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Abstract

In arid and humid contexts, dams’ reservoirs play a crucial role in water regulation
and flood control. Under the projected climate change (CC) effects, even a pre-
optimized management approach (MA) of a reservoir needs to be assessed in
this projected climate. This chapter aims to assess the impacts of CC on
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the Hydroclimatic (HC) variables of the basin upstream the reservoir of Bin El
Ouidane (Morocco), and the effects on the performances of its preoptimized MA.
The applied Top-Down assessment procedure included CORDEX climate pro-
jections, hydrological, siltation, evaporation, and management models. Concerning
the HC variables, the results obtained concord with those reported in the literature
in terms of trend, but not always in terms of intensity of change. On the other hand,
the projections expected a decrease in the performances of the reservoir, except for
criterion allocations’ standard deviation, calibrated during the optimization. Also,
interesting conclusions have been found like: the change in precipitation dominant
form, the accentuation of the pluvial hydrological regime, the advanced snow
melting due to the temperature increase. This chapter presents a typical case
study on how to use climate projections for reservoir MA adaptation, without
being highly and negatively influenced by the climate model uncertainties.

Keywords

Reservoir · Impact · CORDEX · Management · Performance criteria · Bin El
Ouidane

Introduction

Dams’ reservoirs play a crucial role in the attenuation of the intra and interannual
water resources heterogeneity. In fact, either in arid or humid context, these hydrau-
lic infrastructures permit the flood control and assure the satisfaction of different
water demand. In Morocco, the dam construction policy had helped in mitigating the
impacts of intra-annual precipitations variability, drought periods, and massive flood
events. Nonetheless, according to global and national climate projections reports
(IPCC 2014; MEMEE 2016), the potential impacts of climate change (CC) can alter
partially or totally this role of water regulation. Moreover, the adaptation to future
CC effects should be considered in both design and exploitation phases of dams’
reservoirs. On one hand, the adaptation in the design phase should focus on the
change of the available water supply (Nassopoulos et al. 2012), the frequency and
intensity of floods (Tofiq and Guven 2014), and the sediment yield volumes (Bussi et
al. 2014). On the other hand, the adaptation during the exploitation phase is more
oriented toward the regular update of the MA, and of its parameters (Zhang et al.
2017). Nonetheless, the update of MAs should not be limited to historical data, but
the use of future climate projections resulting from global and regional climate
models (RCM) is a path that requires further investigation (Brown et al. 2012).
Several methodologies were attempted to adapt water planning to CC (Borison and
Hamm 2008; Morgan et al. 2009). Nevertheless, managers still have a suspicious
attitude toward climate projections (Means et al. 2010). Nowadays, it is clear that
with all the problems related to observational data quality and accessibility, some
models’ aspects inefficiencies, uncertainties, diversified range of projected impacts,
greenhouse emissions scenarios diversity, and the deduction of conclusions from the
usage of climate projections is risked and limited (Brient 2020; Sellami et al. 2016).
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Other than the use of climate projections to assess a preupdated MA, they can also be
beneficial to highlight some negative aspects of the management to correct, or other
positive points to enhance.

This chapter presents an assessment of the potential impacts of future CC pro-
jections on the Hydroclimatic (HC) variables on the basin upstream the dam
reservoir of Bin El Ouidane, and the impacts on the future performances of the
preoptimized Management Approach (MA) of this reservoir. In addition, the chapter
aims to converge to conclusions that can be useful in the enhancement of the
preoptimized approach. Furthermore, a comprehensive procedure that can be gen-
eralized to adapt reservoir MAs of other reservoirs worldwide is proposed.

Overview of the Adopted Framework of Analysis

Presentation of the Dam of Bin El Ouidane and the Impacts
Assessment Framework

The hydraulic complex of Bin El Ouidane-Ait El Ouarda (named hereafter “BEO-
AEO”) is located in the high Atlas of Morocco, and composed of the major
1500 Mm3 reservoir of Bin El Ouidane (BEO), and its 4 Mm3 compensatory
reservoir Ait El Ouarda (AEO). BEO-AEO was constructed in 1953 to satisfy the
water demand of: (1) irrigation perimeters of Beni-Moussa and Tassaout-Aval; (2)
drinking water of Afourer, Beni-Mellal, and neighboring villages; (3) production of
hydroelectricity; and (4) flood control (Fig. 1).

Fig. 1 Geographical map locating the basin of BEO, the dams, and the irrigated perimeters
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The BEO-AEO reservoir complex is located at the outlet of an upstream basin of
6500 km2. The analysis of the past hydro-climatologic variables evolution within the
basin of BEO (Ahbari et al. 2017) shows an augmentation trend of the annual
temperature (+0,4 °C in 1989–2013 and of evaporation from the reservoir
(+470 mm in 1976–2006), as stagnation of annual rainfall (around 400 mm during
1976–2014) and a substantial drop of the annual water supply to the reservoir by
almost 50% after 1976 (from 1350 Mm3 during 1939–1976 to 750 Mm3 during
1976–2014).

In order to assess the impacts of future CC effects on the HC variables inside the basin
located upstream the complex, the management variables of BEO-AEO and the perfor-
mances of BEO-AEO, the typical Top-Down procedure described in Fig. 2 is used.

As shown in Fig. 2, the starting point is to choose a climate scenario. The
appropriate way to proceed is by testing at least two opposite scenarios: one
optimistic and another pessimistic. This will permit to have an idea about the
variation interval of the eventual impacts. Then, the selected climate scenario will
drive a climate model in order to output the future projections of temperature and
precipitations for a given area. In general, the regional climate model is more suitable
for the assessment of CC impacts assessment in basin-scale studies (Singh et al.
2019). After that, the resulting climate projections series will be used as direct entries
for a prevalidated hydrologic and evaporation models. Once the projected water
supply series are calculated, they will be inputted to a prevalidated siltation model to
estimate the projected annual siltation volumes. The next step is to run the reservoir
management model using the projected series from the hydrologic, siltation, and
evaporation models, in association with the projected water demand. Finally, by
using representative performance criteria, the results of the projected reservoir

Fig. 2 Typical top-down procedure to assess the CC effects on reservoir performances
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behavior are analyzed and compared to the performances outputted by the pre-
optimized MA described in detail in Ahbari et al. (2019).

Since this chapter is more concerned about the daily management behavior, a
daily time step is adopted. The reference period is between 1 March 1986 and 31
August 2015 (similar to the IPCC reference period for its AR5 report), and the
projection period occupies the period between 1 March 2020 and 31 August 2049.
The following subsections introduce the different components and models used in
order to apply top-down assessment procedures to BEO-AEO.

Performance Criteria Used to Assess the Performances of the
Reservoir

The Reliability
This criterion is calculated in relation to the duration of the demand satisfaction, as
proposed by McMahon et al. (2006) in Eq. 1:

Rl ¼ Nb of times Dt ¼ 0

n
ð1Þ

where Dt is the deficit at time step t; n is the number of time steps.

The Resilience
It is the probability that a state of demand’s satisfaction follows a state of demand’s
dissatisfaction (Sandoval-Solis et al. 2011). The formula used is described in Eq. 2:

Rs ¼ Nb of times Dtþ1 ¼ 0 follows Dt > 0

Nb of times Dt > 0
ð2Þ

The Vulnerability
It is the likely deficit value of the system if a state of demand’s dissatisfaction occurred
(Hashimoto et al. 1982). In this chapter, the formula that estimates an average value of
the likely deficit is adopted as shown in Eq. 3 (Sandoval-Solis et al. 2011):

Vul ¼

Pn
t¼1

Dt=Nb of times Dt>0

water demand
ð3Þ

The Sustainability
It is a criterion that attempts to unify in a unique value the information driven by more
than one performance criterion. The reformulated Looks (1997) sustainability formula
suggested by Sandoval-Solis et al. (2011) is the one used in the chapter (Eq. 4):

Sus ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rl � Rs� 1� Vulð Þ½ �3

p
ð4Þ

Impacts of Climate Change on the Hydro-Climatology and Performances of Bin. . . 5



The Allocations’ SD
This criterion permits to unveil to what extent a specific management approach has
an unpredicted and unstable water allocations (Ahbari et al. 2019). Equation 5 details
the calculation expression:

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t¼1P Xt�Xmð Þ2= n�1ð Þ

r

Water demand
ð5Þ

where Xt is the allocated volume at time step t; Xm is the average allocated volume; n
is the number of time steps.

Description of the Climate Models and Scenarios

As it was mentioned before, two representative concentration pathways (RCP) were
used (Van Vuuren et al. 2011): the optimistic scenario “RCP 2.6” and the pessimistic
scenario “RCP 8.5.” The selection of the RCP 8.5 and 2.6 as assessment scenarios is
driven by the fact that the objective of the chapter is to track the potential interval of
plausible changes resulting from all levels of mitigation policies (no policy, weak,
modest, below 2 °C policies). Therefore, the RCP 8.5 is chosen to represent the
pessimistic trend, even though it is a highly unlikely case (Hausfather and Peters
2020), and the RCP 2.6 to simulate the optimistic tendency willing to keep the global
warming below 2 °C. Concerning the climate projections, the data from the COor-
dinated Regional Climate Downscaling EXperiment (CORDEX; Giorgi et al. 2009)
were employed. The data output used are the bias-corrected climate projections over
the EUR-11 domain which contains our studied area. The bias-corrected CORDEX
data are accessible via the link https://esgf-data.dkrz.de/search/cordex-dkrz/. By
respecting the same specifications during the data filtration (same Regional Circu-
lation Model (RCM) and driven Global Circulation Model (GCM)) for both RCP
scenarios, only two RCM were available for use: RCA4 and REMO2009. These
RCM are driven respectively in their boundaries conditions by the GCM: ICHEC-
EC-EARTH and MPI-M-MPI-ESM-LR. The NetCDF files containing the bias-
corrected projections were downloaded for each variable-RCP-RCM triple, for the
projection period 2020–2049. Since a global hydrologic model was used to simulate
the streamflow in the basin, the calculation of the average projected series for the
basin for each Variable-RCP-RCM triple was mandatory. So, the 6500 km2 basin
upstream BEO-AEO is divided into a 11 km grid cells, and the projected series of
each triple variable-RCP-RCM at the center of each cell are extracted. The transfor-
mation of the cell center coordinates from regular to rotated was done using the
software AgriMetSoft (2017). Then, the average basin series for each triple are
calculated by averaging the projected series for all cells. To get the projected series
for each variable-RCP couple, an ensemble mean was calculated using the series of
the two RCM, and then converted to IS units (°C and mm).
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Description of the Models Embedded in the Framework

The hydrologic model used is the hydrologic modeling system (HMS) model, with a
simple canopy and surface formalisms, the soil moisture accounting (SMA) as the
loss method, the Clark Unit Hydrograph (Clark UH) as the transform method, and
the exponential recession method to simulate the baseflow component. The model
was calibrated and validated over the basin in previous works (Ahbari et al. 2018a,
b). The HMS model of the basin was obtained after a training–validation and a
detailed sensitivity analysis processes that permit to converge to the best HMSmodel
in terms of efficiency. Nonetheless, it is necessary to highlight that this rainfall–
runoff model exhibits some deficiency in the simulation of some flow peaks as
described in Ahbari et al. (2018b). This deficiency was taken into consideration
while interpreting and discussing the results of this chapter. About the siltation
process in BEO reservoir, it is modeled using a preestablished model (Ahbari et al.
2018c) integrating sediment yield to the reservoir and the sediment consolidation
phenomena. As described in detail in Ahbari et al. (2018c), the preestablished
siltation model was able to simulate the observed time series of siltation in BEO
using a genetic algorithm optimization process. For the evaporation from the reser-
voir water plane, it is estimated using a multiple linear regression model between the
monthly evaporated volume as a dependent variable and the monthly average
temperature, the monthly potential evapotranspiration (ETP) and the reservoir
water level at the beginning of the month, as explanatory variables. The mentioned
evaporation model was calibrated and validated for the purpose of this assessment
study, and the results are shown in the results section.

Concerning the BEO-AEO management model, it is represented by an optimized
version of the current MA practiced in BEO-AEO. The optimization of the current
MAwas done using the genetic algorithm, and its performances were evaluated in a
two-step process: a training-validation and a sensitivity analysis processes. For
brevity purposes, more details about the reservoir operations fulfilled by this
model please refer to Ahbari et al. (2019).

Evaluation of the Water Demand and the Impact Assessment Criteria

Due to the lack of detailed data about the projection of the daily water demand for
each user for the projected period of 2020–2049, the series of the projected daily
water demand was constructed by extrapolating the current hypothetical water
demand, using the available projected evolution ratio of the basin of Oum-Er-
Rabia. In fact, the basin of BEO-AEO is part of the basin of Oum-Er-Rabia for
which the projected evolution ratios in 2020, 2025, and 2030 are available. Beyond
2030, the same ratio as for 2030 is applied till the end of the projected period. The
current hypothetical water demand refers to an annual water demand series
represented by the year on which the releases from BEO-AEO are maximal. This
hypothetical series should be the best to represent the current water demand series
(which is inaccessible for the authors) since the daily deficits will be at their minimal
values ever recorded. Nevertheless, it is important to notice that the constructed
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annual water demand at the 2030 horizon (constructed using the concept described
above) is almost equal to the only information publically available about the annual
water demand for BEO-AEO for the same horizon (annual water demand at the 2030
horizon).

To evaluate the impacts of CC on the HC variables inside the basin of BEO-AEO
and on its management variables, two assessment criteria were used: the average
values between the reference and the projected periods, and the intra-annual evolu-
tion of the HC variables. Additionally, the following criteria were used to assess the
change in the performances of the BEO-AEO complex in satisfying the water
demand: the deficit, the reliability, the resilience, the vulnerability, the sustainability,
and the standard deviation of allocations.

The Observed Impacts on Hydro-Climatology and Reservoir’s
Performances

The Elaborated Evaporation Model

The calibration period starts from March 1986 to February 2002, and the validation
begins in March 2002 and finishes in December 2008. Figure 3 shows the linear
regressions during the calibration and the validation periods.

As seen in Fig. 3, the linear regression is clear, important (R2 ¼ 0.72 for
calibration and 0.76 for validation), and statistically significant at 5% level (p-
value <0.0001). The resulting multiple linear regression relates the monthly evap-
orated volume from the reservoir of BEO to three explanatory variables as described
in Eq. 6:

VEVP ¼ �46:03þ 0:06�HWL þ 0:26�T þ 0:25�ETP ð6Þ
where VEVP is the monthly evaporated volume (Mm3); HWL is the water level in the
reservoir of BEO at the beginning of the month (m); T is the average monthly
temperature (°C); ETP is the monthly potential evapotranspiration (mm). HWL and T
are both based on observed values of water level in the reservoir of BEO and the
average temperature at the gauge of Tilouguite. The ETPwas calculated based on the
formulae (Eq. 7) dedicated for rainfall–runoff modeling purposes proposed by Oudin
et al. (2005).

ETP ¼ Re

λ:ρ
Ta þ 5

100
) if Ta þ 5 > 0

ETP ¼ 0 ) otherwise
ð7Þ

where ETP is the rate of potential evapotranspiration (mm day�1), Re is extraterres-
trial radiation which depends on latitude and Julian day (MJ m�2 day�1), λ is the
latent heat flux equals 2,45 (MJ kg�1), ρ is the density of water (kg m�3), and Ta is
mean daily air temperature (°C).
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By integrating the water level as an explanatory variable, the obtained equation
implicitly integrates the most important parameter that controls the evaporation from
the reservoir: the surface of the water plane. The regression would be more substan-
tial if other variables data were available like humidity and wind speed (Condie and
Webster 1997).

Fig. 3 Linear regression between observed and calculated evaporation during (a) calibration and
(b) validation periods
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CC Impacts on HC and Management Variables

Change in Average Values
Table 1 resumes the change in the average values of different HC and management
variables between the reference and the projection periods.

The six key observations extracted from Table 1 are:

Firstly, negative impacts (qualified as negative because they alter directly or indi-
rectly the performances of the reservoir) are suggested by both RCP for all
variables, except for evaporation which will decrease. In fact, this first observa-
tion is an expected result and a concordance with the observed negative impacts
of CC at both global (IPCC 2014) and national (MEMEE 2016) scales, especially
for temperature and precipitation. Those negative impacts include: the increase of
the average air temperature by at least +3.70 °C, the increase of ETP by at least
18.46%, the decrease of precipitation by 54.16% (RCP 2.6), the decrease of water
supply by not less than 59%, the diminution of the stocked volume by 65.19%
(RCP 8.5), and most importantly, the decline of water allocations to users to reach
60.07% (RCP 8.5). That said, what does not concord with global and national
tendencies is the evaporation evolution trend. In fact, the downward trend of
evaporation is explained by the decreasing trend projected for the variable water
stocked in the reservoir, caused by the decrease of precipitations and water supply
to the reservoir. The evaporation here is not to confound with the evaporation part
of the evapotranspiration, which as it is seen will increase.

Secondly, except the temperature and the ETP which are related, the two RCPs drain
practically the same impact on HC variables. Regarding this second observation,

Table 1 Change in the average values of the HC and the management variables between the
reference and the projection periods for both RCP 2.6 and 8.5

Reference
period Values

Difference (%) to
the reference
period

1986–
2015

RCP
2.6

RCP
8.5

RCP
2.6

RCP
8.5

HC variables Temperature (°C/
day)

16.61 20.32 20.71 +3.70 °
C

+4.10 °
C

ETP (mm/day) 2.96 3.51 3.56 +18.46 +20.08

Evaporation
(Mm3/day)

0.118 0.082 0.080 �30.52 �31.81

Precipitations
(mm/day)

1.16 0.53 0.53 �54.46 �54.16

Water supply
(Mm3/day)

2.25 0.90 0.88 �59.89 �60.82

Management
variables

Stocked volume
(Mm3/day)

599.89 221.02 208.84 �63.16 �65.19

Allocated volume
(Mm3/day)

1.88 0.797 0.75 �57.92 �60.07
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the similar impacts of both RCP in terms of intensity and trend can be related to
three reasons: (1) the horizon of projection 2020–2049 is probably far enough to
sense a difference between an optimistic and pessimistic scenario in terms of
warming, but it is not far enough to let the RCP 2.6 decreasing emissions to take
effect on other aspects of climate much more complex like precipitations (Giorgi
et al. 2019); (2) The used RCM and their driven GCM models are likely capable
of simulating air temperature directly correlated to greenhouse gases concentra-
tion, but still have problem with the simulation of climate variables indirectly
related to these gases like precipitations (Schliep et al. 2010); (3) since the
projected period is located in the first half of the twenty-first century, it is expected
that the difference between scenarios remains small (IPCC 2014; Hawkins and
Sutton 2009). This last reason can be more highlighted by looking at the variables
evaporation and water supply (obtained using the validated evaporation and
hydrologic models), for which the difference between the RCPs is more impor-
tant, even though they both integrate in their calculation the climate models
outputs. For the ETP, more difference between the two RCPs is obtained since
it was calculated by the formula of Oudin et al. (2005), which relates the ETP to
the temperature directly without requiring any other climate variable. Moreover,
the difference between the ETP values for the two RCPs is statistically insignif-
icant at 5% level (p-value ¼ 0.058), which supports the two reasons mentioned.

Thirdly, the difference between the optimistic and the pessimistic RCP is more
pronounced for the management variables than the HC variables: Concerning
the third observation, it highlights a valuable conclusion: if following the RCP 2.6
emissions limits will not have immediate and important repercussions on the
climate system (IPCC 2014; Marzeion et al. 2018), it would be more likely
beneficial to other systems like the capacity of dam’s reservoir to regulate water
volumes interannually. This conclusion can be supported by the more interesting
difference between RCP 2.6 and RCP 8.5 impacts on stocked and allocated
volumes. In addition, the cause behind this difference between RCPs impacts
for management variables is that the optimized MA has acquired some adaptation
capabilities during the sensitivity analysis done in Ahbari et al. (2019). In fact, the
optimized approach was defined after testing different scenarios of pluviometry
(low, moderate, and high) and water demand (normal and high scenarios).

Fourthly, unlike other variables, the RCP 8.5 would induce less impacts than the
RCP 2.6 for the precipitation variable. With regard to this fourth observation,
statistical significance tests were applied to the difference between the RCP 2.6
and 8.5 precipitation values, and found it statistically insignificant at 5% level (p-
value ¼ 0.878). The 95% confidence interval on the difference between the two
RCPs values of precipitation is ]�0.047; 0.040[. Therefore, one cannot be sure
about the cause responsible of this apparent anomaly: Is it the RCM and the GCM
used or it is just a question of sampling.

Fifthly, even though directly related, the precipitations and the water supply vari-
ables are not similarly influenced by the RCP selected. In other words, the fifth
observation stipulates that while the precipitation is more impacted by the RCP
2.6, the water supply variable is more influenced by the RCP 8.5. This may sound
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intriguing, because since the two variables are highly related then they are
supposed to behave similarly when they are trained by a given RCP scenario.
However, this apparent anomaly could be explained by these two reasons: (1) as it
was mentioned before, the difference between the RCP 2.6 and 8.5 for the
variable precipitation is not statistically significant; (2) also, the difference
between the two RCPs for the variable water supply is statistically insignificant.
Thus, the causes behind this situation can be, in addition to a problem in RCM or
GCM functionalities, a problem in statistical sampling related to the projection
period chosen.

Sixthly, the percentage of change between the reference and the projection periods
for all variables is very high. About this last observation, it is necessary to note
that all variables values for the RCP 2.6 and 8.5 are statistically significant
compared to the reference period at 5% level (p-value <0.0001). This means
that according to the used RCMs, a statistically significant CC during the period
2020–2049 is expected in the basin upstream BEO-AEO compared to the refer-
ence period 1986–2015. Moreover, a statistically significant negative impact on
the management variables will take place during the same period. For the high
intensity of difference between reference and projection periods, it should be
known that the values obtained include the uncertainties related to the climate,
hydrological, siltation, and evaporation models. So, unlike the direction of
change trend, the values of change obtained require a delicate interpretation
before making any conclusion.

Intra-annual Evolution of the Variables
As demonstrated in the subsection before, the projections expect a substantial
change in the average value of all studied HC variables. However, it is necessary
and beneficial to analyze the intra-annual evolution of this change, to detect the most
impacted months, and to deduct constructive conclusions for some eventual adap-
tation strategies. Figure 4 represents the intra-annual evolution of the average air
temperature in the basin of BEO-AEO.

It is clear from Fig. 4 that the increase of temperature would not concern all
months, and the difference between the two RCPs monthly temperature is practically
zero. In fact, the hydrological year can be divided into three zones, differentiated by
the intensity of temperature increase. Thus, three zones are recognizable: (1) zone 1
(December–January–February) characterized by a very limited increase; (2) zone 2
(November and March) which surrounds zone 1, and it shows a moderate increase of
temperature; (3) zone 3 (April to October) known for its high-temperature increase
compared to the other zones.

This zonation in the temperature augmentation was also observed in other basins
using different RCM and GCM (Bannister et al. 2017; Santer et al. 2018). According
to these case studies, the zones’ length can change from one month to several
months, but the common conclusion is that the winter season had never shown
any increase of temperature. The reasons proposed to explain this unique behavior
are: (1) climate models are deficient in simulating the Arctic oscillation and the north
hemisphere winter climate (Cohen et al. 2012); (2) the high monthly bias was found
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correlated to climate models characterized by sparse horizontal resolution, and thus,
to topographical factor (Bannister et al. 2017); (3) the surface-cloud feedback
process might be incorrectly represented in climate models (Jiang et al. 2015); (4)
the natural cause is not excluded either, because Osuch andWawrzyniak (2016) have
found a comparable seasonality in temperature evolution via the analysis of histor-
ical data.

Concerning the difference between the RCPs impacts on monthly air temperature,
it was found that the difference between the RCP 8.5 and 2.6 temperature augmen-
tation is statistically significant for November and May only (at 5% level, p-value
equals 0.002 and 0.005, respectively). On the other hand, the monthly temperature
increase compared to the reference period is statistically significant for all months,
apart from January and February (p-value equals 0.818 and 0.626, respectively).
These 2 months belonging to zone 1, confirm the characteristics of zone 1 showing,
in terms of increasing values, a very limited change.

Like the air temperature, the ETP intra-annual variability presents the same
zonation configuration (Fig. 5). Nonetheless, in the case of ETP, the zones’ dispo-
sition has changed. Hence, the very limited increase zone (zone 1) covers December,
January, and February (the change is statistically insignificant for January and
February with a p-value reaching 0.926 and 0.672, consecutively at 5% level).
Then, comes the moderate increase zone (zone 2), which gained some months
previously occupied by zone 3 in Fig. 4 (March, April, September, October, and
November). Finally, there is zone 3 starting on May and finishing on August, which
shows a high increase of ETP compared to other months. All the differences between
the reference period and the RCPs are statistically significant for all months covered
by zones 2 and 3.

In reality, the ETP in this study was calculated using a formula that requires only
the temperature and the latitude. By consequence, it was expected that the ETP intra-
annual variability would be similar to the temperature one. Hence, one can wonder

Fig. 4 Intra-annual evolution of the average air temperature under RCP 2.6 and 8.5 in the basin of
BEO-AEO
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why the pattern of intra-annual variability of temperature and ETP is different? In
fact, this is related to the other parameter of the ETP calculation equation: Latitude.
Thus, the translation of zones in Fig. 5 compared to Fig. 4 is related to the influence
of the latitude parameter, and to its implicit factors such as the global radiation
received by the studied area.

Other than the impact zonation, Fig. 5 indicates also that the differentiation
between RCP 8.5 and 2.6 impacts on monthly ETP is visually hard to spot. In
fact, statistical tests confirm this observation for all months, November, December,
and May excepted (p-values equals 0.002, <0.0001 and 0.005 respectively). Hence,
if an issue of climate modeling reason is expulsed, and the natural cause confirmed,
this may indicate an interesting classification of months in terms of their ETP
responses to greenhouse gases emissions. Consequently, once confirmed, this con-
clusion might be useful to take into consideration in the adaptation of reservoir
operations approaches, so that they became prepared to future CC effects. The
zonation remark is also to consider in those adaptation methodologies, since it is
repeated in both temperature and ETP results.

For the variables temperature and ETP, the months covered by each zone can be
seen differently by each reader, but it is sure that a zonation representing different
intra-annual variability is present, and should be investigated further, and eventually
taken into consideration in future adaptation strategies.

Regarding the intra-annual variability of evaporation from the reservoir of BEO,
Fig. 6 describes a different monthly response of this variable compared to temper-
ature and ETP. In fact, instead of showing months where the change is zero or very
limited and others more impacted by CC, the evaporation intra-annual variability
concerns all months with a slight difference in intensity from one month to another.
That said, it is easy to spot months (December to March) where the difference
between projections and reference curves is more pronounced than others (May to
September). This is explained by the evolution of water stocked in the reservoir
throughout time, it self-controlled by water supply and precipitations seasonality.

Fig. 5 Intra-annual evolution of ETP under RCP 2.6 and 8.5 forcing in the basin of BEO-AEO
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As seen, the downward trend of the average evaporation changes detailed in the
subsection ‘3.2.1 Average values change’ is detected in all months without excep-
tion, in opposition to the variables temperature and ETP. The monthly evaporation
diminution shown in Fig. 6 are all statistically significant for all months at 5% level,
with p-values ranging from 0.006 for September to <0.0001 for months between
October and April. On the other hand, the difference between the two RCPs impacts
on monthly evaporation seems to follow a differentiation by months. Hence, there is
November, January, and February where the difference between RCP 2.6 and 8.5 is
visible and statistically significant (p-value equals 0.044 for the first and<0.0001 for
the lasts), and the other months where the type of scenario do not apply any
statistically relevant difference.

With regard to the variable precipitations, Fig. 7 resumes the evolution of it under
reference, RCP 2.6 and RCP 8.5 scenarios. By reading Fig. 7, four fundamental
remarks can be deducted: (1) the diminution tendency affects all months, under the
two RCPs; (2) the period covered by the rainy season is getting short, especially for
the RCP 8.5; (3) The months with very low pluviometry are more frequent (For
instance, from June to September); (4) the RCP 8.5 expects a delayed rainy season,
while the RCP 2.6 suggests that it would be advanced temporally.

These remarks mean that the basin of BEO-AEO will experience a change in
terms of the dominant precipitations type depending on the RCP considered (more
solid for the 2.6 RCP, and more liquid for the 8.5 RCP), a change in the intensity and/
or frequency of summer storms (since the precipitations will be reduced consider-
ably during this season) and of course all the repercussions that will be sensed in the
hydrologic regime.

Statistically speaking, although the visual difference between the RCP 2.6 and 8.5
curves for some months (November and March for example) is clear, no significant
difference was found for any month.

About the water supply to BEO-AEO and its variation through time, Fig.
8 compares the intra-annual evolution during the reference period and under the

Fig. 6 Intra-annual evolution of evaporation under RCP 2.6 and 8.5 forcing in the reservoir of
BEO

Impacts of Climate Change on the Hydro-Climatology and Performances of Bin. . . 15



RCPs scenarios. The evolution of water supply concords with the conclusions of Fig.
7 and Table 1, assuming that future water supply will decrease in terms of volume
and temporal distribution. In addition, Fig. 8 demonstrates that in parallel with the
reduction of its volume drained, the season of “high supply” will prolong temporally
compared to the reference period of 1986–2015. Moreover, the change of hydrologic
regime from pluvio-nival to pluvial, mentioned in Ahbari et al. (2017), will be
accentuated in both RCPs. Thus, the hydrologic peak is located in March, after
being culminating in April during the period 1939–1976 (Ahbari et al. 2017). The
accentuation of the pluvial regime can be justified when observing the RCPs curves,
which present a peak roughly in the form of a plateau, especially for the RCP 2.6,
where the plateau covers the months January–February–March.

Fig. 7 Intra-annual evolution of precipitations under RCP 2.6 and 8.5 forcing in the basin of BEO-
AEO

Fig. 8 Intra-annual evolution of water supply under RCP 2.6 and 8.5 in the basin of BEO-AEO
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In addition, the difference during March between the water supply curves of the
reference and the projection periods’ is statistically significant (p-value <0.0001 at
5% level), while it was insignificant during the same month for the variable pre-
cipitations. This may indicate that the impact of climate projections on March water
supply was not induced via a change in March precipitations, but it is caused by
another factor. In fact, the presumed vector of change is an advanced melting of the
solid precipitations that occurred in previous months (especially for the RCP 2.6
where the dominant form of precipitations is the solid one), accelerated by the
projected temperature increase. Then, if this is the case, the conclusions mentioned
by other studies and confirmed in this chapter, about the incapacity of the RCM and
GCM models to simulate the winter temperature increase, are reinforced again.

Additionally, in contradiction to the observation about dominant precipitation
seen in Fig. 7, the water supply evolutions for the RCP 2.6 and 8.5 do not match the
type of regimes expected.

Even though the solid precipitations are expected in RCP 2.6, the hydrologic
regime is almost the same as for 8.5 on which liquid precipitations are more
dominant. This is explained by the fact that the solid precipitations will not wait
too long to melt, since the increase in temperature already mentioned provoke an
advanced melting, and will not wait until the spring season. If this explanation is
correct, this means that the reasons stated before about the stability of temperature in
the winter season are correct, and the models are really encountering issue with the
simulation of climate during this season.

CC Impacts on the Performances of BEO-AEO Reservoir

After running the assessment procedure detailed in Fig. 2 for the RCPs 2.6 and 8.5,
the performances of the optimized MA of BEO-AEO under CC projections were
assessed, via the calculation of the six most important criteria. Table 2 details the
results obtained at a daily time-step scale.

According to Table 2, except the standard deviation of allocations, all aspects of
performance will be deteriorated under the two emissions scenarios. Therefore, the
percentage of deterioration can reach +157.48% (RCP 8.5) for the daily deficit,
�68.77% (RCP 8.5) for the daily reliability, not less than �58.98% (RCP 2.6) in the
case of the resilience and sustainability and at least +58.88% (RCP 2.6) of vulner-
ability deterioration. Moreover, it is proved by Table 2 that the vulnerability is the
less impacted aspect, and the deficit the most damaged one.

Oppositely, the standard deviation of water allocations will be improved and its
daily value will fluctuate between 17.77% (RCP 8.5) and 19.36% (RCP 2.6). The
reason explaining this improvement is that the establishment of the optimized MA
included a phase where the optimization of the releases to users has been performed.
So, performing this update permitted to the MA to acquire an attitude to keep the
variability of allocations minimal, under stressing climate circumstances.

Furthermore, and unlike the HC variables, the type of the scenario chosen appears
to have an effect more considerable on the performances displayed by the BEO-AEO
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system. This confirms the conclusion mentioned before that: if the RCP 2.6 emis-
sions guidelines are followed, it is certain that the climate will need decades to
restore its regular conditions, but the systems impacted by this climate (the reservoir
operations in this case) will rapidly start to show substantial enhancement.

By consequence, in the case of BEO-AEO complex, the aspects of performance
that will manifest intensively this attitude are the daily deficit and the resilience. In
fact, the reason behind the fast response of the deficit criterion is similar to the reason
behind the improvement of allocations variability. Regarding the resilience, it is
related to the fact that the choice of this optimized approach as the best one (Ahbari
et al. 2019), was preceded by a sensitivity analysis towards different conditions
(including varying pluviometry and water demand scenarios). Therefore, the differ-
ent scenarios tested had likely helped in adapting the approach to extreme condi-
tions, and by consequence, they improved its resilience capacities. Furthermore, the
rapid response of the resilience criterion to the change of RCP can also be explained
by the fact that, as shown in Ahbari et al. (2019), the resilience of BEO-AEO was the
aspect of performance on which the manager of this reservoir complex have focused
while calibrating the MA for the last time. This may indicate that if a regular update
of the current MA was done, by including the resilience criterion in the objective
function, the resilience may show similar results as those shown by the standard-
deviation of allocations.

Overall, the results of the CC effects assessment present a clear tendency to have
negative impacts on both the hydro-climatology of the basin of BEO-AEO and on
the performances of the complex. In fact, the impacts projected concord with those
reported in the literature (McSweeney et al. 2010; Ouraich 2014; MEMEE 2016;
Filahi et al. 2017) in terms of trend, but not always concerning the intensity of
change. For instance, McSweeney et al. (2010) and Ouraich (2014) stated a range of
temperature variation across Morocco oscillating between +1.5 and +3.5 °C for
2060, and a maximum decrease of precipitations reaching 52%. Nevertheless,
MEMEE (2016) mentioned that by 2065, air temperature in Morocco would increase
from +0.5 °C to +2 °C, and precipitations change is projected to vary between +10%
and �20%, depending on the region and the RCP scenario.

Table 2 Average daily values of the performance criteria of BEO-AEO calculated for the reference
and projection periods

Values (%)
Difference to the
reference (%)

Reference RCP2.6 RCP8.5 RCP 2.6 RCP 8.5

Deficit 26.68 67.01 68.70 +151.16 +157.48

Reliability 25.50 8.58 7.96 �66.33 �68.77

Resilience 11.16 4.58 4.18 �58.98 �62.50

Vulnerability 47.76 75.87 77 +58.88 +61.24

Sustainability 24.59 9.82 9.15 �60.04 �62.789

Standard deviation of allocations 38.73 19.36 17.77 �50.01 �54.10
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Nonetheless, it is necessary to mention that while the projected temperature and
precipitations are averaged over all the catchment areas, the temperature, precipita-
tion, and ETP of the reference period are gauge-based series. Thus, this may be
explaining some of the differences. Additionally, water supplies are also based on
average precipitation over the whole basin during the projection period, while in the
reference it is based on the average of six gauges. Moreover, since all the perfor-
mance values are based on water supply, then even these performance evolution
compared to the reference period is to take with precautions.

The differences observed could be caused by the bias-corrected climate pro-
jections used in this study. In this chapter, the use of the CORDEX bias-corrected
and downscaled data was dictated by the fact that neither the availability of mete-
orological stations inside and around the basin (especially for temperature), or the
accessibility to those data was possible at the time of completion of this study.
Therefore, the use of the available ones in the training and testing of a statistical
downscaling and/or bias-correction method will never converge to acceptable
results. These problems of network representativeness and limitation on climate
model validation were reported by several authors (Filahi et al. 2017). So, the
intensity of change in these conditions will never be accurate, even without counting
the uncertainties driven by the different models and data.

Nevertheless, the differences can also be related to the various uncommon aspects
between the materials and methods used in this chapter, and those employed in other
studies, including: (1) the choice of RCM, GCM, and all the specifications that go in
parallel (domain type, spatial resolution, ensemble calculation. . .) (Fantini et al.
2018; von Trentini et al. 2019); (2) the climate and hydrological models character-
istics (Lespinas et al. 2014); (3) the downscaling and bias correction methods used
and all the uncertainties they drive during training and testing (Teutschbein and
Seibert 2012; Räty et al. 2018); (4) the choice of the reference, the projection
periods, and the time step of projection (daily, monthly, or annually) used; (5) the
area studied by each chapter (whole country, neighboring basin, neighboring
city. . .).

In addition, to attenuate this disagreement between impacts assessment studies, it
is recommended to proceed to the accomplishment of the following guidelines: (1)
simple RCM assessment via a validation of the RCM simulations over a historical
period; (2) advanced RCM assessment via a sensitivity analysis of RCM tuning
parameters (Bucchignani et al. 2016); (3) The use of ensemble RCMs simulations
instead of single RCM outputs, due to the benefits proven by this option (Phillips and
Gleckler 2006; Filahi et al. 2017); (4) the assessment and selection of the best
ensemble RCMs prediction method (Duan and Phillips 2010) without being
influenced by the eventual negative impacts of ensemble mean RCM use.

However, this disagreement between studies, about the magnitude of change, is
not only specific to the basin of BEO, but it is well-known worldwide at catchment
scale (Sellami et al. 2016). Furthermore, the projections of CC can also differ in sign
not only in magnitude (Koutsouris et al. 2010; Nassopoulos et al. 2012).

In addition, the intensity of change is not the ultimate objective in CC assessment
studies, nor it is the aim of this chapter. But, the important is to prove to managers
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that impacts are coming, and adaptation actions are highly recommended. Moreover,
the manager should know that even with an optimized MA, without regular updates,
the future performances will be heavily affected. In fact, with all the uncertainties
trained by the climate, hydrological, and other models used, the use of these pro-
jections, directly, to adapt the current MAs would be useless, or even
counterproductive.

In reality, the climate projections can be used indirectly by exploiting common
conclusions like those mentioned in this chapter (the trend of change, the zonation in
the impact of CC on the variability of temperature and ETP, the change in precip-
itation dominant form, the change in hydrologic regime, which months are more
affected, which performance aspects are more responsive to adaptability, which ones
are more impacted by CC. . .).

Hence, the current MA can be modified by adding additional parameters, and/or
optimized by testing various operations conditions to take into consideration those
expected change. Once those modifications are applied to the current MA, the
manager can update his approach regularly to implement each time the trend of
change and its intensity. Furthermore, the manager can look for the best update
pattern of this new approach, by comparing different update configuration (each
year, each n years. . .).

For instance, in our example, before evaluating the impacts of CC on the
performances of BEO-AEO, Ahbari et al. (2019) proceeded to the update and
optimization of the releases formulae. Thus, when analyzing the results of perfor-
mance projections, the standard deviation of water allocations was the only criterion
which had experienced an improvement of its daily value.

Conclusions and Perspectives

The aim of the chapter was to assess the impacts of future CC projections on the HC
variables, management variables, and the performances of the complex of BEO-
AEO. To accomplish this objective, a typical top-down CC assessment procedure
was followed including the use of optimistic and pessimistic emissions scenarios,
RCM ensemble-mean, and prevalidated models (hydrological, siltation, evaporation,
and reservoir management models). The climate projections data used were from the
bias-corrected CORDEX data specific to EUR-11 spatial domain. Once the typical
assessment procedure was run, the results were analyzed via: average values change,
intra-annual variability, and performance criteria.

The results obtained show negative impacts for both HC (evaporation excepted)
and management variables and all the performance aspects (the standard deviation of
allocations excepted) of BEO-AEO. In general, the trends of HC variables change
concord with other studies focusing on Morocco. Particularly, the projections expect
an increase of air temperature and ETP, a downward tendency of precipitations,
water supply, evaporation, stocked volume in the reservoir of BEO, allocated
volumes to users. In terms of performances, and except the standard-deviation of
allocations, negative trends of evolution are projected for all performance criteria:
increase of deficit and vulnerability and decrease of reliability, sustainability, and
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resilience. Oppositely, the variability of water allocations will be improved under the
two RCPs. This improvement is related to the phase of optimization of the releases
that preceded this work. Concerning the intra-annual variability of the HC variables,
the following conclusions are the most important ones: the zonation in terms of the
impacts of CC on the variability of temperature and ETP, the change in precipitation
dominant form depending on the RCP chosen, the accentuation of the pluvial
hydrological regime, the probable advanced snow melting due to the increase of
temperature, the limited difference between the impacts of the two RCPs on the
majority of variables and months.

Finally, it is sure that the intensity of the projected CC mentioned in this chapter,
and the one reported in other papers are not similar, but all of them have a consensus
regarding the tendency of this change: Negative impacts are expected. Therefore,
actions should be taken in order to adapt these infrastructures to CC effects.
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