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Spatio-temporal trends of hydrological components:

the case of the Tafna basin (northwestern Algeria)

Amina Mami, Djilali Yebdri, Sabine Sauvage, Mélanie Raimonet

and José Miguel
ABSTRACT
Climate change is expected to increase in the future in the Mediterranean region, including Algeria.

The Tafna basin, vulnerable to drought, is one of the most important catchments ensuring water

self-sufficiency in northwestern Algeria. The objective of this study is to estimate the evolution of

hydrological components of the Tafna basin, throughout 2020–2099, compared to the period

1981–2000. The SWAT model (Soil and Water Assessment Tool), calibrated and validated on the Tafna

basin with good Nash at the outlet 0.82, is applied to analyze the spatial and temporal evolution of

hydrological components over the basin throughout 2020–2099. The application is produced using a

precipitation and temperature minimum/maximum of an ensemble of climate model outputs

obtained from a combination of eight global climate models and two regional climate models of the

Coordinated Regional Climate Downscaling Experiment project. The results of this study show that

the decrease of precipitation in January, on average �25%, ranged between �5% and �44% in the

future period. This diminution affects all of the water components and fluxes of a watershed, namely,

in descending order of impact: the river discharge causing a decrease �36%, the soil water available

�31%, the evapotranspiration �30%, and the lateral flow �29%.
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HIGHLIGHTS

• Impact of climate change in northwestern Africa;

• Modeling a semi-arid watershed using SWAT model;

• Evaluation of the influence of decline rainfall on the hydrological cycle;

• The use of RCMs of Cordex project, domain Africa;

• Investigation of climatic trends at monthly scale.
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INTRODUCTION
The impacts of climate change have interested scientists in

northern Africa since the last decades of the 20th century,

when the decrease of precipitation and the increase of

temperature were noticed (Arnell et al. ; Zettam et al.
; Mami et al. ). The decrease of precipitation

detected in northwestern Algeria is estimated as �25% in

the 1970s compared to the period of 1950–2000 (Arnell

; Knippertz et al. ), predicting the rise of the vulner-

ability of this semi-arid region as regards water stress. The

decrease of precipitation affects water resources, in which

a decline of flow is already noted as �60% in the 1970s

compared to the period 1930–1998 (Meddi et al. ;

Taibi et al. ).
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One of the domains affected by climate change is water

resources, induced by the decrease of precipitation and the

increase in temperature. This may have an impact on drink-

ing water, and industrial and agricultural activities, leading

to serious droughts in some regions, such as the southern

region of the Mediterranean basin (Solomon et al. ;

Schilling et al. ; AR Climate Change : 5; Jacob

et al. ; Price ; Brouziyne et al. ; Zeroual et al.

). The level of water resource stress in Algeria, assessed

by Arnell (), is medium (�20 to �40% of use/water

resource ratio) in the last decade of the 20th century, and

becomes high, exceeding 40%, for the future period (2025–

2085). The Tafna basin, situated in northwestern Algeria,

is one of the most important catchments ensuring the

water self-sufficiency in this region (Zettam et al. ).

The Tafna basin was impacted by the decline of the water

resource during the 1970s (Meddi & Hubert ) and a

decrease of this resource is estimated in the Tafna basin

over the 21st century (Mami et al. ).

The northwestern region of Africa is characterized by a

wet winter and a dry summer (Yebdri et al. ; Zettam

et al. ; Gevaert et al. ). In the future period,

Brouziyne et al. () mention that the months mostly affected

by climate change are January for precipitation and July for

temperature in the R’dom watershed (Morocco), near to the

Tafna basin and with similar climate characteristics.

The diminution of precipitation affects the water cycle,

composed of runoff, soil water availability, and evapotran-

spiration. In northern Africa, the decrease of runoff, river

discharge, and precipitation is underlined mainly in winter

(Arnell ; Brouziyne et al. ; Grusson et al. ;

Naumann et al. ; Zeroual et al. ; Burek et al.

). Groundwater is also impacted, but it is difficult to sep-

arate the role of climate change and local anthropogenic

interferences (Kundzewicz & Doll ; Taylor et al. ;

Green ; Grusson et al. ). All of these components

are connected and change in one of them could interfere

with another one (Grusson et al. ), as evapotranspira-

tion and soil water availability are strongly linked (Manabe

et al. ; Calanca et al. ; Jung et al. ; Verrot &

Destouni ; Grusson et al. ).

Recent studies use regional climate models (RCMs) to

investigate climate change, in northwest Africa (e.g.,

CNRM-CM5-RCA4, IPSL-IPSL-CM5A-MR-CCLM4-8-17,
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
ICHEC-EC-EARTH-DMI, etc.) from the Coordinated

Regional Climate Downscaling Experiment (CORDEX) pro-

ject’s Africa domain by Mami et al. () and Zeroual et al.

() for the Algerian part, Europe by Brouziyne et al.

(), and Seifennasr et al. () for the Moroccan part.

The project ENSEMBLE, European domain, is also used

by Taibi et al. (). The decrease of precipitation indicated

in these studies is around �10 to �40% under the Representa-

tive Concentration Pathways (RCPs) 4.5 and 8.5, respectively.

The temperature is also affected by climate change, with an

increase of 1.3 �C on average at an annual scale within 2050

(Brouziyne et al. ). Also, the flow is not spared from cli-

mate change and is expected to decrease by �40% in the

Mediterranean region within 2099 (AR ).

As suggested by Zettam et al. () and Todini (),

the hydrological models are useful for diverse objectives,

such as for decision-makers, namely, water resource man-

agers, urban planners, and administrations (Noori & Kalin

). Different distributed physically based models can

simulate temporal and spatial variations of hydrological pro-

cesses and work out the influence of land use impacts (Lin

et al. ). Among these models are Hydrological Infiltra-

tion Capacity (VIC) (Liang et al. ), Institute of

Hydrology Distributed Model (IHDM) (Beven et al. ),

WATFLOOD (Kouwen et al. ), and Système hydrologi-

que Européen (SHE) (Abbott et al. ).

The Soil and Water Assessment Tool (SWAT) (Arnold

et al. ) is used for a supplementary function to assess:

agricultural management practices (Moriasi et al. ),

hydrology and sediment transfer (Arnold et al. ; Gassman

et al. ; Zettam et al. , ), and evaluating the

impacts of climate change (Singh & Gosain ; Grusson

et al. ). Numerous studies use SWAT in semi-arid water-

sheds, such as in Southern Australia (Shrestha et al. ),

Spain (Molina-Navarro et al. ), Brazil (Santos et al.

), and North Africa (Bouraoui et al. ; Yebdri et al.

; Sellami et al. ; Zettam et al. ), and others for

assessing climate change (Nerantzaki et al. ; Yanjie

et al. ; Jin et al. ; Brouziyne et al. ; Grusson

et al. ; Saddique et al. ; Yuan ; Mami et al. ).

Our study aims to detect the impact of climate change

over the future period (2020–2099) on the hydrological com-

ponents of the Tafna basin, using hydrological modeling

forced with climate model outputs (precipitation and
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temperature maximum/minimum) of the CORDEX-Africa

initiative. The approach developed in this paper is con-

sidered for future climate throughout 2020–2099. This

application is proceeded by the SWAT model to analyze

the spatial and temporal evolution of hydrological water bal-

ance over the Tafna basin, for hydrological SWAT

components (precipitation, river discharge, runoff, subsur-

face flow, soil water content, evapotranspiration, etc.). The

trends are presented in this study with two Representation

Concentration Pathway (RCP) scenarios (4.5 and 8.5) on a

monthly scale.
MATERIALS AND METHODS

Study area

The transboundary Tafna watershed is situated in the north-

west of Algeria, and 30% of its surface area is situated in the

northeastern part of Morocco (Yebdri et al. ). It
Figure 1 | Location of the Tafna catchment, with (station (number/letter): meteorological/hydr

om http://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
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represents one of the most important basins of the Oranie-

chott-chergui region according to the classification of the

Agence Nationale des Ressources Hydriques ()

(ANRH: National Water Resources Agency). The area of

the Tafna basin is 7,245 km² and flows into the Mediterra-

nean Sea near Beni-saf city (Figure 1). The elevation of the

basin is from 0 to 1,800 m a.s.l., situated between the Medi-

terranean Sea and the Sahara desert.

The climate of the Tafna basin is semi-arid, character-

ized by wet winters, and hot and dry summers. The annual

mean temperature varies between 11 �C in winter and

28 �C in summer, and annual precipitation ranges from

220 to 673 mm/yr during 1981–2000 (Agence Nationale

des Ressources Hydriques ; Mami et al. ). The

monthly precipitation is almost negligible in summer (from

June to September), not exceeding 10 mm, and varies

between 20 and 60 mm in winter (Figure 2). While the maxi-

mum monthly temperature reaches 33 �C in summer, the

minimum monthly temperature in winter can drop to 2 �C

(Figure 2).
ological stations) (Mami et al. 2021).



Figure 2 | Observed monthly mean flow, precipitation, and maximum/minimum temperature for the period 1981–2000 (ANRH 1981).

Table 1 | List of climate model outputs used in this study (the domain used is Africa with

50 km of resolution)

Regional climate
model (RCM)

Global climate model
(GCM) Historical

RCP
4.5

RCP
8.5

CCLM4-8-17 EC-EARTH X X X
CNRM-CM5 X X X

RCA4 EC-EARTH X X X
CNRM-CM5 X X X
IPSL-CM5A-MR X X X
CCCma-CanESM2 X X X
MIROC5 X X X
MPI-ESM-LR X X X
NCC-NorESM1 X X X
NOAA/GFDL- X X X
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The Tafna basin includes five dams: Beni Bahdel (built

in 1952 across Oued Khmis and Oued Tafna, with a capacity

of 63 Mm3), Mefrouche (1963, O. Meffrouche, 15 Mm3),

Sidi Abdely (1988, O. Isser, 110 Mm3), Boughrara (1998,

O. Mouilah, 177 Mm3), and Sikak (2005, O. Sikkak,

27 Mm3) with a total capacity of 392 Mm3 (Yebdri ;

ANBT ; Mami et al. ) intended for the supply of

drinking, industrial and irrigation water for neighboring

cities. The flow recorded during the studied period (1981–

2000) ranges on average between 0 and 10 m3/s for

170 km of river course (Agence Nationale des Ressources

Hydriques ).

ESM2M

Details about GCM and RCM models can be found on the CORDEX website (https://esg-

dn1.nsc.liu.se/search/cordex/).

Regional climate model outputs

Ten climate model outputs of precipitation and air tempera-

ture from the CORDEX-Africa project (CORDEX Data

Search | CORDEX | ESGF-CoG n.d.) are used in this work

(Table 1). Two regional climate models (RCM) are employed

and forced with eight different global climate models

(GCM): the regional climate model CCLM4-8-17 is forced

by EC-EARTH and CNRM-CM5, and RCA4 is forced by
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
EC-EARTH, CNRM-CM5, IPSL-CM5A-MR, CCCma-

CanESM2, MIROC, MPI-ESM-LR, NCC-NorESM1, and

NOAA/GFDL-ESM2M. The grid spacing of RCMs used in

this study is 0.44 degrees (50 km of resolution) under two

RCPs, 4.5 and 8.5. The reference period is the period

with available observations (1981–2000). These climate

https://esg-dn1.nsc.liu.se/search/cordex/
https://esg-dn1.nsc.liu.se/search/cordex/
https://esg-dn1.nsc.liu.se/search/cordex/
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model (CM) outputs are extracted and bias-corrected by the

CMhyd software (Rathjens et al. ), using the distribution

mapping method for correcting both precipitation and air

temperature. The performance of bias correction used in

this study is detailed in a previous study (Mami et al. ).
Hydrological modeling and datasets

The SWAT model is made for hydrological modeling of

watersheds varying from a few hundred to multiple thou-

sands of square kilometers (Zettam et al. ), which is the

case with the Tafna basin (7,245 km²). The application is

divided into two steps: (1) the conception, calibration, and

validation of the SWAT model for the Tafna basin detailed

in a previous study (Mami et al. ) during the period

(1981–2000), and (2) the run of the model forced with a set

of bias-corrected RCMs’ outputs to evaluate the future cli-

matic and hydrologic components’ evolutions (2020–2099).

The following inputs are introduced into the SWAT

model to produce the hydrological modeling and calibrate

the Tafna project. The digital elevation model (DEM) is

introduced into SWAT with a resolution of 30 × 30 m to

define the basin, the river channel network, and delineate

the basin into sub-basins (in this study, 33 sub-basins result

from the delineation of the SWAT model for an area of

7,245 km²). The maps soil and land-use are inserted to

characterize, joined to DEM, each hydrological response

unit (HRU). The slope classes are derived from DEM (four

classes: 5%, 15%, 30%, and higher than 30%). More details

are shown in a previous paper (Mami et al. ).

The meteorological and hydrometric datasets (Figure 1

and Table 2), situated in the Tafna basin, are collected by

the National Agency of the Meteorology of Algeria. The

daily precipitation and minimum/maximum temperature
Table 2 | Dataset characteristics for SWAT model inputs and discharge for calibration/validatio

Data type Data source

DEM (digital elevation model) ASTER global digital elevation
(ASTER Global Digital Elev

Land use The European Land Use Agen

Soil FAO soil (FAO (Harmonized W

Climatic data (1; 2; 3; 4; 5) National Agency of Meteorolo

Hydrometric data (A; B; C; D) ANRH: Agence Nationale des

om http://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
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datasets from five weather stations (Figure 1) are introduced

into the SWATmodel, on a daily scale, to run the modeling of

the Tafna project for 1981–2010. However, for the calibration

and validation of the model, the measured discharge from

four hydrometric stations, obtained from the ANRH, are

used on a monthly scale for the period 1981–2010 (three

years for warm-up, from 1984 to 1995 for calibration, and

from 1996 to 2010 for validation). Additional information

about datasets can be found in Table 2.

The hydrological modeling is proceeded by the appli-

cation of the SWAT hydrological model with version 2012

and ArcGIS interface (version 10.2). The Tafna hydrological

model is calibrated and validated at the monthly scale for the

past periods 1981–1995 and 1996–2010, respectively (includ-

ing a three-year warm-up period in the calibration period)

(Table 3). The calibration and validation are performed

using SWAT-CUP (SWAT calibration and uncertainty pro-

cedures) (Yebdri et al. ; Abbaspour ; Zettam et al.

, ) with SUFI-2 (Sequential Uncertainty Fitting 2)

algorithm (Abbaspour et al. ). The correlation between

measured and simulated discharge observed and simulated

is from satisfactory (station C with NSE¼ 0.54) to very

good (station D with NSE¼ 0.84). The correlation at station

A is only unsatisfactory during the validation step (NSE¼
0.21). A more detailed description of the performance of cali-

bration and validation of the SWAT model in the case of the

Tafna basin can be found in Mami et al. ().
Description of SWAT components’ calculations

The difference between precipitation and evapotranspira-

tion is the water available for human use and management.

The water cycle components used in this study, namely,

surface runoff, subsurface runoff, soil water content, and
n procedures

Chronology Data scale

model
ation Map n.d.)

/ 30 m × 30 m

cy (Land-Use Map n.d.) / 1:100,000

orld Soil Database) n.d.) / 1:1,000,000

gy of Algeria 1981–2010 Daily

Ressources Hydriques 1981–2010 monthly



Table 3 | Calibration/validation (with performance rating of the NSE (Nash & Sutcliffe 1970))

Stations

Calibration (1981–1995) Validation (1996–2010)

NSE R2 KGE Performance rating NSE R2 KGE Performance rating

A 0.61 0.65 0.58 Satisfactory � 0.30 0.21 0.16 Unsatisfactory

B 0.62 0.69 0.65 Good 0.65 0.71 0.57 Good

C 0.52 0.54 0.4 Satisfactory 0.54 0.58 0.43 Satisfactory

D 0.83 0.84 0.72 Very good 0.66 0.70 0.56 Good

The results of NSE and R² are taken from our previous study (Mami et al. 2021).

2953 A. Mami et al. | Spatio-temporal trends of hydrological components in northwestern Algeria Journal of Water and Climate Change | 12.7 | 2021

Downloaded from http
by guest
on 26 October 2022
evapotranspiration, are computed by the SWAT model as

follows.
Surface runoff

In the SWAT model, the runoff computing is effected from

the equation of curve number, as follows:

Qsurf ¼
(Rday � Ia)

2

(Rday � Ia þ S)

whereQsurf is the accumulated runoff or precipitation excess

(mm H2O), Rday is the precipitation depth of the day (mm

H2O), Ia is the initial abstraction which includes surface sto-

rage, interception, and infiltration before runoff (mm H2O),

S is the retention parameter (mm H2O) defined as:

S ¼ 25:4
1000
CN

� 10
� �

where CN is the curve number of the day, and Ia is com-

monly approximated as 0.2S, the equation for Qsurf

becomes:

Qsurf ¼
(Rday � 0:2 S)2

(Rday þ 0:8 S)
Subsurface flow

Lateral flow occurs in the case where the depth is less than 2

meters; by this condition the excess water can be calculated
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
as follows:

SWly, excess ¼ SWly � FCly if SWly > FCly

where SWly,excess is the drainable volume of water in the soil

layer on a given day (mm H2O), SWly is the water content of

the soil layer on a given day (mm H2O), FCly is the water

content of the soil layer at field capacity.

The net discharge of hillslope outlet Qlat is given by:

Qlat ¼ 0:024
2 × SWly, excess × Ksat × slp

∅d × Lhill

� �

where Qlat is the water discharged from the hillslope outlet

(mm H2O/day), Ksat is the saturated hydraulic conductivity

(mm/h), Slp is the slope (m.m�1) and Lhill is the hillslope

length (m), and Ød is the drainable porosity of the soil

(mm/mm).
Soil water content

In SWAT, the soil is discretized into several horizons (maxi-

mum 10), the number and characteristics of which depend

on each type of soil, and are entered by the user. The

water content of soils can vary between 0 and a maximum

Øsoil value when it is saturated. Øsoil, therefore, represents

porosity. It is expressed as (Grusson ) a fraction of the

total volume of soil by:

∅soil ¼ 1� ρb
ρs

where ∅soil is the soil porosity expressed as a fraction of the
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total soil volume, ρb is the bulk density (Mg.m�3), ρs is the

density of solid fraction (Mg.m�3).
Evapotranspiration

For the case of the Tafna project, the Hargreaves method is

selected to calculate the evapotranspiration:

Et ¼ E
0
0 × LAI

3
for 0< LAI � 3:0

Et ¼ E
0
0 forLAI > 3:0

where Et is the maximum transpiration on a given day (mm

H2O), E
0
0 is the evapotranspiration adjusted for evaporation

on free water in the canopy (mm H2O), LAI is the leaf area

index. More details are shown in the documentation of

Neitsch et al. ().
Performance of climate model outputs on the SWAT

model

This following application is made for the hydrological

SWAT components: precipitation, discharge, runoff,

subsurface flow (lateral flow), soil water content, and

evapotranspiration.

After calibrating the SWAT model on the Tafna basin,

the ten climate model outputs (precipitation and air temp-

erature) are introduced into SWAT to run the model. The

SWAT components’ outputs using the ten climate models

presented in this study are compared to outputs obtained

using meteorological observations during the reference

period (1981–2000) (Figure 3). This first step allows us to

validate the climate model outputs used in this study, and

investigate the trends of water cycle components at the

Tafna watershed-scale over the future period (2020–2099).

In a second step, the application of the Mann–Kendall

test (Mann ) is performed for each output forced by

the climate model outputs on the two months, January and

July, to identify the significant trends over the periods con-

cerned (reference and future). This application precedes

the comparison of the future periods (2020–2039, 2040–

2059, 2060–2079, and 2080–2099) to the reference period

(1981–2000) by estimating the delta existing between the
om http://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
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future periods (every 19 years listed before) and the refer-

ence one (1981–2000) (the absolute variation). The delta

computed between the projection, of the mean ensemble

of the ten climate model outputs, and reference periods

are used to investigate the spatial distribution of each

water cycle component at the Tafna basin, over the future

period, and understand the impact of climate changes in

the region at periodic scale (for the periods 2020–2039,

2040–2059, 2060–2079 and 2080–2099).

Δ ¼ (2020� 2039) future period � (1981� 2000)reference period

where Δ is the difference between the variable of the future

period and that of the reference period, for each water cycle

component (river discharge, precipitation, runoff, lateral

flow, soil water content, and evapotranspiration) in mm/

year (in mean) for the months January and July. This appli-

cation is produced for each future period from the first

one 2020–2039 to the fourth and last one 2080–2099.
RESULTS

Figure 3 presents the comparison between the SWAT

component outputs’ simulations (precipitation, evapotran-

spiration, soil water content, surface flow, and subsurface

flow) from the observations and the ten bias-corrected cli-

mate model outputs used in this study. This comparison is

proceeded by distribution, in the form of boxplots, of each

climate model output and observation for the monthly

SWAT component outputs, during the reference period

(1981–2000). An evaluation of the similarity between

SWAT component outputs using ten climate model outputs

of CORDEX-Africa shows the concordance of the SWAT

component outputs’ distribution for the majority of climate

model outputs. The similarity between the outputs of the cli-

mate models is more suitable in January. That can lead to

proceeding with the evaluation of trends at the Tafna water-

shed-scale over the future period (2020–2099).

Table 4 illustrates the evolution of monthly precipitation

from the reference period (1981–2000) to the projected

period (divided into four future periods: 2020–2039, 2040–

2059, 2060–2079, and 2080–2099). A considerable differ-

ence is detectable between the months of January and July.



Figure 3 | Comparison between SWAT components’ outputs in mm/year of simulations from observation and the ten bias-corrected climate models, of CORDEX-Africa project, at the

watershed scale, during the reference period (1981–2000), (CM1: EC-EARTH-CCLM4-8-17, CM2: IPSL-CM5A-MR-RCA4, CM3: CCCma-CanESM2-RCA4, CM4: CNRM-CM5- CCLM4-

8-17, CM5: CNRM-CM5-RCA4, CM6: EC-EARTH-RCA4, CM7: MIROC5-RCA4, CM8: MPI-ESM-LR-RCA4, CM9: NCC-NorESM1-RCA4, CM10: NOAA/GFDL-ESM2M-RCA4.
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During January, the tendency of precipitation is not clear

between the climate models during the studied period,

except for the periods 2080–2099, and 2060–2079 and

2080–2099, under RCP 4.5 and 8.5, respectively, that

belongs to a significant decrease to 24 mm. The geographic

presentation in Figure 4 gives more information about the
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
tendency of precipitation of the ensemble of climate

models over the Tafna basin. In January, the precipitation

in the reference period attains 60 mm in the southern and

eastern part of the basin, in the future period the decrease

appears throughout the period, and seems more important

in mountainous areas. However, in July, an increase,



Table 4 | Precipitation trends at the watershed scale for January and July, for the reference period (1981–2000) and the future period (2020–2039, 2040–2059, 2060–2079, and 2080–2099)

Precipitation

1981–2000

January July

T p-value T p-value

Simulated from observation � 0.9 þ 0.7

EC-EARTH- CCLM4-8-17 þ 0.005 � 0.33

IPSL-CM5A-MR- RCA4 þ 0.007 � 0.9

CCCma-CanESM2- RCA4 þ 0.9 � 0.01

CNRM-CM5- CCLM4-8-17 � 0.004 � 0.37

CNRM-CM5- RCA4 þ 0.9 þ < 0.001

EC-EARTH- RCA4 þ 0.66 þ 0.34

MIROC5- RCA4 � 0.68 � < 0.001

MPI-ESM-LR- RCA4 þ < 0.001 � < 0.001

NCC-NorESM1- RCA4 þ 0.48 þ 0.8

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � < 0.001

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 þ 0.1 � < 0.001 � 0.003 � < 0.001 þ 0.9 � < 0.001 � 0.02 � < 0.001

IPSL-CM5A-MR- RCA4 � < 0.001 � 0.8 � 0.02 þ < 0.001 þ < 0.001 � 0.01 � < 0.001 þ < 0.001

CCCma-CanESM2- RCA4 � 0.3 � < 0.001 þ 0.2 þ 0.4 � < 0.001 þ < 0.001 � 0.5 þ < 0.001

CNRM-CM5- CCLM4-8-17 þ 0.1 þ < 0.001 þ 0.004 � 0.001 þ < 0.001 þ 0.2 � 0.06 þ 0.2

CNRM-CM5- RCA4 � < 0.001 þ < 0.001 þ < 0.001 þ 0.03 þ < 0.001 þ 0.9 � 0.09 � < 0.001

EC-EARTH- RCA4 þ < 0.001 � < 0.001 � < 0.001 � 0.4 þ < 0.001 � < 0.001 � < 0.001 � 0.003

MIROC5- RCA4 þ < 0.001 þ 0.4 � < 0.001 þ 0.003 þ 0.008 � 0.009 � < 0.001 þ < 0.001

MPI-ESM-LR- RCA4 þ 0.005 þ 0.5 þ < 0.001 þ < 0.001 � < 0.001 þ 0.004 � < 0.001 þ 0.007

NCC-NorESM1- RCA4 � < 0.001 � 0.03 þ < 0.001 � < 0.001 þ 0.1 þ < 0.001 � < 0.001 þ 0.0003

NOAA/GFDL-ESM2M- RCA4 � < 0.001 þ 0.1 � < 0.001 � 0.01 þ 0.2 þ 0.1 � < 0.001 � < 0.001

RCP 8.5

2956
A
.
M
am

iet
al. |

Spatio-tem
poraltrends

of
hydrologicalcom

ponents
in

northw
estern

A
lgeria

Journ
alof

W
ater

an
d
C
lim

ate
C
h
an

ge
|
12.7

|
2021

Downloaded from http://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
by guest
on 26 October 2022



2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � < 0.001 � < 0.001 þ 0.01 � < 0.001 þ 0.7 þ 0.9 � < 0.001 þ < 0.001

IPSL-CM5A-MR- RCA4 � < 0.001 þ < 0.001 � < 0.001 � 0.001 þ < 0.001 � 0.4 þ < 0.001 � < 0.001

CCCma-CanESM2- RCA4 þ < 0.001 � 0.9 þ 0.01 � 0.1 � < 0.001 � < 0.001 � 0.0001 þ 0.7

CNRM-CM5- CCLM4-8-17 þ 0.007 � 0.001 þ < 0.001 þ 0.003 � 0.6 � < 0.001 � < 0.001 þ 0.01

CNRM-CM5- RCA4 þ 0.4 þ 0.07 þ < 0.001 þ 0.7 � < 0.001 þ < 0.001 � < 0.001 � 0.04

EC-EARTH- RCA4 � < 0.001 þ 0.1 þ 0.1 � < 0.001 � 0.005 � 0.0006 � 0.06 þ 0.002

MIROC5- RCA4 þ < 0.001 þ < 0.001 � < 0.001 � 0.02 � < 0.001 � < 0.001 � < 0.001 � 0.03

MPI-ESM-LR- RCA4 � < 0.001 þ < 0.001 þ 0.2 þ 0.001 � 0.0006 � 0.06 þ < 0.001 � < 0.001

NCC-NorESM1- RCA4 þ 0.06 þ < 0.001 � < 0.001 þ 0.03 þ < 0.001 þ < 0.001 � 0.1 þ 0.6

NOAA/GFDL-ESM2M- RCA4 þ < 0.001 � 0.006 � < 0.001 þ < 0.001 � 0.01 � < 0.001 þ 0.1 � < 0.001

Bold numbers are significant trends (T) considering α¼ 0.1 and underlined numbers considering α¼ 0.05 with the Mann–Kendall test.
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Figure 4 | Total monthly precipitation during the reference period (1981–2000) and absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099) under RCPs 4.5

and 8.5, for January (left) and July (right).
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ranging between 0.1 and 7.5 mm, is distributed over the

basin compared to the reference period.

The ratio increase/decrease is balanced while the

decrease of discharge appears significant in the periods

2040–2059 and 2080–2099 under RCP 4.5 and the two last

periods 2060–2079, 2080–2099 under RCP 8.5 according

to the Mann–Kendall test (Table 5). This significant decrease

is also marked in Figure 5.

Figure 6 shows the decrease in runoff to be high in Jan-

uary for the periods 2040–2059 and 2080–2099 under RCP

4.5 and 2020–2039, 2060–2079, and 2080–2099 under

RCP 8.5. For July the positive delta marked in the basin is

negligible, not exceeding 1 mm. For the rest of the future

period, the ratio of increase/decrease is balanced between

the models (Table 6), and some models give a poor signifi-

cance of tendency because the p-values are high.

The subsurface flow decreases in the majority of periods

for both RCP 4.5 and 8.5, especially in the eastern part of the

basin (Figure 7). The results of the Mann–Kendall test

shown in Table 7 indicate that the RCMs having a signifi-

cant decrease of lateral flow surpass those of significant

increase, for both January and July over the future period.

A significant decrease in soil water content appears for

January, over the future period from 2020–2039 to 2080–

2099 (Figure 8). Most models indicate a significant decreas-

ing trend according to the Mann–Kendall test (Table 8).

For July, the reference period presents low rates not

exceeding 2 mm, which implies no clear trends for the

future period (Table 8), and a minimal delta that is almost

negligible (Figure 8).

Concerning evapotranspiration, in January a decrease is

marked for the majority of climate models in Table 9 and

appears also in Figure 9, which is more pronounced under

RCP 8.5 than RCP 4.5. Negative values of the delta are grow-

ing from the first period 2020–2039 to the last one 2080–2099.

However, for the low values in the reference period for July,

the ratio between increase/decrease is inbalanced, and the

delta varies between �5 mm and þ3 mm over the basin.
DISCUSSION

The SWAT model is applied for studying the impact of cli-

mate change on hydrological water balance components.
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
The SWAT model, implanted on the Tafna basin, was cali-

brated and validated in a previous study Mami et al. (),

during the periods 1981–1995 and 1996–2010, respectively,

and the good results of the Nash and the KGE obtained

from the calibration/validation (Knoben et al. ) confirm

that multi-sites’ calibration is useful for the model to perform

well despite the heterogeneity of the watershed (Niraula

et al. ; Jianwen et al. ; Leta et al. ; Zettam

et al. ; Grusson et al. ). The assessment of the hydro-

logical water balance is based on the calibration of the

model on river discharge values only because no data are

accessible with sufficient temporal and spatial resolution

for the other hydrological components. The hydrological

water balance resulting from the SWAT project is positively

validated against the cartographies of hydrological water

balance published by ANRH (a, b, c) for the

period 1965–2003 and also Meddi et al. (), regarding

precipitation (SWAT values¼ 314 mm/yr, ANRH values¼
250–550 mm/yr), runoff (SWAT values¼ 19 mm/yr,

ANRH values¼ 10–100 mm/yr), and potential evapotran-

spiration (SWAT values¼ 1,260 mm/yr, ANRH values¼
900–1,400 mm/yr) (Mami et al. ). The validation of the

SWAT components on the Tafna basin allows us to assess

the evolution of these hydrological components in the

future. The assessment of the evolution of hydrological

water balance components is preceded by the implantation

of an ensemble of regional climate models into SWAT, to

represent geographically the delta of trends for each

SWAT component. These regional climate models are trea-

ted and unbiased (Mami et al. ) by the method of

distribution mapping (Block et al. ; Chen et al. ;

Teutschbein & Seibert , ; Fang et al. ). The vali-

dation step of the regional climate models is produced by

their comparison to the observed datasets for the reference

period (1981–2000). The SWAT components resulting

from the ten climate models used in this study give an accep-

table representation compared to those resulting from

observed datasets. These results confirm the validation of

the climate models used to study the tendency of SWAT

components on the Tafna basin for the two months of Janu-

ary and July. This validation allows us to use the mean

ensemble of the ten outputs obtained, a combination of

eight GCMs and two RCMs, to study the climatic and hydro-

logic trends in the Tafna basin.



Table 5 | Same as Table 4 but for river discharge

Discharge

1981–2000

January July

T P T p

Simulated from observation þ 0.022 � 0.31

EC-EARTH- CCLM4-8-17 þ 0.67 þ < 0.001

IPSL-CM5A-MR- RCA4 þ 0.30 � 0.38

CCCma-CanESM2- RCA4 � 0.14 þ 0.06

CNRM-CM5- CCLM4-8-17 � 0.16 þ 0.31

CNRM-CM5- RCA4 þ < 0.001 þ < 0.001

EC-EARTH- RCA4 � 0.007 þ 0.57

MIROC5- RCA4 þ 0.56 � 0.18

MPI-ESM-LR- RCA4 � 0.055 � < 0.001

NCC-NorESM1- RCA4 þ 0.96 þ 0.25

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � < 0.001

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.5 � 0.8 � < 0.001 � < 0.001 � 0.8 � 0.7 � 0.1 � < 0.001

IPSL-CM5A-MR- RCA4 � 0.001 � 0.001 � < 0.001 � 0.003 þ < 0.001 þ < 0.001 � < 0.001 � < 0.001

CCCma-CanESM2- RCA4 � < 0.001 � < 0.001 þ 0.02 þ 0.2 � < 0.001 � 0.002 þ 0.01 � 0.3

CNRM-CM5- CCLM4-8-17 þ < 0.001 þ < 0.001 � 0.4 þ 0.06 � < 0.001 þ 0.01 þ 0.6 þ < 0.001

CNRM-CM5- RCA4 � 0.3 þ < 0.001 � 0.03 þ < 0.001 þ < 0.001 þ 0.3 � 0.4 þ 0.1

EC-EARTH- RCA4 þ 0.7 � < 0.001 � < 0.001 � < 0.001 � 0.6 þ 0.5 � 0.04 � 0.007

MIROC5- RCA4 þ 0.4 � < 0.001 � 0.2 þ 0.07 þ 0.08 � < 0.001 � 0.3 þ 0.002

MPI-ESM-LR- RCA4 � < 0.001 þ 0.5 þ 0.01 þ < 0.001 þ 0.07 � 0.8 � 0.02 þ < 0.001

NCC-NorESM1- RCA4 � < 0.001 þ 0.001 � 0.3 þ 0.2 � 0.006 � 0.06 þ < 0.001 � < 0.001

NOAA/GFDL-ESM2M- RCA4 � < 0.001 þ 0.9 � < 0.001 � < 0.001 þ 0.1 þ 0.1 � < 0.001 � 0.005

RCP 8.5
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January July January July January July January July

2020–2039 2040–2059 2060–2079 2080–2099

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 þ 0.04 þ < 0.001 � 0.007 � < 0.001 � < 0.001 � 0.4 � < 0.001 � 0.001

IPSL-CM5A-MR- RCA4 � 0.04 � < 0.001 � < 0.001 � 0.003 � < 0.001 þ < 0.001 � 0.7 � < 0.001

CCCma-CanESM2- RCA4 þ 0.5 þ 0.02 � 0.2 þ 0.2 þ 0.6 � < 0.001 � < 0.001 � < 0.001

CNRM-CM5- CCLM4-8-17 � < 0.001 � 0.006 þ 0.7 þ 0.06 þ < 0.001 þ 0.06 � < 0.001 � 0.4

CNRM-CM5- RCA4 � 0.009 � 0.004 þ 0.9 þ < 0.001 � 0.004 þ < 0.001 � < 0.001 � < 0.001

EC-EARTH- RCA4 þ 0.03 þ 0.06 þ 0.07 � < 0.001 � < 0.001 � < 0.001 � 0.01 � 0.5

MIROC5- RCA4 þ 0.01 þ < 0.001 � 0.003 þ 0.07 � < 0.001 þ 0.8 � < 0.001 � < 0.001

MPI-ESM-LR- RCA4 � < 0.001 þ 0.1 þ 0.4 þ < 0.001 � < 0.001 � < 0.001 þ 0.03 � < 0.001

NCC-NorESM1- RCA4 � 0.2 � 0.8 � < 0.001 þ 0.2 þ 0.02 � 0.6 � < 0.001 þ 0.06

NOAA/GFDL-ESM2M- RCA4 þ 0.001 þ 0.9 � 0.06 � < 0.001 � 0.9 þ 0.001 � 0.006 � < 0.001
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Figure 5 | Mean river discharge during the reference period (1981–2000) and mean absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099), under RCPs

4.5 and 8.5, compared to 1981–2000 for January and July.
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Figure 6 | Runoff during the reference period (1981–2000) and absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099) at monthly scale for January and

July.
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The evaluation of the impact of climate change on the

water cycle is rare in northwestern Africa and particularly

northwestern Algeria, a zone considered vulnerable to climate
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
change in the last decades of the 20th century (Meddi et al.

; Taibi et al. ; Hadour et al. ). The Tafna basin is

characterized by very irregular flow with frequent dry



Table 6 | Same as Table 4 but for surface flow (runoff)

Surface flow (runoff)

1981–2000

January July

T p-value T p-value

Simulated from observation þ 0.79 � 0.9

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 þ 0.2 � < 0.001 � < 0.001 � < 0.001 þ 0.47 þ 0.66 þ 0.058 � < 0.001

IPSL-CM5A-MR- RCA4 � < 0.001 � 0.062 � < 0.001 þ 0.001 þ < 0.001 þ < 0.001 � 0.22 þ < 0.001

CCCma-CanESM2- RCA4 � < 0.001 � 0.68 þ < 0.001 þ 0.036 � 0.022 þ < 0.001 þ 0.66 þ 0.021

CNRM-CM5- CCLM4-8-17 þ 0.003 þ < 0.001 þ 0.002 � 0.85 þ < 0.001 þ < 0.001 � 0.3 � 0.093

CNRM-CM5- RCA4 � 0.001 þ < 0.001 þ 0.023 þ < 0.001 þ < 0.001 � 0.83 þ < 0.001 þ 0.38

EC-EARTH- RCA4 þ < 0.001 � 0.027 � < 0.001 � 0.48 þ < 0.001 � 0.006 � 0.001 þ 0.36

MIROC5- RCA4 þ < 0.001 þ < 0.001 � < 0.001 � 0.63 þ 0.0001 � 0.4 � < 0.001 þ 0.01

MPI-ESM-LR- RCA4 � 0.59 þ < 0.001 þ < 0.001 þ < 0.001 þ < 0.001 þ < 0.001 � < 0.001 þ < 0.001

NCC-NorESM1- RCA4 � < 0.001 þ < 0.001 þ < 0.001 � < 0.001 � 0.62 þ 0.007 � 0.47 � 0.8

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � 0.77 � < 0.001 þ < 0.001 þ < 0.001 � < 0.001 � < 0.001 � < 0.001

RCP 8.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.005 þ < 0.001 þ 0.004 � 0.34 � 0.073 þ < 0.001 � < 0.001 þ 0.54

IPSL-CM5A-MR- RCA4 � < 0.001 þ 0.49 � 0.28 þ < 0.001 � 0.72 þ < 0.001 þ < 0.001 þ < 0.001

CCCma-CanESM2- RCA4 þ 0.55 þ 0.002 þ 0.82 þ 0.62 � 0.028 � 0.01 � < 0.001 þ 0.52

CNRM-CM5- CCLM4-8-17 þ 0.012 � 0.0005 þ < 0.001 � < 0.001 þ 0.58 þ < 0.001 � < 0.001 þ 0.044

CNRM-CM5- RCA4 þ 0.49 þ 0.052 þ 0.01 � 0.011 � < 0.001 � 0.027 � < 0.001 þ < 0.001

EC-EARTH- RCA4 � 0.15 þ 0.12 þ 0.23 � < 0.001 � 0.28 þ 0.097 � 0.001 þ 0.61

MIROC5- RCA4 þ < 0.001 þ 0.12 � < 0.001 � < 0.001 � < 0.001 þ 0.097 � < 0.001 þ 0.61

MPI-ESM-LR- RCA4 � < 0.001 þ < 0.001 � 0.47 þ 0.61 � < 0.001 þ < 0.001 þ 0.0005 � 0.67

NCC-NorESM1- RCA4 þ 0.004 þ 0.28 � < 0.001 þ 0.61 þ < 0.001 þ 0.028 � 0.0008 � 0.061

NOAA/GFDL-ESM2M- RCA4 þ 0.007 þ 0.1 � < 0.001 � 0.45 � < 0.001 þ 0.14 � 0.057 � 0.3
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Figure 7 | Subsurface flow (lateral flow) during the reference period (1981–2000) and absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099) at monthly

scale for January and July.
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summers, implying very limited permanent reserves (Leta et al.

; Brouziyne et al. ). Changes in hydrological com-

ponents (river discharge, surface flow, subsurface flow, soil
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
water content, and evapotranspiration) are not obvious for

all months but have been highlighted for the months character-

ized by the most drastic changes in precipitation.



Table 7 | Same as Table 4 but for subsurface flow (lateral flow)

Lateral flow

1981–200

January July

T p-value T p-value

Simulated from observation þ 0.009 � 0.48

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.019 þ 0.67 � < 0.001 � < 0.001 � 0.33 � 0.13 � 0.006 � < 0.001

IPSL-CM5A-MR- RCA4 � < 0.001 � < 0.001 � < 0.001 � < 0.001 þ 0.75 þ 0.038 � < 0.001 � < 0.001

CCCma-CanESM2- RCA4 � < 0.001 � < 0.001 þ 0.055 þ 0.76 � < 0.001 � 0.01 þ 0.019 � 0.51

CNRM-CM5- CCLM4-8-17 þ < 0.001 þ < 0.001 � 0.44 þ 0.6 þ < 0.001 þ 0.77 þ 0.41 þ 0.013

CNRM-CM5- RCA4 � 0.43 þ < 0.001 � 0.033 þ 0.42 � 0.04 þ 0.52 � 0.063 þ 0.98

EC-EARTH- RCA4 � 0.17 � < 0.001 � < 0.001 � < 0.001 þ 0.008 � 0.64 � 0.02 � < 0.001

MIROC5- RCA4 � 0.9 � < 0.001 � < 0.001 þ 0.051 þ 0.5 � < 0.001 � 0.14 þ 0.022

MPI-ESM-LR- RCA4 � < 0.001 þ 0.42 þ 0.28 þ 0.16 þ < 0.001 � 0.3 � 0.029 þ 0.12

NCC-NorESM1- RCA4 � < 0.001 þ 0.3 � 0.088 þ 0.47 � 0.01 � 0.002 þ 0.001 � < 0.001

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � < 0.001 � < 0.001 � < 0.001 þ 0.78 þ 0.78 � < 0.001 � < 0.001

RCP 8.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.83 þ < 0.001 � 0.091 � 0.52 � < 0.001 � 0.29 � < 0.001 � 0.034

IPSL-CM5A-MR- RCA4 � 0.004 � < 0.001 � < 0.001 � 0.09 � < 0.001 þ 0.001 þ 0.26 � < 0.001

CCCma-CanESM2- RCA4 þ 0.03 þ 0.87 � 0.043 � < 0.001 þ 0.88 � < 0.001 � < 0.001 � < 0.001

CNRM-CM5- CCLM4-8-17 � 0.004 � 0.059 � 0.392 þ 0.18 þ < 0.001 þ 0.79 � 0.01 � 0.044

CNRM-CM5- RCA4 � < 0.001 � 0.011 � 0.092 þ 0.17 � < 0.001 þ 0.09 � < 0.001 � 0.004

EC-EARTH- RCA4 þ 0.076 þ 0.41 � 0.35 þ 0.11 � < 0.001 � < 0.001 � 0.009 � 0.56

MIROC5- RCA4 þ 0.78 þ < 0.001 � 0.002 � < 0.001 � < 0.001 þ 0.82 � < 0.001 � 0.002

MPI-ESM-LR- RCA4 � < 0.001 þ < 0.001 þ 0.001 � 0.38 � < 0.001 � < 0.001 þ 0.092 � < 0.001

NCC-NorESM1- RCA4 � 0.49 � 0.039 � < 0.001 � 0.005 þ 0.18 � 0.81 � < 0.001 þ 0.075

NOAA/GFDL-ESM2M- RCA4 þ 0.02 � 0.75 � 0.012 � 0.57 � 0.33 þ 0.26 � 0.025 � < 0.001
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Figure 8 | Soil water content during the reference period (1981–2000) and absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099) at monthly scale for

January and July.
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The northwestern region of Africa is characterized by a

wet winter and a dry summer (Yebdri et al. ; Zettam

et al. ; Gevaert et al. ; Mami et al. ). In a study
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
by Xoplaki (), the seasonal distribution of precipitation

is equivalent to 40% in winter of this region and 10% in

summer in the past period.



Table 8 | Same as Table 4 but for soil water content

Soil water content

1981–2000

January July January July

T p-value T p-value

Simulated from observation þ < 0.001 � 0.011

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.016 � < 0.001 � < 0.001 � < 0.001 � 0.7 � < 0.001 � 0.11 - 0.096

IPSL-CM5A-MR- RCA4 � < 0.001 � < 0.001 � < 0.001 � 0.66 þ 0.002 þ 0.006 � < 0.001 � 0.056

CCCma-CanESM2- RCA4 � 0.002 � < 0.001 þ 0.024 þ 0.42 � < 0.001 þ 0.001 þ 0.016 þ 0.057

CNRM-CM5- CCLM4-8-17 þ < 0.001 þ < 0.001 þ 0.44 þ 0.09 þ < 0.001 þ < 0.001 þ 0.38 � 0.18

CNRM-CM5- RCA4 � 0.001 þ 0.12 þ 0.97 � 0.33 � 0.31 � 0.87 � < 0.001 þ 0.37

EC-EARTH- RCA4 � 0.53 � < 0.001 � < 0.001 � < 0.001 þ 0.001 � 0.22 � 0.99 � 0.019

MIROC5- RCA4 þ < 0.001 þ 0.21 � < 0.001 þ 0.006 þ 0.075 � < 0.001 � < 0.001 þ < 0.001

MPI-ESM-LR- RCA4 � 0.0005 � 0.007 þ 0.01 þ < 0.001 þ < 0.001 � 0.35 � < 0.001 þ 0.044

NCC-NorESM1- RCA4 � < 0.001 þ 0.1 � 0.009 � 0.002 � 0.035 þ 0.31 þ 0.01 � 0.28

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � 0.52 � < 0.001 þ 0.017 � 0.51 � 0.012 � < 0.001 � < 0.001

RCP 8.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � < 0.001 þ 0.001 þ 0.69 � 0.1 � < 0.001 � 0.011 � < 0.001 þ 0.88

IPSL-CM5A-MR- RCA4 � < 0.001 � 0.13 � < 0.001 � < 0.001 � < 0.001 þ 0.14 � 0.17 � < 0.001

CCCma-CanESM2- RCA4 þ < 0.001 þ < 0.001 � 0.41 � 0.009 � 0.097 � 0.007 � < 0.001 � < 0.001

CNRM-CM5- CCLM4-8-17 � < 0.001 � < 0.001 � 0.83 � 0.016 þ < 0.001 þ 0.84 � < 0.001 þ < 0.001

CNRM-CM5- RCA4 � < 0.001 � 0.038 þ 0.28 � 0.001 � < 0.001 þ < 0.001 � < 0.001 þ 0.003

EC-EARTH- RCA4 � 0.0001 � 0.46 � 0.85 � 0.27 � < 0.001 � < 0.001 � 0.0026 þ 0.18

MIROC5- RCA4 þ 0.021 þ < 0.001 � < 0.001 � 0.001 � < 0.001 � 0.17 � < 0.001 þ 0.6

MPI-ESM-LR- RCA4 � < 0.001 þ < 0.001 þ 0.043 þ 0.001 � < 0.001 � 0.33 þ 0.68 � < 0.001

NCC-NorESM1- RCA4 � 0.029 � 0.62 � < 0.001 � 0.037 þ < 0.001 þ 0.14 � < 0.001 þ 0.003

NOAA/GFDL-ESM2M- RCA4 þ < 0.001 � < 0.001 � < 0.001 þ 0.013 � 0.87 þ 0.44 � 0.01 � < 0.001
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Table 9 | Same as Table 4 but for evapotranspiration

Evapotranspiration

1981–2000

January July January July

T p-value T p-value

Simulated from observation þ 0.03 - 0.037

RCP 4.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 � 0.007 � 0.001 � < 0.001 � < 0.001 � 0.8 � < 0.001 � 0.004 � < 0.001

IPSL-CM5A-MR- RCA4 � < 0.001 � < 0.001 � < 0.001 � 0.19 þ 0.58 þ 0.01 � 0.06 � 0.01

CCCma-CanESM2- RCA4 � 0.17 � < 0.001 þ < 0.001 � 0.9 � < 0.001 þ 0.05 þ 0.05 þ 0.021

CNRM-CM5- CCLM4-8-17 þ < 0.001 þ < 0.001 þ 0.9 � 0.44 þ < 0.001 þ < 0.001 þ 0.02 þ 0.03

CNRM-CM5- RCA4 þ 0.8 þ < 0.001 � 0.02 þ 0.14 � 0.9 � 0.03 � 0.12 � 0.58

EC-EARTH- RCA4 þ 0.6 � < 0.001 � < 0.001 � 0.013 þ < 0.001 � 0.18 � < 0.001 � 0.03

MIROC5- RCA4 þ < 0.001 � 0.1 � < 0.001 þ 0.09 þ 0.05 � < 0.001 � 0.63 þ < 0.001

MPI-ESM-LR- RCA4 þ 0.1 � 0.5 þ 0.11 þ < 0.001 þ < 0.001 þ 0.29 � 0.21 þ < 0.001

NCC-NorESM1- RCA4 � < 0.001 � 0.01 þ 0.29 � < 0.001 � 0.02 þ 0.03 þ 0.16 � 0.026

NOAA/GFDL-ESM2M- RCA4 � < 0.001 � 0.9 � < 0.001 � < 0.001 þ 0.22 þ < 0.001 � < 0.001 � < 0.001

RCP 8.5

2020–2039 2040–2059 2060–2079 2080–2099

January July January July January July January July

T p-value T p-value T p-value T p-value T p-value T p-value T p-value T p-value

EC-EARTH- CCLM4-8-17 þ 0.9 þ < 0.001 þ 0.054 � 0.48 � < 0.001 � 0.75 � < 0.001 þ 0.006

IPSL-CM5A-MR- RCA4 � < 0.001 þ 0.73 � < 0.001 � 0.14 � < 0.001 � 0.043 þ < 0.001 � < 0.001

CCCma-CanESM2- RCA4 þ < 0.001 þ 0.014 þ 0.45 � 0.036 � 0.45 � < 0.001 � < 0.001 � < 0.001

CNRM-CM5- CCLM4-8-17 � 0.0011 � 0.01 � 0.032 þ 0.011 þ < 0.001 � < 0.001 � < 0.001 þ 0.61

CNRM-CM5- RCA4 � < 0.001 � < 0.001 � 0.021 þ 0.006 � < 0.001 þ < 0.001 � < 0.001 þ 0.9

EC-EARTH- RCA4 þ 0.006 þ 0.13 � 0.9 þ 0.63 � < 0.001 � < 0.001 � 0.035 þ 0.3

MIROC5- RCA4 þ 0.9 þ < 0.001 � 0.032 � < 0.001 � < 0.001 � < 0.001 � < 0.001 � 0.05

MPI-ESM-LR- RCA4 � < 0.001 þ < 0.001 þ < 0.001 þ 0.0004 � 0.006 � 0.0002 þ < 0.001 � < 0.001

NCC-NorESM1- RCA4 þ 0.033 � 0.052 � < 0.001 � < 0.001 þ 0.015 þ < 0.001 � < 0.001 � 0.55

NOAA/GFDL-ESM2M- RCA4 þ 0.0008 � < 0.001 � 0.001 þ < 0.001 þ 0.87 þ 0.23 � 0.047 � < 0.001
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Figure 9 | Evapotranspiration during the reference period (1981–2000) and absolute variations for the periods (2020–2039, 2040–2059, 2060–2079, and 2080–2099) at monthly scale for

January and July.
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During the future period, our result is marked by a

decline in precipitation in January to �44% under RCP 8.5.

Brouziyne et al. () also mention that the month mostly

affected by climate change, in the future, is January with a

reduction of precipitation reaching �49% under RCP 8.5 in

the R’dom watershed (Morocco) near the Tafna basin. Zero-

ual et al. () also confirm this decrease using RCMs of the

CORDEX-Africa project, which highlights the aridification

effect on hydrology. However, the increase in precipitation

in July (þ30%) is also estimated by Taibi et al. () for north-

ern Algeria by the RCMs of the ENSEMBLE project and

Hadour et al. () and Brouziyne et al. (), using

RCMs of the CORDEX project in northwestern Algeria and

northern Morocco, respectively. On an annual scale, IPCC

(), Jacob et al. (), Solomon et al. (), and Tramblay

et al. () estimate a decrease in precipitation, reaching

�30% under RCP 4.5 and more significant under RCP 8.5.

The Mann–Kendall test indicating the significant trends

of decrease for the climate models are marked in the two

last periods (2060–2079 and 2080–2099).

The tendency of the precipitation decrease in the rainy

months in the future period, from November to March (Sup-

plementary material, Figures S1 and S2) is similar to that of

January. At the same time, the overestimation of precipi-

tation shown in summer (Supplementary material, Figures

S1 and S2) indicates an increase in the months of July,

August, and September and that affects all of the com-

ponents in the same months. These tendencies imply that

January and July are representative of the rainy months

(November to May) and the dry months (June to October).

In the future period, the decrease in precipitation has an

impact on hydrological components. The precipitation

decreasing trends directly lead to decreasing surface flow

(between �20% and �48%) on the sub-basins of the Tafna

watershed and decrease of the river discharge (between

�42 and �54%), under RCPs 4.5 and 8.5. The tendency of

decrease of the river discharge is also marked, for winter

around �50% to �60% on average in the eastern part of

the Tafna basin, in the study by Hadour et al. (). How-

ever, in July, the tendency is negligible in the future

period, and this is due to the interception of the precipi-

tation in the canopy storage (Neitsch et al. ).

Therefore, this water is retained in the soil and made avail-

able for evapotranspiration. Under the two emission
://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf
scenarios RCP 4.5 and 8.5 the increase of river discharge

and surface flow starts to appear in August and September

(Supplementary material, Figures S3–S6) while the increase

in precipitation starts in July, which implies these two

months (August and September) are compensated by

July. The tendency mentioned in January and July in the

Tafna basin is also reported by Tramblay et al. () in the

Moroccan region (R’dom basin) near the Tafna basin.

On the other hand, the lateral flow (subsurface flow) is

also impacted by the decrease of precipitation and presents

a considerable decrease in January around �37% and a less

significant decrease in July. However, the decrease is more

important in the months from February to April and is con-

sidered similar to January. An increase of the lateral flow

appears after July, precisely in August, September, and Octo-

ber (Supplementary material, Figures S7 and S8). This

increase is due to the hypothesis that the excess of water

in the soil is subject to lateral movements (Grusson ),

which are compensated during July.

The decrease of soil water availability (to �41%) and the

temperature increase leads to a decrease of evapotranspiration

as observed in January. Although evapotranspiration increases

with temperature (Blanco-Gómez et al. ; Saddique et al.

; Dakhlaoui et al. ), the precipitation factor is primor-

dial. We can confirm the decrease in evapotranspiration

influenced by the decrease of precipitation (in January) and,

therefore, the decrease of the soil water available. Bucak

et al. (), Grusson et al. (), and Ertürk et al. ()

also explain the decrease of evapotranspiration due to the

low level of soil water availability caused by the decrease of

precipitation and increase of temperature. Regarding the

study by Zittis et al. (), the slight precipitation increase

obtained in July for the future period affects the evapotran-

spiration by a small increase in the same month.

The dependence of the evapotranspiration on the soil

water availability is confirmed during warm months in July

and August (Supplementary material, Figures S9–S12). The

increase of the evapotranspiration appears in August after

the appearance of the increase in soil water availability in July.

The spatial distribution of water cycle effects is related to

the surrounding areas. The effects of climate change on the

major SWAT component outputs (surface flow, river dis-

charge, precipitation, evapotranspiration, and soil water

available) are visibly marked by the decrease, in the future
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period, in the southern part of the basin, close to the Sahara

where the temperature is higher and precipitation is lower.

The distribution of the subsurface flow depends on the spatial

distribution of slope classes in the basin, which implies the pro-

portional relation between the subsurface flow and the slope

classes, promoting more lateral flow during the reference

period. That implies a visible change resulting in a decrease

of surface flow in these areas of slopes. The decrease of the

river discharge could cause an imbalance between urban

water demand and supply, particularly the drinking water,

which represents the major proportion. The decrease of the

soil water available and the evapotranspiration might cause

periods of drought, and increase the irrigation demand.

In the future period, the SWAT component outputs (pre-

cipitation, runoff, lateral flow, and evapotranspiration) are

not so affected by the decrease in July, because during the

reference period, their values are already quite low, and

the climate models overestimate the precipitation in

summer, particularly in July and August. That could lead

to taking into consideration the uncertainty of the overesti-

mation of the precipitation from climate models during the

dry months in the Tafna basin, and the northwestern

region of Algeria (Taibi et al. ; Hadour et al. ).

The last two periods, 2060–2079 and 2080–2099, are

more impacted than the first ones, 2020–2039 and 2040–

2059. In line with the study of Zittis et al. (), the precipi-

tation in the southern part of the Mediterranean region is

projected to decrease during all seasons. This decrease

might be similar over North Africa for precipitation, soil

water content, runoff, and evapotranspiration (Bates et al.

(). In the fifth Report of the IPCC (AR Climate

Change ), the precipitation has also been expected to

decrease during winter with �30% in northwestern Africa,

under RCP 8.5 during 2081–2100. At the annual scale, the

study by Zittis et al. () reported a decrease of �30%

and �40% in precipitation, under RCP 4.5 and 8.5, respect-

ively, in northwestern Africa. The soil moisture, runoff, and

evaporation have the same tendency of decrease in north-

western Africa, which strengthens the results presented in

the Fifth Report of the IPCC (IPCC Working Group I

et al. ), and align our results in the same order of

recent studies on the North Africa region.

The tendency of decrease of the SWAT components

(river discharge, evapotranspiration, soil water available,
om http://iwaponline.com/jwcc/article-pdf/12/7/2948/957476/jwc0122948.pdf

2022
etc.) evaluated in this study might include an increase of

drought periods, implying an increase in water irrigation

demand, and water drinking demand, under the condition

of the demographic evolution, which is estimated to

increase until 2040 (Lakehal ), still increasing over the

21st century. That could cause strong tensions around the

water resources and their uses in the studied region.
CONCLUSION

To understand the spatial and temporal changes in hydrologi-

cal water balance in the future, the SWAT model has been

implemented and forced by unbiased regional climate

models for the semi-arid Tafna basin (northwest Algeria), as

an example of a watershed particularly vulnerable to droughts

in North Africa. The present study displays spatial trends of

water components (surface flow, subsurface flow, soil water

content, etc.) for two months (January and July), and under

two pathway scenarios (RCP 4.5 and 8.5). These months are

representative of the dry (summer) and wet (winter) seasons

and are the months most impacted by climate change.

From these results, we conclude that the SWAT model

has a good performance on the semi-arid Tafna basin.

From this study, we conclude that the decline of the pre-

cipitation impacts the hydrological water balance, from the

river discharge to the evapotranspiration going through

the lateral flow and soil water content of the Tafna basin.

This decrease is more visible in the wet (January) than dry

(July) seasons. These months, January and July, are represen-

tative of the rest of the months November to March and

April to October, respectively.

The decline in precipitation affects all of the hydrologi-

cal water components treated in this study by the decline,

especially in wet months (from November to May), of the

river discharge, the evapotranspiration, the soil water avail-

able, and subsurface flow. This decline is more significantly

marked in the last periods 2060–2079 and 2080–2099 than

the first two periods 2020–2039 and 2040–2059. The pro-

jected precipitation marks a slight increase during the

summer, over the future period, when the precipitation is

considered negligible during the reference period. The pro-

jected SWAT components’ outputs have the same

tendency of a slight increase in the Tafna basin.
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Finally, the future changes of the hydrological com-

ponents obtained with RCP 8.5 appear more visible than

with RCP 4.5, throughout the future period. These changes

are marked by the decrease of water resources in the studied

basin, by the decrease of water cycle components. That

could induce an imbalance between the demand and

supply of water resources, in irrigation and urban domains

in northwestern Algeria.
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