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A Ground-Water Flow Model for Tadla Plain, Morocco

ARM ShurbaJI

Abstract

thIS report documents the development of a finIte-dIfference numencal model of the ground-

\\'ater flow system In a 2412 km2
area of Tadla plaIn, that mcludes Tadla lmgatlOn Penmeter A

flow model m the unconfined aqmfer 15 bemg calIbrated for a steady-state condItIOn to deterrmne

the h) drauhc propertIes and appropnate boundary condItIons for the stud) area ContmuatlOn of

tlus modelmg effort IS antICIpated to\\ard tranSIent cahbratlOn so that thIS model can reliably

predIct the response of the ground-water system to changes In stresses that affect recharge to or

dIscharge from the system A calIbrated flow model Wllllay the baSIS for future work related to

the modelmg of contammant transport In groundwater, and may be used to evaluate the response

of the groundwater system to mstallmg more drams, to a pOSSIble drought, or to expanSIOn of

lITIgated areas Combmmg the model \\lth an optlmlzatlOn code v,,111 fonn a management tool

that can be used to evaluate cost-dnven conjunctIve use strategIes of surface and ground-\\-ater

resources m the lITIgatIOn penmeter

INTRODUCTION

2
Tadla PIam covers an area of 3600 km to the north of the Atlas Mountam Range, wluch

IS about 190 km southeast of Casablanca The Plateau of Phosphates lImIts Tadla plam from the

north In the east, Tadla plam narro\\'s between Atlas Mountams ill the south and area of

Oued-Zem m the north and northeast To the v.est IS the m,er, Oued EI Abld The southern
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boundary of the area IS defined by the contact between the defonned rocks of the MIddle Atlas

Range and the unconsolIdated deposIts of Tadta Plam The study area In thIS modelmg effort IS

2412 km2 and mcludes TadJa ImgatIOn Penmeter v.hlch covers 1140 km2 (FIgure I) The

peflmeter IS dJ\'lded 1OtO t~o sub-penmeters by the centrally located m,er, Oum-Er Rbla These

sub-penmeters are Sem AImr, 350 km2
on the fight bank of the nver and Sem Moussa, 790 km2

on the left bank

Agncultural productiVIty In Morocco's Tadta Plam depends on the avaIlabIlIty and

quality of groundv..ater whIch had been conJunctIvel)' used Wlth canal v.ater for many years A

comprehensIve analysIs of regIOnal ground-water flow In Tadla ImgatIOn penmeter IS essential

to the development of solutIOns to problems that may nse In tJus area such as the occurrence of

shallow ground-water or the occurrence of tOXIC matenals 10 pumped groundv.ater As

ORMVAT, the agency Wlth responsIbIlity for management of ground-water resources In Tadla

Irngahon penmeter, IS becomIng more concerned about rutrate contammatlon In the aqUIfer, the

need IS 10CreaSIng for a calIbrated flow model as a prereqUIsIte for bUIldmg a ground-water

transport model If ORMYAT v.ant to Influence the farmers to pump more from groundwater by

controllIng surface water dehvenes or the pnce for canal water then such a groundwater flow

model ]s needed to study the response of the system to dIfferent management strategIes ThIs

model Wlll always be a mam component In any Simulatlon-optIm]zatlon model used for

conJunctlve management of surface and ground-v.aters

The emphasIS In tlus report IS on the mathematIcal approach used In modelmg the flow

s}stem, the data base on \\ruch the model IS based, the methods used to calibrate the model, and

easy steps to run the model and make use of the results Development of tills Tadla Groundwater
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flow Model (Tadla-GWFM) Involved both art and sCience By read109 thIs report thoroughly

and the documentatIOn that accompany MODFLOW (McDonald, M G , A W Harbaugh, 1988,

Anderson, P F , 1993), one can learn the art of modelmg Ho\\ever, a successful modeler should

have the basIc knowledge 10 groundwater hydrology In order to practice the art of modelIng

PHYSICAL HYDROGEOLOGY

The physIcal hydrogeology of the study area has been previously descnbed (BRGM,

1993) The study area IS underlaIn by an areally extenSIve clay layer, wruch dIVides the ground­

water flo," system mto two zones an upper unconfined zone and a lo,"er confined zone The

base of the unconfined aqUIfer ranges In depth from 25 to 500 meters

Tadla Plam IS mostly gently slopIng land v.lth some steeper slopes found In the upper

areas northeast m Beru-AmlT arid Southeast In Beru-Mousa (Figure I) Average altitude of land

surface 10 the study area IS 430 m above mean sea level The clImate In Tadla PlaIn IS arId to

semIand The annual pan evaporatIOn of 1800 nun IS far In excess of the a\erage annual

preCipitatIOn of 350 mm/year Ram occurs pnmanly from November to March Temperature

VarIes seasonally from an average dally mllllffium of 3 5 °C to an average dally maxImum of 38

°C Pnor to Introducmg ImgatlOn In Tadla PIam, recharge to the ground-water flow system was

pnmanly from preCipitation and IntermIttent streams lIke Oud Ouerna Discharge from the

ground-v.ater flow s]stem was pnmanly by evaporatIOn and dIscharge to Oum-Er-Rbla nver

The present-day hydrology of the area IS dommated by agncultural actIvItIes Percolation

of ImgatlOn water past crop roots and ground-water pumpIng are the domInant hydraulIc stresses

on the flow system Most of the ground-water IS pumped from the upper unconfined zone Most

5
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of the lITIgatIOn canal \\-ater applied m the Bem-Amu sub-penmeter IS denved through a surface

canal from a diversIOn darn on Oum-Er-Rbla flver, some 30 km upstream The Bem Moussa sub­

penmeter dem,es ItS canal \\-ater from Bm-EI-OUldane Darn (located on the southern side of the

Atlas Mountam) through a 11 kIn tunnel that penetrates the mountain

Long history of excessive v.atenng of crops usmg canal v.ater can cause a nse of the

\\-ater table and e\aporatlOn of shalla\\- ground-water and encroachmg ofground-\\-ater m the root

zone can cause mcreases m sOil salmIty, further degradation of ground-\\-ater qualIty, and

reduced crop yield SahruzatlOn has led to the collapse of agncultural economies dependent on

lITIgatIOn throughout history (Hlllel, 1991) AntICIpatmg thIS problem and m order to control the

altItude of the \\-ater table, a surface dramage system \\-as mstalled m the late fifties The average

separatIOn distance bemeen the mam drams IS 5 kIn and the average depth of these drams IS 1 8

m below the ground surface These drams follow the topography In their directIOn and they

dIscharge m Oum-Er-Rbla n\er Under nonnal conditions, these drams carry o\erland flow

follo\\ mg exceSSI\e lITIgatIOn and heavy ramfall e\ents To meet crop water requIrements m the

drought years, 1983-1984, many lITIgatIOn wells were hand dug and the number of shallow \\-ells

to date IS approXimately 9300 Ground-water pumpmg IS lo\\-enng the water table elevatIOn m

the area and reduce the potentIal for shallow water table problems

MODEL DESIGN

A ground-water flow model for the study area v.as constructed usmg the U S GeologIcal

Survey's three-dImenSIOnal, fIrnte drfference ground-v.ater flow model, MODFLOW (McDonald

and Harbaugh, 1988) ApphcatIOn of MODFLOW to the flow system reqUlres syntheSIS ofa
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large data base and evaluatIOn of se\-eral model parameters The accuracy of the model IS

constrained by the assumptions and simplificatIOns Incorporated In the anal)sls and by the

accuracy of the mput data

GOHrnmg EquatIon

The go\-emmg equatIOn for ground-water flo\\ In the unconfined aqUIfer IS

Equation 1

a ah a ah ah
-(Tu-) + -(Tn -) + W = Sy­ax ax ay ay at

\\here

h=hydrauhc head (\\-ater table elevatIOn) (L),

T:o;= transmIssIvIty In the x direction due to a umt hydraulIc gradIent In the x dlrectlOn (Lf[),

Tyy= transmIssIvity In the y dIrectIOn due to a urnt hydraulIc gradIent In the y dIrectIOn (Lff),

IW=extemal sources of\\-ater (T ),

x,y=carteslan coordInates (L),

Sy=speclfic YIeld, and

t= tIme (T)
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This equation IS vahd for heterogeneous and amsotroplc porous medIUm and It descnbes a

transient system v.here the system vanable, head, changes wIth time A steady-state conditIOn,

where the head IS not changmg v.lth time, IS only an approximation of realty m such a ground-

water floVv system For the steady-state case, Eqn (I) reduces to

Equation 2

a oh 0 ah
-(Tu-) + -(Tyy -) + W =0ax ax oy ay

In the sImulatIOns undertaken so far, Eqn (2) was solved usmg the precondItIoned

conjugate-gradient method for an Isotropic case where Txx=Tyy In every cell

Model GrId and Boundary ConditIons

Areally, the study area was dlscntlzed usmg a 22 row by 33 column gnd, v.lth each

model cell 2 km on a SIde (FIgure 2) The southern boundary of the gnd approxImates the

contact betVveen the Atlas Mountam Range and the unconsohdated allUVIUm The Atlas range

acts as a ground-v.ater bamer and IS treated 10 the model as a no-flow boundary The western

boundanes of the gnd approxImate flow hnes and are treated as no-flow boundanes The study

area IS hydraulIcally connected to other areas 10 the north and east and the boundanes v.ere

determmed to be specIfied-head boundanes Across these specIfied-head boundanes, the flux

mto (or out of) a gIven cell IS controlled by a conductance term and the head dIfference across

the boundary

EquatIOn 3

9
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Q==flow rate bet\\-een a cell and the boundary (LJ/t),

2
C==conductance across the boundary (L It),

Hb==head at the boundary (L), and

h,J==head 10 model cell (row I and column J) adjacent to the boundary (L)

H)drauhc PropertIes

Wlthm the aqUlfer, transmIssIvIty data (obtamed from pumpmg tests) IS available at

several locatIOns m the area (DRH, 1972) These transmlSSI\ Ity values have an average value of

6 76x 10 3 m/s For loganthmlc transmissIvity, the average \alue and standard devIatIOn \ltere -

2 17 m2/s and 070, respechvely Values that are separated more than 22 times the standard

deVIatIOn v.ere belIeved to be wrong and were removed from the data set TransmissIvIty values

for all cells 10 the model gnd were calculated USIng kng10g 1OterpolatIOn on loganth1mc

transmIssIvIty An exponentIal semlvarlogram model was found sUItable for the loganthnuc

transmiSSIVIty data FIgure 3 shows the generated transmIssIvIty field, as well as locatIOn of

pomts of transmIssIvIty measurements (pumpmg wells) used m kngmg

Sources and Smks

Wltlun the domam of the model, the sources and SInkS are recharge, ground-\'.ater

pumpmg, leakage beffieen the aqUifer and drams and streams, Inflow and outflow from

boundarIes and evaporatIon Recharge and pumpIng III the model are spatIally dIstnbuted The

rate of apphed water denved from canal water IS 10m/year and the ramfall rate IS 0 35 mfyear

Imgatlon effiCIency IS belIeved to be 27% \ltruch means recharge from ImgatlOn IS 027 m1)ear

12
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InfiltratIOn efficIency from ramfallls belIeved to be 24% lead109 to 0 08 m/year reach109

ground-\\ater

The model uses the rIver package 10 MODFLOW to simulate leakage betvreen the

ground-\\ater system and streams and drams that Interact \\lth ground-\\ater Streams and

draInS supenmposed on the model gnd are dIvIded mto segments and reaches (FIgure 4) A

segment IS a stream or dram 10 whIch streamflow from surface sources are added at the

begmmng of the segment A reach IS the part of a segment that corresponds to an mdlvIdual cell

m the gnd The model uses pleCe\\lSe lInear head-dependent functIOn to represent flow between

a reach (or reaches) and the correspond1Og cell In the aqUIfer Consequently, reach bottom

altItude and conductance need to be specIfied for each model cell conta1Omg a dram or a stream

The conductance for each reach was calculated as a functlon of the length of that reach m the

cell The model also uses peICe\\1Se lInear head-dependent functIons to represent evaporatIon

The extmctIon depth used IS 23m and a value of 035m \\as used as the maxImum evaporatIOn

rate from the ground-water (If located at ground surface), v.hIch IS equal to the maxImum

recharge rate (BelItz and PhIllIps, 1995)

MODEL EXECUTION

Easy steps to run the model

To run the model, the user should access the dIrectory (e g , c \tadla\modtadla\gv.1TIodel)

that contams the 10put files (e g, run2 bas, hef, weI) and the executable file (modflow exe) from

In WINDOWS, clIckmg on the Icon of the executIOn batch file (e g, run2 bat) WIll start the

sImulatIOn, and 10 fe\\ seconds the output file (e g , run2 out) WIll be generated Exanunmg the

15
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results given in the output file IS the nght thing to do before plonlng heads The content of the

batch file, input files, and the output tile are gl\,en In the appendix

To generate a file (e g, head2 dat) haVing the format x y, head (\\here x y are the

coordmate distance along columns and rows for the center POInt of a cell) , the user IS expected

to run postrnod exe and Input the bmary file (e g, head30 bm) generated by MODFLOW

Hoowever, the head data file needs some processing before It can be moved to the UNIX statIOn,

on a dIskette, for mput to ARCIINFO, a Geographlc InformatlOn System (GIS) softv.are For

the gnd (see FIgure 2), each cell IS given an Identification number (ID) that relates to Its locatIOn

in the gnd (row, column) USing a spread sheet program (e g, Excel), the same IDs for cells are

gIven to the correspondmg records In the head data file The records for mactlve cells should be

removed from thIS file The number of actIve cells In thIS model IS 603 cells (see FIgure 2) The

ID corresponds to the node (center) of the cell and also It corresponds to the cell Itself Usmg

the ID one can find for each node the model x,y coordmates and the GIS real coordmates Input

to ARCIINFO should be In real x,y coordinates The data IS transferred to ARCJ1NFO either In

text dehmlted file or dbase file \\lth the ID given to each record The head values \\111 be given

to the paints representmg the cell centers and can be stored m an Item 10 the pomt coverage

generated for these pomts or a new coverage can be generated from the text file Contours WIll

be generated for SImulated heads from the values given for all actlve cells and for the case of

obseIVed head, mterpolatlOn IS needed first to estimate values for the nodes In actIve cells

Vlsuahzatlon of results usmg ARCIINFO

17



VIsualIzatlOn water table contours on a map that sho\\-s the model boundary the

transmISSIVity values, and also the momtonng \\-ells used to generate the measured \\-ater

ele\ atlOn contours well help evaluate the choice of boundar) conditIOns Plottmg these heads on

a map \\-Ith the nver and drams IS also very valuable to understand the function of the n\er and

drams VIsualIzatIOn usmg ARCIINFO has no substitute In personal computer applicatIOns In

thIS modelIng study, ARCfINFO \\as also a desIgn and an analySIS tool, It v.as used to generate

the model gnd, perfonn InterpolatIOn to calculate observed head" alues for the center of each

gnd cell, and transmISSIVity values for each cell, and generate contours for Simulated and

measured heads and for topography

MODEL CALIBRATION

The purpose of calIbratIon IS to establIsh that the model can reproduce field-measured

heads and flows Dunng calIbratIon a set of values for aqUIfer parameters and stresses IS found

that approximates field-measured heads and flows CalIbratIOn IS done by tnal and error

adjustment of parameters or by usmg an automated parameter estlmatIOn code

Companson berneen SImulated and obsened water table

In tlus study a head-constramed cahbratlon approach was taken, SImulated \\-ater levels

were compared to obseved water levels for the 100 morutonng \\ells The locatIon of these v,ells

15 gIven m FIgure 5 In fact, Simulated and measured heads are compared for the centers of the

92 cells contammg the 100 momtonng wells, where obsened \\ater levels m the centers of

these cells \\-ere determmed usmg mterpolatIon ComparIson between SImulated and observed

18



~ater levels (heads) ~as evaluated usmg two statistical measures, the root mean square error and

the bIas which are defined as fol1o~s

Equahon 4

~ [hmta(l) - hJlm(I)] 2
RMSE = L.J

1:1 n

Equation S

/I

BIAS =~)hmtas(l) - hs,m(l)]
1=1

~here

RMSE= root mean square error,

n= number of measurements,

hmeas= measured head,

h,.lm= sImulated head, and

1= summatIOn mdex

The root mean square error IS a relatIve measure of the error assocIated With il1e

dIfference bet\veen sImulated and measured heads PosItIve or negatIve dIfferences m head have

equal effects on the calculatIOns S)stem-vdde tendenCIes to~ard pOSItIve or negatIve head

dIfferences are reflected m the bIas value

Stead) -state calIbration

19



Figure 5 I1lustrates the measured \\ater-table elevation In October 1995 and the sImulated

~ater-table elevation from an InItial run The reader may refer to Input files (gIven In the

appendix) to kIlo\', the values of parameters used In the simulatIOn The poor correspondence

20
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bet~een simulated and measured contours suggests the need for more cahbratlOn runs

ObvIOusly, the boundary condition in the bottom east comer need to be changed from no flow

boundary to speCified-head boundary In subsequent runs, the conductance per meter for the

m·er bottom, the anisotropy ratio, the average transmissIvity, and \-alues along speCified-head

boundanes Will be taken as the cahbratlOn parameters

Transient CalIbratIon

In the calIbratIOn effort under transient condItIons, speCIfic yield and conductance terms

for drams w1lt be treated as calIbratIOn parameters The sensltJ\-lt) of the model to changes in

the calIbrated parameters IdentIfied 10 the steady-state conditIOn should be determmed agam and

values should be selected so that the model perform well 10 both cases For transient SImulation,

the initial dlstnbutIOn ofheads 10 the system also IS needed

CahbratlOn Sensltl\ Ity Anal) SIS

The calibrated model IS mfluenced by uncertaInty o~mg to the inabilIty to define the

exact spatIal (and temporal) dlstnbutlOn of parameter values 10 the model domam A senSitiVity

anal}SIS IS needed 10 order to estabhsh the effect ofuncertamty on the calIbrated model

Model VenficatlOn

To establIsh greater confidence 10 the model, at least t\vo more sets of measured \\ater

levels should be examIned and compared to the Simulated condItIOn USIng the set of calIbrated

parameter values

APPLICATIONS
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The development of this model IS expensive (m terms of labor tIme, the computer

resources used, and the extensIve field mformahon requIred for mput data) However,

applIcatIOns can only be meanmgful If the model IS calibrated This model v.,Jl be utilIzed

\\hene\er profess1Onals m ORMVAT v.ant to make mformed analysIs or predIctIOn about the

consequences of a proposed actIon that Will affect recharge to or dIscharge from the ground­

'Water S} stem

The flov.. model, once calIbrated, can be utlhzed (1) m definmg flow path lInes whIch are

also path lInes for contammant transport m the aqUIfer, (2) for buIldmg a contammant transport

model, (3) In the evaluatlon of the ground-water system response to (a) mstallmg more drams,

(b) a possible drought, (c) expanSIOn of ImgatIOn to mclude some ramfed areas, and (4) to

evaluate cost-dnven conjunctive management of surface and ground-water resources In the

lrngatIOn penmeter

This modelmg effort IS takmg advantage of the GIS laboratory, v.ruch Wlll be

contmuously utIlIzed to accomplIsh the goals of thiS study, ha\ mg a venfied ground-v.ater flow

model Any future modeling effort WIll also use the same procedures for data transfer between

personal computers and UNIX stat10n Once the model IS cahbeated It can be moved to the UNIX

statIon

23
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TIME PLAN

Activity

CalIbratIOn under steady state conditIOn

Sensitivity analysIs

Transient calibratIOn

Report wntmg

Trammg (1) USIng the model

(II) ApphcatlOns

(II) Advanced modehng skills

SUMMARY

\Veeks needed

3

1

3

2

1

2

A numencal model was developed for the regIOnal ground-water flow system m 2412

km2 of Tadla Plam, that Includes Tadla lITIgatIon penmeter The model IS currently bemg

calIbrated under steady-state conditIon by companson to water levels observed m October 1995

Two more data sets are needed for the steady-state calIbratIon procedure ThIS modelmg effort IS

not complete arid only after achIevmg calIbratIon under steady-state and tranSIent COndItIons, It

can used wIth confidence In makIng predIctIOns Tlus report (manual) documents all the steps

undertaken m the modelIng process (l) understanding the phySical hydrogeology and bUlldmg a

conceptual model for the ground-water flow system, (2) model deSign whIch Includes the

mathematIcal formulatIOn (goverrung equation), gnd onentatIon and deSIgn, data reqUIrements
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based on the grid, governing equatIon, sources/sinks, and boundar) condItIOns, and (3) bUilding

the Input files, running then model and VIsualiZing the results, and (4) model calibratIOn
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