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Abstract: The investigation of the hydrological responses to land use/land cover (LULC) change and climate variability is essential for understanding catchment hydrology, particularly in a vulnerable zone to global Hydrological model calibration and validation Impact of LULC change Results and Implications

changes such as the Sahel region. Hence, our study contributed to separating and assessing the impacts of LULC change and climate variability on water balance components in the Sahel at the basin and sub-basin. Three ~ ForcingData andchmatmnab'"w ¥ | 3

basins were selected as study cases due to their importance in terms of catchment area (i.e. Senegal river, Niger river and Lake Chad basins). In this work, we have applied Soil and Water Assessment Tool (SWAT) model E:emesnranh;sﬁﬂata | eormens ' NENES | st facrasad vt o E:E

coupled with remote sensing retrievals of actual evapotranspiration (ETa) and surface soil moisture (SSM). To separate the impacts of the two aforementioned factors, two numerical experiments were designed: (i) i;ggiﬁ;f;;iﬁj:gﬂﬂ ; A | combined impacts of _*_*..Mﬂab;i_lz;tﬁrwng it vrbt e g"

climate variability effects by applying frozen LULC while changing the climate; (ii) LULC change impacts by applying frozen climate while changing LULC. The results revealed that, overall in the 2010s compared to the Sbeliobind LULC changes and . R g;

1990s, the combined impact of LULC change and climate variability as well as separate effect of climate showed an increase in surface runoff, groundwater recharge and return flow in Senegal river and Lake Chad basins, 45 io“‘cjl'l‘;‘;;“;:;::?jig:‘“ i e | e e 3

while in Niger river basin most of all water balance components were declined. Frozen climate and change in LULC showed that spreading of natural vegetation at the expense of bare land led to an increase in actual ET (T ;7;::;;7;3;:,’;:::;,9' — — ‘s

and a decrease in surface runoff in the three watersheds, while in Senegal river basin it shows a slight increase in groundwater recharge and return flow. At sub-basin level, the analysis of LULC change showed that the 1 ||/ i@ B s |~ watross | Bothclmateand LULC changes itz

gain in cropland and urban areas at the expense of the forest in some sub-basins, led to a local increase in surface runoff. This implies a better redistribution of water downstream and compensates the deficit in surface -2 Model output WeGs : e Ummwbiwdmm Efi

runoff caused by natural vegetation at the expense of bare land in some other catchments, i.e. a beneficial increase in fresh water availability. These changes at the same time with high intensity and long duration = Individual impact of avlabiityrecylng| ater avaabilty/recycing f:;_

precipitation, this is likely to be a source of inundation and soil erosion in some small catchments in Niger river basin. Globally, the climate variability had a dominant impact on increasing water balance components § waterbalmccs‘impmms :Lléghanseson AN Grounduatr | 8o cimte and LULC changes ;Eg e

resulting an increase in fresh water availability, with an extension and recovery of lake area in Lake Chad, which also increased groundwater return flow to rivers and water recycling within Senegal river and Lake Chad -g_ ::::?::::js:;;anspiration - 8 | decreased groundwater recharge. § £

basins. In contrast, the LULC change was the major driver of decreasing the surface runoff, which could be a reason for lake area depletion in Lake Chad. At the same time, the two factors led to increasing water scarcity (@ Calbration/validaton | |* Groundater recharge Cescineperiod:1850.2000 H waterioss | Bothclmate and LULCchanges & 8 ¢

in Niger river basin. These outcomes emphasize the crucial role of water recycling which is the amount of water transferred from a sub-basin upstream to the next downstream within the watershed as well as give a good (D || Remotesensingpata | [ Soeneaterretimiion period 2 20112020 * increased waterloss §53

hydrological insight about water and land management in the study area. These findings are relevant to water resource management and to advance towards water-related Sustainable Development Goals (SDGs). 'S:f;?f.f;?gﬁi';n bttt + Increase é’muabmlmm e e _:1

:g:::élt?t?:::ar:er - Decrease ', Groundwater | Only climate variabilty EE; f

Keywords: African Sahel, SWAT model, ETMonitor, remote sensing soil moisture, LULC change, climate variability. e dones Cimte : recharge | increased groundater recharge  § §

// g Introduction: b \\ ,/ a Impact score of LULC change and climate variability on water balance components ) \\ // ~” An indicator of water recycling: the ratio of Water outflow to Water inflow T .

/ g::ceurrsr?rr]itdirr;gsggﬁsges;?o[ﬁié) ft: tvﬁgtirjgidvfﬂ;gmf; erggggsgletynl;dclﬁggf Xb;) e;rilﬁgp:i Iisntr;?\r,]:r:?ii?,rs_dﬁetong;ﬁ N I/ To identify which factor dominated the impact, we calculated the impact scores of LULC change and climate variability \‘\ I,’/\;\ﬁﬂgg Iflessfprgg?i\fgsl.watershed were about 20%, 7% and 20% of the precipitation in SRE, LCB\\\

linearity is due to the modification of a watershed hydrological properties because of LULC changes. This process is following the

particularly relevant and complex under arid and semi-arid conditions such as in the Sahel, where changes in water
availability lead to large and rapid changes in LULC, through the natural response of ecosystems to water and to the
efforts. A better understanding of the separate impacts of LULC and climate variability on water balance components
is needed to develop effective land management policies towards sustainable water security

CR_WBCCLi = AWBCCLi /AWBC
CR_WBCy,; = AWBCy; /AWBC

!/ An amount of water is transferred from sub-basins upstream to the next sub-basin downstream ',
within the watershed, water recycling.
Water recycling provides an additional volume of water which could be diverted for irrigation or
to another reservoir from upstream to downstream.
Sum of annual precipitation and water yield (km3/year) in each period in the three watersheds
and the ratio of water in and water out. It is assumed that Q _TLOSS =0 on annual basis.

km?3 km?3 km3 km3 km?3 km?3
BL 35 11 6.5

LCB 728.82 : 52.5 0.07

-

-—— - —
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CR_WBC¢; and CR_WBC(C;y; are the separate impact scores on water balance components, i.e., actual ET, SW, 1
GW_RCH, and SURQ, caused by climate variability and caused by LULC change, respectively; AWBC is the |
change in a water balance component caused by the combined impact of LULC change and climate variability:
relative to baseline.

Performance metrics used to evaluate the calibration and validation [7]

Several studies paid attention to investigating the effects of LULC change and climate variability on hydrological
response in the Sahel region using hydrological models or remote sensing data:
« Some studies have investigated the hydrological response to LULC change and climate variability in the Sahel

[ ;(ETgs;i — ETgs)(ETs,; — ET;)]?
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|
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|
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before and during the drought [1]. R2 = where '
J gt L1} 5 4 Z'(ETs,i_E_T})ZZ'(ETRS_i —ETzs) ETp, represents satellite-based ETa : LUS1 728.82 33.68 10.95 6.49 51.12 0.07
- Some studies have investigated the hydrological response to LULC change and climate variability in the Sahel = H H E!”esr;presents imulated ETa values. : LUS2 728.82 33.53 10.93 6.50 50.96 0.07

; ; T O s ’
before the drought and in the post-drought period [3]. = g P T ET- represents mean satellite-based ETa ; BL 206.69 26.30 4.31 12.92 43.53 0.21
S o NSE=1- S&————— values: ! LUS1 206.69 24.25 4.53 13.14 41.92 0.20
Almost of all previous studies were not able to separate the impacts of LULC change and climate variability due to the 5 c Zf(ETs.i ~ ETy) ET, represents mean simulated ETa I LUS?2 206.69 24.11 4.53 13.14 41.78 0.20
type of tir:e usedddatah(remote lseorlisri]ng(,j:I d;’:\ta (I\:DVI)da?d ground obserr\]/ations dbata (pre;:ipri]tation a;nd surface rr]unoif)). = g Vali,les;th . . » ! BL 1294 54 180.21 54.73 28.00 262.94 0.20
Some other studies have applied hydrological models to separate the contribution of the two factors in changing = o r Is the Fearson product correlation l LUS1 1294 54 177.41 54 65 28.04 260.10 0.20
hydrological response but in small catchments (<1000 km?2). =t KGE=1- |(r—1)a— 14817 :ﬁzﬁ'ﬁéegitmsgt;’éie;T;atelI'te'based =1 : LUS? 129454 17783  54.45 27 88 260.16 0.20
Most of the studies focused on surface runoff and streamflow, while other water balance components are equally O a B o is the standard  deviation of the ! ' ' ' ' ' '
|
I

important such as groundwater recharge and groundwater return flow. Moreover, water recycling as a consequence of Impacts of LULC changes and climate variability on water balance components at

simulated ETa over the standard deviation
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« Some studies have reported a recovery in vegetation and rainfall in the Sahel [2]. I
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LULC change was not evaluated. Most studies compared the drought period (1970s and 1980s) with the years past the 3 of the satellite-based ETa: . sub-basin level
drought till 2010. Iy S (ETrs — ETS)E B is the ratio of the mean simulated ETa to I - - PR : - - L
\ : . . . roo PBIAS = S the satellite_based ET. ,/ ' Theincrease in most of all WBCs in different sub-basins was mainly caused by climate variability.
\\ A study at basin level and sub-basin level, after the last recovery of vegetation and rainfall, has not been done yet. // \\ e satellite-base a. . ' The sub-basin 24 and 23 in NRB showed an increase in surface runoff, despite the rainfall deficit, due
e _7 N _-7 | to the increase in cropland and urban at the expense of forest.
_________________________________________________________________________________________________________________________ | WBCs_combined impacts WBCs changes_Climate impacts WHBCs changes_LULCimpacts LULC changes
5 S~ /,/ Results RN :q = = _ 2 ot 22 _ e =
Objective: +* Calibration based tual transpiration and validation by using soil moisturé~,  + 3 | |= |7 . £:
K The objectives of this study are: . /, alipration based on actual evapotranspiration and valigation by using Soll molsture ~, | o Z . 5, | =||5 ° - =[|£ ° 7
\ (s @ _3 @ -3 805 é -4 ;
)/ 1) to evaluate the separate impacts of climate variability and LULC on water balance components using a ) _ _ _ _ _ _ o \ : = = = - |
, physically-based hydrological model \ ,/ In the three basins, the calibration using monthly ETMonitor retrievals of actual ET indicated a good Yo - — - -
\ . m _ 6 _ 6 — 1 6
:' 2) to estimate the responses of different water balance components to climate variability and LULC ,' pelii;or;iian;:e mthﬂ:/ aluebs O.f RZ’.NSE’ a?hc: KI\?NE greailer thaf[n O.7hand dPtBhIAtSR\éalllil(;sElowzr éi(i;aEn ﬂ50/?1_. Thhe \\ : 5 |E: £ S os e 7 i
: _haci \ ; validation for the three basins using monthly NNsm soil moisture showed tha : , an were higher 1 2 |& 3 & &, £ o oo |
changes at basin anc;i sub ba§|n _scale - - - - - | than 0.7 and PBIAS lower than +15% X = |57 WWT g gos 23 %
3) to compare the relative contributions of these different factors and identify which one has the dominant o ' - ' 11 s 2 = =
impacts L o - : : = = = =
1 . N% PBIAS 1l < |z 5 _ : < 1 _ j
Study area R — . T il '
1 | nE T ML T
I = 2 -3 2 -3 ER é
The Senegal River basin (SRB) is located in the western part of the Sahel region, with a total drainage area of | ! - V/ X = " = -©
approximately 375,000 Km2 and a length of 1800 km. The region is inhabited by 3.5 million people. o \ \-,' “\.‘, ) w |T o = - T z | = _ -
The Niger River basin (NRB) has a catchment area of 2.1x106 km2 and a length of 4200 km. This region is inhabited - ! ! El % é B _ = i § Eio E & O'Z o
by more than 100 million people and spans nine countries. A ) ¥ { g g T e £ . e
The Lake Chad basin (LCB) is the largest endorheic lake basin in the world, and it is located in the center of the ! | M & i ! =2 =7 = .
African Sahel between 5.19-25.29°N latitude and 6.85-24.45°E longitude with an area of 2,5 106 km2. The region is | RS : wi d ! ! - a1 - = - = - 2
. . - 1 269 b= = 8 a8 T £ 4
inhabited by 17.4 million people. graSS|and and Crop|and to : I \“ % ‘<.\7% : : % -:% 4 § ' % a § g é ?Dos :%’n 2 5
10°00°W 0°00" 10°00°E i o wiRnE water in sub-basin 8 in ! : ™ v’ 118 12 0[F S o oo ||Eols Flo o0 [] | RS SPEPEPE S L frr e Bl e e @
2 }i Z A - Lake Chad BaS|n : : () “ : : - s . i "v@cs\% & & & £ _8@ &° 6"1593-‘3' 6_}529 b§0$*& 2 058" Vﬁ&ﬁ(/;xh%&/é’&OIvép,&*&/ E] i: S e}*éw
f.% § (LCB_sub8). I : k‘ : : Average annual water balance components in the study area in the Lake Chad Basin based on
. 2 : . tee 1l SWAT-simulated output before (Uncalibrated) and after (Calibrated) calibration. (ETa: actual
3 3 I : ‘Q. , \ ‘% : : evapotranspiration; SW: soil water content; PERC: perception; SURQ: surface runoff; GW_Q:
o o ! / ° o groundwater recharge; WYLD: water yield: LATQ: lateral runoff.
5 _ | Legend | : v v - : ,
et © | [ Lake Chad Basin_.zi8 forest and grassland to - R2, NSE, KGE <05 0.5-0.7 0.7-0.9 0.9-1 . Impact score of LULC change and climate variability on water balance components
5 I—:]Senegal.River Basin S | [ Sub-basins shrub Iand, CrOpland, and P! T ] ] : I . ) .. . . .
_Z Eﬂ?::—(l:?"s | 7 Lake Chad urban in sub-basin 29in | ! PBIAS >125 $25-%15  $15-%10 <25 1 Over all in the three watersheds the climate has the major impact on increasing/ decreasing all water
§ e High': 1357 21 eyt oo, s s 1me || L@KE Chad Basin I 'Spatial distribution of performance metrics (R2, NSE, KGE, Spatial distribution of performance metrics (R2, NSE, | |  balance components. _ _ _ _
Low : -26 ‘ ~ f okm | (LCB_sub?29). ! 1and PBIAS) of calibration of the SWAT model using ETa of KGE, and PBIAS) of validation of the simulated soil | ! LULC change has the dominant impact in decreasing the surface runoff.
§ Km 00w . S & ~§ Low : 207 : : ETMonitor product for SRB (a), NRB (b), and LCB (c) from moisture by the calibrated SWAT model against NNsm-, : The impact scores of LULC change (CR_LU) and climate variability (CR_CL) on WBCs in the P2
2 I : 2001 to 2010. SM (a2, b2, and sz) forZSORl’g (a)z’(')\IZ%B (b), and LCB (c) ! 1 (2001-2010) and P3 (2011-2020) for the basins of SRB, NRB, and LCB in the Sahel. Numbers in
3 ! | rom to ' ! | - bold indicate the doinant impacts.
. I | . . . .
bare land to grassland in sub- |, : : : 1 1 Combined Impacts of LULC changes and climate variability on water balance components : EIEET FEE Aeilel 21 m SLINGA | SuRG
basin 4 in Senegal River Basin | & forest to urban and grassland in sub-basin 23 in L I P1 CR_CL 0.85 1.15 0.40 -1.53
(SRB_sub 4) o | Niger River Basin (NRB_sub23) | 1 The change in WBCs were evaluated during P2 (2001-2010) and P3 (2011-2020) compared to P1=BL (1990- ; SRB CR_LU 0.13 -0.21 0.57 2.35
z l . In - , a s decreased in an , While in contrary in mos s increased ; 1 _ : : : :
— z ! ! 2000). In P2 (2001-2010), all WBCs d d in NRB and LCB, whil t SRB t WBC d P2 CR_CL 0.79 0.96 0.87 1.45
4 s ool | 1 1 except for surface runoff. In P3 (2011-2020), all WBCs increased in SRB and LCB, while in NRB most WBCs ! | CR_LU 0.19 0.04 0.09 -0.40
2 mmic;mvcruasm : o o | forest to cropland in sub-basin 24 in Niger River A | decreased except for soil water content (SW). ! P1 gg_fb %)3;% 888 égé {)(())f
\ 8 Su.- g % BaS.n NRB S b24 . ! : enegal River Basin iger River Basin ake Chad Basin | — . ' ' '
\ © Elc‘ﬁi"v?in:(z'?()yi I ( Sk ) ! I (a) 1400 — - (b)1400 — (c)1400 — ! CR CL 143 102 082 002
\ - 0 50 1,000 s > I P2 —
\\ 5| Gl — KM // : = 1200 1200 1200 \ CR_LU -0.32 -0.01 0.24 0.86 !
N : o . = : : : ’ o (T T = o CR_CL 1.05 0.99 0.94 -0.64 /
’ 19 E s00 £ so00 T 200 -
y 1:Gay ’ 7 o B3
AN The location of the three basins in the Sahel region, i.e., Senegal River, Niger River and - ® |2 = Pl /
So Lake Chad basins _- 'S £ |t e g 60 3 600 CR LU -0.06 -0.02 -0.01 1.78 /
Bt iy e e e e == - o g3 o g g P> CR_CL 0.83 0.97 0.98 1.15 /,’
- T T T T T T T T T T T T T T T T T T T T T T T T e T e T e T e T T T T~ -~ :S 9 o LN nn -~ 0 0 - -- = CR LU 0.16 0.01 0.00 -0.16 R
- -7 Method RS . : o g & € & é\«g‘}x S & W & € s @ksg\ R & < o é&e&\x R _-c
// \\ 1 g‘ % 1990-2000(BL) W 2001-2010(P2) m 2011-2020(P3) 1990-2000(BL) m2001-2010(P2) m 2011-2020(P3) 1990-2000(BL) m2001-2010(P2) m 2011-2020(P3) P -
,/ Hydrological model: Soil and Water Assessment Tool (SWAT) [4] which was calibrated and validated by using *, 1= 5 @ = @ 3 PRED /’ Discussion RN
. . . . . T C e _ ] ) ] \
,/ remote sensing data, and this was well described in our previous paper [5]. | o \ ! ¢ % £ = = J « In the SRB, the rise in SURQ, GW_RCH, and return flow (GWQ), during both CLS1
/ Then the calibrated SWAT was used to separate and assess the impacts of LULC change and climate variability on \ = Q| Do z = I :
: o L v 8 W5 5 B (2001-2010) and CLS2 (2011-2020) compared to baseline (1990-2000), Oyebande and
WBCs. The study period was split into 3 sub periods: VE S|s ° . i 1 = L 5 2
LR Tole ¢ & 0 9 o @ |2 : Odunuga (2010) [8].
(S = T v v b N é’ IS E = . . . o« u, . .
Period 1 =Base Line (P1=BL)= Climate 1990-2000 with LULC1990, Period 2 (P2)= Climate 2001—2010 with ! & g p In the NRB, the decline In SURQ, GW_RCH, and GWQ caused by the deficit in rainfall
LULC2010 and Period 3 (P3)= Climate 2011-2020 with LULC2020. i o 5 £ during both CLS1 and, Descroix et al. (2018) [9]. | N
Three climate scenarios were used in this study, Climate 1990-2000=base line (BL), Climate 2001-2010=Climate | wp2aL mpral mF23L mP3aL mp2sL wp3aL * In LCB, the decline in SURQ during CLS1 was clearly caused by rainfall defici,

, Decadal average of annual WBCs in the three periods in SRB (a), NRB (b), and LCB (c), and the changes in WBCs
caused by combined impacts of LULC and climate variability in P2 and P3 relative to the baseline period in SRB (d),
NRB (e) and LCB (f).

Mahmood and Jia (2019).

 The re-greening of the region by expansion of grassland and shrub land led to an
increase in actual ET and a decrease in SURQ, Yonaba et al. (2021) and Ogutu et al.
(2021). This vegetation recovery played a major role in increasing GW_RCH and soill

Scenario 1 (CLS1) and Climate 2011-2020= Climate Scenario 2 (CLS2).
Three LULC scenarios were used in this work, LULC1990=base line (BL), LULC2010=Land Use Scenario 1
(LUS1) and LULC2020= Land Use Scenario 2 (LUS2).

LULC1990(BL) m LULC2010(LUS1) = LULC2020(LUSZ) LULC1990(BL) = LULC2010{LUS1) = LULC2020(LUS2) LULC1990(BL) m LULC2010(LUS1) = LULC2020{LUS2)

of greenness trends in the Sahel-Sudano-Guinean region. Big Earth Data: 1-20.

AW BC(Cp; is the change in a water balance component between the corresponding period (Pi = P2 or P3) and the

(d)

-
n
-—

|
|
|
|
I Hydrological model I I T‘{?T?_’:I_E?_I_‘?}f?ﬁl:lri‘?r_}:[? _____ I I Results analysis I I Separate |mpacts of climate Va”ab'“tv on water balance Components water content (SW), I\/If’:li‘Shall et al. (2012) This f!nd|ng applled to three WaterShedS, but
Dynamic data \Water Balance Zire | ! _ o _ _ _ B o the change was larger in NRB and LCB than that in SRB, Mahmood and Jia (2019).
P Components(WBC) || 2 ||| &= _“_"E’f_ Wl T | Thg Increase '”l_ra'”fa” in SRB and LCB led to an increase in most of all WBCs specifically fresh water availability « Both climate variability and LULC change had nearly similar impacts on the hydrological
| | oIl 28 (e %%E and separated impacts : ?nNggtﬁ: rzcyc ng.. ol led to fresh wat v which ed 1o the desertificat response in the SRB. The LCB was more sensitive to the LULC change during P2. This
| [ e e :_—u_' o = = . . e . oy . . .
; I | S urface runoft ||| &= | | 19302000 g of LULC change and : n € decrease In raintall led to fresh water scarcily which may fed 1o the desertitication process significantly reduced water availability by decreasing the SURQ and increasing
| | (SURQ) v | | et e l Senegal River Basin Niger River Basin Lake Chad Basin the water loss via evapotranspiration, because of the higher actual ET. In contrast,
| | ! = ! N Water Balance I S |[(a1400 (b) 1400 () 1400 \ . ey . . . . . /
| T - 2y [[wecamo | [ o Components (ETa, SW -~ 1200 1200 1200 \ climate variability was the main driver of increasing SURQ during P3, Pham-Duc et al.
' [ climate : | Soil Water(SW) S| 8at 32 GW RCH. SURQ. GWQ S L . 1000 1000 \_ (2020) [10] /!
| scenarios | ! 5 1 :"-—-"""-_. g_%f — £ ! © E 800 E 800 £ 800 S e ’ _
| J | Groundwater S [ CimaE R and WYLD) A~ T 600 £ 600 “ |I —————————————————————————————————————————————————————————
I J ! I recharge = | 2001-2010 = , © 3 400 2 400 2 400 ST T TS TS T TS TS T TS T ST T ST T TS T ST T TS TSI T T T I T T T T T T TS ~
I | 3 w ! I \ / > > > s : ~
! L2 s | [GW_RCH) k. T/ I 200 200 200 y Conclusions N
e L L PP ) E>: E T T mm——m e —m— e —————— - - - - - 1 3 0 - mm | 0 0 - - - my | / »
. m - | i II Il .

! ! 2 ! — ) ® 8 § DS / : : , , : ..
l___?i?ﬁ'_‘{ﬂ‘f}i_i? ----- , | Rewmflow(GWQ) 1) ) | g ((WMCHRT | o Determining the driver .- N S &K <« s @s"\ K & <« s G‘o@ 5 & & !+ Anincrease in rainfall in both the SRB and the LCB, leading to a rise in freshwater
i i ! Water yield (WYLD) E E .% g i“'a'i"'m:_. §_§ E Prmee i s e A {cll.il;lnL;:tE Chir;gr;b“i;; : s 1990-2000(BL) W 2001-2010(CLS1) ™ 2011-2020(CLS2) 1990-2000(BL) W 2001-2010(CLS1) M 2011-2020(CLS2) 1990-2000(BL) M 2001-2010(CLS1) M 2011-2020(CLS2) : avallablllty and water recycling because of the increase in water yleld In the NRB, the :
1 | | CHENL S [ a0 |- [ 2 of climate variability havi ; - R (e 35 0 35 I shortage of water supply continued, resulting in the continuation of the drought in the 1
e ! ! - ! aving the major I ~ . y
i - | Evﬂpﬂﬁ:&‘gﬂiramn | “ ' z” Wﬂte: [EBF"""’;? impact on each WBC I ‘g £ T T | basin, which showed that the Sahelian hydrological paradoxes did not apply at basin :
! I ! A omponents a, SW o (ETa, SW, GW RCH 1 S 15 =15 % 15 I I
;___L | (ETa) a3 GW_RCH, SURQ, GWQ Lnda SURQ) in the ! g’ e 5 2 5 - | level. l
i g === o 2 ] - - = . . . . . o 1
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