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Analyzing sustainable use of groundwater only using R-QW is a (over-)simplifying idea 

Hidden costs of pumping: We always take water to 
somebody or something (ecosystem) downstream. Contrarily to Surface water 
Aquifer Withdrawals are more insidious  since almost  « invisible »!   
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(Observatoire du Sahara et du Sahel)

Sahara and Sahel Observatory

Water Demand

Socio-economic control

Public Policies

Hydrology

Sustainability : R-QW≥0

Climate, Vegetation, 
Géology,…
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North-Western Sahara Aquifer System 

(NWSAS): Multi-layered system over 106

km2 , estimated reserves: 31 000 km3

(Baba Sy, 2005)

1950 ~2000 Boreholes QW=0.5 km3/yr...

… 9000 boreholes in 2000 QW=2.5 km3/yr

Mean piezometric drawdown : 20m CT

30 m CI between 1950 & 2000
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80 to 85% of withdrawals for 
agriculture (irrigation)
Oasis (« Socio economic aspects of the 
Irriguation in the SASS basin », OSS (2014)

Hydrodynamics at steady-state (natural, 1950) of the NWSAS Recharge/discharge areas

CI at steady state 1950 (QW~0)
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GRACE : Gravity Recovery and Climate 

Experiment (NASA et German Aerospace 

Center) launched in 2002
Monitoring of the gravity field  g (1°×1° Africa) by twin 

Satellites 

Basic hypothesis:

Dg⇔DM mass variations of continental water bodies 

including groundwater (Groundwater Storage GWS)

Monthly values of g expressed in « water height 

anomalies » (value minus long term mean) =Terrestrial 

water storage (TWS)

(water mass: 2.25 cm water height ⇔ 1µGal)

« Satellite Hydrology » :

Monitoring of aquifers seasonality; water balances for 

large hydro(geol)logical basins  

Example: TWS variation (mm/yr) between 2002 and 2016

For the NWSAS  water fluxes (depletion or replenishment)  

of water bodies (here aquifers+soil) 

Mohamed A. & Gonçalvès J., Submitted, J. Hydrol.
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QW(pumpings), QD (discharge) , RIr (irrigation)  are 

known

Budget closure using GRACE  Solutions:

Natural modern Recharge  RN ~2.2 ±1.4 

mm/yr or 1.4 ± 0.9 km3/yr  ~40% of the 

pumpings  (2.75 km3/yr)

NWSAS is not strictly fossil!

DGWS = -QW - QD + RIr+RN

Application to the whole NWSAS domain: for each monthly map of TWS 

the NWSAS surface area averaged value is calculated yielding a TWS time-series

TWS=GWS+SWS+SuWS

SWS (Soil water storage) obtained from GLDAS         GWS=TWS-SWS

SuWS (Surface Water Storage) ~0 in NWSAS

Gonçalvès et al. (2013)
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Approach using GRACE recently extended (2002-2016)…

..yielding  a R=1.21±0.25 km3 yr-1

(Mohamed A. & Gonçalvès J., Sub.)

Long term value??? GRACE ended in

2018…
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Hydrogeological model (Petersen, 2014) of the CI at steady-state (~1950) PMWIN (Modflow)

Using the geometry from the last complete model by Baba Sy (2005)

10 previous models CIRCI=0.36±0.15 km3 yr-1; 2 CI+CTRCT=0.66±0.12 km3 yr-1

Automatic calibration (Gradient method)
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Validity of the postulated Steady-state 

in 1950 while the end of the  African 

Humid Period (AHP) is at -5ka?

●Km=4 10-5 m s-1 + CI average 

thickness of 350m T=1.2 10-2 m2 s-1

Equilibration time (Resilience!) TE~3t

(characteristic time) with t=L2/(T/S)

S: storativity 10-3

L: dimension of the system (recharge-

discharge distance) ~500 km

TE=2ky

●RCI=0.22 km3 yr-1

Atlas ~75% of this value

Calculated Groundwater 

Budget (m3 s-1)

Gonçalvès et al. (In Rev.) REEC

AHP

Introduction Recharge Estimates Sustainability? Summary-Conc.-Prospects



Recharge using cosmogenic radio-isotopes : example 36Cl in the Cont. Intercalaire

Field sampling along streamlines         Piston Flow model        Calibration of recharge (0-800ky)

Distance to the outcrop

Petersen et al. (2014) 

Noting that 20 mm yr-1 is the mean recharge value 

(0-15 ky BP), assuming i) square-wave climatic scenario, ii)

linearity R-AR, iii) a1=5±2.3 (model + proxy reconstructions) 

a2~0 and the 25000 km² outcrop CI Atlas RCI
Atlas=0.25±0.1 km3 yr-1
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Beyond sustainability, “ecosystem” damages: example of the Djeffara plain
dLR: Local recharge (LR)

dCI:CI disharge

Objective : using Isotopic data; end-members identification and 
a simple mixing model to Identify QCI

Homogeneous mixing reservoir 

model :QCI=QLR×(dLR-dm)/(dLR-dCI)
dm? Geosatistical approach

Methodology

dm (mean and

Std deviation)
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CI piezometric

map



QCI=1.78±1.00 m3 s-1 in 1970 

and QCI=0.67±0.42 m3 s-1 in 2007

vs QLR=0.67±0.23 m3 s-1

Gonçalvès et al. (2015); 

Gonçalvès et al. (In Rev.) REEC

R ↘
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QCI↘



●Consistency between Model-derived (1.02±0.27)
And GRACE derived values R=1.1±0.27  km3 yr-1

● Values proposed here are domain averaged 
For future hydrogeological modeling need for
regionalization

● Unsustainability since ~1980 
● Regarding pumping projections
system increasingly unsustainable … Ineluctable
Groundwater is the only resource!

Only Irrigation practices improvement 
can limit the phenomenon
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Sustainable

exploitation

unsustainable

exploitation

Irr. Eff=0.5

Irr. Eff=0.8

CT

CI



DGWS=RN+RA-QW-QD

% 

Variation/ 

average

rainfall

1986-2005 

2050 2100

RGP 2.6 +1% +2.5%

RGP 8.5 -5% -15%

DQW=15% (0,45 km3 yr-1)

DAAR=15%0,15*0,027 DR=0,4%

(0,004 km3 yr-1) 

Main concern is water demand parsimonious irrigation  methods promoted by OSS (Pilot 
experiments, SASS III)

Mohamed & Gonçalvès, Sub, J. Hydrol.
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Relative importance of climate and withdrawals  in future projections?



A lot of unexploited Cosmogenic data (14C, 36Cl)

Draw a even more convincing picture of regional recharge

and regionalization of the recharge (data for different 

streamlines and AAR) future hydro-economic model 

Prospects

●A more extensive use of cosmogenic radio-isotopes?

●Hydro-economic modeling (PhD A. Chekireb ; 2018-..)

Coupling of hydrogeological model (first global then distributed (?)) 

with an economic model to analyze optimal groundwater use 

demand/price/cost/mitigation CT-CI

Coll. CEREGE & AMSE (Aix-Marseille School of Economics) 

CT

CI
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Our simplified two reservoirs vision of the
NWSAS

Simplified economic vision of the
NWSAS!!

First step: building methodological concepts, first results mitigation CI/CTneed for a
regionalization of  the Hydrogeological model?

« Upscaled »
Model Baba-Sy
(2005)

Current work building of a global hydro-economic model (two homogeneous reservoirs)
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Our simplified two reservoirs vision of the
NWSAS

Simplified economic vision of the
NWSAS!!

Current work building of a global hydro-economic model (two homogeneous reservoirs)

First step: building methodological concepts, first results mitigation CI/CTneed for a
regionalization of  the Hydrogeological model?
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« Upscaled »
Model Baba-Sy
(2005)
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State of the Art Hydrodynamics, water balance of the NWSAS

First historical program ERES Etudes des Resources en Eaux du Sahara Septentrional ( UNESCO, 1972)

Characterization of the Recharge:

●Geochemistry : Mostly Qualitative (presence of tritium, d18O,d2H signal of modern rainfall 

in groundwater) and rarely  quantitative results 1 Recharge value 1.3 mm/yr by CMB at Tozeur (Tunisia)

and a net discharge (R<0) at Beni Abès (Algeria) ; Pore velocity (Not R) in the Atlasian part of the 

NWSAS using 36Cl 

● Hydrogeological model : 10 models developed for the CI, 2 for the CI+CT. Upon calibration,  they lead to

an overall groundwater balance at steady state (natural) with a cumulated regional  R=1.02±0.2 km3 yr-1 .

●Geophysical approaches? NO
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