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ABSTRACT

The objective of this study was to adapt and evaltize applicability of a physically-based
spatially distributed hydrological model SWAT (SaWater Assessment Tool) and IWRM
integrated water resources management lumped m@deAP (Water Evaluation And
Planning) for simulating the main hydrologic proges in arid environments. The models
were applied to the 1200-km2 watershed of wadi Melig in central Tunisia to investigate
the hydrological response of the basin. The seitgitianalysis of hydrology, soil and
vegetation parameters of SWAT and WEAP helped ¢atifly influential parameters and this
could serve as a guide in calibrating the modele fain adjustment for adapting WEAP
and SWAT model to this dry Mediterranean watershed the inclusion of water soil
conservation works WSCWs, which capture and usiirunoff for crop production and
aquifers recharge in upstream basins. The modais mm and the simulated runoff values
were compared with the measured stream-flow vallreshe calibration period the Nash
efficiency coefficient for the SWAT and WEAP modeigre respectively 0,64 and 0,41 for
the runoff. The value of Nash coefficient indicathat the result of SWAT model is
acceptable contrasting the WEAP model. SWAT sinmfatvas better than WEAP in most
case and could be used with reasonable confidemaeirfioff quantification in the Merguellil
watershed. For the SWAT model, The results of tagewbalance simulation at monthly and
annual time scales was generally good and the whbdestream-flow in Zebess, Skhira,
Haffouz and El Houareb flow-gages could be repredusatisfactorily. An estimation of the
suspended sediments and nutrients loads in theshatd was performed without calibration
because of missing data. Several hypothetical siosnaf land use and climate change were
generated by the SWAT and WEAP models in ordereterthine the impact of the variation
of land management and climate change on water nig¢mad supply on downstream water

users



RIASSUNTO

L’obiettivo del presente studio e quello di adagtar valutare il campo di applicazione del
modello idrogeologico bidimensionale physically-®&sSWAT (Soil Water Assessment
Tool), Strumento di valutazione di acqua e suolaleemodello WEAP (Water Evaluation
And Planning), Valutazione e pianificatione deilorse idriche, per I'analisi integrata della
gestione delle acque, IWRM (Integrated Water ResssuManagement), al fine di simulare i

principali processi idrologici in ambienti aridi.

Nella fattispecie, i modelli sono stati applicatibacino dello Wadi Merguellil, che si trova

nella parte centrale della Tunisia e si estenddi sma superficie pari a 1200 Km2.

L’analisi di sensibilita dei parametri idrogeologidi suolo e vegetazione dei modelli SWAT
e WEAP, ha permesso l'identificazione dei parame@terminanti che possono essere

utilizzati come linea guida nella calibrazione d&delli stessi.

Il principale aggiustamento per l'adattamento deddeili, WEAP e SWAT, al bacino
mediterraneo arido, oggetto di studio, & statarbihuzione della componente WSCWs, Water
soil conservation works, contenente le misure pecdnservazione di suolo ed acqua; tale
componente permette di catturare ed usare l'acquasdellamento, per la produzione di

raccolti e per la ricarica dei bacini a monte ditibo stesso.

I modelli sono stati messi a punto ed i valori éfldssi simulati sono stati paragonati a quelli

delle portate di deflusso stream-flow misurate lievdel bacino.

Nel periodo di calibrazione il coefficiente di €itnza di Nash, per i modelli SWAT e WEAP

ha assunto rispettivamente valori di 0.64 e 0.4t goanto riguarda i valori di deflussi.

Secondo tali valori di Ens il modello SWAT risubiacettabile in contrasto con i risultati del
modello WEAP. Pertanto. la simulazione ottenutanita il modello SWAT risulta migliore

di quella ottenuta con il modello WEAP nella maggiza dei casi. Il modello SWAT puo
essere dunque utilizzato con un livello di confzBerragionevole per quanto riguarda la

guantificazione del ruscellamento nel bacino di dexlil.

| risultati della simulazione del bilancio idricou sscala mensile ed annuale, € stata
generalmente buona e le portate di deflusso odserle stazioni di misura di Zebess,

Skhira, Haffouz e El Houareb hanno potuto esseredbtte in maniera soddisfacente.

Una stima quantitativa dell’erosione e del cari@ dutrienti nel bacino & stata condotta
senza possibilita di calibrare i risultati a cadeia scarsita di dati.

iv



Diversi scenari ipotetici di uso del suolo e cami®ato climatico sono stati generati
attraverso i modelli SWAT e WEAP, cosi da determenimpatto della variazione di tali
fattori, uso del suolo e cambiamento climaticol sydprovvigionamento idrico degli utenti a

valle del bacino stesso.
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1 INTRODUCTION

1.1 PROBLEM STATEMENT

Despite the critical importance of water scarcibe hydrology in semi-arid regions has not
received as much attention as other climatic regiand historically the hydrological data
have been severely limited and can in some respectategorized as ungauged basins. The
limitation of data is due a small population densitd hydrological observation networks are
difficult and costly to build and maintain in sudygions. Furthermore, hydrological extremes
are more common than in humid climates among oftheesto the following: 1) precipitation

is low on an annual basis but it falls as high+isity storms of often limited spatial extent, 2)
high potential evaporation, and 3) low runoff volimn an annual basis and runoff occurs as
short intermittent flash floods. In order to deyek successful recharge estimation approach

for a region, the effects of all the complex mecdtians must be taken into account.

Hydrological models are valuable, if not esserttials for this purpose. They have become a
basic tool in hydrology. Their development, whichsaclosely linked to increasing power of
computer processing, started in the 1960s. Theynave indispensable tools for planning,
design and management of hydrologically relatedastfucture. They can also improve
system understanding which is required for decisioaking and policy analysis. The
advantage of hydrological models is that all thenteof the water balance can be estimated
over an unlimited time frame. Various model appheschave been proposed for this purpose
ranging from simpler lumped and conceptual catclimerodels to complex distributed and
physically based models. Compared with lumped nsodistributed hydrological models can
account for spatial heterogeneities and provideildet description of the hydrological
processes in a catchment. However the main disséalyanof these models is the high

demands of spatial input data.

The water management literature is rich with indéead water resources management IWRM
models that have tended to focus either on undefstg how water flows through a
watershed in response to hydrologic events or lmcating the water that becomes available
in response to those events. For example, the Usrreent of Agriculture’s Soil Water
Assessment Tool (SWAT, (Arnold and Allen, 1993)cludes sophisticated physical
hydrologic watershed modules that describe, amdmgrs, rainfall-runoff processes, irrigated

agriculture processes, and point and non-point watdershed dynamics, but a relatively

1
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simple reservoir operations module (Srinivasan.efl898; Ritschard et al., 1999; Fontaine et
al., 2002).

Nevertheless, the number of hydrological models rmwailable has increased to such an
extent that it has become a relatively hard tasthimose one from amongst them all when a
simulation is to be done. Selection of an appreprimodel for a particular need is made
easier thanks to several model classifications lthae emerged in the past (Schulze, 1998).

Hydrological models are usually distinguished og lasis of their:

- Function prescriptive models are used to make predictafnsatchment behavior and are

used in engineering and regulation studies. Detseogipodels
are more specifically concerned with testing ofaaptual theory and mainly
applied in scientific research.

- Structure three groups of models exist depending on theircgire. Deterministic models

are physically-based and describe cause and e#fiattonships with mathematical equations.
Stochastic models use statistical properties dftiexj records and probability laws to solve
hydrological problems. Conceptual models averagatsioutputs of an area to get rid of time

and space heterogeneities that constitute a hygloallsystem.

- Level of spatial disaggregatiolhumped models represent processes in a spatiadiyaged

way whereas distributed models represent thenspatially disaggregated way.

Criteria for the selection of a model are mainiykéd to the nature of the problem to be
evaluated and to the resources available (datapetng facilities). The naive perception that
model complexity is positively correlated with cm@nce in the results has faded in the
recent years and the whole concept itself of plaisibased hydrological modeling has been
brought into question (Grayson et al., 1992): isthe kept in mind that equations underlying
these models describe processes occurring in gtaligt stationary ‘model’ catchments
which are spatially homogenous at the model gradesqBeven, 1989). Consequently,
accuracy of the model depends on the degree ofdgeteeity that is lumped in it, and
improving descriptions without introducing paranmetdentifiability problems, this is a

guestion that is still not resolved (Beven, 2000).
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1.2 RESEARCH OBJECTIVES

Modeling can play a key role in the developmentsabtainable management of water
resources at river basin scale. Modeling can helgvaluating current water resources,
identify pollution sources (source apportionmeet)aluate alternative management policies,
and elaborate sustainable water allocation amongus stakeholders. Various studies
investigated the role of models in the implementatf the water related policies such as the
EU Water Framework Directive (Wasson and Tusse@032Dgrge and Windolf, 2003).
Fewer efforts have been dedicated to the use ofelmad Northern African countries in
helping the evaluation of the implementations ofigees, especially those dealing with
agriculture (Bouraoui and al, 2005).

The objective of this study is to investigate thgatgal and temporal variation of water

resources in

the semi-arid basin through hydrological modelitlge Water Evaluation And Planning
(WEAP) model, a lumped model, and Soil Water Assesd Tool (SWAT) were used to

simulate the hydrology of the Merguellil catchméFte aims of the study were:

- to evaluate the rainfall-runoff component of botledels and to test their ability to
compute natural flow data.

- to assess the impact of development on water ressiny simulating water uses in the
catchment.

- to provide information about two models ability he used as a water management
analysis and planning tool in the Merguellil catemn

- to adapt the models to this dry Mediterranean enwrent by the inclusion of water
harvesting systems (contour ridges and small darhjch capture and use surface
runoff in upstream subbasins.

- To analyze the flow regime alterations and watenaed under scenario of land use
and climate change

- To compare the result of SWAT and WEAP models

1.3 OUTLINES OF THE THESIS

After describing the context of the study and idtroing the objectives of the thesis in the
Chapter 1, the whole purpose ahe chapter 2is to provide a wider literature review for the

research by highlighting some of components ofiy@rological cycle in the watershed. The
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importance of scientific researches in the area$yalrology, in the semi arid context is
presented. In line with the objectives of this gtudn overall presentation on the types of

hydrological models and their applications in watsources management is made.

Chapter 3. This chapter is dedicated to the description bfspcally-based distributed
hydrological model (SWAT) and the lumped model WEA$&d in the study. The different
hydrological processes, input requirements andutsitpf the model are described. Moreover,

some examples of the model application from aratedvorld are included.

Chapter 4: The status of water resources development insfaimn general and Merguellil,

in particular, is briefly presented in the chapfihis chapter describes the environment of the
study area. It begins with the presentation ofah@ironment of the study area in terms of its
geographic and climatic characteristics. This ifofwed by sections on soil and land cover
types and geology of Merguellil basin. An overviefithe climate and hydrological systems
of the study area is also included. Available dmtse such as the DEM, soils, land uses, and
Water and Soil Conservation Works (WSCW) are prieskrAnalysis of the climatic data in
the catchment involved checks on data quality amtsistency, gap filling, and temporal and

spatial characterizations.

Chapter 5: This chapter deals with the description the datpired by two models. First part

is dedicated to the SWAT setting parameter. Thatspequired by the models including soil
and land use data, (like soil hydraulic propertegital elevation model etc) we describe the
adaptation of the input data and how we model tliterdnt WSCW presented in the

catchment. In the second part of this chapter, egeiibe the WEAP model with the different
equations used and the different procedure of ilmelation. The existing data related to
guantification of water demand and water supplytenwatershed, is explainethe required

input data for the WEAP model are prepared in¢hispter.

Chapter 6: Application of the two, physically-based distribditdydrological and lumped
models to Merguellil catchments is presented ia thiapter. As the model comprises several
parameters, identification of few influential pamters is important to facilitate the
calibration task. To this end sensitivity analysishe models parameters was made and the

results are presented

An overview of methods used for calibration andidation of hydrological models is
included in the first part. This is followed by tpeocedures used in calibrating and validating

the model on the selected catchment. Comparinghdesured and simulated flow in different

4
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flow gauges are reported in this chapter. The SVM#odel was run at time step from yearly
to monthly to daily time scale on selected catchrmérile The WAEP model was run at time
step from yearly to monthly time scale. Determioatbf the water balance and suspended
sediment and nutrient loads in Merguellil watersl®dne of the drivers of this chapter.
Finally, some scenarios of land use for the SWATdelare examined. Also scenario of
climate change until 2020 year is generated with AREmodel to predict hydrologic
component and water demand and supply. The modedisigits and their implications are

finally discussed. Finally, overall conclusion gretspectives are presented.
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2 CHAPTER 2: LITERATURE REVIEW

2.1 COMPONENTS OF THE HYDROLOGICAL CYCLE

The central focus of any hydro-meteorological stisgdhe hydrological cycle shown in figure
1. The hydrological cycle has no beginning or end i&s many processes occur continuously
(Chow et al., 1988). In describing the cycle, theav evaporates from ocean and land surface
to become part of atmosphere; water vapor is tkteg and lifted in the atmosphere until it
condenses and precipitates on the land or the scPagcipitated water may be intercepted by
vegetation, becomes overland flow over the grounthse, infiltrate into the ground, flow
through the soil as subsurface flow and dischaiges streams as surface runoff. The
infiltrated water may percolate deeper to rechgmgeindwater, later emerging as spring and
seeping into streams to form surface runoff andliinflowing into the sea or evaporating

into the atmosphere as the hydrological cycle comeis.

l Moisiure over @nd

i, s ?’%m

Precpeaaton on Lind

Precguaton
en ocean

Evapotakon liom and

Evaporation from ocean

Surace outliow

Figure 1 Elements of the hydrologic cycle (Chowlgt1988)

It is noted that though the concept of the cycknse simple, the phenomena are enormously
complex and intricate. It is not just one large leybut it is rather composed of many
interrelated cycles of continental, regional andaloextent. The major achievement and

objectives of the rainfall runoff modeling is thts study a part of the hydrological cycle,

6
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namely the land phase of the hydrological cycleaonatchment scale. Then the problem
becomes to express the runoff from the catchmerd &sction of the rainfall and other

catchment characteristics.

2.1.1 PRECIPITATION

Precipitation is the input to the system of catchinerhich may have different forms, rainfall,
storms, dew or any form of water landing from atpiese. The amount of precipitation can
be defined as an accumulated total volume for afscsed period. Precipitation as a function
of time and space is highly variable. Systemat&raging methods such as Thiessen polygon,
isohyte and reciprocal distance methods have beeslaped to account for variations in
space to obtain a representation of areal pretigitasalues from point observation. Singh
and Chowdhury, (1986) after comparing the variowthwds for calculating areal averages,
concluded that all methods give comparable resedisecially when the time period is long.
For short time step records, the conversion of iatpmbservation to an areal rainfall has a

large influence.

2.1.2 EVAPORATION AND TRANSPIRATION

Catchment evaporation demand is generally defisetia evaporation which would occur if
there were no deficiencies in the availability abisture for evapotranspiration by that area's
particular plant regime. The two main factors iefiging evaporation from an open water
surface are the supply of energy to provide latezdt of vaporization and the ability to
transport the vapor away from the evaporative serfasolar radiation and wind.
Evapotranspiration from land surface comprises erapn directly from the soil and
vegetation surface and transpiration through pleaves, in which water is abstracted from
the sub soil. The third factor is the supply of stoie at evaporative surface, which brought
about the definition of potential and actual evapion. Evaporation involves a highly
complex set of processes, which themselves aneeinfled by factors dependent on the local
conditions (land use, vegetation cover, and metegizal variables). Mostly the potential
evaporation is the quantity obtained either by gisome simple empirical formula such as
Thornthwaite, (1948), Penman formula (Penman, 198 a process-based model of
Penman-Monteith (Monteith, 1965).
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2.1.3 INTERCEPTION

The portion of rainfall intercepted by the vegeatatand roofs before reaching the ground is
referred to as interception. The water, which iencepted by the leaves of vegetation and
roofs eventually evaporates into atmosphere. Theuatnof interception could be significant
in densely vegetated areas such as tropical raisifear Such forests maintain a relatively
consistent canopy and do not generally exhibitsgesonal range of interception encountered
in areas where deciduous trees are dominantctiremonly understood that if the density of
the vegetation cover is sparse then this losssigrificant.

2.1.4 INFILTRATION

The precipitation, which is not intercepted or emaped from the land, will eventually
infiltrate into the soil or flow as overland flownfiltration is one of the most difficult
hydrological processes to quantify. The difficulyises due to many physical factors
affecting the rate of infiltration such as rainfafitensity, initial moisture content, soil
property, etc. Some experimental and empirical fdam such as Horton (1939), Philip
(1957), and others are available to compute iafilhn rates during a rainfall event.
Depending on the soil strata, the infiltrated wagerdually percolates to the groundwater or

either flows as subsurface flow supplying rivessprings within the catchment.

2.1.5 STREAM FLOW

The rainfall that exceeds the interception requéetrand infiltration starts to accumulate on
the surface. Initially the excess water collectsiltadepressions, until the surface detention
requirement is satisfied. Thereafter when wateirsetp move down slope as a thin film and
tiny streams which eventually join to form biggedabigger channels. This part of the stream
flow is termed as surface runoff. The infiltratedrtpof the rain may sometimes come as
subsurface runoff, which combined with the surfageoff, constitutes the direct runoff.
Hence the direct runoff is the result of the imnageliresponse of a catchment to the input
rainfall. The stream flow consists of the direatatf (which lasts for hours or days depending
upon the catchment size) and the base flow (tharges from groundwater resources and
also delayed subsurface runoff). The above desmmigif the processes at catchment scale is
schematically represented in Figure 2.
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2.1.6  GROUNDWATER

Natural groundwater fluxes are typically slow; wateay reside in an aquifer for as little as a
few hours or for hundreds of years. Accordinglygwgrdwater itself is often perceived, on the
average, as a relatively slow-moving reservoir lie tglobal hydrologic cycle. At the
catchment scale, however, where stream - aquifesraotions are relatively rapid and
substantial, the average groundwater fluxes aaively fast moving. They comprise: (1) the
natural flow of water between watersheds, (2) thetew pumped from an aquifer, (3)
mountain- front recharge (seasonal infiltrationsabwmelt at the base of mountain ranges),
(4) event-based infiltration (infiltration from popitation and subsequent rises in surface

water levels, especially rivers), and (5) artifictacharge via anthropogenic conservation

projects.
Ramfall
Evapomtion
5
“_| Interception |"‘— I eaans
Precipitation Very Fast
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Storage | Surface 3
\ Runoff Fast
- Soud Mossture —| [nterflow | fedi
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St Flow wto
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Stream Flow
Underground flow mto
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Figure 2 Schematic representation of the land pledgbe water Cycle (Starosolszky, 1987)
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2.2 ROLE OF HYDROLOGY AND EROSION AND SEDIMENT TRANSFER IN
WATERSHED MANAGEMENT

Watershed management is concerned with the proteatid maintenance of land and water
resources. It is multidisciplinary and requires theolvement of various actors. Watershed

management is an effective tool in dealing with onenore of the issues.

The roles of hydrological and sediment-related istdre explicit and direct in the problem
formulation and evaluation of alternative planseTgroblem formulation is a key step in the
process and should indicate among others, the magniand frequency of the problem,
priority problem areas, and causative factors. Amal and evaluation of impacts of
alternative plans require information on the samonomic and environmental burdens of
proposed interventions. Hydrological inputs andlgsisa make important contribution in
addressing problems of water quantity by providioagic information on water balance in
space and time. Knowledge of the relative magngudé the various water balance
components such as evapotranspiration, direct fuswibsurface flow, soil moisture, etc. are
essential in assessing adequacy of water for duareh planned developments. It also helps
decision makers to weigh the advantages of eacpopea intervention on the hydrologic
cycle against the disadvantages. Decisions madieeimbsence of basic hydrological inputs
would entail immense socio-economic and ecologicakts. Hydrology also allows
assessment of land use and climate change impactsater balance. The fact that the
hydrological literature is filled with several watealance related studies, from catchment to

global scale, is an indication of its importanceviater management (Engida, 2010).

Soil erosion and sediment transport is a criticalimnmental issue because of its adverse
socio-economic and environmental impacts such as lof soil productivity, reservoir
sedimentation and associated effects, and watdityquapairment. Studies on soil erosion
and sediment transfer contribute to effective mansnt of the problem by providing basic
information that includes sediment source areashways, sediment yield, and other
controlling factors. Such information, for instan@®uld be used to identify and prioritize

critical areas for soil conservation measures.

2.3 WATER QUALITY ISSUES

Freshwater quality impairment has been a majorisdiconcern worldwide. The sources of
water pollution can be point or diffuse sourcesnPsources of pollution include municipal

and industrial wastewaters for which specific poiot entry to a receiving water body can be

10
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identified. Diffuse sources of pollution include nggal land runoff from urban and
agricultural areas and other sources that do ne¢ Bpecific discharge points. Unlike point
sources, diffuse sources of pollution are diffidalimanage (Novotony and Olem, 1994). Due
to the extensive damages that could be causedfiogelisources of water pollution, the need
for addressing the issue as an international pyiofi concern was already heralded long ago
(Duda, 1996). Diffuse pollution is considered to the dominant cause of water quality
impairment in many developing countries due to poweaste management and

environmentally unfriendly agricultural methods.

2.4 HYDROLOGICAL CHARACTERISTICS OF SEMI-ARID AND ARID AREAS

In the past, several hydrologists attempted tosdlagzones of the world in to humid, semi
arid and arid according to the climaticological i@weristics. One of the earliest indexes
(Chow, 1964) used for classification is based ugpenadequacy of precipitation in relation to
the needs of plants whereby the precipitation aealymonth by month is just adequate to
supply all the water for maximum evaporation araghspiration in the course of a year.
UNESCO (1979) attributes the arid and semiarid goa® the dry areas associated with
annual potential evaporation over 1000mm and farthessifies according to the amount of
annual rainfall they receive to hyper-arid, arignggid and humid. Chow, (1964) suggests
that in addition to climatic characteristics otlfieaitures of the land surface may also be used
to delimit arid zones, since the geomorphology,Iss@nd vegetation have their own
distinctive characteristics. The objective of theksessifications is mainly to study the peculiar
characteristics common to a region, which wouldphgéneralization and inference for

climatological and hydrological processes prevgiiimthese regions.

The hydrological processes operating in rainfatioffi transformation for the semi-arid and
arid areas differ from those in humid temperaten&af the distinct properties manifested in

semi-arid and arid catchments are pointed out helow

2.4.1 VARIABILITY IN TIME

The rainfall in semi-arid and arid catchments iaralsterized by a high variability of the small
amount received in space and time (Moore, 198%)igh percentage (about 80 percent of the
annual rainfall) is received within the rainy saasaduring 3 to 6 months. Individual rainfall
events generally occur with high intensity and shkaration storms. Verma (1979) points out

some of the particular features of the semiaridaidihydrological processes as:

11
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» The marked seasonal variation in semiarid clisiatey require segregation of data by
season. A combination of hydrological factors comnio one season of the year may be

virtually non-existent during another season.

* A particular combination of factors may exist forly a few days in several years and may

render hydrological computation based on averagjeesarossly erroneous.

Actual evaporation from semi-arid zones is a higtignsient phenomenon with extreme
variation within a day because of the availableewdtut not over a season. The transient
nature of evaporation is also controlled by thadawowth of vegetation to climax followed
by rapid die-off (Moore, 1989).

2.4.2 VARIABILITY IN SPACE

In contrast to humid climate, hydrological processesemiarid and arid regions often vary
greatly over different parts of a catchment. Esgllcin large catchments, the contributing
area could be localized at the upper part of thehoaent. In such cases, computation of areal
rainfall in a lumped conceptual model leads to alsdc average distribution over the whole
area. Moreover, the sparse vegetation cover anshégp response to the first rain have an
impact on the evaporation process prevailing irhsegions. The rivers in such regions are
generally characterized by having long periodwf flow regime.

Another distinct characteristic of such regionghiast in some cases infiltration could be very
small due to outcropped rocks on the slopes otysalivhereas it could be high in areas with
fractured bedrock channels. There could also bgassibility of channel infiltration from the
bed of the rivers supplying the groundwater in lowalleys of the river (Sami, 1992). This
fact implies that especially during low flow regintee stream flow that originates from
upstream will be depleted by the channel bed befbmeaches the outlet. Hence this
phenomenon should be accounted for in formulatioglets based on the water balance of a

catchment

2.5 WATER AND SOIL CONSERVATION WORKS IN THE SEMI ARID ZONE

In many arid countries, runoff water-harvestingtegss support the livelihood of the rural
population. Little is known, however, about theeetf of these systems on the water balance
components of arid watersheds (Ouessar and al)2G@aerally, water and soil conservation
works (WSCW) are built in uplands to face erosiod water scarcity problems. They consist

of hillslope works reducing surface runoff and @&esing local infiltration, and of small dams

12
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collecting headwater flow and providing supplememtater for irrigation. Intensive water
uses are most often concentrated in alluvial pléhas offer large and easily irrigable lands,

better soils and abundant water resource througifieadapping.

By retaining upstream runoff, WSCW modify the sab#ind social distribution of costs and
benefits at the catchment scale. With the fast graat WSCW-equipped areas, it becomes
necessary to investigate hydrological impacts an@hage resources at larger scales,
especially where conflicts between upstream andndowam water uses increase. Although
precise knowledge on the WSCW hydrological impasts prerequisite, it remains rare
especially in large catchments (above 100 km2).

Many studies on WSCW hydrologic impact have begronted, according to land use/land-
cover modifications:

. forestation, forest clearing (e.g., Leduc et2001), in Niger, Siriwardena et al., 2006,
in Australia)
. intensification of agricultural practices (e.gorup et al., 1998, in Zimbabwe)

. Climate change (e.g., Séguis et al., 2004, irStieel)

The few investigations on WSCW effects on catchnigmirology mainly concern changes
induced by large reservoirs (e.g., Batalla et 2004, in Spain; Gilntner et al., 2004, in
northeast Brazil; Thoms and Sheldon, 2000, in Adisty. Studies on impacts of hillslope
works (soil bunds, contour ridges, hedges, tillaaye) extremely rare in large catchments as
heterogeneity and data scarcity increase with oagch size. Xiubin et al. (2003) examined
the correlation between the surface area contrdiie@dVSCW and streamflow reduction in
three catchments (362 000 km2, 1121 km2 and 70 kih&)e Yellow river basin in China.
They found that controlled surfaces fractions of026, 28.3% and 56.3% induced runoff
decreases of 49.4%, 52.6% and 49.7% respectivelera8l research works were conducted
either for small catchments or at the plot levelcéntral Tunisia, Nasri et al. (2004b) studied
the hydrological impact of contour ridges in a 1&h2 catchment and on a 0.11 km2
hillslope. In both cases, introduction of contougges resulted in a runoff decrease varying
between 50% and 90% for rainfall below 60-70 mm/daysouthern Tunisia, Nasri et al.
(2004a) found that a traditional system of soil ksinstalled in a 0.26 km2 catchment
reduced the runoff to essentially zero. In Cabod€éslands, Smolikowski et al. (2001) found
that runoff occurred only for rainfall events hightban 40 mm, with an intensity above 40
mm/h, in 4 m2 and 100 m2 plots with two kinds ohservation techniques (light mulching

with maize haulms and hedging with bushes and grassemi-arid Kenya, Wakindiki and

13
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Ben-Hur (2002) evaluated the effects of indigend&CW on runoff from 12 plots of 12 m2,
and found that these techniques reduced the rbydiglf. In all these local studies, questions
of up-scaling were not considered and hydrologamalsequences at the regional scale were
not explored. At a larger scale, identifying spieaily the effects on streamflow of given
environmental changes is difficult because of theemdity and variability of factors
controlling the runoff response to rainfall. Oppeseffects may mask each other. When
changes affect only a limited area of the catchirtbet moderate magnitude of their impacts
makes the results statistically non significantr Fstance, in Australia Nandakumar and
Mein (1997) found that for the level of uncertaitfytheir data, 65% of a 520 ha eucalyptus
forest catchment would need to be cleared before fhcrease could be asserted at the 90%

prediction level.

2.6 RUNOFF RESPONSE IN THE SEMI ARID AREA

Factors controlling the runoff response may be peouinto two categories relating to their

time variability. The first category gathers th@tifrequency factors that act at the event
scale. They are essentially linked to meteoroldganditions. In semi-arid areas, most

authors agree that rainfall intensity is the domtrzontrol on the runoff response (Bradford
et al., 1987; Canton et al., 2001; Martinez-Menalet1998), whereas initial soil moisture

content generally plays a secondary role (Castillal., 2003; Fitzjohn et al., 1998; Karnieli

and Ben Asher, 1993; Peugeot et al., 2003).

These factors induce a large variability in theergvrainfall-runoff relationship, making
similar rainfall depths produce a large range obftidepths. In the second category, the low-
frequency factors that progressively modify the affiresponse are essentially: climate
change (Servat et al., 1997), land use changedéCat al., 1993; Fahey and Jackson, 1997),
changes in the water table level, altering the flowensity between the surface and
underground (Matteo and Dragoni, 2005) and WSCWstroation. When trying to identify
the hydrological impact of low-frequency factors,ddficulty consists in being able to
differentiate their effects from those of high-foemcy factors. Hydro-meteorological data
with high time/space resolution are generally usedhodel the relationship between high-
frequency factors and runoff response. “Unexpldinptbgressive changes in the catchment
behavior may afterwards be attributed to low freguyefactors. When data resolution is

insufficient to identify the impact of high-frequgnfactors, the latter act as background noise
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in the rainfall/runoff relationship. Due to thisise, long data series are needed to identify

rainfall/runoff changes due to one or more low @rexcy factors.

2.7 LAND USE CHANGE UNDER CLIMATE CHANGE

Water management planners are facing consideraidertainties on future demand and
availability of water. Climate change and its poi@nhydrological effects are increasingly
contributing to this uncertainty. The Second Assesg of the Intergovernmental Panel on
Climate Change (IPCC, 1996) states that an inargasdncentration of greenhouse gases in
the atmosphere is likely to cause an increasedbajlaverage temperature of between 1 and
3.5 degrees Celsius over the forthcoming centuryis Twill lead to a more vigorous
hydrological cycle, with changes in precipitationdaevapotranspiration rates regionally
variable. These changes will in turn affect wateaikability and runoff and thus may affect
the discharge regime of rivers. The potential éffen discharge extremes that determine the
design of water management regulations and stegtare of particular concern, since
changes in extremes may be larger than changeseirage figures (Middelkoop and al,
2001).

Land-use changes can influence hydrological presegscluding infiltration, groundwater
recharge, base flow and runoff in a watershed.eikample, watershed development reduces
base flow by changing groundwater flow pathwaysudace-water bodies. Global warming
resulting from increases in atmospheric greenhgasses will alter global weather patterns
and affect the hydrologic cycle. The capacity af #tmosphere to hold water will increase,
leading to more precipitation and evaporation dglgb@homson et al. 2005). Changes in
global climate will have significant impact on lé@ad regional hydrological regimes, which
will in turn affect ecological, social and econoalicsystems (Dibike and Coulibaly 2005).
Therefore, modeling and understanding responsédanof use compositions and hydrologic
components to both future land use and climategdanenarios is useful for optimizing land
use planning, management and policy in a watersDedhprehensive knowledge of land use
dynamics is useful for reconstructing past landiase cover changes and for predicting
future changes, and thus may help in elaboratistagwable management practices aimed at

preserving essential landscape functions (Hietal.é2004).
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2.8 HYDROLOGIC MODELING

2.8.1 WATERSHED MODELING

Watershed is an area having a common natural drainaurse. In other words, it is an area
drained by a river or stream over which the hydyadal processes are integrated. The concept
of watershed modeling is embedded in the inteimahips of soil, water, climate and land
use and represented through mathematical absmactithe behavior of each process is
controlled by its own characteristics as well astbynteraction with other processes active in
the catchment. The predominant hydrologic processedude rainfall, snowmelt,

interception, evapotranspiration, infiltration, f&we runoff, percolation and subsurface flow.

During the last four decades researchers have &&@erely involved in formulating various
mathematical models to represent the various psesegrevalent in the catchment. There is
plethora of mathematical models available in liwr@a. These models vary from empirical
models for the evaluation of flood events to simplees containing a certain degree of
physicality, to stochastic models of various kiraagl finally to the more recent distributed

models.

Examples of this type of models are the SHE-mo#bb6tt and Bathurst) and IHDM-model
(Beven et al., 1987). Practical difficulties appeathe implementation of the system and the
data availability. An adequate database is costgssemble and may be unavailable for large

catchments.

2.8.2 CONCEPTS OF MODELING

In choosing between the approaches, one shouldikgamd that the model must be capable
of taking into account both the influence of largkwand the aerial diversity on catchment
hydrology. It is at least in theory possible toatea high level of understanding of catchment
hydrology using a fully distributed model, whichpseately describes each small sub-area of
the catchment through physically consistent formoites and parameters related to measured

catchment properties.

Computer based hydrological models have been desdland applied at an ever increasing
rate during the past four decades. The key red®orthat are twofold: (a) improved models
and methodologies are continuously emerging from résearch community, and (b) the

demand for improved tools increases with the irgirgp pressure on water resources.
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Overviews of the status and development trendsatohenent scale hydrological modeling
during this period can be found in Fleming (1978 &ingh (1995).

A hydrological model represents the water cycla ofrainage basin and studies the response
of this basin to climatic and physical conditioRefiaud, 2004). Hydrologic models are of a
major importance for the analysis of climatic changpercussions and water resources
balance (Singh et al., 1995). So, they permit treduation of water resources and facilitate
their management while valuing different choice smmuences. Hydrological models of
varying degrees of complexity and scale are novilahla ranging from basin scale models to
macro-scale models approaching that of GCM scdé Km2) and can accept atmospheric

model data as their input

2.8.3 TIME RESOLUTION OF MODELLING

Hydrological processes occur at a wide range déscérom unsaturated flow 1m soil profile

to floods in river system of a million square kiletars; from flashfloods of several minutes
duration to flow in aquifers over hundreds of ye@k-schl and Sivapalan, 1995). There exist
rainfall runoff models which represents these psses using time spans a few minutes,

hours, days or even up to one year. Selectiortioi@step of modeling depends on:

e Catchment input characteristics such as dominamitnst in the area. An area with
commonly conventional type of storms with sepanatimfall storms can only be
modeled with time steps less than a day.

* The model structure in representing the time sochlhgydrological processes. A model,
which accounts for infiltration rate of loose sa@hould have computation in terms of
minutes. The time step is interrelated with theaaoé the catchment under study.
Starosolszky (1987) gives an approximate representaf this relationship (Table 1)

* The scope (purpose) of the model
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Table 1 Relationship between time step of modelmbarea of catchment (Adapted from

Starosolszky (1987)
Average size of
’ 5 0,510° 10° 10° 100 >10°
basin (km*) - . e "
Hours 5 10 30
il M
o = Days 1 3 5 7 10 5070
E = I il PRI
- &2
Weeks
1 3 5 7 9
l ' L i i ' -
Manths
1 5 13
1 N

2.8.4 HYDROLOGICAL MODELLING FAILURE IN ARID

In arid regions, an important feature of the wdialance is the high proportion of incoming

water which is returned to the atmosphere by eajmor from soil surface. In contrast to the

humid regions, where evaporation is limited by kldé energy (e.g. net radiation), in the
arid zone water availability is the dominant cohtwwer evaporation rates. Because of the
sparse density of vegetation, direct evaporationwater from the soil is of enhanced

importance, and frequently as much as half of theual rainfall can be lost in this manner
(Chow, 1964).

It is noted that the prevailing rainfall and evagg@n mechanism in semi-arid and arid
catchments, associated with the thin and sparsstaton cover, alter the runoff generation of
these regions in contrast to the humid regions. rlineff generated is mainly controlled by
infiltration excess and is frequently localized eTiunoff generated on some of the slopes and
first order catchments may not always survive tatgbute to the flow at the outlet of
catchments of sufficient size. Hughes (1995) nuiesrathe possible reasons why
deterministic models can fail as tools for watesotgces estimation purposes, where failure
implies the model imperfection. Apart from erronsalata inputs and poor interpretation of
model results, the problems associated with théicgion of rainfall- runoff models to arid

and semiarid areas are:

* Inadequate or inappropriate model representatidhe prevailing catchment processes
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* Inadequate representation of the spatial vartgtwf runoff generation response to runoff.
While this problem can be masked by spatial lumpihgray be important if the effects are

non-linear and non-stationary

 Inadequate representation of the spatial varigbii rainfall input, either through lumping

or lack of spatial resolution in the available data

 Inadequate representation of the temporal vditialin rainfall input through the use of a
coarse time interval model. This is not always doss problem as long as the rainfall
mechanisms are reasonably consistent and the ahsadind intensities of the major rainfall

events are similar.

* Inadequate estimation of parameter values. Ttoblem may relate to the length of the
records available for calibration (Goérgens, 198%) ¢he extent to which the rainfall-runoff
relationships reflected in the observed data affecEntly representative to allow a suitable

parameter set to be quantified

In general the two interrelated underpinning proidein hydrological modeling in such

regions are:

1. the model assumptions and simplifications wtach not always justified in modeling in

any region but over simplification of the variatylin such areas,

2. The limitation of data availability as opposedtie temporal and special variability of the

input to any physical or conceptual (distributedusnped) models.

This implies that any effort in modeling such regshould consider and compromise the two
underlying problems that on one hand the modetdasldress the peculiar phenomena and at

the same time it should require limited input aly éimited data are available.

2.9 CATEGORIES OF MODELS

Watershed models play a fundamental role in adohgsa range of water resources,
environmental and social problems (Singh and Ftev&006). Hydrological models of

different levels of complexity are invaluable toafs the planning, design, operation and
management of water resources. The use of modstiuties in water management decisions
is in fact increasing (Refsgaard and al., 2005} fossible to distinguish different categories

of models as shown in Figure 3:
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Coupled deterministic-stochastic models

T

Deterministic models

' 3

Stochastic models

Physically- Conceptual Black box Probabilistic Time series
based models models medels models generation
* ‘ + models
Distributed models Lumped models
Fully Semi- Statistical No
distributed distributed distribution distribution

Figure 3 Classification of hydrological models. Bdson Becker and Serban (1990)

2.9.1 BLACK-BOX MODELS

The black-box models describe mathematically thegtice between input (precipitation) and
output (runoff) without describing the physical pess by which they are related and
establish a statistical correspondence betweent iapd output. These models are often
successful within the range of data being availablected and analyzed from a region. The
reason is that the mathematical structure carrigs iv an implicit representation of the

underlying physical system. Beyond the range ofyaed data, the prediction depends only
on mathematical technique, since the physical Sagmce is lost. The recent ANN models
also belong to this category.

2.9.2 DETERMINISTIC MODELS

These models are based on complex physical thewyrequire large amount of data and
computational time. Hence, the models are verylgtstdevelop and operate (Liddament and
al., 1981). The models are necessarily distribbeszhuse of the non linear partial differential
equations which describe the hydrologic procedséms been noted that analytical solutions
are generally not available to solve the equatibtence resort must be made to adopt the
partial differential equations; include finite difence method (Freeze, 1971), finite element
methods (Beven, 1977; Ross and al., 1979), intdoni#¢ difference and boundary integral

methods which are difficult and time consuming. flifications have been made and

kinematic wave theory was used alternatively. Tradets offer the ability to simulate the
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complete runoff and the effect of catchment changash is particularly important in case of
resource management. A noteworthy aspect of therrdatistic models is that these models
offer the internal view of the process which enabiaprove understanding of the hydrologic
system. One of the most well known distributed nhaofethis category is the European
Hydrological System, SHE (Abbott and al., 1986).

The SHE is an advanced physically based, distributeodeling system developed
collaboratively by the Institute of Hydrology, tibEnish Hydraulic Institute and SOGREAH
(France). Spatial distribution of catchment pararehas been achieved in the horizontal
direction, through an orthogonal grid network andhe vertical by a column of horizontal
layers at each grid square. Each process of theological cycle (snowmelt, canopy
interception, evapotranspiration, overland and okarflow, unsaturated and saturated
subsurface flow) has been modelled either by firdiference representations of the
theoretical partial differential equations of masgmentum and energy conservation or by
empirical equations derived from independent expenital research. Interception has been
modelled by a modified Rutter model (Rutter et, 8071) which is essentially an accounting
procedure for canopy storage. Evapotranspiratioa been estimated by the Penman-
Monteith equation (Monteith, 1965). Unsaturatedssuface flow is modelled by the one
dimensional Richards equation using an implicititéindifference solution. Overland and
channel flow has been evaluated by the simplifacegti of the St.Venant equations and
saturated zone flow by two dimensional Boussineggaton. Considerable operating
flexibility has been provided in the model by vawyithe level of sophistication of the

calculation to match the availability of data.

Another popular model is the Institute of Hydrolodwstributed model (IHDM), (Beven et.
al., 1987). The catchment is divided into subargasg the lines of greatest topographic
slope. Each sub area is modelled using one dimeaisidownslope) overland flow
components, one dimensional (downstream) chanmaehes and two dimensional (vertical
slice) unsaturated and saturated subsurface comisorigach hillslope segment is simulated
independently with outflows that cascade into tharmel network. This has the advantage of
simplifying the calculations associated with a nmgvunsaturated/ saturated interface that are

necessary in SHE model
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2.9.3 CONCEPTUAL MODELS

These models serve as a tradeoff between the deistimapproach and black box approach.
Conceptual models are formulated by a number oteptual elements, each of which is a
simplified representation of one process elemenhefsystem being modelled. Each element
of the model is generally described by a non-limeaervoir with an equation for outflow; S =
K * Qn where, S is Storage, Q is Outflow and k &me Constants. The basic advantage of
non-linear form of modeling is that it reflects ttieesholds present in hydrological systems,
which otherwise cannot be adequately incorporateallinear model. The conceptual models
can be characterized into event models and coniyawodels. Event models represent only
single runoff event occurring over a period of tinmaging from an hour or less to several
days depending on the size of the catchment. Titialinonditions for each event must be
given as input. Event models cannot keep the reabsbil moisture conditions of the basin
in a continuous manner. Hence, event models araseitl for ungauged catchments. On the
contrary, continuous models operate over an extenmiod of time determining flows

during all periods irrespective of magnitude ofaflo

The functioning of the model is controlled by thergmeters of different processes. Hence,
assigning proper values to these parameters is egsgntial for obtaining accurate model
results for the specific area being modeled. Basadthe parameters representation,
conceptual models are further classified as lumpedels and distributed models. Lumped
models are represented by spatially average watédiaracteristics, where as the distributed

models incorporate the spatial variability.

2.9.4 LUMPED CONCEPTUAL MODELS

A lumped model is one in which the spatial variatioof watershed characteristics are
generally ignored. Precipitation is considered t® $patially uniform throughout the

watershed. Average values of watershed charadtsrise. vegetation, soils, geology or
topography are utilized. Hence, the results produog these models display the average
watershed conditions. The basis of lumped modeilseisequation of continuity that is water
balance equation. These models attempt to desdhiee basic processes within any

watershed, namely,

e Loss of water from storage to the atmosphere thrau@poration or by lateral flow
across the watershed topographic boundaries,

e Storage of water in soil, vegetation, aquifers astteams, and
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¢ Routing of water over the surface or through thsit and aquifers, from within the

basin to the outfall.

These models need to be calibrated for their agjplic on any catchment/watershed which
necessitates the availability of long term histatéda sequences. Basically, two approaches
are followed for the calibration of a model: (a) M@l parameter fitting using trial and error

procedure, and (b) Automatic fitting using an opiation algorithm.

The lumped catchment models are usually appliedjfiality control and to fill the missing
data, extension of historic flow records, generatib synthetic data runs for civil engineering
design work, water resource assessment, and vest@unces management including real time

forecasting. A large number of lumped models aeglable in literature.

Boughton (1966) developed a model for estimatingewgield from catchments in dry
regions. The model used daily rainfall and evaponatiata. The model contained three zones
in the soil moisture storage. Upper soil storageasents moisture holding capacity of the top
soil where as drainage store represents tempomrg with moisture storage in excess of
field capacity. Subsoil zone is described by theaiing of moisture held in the catchment
soil profile. Infiltration, which takes place betereupper soil and sub soil zones, is evaluated
by modified Horton equation. Runoff is produced whmeoisture supply is in excess of the
three soil moisture storages. The original mode$ weomplete as it did not consider the
subsurface flow contributions to runoff. The modeds modified for use in British
catchments which enabled it to have a completectstire. The model is represented by 14
parameters. Boughton extended his work by defitivegspatially varied surface storages to

obtain varying areal contribution to runoff.

Pathak et. al. (1989) used a modified soil consemaervice (SCS) runoff model and a soll
moisture accounting procedure to simulate runafirirsmall watersheds in the semi arid
tropics. The soil water retention parameter whiglated to curve number has been estimated
by using a soil moisture accounting procedure. d&iéy values of soil moisture content are
determined by using a soil balance equation. Theeinbas four parameters which were
estimated through calibration using measured ruaoff soil moisture content data. The

model represents the soil characteristics whidlirim have strong influence on runoff.

An in-depth analysis of all the components andrthrgeractions within some of the known
lumped models has been carried out by FranchiniRaatiani (1991). This study highlights

the equivalence between these models in produtiegunoff, accompanied by calibration
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difficulty with the more number of parameters cludeasing interactions between the various

processes of the system.
Some limitations of the popular lumped parametradeis as summarized below

e In a lumped model, average values of the watersinedacteristics are utilized to
represent the various processes of the hydrologie cSpatial heterogeneities are not
well reproduced by average parameters. By takimg aberage value of a certain
parameter, it averages (implicitly) the processcase of the non-linearity and
threshold values, this can lead to significant remtich in turn affects simulation
accuracy.

¢ When a model is calibrated based on the availabterit records, any bias existing in
the data is transferred to the set of optimizedmpater values. This feature restricts
the applicability of the model to other catchmewntsere a different bias may be
present in the data.

e Normally, the model parameters are optimized fonesagainfall-runoff events over a
given watershed and the optimized values at besésent the watershed only for the
events used in the optimization. No sooner doeghienization set of rainfall-runoff
events change, then the optimum parameter valseshhnge.

e Most of the lumped models have some degree of rite¥dependence between the
parameters. Thus, the parameter values at taimedigh the optimisation are not
necessarily the best estimate of physical valuessimply a set of numbers which
give best fit to the data within the constraintpased.

e The extensive amount of data normally required ridiable optimisation is often

lacking. Hence, lumped models are not suit ableifmauged catchments.

2.9.5 DISTRIBUTED CONCEPTUAL MODELS

Distributed models take the spatial variability whtershed properties into account. The
underlying principle in these models is to disaetihe watershed into a number of zones that
are hydrologically similar. Discretization can bewade by Representative Elementary Area
(REA), Hydrological Response Unit (HRU) or GroudResponse Unit (GRU) concept. REA
is equivalent to the representative elementarymelgoncept (Freeze and Cherry, 1979). The
size of the element within a watershed is definedsuch a manner that within-element
statistics can be considered insignificant for niodepurposes. An alternative method for

describing the spatial variability is by means oRW The HRU is considered to be
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homogeneous, having distinct hydrological respomke.distinction can be made on the basis
of vegetative cover, soil type, slope and aspecttAer method of representation is by means
of GRU. The GRU is a region in a watershed that bangrouped in a manner that is
convenient for modeling of the catchment. The gnogcan be on the basis of zones of
uniform meteorology or on the basis of grid celliet is convenient for integrating with
map coordinates and remotely sensed data. The frugesferation processes such as
snowmelt, infiltration and surface runoff are mdeeélseparately for each unit. A separate set
of parameter values are needed to be specifieggdoh unit. The computed vyield is then
routed through one unit to another to obtain thal tcatchment yield. A significant aspect is
that geographic position within a watershed is @nesd. The distributed models are well

suited for

a) Evaluating the effects of land-use change wighwmatershed,

b) Evaluating the effects of spatially variableutgand outputs,

c) Simulating the water quality and sediment yhda watershed basis

d) Simulating the hydrological response of ungaugg@dhments where no data are available

for calibration.

These and many more areas are offering great jaltdat the application of distributed
models. The focus of various models may differ wigbpect to the initial intent with which
the model was developed. There are some model$wbitsider only infiltration and surface
flow processes. Huggins and Monke (1968) used d gystem to delineate watershed
elements in a distributed parameter model. Theyiegpghis concept to two areas in Indiana
with a grid size of 7.5 m x 7.5 m. The slope diil@ttfor each element was used to route the
runoff from one element to two adjoining eleme@esmputed runoff from each element was
then integrated using a finite difference form bé tcontinuity equation relating moisture
supply, storage and outflow. Interception process wvaluated using Horton interception
equation and infiltration by Holton equation. Smibisture was updated after considering the
balance between infiltrated and the drained maastlihis work lead to the development of a
very comprehensive watershed model ANSWERS. Beaslal., 1980).

Bravo et. al. (1970) developed linearised distelumodel to estimate catchment runoff. In
this model, catchment is partitioned into subam@asimple shapes and surface runoff from
each subarea is determined by solving one dimeakgguations of flow. The equations of

flow are non-linear, but may be linearised to abtan analytical solution. The model can
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accommodate spatial variability in rainfall excdéssusing different rainfall input for each
subarea reflecting the variable storm pattern &ttration loss characteristics. The partial
source area concept of Engman and Rogowski (1&tdlires an intimate knowledge of the
sub surface characteristics which control infilbatand exfiltration rates. In this approach,
the sub area of the watershed expands in time gdesdepending on the storm
characteristics and infiltration capacity distriont Kinematic wave equation is used for
routing the flow from the sub area. Soil moistuegadincluding hydraulic conductivities and
soil water diffusivities are required to track thpatial and time variation of runoff. This
information can be obtained from the U. S. Cond@ueService catalogued report. Although
considerable data requirements may hinder the geraaoption of this approach, if an
alternative to the data intensive aspect is fouhd, partial area concept may find more

widespread use.

The following are the major problems that have b@wsmlved in using the distributed
models:

* The large quantity of required input data of temders them inefficient for everyday
operational hydrology. For example, the most reredvuistributed model, SHE has per
formed very well on mainframe computers, but itsd@plications are limited because of the

large number of computations that must be made

» There is often insufficient information availabddout the physical characteristics of the
basin to evaluate the parameters of physically<basedels at the required scale (Loague and
Freeze, 1985)

» There is insufficient understanding of the preessof runoff generation at the catchment

scale to build truly physically base models

» Some studies have demonstrated that simple madelss successful as complex models

(Loague and Freeze; 1985,).

2.9.6 SEMI-DISTRIBUTED CONCEPTUAL MODELS

In order to overcome the difficulties being faceilhwthe distributed models the researchers
started developing semi-distributed models as apcomise between lumped models and
fully distributed models (Arnolds et. al.,, 1993)heél model algorithms are simple but

physically based. The spatial heterogeneity isesgmted by means of observable physical

characteristics of the basin such as land uses and topography etc.
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Spatial variability in hydrological processes, matiarly those that give rise to rapid runoff

during and immediately following rain has been takdo account in the model of Beven and
Kirkby (1979). First, it combined the distributedfests of contributing areas within the

model and subsequently the model parameters ameagstl from measurements taken in the
field.

Chemicals, Runoff and Erosion from Agricultural Maement Systems (CREAMS) is a
water quality control model for simulating agriautil contributions to water pollution
(Knisel, 1980). It is specifically designed as amieultural field scale model and as a result
has limited routing capabilities. The model consathree major components, hydrology,
water quality and sedimentation. The main processgdaded in the hydrology component
are surface runoff, percolation and evapotrangpitaRunoff volume is predicted using soil
conservation service (SCS) curve number techniRitehie’s evapotranspiration model has
been applied to estimate evapotranspiration (Ritct®72). The percolation component uses
a storage routing technique to predict flow throtigh root zone. Calibration is not necessary
because the model is physically based. The hydicdbgomponent of Simulator for Water
Resources in Rural Basins (SWRRB) and Erosion Ritodty Impact Calculator (EPIC)
models have been derived from CREAMS.

Kite and Kouwen (1992) applied the hydrological mloseparately for each land-cover class
in each sub-basin and routed the resulting hydpiwato the sub-basin outlet and
subsequently through lower sub-basins. The findftgraphs are compared to those obtained
using the lumped model on the basin. It has beparted that semi-distributed approach is
better than lumped approach. The major advantageenfi-distributed approach is that
relating the parameter values to land cover chariatics provides a method of investigating
impact of land use changes and allows the mode¢ tmore easily transferred to other basins.
Arnolds et. al. (1993) developed a comprehensiviase and ground water flow model. The
main objective of the model is to predict the inmtpacmanagement changes on total water
supplies. The model simulates four control volumasely surface, soil profile or root zone,
shallow aquifer and deep aquifer. The first twouvoés are simulated by the original
Simulator for Water Resources in Rural Basin (SWRRBdel. The percolation from the soil
profile has been assumed to recharge the shalloveaqThe percolated water is assumed to
be lost from the simulated system and could natrnetThe developed model is continuous in

time to allow simulation of land management, inahgd factors such as climate and
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vegetation changes, pond and reservoir managemenind water withdrawals and stream

and reservoir withdrawals.

Hughes and Sami (1994) presented a semi-distribuiade! HYMAS (Hydrological Model

Application System) representing the variabilityténms of space and time. HYMAS contains
modules to extract indices of catchment physicalkatteristics from digital map coordinate
data, estimate model parameters and compile fifesne series data. The catchment is
divided into sub-areas and the maximum limit is @uB0. The time interval used is variable
and changes automatically according to a seriesisair-defined rainfall thresholds. A
probability distribution approach is used to acdoian the spatial variation in some of the

variables in the subareas.

SWAT is an evaluating tool of soil and water depeld by the USDA-Agricultural Research
Service (Neitsch et al., 2002). This model was tbpead for the investigation of watersheds
with surfaces going from a few hundreds of Km? éwesal thousands of Km2. SWAT is a
semi distributed model that functions on a contusibasis with a daily time step. It requires
some specific information on the atmospheric coos, properties of soil, the topography,
vegetation, procedures of earth management anttarporates equations of regression to
describe the report between variables of entry exitl (Neitsch et al.,, 2002). This model
estimates fluxes of water, nutrients, pesticided sediments. It was validated on several
watershed of the word. Its validity has been tefdediumerous basin sizes. Many parameters
have been predefined according to United States dat

2.10 EXEMPLE OF NITROGEN FLOW MODELS

Many types of hydrological models are freely aualga Their differences concern the types
of input data needed, the temporal and spatiabstla¢ operating system, the compatibility
with GIS, their complexity and reliability. Thusnather point of interest was to consider if
the models were used widely or not. Figurpr@sents an example of different hydrological
models available for the specific application ofragen flows (Payreaudeau, 2002). The
models are classified using two parameters, thenbagea and the time scale of the input
data.
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Figure 4: Overview of nitrogen flow models (Payrdaau, 2002)

2.11 MODELS SELECTION FOR THE STUDY CASE

The literature review are reported in this chaptleout severals hydrological models, it is

possible now to limit the yield of existing modedslapted to the objective of this work.

Although the final choice of model should be mafileraritical analysis of some criterion:

Spatial scale

Temporal scale
Associated modules
Coupling with a GIS
Accessibility of the data

Management of climate change and land use scenarios

The objectives of the model also require integratime location and diversity of WSCW on
the basin in the integrated management model. lifitakas decided to test two hydrological
models: WEAP (SEI, 2005) and SWAT (Arnold and &98). These Models are summarized
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below, However, Chapter 2 will be dedicated foradlet description of two models., A first

assessment the two models is reported in the Pable

The first model is:SWAT (Arnold and al, 2002) which consists of hydroladjc
sedimentological, and chemical subroutines applcabwatershed scales. The hybrid model
spatially based on hydrological response unitsuhes both, conceptual and physical
approaches. A central part of SWAT is the genemtkewbalance equation. Surface runoff is
determined by the SCS Curve Number approach. Feede (2002) found that physical soil
properties affect total runoff moderately, but hygimfluence surface runoff in SWAT. The
model was found to be less efficient in predictingoff in relation to land cover in a semi-
arid watershed, therefore calibration was strormrglyommended (Hernandez et al., 2000).
Nonetheless, SWAT was found suitable for predictimgual flow volumes, sediment, and
nutrient loads (Borah and Bera, 2004). Monthly m#ohs were generally good, except for
months with extreme storm events and hydrologiaiams (Borah and Bera, 2004).

The second model iSVEAP (SEI, 2005), is comprehensive, straightforward aasly-to-use,
and attempts to assist rather than substitutehferskilled planner. As a database, WEAP
provides a system for maintaining water demand suyply information. As a forecasting
tool, WEAP simulates water demand, supply, flows] atorage, and pollution generation,
treatment and discharge. As a policy analysis tddEAP evaluates a full range of water
development and management options, and takes rsicebmultiple and competing uses of
water systems. Operating on the basic principlevafer balance accounting, WEAP is
applicable to municipal and agricultural systenisgle subbasins or complex river systems.
Moreover, WEAP can address a wide range of issugs, sectoral demand analyses, water
conservation, water rights and allocation priositigroundwater and streamflow simulations,
reservoir operations, hydropower generation andrggnelemands, pollution tracking,

ecosystem requirements, and project benefit-cayses.
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Table 2: assessment of SWAT and WEAP models

Hydrological model SWAT WEAP
Output Water balance /Pollutio /Water balance/ water supply
erosion unmet demand / Costs and

benefits

Required soil Map YES NO

Climate change scenario YES YES

GIS Support YES YES

Time scale Daily Monthly Annual Monthly Annual

Simulation of water quality YES Sl

Diffuse pollution process YES Sl

Erosion Simulation YES NO

Ungauged basin YES NO

sources http://swatmodel.tamu.edu/ http://www.weap21.org

Dynamic evolution of result NO YES

Decision support tool YES YES
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3 CHAPTER 3 METHODOLOGY

3.1 THE SWAT MODEL

The Soil and Water Assessment Tool is a physidadlyed and semi-empirical model. It is
based on physical laws but it also permits the taddiof measurements and their use for
simulations. The spatial areas that can be modelade from hundreds to thousands of

square kilometers.

Unlike other hydrologic models, the SWAT model takato account many parameters
impacting on hydrology and the water cycle, andutates the flow and the transport of
sediments or polluting elements. It has been “dmed to predict the impact of land
management practices on water, sediment and amnauthemical yields in large, complex
watersheds with varying soil, land use, and managensonditions over long periods of
time.” (Di Luzio et al, 2007) and to provide contous-time simulations with a high level of
spatial detail by allowing the further division afwatershed or river basin into hundreds or
thousands of sub-watersheds. The land area in #@asib is then further divided into
hydrologic response unit (HRUs) which are porti@fissub-basin that possess unique land

use, management, and soil attributes

Developed by the Blackland Research Centre, the B\Wadel was originally written in C
and made compatible with GRASS (Srinivasan and @rnd994). A new version in Arc
Macro Language compatible with Arcinfo has beeratme (Bian et al, 1996) and then in
Avenue, compatible with ArcView (Di Luzio et al, 9B): AVSWAT. The version used is

AVSWAT: this version provides an ArcView 3 extensiand a graphical user interface.

3.1.1 EXISTING STUDIES OF SWAT

The SWAT model is widely used in the United Steaesl in some European countries to
solve water management problems. It has been wusea Yariety of applications, including

water balance calculation, sediment transport &neds1-aquifer interaction.

For the integrated water management of the Sanulo&jver Basin in California, SWAT
was used combined with GIS. The study area was@&08. The objective of the study was
to describe the effects of land management/useadaernsalt, sediment, nutrient and pesticide
yields. SWAT allowed the quantitative characteimatof the magnitude and geographic

extent of problems and the impacts of changing lmadagement. (Flay and al, 2000) In the
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catchment basin of Mercube in Haute-Savoie, FraBAT has been used to model the
phosphorus transport of a small agricultural afRengud, 2004). SWAT was integrated in
GIS with ArcView 3.2. The different types of dataquired by the model were added,
allowing the model to run. The calibration perndttéhe prediction of the behavior of the

basin depending of different conditions thoughHartwork is needed in this domain.

A study to identify limitations and uncertainties 8WAT has been carried out by
Sophocleous et al (2000). SWAT was combined with DFOOW (Modular Three

Dimensional Finite Difference Ground Water Flow Md&d The results showed that SWAT
distorted the shape of the watershed by using axrdiséance of overland flow to the stream

during transport processes. However, the study dstrated that SWAT:
» Was capable of operating on a watershed scakesgiteral sub-basins
* Allowed topographical, land use and managemsdfdrdnces

» Was capable of simulating several managementipesc

* Could simulate long periods of time

* Could be calibrated through field testing

A study by Flay (2000) had the aim of understandiitgate and phosphate dynamics in
agricultural basins. It analyzed the ability of SW# model the effect of changes of land use

patterns and practices. This study concluded omthia assets and drawbacks of SWAT.

3.1.2 COMPARISON OF SWAT WITH OTHER MODELS

Borah and Bera (2003, 2004) compared SWAT with is¢\@her watershed scale models. In
the 2003 study, they report that the Dynamic WaesSimulation Model (DWSM) (Borah

et al., 2004), Hydrologic Simulation Program - Fant (HSPF) model (Bicknell et al., 1997),
SWAT, and other models have hydrology, sedimenti elmemical routines applicable to
watershed scale catchments and concluded that Si&/ATpromising model for continuous
simulations in predominantly agricultural watershieth the 2004 study, they found that
SWAT and HSPF could predict yearly flow volumes gadlutant losses, were adequate for
monthly predictions except for months having exterstorm events and hydrologic
conditions, and were poor in simulating daily exteeflow events. Shepherd et al. (1999)
evaluated 14 models and found SWAT to be the masilde for estimating phosphorus loss

from a lowland watershed in the U.K.
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Van Liew et. al. (2003a) compared the stream-fleadpctions of SWAT and HSPF on eight
nested agricultural watersheds within the Little SM&a River basin in southwestern
Oklahoma. They concluded that SWAT was more caomsighan HSPF in estimating stream-
flow for different climatic conditions and may thbe better suited for investigating the long
term impacts of climate variability on surface watesources. Saleh and Du (2004) found
that the average daily flow, sediment loads, anttient loads simulated by SWAT were
closer than HSPF to measured values collectedratsites during both the calibration and
verification periods for the upper North Bosque dRiwatershed in Texas. Singh et al. (2005)
found that SWAT flow predictions were slightly battthan corresponding HSPF estimates
for the 5,568 km2 Iroquois River watershed in eastiinois and western Indiana, primarily
due to better simulation of low flows by SWAT. Nadral. (2007) found that HSPF predicted
mean daily discharge most accurately, while SWANuated daily total phosphorus loads
the best, in a comparison of three models for tinish watersheds that ranged in size from
15 to 96 km2. Nasr et al. (2005) found that both/ASWAnd the MIKESHE model (Refsgaard
and Storm, 1995) simulated the hydrology of Belgaideker River basin in an acceptable
way. However, MIKESHE predicted the overall vaatiof river flow slightly better.

Srinivasan et al. (2005) found that SWAT estimatiesv more accurately than the Soil
Moisture Distribution and Routing (SMDR) model (@el, 2003) for 39.5 ha FD36
experimental watershed in east central Pennsylyanid that SWAT was also more accurate
on a seasonal basis. SWAT estimates were also fioupel similar to measured dissolved and
total P for the same watershed, and 73% of thee?@sfin the watershed were categorized
similarly on the basis of the SWAT analysis as cared to the Pennsylvania P index (Veith
et al., 2005). Grizzetti et al. (2005) reported thath SWAT and a statistical approach based
on the SPARROW model (Smith et al., 1997) resultesimilar total oxidized nitrogen loads
for two monitoring sites within the 1,380 km2 Gr&atse watershed in the U.K. They also
state that the statistical reliability of the twppaoaches was similar, and that the statistical
model should be viewed primarily as a screenind tooile SWAT is more useful for

scenarios.

Of late the climate change impact assessment hamneea very pertinent concern of the
water and agriculture sectors. The SWAT model heenlmodified in response to a widely
acknowledged need for tools and information to hedger and land managers to assess and
manage the impacts of climate variability and clearithe users can conduct watershed based

studies of the potential implications of climaterighility and change on water and land
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resources. Specifically, SWAT provides flexible ahflities for creating climate change
scenarios, allowing users to quickly assess a watge of “what if” questions about how
weather and climate could affect their systems. €Risting capabilities of SWAT for
assessing the effects of land-use change and maeageractices have been enhanced to

assess the coupled effects of climate and lanathesege.

3.1.3 MODELING APPROACH AND STRUCTURE

The SWAT model operates on a daily or hourly timepsand is designed to evaluate
management effects on water quality, sediment, agritultural chemical yield in large,
ungauged basins as it requires minimal calibratibhe development of SWAT is a
continuation of USDA Agricultural Research ServigdRS) modeling experience that spans a
period of roughly 30 years. Early origins of SWA@ncbe traced to previously developed
USDA ARS models (see figure below) including thee@licals, Runoff, and Erosion from
Agricultural Management Systems (CREAMS) model @éhi 1980), the Groundwater
Loading Effects on Agricultural Management Systef@&EAMS) model (Leonard et al.,
1987), and the Environmental Impact Policy Clim@®IC) model (Izaurralde et al., 2006),
which was originally called the Erosion ProductMitnpact Calculator (Williams, 1990). The
current SWAT model is a direct descendant of thaubator for Water Resources in Rural
Basins (SWRRB) model (Arnold and Williams, 1987)high was designed to simulate

management impacts on water and sediment movemeuabh§auged rural basins.

The model is based on a command structure for mgutunoff and chemicals through a
watershed. These commands allow the user to réames fthrough streams and reservoirs,
combine flows, and input measured data (e.g., veeptind point source loading. The major
components of SWAT include hydrology, weather, s®ditation, soil temperature, crop
growth, nutrients, pesticides, and agricultural agament. The minimum weather inputs
required by SWAT for simulation of hydraulic proseare maximum and minimum daily
temperature and precipitation. Sediment yield reged by the Modified Universal Soil

Loss Equation (MUSLE; Williams, 1975). Daily aveeagoil temperature is simulated using
the maximum and minimum annual air temperaturesiasel temperature, and damping
depth.
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The SWAT hydrological model has been used to irelothny parameters that impact on

hydrology and to simulate the flows on the studyaarFigure 3.1 presents a diagram of the

SWAT process.

[ | Main interface dialog ‘

Watershed view

SWAT view

Definition of databases

» Land uses and soils
=Climatological data

Creation of project

Watershed delineation

-Preprocessing of the DEM
-Stream definition
*Outlets selection

Land uses and soils definition

«Adding land uses and soils maps
-Reclassifying
«Overlaying

HRUs distribution

Definition of inputs

*Weather stations

Simulation

«Period of simulation
Printout frequency
«Options

Calibration

\\ /

SWAT Process

W

Figure 5 Representation of the SWAT model process

The preliminary step was the definition of the datses (dbf tables): soil and land use

parameters, and climatological data. Each table toase defined clearly using the

nomenclature provided in the SWAT user's manuall 8od land use parameters were

modified and the climatological data were addedifferent files presenting each parameter

and the location of their meteorological station.

The watershed delineation builds the streams aadstib-basins using the Digital Terrain

Model. The burn-in option permits the use of arseng digitized stream network.

For the land use and soil definition, raster ompghfles are added to the Watershed view in

ArcView 3.2 and linked to the SWAT database. To tise maps provided, the SWAT

interface requires a table linking the values repnéed to types already defined in the
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hydrological model. For the land use, some defeategories are already provided in this
version of SWAT with two themes: land cover andaurlttand. It is also possible to add new

land use types with suitable parameters.

The table represents an example of the look-uge thdslthe land use database. The land use

mapped in the shape file is linked to default catieg present in SWAT.

3.1.4 THE HYDROLOGIC RESPONSE

The basic spatial unit to the calculation is thedidyogic Response Unit (HRU) that is the
result of the combination of a soil type, a clabtaad cover and a sub-basin. The modeling
requires that the watershed must be divided intebasins. Flows estimated for every HRU
are added by sub-basin in order to get a global flansmitted between sub-basins (Bioteau
and al., 2002). The active processes in soil digration, evapotranspiration, withdrawal by
plants, lateral out-flow and outflow toward the Ewhorizons. The concept of the HRU is
based on the assumption that there is no interabbween HRUSs in one sub-basin, therefore

it is only at the subbasin level that spatial ielahips can be specified.

The model combines empirical and physically-basgpeagons, uses readily available inputs,
and enables users to study long-term impacts. S\gAlefined by eight major components:
hydrology, weather, erosion and sedimentation, saiperature, plant growth, nutrients,
pesticides and land management. SWAT is currerging utilized in several large basin
projects. SWAT provides the modeling capabilitiéshe HUMUS (Hydrologic Unit Model

of the United States) project (Srinivasan et a@93). The HUMUS project simulates the
hydrologic budget and sediment movement for the@pmately 2,100 hydrologic unit areas
that have been delineated by the USGS. Findingh®fproject are being utilized in the
Resource Conservation Act (RCA) appraisal conductsd the Natural Resources
Conservation Service. Scenarios include projectgdcatural and municipal water use,
tillage and cropping system trends, and fertiliaed animal waste use management options.
The model is also being used by NOAA to estimatepomt source loadings into all U.S.
coastal areas as part of the National Coastal faalliDischarge Inventory. The U.S. EPA is
currently incorporating SWAT into the BASINS intack for assessment of impaired water

bodies.
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3.1.5 CURVES NUMBER

SWAT uses the curve number approach to predictffuyeneration and it has been the
subject of a number of critical reviews (e.g. Hjidthet al., 1982; Bales and Betson, 1982).
Further work is required to clarify under what citioths the method gives satisfactory
predictions. Mishra and Singh (1999) show thatrtgeneralized version of the method gives
better results than the original formulation, ashbuld, since it has two additional fitting

parameters.

Hjelmfelt et al. (1982) found no strong correlatibatween curve number and antecedent
condition for individual rainfall events, suggesfithat interactions with individual storm
characteristics, tillage, plant growth and tempematwere sufficient to mask the effect of
antecedent rainfall. Despite its limitations, theré® Number method has been used quite
widely since it provides a relatively easy way obwimg from soil and vegetation data sets
(such as in GIS) to a rainfall- runoff model.

3.1.6 RESERVOIRS

A reservoir is an impoundment located on the mdianoel network of a watershed. The

features of an impoundment are shown in Figureh@. Water balance for a reservoir is:
V =Vstored +/flowin—V flowout +Vpcp —Vevap ¥seep, Where
V is the volume of water in the impoundment atéhe of the day (m3 H20),

Vstored is the volume of water stored in the wddedy at the beginning of the day (m3
H20), Vflowin is the volume of water entering thater body during the day (m3 H20),

Vflowout is the volume of water flowing out of theater body during the day (m3 H20),
Vpcp is the volume of precipitation falling on tvater body during the day (m3 H20),

Vevap is the volume of water removed from the waiedy by evaporation during the day

(m3 H20), and Vseep is the volume of water lostftbe water body by seepage (m3 H20).
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Figure 6 Components of a reservoir with flood watetention features

3.1.7 SENSITIVITY, CALIBRATION, AND UNCERTAINTY ANALYSES

Sensitivity, calibration, and uncertainty analyses vital and interwoven aspects of applying
SWAT and other models. Numerous sensitivity anaylsave been reported in the SWAT
literature, which provide valuable insights regagiwhich input parameters have the greatest
impact on SWAT output. The vast majority of SWATpégations report some type of
calibration effort. SWAT input parameters are pbgHy based and are allowed to vary
within a realistic uncertainty range during caliiwa. Sensitivity analysis and calibration
techniques are generally referred to as either amlasmuautomated, and can be evaluated with
a wide range of graphical and/or statistical praceds. Uncertainty is defined by
Shirmohammadi et al. (2006) as “the estimated ambyrwhich an observed or calculated
value may depart from the true value.” They disamsrces of uncertainty in depth and list
model algorithms, model calibration and validatoeta, input variability, and scale as key
sources of uncertainty. Several automated uncéytaamalyses approaches have been
developed, which incorporate various sensitivitg/an calibration techniques (Gassman and
al, 2007).

3.2 THE WEAP MODEL

3.2.1 BACKGROUND

Many regions are facing formidable freshwater managnt challenges. Allocation of limited
water resources, environmental quality and polié@ssustainable water use are issues of
increasing concern. Conventional supply-orientetutation models are not always adequate.

Over the last decade, an integrated approach terwatelopment has emerged which places
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water supply projects in the context of demand-sdaes, as well as issues of water quality

and ecosystem preservation.

However, it is necessary to develop a better utaledsng of how the natural hydrologic
system behaved prior to the onset of the dramaticdfiogic manipulations that characterizes
many of our water resource systems today (Muttradh \Wurbs, 2002). This type of analysis
relies upon the use of hydrologic modeling toolat teimulate physical processes such as
precipitation; evapotranspiration, runoff, and lindition (see Figure 7 a, pre-development).
Following the construction of hydraulic structusesch as dams and diversions (see Figure 7
b, post-development), factors related to the mamageé system must also be considered.
These systems were put in place to govern the altot of water between competing
demands, be they consumptive demand for agricliltoraurban water supply or non-

consumptive demand for hydropower generation osystem protection (Yate and a, 2005).

A water resource model is a conceptual representati an actual water system that allows
us to explore how the system might change in respdo a range of assumptions (Harris,
2007). Because models are conceptual, they arabtetto predict exactly what will happen
under various proposed scenarios, but instead dllewnodeler to compare the outcomes of
different scenarios to each other. For exampleyaias might include different assumptions
about population growth, the adoption of new tedbgy changes in the economy, the
construction of infrastructure, or the implemertatiof new environmental regulations.
Typically, one scenario is developed based on lessims usual assumptions, which provides

a point of reference against which other scenaxdmsbe compared (Harris, 2007).
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Preciistion
\

AT T N T T

Figure 7 Characterization of (a) pre- and (b) pegttershed development that highlights the
implications of water resource infrastructure o thiydrologic cycle

The Water Evaluation and Planning System (WEAP)saimincorporate these values into a
practical tool for water resources planning. WEARIistinguished by its integrated approach
to simulating water systems and by its policy aa¢ion. WEAP places the demand side of
the equation--water use patterns, equipment effidés, re-use, prices, hydropower energy
demand, and allocation--on an equal footing with skpply side--streamflow, groundwater,
reservoirs and water transfers. WEAP is a laboyafor examining alternative water
development and management strategies.

3.2.2 PRESENTATION OF THE WEAP MODEL

The WEAP software was developed by the StockholwirBnment Institute at Boston. It is
an object-oriented computer modeling package dedign simulate water resources systems
and trade-off analysis. WEAP (Water Evaluation &@nning) is a unique water resources
planning software system that allows the modeleacmount for a changing climate through
an internal rainfall run-off module which simulategdrologic patterns based on climatic
input. This ability to include climate change i tlevelopment of future scenarios makes it a

potentially powerful tool for informing climate ap@tion policy-making (Harris, 2007).
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WEAP stores information characterizing a water eystin a transparent and easy-to-use
database. Characterization includes water userpstt®sses, environmental flows, priorities
for the demand side, supply sources, hydrologiev fluatterns, surface and groundwater
storage, costs, and operation and allocation rfelethe supply side. Rivers, canals, demand
sites, water and wastewater treatment plants, gamoe and pumping facilities, local water
sources, surface and groundwater reservoirs comgrise water system are quickly drawn
and linked in a graphical interface and can be ropgal to match real geographic locations
with the help of imported GIS map layers (Lévitakt 2002)..

As opposed to historic hydrologic inputs, WEAP useputs such as precipitation,
temperature, humidity, and wind speed. These inpats be derived from global climate
change scenarios, and are used to calculate how miuthe precipitation that falls in a
particular area ends up as run-off into streantharge to groundwater, or evapotranspiration
through vegetation. With this capability, the WEASer can build scenarios that assume, for
example, higher temperatures or heavier rainfdbh@ with assumptions about water
demand, infrastructure, and environmental regutafidhese human activities are the elements
that can be adapted in the future in responsanwatd change. For example, we might model
a scenario with restricted water demand to try toimmze the predicted water shortage or
improve the predicted water quality. WEAP produesilts that demonstrate whether water
demand is met during a particular month, the degfegater shortage if there are shortfalls,
levels of storage in reservoirs for future use, amehsures of water quality. WEAP also
assesses the sufficiency of environmental watevs]ahe level of hydropower generation
capacity, and the evolution of soil moisture, eveguspiration rates, surface run-off volume,

and the rate of groundwater recharge (Harris, 2007)

3.2.2.1APPLICATION OF WEAP

The Water Evaluation and Planning Version modelnafits to address the gap between water
management and watershed hydrology and the regeimsnthat an effective IWMR be
useful, easy to use, affordable, and readily albkaléo the broad water resource community.
WEAPL1 integrates a range of physical hydrologiaccpeses with the management of demands
and installed infrastructure in a seamless andreolenanner. It allows for multiple scenario
analysis, including alternative climate scenarind ahanging anthropogenic stressors, such
as land use variations, changes in municipal addstmial demands, alternative operating

rules, points of diversion changes, etc.
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It has been applied in water assessments in da#ecsuntries in North America, Europe,
Asia, and Africa. WEAP applications generally inwlthe following steps (Yates and al.,
2005):

e Problem definition including time frame, spatialundary, system components and
configuration.

e Establishing the ‘current accounts’, which providassnapshot of actual water
demand, resources and supplies for the system.

e Building scenarios based on different sets of ®iturends based on policies,
technological development, and other factors thi#éca demand, supply and
hydrology.

e Evaluating the scenarios with regard to criteriahsas adequacy of water resources,
costs, benefits, and environmental impacts. The WEAalysis are able to project
how climate change might affect water resourcesdier to understand what types of

adaptation policies would be most likely to redtlae country’s vulnerability.

3.2.2.2ADVANTAGES OF WEAP MODEL

The Water Evaluation and Planning (WEAP) model &ddsng history of development and
use in the water planning arena. Raskin et al. L8t applied it to a study on the Aral Sea,
but that version of WEAP had several limitatiomg;liuding an allocation scheme that treated
rivers independently, gave priority to demands pstieam sites over downstream sites, and
assured demand sites that preferred groundwataurtace water were last in line in getting
surface water allocations. Given these deficienciW&AP21 introduces major advances
including a modern Graphic User Interface (GUIyohaust solution algorithm to solve the
water allocation problem, and the integration ofimogic sub-modules that include a
conceptual rainfall runoff, an alluvial groundwateodel, and a stream water quality model
(Yates, 2005).

WEAP model simulations are constructed as a sesteharios, where simulation time steps
can be as short as one day, to weekly, to monthlyeven seasonally with a time horizon

from as short as a single year to more than 10syea

WEAP places the evaluation of specific water protdeén a comprehensive framework. The
integration is over several dimensions: betweenatehand supply, between water quantity

and quality, and between economic development tigsscand environmental constraints.
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In specific, the following tasks and activities wbe performed using WEAP system:

1- identify and evaluate the impacts of climatergeon water for agriculture, recreation,
hydropower generation, water for municipal and stdal use, habitat function and health,

biodiversity, water purification;

2- Simulates water demand, flows, and storage, @oitlition generation (environmental

assessment capability). Treatment and discharge;
3- Provides through its graphical interface a sen@t powerful means for constructing;

4- Viewing and modifying the system and its dataté¢dase management, forecasting, and

analysis.);
5- Detailed supply demand modeling (forecastingnping and evaluation);

6- Assess current patterns of land developmentraadification (land use/land cover and

population changes);

7- Examine alternative water development and manage strategies including adaptation

strategies.

8- Explore the physical, social, and institutioaapects that impact watershed management

integrated water resources planning that may
impact the water conservation policies.
3.2.2.2.1 SCENARIO ANALYSIS

Scenarios are alternative sets of assumptions asiahfferent operating policies, costs, and
factors that affect demand such as demand managetnaiegies, alternative supply sources
and hydrologic assumptions, with changes in theda dble to grow or decline at varying

rates over the planning horizon of the study (Yates al, 2005).

The scenarios can address a broad range of "whquédstions, such as: What if population
growth and economic development patterns change&t \i¥heservoir operating rules are
altered? What if groundwater is more fully expld®eWhat if water conservation is
introduced? What if ecosystem requirements aredigtd? What if new sources of water
pollution are added? What if a water-recycling paog is implemented? What if a more
efficient irrigation technique is implemented? Wifahe mix of agricultural crops changes?
What if climate change alters the hydrology? Th&ssnarios may be viewed simultaneously

in the results for easy comparison of their effectshe water system.
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Among others, the scenarios are evaluated withrdegeo supply sufficiency, cost, and
average cost of delivered water, the meeting oftieam flow requirements, hydropower
production, and sensitivity of results based oneutainty of key variables. These could
include reductions in water demand due to demad® sianagement, assumptions of rates of

growth, incorporation of technical innovation, ches in supply (Yates and al, 2005),
3.2.2.2.2 DEMAND MANAGEMENT CAPABILITY

WEAP is unique in its capability of representing #ffects of demand management on water
systems. Water requirements may be derived fronetaildd set of final uses, or "water

services" in different economic sectors (SEl, 206®y example, the agricultural sector could
be broken down by crop types, irrigation distriatel irrigation techniques. An urban sector
could be organized by county, city, and water aistindustrial demand can be broken down
by industrial subsector and further into procestewand cooling water. This approach places
development objectives--providing end-use goods semdices--at the foundation of water

analysis, and allows an evaluation of effects gfriowved technologies on these uses, as well
as effects of changing prices on quantities of waemanded. In addition, priorities for

allocating water for particular demands or fromtigaftar sources may be specified by the

user.
3.2.2.2.3 ENVIRONMENTAL EFFECTS

WEAP scenario analyses can take into account théreaments for aquatic ecosystems. They
also can provide a summary of the pollution presdlifferent water uses impose on the
overall system. Pollution is tracked from genematibrough treatment and outflow into
surface and underground bodies of water. Concémsabf water quality constituents are

modeled in rivers.
3.2.2.2.4 EASE OF USE

An intuitive graphical interface provides a simplet powerful means for constructing,
viewing and modifying the system and its data. ifan functions--loading data, calculating
and reviewing results--are handled through an @utére screen structure that prompts the
user, catches errors and provides on-screen guwdditte expandable and adaptable data
structures of WEAP accommodate the evolving neédgater analysts as better information
becomes available and planning issues change.diticad WEAP allows users to develop
their own set of variables and equations to furttedine and/or adapt the analysis to local

constraints and conditions.
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3.2.2.2.5 URBAN WATER MANAGEMENT

One of the strengths of WEAP is that it is adagdblwhatever data is available to describe a
water resources system. That is, it can use daigkly, monthly, or annual time-steps to
characterize the system's water supplies and desndinis flexibility means that it can be
applied across a range of spatial and temporalescdhdeed, WEAP has been used
throughout the world to analyze a diverse set otewananagement issues for small

communities and large managed watersheds alike.

Historically, WEAP has been used primarily to assi® reliability of water deliveries and
the sustainability of surface water and groundwatepplies under future development
scenarios. This type of application of WEAP hasufmx on the water supply implications of
proposed management and/or infrastructural chamgg$ias overlooked the impacts of these
changes on the management of storm water and watstewRecent advancement of the
model, however, has allowed for the holistic, coafy@nsive consideration of each of these
facets of managing local water resources. The epdatodel can now be used to address

questions surrounding the integration of storm wataste water, and water supply.

3.2.2.30PERATIONAL STEPS

1. The study definition sets up the time frame,tigpdoundary, system components and
configuration. The model can be run with any tirteps~vhere routing is not a consideration;

for the proof-of-concept in the Basin, a monthiydi step is used.

2. System management is represented in terms pfysapurces (surface water, groundwater,
inter-basin transfer, and water re-use elementghdvawal, transmission and wastewater
treatment facilities; water demands; and pollui@merated by these activities. The baseline
dataset summarizes actual water demand, pollubads, resources and supplies for the

system during the current year or some other besgbar.

3. Scenarios are developed - based on assumptloms &limate change, demography,
development policies, costs and other factors dffatt demand, supply and hydrology. The
drivers may change at varying rates over the ptaphiorizon. The time horizon for these

scenarios can be set by the user.

4. Scenarios are then evaluated in respect ofedksintcomes such as water sufficiency, costs
and benefits, compatibility with environmental t@itg) and sensitivity to uncertainty in key

variables.
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3.2.3 THE PHYSICAL HYDROLOGY MODULE of WEAP

The WEAP21 model includes an irregular-grid, watatance model that can account for
hydrologic processes within a watershed systemthatican capture the propagating and
non-linear effects of water withdrawals for diffataeises. Our approach is informed by Beven

(2002), who challenges the trend towards physidadised modeling systems.

The physical hydrology component of WEAP has bemrelbped to account for two different
hydrologic realities. The first is the notion thacipitation in sub catchments located in the
upstream portions of watersheds, with complex togyoigy, steep slopes, and abrupt hills and
valleys, contributes to groundwater baseflows #emtve a gaining stream year-round, with a
relatively short time lag (Winter et al., 1998; Wdn 2001; Eckhardt and Ulbrich, 2003;
Burness et al., 2004). Conversely, sub catchmeuatdd in lower portions of watersheds
with flatter terrain tend to contribute to alluviajuifers that are directly linked to the river
system to which they can contribute flow (gainitiggams) and from which they can receive
seepage (losing streams), depending on hydrolagiditons. These groundwater systems
can also provide storage from which users can avater to satisfy demands (Figure 8). This
schematic shows a watershed broken into two sudtweents. SC-1 is a headwater
catchment, without surface-groundwater interactaomd applies the two “bucket” water
balance model. SC-2 is characterized as beingviallay area, where the surface hydrology
applies the single bucket water balance with regghéo an underlying alluvial aquifer which

as groundwater-surface water interaction.
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Figure 8 Physical hydrology component of WEAP2h wito different hydrologic realities.
(Yates and al, 2005)

3.2.4 SURFACE WATER HYDROLOGY

The physical hydrology model consists of severalceptually simple components that are
combined to be computationally efficient, but weghough specificity to capture important
hydrologic process and address key water resowssees. For a given time step, the
hydrology module is first run to update the hydgiostate of the watershed, and thus
provides mass balance constants used in the lalmation problem in a second procedure
within the same time step. A one dimensional, 2agfe soil water accounting scheme uses
empirical functions that describe evapotranspimtisurface runoff, sub-surface runoff or

interflow, and deep percolation (Yates, 1996).

3.2.5 GROUNDWATER-SURFACE WATER INTERACTION

Surface water and groundwater are dynamically tinker when groundwater is depleted, a
stream contributes to aquifer recharge (a losingast), while a stream is considered to be
gaining when there is substantial recharge to théfer across the watershed and flow is
from the aquifer to the stream. Irrigated agricltean complicate the picture even further,
since water can be drawn from the stream, pumped the local aquifer, or even imported

from outside the basin, and thus both depletesracidarges the aquifer (Liang et al., 2003;
Winter, 2001).
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Capturing these dynamics is important, and the rglaater module implemented in

WEAP21 allows for the dynamic transfer of watempetn the stream and the aquifer (Figure
9). In WEAP21, the aquifer is a stylized wedge tisahssumed symmetric about the river,
with total aquifer storage estimated under the rag$lon that the groundwater table is in
equilibrium with the river. Thus the equilibriumosage for one side of the wedge, GSe is

given as:

Equation3.1 GSe=hg*lw*Ag*Sy

where R (m) represents the normal distance that extendsdmally from the stream,, I(m)

is the wetted length of the aquifer in contact vilie stream, \Sis the specific yield of the
aquifer, and A is the aquifer depth at equilibriumg Astimate of the height which the aquifer
lies above or is drawn below the equilibrium sterdgight is given bygthe vertical height
of the aquifer above or below the equilibrium pasit In the Figure 9, £refers to the water
withdrawn from the aquifer to meet demands, anefers to the watershed’s contributing

recharge.

.‘1 d G-S} d W,

Figure 9: Schematic of the stylized groundwatetesys and its associated variables (Yates
and al, 2005)

3.2.6 IRRIGATED AGRICULTURE
Demand associated with irrigated agriculture shdiresame surface hydrologic model as the
watershed demand associated with evapotranspirdtan natural land cover. A sub-

catchment can be designated as containing irrigited cover fractions, which are then

assigned upper and lower irrigation thresholds.-&itbhments with irrigation require a water
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source to meet that demand and these sourceseartfigtl in WEAP21 by using the drag-

and-drop capability to link the water sources ® dppropriate irrigation demand location.

3.2.7 SURFACE WATER QUALITY

The WEAP21 model includes descriptive models ohpeburce pollutant loadings that can
address the impact of wastewater on receiving wat€he water quality parameters are
currently limited to conservative constituents tdatay according to an exponential decay
function, dissolved oxygen (DO), Biological OxygBemand (BOD) from point sources, and
in-stream water temperature. The water qualityeservoirs is currently not modeled. The
first-order DO and temperature models are patteafied Chapra (1997), where water quality
is simulated for select rivers, chosen by the WERB&er interface. Mass balance equations
are written for each stream segment of the seleoteds, with hydrologic inflows from rivers
and groundwater sources automatically input to Eteuhe water balance and mixing of DO
and BOD concentrations and temperature along esathr The river network is the same for
the water resources and the water quality simuladiod assumes complete mixing (Yates and
al, 2005).

3.2.8 THE MANAGEMENT SYSTEM: THE ALLOCATION MODULE

The starting point in a WEAP21 water managemenlyaisais the development of watershed
demands. Each demand is assigned a user-defir@aypgiven as an integer from 1 (highest
priority) to 99 (lowest priority). Each demand keh linked to its available supply sources,
with each supply source preference set for eactaddrsite (e.g. does the site prefer to get its
water from a groundwater or surface water sourc@&Pe supply-demand network is
constructed and an optimization routine allocateslable supplies to all demands. Demands
are defined by the user, but typically include noiypal and industrial demand, irrigation

demands from portions of the watershed, and irasirBow requirements.

3.2.8.]WATER DEMANDS

Demand analysis in WEAP21 that is not covered leydtapotranspiration-based, physical
hydrology module is based on a disaggregated, sadapproach that determines water
requirements at each demand node. Demographic ater-wse information is used to
construct scenarios that examine how total andgdiemated consumption of water evolve
over time. These demands scenarios are computtElP21 and applied deterministically

to the Linear Program (LP) allocation algorithm.niend analysis is central to integrated
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water planning analysis with WEAP21, since all dygmd resource calculations are driven
by the allocation routine which determines the Ifilivery to each demand node, based on

the priorities specified by the user.

WEAP provides flexibility in how data are structdreand can range from highly
disaggregated end-use oriented structures to hagdyegated analyses. Typically, a demand
scenario comprises several sectors including haldgeh industry, ecosystems, and
agriculture, and each can be broken down into @iffesub-sectors, enduses, and water-using
devices. However, if the physical hydrology modideused, agricultural and urban turf
watering demands are not included in the disaggeegdemand analysis but are derived from

soil moisture fluctuations.

The structure of demand data can be adapted to spesific purposes, based on the
availability of data, the types of analyses ther wgmnts to conduct, and their unit preferences.
In most cases, demand calculations are based asaggdegated accounting for various
measures of social and economic activity (e.g., memof households, water use rates per
household, hectares of irrigated agriculture, itiaisand commercial activity, and water use
rates) and are aggregated and applied in the &tbocscheme at the demand site level (Yates
and al, 2005). Activity levels are multiplied byethvater use rates of each activity and each
can be individually-projected into the future usiagvariety of techniques, ranging from
applying simple exponential growth rates and iraétion functions, to using sophisticated
modeling techniques that take advantage of WEAPBMik-in modeling capabilities via a
spreadsheet like expression builder

3.2.8.2N-STREAM FLOW REQUIREMENTS

In-stream flow requirements are used to repressgabkshed or new regulatory requirements
of minimum flows in a river. These data objects pl@ced on the river and are assigned a
priority and minimum flow value that must be maintd during a specified period. In-stream
flow requirements can vary in time, so one can att@rize a temporally changing regulatory
environment, making it possible to make the inatreflow requirements a higher priority
and simultaneously raise the minimum standarda fat any given time in the simulation.
Figure 10 illustrates this, where the in-streanwflpriority has changed from a 2 (lower
priority) to a 1 (highest priority) in 2005, whitee minimum in-stream flow requirement has

been raised from 1.0 cubic meters per second (3)0t(m3) in the same year.
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3.2.8.3SURFACE RESERVOIRS

Reservoirs represent a special object in the WEAR&del in that they can be configured to
store water that becomes available either fronstietion of the physical hydrology module
or from a user-defined time series of stream flodvseservoir’'s operating criteria determines
how much water is available in the current timepster release to satisfy downstream
demand and instream flow requirements, hydropowenemtion, and flood control
requirements and how much if any should be cawiedt until a later time-step. If the priority
assigned to storing water in a reservoir is less tlownstream demands or in-stream flow
requirements, WEAP will release only as much ofatailable storage as is needed to satisfy
demand and in-stream flow requirements, taking iotmsideration releases from other

reservoirs and withdrawals from rivers and otherses.

et Pty L Requiemen | ST irrvam Flow Rlequirement |
11 the supply priority for this flow requitement changes over time, use 7 Help Minimum average monthly instream flow required for social or ? Help
the Step function [in the Yeaily Time Senes Wizard) to rep the ENVir al purp e R e e |
new prionty. [Prioity values will be rounded to nearest integer. |
; Flow Requirement[1998  |1299-2008 |scatle  Junit |
Flow Requirement| 1998 |1999-2008 Minimurn Flow 1 Stepf 2002.2 | oS |
Minimum Flow |2 ep|
Tahle | Notes | Table | Notes |
Supply Priotily IMiramum Flow Requirement [monthi)
2 L] 2 1
i |
L 3
1 ! g ] 1
[
: I
i
f
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Figure 10 WEAP21's GUI for specifying in-streamaflcequirements. The left panel shows
the supply priority of in-stream flow, while thglt panel is the actual in-stream flow
requirement in m3/s that abruptly changes over t@®a result of regulatory requirement

In WEAP, a reservoir is stratified according to grastorage volumes as shown in Figure 10,
where: 1) the flood control storage (Sf) defines done that can temporarily hold water but
must be released before the end of the time steefféct, it is always vacant, as additional
flows that would lead to reservoir storages abdnveflood control storage are spilled; 2) the
conservation storage (Sc) is the storage availnlelownstream demands at full capacity,

where all water in this zone can be drawn fronth®)buffer storage (Sb) is a storage that can
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be controlled to uniquely meet water demands dusimytages; when reservoir storage falls
within the buffer storage, water withdrawals ardeeively conserved via the buffer
coefficient, bc, which determines the fraction wirage available for reservoir release; and 4)
the inactive storage (Si) is the dead storage daanot be utilized. All these storages
parameters can vary in time and can be used tmalefiater conservation and flood
storage/release targets. The amount available telbased from the reservoir, Sr is the full
amount in the conservation and flood control zoaed a fraction (defined by bc) of the
amount in the buffer zone

Equation 3.2 Sr=Sc+Sf+(bc*Sh)

Total Storage —»

Flood Comtrol Zone
Top of Conservation ——»

Conservation Zone

Top of Buffer —»
Buffer Zone
Buffer coefT fb)

— \i

Figure 11 The different reservoir storage volumssdito describe reservoir operating

Top of Inactive ——»-

3.2.8.4ADEMAND PRIORITIES AND SUPPLY PREFERENCES

A standard linear program (Berkelaar et al., 20i34used to solve the water allocation
problem whose objective is to maximize satisfactibriemand, subject to supply priorities,
demand site preferences, mass balances, and othgraints. The constraint set is iteratively
defined at each time step to sequentially condiderranking of the demand priorities and
supply preferences. The approach has some atsibotea more traditional dynamic
programming algorithm, where the model is solvedgequence based on the knowledge of
values derived from the previous variables and &g (Loucks and al., 1981; Nandalal and
Sakthivadivel, 2002).

Individual demand sites, reservoirs, and in-stréw requirements are assigned a unique

priority number, which are integers that range frbifinighest priority) to 99 (lowest priority).
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Those entities with a Priority 1 ranking are mershar Equity Group 1, those with a Priority
2 ranking are members of Equity Group 2, and soTdm® LP constraint set is written to
supply an equal percentage of water to the mentfeesich Equity Group. This is done by

adding to the LP for each demand site:

1) a percent coverage variable, which is the pérokthe total demand satisfied at the given

time step;

2) an equity constraint that equally satisfiedalihands within each Equity Group in terms of

percentage of satisfied demand; and

3) a coverage constraint which ensures the apptepamount of water supplied to a demand
site or the meeting of an in stream flow requireten

3.2.8.5METHODOLOGY

In the Chapter 5, the WEAP program will be usetuid an IWRM model taking Merguellil

catchment as a case study. The following summé#nzenain steps to be followed:

1. Prepare the required information and all thaiirgata for WEAP software to develop an

integrated water resource management (IWRM) model
2. Setup GIS-based data as input for the model.

3. Suggest future scenarios related to the populagowth, supply and demand changes, and

other factors.

4. Build the IWRM model using WEAP Program.

5. The final results of the modeling will be forratéd in a form of figures, tables and maps.
6. Make needed calibration for the output datalteddrom WEAP model for the catchment.

7. Set the general comments and recommendations.
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4 CHAPTER 4: CASE OF STUDY

4.1 WATER RESOURCES IN TUNISIA

Water resources in Tunisia are estimated at 4706 Matuding 650 Mni of nonrenewable
resources or 13.8% of the total water resourcesu@water resources represent 42.5% of
the total potential. Over the last decade, recehasv that Tunisia experienced 12 important
flood periods alternated with 17 dry periods. Drotsgappear two to three times every 10
years and can last two, three or even four sucaeygsiars.

Surface water resources in Tunisia are characteid®eproblems of quantity and quality.
These resources are limited because of the sedhitararid climate found in most of the
country, with episodic droughts, and a natural detation of water quality because of the
salty types of rocks found within the country (Bedellah, 2007). Tunisia receives on
average 230 mm/year of rainfall; that is 36 billioubic meters (b of rainfall. However,
this volume varies between 11bwiuring a drought year and 90 bouring a very wet year.
The variability of the climate under the Mediterean influence in the north and under the
Saharan influence in the south makes rainfall & $slhme time scarce and unequally
distributed in space and time. The annual precipitas on average 594 mm in the north, 289
mm in the center and only about 150 mm in the solitle ratio between the highest observed
values and the lowest observed values of predpitatary from 4.4 in the north to 15.8 in the

south, illustrating the temporal irregularity aratiability of rainfall.

Surface water resources are estimated at 270®milibic meters (M) distributed per year
over three natural areas distinguished by thematic and hydrological conditions as well as
by rather homogeneous geomorphologic and geologgyacts. The north provides relatively
regular contributions evaluated to 2190 Rinhus representing 82% of the total surface water
potential while covering only 16% of the countrnhelcenter part, covering 22% of the area,
is characterized by irregular resources. It prawid@% of the total surface water potential.
The southern part of the country which accountafiproximately 62% of the total area is the
poorest in surface water, providing very irregulesources evaluated at 190 Mm3 which
represents 6% of the country's total potential atev. The quality of surface water, evaluated
by its degree of salinity, varies according to tr@in of the resource. Considering that a
salinity of less than 1.5g/l is acceptable, anchthpproximately 72% of the surface resources

may be considered of good quality. Water qualisoalaries across the country with 82% of
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the water resources in the north considered goaditgu48% of that in the center and only
3% in the south (Benabdellah, 2007).

Tunisia has many aquifers, storing 720 Mm3 each yethe northern and central areas and
1250 Mm3 in the south of the country (DGRE, 1998)hdwater is distributed as follows:

e The north has 55% of the shallow groundwater ressuand only 18% of the deep
groundwater resources
e The center provides 30% of the shallow resourcd<24f6 of the deep resources

e The south provides 15% of the shallow resourcedshais 58% of the deep resources.

Good quality groundwater is found in only 8% of létha water and 20% of deep aquifers. If
one accepts that salty water up to 3g/l can be usdtie agricultural sector and for the
production of drinking water, then approximately%@8®f groundwater resources are not
suited for these two sectors which are in increpdemand. the salinity of the water stored in
shallow aquifers can reach 3.5 g/l due to overdaaftresources are drawn down for both
drinking and irrigation (Benabdellah, 2007).

With a population of approximately 10 million arftetavailability of water resources below
500 m3/capita/year, Tunisia has been able to nmeehé¢eds of its various economic sectors,
even during severe droughts: coverage of drinkiagewsupply reaches 100% in cities and

more than 80% in rural areas, without rationinggrein periods of shortage

4.2 STUDY AREA

The Merguellil catchment is located in central ®isi about 60 km west of the city of
Kairouan (Figure 12). It is located between theafjals 39G 60N and 39G 78 N and the
Meridian 7G 55E and 8 G 35 E (Kallel et al., 1973he Merguellil catchment is
characterized by a semi-arid climate. It extendsuoarea of about 1200 km? upstream of the
El Houareb dam built in 1989 in order to protecirgaan against floods. About 70% of the
catchment surface area has slopes below 7%. Skiyme® 15% cover 10% of the catchment

surface area.

The water stress situation within the Merguellitotement can be summarized as a limited
resource facing an increasing water demand. Aduitlp, since four decades the Merguellil
river basin is experiencing continuous changesriyidrologic system due to the construction
of hill ponds, hill reservoirs and contour ridgdgiire 3.1) and the large El Haoureb at the

outlet. After the floods of the Kairouan city in@% which caused severe human and material
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damages to the city, the large El Houareb dam wstabkshed with the main objective of
protection of the city. However, besides reducifapds this dam served also to develop

irrigated areas and to supply the city with potateer.
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Figure 12 Location of the study area

4.2.1 MERGUELLIL ENVIRONMENT

The Merguellil catchment presents two contrastisgeats: an hilly upstream (1200 Rm
with an altitude between 200 and 1200 m, and a flatydownstream, part of the Kairouan
plain that extends over more than 3000 kithe Merguellil catchment is endorheic and river
flow is not perennial, but sometimes very violaattout 80 % of the annual flow is produced
in 12 days. Before the construction of the big Elubreb dam, at the border between the
upstream part and the Kairouan plain, the larglestds of Wadi Merguellil reached the
Sebkha el Kelbia, a large salt lake often driecang smaller floods vanished in the Kairouan
plain by both evaporation and infiltration to thguder. For the period 1989-2005, the mean
annual flow of Wadi Merguellil calculated at thetmof the El Houareb dam was 17 Mm
(extremes of 2.5 and 37.6 MInThe exceptional flood of the 1969 autumn wertéregted at
about 175 M, with a peak flow over 3000 s, which resulted in the inundation of the

Kairouan plain, high human and material lossesu@daater resources may complement the
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surface water resource but they are not evenlyildised: 3 small aquifers cover the lower
part of the upstream catchment; the thick and laéfer in the Kairouan plain alluvium is

the most important of central Tunisia.

4.2.2 PEDOLOGY

Four types of soils can be identified in the catehinImmature soils are mainly inorganic
and occasionally halomorphic. They are made upilofasd limestone. Associated soils
consist of marl, sand and sandstone. Calcimagisedi& gather brown, rendzina and regosol
soils. Isohumic soils belonging to the brown suio-aoil group are well suited for cereal-
growing. These four soil types cover 38%, 44%, 1d8d 7% of the catchment surface area
respectively. In the Merguellil catchment, soil ttee varies from clay to coarse sand
textured. The upper basin contains shallow soir @/éimestone crust rigid, the rest of the
basin is composed of deep sand on sandstone. Thenap of the Merguellil catchment
(Figure 13) presents four main units: poorly evdleeils, Carbonate soils (calci-magnesic),

Iso-humic soils, and mineral soils resulting froraston (association).

e Poorly evolved soilseither wind borne or fluvial, form the best agttatal lands of
south west (oasis or Ségui soils). In fact, theydegep (>1.50 m) and have silty-loam
to sandy texture. Organic matter can barely exd@&8b. Gypsum accumulations
could be present at medium depths of 40 - 60 cmggpdum borne crust is therefore
present almost everywhere at the boundaries ofigmemd chotts. Of course, salinity
appears from bottom to upper layers. Its conteniesaaccording to the cultivation
patterns. In most cases, these soils show spot&iar logging and salinity as found
in Ne-fzaoua, Gherib, Jerid, Gafsa regions (Mtin200; Mtimet, 1999, Raspic,
1999).

e Iso-Humic soilsare brown soils with dominantly coarse textureeylare rather deep
with an organic matter content ranging from 0.5%lt6%. On the plateau of Sidi
M‘hedeb and Sfax, they have calcareous crustingsiwallows them to be associated
to calcicmagnesic soils. Which due to their erosesidues (high sand content) have a
moderate retention capacity (60-80 mii)rtMtimet et al, 1996, 1997; Mtimet, 2000).

e Carbonate soils (calcic-magnesic) cover the north-west part of tesin where
irrigation is poorly developed. Characteristicdtgy possess a low field capacity (30-

60 mm m'"). They regularly cover calcareous parent materi@iteir thickness is
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variable following the general ground morphologyey exhibit crusted horizons or
contain coarse calcareous elements (Mtimet, 20Qna&4, 1999).

e Mineral soils resulting from erosion (association). The valleysl dhe slopes are
generally covered with calcareous or gypsum nodalks. This Soil type is more
presented in Mountains, where the calcimagnesit feained a continuous cover
formerly balances with a good forest cover. Thecg of the bed rock is due to
important erosion started by the degradation of vbgetation. This degradation is

more visible on the broad marly outcrops locatetthatsouth of Makthar.

Soil Types

B :ssociation

- Calcic-magnesic

- lsohumic

C] Poonly evolwed
"

Figure 13 Soil map of the Merguellil catchment

4.2.3 LAND USE

Half of the catchment area is cultivated with anramaps (wheat, barley) and trees (olive and
almond). Grazing lands cover 30%, forest 19%, amhu areas 1% (Lacombe, 2008he
Vegetation cover decreases from upstream to doearstrEigure 14. The upper part of the
basin is covered by forest, which accounts for 28.6f the total basin area; pasture for another
21.5%, mainly in the central region, an urban é&emncentrated in the small cities of Haffouz, el
Ala and Kesra and presents (0.5%), water bodigf4Rwhile crops cover the remaining 57%,
chiefly in the south east and north (kingumbi 1999)

The upper catchment is underlain by sedimentarpsiep mainly limestone, with alluvium

along the larger valleys. In the lower catchmeetKairouan plain is a collapsed basin filled
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with a laterally and vertically heterogeneous sageeof Pliocene - Quaternary flood deposits
bought down by the Zeroud and Merguellil rivergdé deposits are up to 700 m thick.

Landuse

I Urban
I Crops
I vvater
B Forest
[ Pasture

0 25 5 10
——_ [y o

Figure 14 Land use map of the Merguellil catchment

4.2.4 CLIMATIC DATA

4.2.4.1PRECIPITATION

The catchment area of Merguellil belongs to lownyatone with annual precipitation from
200 to 400 mm distributed out of 40 to 70 daysaifi.r The mean annual rainfall (1929-2005)
varies between 515 mm (for an average of 61 raiaysdat the top of the catchment
(elevation = 1200 m) in the north-west and 265 3 r@iny days) at the catchment outlet
(elevation = 200 m). About 83% of the mean annaal falls between September and May
with two peaks in October and March. Rain is exgnnare in July. Kingumbi et al. (2005)
investigated the rainfall variability in the Merdlilearea since 1966. They showed that while
rainfall greater than 30 mm/day became more fregaftar 1989 (11 days/year for the period
1966-1989, 16 days/year for the period 1989-1388)annual mean cumulated area covered
by such heavy rains has been decreasing since (P4D® km2 for the period 1966-1976,
below 1800 km2 after 1976). According to the Embergassification, The North western

part of the Merguellil catchment is situated in #uperior and inferior semi-arid boundaries,
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while the rest of the basin like Kesra, Trozza 8qioel Oueslat belong to the inferior Semi-
arid boundary (CES, 1986).

Precipitation varies with altitude; indeed the lghvalues are observed on the plate level
such as that of Makthar and El Alaa, land on mduastevhich form the relief of the basin like
Djebel Trozza. Generally, the North-western parth&f catchment receives more rains than
the South-eastern part . Precipitation decreases the upstream to the downstream; the
highest values are recorded at the Kesra.F andréSldtations in the upstream of the
catchment, while the lowest value is at EL Houar@h-gage. Mean monthly precipitation
over a period of 10 years (1990-2005) on the tytali the Merguellil catchment is presented
in Figure 15. We note that most rainy months anet&eber (50mm) and January (41mm).
From May, monthly precipitations decrease untilcheéag the lowest values in July
(Abouabdillah, 2010).
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Figure 15 Mean monthly precipitations in the Merljjleatchment based on measured data
in all rain-gages from 1990 to 2005 (Abouabdill&010)

4.2.4.2TEMPERATURE

No temperature gages were located within the wiag¢elrsand even the available stations in
the proximity of the basin [Kairouan (1901-1979)alkthar (1901-1979) and Shiba (1964-
1982)] have records that do not cover the simulapieriod (1986-2005). The mean monthly
temperatures within the Merguellil catchment (Fega6) fall below 10 °C during December,
January and February. They are between 10 and 2Qufi@g October and November and
during April and May. The hottest months in the ibaderguellil are July and August. In

these months, the monthly mean maximum temperaéxeeded 10 °C, but they stay below
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35°C. The coldest period of the year is the wimbenths from December to February, with
average monthly minimum below 5 °C. They remairotel0 °C during November, March

and April and exceed this threshold, the rest efythar.
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Figure 16 Mean monthly temperatures in the Mergueditchment based on measured data
in Sbiba, Makther and kairouan stations from 1992982 (Abouabdillah, 2010)

4.2.43HUMIDITY

Relative humidity is the ratio between the amountvater vapor in the air and maximum
absorption capacity of the air at a given tempeeatThe mean monthly value oscillates
between 55% and 70% during the cold season andebat¥0% and 55% during the warm
season. The climate is moderately dry from Septertdé\pril and very dry from May to
August. Relative humidity increases in the presesic¢hunderstorms and lowered during
sirocco (hot wind). In Kairouan, it is high durinQctober (65%), November (61%),
December (64%), January (65%) and low in June alyd(48%), August (50%).

4.2.4.4EVAPOTRANSPIRATION

The potential evaporation depends on temperatuied vand atmospheric humidity.
Evaporation is maximal in summer in the plains @nsl minimal in winter in highland areas
with cooler temperatures. Given the lack of measanmed the presence of gaps of potential
evapotranspiration in the Merguellil watershed, esals formulas have been adapted to
determine this variable i.e. Thornthwaite and Panfieemula that requires a lot of climatic
parameters but better agree with the measured syalugome weather gauge (Bouzaine and
Lafforgue, 1986). The monthly maximum is reacheduty with an average of 1000 mm and

the minimum in January with 400 mm (Dridi, 2000).
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4.3 DESCRIPTION OF WATER SUPPLY SYSTEM IN THE STUDY ARE A

4.3.1 EL HOUEREB RESERVOIR

In 1989, the big El Houareb dam (Figure 17) wastlbor preventing catastrophic floods. In
fact, the major part of the dam water infiltratesid recharges groundwater) or evaporates.
The reservoir has often dried up. Dam releasesaeexceptional. The numerous works for
water and soil conservation in the upstream catolbhmesult in a significant decrease in the
river flow, and completely modify the regional wabalance. Moreover they do not represent
a new reliable local water resource. Water is &ag&en from aquifers for providing drinking
water to inhabitants of the catchment but also dmate areas, along the coast where

population and tourism activities are much denser.

A

25 T e R P g T T .

Figure 17 El Houareb Dam on May 2007 (left) and\daly 2008 (right)

This dam has a capacity of storage equal to 95aomittubic meters (M) at its principal
spillway and is strongly connected to Kairouan mlaiquifer. Over 60% of the inflow
collected by the El Houareb dam infiltrate and erge the aquifer (Kingumbi et al., 2004,
Leduc el al., 2007). The ElI Houareb reservoir repnés a good hydrological ‘integrator’ of
the whole upper basin, as witnessed by the danrJetel; consequently it was schematized
in the model. For the period 1989-2005, the meamalflow of Wadi Merguellil, estimated
at the El Houareb dam, was 17 Mm3, with a minimuim2.& Mm3 in 2000-2001 and a
maximum of 37.6 Mm3 in 2004—2005. These valuesmmompared with the exceptional
flood of autumn 1969, estimated at about 175 MmiBh & peak flow of over 3000 m3/s,
resulting in a severe inundation of the Kairouaaimplwith high human and material losses
(Bouzaiane and Lafforgue, 1986). Outflow from the Houareb reservoir consists of
evaporation (25%), pumping and releases (12%), wmwbntrolled infiltration to the karts

aquifer (63%). Because of this exceptional cauesis, dam releases are very limited and the
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dam has completely dried up several times. Pathefteservoirs’ water is pumped to supply
public irrigation schemes downstream of the darguié 18 represents the Water level of the

El Houareb dam and reflect the inter-annual valitgbi
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Figure 18 Water level of the El Haouareb dam (beseaof siltation, the lowest levels,
recorded in 1994, 1997—-2005 and 2008, corresporaldomplete drying up of the dam).

4.3.2 GROUNDWATER

Three small, interconnected aquifers (Ain BeidhaulBafna, Haffouz—Cherichira) exist in

the lower part of the upper Merguellil basin (Figw4). Depending on place and time, they
interact with the drainage network in both diressip springs supplying rivers or floods

recharging alluvium and linked aquifers. The Kaaoplain aquifer represents a much larger
water storage because of its horizontal extentaatidckness of up to 800 m of alluvium and
colluvium (Nazoumou, 2004). The Kairouan plain &guwas previously fed by the rapid

infiltration of flood water, which was the majorraponent of its water budget, and by lateral
groundwater inflows from adjoining aquifers. Sint@89, the El Houareb dam has stopped
most of the Merguellil flow (dam releases have espnted only 6% of the dam water) and
the plain aquifer is now recharged by the horizbtreansfer through a karstic system that

mixes water from the Ain Beidha aquifer and from dam reservoir.

4.3.3 WSCWs: CONTOUR-RIDGED AND SMALL DAMS

In the 1990°'s, the Tunisian government and intéonal donors have subsidized the

construction of WSCW (contour ridges and small datmseduce gully formation and allow
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supplemental irrigation in the Merguellil catchméRigure 19). Between 1989 and 2005, 44
small dams were built, collecting runoff from 12&X&. Contour ridges were constructed over
234 km2 of lands, 12% of which located within tla@athments of the small dams. As of 2005,
WSCW collects runoff from 28% of the Merguellil chtent surface area. 97% of WSCW-
controlled areas are located outside the Merguedddwater catchment in the downstream
part of the Merguellil catchment where they con82% of the surface area. The forest in the
upper sub-catchment probably explains why WSCWahrest absent from this area. Three
kind of water harvesting techniques are presemethé study area: Five large reservoirs
located on the main channel network; they recdieenater from all subbasins upstream from
of the water body. To reduce siltation in the reses of the three large dams in the region,
WSCW have been implemented in each upper basithdrMerguellil basin in particular,
they currently consist of 25,000 ha of contour-eédgerraces,. Presently, more than 20% of

the upper basin area has been affected by conservedrks.

- El Hasuareb dam

& Small and medium tanks -
Wells
a4  Drillings
% Public irmgated schemes
- Contour ridge terraces &

Figure 19 Water infrastructure in the Merguellil &ia.
From 1990 onwards, the WSCW directorate set upcard@al strategy (1991-2000), focused
primarily on the treatment of hill slopes and thenstruction of small tanks (Figure 19).
Currently, 17% of the basin is occupied by terraoasle out of dry stone or by terraces with
total flow retention (tabias), in particular in thery fragile Zebes and Haffouz sub-basins
(Ben Mansour, 2006). The upper basin also includssut 30 small pond (with a capacity
lower than 0.5 Mm3), built and managed by the SVWW€ctbrate, which store 2.5 Mm3/ year

on average, and five larger tanks, built by the d#imctorate and managed by the SWC
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directorate. With a storage capacity above 1 Mnh&seé ponds receive annual average
contributions of 2.8 Mm3. These reservoirs werdidgtly built to trap sediments but

authorities later tried to select reservoir sitese to the population and exploitable land.

4.3.3.1HILL PONDS

Hill ponds are small compacted earth dams withightef the dam varies between 5 and 8m
and length from 100 to 300 m and the average cgpiadd.1 million m3. They are equipped
with floodway for 1 or 2 m from the coast to theesir and an underground fighter and
sampling which crosses the dam. Largest dams #eeldall reservoirs. Their heights are 8 to
12 m and can store over 1 million®rfGhola, 1993). These structures (Hill ponds ard hi
reservoirs) have a relatively high cost comparedvatume stored water: The dams are
generally designed to improve local agricultureeylhave an important role on the retention
of sediment and protect big reservoirs from silamgl water recharge groundwater (DGF and
GTZ, 1994). In the absence of other techniques atEmwtransfer, ponds are the best way to
initiate a process of local development. The sitkesen are not only dictated by the
characteristics of the physical environment, babalepend on the willingness of people to
participate in development project of territory fBeand Talineau, 1995). The hill ponds
have different size: 37% of these ponds were builie sixteen‘s within an American project
for the development of watershed Merguellil. They ttally or partially silted as a result of
the exceptional flood of 1969. The ponds built at®69 are partly clogged by 10% to 80%:
these are the ponds that have more water resodiicegponds were built primarily to protect
the reservoirs against silting (Ben Mansour et1894). In the 90s the construction of large
hill reservoirs that contain more important wafEne biggest reservoir is El Kharroub (1.27
million m®). Data about the hill ponds reservoirs were pretidrom the CES Kairouan
(Direction de Conservation des Eaux et des SolsgoAling to some statistics collected by
the Office of the Ministry of Agriculture showedatthe speed of construction of these ponds
is much higher than the rate of exploitation (BduZi998). The analysis of the diversity of
crop management systems around the ponds madéé stwws that 50% of farmers have
not introduced the Irrigation and retains theiditianal production, 28% begin to use the
water in their agricultural production function,da22% are engaged in small irrigation
(Albergel and Rejeb, 1997).
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4.3.3.2CONTOUR RIDGE

In the Merguellil catchment contour ridges were staircted over 230 kfrof lands. Contour

ridges are small earth structures constructed acttes curve levelsFigure 20. The main

objective for their construction is to reduce theseve power of surface runoff resulting in the
reduction of soil erosion and to increase localtiation). The Contour ridges have been used in
many parts of the world as a soil and water corsinv technology. There has been a
forceful adoption of this technology through marguetries‘legislation as the example of
Tunisia where since the 1990's, the Tunisian gawermt has started to subsidize the

construction of Water and Soil Conservation WolR&SCWS).

Figure 20 Contour ridges in the Merguellil catchméridi, 2000)
Soil conservation implies also indirectly water servation. In fact, since the water
conservation capacity of a soil depends on thedsgth, thus when a soil profile is conserved
by minimizing erosion its depth remains large anithvit water holding capacity. In the
Merguellil catchment, besides increasing the amafntwvater added to the soil profile,
contour ridges intent also to protect downstreasemmirs against silting (Achour and
Viertman, 1993 ; CES et al., 1995) as they cortstitugood sediment traps. In addition these
contours are adopted to familiarize the farmerglaémt along the curve levels. The design of
the ridges is done in a manner to prevent overtappy runoff. Ridges follow the contour at
a spacing of usually 1 to 2 meters. Runoff is addld from the uncultivated strip between
ridges and stored in a furrow just above the rid@&stchley and Klaus 1991). Crops are
planted on both sides of the furrow. The lengtleaitour ridges is variable since they can be
interrupted by any obstruction making difficult thalignment. In the Merguellil watershed

the spacing between ridges ranges from 5 m (at Il ahd Haffouz) and 8 m (at El
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Hammam). Contours ridges induce considerable ted@ss; considering a contour ridges
spaced of 6.5 m with a length varying from 200 @0 5m, the terrain loss per hectare
oscillates between 13 and 32 % which is not negkgiparticularly in cultivated lands.

According to CES et al (1995), it is more suitatdeconstruct the contour ridges under the

following conditions:

¢ Rainfall: 300 - 400 mm/year,
e Low rainfall intensity. This is not the case of samd climate ,
e Slopes: 4 -6 %,

e Soils: fertile and quite deep soils (at least 80 wiith a suitable infiltration rate.

4.4 DESCRIPTION OF IRRIGATED AGRICULTURE

4.4.1 IRRIGATED AGRICULTURE ON THE WATERSHED UPSTREAM

An investigation of 5045 farm units in Haffouz dist, carried out in 2002 by the CRDA of
Kairouan, identified eight main cropping systemmgluding irrigated systems (arboriculture
and olive trees, olives tree alone, cereals, wimggietables, summer vegetables) and rainfed
systems (arboriculture and olive trees, olive tremseals). This survey also identified a
typology of farming systems that can be consideredepresentative of the upper basin (Le
Goulven and al, 2009).

Farms are divided into seven types according to threpping patterns. The first four types
are based on dry farming and include types T1 ($acoitivating mainly olive and almond
trees); T2 (farms cultivating cereals with a lapgeportion of fallow and rangeland); and T3
and T4 (both cultivating mainly cereals and olivees but with different average areas: 45.2
ha for T3 and 6.8 ha for T4). The last three typfer to irrigated cropping: T5 (irrigated
vegetable cropping in rotation with olive trees amdhards); T6 (irrigated cereals); and T7

(irrigated olive trees and orchards).

The first four types make up about 90% of the farmghe district (T1 and T4 alone total
80% of farms), while farms based on irrigated craps very few: types T5, T6 and T7
represent only 12% of the farms and are mainly doarthe sectors of Haffouz, Khit EI Oued
and Ain Beidha (Fig. 7.6). Type T7 includes most tbé irrigated farms, which are
concentrated in only a few douars. The analysiarljleshows a strong spatial heterogeneity
of farming systems, related to strong differenceadcess to irrigation water (Le Goulven and
al, 2009).
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The major part of the agricultural area is cultadtwith rainfed crops (cereals and olive
trees). The extent of fallow lands, linked to theda of rainfed (dry) farming, explains the

low cropping intensity, between 57% and 98%, withaverage of 73%. In most sectors,
irrigated crops make up less than 10% of the aljui@al area, except in Haffouz, where they
correspond to nearly 40% of the cropped area. \&bigst and irrigated cereals are cultivated

in rotation with olive and almond trees.

Agricultural uses of water in the upper basin ditéeldeveloped: irrigated crops cover only
2700 ha out of 33,000 ha of cultivated land. Peargrops and olive, almond and apricot
trees cover 1700 ha, while summer vegetables argqa on less than 400 ha. Distribution
and types of uses depend on access to water.tiorgaith surface water (by pumping from
Wadi Merguellil in particular) is very unpredictabin summer. Aquifers are very localized
and the drilling of wells less convenient thanhe plain downstream because of the relief (Le
Goulven and al, 2009).

4.4.2 IRRIGATED AGRICULTURE ON EL HAOUAREB DAM DOWNSTREAM

The proportion of irrigated crops varies from 24%he Houfia sector to 88% in the Chebika
sector. The proportion of summer vegetables, ammimtercropped with olive trees, varies
between 11% of the cropped area in the Houfia seutd nearly 40% in the Ouled Khalf

Allah sector. With the exception of the Houfia ssctvhich distinguishes itself by its strong
proportion of rainfed crops, agricultural developrhés rather homogeneous in the plain
downstream of the El Harouareb dam. All sectorsehaecess to irrigation water, either
through public schemes or through private wells &odeholes pumping water from the
Kairouan aquifer. This results in a cropping pattérat includes 70% of irrigated crops, with
30% devoted to summer vegetables (melons, watenselpeppers and tomatoes). This
cultivation of summer vegetables is the mainstayrrigation development because it yields
handsome revenues. Its development is associatadivei adoption of drip-irrigation, which

is subsidized by the state at the level of 60%agfital costs for small farmers (Le Goulven
and al, 2009). This irrigation technique is alsoyvabour saving, and associated fertigation

allows farmers to strongly increase yields andefwe incomes.

Farmers can increase their areas cultivated witlnser vegetables, but these crops are very
risky and sensitive to market variations and vaggariFor example, prices of melons and
watermelons are divided by three between the émsly productions and the main production
season, approximately one month later.
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4.5 ASSESSMENTS OF FLOWS

4.5.1 ASSESSMENT OF FLOWS ON THE WATERSHED UPSTREAM

Using studies on the El Haouareb dam (Kingumbi,9)%nd calculations made on small
tanks (Lacombe, 2007), a first assessment of ssater and green water in the upper area
can be made for the 2000—-2004 period (Figure 21):

» Out of 409 Mm3 of rainfall, 175 Mm3 (43%) are tidsy evaporation, including 41% by
evapotranspiration of the natural vegetation andf@¥m small dams and the El Haouareb

dam.

» The larger part of rainwater (89%) is stored g water: 48% is consumed by cultivated

areas, rangelands and forests, on a total are@bdtrd2, and 41% by the natural vegetation.

» Runoff water accounts for only 11% of rainfalijc@ evaporation in the dam is deducted the

guantity of water which can be used for producingposes amounts only to 7.8% of the

basin inflow.
E small dams Rainfall ET natural vegetation
1.4 Mm? ET cultivated areas 409 Mm? 168 Mm?
E Dam and rangelands ET forest
169 Mm?* 28 Mm?*
5.6 Mm?® A
| I [ |
El f Runoff (flood flow)  Direct recharge ll
Haouareb El Recharge all dams all aquiters
irrigated Haouareb 23 Mm? 22 Mm?
area dam
2 Mm? Irrigation WSS douars ‘ ‘ Irrigation ‘ | Haffouz |
Direct recharge
from dam 14.3 Mm? 1.8 Mm? 0.6 Mm?
BouHafna Haifouz

aquifer aquifer

Sahel cities

Total underground water outflow 31.5 Mm?

Figure 21 Assessment of average flows of the ugrstmone of Merguellil basin
(2000-2004) (Le Gouleven and al, 2009).
This shows the paramount importance of dryland fiagmwhich uses the soil storage
capacity (600 Mm3 for the basin, based on a resefvd00 mm) and whose storage
efficiency (88% for daily rainfall under 15 mm) important (Dridi, 2000). If rainfed cereal

production in the basin, which produces, on aver&ge t/ha, were to be replaced by an
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equivalent production under irrigation, an are®%90 ha (at 4 t/ha) would be needed, which
would require 14 Mm3 of blue water, which is 44%loé amount exported today. This gives

an idea of the interest in seeking drought-resistaneties (Luc, 2005).

4.5.2 ASSESSMENTS OF FLOWS ON EL HAOUAREB DAM DOWNSTREAM

In Table 3, the accounting of green water considbes whole area of the main plain,
excluding 27,350 ha of djebels (Table 3). In therdo basin, more than 60% of rainfall is
consumed by crops (Figure 22). For non cultivateglas, the overall consumption of
rainwater is estimated at 25.2 Mm3. Volumes abwthdrom the Kairouan aquifer for
municipal and industrial uses represent a total®fMm3 (values given by the Kairouan
CRDA). Only the contributions from rainfall andetllam are measured values, while other
variables are estimated. Urban abstraction reptesdmost half of agricultural use. Since
water is exported and there is no return flow ® alquifer, this amounts to a net loss for the

zone.

The main inflow is rainfall and groundwater flow®srn the upper basin; the contribution of
the dam through releases of surface water is vameld. Observations of aquifer levels
confirm the imbalance between inflow and outflovd goint to a shortfall of 17.4 Mm3, with

agriculture as the main cause for this imbalane¢ donsumption of 21.9 Mm3)(Luc, 2005).

Competition for water between agriculture and oth&ivities is very strong in the plain, but
all sectors do not face the same constraints. Drinwater supply is a priority according to
the Water Code, and abstraction is supposed to dme anly through authorized and
controlled boreholes. Agricultural use in publichemes is also based on controlled
groundwater abstraction, but the administration, ivagact, very little control over private
wells. These wells are deepened in order to folleevdecline of the aquifer and have spread
out in the area, despite renewed prohibition. Tbayme along with changes in agricultural
practices through the introduction of melons andewaelons, both of which ensure a

handsome income to farmers.

Table 3 Assessment of green water consumption @iogpto rainfall.

Year Dry | Average | Wet
Total contribution of rainfall in Mm3 49.2| 82.3 99.8
Total green water consumed in Mm30.5| 52.2 60.1

Total green water consumed (% raerZ.O 63.4 60.2
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4.5.3 URBAN CONSUMATION

The Merguellil basin overlaps with seven admintste districts (delegations) belonging to
two gouvernorats (Siliana and Kairouan). In 199 population in the study area totaled
102,600, 85% of which resided in the gouvernoratKeirouan (Géroudet, 2004). The
population in the Merguellil catchment remains véaw (1%) concentrated in the Haffouz
and Zebess regions. The pattern of settlement leetwlelegations is almost identical in the
censuses of 1974, 1984 and 1994, except for thelgign of Chébika, which almost

doubled between 1974 and 19%4glre 23). However, the last census, in 2004, showed an

ET irrigated areas 48.1 Mm? E¥ natgral
Rainfall vegetatiog
25.2 Mm
82.3 Mm? T ET rainedPareas 30 Mm? A

El El AEP cities
Haouareb Haouareb ” Irrigation
L lrr;gr:taec’ Percolation losses

agriculture 15 Mm?

Base flow 19.5 Mm?

Kairouan plain aquifer

to sebkha ? Mm

Figure 22 Assessment of average flows in the IdWanguelli basin (1994—-2003)
(Le Gouleven and al, 2009).
inversion in the demographic trends, which had belearacterized up to that point by a
regular increase in population. A decrease in ta@ote rural population of the basin
(approximately 85% of the total) is now expected (Roulven and al, 2009). Before the 20th
century, the little population, mainly nomadic, ®ifed the region as an extensive grazing
area. Deep changes occurred in the last centutly,anspectacular demographic growth and a
rapid development of agriculture, in response tmland national incitements. Irrigation is
now widely spread all over the Kairouan plain amghehds on groundwater, leading to the
overexploitation of the plain aquifer. In the upstm, crops are more various and irrigation

less present (Le Goulven and al, 2009).

The increase in population and expansion of waieply networks has led to much larger

withdrawals from aquifers, upstream and downstrédoreover, the export of water to urban
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areas and tourist activities along the coast dreranajor factors contributing to the present
overexploitation of aquifers. Deep wells tappingesal aquifers in both the upper and lower

parts of the basin ensure supply of drinking wedehis population.

- El Haouareb dam

Basin boundary
Delegation boundary

T KAIROUAN
/ CHAMALIA

ER-ROUHIA 02 fo : 40-55 inhabitants/kn?
" B s6-70
B e

Figure 23 Population density per delegation in 1@®1Goulven and al, 2009) .
Small water supply schemes supplying isolated conities are managed locally, while large
ones are managed by the SONEDE national companyettr, more than 80% of the water
pumped for domestic consumption is exported othefbasin area towards the large cities on
the coast. Inequalities in quantities and qualityTunisia make water management more
difficult and explain the need to transfer surfacaer from the north to the Sahel and the
south in order to improve the drinking water supplyd insure equity between regions.
Withdrawals for domestic use represent more thdinohdahe withdrawals in the upper basin
and less than one-third in the lower basin (Le @@uland al, 2009). Industrial use is

marginal (less than 2% of the total).
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5 CHAPTER 5: SWAT AND WEAP SETUP

5.1 SWAT SETUP

5.1.1 MODEL INPUT

The data needed relate to different types of dateiny effects on the flow. Precise
parameters for each theme are required in physigahtions. The mandatory sets of data
concern topographic data, land use, soil (pedolegy) climatological data. The DEM must
be an ESRI Grid; however soils and land use magitieer in ESRI grid, shape file, or
geodatabase feature class. Climate data is enésrgubint data and any number of climate
data points can be entered to allow for spatialatian of climate across a catchment.
Pedological maps are also required to define passerhese data are present for the United
States (USDA) and the user only needs to enterifheode of the area or the label of the

segment. Outside the United States, precise swiposition and characteristics are needed.

Some climatic data are provided with the SWAT mduielthe weather stations are located in
the United States. In different areas, users niegsl their own climatic data. Two differents
data types are used: statistics concerning eactharestation and daily values used to model

the flow.

5.1.1.1DIGITAL ELEVATION MODEL

Digital Elevation Model (DEM) data play an importarole in SWAT. The topographic
attributes of the sub-basin, including area, sl@pel field slope length are all derived from
the DEM (Lin and al, 2010). So are channel lengttannel slope, channel width, and channel

depth, if the channel is automatically generatesktiaon DEM but not previously defined

Several studies have been performed to analyzedhsitivity of SWAT outputs on DEM
resolutions (Cotter et al., 2003; Chaplot, 2005{.Dzio et al., 2005; Dixon and Earls, 2009).
Cotter et al. (2003) and Chaubey (2005) evaludbtedimpact of resampled resolutions of
DEM (30 m, 100 m, 150 m, 200 m, 300 m, 500 m, a@dlm) on the uncertainties of SWAT
predicted flow, sediment, NO3-N, and total phosplioP) transport in Moores Creek
watershed (18.9km2) in Washington County, Arkans&A.

Their studies showed that DEM resolution affectesl watershed delineation, stream network

and sub-basin classification in SWAT. A coarser DEdulted in decreased representation of
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watershed area, decreased slope, and increasesllstayh. A decrease in DEM resolution
resulted in decreased stream flow, sediment, NGB\ TP load predictions with short-term
fluctuations. Cotter et al. (2003) recommended mium DEM data resolution ranged from
100 to 200m to achieve less than 10% error in SWoATput for flow, NO3-N and TP
predictions (Lin and al, 2010). Dixon and Earlsq@pcompared the SWAT predicted stream
flow at the original and resampled DEMs in the dibaCreek drainage basin (855 km2),
located in the Peace River drainage basin of deRtoaida, USA. The results indicated that
SWAT was indeed sensitive to the resolutions of BitEMs. The calculation of the digital
elevation model was carried out by Kingumbi (199B)e projection of Conique origin In
conformity with Northern Lambert Tunisia was trasrsfied into UTM zone 32, northern
hemisphere (WGS). The DEM (Figure 24) was generatad contour lines provided form
the Major State maps (1/50000) (IGNF, 1957) witlegnidistance of 10 meters.
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Figure 24 Digital Elevation Model of the Merguelilatershed
5.1.1.2HYDROGRAPHIC NETWORK

The extraction of hydrological network is importatep for the success of the simulation, so
it is very important to take precautions and beeftdrduring this step (Renaud, 2004). The
guality of the DTM is essential for the quality ektraction. SWAT is based on the D8

algorithm for extracting of the network.

The objective is to obtain a hydrological netwolsest to geometrically digitized network

which is considered the reference network. The awgment of resolution of the DEM and

75



Moez Sakka PhD Thesis CHAPTER 5

the establishment of a more effective method like ‘tburning option” would at once safe
extraction of the finest network and therefore #dvesimulation of flows at the watershed
outlet (Renaud, 2004). The principle of the "bugnoption” method is to use the drainage
layer digitized from topographic maps considerea asference for correcting the extracted
network address and the flat areas classified easaof instability (Mensi, 2005). All the
physical and morphological characteristics of streawill be automatically calculated

(length, slope).

The hydrological network is based on two main otgpwatersheds and streams. These two
outputs are produced in SWAT using the Digital Blesn Model. Figure 25 compares the
hydrographic network produced by SWAT and IDRISlbalrated within MERGUSIE project
(Monat, 2000)at (1/50000) scale, for the same stream definitibreshold area. the
hydrographic network extracted by SWAT from the DEMre also similar with topographic

maps of the area, They overlaid most of the time.

o
N Reseau hydrographique IDRIS]
Részeau hydrographique digitalisé

N X o i Részeau hydrographique SWAT
Bassin werzant Merguellil

Figure 25 Comparison of stream from SWAT and IDRISI
Figure 26 and Figure 27shows two design for therdgéphic network of Merguellil
watershed. Figure 26 illustrates a sample netwatk & threshold drainage area of 1000 ha
which represents about 1% of the total area ofbtmn. In the Figure 27, the hydrographic
Network is extracted with a surface drainage of®h@ which represents almost 2% of the
total area of the basin. One can observe througlwvib figures, a difference between the two

hydrographic network, the first one is more devetbps a way secondary and tertiary branch
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can be observe more. The lower surface drainagshbid is , the hydrographic network will
be more developed on the watershed. This will affee results of the simulated flows,

Suspended solids and nitrogen and phosphoric ctratien.

4

[] 10 Kimmuetars

B arrage_H ouereb
réseau extrait
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Figure 26: Hydrographic network extracted at sudadrainage threshold of 2100 ha
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Figure 27: Hydrographic network extracted at sudadrainage threshold of 1000 ha.
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5.1.1.3SUBBASIN DELINEATION

The number of sub basins depends on the threslialdaoage area (Arnold et al, 1995).
Although the subdivision of a watershed into smalieits (sub-basins) is a standard practice
for modeling purposes, it is almost impossible ttvamce an ideal level of subdivision.
During the subdivision process in the SWAT moddle tstream network and outlet
configuration may be refined by the user. Sub velied outlets may be added. To remedy the
problem, it was necessary to determine an apptedesael of subdivision in our watershed to
achieve efficient results, we referred consequeiatipome previous studies ie (Mensi, 2005
and Abouabdellah, 2009), we tried to subdivide watershed Merguellil. In the successive
Chapter, we will conduct a small study on the gty of the model in relation of to the
spatial discretization, the threshold of drainagea considered for the study was 2% of the
total area corresponding to a threshold drainaga #2200 ha). Based on the sensitivity
analysis (detailed in the chapter 6), this choiaé @nsure a stable calculation for the

simulation. From digital elevation model, the SWAibdel was cut into 26 subbasins.

Exutoires
* SAnNE mMesures
- Avec mesures

Réxeau extrait
Soux baxxinx

o 10 Wlometers [ Baxxin verzant

Figure 28 Subbasins delineation in the Merguebitahment
Adding outlets at the location of monitoring stasds useful for comparison of measured and
predicted flows so we decide to add three outleigesponding to 3 point of flow
measurement (red points on the map in the Figuje 28irst outlet correspond to Skhira
station, the second to Zebess station and lastobafttation. Totally, 29 sub-basins are

located through the Merguellil watershed. The Swatenshed delineation process must be
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completed by the definition the outlet of the wakled so the dam of El Houereb is
considered the outlet of the watershed becaudlew aomparison of measured and predicted

flows at the basin scale. The DEM and the sub-Ba$#tineated are shown in Figure 28.

5.1.1.4HYDROLOGICAL RESPONSE UNITS

SWAT permit in the first step the watershed to Ieeritise by dividing into multiple sub-

basins, then each sub-catchment which are subdivide several homogeneous units called
Hydrologic Response Units (HRUs) formed by unidaed use and soil combinations
(Arnold et al., 1998). Flow generation, sedimergldj and nonpoint source loadings from
each HRU in a subbasin are summed, and the regutiads are routed through channels,

ponds, or reservoirs to the watershed outlet.

The responses of each HRU in terms of water, sedimeutrient, and pesticides
transformations and losses are determined indiliduand then aggregated at the sub-basin
level and routed to the associated reach and tocalehment outlet through the channel
network (Bouraoui and al., 2005). The SWAT is aomporated with a GIS interface that
delimit the sub-basins and stream networks fromigitdd Elevation Model (DEM) and
calculates daily water balances from meteorologisail and land-use data. (Arnold and al,
1996). SWAT is based on two methods to create HRtsfirst is the Dominant Land Use
and Soil based on creating one HRU for each subliasiusing the dominant land use and
soil class. The second is The Multiple HydrologiesBonse Units that will create multiple
HRUs within each subbasin. The threshold levelfesemultiple HRUs is a function of the
scale study and the level of detail desired byntbeleler (Arnold and al., 1996).

The HRU can represent three-dimensional heterotyeokthe watershed. They are designed
to reflect the different subsystems of the hydrabcycle of the dominant basin (Fligel,
1995). Each HRU is assumed to present an agro-logical homogeneous behavior. Fluxes
estimated for each HRU are then summed to obtajlolzal flow transmitted between sub-
basins (Bioteau, 2002). The concept of the HRU #&sohfor hydrological modeling at the

regional scale was developed based on three assmsftloore, 1993):

* Each class of land use located in a given soitharacterized by a homogeneous set of

dynamic hydrological processes.

* The dynamics of hydrological processes is cotdtbby the management of land use and

the physical properties of different soil types.
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* The set of dynamic hydrologic processes changeg slowly within each HRU.

In order to eliminate insignificant land-uses andss a threshold level was selected in each
subbasin of 1% and 3%, respectively. This meartsittfae percentage of the soil type or the
land cover type is minor than this percent of thiebasin area, it is considered negligible and
is therefore not included in the following analysiven these thresholds, 290 HRUs (unique
land-use/soil/slope combinations within subbasineje created. The list of sub-basin and
HRU generated by SWAT is presented in the APPENBRIX

5.1.1.5LAND USE AND SOIL MAPS

The land-use and soil maps were based on the D20Gcale) in the basin were provide by
the IRD (L'Institut de Recherche et Développemeiif)ese maps were developed using

previous studies done on this area (Barbery anddid®87; Mizouri et al.1990).
5.1.1.5.1 LAND USE MAP

In the current case study, two land use maps &éréifiit scales are provided, the first map is
based on the agricultural map of the governorat€aifouan and Seliana. This map has been
established in the CRA project (Agricultural RegibiMap) which linked the group Studi-
SCOT-Sodeteg and the CRDA (Regional CommissiorreAdpicultural Development) in the

central governorates of Tunisia.

This CRA project aims to develop a geographic detaband develop models for the
simulation of various agronomic and economic sitwet This database supplies a
Geographical Information System (GIS) and allowsiregl of maps for land use, soil physical
potential and economic vocation of cultures. Theosd map provide from the National
Project Mobilizer (PNM), Mergusie, which seeks tmalyze the integrated management of
water in the watershed Merguellil. This internatibrtooperative project involves some

research and training institutions, particularly R&and IRD.

The layer of land use issued by the first projeesvdone at the 1/25000 scale while the
second is done at 1/50000. The information are igealv from the processing of Landsat
satellite images combined with field survey and pemented by analysis of the board

"green" topographic maps (forest, orchards, vingyatr.).

We consider for actual study, the layer of land eisdorated by the IRD. We are extremely
conscious of the simplicity of cutting retained;wever, we believe it is sufficient in the

present state of knowledge of the field and in ptdemodel the hydrological response at
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daily scale for a wide annual and inter-annualysigl Finer spatialization and more realistic
could be considered using the soil layer develdpe@RDA but the cost of this spatialization
must be taken into account in terms of data foaitkt investigations. In this study there is
priority to improve the performance of the SWAT mbthut in presence without complete
input data for detailed GIS map we can't reach tiigctive. Thus, according to this choice,
we content of 5 types of land use which compodegtain crop (winter wheat), rangeland,

forest land, urban area and surface water (Figdye 2

Table 4 : Land use in subbasin (in %) in the Metljweatershed (Dridi, 2000)

Sub-Basin  Crops Forest Pasture Water body Urban
Skhira 34 65 0,2 0,6 0,2
Haffouz 46 29 23 1 1
Morra 93 2 2 4 Very low
Zebbes 86 3 8 2 1

total watershed 52 19 26 2 1

The land-use map presents five different typesedb(19%), pasture (26 %), urban (1%),
water bodies (2 %) and crops (52%), in the resiwfstudy, we consider a single crop: the
Durum wheat. In the Table 4 below we present thpant@ion of land use in sub basin of

Merguellil watershed

Légende:
A Réseau hydrographique

[ Es=tis
[ Cultures

Eaux
Farét
Farcours

[ T. Forestier

Figure 29 Land use map of Merguellil catchmenta&otied from GIS project Mergusie

81



Moez Sakka PhD Thesis CHAPTER 5

5.1.1.5.2 SOIL MAP

There are 4 units of soils in the watershed Meltdymorly evolved soils, Carbonate soils

(calci-magnesic), Iso-humic soils, and mineral saisulting from erosion (association)

(Hervieu, 2000). Figure 35 shows the spatial distion of the different entities soil of our

study area. We have for the study area with twascsail, one scale 1/25000 using data from
the digitization of soil maps provided by the Deapant of Soils and Soil Science department
of the CRDA of Kairouan and Seliana These datacaraplemented by expertise based on
interpretation of satellite images on areas noeoey by existing soil studies and confirmed
by field survey. The second layer is at a scalel/&0000 is from the National Project

Mobilizer (PNM), Mergusie.

However, we noted that the soil layer providedhy €RDA include seventy-three sub group
of soil while the map retained for the study in@udnly four main classes of soil in the
modeling and twenty four subgroups. The soil mapvigled by CRDA is too complex to
model because the most of the soil parametersfigfreint types of soil are unknown. Thus,
we decide to choose a very simplified schematic @ssliming the map on the second layer
provided by IRD.

The soil data required by SWAT:

The GIS interface developed around the SWAT modekwvdesigned both to manage spatial
data as to automate and facilitate the preparationput data sets. These interfaces can then
manipulate, extract and convert the spatial infdiomain a format compatible with the model.

They facilitate the parameters settings relatesirntmilations.

In addition to the soil layer, SWAT requires to queate a digital database containing the
different parameters for each soil type. Theserpatars relate to the subdivision of different

backgrounds profiles:

The factor of soil erodibility (KUSLE)

- Bulk density (BD; kg/m3)

- available water capacity (AWC; mm)

- saturated hydraulic conductivity (Ks, mm / h)
- Organic matter (OM,%)

- texture of soil: clay content (C%), silt (Si;%)dasand (S;%).
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All these parameters must be determined for eadlzdro(unit subdivision of the soil profile
with similar physico-chemical, morphological andcraistructural characteristic). Obviously,
all fields of values for soil properties are noagable due to lack of resources, we conducted
two methods to generate the missing data - th@fugedotransfer functions predefined by the
literature - the use of pedotransfer functions fified close to the study area.Some profiles
provided from previous studies describing the swibfiles in the Merguellil catchment
(Direction des sols 1963-1982),but they are insidfit for the current study because of the

lack of information.

Generally, the majority data of the soil layer was available; data was partially provided by
the Soil Science department of the CRDA of Kairoaad then complemented by other soil
profiles which reported from the literature of thiest phase of the Mergusie project, those
profile were performed on different regions of #tedy area. We checked on the field the
compliance of these soil units with the digitizedps. In the APPENDIX 1, the list of
different soil profils is reported.

Bourguignon (Bourguignon, 2002) established fumtiof pédotransfert and determined a
spatialization of the available water capacitytod soil on the downstream of the Merguellil
catchment area, from this study, it is noted sorsgo@ation between the soil units on
downstream and the upstream of the area catchritéatbased on the complementary
information of this study to obtain the valuestla# bulk density and available water Capacity
and the textural composition of the soil in pat@gecucontent clay (C; %), in silt (SI; %) and

sands (S; %).The Table 5 presents the main pregedf different soils used in the

simulation.

Table 5: Soil Characteristics of the four soil tgpmonsidered in the watershed Merguellil.
The texture is expressed as% of clay, silt and sand

Soill Soil 2 Soils 3 Soil 4
Profondeur (en mm) 1000 - 2000 300-700 100-300 100 -30p
Cond. Hydraulique (m/s) 2.10° 6.10° 3.10° 3.10°
Texture (%) : 40/10/5( 20/30/5(  10/25/6f  10/25/6¢
Densité apparente 1.43 1.46 1.48 1.48
Réserve utile 0.06 -0,11 0.06 -0,110.06 — 0,11 0.06 — 0,11
Soil 1 : poorly evolved soils Soil 2 Carbonatédss(ralci-magnesic)
Soil 3 Iso-humic soils Soil 4 mineral soils rasg from erosion (association)
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Consequently soil density was determined basedenextural triangle (Figure 30) (Rawls
(1983) from which the mineral density was firstimsited and then corrected by the organic
matter content. The equation gives the expressiorthie density of soil (Brakensiek et al,
1983):

BD: soil bulk density (Kg/m3).

MO:% organic matter.

p MO: Density of organic matter (~ 0.224 g/cm3).

p M: mineral density deduced from the Rawls triargm3

100
%MO N 100-9%MO

Pwmo Pwm

Equation 5.1 BD =

[Lge=] TiEt=r

bulk dgngty cengily

Aerage crganic matiar bullk censty - 0 204 g—."r'.j

Figure 30 Textural triangle (Rawls, 1983)
Saturated hydraulic conductivity is calculatedngsthe pedotransfer function detailed by
Finke (Finke et al 1995).it is a function that rigga organic matter parameter , soil bulk
density and percentages of clay, sand and silt. dValable water content (AWC) is
calculated as the difference between the watereobrat saturation (pressure of soil water is
equal to 1/3 bar) and water content at permandtihwipoint (pressure of soil water is equal

to 15 bar). The equation of Van Genughten (198® wsed in this approach:
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oE—Or oE—OT

Equation 5.2 AWC = where

T [t{ah) ™ [14(ahigeg) T

os: Water content at saturation.
or: residual water content.
h: water pressure in the soil.
a: scale parameter.
n, m: parameters.
e SOIL HYDROLOGIC GROUPS

The U.S. Natural Resource Conservation Service B)R@996) classifies soils into four
hydrologic groups based on infiltration charactassof the soils. They defines a hydrologic
group as a group of soils having similar runoff gmdital under similar storm and cover

conditions Soil may be placed in one of four grqupsB, C, and D .

A: (Low runoff potential). The soils have a highfilination rate even when thoroughly
wetted. They chiefly consist of deep, well drairtedexcessively drained sands or gravels.

They have a high rate of water transmission.

B: The soils have a moderate infiltration rate whbaroughly wetted. They chiefly are
moderately deep to deep, moderately well-draineddld-drained soils that have moderately

fine to moderately coarse textures. They have aenabe rate of water transmission.

C: The soils have a slow infiltration rate whenrthahly wetted. They chiefly have a layer
that impedes downward movement of water or haveemately fine to fine texture. They

have a slow rate of water transmission.

D: (High runoff potential). The soils have a verpws infiltration rate when thoroughly

wetted. They chiefly consist of clay soils that édaugh swelling potential, soils that have a
permanent water table, soils that have a clay paclay layer at or near the surface, and
shallow soils over nearly impervious material. Thegve a very slow rate of water
transmission. Based on this classification theed#ht soil types in the Merguellil catchment

are classified. Both the hydrologic group B and€@nsidered in this study.
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Table 6 Input Soil Unit data in the Merguellil veashed

Soil Unit in the Merguellil watershed

SOIL HYDROLOGIC GROUPS

Poorly evolved soils B
Isohumic soils B
Carbonate soils (calcimagnesic) C
Mineral soils resulting from erosion C

5.1.1.6CLIMATIC DATA REQUIRED BY S

WAT MODEL

The model requires Climate data covering all theusation period with daily steps. The data

set is structured in tables "dbf". These data refeghe rainfall (mm), maximum temperature
(° C), minimum temperature (° C), insolation (MJfidi2wind speed (m / s) and relative
humidity (%). The SWAT model requires climate siai geographically located by their
coordinates in the projection system which is dedifirom the beginning. Climate data that

will be used to simulate the basin are importedeotie HRU were distributed. A special

window allows the integration of all the climatetalaThis interface allows the user to load

the location of weather stations closest and migsiifecant for the study of the basin. In a

second step the daily data of different climaticapaeters can be specified. In the occurrence

of lack of some parameters, SWAT can perform theukition from the monthly data of the

references station. Figure 31 shows the modelfatterwhich it is possible integrate data and

table of weather stations.
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Figure 31 integration of weather data in SWAT modtdrface

86



Moez Sakka PhD Thesis CHAPTER 5

5.1.1.6.1 TEMPERATURE DATA REQUIRED BY SWAT MODEL

The meteorological data required to structure taglmhse of the SWAT model include the
daily maximum and minimum temperatures, these datv@ been obtained from the database
of the National Meteorological Institute (INM). T@erature data is homogeneous throughout
the watershed, and there is a little spatial vaigblt should be noted that according to the
requirement of the model, climate station mustdmated in space by its coordinates in the
projection set. In the case of our study there revetemperature gage within the basin of
Merguellil. Therefore, The stations considered @ose the basin, Makthar situed in basin
upstream, Ouesletia in north east of Kairouan dmed downstream basin, all of them are

located in the proximity of the basin. In Tableng visualize the location of these gages:

Table 7 Altitude and location of temperature gagkested for the study

Station Altitude (m) Latitude Nord (°* ") Latitude Est (° * ")
Kairouan 66 35° 40’ 33” 10° 06’ 16"
Makthar 937 35°51' 11”7 09° 12’ 16”
Ouesletii 745 35° 44’ 18” 09° 08’ 12”

The temperatures decrease with altitude, and asdesgperatures are minimal for the months
of December, January and February, they drop b&l@w C for Makthar station. They are

between 10° C and 20 ° C during the months of Aprd November and they exceed the 20 °
C during the months of June, July, August and Sepés. For Kairouan station, temperature

increases during the months of June July and Augssshown in Table 8).

Table 8: mean monthly temperatures (° C) (19790220
Station J|IF| M| A M[|J|J|A|S O|N|D

Kairouan 20| 17| 25| 23] 25 37 3¢ 3b 32 22 20 16

According to Table 9, the warmest period in theirb&éerguellil corresponds to the months
of June July and August. The average monthly maxinmtemperatures exceed 20 °C
throughout the year, but they do not exceed 40 THe. coldest period of the year (Table 10)
corresponds to the months from December to Februaih mean monthly minimum

temperatures below 7 ° C.

Table 9: Mean maximum monthly temperature (°C) agerl979 - 2002
Station JIFIM|IAIM|J|J|A|S|O|N| D

Kairouan 25(26|27|28|31{39|40,40(36|31|29| 20
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Table 10: Mean minimal monthly temperature (°C) 292002
Station J F | M| A | M J J A S| O|N D

NI
N
o
=
©
N

Kairouan 7 11 | 15| 14| 16| 23 23 24 2

The temperature data used in the SWAT model cdwemperiod September 1992 - August
2002. These data are supposed to be uniform atresub-basin. We suppose that these data
do not show a large spatial variability given tineadl area of the study area and it proximity

to the climate station.
5.1.1.6.2 RAINFALL DATA

Since the seventies, the number of rainfall gagéwark began to increase in central Tunisia
and particularly on the Merguellil watershed, whidaracterized by very irregular rainfall

and hydrological patterns. Firstly the problem whiakes place is the choice of rainfall

stations. It seemed appropriate to select onlyitdras belonging into the basin as well as
those located in proximity to the boundary. Aftelestion, In order to ensure a total cover of
the study area, 20 rainfall stations were chosexhlel 11 presents some rainfall stations
located within and near the watershed. The raicfaih were provided from the DGRE. They

have been prepared in collaboration with persoB&RE and CRDA of Kairouan.

Table 11 Geographical locations of rainfall gagaeshe watershed Merguellil (DGRE)
Rainfall Gages Latitude (° * “) Longitude (°**) Altitude (m) From

Makthar PF 3551 912 900 1960
Ain Baida 3531 943 297 1982
El Ala GN 3536 933 466 1969
Chrichira Ecole 35 38 950 321 1966
Djebel Trozza 3531 934 450 1978
Gueria 3546 926 674 1966
Hajeb El Ayoun Del 3523 932 350 1957
Haffouz DRE 35 38 940 280 1968
Kesra Forét 3549 921 986 1888
Messoudia-Chebika 3537 955 110 1967
Ouslatia INRAT 35 46 935 460 1961
Skhira B16 Kef Labeid 3544 923 600 1974
Sidi Saad Jaugeage 3523 941 238 1951
Ouslatia Foret 3550 935 465 -
Tella 3548 914 861 1980
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There are some rainfall stations close to the Maiijuwatershed but they were not
operational in the same periods. SWAT manual recenttad in the operational file, which
represent the data file serving as input in the ehatl should not increasing the short-term
rain-gage but get fewer rain-gage with longer setiene. By merging all neighboring
stations, ie by filling the missing data from atista for a given period by those of the
neighboring station, often located in the same ara altitude, As Final result we obtain

twenty rainfall gage with synchronized daily serésneasures (see Figure 38).
These operations consisted of merging

» Stations Makthar PF and Makthar MS were mergedMud&thar PF.

» Stations El Ala école and El Ala GN were merged iat Ala GN.

» Stations Haffouz SM Haffouz DRE and Haffouz Pichware merged into Haffouz
DRE.

» Stations Kesra Forest and Kesra B9 were mergediesoa Forest.

» Stations Ouslatia INRAT, Ouslatia Forest and OuslaN were merged into Ouslatia
INRAT.

» . s Stations pluviométriques
NRéseau hydrographique

Figure 32 Localization of the rainfall stations a@ted for the study area.
5.1.1.7Relative Humidity

Relative humidity is the ratio between the amounwater vapor in the air and the maximum
absorption capacity of air at a given temperatliree monthly average is between 55% and

70% during the cold season and between 40% anddaBitg the warm season. The climate
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is moderately dry from September to April and velry from May to August. Relative
humidity depends on temperature, and stations reemtality (Dridi 2000). It increases in the
presence of thunderstorms and lowered during sird¢bot wind). In Kairouan city, on a
monthly scale, it is highest during the months ofaber (65%), November (61%), December
(64%), January (65%) and lowest in June and J@y244, August (50%). During the day, the
maximum relative humidity is between 18 h00 and Glahd the minimum in the early
afternoon (Bouzaine and Lafforgue, 1986). The apgilbn of SWAT model requires daily
data of the relative humidity, Therefore theren$yane climate station called Kairouan MS,

able to provide available data which cover the $athon period.

5.1.1.8SOLAR RADIATION DATA

the calculation of Solar radiation data was eualdidrom a of Augstrum formulate recovered
from the literature (INM):

Equation 5.3 S (Ax i) +B
Go So

where G is the global radiance (J/m2), GO : is elga global radiance (J/m2), S is the

sunning duration (hours), SO is the day durati@u(s) and A , B are monthly factors.

5.2 WEAP SETTUP

5.2.1 DATA PROCESSED FOR WEAP MODEL

The utility of the analysis with WEAP model is tighlight the need for alternative water
supplies; to quantify groundwater recharge; to @st& water conservation and fair water

allocation policies; and to provide guidelinesfisture nontraditional water supply projects

WEAP integrates this information on water suppld avater quality with the demands from
irrigation, household supply, industry, hydro-povgemneration and environmental flows. By
integrating supply and demand with costs of differenterventions, WEAP enables the
analysis of the costs and benefits of differentewatllocation and development options.
Vulnerabilities in the system, mitigation optionsdacoping capacity may be assessed by
using data from extreme years. This, in turn, canused for cost-benefit analysis of

mitigation options (Hoff and al, 2007).

WEAP applications generally include several stédse study definition sets up the time

frame, spatial boundary, system components andgtoation of the problem. The Current
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Accounts provide a snapshot of actual water dempwitljtion loads, resources and supplies
for the system. Alternative sets of future assuomdi are based on policies, costs,
technological development and other factors thdé¢cafdemand, pollution, supply and
hydrology. Scenarios are constructed consistingitefnative sets of assumptions or policies.
Finally, the scenarios are evaluated with regardvéter sufficiency, costs and benefits,
compatibility with environmental targets, and séwgy to uncertainty in key variables

(Figure 33).

WEAP applications generally involve the followinggs:

1) problem definition including time frame, spatiaoundary, system components and

configuration;

2) establishing the current accounts which providesnapshot of actual water demand,

resources and supplies for the system;

3) building scenarios based on different sets tfrutrends based on policies, technological

development, and other factors that affect demsupply and hydrology; and

4) evaluating the scenarios with regard to critetiah as adequacy of water resources, costs,

benefits, and environmental impacts.
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We chose as the reference period between the $88&and 2002. The current account set
corresponds to 1992 while the forecast intervaldig3-2020. The data collected and reported
in WEAP concern: 1) the sites of demands withrthemsation: urban water demand (city),

cultivated area, industrial zone 2) the resoueras catchment sites : Diversion Dam, rivers,

groundwater exploitation (boreholes, wells, tankgjrological data, other resources.
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5.2.2 CREATING THE AREA STUDY

To setup the area, the problem under study is cterazed by defining physical elements
comprising the water demand-supply system and #gjatial relationships, the study time

period, units, hydrologic pattern, and, when needeater quality constituents and cost

parameters.
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Figure 33 WEAP Software diagram
First of all, the basic parameters were defined:dinrent account year and forecast intervals.
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All the system considered for the study include Merguellil watershed and a part of
kairouan plain which include the Kairouan city aheé downstrewam of El Houereb Dams
(Figure 34). The total study area is 1570°km

R MOUNTAIN
--------- TEMPORARY RIVER COURSES
= = = E-W GEOLOGICAL SECTION

Figure 34 Location of the study area, limits of tigper and lower sub-basins and of the

different aquifers
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Figure 35 Construction of the model: creation of trea

5.2.3 CLIMATIC DATA REQUIRED

Most of the water resource of the study area oaigis from the rainfall. The mean annual
rainfall is required by the model , however we haweconsider that the area study is
extended to the downstream of the basin include plan.This rainfall and the

Evapotranspiration data use in the WAEP modettierMerguellil watershed is provided

from the same rainfall data selected for SWAT maaetited in the previous part of this
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chapter (paragraph.1.1.6.2). the yearly average rainfall is estirdaie 295,5mm. The

Figure 36 illustrate the monthly variation rainfdita inserted within the WEAP model.

Evapotranspiration from cultivated area and rangelia the upstream of the Merguellil
watershed are estimated to 169 Mm3 annually (LelNeouand al, 2009). Evaporation

from the El Houareb dam is valuated to 5,6 Mm3.

s
FRE VAV

Figure 36 : WEAP input: Average monthly Precipitatin the Merguellil watershed

5.2.4 CROP DATA

Crop coefficients must be defined for each typelasfd use (Kc's) that multiplies the
reference evapotranspiration to reflect differermesurring from plant to plant. The monthly

Kc values introduced in the WEAP model are reponteitie Table 12:

Table 12 Monthly Kc input for the study area

Month Jan-Feb Mar Apri May —Jun — Jul - Aug - Oct Nov - Dec
Kc 0,57 0,66 0,80 1 0,7 0,53

5.2.5 IDENTIFICATION OF ELEMENTS OF A WEAP SCHEMATIC

Using the hydrological function in WEAP, the watsupply from rainfall is depleted
according to the water demands of the vegetatiotraosmitted as runoff and infiltration to
soil water reserves, the river network and aquifeowing a semi-distributed, parsimonious
hydrologic model. These elements are linked byuer-defined water allocation components
put into the model through the WEAP interface (SII06).

For the study of water supply and demand, the rdata required in WEAP model are the

guantity of water used for domestic, for irrigatidreeding, and numbers of users (people,
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livestock, ...), the cultivated area, precipitafienapotranspiration, and stream flows. These
data include firstly the water resources and sdygotied main water users, we can make a
simple model of water management, prioritizing #flecation request. However taking into

account data of users, such as industry mining;igimuand other, makes modeling more

realistic.

In the WEAP model, a node represents a physicalpooent such as a demand site,
wastewater treatment plant, groundwater aquifeserir or special location along a river.

Nodes are linked by lines that represent the naturenan-made water conduits such as river
channels, canals and pipelines. These lines indivdes, diversions, and transmission links
and return flow links. A river reach is definedthe section of a river or diversion between

two river nodes, or following the last river noMéEAP refers to a reach by the node above it.

Each node (except demand sites and tributary nodag)have a startup year, before which it
is not active. With this feature you can includele®in the analysis that may be built after the
Current Accounts Year, or selectively exclude nddes some scenarios. To exclude a node
from a scenario entirely, set it to be not activeghe Current Accounts, and then enter O for
the startup year. WEAP will ignore any nodes (nctive in the Current Accounts) with
startup year equal to 0.

e Demand sites

The objective of simulation with WEAP model is t@xmize water delivered to various
demand elements and in-stream flow requirementsrdit to their ranked priority. This

is accomplished using an iterative, linear programgmalgorithm (SEI, 2005)). The

demands of the same priority are referred to astyeguoups. These equity groups are
indicated in the interface with a number in pares#fs (from 1, having the highest
priority, and 99, the lowest).

The program is formulated to allocate equal peamgas of water to the members of the
same equity group when the system is supply-limirdctically, data Demand site In the
WEAP model must be selected and edited concernfMateand, Annual Activity Level,

monthly variation and consummation for each agtivit
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Table 13 Water demand site
Demand A”F‘”.a' Annual water Monthly Rate of L
. activity s . Priority
site level use rate variation consumption
Apr 5%
Irrigated May 10 %
area on june 20%
watersheq 2700 ha 3500 ftha Jul 25 % 920 2
upstream Aug 30 %
Sep 10 %
Apr 5%
Irrigated May 10 (‘))/o
areaon 11000 ha 3500 ftha  JUNe 20% 80 2
watershed Jul 25 %
downstream Aug 30 %
Sep 10 %
Proportional
Kairouan 550000 to the number 80 1
city inhabitant mYinhablyear of days in a
month
Proportional
Sahel city ( . to the number 80 1
touristic) 12 m/inhablyear  of days in a
month
Proportional
, to the number 80 1
Haffouz city  44.000 m?/inhablyear  of days in a
month

This Data concerns:

- The annual activity level which determines theevalemand such as agricultural surface,

the number of users of water for domestic or ingailsburposes

- Annual water use rate : the level of water congtimn per unit of activities

- Monthly variation or the monthly share of thenaal demand

- The rate of consumption or % of inflow consumed.

The Information about the demand sites of the Melljicatchment are represented in the

Table 13, the Water consumption in the catchmenthe years between 1992 up to 2002 is

used as a yearly input data. It is assumed that@gneultural and the domestic demand

sources have not the same degree of priority. RF@rMerguellil watershed, the priority is
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given to the domestic demand so we attribute h¢oirrigated area demand and 1 to water
demand of the city.

The monthly variation is expressed as a percertégiee yearly value. The values for all of
the months have to sum up to 100% over the fult.yts@ monthly variation in the water use
rate selected for the irrigated area is recognizetie following configuration: 5% in April -
10% in May - 20% in June - 25% in July - 30% in Asg— 10 % in September - 0% for the
rest of the year (Figure 37).

T ] PEEENT

Figure 37 Monthly variation for water demand in thierguellil Watershed

e Groundwater data required
The variables required to characterize the aquisss

- Storage capacity (MHt maximum theoretically accessible capacity of #ugiifer. In the
Merguellil watershed

- Initial storage (Mm3): water stored at the begignof the first month of the simulation

- Hydraulic conductivity (m/day): ability of the aifer to transmit water through its pores.
- Specific yield: porosity of the aquifer, reprethas a fractional volume of the aquifer.
- Groundwater recharge (Mfmonth).

- Wetted depth (m): depth of the river
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- Horizontal distance (m): a representative distafar the groundwater —river geometry,

taken as the length from the farthest edge of thuéfer to the river.

- Reach length (m): horizontal length of the irhed between the reach and linked

groundwater.

- Storage capacity below river level (Mmgroundwater storage volume at which the top of

groundwater is level with the river.

Groundwater is represented in WEAP as a wedgadisimmetrical about the surface water
body. Recharge and extraction from one side ofwhdge will therefore represent half the

total rate.

Total groundwater storage is estimated using tsamption that the groundwater table is in
equilibrium with the river (SEI, 2005). In the foling table, the variables required to

characterize the set of aquifers considered forstheulation. Figure 38 show the monthly

nature recharge for the aquifers. The Model GW-39Wd$” method was selected for the

calculation of the transfer between surface watel groundwater. Finally, The input data

required for the different aquifers in the Mergiledlatershed are estimated and reported in
the Table 14:

Table 14 Groundwater data required for WEAP model

El Houereb Ain Bidha Bou Hafna Haffouz
Aquifer Aquifer Aquifer Aquifer
Storage capacity (Mm3 50 7,5 9,5 19
Initial storage (Mm?e 20 5 5 1C
Max.withdrawal (Mm3 2 0,1 0,2 0,2

Figure 38 Monthly Natural recharge of Haffouz aguif

98




Moez Sakka PhD Thesis CHAPTER 5

5.2.6 SMALL DAMS AND MEDIUM DAMS

A main assumption is taken in account for the WEA&deling performed on the Merguellil
watershed, we consider that small dams and thevmese are represented in one only
component schematized by the model and will beeddiEMALL DAMS”. The upper basin
also includes about 30 small tanks (with a capdoiter than 0.5 M), built and managed
by the SWC directorate, which store 2.5 Rliyear on average, and five larger tanks, built by
the dam directorate and managed by the SWC diedetokVith a storage capacity above
1Mm3, these tanks receive annual average coniwibsitof 2.8 Mm (Le Goulven and al,
2009).

The following information about the reservoirs ezquired by the model:
- the yearly inflow into the local reservoir.
- the storage capacity or total capacity of theereoir.

- the initial storage or quantity stored in theemsir at the beginning of the simulation.

5.2.7 CONNECT THE DEMAND WITH A SUPPLY

Through WEAP model, demand water must be satisfiesjs accomplished by connecting a
supply resource to each demand site. For this neasocreate a Transmission Link from the
Main River to all urban and to Agriculture sites.BWP will attempt to supply all of the

demand with sources having the highest preferenas,lonly using lower-level sources if the
high-level sources do not have sufficient supple Transmission link performed in the

WEAP model applied to Merguellil watershed is resdnn the Table 15:

We have to highlight that priorities in the WEAP deb can range from 1 to 99, with 1 being
the highest priority and 99 the lowest. These fifes are useful in representing a system of
water rights, and are also important during a wakerrtage, in which case higher priorities
are satisfied as fully as possible before loweoriies are considered. If priorities are the

same, shortages will be equally shared.
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Table 15 Transmission Link between water suppdyasid demand site

© 00 N o o B~ N PP

in the Merguellil watershed

Start Point End Point
Hafouz aquifer Haffouz city
Bouhafna aquifer Sahel city
Kairouan aquifer Kairouan city
Mergullil watershed Mergullil river
Mergullil watershed Kairouan aquifer
Contour ridges Upstream irrigated area
Hafouz aquifer Upstream irrigated area
Ainbidha aquifer Upstream irrigated area
Bouhafna aquifer Upstream irrigated area

10 Small dams (pond Upstream irrigated ar

11 El Houareb Dar Downstream irrigated ar

12 Kairouan aquife Downstream irrigated ar

Priority
1
1
1

N PR

1

The supply input elements related to the waternualdan the catchment were studied. Data

related to groundwater recharge rates, its inffiatage, its specific yield, and the maximum

withdrawals allowed according to annual renewal walkected and calculated based on

yearly time steps for the period 1992-2002.

El

from dam 14.3 Mm? 1.9 Mm?

Total underground water outflow 31.5 Mm?®

E small dams Rainfall ET natural vegetation
1.4 Mm? ET cultivated areas 409 Mm? 168 Mm?
E Dam T and rangelands T E;a!gas;
3 169 Mm?® m
5.6 Mm A A

f Runoft (lood flow)  Direct recharge

\

Haouareb El Recharge all dams all aquiters
irrigated Haouareb) 23 Mm? 22 Mm?
area dam
2 Mm? ] Irmigation [ WSSdouarsl l Irrigation | Haffouz |

Direct recharge

BouHafna
aquifer

Sahel cities

0.6 Mm?

Haffouz
aquifer

Figure 39 Water balance of the Merguellil waterdlfee Gouleven and al, 2009).

According to the water balance scheme (Figure 8®jopmed by Le Gouleven (2009), some

assumptions were considered to complete the imgat r@quired for the application of WEAP
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model on Merguellil watershed. We have estimated fibr the current account of the WEAP

model which refer to calibration year 1992:

- The Haffouz aquifer contribute annually to the watemand of Haffouz city by 0,6
Mm3 and 0,5 to irrigated sectors (upstream area )

- The Bouhafna aquifer contribute annually of 12 #m satisfy the water demand of
Sahel city and about 0,7Mnto the irrigation in the upstream area, but we’tdon
consider the Douars Wss into the model becausesept as rural community, we
ignored any information about it (the number of plagion).

- The Ainbidha aquifer contribute annually of 1,9 Mo the water demand of irrigated
area

- 5,2 MnT of water is transferred on underground annualymfrHafouz Bouhafna
Ainbidha aquifers to ElI Houareb aquifer

- Kairouan aquifer contribute to the base flow by518Im>. It receive a direct recharge
from El Houareb dam about 14,3 Mm

- The total rainfall on the Merguellil watershed admite to the recharge of all the
dams by 23Mmin which 17Mnd for the El Houareb Dam and 6 for the small and
medium dams

- El Houareb irrigated area (called also downstreaigated area) receive annually 2
Mm3 from the El Houareb dam.

For the downstream of the El Houareb Dam, sometidata required by the WEAP model,
have been considered from the diagram of watemnbalé-igure 40) realized by Le Gouleven
and al, (2009).

ET irrigated areas 48.1 Mm® ET nalqral
Rainfall Vagelallou;
: 25.2 Mm
52.3 e T ET raine*areas 30 Mm?
|

El AEP cities
Haouareb 1
irrigated
area

= Irrigation

Agriculture

96.9 Mm? | [agriculture 15 Mm?®

lFercolaticn losses

Base flow 19.5 Mm?®

Aquifer discharge

i lai ifer
Kairouan plain aquife Py

Figure 40 Water balance in the downstream of theguellil watershed
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All the simulation step in the modeling with WEA#re finalized at the present and the
main components of the system; area location, oaah size, supply and demand locations,
basins or any other source of groundwater, surfeater are introduced properly in the
database of the model.Figure 41 shows the ultiM&EA\P model for Merguellil catchment.

In the next chapter we will deal with the modelulesand discussion. Climate change and

land use scenarios will be performed in order geas the capacity of model.

Merguellil W’itershed
.Mergueﬂil Stream _ Small dams ®
i o'y ,
" 1 Kairouan city .
Sahel Cities

*
Contours ridges o
L N ; Bouhafna Aquifer "
Hafouz city & Kairouan Aguifer
Haffouz for_ %\ o L
d m 'mmedg'%ua:eb Dam *
Downstream irigated area
| |
Ainbeida Aguifer
el - ol Dorwm demme demrie W - ¥ ime— [ =T 0T

Figure 41 WEAP model for Merguellil catchment
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6 CHAPTER 6: RESULT AND DISCUSSION

6.1 SWAT SIMULATION

6.1.1 SENSITIVITY ANALYSIS

Several studies have been done on the sensitititheoSWAT model, Mulet et al (2005),
Holvoet et al (2005), Huisman et al (2004), Franebal (2003), Romanowicz et al 2005. Not
all the parameters have the same weight on the Immaeuts: characterize the model
sensitivity to different parameters to better ustierd the model. Some of these parameters
present initial or boundary conditions while othare forcing factors. Therefore, prior the

calibration, a sensitivity analysis was conducteddsess the most sensitive parameters.

The calibration of conceptual model in semi-arigjio@ often requires long periods of
calibration to obtain reliable simulation resultginly because of the highly variable flow
(Gorgens, 1983). SWAT applied to a semi-arid bdsi@s no exception to this rule: it must be
calibrated. This model is over parameterized bwt frameters are really sensitive. The
model is defined over parameterized (Ambrose, 199%n the number of parameters it
contains is much greater than the amount of dataladle for its calibration. The over
parameterization of the models can generate thélgro of equifinality (Beven, 1996).
Among the sensitive parameters, some are cleaelytiiiable while others are not. In this
chapter, we will attempt to investigate the sewisjtiof model parameters related to the flow,
the sediment transport, the nutrients and the hiofdsdrainage. This is done in order to
highlight the most sensitive parameters in ordegit@ greater attention during the model
calibration. A sensitivity analysis allows identifg the parameters on which the greatest
attention should be paid during their valorization.

6.1.1.1CHOICE OF PARAMETERS

We will try here to analyze the impact of the sewisy of SWAT model to the variation of
some parameters. The parameters tested are the smwmsitive among others. For each

parameter, we give the range of variation (max,)ramd the step of variation.

The sensitivity of a parameter on an output vaeatdn be evaluated by representing the
output based on parameter values. A non-sensitivenfeter is a parameter whose value has

little influence on the output variable; this wile a parameter showing no particular
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distribution over the variable. We realize that mgkthis type of study on the hundreds of
model parameter would have been very costly in adimg time, so we made first selection

"manual” sensitive parameters to be analyzed.

The sensitivity analysis was done at the Mergustiiition that covers 26 subbasins (1200
km?). The most sensitive parameters are identifiedotal of twenty-seven parameters are
selected, listed in Tables below according to tbengartment and they characterize the
processes they represent. The lower and upperslimére defined based on data from

literature. In total 27 parameters was analyzeddmpartment of the model:

e seven parameters which concern the compartmentegdtation
e Five parameters which concern the Aquifer compantme

e Three parameters which concern slope compartment

e Three parameters which affect the Drainage compgantm

e Five parameters which concern the Erosion companttme

e Two parameters which affect the nitrogen compartmen

e Two parameters which affect the Phosphorus compstim
For analysis of sensitivity parameters, some piaddfhypotheses were considered:

o reference year for the precipitation and flows dgéar 1996-97)

e Temperature (year 1996-97)

¢ A ssingle HRU: one soil and one type of vegetatimtaken into account

¢ The Penman Monteith method is selected for thautation of evapotranspiration

e Muskingum formalism is chosen for the flow of waiteio the hydrographic network
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6.1.1.2SENSITIVITY OF THE FLOW PARAMETERS

Compartments include processes that affect the flane four: the Soil-Vegetation

compartment, the aquifer compartment, the slopepaostment and Drainage compartment (
Table 16):

Table 16 Parameters selected for the sensitivitghst

Compartment And Processes

Parameters MIN | MAX | STEP
Involved

Hydraulic conductivity 8 100 10
(mm/h)

Available soil water capacity 0.08 0.17 0.02

SOIL — VEGETATION

géllggt;?%’n Bulk Density (g/cr”) 1.3 | 1.€ | 0.0¢
Eva oraltior; Soil degth (mm, 10C | 100C | 10C
X ’ Clay Percent (¥ 5 | 35 >

surface runoff.

Soil evaporation

) 0 1 0.1
compensation factor

Curve Number 40 80 5
Groundwater delay time 0 20 >
AQUIFERS (days)
Recharge et évaporation de I'aquiférdaseflow alpha factor (days 0.1 1 0.1

superficiel, recharge de l'aquiféere | Groundwater "revap"

profond, contribution de la nappe au coefficient. 0.02) 0.2 0.02

débit du cours d’eau. Deep aquifer percolatic 0 1 0.2
fraction. '
Manning’s roughnes

HYDROGRAPHIC NETWORK coefficient (Manning) 0.02) 02 002

Transfert. Effective hydraulic

conductivity of the channel | 5 150 15
beds (mm/h)

6.1.1.3THE SOIL — VEGETATION COMPARTMENT

All the simulation results for these parameters piresentedrigure 42 We observed a
obviously different sensitivity varying from somerpmeters to others according to the

process involved. Among the three compartmentsdigi the

Table 16 the two Soil Vegetation and aquifers compartmesgem be to contain the
maximum number parameters sensitive to variatioamvefage flow. In fact three of the seven
chosen parameters are very sensitive: the avaitleSOL_AWC, soil depth and the curve
number CN. The other four (bulk density, hydradanductivity, percentage soil clay and

distribution factors on evaporation show a very kemsitivity vis-a-vis the flow.
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The parameter CN is the curve number that represgrarameter established in the SCS
method,The SCS curve number is a function of the soil'sm@ability, land use and antecedent
soil water conditions. The CMariation given by the SWAT model is ranged betwdérand
80. It is shown from Figure 45 that the flow ratereases with the parameter CN. A 33%
decrease of this parameter includes a decreas&%fdf the flow (the rate increased from
1m®/s to 0.87 m¥s). While in the increase of CN to a value of 8@, obtain a rate of growth

rate of 7%.
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Figure 42 Sensitivity of the SWAT model to thessgjetation parameters
The CN parameter controls the interaction infiloatsurface runoff; therefore, it is
furthermore important. According to Chaponiere &0@his parameter should be insensitive:

this just compensation for low values of Curve Nembetween parameters and number of
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lateral flow delay. Indeed, when the Curve Numbsdrigh, surface runoff is high: flood peaks
are important; the lateral flow has little influen®n the other hand, when Curve Number is
low, the rain infiltrates in the soil and contribatto filling the soil reservoir which drains
mainly through the lateral flow. The shape of tlyerfograph changes according to the delay
of this flow on the watershed. The delay of a ldanfcombined with a low CN; simulate a

hydrograph almost equivalent to a high CN value amgidelay value.

6.1.1.4THE AQUIFER COMPARTMENT

Figure 43 shows the results of the analysis orstteam-flow in relation with the parameters
of the aquifer compartment. The four parametennoflel SWAT strongly sensitive are : the
parameter of Groundwater delay time (day) GW_DELAMe base flow alpha factor (day)
Alpha_BF, the Groundwater "revap" coefficient (GWEVRAP) and Deep aquifer percolation
fraction RCHRG_DP.
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Figure 43 Sensitivity of the SWAT model to the gdovater parameters
6.1.1.5THE HYDROGRAPHIC NETWORK

Figure 44 represent the response of the modekin oé flow. to the discharge system to the

variation of the parameters relating to the hydapyic network. These 2 parameters are: the
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coefficient of roughness (Manning) and the effexthwdraulic conductivity of the channel
bad (mm/h). Model SWAT does not show any variatiérthe flow with respect to these
parameters. It should be also noted that the faetmth of slope LHILL is sensitive although
it does not appear in list of the parameters tastdp the interface of AVSWAT, however the
model fixes a default value at 0.05 m, accordin®aalas, (cited in Srinivasan and al, 2003)

this value can imply a over-estimation of the latéiow.
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Figure 44 Sensitivity of the SWAT model to the dydrphic network parameters

We can conclude that the flow was sensitive to franameters (ALPHA_BF, GW_REVAP,
CN2 and SOL_AWC) and insensitive to both parameREYAP_MN and ESCO. Among
the four parameters assumed to influence the filboevmodel shows high sensitivity for three
parameters ALPHA BF, GW_REVAP and CN2 while the elcgensitivity to SOL_AWC

parameter is relatively low.

6.1.2 SENSITIVITY OF THE EROSION PARAMETERS

Table 17 Erosion parameters selected for the sgitgistudy

Compa“”}ﬁcmgg Processes Parameters MIN | MAX |STEP
Average slope length (m).
SLSUBBSN 10 150 10
Factor related to vegetation cover
included in the MUSLE equation| O 0.5 0.1
USLE C

Erosion Linear parameter for calculating

the maximum amount of sediment 0 0.01 0.1
SPCON
Channel erodibility factor
CH EROD 0.05 0.5 0.1
Channel cover factaeH_COV 0 1 0.2
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Table 17 Erosion parameters selected for the sathsistudyreports the suspended solids
parameters selected for the study of the sengitofitthe SWAT model and the range of
variation of each parameter.

The simulation results for the selected five paranseare shown in Figure 45. The mass of
suspended solids produced increases with increagigi. SUBBSN, USLE_C and SPCON
parameters. The decrease of 25% of the parame@®UBBSN imply the increasing of the
mass produced from 38010 T to 33680 T, which etuahte of 13%. When it increases by
25% the mass of solid transported increase fromi@80to 40500 T, which represent a rate
of 6.50%. The decrease of the parameter USLE_C 39 ihcreased the mass produced
38010 T to 34650 T, which considered as a dechte of 9%. Although, when It increase by
25% the mass increases from 38010 T to 40230 Tyted®b. Therefore, the decrease of the
parameter SPCON by 50% increased the mass pro@864d T to 36580 T, a decline rate of
4%. An increasing of 50% of the SPCON parameterlieapan increasing from 38000 to
41500 T, rate of 9%.

EEE

Sédiments produits
[tonresikrn <an)

Mazsze (tonnes/Km?/an)
o
*
1
|

EEaes

P . 1Ef
L1 142 1l

% SPCON

8

=

o
530
5 180 1
5 10 ]

3 1400

Easie [tEnnEEMm “fan]
EEEEEEE S

=130

g

S4SLELEESN S4lISLE L

Figure 45 Sensitivity of the SWAT model to theieroparameters
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6.1.3 SENSITIVITY OF THE NUTRIENT PARAMETERS

The Table 18 summarizes the parameters testeddyg 8te response of the model to the mass
loaded (kg) of the elements nitrogen and phosplsorau the outlet of the Merguellil
Catchment. The result of the analyses is illustr&tethe Figure 46.

Table 18 Phosphorus and Nitrate parameters seldctethe sensitivity study

Compartment and Parameters

i Ste
processes involved Min | Max p

Phosphorus percolation coefficient 25
(10 n¥/Mg). PPERCO 10} 175

Phosphorous . ———
Phosphorus soil partitioning 20
" 100 200

coefficient (nf/Mg). PHOSKD

Initial NO3 concentration in the 0 5 1

: soil layer (mg/kg)SOL_NO3
Nitrate - > —
Nitrate percolation coefficient. 0 1 0.2

NPERCO

The phosphorus percolation coefficiePPERCO is the ratio of the solution phosphorus
concentration in the surface 10 mm of soil to tbecentration of phosphorus in percolate.
The value of PPERCO can range from 10.0 to 17.% Phosphorus soil partitioning
coefficient PHOSKD is the ratio of the soluble phosphorus conceminain the surface 10
mm of soil to the concentration of soluble phospisoin surface runoff. The NPERCO
parameter controls the amount of nitrate removethfthe surface layer in runoff relative to

the amount removed via percolation.

The value of NPERCO can range from 0.01 to 1.0NRERCO— 0.0, the concentration of
nitrate in the runoff approaches 0. As NPERGC® 1.0, surface runoff has the same

concentration of nitrate as the percolate.

Mass (Kol
as {lg)

"% PPERCO W NFERCO

Figure 46 Sensitivity of the SWAT model to the phorus and Nitrate parameters
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As conclusion, the flow is sensitive to four paraene (ALPHA_BF, GW_REVAP, CN2 and
SOL_AWC) and insensitive to both parameters REVAR_&hd ESCO. Among the four
parameters supposed to influence the flow, the msllews higher variations in flow for
three which are: ALPHA BF, GW_REVAP and CN2. Thed®loresponse to SOL_AWC
parameter variation is relatively low. For parametef the suspended solid of the SWAT
model, it can be concluded that three parametersansitive (SLSUBBSN, and USLE_C
and SPCONC) while the others CH_COV and CH_ERODraensitive. The water quality
parameter of SWAT model relative to the phosphamd nitrogen were tested. The SWAT
model is sensible to these parameters to prodecm#ss loaded:he Phosphorus percolation
coefficient and the Nitrate percolation coefficiente the parameters of SWAT model, the

most sensitive to the load of the nutrients.

6.1.4 MODEL SENSITIVITY TO THE THRESHOLDS DRAINAGE

A Series of simulations for several threshold drgaareas were performed in order to study
the impact of sub-basins number on the responselmivatershed on the variability of output

parameters in terms of flow, suspended solids adiemts ,

We consider a range of variation of the surfaceghold drainage (which limits are set by
SWAT) in proportion to the size of the basin. Tim&erval admits as threshold value below a
surface of 2280 ha representing 2% of the totah amed 34223 ha as the maximum value
representing 30% of the total area of the watersBetiveen these two values, other seven
intermediate values were considered as a percewnfatiee total [3%, 4%, 5%, 10%, 15%,
20% and 25%] (Table 19).

Table 19 Number of sub basins obtained for diffetilereshold surface drainage.

N°of Simulation % Total area  |area (ha) INbr of sub-  basins generated
1 2 2280 26
2 3 3422 16
3 4 4563 10
4 5 5703 8
5 10 11407 5
6 15 17111 3
7 20 22815 1
8 25 28519 1
9 30 34223 1
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6.1.4.1VARIATION OF FLOW IN FUNCTION OF SUBDIVISION

Figure 47 shows an increase of mean annual flonnwhe number of sub basins decrease.
This trend of flow was explained by Arnold et aB9B) by two factors: the higher the
subdivision of a basin is fine, the more groundwétav is growing in opposition to surface
runoff and if drainage density (length of the netwsystem divided by the drainage area) is
higher, the losses through the beds of rivers mportant. A study done by FitzHug (2000)
confirms that SWAT is insensitive to different lévef watershed subdivision.
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Figure 47 Flow variation for different threshold discretization of Merguellil Watershed

For the case of watershed Merguellil, the flow oi#d with the finer discretization (2%) of
the total area and representing 26 sub-basinsesepting about 60% of the flow obtained

with the higher discretization 30 % of the totadaand representing only one sub-basin.

6.1.4.2VARIATION OF SUSPENDED MATTER
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Figure 48 Variation of the concentration of suspetdolids for different subdivision
thresholds of Merguellil watershed
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It can be seen from the results from the simula(@igure 62) that the concentration of
suspended solids has a greater sensitivity to @saigthe number of sub-basins. Indeed,
there is an increase of 227% of subdivision fromltwest (C = 0.48 g / I) to the higher (C =
1.1 g/ ). For an efficient simulation of suspeddmlids, Arnold et al (1996), considers that
the threshold of subdivision of 3% is the disciaiian threshold most appropriate to ensure
stable load. Mensi (2005) also found similar resattits study in a sub-watershed to the north
of Tunisia, by setting a threshold of stability oatter in suspension between 2 % and 6%.
Jha (2002) explains the increase in the quantisuspended solids produced inducing by the
increase in the number of sub-basins by the fatthigher is the underground flow, the lower
is the process of detachment and transport of galiticles. Similarly, the number of sub-
basins increases proportionately to the drainagesitye a phenomenon that results in an
increase in the quantity of suspended solids degubsi the bed of streams.
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Figure 49 Variation of the concentration of nutristior different thresholds subdivision of
Merguellil watershed.

The result reveal from Figure 49, the Variatiortted concentration of nutrients for different
thresholds subdivision of Merguellil watershed réhis a total decrease of all levels towards a

decrease in the number of sub-basins.

The rate of decrease is not constant for all nénoglements. The trend of nitrogen is very
heterogeneous. The concentration of phosphorugzethin function of number of sub basins
is stable. This stability is due to the fact thabgphorus is a very mobile element that does
not depend on the type of flow most dominant inlihsin. The level of stability extends over
the interval [4%, 20%]. Ammonium shows fluctuatiomgh a slight tendency to increase

with the number of sub basins. The concentratidnstate and nitrite decrease considerably
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with the reduction in the number of sub basinsfact we notes a drop of 23% for the

concentration of nitrite between the two thresholdsimum and minimal.

6.1.5 CALIBRATION AND VALIDATION

6.1.5.IMETHODOLOGY OF CALIBRATION OF THE MODEL

The procedure of calibration/validation consists separating the duration from the

observations in two entities:

* A period of calibration during which the paraerstare modified with an aim of obtaining

the best adequacy between observations and sionsati

* A period of validation where, starting from theepeding values of parameters, the
difference between observations and simulationsres@sured; indeed, an essential quality of

the model is its capacity to represent the prosesbatever are the climatic conditions.

The calibration is the process to identify watedslparameters of a function capable of
representing and reproducing the hydrological fiamihg of the basin (GOUNDOUL, 1992).
In the procedure of parameter calibration, it isidle to refer to the reality of physical
phenomena involved in the process of transformatiorainfall into runoff at the outlet of a
basin. (Bodi, 2003). During the calibration of adhylogical model, three methods can be
adopted (Refsgaard and Storm, 1995).

The application of SWAT model in a watershed reggithe adjustment of parameters for the

model to reproduce the best possible flow observed.

The adjustment parameters of the SWAT model isllysdane by trial and error: we modify
the parameters to which the model was considenesitse and analyzed the new results, to
determine whether to continue to change settings ianwhat sense taking into account
considerations graphics and the use of statistidtdria. The tests also help to familiarize
with the interactions of model parameters, ie tovkithe direction and magnitude of changes
made hydrograph simulated by modifying a paramelée fitting procedure varies the
parameters from a watershed to another; howevercanedetermine the steps and general

rules

The calibration of the water balance and runoff trhes preceded by an understanding of
actual conditions mainly occurring in the watershibis calibration is performed in the first

place for average annual conditions, once all ihisone, can move to monthly or daily
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calibration to refine its quality. (Arnold et al @®) Indeed, we must adjust the parameters of
the surface runoff and groundwater to improve tbetribution of the saturated zone to the

total flow.

SWAT is a physically based model for soil-plant gartment and for the most part empirical
for groundwater and surface flow compartment (Runel|l 2004). So many parameters are
determined by the entries corresponding to spatidinown quantities and general values.
However some parameters are according to stalwttershed studied. The values of these
parameters were obtained by an iterative processdhat optimizing the model responses as

a function of measures.

6.1.5.2ADJUSTMENT INDICATORS ADOPTED

To quantify the accuracy of the results, we adopted indicators for adjusting. The
statistical indicators used for the evaluation addel performance are the coefficient of
determination (B and the Nash-Sutcliffe model efficiency (NTD) @tiaet al., 1970).

Neitsch et al., (2002) recommended both coeffisiéot the SWAT model use.

« The R? coefficient of determination

The R coefficient of determination is calculated usihg following equation:
(0~ 8)(0; — )
i=1
\/Z(q@ ~0)7) (0 —G,)?
i=1 i=1

R? =

Where:

g, et q, : calculated and observed value of the day i.

q_oet q_c: respective averages qf; and q,, of n days used to calculate the coefficient

+ The Nash-Sutcliffe coefficient Esn

The Nash-Sutcliffe efficiencies have been reporiedscientific literature for model
simulations of discharge, and water quality couosfits such as sediment, nitrogen, and

phosphorus loadings. (Moriasi et al., 2007)

n 2
Z|=l(|mod - Iobs)

n =
Zi:l(lf’bs_ I obs)2
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Where:

| s IS Observed discharge,

l...q IS modeled discharge.

| obs is Average values measured
observed discharge at time t

This coefficient varies betweenocand 1(Nash et al., 1970). It tends to 1 when tieutated
flow tends towards the observed flow. In generakwmlit is negative is that it is a poor
simulation. Efficiency reflects the overall perfance of the model to reproduce the
hydrograph. It reflects the closeness betweenhbpes of hydrographs (Chaponniére, 2005).
Its value will be severely affected by the value rohoff badly restored. The sensitive
parameters are those that regulate the shape bfthiegraph: the parameters of delay lateral
and deep flow can differ the arrival of the runefiumes produced to the catchment outlet.
According to Van Liew et al. (2005), Esn value geeahat 0.75 is considered good value
between 0.75 and 0.36 are considered satisfactatyalues below 0.36 are considered not
satisfactory. Henriksen et al. (2003) categoriz&ENnto five classes namely; excellent, very
good, good, poor and very poor and defined thetdimii the classes for each of the efficiency
indexes. They proposed a limit of 0.5 for a rebeliween good and poor performance. Liden
and Harlin, (2000) also state that a good simutagizould have an Esn between 0.5 and 0.95.

6.1.5.3THE CHOICE OF GAUGING STATIONS FOR CALIBRATION

The DGRE has performed flow measurements in thegilil catchment starting from 1969
year for some gauge flow and from the year 1996Herother. By comparing the synchrony
of climate and hydrometric data sets, an interwawhich the simulation model can be

determined by considering the step of calibratiod @alidation could be established.

According on the sensitivity analysis cited in maeph6.1.1 the hydrologic calibration

procedure was carried out referring to daily floatad at Skhira-Kef labiodh and Haffouz
flow-gauges over the period 1992-1994. In particuthe most sensitive input parameters
were adjusted so that measured flow match valusdigied by the model during this period.
Measured daily flow at the same gauges for the 4886 was used for the hydrological

validation of the model.
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Before the sixties, the Hydrological Service of Deectorate General of Water Resources
had only limited hydrological data. Since 1965 asgecially after the 1969 flood event, the
situation has improved significantly. But the gtyaland quantity of data accumulated and
archived since those years were not sufficienttmeately identify the multiple aspects of the
hydrological regimes capricious (kingumbi, 1999yeEsince the seventies, the monitoring
network began to expand in Central Tunisia andqaatrly on the watershed of Merguellil. 5

hydrometric stations are currently measuring theashflows of the Merguellil watershed

(Table 20): Kef Labiodh station located in Skhifdaffouz cassis stations, Haffouz

telepherique station, Morra station, and Zebbessost Therefore, measurement operations
in other flow-gages like the Sidi Boujdaria statimeased formaly in 1989. The selected flow

gages for the study are selected in the table below

Table 20 : Characteristics of flow gages in Merdiusdtchment (Kingumbi, 1999)

Flow gauge Observation period Geographic Coordinate S
Start End Latitude (9 Longitude (9

Haffouz Cassis 1965 1974 35%39'13" 939'39”
Haffouz .Tel 1974 2011 3537'55” 939'39”
Morra 1996 2011 3541’00 923’53

Sidi Boujdaria 1974 1989 35%35'16" 941'58"
Skhira 1974 2011 3544'19” 922’57
Zebbes 1996 2011 3538’12 936'29”

e Skhira - Kef Labiodh flow-gage

The area of a watershed drained is about 188 #me station of Skhira - Kef Labiodh has a
measuring section completely rocked, which permviéry stable calibration. The first season
of low water flow measurements took place in Novemdnd December 1966, while in flood

flow measurements began only in September 1974 thtanstallation of the teleferic.
e Haffouz Telepherique flow-gage,

The Haffouz gauging station was installed on roadfféliz - EI Ala, where it controls a area
of 650 knf in 1955. The facilites were destroyed during fluods of autumn 1969 and
rebuilt in December 1970. Since 1974, flows werstadled by the teleferic station located

2.5 km downstream, and drain a watershed of 675 km

Four measurement series of gauging stations wergdered for the calibration of the flow: it
deal with the Skhira-kef Labiodh, Haffouz teferimda Zebbess stations. The fourth
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measurement point is located at the dam El Houdeté volume series are only available
from 1989. Therefore Sidi Boujderia and Morra Stasi were not selected for the validation
because of the short periods of measurements, raradtainty of measurement and large gaps
in data series due to human and technical errorwsodecide to not taken it into

consideration.

The average daily flow series used during calibratvas acquired within the Directorate
General of Water Resources (DGWR) Nevertheless, @ailability varies with hydrometric
station, for the case of Skhira station, seriesob$erved flow may cover widely the
simulation period. For gauging station Haffouz fiedie, the data of average daily flow range
from 1966 to 2001 which covers the whole modelbration over the entire phase of the
simulation. The Data of the Zebbess station istéchiand doesn’'t cover the period of
simulation for the model calibration, the averagdydflow series begins at 08/06/1996 and
ends 31/08/2002. The data flow measured at El Hdudam started in September 11, 1993
and ends in September 31, 2002. Representatiomtidrs selected for calibration is shown

in Figure 50.

Il Barage El Houereb
o Points de mesures
Réseau hydrographique
Soushassins

10 0 10 20 Hlometers

Figure 50 Flow gage (red dots) used for calibratemd validation of the hydrological model
SWAT
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6.1.5.4ANALYSIS OF HYDROMETRIC DATA

Analysis of hydrometric data in Watershed Mergueltre realized during the first phase of
the project Mergusie, Dridi (2000) analyzed theroydetric data for the period of 1974/75 to
1981/82 and found that the specific flow are low fact, the flow reached or exceeded 10
days per year is 1.44°ms" registered at Skhira gauge and Zshin Haffouz gauge; while
the flow reached or exceeded per 30 days per ye@rld6 mi.s* registred at Skhira and
0.268 ni.s* registered at Haffouz (Bouzaine and Lafforgue,6)98t the monthly scale, flow
irregularities foresee especially during the montlisSeptember, February, March and
August. Average of eight per year floods and vibkme observed with fairly short rise times
of about one to two hours on average and basic hieteeen 1 and 10 hours (Dridi 2000).
The duration of the flood is short (1-3 days) (Telga, 1998; Bouzaine and Lafforgue,
1986).

Floods contribute for 80% of annual runoff (Bouz@nd Lafforgue, 1986) .They appears
more frequently in late summer early autumn pefidadgust, September, October). During
large floods, flows can reach a few hundredl @ther secondary maxima appear mainly in
March and May. Such a situation is fairly typicéloentral Tunisia, with two peaks: one in
autumn (September) and one in spring (March). Intevj the distribution of floods in the

Merguellil catchment is steady and relatively JapRridi, 2000).
6.1.5.4.1 ANALYSES OF DAILY VARIABILITY

The daily, monthly and annual hydrographs flow datathe four gauging station Skhira,
Zebbess, Haffouz and ElI Houereb dam were establishiee curves are presented in the
appendix. For Skhira gauging station, measurenesgssof daily flow present an average of
0.233 / nis, a standard deviation of 1.6%mand a maximum of 55.1°%ns recorded on
04/08/1990. For station Zebess, it is observed aiman flow of 12.2ni/s recorded on
09/09/1997; however, there was no events of coatiauflow in this sub-basin with the

exception of a few more or less important events.

Besides, we can observe the existence of clearsgaake hydrograph flow that occurred in
1997, 1998 and 2000 years. it can be noted thainmuex flows exceeding sixty cubic meters
per second recorded in 1986, 1988, 1992 and 188highest value recorded was 658sm

17/09/1997. However there has been a lack of dlaily data during this period. Figure 70 6-
30 6-31 and 6-32 show the variability mean daiby$ observed over the period 1992-2002.
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6.1.5.4.2 ANALYSES OF MONTHLY VARIABILITY

The monthly variability is characterized by highiaws during September (0.595%) and
May (0.333 rﬁ/s) for the station of Skhira. In the same way tfug station of Zebess, it is
noted elevated flows during the same two montt&1(@F/s in September and 0.30/s1in

May). For the station of Haffouz, the peak of flonlsserved was in September and October.

During July and December, concerning the statioskdiira, two low monthly mean flows
were recorded (respectively 0,096/snand 0.114 fts) and a flow quasi null in July for the
station of Zebess, this does not make the excejptiothe hydrometric station of Haffouz
which records the lowest monthly flow of 0,12%m The dam El Houereb receives on
average, the most important monthly contributioinested at 5,3Mmduring the September

and the weakest during July estimated at 0.23Mm

Additionally, for the series of data relative taetfour points of measurements cited above.
The highest values observed, show the large imeua irregularity of the monthly flows
which is relatively in relation with the high irrelgrity of the rains in central Tunisia. The
figures 6-19 present the variation of monthly medlifiow for the station of Skhira - Kef
Labiodh.

6.1.5.4.3 ANALYSES OF INTERANNUAL VARIABILITY

From the data analyses, the mean annual flow vaggesclearly from one year to another.
The 1990, 1996 and 2002 years recorded the hidlogstrates with a maximum flow value
of 0.621m3/s for 1990. The minimum value (0.018Mm®as recorded in 1984. For Zebess
station the maximum flow was 0.28m3/s in 1998 dwkd by the value registered on the year
2000 about 0.15m3/s. Maximum annual runoff for ida#f gauge is 1 m3/s in 1985. At the
outlet of watershed Merguellil, contributions irettvaters of the dam are higher in 1990 and
1989 of about respectively 40.61 and 39 millionicubeters. The year 1996 represents an
exceptional lowest contribution to the dam in tesfmwater estimated at 6.22 million m3.

Figure 51 shows the variation of mean annual flow.
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Figure 51: Annual variations of average inflowstioé El Houareb dam (M
6.1.5.5MODELING OF WATER HARVESTING IN SWAT

To assess the impact of WSCW on the water balaheehydrological regime on the entire
watershed, and in order to determine the role ese¢hdevelopments on the dynamics of
erosion and pollution point and diffuse, we consdetwo types of physical development in
the stage of the simulation. The question was: tmmodel the physical characteristics of

these structures spatially and temporally durirgsimulation phase,

The problem encountered during this study is toutate the effect of contour ridges on the
surface runoff; in effect these works reduce ruraftl increase infiltration relatively, thus
changing the dynamics of local water soil. Littigedature cited this kind of problem,
especially those who have used the model SWAT.Boac(2003, cited in Srinivasan and al,
2003)recommends changing the values of some specifenpeters in the SWAT model to
simulate a number of agricultural practices, such grassed waterways, structures,

stabilization of rivers and parallel terraces.

We can note that in the Merguellil catchment, thetour ridges and ponds reduce about 30%
of the flow on the sub-basin Haffouz (Dridi, 2000he contour ridges retain more water than
lakes or dams because the last one are constamjigcsed to siltation, which reduces their

storage capacity. However the impact of erosiorthencontour ridges is less obvious: the

contour ridges can contribute to the solid yieldpexially if they are built on ground

dominated by marl material, on bare land subjecw&rgrazing.

While when contour ridges are built on calcareausnftion they can be more effective on

erosion control (Dridi 2000). In our study, two tdilsution WWSC GIS format maps of
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development in the watershed Merguellil are avé#lakthe first was realized from Dridi
during the Merguellil project (Dridi 2000), whickliso expand the spatial evolution of these
structures into four period: 1970, 1980.1990, a®@@8l. The other GIS map provide from the
CRDA and established in 2003 (Figure 52), howekertivo GIS layers are not compatibles.
For further SWAT model simulation, details about @¥8 provided by GIS layer developed
by Dridi (2000) will be considered.

To consider such structures in the SWAT modelipgraach was performed in 3 steps:

e The first step was to divide the simulation peraxtording to the timing of spatial
evolution of contour ridges throughout the periddlfle 21)

e The second step is to calculate the contour ridges in each sub-basin by overlay the
two maps according to operational date starting.

e The last step is to specify the HRU concerned wighdistribution of these structures
in each sub basin at the end to estimate the a#bior parameters of the model (eg
reduce the curve number (CN) in the homogeneougareduce runoff).

Benguels

B nquetle_Mecanigue

Henguette_ Mecwnigue Conmclidee
Corden_en_pierme_seche_sllou_labour _profond

g
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-] 0 Kilesmal
filematers 7/ Rémenu hydragrephigue

Figure 52: contour ridges map of Merguellil catchmhen 2003 (CRDA KAIROUAN-IRD)
In 1998, area managed by contour ridges full reantover, on the Merguelli catchment,
covered an area of 196 knwhich 70% was located in Haffouz and Zebbess ssiblend
only 2% in the Skhira subbasin characterized bgdodomination (Dridi 2000).
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Table 21 Simulation period based on WSCW disiohut

Simulation WSCW Area Number of concerned Number of concerned
period (ha) subbasin HRU

199z- 199¢ 974z 8 20

1998-2002 19600 12 55

We have considered during the calibration phasbeofeduce of the parameter, curve number
CN and similarly decrease of soil available watgpacity S AWC to release the percolation
of water flow towards the deep layer. (Jha et @)2cited in Srinivasan and al, 2003) done a
study on a catchment area of 9500°kand shown that the reduction of the curve number 8
and field capacity of soil of 0.04 mm results agmdion of 60% for base flow and 40% for
the runoff on an annual basis, (Melo de Souza, 20@8l in Srinivasan and al, 2003) have
also explained the effect of parameter CN reducimpff. According to Arnold et al (2002)
model is particularly sensitive to CN, the avaiabbil and a coefficient of evaporation. The
coefficient of transfer of groundwater to the stnegbase flow alpha) is also significant, so it

is important to adjust it to reproduce at bestfibed and low flows.

6.1.5.6MODELING OF PONDS IN THE SWAT MODEL

The Merguellil catchment suffers regular water shge aggravated by current drought with
different degrees of frequency, intensity and sgvem addition, the natural hydrological

regime is continuously altered by the constructbd4 small dams (hill ponds) and 5 large
dams (hill reservoirs) and contour ridges. Thesemirs are frequently completely dry
especially during the summer period. However, tkewnstitute good traps for sediment

loading and protect then the outlet (El Houareb )dagainst silting.

Mishra (2003) (abstract cited in Srinivasan and2@03) analyzed the potential applicability
of the SWAT model in a semi arid watershed, witbahds installed built on uncontrolled
streams, the SWAT model illustrates these threpetpas the reservoir type "impoundment"”.
The difference a reservoir or a pond is modelethenSWAT model is explained through the
calculation of water balance of each one. For tWA% model simulations, we considered
only the mapping of 34 small dams because theirdutits characteristics data are available
(Figure 53).
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Figure 53 Location of small dams within the Merdjlielatershed
These small dams have generally a relatively sarath compared to the sub-basin area. The
SWAT model can take into account of the water mintthe sub-basin including tanks, small
lakes and marshes, especially a specific inputwite extension (. PND) is dedicated to this
task. This file contains information about the paeters used in the model to simulate the
water balance, sediment and nutrients to theservaiats (Arnold, 1993).The variables of

these files are:

- Fraction of subbasin area that drains into ponds

- Surface area of ponds when filled to princigallway (ha).

- Volume of water stored in ponds when filledhe principal spillway (1tm°).
- Surface area of ponds when filled to emergendingy (ha).

- Volume of water stored in ponds when filled te #mergency spillway (f0°).
- Initial volume of water in ponds 1.

- Initial sediment concentration in pond water (b)g/

- Hydraulic conductivity through bottom of pondsr{rnr)

Four areas only between the areas identified féectsd small dams in the basin, are
published by the direction of the WSCW. To estimai missing areas, two alternative can

be selected: firstly to find a relationship betwelea area of the reservoir and watershed area

124



Moez Sakka PhD Thesis CHAPTER 6

based on small dams observed by the IRD or to a@lopiverage height for a reservoir that is
obtained by dividing the mean volume of the reservy its height, so the size of the storage

is obtained.

The first solution not permits a well-known relatship between them (logarithmic or others).
However, the second solution seems more interestinge it reflects the physical shape of
the dam, rather than looking purely a mathematoalcept. Then assumption is considered
that a relationship exists between the area ofstbeage at emergency spillway and the
capacity of the storage, ie by dividing the voluofehe storage by this height, area of the
reservoir can be as a result estimated. EIEuci®9)18stimated at 3 m the average height of
water filled at the principal spillway, the samdues is considered for the next our work of

the thesis.

The details of the 34 lakes and their relativetioacarea to the sub-basin area are reported in
the table 27. Since some sub-basins contain ma@e time ponds and others sub-basins
contain no one, the areas of water bodies on edwhasin are summed, the date construction
of these works varies from 1968 until to 2003, althh this fact has complicated the
simulation procedure, since simulation was donenfrb992 to 2002, as solution, So as
suggestion SWAT model was apply in different timeeivals between 1992 and 2002, and
then by introducing step by step the ponds inntleelel according to the effective operation
date. In the chronological order, Small dams werglemented on the basin on 6 in time
intervals (see Table 22). Initially, SWAT simulatidor Merguellil catchment has considered
nineteen small dams which existed already in $eipée 1992, followed by two other ponds
in 1993 then, 4 others in January 1993 and tworsthatil January 1994 and up in January
1995 and January 1996 and finally 3 other smallsdantil January 2002.
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Table 22 : Distribution of the small dam’s periofisimulation sub-basin

Scénario Start of End of simulation | Name of small dams introduced
simulation in the SWATmodel
1 Septembre1992 December 1992 El mouta, Dagla, ¢mBen
Houria, Abda, Khalifa, Ben
Jaballah, Salem Thabet , El
Marrouki, Dahbi, Bouksab, El
Maiz, El Hoshas, Fidh Ben
Naceur, Fidh Ali, O.El Habsa, Q.
Fidh M'barek, O.EIl Guatar
2 January 1993 December 1993 El mahbes, Ben Zitoun
3 January199< Decemter 199« El Absa, Ain smili 1, Ain Faoua
Sidi sofiane
4 January199t Decemler 199t Ghtatis, Dj.Hallou
5 January199¢ Decemter 2001 El Gaséaa, EI Hamra, Ain Smili
El Masref
6 January 2002 December 2002 Brahmia, Ghouil, khl
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Figure 54: Evolution of contour ridges map of Meetjil catchment (Dridi, 2000)
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Table 23 Small Dams on the catchment Merguellil

Small dams Name | Volume m ? | Principal spillway height m | Area (ha)
1 O,El Habsa 45 000 8 0,6
2 El Absa 35 000 6 0,6
3 Brahmia 67 000 9 0,7
4 El Gasaa 104 800 8 1,3
5 Ben Houria 17 000 4 0,4
6 O, Fidh M'barek 53 000 6 0,9
7 Ghtatis 106 000 7 1,5
8 Fidh Ben Naceur 100 8 0,0
9 O,El Guatar 150 7 0,0
10 El mahbes 180 000 8 2,3
11 Fidh Ali 127 9 0,0
12 El Maiz 44 500 10 0,4
13 El Hamra 160 000 10 1,6
14 Ben Zitoun 50 000 7 0,8
15 Ain smili 1 130 000 8 1,6
16 Ain Smili 2 35 000 7 0,5
17 Bouksab 500 000 6 8,3
18 El hamam 80 000 9 0,9
19 Ain Faouar 66 000 7 0,9
20 El Hoshas 130 000 7 1,9
21 Sidi sofiane 40 000 8 0,5
22 Abda 63 000 3 2,1
23 Dahbi 60 000 4 1,5
24 Salem Thabet 63 000 6 1,1
25 El Marrouki 56 000 7 0,8
26 Ghouil 153 000 9 1,7
27 Dagla 56 000 6 1,0
28 Knouch 26 000 4 0,7
29 Khalifa 70 000 7 1,1
30 Ben Jaballah 18 000 7 0,3
31 Dakhlet 520 000 13 4.0
32 El Masref 160 000 8 2,0
33 Dj,Hallouf 95 000 8 1,2

Particularly, six simulations with the model wererfermed which correspond according to
six intervals; the result of simulation was regredpn a unique graphic representing the
entire period of simulation 1992-2002. As hypotketiie initial volume of water stored for
each pond built at the beginning of the simulatwas considered null. However, some
consideration taken in account that means thatnitial volume of water in each pond to
introduce as input in the consecutive new periosiraulation was kept equal to the volume
obtained as output of the precedent simulationeddhe minimum value of the initial
concentration of sediments in pond has been prdvigethe model as the default because of

the lack of data. Each parameter varies in a rahgalues provided by the model and based
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especially on literature. Some input data suchrasphorus and nitrogen parameters remain
undefined by because there is no data monitoringas also been taken by default by the

model, and it was uncertain how it can affect theutation results.

As describe above, SWAT model simulations will eefprmed from 01 September 1992.
Until 31August, 2002 on daily, monthly and Yeartes All the climatic database required
related to model input parameters (wind speed,tRelddumidity, maximum and minimum

temperature...). Calibration and validation conaamty hydrological parameters of the model

because of lack of observed data relative to reinpghosphorus and sediment concentration.

Starting with simulation, the model interface meed different equations for calculating
evapotranspiration (Penman-Monteith, Priestley-Giaghd Hargreaves). These equations are
more or less complicated and do not require theesgoantity of data. Chaponniere, 2005
analyzed the sensitivity of the model of the thneethods vis-a-vis the simulated flow and
evapotranspiration simulated, she cited that therf2@-Monteith formula is most suitable for
semi-arid environment. Based on her analyses, HmnBn-Monteith method was selected
for the Merguellil catchment, and especially altadparameter required are available in this

case.

Concerning the flow process, the SWAT model oftears methods to estimate it. These two
methods are more or less adapted to local contextyave decided to choose the method of
Variable Storage which calculates the differencévben the inflow into the basin and
outflow as a function of elapsed time. This prefieeeis based on the conclusion of the study
done by Chaponniére (2005) on the sensitivity & 8WAT model vis-a-vis these two
routing methods, the results of analyses, exprassialwv, explain that both methods give the
same results in a semi arid contest.

Generally, the SWAT model provides a continuougehtime steps for simulation: yearly,
monthly and daily. In the case of our study to drettinderstand the variations of flow,
transport solid and the load of nitrogen and phosgh In the first instance, simulations
based on annual scale were initiated, in orden¢orporate the effect of WWSC on the flow
regime. In a second step, simulations based onhtyoahd daily scale were conducted to
refine the calibration. Usually, SWAT output filage well structured and the format is easily
converted in Excel file, some macro file were perfed with excel software during analyses

of SWAT result in order to repeat fast the eximctof the output file subsequent to each
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new simulation. This method cans also make singgliion to the calculation of R2 and Nash

coefficients.

6.1.6 RESULT OF FLOW CALIBRATION

The SWAT model is built with state-of-the-art compats with an attempt to simulate the
processes physically and realistically as possilllest of the model inputs are physically
based. Flow calibration was performed for the mefi@om 1992 through 2002 for annual,
monthly and daily simulated flows using observenv8 provided from the DRE gauging
stations. This calibration was based on availab&asuared daily stream flows through 3
gauging stations (Zebbess, Haffouz, and Skhira) watbrshed outlet (inflow El Houereb
dam). Severe parameters such as curve number $§GiNavailable water capacity AWC, and
groundwater parameters) were adjusted by trialeanar to reduce the differences between
simulated and measured values and to obtain b#ttem hydrograph recession. When
measured streamflow data are available, calibrateonbe used to determine optimal values
for the unknown parameters by minimizing the défere between modeled and observed
streamflow. The hydrological parameter of the moala$ calibrated by adjusting the runoff
curve number CN in order to optimise the runoff.isTiparameter is not well defined
physically in SWAT model (Conan and al., 2003).Alge adjust the slope length parameter
(Lhill) in the SWAT model because as cited in Baf&@903, cited in Srinivasan and al,
2003), the AVSWAT fixes this parameter at a very loalue of 0.05m, implying an
overestimation of the lateral flow as well as artdge of available soil water required for
groundwater recharge. Consequently a reasonabie \al Lhill for Merguellil catchment

based on the topographic data and the subbasiretizstion would be more then 50 m.

To minimize as much uncertainly as much in the rhodsults, the following parameters
were changed during calibration: ALPHA_BF, DelaygvRpMN and Rchdp, CN, ESCO,
GWQMN, GW_REVAP, SOL_AWC, SOL_K, SOL_Z and SUR_LAGI others variables

were kept constant.
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Figure 55 overlaid aquifers maps and subbasin mapegated by swat

The calibration of the aquifers components of sevasented some major difficulties, Brett m
Watson (2nd conference) refer to the fact thattswdy requires a small number of input
parameters to model groundwater which is hugelyaathgeous because extensive field
work is not required to obtain inputs. Canon 20&dcthat it is better to assume a unique set
of calibrated parameters all around the catchmeneigting soil/land-use/aquifer association,
this contradict by Brett and al, 2003 (citedSirnivasan and al, 2003), using a constant set
of ground water parameters for each land use @assss the entire catchment was not
entirely adequate for modelling groundwater flonccArding to Brett and al 2003, cited in
Srinivasan and al, 2003) varying the parameters &a&t too many subbasins would be
problematic for at least two reason: firstly be@aws the big uncertainly that would be
created in the model output. Secondly these chamgrsd not necessary reflect actual
conditions. For our study, the groundwater pararseipha, Delay (days), Revap and Rchdp
are adjusted for the different aquifer units (Tab¥@. According to figure 5, the aquifers map
is overlaying partially the watershed map. The #uof Bouhafna covers totally the four
subbassin (13-14-15-16) and partially three sulbbd$B-28-29). Also Chrichira aquifer
covers totally one subbasin (17) and partially bbsssin (19-20-21-22-29). Consequently

more importances were given to groundwater parasatjustment in these subbasins.
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Table 24: Groundwater parameters after adjustmeagfficients for recession (alpha),
evaporation (revap) and recharge to the deep aquitddp), response delay and Threshold
to allow base flow to the river (gwgmin in mm)

Aquifer unit Alpha_b Delay (days) Revap Rchdp

BOUHAFNA 0.061 200 0.08 0.10
Chrichira 0.080 120 0.14 0.05
Ain Bidha 0.100 130 0.23 0.08

A map of the water harvesting technique WHT waglaie to the subbasins map in order to
identify the WHT area in each subbasin. Howeveressdvproblems were encountered for
SWAT modelling in presence with those water haimgsand soil conservation techniques,
the incertitude of the WHT area within this subbashich covering partially these subbasin.
Additionally WHT differ from subbasin to anotherdhare also related to the lithollogy.

Il Water Harvesting Techniques
[ ] Subbasins

/\/ Streams

0 20 Kilometers

Figure 56 overlaid Water harvesting maps (MERGUBHROJECT-CRDA) and subbasin
discretisation map generated by SWAT model

Description of data gauging stations used durididpiedion is shown in the previous chapter;
the total number of descritized sub-basin is 29.Ré&ep on mind that the outlets of subbasins
n°27, 28 and 29, respectively represent the pahtsieasurement of hydrometric stations
Skhira-Kef-Labiodh, Zebbess and Haffouz. The sulirbautlets n°21 and 26 jointly
correspond to the outlet of the watershed wheremelinflowing the Dam EI Houareb can be

measured.

6.1.6.JANNUAL SIMULATION RESULTS

The Table 25 reports the results of the annuabiion of the SWAT model in the basin

outlet. For each subbasin, the mean, max and nmuastream-flow values, and the standard
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deviation, and the two coefficients and R2 stasstiash are calculated. Figure 58 presents

the results of simulation SWAT for the stream flbefore and after calibration.

Table 25 Statistical coefficients calculated fonaal calibration of the SWAT model

Skhira 0.41 0.64 0.23 0.14 0.20 0.81

Without Zebess 0.15 0.32 0.04 0.10 0.07 0.65

Calibration Haffouz 0.40 0.70 0.13 0.18 0.06 0.51

Watershed 27.41 42.00 15.60 9.50 0.35 0.75

Skhira 0.43 0.67 0.19 0.16 0.53 0.86

Zebess 0.12 0.35 0.03 0.12 0.49 0.71

Alter Haffouz 0.32 0.64  0.06 0.20 041  0.66
Calibration

Watershed 20.73 36.30 7.50
Mm3 Mm3 Mm3

10.49 0.71 0.89
The SWAT model overestimates the annual stream &bthie Skhira subbasin this implies a
divergence between simulated and measured valugsriicular in 1997; the simulated flow
is 4 times larger than value of observed one. ThshNcoefficient is improved during the
calibration from 0.20 to 0.53. The coefficient aftermination increases to 0.86 and can be

considered as an improvement.

* In the Zebbess sub-basin, there is a reduced Immelformance for the streamflow
production. The Nash coefficient before the catibra is 0.07 and the coefficient of
determination is 0.65, after calibration, an im@nment is obtained respectively in 0.49 and
0.71, note a simultaneous decrease in the avenagéated series. This result can be explain
by the fact that the sub-basin Zebbess has a getribdtion of rainfall stations selected for
the study and therefore represents heterogeneitiabprecipitation less important compared
to other sub-basins during the simulation. In addito the accuracy of flow measurements
done on the hydrometric station because it date® ft996 and because the hydrometric

section is therefore more stable and representless
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Figure 57: Observed and simulated yearly flow fog Skhira (left) and Zebbess (right)
gauging station
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Figure 58: observed and simulated yearly flow fog Haffouz gauging station and the
Merguellil watershed

For the Merguellil watershed outlet, the Nash fioieint is improved from the value 0.35 to

the value of 0.71, and coefficient of determinaidnhe value 0.75 to the value of 0.89 which

attribute a good efficiency of the model after aaincalibration. The Figure 58 illustrate a

good concordance of the both measured and the ai®oul values. However,

an

overestimation of measured values is observed d¢fmut the simulation period. This

overestimation is not uniform over all period olveet. The difference between the value of

the mean flow measured with the simulated one isenmaportant in 1996 and 1998 than for

the other years. Moreover, this same type of olasienv can be confirmed by Arnold et al
(2002) explains this by the fact that the runoffiighly overestimated in the SWAT model.

The calibration of model parameters for each ofttiiee main subbasins was advantageous

for the calibration for model parameters the entuatershed. In fact, the outflow drained

from Skhira sub-basin located at the upstream issidered the inflow for Haffouz sub-

basin.this implies that adjusting the flow from wpam to downstream can reduce simulation

errors and can refine the calibration, in this wig outflow of the Zebess and Haffouz sub
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basins constitute a major portion of the flow dagjed to the outlet of the watershed. This
justifies the approach to perform calibration i tvay from upstream to downstream i.e.
from the sub-basin Skhira through Zebess then mggdo Haffouz and arriving to the

Merguellil watershed outlet.

6.1.6.2WATER BALANCE

B Evaporation (mmj) BRunoff (mm)

oPercalation (mm) olLateral Flow (mm)

m Stock (mm)

10%

Figure 59 The water balance of the watershed Meltgdior an annual simulation
The water balance of the watershed was estimated the period 1992-2002 (Figure 59).
Runoff is evaluated at 40.5 mm which allows a rfiregefficient of 14%. In percentage

terms, the rainfall is lost through evapotranspira{63%).

6.1.7 MONTHLY SIMULATION RESULTS

e At the Skhira gauging station

The Figure 60 shows the variation of monthly strd@wmmeasured and simulated by SWAT
model at the gauging station Skhira. The Nash @wefit for this simulation before
calibration was 0.12. The solutions proposed fa talibration of the model are: the
reduction parameters CN2 and SOL_AWC respectivétyahd 5% in the subbasin n° 1, 2
and 27. Moreover the contribution of the waterupmy the river system has been reduced by
decreasing the parameter drain ALPHA_ BF to 19% alsd compensation factor of soil
evaporation is increased by 15%. The result ofcdidbration at the gauging station Skhira is
acceptable since the Nash coefficient obtaineles equal to 0.29, the improvement can be
noted in the Figure 64
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Figure 60 Variation of monthly measured and simedastream flows by SWAT at the
gauging station Skhira before calibration.

Before the calibration, the Nash coefficient and tloefficient of determination R2 were
calculated respectively 0.62 and 0.69. it can lsvshfrom figure that simulation with SWAT
model can reproduces the hydrograph peak, howéweverestimates the measured values.
After the calibration phase, a further improvemestt efficiency and determination
coefficients is seen, respectively, calculated té50and 0.81, which represents a good
performance, however, there are still occurrencewarestimation stream flow especially
during low flow . It should be noted that the maaswent errors (human and technical error)
and the existence of unrepresentative rainfallstathave an important role in assessing the

results of simulation.

e At the Zebbess gauging station

The monthly stream-flow measured for this statiom available from July 1996 until August

2002. The calibration process has led to improveddes Nash coefficient and coefficient of
determination values respectively from 0.64 an® @&fore calibration to 0.85 and 0.88 after
calibration. It can deduced from results that thmutation with SWAT before and after

calibration allow to highlight the performance betmodel to reproduce the flow in this sub
basin. The model generates good peak stream flathieofwo flood events that occurred in
September 1997 and May 2000 according to the hydphg (Figure 61), however we note
that during the months of May and November 1998 ntodel generates more stream flow in

the despite the measured stream flow on the fieldsignificant.
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Figure 61 Variation of monthly measured and simedastream flows by SWAT at the
gauging station Zebbess before calibration

Calibration of hydrological and hydrogeological gaeters (CN SOL_AWC, SLSUBSN, soll
depth, Alpha_BF and GW_revap.) was performed onlgub-basin (n°13, 14, 15, 16 and 28)
that are located upstream of Zebbess. Figure 6%vssitbe variation of monthly flows
measured and simulated by the SWAT model at thisbsisin. The simulated average
monthly flow at the outlet of sub-basin would bd®.n/s with a standard deviation of
0.32n/s.

e At the Haffouz gauging station

The Nash coefficients calculated respectively efond after calibration are 0.52 and 0.71 .
The Adjustment of the model parameters has improwedoefficient of determination from

0.77 to 0.81. The simulation results of SWAT mdolefore and after calibration are shown in
Figure 62 and Figure 66. As observed in hydrogréph SWAT model can well generate the

flow especially during major flood in September 799
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Figure 62 Variation of monthly measured and simedastream flows by SWAT at the
gauging station Haffouz before calibration
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The solutions selected for adjusting the paramétetade the reduction parameters and CN2
SOL_AWC respectively to 7% and 10%. In the same, wlas parameter ALPHA_BF which
reflect the contribution of groundwater to supgig thydrographical network was reduced by
decreasing to 12%. Some efforts were done in thidysto adjust effectively the parameters
to decrease difference between simulated and nmezhsiata during the low flood, this
unsuccessful task is related to the impact of WW®8Cthe hydrological system of the
watershed. These works slowing the runoff and daressurface water. whereas the swat

model is well appropriate to reproduce the strekw-fn the monthly Haffouz.
e At the watershed Outlet

Graphically we describe the variation of monthlffaw simulated and measured expressed in
million cubic meters before calibration (Figure 6Buring the whole period of simulation,
we can observe that the SWAT model overestimatesothflow in the basin outlet. At the
same time, we note a correlation between the madi@lhd observed volume for large floods
during the months of October 1994, September 18855eptember 1997,

Particularly, for October 1994, if we compare theasured inflow 18Mrhto the simulated
one 26 Mni. we confirm that the model overestimates the doution. it is also noticeable
through the same figure that there is a failureefwoduce the low and the null inflow event,

the Nash coefficient calculated for this simulatis®.60.
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Figure 63 Variation of monthly measured and simediestream flows by SWAT at the
Merguellil watershed outlet before calibration

The adjustment of model parameters for the calimatprocedure allowed a slight
improvement in this coefficient to 0.64 while, tlkeefficient of determination R2 has

undergone a slight reduction from 0.80 to 0.78.tm Figure 67, we plot the variation of
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inflow at the El Houereb dam after the simulated areasured calibration tests; we can see

graphically the performance of the simulation resafter calibration tests.
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Figure 64: Observed and predicted monthlyFigure 65: Observed and predicted monthly
streamflow at Skhira after calibration streamflow at Zebbess statio after
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Figure 66: Observed and predicted monthlyFigure 67: Observed and predicted monthly
streamflow at Haffouz station after streamflow at watershed outlet after
calibration calibration

The solutions proposed during the process of cdliim of parameters consist of reducing
CN2 and SOL_AWTC respectively to 9% and 9%. Simyldine contribution of groundwater to

supply the hydrographic network was reduced by e#sing the parameter ALPHA_BF to
10%. After calibration test, we obtain a Nash cdoefht of 0.64 implying an improvement in

the efficiency of the model.

In conclusion, we can perceive that at the mon#idgle, the simulation results of SWAT
model were more satisfactory. The performance @htiodel to reproduce the flows at Skhira
Zebbess and Haffouz as well as the inflow in théevehed outlet shows that the model is
adequate for the Merguellil study area., all tregistical coefficients calculated before and
after calibration tests are reported In

Table 26. The simulation results at the Zebessbaisin are the most perform with the higher

coefficient of efficiency.
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Table 26 : statistics coefficients calculated ttoe monthly calibration of the SWAT model

Outlet Average max min | Standard | R?
Deviation

Skhira 0.55 457 0.00 0.74 0.62 0.69
Without Zebess 0.2 2.83 0.00 0.45 0.64 0.79
Calibration Haffouz 1.18 9.10 0.00 1.26 0.52 0.77
Watershed 3.34 4.49 0.00 4.49 0.60 0.80
Skhira 0.4 3.6 0.00 0.60 0.75 0.81
With Zebess 0.2 2.15 0.00 0.32 0.85 0.88
calibration Haffouz 0.65 5.93 0.00 0.76 0.71 0.81
Watershed 2.29 2.64 0.00 2.64 0.64 0.78

6.1.8 MONTHLY WATER BALANCE OF THE WATERSHED

The Figure 68 and Figure 69 show the water balahti®e month of September and of March
Watershed Merguellil, balance are representedringef percentage. It is noted that during
the month of September, most precipitation is tbebugh evapotranspiration (63%). runoff
depth calculated to 29 mm which implies a runoféfticient of 10%. During the month of
March, we have less evaporation 55%, and runofffictent is about 11%, with more
percolated water (15%). The water that flows ldkgiacreases in March of 3% compared to

September.

OEvaporation @Runoff OPercolation  Olateral Flow W Stock DEvaporation BRunoff OPercolation Olateral Flow B Stock
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Figure 68 The water balance of the Figure 69 The water balance of the
watershed Merguellil for an monthly watershed Merguellil for an monthly
simulation (September) simulation (March)

6.1.9 DAILY SIMULATION RESULTS

In the daily simulation, some Parameters "key" leé model are modified to adjust the

simulation: the Curve Number, the Alpha Base Flond ahe Ground Water Delay

coefficients, soil depth parameter was changed 3601mm in the sub-basin sited in

downstream of the watershed. The Sub basins affdxtehe calibration are: Skhira Haffouz
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and Zebbess, daily measurements at the dam weravadable, we will only explain the

simulated results.
. At the Skhira gauging station

The results presented in the graphs and table shiaivly good fit of the model to measured
data. Indeed, the index of Nash (Nash and Sutclif®70) as the coefficient of determination
R2 is satisfactory for the calibration period (T@BI7). Note that compared to the R2, the Nash
index provides a more accurate assessment of finetieéness regarding compliance with the
volume up, the absolute differences and representat floods. The flood peak as recession

phases also appear relatively well reproduced emgtaphs (and Figure 74).

Table 27 : statistics coefficients calculated faihe daily calibration of the SWAT model

Outlet Average | max | Min Standard | -\ R?
Deviation

Without Skhira 0.50 41.9_ 0.00 2.46 0.68 0.7_1
Calibration Zebess 0.16 12.4 0.0q 0.76 0.75 0.76
Haffouz 1.27 76.00 0.00 4.32 0.20 0.22

ith Skhire 0.3¢ 29.¢ 0.0C 1.7¢ 0.7z 0.75

calYt\)/rI;tion Zebes 0.1t 10.8( 0.0C 0.6¢ 0.7¢ 0.7¢

Haffouz 0.82 67.4( 0.0C 3.11 0.5¢ 0.6C

Before calibration, the coefficient of Nash-Sutifelicalculated for flow simulation in the
Skhira subbasin is 0.68, which indicate a goodiptieth. The coefficient of determination R2
is 0.71. The test of calibration done consistedeuce the parameter CN2 to 6% and to
increase both parameters and SOL_AWC ALPHA BF mspdy 5% and 4%.
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Figure 70 Variation of daily measured and simulaséetam flows by SWAT at the gauging
station Skhira before calibration
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The coefficient Nash Sutccliffe was improved andréhis a slight improvement for the
coefficient of efficiency calculated after caliboat (0.72). While coefficient of determination
R2 obtained was 0.73. Figure 74 shows the variatfomeasured and simulated daily flow
after calibration. Comparing the Figure 70 Variataf daily measured and simulated stream
flows by SWAT at the gauging station Skhira befcaébration and Figure 74 ) we can note a
distinct improvement in the simulation of three orafloods taking place on 14/09/1993,
07/09/1997 and 18/09/2001. However, we note a low imulated in particular dates in
which no flow was recorded at the Skhira station.example days of April 1995. The Stream
flows generated by the SWAT models for this perwd very high compared to which that
are measured with insignificants values. Accordméabhi (1998), flow data recorded from
the gauging station Skhira (B 16) are well reliablyie daily mean simulated flow in sub-
basin Skhira throughout the simulation period B60nt/s with a standard deviation of 2.46
m? s, the mean measured daily flow at the gaugiagjost is 0, 31 ris with a standard
deviation of 1.89 rs.

. At the Zebbes gauging station

The daily flow measured for the gauging statione&sbare available from the date of startup
of the station 08/06/1996, we calibrated the maahel calculated the coefficients of Nash and
determination R2 for the data set from 1992-20@foR: model calibration, the coefficient of
Nash-Sutccliffe for this simulation was 0,75, inwialy a good prediction of simulated

streamflow. The coefficient of determination Rz &culated 0.71.

‘ —Modeled Observed ‘

14

12 4
o 10 A ‘
-
E 8 1
= 6 1 ‘ |
o
o 4 | | |
£ 24 i | | | |
P a b dwa .J—iL b 1_1[.4 M Acd by .,.IJ..|..” bl J.MLA;
-
‘(5 08061996 08/06/1998 O806/2000 08062002

Days

Figure 71 Variation of daily measured and simulaséetam flows by SWAT at the gauging
station Zebbess before calibration

The calibration approach consisted to reduce tmanpeter CN2 to 7% and increasing both
SOL_AWC and ALPHA_ BF parameters respectively to &fa 7% of the average value
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predefined by the model, too. However, we reevalliahe SLSBSN parameter of the
beginning of the simulation, because it was inadéeguor daily simulation since the
statistical results and graphics obtained did tiotvathe performance issued after monthly
calibration , the values of the coefficient of N&&htccliffe are in fact very low during the
initial simulation. This setting as we have expéinbefore refers to the slope in the sub
basins so we have adjusted this parameter befodelnealibration. After calibration of the
model, the coefficient of determination R2 obtaineds 0,79 and the efficiency factor
reached was 0.78. We can see the improvement oltggbrough the Figure 71 arkdgure

75 which refer to the variation of measured and sated daily flow before and after
calibration. The mean daily stream flow modeledsub-basin Zebbess throughout the
simulation period 1996-2002 is 0.15/mwith a standard deviation of 0.978) while the

mean daily stream flow measured is 0, fUgwith a standard deviation of 0.67 fa.
. At the Haffouz gauging station

In the case of the Haffouz station, flow measuragngfrom the mean velocity derived from
the measurement of velocity at the surface (wrsahot always the case, because of the stone

can damage the meter flow ), the bed of the riveery wide 200 m (EI Euch, 2000).
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Figure 72 Variation of daily measured and simulastdam flows by SWAT at the gauging
station Haffouz before calibration

The Figure 72represents variation of daily flow measured amdusited by SWAT before
calibration for the Haffouz gauging station, we @asume that the SWAT model failed to
simulate the measured values particularly for Ibows. As approach considered, we have
calibrated the model for the upstream of sub-basid in particular Skhira and Zebbess
subbasin (as indicated in the last paragraph) bhad adjusted the internal parameters for
Haffouz the sub-basin, keeping always in mind tiséribution of WSCW. The coefficient of

Nash-Sutccliffe for this simulation is calculated® The coefficient of determination R2 is
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calculated 0.20. The calibration approach consistedduce the CN2 parameter of 4% and to
increase both parameters SOL_AWC and ALPHA BF sy 3% and 10%. In addition
the parameter set (GW_DELAY and RCHRG_DP) were fremi The coefficient Nash-
Sutccliffe was enhanced to 0.58. The coefficientlefermination R2 was improved to 0.59.

The Figure 76 illustrate the result after calibratfor the Haffouz gauging station.

. At the Merqullil watershed outlet
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Figure 73 Variation of daily simulated stream flolss SWAT at the Outlet Merguellil
watershed

The mean daily stream flow simulated at the Owletguellil watershed through the period
1992-2002 is estimated to 3.3§lm with a standard deviation of 12.48/snand a maximum
value of 214.54 1is calculated at 19/01/19909.
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Figure 74: Observed and predicted daily =~ Figure 75: Observed and predicted daily
streamflow at Skhira gauging station after streamflow at Zebbess gauging statdter
calibration calibration
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Figure 76: Observed and predicted daily
streamflow at Haffouz gauging station after
calibration

Figure 77: predicted monthly streamflow at
daily watershed outlet after calibration

6.1.10WATER QUALITY SIMULATION

The sediment and nutrient of surface water wereulsitad form 1992 to 2002 with the
SWAT model taking into consideration actual lané-asd management practices (fertilizer

application tillage operations,)

6.1.10.1EVALUATION OF ANNUAL SEDIMENT

Figure 78, Figure 79 and Figure 80 show respedgfitled simulation of annual variation of
sediment load and sediment concentration at tHetaaft sub-watershed, Skhira and Haffouz
Subbasin.
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Figure 78 Sediments Concentration and  Figure 79 Sediments Concentration and
Sediments Average yearly loads simulated aSediments Average yearly loads, simulated
the watershed outlet. 1992-2002 at the Skhira subbbasin 1992-2002
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Figure 80 Sediments Concentration and Sedimentsa@yeeyearly loads simulated at the
Haffouz subbbasin 1992-2002

Table 28 Masses and concentrations of sedimentitottte watershed outlet and Skhira

subbasin
Sediment Load (T/km/Y) Concentration (mg/l)
Watershec Skhire Watershec Skhire
Average 298¢ 157¢ 2.2 0.t
Standard deviation 2694 2059 2.0 0
Max value 7543 6098 6.4 1.2

The average annual of loaded suspended solids geddby the watershed Merguellil is
estimated about 318400 T with a standard deviatidne of 326900 T. The fluctuation of the
sediment load from one year to another is direclgted to the volume of water flow. The
largest mass produced (862,500 T) was simulatd®®9® , corresponding to the same date in
which highest flow rate (0.45 s) is observed, while the lowest sediment loadi875) was
simulated in 2000, which corresponds to low flowl@B ni/s). These average values found
at the outlet are not in conformity with results mkvious studies, in fact, from leveling
measurements made by the IRD and the EGTH (GaarttaDur Ghem, 1999), the sediment

input was estimated from the impoundment of the datii 1997.

The total sediment load from the 1989 until 199@&pgroximately 13 million rhof sediment.
Given an average density of sediment equal to G&rdtta and Our Ghem, 1999), the
estimated weight of sediment is estimated to 23R T per year. (Raspic, 1999). The results
found by simulation of the SWAT model are the ord€r3184300 T/yr, so the specific
erosion determined by SWAT model is 2784 Tikgear. The mass of transported sediment
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from Skhira and Haffouz subasin are calculated f®MAT model respectively 218 000 and
903,000 T per year.

The sub-basin Skhira represents about 10% of topaits water yield. The Haffouz subasin
represent the half of the total area of watershedgMellil and it provides about 43% of total
loaded sediments. In fact, the rest of the sedisn@it%) 1211500 T per year are loaded by
the Zebbess Al Hammam, Az Zbar and Ben Zitoune a&sibb. Raspic (1999) indicates that
the specific erosion in the whole watershed and Ha#fouz subasin are respectively
estimated to 1760 T/kftyear and 1580 T/kffyear. The specific erosion on the Zebbess Al
Hammam, Az Zbara and Ben Zitoune which the ar&2%knf on the Merguellil watershed
would be 2300 T/kifyear , explaining that this high value is prindipalue to the diverse

cultures present in this part of the basin.

Table 29: Comparison of specific erosion resulBkhira subbasin

Specific Erosion (T/knf/Year) Sources
Bouzaiane and Lafforgue (1986) 1207 Measured
Raspic (1999) 1170 Williams Formula
Swat model 1213 SWAT Model

However, if we compare the specific erosion of 8khira subbasin, calculated by the SWAT
model, with preceding studies, we can note thatsihaulated results agree well with the
observed values (Table 29). While for Haffouz Satish, the results of previous literature
studies varied much from one author to others @&8)). In fact, specific erosion simulated
by SWAT is in accordance with results of Bouzaiand Lafforgue (1986), Saad (1995) and
Tchatagba (1998). Whereas, Ben Sassi (1990) dstinthe specific erosion the USLE
method and by a digital model but the results haveoncordance with reality according to
Raspic (1999), since estimation with digital mod&gnificantly overestimates observed solid
transport. considering that the specific erosiothatdam is only 1760 T/Kiy of, specific
erosion could be Haffouz maximum of 3130 Tfkyear if there was no erosion in the
downstream part of 'Haffouz to the dam, which ig possible. The value of 5130 is

impossible T/krfyear.
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Table 30 Comparison of specific erosion result affeluz subbasin
Specific Erosion
P Tkéfan) Method
Bouzaiane S. & Lafforgue A. (1986 1215 Observation
Ben Sassi(1990) 1750 U.S.L.E. Method
Ben Sassi (1990) 5130 Digital model
Saadaoui (1995) 1244 Regression of observations
Tchatagba (199 135¢ Williams formulate
Raspic (200( 158( Williams formulate
Actuel study 1250 SWAT model

On the watershed outlet, the concentration of thepended matter varies from 4,16 g/l in

1999 to 0,3g/l in 2001. The average value of cotraéon is estimated to 2,4 g/l with a

standard deviation of 2 g/l.

6.1.10.2EVALUATION OF MONTHLY SEDIMENT YIELD
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Figure 81 Sediments Concentration

and

Figure 82 Sediments Concentration and

Sediments average monthly load simulated @€diments average monthly load, simulated at
the Zebbess subbbasin (1992-2002)

Skhira for the period (1992-2002)
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Figure 83 Sediments Concentration

and

Figure 84 Sediments Concentration and

Sediments average monthly load, simulatedS#diments average monthly load, simulated at

the Haffouz subbasin for the (1992-2002)
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The list of figure (Figure 81Figure 82, Figure 83 and Figure 84) shows respectively the
monthly variation of the sediment load and sedimeomcentration at Skhira, Zebbess,
Haffouz subbasin and the watershed outlet. Thersmuts average monthly load for the entire
simulation period is calculated respectively to @0013,800T, 91140T and 342480T, with a
respectively standard deviation of 19500T, 45,56@90800 T and 1023600 T. The annual
average concentrations determined are 1 g/l ,0I33.8 g/l and 2,9 g/l with a respectively

standard deviation of 3g/l - 0.86 g/I.

6.1.10.3EVALUATION OF DAILY SEDIMENT YIELD

The Figure 85 and Figure 86 show respectively tiby diariation of the sediment load and
concentration at the watershed outlet. The sedsnamerage monthly load for the entire
simulation period is calculated to 318T, , withtanslard deviation of 26,7 T. The annual
average concentration would be 2,4 g/l with a sdath@leviation of 13 g/l . The maximum
value of sediment concentration is 157 g / | sated on 25/10/1997 but it does not

correspond to the date of maximum stream-flow.

0 Masse mConcentration

25000

20000 1

15000 4

10000 §

Masse (tonnes)

5000 1

Concentration (gfl)

80,0 A
0,0 - ‘
I

200 ||l

| !i' Ll IL

01/09/1992  01/09/1994  01/09/1996  01/09/1998  01/09/2000 01/09/1992  01/09/1994  01/09/1986  01/091338  01/09/2000
Temps (jours) Days)

Figure 85 Sediments average daily load Figure 86 Sediments Concentration
simulated at the Haffouz subbbasin for the simulated at the outlet for the period (1992-
period (1992-2002) 2002)

6.1.11 EVALUATION OF NITROGEN AND PHOSPHORUS LOAD

6.1.11.1EVALUATION OF ANNUAL NITRATE LOAD

Since no water quality data were available during simulation period (1986-2005), the
model was not calibrated. Figure 87 shows the dnraration of the nitrate load (as nitrate,
ammonium and nitrite) simulated at the watershetebuThe mean annual load of nitrate
loaded from the entire watershed is evaluated bysthat model to 1276 kg with a standard

deviation of 1170 kg. Annual nitrate load fluctuatgh a minimum value of 93 kg recorded
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in 1998 and a maximum value of 3423 kg recordeii9®9. The variation of annual loaded
nitrate into the watershed, show a high inter-ahmaaiability that can be due to the by

variation of the inter-annual flow.

ANitrate AMitrite  @AmMMoNIiUM

Load (Kg)

1992 1993 1994 1999 1996 1987 1998 1988 2000 2001 2002

Figure 87 Annual variation of the of nitrate loaat Merguellil watershed outlet

6.1.11.2EVALUATION OF ANNUAL MINERAL PHOSPHORUS LOAD
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Figure 88 Annual variation of the of nitrate loaat Merguellil watershed outlet
Figure 88 shows the annual variation of the phosphdoad simulated of the watershed
outlet. The average annual mineral phosphorus ipadtimated by SWAT model to 443 kg
with a standard deviation of 391 kg while the agerannual organic phosphorus load is
estimated to 1923 kg with a standard deviation ©70L kg. These values highlight the
importance of mineral phosphorus produced by therghidlil basin from organic
phosphorus. The maximum value of mineral phosphsimsilated in 1994 was 990 kg and

the minimum value modeled in 2001 was 25 kg. Theatian of annual loaded phosphorus
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into the watershed, show a high inter-annual vditglthat can be due to the by variation of
the inter-annual flow.

6.1.11.3EVALUATION OF DAILY NITRATE LOAD

Figure 89, Figure 90 and Figure 91 show respegtiteé daily variation of the nitrate,
ammonium and nitrite load simulated by SWAT modeltree watershed outlet. The daily
average concentration of loaded nitrate the Melijwehtershed is estimated to 12,8/l
with a standard deviation 5L&/l. The maximum value of 1080 kg was simulated on
26/10/1997 related to measured high flow rate (@&al).
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Figure 89 Daily variation of the of NO2  Figure 90 Daily variation of the of NO3 load
load at the Merguellil watershed outlet for at the Merguellil watershed outlet for the
the period (1992-2002) period (1992-200p
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Figure 91 Daily variation of the of NH3 load &iet Merguellil watershed outlet for the
period (1992-2002)
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Table 31: Concentration of NO2, NO3 and NH at therddiellil watershed

Concentration Concentration Concentration
NO2(ug/l) NO3(ug/l) NH3(ng/l)
Average 21,6 12,8 73,8
Standard Deviation 41,0 46,6 170,0
Valeurs maximales 1080 1020 2980

6.1.11.4EVALUATION OF DAILY MINERAL PHOSPHORUS LOAD

Figure 92 shows the daily variation of mineral ghtumus concentration, simulated at the
outlet of the watershed. The daily average conagatr of mineral phosphorus is about 3380
ug/l with a standard deviation of 7184)/l. By examining these values we can deduce the
importance of the quantity of mineral phosphorusdpced by the basin relatively to the
mineral nitrate in its various forms (nitrate, nérand ammonium). We also note that the
daily concentration produced is very irregular @nel maximum value of 103,0Q®/l was
observed on 26/10/1997.
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Figure 92 Dalily variation of the mineral phospherioaded at Merguellil watershed.

6.1.12 SPATIAL DISTRIBUTION OF PHOSPHATE AND NITRATE LOADS

SWAT model through its interface (GIS AVSWAT) islalio visualize the results of spatial
simulation. we can observe from the Figure 93 aigdre 94, the spatial distribution load of
nitrate and phosphorus in the watershed Mergu€lfdm Figure 93 we can observe that the
worst areas affected by diffuse pollution of nitmin the Merguellil watershed are the sub-
basin 16 and 21 which correspond respectively ¢ougpstream o Zebbess sub-basin and the

region Houereb, with an average daily loss of betwd and 5 kg / ha. The areas least
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affected by the losses of nitrate are the subldas) 6, 12, 27 and the region of Skhira with a
load between 0 and 0.5 kg / ha. Regions and HaffmazChrichira are moderately involved
in the load of nitrates because the sub-basin EHhd29 have a loss of nitrogen between 1
and 3 kg/ha.
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Figure 94 : Spatial distribution of nitrate lossesthe watershed Merguellil
The spatial distribution map of phosphorus loadyFe 94) shows that the area’s most
affected by the diffuse pollution in the Merguellibtershed are the sub catchments 19, 21, 15
and 22 which correspond to the area neighborirtggalam El Houereb. The Subbasins least

affected by the phosphorus pollution, are exteralest the entire watershed.
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6.1.13ALTERNATIVE SCENARIOS

In the SWAT model, multiple scenarios can be gaeerédy changing land management by
varying crops and cultivation methods and by usirgp rotations and pattern; in the current
case, we will try to study four scenarios that vii# tested to assess the impact of these

changes on diffuse pollution and the relative inidavater balance.

In the first scenario, we assume that all agricalt@area was converted to irrigate wheat
(WWHT) with an application rate of nitrate and pplsrus and water quantities of 60 mm
for irrigation are applied, and divided into twoasptities of 30 mm each during the months of
April and May. The quantities of nitrate and phaspis are respectively 100 kg / ha and
10kg/ha. Two sub-scenarios were studied for irigatin a first, all the water quantity
required is provided from the river, in the secenbl-scenario, irrigation water is provided by
the river with rate of 50% while the other 50% ofagtity is provided from the aquifer. The
results concerning the evolution of volumes atatet are shown in Figure 95. We note that
monthly flows down following the pumping of waterhile impact are more pronounced
when the pumping is done from the river (scenajithan in the water (scenario 2). We also
note that actual evapotranspiration is also ine@a&s both scenarios as indicating an increase
in crop production. This increase in crop produttis also due to increased intake of
nutrients. This increase in production simulated $WYWAT model is about 35% while

fertilization increased by only 20%.
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Figure 95 Impact of irrigation scenario (April arMday) on monthly water volume in the
outlet - Scenario 1: provide 60 mm of irrigatioofin rivers - Scenario 2 provide 30 mm
irrigation from river and 30 mm from aquifer.

However, the increase of fertilization also redilie@ increased diffused pollution from

agriculture and especially an increase of 22% tfat@ concentrations in the River. It is
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interesting to note that the two scenarios leadifferent variations of nitrate concentration
from the fact that the water of aquifers is lesarghd than the River. This result is illustrated

in Figure 96.
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Figure 96 Variation of nitrate concentration in thiger for the 2 scenarios

The second type of analysis of scenario done is #tudy deals about the ponds, as
previously mentioned these structure constructethinvithe watershed contribute to the
storage of big volume of water (about 6.43 millicwbic meters per year (Mifgear), from
1996 to 2005 (Le Goulven and al, 2009). The ficstrmrio selected predict to increase the
percentage of managed area by small dams from 80%0©% over the entire basin. This
scenario was designed to investigate the impachahging land management on flow rates
and erosion. Some of parameters relative to theelimgd of the pond in SWAT must be
modified. The PND_FR parameter which representfidetion of subbasin area that drains
into ponds are increased, this parameter shouldebeeen 0 and 1. This last is increased
from the initial value fixed during the calibratigmase §.1.5) to 0,3, we decide to increased
it to 0,5 in the subbasins n°® (1-2-3-4-5-6-7-8-9411012-13-14-15-16-17-18). The surface
area of ponds when filled to principal spillway avalume of water stored in ponds when
filled to the principal spillway were increasedal3he volume of water stored in ponds when
filled to the emergency spillway is kept constadtwever the number of days needed to
reach target storage from current pond storagesetested 30 because the storage period of
the small dams in the Merguellil does not exceeel day since all the water entering to the
pothole is loosed either by evaporation or by irdtion to the aquifer. The streamflow

simulated with the new scenario in the sub bashir&kZebess and Haffouz was compared to
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the baseline scenario. The results of these siontaare presented in Figure 97, Figure 98
and Figure 99.
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Figure 97 Impact of the intensification of watemhesting systems "ponds" on the average
monthly stream flow in the Skhira subbasin
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Figure 98 Impact of the intensification of watemasting systems "ponds" on the average
monthly stream flow in the Zebbess subbasin
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Figure 99 impact of the intensification of watemesting systems "ponds" on the average
monthly stream flow in the Haffouz subbasin.
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According to those results, there is a significeate reduction at the sub basins Skhira
Zebbess and Haffouz. and as expected, a signifiehictions in stream-flow especially

during the months September is observed. The Tabteports the result of this scenario.

Table 32 Impact of the intensification of watertesting systems "ponds" on streamflow in
the Merguellil watershed management

Subbasin Average reduction of Maximal reduction of Minimal reduction of
flow rate % flow rate % flow rate %
Skhire 50% 76% April 24% Marck
Zebbes 38% TT% April 13% Marcl
Haffouz. T 40% 73% June 24% March

6.2 WEAP SIMULATION

6.2.1 SENSITIVITY ANALYSIS

In order to assess the sensitivity of the modehéodifferent parameters used for calibration,
a sensitivity analysis was undertaken. Sensitioftthe model to parameters was assessed by
estimating effects of changes in parameters onLdast squares objective function in the
Merguellil Watershed. This function was selectedduse it varies the same way as the
Efficiency criterion but it is much more sensitigad it was easier to assess changes in the
efficiency of the model. Mean monthly flow was alglotted and compared to the mean
monthly flow corresponding to the best set of pastars. Table 33, Figure 100, Figure 101,

Figure 102and Figure 103 illustrate the resulthefsensitivity analysis.

Table 33 Variations of the Least Squares Objedtimetion and of the mean annual
simulated flow due to changes in the parameterealu

Parameters Value Least ~Mean annual
squares flow (Mm3)
9C 340.5 378,z
Effective precipitation 89 302.5 343,1
93 375.€ 410,(
35/6¢ 358,¢
Runoff/infiltration ratio 40/60 313.5 378,2
45/55 334.3 398,6
0,¢ 362,t
Hydraulic conductivity (m/day) 0,7 328.9 380,6
0,1 306.8 369,0
Crop coefficients +10% 400,12 438,3
-10% 298,28 332,¢
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The sensitivity analysis shows that only effectprecipitation and crop coefficients have an
impact on the mean annual flow. Compared to thergparameters, Effective precipitation
has a relatively low impact on the quality of thmglation (lowest variation of the Least
squares objective function). In contrast hydraatiaductivity and crop coefficients variations
seem to have the greatest impact on the modeliesféig. Figure 100 and Figure 101
(monthly average stream-flow variations) shows thagdraulic conductivity and

runoff/infiltration ratio affect the balance in tlguantity of water all the months, however

effective precipitation and crop coefficients ntieat the mean monthly flow curve.

Sensitivity of the model to crop coefficient Sensitivity of the model to effective precipitation
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Figure 100 : Sensitivity of the model to crop  Figure 101 Sensitivity of the model to
coefficient effective precipitation
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Figure 102 Sensitivity of the model to Figure 103 Sensitivity of the model to
runoff/infiltration ratio hydraulic conductivity
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6.2.2 SIMULATION OF STREAMFLOW
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Figure 104 Comparison of simulated and observedlydlaw (1992-2002).

Figure 104 represent a comparison of observed iandated flows at the outlet of Merguellil
watershed for the period 1992-2002. Comparisonarfthly observed and simulated flow for
the entire period of simulation (1992-2002) is gisesented in Figure 105. It seems to be a
good agreement between observed and simulated fltmviNash coefficient was calculated
for the yearly simulation is 0.65 and for the mdytsimulation 0,41, Simulated yearly flow
seems to agree the least with observed data .idnctichment the model is systematically
overestimating values of flows, but this could hetresolved during the optimization routine.
The fact that Merguellil catchment encompassesgelaone with WSCW area (i.e. an area
with zero runoff) could be an explanation for thiiclilty of calibration. However important
note about the efficiency of the model are thatttoelel is generally either overestimating the
flow but there is a good agreement in time conaacdaof peak flows. According to this
result we note that the return to low flow aftepaak flow follow the same pattern in
simulated and observed-plots which means that ghwater modeling gives an acceptable

view of the slow response of the catchment.
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Figure 105 Comparison of simulated and observedthip flow (1992-2002 ).
6.2.3 ANNUAL DEMAND

Figure 106 shows the annual water demand for tmiewyiral and domestic sites in the
Merguellil watershed. as a result, it is shown thmtin source of consuming water is the
urban. From the land use map,. That means urbaa pesat effect on the water consumption
and this is what exactly shown in this figure sinaban utilizes the noticeable amounts
compared with the agriculture ones. The water deinahHaffouz, sahel and Kairouan cities
are respectively 4,4Mi 55 MnT and 60 Mni while upstream irrigated and Downstram
irrigated areas required respectively 24,5 &md 38,5 M

Water Demand

m Downstramirrigated area m Haffouz city
! Kairouan city ® Sahel city

® Downstramirrigated area

Figure 106 Water demand for agricultural and donesites in the Merguellil watershed

Figure 107 illustrates the annual water demandhéprcultural and urban sites, we can note

that urban demand is constant this because thetlynate is considered constant between
1992 and 2002, While water demand for irrigatec digctuates.
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Figure 107 Annual water demand for agricultural amdban sites.

6.2.4 ANNUAL GROUNDWATER INFLOWS AND OUTFLOWS

Figure 108 shows the annual groundwater inflowsauttlows. It could be noticed that there
are a lot of hydrologic processes occur within dogifer; inflow, outflow, recharge which
cause changes in storage as the time pass. Pasgiven WEAP charts shows the inflows
while the negative sign shows the outflows).

I

Figure 108 Annual Groundwater Inflows and Outflawshe Merguellil watershed
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From the Figure 109 we can observe oscillationdreh13 variables in the period 1992 -
2002 (as order listed in the figure): the Decremseéstorage for Kairouan Aquifer, the
Increase in Storage for Ainbeida Aquifer, the &age in Storage for Haffouz Aquifer, the the
Increase in Storage for Kairouan Aquifer, the Imflisom ElI Houareb Dam, the Inflow from
Small dams, the Inflow from Transmission Link frd@ontours ridges to upstream irrigation,
the Natural Recharge, the Outflow to Hafouz citytflow to Kairouan city, the Outflow to
upstream irrigated area, and the Overflow. We dmeve the overflow oscillation from can
reach minimal value -10,11 MinThe Figure 109 shows the annual groundwatenrsfland
outflows for Ainbidha
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Figure 109 Ainbidha aquifer inflow- out flow in nied 1992-2002
6.2.5 CREATION OF SCENARIOS

The following scenarios were created in order tedsin the impact of these small reservoirs
on the streamflow in the study area. In creatirepéhscenarios the water year method was
used to specify different climate conditions in theen period of the scenario analysis. This
is shown in table 5.3 and was used to represenhalthree scenarios created. The values
were chosen based on an assumption. The model tieesalues for the water year as
Normal = 1, Wet =1.3, Very wet = 1.45, Dry =0.8,ry®ry = 0.7 (figure). This means that
the discharge values are multiplied by these factbhe purpose of this method is to assess

the impact of climate change on water resourcescpitation, runoff, groundwater recharge).
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Figure 110 Climate change scenario in the Merguelitershed 2002-2020

Figure 111 shows the result related to the impdctlimate change on Haffouz aquifer
inflow-outflow for the period 1992-2020. This figureveals the variation of the overflow
which decreases highly. The inflow of small damré@ase more than 3000 thousand cubic
meter, the nature recharge of the Haffouz aquifer the outflow to upstream irrigated area
seem to oscillate regularly without being affect®dthe climate change. The Figure 112
illustrates the average monthly demand site coeerfag the period 1992-2020. We can
observe through the figure that Kairouan city wakemand is not affected by climate change
while the irrigated area (upstream and downstreamad) Haffouz city suffer more specially
between December and April where the water demsnddovered at 100%. Under the same
scenario of climate change we have introduced a se@mario that we called in which we
increase the unit of activity (consummation) froS08nt/ha to 4000 ritha. The result of
simulation is illustrated in the Figure 113. We ca&e that the difference between the water
demand of both scenarios, increase particularlynguNovember-April period and remains

constant the rest of the year.
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Figure 111 Impact of climate change on Haffouzigunflow-outflow
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CONCLUSION

This study investigates the use of hydrological eldd assess the hydrological responses to
changes in land use, land cover and managemertiggsicThese models address methods
that are required to better characterize impacttaiod use and cover and climate change
scenarios and understand the upstream-downstre&kagés with respect to irrigation water
allocation. Understanding how the changes in las®l and cover influence stream-flow and
subsequently optimization of available water resesirutilization can enhance the ability of
planners, practitioners, researchers and farmeigrnoulate and implement sound policies to

minimize undesirable future impacts and devise mament alternatives.

Two tools, a physically-based spatially distributegirological model SWAT (Soil Water
Assessment Tool) and IWRM integrated water reseuncanagement lumped model WEAP
(Water Evaluation And Planning) were utilized tmsiate hydrological responses to land use
and climatic changes. The SWAT is considered togbed for making predictions in
ungauged catchments. It also has strengths théileet@ carry out scientific researches on

soil erosion and hydrological impacts of land usd @limate changes.

The Merguellil basin is typical of the problems ddcin Tunisia and in the Mediterranean
basin in general: limited water resources; intetenit flows; strong increase in, and
diversification of, demand; strong human-inducedrbiogical changes; competition between
declining upstream rural societies and a more dymamban/tourist downstream or coastal,

zone; and very localized uses of overexploited fegsli

The hydrological model SWAT was applied to the Mmigl river basin, which area is
widely occupied by WSCW (25% of watershed surfat@g hydrologic regime is controlled
by groundwater flow which disturbed by overexplodga of the aquifer by the agriculture.
This study has shown that SWAT model was partialigcessful to generate annual and
monthly water flow but does not properly represalhtthe fine details of the daily stream-

flow. The model was able to predict the peak flowmonthly and annually simulation.

The sensitivity analysis of hydrology, soil and g&gion parameters of SWAT and WEAP
was conduct to identify influential parameters dinid could serve as a guide in calibrating
the models. These important parameters for the SWwddel included ALPHA BF,
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GW_REVAP, CN2 and SOL_AWC model and for the WEAPdeloincluded the crop

coefficient and the effective precipitation.

SWAT Model evaluation was performed based on daihoff events recorded at the Skhira
and Haffouz Zebbess and the watershed outlet gausgation, between 1992 and 2002. For
the WEAP model only the stream flow data at thdedudf the watershed was utilized to
analyze streamflow variability, caused by to larsg @nd land cover changes. The SWAT
model predicted that the average annual watershieéall of the 11-year valuation period
(295,5 mm) was split into ET (63%), groundwaterhaage (10%), runoff (10%) percolation
(13%) and lateral flow (3%). The evaluation coe#ids for calibration were, respectively, R2
(coefficient of determination) 0.78; Esn (Nash-c#tfe coefficient) 0.64; indicating that the
model could reproduce the observed events reasoradgeptable. Intended for WEAP
model, the efficiency coefficient Ens values weil(or the runoff in the calibration period.
So SWAT simulation was better than WEAP in mosecasd could be used with reasonable
confidence for runoff quantification in the Merglilelatershed. An estimation of the
suspended sediment and nutrients loads in the steterwas performed with SWAT model

without calibration with presence of data lack.

Two principal’s scenarios were generated by the SWifodel. The first one consists in the
increasing of the repartition ponds area in sontdsasins. The second scenario converts the
non agricultural land to irrigated crop. The resuif the first scenario illustrate a decrease in

the surface runoff whereas in the second scenaigoshown an increase.

The WEAP Model was a very good tool for this the#iss easy to use and offers a wide
range of possibilities to be analyzed under then@de creation. the WEAP model was
reconfigured to simulate the impact of climate deonn water resources and the Results of
these different simulations provide insight into:availability of water resources in the
catchment, - impact of hydrological structures omter resources in the catchment.- water

demand development for the period 2002-2020.

Finally taking into consideration that there iadf uncertainty in the input data (e.g. rainfall
data and discharge measurements), the resultsnebtawith the SWAT model are

satisfactory.

This work could be very helpful for planners andcid®n maker of water resources
management and crop production for the future yeBngy have to consider a number of

management alternatives in order to improve theatie change impact on this catchment.
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The result will contribute to the scientific comnityts understanding of climate change
impact on water resources and provide informatiosupport future water resources planning

and management in the Merguellil and other catchisneiih the same climatic conditions.

Recommendations for future research include thliaion of additional rainfall and runoff
gauges with continuous data logging and the catlecdf more field data to represent the
soils and land use. In addition, crop growth aneldyimonitoring is needed for a proper
evaluation of crop production, to allow an econoassessment of the different water uses in

the watershed
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APPENDICES

APPENDIX 1 : SOIL PROFILES (DIRECTION DES SOLS 1963-1982)

A L

4L, s SOL PEU EVOLUE NON CLIMATIQUE

P B'APPORT MODAL (CALCIMORPHE)
SOGETHA - (A. CALO) - Prolil 407 dem Stude M. 305
Situgtion morphologigus :
T %

RENDIINE HUMIFERE DE MONTAGNE
P. DIMANCHE - Brude d'Oum Djoddour N. 302
Situation morphologique : glocls
Topogrophle : Pents mmoyenne
Vigitation noturslle . Chine vert - Erinocdo anthyilis

Viagdtaticn : Description du profil :
Matériau originel : Colluvions de sol colcimorphe descenduss du
Djebel Rebia. 0 - 15 em : Brun foncé, texture dquilibrés, -m-:n:’. fine-
o iption profii it gronulaine (micropolyidres occolds), colcol-
. 1 ra, cbondonts frogments dencroltement calcal-
Q- 25 em :Limon arglleux, poreux, Iu_ﬂ‘, calesire-brun fon- %, recines: st rodicallus tris Yok
4, § r!m,: oy m, b fir, Bl ‘ s 15 - 45 om : Blonc, encroltement colcaire & trés  Gbondonts
e L Hosates: paLiEs CRCUG bl cailloux, tris coleoire, som  structurs, consls-
colrgs, rocines. 5 - ot
25 - 65 em | Arglio-limoneux, poreux, frois, caloaire, brun, po- Xt ; y e il
Iyddriguia mayen trés bien développd, rocines, va- 45 85 em : Brun pdls, mre:;:t A :;M::u %
gue tendonce & une structura prismoligue gros- e il i s sk
sidre, Marn ancroditomon largen
rda eansistent,
- 1 * s tte, orgilo-limonaux, peu poréux, wes do torbo, song alne:tun, 1
s:d P *r::-:u:al:;lr; plus ou maolng, brun gris. sombre, 125 emat plus Mames alténdes se divisnnt &n plogqueties ou &n
struClure prismotigue moyonne s debitont  en bouden
prismatico-cublque fine, rocines.
115 = 150 em : Argilo-limoneux, peu porsux, frals, colcolre, brun TR p—
gris plus clair que lo précédent, lissoge des agré- : = ,
gats, cublgue & prismatioue mayen blen divelop = [ M‘J. cosca| ms | o
pé, nombreux peeudomycéliume colcoles, guel- A L | STr| 58 | 56 | pH | totel ‘sctll |Oeg. %
Quars Grmas — R—
9-18 B | M (145 141 | A &5 | TIR | e 4.8 Rl
P - 1645 | W |18 | 1w | 255(155| 80 | sz mlm 125
Profond Lo e oH | Calcsirs | _Matibre as-85 |18 [ |w |@s5|12 |an | eea | S| — | _
A L [sr] sF | sa organique | |45 (= | G118 |4a | @
0- 25 o5 | a2 | n 1w | 1| e 18 % 276 % A
2% . a8 4 a0 i1 £ ] e a4 2 154 — — TR THA ]
W' HA | aE |
85 - 115 41 | T T i3 o L] 14 188 i e .+.|nl_nll
B28| 435 343 | 108 | 523
118 - 150 3 | 32 | & 15 | 10 | 83 10 148 == |
A0 SOL BRUN CALCAIRE ENCROUTE 4|
A, HET - Profil M, = ¥
RENDZINE SUR CROUTE o rofil M. 58 - Ousd Zi

A. FOURNET . Profil 5-8 - Ousseltia
Situation morphologique * Glocis sur cone olluvial ancien
Topogicphie : Pente faible 4 moyenne régulidre
gime ogronomique : Culture en sec des céréales
Matérieas enginel = Limon quatemaire.

Description du profil -

- 30 ew; Brun foncé, texture dquilibrée, structure nucifor.
ma & gtumul«.:{mm echésion, calcaire, bonne

porosité, bien isé par les rodicelles.

D- 60em: Baige w0sé, texture soblo-limoneuse, structure po.
Iyédrique fine émoussde, colcaire, bien colonisé
par lae macines, emballe urne crofte colcuine Lreiyge
rosée & pellicule zonoire disloquée en  miches
soulevides,

Yemet plus  Encroiiternent calcaire feuilletd ou sommet, dif-
tus & o bota, beige rosé, texture soblo-limoneu-
58

Résultate d'anslyses
Granulométris %, CO3Ca| M. 0.
Profondeur —
A | L [3Tr] sr | s [totsl %[ %
0-230 231 19| 13| 23| 13 ] a8
30 - 80 10 8| 12| 0 as T28| 35
80 of plus| 7 8 T| 1| 84| 10

Situriion morpholoagiue glocis

Topogrophie  Pente régulibre, faible

Régime agronomique . Céréales

Matdelay originel - Limon quatemaire
Dascription du profil :

= 30 om :Brun (10 YR 5/3), vexture squilibrée, structure
polyddrique fmaussés dons une suritructiure en

grands ééments peu dévelorreis de 10 em  de
diamétre, calcaire fort, meuble, poreLx
: Joune brun (10 YR 7/86), limoneus,  structomne—
prismatique se défaisant en ploguettes cubiauies
de | em d'épaisseur, trés cofcaire, bonne mocro.
poroEi Tl

Joung beum (10 YR 576), orgilo-limaneus, struc-
fure prismatique cublaus fire, ogrégats révitus
dargile, toches colooires blenches de | om da
diametre, pigueiures ferm- manganiques, coleal-
re, Compact, tid s peu porsux

Joune-rouge, argilewx, structure sn gros. prismes
subigques déformds, horizontoles des agré-
gors listes, brillontes & slikensides, revétemant
*n noppe de colcoire sur led foces verticales des
ogrégats, coleoire,

= 70 &m

|- 120 cm

et plus

Résullale d'anatyses

3 _, Granuie _co3cs #. 0. Conductivirg
,'Wd“r -!r ¥ ‘STI-:‘I_ sG % _'_"_.' %_' em
0-20 |25| 1 | o issI}a 188 | 84 [ 199 om
- 70 ‘845 BB w7 s ulma 21
-120 |97 | 202 1w 4 |00 0s!om]

48,8

20 etpius 48 | 15 | 15 mla
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/,‘_/ _j’f/ i...'/./'-,_ . ] A
. SOL PEU EVOLUE NON CLIMATIQUE i
L% D'APPORT MODAL (STEPPIQUE) - SOL CALCAIRE HYDROMORPHE CULTIVE
J. LE FLOCH - Profil N. 29 étude N, 253 A, FOURNET - Etude pédologique de I'U.R.D. do Béja
Situotion : glacis quotemaire Situatien morphologique - versant marmneux colluvionnd

Topogrophie : Mi-pente
Cultures . Céréoles - locolement plontotions arbustives - oliviers
Matérizu originel : Aliuvions colluvions remaeniont des  apports
doliens, gypseun.
Daseription dy profil :
= 40 on : Texture équil couleur brun-jouns, structurs
&wdu:ﬂm

polyidrique moyenne, horizon -
fére, calcoire, 20 % C03Ca, pH 8,5,

Topogrephie : Pente moyenne & forte
Régime ique : Céréales
Marénicu originel : Grés argileux du miocéne inférieur
Description du Profil N. 16 :
0 - 35 om :Brun foncé, arglo-sobleux, & sable fin, structure

motiguse, grossitrement nuciforme, coleaire,
compacité moyenne, borne porosité radiculaire

35 - 95 em :Brun joune & beige joune, argilo-tabloux & soble
- 60 om: Amilo-limoneux, couleur brun jcune, structure & fin, surstructure en prismes de 5 ¢ 10 cm de dio-
tendance cublqus, cohdsion mayenne & forte, métre tendont & se pulviiser ou sommet et 4 lo
quelques toches plus colcaires humiféres, coleal- hase de I'horizon sous forme de petits prismes ir-
i réguliers, structure en petits polyddres, calcaire,
- 200 em :  Soblo-orgilews, couleur belge joune, structure comoocité moyenne, bonne porosité. Présence de
massive-fentes de retroit étroiter profondes déli- tochss colcaires & portir de 35 om, groupées en
;ﬂmimmmwm essaims nombreux & portir de 65 om.
ot 95 - 135 em :Ocre joune, sobleux & sable grossier, mns:;ul:
b d ileu  bu -
b et ::::.w&quu ocs de grés org ga
5 P T 135 - 200 om :Substrot joune grise de gley, mome vindobonien-
B A ﬁmtl 56 " “"'l_ - “I‘u' cL ne oltéeée et remoniée & surstructure prismath
% m"‘_ e L que ol structure en éclats & enssure conchaldale
J Accumulotion Bomos coleoires gulvérulents ou
ol Bl e &0 SC A A8 T A ST ) O R, R sommet de la couche.
‘*"mlﬂaummnus
| 1
" - SOL BRUN CALCAIRE ENCROUTE RENDZINE SUR CROUTE
A. FOURMET - Prolil M. 75 bl - Ouved Zovgo LMH-MTSG-W
Situation morphologique @ Glocis rdsidusl ancien Situaticn hologique  Glacis da pisdmont ancien
Tocogrophie : Pente forte .
égdtotion noturelle  Associotion wigétols & Pinug holpensiy st Topogruphue : Zone plone & pente moyenne
Rosmarinus officinalis, forme déorodée & Stipa Tenacissima Végétation noturelle -~ Abssnte
Matéiou originel - Limon quatermnaire Régime ogronomique ; Culture de céréoles
i t-: 75YRS m“ Lok
0D- 20 1 Coulewr A 4 teidu uilibids, M.
o I-l'n:rwoclo‘::mnnl t‘lhf: k;;-‘::'wﬁl :ulu:-'e Bescription du i
i——y 0 - 30 tw : Couleur brun rouge foncd S YR 3/3, texture
20 - 50 am : Couleur brun 7.5 YR 5/4, texture équilibrie Equilibrés, structurg "‘*":‘r‘:"m o-
structure muciforme moyenne & fing, colcalr, nement nuciforme, colco i
pesudomycélium colealre nubulalre ot sur  les 30 - 50 cm : Couleur blonc joundtre 5 YR 8/2, texturs sablo-
toces d'ogrégats. argileuss, structure fondue, encroltement cal-
50 90 em : Couleur brum teig pdle 10 YR 774, texture dqui- caire (Horizon B).
librée, stnture polyidrique émoutude ou wom. 50 cm ® #  Couleur blonc joundtre 5 YR 8/2, texture sobio
rmat en dclaty & lo bots, fortement coleaire, (he- argileuse, structure feullletée, encrolitement col-
vizon B ) coire (horizon Cea).
90 em et plus  Couleur brun trég phle 10 YR 7/4, texture limo-
no-sobleuse, structure en éclors, fortement caol-
caoire, (horizon C)
Absulints d'snsiyses
Absunaty aanalyss — e s
e R Granulométrie . C03Ca| MO. | oy
- I Gramuiomatria ©O3Cs KL 0. Profandout | et L. pH i o
Protoadeur R EA"E* olem Al L |sr|or[sa
0.20 '8 {1rs 120 | mo| 2 | 70 | T | ama) g 0-3cm 20 | 15| 12 |18 | 25 | 00 | 264 | J05| 9
20-80 | 220|105 | 130| 20| 2 | mos| 35 | 108) w00 30-50em| 19 8 gl || =| —
50-00 |20 205 40 20| 2 (8w 80 | | - soetps |13 | 11| 10 nlu S i B e
90 ot plus M.G!Em vao| wo| = msl 500 |
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"/ S0 PEU EVOLUE NON CLIMATIQUE SOL BRUN CALCAIRE SUR LIMON A NODULES CALCAIRES
% mﬂqul ituation morphelogique : Rovinement de glocic rtml:lcvﬂ
L. GUYQT - Peofil N. 123 doms étude N. 173 ;oonmq:utl Pente hg&ulm;m d'une petite dépression
Coordonndes : 39G64 9632 M?;:r‘:w originel - Limon queternaire
Topogrophie : Pente faible et régulidre Description du profil 5-17 _ :
%'ﬂ" agronamique . Quelques oliviars médiocres lsods et cf 0- B em Tm:mm:fmrlw
na rodiculgire.
Dtmbﬁm du profil : 35 . 70 em : Ocr-os, lemono-orglea, ummlﬂw
:I oy A -—' le. :

0 50 em :Monon-limono-argleux & orglo-imaneu s.e PRI s ydns oy
structure Pﬂm‘m trés Mh ﬁ trés Tm tingssee. colopire, présence crm!::ﬂb len D:I;:f;
fentes. La structure est {Lﬂm moyenne {4 J'I'I} cg:n,_;;;g;::: mﬁﬁ indurés de couleur
= tréi cchérent, non poreux. Lissage de quelcuss
::E:IWM Un léger gauchissement, peu e

[ Gramuloméirie % | COCA st orgl
30 - 1001 em Iderr, mois plus massif - o lissage st plus im- TR L [sre| sF | 5g [l %[ %
portent, |a gouchissement un peu plus occen tué, .
AucLng 2orosité-coloire, 0- % |25 |71 15 BS 9 19| 18
00 - 160 em Morron sombre - limono-argilewx - ko structure - |2 lw|n|n)es| ) oe
pr e moenn se défoit en polyddres mo- 70 - 135 uia 0 (A |n| » =
yens bien développés - trbs cohérent

60 - 180 em : Brum sombre - argilo-sableux - peu colcalre.

Q S— SOL ISOHUMIQU E
= Sol ischumique subtropical chatain modal
SOL BRUN CALCAIRE A ACCUMULATION CALCAIRE R. GADDAS - ProH 453 - Etude 245
A, FOURMNET t-"h!!lll = fJ'I'l - Quaseitia Tepugrephie Hmu comprise Mta“ wl=
probitd Vigétotion : ticum erispum lino earymbosa - Cichorium
Sitfuation morphologique © Vallon alluvial anclen
T A m.. X Mentibus - Asteriscus oquaticus - E.imrla Langera -
Wc ane rdnu & pante folble S Al < Corabichie ch Rhopuncti-
Maotdriou lglnal : L I Descriptio
- ‘-w mquﬂmﬂr g = .s:::m' g i .
| = 3% em bnmhmiw limono-arg - €m ; rouge, fex meneuse, st ® hucitor-
m"l‘&h nuciforme & fmhl..m m:::;" re, me, lrlnhh', effervescence For'!!. riche &1 ma-
pnl;mnl rodiculaire, bien colonisd par les rodi. tiére organique. Rocines nombreuses, pH : 3.
[
55 iCoulpur brune, texture limon-argil 0 - 70 em ! Rouge-brun, texture limono-argileuse, structure
758 Dy bmnte & TOBLE s e neeiforme & polyddicue, Effavescarca forte,
poaciteé nette, cui:uu-  avec Td-nml; Mlm Foces llssées, quelques petits groins de silles.
il iadie e 10158 1 BE o e ol s
= 100 em our beiga rosee, texture dgui structure . polydrique & prismatique, poroiit o,
Feiycinigun ey 1ina & cohlsion) e, compact, tribs riche an nodules et taches coleal-
= 200 em :Couleir m:;. beige, taxture llm\:-;obrm res fricbles,
tructure emouisés fine & cohés
:rwme Ym ty envobds de colcalre. s
L
Aésultats Tanalyses For
e = L Granubométrie % €03 | Mat |_"nn
Profondear Qrandlométis % lonsc, kooaca ondeur
Al L [ere]er on_tgl_-_l_'_l_--un-n.uio' A | L [STF| 6F [ga [C2 % “m‘:“:"ﬂ
0-35 |20 | 2|85 225| 05)| sa2 | 200 | 224 =30em (18 (31 (11 |28 |14 |10 | 29 u.aw'um:
85 . 88 32 | 23 | as | 200 452 855 | 12 '
- 70 em 28 14 s
B3-%0 | g7 | 20 [135 | 285|700 | osa 485 | oss i ol e " ol b BT
W00 -200 |14 | 22 [105 |340 sos | sas | _ =Toem |41 123 | & | 18| W |21 | os | 10| '0%6| 35/ 018
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SOL ISOHUMIQUE
Sol isohumigue tubtropical chetain model
R. GADDAS - ProH 493 - Etude 245

Topugrephie ; Pente comprise intre 3 ot 7 =

Vigétotion : Hypé
Mentibus - Asteriscus
cum Acoule - Comohvulug ol

oquaticus « Linara Lon =
oo

Description du profil :
0= 30 em : Brun-rouge, texture limonsuse, structure nucifor-

me, fricble, effervescence forte, riche ev mo-
tidre organique, Rocines nombreuses, pH ; §,3.

0D- 70cm: m-bm, texture limono-orgileuse, skructure

T_Oau:

e & polyédrique. Effsrvescence forte,
Faces Ilsdes, quelques petits groins de silice.
Rouge-brun, texture argile-limoneuse, struchure
polyddrique & prismatique, porosité faible, trés
compact, trés riche an nodules et toches calcal-

ticumn crispum - Carlino carynbosa - Clchorium

res fricbles.

Org. %

Fer L

18

'nos

slondeur
= 30 om
= 70 cm
=Mem | &1

L 29

14 11

14

012

018

W
il

SOL 1SOHUMIQUE
Sol ischumique subtropicol brun modal
K. BELKHODJA - Profil 44 - Etude N, 272

v

Situgtion géomorphologique : En bas d'ung colling dont le som-
mat ast encroltd.
Marériou originel - Soble et omiles du Miopliocéne
Régirre ogromomique . Mon cultivi.

Description du profil :

0- 25 c¢m

2% - TOem

70 - 160 cm

:Baige jourse, limong-sablews, structure

+ Erals beun, limong-sableux, structure mucitorme,

frigble, nombreux pores, rocines et redicelles, pe-
tits gronules colcoires.

Brun beige cloir, limono-scbleux, structure mos
sive w te en éclats  polyddrigues, i
rranyenme, nombreus nodulss. calool

e wvorkoble, cortaing friobles croyeux
duseis. Consigtance et cohidsion moyenne

mass e
se débite en éclaty polybdriques, porosité moyen-
e, nombrew lurme  colcaires et nodules
bloncs friables de 0,59 2 cm de dioméire, cor
vakne arrondis doutres ollongds avee des apophy
S8,

2

A L

0 —
2% —
30 —

70 — 100 om

10 12
15
10

ng

2% om n
18
017

50 om 10

70 om

- - @
& 8¢t 5|8

g &8s |.b

LOL ISOHUMIQUE
ahatmn rege

Bl lnabu o bgue b trepiiet
P MARTIMI - Pl GRAFFIM - Probil H. - Chayhes

iHon publid)
:Hmmgn&mmr Gladly oun plets d'ure borre cal-
-

Topuographis

Parta falbdls

MG R oniginel © Marnes giises du critocd nfdrieur
Vipdtcton |

Fdgiri
0« 15 em

NS0 - 175 em ¢

175 = =

¢ Brun roaags,

¢ Brun

Cérdates
aq..-.' 75 'ﬂ! Af A grgile-lerontus, Shudture gns-
mraplpun s G nciforme, e i
torvw 8t tulbile, colonire fuibie, quebgues
petits coillmas coloaines, omer nombonsies redi-

e
ban 7.5 YR AA, argilo-lmoneus, s tule -
colerme porouiid repenne b atesn fote,
R, petite  coil-
onix (e rores gue dons Inon  précédent),
calosire ryen, bon snrocinerment. |
S YR A4 orpileus, §ineihrs
drigs grossibre (5 el se défoisant en res
fima, muelgues foces hubnies, parmeitd tubulaine
& faisle, oohdion & forte, won-
sisionce lorte, gQuelgees peiites todhes calesires
i rpnadimn (0,5 o, colodice, FOCingL

* s oouge, 3 YR 474, ongileu, strture pris-

B i e (10 om) se difcizont en cubs
A foces subhocizontoles lssdes puis en
moparae & FoiblE,
#hoy @ commivtonce for
lon ot taches COlColnes, CalOoNre, FOCINES [eu FEm:

. 5 YR 474, gigtheus, sirushure cubl
% e ernlias ot Vodbees culdat-
Tl e wt =
“..vw e & Tt Epeslanees .
Brun romags S YR A4 ponodhares grises s plages
larchan (coleain), ongile-l , ST
ey bam sredisiubuativbe, porod-
la, soraistores =i cohduion forte, Omo
caleoerey Pl s s rare ool idde
& (1 & 2 em) tris pau de o

Gris & toches brun
blautdes [eouleur de Voltération de

trm wt euehgues foches
lo o), U-
mol et

Geta, horizon delidration di lo mame,
wation e Sldanty de fonme

it G rondie par pelibostes
GO E LS B O concholdole

173
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APPENDIX 2 LANDUSE/SOIL DISTRIBUTION CLASS IN THE
MERGUELLIL CATCHMENT WITH SWAT MODEL

Detail ed LANDUSE/ SO L distribution SWAT nodel cl ass

Area [ha]
Area [acres]
Watershed 114349.8996
282564.3194
Area [ha]
Area [acres] %Wat.Area
LANDUSE
Pasture --> PAST 30772.8001
76041.1276 26.91
Southwestern US (Arid) Range --> SWRN 1949.5123
4817.3424 1.70
Forest-Mixed --> FRST 19525.9695
48249.6469 17.08
Residential-Low Density --> URLD 288.1929
712.1391 0.25
Summer Pasture --> SPAS 2467.6230
6097.6198 2.16
Winter Wheat --> WWHT 59345.8018
146646.4437 51.90
SOIL
D'erosion 42010.3367
103809.6426 36.74
D'apport PE 1765.9521
4363.7558 1.54
Brun_calcaire 10937.9671
27028.2635 9.57
Rendzine 51847.0948
128116.7636 45.34
Brun_subaride 7788.5489
19245.8938 6.81
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 1 3774.5660
9327.1413 3.30
LANDUSE :
Southwestern US (Arid) Range --> SWRN 9.0037
22.2487 0.01 0.24
Forest-Mixed --> FRST 2820.1700
6968.7812 2.47 74.72
Residential-Low Density --> URLD 4.0017
9.8883 0.00 0.11
Summer Pasture --> SPAS 4.0017
9.8883 0.00 0.11
Winter Wheat --> WWHT 937.3889
2316.3349 0.82 24.83
SOIL:
Brun_calcaire 1239.5143
3062.9017 1.08 32.84
D'erosion 936.3885
2313.8628 0.82 24.81
Rendzine 1598.6633
3950.3768 1.40 42.35
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 2 6702.4724
16562.1444 5.86
LANDUSE :
Pasture --> PAST 9.9739
24.6460 0.01 0.15
Southwestern US (Arid) Range --> SWRN 44,8826
110.9072 0.04 0.67
Forest-Mixed --> FRST 3145.7735
7773.3636 2.75 46.93
Residential-Low Density --> URLD 14.9609
36.9691 0.01 0.22
Summer Pasture --> SPAS 33.9113
83.7966 0.03 0.51
Winter Wheat --> WWHT 3452.9702
8532.4619 3.02 51.52
SOIL:
Rendzine 3788.0938
9360.5691 3.31 56.52
Brun_calcaire 2310.9566
5710.4894 2.02 34.48
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D'erosion 603.4220
1491.0859 0.53 9.00
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 3 3184.1978
7868.3120 2.78
LANDUSE :
Pasture --> PAST 1077.1113
2661.5959 0.94 33.83
Southwestern US (Arid) Range --> SWRN 84.2433
208.1695 0.07 2.65
Forest-Mixed --> FRST 97.2810
240.3862 0.09 3.06
Residential-Low Density --> URLD 1.0029
2.4782 0.00 0.03
Winter Wheat --> WWHT 1924.5592
4755.6821 1.68 60.44
SOIL:
Brun_calcaire 406.1733
1003.6744 0.36 12.76
D'erosion 670.9381
1657.9215 0.59 21.07
Rendzine 1940.6056
4795.3334 1.70 60.94
Brun_subaride 166.4809
411.3826 0.15 5.23
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 4 2729.4550
6744.6198 2.39
LANDUSE :
Pasture --> PAST 984.2792
2432.2030 0.86 36.06
Winter Wheat --> WWHT 1745.1758
4312 .4167 1.53 63.94
SOIL:
Brun_calcaire 584.3846
1444 .0435 0.51 21.41
D'erosion 1014.1965
2506.1302 0.89 37.16
Rendzine 879.5686
2173.4580 0.77 32.23
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Brun_subaride 251.3053
620.9880 0.22 9.21
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 5 4004 .9292
9896.3803 3.50
LANDUSE :
Pasture --> PAST 791.1836
1955.0542 0.69 19.76
Southwestern US (Arid) Range --> SWRN 14.0032
34.6027 0.01 0.35
Forest-Mixed --> FRST 1170.2715
2891.7994 1.02 29.22
Residential-Low Density --> URLD 43.0100
106.2798 0.04 1.07
Winter Wheat --> WWHT 1986.4609
4908.6442 1.74 49.60
SOIL:
Brun_calcaire 390.0905
963.9331 0.34 9.74
D'erosion 1462.3393
3613.5135 1.28 36.51
Rendzine 2152.4994
5318.9337 1.88 53.75
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 6 3367.6908
8321.7324 2.95
LANDUSE :
Pasture --> PAST 1692.3421
4181.8619 1.48 50.25
Southwestern US (Arid) Range --> SWRN 79.9689
197.6072 0.07 2.37
Forest-Mixed --> FRST 100.9608
249.4791 0.09 3.00
Winter Wheat --> WWHT 1494.4190
3692.7842 1.31 44 .38
SOIL:
D'erosion 1446.4377
3574.2199 1.26 42.95
Rendzine 1785.3060
4411.5803 1.56 53.01
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Brun_subaride 135.9472
335.9322 0.12 4.04
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 7 2514.0504
6212.3442 2.20
LANDUSE :
Pasture --> PAST 1096.9676
2710.6619 0.96 43.63
Southwestern US (Arid) Range --> SWRN 1.9945
4.9285 0.00 0.08
Winter Wheat --> WWHT 1415.0883
3496.7539 1.24 56.29
SOIL:
Brun_calcaire 47.8677
118.2834 0.04 1.90
D'erosion 1312.3722
3242.9373 1.15 52.20
Rendzine 1153.8105
2851.1235 1.01 45.89
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 8 2911.9504
7195.5750 2.55
LANDUSE :
Pasture --> PAST 2070.6758
5116.7435 1.81 71.11
Southwestern US (Arid) Range --> SWRN 116.0379
286.7354 0.10 3.98
Winter Wheat --> WWHT 725.2367
1792.0962 0.63 24.91
SOIL:
D'erosion 1260.4114
3114.5395 1.10 43.28
Rendzine 1651.5390
4081.0355 1.44 56.72
Area [ha]

Area [acres] %Wat.Area %Sub.Area
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SUBBASIN # 9 3406.5832
8417.8374 2.98
LANDUSE :
Pasture --> PAST 515.1467
1272.9533 0.45 15.12
Southwestern US (Arid) Range --> SWRN 354.7898
876.7033 0.31 10.41
Forest-Mixed --> FRST 822.8317
2033.2582 0.72 24.15
Summer Pasture --> SPAS 2.0045
4.9531 0.00 0.06
Winter Wheat --> WWHT 1711.8106
4229.9695 1.50 50.25
SOIL:
D'apport PE 43,0959
106.4922 0.04 1.27
D'erosion 721.6063
1783.1253 0.63 21.18
Rendzine 2641.8809
6528.2199 2.31 77 .55
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 10 3421.5416
8454 . 8004 2.99
LANDUSE :
Pasture --> PAST 1722.2391
4255.7389 1.51 50.34
Southwestern US (Arid) Range --> SWRN 180.5010
446.0271 0.16 5.28
Summer Pasture --> SPAS 12.9642
32.0351 0.01 0.38
Winter Wheat --> WWHT 1505.8373
3720.9993 1.32 44 .01
SOIL:
D'apport PE 18.9476
46.8205 0.02 0.55
D'erosion 1655.4238
4090.6350 1.45 48.38
Rendzine 1725.2308
4263.1316 1.51 50.42
Brun_subaride 21.9394
54.2132 0.02 0.64
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 11 6193.8780
15305.3822 5.42
LANDUSE :
Pasture --> PAST 548.1397
1354.4805 0.48 8.85
Southwestern US (Arid) Range --> SWRN 31.0646
76.7622 0.03 0.50
Forest-Mixed --> FRST 3678.6485
9090.1243 3.22 59.39
Residential-Low Density --> URLD 12.0250
29.7144 0.01 0.19
Summer Pasture --> SPAS 84.1750
208.0007 0.07 1.36
Winter Wheat --> WWHT 1839.8253
4546.3002 1.61 29.70
SOIL:
D'erosion 158.3292
391.2393 0.14 2.56
Rendzine 6035.5488
14914.1429 5.28 97.44
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 12 6533.9380
16145.6875 5.71
LANDUSE :
Pasture --> PAST 1247.7418
3083.2323 1.09 19.10
Southwestern US (Arid) Range --> SWRN 90.7630
224.2799 0.08 1.39
Forest-Mixed --> FRST 1077.1872
2661.7833 0.94 16.49
Residential-Low Density --> URLD 1.9948
4.9292 0.00 0.03
Summer Pasture --> SPAS 221.4218
547.1443 0.19 3.39
Winter Wheat --> WWHT 3894.8295
9624.3184 3.41 59.61
SOIL:
Brun_calcaire 88.7682
219.3507 0.08 1.36
D'erosion 1711.5307
4229.2779 1.50 26.19
Rendzine 4733.6391
11697.0589 4.14 72.45
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 13 2902.9752
7173.3969 2.54
LANDUSE :
Pasture --> PAST 519.2476
1283.0869 0.45 17.89
Southwestern US (Arid) Range --> SWRN 10.0241
24.7700 0.01 0.35
Summer Pasture --> SPAS 36.0867
89.1721 0.03 1.24
Winter Wheat --> WWHT 2337.6168
5776.3679 2.04 80.52
SOIL:
Brun_calcaire 828.9919
2048.4804 0.72 28.56
D'erosion 1998.8027
4939.1414 1.75 68.85
Brun_subaride 75.1806
185.7751 0.07 2.59
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 14 1793.0434
4430.6999 1.57
LANDUSE :
Pasture --> PAST 37.1044
91.6867 0.03 2.07
Southwestern US (Arid) Range --> SWRN 2.0056
4.9560 0.00 0.11
Summer Pasture --> SPAS 83.2341
205.6757 0.07 4.64
Winter Wheat --> WWHT 1670.6993
4128.3814 1.46 93.18
SOIL:
Brun_calcaire 316.8913
783.0543 0.28 17.67
D'erosion 1299.6556
3211.5140 1.14 72.48
Rendzine 55.1551
136.2911 0.05 3.08
Brun_subaride 121.3413
299.8404 0.11 6.77
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 15 2550.9484
6303.5210 2.23
LANDUSE :
Pasture --> PAST 249.1671
615.7043 0.22 9.77
Southwestern US (Arid) Range --> SWRN 350.6424
866.4548 0.31 13.75
Summer Pasture --> SPAS 106.4988
263.1639 0.09 4.17
Winter Wheat --> WWHT 1844.6401
4558.1980 1.61 72.31
SOIL:
Brun_calcaire 449.1036
1109.7573 0.39 17.61
D'erosion 1533.1813
3788.5676 1.34 60.10
Rendzine 568.6636
1405.1961 0.50 22.29
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 16 2742.4190
6776.6545 2.40
LANDUSE :
Pasture --> PAST 111.8539
276.3967 0.10 4.08
Southwestern US (Arid) Range --> SWRN 0.9987
2.4678 0.00 0.04
Winter Wheat --> WWHT 2629.5664
6497.7900 2.30 95.88
SOIL:
D'erosion 2556.6616
6317.6385 2.24 93.23
Brun_subaride 185.7574
459.0159 0.16 6.77
Area [ha]

Area [acres] %Wat.Area %Sub.Area
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SUBBASIN # 17 396.9028
980.7667 0.35
LANDUSE :
Pasture --> PAST 32.9090
81.3198 0.03 8.29
Residential-Low Density --> URLD 71.8015
177.4251 0.06 18.09
Summer Pasture --> SPAS 61.8291
152.7827 0.05 15.58
Winter Wheat --> WWHT 230.3632
569.2389 0.20 58.04
SOIL:
D'apport PE 140.6113
347.4575 0.12 35.43
Brun_calcaire 182.4955
450.9555 0.16 45.98
Rendzine 73.7960
182.3536 0.06 18.59
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 18 2572.8878
6357.7344 2.25
LANDUSE :
Pasture --> PAST 1009.2103
2493.8090 0.88 39.22
Summer Pasture --> SPAS 194.4625
480.5264 0.17 7.56
Winter Wheat --> WWHT 1369.2151
3383.3990 1.20 53.22
SOIL:
D'apport PE 115.6802
285.8516 0.10 4.50
D'erosion 1264 .5045
3124.6540 1.11 49.15
Rendzine 1007.2158
2488 .8805 0.88 39.15
Brun_subaride 185.4873
458.3483 0.16 7.21
Area [ha]

Area [acres] %Wat.Area %Sub.Area
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SUBBASIN # 19 5212.5908
12880.5725 4.56
LANDUSE :
Pasture --> PAST 1248.5787
3085.3004 1.09 23.95
Southwestern US (Arid) Range --> SWRN 19.0241
47.0094 0.02 0.36
Forest-Mixed --> FRST 602.7621
1489.4554 0.53 11.56
Residential-Low Density --> URLD 34.0430
84.1221 0.03 0.65
Summer Pasture --> SPAS 289.3659
715.0375 0.25 5.55
Winter Wheat --> WWHT 3018.8170
7459.6477 2.64 57.91
SOIL:
D'apport PE 264.3342
653.1831 0.23 5.07
Brun_calcaire 2325.9409
5747.5163 2.03 44.62
D'erosion 1518.9205
3753.3286 1.33 29.14
Rendzine 834.0546
2060.9906 0.73 16.00
Brun_subaride 269.3406
665.5540 0.24 5.17
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 20 5362.1772
132560.2080 4.69
LANDUSE :
Pasture --> PAST 4404 .3191
10883.2926 3.85 82.14
Residential-Low Density --> URLD 7.1103
17.5699 0.01 0.13
Summer Pasture --> SPAS 178.7731
441.7573 0.16 3.33
Winter Wheat --> WWHT 771.9747
1907.5882 0.68 14.40
SOIL:
Brun_calcaire 285.4275
705.3056 0.25 5.32
D'erosion 1198.5924
2961.7817 1.05 22.35
Rendzine 3671.9588
9073.5938 3.21 68.48
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Brun_subaride 206.1985
509.5268 0.18 3.85
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 21 2235.8194
5524.8215 1.96
LANDUSE :
Pasture --> PAST 1142 .0807
2822.1386 1.00 51.08
Residential-Low Density --> URLD 27.1924
67.1938 0.02 1.22
Summer Pasture --> SPAS 392.7791
970.5768 0.34 17.57
Winter Wheat --> WWHT 673.7672
1664.9124 0.59 30.14
SOIL:
D'apport PE 277.9667
686.8697 0.24 12.43
D'erosion 1403.9334
3469.1897 1.23 62.79
Brun_subaride 553.9192
1368.7621 0.48 24.77
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 22 402.8863
995.5522 0.35
LANDUSE :
Pasture --> PAST 302.1647
746.6641 0.26 75.00
Residential-Low Density --> URLD 1.9945
4.9285 0.00 0.50
Summer Pasture --> SPAS 98.7271
243.9596 0.09 24.50
SOIL:
D'apport PE 141.6086
349.9218 0.12 35.15
D'erosion 186.4845
460.8125 0.16 46.29
Brun_subaride 74.7932
184.8179 0.07 18.56
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 23 38.8925
96.1053 0.03
LANDUSE :
Pasture --> PAST 19.9449
49,2848 0.02 51.28
Summer Pasture --> SPAS 14.9587
36.9636 0.01 38.46
Winter Wheat --> WWHT 3.9890
9.8570 0.00 10.26
SOIL:
D'apport PE 8.9752
22.1781 0.01 23.08
D'erosion 29.9173
73.9272 0.03 76.92
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 24 4570.3660
11293.6029 4.00
LANDUSE :
Pasture --> PAST 4361.6689
10777 .9020 3.81 95.43
Southwestern US (Arid) Range --> SWRN 7.9884
19.7397 0.01 0.17
Summer Pasture --> SPAS 13.9797
34.5446 0.01 0.31
Winter Wheat --> WWHT 186.7290
461.4166 0.16 4.09
SOIL:
D'apport PE 0.9986
2.4675 0.00 0.02
Brun_calcaire 616.1057
1522.4280 0.54 13.48
D'erosion 1319.0853
3259.5258 1.15 28.86
Rendzine 2415.4939
5968.8061 2.11 52.85
Brun_subaride 218.6826
540.3756 0.19 4.78
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 25 7120.3168
17594.6588 6.23
LANDUSE :
Pasture --> PAST 2522.3815
6232.9307 2.21 35.43
Southwestern US (Arid) Range --> SWRN 16.9555
41.8979 0.01 0.24
Residential-Low Density --> URLD 15.9581
39.4333 0.01 0.22
Summer Pasture --> SPAS 0.9974
2.4646 0.00 0.01
Winter Wheat --> WWHT 4564.0243
11277.9323 3.99 64.10
SOIL:
Brun_calcaire 129.6598
320.3958 0.11 1.82
D'erosion 2926.3215
7231.0868 2.56 41.10
Rendzine 1861.1166
4598.9121 1.63 26.14
Brun_subaride 2203.2189
5444.2641 1.93 30.94
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 26 6367.3984
15734.1598 5.57
LANDUSE :
Pasture --> PAST 658.6964
1627.6717 0.58 10.34
Summer Pasture --> SPAS 167.6682
414.3164 0.15 2.63
Winter Wheat --> WWHT 5541.0338
13692.1717 4.85 87.02
SOIL:
D'erosion 2570.9120
6352.8520 2.25 40.38
Rendzine 2422.2063
5985.3928 2.12 38.04
Brun_subaride 1374.2802
3395.9151 1.20 21.58
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Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 27 3906.2020
9652.4205 3.42
LANDUSE :
Southwestern US (Arid) Range --> SWRN 1.0114
2.4993 0.00 0.03
Forest-Mixed --> FRST 3333.7239
8237.7985 2.92 85.34
Summer Pasture --> SPAS 46.5265
114.9693 0.04 1.19
Winter Wheat --> WWHT 524.9401
1297.1533 0.46 13.44
SOIL:
D'erosion 168.9114
417.3885 0.15 4.32
Rendzine 3737.2906
9235.0320 3.27 95.68
Area [ha]
Area [acres] %Wat.Area %Sub.Area
SUBBASIN # 28 7015.6064
17335.9142 6.14
LANDUSE :
Pasture --> PAST 411.5635
1016.9941 0.36 5.87
Southwestern US (Arid) Range --> SWRN 72.0987
178.1596 0.06 1.03
Residential-Low Density --> URLD 49.0672
121.2475 0.04 0.70
Summer Pasture --> SPAS 154.2112
381.0635 0.13 2.20
Winter Wheat --> WWHT 6328.6658
15638.4496 5.53 90.21
SOIL:
D'erosion 5614.6881
13874.1751 4.91 80.03
Rendzine 183.2509
452.8222 0.16 2.61
Brun_subaride 1217.6673
3008.9169 1.06 17.36
Area [ha]

Area [acres] %Wat.Area %Sub.Area
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SUBBASIN # 29 10413.2144
25731.5734 9.11
LANDUSE :
Pasture --> PAST 1986.1085
4907.7735 1.74 19.07
Southwestern US (Arid) Range --> SWRN 461.5108
1140.4162 0.40 4.43
Forest-Mixed --> FRST 2676.3593
6613.4178 2.34 25.70
Residential-Low Density --> URLD 4.0307
9.9600 0.00 0.04
Summer Pasture --> SPAS 269.0467
664.8278 0.24 2.58
Winter Wheat --> WWHT 5016.1584
12395.1783 4.39 48.17
SOIL:
D'apport PE 753.7337
1862.5137 0.66 7.24
Brun_calcaire 735.5958
1817.6939 0.64 7.06
D'erosion 3466.3690
8565.5712 3.03 33.29
Rendzine 4930.5069
12183.5290 4.31 47.35
Brun_subaride 527.0090
1302.2656 0.46 5.06
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