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Abstract

In arid regions, mountain catchments are the megmtributor to the total natural water
yield. Due to generally low groundwater tables, suface underflow - referred to as
mountain-front recharge - is important in distinatito the surface runoff at the mountain
front. The extent of the groundwater basin is hgretben vague. Approaches to assess
mountain-front recharge are mostly based on groateiwdata and integrate over time and
space. This, however, cannot provide prognostictamd-dependent estimates of subsur-
face inflow to the adjacent alluvial basin aquif@onsequently, the proposed strategy
builds on rainfall based approaches. Temporal gatiad resolution is in this case mostly
limited by data scarcity regarding hydrological &dweristics of the catchment area and
high-resolution rainfall data.

The proposed novel strategy combines three appesath tackle these challenges. A
newly developed conceptual hydrologic model prositiene-dependent estimates based
on fully distributed monthly rainfall. For distincesponse units and seasons, non-linear
relationships between rainfall and recharge desdtie hydrogeologic response. The deri-
vation of the response functions is based on a thalssice and considers the principal
recharge mechanisms. Parameterisation makes wseitdible expert knowledge on geo-
morphology and seasonal rainfall characteristics.aA efficient tool to assess uncertain-
ties, fuzzy arithmetic is used for complementarggiderm average water balance esti-
mates. This technique allows considering fuzzinessinfall input, crop water use in
mountain oases, and best available assumptionsabrange as portion of rainfall. Uncer-
tainty regarding the potential, albeit unknown extef groundwater basins is portrayed
based on continuous surfaces which represent thee®f membership to a distinct geo-
graphical entity (termed as fuzzy regions). Didtsubsets of these fuzzy regions represent
potential groundwater basins for water balancessssent.

The proposed strategy was applied on the large soahn arid karst mountain range in
northern Oman. The two complementary assessmenbagpes result in similar ranges of
values. They are in good agreement with inversemputed inflow to a steady state
groundwater model for the adjacent basin aquifee fiesults of the conceptual hydrologic
model are confirmed by the plausibility of averageharge rates for distinct response
units and seasons. This shows that less intensternwainfall contributes mainly to
groundwater recharge. Uncertainties due to the e&gtient of the groundwater basin are
about 30 % of the total mean annual value. An opt®m mitigate this uncertainty is the
complementary consideration of adjacent aquifetesys in future studies. Hydrogeologic
survey and observation of groundwater levels indlhevial basin aquifer in near distance
to the mountains is a way to underpin these finglimgfuture studies. This recommend-
dation applies not only to the discussed study,drefialso to mountain block systems in
general.



Kurzfassung

In ariden Gebieten haben Gebirgseinzugsgebiete eugsentlichen Anteil am gesamten
natirlichen Wasserdargebot. Aufgrund i. Allg. tiefgender Grundwasserspiegel ist — in
Abgrenzung zum Oberflachenabfluss am Gebirgsramdich der unterirdische Abstrom
(mountain-front rechargevon besonderer Bedeutung. Die Ausdehnung desiugitehen
Einzugsgebiets ist dabei oft vage. Ansatze zur Afizting desnountain-front recharge
basieren meist auf Grundwasserdaten und integri@refeit und Raum. Damit kbnnen
allerdings keine prognostischen oder zeitabhéngigematzungen fir den Zustrom zur
benachbarten alluvialen Aquifer gemacht werden.eDakird im folgenden ein nieder-
schlagsbasierter Ansatz vorgeschlagen.

Das vorgeschlagene neue Konzept kombiniert dreié#kes um den genannten Heraus-
forderungen zu begegnen. Mit einem neu entwickekenzeptionellen hydrologischen
Modell auf Basis verteilter Niederschlage werdemattiche Werte fiir die Grundwasser-
neubildung bereitgestellt. Es basiert auf nichédiren Beziehungen zwischen Nieders-
chlag und Grundwasserneubildung fur definierte blgdyisch homogene Einheiten und
Jahreszeiten. Deren Ableitung basiert auf einersiglasilanz und berucksichtigt die we-
sentlichen Neubildungsmechanismen. Die Parametrigiebasiert auf Expertenwissen zu
Geomorphologie und NiederschlagscharakteristikazyuArithmetik wird zur Bertck-
sichtigung von Unsicherheiten in einer ergédnzennsgtileren jahrlichen Wasserbilanz
verwendet. Damit kénnen Unscharfen im Niedersclvggs, beim Pflanzenwasserbedarf
in Gebirgsoasen und best verfigbaren SchatzungeNeaiéildung als Bruchteil des Nie-
derschlags effizient bertcksichtigt werden. Mittktmntinuierlicher Oberflachen, die den
Grad der Zugehorigkeit zu einer bestimmten geodsapbn Entitat anzeigefugzy regi-
on9 werden Unsicherheiten in der raumlichen Ausdenier unterirdischen Einzugsge-
biete beschrieben. Definierte Teilmengen didsery regionsverden dann bei den Was-
serhaushaltsbetrachtungen als potentielle Gruneneisgugsgebiete verwendet.

Der vorgeschlagene Ansatz wurde in einer arideits teerkarsteten Gebirgsregion im

Norden des Sultanats Oman angewendet. Die beidénesgdnzenden Ansatze zur Ab-
schatzung der Grundwasserneubildung ergaben inlamgen Mittel vergleichbare Wer-

te. Diese stimmten auch gut mit den Ergebnissesr @mversen Grundwassermodellierung
Uberein. Die Plausibilitdt der Neubildungsraten EHa@stimmte hydrologisch homogene
Einheiten und Jahreszeiten spricht fur die Veriélskeit der Ergebnisse des konzeptionel-
len hydrologischen Modells. Offensichtlich tragersbhesondere die weniger intensiven
Winterniederschlage wesentlich zur Grundwasseridwiyg bei. Die Unsicherheiten be-
zuglich der Ausdehnung des Grundwassereinzugsgebeataufen sich auf ca. 30 % des
mittleren jahrlichen Dargebots. Die komplementaedr8chtung benachbarter Grundwas-
sereinzugsgebiete ist ein denkbarer Weg, diesecbadieit in Zukunft zu reduzieren. Ein
wesentlicher Beitrag um die Ergebnisse dieser 8tudkunftig weiter zu untermauern
waren hydrogeologische Erkundung und BeobachtungGmundwasserstidnden im alluvi-
alen Aquifer, insbesondere nahe dem GebirgsrandseDEmpfehlung gilt Uber dieses
Fallbeispiel hinaus fur vergleichbare Systeme, @mah ein Gebirgseinzugsgebiet den
Aquifer in der angrenzende Ebene speist.



,You will never miss the water,
until your falaj runs dry.”

. (Dr. Slim Zekri)
“The real voyage of discovery

consists not in seeking new landscapes,
but in having new eyes.”

(Marcel Proust)
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1 Mountains — ‘water towers’ for water resources sysms in arid re-
gions

“Mountains of the world, water towers for humaniig’the heading of a paper, which fo-
cuses on the global importance of mountain catchsresfreshwater resources (Viviroli et
al., 2007). Higher precipitation due to orograpbkftects, lower potential evapotranspi-
ration (ETP) and relatively high recharge rateseiation to precipitation due to shallow or
even absent soils and fractured bedrock are the meaisons, why mountain catchments
generally yield more water than the adjacent bpm. In arid regions, a limited natural
water yield due to generally scarce rainfall meghwa continuously increasing water de-
mand for agriculture, industries, and urban watgupsy. Thus, the yield of mountain
catchments is often crucial for water resourcesagament.

The total yield can be subdivided into surface anldsurface shares. Their relative pro-
portions depend on the characteristics of the studg. Besides, these water balance vari-
ables differ regarding relevant time scale (sirglents or (long-term) water balance con-
siderations) and process dynamics. Depending omsttity area, surface drainage basins
and underground catchment areas can differ as Walls, with respect to their assessment,
a clear distinction is reasonable.

The subsurface runoff components at the mountamt fare often referred to as mountain-
front recharge (MFR). According to Wilson and Ga@04), it is an important, if not pre-
dominant source of recharge to the adjacent basiasid and semiarid climates. Simul-
taneously, it is the least well quantified. The mfifecation of its current rate is a prerequi-
site for an efficient and sustainable groundwateanagement. Hence, reliable assessment
approaches are urgently needed.

Varying groundwater use implies the need for tramisgroundwater management. Conse-
guently, time dependent inflow boundary conditi@me required. Moreover, prognostic
rainfall-recharge relationships are desirable gess the impacts of climate change. These
two aspects indicate the use of rainfall basedsassent approaches. However, the avail-
ability of respective studies is very limited. Ras#h in this field is challenged by the size,
complexity and accessibility of mountain systemddiionally, the availability of data in
an appropriate temporal or spatial resolutionliméing factor.

The determination of the relevant catchment ardhesstarting point of any hydrological

analysis. Especially in arid regions with rechacgatrolled water tables, regional ground-
water flow across surface drainage divides is comr(®leeson and Manning, 2008).

Hence, groundwater basins are often subject toiderable uncertainties. As a conse-
guence, this issue has to be addressed in assd4ERg



Against this background, the focus of this thesithe rainfall based assessment of moun-
tain-front recharge in the context of integratedtevaesources management (IWRM).
Though, the calibration or validation of respectaygproaches has to consider the water

resources system as a whole, including the groutedvgairface in the adjacent alluvial
basin aquifer.



2 Mountain hydrology and water resources assessment

2.1 Mountain hydrology and mountain-front recharge

Figure 2.1 illustrates a so called mountain blogétem consisting of the mountain block

and an adjacent alluvial plain. Herein, the mountdock is defined as all the mass com-
posing the mountains, including vegetation, saddiock (exposed and unexposed), and
water. The mountain front zone is the not exactyired transition zone between the

mountain block and the basin plain (Wilson and Grz&04).

Figure 2.1: Schematic diagram showing hydrologjcdistinctive units of the landscape in map vieyvaad
in cross-section (b). The cross section also shanisus groundwater flow paths in the mountain kloc
(Wilson and Guan, 2004).

The total of the subsurface and near-surface whabegs entering the basin aquifer in the
mountain block or in the mountain front zone iseoftermed mountain-front recharge
(MFR). The main components are illustrated in FegRr2. The near-surface component is
the water flowing in alluvial channels or fans vehdubsurface flow comprises the ground-
water in the mountain aquifer after (deep) percmhatin the context of groundwater mod-
elling, MFR can also be seen as inter aquifer flan the mountain aquifer to the alluvial
basin aquifer.

Precipitation is the most important control on MHARIs related to elevation, relief and
orientation of the mountain. Winter precipitati@primarily responsible for MFR. Perme-
ability of soils and bedrock in the mountains af$ethe way in which MFR occurs, as well
as the rate and volume of recharge. The proporidmeear-surface or subsurface inflow
depend on the topography of the mountain. Fin#tg,stratigraphy of the mountain front
deposit controls the distribution of recharge ia@p(Lerner et al., 1990).



Figure 2.2: Schematic diagram illustrating MFR comgnts. FS = focused near-surface recharge,
DS = diffuse near-surface recharge, FR = focusbdwstace recharge, DR = diffuse subsurface recharge
(Wilson and Guan, 2004)

Evapotranspiration (ET), i.e. the moisture trangfem bare soil surface (evaporation) and
from vegetated surface (transpiration) is an impariaspect. In water resources assess-
ment, the actually removed amount of water is oihmaerest. However, data about this is
usually not available. Its measurement at site efample based on the eddy covariance
method carried out by Canton et al. (2010), is dempuncertain and costly. Conse-
quently, assessment of actual evapotranspiratidg.{g is a main issue in water balance
assessment at any scale. An important basis therefahe potential evapotranspiration
(ETP). This represents the atmosphere’s abilitgmove water from a saturated surface.

To date, the quantification of MFR is mostly lindtéo long-term average considerations
avoiding the complexity of the interacting hydralogrocesses within the catchment area.
With regard to an improved understanding of therautting processes, but also to quantify
the link between precipitation and recharge torisbounding the mountain front, Wilson

and Guan (2004) propose a comprehensive integegteobach which is summarized un-

der the term mountain block hydrology. An importahtllenge in this regard is the link

between plot or hill slope scale and the entire mt@in block in time (see section 2.2.1)

and space (representatively of site-specific expental data on the catchment or regional
scale). Amongst other things, this complex appraacts at predicting the impact of water

use, land use change, or climate variability on M&tes.

The definition of MFR excludes surface runoff aé tmountain front, which is likewise
generated in the mountain catchment. Its propaatiorfiltration during runoff on the ba-
sin plain is another important mechanism regardeaparge to the alluvial basin aquifer.
In the context of hydrological modelling, the imfdtion of surface runoff during runoff
routing is termed as transmission loss (Wheater ArAd/eshah, 2002). From the view-



point of groundwater management, it can be segotential indirect recharge (de Vries
and Simmers, 2002; Lerner, 1997). As illustrate#figure 2.3, it occurs both in the moun-
tain block and on the basin plain. The ratio of M&RI surface runoff at the mountain
front can differ considerably, depending on therblabical setting of the respective study
area.

The links between those two water balance variahtesrunoff generation (division of
rainfall into initial losses, infiltration and efféve precipitation B) and transmission
losses (division of & into potential indirect recharge and surface rfndh Figure 2.3,
the first aspect is illustrated by the first bramghof ‘precipitation reaching the surface’.
Transmission losses are represented by infiltraéiftv@r a lateral movement, which is la-
belled asRunoff and Interflow’
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A main difference in the subsequent routing is tdraporal dynamic. MFR and indirect
recharge subsequent to surface runoff at the moufrtnt show different response times
from rainfall to entry into the saturated zonelof djacent alluvial aquifer. While the time
scale of flash flood runoff is minutes or hoursygodation, retention in the mountain aqui-
fer and subsurface flow rather extends over daysiths, or even years. Moreover, MFR
is a lateral inflow from the mountain front zonetb@ basin aquifer, while surface runoff
induces a lateral movement. Subsequent transmikseas (or potential indirect recharge)
often occur only far downstream to the mountaimtfrmone. Thus, the groundwater surface
in the basin aquifer is the integral result of eiéfnt processes and mechanisms over differ-
ent temporal and spatial scales.



Table 2.1: Characteristics of the two main watdatee variables related to the mountain front

, empirical relevant adequate tempo-
variable | reference area . promoted by ! '
reference time scales spatial resolution
(surface) drain- . low infiltration rates, neces_sanly
Quwadi - stream gauging event . ) . . very high
age basin high rainfall intensity .
(minutes, hours)
roundwater GW surface in event, high infiltration rates, davs. months
MFR gasin alluvial basin season, low to med. rainfall e;ré ’
aquifer years intensity y

Table 2.1 summarizes the characteristics of surawweff discussed above at the mountain
front and MFR. On this basis, it is reasonablegseas these variables separately. In sec-
tion 2.3, various approaches to assess groundvetiearge are discussed. It includes more
or less process oriented integrated approacheshvefliow assessing both variables sepa-
rately and also approaches which integrate in tmea space.

2.2 Essential aspects to advance mountain hydrology

2.2.1 Rainfall characteristics and options for data accgiiion

Rainfall distribution in time and space is the mimsportant driver of hydrological proc-
esses. In arid regions, it is generally charaatdrisy a rare, erratic occurrence. If rainfall
occurs, it results in a very high variability inage (Lange et al., 1999; Warner, 2004,
Wheater and Al-Weshah, 2002). Therefore, the amalysrainfall-runoff processes de-
pends on the availability of monitoring data in awpropriate spatio-temporal resolution.
Observed rainfall without observed runoff in thejonavadis can be explained by trans-
mission losses after local rainstorms in minor wgtlerner et al., 1990). Observed runoff
without observed rainfall is often the case duéhlimited spatial resolution of the rain-
fall monitoring network (see section 5.7).

The effects of spotty rainfall, which cover onlyraction of the drainage area in the con-
text of hydrologic modelling, were investigated various studies. They outline the in-
crease of errors with decreasing density of the itoong network (Michaud and So-
rooshian, 1994; Osborn and Lane, 1972; WheateAhiWdeshah, 2002). According to the
last-named authors, the typical density of flagtodl warning systems is 1 station per 20
km2. On average, this results in errors of simadgteak runoff of more than 50 %.

So far, an area wide ground-based recording ohofturation rain storms in a spatio-
temporal resolution corresponding to the processanyc is limited to experimental
catchments like, for example, Walnut Gulch in AnadJSA. Rainfall radar is a useful
supplement to ground based rainfall monitoringvamious studies, it has been applied in
mountain catchments in both humid and arid regi@esrmann et al., 2006; Morin and

6



Gabella, 2007; Peleg and Morin, 2012). Morin ando&ha (2007) investigated radar
measurements under dry climatic conditions in Ishathin certain limitations, for exam-
ple distance to the radar station, they found thatapplied methods provided useful rain
depth estimates. More recently, cellular networlkseninvestigated as an advancing alter-
native (Chwala et al., 2012; Kraemer et al., 20U2sser et al., 2012; Rayitsfeld et al.,
2011).

An option for remote or poorly gauged regions & gatellite-based PERSIANN rainfall
estimates (Sorooshian et al., 2008). Since 2068 8eries in a temporal resolution of 6
hours are globally available. However, the spagablution is only 0.25°. Additionally, a
higher spatio-temporal resolutiobq = 0.04° andDt = 3 h) is available for selected areas
since 2006.

With regard to water resources assessment, thelimkage of temporal and spatial scales
is an important issue. Single, local events appether randomly within a time window of
a few years. On the long-term, they often resutypical cyclic patterns which are of vital
importance in water resources management (BrookStreen, 2000). Consequently, con-
clusions based on a narrow time window can be aulétg with regard to mid- or long-
term conditions.

The geochemistry and isotopy of groundwater ressuprovides information on moisture
sources or rainfall mechanisms, which are predontipaesponsible for groundwater re-
charge (Stanger, 1986; Weyhenmeyer et al., 200®)s,Tmonitoring and analysis rainfall
chemistry and isotopy is an important issue besideguantity in time and space.

2.2.2 Groundwater-surface water interactions and availéity of reference values

The effects of topographic and hydrogeologic cdatom groundwater flow in mountain-
ous terrain was investigated by Gleeson and Man(2008) based on three-dimensional
simulations of idealized multi-basin systems. Thaimmconclusions are shortly summa-
rized in Table 2.2. According to this, shallow or alled topography controlled ground-
water tables are promoted by high rates of groutelwacharge, low hydraulic conductiv-
ity and a low relief. In contrast, low rechargeglily permeable aquifers and a rough to-
pography lead to deep water tables. Local flow iegpthat the yield of a drainage basin
discharges at the outlet of this watershed in esmtio regional flow, where groundwater
flows from one surface watershed to another.



Table 2.2: Hydrologic controls and groundwater flommountainous terrain following Gleeson and Man-
ning (2008)

hydrologic controls promoted groundwater flow regim
. streamflow
- iti istics
recharge | tivity type depth| range | conditions
topograph local effluence
humid high low low POograpny | cpaiiow (‘gaining perennial
controlled flow ;
stream’)
arid low high rough recharge dee regional ir(l'fllclnjseigCe ephemeral
9 91 controlled P flow g P
stream)

The terms influence and effluence describe theioeldetween the water level of surface
water courses and groundwater surface next té tihel groundwater table lies above sur-
face water level, effluent conditions prevail. Tdgposite direction is termed as influence
or influent conditions. Figure 2.4 (left graphdpgtrates these distinct conditions. They
decide on the drainage direction from the groundwtat the surface water course (gaining
stream) or vice versa (losing stream).

In humid zones with predominantly effluent condio the gauged hydrograph of a (gain-
ing) stream represents the integral hydrologicoasp of its catchment area. Many hydro-
logic approaches are based on the assumption ahang stream. They are reaching from
hydrograph separation approaches, e.g. DIFGA (Saenet al., 1999), to conceptual hy-
drologic models, e.g. the HBV model (Bergstrom, 3)99n this perception, groundwater
recharge in the sense of water entering the satliraine, can be derived from the slower
flow components of the hydrograph. Water that dosscontribute to actual evapotranspi-
ration does, in either case, contribute to the bgdaph at the catchments outlet. For this
reason, the measuring cross section in the Wemehsbxperimental catchment, 25 km
southwest to the city of Dresden/Germany, was gupdpwith an underflow barrier to
really ensure effluent conditions.

In arid zones, generally deep lying groundwatelesprevail. Consequently, influent con-
ditions are predominant (see Figure 2.4). Thus,résponse of a mountain catchment is
divided into (subsurface or near-surface) mountaint recharge and surface runoff in a
(losing) wadi channel. Further downstream, thesepmments either contribute to indirect
recharge or they discharge to its recipient. Assailt, in contrast to effluent conditions, not
only the surface runoff hydrograph reflects thesiiatting hydrological processes in the
respective catchment, but especially the groundwaigle in the alluvial basin aquifer
does so. Stated more generally, under influent ibond, a surface runoff hydrograph
alone is an appropriate reference for rainfall-féan@odelling in a narrow sense, aiming at
surface runoff at the catchment’s outlet. Calilinator validation of water balance ap-



proaches concluding on effective infiltration arnctual evapotranspiration, however, re-
quires basically information on the actual grounthwaesponse.

Mostly, these references are limited to long-tesarages (see section 2.3). An empirical
database to evaluate the time dependent rechatigeatss is, eventually, only the ob-
served groundwater surface within or in an adeqdastance to the mountain front zone.
As Figure 2.5 shows, the empirical data base istafobserved groundwater levels. In
contrast, the output of a rainfall-recharge-relagiup is a flux of water. Consequently, the
observed changes in groundwater levels have toabeferred to fluxes by the use of ap-
propriate models. The latter in turn require hy@mlggic survey.

/\Bmw /-\

stage

Ground surface
— e —

o /

Figure 2.4: Left: Groundwater - surface water iattions (Fetter, 2001); A: Cross section of a gajni
stream, which is typical of humid regions, whereugrd water recharges streams. B: Cross sectioosf a
ing stream, which is typical of arid regions, wheteams can recharge ground water. Right: Infi¢tra
deep percolation and recharge - modified after &e(h997)

Thus, the calibration or validation of time-depemdapproaches to assess MFR requires
adequate hydrogeologic investigations, includingentations of groundwater levels in an
appropriate distance to the mountain front zorealtailability is a crucial point for the
interconnection between mountain catchment andhltzagiifer.

The usual lack of appropriate groundwater obsesaatis a general issue in arid zone hy-
drology. With regard to the Walnut Gulch experinagmatchment, Wheater et al. (1997)
outline this as follows: It is interesting to note that despite the veryhhggiality of surface hy-
drology data at Walnut Gulch, subsurface informatis limited, and there is a major international
need for arid zone research basins to include iraegl monitoring of both surface and subsurface
processes.



model-based rainfall-recharge-relationship

A 4

Rainfall P [L3/T]

MFR = f(P) [L3/T
hydrological processes E ) [ ]
in the mountain block J comparison

MFR = f(Dh) [L3/T]
aquifer?characteristics

______________ empiricalreference | observed change in
groundwater levels Dh [L]

Figure 2.5: Interlink between mountain-front recf@and observed groundwater surface
2.3 Approaches to the assessment of mountain-frontargeh

2.3.1 Options to assess groundwater recharge

A “Global synthesis of groundwater recharge in serdiamnd arid regions (Scanlon et
al., 2006) compiles the findings of about 140 stadn arid and semiarid regions. It covers
different settings in terms of physical geography apatial extent of the study area, the
purpose of the study, and applied approaches. Henyve\contains hardly any study which
focuses especially on mountain-front recharge. Jtaely reported on a study of Ander-
holm (2001) using the Chloride Mass Balance appgrg¢@dB) for the Middle Rio Grande
Basin in New Mexico (7900 km?). Manning and Solon@d03) were using noble gases in
the salt lake valley in Utah. In a study about Yueca Mountains (Flint et al., 2002) how-
ever, several methods were applied (see below)itidddlly, Scanlon (pers. comm., Janu-
ary 25, 2012) statedt think mountain front/block recharge is extreméfgportant. | don't
think there is a lot of information about this togi..]".

Wilson and Guan (2004) compiled 12 studies featudifferent hydrological settings re-
garding geology, mean annual precipitation, esthabean recharge rate, and assessment
approaches. Half of these studies comprised methaged on groundwater data (CMB,
numerical modelling, Darcy’s law, i.e. estimatidgw through a cross section). Further-
more, empirical relationships and water balancerahes based on estimations of
evapotranspiration were applied.
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Two conclusions can be drawn from this short ovexwi

The data base for inter-site comparisons as anpiredry approach to a study area is
extremely limited. Likewise, reference data foridation or validation of assessment
approaches is hardly available.

The approaches applied are generally in accordantte established literature on
groundwater recharge as provided by (de Vries amin®rs, 2002; Healy and Scan-
lon, 2010; Lerner, 1997; Scanlon and Cook, 2002nfmn et al., 2002).

There is a wide range of methods for quantifyinghegge in the wider sense of water
forming an addition to the groundwater reservanirany direction (Scanlon et al., 2002).
In summary, these are physical techniques, trammiques and modelling techniques. It
is distinguished between surface water, unsaturaiad and saturated zone studies.

The water balance approach is a superior prinaybieh is, implicitly or explicitly, con-
nected to a number of these approaches. Its agcgemerally depends on the accuracy of
the various components or parameters. Often, thghtogroundwater recharge and the
uncertainty range of other water balance variabtesin a similar order of magnitude. Es-
pecially the assessment of actual evapotranspirasosubject to a considerable uncer-
tainty.

The choice and success of each approach depentie @m of the study and the spatial
and temporal scale. While vulnerability assessnsefiacused on site-specific information,
water resources assessment (WRA) rather has towdidathe integral response of a dis-
tinct catchment area. In addition to the largettigbacales, a time scale of decades is con-
sidered in the context of WRA.

Studies based on groundwater data are a commoriov#rge scale assessment of water
resources. The most widely used approach for estijmyaecharge is the chloride mass
balance technique (CMB) (Scanlon et al., 2006). elmv, (Weyhenmeyer et al., 2002)
point out, that this method is limited by the ashility of detailed long-term records of

precipitation and chloride deposition. Another optiis the inverse estimate of recharge
based on numerical groundwater modelling. Thessirbeentred’ methods provide results
for the whole catchment of the aquifer. Howevegythare integrating over space and
(mostly) over time (Wilson and Guan, 2004).

In contrast, spatially distributed water balancedsiling is an option for both, time de-
pendent, and prognostic assessment. However, therelguirements are demanding and
subject to the above mentioned limitations of thetew balance approach regarding the
accuracy. In more detail, this is discussed inige@.3.2.

(Semi-) empirical approaches are mainly restrictedbng term mean annual considera-
tions. However, it can be highly misleading to ddsemean annual recharge or recharge
as a proportion of mean annual precipitation, ¢heege results from only infrequent large
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events, which is often the case in arid regionsMdes and Simmers, 2002). Nonetheless,
it is common, not least due to a lack of alterregivAdditionally, it is an option to estimate
recharge with manageable data requirements as plemr@ntary approach to any other
available method. An example for catchment wideresdes is the simple linear rainfall-

recharge relationship for catchments in South Afpcovided by Bredenkamp (1990).

Flint et al. (2002) cited a spatially distribute@tmod by Maxey and Eakin (1950) which is
based on distinct recharge rates as percentagenofbprecipitation for different zones.

This approach was adopted by other authors andtadjwr recalibrated for the respective
study area.

Andreo et al. (2008) used data of several well stigated semi-arid catchments in south-
ern Spain to derive a spatially distributed regimaéion approach named APLIS to esti-
mate the annual recharge in carbonate aquifersllmasgeomorphologic variables.

A time dependent approach was provided by Kesdi864) for the yield of a karstic
spring in Hungary. Although not for a semi-aridiogy it is interesting because it is based
on the finding, that the hydrologic response depebeésides the rainfall input in the re-
spective month, on antecedent rainfall or, moreegatly, on the seasonality. This is in
accordance with one of the main controls mentianeskction 2.1 regarding MFR in arid
regions.

Various authors point out, that recharge assessimia@ntiterative process. It starts with the
review of previous studies and analysis of avadlatdta. On this basis, a conceptual model
can be outlined. The choice of appropriate mettaotkthe necessary data collection pro-
vides the basis for numerical models. Within a nambf loops, data base, con-
ceptualisation and models can be refined. Differemtependent complementary ap-
proaches, as allowed by available data, are higbbirable, because every approach is
subject to certain limitations and considerableentainties (de Vries and Simmers, 2002;
Healy and Scanlon, 2010; Scanlon et al., 2002).di$@ussion in section 2.2.2 where vali-
dation of rainfall based approaches relies on gitauater data, but the fact that numerical
groundwater modelling relies on reliable inflow Indary conditions, supports that.

A unique example for such an iterative processgusmmplementary approaches is the
investigation of recharge mechanisms in the YucocaiMains with regard to nuclear waste
disposal. Flint et al. (2002) provided a comprehensverview on applied approaches,
their scales, parameters, strengths and limitatibhsy state*All of these methods pro-
duce estimates that are highly approximate, butptementary rather then redundant be-
cause they are based on vastly different assungption

2.3.2 Arid zone water balance modelling — options and iiations

Wilson and Guan (2004) promoted a comprehensiventagublock hydrology. The main
motivation for that is the need for a time dependerd prognostic assessment. Nonethe-
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less, the state of the art relies rather on invergeemi-)empirical approaches (see above).
In the following, different water balance modelliagproaches are reviewed and discussed
with regard to their advantages and limitations. iis basis, the question about these
processes and mechanisms, which are essentigdé¢esasiountain-front recharge is raised.
The cited studies do not necessarily focus on MA&wvever, the challenges and limita-
tions are comparable because they eventually déhl ttve same basic processes and
mechanisms.

Various authors (e.g. Al-Qurashi et al., 2008; Waeat al., 1997) focus explicitly on rain-
fall-runoff-processes, i.e. the assessment of tramoff at the catchments outlet. This
approach provides an upper boundary for the assedsvhindirect recharge due to trans-
mission losses downstream to the considered refereross section. With regard to an
overall water balance assessment including dimciiarge over the catchment area, it is
only one part of the problem.

A further developed version of the lumped conceptlBV light (Seibert, 2002) was used
by Love et al. (2011) for meso-scale catchmentsemi-arid environments. They con-
cluded, thathe model is unreliable for more ephemeral andrdra@dchments. It is stated
that “without more reliable and longer rainfall and ruffodata, regionalisation in semi-
arid ephemeral catchments will remain highly chadiing.”

Likewise, a conceptual hydrologic modelling appitoacas presented by Sheffer et al.
(2010). However, regarding 6 non-physical paransetee applicability highly depends on

available reference data. In this case, they comadt this challenge using a 3 stage cali-
bration approach based on a 16 year calibratioiogheand another 5 observed years for
validation based on the link of the water balancelehto a groundwater model.

A distributed water balance approach for a mountaitthment in Iran, featuring a flow
equation for the subsurface flow processes in yalleivium and recharge from the beds
of ephemeral rivers, was provided by Khazaei ef28l03). Direct recharge in the highland
area is explicitly out of consideration. This siifipation can be acceptable in this special
case. However, in the case of very permeable sgfatirect recharge is supposed to be a
main portion of groundwater recharge. Infiltrationthe alluvium is described as a func-
tion of actual and maximal storage, and in addjt@mon-physical parameters. The au-
thors used a daily time step because of insufficiata to justify a smaller time step.

The work of Gunkel and Lange (2011) combined tHiy filistributed event based rainfall-
runoff model ZIN (Lange et al., 1999) in a 5-7 ntigsi resolution with the continuous
daily water balance model TRAIN (Menzel, 1997), lagmpin the lower Jordan River ba-
sin. This approach is a possible solution for gdir process based assessment of ground-
water recharge. It gives insights to the spatial samporal dynamics of the considered
system. However, its application is demanding irmteof required input data (e.g. rainfall
data in adequately high spatio-temporal resolutann field data on catchment morphol-
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ogy (e.g. infiltration characteristics, geometryldrydraulic properties of alluvial channels
etc.). For example, Gunkel and Lange (2011) pointtbat radar data was only available
for about 2 years. Consequently, they discussediiimct conditions for a single rather
wet and a single drier year, but they did not coedelon mid- or long-term conditions.

Hughes et al. (2008) argue, that distributed whtgismodelling is preferable to assess
groundwater recharge in a structurally complex nghlkarst limestone aquifer in the West
Bank. As one reason, they point out that the ewgdirapproaches, applied in earlier re-
charge studies in this study area, defy the conglex the partly karst, fractured aquifer
and ignore the nature of a semi-arid climate wéidpard to variability in time. Additionally,

it is mentioned that spring discharge can be stilbgeanthropogenic influences which has
an impact on empirical relationships for the resipecstudy area. Thus, they present a
distributed water balance model on a daily time.séhe assessment of groundwater re-
charge is carried out either by a soil moisturaaitefSMD) approach (Penman, 1948) or
wetting thresholds (WT) according to Lange et 2003). The latter reference is, actually,
the documentation of a 2 day sprinkling experin@nt large plot (18 x 10 m2) of a steep
hill slope with a variety of different terrain elemts. Hughes et al. (2008) documented the
assumed wetting thresholds, but they do not reiaalis just a threshold value above
which recharge is equal to rainfall input, or ifsta more sophisticated modelling concept.
The approach results in a spatially distributedysee The authors point out that the com-
plexity of the methods can be enlarged as undeatstgrof the processes increases.

The following crucial points are summarised:
Availability of reference data:

Only in the study of Sheffer et al. (2010), a refere was available in the form of an inter-

linked groundwater model. In all the other citedds¢s, no reference data was available
which really reflects the integral groundwater @sge to rainfall over the catchment as a
whole. This general problem is one reason for dguest for complementary approaches
(seeFlint et al., 2002; cited in section 2.3.1) &nd a considerable source of uncertainty

with regard to the calibration of non-physical miogarameters. Consequently, concepts
which rely on more or less physical parameterst deast proxy values for key processes

are generally preferable compared to largely conet@mpproaches. Furthermore, the en-
hancement of monitoring in the frame of an itemtpproach should pay at least the same
attention to reference data as to input data atuthiceent characteristics.

In the case of Wadi Kafrein (Jordan) both, a largalocess based water balance model
(Alkhoury, 2011) and a groundwater model (Wu et20.11) were set up recently. There-
fore, an optimal setup for an iterative approacbwBned in section 2.3.1 is available.

14



Modelling concepts versus availability of inputa@aind model parameters:

The approach of Gunkel and Lange (2011) reliesigh hesolution input data which is
generally not available for time periods which aeeessary for reliable water balance con-
siderations. This is beneficial regarding procesdeustanding. However, it does hardly
support water resources assessment in an actuataigm. For this reason, Hughes et al.
(2008) and Khazaei et al. (2003) chose a daily sbep. In this case, considerable simpli-
fications in process conceptualisation are unaveldor example the infiltration process
Is highly instationary.

Stochastic simulation is an option to deal withstigsue. For example, Wheater et al.
(1991) provided a model for stochastic rainfall giation on the Arabian peninsula.
Analogously, Fleckenstein and Fogg (2008) usedtgastcal models to upscale hydraulic
characteristics. However, in the given contexta o be considered, to what extent these
models provide input data or model parameters wigahy represent a real-world case.

Consequently, a differentiation in the purposedseassary between process understanding,
which can be supported by stochastically generaitgidl resolution data, and an actual ap-
plication in a data scarce region for a recent tpraod. The latter must necessarily go
along with a reduced complexity according to datalability.

With this in mind, Bléschl (2006) favours the syedis of available approaches. He argues
that complex system models clearly have their mol@ydrology, but alternative models
and alternative model uses are equally valuableydrologic synthesis across processes,
places, and scales. I8éarching for Simplicity in HydrologyDooge (1997) argued in the
same direction. He distinguished between ratheravdcale phenomena which can be
tackled with deterministic approaches and, on therchand, macro-scale processes with a
very high degree of randomness. The problems facagdrology fall in the intermediate
region. As a result, in his strategy for synthésisystematic search for simple models,
involving as few assumptions as possible and alsmaiber of parameters, together with
a sound knowledge of the conditions under whichrtbdels fail to give and adequate rep-
resentation of the datais an important aspect.

2.3.3 Key components for assessing mountain-front recharg

The flowchart showing the subdivision of precipiat based recharge including vertical
and lateral movement of water (Figure 2.3) is sgppao be a valuable outline to derive
an appropriate approach in order to assess motfintehrecharge in regions with scarce
data.

Runoff generation and soil moisture budget candresiclered one-dimensional vertically.
Surface runoff routing and transmission losseseangr the whole flow distance, and are
therefore subject to all the uncertainties in ptgisproperties along that flow distance.
Infiltration characteristics and antecedent mossttwnditions decide on the portion of sur-
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face runoff or indirect recharge in proportiondltration or direct recharge. Infiltration is
considered to be a key issue: Its sensitivity sthéwl considered whenever possible.

Which portion of the infiltrated water amount wéhter the saturated zone and which por-
tion will get lost by evapotranspiration? A siteesflic answer is a challenge for above
discussed modelling approaches and for experimaptaoaches. In the context of water
resources assessment on the meso- or large dovalgrimary aim is a good agreement
with reference data representing the whole catchraesa on the mid- or long-term. The

actual soil moisture status at a certain site amdafcertain date is subordinated at this
point. Nonetheless, a best possible consideratictheo soil storage characteristics is an
important aspect.

Variability of rainfall input in space is an imparit issue. Subdivision of rainfall into re-
charge, evapotranspiration and surface runoff dépérghly on site-specific rainfall char-
acteristics. Spatially averaged characteristics lmammisleading. Therefore, a distributed
approach is highly desirable. There is a confletieen desirable process orientation and
temporal resolution of available rainfall data, lewmer (see above). Regionalisation of rain-
fall is a necessary step in the pre-processingmiti data. Additionally, regionalisation of
the temporal variability is a critical point, whewnacertainty is supposed to increase with
increasing temporal resolution. Thus, an alignnoériempo-spatial resolution of available
data and modelling concept is necessary.

To summarise, the following issues should, imgirctr explicitly, be considered regard-
ing rainfall based assessment of mountain-frortaege:

spatial distribution of rainfall and (seasonal)nfall characteristics like occurrence,
intensity and duration

infiltration characteristics

soil water balance as a function of soil storagaratteristics, climate conditions and
vegetation cover.

Furthermore, spatial and temporal resolution shoatdespond to available data.

Flint et al. (2002) emphasized, that every approacto a certain degree approximate.
Thus, analysis and portrayal of vagueness or usio&gs is important. For this reason,
uncertainty analysis based on likelihoods is commmotine context of hydrologic model-
ling. A distinction is made between input, parametad model structural uncertainty
(Beven, 1993; Grundmann, 2010). The last-namedoauibmbined several statistical and
numerical methods to analyze both, the uncertaiftgingle model components and the
global uncertainty. A comprehensive hydrogeologidakision analysis framework in
which geological uncertainty and parameter unaetyais included was provided by
Freeze et al. (1990). Alternative approaches talleamncertainties based on fuzzy set the-
ory will be discussed in section 3.
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2.4 Linear reservoir models to describe base flow roeas

In addition to runoff generation, concentration am@nnel routing, subsurface routing is
an important aspect in water balance modellingeRes models based on a single linear
reservoir (SLR) or combinations of two or more &neeservoirs are widely used for this
task. Dewandel et al. (2005) compared differentceptual methods for baseflow reces-
sion in porous media and concluded that only theatgn by Boussinesq (1903) is an ex-
act approximation of the respective flow equatitorsflow in porous media. Schwarze et
al. (1999) show, that the linear combination of tstorages with defined proportions of
reservoir constants and input result in a sufficagrproximation for the analytical solution
of the underlying geohydraulic model. They are ggims setup to describe the ‘low’ base
flow components in the frame of conceptual waterlati@e modelling. Their
SLOWCOMP-approach includes another parallel stofagdast base flow components.
Recharge @, to this high permeable storage is limited by astamt number.

For karst aquifers, the explicit consideration lo¢ tonduits and the so called duality of
recharge are essential. Kiraly (2002) presentsraaqiual two-reservoir model for karst
aquifers. In this model, the low permeability stggeSl is representing the fissured matrix
block. The highly permeable storage Sh, howeveresents the conduit system.

Table 2.3 presents a comparison of the essentialspd\s a summary, the serial approach
of Kiraly (2002) is a recommendable option espécifdr karst aquifers (Geyer et al.,
2008). The work of Schwarze et al. (1999) provider@icient approximation of the ana-
lytical solution and parameters for different lithgical classes. With regard to the distri-
bution between low and high conducting storage,ayroach of Kiraly (2002) is more
adaptable.
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Table 2.3: reservoir models for hard rock or karatifers with lowly permeable (‘slow’) component&sid

highly permeably (‘fast’) component Sh

lithological class

hard rock (in general)

karstiéens

approach

SlowComp (Schwarze et al.,
1999)

two-reservoir model
(Kiraly, 2002)

order of storages

parallel

serial; release QI flows into
highly permeable storage Sh

distribution of input QR

limited capacity VI_max of
highly permeable storage Sh

proportion RI/Rh of inflow to
lowly and highly permeable
storages

miscellaneous

slow component SI: split-up int
two storages SI1 and SI2 with
reservoir constant

KI2 =°1/9*KI1 and distribution
of inflow RIL/RI2 =¥,

O

physical interpretatioh
interpretation in the
context of conceptual
modelling

slow and fast baseflow compo-
nents

slow component :
Porous or fissured matrix
Fast Component:

Karst conduit system

reservoir constant of low permeability storage Kl

reference values of res-
ervoir constants K (as
reciprocal of re-cession

see (Schwarze et al., 1999);
carbonates (incl. different de-
grees of karstification):

120d -180d-210d

(Geyer et al., 2008):
100d

coefficienta) for car-

reservoir constant of highly permeable storage Kh

bonate aquifers

see (Schwarze, 2004); range fq
limestone (incl. different de-

DI
(Geyer et al., 2008):

grees of karstification): 2d-4d
6d-10d-13d

availablitity of reference available; see Schwarze et al.

values for non- none

carbonatic hard rock

(1999), Schwarze (2004):

reference values for dis-
tribution of inflow

Schwarze (2004):

empirical values as function of
annual P and lithology for an-
nual P > 500 mm; thus, transfe
ability limited

Geyer et al. (2008):
r_RI=5O%-95%

commendable approxi-
mation of analytical solutior
for the slow component

I
commendable conceptual ap-

benefits reference values for differ- | proach for karst aquifers
ent lithological classes be-
yond karst
distribution between slow and
limitations fast component: the higher the| applicability for other lithologi-

input, the lower the relative

cal classes?

portion of the fast component
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3 Approaches to deal with uncertainty with a speciafocus on fuzzy sets

3.1 Probability based uncertainty assessment versay fiegasoning

Hydrological analyses or models are subject to gagsas or uncertainty. Reasons are, for
example, inaccurate or even lacking data, limitalibhty of site-specific measurements on

a larger scale, or necessary simplifications incess conceptualisation. Their considera-
tion is an important aspect in hydrology or waggaurces management. A major motiva-
tion for this is the equifinality of hydrologic mets. This means, that different combina-

tions of parameter values or input variables canlteén the same output or goodness of fit,
respectively (Beven, 1993; Grundmann, 2010).

Uncertainty analyses based on probabilities areelywidsed in hydrologic modelling. Pa-
rameters and variables of a hydrologic model areihdreated as random variables with
distinct probability distributions. The necessargthematical methods have been well
founded for a long time. Consequently, their pcadtapplication is well established.

Probabilities are based on classical (binary) Idgit). This means that a proposition is
either (absolutely) true or (absolutely) falsefuazy logic (FL), however, it is a matter of
degree. As illustrated in Figure 3.1, rainfall mé&y is rather high or rather low in the
fuzzy representation (right graph) instead of eithigh or low (left graph). The term crisp
is often used in the context of fuzzy reasoningraspposite to the term fuzzy.
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Figure 3.1: Crisp and fuzzy representation of idinhtensities

In many respects, this approximate reasoning ishnalaser to reality. Hencegen (2010)
states?It is better to start with FL principles and arrevat a set of fuzzy conclusions than
to conclude with classical logic (CL) (two-valueshjic) a mathematical approach with
only one crisp result, which may never appear & fiée.”

In the practical application, stochastic approachtedg on computationally demanding
Monte-Carlo procedures. In this regard, fuzzy lagpproaches can be an efficient alterna-
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tive for consideration of uncertainty and are ategnal part of model application. Addi-
tionally, fuzzy approaches are able to incorpogai@itative and heuristic information.

Fuzzy principles are able to use linguistic ratti&n quantitative variables to represent
imprecise concepts. Linguistic variables (e@nfall intensity) describe universal sets.
They can be broken down into so called fuzzy wdedg. high, medium low) which imply
numerical values. Therefore, fuzzy reasoning is/\va@ose to the nature of human lan-
guage. Consequently, real world problems can béhenfirst instance, described intui-
tively. This can be a common basis in problem sgi\for experts of different scientific or
professional background (Sen, 2010).

However, fuzzy logic is not widely known or undexst. Besides that, traditional stochas-
tic methods are often preferred because of thellityato convert fuzzy predictions into
probability distribution functions (Eder et al.,G5).

3.2 Fuzzy sets and related methods

In the following chapter, essential basics of fusey theory are presented. Unless other-
wise indicated, it is based on Dubois and Prad@Z)l&nd en (2010). Ranges of applica-
tion in water resources assessment are discussedtion 3.3. The flowchart in Figure 3.2
gives an overview on selected aspects which aexast for this thesis. The upper part of
the flow chart focuses on basic concepts, whilehigalighted bottom line mentions po-
tential applications in the fields of water res@msenanagement.

Crisp Sets Fuzzy Sets

|

- - - -p

Fuzzy Numbers

Functions (PDF) (MF)
may have
similar shapes
Linguistic Spatial Analysis:
Variables Fuzzy Regions

[}
]
; vague 1
Fuzzy Logical Rules and spatial | Fuzzy Arithmetic
Fuzzy Inference Systems (FIS) ) X
reference |
| | :
. .. N |
Pote_ntla_l il Classification D Dr_|ven ~-»| Water Balance Calculations
Applications Support Modelling

Figure 3.2: Fuzzy sets — related concepts andegijah range
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Fuzzy sets

In classical (crisp) sets a membership degree (ML) is assigned, if an item belongs to a
set. Otherwise, an MD of 0 is assigned. Symbolycatiis can be shown as:
1 if xI A
= . 3.1

HA) = — (3.1)
In contrast, fuzzy sets can have MDs in the definégtval [0,1]. In other words, a point x
of a fuzzy subset A can have a partial membershi@ tiniverse X (see Equ. 3.2). In the
following, a fuzzy subset is referred to as fuzey s

A={(xHAM):XT X;ua(0)]T [O1]} (3.2)

If pa(x) = 0, then point x does not belong to the fugey A. [a(X) is the so called mem-
bership function (MF) of the fuzzy subset A. It regents the MD of x in A. Therefore, the
fuzzy set A is a set of n ordered pairs which carxpressed as follows:

A= MA(9) HA(x2)  HA(*n) (3.3)

X X2 Xn
The support of a fuzzy set A includes all elementgth pa(x) > O.
supiA) ={xT X;pa(x) >0} (3.4)

If the support of a fuzzy set A is only a singlerakent, it is denoted as a fuzzy singleton.
Its MD is yia 1. An ordinary number is likewise a subset withiregle element. In con-
trast to the singletons, its MD is always unity (11).

The most common shapes of membership functionsharériangular (Equ. 3.5) and the
trapezoidal MF (Equ. 3.6). They are illustratedrigure 2.1

Triangular MF:

x
1
o]

H= if X1 [bc] (3.5)
0 else
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Trapezoidal MF:

x
1
o]

—_— if x1 b
—— [ab]
1 if xT [bc]
W(x) = d- x (3.6)
—_— if xI [¢d
1 c [cd]
0 else
(a) triangular (b) trapezoidal
1 1
= z

0 T 1 T T T I 0 ; / ; ; ; ;

-4 3 2 1 O 1 2 3 6 4 2 0 4 6 8
X X

Figure 3.3: Triangular and trapezoidal membershigfions

Normality and Convexity

A fuzzy set A is called normal, if at least onergaf A has an MD p(x) equal to 1. It is
convex, if the MF consists of an increasing aneéereasing part. This means, that the MF
does not include local minima. With,xoT X and /1 [0]1], the respective criterion can be
written as follows:

HA(/xg+@- /)x2) 2 min(ua(X), Ha(X2)) (3.7)

An a-cut is the crisp subset with MDy(x) a. If the MF is convex, then it is an interval
which can be represented as

A@) =[x (a), x(a)] (3.8)
with  A(a) fuzzy set ab-cut levela

xi(a) lower bound of tha-cut

X2(a) upper bound of tha-cut
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Operations on fuzzy sets

In the context of fuzzy-rule based systems (seew)ellogical operations are applied to
fuzzy sets. On the basis of two fuzzy sets A andf Bhe universe X and the respective
membership functions4ix) and |5(x), there are three Boolean operations describéke
following. The names in brackets are alternativenteused by en (2010).

Complement (‘NOTing):
The complement of a fuzzy set A is referred tofadts MF is defined by

iz (0= 1-HA (9 (3.9)

Union (‘ORiINg’):
The union of two fuzzy sets A and B&=AE B. Its MF is defined by
Hc (x) = max(ua (X),up (X)) (3.10)
Intersect (‘(ANDINng’):
The intersection of two fuzzy sets A and BOs-A C B. Its MF is defined by

Hp () = min (KA (X).uB (X)) (3.11)

Fuzzy numbers and fuzzy arithmetic

Fuzzy numbers are a special case of a general 8etzifhey are normal and convex fuzzy
subsets of the set of real numbérs

A={(xua(x):xT A;ua()1 [01]}: (3.12)

Any real number can be considered as a fuzzy numiibra single point support. It is
referred to as crisp number. Consequently, fuzapbrars can be seen as a generalization
of the usual concept of numbers.

In contrast to the general fuzzy sets discussetiealarithmetic operations can be applied
to fuzzy numbers beyond the above mentioned Boabpanations. Additionally, it has to
be mentioned that union and intersection of fuzaymbers do not result in fuzzy numbers
because the normality assumption is not fulfillegl enore.

Equations 3.13 to 3.16 show the four main fuzzyrajpes: addition, subtraction, multi-
plication and division. In this context, the lowand upper bounds of the-cuts of the
fuzzy numbers A and B according to Equ. 3.8 aresicimmed as operands. In the different
operations, they are combined in such a way, taeh @peration results in the maximal
possible interval width for the respecti@ecut level.
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Fuzzy addition: A@)(+)B(a) =[xa1(@) + xg1(a), Xa 2(@) + Xg 2(a)] (3.13)

Fuzzy subtraction: A(a)(-)B(a) =[xa1(@) - xg 2(a),xa2(a) - xg1(a)] (3.14)
Fuzzy multiplication:A(a)(*)B(a) =[xa1(a)* xg1(a). Xa 2(@)* xg 2(a)] (3.15)
Fuzzy division: Aa)(B(a) =[xa1(@)/ xg 2(a),xa 2(a)/ xg1(a)] (3.16)

Instead of two fuzzy operands, the operations ¢smlze applied to a fuzzy operanda\(
and a crisp number.

The fuzzy arithmetic operators are based on thensikin principle (Zadeh, 1965). This

basically means that every valug(x) is transformed while its membership degree
Ua(X) =a is kept. In the case of multiple operands differembership degrees are con-
sidered according to defined rules. Ultimatelyglibws to generalize any crisp mathemati-
cal concept to the fuzzy set framework.

Fuzzy logic and Fuzzy Inference Systems (FIS)

Fuzzy Inference Systems (FIS) map different inpuaz{ sets to an output using fuzzy
logical rules. Among other things, it is an effieievay to describe non-linear relation-
ships.

Figure 3.4 illustrates the general structure of anMani type FIS. Linguistic variables
represent single or multiple input variables (ofteferred to as antecedents) and single or
multiple output variables (also referred to as eguents). Fuzzification means to define
two or more overlapping membership functions (Mies)each defined linguistic variable.
For example, an antecedent ‘rainfall’ or a consagtrinoff’ can be represented by the
MFs ‘low’, ‘medium’ and ‘high’ , each covering artain support.

Fuzzy logic rules connect selected MFs of one oremamtecedents with corresponding
MFs of the consequents. During inference, the @smemembership degrees (MDs) u(X)

of actual values x of the antecedents are evaluatddpplied to the conclusion part of the
rule. This results in a fuzzy subset for each outuiable for each rule. Subsequently, the
results of each rule are combined (‘Compositiowhjch results in a single fuzzy subset
for each output variable. At last, the fuzzy outpet is converted to a crisp number. This
step is referred to as defuzzification. Differeefutzification methods can result in differ-

ent crisp numbers for the same fuzzy output.
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Linguistic Variables Rule Base Composition

A

If-Then Rule 1

If-Then Rule 2
Input —»; — Output

v

If-Then Rule n

v

Fuzzfication Inference Defuzzification

Figure 3.4: General structure of a Mamdani typezlfunference System (FIS) (own representation follo
ing Sen, 2010)

Due to the linguistic variables, the Mamdani tyd& Eescribed above supports a rather
intuitive modelling approach. In contrast, the \ikee widely applied Sugeno FIS or adap-
tive network based FIS (ANFIS) relate sets of ciispand output data instead of fuzzy
sets.

Fuzzy approaches in spatial analysis

Transferring the basic concepts of fuzzy logic patsgl analysis, a thematic layer (e.g.
landuse) can be seen as an analogue to a linguestiable. However, the subsets (e.g.
cropland or forest) are referred to as fuzzy geulgial entities (Lodwick et al., 2008) or
fuzzy regions (FR) (Morris and Kokhan, 2007). e Subsequent text, they are referred to
as fuzzy regions. Figure 3.5 shows an example, evtiner grey tone indicates the degree of
membership. Accordingly, fuzzy regions are contimisurfaces which represent member-
ship degrees u(x,y) in relation to certain locasiofis shown in the lower sketch in Figure
3.5, a corresponding membership function can bevetbras well. The abscissa hereby
shows the value (in this context a measure of sxtei), while the ordinate indicates the
degree of membership p(x). Tlkeecut is the crisp subset with membership degrees/Ju(x
of at leasta. Hence, the (2Dg-cut of a fuzzy region is an area with a crésggut bound-
ary referring to a certaia-cut level.

Fuzzy regions are usually applied in connectiomitizzy inference systems. In the frame
of this thesis, they are used to portray the alstwadknown extent of underground catch-
ment areas as spatial reference for water resoassessment (see section 3.1).

25



fuzzy region > a-cuts
1.0
0 e --.:::."'. ...........................................................................
c 3
L
g¢ 1
E g 3
QT 4
e
0.0 \ a-cut-boundary
1.0
membership | 5/ N
degree u a-cut level 0.5
0.0 : > variable
domain
(a-cut)

membership function (MF)

Figure 3.5: Representation of a fuzzy region asduitzy set membership function (modified after Zhad

Lin, 2003)
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3.3 Ranges of application in hydrology and water resesimanagement

FIS are supposed to be the most widely used apiplicaf fuzzy set theory. Often, they
are used for decision support (Makropoulos et28l08). This means, the most appropriate
out of several options is chosen according to sedecalues of the antecedents. Addition-
ally, the classification of data is a typical apption. For example, it was used to derive a
soil map in the context of watershed modelling urdiga scarcity (Tavares Wahren et al.,
2012). In the water balance approach in sectioniBused to classify carbonates accord-
ing to the expected degree of karstification acemydo selected input variables. In deci-
sion support as well as classification, the optiorconsider qualitative knowledge is of
special benefit. Furthermore, FIS are an optiondaa driven modelling in the fields of
hydrology. For example, FIS have been used astamative description of hydrological
processes in conceptual hydrologic modelling (Hehdeet al., 2001). In addition to the
clear and comprehensible structure, small compurtdaimes compared to common models
are a motivation to use rule-based fuzzy systemso$th (2011) used FIS to set up a flash
flood forecasting system including uncertainty assgent instead of using a common
model and respective ensembles of input data. $2€26d.1) derived a FIS based on physi-
cally based 1D-SVAT modelling for selected sitesréduce computation time in raster
based applications over large areas. Consequéi8ycan be an equal alternative to artifi-
cial neural networks (ANN).

Water balance assessment is a potential applicatiofuzzy arithmetic in hydrology.
Fuzzy components of the water balance equatiorbeatomputed by using fuzzy arithme-
tic operators. In section 5, a respective appraagtresented in combination with fuzzy
regions to portray uncertainty regarding the extérthe underground catchment area.

A matter of research with regard to continuous whtdance modelling is the increase of
fuzziness in consecutive time steps (Eder et @05
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4 A novel strategy for estimating groundwater rechar@ in arid moun-
tain regions

Based on the prior discussions on the assessmambohtain-front recharge (MFR) in
general and rainfall based approaches in partictilarfollowing research questions arise:

How is it possible to assess MFR as a fractionpatially distributed rainfall considering
limited spatio-temporal resolution of rainfall inpand data scarcity regarding catchment
characteristics (infiltration, soil storage) anterence data for calibration?

How to deal with uncertainties regarding recham@es or, more general, the response to
rainfall input and the actual extent of the grouatkv basins?

Is there a way to derive time dependent estimdt&4~&®R capturing the essence of the pre-
vailing processes and mechanisms but not all thelslecomplementarily to existing mod-
elling concepts which are either oversimplifiedower-parameterised and, thus, likewise
subject to a considerable uncertainty?

assessment of mountain-front recharge
related to a discrete catchment area (a-cut of the Fuzzy Recharge Areas)

conceptual fuzzy arithmetic
hydrologic water balance
model assessment

Fuzzy Recharge Areas

groundwater basins represented as fuzzy regions

Figure 4.1: Assessment of mountain-front rechamesiclering limitations of data availability via cbma-
tion of three complementary modules

A novel strategy is proposed as a possible answenpining three complementary mod-
ules. According to Figure 4.1, the main componemts a conceptual hydrologic model
aiming at time dependent estimates, a fuzzy bas#ddr long-term average water balance
assessment and a fuzzy approach to portray unagriaithe actual extent of groundwater
basins. Each approach covers certain aspects ofetherements mentioned above. In
combination, all requirements are adequately censdi
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The conceptual hydrologic modelling approach issdasn fully distributed, monthly rain-
fall data. Recharge rates are herein non-lineastioms of actual rainfall at site for distinct
response units and seasons. The approach is bas#te eabove discussed search for
minimal necessary complexity — aiming at a modat ttaptures the essence of the issue,
but not all the details. For retention in the maiumtaquifer, a serial two-reservoir model
following Geyer et al. (2008) is used. The watee us mountain oases is considered. In
addition to monthly output, long-term averagesa@maputed to compare the outcome with
complementary approaches. This approach is presentietail in section 6.

Fuzzy arithmetic is used for long-term average ahmater balance estimates. The single
water balance variables are herein consideredzzy foumbers (see section 3.2). Similar
to the conceptual hydrologic model, it is basedudhy distributed rainfall. The assessment
of the single water balance variables can inclugglable data or assessment approaches.
It is an efficient tool to assess uncertaintiesh@ water balance. The approach provides
complementary estimates of mountain-front rechangkependent from the hydrologic
model mentioned above. A detailed description ésented in section 5.2.

As mentioned in section 1, the actual extent ofigdwater basins can be a source of un-
certainty. The concept of the Fuzzy Recharge A(@asner et al., 2012) provides a means
to consider this issue in the context of water metamodelling. Based on qualitative ex-
pert knowledge on the hydrogeology of the studwapetential extents of the groundwater
basins are represented as fuzzy regions. Distiiidess of these fuzzy regions provide the
discrete catchment areas for water balance assessbilémately, the parameter repre-
senting these distinct spatial extents can be dersil as an additional variable in applying
the two presented assessment approaches. Furtleetim@iconsideration of adjacent aqui-
fer systems is supported. It is presented in se&it in more detail.

Based on a detailed description of the hydrologsedting (section 7.1), the case study in
chapter 7 applies the approaches presented abaveitot study area in the Batinah Re-
gion (Sultanate of Oman). In addition to mountaimt recharge, the role of further
sources of recharge to the alluvial aquifer on lihein plain, for example (artificial) in-
direct recharge and direct precipitation rechaigeaddressed. In this way, a compre-
hensive view upon this water resources systemasiged. The focus, however, lies on
assessing MFR based on the strategy presented.alloweesults are compared with in-
versely computed inflow to a steady state groundwatodel (Walther et al., 2012). In
section 7.6 the discussion addresses the distimdtitons in that study area (section 7.6.1)
as well as methodical aspects based on the expeseémthe case study application section
(7.6.2).

Section 8 summarizes the work and evaluates tlgnfys. Recommendations for future
work are given in section 9.
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5 Fuzzy-based tools to portray uncertainties in watebalance assess-
ment

5.1 Fuzzy Recharge Areas: From qualitative data to tifaéime conclusions

5.1.1 The concept of the Fuzzy Recharge Areas

Every approach for water resources assessmentoolbgic modelling refers to a distinct
catchment area with a defined spatial extent. Hewewm some cases, its actual extent is
not clear. While (surface) drainage divides camdbably delineated, groundwater divides
are often vague. Thus, the concept of the Fuzzh&ge Areas introduces the application
of fuzzy regions (see section 3.2) to water resssiranagement as a means to describe
potential, but actually unknown spatial extentsgodundwater basins. Unless otherwise
stated, the following text is based on Gerner e28112).

Fuzzy Recharge Areas are an approach to transfoatitaive expert knowledge referring
to the hydrogeology of a study area into possiktergs of the groundwater basin. These
are represented as a fuzzy region. Subsequentwtitptive information, namely ground-
water recharge gda) related to a certaia-cut level, can be derived (see Figure 5.1). In
this context, the expressiorcharge areas set equal with groundwater basin or under-
ground catchment area, respectively.

Figure 5.1: The concept of the Fuzzy Recharge Apeaslified after Gerner et al., 2012)
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Fuzzy Recharge Areas are fuzzy regions (FR),aster surfaces with membership degrees
Ha1(X,y) between 0 and 1. Raster cells with (@,y) = 1 are certainly draining to the con-
sidered underground catchment Al. However, foerastlls with |a1(x,y) < 1, the subsur-
face drainage to an adjacent basin A2 is possileedl. The concept includes the follow-
ing steps:

1) Expert knowledge

Gathering of information - e. g. geological modetle study area, results of tracer or
isotope studies, quality and quantity of the sprr@der, groundwater isoline maps etc.

Data analysis and hypothesis generation about rgelameas and flow systems

2) Fuzzification
Definition of outer boundaries (maximum extentlué Fuzzy Recharge Areas)
Definition of inner boundaries (assumptions on mersbip degrees at certain sites)

Data processing, i.e. translation of outer andrifi@indaries (discrete data) into a con-
tinuous surface, referred to as Fuzzy RechargesArea

3) Consideration of adjacent areas

Fulfilment of the complementarity constraint in aeg to the consideration of adjacent
areas according to section 5.1.2.

4) Evaluation

Discretisation: Processing of 2B-cuts by selection of raster cells with degree of
membership equal or above the considereslit levels. As the case may be, adjacent
areas are considered according to section 5.1.2.

Spatial analysis: Hydrological analyses referring-{cuts of the spatial extent

The approach results in potential extents of balaweas FRX) as a fundamental basis for
water balance assessment. Thus, it provides aitptewet measure of uncertainty with re-
spect to the spatial extent of the considered b&som the viewpoint of hydrologic mod-
elling, thea-cut level of a certain extent can also be seemm@asdel parameter. An exem-
plary application is presented in section 7.

5.1.2 Consideration of adjacent basins

A thematic layer ‘groundwater basins’ may consfstwm adjacent Fuzzy Recharge Areas
Al (referred to as first order) and A2 (referred tonagghbour) as subsets. By definition,

the degree of membershigz,(x y) of the complementRA of the fuzzy regionFRA

can be written agEgA(X y) =1- HERA(X.Y)-

Within this context, it has to be considered, that
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the neighbour A2 may have membership degregs(x y) £ uy (xy) (e.g. in re-
gions outside of the overlapping part of FRA1 aRAR)

more than two adjacent basins may be consideregteldre, a subsequent consid-
eration of complements may be necessary.

For this reason, a slightly different approach thi@anformal complement seems to be ap-
propriate:

In the first instance, fuzzy regions for each basin be processed independently. During
evaluation, conditional fuzzy regions kfaai) can be considered as correspondent to the
a-cut level of the first-ordeaa:. Thus, the following steps are necessary, exentplii
lustrated in Figure 5.2:

1) Provision of fuzzy regions for the first-ordedl) and the (first) neighbour (A2)
(see Figure 5.2-a and c)

2) Processing of aa-cut Al@rray) for the first-order area (Figure 5.2-b)

3) Processing of the complement to the first-oedeut FAL(a o1) (Figure 5.2-d)

4) Intersection ofA_l(aAl) and neighbouA2, resulting in a conditional fuzzy region
A2(aa1) for the neighbour (Figure 5.2-e)

5) Processing of conditionalcuts for the neighbouk2(aa; aaz) (Figure 5.2-f).

(a) first-order Al (b) a-cut A1(0.7)

08|08 05]|02(0.0 1 1 0 0 0

1.0| 08| 06(03]|0.0 1 1 0 0 0

1.0|/09]|08(05]|01 1 1 1 0 0

10| 09]07(04]0.0 1 1 1 0 0

09(08|05]|01(0.0 1 1 0 0 0

(c) neighbour A2 (d) complem@f (e) conditional neighbour (f) conditional a-cut
first-order FA1(0.7) A2(ap=0.7) A2(ap,=0.7, a5»,=0.8)

02(02]|05]|09(10 0 0 1 1 1 00|00]|05]09](10 0 0 0 1 1

00(03]|04]09(10 0 0 1 1 1 00(00]|04]09]|10 0 0 0 1 1

01({02]|05]07(10 0 0 0 1 1 00(|00]|00]07](10 0 0 0 0 1

01({01|03]|08(10 0 0 0 1 1 00|00|00]08]|10 0 0 0 1 1

02(02]|05]|10(10 0 0 1 1 1 00|00|05]10]( 10 0 0 0 1 1

Figure 5.2: Complementary consideration of adjafezty regions
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5.2 Water balance assessment based on fuzzy arithmetic

5.2.1 Outline of the calculation procedure

The following procedure aims at the water balargsessment based on fuzzy numbers of
spatially distributed rainfall, recharge as portafirainfall, water use and additional water

balance variables. In contrast to crisp considenatia measure of uncertainty is included
in the model. Thus, variants based on differenaupa@ter sets to describe a confidence
range are not necessary.

The considered balance area in an individual ceiggjual to a selected subsatct) of

the respectivé-uzzy Recharge Areg@ee section 5.1). Figure 5.3 shows a flowchathef
calculation procedure. It includes recharge eses&ir each raster cell and the cumulation
of the yield per raster cell over the respectiviomse unit and, over the whole balance
area. Finally, the balance of cumulated yield amthalated water use in the balance area is
calculated. The schedule represents a single anpitime step. In the first instance, the
approach aims at long-term average consideratiomsller time steps are principally fea-
sible, as far as reasonable approaches for thaipngyconditions in the respective time
steps can be provided.

loop over a-cut-levels

a-cut of the fuzzy recharge area

response unit RU 1 response unit RU m
Rainfall Input | |Recharge Rate Rainfall Input | |Recharge Rate
P(x.Y) Rru1 [% of P] P(x:.y) Rrum [% Of P]
Fuzzy | | Fuzzy | |
Multiplication | Multiplication |
distributed Recharge Qg(X;.y;) distributed Recharge Qg(X;V;)
Fuzzy Cumulation Jover RU 1 Fuzzy Cumulationjover RU m
Qr(RUL= [ Qr(xi.Yi) Qr(RUM) = [ Qr(X;.¥i)

cumulated Recharge Qg(a-cut-level)

Fuzzy Water demand in
Subtraction Mountain Oases Q

y

Balance Q(a-cut-level)

Figure 5.3: Water balance assessment based on duitiagnetic
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The calculation procedure requires distributedfadlinnput, recharge rates for each de-

fined response unit, as well as water use estimhatdbe frame of this approach, a trape-

zoidal or triangular representation of fuzzy nunsbisr supposed to be reasonable. They
can be defined by each three or four points asaexgd in section 3.2. As far as necessary
or reasonable, other shapes are possible as well.

Fuzziness in rainfall input is useful, for exampdeconsider measurement errors. The im-
plementation is based on crisp regionalised rdiafadl a fuzzy correction factor which can
be either spatially distributed or related to defirsub-areas. If the considered rainfall is
the result of a stochastic simulation, fuzzy nursb@an follow the shape of the resulting
probability distributions.

Fuzzy numbers of recharge rates as portion ofatiiohn be provided according to avail-
ability based on any available approach. For exantpkey can represent rough estimates
based on expert knowledge or inter-site comparigesnan example for a regionalisation
approach, the implementation of the APLIS approd@cidreo et al., 2008) is presented in
section 5.2.3.

Water use is basically the product of cropped Areand crop water use ETAccording to

the reliability of data on cropped areas, thisafale can be considered either as crisp or as
fuzzy. A fuzzy representation of crop water useemsonable with regard to the uncertain-
ties in assessing this variable.

5.2.2 Implementation of the fuzzy arithmetic operators

The basics of fuzzy arithmetic are presented irtige@3.2. The implementation of the

fuzzy arithmetic operators addition, subtractiomltiplication and division is based on the
respective MatLab-functiofuzarith (MathWorks, 2008). Thus, it refers to a universe X
The accuracy of the operations depends on theutesolof the universe X. The domain of

X is predefined by the orders of magnitude of opdsaand output values. Large domains
are demanding in terms of storage and, thus, caatipaottime. Fuzzy cumulation denotes
the successive execution of the basic operatorgifkgean interim result— e.g. to cumulate
the elements of a raster or for each responsewitiiin a balance area. Thus, values of
different orders of magnitudes have to be deal.wit

For this reason, an individual fitting of the unise X for each operation, depending on the
respective operator, was implemented to ensure dotinimal necessary domain and an
adequate resolution with regard to accurate ariticnoperations.
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5.2.3 Implementation of the regionalisation approach APSI

The APLIS method (Andreo et al., 2008) allows fetimation of recharge in carbonate
aquifers, expressed as a percentage of annuabjpagicin using the five variableAlti-
tude(A), Slope(P), Lithology (L), preferentialinfiltration landforms(l) and Soil type(S).
After classifying these variables according to Eabll, recharge rates are calculated using
the following equation:

R=(A+P+3*L+2*| +S)/09

(5.1)

Altitude andSlopecan clearly be classified based on a digital élemanodel (DEM). The
classification ofLithology andSoils however, and even more the ondrdiltration land-
forms (which both represent the occurrence of karsufea) depends highly on the avail-
able data base. Thus, in the case of data sca&cityzzy representation is highly recom-
mendableAltitude andSlopeare hence included as crisp numbers. The so# cdagption-
ally crisp or fuzzy.Lithology and Infiltration landformsare definitely considered to be
fuzzy variables. However, they can be defined io tays:

user defined fuzzy numbers or

derivation of fuzzy numbers using a Fuzzy Infere8gstem (FIS).

Table 5.1: Ratings for the variablgsdtitude, Slope, Lithology, Infiltration landfornadSoil type(Andreo
et al., 2008); the data range is expressed asxample “(300—600]", meaning that the value of 8)fot

included in this class whilst 600 is included

Rating A: P: L: I Inf. S:
(APLIS) Altitude [m] Slope [%] Lithology landforms Soil
10 300 3 Limestones and dolos-| many Leptosols
9 (300 — 600] (3-9] tones karstified Arenosols and xerosols
Calcareous regosols ar
8 (600 — 900] (8-16]| Limestones and dolos- > 169
fluvisols
tones fracturated, i I
7 (900—-1.200] | (16—21] slightly karstified Euthric regosols
and solonchaks
6 (1.200 - 1.500] Limestones and dolos- Cambisols
5 (1.500 — 1.800]| (21 - 31] tones fissured Euthric cambisols
4 (1.800 — 2.100] (31 — 46] Gravels and sands odads and luvisols
3 (2.100 — 2.400] (46 — 76] Conglomerates Chrdmicsols
2 (2.400 — 2.700]| (76 — 10q] Plutonic and Planosols
metamorphic rocks
1 > 2.700 > 100 Shales, silts, clays scarge Vdstiso
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The degree of karstificatioLithology) and occurrence of karst featurésfitration land-
formg are, among other factors, functions of slope @datic factors. The latter are, in
turn, functions of altitude. Qualitatively, a higating of Lithology and Infiltration land-
formsaccording to Table 5.1 corresponds to high elenatialues (variabldltitude) and
low slopes (variabl&lopg. According to section 3.3, this is a typical apalion of a FIS,
therefore such systems were included (see Figuhe Bhey estimate the two variables
Lithology andInfiltration landformsbased on the APLIS ratings of altituded slope. In
the case of thifiltration landforms Lithologyis considered as an additional variable.

In fact, the authors of the APLIS approach poirtt that the resulting rates should not be
considered as exact values. They therefore clags#yesult into intervals dR = 20 %.
However, for an application within the presenteahfework, spatially distributed fuzzy
numbers aside from these predefined intervals appeee reasonable than up to 5 clusters
with uniform intervals of recharge rates.

The crisp result of a FIS is the outcome of a dafidefuzzification method. To include a
certain degree of fuzziness, different defuzzifmaimethods were applied. In detalil, it was
the centroid of area, bisector of area, mean vatluraximum, smallest and largest (abso-
lute) value of maximum. Subsequently, minimum, raadand maximum of the 5 defuzzi-
fication methods mentioned above were considerdshsis for fuzzy operands for the cal-
culation of the APLIS-recharge rates.

Figure 5.4: Fuzzy Inference System to claskiffiology as a function oSlopeandAltitude with regard to
the application of the APLIS approach
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6 A conceptual hydrologic model to assess mountaindnt recharge

6.1 Basic idea

According to section 2.3, water balance assessmeartd mountain catchments is subject
to limitations, either due to an inadequate procepsesentation or due to a lack of an ade-
guate data base for largely process based appmachasequently, process knowledge is
necessary to provide time dependent rainfall bappdoaches. However, a minimal neces-
sary model complexity is worthwhile with regarditoited data availability.

In the following concept, groundwater recharge rsoa-linear function of actual spatially
distributed monthly rainfall. The derivation of tlesponse function (see section 6.4.1)
considers the key processes according to the sshativof precipitation based recharge as
illustrated in Figure 2.3. Thereby, the followinghplifications are made:

In deriving the response functions, initial losaag maximum infiltration per time step
as well as the soil moisture deficit are represbtgintegral variables instead of sub-
modules with a more or less detailed process qegmmi

The amount of indirect recharge induced by siteifiperainfall is assessed in a con-
ceptual way. The approach does not consider thealalication where indirect re-
charge takes place. It rather aims at the cumelatdlume over the considered area for
the respective time step.

6.2 Model structure

The model structure (see Figure 6.1) is distribwtdtth regard to rainfall input. The con-
sidered catchment area in an individual case igldqua selected subset-€ut) of the re-
spective Fuzzy Recharge Area (see section 3.1)o@3dly, it is subdivided into distinct
hydrogeologic response units (HGRUSs). These repteme area with uniform response
characteristics to site-specific rainfall accordingthe respective geomorphology and cli-
mate conditions. Consequently, they are an analtginydrologic response units (HRU)
in hydrologic modelling, but aiming at subsurfat®ys components rather than at the best
possible description of surface runoff.

For every case, i.e. a combination of season anRWB{ @& non-linear relationship between
rainfall input and recharge rate as percentageiofall per time step has to be defined. In
this context, a season represents a defined sdreendar months. Analogue to the em-
pirical linear approach of (Bredenkamp, 1990) thereo response up to a certain rainfall
threshold (in the following termed sill). Above ttsll, however, there are non-linear rela-
tionships which result in different relative respes for different rainfall depths per con-
sidered time step. These represent varying portdmlrect and indirect recharge accord-
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ing to the hydrologic characteristics of the respecresponse unit. Therefore, the ap-
proach provides a sort of unit or long-term meapoase to a certain rainfall input for a
considered season and response unit. It covengtieility in time (actual monthly rain-
fall input and seasonality of the response functepresenting mean seasonal antecedent
moisture) and space (regionalised rainfall input aptional distinction of response units).

For each time step, the response of the singlerrastls is cumulated over the respective
response unit. This cumulated recharge volumeutetbvia two-reservoir aquifer storage
models (see section 6.5). The balance of cumulawgtbw from available aquifer models
and cumulated water use is equal to mountain-frectiarge for the respective time step.

spatially distributed rainfall P(x,y,Dt)

spatial division of the catchment area non-linear seasonal
into hydrogeologic response units rainfall-recharge-relationships:
Racwar = f(P(D),HGRU,season) [% of P]
HGRU1 || HGRU i ||[HGRUn M S b B A
S 60% 1 |1 L T ]
gl i s
I
Qr,i(DY)
A 4 A 4 A 4
. . . subsurface routing
aquifer aquifer aquifer using conceptual
model 1 model i model n aquifer storage models
Qaquifer(Dt)
y
t water bal i mountain- )
net water balance: front alluvial
recharge i i
QMFR(H) = Qaquifer(u) - ETc(Dt) [gl baSIn aqUIfer
QMFR( )

Figure 6.1: A conceptual hydrologic model for tidependent estimates of mountain-front recharge
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6.3 Calculation procedure using histograms of rairdalpths

In the first instance, the calculations are perfednon a monthly basis. As a second step,
these values are aggregated to long-term averagebvalues (LTAS), each separately for

every case and over the total of all cases. Whikerhonthly results provide the sought

output, the LTAs provide reference values for crossiparison with available reference

data to calibrate or validate the rainfall-rechamgjationships.

(a) histogram of site-specific rainfall P(x,y,dt) for a defined reponse unit and season
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Figure 6.2: Histogram based calculation of rechagportion of rainfall

41



The calculation is based on rainfall histogramstifier considered spatial and temporal unit.
Figure 6.2 shows the histogram based approachdorgle case in an exemplary way. The
top diagram shows the histogram, i.e. the decrgasinints of each rainfall depth within
the respective season and response unit. The falljpgumulated depth, i.e. the product of
rainfall depth and according counts shows, thaiwaet number of time steps with median
rainfall depths (e.g. 50 mm) result, over the whodeiod, in a similar yield than a huge
number of very low rainfall depths per time stepeTproduct of cumulated yield (counts *
P) and response function R(P) results, finallythm estimated amount of recharge per rain-
fall depth class.

6.4 Non-linear seasonal rainfall-recharge relationships

6.4.1 Derivation of the rainfall-recharge relationships

Provided the availability of reference values foe tmodel output, rainfall-recharge rela-
tionships can, in principle, be derived empiricalfpr this purpose, an analytical descrip-
tion of the relationship is necessary. Basicaligré are three important components:

sill: a rainfall value B, below which there is no response at al(R 0)

rising limb:  the section of the function where tirelinate is rising from g(Psi) = 0 to
a break-point (Reak Roreay, Where, in general, the sharp rise turns into a
more moderate course.

tailing: the further course of the relationship efhcan be, in principle, a level off, a
further rise or a tailing off.

According to section 2.3, an appropriate data basthis approach is rather an exception.
Thus, the relationships are derived based on virati@ance considerations according to the
subdivision of precipitation based recharge in Feg2.3, resulting in the following water
balance equation 6.1. In contrast to Figure 2i8,whater balance equation does not distin-
guish between localised recharge (during runoffceatration) and indirect recharge (dur-
ing channel routing).

P= ETsurfacet SMR + QR,direct + SMRalluvium + QR indirect + Qwadi (6.1)

where P = rainfall [mrbx]
ETsurface = surface wetting loss [midx]
SMR = soil moisture replenishment [niDE)/
Qr, direct = direct recharge [MiDH]
SMRywium = S0il moisture replenishment in alluvial valleysimm/Dt]
QR, indirect = indirect and localized recharge [nit)/
Quwadi = surface runoff at catchments outlet [rDXh/
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Table 6.1 gives information on the physical intetption of the single balance variables
and names approaches for assessment of their ipbte® maximal values. The actual
values are the result of a water balance accoustthgme according to the respective rain-
fall input.

Table 6.1: Assessment of water balance componentgfivation of non-linear seasonal rainfall-regea
relationships according to Equation 6.1

Water Balance Physical interpretation| Assessment
Component
ETsurtace surface wetting losses| - potential value initial losgy
The surface wetting loss depends especially oraseirf
characteristics; thus, assessment may be based on|a
literature review on initial losses. Besides, theam
number of events per time step can be considered.
actual value:
Min (P(Dt), initial 10SSnay)
auxiliarily : water entering the un- | - potential value Infay
Infiltration saturated zone integral variable based on infiltration rates [mhahd
rainfall characteristics like (cumulated) eventation
and rainfall intensities; infiltration rates can lmesed
on literature review; rainfall characteristics danes-
timated based on literature or evaluated basedaif 3
able data
actual value:
min(POt)-ETsurfaceDt), Inf.{Dt))
SMR soil moisture replenishr - potential value SMD (soil moisture deficit):
ment SMD field capacity FC; SMD is primarily a function
of antecedent rainfall and evapotranspiration. Addi
tional factors are soil storage characteristics\age-
tation cover
actual value:
min(Infiltration(Dt); SMD(Dt))
Qr, direct direct recharge (or ef- | Balance: InfiltrationDt) — SMD(t)
fective infiltration)
auxiliarily : effective rainfall Balance: PDt) — ETsuacd Dt) — Qs direc( D)
Peff
auxiliarily : transmission losses or| n-th root of effective rainfall &(Dt)
transm. losses| potential indirect re-
charge, respectively
SMRuiuvium soil moisture replenish} n-th root of transmission loss
ment in alluvial valleys
QR indirect actual indirect recharge Balance: transm. losses — SMRum
Quwadi surface runoff Remainder of the balance equation

Potential values for initial losses (initial lggg and infiltration (Inf.ay per time step as
well as the soil moisture deficit (SMD) are intdgvariables representing the long-term
average conditions regarding the actual processasonsidered season and response unit.
SMD is a surrogate for the actual soil moistureéustdantecedent rainfall and evapotrans-
piration) under given soil characteristics and vatjen cover. Initial losses and infiltration
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do not only represent morphological characteristizg also rainfall characteristics like
average occurrence, duration and intensity in élspective time step.

This wide-ranging simplification compared to théuat processes is due to the lack of data
which would allow the expectation of a gain in aeamy in applying more complex model-
ling concepts.

In a way, these integral variables are comparahléot example, the Manning coefficient.
In channel hydraulics, this value is often usea@dwer both, channel roughness and also
local head losses between different stations. Exadlgt it is an empirical value. In addi-
tion, it depends on the actual discharge level.ldgausly, the variables mentioned above
are related to distinct rainfall characteristicg @imatic conditions.

After the estimation of the parameters mentione#igure 6.3, a balance for every value
of rainfall depth P per time step can be calculagsdlting in the total response

Qr = QR, direct* QR, indirect (6.2)

The recharge rate as function of rainfall R(P) [PFpequals to QP)/P.

The components which are related to runoff geramafinitial 10S$ax INfmax and SMD)
can be, to a certain degree, substantiated bwtiter values and evaluation of available
rainfall and climate data.

The absolute values of transmission losses areasurg with increasing rainfall. The rela-
tive fraction, however, decreases from close to #0® low amounts of effective rainfall
to rather low portions for erratic high rainfalles. Thus, transmission losses are as-
sumed to be the n-th root of effective rainfall.the following, this n-value is termed as
Niransm loss Analogously, soil moisture replenishment of aidlivstorages is expressed as
n-th root of transmission losses. In distinction nRnsm 10ss this n-value is termed as

NSMR alluvium

The water balance considerations are limited tcatttaal time step. It should not be con-
fused with a continuous soil moisture accountingesee. An extension to a continuous
soil moisture accounting would require an adegsatiemoisture module and hence a cor-
responding number of additional model parametdnss goes beyond the basic idea of this
approach, which aims at a minimal number of calibreparameters.

Per default, a time stept = 1 mon is used. Figure 6.3 shows an example raralinear
rainfall-recharge-relationship based on a set ohpaters (initial l10S§&x INfnax SMD,

Mtransm loss NSMR alluvium -
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Figure 6.3: Non-linear rainfall-recharge relatioipshased on water balance consideratioggy® Nransm loss

Nsmr = NemR alluvium)

6.4.2 Sensitivity analysis

With regard to the sensitivity of each variablahis water balance approach, a sensitivity
analysis was conducted. It was based on a defaluevfor each variable, resulting in a

median response based on the rainfall sample aseicase study application in section
7. Table 6.2 gives an overview on requested vagltheir default values and the range of
values considered in the frame of the sensitiviiglgsis.

For evaluation or comparison of the resulting resgofunctions, the following criteria
were considered:

rainfall threshold By [mm]: maximum rainfall depth with zero responséndicates
impact of low rainfall

break point: end of the rising limb
o rainfall depth of break-point,Rax[mm]
0 response at break-pointRk[-] - mostly identical with maximal response

response of maximal considered rainfall depth,R{)H-] — indicating the response for
extreme rainfall events

integral of response function over PELnoaXR(P)[-] - for (non-weighted) comparison

of response functions
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long-term average rechargetR [% of P], i.e. response to an actual rainfall sknp
weighted according to the histogram of the rairgaliple

0 Ryta(whole sample) without consideration of seasons
0 Ruira(winter) winter season

0 Rita(summer) summer season

Table 6.2: Parameters for calculation of the respdunction — default values and considered raofjeal-

ues
parameter unit note default Range
under consideration of litera-
. ture values on initial losses
INit 10SSrax mm/DX per event and mean number ! 2 x 12
of rainy days pebt
under consideration of (final 30
infiltration rates
(5 x 50 mm/h), esti- (variation
INf e mm/Dt mated cumulated event duraof SMD: 5 x 115
tion perDt and median rain- | yoih 30
fall intensities and 60)
estimates for scattered vege-
SMD mm tation on bare rock or shal- | 10 0 x 30
low soils, respectively
Ntransm loss ['] 1.3 1.05 x 1.75
NsMR alluvium ['] 1.5 1.00 x 2.25

Appendix A shows different response functions aptbded evaluation criteria under
variation of the different model parameters. Anleafion in tabular form is part of Table
6.3. Therein, the gradients the evaluation criteria from lowest to highestiue of the
actually varied variable were classified accordin@ statistical evaluation of the 6 gradi-
ents for 5 considered parameters. The classestatthisbelow median’ and ‘median’ (i.e.
arithmetic mean criterion  median or reversely) indicate a minor impacthef vari-
able on the respective criterion. The classes ‘abmedian’ and ‘maximum’, however,
show a relatively weighty impact. The red colourTiable 6.3 indicates a decrease of the
criterion from lowest to highest value for each sidered variable.
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Table 6.3: Gradients of different evaluation créer based on variation of different variables

Dcriterion = criterion(max of parameter) - criter{aorin of parameter)

criterion

initial loss infiltration SMD transm. SMRujiwi

inf. 30 mm | inf. 60 mm losses Hluvium

Psin median < median| maximum > median
Poreak > median | maximum constant Constant
Roreak < median > median | maximum > median
R(Prax constant > median < median maximum | > median
integral . . . . . .

< median > median median < median | maximum < median
response
Rita <median | > median | maximum > median <median | < median

Among all considered criteria, the long-term averagsponse Ra is considered to be the
most important indicator. The variation of SMD riésun the widest range of values for
Rita. The sensitivity of infiltration is similar to thaf SMD. In contrast, it has an impact
on the sill value and therefore on the contributadriow rainfall. Infiltration is the one
parameter which features a considerable seasan@lity for the winter period is consid-
erably higher than in the summer period due todifferent rainfall characteristics. Thus,
the model reflects the main drivers of mountaimfroecharge (MFR) as mentioned in
section 2.1.

The initial losseshow a considerably lower impact optR The impact of transmission
losses and, last but not least, the storage regbler@nt in alluvial valleys is even smaller.
Their relatively low impact on Ra is due to the fact, that months with cumulatedfedi
above 100 mm are relatively rare in the consideeaafall sample. Thus, the impact of
erratic high rainfall events (with often limitedal extent) on the long-term water bal-
ance as a whole is considerably lower comparedaeapent low or median rainfall.

The evaluation criteria show, that transmissioséssand SMRuvium do only influence the
tailing of the response function and, consequelttly,integral of the response R over rain-
fall P. Initial losses, infiltration and SMD, howay influence the sill value and the break
point. Finally, they influence the shape of thengslimb and consequently the sensitivity
to low and median rainfall events. This approactdierivation of the response functions is
hence considered to be physically reasonable.

6.4.3 Response functions based on extreme parameter sets

With regard to the robustness or plausibility of thater balance approach for derivation
of response functions, worst cases were deriveedoas rather extreme parameter values.
Table 6.4 gives an overview of the investigatediaggions. For clarification, the low sen-
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sitive parameter dir anwium for soil moisture replenishment in alluvial valkewas set to
the default value 1.5.

Table 6.4: Assumptions for Response functions bagsegktreme parameter sets

extremely low extremely high
Parameter : :
assumption valug assumption valye
- low value per event high value per event
init [0SSmax P | 3 g P | 15
1 event per month > 1 events per month
Inf low infiltration rates | 10 high infiltration .rates | 100
max short duration events rather Iong_—lastlng than
short duration events
low storage capacity | higher storage capacity |
SMD high antecedent moisture | 5 low antecedent moisture | | 50
hardly any vegetation vegetation perceptible
n low (i.e. transmission losse 1 10 high (i.e. transmission Iosses_L 75
transm loss relatively high) ' relatively low) '
NsMR alluvium low sensitivity, therefore out of consideratioefallt value 1.5

The resulting response functions are shown in Eigud. Values for each resulting long-
term average responsetRr for the considered rainfall sample are given ie kgends.
The upper Figure 6.4 (graph a, functions 1 — 4bdsed on a parameterisation, where
evaporation losses and infiltration are very lovhisTis a reasonable scenario for solid,
non-fissured rocks or cemented soils. Direct reghas very low in this case. Thus, sur-
face runoff is high and total recharge highly dejsewn indirect recharge and, conse-
guently, on hydraulic properties of the alluviallegs. Even for high relative transmission
losses and extremely low soil moisture deficit (SMihe long-term average response
Rira is below 40 %.

Functions 5 and 6 (graph b) show a low SMD, buiyJagh potential infiltration. This
results in high values forRa for the rainfall threshold, where P(sill) is vdow and the
response is very high even to low or median rdinfals a reasonable scenario for karst
regions or other highly permeable surfaces durvegwinter season. In this case, the im-
pact of indirect recharge during high rainfall etgeis secondary compared to high direct
recharge based on frequent low or median rainfalhctions 7 and 8 are based on ex-
tremely high infiltration rates and, coincidentlxtremely high SMD. This combination
can be considered for selected, more developed and is therefore outside of the scope
of the present study.

The graphs ¢ and d show a very high rainfall tho&shP(sill) due to very high initial
losses. Consequently, there is hardly any direzttaigye based on low rainfall. In the case
of low infiltration (graph c), Rra is below 25 %. Similar to graph a, transmissioss&s
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show a high sensitivity. If infiltration is high drSMD is low (functions 13 and 14), there
is a considerable response to median rainfall watasulting in Rra of more than 40 %. It
is concluded, that this value is a reasonable Idwat for highly fractured or karstified
terrain with less developed or even absent soils.

Similar to functions 7 and 8, the functions 15 d@dshow high infiltration and high soil
moisture deficit. Thus, they are outside of thepgcof this approach.

(a) initial loss very low (3 mm/dt) & infiltration very low (10 mm/dt))
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Figure 6.4: Response function based on extremaredea sets

Table 6.5 summarizes the findings discussed. It seaye as a rough guideline for the

practical application of this approach. In geneita, water balance approach for derivation
of the response functions provides physically glaagesults, even for extreme cases. The
combination of high infiltration and high soil ségye is beyond the scope of this approach.
In this case, an appropriate continuous soil moségcounting is indicated.
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Table 6.5: Parametrisation of response functionsliftinct conditions based on evaluation of exeqra-

rameter sets

Hydrogeological setting Parameters
Geo- rainfall initial loss | infiltration soil moisture transmission
morphology deficit SMD losses
short default according to
solid rock or duration actual character
cemented allu- very low secondary istics and ante-
vium lasting increased cedent condi-
tions

L short low to median,

high infiltration | o -0 | default increasing | according to soil
with rainfall | storage character-Secon dar
(karst, highly duration istics and antece- y
fractured rock) | lasting increased dent moisture
conditions

well-developed
soils (out of secondary| secondary high high secondary
consideration)
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6.5 Subsurface routing based on linear reservoir models
Based on the approaches discussed in sectiorh2.fhltowing models were implemented:
the serial karst aquifer model according to Kir@902) (see Figure 6.5, right),

a parallel two-reservoir model, likewise with stgea S| and Sh as well as the distribu-
tion factor RI

a parallel 2+1 reservoir model similar to Schwaezeal. (1999) with a split-up of the
low permeability storage Sl into two parallel sgpga SI1 and SI2. In contrast to
Schwarze et al. (1999), distribution of rechargdefined by the factor RI instead of a
constant maximum recharge (see Figure 6.5, left).

Recharge Qg
QRh = QR * (1'R|)
v | Recharge Qg
[ high permeable
— reservoir Sh Qr=Qr*RI l Qrn-Qr*(1-RI)
0, |
low permeable
-1/9* Qg *RI
‘—QR'T Qr reservoir Sl
v..|
: Qsi
reservoir SI2 [
Kl2 =1/9 * KI1 N. l
low permeable high permeable
Qri=8/9* Qr*RI reservoir Sl reservoir Sh
v v
reservoir SlI1 I_
Qsn
Qs

Figure 6.5: Reservoir models for hard rock or katgtifers; left figure: 2+1 reservoir model simitar
Schwarze et al. (1999); right figure: two-resenvowdel for karst aquifers acc. to Kiraly (2002)

With regard to the behaviour of the three differepproaches or the sensitivity of its pa-
rameters, respectively, a sensitivity analysis e@sducted based on a synthetical percola-
tion time series. To summarise, it can be statatl fdr meso scale water balance assess-
ment and a monthly time step, the reservoir comndtamf the low permeable storage is
supposed to be the most important parameter. Adihauiginally proposed especially for
karst aquifers, the model of Kirdly (2002) is calesed to be a reasonable conceptual
model for subsurface routing in karst and othedhaxck aquifers in the given context.
Consequently, this approach was included in the@gtual hydrologic model as a whole.
For the application to lithology classes besidastkdhe parameterisation can be based on
reference values of Schwarze et al. (1999) or ScteM2004).
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7 Case Study: Groundwater recharge assessment for thgarka Region
(Oman)

The eastern Batinah coastal plain is the most depspulated, cultivated and industria-
lized area in the Sultanate of Oman. Agriculturayplan important role in this region.
Most of the farms are located near the coastliree take their water from groundwater
resources, such as numerous decentralized and wftamtrolled wells. Thus, high water
demands of agriculture require more than 90% ofwhater resources (Al-Hattaly and Al-
Kindy, 2008).

The transition to pumped wells in the 70’s and digeicultural expansion since the 70’s
resulted in a wide-spread salinization due to gdwater depletion along the Batinah
coast. This led to landward migration of agricidlurones and accompanying social prob-
lems. Consequently, there is an urgent need fongterm perspective in conservation and
water management. Weyhenmeyer et al. (2002) paihttbat those water management
studies conducted in the 80’s and 90’s did notatliteeir attention to the interconnection
between the groundwater recharge areas in theedjacountains and the groundwater
abstraction sites in the coastal zone. Only inghé of the 90’s, extensive investigations
based on geochemistry and isotopy gave a detailatitafive picture of recharge mecha-
nisms in this system (see section 7.1.5). Moreaver,actually available groundwater re-
sources on the Batinah plain are to a consideyadotefossil water which has precipitated
during the Pleistocene (Weyhenmeyer et al., 2000).

Although these isotope studies provided detailealitpiive knowledge on recharge source
areas and flow paths, even in 2004 an (unpublishetgrated Catchment Management
Project’ was conducted, where groundwater rechasgelinked to the rainfall monitoring
stations within the groundwater model domain,orethe coastal plain, far downstream to
the source areas of the main portion of rechargbdalluvial aquifer. Consequently, the
pressing need for a really Integrated Water Ressuktanagement (IWRM) considering
the system in all its complexity is, more than evepical. Consequently, a respective ap-
proach was proposed by Grundmann et al. (2012hniiprises water resources assessment
(WRA), assessment and optimisation of agricultwater use and, finally, an optimal
management of the coupled groundwater-agricultystem including consideration of
climate change scenarios.

For groundwater management in the coastal zon® dedsity-dependent model for this
task was recently set up by Walther et al. (20f8)turing a relatively high spatial resolu-
tion. The assessment of inflow boundary conditidm®yever, extends over an area of
roughly about 1500 km? (see section 5.1). The mgehanducing rainfall-runoff-processes
display a fast response to rainfall events, whileugdwater recharge in the mountain
catchment is subject to storage in the mountainfegqubserved spring hydrographs, for
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example, generally show a response time to raiefadhts of about 3 to 6 months. Precipi-
tation, in turn, is subject to cycles with sevgratiods of up to 17-20 years (see section
7.1.4). Thus, water resources assessment has &ideordifferent temporal and spatial

scales.

As a basis for water resources assessment witlsirséfting, Figure 7.1 shows a conceptu-
alisation of the water resources system as a wimolthe following, the focus lies on the
assessment of mountain-front recharge. Indirect atificial recharge as well as direct
recharge due to precipitation on the plain is askkd in section 7.1.

mountains mountain front zone plain coastal zone
mountain hydrology direct recharge coastal zone
I due to rainfall on the plain | agriculture
evaporation losses ; ' abstraction
surface runoff  ees—| indirect & artificial recharge & return flow
o . due to surface runoff & recharge dams from irrigated areas
infiltration . .
evapotranspiration == X I
in mountain oases t v ____________ ’ """" . ‘ N \ 2
mountain-front alluvial basin aquifer
recharge
seawater
interface

Figure 7.1: Conceptualisation of the water resaiBystem in the study area

54



Based on the introduction to the study area ini@ect.1 and the discussion above, the
following conclusions can be drawn with regard tatev resources assessment in this set-
ting:

Portrayal of salinization in the coastal area urtderporally varying groundwater ab-
straction implies the need for transient groundwab@nagement. Groundwater re-
charge including its temporal and spatial distidmutis an important boundary condi-
tion.

Assessment of groundwater recharge has to conaidariety of interacting hydro-
logical processes on different temporal and spatales.

Consideration of climate change scenarios requiregnostic tools to assess ground-
water recharge for varying input. Thus, in additiorapproaches based on groundwater
data which integrate over time and space, relialdi@fall based estimates are desir-
able.

Additionally, the study area features data scaretarding

a limited spatial and temporal resolution of aua#arainfall data compared to the
tempo-spatial variability of rainfall-runoff-procsess,

field survey in the mountain catchment (e. g. frdtion characteristics, degree of kar-
stification, storage capacity of the unsaturatetezetc.)

hydrogeologic survey in the mountain front zone &mther downstream towards the
groundwater model domain on a flow distance of abdm.
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7.1 Study area

7.1.1 Topography

The case study area is situated in the north oStiitanate of Oman in the Al-Batinah re-
gion. Al-Batinah is a densely populated, roughlykd® broad coastal plain which extends
over 250 km along the coast of the gulf of Omantmarestward of the capital Muscat.
The Hajar mountain range (also termed as Oman Nms)jtborders to Al-Batinah from

the south with peaks up to a height of 3000 m.a.s.|

Figure 7.2: The study area

The Barka region itself is located in the southteaspart of Al-Batinah. Its centre, the
city of Barka, is situated approximately 80 km le tvest of Muscat. From east to west, it
covers the three Wadi catchments Wadi Taww, Wadawmiaand Wadi Bani Kharus.
Their drainage basins (see Figure 7.2) comprisaraa of about 2640 km2. This area di-
vides up into the plain (about 1500 km?) and theimt@inous part. The latter is a part of
the Jebel Akhdar mountain chain, which in turn bgkto the central Hajar Mountains.

With regard to the assessment of mountain frorhaege, the groundwater basin in the
mountainous part is the most relevant entity. #sternmost limit is clearly defined by a
change of the major geological units. The delinotato the westerly Wadi Farah, how-
ever, is not clearly defined. An extended area ungethe whole east-west extent of the
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Jebel Akhdar area includes in addition the headwateWadi Farah and the most western
Wadi Bani Ghafir. Its further division is a mattafr investigation. Additionally, the areas
south to the drainage divide have to be considésed section 7.1.5). Thus, as a first ap-
proximation, the relevant basin in the mountainpad covers an area of about 1500 km?2.
In the following, it is termed as the core area (Bgyure 7.2).

7.1.2 Climate

A subtropical desert climate is prevalent throughtbe Sultanate of Oman. It is classified

as arid or, in parts, extremely arid (MWR, 1995¢spite the general aridity, greater rain-
fall in cooler, high altitudes of the study areaulés in numerous springs and occasional
surface water at lower altitudes. Both, natural endated vegetation is present at several
locations. Therefore, the mountain chain is termedebel Akhdar, the ‘Green Mountain'.

Following the classification of MEIGS, Warner (2Q0zlassifies the Hajar mountains as
semi-arid.

The Hajar Mountains and the Batinah are enciratethé inter-tropical convergence zone
(ITCZ) and the subtropical anticyclonic belt. Baththem cross the northern Oman with
seasonal periodicity. As a consequettbe ‘normal’ climatic features are clear, bright
skies, light winds, pleasantly warm dry winters aoppressively hot dry summers’
(Stanger, 1986)0n the other hand, these circulation patterns rasualistinct seasons with
regard to prevalent weather systems in differemtspaf Oman. The up-welling of cold
coastal water and cyclones are additional influsrioghe climate in Oman.

According to MWR (1995), the winter season covéess period from November to April.
It is characterised by theeif rainfall in the northern part of Oman. This is &&h®on east-
ward-moving depressions originating over the Naktlantic or the Mediterranean Sea.
Additionally, advection of a deep layer of cold &wm central Asia to Oman across the
Persian Gulf can also bring rainfall in winter,iggrand autumn. Often, this is particularly
heavy rainfall.

At any time of the year, rainfall can occur as suteof convective rainstorms. Maximum
amounts are observed in July and August. Finaibpital cyclones moving from the Ara-
bian Sea can bring heavy rainfall, especially ®gbuthern and eastern coasts. They have
been observed in all months from May to DecembérMAscat, this occurs once in ten
years on average (MWR, 1995). Recent examples therextreme events Gonu in June
2007 and Phet in June 2010.

In the study area, the mean annual rainfall vérm®s 50 — 100 mm in the coastal zone to
over 300 mm in the Northern Oman Mountains with evigear-on-year variations. Sus-
tained periods of above-average and below-averaigéall are observed. Consequently,
persistence of dry years is considered to be ortleeoiajor challenges for effective water
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resources management (Brook and Sheen, 2000) tiefudtiscussion of rainfall character-
istics in the study area based on available mangatata is following in section 7.1.4.
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Figure 7.3: Mean monthly temperatures of selectatiosis in the study area according to Stanger@);98
brackets: length of observation period and altitafihe station

Mean annual temperatures in the lowlands are tijpit@tween 26 °C and 29 °C. The
mean diurnal range is between 12 and 15 °C (Stari@&6). Figure 7.3 shows mean
monthly temperatures for three stations in theystur@a and the station Seeb about 80 km
west to the study area. The length of the obsemateriod and altitude are given in brack-
ets. Despite the difference in altitude, the valoeRustaqg (350 m a.s.l.) and the two sta-
tions at the coast are similar, which may be dugéchigher humidity at the coast. In con-
trast, the station at Saiq (1950 m a.s.l.) shovesrperature gradient of around 10 °C com-
pared to Rumais. There, a minimum temperature,6f>G was recorded (MAF, 1990). On
the Jebel Shams (above 3000 m a.s.l.), snow soe®toocur in winter months (MWR,
1995). Maximum air temperature seldom exceeds 4 °the shade. Nevertheless, rock
surface temperatures regularly exceed 50 °C duh@gummer months (Stanger, 1986).

Average relative humidity (R.H.) is about 60 % ke tnorth of Oman with 50 — 90 % in
coastal areas (MAF, 1990; MWR, 1995). R.H. is enhjigyariable climatic parameter with
large diurnal variations (Stanger, 1986).

7.1.3 Evapotranspiration

According to MWR (1995), 2100 mm/a is a fist vafoe the potential evapotranspiration
(ETP) in the Al Batinah region with reduced vala¢she coast due to higher humidity. In
the interior region, ETP is supposed to reach wbfe3000 mm/a (MWR, 1995). Stanger
(1986) addresses the large range of potential sdimepan evaporation according to the
geographical site and, not least, to the exposae [Figure 7.4).
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pan evaporation [mm/d]

Jan Feb Mrz Apr Mai Jun Ju Aug Sep Okt Nov Dez
calendar month

—o— A - high exposure (max) —+— B - less exposed (max) —&— C - low exposed (min)
--0-- A - high exposure (min) -—-B -less exposed (min) --8--C -low exposed (max)

Figure 7.4: Comparative open pan evaporation frdfardnt environments in Oman after Stanger (1986);
A: high exposure (foothills, coastal and intenitains); B: less exposed low altitude mountain eodastal
areas; C: foothill cultivated areas of low exposane high altitude mountains (above 2000 m a.s.l.)

Siebert et al. (2007) collected climate data ovperod of 2 years in the Mountain Oases
at Balad Seef996 m a.s.l.) Based on the Penman-Monteith approach, they adnthe
reference evapotranspiration &8s a basis to assess crop water use. Table Aitigsaa
compilation of values for different locations inetlstudy area. Apparently, the values at
Balad Seet are below those of Saiq, although tkes da@s around 800 m lower than Saiq.
This can be due to the different influences in ddito air temperature as a function of
altitude like insolation, wind, humidity etc. Ind®r to check the plausibility of the values
in Table 7.1, they were compared with the pan eratfmm given in Figure 7.4, which was
multiplied by the pan coefficient & The latter depends on pan site and environment as
well as the levels of mean relative humidity anahdvspeed (Allen et al., 1998). Accord-
ingly, the annual sum for Balad Seet is correspandd a cropped site in a less exposed
altitude area (class B). The higher value for Satjcates a higher exposure (between
class A and B) which can be due to the unshieldedtion on a plateau. Rustaq, located at
the foothills, can be classified into class A (hgjposure) assuming a medium humidity.
In summary, the values in Table 7.1 give reasonagtienates for potential evapotranspira-
tion in the mountainous part of the study area.
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Table 7.1: Reference evapotranspiration ETO ag¢udifit sites in the study area

Saiqg (1950 m a.s.I) Balad Seet (996 m a.s.| Rustaq (340 m a.s.l)
calendar month
(MWR, 1996) (Siebert et al., 2007) (MWR, 1996)
Jan 86 88 108
Feb 95 101 123
Mrz 142 137 195
Apr 194 170 231
Mai 222 202 274
Jun 217 208 271
Jul 221 200 262
Aug 220 189 270
Sep 193 157 266
Okt 161 141 192
Nov 106 99 149
Dez 90 84 126
Mean annual sun 1947 1776 2466

7.1.4 Rainfall characteristics

Rainfall observations in Oman started in 1884 aséat (Kwarteng et al., 2009). In the
South Batinah, records are available since 197atidst at Rustaqg). From this time on-
wards, the monitoring network has been extendedessovely (see Figure 7.5). The mean
density in the core area is currently around listgber 60 km2. The monitoring stations
are designed according to the World Meteorologix@anization (WMO) standards for an
arid region. Over time, standard daily gauges wepéaced by automatic recorders.

The maintenance of the monitoring network in thaumainous terrain is challenging. For

example, between 2001 and 2007, three stationftimtdas around 2000 m a.s.l. where

mostly out of service due to a lack of maintena®®.both the network and the records of
available stations exhibit considerable gaps imtlo@ntainous part of the study area.

Additionally, there is a lack of stations in thétade range 1000 to 2000 m a.s.l. and 2200
to 3000 m a.s.l. This affects especially the slagfethe mountain range and the considera-
tion of physiographic factors of rainfall occurrenkike gradient, aspect, exposure and,
above all, position relative to upwind higher re(f#oarrier effect”).

The significance of often used altitude-rainfallateonships is limited for this reason.
Stanger (1986) assumed, that they are not nedgsisaear, but that there is a maximum
on summer dominated rainfall data at about 1500sash and one which is based on winter
dominated rainfall data at ca. 2000 to 2200 m.drs.brder to check this assumption, the
correlation between altitude and recharge was tigagsed again in the frame of this work,
based on a meanwhile extended data base. Foruhige, 53 stations over the whole
Jebel Akhdar mountain range including availabléita in the high altitudes south to the
drainage divide were considered in the period fd®84 to 2007. With regard to different
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rainfall mechanisms in distinct seasons, it wasirdisished between annual and seasonal

values in deriving altitude-rainfall relationshifsee Figure 7.6).

Figure 7.5: Rainfall monitoring network — classifiaccording to start of operation
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The winter season covers tkeif rain season from December to April, while the stanm
season is limited to July and August. The constderaof the periods outside of the sum-
mer and winter season is an attempt to investigateow far the tropical cyclones find ex-
pression in the altitude-rainfall-relationship. time following, this period is termed in-
between season. Though, tropical cyclones canoalsar in the winter or summer season.

The station at Jabal Nakhl (1560 m a.s.l.) appeatse an outlier. This is obvious in the
annual data (upper left graph) and even more ahetire data for the summer season (up-
per right diagram). Indeed, the available timeesefeatures zero values in periods, where
considerable rainfall was observed at adjacenibbsiatA similar case is the winter season
for the station at Jebel Shams (2820 m a.s.l.)hig case, the time series features a zero
value for an extreme event in March 1997 with nmtbeen 300 mm at adjacent stations.

Obviously, the altitude-rainfall relationships afnrsmer and in-between season feature a
more or less similar shape. The plot for the wirsesison, however, differs considerably.
While a significant rise of average rainfall withitade can be observed for the summer
season, originating in very low amounts at seal |elre relationship in the winter season is
more equable. Between 500 and 1500 m.a.s.l, tisesennore or less constant long-term
average value of around 80 mm. Only in altitude2@30 to 2250 m a.s.l., there are con-
siderably higher values at a number of stationsil&\the latter confirms the maximum of
winter rainfall described by Stanger (1986), theuagption of a summer dominated rain-
fall at about 1500 m a.s.l. cannot be confirmedtam the presented data.

Similar to the rainfall amounts, the coefficient wriation is low for the winter season.
Thus, winter rainfall is relatively stable bothaocurrence and amounts. Summer rainfall,
however, shows a high variability, especially ir flow altitudes. Here, no or very low
rainfall is the normal case. Only occasionallyptoal cyclones cause severe rainfall. In the
mid and high altitudes, the coefficient of variatis lower due to more frequent convec-
tive rainstorms.

Long-term mean annual rainfall in the core areahisut 162 mm/a (period from 1984 to
2007). Saiq (1950 m a.s.l.) shows a maximum vafitB86 mm/a. The maximum observed
annual value at this station was 871 mm in 199%. 18& were recorded in March alone.
The yearly average of the station Barka (near Barikaonly around 54 mm (in 1984-
2004).

Table 7.2 shows the number of rainy days and thesisonal distribution for 53 stations
mentioned above in the extended study area. Wgardeto the assessment approach pre-
sented in section 4, not only the whole period eruated, but also subsets under exclu-
sion of months without any observed rainfall. Hehe, number of rainy days per month is
roughly twice of the whole period of time. It israuded, that the mean number of rainy
days over the whole area is similar in the wintest aummer season. Though, the variabil-
ity among the different stations is 2 to 3 timeghleir in summer than in winter. The station
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at Jebel Shams (2820 m a.s.l.), for example, stoowsximum value of 5 rainy days on
average during July and August compared to a makrewf 1.6 (July) or 1.8 (August). In
March, there are 3 rainy days compared to an dveredn of stations of 1.6 days. More-
over, the relationship between altitude and meanhau of rainy days (Figure 7.7) shows
the same characteristics as the relationship betakitude and rainfall amounts and their
coefficient of variation (Figure 7.6). Thus, in wen, independent of altitude a number of
rainy days between one and two days (or 2 to 4 shagsonths where rainfall occurs actu-
ally) is a suitable assumption over the whole staida. In summer, however, this number
Is increasing considerably with altitude.

Table 7.2: Number of rainy days based on 53 rdisfations in the extended study area (period 1}983D7)

calendar month 112 (3 |4 |5 |6 |7 |8 |9 10 | 11| 12
mean value 1.015|16(1.2|0.7| 1.0/1.8|1.6/1.0| 0.7 0.6/ 1.0
whole period |standard dev. |0.4|0.5[0.5/0.6|0.6|0.8|1.4(1.6|1.0/0.5|0.3|0.4
Maximum 1.9(2.6|3.0/2.7|2.2| 3.005.0[/5.2{3.0|1.9| 1.3 24
months with | Mean value 243.0(2.7|22| 15| 1.8/2.8|25/16|2.1| 2.0 2.1
observed rain- standard dev. [0.7|0.7|0.7/0.6(0.9|09|1.3/1.6(1.1|0.8|0.7|0.4
fall only Maximum 43|5.0|5.1/3.7] 35| 3.3/5.3|6.0/3.8] 4.0] 3. 3.
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Figure 7.7: Relationships between altitude and rarmbrainy days (February-March compared to July-
August)

Duration and temporal distribution of rainstormghe study area was investigated by Al-
Rawas and Valeo (2009) based on 2042 rainstorrdéfatent stations. It has to be men-
tioned, that stations above an altitude of 1800.srl.avere not included. Table 7.3 shows
rainfall duration classes and their relative projporof the total number of events. In gen-
eral, all storm events showed a very high intenaityhe beginning of the storm. Moun-
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tainous region and plain did not show differenaesluration or temporal distribution of
rainstorms.

Table 7.3: Typical duration of rainstorms accordingil-Rawas and Valeo (2009)

duration 2h 2to6h 6to24h 24 —-48 h
relative proportion of 30 % 19 % o5 o 26 %
total number of events

predominantly convec:

rainfall mechanism various

tive rainstorms

Figure 7.8 shows mean monthly rainfall amountstfer core area. They correspond to
80 mm for the winter months (November to April) a8tl7 mm for the summer months
(May to October). Histograms based on a 1 x 1 ksterdor winter and summer half years
are presented in Figure 7.9. They are based oonaliged monthly data. External drift

kriging (EDK) according to Bardossy (1997) has besad to regionalise station data. In
winter and summer, 75 % of the rainfall yield iséd on rainfall depths up to 75 mm per
month. Extremely high rainfall occasionally occukie March (in 1997), in the month of

June (e.g. tropical cyclone Gonu in 2007) and ig.Ju

25

[ N
a1 o

P [mm/mon]
=
o

1 2 3 4 5 6 7 8 9 10 11 12
calendar month

Figure 7.8: Mean monthly rainfall for the core af(@884 —2007) derived from regionalised data
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winter season (November - April)
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Figure 7.9: Histograms of regionalised monthly fain(cell size 1 x 1 km) for the core
area (period 1984 - 2007)

Based on the isotopy of rainfall samples colledietiveen 1995 and 1998, Weyhenmeyer
et al. (2002) derived two local meteoric water $indhe northern/northwestern vapour
source (LMWL-N) represents Mediterranean frontategns and orographic rainfall. The

southern/southeastern source (LMWL-S) indicatedamddcean cyclones and tropical

depressions. The latter is similar to the globalemec water line (GMWL), while the first

is similar to those which were derived for Bahramd Southwest of Israel. Compared to
the GMWL, they feature a reduced slope which isciidfor arid zones.

Brook and Sheen (2000) investigated cyclicity offel. For the station at Muscat (1895-
1995), they detected a 5-year cycle which explam$ % of the variance, a 17.7 year cy-
cle (12.2 %), a 6.3 year cycle(6.7 %) and a 10& ggcle (3.1 %). The 17.7 year and the
6.3 year cycles are correlated with the Southemill@son (SO). Accordingly, Figure 7.10
shows annual values for the mountainous part ofstbdy area as well as an analytical
approximation based on harmonic analysis. The #naly function is based on
unsmoothed annual values from 1974 to 2009. Foffilenyg before 1984, a linear regres-
sion between the average of little available statiata and areal precipitation based on
regionalised data for the core area has been U$edanalytical function is based on the
following equation:

65



X . X
=a0+d*cosp*P* —)+H*sinR*P *—
y e C1) e C1)

-------- +a2* COSR* P ¥ 2) + 12 *sin@ ¥ P * )
(7.1)

........ +a’3*cos(2*P*l)+b3*SinQ*p*L)
c3 c3

X

........ +a4*cosQ*P*l)+b4*sinQ*P*
c4 c4

)

Approximated periods were ¢c1 =5 a, c2 = 7.3 a=837 a and c4 = 18.7 a (with

R2=0.658 and a RMSE of 69.1). An approximatiommufnthly values (moving average

over 23 months) resulted in similar characterisfck= 2.5 a, c2 =7.4 a, c3=9.6 a and
c4 = 18.9 a with R2=0.752 and a RMSE of 3.34)this case, however, the fit of the

monthly data includes not a 5 year cycle but ay2dr cycle instead.
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Figure 7.10: Annual rainfall in the core area basedegionalised data and analytical approximaliased
on harmonic analysis

The area wide assessment of rainfall measurememtas limited by availability of nec-
essary climate data and detailed information onosupe or surrounding of monitoring
stations. Based on selected climate stations amsltsgty analyses, Gebremichael (2010)
concluded that bias adjustment increased the ganggesured rainfall in the study area as a
whole by less than 10%he gauge measured annual rainfall increased B4%6-of the gauge
measured yearly totals.

7.1.5 Geology and Hydrogeology

The geology of the Hajar Mountains was extensivelgstigated by Glennie (1974). Ad-
ditional information can be found in (MWR, 1996;aBg¢er, 1986; Weyhenmeyer et al.,
2000). Figure 7.11 shows the prevalent geologinakun the study area. They can be also
regarded as hydrostratigraphic units.
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Figure 7.11: Prevalent geological units based er@hological Map 1:250.000 (sheet NF4003-Seeb)

The extent of the Jebel Akhdar is more or less leigudne spreading of the Hajar Unit. It
consists of a large anticline rising up to 3000t1eastern extremity is termed as the Jebel
Nakhl, according to the nearby town of the sameearhe highest peak, the Jebel Shams,
lies within Wadi Bani Ghafir in the western parttbé mountain chain. A schematic sec-
tion of the anticline is provided in Figure 7.12.
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Figure 7.12: Spring lines of the Jebel Akhdar, rfiediafter MWR (1995) (not to scale)
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The core of the anticline consists mainly of highigctured and faulted pre-Permian silt-
stone and limestone formations (phyllite, shaledcite and dolomite) and thin sandstone
layers. It is exposed around several topograplyidai bowls or tectonic windows. To
some extent, alluvial deposits cover the pre-Pearrfoemations. An example is the Gubrah
Bowl (Wadi Mistal), between the cities of Saiq dddkhal. According to Stanger (1986),
the occurrence of springs along the contact betweepre-Permian unit and the overlying
Hajar unit and the absence of springs with sigaiftcdischarge within the per-Permian
unit indicate a lower permeability and restrictegiifer capabilities of these rocks.

The Hajar Unit, which forms the limb of the antiei is dominated by limestone and
dolomite. These carbonates are highly fractured kardt features are found throughout
most sequences. Numerous springs indicate signifieeell constraint groundwater circu-
lation (Weyhenmeyer et al., 2000). Figure 7.12 shtlve major spring lines in the study
area. The piedmont springs (in Figure 7.12 indat@® hot springs) occur at relatively low
altitude but at a high stratigraphic horizon. Tlaeg sparsely distributed, often thermal and
yield generally in large, stable discharges. Exa®pre Rustaqg Hammam (82 £ 20 I/s) or
Nakhl Thowara (40 I/s). The high level springs, lewer, show a low stratigraphic level,
invariably cold water temperatures of about 25 &y low discharges. Spring discharges
exceed values of 10 I/s only for short periodsratinfall (Stanger, 1986).

Weyhenmeyer (2000) refers to the large regiondexihces in the groundwater table of
several hundred meters, suggesting that the preduthcture zones are not effectively
hydraulically connected. The heterogeneity of thguifer is also mentioned by
MWR (1996). Stanger (1986) points out the widespraamature karstic development,
which results, for example, in the locally impemsonature of the more massive beds.
Weyhenmeyer et al. (2002), however, state thatswalld springs along the piedmont to-
wards the northern Batinah plain show tritium atgeg close to rainwater values which
suggest rapid infiltration and groundwater circgatthrough the karstified pre-Permian
and Mesozoic limestone and dolomite formationshi lhase of the Jebel Akhdar moun-
tain.

North to the Hajar unit, between Rustaq in the vaest Afi in the east, the so called Fron-
tal Mountains stretch out. This low-lying mountaamge is composed of the Samail Nappe
Ophiolites, a sequence of mid-Cretaceous ophialdaks. According to Glennie (1974),
these rocks are one of the world’s largest and é&gsdsed examples of an oceanic crustal
and upper mantle sequence. Until recent yearsQfiteolite was assumed to be an aqui-
tard and groundwater flow was believed to be cadito the thin (< 30 m) alluvial depos-
its overlying the ophilite (Stanger, 1986). Basedstrontium isotope ratios, Weyhenmeyer
(2000) concluded that groundwater circulation tagksce in the magnesite and calcite
lined fractures found throughout the Samail Opteoli
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Besides the adjacent alluvial aquifer on the Bétipkain, quarternary alluvium appears in
often narrow valley floors, for example in Wadi Ba¢harus upstream to the city of Al
Awabi. Moreover, more widespread alluvial deposritgp out within the spreading of the
pre-Permian formations (see above) and in Wadi Nlazasterly to the ophiolitic Frontal
Mountains, around the cities of Nakhl and Afi. Aoding to Stanger (1986), erosion prod-
ucts from the Hajar Super Group massifs make ameajotribution to the mostly coarse
grained piedmont wadi systems.

Relatively little substantial information is avdila on the properties of these alluvial de-
posits. The Ministry of Water Resources and RurainMipalities (MRMWR) provided
data on the thickness of the alluvium at arounchu#ilable scattered boreholes. In some
cases (e.g. south to Al Awabi), relatively thickpdsits (> 45 m below surface), which are
partly close to rather shallow ones (< 27 m.b.@kent difficult to derive reliable and rep-
resentative conclusions. The occurrence of basedicer several months at the gauge near
Afi after wet periods, implies a considerable logabundwater storage capacity in this
area.

Shifting channels due to sporadic changes in tih@nba between erosion and deposition
and other morphological processes resulted in arsual configuration in which surface
flow from Wadi Mistal breaks to the ophiolites meexg with the main Wadi Bani Kharus,
while subsurface flow appears to drain through fibrener alluvial fan into the Wadi
Maawil (Stanger, 1986).

The Batinah plain is by far the most important &guof the region (Macumber, 2003;
Stanger, 1985; Stanger, 1986). It consists of adjadut differentiable alluvial fans. Due
to the coalescence of tributaries, the lateralhratmt divides are indistinct. Wadi Al Farah
and Wadi Maawil are the two major wadis draining debel Akhdar.

(Macumber, 2003; Weyhenmeyer et al., 2002) poiotgg that groundwater recharged in
the Jebel Akhdar is diverted by the less permeBbatal Mountains. In fact, it follows
two major flow paths passing through gaps in théiGges near Nakhl (eastern ‘Maawil
plume’) and Rustaq (western ‘Farah plume’) andhentstretching across the coastal plain
to the sea. With a thickness of the alluvial chamfienore than 70 m, the western flow-
path is more deeply incised than the piedmont ef&dadi Maawil with relatively shallow
alluvium (max. thickness < 40 m). Following thisdi the quaternary alluvial aquifer in-
creases in its vertical extent and has the larteskness within the so called “Maawil
trough”. Subsequently, it thins out northwards @dember, 2003). Grain sizes decrease
continuously from the mountainous region towarasdbast.

Isotope studies (Macumber, 1998; Weyhenmeyer e2@02) revealed, that around 80 to
90% of the groundwater resources of the coastah plethin the range of the Maawil-
plume are based on precipitation in high altitudgssed on the altitude effect, Weyhen-
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meyer et al. (2002) deduced an average rechangedeltof approximately 1700 m a.s.l.
Similar findings were stated related to the Faraimge.

Based on the analysis of tritium from observatiaogllsvon the Batinah plain, it was con-
cluded that the portion of recent recharge in tlea @f the Maawil and Farah ‘plumes’ is
secondary. In contrast, the area between thosglwoes, shielded by the Frontal Moun-
tains, displays a higher proportion of recent regba

In an isotope cross plai’H andd*?0 values of all the samples within the catchmerihef
Maawil plume lie between the above mentioned locateoric water lines (LMWL-N and
LMWL-S) — but more or less parallel to the LMWL-Nwas suggested, that this is due to
a mixture of northern/north-western and southeutfseastern vapour sources. The con-
tribution of the southern source was assessedaait & %. Though of lower frequency,
this south-eastern source shows high intense ewénteng duration. According to Wey-
henmeyer et al. (2002), a more detailed quantéaassessment of the relative contribution
of the two vapour sources to modern day groundwatdrarge requires a continuous long-
term isotope database for precipitation and rdicfaémistry. Similarly, considerations of
a long-term evaporation rate for the whole areatbam chloride and sodium measure-
ments in rainfall samples resulted in an uppertlwhi80 %. Due to the lack of data on dry
chloride deposition, it was emphasized that thisniper can possibly be significantly
lower.

Although the results of the mentioned isotopic @edchemical studies provided well-
founded qualitative information on groundwater flpaths, uncertainties remain with re-
gard to the actual extent of the groundwater basirthe two groundwater plumes men-
tioned above. For example, there is evidence ttamtrglwater flow from the Wadi Mistal
does not follow the (surface) drainage divides, isudischarging to the ‘Maawil plume’.
Macumber (2003) concluded that there must be ausisize inflow from recharge areas
lying to the south of the east-west divide inclgdihe Saiq plateau.

Available groundwater hydrographs of selected gdwater stations in the alluvial aquifer
on the Batinah plain reflect the hydrological preses in the corresponding basin. Unfor-
tunately, the availability of observation welldimited to the central and coastal part of the
plain and, thus, at least about 5 km downstreaithéomountain front zone. The hydro-
graphs with the lowest distance to the piedmonezefiect the mid-term cycles which are
apparent in rainfall (see section 7.1.4). Furtlmwmstream towards the coast, the influence
of the upper boundary decreases. In the coasta, zbe hydrographs feature seasonal
fluctuations due to extractions for irrigated aghiare. In addition, long-term negative
trends indicate the continuously increasing waénaind in the recent decades.
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7.1.6 Soils

The soil map in Figure 7.13 shows the predominaiit dasses, focusing on the soils
which appear in the mountainous part and the maumtant zone, including the alluvial
valley in Wadi Maawil as transition to the north@ilain. Table 7.4 provides further details
for these soll classes.

Figure 7.13: Soil map (MAF, 1990)
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Table 7.4: Prevalent soil classes (MAF, 1990)

AN

ID |soil class grain size depth slops note
1 | calciorthids |'0amy to deep to mode- | g 5,
loamy-skeletal |rately deep
Calciorthids- loamv sand &
11 | Torrifluvents- y deep 0-3% | moderately flooded
: sandy skeletal
Torriorthents
loamy saline soils with gypsum pa
19 | Gypsiorthids |loamy-skeletal & deep to mode- 0-15% | °" slightly tq strongly dis-
rately deep sected alluvial terraces &
sandy-skeletal f
ans
Torrifluvents- o | slightly to moderately
37 | Torriorthents | Sndy &loamy | deep 0-3%| fiooded
Torriorthents & loamy & shallow &
46 | Calciorthids- y moderately 0-15% | soils & rock outcrop
loamy-skeletal
Rock outcrop deep
R Rock outcrop- |loamy-skeletal to shallow 0- mountains & strongly dis-
Torriorthents | sandy-skeletal 100% | sected rocky plateaus

In the mountains, the shallow Rock outcrop-Torhertts (class R) are prevalent. This map
unit is about 70 % rock outcrop, 20 % Torriortheatsl 10 % minor soils. Mountains and
hills are dominated by rock outcrops. The Torriertts, however, cover Piedmont slopes,
footslopes and channels. Very gravelly, loamy tedyaand shallow to deep soils are pre-
sent, with high vertical hydraulic conductivity. &soil atlas does not contain further in-

formation on characteristics of these rock outcrops

Apart from the Torrifluvent-Torriorthents on agritwral land close to Rustaq, Afi and
Nakhl, only the Gubrah Bowl (southeast of Wadi BEhiarus) and the alluvial valley in
Wadi Maawil contain different soils.

The low sloped areas in the Gubrah Bowl are charnaetd by deep to moderately deep
Calciorthids (class 1). In the gently sloping aréaes shallow to moderately deep Torri-

orthents & Calciorthids-Rock outcrop (class 46) arevalent. According to MAF (1990),

both soils feature a moderate vertical hydrauliedttivity.

Gypsiorthids (class 19) are predominant in thevadlwalley of Wadi Maawil. In contrast
to the Calciorthids they are saline soils. Vertibgtiraulic conductivity is moderate and
water retention is low. Typically, a layer cemenkstcrystalline gypsum is underlying.
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7.1.7 Runoff characteristics

Figure 7.14 shows the four gauged catchments ity area. The drainage basins dis-
play considerable differences in their charactessfsee Table 7.5). The catchment of the

gauge Al Awabi shows the highest slope and the svwertion of alluvium which implies

a high predisposition to flash flood runoff genemat In contrast, the catchment of the
gauge Sabt shows a lower slope and a rather haggopron of quaternary deposits. Con-
taining the two catchments mentioned above, thehoagnt of the gauge at Al Abyadh
(Wadi Bani Kharus) is by far the largest one (768k The Wadi Maawil (gauge near Afi)
comprises an area of 313 km2. The morphologic kbegare, on average, similar to in the

drainage basin of gauge Al Abyadh.

Figure 7.14: Gauged drainage basins in the stusly ar

Table 7.5: Morphological characteristics of therfgauged surface catchments (modified after Gi28#&1()

variable unit gauge

Sabt| Al Awabi | Al Abyadh | Afi
area km2 | 202 254 763 313
gauge height m a.s).420 600 200 225
mean slope % 33,1 46,0 35,4 35,3
propgrtion of quarterngry deposits % 60 21 31 36
(alluvium, slope colluvium)
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Based on available monitoring data, Giese (201d¢sngated rainfall-runoff processes in
above mentioned basins. Daily data on gauged rdaothe four gauges is available since
1984. The relative number of days with observedtdisge in proportion to the total num-
ber of observed days is shown in Table 7.6. Witlalae of 15 %, the gauge at Afi shows
by far the highest portion of days with observedasie runoff. An explanation therefore is
the intermittent occurrence of baseflow (see bel®#sed on the daily data, events, i.e.
consecutive days with observed surface runoff, @eftected. The headwaters Sabt and Al
Awabi show generally short event durations with @mvalue of 2.5 days (Al Awabi) or
below (Sabt). At Al Abaydh, longer events occumfrime to time with a maximum dura-
tion of 44 days in the summer of 1997. Only at gaA§, baseflow over several months is
observed occasionally, which is fed by the lockivél aquifer.

Only at Al Awabi summer events predominate, while ghows the highest number of
winter events. A possible explanation could bedifierences in altitude-rainfall relation-
ships between the summer and winter season (seersécl.4), where summer rainfall is
supposed to be less important in the lower elevedéchment of the gauge at Afi.

Table 7.6: Overview on observed runoff events aitirse (2011)

it gauge
uni
Sabt | Al Awabi| Al Abyadh | Afi

days with observed
cays Wit e % | 3 5 4 15
in proportion to obs. period

roportion of occurrence
brop . % 46/54| 56/44 39/61 30/70
summer / winter

infall- ff ts selected f
rainfall-runo gvenssgecg or countsl 70 80 59 20
further evaluation (basis: daily data
availability of events in high temporal

. . counts| 9 7 5 8

resolution (rainfall & runoff )

The available hydrographs of Al Awabi show shagng peaks, which are typical for
flash floods in arid zones. At the other gaugesgession is less steep. Hydrographs at
Al Abyadh and Afi often show a tailing over sevedalys or weeks as well as consecutive
peaks within one or two days. In this regard, thailable data reflects the differences in
geomorphology regarding slope and geology betweenlifferent catchments.

The availability of rainfall-runoff events in higemporal resolution was limited (see Table
7.6). So, rainfall-runoff events were selected andlyzed based on daily data as a step
towards prognostic rainfall-runoff relationshipsaware that daily data is a substitute with
limited force of expression in this context duehe temporal dynamic of rainfall-runoff-
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events. Table 7.6 shows the number of runoff eveased on daily data which were se-
lected for further evaluation.

Apparently, a major limitation in evaluation of méall-runoff processes in the study area is
the limited density of the rainfall monitoring nedvik of one station per 60 km? on average.
Gaps in the network were already mentioned in secfi.1.4. According to this, a large
range of altitudes is not represented in the rdinf@nitoring network. In rainfall-runoff
analysis, this becomes apparent through implausilgly runoff coefficients if areal pre-
cipitation is underestimated. Consequently, evewits implausible runoff coefficients
were sorted out.

In addition, the use of daily data results in atexymtic overestimation of areal precipi-
tation related to events, for the runoff inducirgpig duration rainfall event is often fol-
lowed by another event on the same day. Therefloeeconsiderable scattering of the re-
sulting empirical rainfall-runoff relationships iamong other factors, due to the uncertain-
ties in assessing the correspondent areal pretogpitteo an observed runoff. This is in ac-
cordance with the scientific literature as for epéendiscussed in section 2.2.1.

The mean annual runoff at the gauge Afi is 3.14 m#a and 3.8 mio m3/a at Al Abyadh
for the period from 1984 to 2007. These averagaeesmhbre strongly influenced by the ex-
treme values in 2007, 1997 and 1995. Within thaibde the highest peaks at both gauges
were observed during the Gonu event in June 200Y 841 m3/s at Afi and 777 m3/s at Al
Abyadh.

7.1.8 Vegetation and irrigated agriculture in mountain G&s

The mountainous terrain is mainly characteriseddme rocks with little or no vegetation.
In cooler high altitudes with more rainfall, scatte® vegetation is prospering. In some
places, trees grow in alluvial channels indicapegennial subsurface flow

Irrigated agriculture occurs in mountain oases. duleures comprise perennial crops (pre-
dominantly date palms) and various seasonal cropis( vegetables, grains). It is based
on the so calledalaj systems (pluralaflaj). These are surface or underground channels
which distribute available water from alluvial clmafs, springs or mountain aquifers
which are tapped by dug channels similar togheatsystems in Iran. According to Stan-
ger (1986), the terrfalaj is derived from an ancient semitic root meanirgdivide” and
refers to the system of water allocation. The tradal agriculture has evolved to cope
with fluctuating groundwater supply.

The National Aflaj Inventory Project (MRMWR, 200fjovides an extensive data base on
cropped areas, water quality and, to a certainnéxteater quantities of aflaj systems. An
evaluation of cropped areas and water use estingpessented in section 6.3.3.
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7.2 Recharge mechanisms in the study area

Based on section 7.1, recharge mechanisms ancemailug variables are summarized in
the following. For this purpose, selected featwaesillustrated in Figure 7.15 and Figure
7.16.

Figure 7.15: Recharge mechanisms (1): Topograpgmannual rainfall and isotopy; isolinestdiO ac-
cording to Weyhenmeyer et al. (2002)

Figure 7.16: Recharge mechanisms (Il): Slope angbsiing of alluvium in the mountain region
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Rainfall:

Mean annual rainfall is increasing with altitudedd~igure 7.15). Summer and winter sea-
sons show about the same amounts of rainfall. Hewewainfall occurrence is more vari-
able in summer. Additionally, the amount and ocence of rainfall are increasing signifi-
cantly with altitude in summer. In winter, it is neoequable up to altitudes of 2000 m a.s.l.
The altitudes between 2000 and 2200 m a.s.l. (Blaitpau) show a rainfall maximum,
both in summer and winter. (Rather advective) wirgénfall is supposed to be less intense
and more wide-spread than summer rainfall. Thustewirainfall is supposed to induce
proportionally more direct recharge and less irdirecharge compared to summer rain-
fall.

Tropical cyclones have been observed in every mfsath May to December. They occur
on average about once in ten years. If they dorptlay bring heavy rainfall, which in-
duces a large proportion of surface runoff and |east, discharge to the sea.

Potential Evapotranspiration:

According to the hypsometry of the study area, éhera temperature difference in the
study area of about 10 °C from the Batinah plaithehigh altitudes of the Jebel Akhdar.
In addition to temperature, the potential evapapaation (ETP) is also a function of ex-
posure. Thus, a distinction of ETP only accordm@ltitude is not useful.

Geology and Soils:

In a simplified way, one may differentiate betweawnre or less fractured and karstified
carbonates outcropping at the slopes and in the &liifudes and alluvial material in the

valleys in the lower altitude zones with low to nadslope. A transition zone is present in
the area covered by slope colluvium. It correspamitts medium to steep, sometimes even
very steep, slopes. Outside cultivated areas, aoésin general less developed. A large
portion of the area consists of rock outcrops.

Slope:

Considerable areas with low or maximally mediunpslappear in the high altitudes (Saiq
plateau) as well as in the Gubrah bowl and in thevial valley of Wadi Maawil (see
Figure 7.16). Therefore, direct recharge at the isitmore promoted than surface runoff
and indirect recharge. The slopes of the mountaige, however, show steep to very steep
gradients. These areas are prone to flash floodffrgeneration, and subsequent indirect
recharge in alluvial valleys. In these areas, dioedocalized recharge depends on the oc-
currence of fractures or karst features.
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Isotopy:

Wells in the high altitudes of the study area dsib @he in the so called Maawil ‘plume’ on
the Batinah plain show*®0-values below -3.0 %o (Figure 7.15). Macumber (208&n
includes a -3.5 %o isoline within the Maawil ‘plumé&his indicates that the groundwater
resources in the Maawil ‘plume’ have precipitateaimy in the high altitudes. It has to be
mentioned that the wells in the westerly Farah ripti feature onlyd*®0-values above
-3.0 %o. Accordingly, in the study of Matter et &005) for the area south to the study
area, nod'®0-values below -3.1 %o were detected in the mid kv altitudes. Water
which has recharged in the highest parts of thaystinea is supposed to drain rather to the
Maawil ‘plume’ than to the westerly Farah ‘plume&’  the southern limb of the Jebel
Akhdar.

Flow paths under consideration of principal reckareechanisms

The three principal recharge mechanisms direcgliwed and indirect recharge also corre-
spond to distinct flow paths (see Table 7.7). Adowgly, a main distinction can be made
between direct recharge and routing in the mourdguifer after (deep) percolation and
indirect recharge and routing in alluvial valleyghe table outlines general conclusions
about areas, which may contribute preferably taéispective recharge mechanisms.

In the low sloped areas of the high altitudes, gbetion of direct and localized recharge
subsequent to low or medium rainfall is supposeteanore important than indirect re-
charge after heavy rainstorms. Consequently, dgainaa the mountain aquifer is sup-
posed to be the primary flow path.

Due to the geomorphology of the study area, thendtr@am flow of indirect recharge via
alluvial valleys is not necessarily identical teethurface drainage direction (see Figure
7.16). For example, the surface runoff generatafadli Mistal, the south-eastern tributary
to Wadi Bani Kharus, flows northeast of Al Awabtarthe Wadi Bani Kharus towards Al
Abyadh. The subsurface or near-surface flow invilleey alluvium, however, is supposed
to follow the sub-recent alluvium towards the edgté/adi Maawil (Stanger, 1986). Con-
sidering the geology, a similar situation occurd\lawabi. The surface runoff component
is routed in the channel of Wadi Bani Kharus tovgatdl Abyadh. The sub- or near-surface
component, however, is supposed to follow ratherstlb-recent alluvium to the west than
the narrow recent channel towards Al Abyadh.

Basically, the total subsurface flow in the headwsmbf Wadi Bani Kharus is diverted by
the ophiolitic Frontal Mountains into the eastermdwil ‘plume’ and the western Farah
‘plume’. The actual route of the east-west divisleonsidered to be a source of uncertainty
in water resources assessment. Accordingly, thenghoater divide between the Batinah
Region in the north and the adjacent catchmeritarsbuth is subject to uncertainties.

78



Table 7.7: Principal recharge mechanisms and quoreling flow paths

drainage to alluvial basin aquifer

Recharge mechanism catchment area

via fissures, fractures, karst via alluvial val-
features (after deep percolation) leys

according to hydro-
stratigraphic and hydro-
structural features

cannot be

direct recharge primarily ruled out

localised recharge . . according to
X according to local hydraulic .
(during runoff concen- conditions local hydraulic

tration) conditions

headwaters: according to
surface catchment divide

o downstream: according to
cannot be ruled out primarily spreading of alluvial val-
leys (can diverge from

U7y

indirect recharge

(during channel rout-
ing after runoff con-

centration) surface drainage direc-
tion)
not necessarily lateral along
inter-aquifer flow / alluvial valleys only; upward lateral inflow at
interface mountain flow from carbonatic footwall the mountain

block — alluvial basin | north to the mountain front posq{ front
sible (see Figure 7.17)

Temporal dynamics:

Surface runoff shows an immediate response toathiefents. Accordingly, indirect and
artificial recharge on the Batinah plain takes pladthin hours, days or weeks after rain-
fall. Aflaj hydrographs within the Jebel Akhdariarthe piedmont zone indicate a response
time to rainfall events of 3 to 6 months.

A visual interpretation of available groundwaterdiggraphs compared to rainfall time
series imply, that there is a time lag betweenfaflievents in the mountains and ground-
water response (changes in groundwater levelshsg#reed locations of at least 2.5 years
at JT-12. This station lies around 5 km downstréathe mountain front (see Figure 7.15).
Due to hysteresis, this value cannot be considasecbnstant, but as a lower limit. Based
on Walther et al. (2012), the mean flow velocitytie aquifer around the groundwater
station mentioned above is supposed to be betwddr’and 3*10° m/s which is equal to

a flow distance of about 1 to 2.5 km in 2.5 yedifsus, a causal relation between rainfall
and observed changes in groundwater levels seelms ptausible, assuming that there is
an inter-aquifer flow from the tertiary limestonguéfer to the alluvial aquifer on the Bati-
nah plain besides an upstream inflow to the bagiifer along the mountain front. Figure
7.17 implies that such a connection between mouarggquifer and alluvial basin aquifer
exists.
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Figure 7.17: Occurrence and flow of isotopicallpld¢ed groundwater along the Maawil trough (Macumbe
2003)

Indirect and artificial recharge on the plain:

The upstream boundary to assess indirect rechargieeoBatinah plain is the surface run-
off at the mountain front. Respective runoff ch&eastics in the study area were ad-
dressed in section 5.7. Sophisticated tools tosagséirect recharge and artificial recharge
downstream to the recharge dams were recentlypsby thilipp and Grundmann (2013).
This work contains appropriate hydrodynamic modelslescribe flash flood routing in
ephemeral rivers including consideration of trarssman losses. In addition, a dam module
assesses the retention in recharge dams.

Presuming the operation of recharge dams, trangmidssses or potential indirect re-
charge downstream to the respective wadi runoffygawnear Afi (Wadi Maawil) and Al
Abyadh (Wadi Bani Kharus) range from some ten paréer occasional extreme events
(e.g. Gonu in June 2007) with considerable disah@oghe sea up to more than 90 % for
more frequent runoff events with low or median magte. Since recharge dams have
been in operation, runoff to the sea has not bdmerged any more in the latter case
(Philipp, pers. comm., January 17, 2013).
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Mountain-front recharge vs. indirect recharge: zookinfluence and temporal dynamics

The ‘plume’ area is recharged via subsurface infilmm upstream. According to the loca-
tion of the recharge dams on the Batinah plain 8gare 7.15), the recent course of the
wadi channels is outside of the ‘plume’. Weyhenmeteal. (2002) point out, that there is
evidence of tritium occurrence in these areas. [Ttheszones along the wadi courses re-
ceive water, which has infiltrated through the areralluvium. While the subsurface in-
flow underlies a considerable attenuation duringing from recharge areas to the alluvial
basin aquifer, indirect recharge shows a short tesponse to rainfall events in the moun-
tains. In general, recharge dams are empty witbirddys after onset of the flash flood
events.

Direct recharge on the plain:

Considering high potential evapotranspiration agldtively low rainfall amounts on the
Batinah plain (section 5), it is assumed, thatdimecharge due to precipitation on the
plain is rather low, compared to balance componentke considered study area men-
tioned above. Exceptions can be the occasionaicabpyclones, which are accompanied
with severe rainfall. Grundmann (pers. comm., Jand&, 2013) reported soil moisture
observations in the frame of irrigation experimeaitshe agricultural research station near
Barka. Accordingly, hardly any change in soil moistwas observed after a rainfall event
of 23 mm. In contrast, intense watering with a higdter amount (above 100 mm) to leach
the soil, resulted in a change in soil moistureerein greater depths. It is concluded that
rare, extreme rainfall events contribute to (dirggbundwater recharge while the frequent
low or medium events can be neglected.
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7.3 Assessment of mountain-front recharge - Methodology

In the following, the flux comprising mountain-frorecharge is denoted asuf . The
reference cross section for assessment of MFReigatsumed) mountain front line. The
spatial references or balance areas for its assetsare define@-cuts of the Fuzzy Re-
charge Areas for the Maawil ‘plume’ (see sectioB.T). Especially for the application of
the conceptual hydrologic model (see 7.3.5), bs &r the long-term average approach,
response units with distinct parameterisation haviee determined (see section 7.3.2). In
addition to the actual recharge in the mountaichoaent, water use in mountain oases has
to be considered (see section 7.3.3).

Based on steady state groundwater modelling, atregms inflow to the groundwater
model domain on the Batinah plainsgs of 68 mio m3/a was computed (Walther et al.,
2012). This can be considered as a reference f@lleng-term average {@r.

7.3.1 Data Processing of Fuzzy Recharge Areas

In the following, the procedure to derive Fuzzy Rage Areas as outlined in section 5.1
is applied to the potential groundwater basin ef Maawil ‘plume’. Based on the discus-
sion of recharge mechanisms in section 7.1, Figut8 shows the data base to derive the
Fuzzy Recharge Areas for the Maawil ‘plume’.

The outer boundary shows the assumed maximum eatehe underground catchments,
both for the eastern Maawil ‘plume’, and the weastearah ‘plume’. Together, they repre-
sent that part of the Jebel Akhdar of which thessulace water potentially drains north-
ward to the Batinah plain. In the north, this aieaither limited by an assumed mountain
front line or outcrops of the Samail Nappe ophedjtwhich are supposed to be secondary
in this context. To the east and south, the arémited by the border of the Hajar Unit. In
general, a degree of membership of p(x,y) = 0 ssi@ed for the outer boundary. A value
of u(x,y) = 1 was only assigned to the mountaimfime in the alluvial valley around Afi,
the opening towards the alluvial basin aquifer.

The portions of the (surface) drainage basins oflMfaww and Wadi Maawil outside of
the ophiolites are assumed to drain completehh&oMaawil ‘plume’ (u(x,y) = 1), while
the drainage basin of Wadi Farah is assumed raarttyibute at all (u(x,y) = 0).
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Figure 7.18: Outer and inner boundaries for deiovedf Fuzzy Recharge Areas

The northern end of the presumed east-west diwiité (1(x,y) = 0.5) south to the Frontal
Mountains lies between the two areas, covered suthrrecent alluvium, which spreads
either further to the west or to the east. To thals it follows in first instance the (local)
drainage divides. Finally, its southern end readh&s the Saiq plateau. Here, it is as-
sumed, that direct recharge and subsurface draittatfee Maawil ‘plume’ predominate
compared to drainage according to the surface algaimetwork. Although they follow to
some degree the topography, the supporting linedrforeased’ or ‘decreased drainage
toward Maawil’ are quite subjectively which haske considered in evaluation of the re-
sulting water yields. This corresponds to the stat® of Jacobs (2007), whereupon fuzzi-
fication is quantification at the same time. On 8&q plateau, the inner boundaries are
assumed to follow distinct isolines to describe plogential extent of the groundwater ba-
sin, which is related to certaarcuts. Based on isotopic evidence, the contributibthe
areas above 2200 m a.s.l. to the Maawil ‘plumeguste solid. The 1800-isoline (‘pre-
sumed divide’ with p(x,y) = 0.5’) is completely Wit the low sloped plateau area, which
shows the highest'®0-values. Thus, it is assumed, that this area itonéas mainly to the
Maawil ‘plume’. Beyond that line, however, the giesouthern slopes are starting — where
surface runoff and, thus, indirect recharge is sspfd to dominate and subsurface drainage
to the north is more and more unlikely.
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Based on these outer and inner boundaries, a Tiateg Irregular Network (TIN) was
interpolated. Finally, this TIN was converted toaatii raster file with a spatial resolution
of 1 x 1 kmz. It is illustrated in Figure 7.19. Witegard to water balance assessment for
differenta-cuts, the location of oases were included.

Figure 7.19: Fuzzy Recharge Areas of the Maawilrips’

7.3.2 Determining response units

The raster based framework (section 2) allows dejirmydrogeologic response units
(HGRU) to distinguish zones with distinct respofigections (for the conceptual hydro-
logic model) or assumptions on recharge ratestiffietong-term average considerations).

Especially with regard to the conceptual hydrolagadel, the primary goal is to delineate
zones with distinct characteristics regarding reghanechanisms and recharge flow paths.
The degree of distinction depends on available datxpert knowledge of the catchment
characteristics and reference data for calibratfomincreasing number of response units
are beneficial as long as they are accompaniechbp@aease of reliable information. In
this case study, detailed field surveys, like, dgample, carried out extensively by Lange
(1999) in a similar context are lacking. Observgdrbgraphs o&flaj do not represent the
total catchment area, but only unknown sub-catchsnévailable reference data is limited
to a single long-term average value (see abova)s,Ta low number of 3 response units
was defined. In addition to their names, Tablesh8ws criteria for their delineation based
on available geo data. The highlighted criteriaenarally used for data processing.

In the case of the alluvial valleys, the spreadihgrecent and sub-recent) alluvium corre-
sponds well with slopes 15 %. Slope colluvium is corresponding with higbkpes, but
the hydrologic characteristics are more similartiie alluvial valleys than to the steep
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slopes with outcrop of rocks (see section 7.3.5uding Table 7.13). Thus, the prevalent
geology is finally used as a classification criv@rinstead of the slope. The ‘slopes’ are the
remainder, i.e. those raster cells, which do nédrigeto the other classes with clear selec-
tion criteria.

Table 7.8: Definition of response units

ID | Name slope altitude prevalent geology

Quaternary (sub-
recent and recent

1 guaternary low to mean (L5 %) <1800 m a.s.l. .
alluvium or slope
colluvium)
slopes steep to very steep (> 30 Po) arbitrary limestone and dolos-
3 high altitudes | low to steep ( 30 %) 1800 m.a.s.| tone

Considering ara-cut FRAy 50 of the Fuzzy Recharge Areas, ‘quaternary’ covdr®/@of
the total basin. The ‘slopes’ represent 53 % amdréhative portion of the high altitudes
amounts to 16 %.

7.3.3 Water use in mountain oases

Crop evapotranspiration ETs the product of reference evapotranspiratio Bid the
crop coefficient k Integrated over the total cropped area within ¢basidered balance
area, it results in the total crop water demapdFQr the actual crop water use depends on
the actual water availability, Qs a potential value which may not be used up detaly

in selected periods.

Thus, cropped areas of mountain oases accordiMRIdWR (2001) were used to assess
water use according to the respective extent ob#la@nce area. In addition to the standard
extent, MRMWR (2001) contains also the so callegctopped area’, which can be op-
tionally used for farming, e.g. in particularly watriods. Uniformly, the latter is a third of
the value for the ‘cropped area’.

The crop coefficient kdepends on the culture as well as on the growtiages According

to Allen et al. (1998), kis mostly below 1 in the initial state and betw@40 and 1.25 in
the mid state, depending on the crop. For date aime most important perennial culture
in the study area, ks between 0.90 and 0.95. Cropping patternsaigistinction of dif-
ferent crops within the cropped area, are not alkel Thus, a unit value; k 1 over the
whole year is assumed. Consequently, crop watetireggent corresponds to the assumed
value of ET,

Table 7.1 shows average monthly values of &Tdifferent sites of the study area. For the
oases actually covering different altitudes andosxpes, the median values in this table
with an annual sum of 1946 mm at SAWWVR, 1996)is considered to be a reasonable es-
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timate. The other two other stations (1776 mm/az4@b mm/a) can be regarded as upper
and lower limit. In the National Aflaj Inventory (RMWR, 2001), a unit reference value
of 2700 mm/a was assumed. This can be conside@o@mte for the coastal zone. For
the mountainous part of the study area, this vaumnsidered to be too high. Table 7.9
shows cropped areas and mean annual values afdpevater demand Q

Table 7.9: Estimates of mean annual crop water ddrix

cropped area cumulated crop water demand Qc [ m3
Ac [mz] ETc min ETc median ETc max
9.79* 10 17.39 19.06 24.14

7.3.4 Long-term average considerations based on fuzzyhamietic

The following considerations are based on the amirautlined in section 5.2. Response
units are defined according to section 7.3.2.

An option to estimate spatially distributed recleatg carbonate aquifers as fraction of
mean annual rainfall is the APLIS regionalisatiggp@ach (Andreo et al., 2008). Its im-
plementation is discussed in section 5.2.3. Altevel, usually used, crude estimates for
hard rock in northern Oman are 15%R 35 % and 5% R 20 % for soft rock (Al
Shagsi, 2004). It is assumed that the APLIS appraaeappropriate for the ‘slopes’ and for
the ‘high altitudes’. For the ‘quaternary’, whemdatively high evaporation losses due to
soil moisture storage are supposed, the crude a&stsor soft rock are applied instead.
Table 7.10 shows the different assumptions on rgeheates for the respective response
units. Fuzzy numbers are written as set of ordpees. In deriving the fuzzy numbers, a
slight transition was assumed around the crispvatdimits.

Table 7.10: Assumptions on recharge rates R [%aFmannual precipitation] for distinct responseauni

response unit | quaternary slopes high altitudés
hi crude estimates:
approac
assumption | r= 2,11 0 APLIS APLIS
37 18 22

According to section 5.2, rainfall is the produéttioe regionalised value P(x,y) and an
optional correction factor &, to consider measurement errors or uncertaintiesgionali-
sation, for example. Similarly, for the croppeéas the standard value can be considered
but also an extended area which is cropped in teeleeears only. Likewise, BTcan be
considered as crisp value, or minimum and maximafaes can be included. With regard
to the comparison of the total outcomes of fuzatharetic approach, conceptual model
and the reference value based on groundwater nmuglelivo variants are distinguished:
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In variant A, recharge rates and the spatial extérthe basin are the only considered
sources of uncertainty. This is the basis for aganson with available reference values in
section 7.4.1. In variant B, rainfall correctiorctiar Ror, Acrop @and ET are considered as

fuzzy numbers. The confidence ranges gffand ET were discussed in section 7.3.3.
Rainfall measurement errors were addressed inosegtil.4. The correspondent fuzzy
numbers are shown in Table 7.11.

Table 7.11: Assumptions on fuzziness in rainfalbpped areas and reference evapotranspiration

rainfall P(x,y) A(a-cut level) ET,

Crisp

variant A crisp (regionalisation) crisp (standaadue) (ET - 1046 mm/a)
0 median™

P(x,y)*Pcor, Acrop*A corr 0 1 1 0
- ETo= oo o o
variant B Rz 2L L 1 Ao = 2,1 L L 0~ 17761900 2000 2466
97'103'108' 113 o 10'11'12'13

7.3.5 Time-dependent assessment using the conceptual dlpdic model
According to section 4, the main steps for thesefithis water balance model are

determination of response units (see section 7.3.2)
determination of seasons,
parameterisation and calculation of the seasosgbrese functions

parameterisation of the aquifer models for eachaese unit.

Determining Seasons:

The primary concern regarding the seasons is thierof consider average seasonal cli-
mate characteristics in derivation of the respdosetions. Comparable to the response
units, it is worthwhile to aim for an appropriatember of seasons.

Rainfall mechanisms play an important role in ttasitext. The most important ones are
the seif rain in winter (December to April with focus onlfaary and March) and the
summer rain season in July and August. The trogigalones occur occasionally in all
months from May to December. They are supposedhdav different process dynamics
with regard to groundwater recharge generationtddegh intensities over a longer dura-
tion than usual convective storms. Additionallyeythave a considerable impact on mean
values due to their magnitudes. As far as they oagihin the calendar months of winter
and summer rain seasons, they cannot be distireghishthis modelling approach. A dis-
tinct ‘in between season’ (May to June and Septertdo®&lovember) is an attempt to as-
sess the long-term average yield of these evemeastito a certain degree.
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According to Table 7.1, potential evapotranspirati&TP) is considerably higher in
March and, even more, in April compared to Janaay February. However, a sensitivity
analysis regarding this problem revealed, thatstirdition of the winter season according
to ETP does hardly influence the long-term avensgilt. Consequently, a winter rain
season (December to April), a summer rain seaady &hd August) and an ‘in between
season’ (May to June and September to Novembeonisidered.

Definition of response functions for each case:

According to section 6.2, a case denotes the catibm of a distinct response unit and
season. For each case, a parameter set has tdilheddand a correspondent response
function is calculated. The parameters depend trheent characteristics like infiltration
characteristics or soil storage capacity on the loaaed, and rainfall characteristics like
occurrence, duration, and intensity on the oth@dhdhus, available information is com-
piled in the following section. Table 7.12 showsfall characteristics according to re-
sponse units based on section 7.1.4. It is an atidic for estimating cumulated initial
losses or infiltration. In the tailing phase of ttemporal distribution of rainfall events,
intensity is assumed to be considerably lower thatential infiltration rates.

Table 7.12: Rainfall characteristics accordingasponse units and seasons

HGRU 1 — quaternary 2 — slopes 3 — high altitudes
rainfall occurrenc® [d/month]
summer 2.0 3.5 4.5
in between 2.0 3.5 4.5
winter? 2.5 3.0 35
expected rainfall duration [h/event]
summer 2 2 2
in between 2.0 3.5 4.5
winte” > 2 (up to 48) > 2 (up to 48) > 2 (up to 48)

1) Occurrence per month refers to months in whichfaflinctually occurred.
2) Winter rainfall is supposed to be less intensedblinger duration.

Table 7.13 shows available literature values otmalniosses and infiltration rates. Accord-
ingly, even on steep slopes considerable infibrattan occur, as far as they are covered by
colluvium. On steep slopes with outcrops of rockiich are represented by the response

unit ‘slopes’ in this study, initial losses andilim&tion is assumed to be similarly low than
in the limestone plateaus in Table 7.13.
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Table 7.13: Literature values on relevant catchrobatacteristics according to Lange et al. (1999)

terrain types initial loss [mm/evenht] final infiltration rate [mm/h]
range over all types in the 4510 11 5 10 50
respective study

limestone plateau; (non- , .

diss.; dissected) 45,7 5 15

steep active slope (collu- 10 30

vium)

sandy plain (crusted) 9 15

sandy plain (vegetated) 11 50

The model approach is based on a monthly time Jteps, the number of rainy days has
to be considered in assessing the maximum initiss.| However, as the histograms in
Figure 7.9 show, rainfall amounts below the minipagsible initial losses do occur. Simi-
larly, the estimation of the maximum infiltratiom$to integrate potential infiltration rates
at site and rainfall characteristics.

In hard rock terrain, soil storage available foagetranspiration by plants ranges from 30
to 150 mm (Ahmed et al., 2008). The major parttofage is in the weathered zone (poros-
ity). Additionally, there is some storage in theatheered-fractured zone. The parameter
SMD, which represents the soil moisture deficithe presented approach, is a fraction of
above mentioned maximum values. It can be assutiatisoil storage capacity and, thus,
the parameter SMD, is very limited in the ‘highitalies’ and within the ‘slopes’. In com-
parison, the response unit ‘quaternary’ is assutoethow a higher storage capacity. Thus,
higher values of SMD are possible in this respamge At last, SMD has to be considered
as a calibration parameter.

Table 6.3 summarizes the sensitivity analysis ctiee 6.4.2. The most important conclu-
sion with regard to model application is the fatttat Inf,.x and SMD are the most
influential parameters. Additionally, they are mtependent.

Considering all expert knowledge, parameter setthi® relevant cases were compiled. To
cover the potential range parameter values, a lieWdiyjg parameter set (aiming at a po-
tential lower bound of results), a median and & lyiglding parameter set (aiming a poten-
tial upper bound) were considered. Forlpfand SMD, additional steps in between were
included. The results are shown in Table 7.14. Algh the lithology within the ‘quater-
nary’ features the highest infiltration rates, th@rameter Infax is mostly higher in the
other two response units, especially outside ofstmamer season. This reflects the differ-
ences in rainfall occurrence as function of alttud
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Table 7.14: Basic parameter sets aiming at mininmadian and maximum

HGRU 1 — quaternary 2 - slopes 3 — high altitudes

pot. yield | low med high| low med high| low med high

init 1058, .summer 11 10 9.0/ 10 8.0 6.0 130 10 7.0
i in bfetween 11 10 9.0] 10 8.0 6.0 130 10 7.0
winter 14 13 11| 8.0 7.0 50 10.0 | 8.0 6.0

Inf,. . _summer 8.00 1520 |30] 35| 40| 13| 17 | 26| 30 | 8.0| 25 32 | 45| 50
B in b_etween 15 | 35| 40 | 50| 120| 13 | 40| 47 | 60| 105|24.0| 60| 90 | 150) 203
winter 28 | 35 40 | 50/ 150| 11 | 35| 40 | 50| 90 | 18.0/ 50| 78 | 130| 158

SMD .summer 33| 2523 ]18] 15| 12| 10/ 8.5| 6.0/ 5.0| 12.0 10| 85| 6.0] 6.0
i in bfetween 30 | 22| 20 |15 12 | 10| 8.0 7.0| 5.0 4.0 | 10.08.0| 7.0 | 5.0| 5.0
winter 27120 18 |13] 10 | 8.0] 6.0 5.0| 4.0 3.0| 8.0| 6.0 5.0| 4.0| 4.0

summer | 1.7% 1.30 1.10|1.75 1.30 1.10|1.75 1.30 1.10

Nransm_loss | IN between 1.75 1.30 1.10[1.75 1.30 1.10|1.75 1.30 1.10
winter | 1.75 1.30 1.10]1.75 1.30 1.10]1.75 1.30 1.10

summer | 1.1( 1.50 1.75/1.10 1.50 1.75/1.10 1.50 1.75

NsMR_channel iN between 1.10 1.50 1.75[1.10 1.50 1.75/1.10 1.50 1.75
winter | 1.10 1.50 1.75/1.10 1.50 1.75/1.10 1.50 1.75

According to section 6.4, the conceptual hydrolagiodel is able to capture the distinct
characteristics of different environments. Thoude to its conceptual character and the
scarce data base for parameterisation and cabhrate actual model application is neces-
sarily subject to considerable uncertainties. ldeorto assess the reliability of the model
outcome, not only the basic variants were consdjdrat a variety of combinations. For
this purpose, the 3 basic variants for the lessigea parameters were permuted with all 5
variants of both, Infax and SMD. So, 75 parameter sets were considersdgport the
identification of the most suitable ones.

Parameters (recession constants) for subsurfati@gon the mountain aquifer:

The bucket-type aquifer models (see section 4fesent the retention during subsurface
drainage to the reference cross section, namelynthentain front. In addition, the transla-
tion has to be considered. Availald#aj hydrographs show a time lag of about 3 to 6
months.

As mentioned above, there is a lack of hydrogeaclsgirvey and groundwater observations
in the alluvial basin aquifer in close distancdale mountain front, as well as on the flow

distance up to 5 km downstream to the mountaintfr@onsequently, neither the time-

dependent results at the mountain front can bereddid, nor a reasonable transfer function
between mountain front and groundwater model domoaim be established until further

notice. Thus, the parameters in Table 7.15 areniialiestimate. It represents an aquifer
which is slightly lower permeable than a limestaaqeifer.
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Table 7.15: Parameterisation of subsurface routing

Kl (low permeable storage) [d] 250
Kh (high permeable storage) [d] 15
Distribution factor RI [%)] 95 %
Time lag [mon] 3

7.4 Assessment of mountain-front recharge — Results

As reference for presentation and discussion ofréisalts, Table 7.16 shows the consid-
ereda-cut levels of the Fuzzy Recharge Areas and relasdges of spatial extent, long-
term mean annual rainfall and cropped area.

Table 7.16a-cuts of the Fuzzy Recharge Areas and relatedblaga

a-cut level | spatial extent| long-term mean rainfa|l
a [ A [km?] P [mm/a]
0.40 1386 163.2
0.45 1334 162.2
0.50 1291 161.6
0.55 1160 155.5
0.60 1089 152.6

The averaged rainfall over the whole balance aa#sing considerably from-cut level
a = 0.55 toa = 0.50. This is due to comparatively very highues in the high altitudes.
Their proportion is rising continuously froaxcut levela = 0.60 toa = 0.40.

7.4.1 Long-term average considerations

Conceptual Hydrologic model

For each considered spatial extent of the catchrf@cut) and each parameter set, the
model returns a long-term mean annual subsurfatflowuat the mountain front (. It

is the balance of cumulated groundwater rechaggan@ water demand of mountain oases
Qc. Exemplarily for ala-cuts of the Fuzzy Recharge Areas, Figure 7.20 diefph) shows

a histogram of the results of all 75 parameter fmtsaa-cut level 0.5. The right graph
shows a selection of results where long-term meaharge rates in the different response
units are within a reasonable range. The threshadds for selection are shown in Table
7.17. They ensure that extreme results are inclunlédrther evaluation, but model runs
with implausibly high or low recharge rates areleded. Obviously, the model approach
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results in a left skewed distribution ofy& with a peak around of around 60 mio m3/a.
The correspondent histograms for all 5 consideredts are shown in Appendix A.

= 75)
= 56)

number of parameter sets (n
number of parameter sets (n

0
0 10 20 30 40 50 60 70 80 90 100
mountain-front recharge Q MER [mio m3/a]

0
0O 10 20 30 40 50 60 70 80 90 100
mountain-front recharge Q MER [mio m3/a]

Figure 7.20: Histograms of calculated subsurfad@aw at the mountain front (g-r based on the conceptual
hydrologic modeld-cut level 0.5); left: whole sample (n = 75); righélected samples considering assumed
thresholds of long-term mean recharge rate peorespunit (n = 56)

Table 7.17: Thresholds for long-term mean rechaatgs in distinct response units as plausibilityathfor
parameter sets of the conceptual hydrologic model

Response unit lower thresholg,R[%0] upper threshold Rux [%0]
1 — quaternary 5 40
2 — slopes 15 50
3 — high altitudes 20 60

To provide an overview on all consideraecuts, Figure 7.21 shows empirical cumulated
distribution functions of the model results basadwdel runs for the different considered
a-cuts FRA. The abscissa shows the probability of non-exaseelevhile the ordinate
shows the outcome \@r. Obviously, there is a considerable gap betweenviiues for

a = 0.50 andch = 0.55. Considering the differences in spatiakekbf the catchments and
high precipitation in the considered transition eothis is plausible. The maximum value
of the empirical distribution for the largest catesied extentg = 0.40) is 83.3 mio m?¥/a.

As a basis to check the plausibility of the modedl & compare it with complementary
approaches to assess rainfall-recharge relatiosisfiigble 7.18 shows long-term mean
recharge rates in proportion to mean seasonalathinfthe respective response units. It is
based on 3 model runs and #reut FRA) 50 The selected runs show a similar total long-
term mean outcome \igr between 66 and 70 mio m3/a. In addition, rainR{season)
shows the portion of rainfall in the respectivesssacompared to the total rainfall in the
considered response unit.
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Figure 7.21: Empirical cumulated distribution fupais for the model results of the different paransets

and referred to different consideraetuts FRA,

Table 7.18: Long-term mean rainfall P, recharges® and cumulated yieldz@ccording to response unit
and season for selected model runs or parametefasetit FRA0.5)

parameter setid: 20 | 47| 66] 20| 47| 66| 20 47 6q
response unn:season rainfall P(seasor)groundwater rechargeum. yield Q(season
[% of P(HGRU)]| R [% of P(season)]| [% of Qr(HGRU)]
summer 22| 22| 22 15 11 12 13 11 17
quaternary |in between 24| 24 24 18 20 13 18 2P 19
winter 54| 54| 54 32 27 19 69 66 64
summer 26| 26| 26 31 33 39 19 19 2P
slopes in between 27 27 27 35 37 35 22 2p 21
winter 47 | 47| 47 53 57 54 59 59 57
summer 33| 33] 33 43 46 50 28 29 31
high altitudes| in between 28| 28 2§ 42 42 44 24 23
winter 39| 39| 39 61 63 64 48 48 47

Obviously, the winter season shows always the Isigpertion of rainfall. Summer and in-
between season show similar orders of magnitudieadtto be mentioned, that summer
comprises only the months of July and August wthie in-between season represents 5
calendar months. The relative portion of wintenfall is decreasing with increasing alti-
tude. In contrast, the relative amount of summigrfall is increasing with altitude.

The recharge rates show a general increase frorflaWer lying) ‘quaternary’ unit over
the ‘slopes’ to the ‘high altitudes’. The wintelasen shows always the highest rates with a
considerable difference to the other seasons.rmeer, recharge rates are generally lower
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in the response unit ‘quaternary’. The ‘in betwesason’ shows lower rates than the
summer season in the ‘high altitudes’.

The cumulated recharger@hows an amplification of rainfall characteristlmg similar
patterns in long-term average recharge rates. én‘lilgh altitudes’, the contribution of
winter rainfall to the total yield is slightly low¢han 50 %. Here, the portion of yield in the
summer season is significantly higher (around 30tBah in the response units ‘slopes’
(around 20 %) or quaternary (up to 17 % only).dmeparison thereto, recharge induced by
winter rainfall is around 60 % (‘slopes’) or evdroae (‘quaternary’).

Table 7.19: Proportions of cumulated yield gr response unit compared to the yield of thel toea for
selected model runs or parameter satsyt FRAOQ.5)

HGRU area (HGRU) Qr (HGRU) [% of total yield]

[% of total area] SetID=20| SetlD=47| SetlID=6p
quaternary 31 15 % 13 % 10 %
slopes 53 55 % 57 % 58 %
high altitudes 16 30 % 30 % 32 %

Table 7.19 shows the relative contributions of kngsponse units to the total yield of the
considered balance area. According to Table Tti8pased on the model runs 20, 47 and
66 and thea-cut FRA 50 For comparison, the area of each response uative to the
total area is included. Accordingly, the ‘slopespresent 53 % of the balance area. With
55 to 58 %, their contribution to the total yieklslightly higher, but in the same order of
magnitude. The ‘quaternary’ unit comprises 31 %h&f total area but yields only up to
15 % of the total cumulated recharge. @eversely, 16 % of the total area in the ‘high
altitudes’ contribute around 30 % to the cumulatedd. In addition to the rainfall distri-
bution, these numbers reflect the high yield in tingher carbonatic units, or the higher
losses from soil storage in the quaternary, respeygt

Fuzzy arithmetic approach

Figure 7.22 shows the balance of cumulated rech@ggend crop water demand. @hich
results in mountain front recharge,& for variant B and tha-cut FRAy 5o 0f the Fuzzy
Recharge Areas. In contrast to the ‘A-variant’ wetisp input, rainfall and crop water de-
mand are considered as fuzzy numbers. The abstisse the values of the water balance
variables. The membership degrees are plottedeoartlinate axis.
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Figure 7.22: Results of the fuzzy arithmetic applodVater balance for variant 1B-€ut FRAy )

Figure 7.23 shows the outcomgQ for differenta-cuts FRA, but each for the same vari-
ant A. The cores of the results farcuts FRA 40 FRAy 45 and FRA 50 are overlapping as
well as for FRA 40 and FRA 45. Similar to the results of the conceptual hydrotagiodel,
there is a considerable gap between the resuls f00.55 anda = 0.50 due to the differ-
ences in spatial extent of the catchments andalherihounts in the transition zone.
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Figure 7.23: Results of the fuzzy arithmetic appho@rr (variant A) for differenta-cuts of the
Fuzzy Recharge Areas FRA
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Synopsis

In the following, the results of the two rainfalhded approaches and the reference value
based on steady state groundwater modelling ar@aed to each other. The results of the
rainfall based approaches are compiled in Tabld®.7Ebr the conceptual hydrologic
model, the quartiles of the empirical CDF are sholmnthe case of the fuzzy arithmetic
approach, the supporting points of the trapezdidaly number are displayed. With regard
to comparability, they refer to the ‘A-variant’ Witcrisp input. The 75 % - quartiles (Q3)
are approximately the centre of the core of theyumumbers. At the same time, they are
similar to the modal values of the histograms iguFé 7.21 or Appendix B, respectively.
The maximal values of the empirical distributioe atightly higher than the upper bound
of the corresponding fuzzy numbers. The medianesbf the CDF (Q2) correspond to the
lower bound of the fuzzy numbers.

The reference value based on groundwater modelifig, = 68 mio m3/a is similar to the
75 % - quartiles values foa-cut levelsa = 0.40 (maximal considered extent) and
a = 0.45. As mentioned above, these quartiles coores to the modal values of the re-
spective CDFs.

Table 7.20: Compilation of long-term average estasdy,rr [mio m3/a] for selected-cuts FRA based on
the conceptual hydrologic model and fuzzy arithméh-variant — crisp input)

conceptual hydrologic model fuzzy arithmetic
(quartiles of empirical CDF) variant A (crisp input)
a ~Q1 Q2 Q3 max. a b C d
(X0.25) | (Xo50) | (X0.75) | X100 (M=0) | (u=1) | (u=1) | (u=0)

0.40 46.6 59.9 70.6 83.3 60.9 63.7 75.3 78(5
0.45 44.0 56.7 66.8 79.0 57.8 60.5 71.5 74(6
0.50 41.8 54.0 63.7 75.5 55.1 57.§ 68.4 71(4
0.55 31.6 42.3 50.6 61.0 42.7 454 54.8 5716
0.60 26.7 36.5 44.3 54.0 36.6 39.¢ 47.7 50]3
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7.4.2 Time-dependent estimates

Exemplarily for all considered parameterisationstioé conceptual hydrologic model,
Figure 7.24 shows the amount of groundwater reeéh@er month (cumulated over the
whole balance area) and subsurface outflow frormtbentain aquifer Q=r. It is based on
an aquifer model as outlined in section 7.3.5. Obsiy, the mountain aquifer can attenu-
ate the high temporal variability of infiltratiomecharge processes considerably. Conse-
quently, the aquifer generally yields even in deyipds. It has to be mentioned, that trans-
lation, i.e. the consideration of time lags betweanfall event and peak of the groundwa-
ter response, is not yet included in this appro&tbreover, according to availability of
reference data, a distinction of parameterisationglifferent response units may be rea-
sonable. To date, the database to consider thegesiss limited to selected aflaj hydro-
graphs showing a time lag of 3 to 6 months (seeme.3.5). Groundwater observations
in the alluvial basin aquifer next to the mountlont are not available for the time being.

(a) cumulated recharge to mountain aquifer (percolation QR)

x 10
O FIT '[ |‘|T F - || -|'\|I' "r|| L]
5 s |
E
£ 10} j
15 | | | | |
1/1984 2/1988 4/1992 6/1996 8/2000 10/2004  12/2008
« 107 (b) mountain-front recharge Q MER
3 T T T T T
= 2t .
o
£
E 1} .

O 1 1 1 1 1
1/1984 2/1988 4/1992 6/1996 8/2008  10/2004  12/2008

Figure 7.24: Total yield and subsurface outflowemndonsideration of retention in the mountain asyuif
(parameter set 43-cut FRAy 5)
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7.5 Consideration of uncertainties

Parameter uncertainties, i.e. the uncertaintiese@harge rates as percentage of rainfall,
were already considered. In the case of the conakptydrologic model, this was done
based on different parameter sets covering a vadge of values for each parameter and
different possible combinations.

In the fuzzy arithmetic approach, parameter ungestat is implicitly included due to
fuzzy numbers of recharge rates or parameterseoRBLIS-approach, respectively. In the
following, input uncertainties are considered basadvariant B of the fuzzy arithmetic
approach which was presented in section 7.3.4. phaity, Figure 7.25 shows the total
mountain front recharge ygr for both variants A and B. The result of the ‘Biaat’
(fuzzy numbers for rainfall and crop water usebdlwiously fuzzier than the outcome of
the A-variant. With decreasing membership degrdes,confidence ranges of the corre-
spondenta-cuts are increasing considerably. This covergpthssible combinations of in-
creased or reduced rainfall, cropped area andwadgr use per area.
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Variant A (crisp input) — - - Variant B (fuzzy input)

Figure 7.25: Results of both fuzzy arithmetic agmttes A and B foa-cut FRAy 5

Figure 7.26 shows the results of the B-variantdibi5 considered-cut levels. Together,
they give a picture of the range of possible valieethe mean annual mountain-front re-
charge @rr. Accordingly, the core values for the differentasgal extents range from
about 40 to 80 mio m3/a. The highest overall vadu@4 mio m3/a (foe = 0.40), while the
lowest fora = 0.60 amounts to 27 mio m3/a.

98



=
o

= |
)
o
=) S
q-) I
© -
2 05 3
c I
n
)
O |
e
[} e
€ 00 |
100
Qwrr [Mio m¥a]
a=0.60 —a=0.55 —a=0.50 a=0.45 —a=0.40

Figure 7.26: Results of the fuzzy arithmetic applo@/ariant B) for all considered a-cut levels

The consideration of input uncertainties is limitedong-term average considerations so
far. Though, uncertainties in (seasonal) crop waser or (event-specific) rainfall input are
subject to temporal variations. Consequently, uaggy assessment in a higher temporal
resolution seems to be indicated to consider abmmtioned issues. This, in turn, requires
adequate climate data in a relatively high spatablution. In addition, crop water use
depends strongly on cropping patterns which aretljnost available for the considered
study area. Hence, a more sophisticated uncertairdlysis has necessarily to be based on
various assumptions. In how far this is useful @assary depends on the context in which
assessment of mountain-front recharge is being.darihe frame of an integrated water
resources management, it may be reasonable to certipauncertainties of different wa-
ter balance variables and their influencing paranseto decide on the each necessary de-
gree of resolution.

It is therefore concluded, that the proposed fuaihmetic approach is an efficient option
to consider uncertainties which is suitable fogéascale water balance assessment on the
long-term. If a more sophisticated analysis is ¢atkd, then the fuzzy arithmetic tool
should be applied on a monthly time step includinge-varying input. Alternatively, a
probability based uncertainty assessment basekeooconceptual hydrologic model is pos-
sible. For this purpose, appropriate stochastiatipprameter sets are necessary.
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7.6 Discussion & Conclusions

7.6.1 Water resources assessment in the study area
Consideration of rainfall characteristics:

Compared to former water balance studies in thadystwea, this study considers the con-
tribution of areas outside of the (surface) dragdiyide of Wadi Maawil to the ground-
water basin of the Maawil ‘plume’. For the firstnie, available rainfall stations in the high
altitudes above 1800 m a.s.l. were considered item@alance computations. They show
significantly higher rainfall amounts, than consete so far in stations of lower altitudes.
The detailed analysis of seasonal rainfall charesties in distinct altitude zones including
stations above 1000 m a.s.l. supports the condepidelling approach.

Water balance assessment:

The conceptual model is based on monthly valuesieddependent reference values to
calibrate mountain-front recharge are lacking. @guently, plausibility checks are based
on long-term average considerations. A total op@fameter sets was considered, covering
reasonable ranges of the single parameters. Ssiftimg in implausible recharge rates
were sorted out. For the remaining 56 runs, thbarge rates reflect the expected differ-
ences according to the different response unitssaadons. They amplify the seasonal dis-
tribution of rainfall. They hence confirm the statnt of Lerner et al. (1990), that winter
rainfall is a main driver of mountain front rechargMFR). The orders of magnitude of
long-term average recharge rates in distinct respamits and seasons are conclusive and
also plausibly compared to available literaturekarst environments in arid and semi-arid
regions (Andreo et al., 2008; Hoetzl, 1995). Henice ,approach is able to provide reliable
spatially distributed estimates of groundwater eeghb.

The 56 model runs mentioned above result in askedtved empirical distribution of long-
term average subsurface outflow at the mountaint.ffbhe upper bound of the interquar-
tile range is in good agreement with a referendaevhased on steady state groundwater
modelling of 68 mio m3/a (Walther et al., 2012) ahd complementary water balance ap-
proach using fuzzy arithmetic (variant 1). Thedais mainly based on the regionalisation
approach APLIS (Andreo et al., 2008). Only for tksponse unit ‘quaternary’ (alluvium
and slope colluvium), recharge was roughly estichatevalues up to 15 %. In comparison,
the conceptual modelling approach results in up®d% recharge in the summer season
and up to around 30 % in winter. In the responsi¢ ‘tigh altitudes’, the conceptual
model shows slightly lower recharge rates thanAR&lS-approach. In the response unit
‘slopes’, APLIS and the conceptual model resultwgarage in similar recharge rates.

The fuzzy arithmetic approach was applied withpcrisimbers of rainfall and crop water
demand (variant A), but also with fuzzy numbergi@uat B). Consequently, higher rainfall
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input due to the consideration of assumed measureersors was considered. Addition-
ally, higher crop water use due to a potentiallieeged cropped area, and a higher confi-
dence range of crop water demand per area wasdevedi In summary, these opposed
influences resulted in a higher overall fuzzineegdrding the resulting fuzzy number) or
confidence interval (regarding a distirectcut level). This covers the possible combina-
tions of increased or reduced rainfall, croppecamed crop water use per area. Overall,
the fuzzy arithmetic tool is an efficient optiondonsider uncertainties — provided, that the
underlying assumptions are plausible. This aspeguiaranteed by the good agreement
with the alternative approaches mentioned above.

The proportion of high altitude recharge compacethe total yield:

The relative contribution of the high altitudesth® total groundwater recharge is not as
predominant as assumed based on the conclusioeghenmeyer et al. (2002) or

Macumber (2003). It is however possible that mountases rely on the recharge of the
response units ‘slopes’ and ‘quaternary’, whilehhatitude recharge is flowing mainly to

the alluvial basin aquifer via deep percolation andinage in the mountain aquifer via
fracture systems. Hence, the main portion of rdinégharged in the high altitudes would

recharge the alluvial basin aquifer. An option forther investigation is to analyse the
aflaj in terms of water geochemistry and isotoplgisTcould result in conclusions on dis-

tinct source areas of aflaj water yield within theuntain catchment.

Fuzzy Recharge Areas:

The choice of tha-cut levels presented above represents a rangetentml spatial ex-
tents of the groundwater basin which is most realsienconsidering the available expert
knowledge on the study area. In the first instaaog-cut FRAy 5 is assumed to be a real-
istic assessment.

a-cuts FRA with 0.45 a 0.55 are assumed to be reasonable confidengegdar
water resources assessment in the study areas tbHae mentioned, that the variation in
total yield froma = 0.50 toa = 0.55 is considerable. Due to maximum valuesaoffall
amounts and recharge rates in the resulting tianstbne, the vague spatial extent results
in a confidence interval of about 30 % of the tatabsurface outflow at the mountain
front.

From the viewpoint of water resources assessmastrécommended to consider an ex-
tended study area including the western Farah ‘pluas well as the groundwater basins
south to the Jebel Akhdar for future work to subséde this issue in the frame of a large
scale assessment. The consideration of adjaceohdn@ter basins is supported by the
concept of the Fuzzy Recharge Areas (see sect®)n@onsequently, the approaches pre-
sented above can easily be extended to adjacamdpn@ter basins.
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Time-dependent estimates and (inverse) groundwateelling:

Groundwater monitoring data in the alluvial basquiéer is only available about 5 km
downstream to the mountain front zone. Hence, atithe being, there is no observed ref-
erence data available to check time-dependentsmases of MFR. A reliable transfer be-
tween time-dependent subsurface outflow at the maduriront and (transient) upstream
inflow to the groundwater model domain is lackinGonsequently, supplementary
groundwater stations and additional bore profiteslose distance to the mountain front as
well as between mountain front and actually avédddmres on the Batinah plain are desir-
able. This would allow a more direct link of the umtain catchment, which mainly re-
charges the alluvial basin aquifer and the grounemmodel domain.

If one takes this thought further, even a bestiptessissessment of agricultural water use
in the coastal zone is a contribution to the assess of natural water yield in the moun-
tain catchment. Its accuracy influences the rdlighof the groundwater model, which is,

in turn, an important means to cross-check timesddpnt assessment of mountain front
recharge. In other words, groundwater managemehtassessment of sink and source
terms are interlinked. An increased reliabilityosfe component supports the assessment of
the other ones.

7.6.2 Modelling approaches

Based on the sensitivity analysis in section 6ah@ on the results of the case study appli-
cation it is concluded, that the proposed non-lirsemsonal rainfall relationships based on
water balance considerations are a reasonableagpfor reliable water balance estimates
in data scarce arid mountain regions. Compareteé@ssessment approaches discussed in
section 2.3, the conceptual hydrologic model is tmmmmparable to the approach of
Hughes et al. (2008). Both approaches are spatatyibuted. However, in comparison to
Hughes et al., the presented model incorporate® macess knowledge for it considers
the main recharge mechanisms in deriving the respamctions.

The conceptual hydrologic model is based on a nhpnittme step. This integration over
time is one of the main simplifications of this apgch. This concerns especially the esti-
mation of the maximum (cumulated) infiltration, whidoes not only include the number
of rainy days per month, but also the temporalrithstion of rainfall intensity within an
event. According to Al-Rawas and Valeo (2009), thikighly variable. Consequently, the
infiltration parameter has definitely to be consetbas a calibration parameter. Its physi-
cal meaning is limited to reasonable proportionsvben the response units (promotion of
infiltration) or seasons (proportion of hours waignificant rainfall). A way to substantiate
its estimate would be to consider the temporalibistions of long duration events (> 6 h),
which were not considered yet. All in all, onlyw@bsdaily resolution is able to describe this
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aspect more adequately. A daily time step woulebhee again a compromise in this re-
gard.

The applied approach for derivation of the nondimeainfall-recharge relationships shows
a high sensitivity to changes in the assumed measosal soil moisture deficit (SMD).

The deeper the soil profile, the higher the po&riMD and, thus, the uncertainties re-
lated to its estimates. Analogously, vegetationecas challenging for this simple consid-
eration of soil moisture status. It is concludddhttthe approach is reliable for rock out-
crops, raw and shallow soils with only scatteredetation. This is in accordance with the
envisaged application, namely the assessment ohtaioufront recharge in arid environ-

ments.

In the case of a considerable vegetation coverstitability of the model approach has to
be proved. At least, a supplementary assessmeaneah seasonal crop water use is useful
to estimate the seasonal SMD. This can resultr@vigion or refinement of the seasons.

The application of the approach in similar settingsighly desirable to corroborate the
approach, but also to gather experiences regaipgopriate response functions or pa-
rameters for their derivation in different hydrogmpc conditions. This could be a way

towards a more widespread application by analogly thie SCS Curve Number methodol-
ogy (SCS-CN) (SCS, 1956) which is used to estiraffetive rainfall. This approach was

derived based on empirical observations in varmatshments of the USA. Actually, it is

applied all over the world including the Arabiampesula, for example by Wheater et al.
(1995).

As outlined in Table 2.1, drainage from the actioahtion of recharge to the mountain
front can follow either the alluvial valleys (predmantly indirect recharge), or the moun-
tain aquifer after deep percolation (predominadthgct recharge from high altitudes). The
conceptual hydrologic model is, in principle, addghe so that distinct response functions
for direct, localised and indirect recharge andnefa surface runoff could be defined.
Accordingly, the layer ‘Fuzzy Recharge Areas’ cobkl subdivided into different layers
representing the recharge mechanisms mentioneceabowanother words, parameterisa-
tion and drainage paths could be treated separakbig would allow including the ob-
served surface runoff as an additional objectiveniodel calibration besides subsurface
flow components.

Moreover, the fundamental structure would allovov@rcome the usual restriction of sur-
face drainage direction and to implement drainagféems which are, so far, reserved to
physically based 3D numerical models or to higldpaeptual watershed models. Thus, in
a technically easy way, the model structure wodldwaconsidering available expert
knowledge or, alternatively, assumptions on surfaceé subsurface drainage patterns, in
combination with a robust approach to estimatentagnitudes of the respective fluxes.
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8 Summary

Reliable estimates of mountain-front recharge agently needed in the context of inte-
grated water resources management in arid regiome dependent estimates are highly
desirable as boundary condition for prognostic diemt groundwater management. To
date, this is not yet state-of-the-art. The scarm uncertain database implies the need for
new approaches with reduced complexity but expigitll the qualitative and quantitative
information contained in available data. To achiéve goal, a novel strategy for rainfall
based estimates of mountain-front recharge wasajese.

An innovative conceptual hydrologic modelling apgmb based on non-linear seasonal
rainfall-recharge relationships is considered tothee best possible solution for monthly
estimates of mountain-front recharge under datecisgaThe algorithm to derive the re-
sponse functions is based on a mass balance eguwetich includes, among other vari-
ables, direct recharge at site and indirect reehdrging lateral movement of water. Their
assessment is a function of parameters represemiiig losses, infiltration, long-term
mean seasonal soil moisture deficit, and transomnsBsses. Retention in the mountain
aquifer is considered via serial two-reservoir med&he analysis of seasonality in rela-
tionships between altitude, rainfall amounts ancoence is an important contribution to
the parameterisation of the model. Moreover, iaistep forward in the analysis of arid
zone rainfall characteristics in general.

A complementary approach, which is likewise basedpatially distributed rainfall, pro-
vides estimates of long-term mean annual groundweatharge. It uses fuzzy arithmetic to
assess the uncertainties of recharge estimatesrapdvater use in mountain oases.

Fuzzy regions are used to portray uncertaintiel veispect to the actually unknown extent
of groundwater basins in specific geological sgtirSelected subsew-€uts) are the dis-
crete spatial reference in applying the two assessapproaches mentioned above. Avail-
able expert knowledge on groundwater recharge aedsflow paths based on isotopy,
geochemistry, or 3D geological modelling can bduded. Furthermore, the use of fuzzy
regions supports the complementary consideraticadig#cent basins. This enhances large
scale water resources assessment in multi-basiensgswhere regional groundwater flow
crosses surface drainage divides.

The proposed strategy was tested in a large-sdalen@untain area. The adequacy of the
new approach was confirmed by comparing the outcohtbe proposed models with the
inversely computed inflow to a steady state groustdwmodel for the adjacent basin aqui-
fer. The recharge rates, which result from the eptal hydrologic model for distinct

terrain types and seasons, are in accordance wéhtsic literature. This is an argument
in favour of the hypothesis, that an approach whiutorporates process knowledge,
though with reduced complexity, is able to providgable results on the large scale. In
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contrast to available empirical approaches, it ndariability both in time and space. In

addition, it is regionally transferable becausmdbrporates process knowledge. Its appli-
cation is not limited by the availability of higkgolution rainfall data. Thus, it is compara-
tively easy to provide input time series which &meg enough to represent wet and dry
periods or periodical cycles in rainfall, as obsehin the pilot study area.

The transition zone between the different aquifetesms in the investigated study area is
located in the high-altitude region, where higmfall amounts coincide with relatively
high recharge rates. As a consequence, the undgrtaithe actually unknown extent of
the groundwater basins is quantitatively importantthe considered water resources sys-
tem. It is therefore concluded that the use offtizey regions to assess this source of un-
certainties is an essential contribution to waésources management under uncertainty in
similar settings.

As a summary, the proposed strategy provides nadi@le estimates of mountain-front
recharge in the face of scarce and uncertain data.
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9 Prospects for future work

Hydrogeologic survey and groundwater monitoringhi@ alluvial basin aquifer near to the
mountain front zone is the most promising optioenbance water resources assessment in
the discussed study area. This would allow therskbe of the groundwater modelling
domain towards the mountains, which mainly rechadhgealluvial basin aquifer. On this
basis, the calibration of the conceptual hydrolagiedel could be improved. Moreover,
the routing of mountain-front recharge towardsdbastal zone could be improved.

Beyond this study, the request for data acquisitiothe mountain front zone mentioned

above can be understood as a general recommendatiorountain block systems in gen-

eral and, first and foremost, for selected, wellestigated experimental catchments. This
would contribute to understand the complex surigr@mdwater interactions at the inter-

face between mountain blocks and alluvial basirfargl

The application of the new conceptual hydrologiaeitng approach in similar settings is

desirable. The comparison of the each suitablenpetiexr sets or response functions would
be a step towards urgently needed options for-gitercomparisons, or even regionali-
sation in arid mountain environments.
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A: Sensitivity of the response function to variasoof the different model parameters

response R(P) under variation of potential infiltration [mm/dt] - range [5 : 10 : 115]
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A.1l: Sensitivity of the response function to vaadas of (potential) infiltration
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A.3: Sensitivity of the response function to vaaas of soil moisture deficit SMD (potential infittion = 30 mm/dt)
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variation of SMD (soil moisture deficit) [mm] - range [0 : 6 : 30], Inf = 60 [mm/dt])
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A.4: Sensitivity of the response function to vaaas of soil moisture deficit SMD (potential infittion = 60 mm/dt)

117



variations of parameter n [-] - range [1.05 : 0.10 : 1.75]
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A.5: Sensitivity of the response function to vaadas of transmission losses
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B: Histograms of subsurface outflow at the mounteont Qyrr based on dif-
ferent parameterisations of the conceptual hydrologdel
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