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ABSTRACT

Hard rock systems (HRSs) cover a large proportion of the Earth, widely spreading in different regions of the wo
are characterized by high heterogeneity, dense drainage netwookinsiveditmr tgble and low storage conditions.
These characteristics lead to complex-guotabvater interactions. Moreover, many hard rock systems are
classified as watlienited environment (WLE) which are characterizaedipitation / potergialpotranspiration

O 0006y, hi gh spatial and temporal variability of
responses reflected by substantial groundwater exfiltration. The areas with both charact®tigtjcs)diRS and

the Sardon catchment (~8pikr®pain, have complex system dynamics. The integrated hydrological models were
identified as the most reliable option to studygsaufabeater interaction in such complex,slsteisntified

as the objgive of this study.

For the assessment of Sardon catchment system dynamics, the most recent MODFLOW develo@nent of MOD
was used, benefiting from its new capabilities in terms of grid flexibility and new concepts, particularly in the wa
balance representation. The grid used in this study is a Voronoi unstructured grid to realistically represent the n
hydrologic femes such as the Sardon streams and faults; as compared to previous Sardon modelling efforts, the
Voronoi grid allowed to increase the accuracy of representation of the model objects, while code improvements
credibility to the model solution.

The @rdon model was calibrated in transient statgeavsimiulation period using daily groundwater heads and
streamflow observation data. The transient simulatioryshowe@ gross groundwater rechame af,

but very low net recharge (Zpchfe to significant groundwater exfilB@iariy) and groundwater
evapotranspirati®o(ofd). The net recharge was highly spatially variable with mosaic characteristics influenced
dense drainage network and temporally variable ra@gii@ fromym wet year 2010635 mm.yin dry

year 2009.

In this study, a novel concepirdfltation of the rejected infiltration and the groundwater exfiltration was introduce
MODFLOW 6. The rejected components contributetlysigritieavater balance (togé@# o), and to the

total stream discharge at the catchment outlet (together B28a@ffiltration concept alloaussferrintpe
rejectedomponentsom the upslopély saturatemnes to the downslope unsaturated zones. Moreover, the applied
methods, particularly the cascade routing (CR) concept, showed better simulation of the overland flow compari
previous MODFLOW versions.

The MODFLOW 6, with the modifigafpdegnted in this study, showed a great ability to realistically simulate the
surfacggroundwater interactions and to define realistic water balance.

Keywordsard rock systems, wditeited environments, integrated hydrological models, MODFLQ@W&6, unstruc
grid, water balanceinfiltration concept
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INTEGRATEBYDROLOGICAMODEL TO STUDY SUREEGROUNDWATER INTER@ETN HARD ROCK SEBISUSINGAN UNSTRUCTURED GMIBROACH, THE
SARDON CATCHMENTAISP

1. INTRODUCTION

1.1. General Background

Groundwater is one of the primary water resources that is used ederpesigrefat irrigation purposes. In arid

and semarid climate conditions, groundwater is the only source of water to survive droughts, by people, cattle p
and even wildlife if supported by people as it is the case in Southern Africa. Hifwleserouishsater can

lead to problems which are irreversible such as groundwater salinization. Therefore, managing groundwater is
especially in areas with limited water resources.

Groundwater is one component of the hydrological cgdle arttjctaimic interaction with other hydrological
components. Studying the interaction between these components, especially the surface and the groundwater,
interaction is essential for assessing the water resources availability. As the imeizesonfaetvesal the
groundwater is complex, most of the current hydrological models focused on modellingflerhaidhe, surface

such as HBV, PRMS and SWAT or the groundwater flow alone, such as MODFLOW, FEFLOW or AQUIFEM. T
concept of theswdels, further referred as standalone models, is to study either the surface or the groundwater f
taking the effect of the other, as a simplifidthénmatin reason for such complexity is the difference between the
behaviour of the surface syaiehthe groundwater system in terms of flow and time. The surface flow takes place
free open medium with relatively high velocities over short time periods comparing to thevgrimimidkaser flow
place in a porous medium with lower velgmitiesger time periddss leads to high nonlinearity between the two
systemsd processes with different equations for e

The traditional groundwater models (standalone mdatel9rdyntine saturated zone with applying arbitrary
recharge. The standalone models do not simulate the unsaturated zone which sigméficantly affect
recharge/discharge conditions of the saturated zone and therefore, applying such arthifratiggecharge wi
standalone models is very critical and in some cases is unreliable. Recently, a new themméhighssleveloped
called Al ntegrated Hydr ol ogi c alare bbasilerédsathe mdshreliablen t e
among all thmodels, as they can simulate the interaction between the surface water and {Spgrmuthkater

et al., 2009pking into consideratitirer hydrological components such as precipitation and evapotranspiration.
Furthermore, it can simulate the unsaturated zone and give more representative recharge/discharge conditions
saturated zone instead of applying such arbitrary redsatgecséd within the standalone naledequently,

the IHMs are much more realistic and representative of a real case than standalone models.

1.2. Hard Rock Systems (BRS

The entire Earthods | and surface is covered by dif
(sedimentary) ro¢ksnghal & Gupta, 2000ystalline rockeferred here as hard rock systems (HRSs)) are the
plutoniogneous rockgranitesnddioritesand thenetamorphic roggaeissegranulitegjuartzites, marbbesd

schists The typical profile for the HRS has two layers, the weathered layer, and the fractured layer. The typical
weathered layer composed of zones of sandy clay cover, saprolite zone and(8iegraiefit@Gogita, 2010)

The weathered layer can form a potential aquifer with good water s{pplyand#R al, 2006) The fractured

layer is composediisicontinuotd@sactureshat facilitate the storage and movements of fluids through them.
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HRSs are wéthown with low primary porosity and permeability comparing to other rock types. The groundwater
occurs in the HR8winly due to the secondanysity and permeability (formed by faults, fractures, or weathering).
The groundwater in HRSs is typically, stiailbdbmeads to fast recharge responses. In HRSs with intensive rainfall
events, the water table rises abruptly resulting in grouitiatadertexthe land surface, short flow paths, and short
groundwater residence (assan et al., 2014)

Earlier, HRSs were not given so much attention due to their lowlgroldyaitolidginditionsuch as

permeability and stojaayed difficulties in watell drillingsinghal & Gupta, 20Hd)wever, in many countries,

there is still a needdgtracting groundwater resourcewighlew productivity aquifespecially when other water
resources are not availdtiierefore, proper groundwatdelling highly required in such aquifers to evaluate the
groundwater resources.

Modding HRSs (fractured medium) is affected by the characteristics of dperfiaeleregl{, density,

orientation, interconnection and filling material). Within different chanfifikrisdoseptual models

developed for describinggtbendwater flow in HRSs such as: parallel plate model, double porosity model, discret
fracture network model and equivalent porous medium model (EPM). The EPM is commonly used due to its sir
it avoids the fractures characteristics. The &iéMoide used for a fractured mediunfaviranture density is
increasedb) apertures are constant rather than distdpateshtétions are distributed rather than calipstant, (

larger sample sizes are tdtimuiet al. 1982)(e) the interest is mainly on volumetric flow such as for groundwater
suppliegSinghal & Gupta, 2040y (f) fractures are interconnected with the representative elementary volume (RE
corresponding with the model gr{tHazsan et al., 2014)

The challenge in dealing witHR&ss their complex struetand high heteroger(élgssan et al., 20T#)ese
leadto the complexity of the groundwater flow mechafhiBoulynedb understand and simulate the Elgetem
surfacgroundwater interactiddR$dslargely unknown as HRSaffeeted by the preferential flow through the
faults and the frae(Hassan et al., 20I@)erefore, the detection of the fault zones and the corresponding
hydogeological parameters is a fundanesdal

Moreovethe complexityl®RSs requires tiievelopment of a proper conceptual imededbnceptual model is

essential to identify the main aspects that are related to the system spobcasssyshennteraction between

these processes and the representation of the hydrostratigiaptiérsonitset al., 200%)en, the conceptual

model is followed by a numerical model which is used to simulate such complex system, particularly the surface
groundwater interaction.

The most wddhowmumericadadethat is widely used for groundwater models is called NIQEDQQW &

Harbaugh, 1988) standard MODFLOW maodels, the problem domain is discretized using a rectangular finite
difference grid. The fiditierence grid consists of a group of columns, laywessaktbwever, there are two

limitations for this grid {Aaaday et al., 2018)st, some features which have highly irregulaasiatpesvell
represented with theditionakectanglargrid INHRSsthis can be an issue due to the irregularity of the failts and t
fracture netwoi®econd, the refinement optiodanlimited only to the areas of interest, and it is carried out
through the selected columns and rows till the grid edges. As a resudtsiierenaaleteded cedisulting in a
longerun timeAlso, the pinchoutsroaibe represented properly as discontinuous layers with the traditional
rectanglar grid and an arbitrary layer with small thickness of <1 m needs to be defined to represent a pinchout
(Anderson et al., 2015)

Furthermore, to deal with the complexity of the HRSfterstogitd be provided, because an insufficient amount
of data, particularly monitoringdirnes data, in addition to the system complexity, camigsiduenesand

complete meaningless resnlthis research, the modelled area isdbe &xchment (described in sggtion

where a good dataset is available including different morstmegrécwds for the last 20 years.
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1.3. WateiLimite Environments (V¥LE

For water resources studies, defining the stdtemidibgtidity conditioakthe study area can be useful to
understand how this particular area react to different water conditions. Several attempts had been made to ider
humiditgtidity conditiobased on geomorphic, climatic and vegetational indices. The @kljlity ameeof the

most relevant indicators, calculated by dividing the annual prebipitati@maual potential evapotranspiration

(0 ‘OY¥Parsons & Abrahams, 2008 Al can be defined as a bioclimatic intikeasrito account both physical
processes (andd ‘O)¥nd biological processes (plant transiiBatic@t al, 2013)The Al is classified into four
classeshyperarid regions: Al < 0t regions: 0.05< Al <&ghyiarid regions: 0.2< Al <0.5danduhumid

regions: 0.5< Al <0.4Wjuel inParsons & Abraha@809and table 1 Balvati et §2013) The group byper

arid, servrid, arid and dry gubnid areas (which Al < 0.65) can be called together the dry ldimdent water
environments (V8LBnd occupy around ~50% of the gloljBhlimats & Abrahams, 2009)

The WLEs aoharacterized by environmental changes: (a) high spatial and temporal variability of precipitation w
typical showers, (b) landcover changes (type and pattern of vegetatiolmey,cdoti® @esertification,

groundwater depletion, salinizatiograsion and nutrients limitation. These changes can have significant ecologice
hydrological, and societal impacts. Therefore, ecohydrology science can be useful for such WLEs to understan
vegetatiowatemutrients interaction.

The typical vegetation WLESs are the woody vegsetatiarh are small and patchy. The nature and extent of such
woody vegetaticrgessentidbr determining biodiversity, wildlife habitat anddreestgdlewman et al., 890

The WLEs awelnerabl® frequent droughts due to the intermittent and temporal variability of precipitation. Such
events can lead to more expanding of the woodlands, most likely due to the ability of the woody vegetations to
within the ViBs.Newman et 2006 had showan example of landcover changes occurred in San Francisco Peaks,
Arizona caused by a combination of drought and infestatiortlbyg batwéee May 2003 and September 2003.

His example showed more green trees in September (wet conditions) than in Mayfi(dineg tamdéeiems)n

et al(2006)

The vegetations had a role in the dynamic of the streamflow in WLESs. The typicaleinsiyetoimghin the

WLEs result in overland flow which is the main contributor to the streamflow. With adding the sparseness of the
vegetation to thesghintensity storms, overland flow is expected to be increased over shoratichehzamiads
networks will be formul@isdvman et al., 2008)e streamflow in WLEs has the same characteristics of the
overland flow: high intensity, occurred over short time periods, and intermittent.

In WLES, the interaction between the vegetations and the groundwater recharge is a vital process. The groundh
degradation is expected to occur if changes in tintats®i(large nitrate storage in the vadose zone) result in
flushing the vadose z@tewman et al., 20Q&rgescale of tree removal of eucalypt woody lands in Australia led to
the increase of the groundwetbarge rates to two orders of mag@hilisde et al., 199850 ubczynsk2009)

had indicatelat the groundwater resources in a WLE are highly influenced by the existed woody tree species fc
survival. Suefffects aressentiah groundwater balances and groundwater management models.

1.4. Softwar&electiofor HRSWLE

Study areaspresented by HR& E conditions are particularly demanding considering modelling techniques appli
In the last two decadks,U.S. Geological Sudesxelopeseveraversioaof MODFLOW. Each version has its
own characteristics and its uniquemestetesimulate specific cdsissalways fundamental for hydrologists to
choose the most suitable MODFLOW version to simulate a certain groundwater system with its own conditions
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vitalto understand the concept of the applied MODFRb®Whearescent MODFLOW improvements went in two
directions, towards improving grid fledi@iityl(OWSG, and towards improving the model performance
(MODFLOWWT).The following paragraphs describe those improvements which are relededariuis res
highlight the most suitable MODFLOW version for this research.

MODFLOWSG is a version of MODFLOW that can support different types of structured and unstructured grids
compared tthewersioaof MODFLOWhich onlyork with theaditionakctangulayrid. MODFLOWSG is

based on the control volume finite difference (CVFD}idxdbilagidn grid types, cell shapes an@Paizéay

et al., 2013As MODFLOWSGprovidethe option to use different grid types such as rectangles, hexagons, triangle
and nested grids with different cellldizeflexibility can be used to provide higher accuracy for the groundwater flo
calculations and better resolution around thednodogieatures such as rivanaells. Furthermore, MODFLOW

USG allows the dilibcretization of individual l&yebtter representation of the hydrostratigraphic units. Another
advantage of MODFL-08 is that the refinerogtibrcan be limited only to the areas of interest with no need to
carry it out till the grid edges as it is the case in MBIDBELSWWe number of cediseducegdresulting shorter

model run times and better model convergence. However -W&ERIBEOWOHt support the UZF pagkhdgeh

simulatethe flow in the unsaturated @seday et al., 2013)

MODFLOWWT is a version of MODFLOW which can better handle the system nonlineahisvpmising th
methodNiswonger et al., 20KF) a result, MODFLRWT gives the opportunity to better simulate those cases with
high nonlinearity such as reptieg) unconfined aquifers, nonlinear boundary conditions angtbersiwzes
interaction. It also handles better the problemrefaditing cellshich sometimes can cause convergence failure
of the groundwater fiohutionAdditionallyne complex surfag@undwater interactiddR$scan be better

simulated by using the modified SFR and UZF packages irlN\@DFLOW

Recently the U.S. Geological Survey developed the latest version pivM&TEIcaiyd MODFLOW 6

(Langevin et al., 20MPDFLOW 6 is an okjdented framework which supports the use of multiple models within
the same simulat{btughes et al., 2QIMDDFLOW 6 includes most of the functions of the previous MODFLOW
versions (MODFLQ®D5, MODFLAVEG, MODFLENWT and MODFL@Q®GAR. It is based on a generalized

control volume firdiferencawhich a cell can be connected to any nuenbitnaogells. It has high flexibility in
defining the model grid umiegof three different discretization pa@deagis in sectiérb.2.L The main

advantage of MODFLOW 6 is that multiple models can be incorporated and solved numerically within the same
simulation. Using MODFLOW 6 can prelialeleepresentatiai complex systems such adRE&s, benefiting

from simultaneose0MODFLOWSG and MODFLOMWYT under the same numerical solution.

2. STUDY AREA

The Sardatatchment study area represents typicd/HR®nditioriisarea has been investigateduyple
studies for the last 20 years. Therefoedsthood dogical and hydrological knowledge about thésamesa Th
also has the advantage of goodragttnerecords of datehich facilities itsgming research.

2.1. Description and Related WdhHe Sardon Catchment

The Sardon catchment is locatedwegtern part of Spain about 40 km west of Salanféigeaetjtyrhe
catchment 6s Zwithalitude that \ates frotn 738 B thé marth to 860 the soluth.is mainly
composed of weathered and fractured granite with local outfrags@ichacks, dominantly in the southern,
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southwestern and novtlestern partShe catchment is characterized efiredld boundaries, saiial
corditionsrainfall highly temporally variable, ranging frormyg3@R012) to >900 nym (2001), low population
and therefore low human implaetmain land use is pasture as the soil contains massiveyvesdttéttetbw
nutrienta n d t htleeagicalturevdctyvities are rare

Many previous studies were done before in the Sardon area. Scenehefatvigmmeferred to and their results
wereused in this study. The following paragraphs illustrate the most reléhénteged o

Lubczynski & Gun@@05had developed an integrated approach using different sources and different methods to
access the spati@imporal variability of the recharge and theva@pexeneghotranspiration fluxes in the Sardon area.
Therapproach was based on a combination betweRS & &iSnment and a numerical groundwater MODFLOW
model. It was one of the few available options at that time to understagrbthredsiateicanteian. However,
nowadays, there are new techniques and more powerful models that can better integrate the surface, unsatura
saturated flow.

ReyesAcosta & Lubczyn@kil3had mapped the dry season transpiration for two tree species in the Sardon area.
Their study had tackled mainly four targets: (a) classify the two tree species using remote ggmsing techniques
measure the individual tree transpiration using sgsfiements for both spe@kspscale the trees

transpiration to the catchment andl¢d) model the-geason safow variability.

Hassan et al. (20h4&) used GSFLOW (Groundwater and-8Blafac€&low) to apply a transient integrated
hydrological model in the Sardon area with a quite fargibiratom (18 years). GSFLOW is an integrated
hydrological model based on the integration between PRMS {Rusaffitdtolelling System) and MODFLOW
which wadeveloped to integrate the surface, unsaturated and saiiMar&dtfionv et al., 2008)

Franceés et al. (20bd) developed a rrelthnique method for investigating the geometry and the hydrological
parameters of the hard rock aquifer in the Sardbeiarmathod waasedn a combination of remote sensing
techniques, hydyeophysadtechniques and hydrological field datitimeqgio contribute for designing a conceptual
hydrological model. Then, this conceptual model was fiawtedrbted numerical model using MONWRLDW
(Weldemichael, et al., 2016)

Tekle et a2017hadupscaldthe groundwater recharge from a small &reéx ¢8Sardon catchment into a larger
area (141,43 Rnof Dehesa hard rocks in the western of Iberian Peninsula (DMHR). Theytbencluded tha
groundwater recharge dynamics is complex due to-temppedialariability of rainfall and evapotranspiration and
the system heterogeneity.

Balugani et al. (20a&}l partitioned the evapotranspiration process into evaporation and transpiration, define thei
source either from the saturated or the unsaturated zones and estimate their contributions. They concluded tha
and serrarid areas with sparse véigetahe oftereglected groundwater evaporation is a relevant contribution to

evapotranspiration and that the water vapour flow should be taken into account in the calculation of extinction c

Hassart al(2017)ad estimated the rainfall interception of the two tree species by: (a) rainfall, throughfall and
stemflow measurements durirgeavgerio@b) Gash model temporal extrapadatibft) remote sensing spatial
upscaling. Their proposed method is éxpégtprove catchment water balances, replacing common arbitrary or
literaturased tree interception dssisnates




INTEGRATEBYDROLOGICAMODEL TO STUDY SUREEGROUNDWATER INTER@ETN HARD ROCK SEBISUSINGAN UNSTRUCTURED GMIBROACH, THE
SARDON CATCHMENTAISP

2.2. Climate Conditions

The area has a Mediterranean clittatermiarid conditioyend typical for the Central Iberian Peffihemiaan
precipitatidnthe periodf19512012vas586mmyr! witha standard deviatiofil 79mmyr! (Hassan et al., 2014)

The driest months are July and August witlpeecipdiatioof < 20 mmmontH, while the wettest months are

October andovember with a mean precipitation of >ntihtinThe warmest months are July and August with a
mean temperature of 20°C and mean potential evapotranspiratiayt.offkenooidest months are January and
February with a mean temperature oidh@ émwest potential evapotranspiration is in December and January, on
average ~ 0.5 naay! (Lubczynski & Gurwin, 2005)

2.3. Topography

The terrain elevation of the catchment ranges frams.V8lbng the main fault fooeat ¢ h metw 860, c en't
a.s.| at the watershed bound@hiessouthern parts, which are composed of granites and impermeable schists hav
higher elevations, while the northern parts are relatively flat watidogeT ledewestern parts are marked by
outcrops of néractured rocks composed of granites and impermeable schists and fractures filled with quartzite
material along the eastern bouttisyah et al., 2018he central area has steeper slopes due to the existence of
the Sardon river and its tributgigesel).
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2.4. LandCover

The area is maialypasture land where the grass is dominant only for three months (from April to Juime) per year,
the restf the yeas bare sdiFrancés, 2019)he area characterizdalynatual woody shrub vegetation with ~ 7%
sparse coverage of two tree species: evergréer@als (I&and broattafed deciduous c@ki¢rcus
pyrenaiggReyesAcosta & Lubczynski, 2013 topographic boundaries are marked by outcropping and shallow
subcropping of massive-frantured rockisubczynski & Gurwin, 200%se different landcover types can affect

the system dynamic and have to be reflected in the modez gigmantaerefore, a classification map is needed.
Francést al(2014had mapped the granite outcrops in the area usingesaoiutigh medfpectral satellite

images (Quickbird from August 2009 and Waftdwieldecember 2012), RiejesAcosta & Lubczyn@Kil3)

hadused the same images to classify the two tree species with owegdl¥acthestvvo mapBrahcest al.

(2014 andReyesAcosta & Lubczyn@Kil3were combined together to lgetdaover classification map with the
identification of whether the trees are grown on soil oif batctagsification map has 6 landcover classes, shown
inFigure2.
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2.5. Hydrology

The area is characterized by a dense network of faults which are mainly orightediiedtigfidncés et al.,

2014) The fault network was obté&ioetFrancés et §2014}hrough the application of high pass filter en a high
resolution digital terrain model (DAd§)showed that there is a main fault which goes parallel to the Sardon river,
while a set of secondary faults, linked with the main fault affect the catchment hydrology by controlling the direc
the tributaries of the Sardon river. The mdividaslthe area into two geomorpholddfeadigharts, a gentler
undulating western part and a steeper undulating easkeng plaetmain fault, there is an open fracture zone which
is filled in with alluvial deposits and weathered. Mrateziahe was eroded in the rock basement and filled in with
deposits and weathered roc&ating ahannel fill structfiretbczynski & Gurwin, 200% main fault and the

channdlill structure areth permeable and hydraulically connected (acting as groundwater dritingge)s The

of the Sardon river drain the water by gravity (direct runoff) to the SardonQictet) draim miidine while at

the remaining period, the Sardon Kvies @ibutaries aypicallgry.There are also artificialgde ponds
supplying water for cattlebs; some of these ponds
groundwater level, do not dry up, indicating groabtkvyadsition.

2.6. Hydrogeology

The hydrogeological framework of the study area consists of three layers whichbwbzyleskietl Gurwin,

(2009 as shown irigure8. The first layer is an unconsolidated layer of weathered material and allitrial deposits
thickness ranges from 0 to 10 m and limited arealetxtdiet abundant of the bedrock outcrops. The second layer
is a fractured granite layer with thickrygggiean O m in the upland parts to 60 m in the central part of the
catchment. THard layer is a massive graniteWyieh isssumed @mpermeablmsement
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The groundwater | evels are typical for &8mgeptani ti c
below the ground surface (b.g.s), and deeper at the cata@snanigingdromiall2mb.g.gLubczynski &

Gurwin, 20Q9)he two layers hasdimilar potentiometric patigrich follathe topography of the study area.
Groundwater conditiarestrongly ifenced by the Sardon main fault and its dfainagzardon river with its
tributariefHassan et al., 2014)
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2.7. Monitoring Network

In the Sardon catchment, there are two ADAS (automated data acquisition system) stations that were impleme|
monitor the desired hydrological varidtddast oneiisthenorthern bounddfyabadillpivhilethe other one
(Muelledes)iis the southern boundary of the catchsrsmdwn Figurel. ADAS station is a system of differe

sensors with data loggers that record thehdatg basigLubczynski & Gurwin, 200 recorded data are

climatic variables, particularly the rainfall, air temperature, wint/egeedidi&yaincoming and outgoing

radiation. All these climatic varigdleswe d f or esti mating the sys-tipem6s ¢
of the ADAS stations can be fountdnynski &u@vinN2005) Moreoveheére is a spatiadistributegroundwater
monitoring netwonkich was established graduallyl 9@¥{Eigurel). This network includes several piezometers,
boreholes and wellee measurementstaieen oanhourlyasisthereforaset ofjood timseriefthe

groundwater measuremisiatgailald. Additionally, the network includes measw#irsavgflove atthe

catchment outlet panthe northern boundary using a steeMitimtae maximum discharge capacity df 145 I.s

forthe periodf19972001. Next to the flume, there iscar@ter to monitor the groundwater levels. The water levels
in the piezometers were closelylyrmrelated to the flume levels. Thus, the regression curve that was created by
Hassan et al. (20tdhbe used to extrapolikestreanilove during the periods whenalwelowsrere not

measureth the flume

3. RESEARCH OBJECTIVES QUESTIONS

3.1. Problem Statement

TheSardon catchment has been investigated by many prevjousciudidgs different directions described

in sectio@.1 However, the research in this area igsiiigand new challenges are coming out as still some
problems are not solvedTlyet.Sardon catchment includes the characteristics 9§ lawith WRES. The area has
acomplex structwrhhigh heterogeneihallow groundwater with fast responses to recharge and is affected by
preferential flow through the fractures. Additionally, the area has limited water resources, hiigy ¢émporal variabi
precipitation and woody vegetation that affect streamflow and groundwater. These conditions lead to many cha
when studying the hydrology of the area. The problems that seem not to be solved yet are the following:

1 Theestimation of the efifexprecipitation (affected by interception) in the previous stadiesutitfoot
the spatidgemporal variabititye talifferent landcover. Wen land cover in the area is the grass which is
dormant and seems from the first sightlttwinates of interception. However, thstodedconfirmed
byabetter estimation of grass intercieystiead of using arbitrary interceptiofdali¢éisnallyhe area
has two tygef tree species which had different interception rates as d¢sssdretlah2017) These
rates were not implemented in the previous studies numerical groundwatienmneodiedpatial
temporal effective precipitet@numerical groundwater matiééad to more representative water
balance.

1 The potential evapotranspiration was estimated in previous studies based on; either thélaiselified Jense
formulatiofHassan et al., 2Qlef)the crop evapotranspiration with applying an average crop goefficient (
(Weldemichael, et al., 2006 estimation of h® 7% expected to be improved with aspliisg
tempora) . Implementing spatiahpora) ‘O ilY a numerical groundwater miidelag to more
representative water balance.

1 The typical grid type which is used in the groundwater numefiivelLiiodelse related previous studies)
is the rectangular grid. The rectangular grid hasndiéfpnalsgntinige irregulagdtures such as the
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streams in the Sardon catchment. Using the unstructured grid approach will improve the representation
Sardon streams and is expecethéme the simulation of the sudamendwater interacéiod improve
the hydrologicabkviedge of the Sardon catchment.

1 Improving the conceptual model of the Sardon catchment with the use of new modelling techniques is €
to enrich theydrological and ecological knowledge of the Sardon catchment., MOIDIF i<OWe Bast
versionailODFLOW as t he advantage of including most o
new capabilities that can be useful for the Sard&omecadehplthe calculations of the water balance
components (rejected infiltration and grouexiiiteation) are handled better and become more realistic in
MODFLOWd®mparing with gerlierversions

The objectives of this research are based on solving those problems with making good use of the previous rela
studies in the area in addition to using new techniques in terms of conceptual and numerical modelling.

3.2. Objectives

The main objective ofrdggarcls to investigate surfgoeundwater interaction in hard rocKjmitder
environments applying new, MODFoO®Iing developmemtd using Sardeatchment ascase example.

Subobjectives

Provide the most reliable unstructigrégpg for the Sardatchmemhodel.

Apply the latest version of MODFLOW (MODFLOW 6) with its new capabilities.

Define the water balance of the Sardon catchment

Improve the knowledge of the Sardon catchment hydrology using the unstri@BeL@W and
approach.

= =4 =4 =4

3.3. ResearcRQuestions

Main question:

How the use of new, MODFirou¢lling developments can improve the hydrological knowledge of surface
groundwater interaction in hard rocKjmigerenvironments?

Specific questions

Whais thanost reliable unstructured grid type for the SardonZatchment

What are the advantages of using MODFLOW 6 in watdinodtecenvironment?

What are the main hydrological components of t
Can Sar do kriowledgede impgrovesl nsing the unstructured grid and & aiprbanv?

=A =4 =4 =9

4. RESEARCH DESIGN MEIHOD

4.1. Methodology Flowchart

Theproposed methodologgsists of four phasesimarized anflowchagFigured)

10
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4.2. Data Preprocessing

The data has been collected from different sources, pastiauteelysurements, satellite images and from

previous studiand has different formats and fifpexefore, preprocessingssteye used to organize the data

change thieinaryformat to readal®{8Cliformat anstore iin a feasibEructureThe GIS (Geographic Information
System) is the most powerful environment to manage and handle diftprespityglegatd in one structure. It is
guitecommomvith hydrological models to use GIS for managing and processing the datasets. In GIS, the data wi
different types can be converted to(tagtsor vector layei$e following steps show the nmarabeoncept of

data preprocessing thegwsed

Raw data such a@ary filesext fileendsheetsvereconverted to vector or raster layers.
Sameformat and resolutieere defined to all the rasters

One spatial refereffceordinate systengsdefined tolldhelayers using projection tools.
A geodatabasesbuilt to stor@lthe data feasibly.

=A =4 =4 =9

Integrated hydrological models require information about three main components, the hivaiieisteds, the

and ratepnd theysemparameter3he driving forces and the variables are changing spatially ana/keieporally
thesystenparameters are changing only with Spacystem parameterseregnizelly the system properties,
particularly the topographical, geological, soil and hydrogeological properties. All these properties were discuss
through sectioB2to2.6and their corresponding parametegisnplemented in the conceptuahandmerical
modeldgectiond.4and4.5. The statend rateariables were retrieved from the monitoring netwogk4ssaution
wereimplementddterin the numerical mgdettiod.5. In this study, the main drivingdare theffective
precipitatiginfluenced by the interce@imhjhevapotranspirati&@ach driving force retedbe directly

measured or estimated. The following sectiors tesqribeedure of getting the driving forces.

4.3. Driving Forces

4.3.1. Effectiv®recipitatigiinfiltration)

The precipitation that can be used as recharge in thehpteglagéchiodels is the effective precipitation
(precipitatiagni nt er cepti on), and t hat 6 s neadto/be éstimatedffectyep t i on i
precipitation (later refetwedtheinfiltratiom the numerical model, se¢ttoh.pis the main, most important input

data type used in the integrated hydrological models.

4.3.1.1.Precipitation

The precipitation is being monitoreourly basis using the tipping buckets that arénitistatied ADAS stations
(Figurel). The hourly precipitation reeeeddumped to daigcordso match the temporal discretization of the
numerical model thasused gectio.5.3. The Trabadillo ADAS station was selected to represent the precipitation
in the areas the spatial difference of the measurements between the two stations wa@d_nbtzigrekcant

Gurwin, 2005)

4.3.1.2.Interception

Interception is the amount of rainfaltH@tretdy the vegetation canopydaednot reach to the groutassin
et al(2017had estimated the interception rates for the two tre® sjesaie)pyrenaigafor two years (2012

12
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and 2013). Then, they temporally extrapolated the interception rates to coverihéperibd (200 i ng Gas
revised analyail moddGastet al. 1995) However, their study focused on the tree interceptinatstudly the

grass interceptioninthe &réee r ef or e, the same approach of Gashos
derive the interception losses of thelgtass. G adelfEds €l), (2) assumes rainfall to occur as a series of

discrete events. Baavent consists of three periods: (a) wetting up period, whineamfalin the amount of

rainfall required to fully saturate the caf(&uy(1)); (b) saturation peril(@sh, when

1979)and (c) drying out period, after rainfall Defigésy the rainfallr@geaccording to these periods is-a time
consuming process which is out of the scope of this research. Therefore, for simplicitg, dagvasriod of
assumed to be a discrete gaeB@iashet al. 1995plready mentioned the validity of this assumption

50 Yz "\f)z & o oY
v o - @)
Gash oY Y
Formula oy 0 AlaCOT AGGT B &0

o @

meaded MOV 0 00 t& EI®OI B 60
v

YOG ©)

oY OYO @
where Notatiogused in

Gaslet al. 1995)

0Q  Amount of rainfall needed to saturasntpy 0 [mm.dai]
0 Rainfall 0 [mm.dai]
[¢) Canopy Interception - [mm.dai]
Y Mean rainfall intensity Y [mm.dai]
Y Canopy storage capacity Y [mm.dai)
W Fractionaanopy cover W [me.m?
'O_"Y Reference evapotranspiratiaic\lated by Penmdonteith method - [mm.dai]
‘0"Y Meaneference evapotranspiratising the daye="¥¢ 1 O [mm.dai]
Y Canopy storage capacity per unit area of canopy cover Y [mm.dai]
0"Y Meaneference evapotranspiration per unit area of canopy cover 0O [mm.dai]

Thedailyrates of rainfall areflerencevapotranspiration were calculategaratsections4(3.1..5and4.3.2.1 In
order to apply Gashés model , tamay peopestiesgcanopyastoraga i n
capacity'}f and canopy cove})( Thevof thegrass was assumed t@ bef the total grass area and was later
noticed that in tetsdyarea, it doe®t have a significant effect on the final intercept@nsatiesingy the leaf

area index (0) ™ a very good predictor as provethjprevious studi@gegas Galdes al.2012Gémezt al,

200).

Many studies derived relationships betwe®u Yfor different kind of crops subteage(1997who deriveal

0 0Q0formula for a grassland applied in this st({@)y, (verehed O f@ the grass was retrieved using a series
of the mulsipectral Sentielmages withe L2B biophysical processor of SNAP sdfiwaxer, the climaticl
soilconditions of the study area analybtzhbg{1997Wwas different from the Sardor@dagaandy soil

compared to hard rock for the Sardon arealic@déeand higher average precipitation than the Sprdon area
These different conditions can affect the validity of applying this formula in flaa®ardmiavestigations of a
specifi® 0Q00formula for the Sardon area is recommended for future studies.

Menzel 6s forr Y p&zl g 060 5
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Theb 0 i¥a biophysical parameter which is not linearly related to thelrejlé@teunale.0) 1 not directly

accessible from remote sensing due to the heterogeneity in the leaf distribution within the canopy volume. Ther
0 O r@rieved by remote senisithg effectivié 0, Wt the actuald (@Weiss & Baret, 20Eyures shows the

monthly 0 v@lues for the year October Z&pbtember 20T8here was no option to retrievie difé@m remote

sensingn the same period of other input data of this study (OctSlept@®@ér 2014), as the Setinglges

are available oflgm2015. Therefore, the retribved@ues at the period (October 38pember 2018) were
assumed to be validHeperiod of other input data of this study

12 ¢
11
1.0
0.9

OO 1 1 1 1 1 1 1 1 1 1 )

A A A > > > > > > > > >
OC’V\/ &0“A 0?,(;x \’a«X ?e\o,'& VN&(A PQ(A N\’a‘\'\ \\)«'\/ \\>\:\/ ngx SeQA'

Figures: Monthly O f@ the grass

By substituting thegrieved monthilyo iitEquatiorfs), the Yiwere calculated monthly with the assumptis that
constant along every maiith thesdailyalues ofyhext to thdailyrainfall and potential evapotranspiration values
(calculated in separate secti@$.5and4.3.2.), t h e Glavwadagpked tb get thailygrass interception
losses. Theseterceptioatesepreserttheinterception rates oflémelcover claggass\ bare sdil as it was
mentioned in sectibdthat the grassdeminardnly three mostber year and the rest is bare/iseik the grass

acts as dormant but still can intercept water.

Thedailyinterception ratehe two tree sgies were retrieved fidassaret al(2017) The differentiation between
the treewhethethey are grown on soil or outcropsaibeseanimpact on the interception rates and therefore the
interception ratestf@landcover class@sleon soil an@.ilexon outcropareequal and the sameQ@@yrenaica

on soindQ pyrenaican outcrop3he landcover cldastcropshas zero interception rdtesfinalinterception

rates for thex land@over classese shown in sectioh.landwere implemented in the numerical model
(sectiod.5.5.2

4.3.2. Potential Evapotranspirgfiop}|

Evapotranspirati@h"Msthe combination of two processes, the evaporation from the soil and the transpiration froi
the vegetation canopig.quiteommom many hydrological studies to combirtegétrar a© “¥Because the
partitioningomplexityPotential evapotranspiration is the upper limit of the evapotrans pirat@getation

canopyhat can occur unaéiniteenergy and water sydgkMahon et al. (20i&)defined the@O "¢ s thedale

at which evapotranspiration would occur from a large area completely and uniformly covered with growing vege
which has access to an unlimited supply of soil watkoutmdivection or heating efféTtslM, 0'0 "6 a

model input tHatused to calculate the actual evapotrangpiratigh the UZF packdgere are a lot of models

which can be used to calchlatégMcMahon et al., 20Taple 4 iMcMahon et £013summarizettie practical

14
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application of each madebrding to teudypurposdn this study0 "Was calculated usihg general Penman
Monteith model with the FAO guidglileeset al., 1998)

4.3.2.1.Reference Evapotranspiraigl) (

‘O "Vis the potential evapotranspiration for a hypothetical grass reference crop with specifiedtaracteristics
cm, surface resistance = 70anchalbedo = 0.28)len et al., 1998heFAO Penmavionteith method requires

only meteorological gpdaticularippend radiation, wind speed, air temperature and relative humidity to calculate
‘O "Yas shown iEquatiorc).

AT T

oY YT p T® O ©)

where:

oY Reference evapotranspiration [mmdayt]

Y Netradiation at crop surface [MIm2.dayl]

' Soil heat flux density [MIm2.dayl]

Y Mean daily air temperature at 2m heic [°C]

0 Wind speed at 2m height [ms]]

Q Saturation vapour pressure [KP4

Q Actual vapour pressure [KP4

Q Q  Saturation vapour deficit [KP4

y Slope vapour pressure curve [KPa °@]

r Psychrometric constant [KPa °@]

All the needed metrological data were retrieved from the AlAB\statiods and were lumped to get the daily
‘0"Y The soil heat flux is high in the daytime and low at night, so théstotakdaiyzero.

4.3.2.2.Crop Evapotranspiraﬂplﬂg

'O "Ys the evapotranspiratitomopsromdiseasdree, wefertilizedyrowin large fields, under optimum soil water
conditionand achieving full production under theigiatic conditiop#dlen et al., 1998he difference between
the crop characteristics and the reference grass characteristics is integrated into the cr@f).coetifisient (Eq
studyp O'%O"Y

0"Y 0" 0 @)
0 0°YO"Y U ®)
where:
‘0"Y  Referencevapotranspiration [mmdayt]
O"Y  Crop evapotranspiration [mmday!]
0 Crop coefficient [

The crop coefficiedifferent from one crop to another. The FAO guidelines include fiabtifemmropdut
not fonaturavegetatioas in this study area, so they are not included in the$etafilgsome investigations
were done to estimaigre representatisadues fay .

4.3.2.3.CropCoefficierft-y)

There are two methodsfmd the crop coefficient (single crop coefficleat argh coefficient). The single crop
coefficient() deals with the evapotranspiration process while the dual crop ceeéfficientvepléeparate

15
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coefficient®ne foevaporation mess§ ) and the other onetfanspiration process §. In this study, the dual
crop coefficiamasestimated with some assumptiotiee landcover classes definedstudyerea Figure).

0 0 0 )
0 g oy (20
0 "YOUY @1
0O°Y U v zO0"Y a2
where:

0 Crop coefficient [

0 Soil evaporation coefficient [

0 Basetrop coefficient [

O Potentiagdvaporation [mm.daj

Y Potentigtanspiration [mm.daj

4.3.2.4.Soil EvaporatiQuoefficiert: )

0 wasestimatetased othe results of the previous studies in the Sardbieavagoration from the sasl w
calculated for two ydarBalugani et al. (204§ first year stad fronOctober2008 t&eptember00%nd
named atheyear 20Q%hile the second yeagariromOctober 2009 to Septer2BH) and named theyear
2010The year 2009 is considered as a dwithesal rainfadf 320 mmyr?, while the year 2010 haatal rainfall
of 750mm.yt (wet yedr The evaporatimeasuremeritsat \veredone byalugani et al. (20déf)resent the actual
evapaationespecially the dry yeavhere the rainfall is limitedreforehé wet year 2010 is more closely to
represent the potentiapevationvhere there lsss ono water stress

The201Gime series of the soil evaporation ebtaged yalugani et al. (20d@¥divided by tf@ “Walues to
getthemonthlyalues af for the graddare solandcove(iey. (10). All other landcover classesrelated to the

grass bare soil clasBhe outcrops in gtadyareawhich represent the outcrops landcoverelfrastured with
detectingome portion of grass onttrerefore, it was an indicator that the outcrops still can store water and the
evaporation process acbut not with the same evaporation rates as the soil. Due to the difficulty of estimating the
evaporation ratefthefracturedutcrops) valuedor the outcrops landcover slass assumed to(e of the

grass bare solandcover claggq (13).

For the two landcover clag3giefon soil an@ pyrenaican soilyy values of the soil under the two tree species
were estimated as a percentage between the average evapdridusogreatdare soil (0.55 naaw?) to the
average transpiration rates (0.8RgifiorQ.ilexand 1.19 mday! for QoyrenaigaEqs(14), (15).

For the two landcover clas3giefon outcrops abyrenaican outcrops), the same assumption was used again
for the outcrops under the tedsi( outcrops under tre@6ofv  for soil under tre€gs (16), (17)).

As a result, tive forsoil unde®.ilexoutcrops und@rilexsoil unde€p pyrenaicandoutcrops undépyrenaica
werearoundg0% 50%, 30% %% respectively) of theof thegrass bare sail

0 ™z 0 13
0 ™ PR & O 14
0 ™ Ppd ¥ U 19
0 ™20 16
0 ™20 17

where:
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0 Soil evaporation coefficient fgralse bare soil []
0 Soil evaporation coefficient for the outcrops [
0 Soil evaporation coefficient for the sofQuilexer [
0 Soil evaporation coefficient for the soQuydenaica []
0 Soil evaporation coefficient for the outcrogg.ilsxder [
0 Soil evaporation coefficient for the outcrodpymdeaica [

4.3.2.5.Basal Crop e€fficiengl )

For estimating , many studie®late the transpiratiatesto the vegetation indisesh as (normalizéfference
vegetation index (NDVI) and soil adjusted vegetation indelq@iwigt al(1994had derived a lne
relationship betwaen and NDVI for wheslhilecCampost al. 2010@id the same but faieyiard which was later
used b ampost al(2013¥or retrieving forQ.ilexn the Dehesa regibhe sam approach was used to get the
monthly values faall the landcover classgisg NDVI. The NDVI values were retrieved from haswsisd of
TM imagedrom October 2009 to Septe2@idr Then he two formulas derive@loyudhury et al. (1994
Campos et al. (200@re testednd both give clase valueslespite #fact that more accurate relatioreship

be obtainddrthe study aremgetatiarif there is enoudata for thieanspiratiaiates

Choudhuéys For mul 0 P8 0 Ow'Omg ¢ 19
Camposd FormuLU pg 0 Ow'OTH 19

Thebv for the grass grown between the fractured ¢auitroggslandcover classe assumed0.50f the
grass bare solandcoveisame ratio @s between outcropgtass bare soil Moreovethey  retrieved fone
trees onoutcrops weadmost theameasthe trees on soll

Finallyp andd were added to get the @inalalues, as showrFigurel3andTable7. Thesa) values were
assumed to be generic and applicable for everygksrsvee usedn Equatiorfl? to get thé ‘O Walues for
each landcover clagsch werienplementddterin the numerical model (setfob.2

4.4. Conceptual Hydrological Model

4.4.1. Schematization

InIHMswith applying MODFLQYMe& hydrological processes that can be simula¢ednegatoccurredh the
subsurface zone. The effect of the land surface procdseles addeth terms of driving forces to the subsurface
zoneFigures-a and lshowwoschemdted representatimfrthe system zones amchponentsithdifferent

conditions (wet andsirgisons

4.4.2. System Boundaries

The boundaries of the Sardon catchment were definedézgnisii & Gur{@005)The catchment boundaries

are characterized byatesheddivide tat surrounds tivhole catchment except édnéon rivetlet at the
northeriboundarfFigurel). The aquifer has three layers, as sitogurd, where the third one is a massive

granite impermeable layer. The only external recharge to the system is the precipitation, while the main outputs
evapotranspiration, lateral growerdieat and the runoff through the Sardon river and its tributaries through the
catchment outlet at the northern bound&@)XEq
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(a)

|:| Unsaturated zone
- Saturated zone
- Streams

|| Fractures

(b)

RI I:l Unsaturated zone

RI¢ - Saturated zone

H Fractures

9z

Figures: Schematization of the system zones and confpbmetrdeason and (b) dry season.
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4.4.3. Water Balance Zones and Components

The system consists of two zones, the unsaturated zone and the groundwater zone. The effect of the land surf:
was expressed as inputs to the unsaturatdthecatehment totahter balance can be represented as:

0 0'YRa [ Y3 (20
where:
0 Precipitation
O"Y  Total evapotranspiration
n Total streams discharge at the catchment outlet
n Lateral groundwater outflow at the catchment outlet

y3 Total catchment storay@= Y3

Totakvapotranspiration and total streams discharge can be expressed as:

O°YO 0O 0% YO OwQ (2)]
n YO OwQ n 22
n n N 23
where:
0O Evaporated canopy interception

O"Y  Unsaturated zone evapotranspiration
O"Y  Groundwater evapotranspiration

YO Evaporated rejected infiltration

YO  Rejected infiltration routed to streams
Ow"Q Evaporated groundwater exfiltration
Ow™Q Groundwater exfiltration routed to streams
n Base flow

The water balance ofiéimel surface and tivesaturated zone can be represented as:
0 YO OwQ O°Y 'Y YO Y3 (249

where:

0 Effectiverecipitatiofinfiltratior 0 '0"Y

YO Rejected Infiltratio20 YO

YO Rejected infiltration roeidtetodownslope UZF cells stiieamsY 'O YO

YO Reinfiltrated rejected infiltration

Ow"Q Reinfiltrated groundwater exfiltration

Y Gross groundwater recharge

y3 Unsaturated zone storage

The water balance ofgimindwateone can be represented as:

Y A Om™Q 0O°Y A no Y3 )
where:
n Streams leakage to groundwater
n Groundwater leakage to streams

Ow™Q Groundwater exfiltratie™Q O wQ
Ow"Q Groundwater exfiltration raitiedtodownslope UZF cells stramsOm"™Q O w'Q
Y3 Groundwater zone storage

The net groundwater rechi¥rges definedas Y Y ©Ow™Q O"Y (29
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4.4.4. Aquifer Geometry

The definition of the aquifer layEramgés et al. (20H)sapplied in this stutiieyfollowed the general 3D

geological conceptual model of granite aquifers to apply for the Sardon area. This general conceptual model de
from top to bottom the following: idy#relateritéayer can be absent duettosion(2) the saprolite lay@) the

fissured layand(4) the fresh basememiore details about these layers can be ewdridel et £2006)They

used a combination of different data sources to define a spatial dissetayens af the Sardon area. Their

results shadtwo aquifer layers, the saprolite laybefisslired Yaer which match with the framework of

Lubczynski & Gun@@05)sectiorz.6andFigures). Additionallthey definesix internal uniform zones in the

saprolite arttiefissured layensth theletermination of thigidrological and storage paran{féitguss). Each

layer represents a hydrostratigraphic unit with one valfleioaméstoragarameteFigure8 shows a 3D

spatial representation of the alquifierstratigraphicits and the outcrop areas where the saprolite layer is absent.

w

Outcrop F2 Sarddn
. streamin
Flfault |

oL/ =
L1
1_F
. \J

Li_F1

fault
Vertical scale
10 m

Horizontal scale
100
Alluvium

= Eluwium

Saprolite layer

Fissured layer

_l_'_‘_ Fresh granite
—X¥_ Water table
L2_F L2_F1 =

ey Flow line

I No flow boundary

! Zone separation

Figurer: Schematic cressctiorfFrancés et al., 2014)

I:l Saprolite layer
Bl Fissured layer

Figure3: Aquifehydrostratigrapliaits
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4.5. Numerical Model

MODFLOW 6 is the latest version of the noous@DFLOW thatised in this research. The option of the
Newton Raphson formulation which is the core of MODRL&ALtivatetb handle the system nonlinearity.

4.5.1. Softwartnterfac&election

Fordata preparation and manipylst@DFLOW 6 is supportatddppesourcesoftwardvodelMusandFloPy
ModelMusie a graphical user interf@dd! Yor different versions of MODFIbOWIing MODFLOVA GUI

provides a level of ease and inteisv/drat is much greater than direct manipulation of the input files and therefore
became the standard for the construction of groundwater num¢Baskerostedsd., 20F8pPys the name of a
Python script which was develogakkgr et al. (201@) groundwater models such as MODFLOW, MT3D,
MODPATHE SEAWATIoPy has many packages to facilitate the model development including packages for
plotting, array manipulation, optimization and data analysis nBi¢RyelaeSUI which leads to more effort
needed to set up a groundwater model. Hhevevain advantagélfPys that it supports all the MODFLOW
capabilitiegcluding the packages that are not implemented in theoftiaadarekrsions V@thl For example,

the spatial discretizatid@DFLOW can be defined by one of tHfereedt packages, DIS (structured
discretization), DISV (discretization by vertices) and DISU (unstructured discretizatiod) b&hestadtar can
ModelMuse and only workgWwltPy. Furthermore, ModelMuse supports only two types of D&V, namely
traditional rectangular and the rectangular -getiokckgrigiVinston, 2018nlike FloPy which supports any types
of grid such agangular, rectangular, rectangular quadtree and irregular grids. In this ressasdd FoPy

setting up the numerical model.

4.5.2. Spatial Discretization

4.5.2.1. Grid Type Selection

The two discretization packages; DISV and DISU can be used for creating an (batrgetetchrid017)

The DISV package is Hagsed which the user defines the grid using a list of (X, y) vertices and the number of lay
The list of the vertices is for creating the grid cells in the horizontal planatbgrotipedetiseticalayers.

The DISU package is notdageedand the user needs to define for each cell the connected cells both in vertical a
horizontal directions and the connection prapertest hat 6 s why t he DI SU é&€s con.
three discretization packages. In this research, the DISU is not needed as the aquifer has only two layers with
boundaries and connectimd therefore, the DISV packagased to create the model grid.

The DISV package can work with tliffpe=nof unstructured grid such as triangular nested, rectangular quadtree,
rectangular nested, Voronoi and irregular grids. Not all these grid typ€3/&ibi@wedtiBon requirements

where line drawn between the centers of any two coelisestetlfitstintersect the shared face at a right angle
andsecondbisect the shared edge between these t{iRandby et al., 20lL.8ngevin et al., 20T4)e closer the

grid honours the CVFD requirertfemtanaller the loss in accuracy in the groundwater flddesolziin)

had compareide Voronoi grid (VGsidfithe quadtree grid (QGhighlightindpeir similarities adifferenceas

Similarities
1 Both can handle complicated geometries and batithdesiss.
1 Both povide highénan rectangular gedolution at the areas of interest such as wells, rivers or other
features.
1 Both povide higher accuracy for groundwater flow cabmdatittes model convergehea
MODFLOM005.
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Differences
1 VGrid closely honours the CVFD requirements, esipecldfsrénce between the area of the connected
cells is smailhile the QGrid dmesachieve the CVFD requiremdrich result in errors in the simulated
heads and flows
1 The need to use thkost Node Correction (GNC) package is essential with the QGrid to correct for simule
errors comparing to the VGrid.

In this study area, the hydrological features that need higher grid resSlatitonateahreiBhey are

hydraulically meected with the groundwater and assigning smaller grid cells around those streams can provide k
simulation for the surfg®indwater interaction and higher accuracy for the system solution. The streams are
irregulawhich adds difficulty to fefiyesent them with any grid type. The VGRID is more flexible to follow the
curvature of the streams than any other unstrucinaddinigl the QGRID. Besides, the VGRID has the advantage
of more closely honouring the CVFD requirements, as gotetat@dbl) As a result, the VGrid is more

reliable than other unstructured grid for this stadd @&reas selected to build the model grahsiitaringmall

area difference between the connected cells in the grid implementation steps.

4.5.2.2. Gridmplementation

One of the w&town options to build a Vogods to
use the Delaunay triangulaiDelaunay triangle is
created from a set of three points connected to ir
one proper circlegured). The Vorongiidis dual to
the Delaunay triangulatidreresach vertex of the
trianglessa node generator for a Vorondtigelte

10.

Figured: Delaunayiangles and Vorooslls
(https://stackoverflow.com/questions/42047077/
voronesitepointfromdelaunatriangulation

(b) ©

FigurelQ Concept aforongjridcreation(a) Delaunay triangles mggRelationshigetweeelaunay triangles
and Voronoicelle ach tri angl ed6s v eand (e ¥orana gvnderoottre nd)or a \

So, aelaunatriangleneshwasneeded first, whichseonverted to a Voronoi grid. proRigles moduléo build

a Delaunatrianglanesh while a wiellown Python library naBwyhad a module to build the Voronoi grid. The
whole process of the Voronoi grid implementation needs an algorithm which was developed using Python langt
this study, a combinatidgfia®y Python and Ai&svas used to build the Voronoi grid. The following steps
summarize the main concept of building the Voronoi grid
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9 First, a conceptual model needs to be defined, mainly téatiefaggithieoundga (catchment
boundaries) and tirél celbcationgepresenting teFeansections interacting with groundwater; these
cells should have substantially smaller size

1 A group of transition zdhaffer zoneg)ere defined around the streams in such a way that the smallest
cells are around the streams and further away from the streams, the grid cells become larger.

T The created conceptual model was i ntDelaudayced t o
trianglanesh.

1 The vertices of the cre&teldunagriangles, which act as the node generators for the Voronoi cells were
introduced to a module named fispat(Figuldd i n t he

9 Further steps were accomplished (not discussed here) to mastntbagitiptopertie&ells,
vertices and their connegtiamd export the grid properties into a forimegaable by the DISV
package in MODFLOW 6.

1 The totadellsnumbeper layeis 2302, wittsmallest cell widttb20 mandbiggest cell width ~B20

J
o

The grid was vertically digecetising the
DISV package by defining the number
modelayers, the top and bottom elevat
of each grid cell. For each grid cell in l¢
one, the top elevatfofé Hwasretrieved
fromthe5 mrresolutiodigital elevation
model of tepanisiCentrdNacional de
Informacion Geogréafieaw.cnig.eshhen
the bottom elevatiorg davas calculated k
subtracting the top elevation from the I
thicknes@Q), 0 ¢ 6 "Yé n Q).
The layer thickness of both lagsrs w
retrieved froRrancés et al. (20&4)
described in sectibi.4 For grid cells in
layer two, the top elevatiéh () is equal
to the bottom elevation of the connecte
upper celb(¢ § and the layer thickness
layer twad2) was used to caidelthe
bottom elevatian§ 6 "Yeé 1 dQ).
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For outcrops cells where layer 1 is abs
(Figure®) , t he opti on
package asused to exclude these cells
from the model solution.

Figurel Modedrid

4.5.3. Temporal Esretization

A steadgtate model and a transient model were created4$e8tiand4.5.8.3 The steaestate model does
not consider the time in the salatidrtherefore, tteenporal discretization is not needed. For the transient model,
theactuakimulategeriod was 7 yeamsth2557stress periodEhe length of each stress perioddegtolmake
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good use of the calculated daily driving forces and each stress period ametistesi€pRlgior to thactual
periodone year wassigneds a sphup periodséctiord.5.8.Bwith365 stress periopsachstresgeriod has a
length of day with only one time. 8ggumming the sppperiodo the actual peritt totadimulatioperiod
become8 years (1 spip year + 7 actual yeattha total number 2822 oftress periods

4.5.4. Hydraulic and Storage Parameters

Inthemodel, the hydraulic parameters control the unsaturated and the saturated flow. The unsaturated hydrauli
parameters are defined separately in the UZF peclkages(5.2 while the saturated paramgtaisichgthe

hydraulic conductivity oathefer layerare defined in the node property flow package (NPEF Haekaglexulic
conductivity in the horizontal diréct)dior(both layers were assumédbasday! as an initial vallr the

vertical hydraulic conductivi)yNlaréchadt al(2003hadconcludéthat) is 2 to 30 times higher thabased

on pumping tests analiys@sfissured layer of a hard rock aguifers assumed to be in the rarigeaff and

avalue 0b05m.day wasused as an initial vaBethd and0 were lateadjusteduring the calibratignusing

a group af-zonedor each layer separately

The storage parameters including the specific'sjaadehe specific yie¥g, are defined in the storage
package (STO package), and were assur@edrband 0.05, respectively for both.|&ghs and’Y were
later adjusted during the calibbgtiasing a group of zones for each layer separately

4.5.5. Boundary Caitidns

The boundary conditions of the sysgteategorized into internal and external boundaries. The internal boundaries
include the UZFFRand MVRackages which are responsible for thetfl@athe system components. The
external boundariesscribe how the flow goes in oftbetsystem.

45.5.1. External Boundaries

The watsheddivide tt surrounds thdnole catchment except édndon riveutleivasassigned as +filow

boundary. The Sardon river outlet area located at the noringactsoasd lateral groundwater outflow and were
represented in the modellmaddepenent boundanysing the drain packdgenN. All the model cells that are
located in the outlet area were assigned as drain cells. The DRN pategesmove the aquifer based on

the drain conductance and the difference between the drain elevation and the headhotte aquifer as

0 Oé 700 0 27
WEED 20 | 28
where

0 Flow from the aquifer to the drain [n?.day?]

Q Aquiferdéad in the céftlat contairthe drain [m]

Q Drain elevation [m]

@£ £ 'Q Drain conductance [.dayi]

0 Hydraulic conductivity of theddsain b e d [m.day]

0 Flow perpendicular area = cell thickness * cell width [n?]

) Drain bethickness [m]

The’Q ,0 andwwere assigned a3, 005m.day and 6 m,respectively. were adjusted during the
calibration as dependant ov tloé the matching cells.
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4.5.5.2. UZFPackage

UZF package is the package used to simulatéhifreifjbwthe unsaturated aodeadd the simulated flow to the
groundwater zone. The UZF package siomijatiee vertical unsaturated flow using the kinematic wave
approximation to Richardés e g Niswwongenal 2006)Thessomblified d by
form of Richardés equation with the kinematic wav
be written iength (L) and time (T) units as

T —1 0—

o 7a © T @9
where:
— Volumetric water content (.3
0 Time (M
v — Vertical unsaturated hydraulic conductivity as a function of watt (L.T)
o Distance in the vertical direction (L)
Q Unsaturated evapotranspiration rate per unit depth (L.TLLY)

The land surface driving forces are introduced to the UZF package as inputs (infiltration rate and potential
evapotranspiration rate), andapptied at the surface. Infiltration rate is the amount of water per surface area pert
that percolaeto the soil. In the UZF package, the-Gooek®quation is used to relate the vertical hydraulic
conductivity to the water coigr{8(). Then, the BroeBsrey equation is formulated to relate the infiltration rate to
the water conteBt((32). If thauserspecified infiltration rate exaeed, thecorrespondingater contet ) is

setto— and the differenge ( 0 )ismultiplied by the cell areacanbdeadded to another package using the
Mover package (secticn5.1

J— ) z @@
V] V) — — 30
nol
- 5 T~ - Tnov @
N - r'] )
where:
0 Saturated vertical hydraulic conductivity (L.
— Corresponding water content to the spddtfiatibn rate (LB.L3)
— Saturated water content (.3
— Residual water content (LB.L3)
n Infiltration rate (L.
- BrooksCorey exponent G

For the potential evapotranspiratiol @jethe UZF package first satisfi@gy removing the water from the
unsaturated zona) [D ¥ not satisfied yahd the water table level is above the extincti@gh deptte residual
0 ‘O 'Will be taken from the groundwa@i¥ specified as a rafdength/timghen itsinternally divided by the
‘Q and added teguatior29.

Furthermore, the groundwateragixfiitcan be simulated within the UZF gmciafieing a depth caled
surface depffe ). Q is a usespecified depth relative to the land surface where the groundwater exfiltration
startsMore details abdle UZF package caridumnd ihangevin et §017)

In this study, thdiltration rate is the effective precipitation (précipitatieptionyhich was calculated before in
sectior.3.1 The precipitation doatischange sfially while the interception changes with space according to the six
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defined landcover classes (se2titanrsd4.3.1.2 Therefore, for each grid cell, the infiltration rate was calculated
based on trmncept of tleeeaweighted average as

n v Q 7 ® Q q? ® Q % ® Q q? ® Q % ® Q % ®)] 32
where:

N Infiltration rate [m.day]
0 o Precipitation [m.day]
q -JQ J1Q -h Interception rate for each landcover class respectikddgregsmsls outcrops [m.day]
q Q49 Q.ilexon soilQpyrenaican 50|IQ ilexon outcrops afpyrenaican outcrops

note:O mh'o 0O wet D O
& RO hd Fd Y K Percentage of theveragareabyeach landcover clasgithe total cell area [n.m?

The soil parametars, h— h—  and- were assumes005m.day, 04 nP.m3, 005 nP.m3and3.5
respectivelgndwerdateradjusted during the calibrationwasadjusted as dependant on thaf the matching
cellsFor the initial conditions of the water content, the initial waterwasdasstued as 0.4Bms.

For th& ‘O the main inputs needed in the UZF packag2ftes, extinction dej@h () and extinction water
content{ ).0 ‘O 'Peites were calculated before in se@i#for each landcover class.(Thefor the landcover
classesgrass bare soil and outcropsje assumed as 1 m and 0.5 m respectively, &hiléotitae two tree
speciesq.ilexandQ pyrenaidavere assigned as 3.7 m based on the tabkdifidianthdell et £.996) The
concepof the areweighted average was used againHagrighcell to have only one valde@andQ (Egs
(33, (39). — were assigned a83rE.m2 and was later adjusted during thetmaliifaneeded. Equati@ads
and(33 were used for each stress period to calculate the new rates for the Ifidation and

0OY 0D OY® 0 0OY® 0 O"Y® 0 0OY¥® 0 0Y® 0 OY®)) (33
Q Q z® Q z® Q z® Q z® Q z® Q z®) (39
where:

f)~ O 1‘@ O hf{ O 0 O'fdte for each landcover class respectivelVb@mseil, outcrosilex  [m.day

LOMT O O7Y on soilQpyrenaican soilQ.ilexon outcrops a@byrenaican outcrops)

Q M M h Extinction depth for each landcover class respetgifely  ph'Q [m]

Q MK K mhQ Q Q Q o4

& R Fed R Fed hdd - Percentage of theveragarea by each landcover dasghe total cell area  [n.m?
For the groundwater exfiltratiof, thewere assumed as 0.25 m and later adjusted during the calibration.

4.5.5.3. SFRPackage

SFR package is the streamflow routing package whishhsfiolatateraction between the streams and the
groundwatdn SFR package for MODFLOW 6 (SFR6), the fislatexdtfeom the streams to the water table
directlyvithout delay and the leakage ratealezseed the saturated hydraulic conductivity of the unsaturated zone
beneath the streambed. SFR6 calculates the flow across the stream beds usingneneitifenioyape active

reaches option or the simple routing reaches option. The active reaches -sptacifiedestieamflow to

calculate the stream depthtddsnmgni ngbés equation while the simple r
on a usespecified stream st@igangevin et al., 200f)e majatifferencef the SFR&an the previous version of

SFR package (SFRZhat the unsaturated zone beneath the stream reatbessoaulat¢dangevin et al.,
2017Niswonger & Prudic, 208Bnce, for cases of rejected infiltration rates icdlis, tf&E rejected

infiltrationsama bemovel directly to the streamthin the SFR6 packagel another package (MVR padkage)

used for this purpose (sedtmb. %
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In this study, the Sardon river and its tributaries were all defieedtzs 8BR was mentioned before

(sectiod.5.2.p thegridcells that contain the streams have the smallest area in order to have more accuracy for t
head and flow calculations around the stilea®ardon river was split into reachehia way that only one

reach is assigned to one grid cell and the same idea for the Sarddhérimaiarisformation needed in the

SFRS packagésthe streandproperties, streaimsnnection and the option to calculate the stream depth (active
option or simple routing ophkitore details about the @fdRkage can be founidangevin et §017)

The data needed for the sti@anyerties are the stre@damgith, width, slopanning coefficidrgd level and bed
hydraulic conductivity. The séré&gth and slope were calculateddusBh§softwarawhile the streadasgdth

was assumed 46m for the Sardon river @mdoits tributaridsased on the fieldwork observatlansing
coefficientasassumed as 0.035 for all the streamst@dchbed level was calculated bagbddlevel top

level of thgridcellthat contains the stream réatieanthicknegsThe streasnthickneswas assumed asnfor

the Sardon river ana for the $@don tributariémsed on the fieldwork observdlitne st r eams 6 bed
conductivity () was assumed a6%m.day as an initial value and was adjusted during the calibration as dependan
on tha of the matching cells that contain the streams.

Theconnection of the streams was defined based on the elevations of the Sardon river and its tributaries. All the
tributaries have a higher elevation than the Sardoa tivgefore, for each tributary, the end of the tributary was
defined as upstreand éhe connecting point between the tributary and the Sardon river was downstream. For the
Sardon river, the elevations are higher in the south than the north and therefore, the river was defined from the
upstream till the outlet point in themdobundary as downstream.

The flow between the stream reaches and the ageifeocels ut e d bBg BBd&m0cy Ghel awrEar
depth,he activeeaches optiovhich useMa n n i n g §weith thecassantpiiowiaferectangular reachess
selectedEcs. (37), (38). Thestream discharge for each r@adcalculatederstress period and equalbé@sim

oftheUZFp a ¢ k sogree§€gectednfiltratiofly "Qand groundwater exfiltrgo "Q that are routed to

streams) and the base ffpw i N ) as shown Equatiorf36). Then, the calculatgyli$ substituted in

Equationf39t o get t he achreacmemeérg stresgperioth f or e

n —2zQ Q ifQ Q
@9
B ——z2Q Q ifQ 0
n YO Ow™Q 1 n (39
A0 rha 2y 37
-_
Q ot @9
0 zw 27Y
where:
n Groundwater leakage to streaain [n?.dayl]
n Streammeacheakage to groundwater [E.day]
n Calculatestream discharge [e.day!]
YO Rejected infiltration routed to stream reach [e.day}]
Ow"Q  Groundwater exfiltration routed to stream reach [B.day!]
Q Aquifer head in the cell that contains the stream reach [m]
Q Stageof stream reach [m]
0 Hydraulic conductiafystream reatls b e d [m.day]
W Wdthof stream reach [m]

27



INTEGRATEBYDROLOGICAMODEL TO STUDY SUREEGROUNDWATER INTER@ETN HARD ROCK SEBISUSINGAN UNSTRUCTURED GMIBROACH, THE
SARDON CATCHMENTAISP

0 Lengthof stream reach [m]

A Bed thicknessf stream reach [m]

Q Water épthof stream reach [m]

€ Manning coefficieristream reach [day.nd]
Y Slopeof stream reach [mt.m]
0 Conversion coefficient = 864€806vionits ofré.day! []

4.5.5.4. MVRPackage

MVR is a new water mover package designed in MODFLOW 6 to movedHeatatednenpackage as a

provider ta feature imnother package as a recéieravailable wasamoved from the provider package to the

MVR package and from the MVR package to the receiver package based on the user request. All the stress pa
(WEL, DR, RIV and GHB) and the advanced stress packages (MAW, SFR, LAKE and UZF) can be providers, k
the advanced stress packages which solve the continuity equation can be receivers. The MVR package provide
options to define how much availablevivdiermoved from the provider package to the receivévipackage.

details about how the MVR package works can bedogeditinet §2017)

In this study, the MV@@wused teimulat¢he overland flow and to apply-thidtration concephe MVR package
allowed the transferring of the availabl@ejetd infiltration gnoundwatexfiltration rajesom the provider
(upslope UZF cells) to the receiverst¢eitiedownslope neighbouring UZF cells represémfiltrgtes ater

(Y *O8ndO ooQ{? orto theSFR reaches representing overlarfty fleandO mé@)

The ranfiltration concept is to add the ragentpdnent®’ ('O ‘O w "Qfram the fully saturated zones to the
unsaturated zonedere the soil is not saturatedhjistranfiltration concépapplied by cascading the rejected
components a particular UZF cell (UZF provider feature) amorgjafsedusighbouring UZF cells (UZF receiver
features) using the FACTOR aptiom MVR package. However, there is no automatic way in MODFLOW 6 to defi
themover fractio(lBACTORS) between the UZF provider to the UZF receivers. Inmponeipfeadtieshould

be calculated based on the slopes betweenahd tedtind surface characteristics (surface roughness) of the

cells the latter is not considered in any of the following describetheamedfpdsy direction (MFD) is a raster

based algorithm, which pastitierflow among the downslope neighbaettsggsed on taad surfacgradient

(Quinret al, 1991)The MVIDoncepis used in mahydrological models and applied irGi&applications such

as thdildw directiotool in ArcGIS softw@nrased on the MFD adaptive approach introQinext B{2007)
Additionallgjmilar conceyuifthe MFDvereappliedor gricbased modetsich ashe cascarouting togCR7 of

the numécal code (GSFLOWIt withslight differenbetweethet wo c onc e.glhe BT defmpasat i ons
cascading flow for surface and shallow subsurface flow paths and is applied tq iggataingulae gedcading

to the diagonal, irregular griddeltsoet al, 2013)In contrast, tbascade routingncep{CR applied in this

study, allowierirregular Voronoi grid cafishown iquatiorf39, but it does not have shallow subsurface flow.
However, the applied in the UZF package, afowsubsurfaggoundwater exfiltrafono "Q andtherefore,

the combination use of (AR ) allowfor shallosulsurface flow originated from subsOrfat@(onlyone

component of totahkow gbsurface flow).

Yo
BV @9
Qa uQa v
"o 49
where

|k Fraction of flow from thé@elihe neighbouritieliranges from 0 tp 1 [

Y Slope gradient betweeri@eitlQ [
Q o & 1 Land surface elevatboell&andQespectively [m]
Q Distance between the centres of the coftaadi@klls [m]

G Number of conneci@ells to the céll []
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The fractidmetween céind theonnecte@ellequals to the slope gradient betiveemo celtlivided by the
sum of the slope gradient betwe&amelall it€h connected ce(Bq (39). The slope gradiequals to the
difference betweenldraisurface elevationiscelland theonnecte@elldivided by the distance between the
centre®f the two cellEq (40). Thdandsurfacelevationsf the cells were obtainad thes mresolutioD EMof
theSpanisiCentrdNacional de Informacion Geodigfiwacnig.gwhile the distarsdeetween the cedintres
werecalculatedsing the ArcGIS software. FéWamjtha negative valpehich means the &las lower

elevation than the &the  was asgined as zero, no flow occurred batig@iizonnectiof.he maximum
| is 1 which occurred when the elevation of etdigher than the elevation of ontpomecte@zell,
representing the single flow directionl{#&3um pfj between the c&lind all it€hconnectedells is zero,

which means that the'@slh sink cell, no water were moved and this amoumastoasatereas
evapotranspiragter’yY ‘CandO w "Q andwereaddedo the totavapotranspiratidy (21)).

Theg  values were assigned in the MVR package using the opti@s BAGVORjuatiordl). A main

limitation within the MVR package is that there is no way to separate the rejected infiltration and the groundwat
exfiltration when moving to the receivers by assigning different factors.

0 | { % 0 4D
0 | Rz 'YOO®Q
where:
0 Availableatefor the receiver package (received rate) [n?.dayl]
0 Provided rate: sum of rejected infiltv¥&J@and groundwater exfiltra@oo (Q  [nf.day]
S Mover facterflow fraction between &islQ []

4.5.6. Observatidhackage

InIHM, the statand rat@ariablearethe observations measured in the field so, they are with a relatively high degr
of confidence, and therefore can be used for the model calibration and validation. The monitoring network desc
sectior?.7includes 14 observation points for groundwater levels (head variables) and one observation for the
streamflow at the catchment outlet (flow variable). These observations were introduced tadkagebservation p
(OBS) by defining the grid cell that contains the observation point and the type of observation, either head or flc
drawdown. The OBS package for MODFLOW 6 does not require the input of observed values and does not cal
residual valugdifference between observed and calculated values), unlike the previous versions of MODFLOW.
OBS outputseae calculated for each time stewenedxported to an extetaaffile for further processing.

4.5.7. Ghost Node Package

Ghost node packag®l@3} is the package needed to correct for errors in simulated heads and flow in cases of usi
grid that violate the C¢binectiorequiremen{®anday et al., 2Q18s it was mentioned in setttod. 1the

VGridvas selected inststudy because it closely hetioailCVFD requiremeespecially if tiidference between

the area of the connected cells is small and this was allesaely icothes grid implementation steps. However, in
thesolutiontheremight betill minor errors generated as the VGndtdokys achieve the CVFD requirernents

order t@nsuréiigher accuracy for the groundwater soluGiC thackage wasiaatedLater, the GNC was

deactivated test whether the solution is sensitive to it or nod (Sddtion

All the grid cells were assigned in theaGhé@e. For each grid@dllthe needed data are: the connected cell
(@ ), the contribution fracti@n ¢f ), allthemeighbouring ceBA ), and their contributing frax(in

p ] ), asthe example showigarel2 The contributing fractions should be defined based on the distance
weighted average between the cell and its neagloshosld be computed by linear interpolation. Rgrsimplic
wasassumed as 0.5,Bp 1@ and foreach,y By TBA 1@ FBA. More details about the GNC can
be found iRanday et 42013 and_angevin et §017)
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EXPLANATION
@ Ghost node location

@ Node location for connected cells
O, Contributing fraction from node n

Figurel2 Ghost node example for a nestddargkvin et al., 2017)

4.5.8. Model Calibration

Model calibratiés to find the optimum system parameters that will produce a satisfactory match between a histo|
time series of measured values amddesimulatedalues. The calibration process consists of the foplswing ste

= =4 =4 -8 -4 4

Choose calibration targetsdraitable statand rateariables

Choose calibration parameters

Run the model using best estimates of model parameters

Compare the simulated values to the observed values

Errorsd assessment

Adjust model parameters to best fit the simulatedtetherobd v al ues based on tF

The calibration targets are the head and flow obsasvd¢iseribed in sectidrfand4.5.6 The calibration

parameters can be any naataimetsisuch as horizontal or vertical hydraulic conductivity, storage parameters,
boundargonditiongnd recharge ra{@sdersoat al., 2015However, the model solution is not equally sensitive to
all the model parametansl the user nesd identify the most valuable parameters for the calibration process. It is
quite common in groundwater models to select thedratizerttahl hydraulic conductivity as the most sensitive
parameters that havarge effecin the model solution. In addition, the hydraulic condadtigitylénas of

uncertainty and difficulty to measure in the field, In this bidgewitlihte advanced stress packages (UZF and
SFR), the parameters that highly control the sohs#bactes] as calibration parameters as shahlglin

Tablel: Calibration Parameters

Parameter Dependenc' Initial Model Described in

values package section

Horizontal hydraulic conductivity 0.5 [m.day] NPF 454
Vertical hydraulic conductivity 0.05 [m.day] NPF 454
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Parameter Dependenc! Initial Model Described in
values package section
0 Vertical saturated hydraulic condu equal to 0.05 [m.day] UZF 455.2
0 Streamsd bed hy equalto 0.05 [m.day] SFR 455.3
0 Drainds bed hyd equalto 0.05 [m.day] DRN 455.1
®£ £ Drain conductance 100 [n?.dayl] DRN 4551
Y Specific yield 0.05 [] STO 454
Y Specific storage 10° [] STO 454
— Residual water content 0.05 [E.m3] UZF 4552
— Saturated water content 0.4 [E.m3] UZF 4552
— Initial water content 0.15 [E.m3] UZF 455.2
— Extinction water content 0.05 [E.m3] UZF 4552
Q Surface depth 0.25 [m] UZF 455.2

4.5.8.1. Error Assessment

During calibration, the miedskessed based on the graphical and statistical comparison between the simulated
values and the observed values to achieve the best fit between them. The graphical coragabgdinecan be
scatter plots and the residual errors plots. The sshtterspbbiserved values versus the simulated vahies, allow

for a quick assessmant also shows the bias in the caliphaiitenson et al., 20Thke esidual error is the

difference between the observed value and the simulated value. Residuamv@aingrgregpérismodels to

show the calibration fitting and reflect the system dynamics. The staisstical alsopeecessary to measure the
goodness of fit by calculating quantitative summary statistics. The model will have the best fit by finding the opt
parameters that minimigeeamples simmary statistgteown iquation$42), (43, (44), and45.

boo = QG 0 42
8
YO YO g Q Q @3
., 5.9 ®
0 "YO p — 44
B Q Q
. B Ga lT)i
©0 p —g g 45
where
D00 Mean absolute error
YO "YO  Root mean square error
0 "YO NashkSutcliffe coefficient
wO Volumetriefficiency
0 Simulated head
Q Observed head
0 Mean of observed head
0 Simulated flow
0 Observed flow
£ Number of records
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The criteria to considbethethe model is sufficiently calibrated or not depends on the modelling objective and
remains subjective. In this study, for head observations, the model is considered sufficiemtOcai@rated if
andY 0 "Y'Op m For flow observatidhscalibrationagevaluated using thé)a metric for flow observations

with a range from 0 for poor fit to 1 for good fit. It is formiila¥e@ reencomehel Y @ilureo represent

useful evaluation wiié'O 1t (Criss & Winston, 2008¢ model is considered sufficiently caiflosa@edrid.

4.5.8.2. Steadystate Calibration

A steadgtate modetpresentheaverage state of an analysed systerafarehe Sardosteadystatemodel
was created using dverageof7 yearslataincluding infiltration rat®)  ¥treams stagedobserveuariables
Acalibrated steadiate model can lbgpful fdwo purposes: (a) gie the first indication of the calibration
parameters for the transient paodk(byan be used asiaditonditions for the sgimperiodn this study, the
steadystate calibration was performed for these two purposes.

4.5.8.3. Transierntalibration

A inup period is a period assigned prior to the transient model to remove the influence of the initial conditions
transient simulation. Thegpiperiod is recommended in cases of transient initial conditions known as dynamic cy
equilibrium nditions when the system (heads and flows) has a certain cycle that is repeated owgp time. The spin
period is to create these transient initial conditions by assigning arbitrary starting heads and running a model w
of cyclic stresses (e.glydaiweekly stresses) until the resulting heads come to cycli¢feuielibonrmet al.,

2015) Then the spip peapd headareused as initial conditions for the transient model. In this study, the daily
stresses of the first year of the transient model (1 October 2007 to 30 Septendogti2@efndassigned as

an arbitrargpinup period (number of stpesods 365and stress period lengtiday. The steaestate solution

heads were used as starting heads for-tiye sgiiod.

Transient model is created by introdutergabeally variablestem stresses to examine the sesieomses

over time. In this study, the transient model has a tot8\ymeie(lairbitrary sgiup year ¥ actualyeardrom 1

October 2007 to 30 Septembe). AbiAtemporal discretization of the transient model was discusse8.iB section
The values of the calibration parameters retrieved fromstiag¢estadiiyation were used as first indicators for the
transient calibration then waregeld manually (trial and error) to minimize the summary statistics and get the best
of the model.

4.5.9. Model Validation

Model validation is a {jgpadibration process to verify that the calibrated model is representative of the system and
increase theonfidencimthe model performance. There are three options to validate the yo()| ueitieer

different set of observation dategr(ilifferent time pespar (c) usganother dependant variable such as
concentrations or temperéfurderson et al., 20E¥)wever, recenfigme groundwater modeleirged out that

the data used in the validatioore valuable to be incorporated into the calibration to-uedyeness and

uncertainty of the calibrgbomerty & Hunt, 2040derson et al., 20th@)n to use for validafidrey argued that

different set of data or different time periods may contain infodiffetient\aispects of the modelled system and
usingthEnf or mati on for wvalidation wil |.Thmsopiniona®m cr ease |
followed in this stualythe data were used in the calipsatiomo validatioasperformed.
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4.5.10.Sersitiviy Analysis

Sensitivity analysis is to test how the model solution is sensitive to changes in one or more of the calibration pa
It is determined by selecting one calibration parameteiragits oladurgyincremdhtahilefixing all other

calibration parameters. Then the madelshiow how much it will be out of calibration by changes in the selected
parameter. All the calibration parametgisned iFablel weretested Additionallthe GNC packagaswv

deactivated to show its effect on thecaldmtatian

5. RESULTS

5.1. Driving Forces

5.1.1. Interception

Table2 shows the yearly interception rates per landcover cleesliedstilews the coverage of each landcover
class over the total catchment area. The interceptidiaba2e/efe multiplied by the covgragentagesf

Table, respectivelto get the final yearly interception rates per landcovablefadswWas noticed that the dry
yearssuch as 200Badhighefinal interception réteb9%bhan thevetyearssuch as 2010 and 2014 {4attd
5.22% respectively). This is due to the fact that in dry conditions, libescsatamtéshd will capture more
rainfaltompardto wet conditioi$ie overall final interception rate of the total perBd 208 6%, relatively
low de to the high coverage of the landcovegrelssbére soilwhich had low interception rates (4.5 to 8.5%).

Table2: Yearly rates of interception per landcover class

Estimated atescribed Retrieved frorassarmet al(2017)

insectiod.3.1.2
Year Grassbare soil Outcrops Q.ilexon Qpyrenaica Q.ilexon Qpyrenaica

soil on soil outcrops on outcrops

2008 5.73% 0.00% 53.75% 12.66% 53.75% 12.66%
2009 8.40% 0.00% 59.19% 9.23% 59.19% 9.23%
2010 4.55% 0.00% 52.50% 9.01% 52.50% 9.01%
2011 5.72% 0.00% 55.67% 6.43% 55.67% 6.43%
2012 6.84% 0.00% 50.88% 15.97% 50.88% 15.97%
2013 6.19% 0.00% 45.77% 9.76% 45.77% 9.76%
2014 5.23% 0.00% 53.50% 9.56% 53.50% 9.56%

Table3: Coverage tiielandcoveaslasgsoverthetotal catchment area

Landcover class Grass Outcrops Q.ileon Qpyrenaica Q.ilexon Qpyrenaica
bare soi soil on soil outcrops on outcrops

Coveragevertotal
catchmentarea  71.58% 2150% 1.57% 3.51% 0.34% 1.29%
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Tabled: Final yearly interception rates per landcover class over the total catchment area

Year Precipitatio Grass  Outcrops Q.ilexon Qpyrenaica Q.ileon Qpyrenaica Overall Interceptiol
(mm.yH bare soil soil on soil outcrops on outcrops rate (mm.yh
2008 542.31 4.10% 0.00% 0.84% 0.44% 0.18% 0.16% 5.74% 31.12
2009 317.22 6.01% 0.00% 0.93% 0.32% 0.20% 0.12% 7.59% 24.07
2010 744.14 3.26% 0.00% 0.82% 0.32% 0.18% 0.12% 4.70% 34.94
2011 440.83 4.09% 0.00% 0.87% 0.23% 0.19%  0.08% 547% 24.10
2012 336.54 489% 0.00% 0.80% 0.56% 0.17% 0.21% 6.63% 22.19
2013 671.52 443% 0.00% 0.72%  0.34% 0.16% 0.13% 577% 38.77
2014 725.92 3.74% 0.00% 0.84% 0.34% 0.18% 0.12% 5.22% 37.92

5.1.2. Potential Evapotranspiraffop}

5.1.2.1.CropCoefficient()

Theb andv were calculated as described in sdc8chénd4.3.2.5Tables andTables show the montily
values for all the landcover classes, respectively. It was noticedvilaethfor the Q.ieae higher
thantheQ pyrenaicitcom November to Maas in this period, they@naicis leafless which will transpirg less
while from June to Septemberfor Quyrenaics higher than Q.jlkich match with the resuReyésAcosta

ando

& Lubczynski (201Bhey concluded that in the dry season, the average tnatepifati@yrenaicél.19

mmday?) is larger than Q.ilex (0.83lay#. Finally) andd weresummetb get the final values for each
landcover clgss shown ifiable7 andFigurel 3

Tableéb: Monthly values of the landcover classes

Month Grasdbare Outcrops Q.ileon Qpyrenaica Q.ileon Qpyrenaican
Soil Soil on soil outcrops outcrops
October 2009 0.14 0.07 0.08 0.07 0.04 0.03
November 2009 0.04 0.02 0.02 0.02 0.01 0.01
December 2009 0.07 0.03 0.04 0.03 0.02 0.02
January 2010  0.06 0.03 0.04 0.03 0.02 0.01
February 2010 0.10 0.05 0.06 0.05 0.03 0.03
March 2010 0.39 0.20 0.24 0.20 0.12 0.10
April 2010 0.39 0.20 0.23 0.20 0.12 0.10
May 2010 0.29 0.14 0.17 0.14 0.09 0.07
June 2010 0.35 0.17 0.21 0.17 0.10 0.09
July 2010 0.33 0.16 0.20 0.16 0.10 0.08
August 2010 0.05 0.03 0.03 0.03 0.02 0.01
September 201( 0.21 0.10 0.12 0.10 0.06 0.05
Tables: Monthly  values of the landcover classes
Month Grasdbare Outcrops Q.ilexon soil Qpyrenaica Q.ileon  Qpyrenaican
soil on soil outcrops outcrops
October 2009 0.11 0.06 0.35 0.27 0.35 0.27
Novembet009 0.33 0.16 0.60 0.44 0.60 0.44
December 2009 0.41 0.21 0.77 0.54 0.77 0.54
January 2010  0.36 0.18 0.67 0.52 0.67 0.52
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Month Grasdbare Outcrops Q.ilexon soil Qpyrenaica Q.ileon  Qpyrenaican
soil on soil outcrops outcrops
February 2010 0.52 0.26 0.69 0.61 0.69 0.61
March 2010 0.63 0.31 0.87 0.82 0.87 0.82
April 2010 0.71 0.36 1.04 1.00 1.04 1.00
May 2010 0.64 0.32 0.95 0.95 0.95 0.95
June 2010 0.46 0.23 0.80 0.85 0.80 0.85
July 2010 0.24 0.12 0.54 0.62 0.54 0.62
August 2010 0.02 0.01 0.27 0.38 0.27 0.38
September 201C 0.07 0.03 0.31 0.33 0.31 0.33
Table7: Monthly values of the landcover classes
Month Grassbare Outcrops Q.ileon soil Qpyrenaica Q.ilexon  Qpyrenaican
soil on soil outcrops outcrops
October 2009  0.25 0.13 0.43 0.34 0.39 0.31
November 2009 0.36 0.18 0.62 0.46 0.61 0.45
December 2009 0.48 0.24 0.81 0.57 0.79 0.56
January 2010 0.42 0.21 0.70 0.55 0.68 0.53
February 2010 0.62 0.31 0.75 0.67 0.72 0.64
March 2010 1.02 0.51 1.11 1.01 0.99 0.92
April 2010 1.10 0.55 1.28 1.20 1.16 1.10
May 2010 0.93 0.46 1.12 1.09 1.04 1.02
June 2010 0.81 0.41 1.01 1.02 0.90 0.94
July 2010 0.57 0.28 0.73 0.78 0.63 0.70
August 2010 0.07 0.04 0.31 0.41 0.29 0.39
September 201C 0.27 0.14 0.43 0.43 0.37 0.38
1.4 0.0
1.3 1.0
1.2 2.0
1.1 4 3.0
1.0 4 40 F
0.9 . 5.0 -g
0.8 60 £
D 07 70 T
eV [s)
N 8.0 =
0.6 1 9.0 &
8-2 ] 1005
3 11.0 §
0.3 120
0.2 13.0
0.1 14.0
00 T T T T T T T T 150
00"09 $o“'0q 060,09 o Qe‘o'\/ \4\’6‘:\’ p&?‘A i \0“'\’0 \0\"&0 P‘o%'\p e?
@ Precipitation —&— Grass \ Bare_soil —&— Outcrops

—@— Q.llex on soil

—a— Q.pyrenaica on soll

--=%--- Q.llex on outcrops

— @ - Q.pyrenaica on outcrops

Figurel3 Monthly for different landcover classes.
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5.2. Calibration Results

5.2.1. SteadyState Calibration

The distribution of the flow parameters, including thedd  were exported from the stetadg calibrated
modelThese parameters distributions were used as starting values for calibrating the transient model. Also, the
state model gave the final values of the unsaturated flow paranfeter& andQ ) which were used in

the transient moddéhweverpof cases with complex sudemendwater interaction or high temporal variability of
system dynammsch as this study gabe steadstate solution cannot reflect any useful conclusions, regarding the
representation of the system dyremmiagas confirmed by similar studies &kZelzairy et al. (20IB)e

results of the steadgite calibration were not presented herein, deattsiidigniationand limited relevance of

the modelling stieppresent all the results.

5.2.2. Transient Calibration

The transient calibration was the mestrisnening step in this stidy example, one rumefyears model

took around 112 hrs, using a powerful laptop (intel edite giéneration processor agigh®it memoryhe

entire calibration process (waiting for the modeifinialéo comparigthe simulated values to the observed
valuesand checking the e o r s &n) aaschadlenging and tiomsuming in this study. Additionally, there was
a problem in the current version of MODBFOBW O run long transient models due to a UZF memory leakage
bug. After contacting the USGS team of MODFLOW 6, thehisqmibtnrer@pdthenthey providednew
versionvkmf6.}, which fedthis bug and the modelsuccessfulljhe new version is the one expected to be
released for public use by the end of 2020, but it was provided to me earlier to baeddé dodifimisie this

study on tim&he results of the transient roalilelatioare presented in the following sggti®1305.2.5.

5.2.3. Calibrated Parameters

TableB shows the range of the calibrated parametdfigurile Figurel5andrFigurel6show the spatial
distribution 0fg U, "Y,and’Y for both layers.

TableB: Calibrated parameters values

Parameter Range Model package

0 Horizontal hydraulic conductivity  0.005 0.1 NPF [m.day]
0 Vertical hydraulic conductivity 0.0005 0.06 NPF [m.dayj]
0 Vertical saturated hydraulic conduc 0.0005 0.06 UZF [m.day]
0 Streamso6 bed hy(0.00050.06 SFR [m.day]
0 Drainbds bed hyd10.01 0.06 DRN [m.day]
©£ &£ 'Q Drain conductance 1.5i 460 DRN [me.day]
Y Specific yield 0.01 0.06 STO [

Y Specific storage 1067 10° STO []

— Residual water content 0.05 UZF [P.m?3
— Saturated water content 0.4 UZF [E.m3]
— Initial water content 0.15 UZF [E.m3]
— Extinction water content 0.05 UZF [E.m3]
Q Surface depth 0.25 UZF [m]
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Kh-zones Layer-1 (m.day™) Kh-zones Layer-2 (m.day™)
I 0.005°  0.015  0.06 [N 0.1 I 0.005  0.02 77 0.08
[ o.01 0.02 [ 0.08 M o0.015  0.06 N 0.1

Figurel4 0 of both layers

Kv-zones Layer-1 (m.day™) Kv-zones Layer-2 (m.day'1)
[ 0.0005  0.01  0.03 M 0.06 I 0.0005 0.01  0.03 [ 0.06
[ 0.001 0.02 [ 0.05 [ 0.001 0.02 [ 0.05

Figurel5 0 of both layers
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Sy-zones Layer-1&2 (-) Ss-zones Layer-1&2 (m™)
I 0.01 0.05 M 0.07 I 10 5*10° M 10°®
[ 0.031 " 0.06

Figurel& Y and’Y of bothayers

5.2.4. Calibrated Groundwater Heads

Figurel 7andFigurel8show the graphical comparison (a scatter plot and the residualespersipdhys
between the simulated and observed heads of the 14 observation points during the enftablectielperiod.
the ranges of the summary statistics for each observation individually and the overall statistics for the entire mc

Tabled: Summary statistics ranges

Observatior 0 0 @m) YO "Y{@) Numbeof records 820 -

PGBO 068 082 1501 R?=0.9994 oo
810
PGJO 0.8 0.91 2169 .o &S
PGJTMO 0.3 0.2 297 Cheal @
PMU1 0.80 0.8 2502 7907
PPNO 038 046 870 3 780 ‘.--‘
PSDO 063 080 1841 © 770 4 o
> o
PTB2 0.81 0.8 703 E 760 -
PTM1 039 046 741 e .’
PTM2 0.51 066 1020 o
W1 PCL7 0.8 0.® 1461 01
W1_PN 039 0.2 1461 730 ———
W1_SD 0.80 0.9 1466 730 740 750 760 770 780 790 800 810 820
W1_TB 016 019 1465 Observed heads (m)
W2_PCL7 0.3 0.8 1462 Figurel 7 Scatter plot between observed and simeiated

Entire mode 0.5 0.68 18959 forthe entire model period
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Figurel8 Simulated heads versus observed heads for the 14 observation points, showing théhecsida@efriits observation points in the studyearea
shown ifigurel.
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In general, there is a good match between the observed heads and the simulatéd hé¥@3 tlow enatiire
model is 0361, where the individdal "Yi®in the range of@o 0.98 m. Aldeigurel7shows a high coefficient
of determinatid®? € 0.99 which indicates good calibration.

5.2.5. Calibrated Streamflow

The calibration of the streamflow at the catchment outlet was restricted to low flow cohditi2826< 145 I.s
me.dayt), mainly because the flume capacity wasdtbthe records higher than 14&é.svith high uncertainty
as described blassan et al. (20Jyurel9shows the graphical comparison between the observed and the
simulated streamflow at the catchment waetlsib noticed that the minimum simulated streamflow during the
entire model is ardud00 r.day: (~561.s1) acts as basefloriqurel 9b). They etween simulated and

observed streamflow is 0.48 (almost acceptable ~0.5).

Figurel9 (2)4000 0
Simulated versus
observed 3500 1 10
streamflowt the | 3 3000 - - 20 =
catchment outlet | & L 30 8
(a) showing all S 2500 H L 40 E
simulatetlow 3 2000 o =
values including t; S
high and low % 1500 - 60 £
flows and (b) = 70 8
showing onlgw % 1000 - [ g0 T
simulatetlovs (< 500 - %0
12.528 * 1000
me.dayt, for 0 - - 100
calibration Oct-07 Oct-08 Oct-09 Oct-10 Oct-11 Oct-12 Oct-13 Oct-14
purposes). = Simulated flow ====QObserved flow === Precipitation

(b)

Oct-07 Oct-08 Oct-09 Oct-10 Oct-11 Oct-12 Oct-13 Oct-14

Streamflow (*1000 raday?)

= Simulated flow ===Qbserved flow
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5.3. Water Balance

The daily water balandeotfithe land surface and the unsaturatedzoredl athe groundwater zpnere
exported from the MODFLOW/iifiles.These dailsates wereaveragdto yearlyates, as shown ifiablelQ,
representing the contribution of each component of the system in the water balarere. Sttt tivey in the
water balance equations as described iMsé@&ibablel landFigure20show the mean water balameethe
total model simulation period-@REpf each z@nseparatelthe land surface and the unsaturated zone (Eq
(29), the groundwater zone (&), and the entire catchment(2By).

The main input to the catchisi@rt 539.5nm.yt, while the outpate:'O ¥ 66.26 ofd, 1} =31.86 of, and
negligiblg =0.1% ob. It was noticed that the main outpi¥ssibstantially larger thavhich was expected as
the streamflow is intermittent in WLESs such as the Sardon caf€hirdensigikeffvecomponentiyosurface
component® =8.5% ofO "YY "O=10.4% ofO "Yand hreesubsurface compone®tsy=665%0f0 “YO "Y=

1%% ofO "YandO w "Q=0.1% ofO "Mt was noticed that the subsurface components contribute @6 to total
(805% ofO "Mhanthesurface componeritker) consists of three componévt® O w "Q = % of, and)

= &b off}. TheY "GandO w "Q bothltogether represents the overlandifiber thathe base flofy ), which was
expected as the main source of the stream flesvdgndllas the Sardon catchment is the overland flow.

For the unsaturated zone, the main Ing@%ig% af), significantly high due to the low valie§s@®b6 ofd).

The reason for such'@wrate is due the high coverage of the landcover classShgrasoil, 94% of total
catchment area) which halowates, as shown in sedidnl Addtionally, the unsaturated zone received more
water from thé'0 'O 6 "Y(10.360f0 and 22.4% & O 'O & "Q, which eliminate the rejected infiltration as an
output from the unsaturated Zae€ “Yhighly contribdt the tot& "¥66.5% dD “Mwhich shows the advantage
of the IHMs over the standalone models to better simulategreaiadieter interaction, considering the
unsaturated zone fluxes which highly affect the total water balance and the rechadigddisaifalge con
groundwater zone, especially in WLEs.

For the groundwater zone, it was noticedabaiféndthdifferent responses according to the dry/wet years. For
example, in 2009 and 26k8nd wasrelatively low (317.2 and 385/t respectivelythe aquifer represented
discharge conditioiYs biad negative values), while in 2010 and 200 4vasigigh (744.1 and 72591yt
respectivélythe aquifer represented recharge contlitibad positive valuggjditionallyhese recharge raites

the wet years reenot hig{8.86 ofY ) which indicates that the water resources to therelguifedThe main

output from the groundwaterig@ne "Q(69% ofY ), whiclindicate the significance of this process.
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TablelQ Yearly water balance of each system component as describddiid seatibrhydrological year starts from 1 October of the previous year and ends at 30
September ofdthyear, positive and negative signs are accioiagiaie?0-(25), all values are in mrh.yr

3 4

vear |t ol b rd fd 4L {4k refll 4t el :{IF" L] I R :IPI A al| 4 rel 4. W, Yy Wi
2008 542.31 31.07 511.24 415.08 301.41 88.61 2591 046  62.70 89.67 42.93 0.54 0.68 1566 14.98 109.44 124.2 140.90 56.22 90.13 546 -21.59 21.14 -0.46
2009 317.22 24.03 293.18 267.46 187.52 38.16 15.04 0.34 23.13 66.28 27.38 045 0.86 13.06 1220 62.04 7424 100.80 40.53 66.63 -6.35 7.20  19.17 26.36
2010 744.14 34.91 709.23 446.85 294.20 167.80 55.29 0.60 112,51 191.97 77.34 0.49 0.84 14.96 14.13 227.15 241.8 276.55 61.84 19258 22.13 -46.51 -7.56 -5406
2011 440.83 24.07 416.75 301.03 184.13 89.67 37.29 056  52.38 176.57 70.76 0.45 0.67 1542 1475 15820 172.8 248.62 54.98 177.13 16.51 3550 -1.23 34.27
2012 334.54 22.18 312.36 274.73 217.82 29.20 7.75 029 2144 36.04 17.45 041 0.86 11.16 10.29 40.15 5045 56.35 26.69 36.33 6.67 -2581 17.31 -8.50
2013 671.52 38.77 632.76 379.98 237.39 14550 47.61 061  97.89 16573 63.76 0.51 0.79 1579 1500 199.87 214.8 249.18 55.60 166.34 27.25 6291 -11.8 -74.7
2014 725.92 37.86 688.05 412.94 238.20 207.88 71.25 0.69  136.64 248.46 91.17 0.61 0.60 17.34 16.73 294.00 310.38 347.65 64.94 249.15 3357 1592 -162 -0.26
Mean 539.50 30.41 509.08 356.87 237.24 109.55 37.16 0.51  72.38 139.25 55.83 05 0.76 14.77 1401 155.84 169.8 202.87 51.54 139.76 11.57 -14.03 2.97 -1106
Min  317.22 22.18 293.18 267.46 184.13 29.20 7.75 0.29 2144 36.04 1745 041 060 11.16 1029 40.15 5045 56.35 26.69 36.33 -6.67 6291 -162 -74.7
Max  744.14 38.77 709.23 446.85 301.41 207.88 71.25 0.69  136.64 248.46 91.17 0.61 0.86 17.34 16.73 294.00 310.3 347.65 64.94 249.15 33.57 3550 21.14 34.27

Tablell Mean water balance over the total model simulat{@0q#0dd pf each system zone separately, positive values indicate inputs to the zone and negative

values indicate outguen the zonall values are in mrh.yr

It

Zone | L g4 4 4 E rell 4 A\l 4v A al | i | rell Y 9 In Out In-out  Discrepancy
Land surface and
unsaturated zone 509.1 -237.24 -1M55 55.83 -20287 -1403 564.91 -56368 123 0.2%
Groundwater zone 050 076 -1477 20287 5154  -13976 297 20287 20284 003  0.01%
Egttéﬁment 539.5 -35687 050 -16985 1106 539.5 5327 123  023%
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I:l Unsaturated zone

Saturated zone
RI* - 37.16 L
- Streams
RI"=72.38

Exfy,*=10.51 || Fractures

Exfy,’ =139.25

Figure2Q Mean water balance of the entire catohendhé total model simulation period it mm.yr

5.4. SpatiaDistribution of Water Fluxes

The spatiaistributioof thevater balance components (fhate) was extractéubm the model outgatswo
hydrologicgikars: 2009 (dry year with317.2)and 2010 (wet year with744.1)Only the groundwater zone

fluxes'Y , O w "QO"YandY ) areshown ifigure2landFigure22due to their importancetardsizéimitation

to show all othfegureslit was observed that theverehigh(>200 mm:)inthe drainage areatfg th&ardon

river and its tributaries) due to shallow water table anddhi®feults netwiarkhose areaAlso, the north

western and sowthstern parts of the catchment had significawtl§iungls, most likely due tiv fla slopes

The lowy fluxes were spread in the entire catchment, mainly in the areas characterized by hillgtsloges or the e
of the outcrops which are imperni¥ali@010vas higher tmaY in2009, which was expected as 2010 is a wet

year, so the groundwater zone received more water.

ConsiderinpeO w "Q it was noticed that it almost followed the tame@a, high fluxes at the naréstern
and soutbastern parts of the catchment, and in the drainage areas where the water @5Mvisrshzitibmwn

the drainage areas due to shallow water table conditions and relatively high extinction depth (existence of the t
species, with extinction depth = 3.7 m).

The spatiglistributioof'Y is affected by the spdiistributioof'Y ,’O @ "QandO Y'Y was observed with

positive values (recharge areas) in theesigin part of the catchment, while it had negative values (discharge
areas) in the southern part of the catchment, and in the drainagede&@ant€réYare relatively high. in

2009 was lower thénin 2010, which was expected as 2009 is a dry year, with hiQhufl@Qesdaf Y

relative to low fluxe¥'gfand therefore, the discharge &rea®) in 2009 are mdian in 2010.
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Figure22 Spatiatlistributioof the groundwater zthwes (model outpddr the hydrologigear 2010: (&), (b)
Ow™Q (c)O"Yand (d)Y .
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