation, similar to the pan evapo-
ration paradox, which expects an attenuation of future PET by
the future change in other climatic drivers, until stabilisation. This
kind of attenuation of future PET by other climatic drivers could
be addressed only by a physically based PET formula. The com-
parison of these two extreme cases allows for the evaluation of
the sensitivity of hydrological projections to the PET estimation
and assessing the potential loss in hydrological projection caused
by using a simple temperature-based PET formula rather than a
more physically based PET formula.

We considered the variance of the hydrological projections as
an estimate of their uncertainty and used an analysis of variance
(ANOVA, Hawkins and Sutton 2009) technique to quantify the
contribution of uncertainty stemming from different elements of
the modelling chain to the total uncertainty. More specifically,
this provides a sensitivity test of whether PETestimation contrib-
utes to the total uncertainty compared with the other sources of
uncertainty. A similar analysis (using ANOVA) was performed
by Addor et al. (2014) to quantify the contribution from different
aspects of the modelling chain to hydrological projection uncer-
tainty for six Swiss catchments; however, that study did not
investigate PET estimation uncertainty. Following this example,
and extending it to additionally take PET estimation uncertainty
into account, six sources of uncertainty were compared: (1) emis-
sion scenarios (RCP 4.5 and RCP 8.5), (2) GCM-RCMs, (3)
hydrological models (HBV, GR4 and IHACRES), (4) PET esti-
mation (cases 1 and 2), (5) the sum of the significant interaction
between factors and (6) residual error. The fraction of explained
variance of the discharge change for the two 30-year future pe-
riods (2040–2070 and 2070–2100) compared with the reference
period (1970–2000), by each factor, was computed by dividing
the variance of each factor by the total variance. The analysis was
performed for each catchment and each of the two future periods.

Results

Evaluating the effect of potential evapotranspiration
estimation on rainfall-runoff model robustness

Effect of long-term potential evapotranspiration averaging
on rainfall-runoff model robustness

Our results show that when daily PET (case 1) is compared
with long-term daily mean PET (case 3), only minimal

differences exist between the PET values. The biggest differ-
ences between case 1 and case 3 occur in summer, where
discharge generation is at its lowest level during the year.
Conversely, the smallest differences were observed in winter,
where the generation of discharge is the greatest. A compari-
son between case 1 and case 3, over the period 1970–2000, for
the O. Abid catchment is presented in the Online Resources
(Fig. S2). Cases 1 and 3 exhibit similar performances over the
calibration period in terms of NSE and VE (Online Resources,
Fig. S3), which implies that temporally varying PET and a
long-term daily mean PET produce similar discharge time
series. Furthermore, this demonstrates the low sensitivity of
hydrological models to PET interannual variation.

Figure 2 shows the mean results of GDSSTexperiments for
each case of PETestimation, whereΔP andΔTare compared
for all catchments. Based on the NSE criterion, the transfer-
ability was gradually affected by the decrease in precipitation
and the increase in temperature (Fig. 2a). Similarly, the trans-
ferability of VE was also more affected by changes in precip-
itation than in temperature (Fig. 2b). We observed no signifi-
cant difference in RRM robustness between cases 1 and 3
(Fig. 2a, b). The results shown here are for the GR4 model.
However, we observed a similar behaviour between the dif-
ferent models. (Results from HBV and IHACRES are shown
in Fig. S4 within the Online Resources.)

To better understand the origin of the difference in RRM
robustness between cases 1 and 3, Fig. 2 c and d show the
difference in terms of PET and AET between calibration and
validation for the GR4 model. The behaviour of PET is shown
to be highly correlated to temperature variation, which is ex-
pected since temperature is the basis for the calculation of PET
using the Oudin formula. However, this is not the case for
AET, which is mainly dependent on water availability (i.e.
precipitation). Instead, AET increases with a decrease in tem-
perature (Fig. 3).

Effect of potential evapotranspiration estimation
on the robustness of rainfall-runoff models

Similar to the results presented in the previous section, an ad-
ditional experiment was performed to evaluate the change in
RRM robustness between cases 2 and 3 (see Fig. 2a, b for GR4
and Fig. S3 (Online Resources) for HBV and IHACRES).
Small differences were found between the robustness of the
RRMs when comparing the two cases, in terms of VE (differ-
ence between − 4 and + 4%). For NSE, the difference between
the two cases was around zero. The RRMs forced by long-term
daily mean PET with the same values for calibration and vali-
dation periods tend to overestimate VE for positive ΔT, and
underestimate VE for negative ΔT, compared with the case
where PET varies between calibration and validation periods.
Figure 2 c and d show the difference in terms of PET and AET
between calibration and validation periods between cases
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2 and 3. The AET of the different contrasted subperiods
depends mainly on precipitation, e.g. larger AET values
are observed for the wetter subperiod and vice versa. AET
is less dependent on temperature (Fig. 3).

Projections under climate change scenarios

The climate projections over the study catchments show that for
precipitation, over the mid-term period, the RCP 4.5 scenario
results in a decrease of about − 8% in total precipitation and −
15% for RCP 8.5. For the long-term time period, a decrease of
about − 16% of total precipitation is expected for RCP 4.5 and −
26% for RCP 8.5. These changes mainly occur during the wet
season (November to April). For temperature, over the mid-term
period, an increase of + 0.44 to + 2.3 °C is projected with the
scenario RCP 4.5 and + 1.2 to + 2.6 °C with scenario RCP 8.5.
For temperature, over the long term, an increase of + 1.2 to +
2.3 °C is projected within the scenario RCP 4.5, and + 2.1 to +
4 °Cwith the scenario RCP 8.5. For PETcalculated by theOudin
formula using the projected temperature (Fig. 4c), in over the
mid-term period, an increase of + 1.8 to + 9.6% is projected with
the scenario RCP 4.5 and + 4.8 to + 11%with scenario RCP 8.5.

For PET, over the long term, an increase of + 3.5 to + 11% is
projected within the scenario RCP 4.5, and + 8.8 to + 17% with
the scenario RCP 8.5. Contrary to precipitation, these changes
are projected mainly during the summer months. PET changes
are likely to have little impact on discharge since there is already
very little discharge during the summer. In contrast, the decrease
in precipitation amounts during winter months may have a crit-
ical impact on water resources. Our results also show that the
climate change signal is very different from one GCM-RCM to
another; however, all GCM-RCMs depict a warmer future cli-
mate and almost all climate models expect dryer conditions for
the future (Fig. 4a, b). (Detailed results of the changes can be
found within the Online Resources (Fig. S5).)

Evaluating the sensitivity of hydrological projections
to potential evapotranspiration estimation

The median of the hydrological projections for the Maaden
catchment, when comparing cases 1 and 2 with three RRMs
(Fig. 4d, detailed results for the remaining catchments are
presented in Fig. S5 of the Online Resources), shows that,
for the mid-term period, the RCP 4.5 scenario results in a
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Fig. 2 Evaluation of GR4 model efficiency as a function of change in
precipitation and temperature (ΔP and ΔT). Each coloured square
represents the mean results for the five catchments. Model
transferability was evaluated according to differences in a Nash-
Sutcliffe Efficiency (NSE) and b relative error in mean discharge (VE)

between the receiver (RR, i.e. validation) and the donor (DR, i.e. calibra-
tion) periods. The difference in terms of potential evapotranspiration
(PET) and actual evapotranspiration (AET) between calibration and val-
idation period is presented in a similar way in c and d
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decrease of discharge of 10 to 30% and 25 to 38% for the RCP
8.5 scenario. For the long-term period, a decrease of 20 to
37% of discharge is expected for RCP 4.5 and 41 to 58% for
RCP 8.5.

However, for case 2, the estimated hydrological impact is
by approximately − 2 to − 8% smaller than for case 1. The
difference in mean annual discharge between the two cases
is generally under 5% for the RCP 4.5 (for both the mid-term
and long-tern periods) and also for RCP 8.5 for the mid-term
period. The difference in volume change between cases 1 and
2 exceeds the 5% for RCP 8.5 over long-term periods, but it is
always less than 10% (see Fig. S6 within the Online

Resources). These results are robust, meaning that we find
similar behaviour amongst the different RRMs.

The decomposition of the projection variance by ANOVA
partitioning amongst the six sources of uncertainty shows that
the GCM-RCMs are the dominant source of uncertainty. The
difference between cases 1 and 2 represents only a small
proportion of the variance in the hydrological projections
(see Fig. S7 within Online Resources).

The hydrological response of Northern Tunisian catch-
ments shows a high sensitivity to any change in precipitation.
The evaluation of the elasticity of discharge to precipitation
for the hydrological model GR4 (e.g. change in discharge

Fig. 4 Projected (a) rainfall, (b) temperature, (c) potential evapotranspi-
ration (PET) and (d) discharge (Q) for cases 1 and 2, from HBV,
IHACRES and GR4J model, for the Maaden catchment, for

representative concentration pathway scenario 8.5, over the long-term
period (2070–2100) and compared with observation over the reference
period 1970–2000 (Obs). GCM and RCM names are separated by a slash

Fig. 3 Change in actual evapotranspiration (AET) and potential evapotranspiration (PET) as a function of change in precipitation and temperature (ΔP
and ΔT) between calibration (cal) and validation period (val) for the hydrological model GR4
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between present and projected climate as a function of the
change in precipitation) results in a hydrological multiplica-
tion factor of around two (Fig. 5, the results from the other
models are included in the Online Resources Fig. S8). In other
words, for every unit of precipitation increase or decrease,
discharge will change by a factor of 2. The elasticity curves
are similar between cases 1 and 2 and across the different
RRMs.

Discussion

Effect of potential evapotranspiration estimation
on the robustness of rainfall-runoff models

The temporally varying PET (case 1) and long-term daily
mean PET (case 3) produced similar RRM performance for
the calibration period. This result is supported by several stud-
ies (Fowler 2002; Oudin et al. 2005b), although it is more
accentuated in Northern Tunisia given the region’s semi-arid
climate condition and water-limited evaporation.

Our results illustrate a similarity between the differ-
ent RRM in terms of sensitivity to PET information in
spite of their different model structures, and their differ-
ent formulations of calculating AET. This concept
shows that long-term daily averaged PET does not af-
fect RRM prediction capacity needed for hydrological
projections. Although this result is supported by Oudin
et al. (2005b), it does not match with those obtained by
Guo et al. (2017), which showed that, for the case of
several Australian catchments, the different evaporation
process representations in conceptual rainfall-runoff
models can have substantial impacts on discharge pro-
jections under a changing climate. One explanation for

the disagreement between our results and that of Guo
et al. (2017) is that their Australian catchments include
a greater variety of climate (precipitation ranging be-
tween 344 and 1979 mm). Rather, under Northern
Tunisia’s semi-arid climate, the limited water availability
heavily constrains AET.

Sensitivity of hydrological projections to potential
evapotranspiration estimation

The use of different PET estimations results in similar hydro-
logical projections, similar elasticity curves, and
also constitute a small proportion of the total variance within
an ANOVA. This shows the low sensitivity of hydrological
projections to PETestimation in Northern Tunisia. This means
that it is relatively unimportant which PET formulation is used
within hydrological climate change impact assessments for
this region, and thus, a simple, temperature-based PET formel
would be sufficient. To this extent, a bias in PET due to the use
of such a formula would not have an important cumulative
impact on the hydrological projections.

In arid regions, AET is highly limited by water availability,
which limits the hydrological impact of any change in PET.
The behaviour of AET, which is shown to increase with de-
creasing temperature (Fig. 3), could be explained by the neg-
ative correlation between precipitation and temperature in
Northern Tunisia, e.g. dry years are associated with warm
periods and wet years to cold periods. The opposite trends
for the changes of AET and PET and the positively correlated
change of AET and precipitation, under present and future
climate conditions, indicate that precipitation is the main driv-
er for AET in this region, and we confirm that the study catch-
ments are water-limited rather than energy-limited.

Fig. 5 Elasticity of discharge due to precipitation change for (a) GR4J
model and (b) shows elasticity curves (E.C.) from the other hydrological
models.ΔP andΔQ are the changes in discharge and precipitation from

different rainfall-runoff models, catchments, representative concentration
pathway scenarios (RCPs), climate models (GCM-RCMs), time periods
and potential evapotranspiration estimation cases
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Impact of climate change on the hydroclimatology
of Northern Tunisia

This study provides a first quantification on the impact of
climate change on the discharge in Northern Tunisia. Our
results show a significant future decrease in discharge due to
a decrease in rainfall; this relationship is amplified because of
the high elasticity of runoff to rainfall in this region. These
results point to a situation of critical water stress in the future
given that Tunisia already suffers from water paucity and is
considered to be a water-poor country (Blinda and Thivet
2009). In this context, it seems that the competition between
the ecological water requirements of wetlands with human
uses will increase. The expected decrease of discharge, de-
crease of precipitation and increase of PET are factors that
favour a future increase of salinity of the Lake Ichkeul.
According to Hamdi et al. (2012), any change in the salinity
pattern of the lake and its fresh water supply could affect
negatively the available food of herbivorous waterbirds (main-
ly Potamogeton and Scirpus consumed by ducks and coots)
and could affect the abundance of the waterbird communities.
These results motivate adaption strategies for future climatic
conditions, especially for the management of surface water
resources and to ensure the ecological water requirement of
wetland, a vital interest in the preservation of biodiversity.

Limitations

We recognize that the projected PET, if calculated by a phys-
ically based formula such as Penman-Monteith, could be larg-
er than the PET projected by a temperature-based formula, or
lower than the present PET condition, which means that it is
possible that cases 1 and 2 may not envelop all the possible
realizations of PET. Evaporative demand depends mainly on
four major physical variables: air temperature, vapour pres-
sure, net radiation and wind speed. Temperature-based formu-
lae consider only one of these variables: temperature. A sub-
stantial change in vapour pressure and/or increase of net radi-
ation and/or increase of wind speed that accompanies the ex-
pected future increase in temperature could generate a possi-
ble increase in PET greater than that projected by temperature-
based formula. Hence, any future increase of vapour pressure
and others could compensate the increase in PET and could
generate a decrease in PET compared with the present condi-
tion, as found for example in the pan evaporation paradox.
According to Guo et al. (2017), who evaluated the sensitivity
of PET to different climate drivers under different climate
conditions in Australian catchments, PET is generally more
sensitive to perturbations in temperature than to the other cli-
mate variables. In addition, they found that discharge gener-
ally shows a higher sensitivity to perturbations in temperature.
In the case of the current study, while the temperature is the
primary driver of PET, its change does not affect projected

discharge to a large extent. We can therefore expect that the
effect of perturbations in other climate variables would have a
smaller impact compared with temperature. In addition, the
future change in these variables could compensate each other.
Wang et al. (2017) noticed for example that for several
Chinese catchments, the decrease in relative humidity together
with the negative contribution of wind speed are strong
enough to neutralize the warming signal, leading to a strength-
ening in evaporative demand, over the period 1994–2014, in
some regions.

Conclusion

The methods proposed in this study were developed in order
to simulate the impact of PET estimation in a data-scarce re-
gion, which could otherwise not support the data requirements
for a full PET formulation comparison. We conclude that for
Northern Tunisia, and for similar regions, a simple
temperature-based PET formulation is sufficient for hydrolog-
ical projections. The uncertainty introduced by the PET esti-
mation is minimal compared with uncertainty stemming from
RRM structure, RCP scenario and the GCM-RCM structure.
While we acknowledge that the effect of PET estimation
might be different for other regions and climatic regimes,
these results confirm that the choice of any particular PET
estimation method has a limited impact on discharge simula-
tions for semi-arid catchments. This study shows that data
scarcity in developing countries may not hinder creating reli-
able hydrological projections. This work may facilitate further
investigation into the impact of climate change on Northern
Tunisia’s water resources, as well as for other data-scarce, arid
regions.
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