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Abstract

The study investigates the water resources andesigiynamics of the igneous fractured
aquifer-system of the Troodos Mountains in Cypmusing a coupled, finite differences
water balance and groundwater modelling approadie Tumerical water balance
modelling forms the quantitative framework by ass®&s groundwater recharge and
evapotranspiration, which form input parameterstf@ groundwater flow models. High
recharge areas are identified within the heavilgctired Gabbro and Sheeted Dyke
formations in the upper Troodos Mountains, whilee timpervious Pillow Lava
promontories - with low precipitation and high ewaanspiration - show unfavourable
recharge conditions. Within the water balance stidievapotranspiration is split into
actual evapotranspiration and the so called secgral@apotranspiration, representing the
water demand for open waters, moist and irrigatedasa By separating the
evapotranspiration of open waters and moist areas fthe one of irrigated areas,
groundwater abstraction needs are quantified, aligvihe simulation of single well
abstraction rates in the groundwater flow models.

Two sets of balanced groundwater models simulaeatiuifer dynamics in the presented
study: First, the basic groundwater percolationtesys is investigated using two-
dimensional vertical flow models along geologicabss-sections, depicting the entire
Troodos Mountains up to a depth of several thousaridnetres. The deeply percolating
groundwater system starts in the high rechargesavéahe upper Troodos, shows quasi
stratiform flow in the Gabbro and Sheeted Dyke fations, and rises to the surface in the
vicinity of the impervious Pillow Lava promontorieBhe residence times mostly yield less
than 25 years, the ones of the deepest fluxes alelvendreds of years. Moreover, inter
basin flow and indirect recharge of the Circum To® Sedimentary Succession are
identified. In a second step, the upper and mastlymtive part of the fractured igneous
aquifer-system is investigated in a regional, hmrtal groundwater model, including
management scenarios and inter catchment flow egudin a natural scenario without
groundwater abstractions, the recovery potentighefaquifer is tested. Predicted future
water demand is simulated in an increased abgirastienario. The results show a high
sensitivity to well abstraction rate changes in tAglow Lava and Basal Group
promontories. The changes in groundwater headsr&og a few tens of metres up to
more than one hundred metres. The sensitivity@énntiore productive parts of the aquifer-
system is lower. Inter-catchment flow studies iatkcthat - besides the dominant effluent
conditions in the Troodos Mountains - single reacsleow influent conditions and are sub-
flown by groundwater. These fluxes influence thealowater balance and generate inter
catchment flow.

The balanced groundwater models form thus a compsite modelling system,
supplying future detail models with information ceming boundary conditions and inter-
catchment flow, and allowing the simulation of i of landuse or climate change
scenarios on the dynamics and water resource® dfrtitodos aquifer-system.
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Kurzfassung (German summary)

Die vorliegende Arbeit untersucht die Grundwassswarcen und die hydraulische
Dynamik des Troodos Kluftaquifersystems in Zyperit Hilfe gekoppelter numerischer
Wasserhaushalts- und  Grundwasserstromungsmodellef  &asterbasis.  Die
Wasserhaushaltsmodelle quantifizieren die hydretdgn Rahmenparameter des
Untersuchungsgebietes. Grundwasserneubildung undpdianspiration werden als
Eingangsparameter der Grundwassermodelle weitebestet. Die
Grundwasserneubildung ist in den niederschlagsseidRegionen des héheren Troodos
Gebirges, im Bereich der stark geklifteten Gablmd Sheeted Dyke Lithologien, am
hdchsten, nimmt zu den Vorgebirgen ab und erreicnt ein Minimum in den gering
durchlassigen Pillow Lava Sequenzen. Die Evapopigaison zeigt einen umgekehrten
Trend. Zusaétzlich zur aktuellen Evapotranspiratwimd eine sogenannten Sekundéar-
Evapotranspiration ermittelt, die sich — unabhangon der Bodenfeuchte — aus der
Verdunstung von Wasser-, Feucht- und Bewdasserubigdgre berechnet. Dieses Konzept
erlaubt die Ermittlung der Verdunstungsmenge devasserten Flachen und somit die
Abschatzung regionaler Grundwasserentnahmeraten,aldi Brunnenentnahme in die
Grundwassermodelle eingearbeitet werden.

Mit zweidimensionalen, bilanzierten, vertikalen G&dwassermodellen, die entlang
geologischer Schnitte durch das Untersuchungsgehbretlaufen, wurde die
Grundwasserstromung bis zu einer Tiefe von mehrdfdametern hoch auflésend
simuliert. Die generelle  Strdomungscharakteristik igze eine  dominierende
Vertikalkomponente in den Neubildungsgebieten dekeh Troodos, quasi stratiforme
Stromung in den Mittellaufen im Bereich der Gabbrosl Sheeted Dykes, und einen
relativen Anstieg des Potentials und Grundwass#wsss im Bereich der
geringdurchlassigen Pillow Laven der Vorgebirge.dinekte Neubildung durch
Grundwasser aus dem Troodos kann in den UberlagerSedimenten nachgewiesen
werden, ebenso wie Lateralflisse zwischen den Bsgmbieten. Die
Grundwasserverweildauer liegt meist bei wenigerrziinten. Ausnahmen bilden tiefe
Stromungen aus dem hohen Troodos, die Verweilratem mehreren Jahrhunderten
erreichen.

Der oberflachennahe, stark gekluftete und fur dias¥érwirtschaft wichtige Teil des
Aquifersystems wurde in einem horizontalen, denagden Troodos umfassenden
Grundwassermodell nachgebildet. Bewirtschaftungeszen ohne bzw. mit gesteigerten
Entnahmeraten simulieren die Dynamik dieses AgslfBlie Ergebnisse zeigen, dass die
Sensitivitat auf die Anderung der Entnahmeraterored sehr unterschiedlich ist. In den
Entnahmegebieten des hohen und mittleren Troodmgeni die Spiegelschwankungen
meist bei wenigen Metern bis Zehnermetern, wahiirdSchwankungen in den gering
durchlassigen und niederschlagsarmen Vorgebirgéwetse mehr als hundert Meter
betragen kdnnen.

Das laterale Stromungsverhalten wird in einzelnast-Einzugsgebieten im Troodos
untersucht.  Wahrend in  den  Untersuchungsgebieten nergé  effluente
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Grundwasserverhaltnisse vorherrschen, gibt es ri#&iee, die vom Grundwasser

unterstromt werden und die Grundwasser in benatéliEanzugsgebiete abgeben. Diese
Lateralflisse konnen lokal die Wasserbilanz von z&gsgebieten im Troodos

beeinflussen. Die bilanzierten Grundwassermodtlistiieren sowohl die Tiefenstrémung

mit hoher Auflésung als auch den oberflachennathesserwirtschaftlich interessanteren
Teil des Troodos - Kluftaquifersystems und zeigen gtol3flachigen Auswirkungen von

Anderungen der Grundwasserentnahmerate.

Die bilanzierten Grundwassermodelle stellen sorimitdbersichtsmodellsystem dar, mit

Hilfe dessen Randbedingungen und Lateralflissediltinftige Detailmodelle bestimmt,

sowie Auswirkung kinftiger Klima- bzw. Landnutzudgslerungen auf die Dynamik und

die Grundwasserressourcen des Troodos Aquifersgsabigeschétzt werden kénnen.
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1 Introduction

Water is one of the most precious goods on ourgtland constitutes a
fundamental heritage for every generation. (...) \Akeehtherefore, an obligation
towards improving its quality, its management ama#ional level and its
proper use.

Timis Efthimiou (Dec. 2003), Minister of Agriculture, Natural Resources and
Environment of Cyprus

A highly variable semi-arid climate controls the tera resources of the Eastern
Mediterranean island of Cyprus, producing episdlficarecurring droughts
(KAMPANELLAS ET AL., 2003). Mitigation measures had to be inventedatte the re-
occurring water shortages. Rain water storage aeth conveyor systems have been used
since pre-Christian times. The chain of wellaqumia, Qanafs a tapping system for
underground water, allowed the diversion and ektracf groundwater and was crucial
for the water supply of the major cities till thedeof the Turkish rule in the TScentury
(e.g. Larnaka; KMPANELLAS ET AL., 2003). The expansion of irrigation and waterpdyp
works in the beginning of the ®@entury and the introduction of diesel pumps iasesl
the water consumption of the island. As a consecpiegxtensive groundwater abstractions
in the lowlands depleted the first class aquifers l@d to salt water intrusion in the coastal
regions.

In the second half of the ®0Ocentury, the focus of water supply shifted towatds
Troodos Mountains, designated as the “water towéneisland” (ARODISIS ET AL, 1986)
due to high precipitation rates. Large storage distlibution systems were constructed
conveying water, stored in dams and ponds in theuridns, to irrigation schemes.
Enhanced drilling techniques allowed large-scal®spection for groundwater and
hydrogeological investigations within the ophidaitocks.

At the end of the 20 century, water conflicts and the implementation 4§ water
legislation led to a systematic assessment of tenresources of Cyprus. To this end,
several technical cooperation projects were imphaste (e.g. WDD-FAO project, EU-
LIFE project “KYPROS”). In the frame of the projetRe-evaluation of the Groundwater
Resources of Cyprus” (GRC-project), the Geologiaivey Department of Cyprus (GSD)
and the University of Wirzburg in Germany have sssé the groundwater resources
quantity and quality wise for the whole island,luting water balance and groundwater
flow investigations in the Troodos.

Based on the results of the GRC-project (Chapt®), the present study deepens the
investigations of the “water tower of the islandy Bimulating the dynamics of the
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fractured aquifer-system using a coupled groundwiiwey and water balance modelling
approach. For the first time, the Troodos Mount&ange as a whole is modelled as a
single groundwater basin.

The geographical and geological terminology usedhia study is based on the official
Geological Map of Cyprus (Geological Survey Depanin 1995). Coordinates are
indicated in the Universal Transverse Mercator (JTdyistem, Zone 36 North, based on
the WGS84 ellipsoid model.

1.1 Problem statement and objectives of the study

Increasing water demand in times of decreasingigtaton rates aggravates water
conflicts on the island of Cyprus. Additionally, llwion threatens (ground-)water quality
in the vicinity of settlements and agricultural @se The Troodos region, with high
precipitation and comparably small human impactobges more and more relevant to
mitigating these conflicts. Discharge of the rivershe Troodos generates inflow to dams
and ponds, supplying both local communities andelarrigated areas in the lowlands.
Additionally, the Troodos rivers recharge the maavel aquifers in the lowlands and are
important for the restoration of coastal aquifdfeced by salt water intrusions. Due to the
manifold storage and surveyor projects and a demgeork of gauging stations, the
surface water system of the Troodos is being utaods quite well. Discharge
characteristics of important catchments and lithele are described byDUUFT ET AL.
(2003).

Groundwater exploration and investigations of the®ugdwater system have been
intensified since the 1980s (Chapter 1.3). Sinem tlygroundwater has become the major
source for water supply of the Troodos villages.erEfore, a systematic scientific
investigation of the Troodos aquifer-system anddisamics is crucial for a sustainable
management of these resources. In this contexgstigations within the GRC-project
(Chapter 1.2; OLUFT ET AL., 2003) form a landmark. In this project, hydrogiogl
properties of the single lithologies were deterrdifeoodos-wide. Groundwater recharge
dynamics were modelled for single catchments andthi@ Troodos region with a
numerical water balance modelling approach. Coneémgroundwater models simulated
the groundwater flow characteristics along geolalgicross-sections of the Troodos
Mountains. BRONINA ET AL. (2003) established a groundwater model of therisou
catchment, which is the major drain of the upp@&otios to the south.

The present study developed in the frame of the @Rf&ct, resumes and reworks part of
the water balance and groundwater flow studies expdnds the groundwater model to the
extent of the igneous Troodos aquifer-system. rinBthus a quasi holistic aquifer model
including balanced in- and outflow volumes, the dettion of the deep percolating fluxes
as well as the fast draining fluxes in the uppesshproductive part of the aquifer-system.
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The main objectives of study are the following:

« Estimation of groundwater recharge, evapotranspiratand groundwater
abstraction rates by water balance modelling.

* Characterisation of the principle flow dynamicsluting supra-regional, deeply
percolating fluxes in vertical, cross-sectionalugrdwater models.

» Establishing groundwater management scenarios andlagion of the lateral
groundwater flow dynamics of the entire Troodoseigus aquifer-system.

1.2 Project framework

The presented study is based on the scientificaieahcooperation project “Re-evaluation
of the Groundwater Resources of Cyprus” (GRC), cotet from spring 2001 to autumn
2004. The GRC-project has been financed by theistiyn of Agriculture, Natural
Resources and Environment (Cyprus), performed &yDiapartment of Hydrogeology and
Environment (Prof. P. Udluft, University of WurzlgirGermany), Hydroisotop (Dr. C.
Kills, Germany), Planning Bureau Prof. Dr. J. SkenalGermany) and supervised by the
Geological Survey Department (Cyprus). The projdatabase ENVIS and the GIS
database, compiled by the Planning Bureau ProfJD8challer, are the major sources for
mapping-, meteorological-, and hydrogeological dead in this study. The water balance
and part of the groundwater flow investigations laased on specific investigations within
the GRC-project (OLUFT, 2002; UDLUFT ET AL., 2003, 2004, 2004, 2004). An
improved version of the water balance modellinggpeonme MODBIL (Chapter 3.1) was
used to re-estimate the water balance of the stvely. The cross-sectional flow models,
developed within the GRC project are re-worked gidime re-estimated water balance
parameters.

1.3 State of hydrogeological research in the Troodos

Although the Troodos Ophiolite has been subjectnahifold geological investigations
(Chapter 2.3), the importance for groundwater syupghd thus for hydrogeological
investigations had not been recognised till the E®70s. BRDON (1955) describes the
Troodos as a highly fractured aquifer, the UNDPjgm (UNITED NATIONS, 1970) in
contrast, mapping for the first time the occurrerafegroundwater in Cyprus in a
systematic way and assessing water balances fondij@ aquifers, classifies the Troodos
as impervious. In 1976, the Geological Survey Dipant started a comprehensive
drilling programme for groundwater exploration hetTroodos, setting the base for further
hydrogeological investigations. Hydrochemical stsdiwere conducted in a technical
cooperation programme by the German Federal MynistrEconomic Cooperation and
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Development (BMZ) (BMZ project no. 1975.2019.0 at@B1.2224.4). \WGNER ET AL
(1987; 1990) and @vENIS ET AL (1988) describe the groundwater quality, and the
suitability of the existing groundwater resources domestic supply and for irrigation as
important results of these projectRODISIS ET AL (1986) indicates the importance of the
Troodos for the water supply of the islandFr&DISIS & FISCHBACH (1988) published
studies on the mineral waters in the Troodos redswtope investigations in the Troodos
were carried out by BRONINA ET AL. (2005) and described in several technical reparts
UDLUFT & KULLS (2003), VERHAGEN ET AL (1991) and AlcoviDEs (1979). Within the
LIFE project groundwater contamination due to agisesnining activities in the upper
Troodos were assessedHERALAMBIDES ET AL., 1998). Water balance investigations,
including a first numerical water balance modekte# Kouris catchment in the Troodos,
were conducted within the project Groundwater Regdhan the Eastern Mediterranean
(GREM-project; KULLS ET AL., 1998; WLUFT, 20022; ZAGANA ET AL., 2007). A technical
cooperation project between the Food and Agriceldrganisation of the United Nations
(FAO) and the Water Development Department of Cygd/DD) determined ground- and
surface water resources and water demand of seél€ob@dos catchments and the Troodos
igneous aquifer (KoHN, 2002). BODRONINA ET AL. (2003) investigated the groundwater
resources of the Kouris catchment using numericairgdwater modelling. In the frame of
the GRC-project (Chapter 1.2) distribution and dayita of water balance parameters of
single catchments and the complete Troodos regiene \assessed with numerical water
balance models ({LUFT ET AL., 2003; INKELOH, 200%\; MEDERER 2005). Numerical
cross-sectional groundwater models describe theipte flow dynamics of the Troodos
igneous aquifer (DLUFT ET AL., 20048, MEDERER & UDLUFT, 2004\; MEDERER &
UDLUFT, 2004). Detailed investigations on the water balanceadyias of the Troodos are
conducted by DNKELOH (2009).
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2 Study area

The study area comprises the Troodos Mountainstlaad.emesos Forest in the south-
eastern part of the island of Cyprus (Fig. 4), code the igneous lithologies of the
Troodos Ophiolite surrounded by a “buffer” of theirddm Troodos Sedimentary
Succession (Fig. 5, Chapter 2.3). The study arémrndered by the Mediterranean Sea to
the west and the south east, by the Mesaoria ptathe north, and by foothills of the
Lemesos and Pafos region to the south. It exteata #48700 m E to 545200 m E and
3839550 m N to 3894800 m N (UTM zone 36 North; W&S8Vith an area of 2925 km?2,
the study area covers nearly one third of the dslan

2.1 Terrain and land cover

The Troodos Mountains reflect the ellipsoidal dostreicture of the Troodos Ophiolite
with the Mount Olympos (1952 m.a.m.s.l.) as thehbig elevation, both of the study area
and Cyprus. The high mountainous part covers moghe study area. It is deeply
dissected, so that subordinate ranges veer off atynangles forming steeply incised
valleys. The mountains descend in a series of stefigothills to the borders of the study
area, except for the western Troodos, where tlopesiiownwards steeply to the coastline.
The major streams of Cyprus rise in the Troodosnifiog a perennial, radial drainage
system. The catchments are usually narrow with tstrdsutaries in the study area.
Gradients and turnover volumes are high. The distérom source to mouth is mostly less
than 100 km. Perennial riparian vegetation in theeous part of the Troodos indicates
predominant effluent flow conditions. Downstreamthim the sediments of the Circum
Troodos Sedimentary Succession (Fig. 5), the flamd@ions become influent. The
Troodos rivers form thus an important source falirgct recharge of the gravel aquifers in
the lowlands. Mostly, the infiltration length isng enough for total runoff infiltration and
outflow to the sea is restricted to heavy rain éve®ry up in the lower reaches is
aggravated by numerous reservoirs and ponds feacguwater storage in the Troodos, and
by groundwater recharge dams for the lowland gragalfers.

UDLUFT ET AL. (2002) describe the land use and plant covehefstudy area in a very
detailed way. Although deciduous trees in the fldachs are very indicative for
predominant effluent groundwater conditions, theyer only small parts of the study area.
Pine forest of mostly open character, maquis anmijgm in the understory prevail in
moderately elevated parts of the study area, empea the western Troodos. The pines
are mostly calabrian pinéPinus brutia) replaced by black pin€Pinus nigra ssp.
pallasiana) in high mountainous regions, locally cyprus ced@edrus libani ssp.
brevifolia) or aleppo pingPinus halepensis)in low precipitation or low temperature
regions, the number of pines in the associationrdaines, so that maquis dominates the
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foothills and the high mountainous regions. In thisas, tall shrub communities of the
endemic golden oakQuercus alnifolia) strawberry tregArbutus andrachne)terebinth
(Pistacia terebinthus)kermes oaKQuercus cocciferapnd styrax(Styrax officinalis)are
found. Garigue of compact and open character groaisly in the uncultivated, poor and
dry parts of the lowlands of the study area, engthe sedimentary foothills and on the
alkaline soils of the Pillow Lava formations (F&).

The soils in the study area are typical Mediteraansoils, characterised by a deficient in
humus due to retardation of chemical weatheringddyeloped, shallow A-C profile soils
(Regosols) prevail. Colluvial deposits have devetbpt the bottom of moderately inclined
slopes, especially in the Gabbro and Sheeted Dgkgoms. With exception of the
calcareous, fine grained soils in the promontoribg soils are skeleton rich, coarse
grained and poorly graded and show high hydrawidactivities and low to medium field
capacities.

The population density is very variable. Settleraentthe form of villages are abundant in
the coastal zone, the Pitsilia, Commandaria ané&Smgion (Fig. 4). Large areas of the
western, central and eastern Troodos are popuspidely.

Agriculture is generally bound to the villages. Beding on climate, water supply and
arability, different crops are cultivated. Vegetyl citrus and olive trees are mostly
irrigated and prevalent in the lowlands and coasigions of the western Troodos and in
the vicinity of the major reservoirs. To a smaltexx, grains and olive trees are grown in
the lowlands of the north eastern part of the saga. On moderately inclined limestone
hills of the Commandaria region, viticulture is tl®minant land use. Secondarily,
viticulture is pursued on small and isolated teegof the Troodos. Orchards (cherry,
apple, almond and walnut) are widespread in thes&ahd Pitsilia region, especially on
the floodplains and flat depressions of the majogasns. On the slopes of the Troodos
Mountains they are usually cultivated on terra@sjonds up to an elevation of 1700
m.a.m.s.l. Irrigation is common in the lower eladtregions. Animal husbandry is
practised in the Solea region on the banks of taegétis river (Fig. 4, Fig. 6). The land
cover of the uppermost Troodos region is dominated closed down open cast mine for
asbestos. The fallow mining terraces cover an 2r2&m? and are currently under a state
of restoration.

2.2 Climate

The climate in the study area is Mediterranean seidj experiencing mild wet winters
and dry hot summers. Variations in temperaturerandall are controlled by altitude and,
to a lesser extent, distance from the coast. Hgtsdmmers from May to September and
rainy, rather changeable winters from November &rdfl are separated by short autumn
and spring seasons. Precipitation ranges from @@®0D0 mm/a in the lowlands to more
than 1000 mm/a in the upper Troodos. Due to thé Imgpuntainous topography, rain
events often show a small-scale distribution, esfigc scattered showers and
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thunderstorms, which typically occur during the soen season. The mean annual
temperature reaches 18 to 20 °C in the coastaimeaqd 12 to 15 °C in the upper Troodos,
where snowfall in winter is common while lowlandsngrally are frost-free. Due to their
importance for the water resources management,oégspiration rates are determined
within the water balance modelling process of #stisdy and are described in detail in
Chapter 4.1.3.2. The potential evapotranspiratamges between 800 and 1800 mm/a. The
actual evapotranspiration yields 200 to 600 mmfarfost parts of the study area. In open
water, irrigation or moist areas, water availapikxceeds precipitation and reaches the
order of magnitude of the potential evapotransiginatThe seasonal variability of the
actual evapotranspiration is very pronounced. Higkalues do not coincide with highest
precipitation or highest potential evapotransparatamounts. They occur in the short
spring season when temperatures are already efe\atd soil moisture contents are still
very high.

The intra annual fluctuation is shown in the clienatassification for long-term monthly
mean temperature and precipitation according tn8V& JATzOLD (1969) in Fig. 3. For
the meteorological station Agros (Nr. 377-91; 1Gf%.m.s.l.; time period: 10/1987 to
09/1997) situated in the upper Troodos, most “winteonths group in the humid, and
most “summer” months in the arid category. Thissification illustrates the briefness of
the transition seasons, typically for the Mediteean climate. Additionally, the intra-
annual variability is visualized in two Walter clte charts for the coastal and high
mountainous regions respectively (Fig. 1 and Fg. 2

Met. Station Nr. 041-6272 (Polis; 15 m.a.m.s.l.)

100 50
90 =t 45
80 + 40
01 || 35
_. 60+ B 1 30 I:IMean l_\/lonthly
S — Precipitation
e >0 128 Mean Daily T t
— 40 1 120 ean Daily Temperature
30 I~ 15
20 +10
10 |5
0 | | [ —— 0

Fig. 1:  Walter climatic chart for the coastal region ie tlwestern Troodos (time period:
10/1987 to 09/1997).



26

2 Study area

Met. Station Nr. 377-91 (Agros; 1015 m.a.m.s.l.)
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Fig. 2. Walter climatic chart for the high mountainoussiHi& region in the central
Troodos (time period: 10/1987 to 09/1997.
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2.3 Geology and hydrogeology

Cyprus is situated in a complex tectonic environinglose to the boundaries of the
African, the Arabian and the Anatolian plates. Téland itself is part of the Anatolian
plate, while the converging African-Anatolian boangl parallels closely the southern
coast in the Mediterranean Sea, elongating the Bastolian Fault (MCALLUM &
RoBERTSON 1990). Within this tectonic setting, Cyprus hasried above an intra-oceanic
subduction zone as an assemblage of welded ter(RoesrTSON 1990). The study area
comprises the Troodos Terrane and parts of the Mamderrane, welded in the
Palaeogene, uplifted and covered with Tertiary @uéiternary sediments of the Circum
Troodos Sedimentary Succession (Fig. 5). The Treoderrane comprises Upper
Cretaceous ophiolite complexes and is lithologycalibdivided into the Olympos and
Arakapas Sequence. The Mamonia Terrane consistidtile Triassic to Upper
Cretaceous marine sediments, metamorphics and niolsries. Due to its ,chaotic”
internal structure, this assemblage is interpretedan accretionary wedge qBERTSON
1990).

The Olympos Sequence of the Troodos Terrane fohasso called Troodos Ophiolite,
covering approx. 80 % of the study area and comigia complete, undisturbed ophiolitic
sequence, being subject of many scientific pubboat (MALPAS ET AL., 1990; @SS ET
AL., 1994; \ARGA ET AL., 1999). Uplift and erosion processes have forraecelliptic
dome structure, uncovering tectonised and serpsetinHarzburgites of the Mantle
Sequences in the highest parts of the Troodos Mmsi(Fig. 5 and Fig. 23). They are
overlain by Webhrlites, Pyroxenites and Gabbroshaf Plutonic Sequence and Sheeted
Dykes (Intrusive Sequence), showing the largesalasbare of the Troodos. Volcanic
Sequences are exposed in the foothills.

The Arakapas Sequence comprises a second opluotitplex (Anti-Troodos) of different
origin but similar lithology, and a fault zone (A&gpas fossil transform) separating the
two.

In the lowlands, close to the border of the studaathe terranes are overlain by Tertiary
limestones, chalks and marls and Quaternary asngeavels, sands and silts of the
Circum Troodos Sedimentary Succession (Fig. 5).

The lithologies in the study area exhibit differérytdrogeological properties: The igneous
lithologies and consolidated sediments show loveai¥e porosities (DLUFT ET AL.,
2003; BORONINA ET AL., 2003). They form fractured aquifers or aquifgstems, where the
density of open fractures and joints is high. Tikisspecially the case with the Gabbros in
the Pitsilia area. Vulnerability to weathering haxreased the fracture density and
produced comparably smooth landforms, favourabtea@picultural use and, due to high
precipitation rates, favourable for groundwaterhexge. Springs are common. As a
consequence, high population density and interegveeultural use are typical for the high
mountainous Pitsilia region. The surrounding Slheellykes are more resistant to
weathering, showing a rugged topography with stdepes unfavourable for agricultural
use. Thus, most part of the Sheeted Dykes, espeitigdhe western Troodos, are covered



28 2 Study area

with forests or scrubland. Hydrogeological investigns of the Harzburgites in the
uppermost Troodos indicate a higher effective ptrodbut very low hydraulic
conductivities (WLUFT ET AL., 2003). Sepentinisation of the Harzburgites hexrehsed
the volume of open fractures and fissures and theshydraulic conductivity. As a
consequence, a large part of the high precipitaiorount forms surface runoff and
interflow (Chapter 4.1.3.4). The Pillow Lavas shtow permeabilites as well, and high
total but small effective porosities.

Compared to the Olympos Sequence, the Ultramafict Rillow Lava series of the
Arakapas Sequence contain more favourable hydrautiperties as they are affected by
heavy faulting and fracturing in the vicinity ofeti\rakapas Fossil Transform zone.

The Mamonia lithologies are generally classifiedoas permeable due to a high content of
fine-grained, impervious sediments.

The Tertiary consolidated calcareous sedimentshef €Circum Troodos Sedimentary
Succession show medium to low conductivities. Eistlgc where the limestones are
interbedded with marls, permeabilites are reduSahdy, interstratified beds form local
aquifers. Generally, the groundwater level is vy as low precipitation quantities
produce small recharge. Additional recharge ocdhrsugh riverbed infiltration and
through indirect recharge from the igneous lithadsgas isotope investigations postulate
(UDLUFT & KULLS, 2003, 2004; BRONINA ET AL., 2005).

The unconsolidated alluvial and colluvial sedimeioign the only porous aquifers of the
study area. Their areal extent is very limited, fart local water supply of the coastal
region and in the Kargotis valley they play an imtant role.

Hydraulic conductivities and effective porositiesctease with depth. Borehole records
indicate that favourable aquiferous conditions dase rapidly below a depth of 150 to 200
m below surface (DLUFT ET AL., 2003) leading to a fast draining system withhhig
turnover rates, especially in the high mountain@ggons. Deep percolating systems might
exist and are part of the investigations carriedimthis study (Chapter 4.2.1).

Groundwater in the study area has a low to modeatéent of dissolved solids, Chloride
is mostly below 25 mg/l, especially in the high mtainous parts where groundwater
recharge rates are highflUFT & KULLS, 2004). Large areas of sea water intrusions have
not been identified in the study area (Chapter243). AFRODISIS & FISCHBACH (1988)
describe groundwaters with elevated salinity, hagikalinity and elevated temperatures in
the Troodos. Sulphate rich alkaline to hyperallalsprings discharge from a Gabbro
aquifer in the upper Troodos, in the Arakapas FAatte and in the eastern Troodos. The
elevated Sulphate content (> 1000 mg/l) might ke réssult of weathering of sulphidic
ores. The high pH is attributed to the serpenttiogsaof ultrabasic rocks by meteoric water
(AFRODISIS& FISCHBACH, 1988).

Groundwater in the Pillow Lavas is enriched in sdltat probably derive from connate
water, in general seawater, trapped in the voidb®iavas. Elevated Boron contents of 1
to 5 mg/l, locally greater than 5 mg/l, and thugeeding the limit of 1 mg/l of the EU
drinking water guideline (EU Directive 98/83/ECrarommon in the groundwaters of the
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Pillow Lavas. According to previous studies (fRBDISIS ET AL (1986), Boron is enriched

and released from volcanic glasses and from digealwf mineral phases in former

hydrothermal vents. Anthropogenic sources for Bi®orax) are found in the vicinity of

the major cities of Cyprus, but they are unlikehe tmain sources for elevated Boron
contents in the study area.

Sodium enriched groundwater - as a result of iochamrging processes - occurs
occasionally in the Circum Troodos Sedimentary $ssion and rarely in the igneous
lithologies.

Nitrate deteriorates the groundwater quality lgcadispecially in the intensely cultivated
regions like the Pitsilia, the Kargotis valley atite coastline of the western Troodos,
where Nitrate contents exceed 100 mg/I (limit & B Directive: 50 mg/l).
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2.4 Pilot catchment ar eas

For computational efficiency, calibration and validn of single parameters - both of the
water balance and the groundwater flow models (@&nap) - is carried out in selected
catchment areas. These so called *“pilot catchmergasa cover all relevant
hydrogeological regions with characteristic lithgiles, landuse and exposition types.
Important criteria for selection were the availdpilof high quality meteorological and
runoff data and effluent flow conditions of the atanhents’ rivers. These conditions
minimise the difference between actual and meastatad runoff. The catchments of the
Upper Diarizos up to the gauging station Philouse2-4-95), the Limnatis (gauging
station U/S Kouris dam, 9-6-7-70), the Pyrgos (Pdube 2-7-2-75) and the Kargotis rivers
(Skouriotissa, 3-3-4-95) (Fig. 6) meet these dater
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3 Methods and data

The dynamics of the Troodos fractured aquifer ameulted using groundwater flow
models, whose in- and output fluxes are quantifigchumerical water balance models. In
detail, the methodology comprises a successiorunfenical modelling procedures within
different levels of the hydrologic cycle. Vertidhixes between (sub-)soil, vegetation and
atmosphere are being simulated and balanced witérwalance models (Chapter 3.1 and
4.1). They form the quantitative framework of thregented study with a special emphasis
on groundwater recharge, evapotranspiration (Chapte3) and the quantification of
groundwater abstraction needs for irrigation.

The balanced groundwater models simulate fluxelerbedrock and interactions with the
surface drainage system. In a first step, two-dsimral vertical models along geological
cross-sections identify the general flow charastes (Chapter 4.2.1). The one-layer
models simulate vertical fluxes up to a depth ofertban 1500 m. They allow the analysis
of the fast draining “near-surface” groundwaternasyswith high turnover rates, as well as
the deep percolating “slow flow” system. In a thiribdelling step, a regional horizontal
flow model is being constructed covering the whbteodos Mountains up to a depth of
300 m. This large scale modelling approach is amdsesliminate lateral fluxes between
single catchments (inter-catchment flow). This maeulates the fast draining and high
turnover system, and is used to develop water neneagt scenarios and inter-catchment
flow studies.

The water balance and groundwater flow modelsaster based, combining a high spatial
resolution with computational efficiency and thubwing large scale modelling within
one modelling frame.

The first part of this chapter describes the wasdance modelling methodology and the
programs used. The groundwater modelling methods programs are outlined in the
second part. The last part of this chapter dedls base data and data processing.

3.1 Water balance modelling with MODBI L

The water balance of the Troodos is determined wighmodule version Mbd48 of the
numerical water balance modelling program MODBILD(UFT & DUNKELOH, 2005)
developed at the Department of Hydrogeology andirBnment (Prof. P. Udluft,
University of Wirzburg, Germany). UNKELOH (2009) describes the latest MODBIL
program modifications and gives a detailed desompof the program code. An overview
is presented hereatfter.
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MODBIL has been applied and tested mainly in and aemi-arid regions, among others
in Brazil, Greece, Cyprus, Israel, Jordan, NamiBiantral African Republic and Germany
(ROSA FILHO, 1991; KONIG, 1993; ABERT, 1994; WDLUFT & ZAGANA, 1994; KULLS ET
AL., 1998; A-ALAMI, 1999; MAINARDY, 1999; AGANA & UDLUFT, 1999; AGANAET AL.,
1999; KILLS ET AL., 200Q\; KULLS ET AL., 200®; UDLUFT & KULLS, 2000; BEIDAT,
2001; WEIGAND, 2001; AGANA, 2001; WLUFT, 20022; WIINEN, 2002; A-FARAJAT,
2003; DINKELOH ET AL., 2003; MEDERER 2003; WLUFT ET AL., 2003; BORGSTEDT 2004;
DUNKELOH & UDLUFT, 2004 ; DUNKELOH & UDLUFT, 2004; DUNKELOH ET AL., 2004,
UDLUFT & DUNKELOH, 2004\; UDLUFT & DUNKELOH, 20048; DUNKELOH, 200%;
DUNKELOH, 200%; MEDERER 2005; DUNKELOH, 2009).

The distributed, GIS-based, process-oriented, physivater balance model MODBIL

considers the major water balance components: ptadn, groundwater recharge,

surface runoff and interflow, and evapotranspiratan the base of the water balance
formula (Equ. 1). A spatially differentiated watslance is calculated by simulating water
fluxes and storages at temporal and spatial re@eakit- based on meteorological,
topographic, soil physical, landuse (land covenyj geological input parameters.

For a vertical soil column, the discrete form of thater balance formula is defined as:
R(t) = P(t) - ET(t) —Q(t) + AS Equ. 1

with R(t) as recharge for a given time stdp P(t) as precipitation,ET(t) as
evapotranspiratiorQ(t) as runoff andAS representing change in water storage.

Fig. 7 shows the modelling concept of MODBIL. Thedel handles the temporal and
spatial variations of the water balance componanifferent process steps. In the first
step, daily meteorological data are interpolatedeach active raster cell depending on
topographic parameters. Snow storage is simulaséuy yprecipitation and temperature.
Landuse dependent interception storage controls ititerception loss. Effective
precipitation (precipitation that reaches the swifface) is then calculated allowing for
snow and interception storage status.

The second model step simulates soil water storaggotranspiration, surface runoff,
interflow and groundwater recharge based on sofisasil and landuse parameters. A one
layer soil model is used for the simulation of soisture conditions and relevant fluxes
into and out of the soil system for each time stgptface runoff and infiltration are
calculated depending on effective precipitatiordriaylic conductivity of surface, soil and
landuse data. The infiltrating part is added togbi water storage. Surface runoff occurs,
when the infiltration amount exceeds the maximurpacéy or when the soil moisture
storage reaches saturated conditions.

In addition, soil water is lost in every time stdye to actual evapotranspiration calculated
with a modified method after PONAGEL (1980) and BRNGER ET AL (1974), based on
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potential evapotranspiration, soil water contertt EBmduse. Potential evapotranspiration is
calculated according to Penman-MonteithofMeITH, 1965; ALEN ET AL., 1998), Haude
(HAUDE, 1959) or PanA (ALEN ET AL., 1998). Deep percolation (groundwater recharge)
occurs when soil water content exceeds effectivadd ficapacity. The amount of
groundwater recharge is driven by the soil peramtatamount, and by hydraulic
conductivity of both soil and subsoil. Bypass effecan create additional groundwater
recharge through macropore flow before effectivdficapacity is reached. Interflow is
generated as soon as the percolation exceeds tkienuma infiltration capacity of the
subsoil.

The integratedsecondary evapotranspiratioooncept is developed for water balance
models in arid or semi-arid regions, where floodins, natural moist and irrigated areas
yield higher actual evapotranspiration rates, du@dditional water availability through
rivers, lakes, springs, capillary rise or irrigatioIn MODBIL, the secondary
evapotranspiration is simulated for specific laredtyes (e.g. moist and irrigated areas,
open waters) and might be adjusted by enteringaition time periods for different crop
types into the model. The secondary evapotrangpirfiEtsec)for a given time step is
calculated according to Equ.2:

ETsec() = ETqt) - ETAt) Equ. 2
With:
ETc= potential evapotranspiration for a specificdase (under well watered soil
conditions without water stresses)
ETa=  actual evapotranspiration for a specific landuseder actual soil water

conditions (with or without water stresses)

The model is preferably calibrated in clearly défable catchments with reliable gauging
station data. First, the total runoff - comprisimgerflow and groundwater recharge - is
calibrated by adjusting the parameters influencing actual evapotranspiration. In a
second step, the modelled groundwater rechargesaédapted to the base flow content,
derived from hydrograph separation techniques apgsed e.g. by AfERMANN (1951),
WUNDT (1953), RUTLEDGE (1998) orWITTENBERG (1999),by customising soil and subsoil
conductivities. Additional fine calibration is aeled by adjusting a modelled hydrograph,
generated by a simple storage outflow regressiaordog to MAILLET (1905),t0 a
measured hydrograph.

The results can be verified by additional indirgdundwater recharge estimation methods
based on chloride mass-balance or isotope invéisinga(MAINARDY, 1999; BORONINA,
2003; WLUFT & KuLLs, 2003). As the Pillow Lava lithologies in the Tduws
promontories contain seawater inclusions, the adomass-balance method is restricted
to non-influenced catchments in Cyprus.
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Precipitation, effective precipitation, potential vapotranspiration, actual
evapotranspiration, soil water content, groundwegteharge and interflow are the output
parameters of the model at daily resolution. Itwerfin MODBIL comprises surface

runoff and interflow.

Previous investigations indicate that an uncernyafot the water balance model of less
than 10 % is reasonable fLUFT ET AL., 2003). Density and distribution of the
meteorological stations and data quality play apdrtant role concerning model quality.
Compared to the water balance investigations ofGR&-project (WLUFT ET AL., 2003)
the improved MODBIL version Mbd48 allows the sepanarocessing and interpolation of
meteorological input parameters. It enhances timeben of selectable stations and thus the
accuracy of the meteorological input raster data.
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Fig. 7. Flow chart indicating the MODBIL modelling conceflyDLUFT & KULLS,
2000; modified).
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3.1.1 Regionalisation of meteorological data, calculation of potential evaporation

and effective precipitation

In selecting the calculation procedure for the oeglisation of meteorological data, a
compromise between calculation speed and accurasytd be achieved. Therefore, a
relatively simple approach is chosen. First, refeecaltitudgAR), daily precipitationPU)
and temperatur€TU) — both not altitude corrected - are calculatedngyinverse distance
to a power method (&PARD, 1968) for each grid cell. In a second step, jpitdion (P)
and temperaturérl) are corrected for altitude effects assuming aiptetion gradient of
4.4 % per 100 m and a temperature gradient of 0.6€r 100 m (Equ.3 and Equ.4). The
calculated reference altitude is compared to thkakitude of the grid cellAG) given by

a digital elevation model (DEM).

P =PU [ (L+(AG- AR)[0.00044 Equ. 3
T =TU[(1+(AG- AR)[0.0060 Equ. 4

The calculation of potential evaporation is based tbe Penman-Monteith equation
(MONTEITH, 1965) as given by AEN ET AL. (1998) in Equ. 5 :

ETO= (0408 A[(RN—=G) + y[(900/(T +273) [u2[(es—€eq) /(A + y [ 1+ 034[u2)) Equ. 5
With:

ETO =reference evapotranspiration [mm/d]
Rn= net radiation at the crop surface [MJ/(m2d)]
G = solil heat flux density [MJ/(m2d)]

T = mean daily temperature at 2 m height [°C]
u2 =wind speed at 2 m height [m/s]

es =saturation vapour pressure [kPa]

ea = actual vapour pressure [kPa]

es-ea =saturation vapour pressure deficit [kPa]
A = slope vapour pressure curve [kPa/°C]

y = psychrometric constant [kPa/°C]

Day length and radiation are calculated accordngLLEN ET AL. (1998).

Incoming precipitatior{P) is separated into interception and through falkwkentering the
surface vegetation. For temperatures below 0 °Qviailbis added to a temporary snow
storage, which decreases when temperature causesm#iting process. Effective
precipitation(PE) is calculated based on the concept of an inteiaegtore(IT), where an
amount of total precipitation (up to the maximuntenception storage capacity) is lost
depending on the actual conditions of the inteioepgtore at each time-stéig\(t); Equ. 6
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to 9 ). The maximum interception storage capacityhe vegetation used in this model
varies spatially and temporally for single landws®ts. Intercepted precipitation is lost
from the storage by evaporation (calculated \i&if0), and the actual interception storage
capacity is adjusted for the next time step. Altjloprecipitation data represent the total
precipitation over 24 hours, it is assumed thatlidingest part of the rain falls within a time
constraint of 3 hours as observed in the field.

IA(t) = IT with P(t) > IT —IA(t-1) Equ. 6
IA(t) = IA(t - 1) + P(t) with P(t) < IT —IA(t-1) Equ. 7
IA(t +1) = IA®t) - ETO(t) with ETO(t)< IA(t) Equ. 8
IA(t+1) =0 with ETO(t) > IA(t) Equ. 9

In MODBIL, effective precipitation is than calcuéat as

PE(t +1) = P(t) - IA(t) with P(t) > IA(t) Equ. 10
PE(t+1) =0 with P(t) < IA(t) Equ. 11

3.1.2 Calculation of surface runoff, infiltration, soil water content, actual

evapotranspiration, interflow, and groundwater recharge

In the second model step effective daily precipta{PE) is separated into direct surface
runoff (R) and infiltration(F), depending on the hydraulic conductivity of thd sarface
(KS), soil moisture conter(SW)factors of landuse (land coverC), terrain slopgTS)and
soil water content(SW), as shown in Equ. 16If effective precipitation exceeds
conductivity of the soil surface, surface runoftors.

F =KS with PE > KS Equ. 12
R=PE-KS with PE > KS Equ. 13
F =PE with PE<KS Equ. 14
R=0 with PE < KS Equ. 15
KS=KF [LCITSISW Equ. 16

With:

LC(forests)= 10

LC(grassland, meadow, fields)2.5

LC(wetlands)y 5

LC(settled areas¥ 0.5

TS=1/(1-tan¢/[180%*p])) wherep = slope of the terrain [%]

SW=1/(0.2 + 0.008 * PSyvherePS= percentage of saturation, in % of field capacity
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The module version Mbd48 allows individual adjustrinef the temporal dynamics of the
influencing landuse parameters like intercepti@ragie, secondary evapotranspiration and
irrigation, hydraulic conductivity of the soil, napore flow, Haude factors and root
depth.

Infiltration (1) increases soil water contgf®) and influences the hydraulic conductivity of
the soil surface for the next time step. Soil watamtent can increase up to a maximum of
field capacity (FC). Further water influx results in deep percolati@P). Soil water
content decreases due to actual evapotranspirgiba), which is determined by potential
evapotranspiration, state of soil moisture, ancctiop coefficient:

Ot +1) = O(t) +1 (t) - ETa(t) with FC > ( t+1) Equ. 17
DP(t+1) =0 with FC > @( t+1) Equ. 18
Ot +1) = FC with FC < O( t+1) Equ. 19
DP(t +1) = O(t) + | (t) - ETat) - FC  with FC < O( t+1) Equ. 20

In this study the moisture extraction functid(®) that modifies the potential crop
coefficient is used to calculate actual evapotrmagpn depending on soil moisture
content (cf. RNGER ET AL, 1974):

f(©) = 02+2[((0 - OW)/(OF -OW)) -12[((0 -OW) /(OF -OW))[2 Equ. 21

With:

O = soil moisture content (variable)
OW = soil moisture content when soil is at wiltingiqto
OF = soil moisture content when soil is at field azipa

Deep percolatior{DP) is developed if soil water content exceeds figgharity. At the
soil-subsoil boundary (zone underneath the rootyateep percolation is divided into
interflow II (WIIl) and groundwater recharg&\\VR) by comparing hydraulic conductivity
of the subsoi(KG) with deep percolation.

GWR=KG with DP > KG Equ. 22
WIl = DP - KG with DP > KG Equ. 23
GWR= DP with DI <KG Equ. 24

WIl =0 with DP < KG Equ. 25
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3.2 Groundwater flow modelling

The groundwater flow models are constructed ushmy finite difference groundwater
modelling program MODFLOW 2000 (&MDONALD & HARBAUGH, 1983; FhRBAUGH ET
AL., 2000), and the particle tracking code MODPATH @&oLLock, 1994), implemented
into the graphical interfaces Groundwater Modell@gstem (GMS 5.1) and PMWIN
(CHIANG & KINZELBACH, 2001). The finite difference schemes MODFLOW and
MODPATH are well documented, and are now considevdzk the de facto standard code
for aquifer simulation. They are chosen for theamputational efficiency in a large
modelling environment, reasonable accuracy and tdoenpatibility to the water balancing
program MODBIL.

The equivalent continuum model MODFLOW was iniyatlesigned to simulate porous
aquifers. Application in fractured media is subjéat limitations. According to NRC
(NATIONAL RESEARCH COUNCIL, 1996), the application in fractured media is osable
where the averaging volumes are large enough tgusena statistically representative
selection of open, connected fractures, and wherehange in the fluid storage (steady —
state condition) takes place. The Troodos aquifstesn is typically highly fractured with
connected openings ranging from mm to cm size. Goatpto the size of the (hydro-)
geological units, the fracture distribution cangloe regarded as homogenous.

3.21 Moddlingtools

3.2.1.1 MODFLOW

MODFLOW is a modular finite-difference flow modeéwkloped by the U.S. Geological
Survey. It is controlled by the finite differencerin of the partial differential groundwater
flow equation (Equ. 26).

i[Kxx@} +i Kyy@ +2{Kzz@} +W = Ss@ Equ. 26
ay dy | 0z 0z ot

With:

Kxx, KyyandKzz= hydraulic conductivities along the X, y, andooiinate axes
h = potentiometric head

W = volumetric flux per unit volume representing szas and/or sinks of water
Ss= specific storage of the porous material

t =time

MODFLOW simulates two-dimensional areal or crosstiseal, and quasi- or fully three-
dimensional flow in anisotropic, heterogeneousetag aquifer-systems. The model uses
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the block centred finite difference approach foatsd discretisation. Aquifer layers may
be simulated under confined, unconfined or conbkrt{(semi-confined) conditions. The
model also handles layers which pinch out, e.g.revtee multi-layered system meets a
single layered aquifer. External influences such vealls, areal recharge, drains,
evapotranspiration and streams can be analysedin@odporated. Solution techniques
available for the finite difference equations atee tDirect Solution (DE45), the
Preconditioned Conjugate Gradient 2 (PCG2), thengty Implicit Procedure (SIP) and
the Slice Successive Over Relaxation (SSOR) packdge PCG2 solution was used in
this study for its suitability for problems with lagh number of nodes (KzELBACH &
RAUSCH, 1995).

MODFLOW has a modular structure, which consistsaahain program and a series of
highly independent subroutines or modules. The resdare grouped into packages. Each
package deals with a specific feature of the hyro{)logical system, such as interactions
with river or drain cells, or with a specific methof solving the linear equations
describing the flow system. The modular structuernpts the analysis of specific
hydrological features of the model independentlyalso facilitates the development of
additional capabilities, since new packages camadoed without modifying the existing
packages. Implicit methods approximate the flowsvben cells by gradients at the end of
the time interval.

When the groundwater flow equation is solved wittité differences, the discretisation of
the model follows a rectangular net, which is ackloentred or mesh-centred grid.
MODFLOW supports the block centred grid NBERSON & WOESSNER 1991).
Corresponding to the grid, a rectangle of Nx cellthe x-direction and Ny cells in the y-
direction forms the modelled area. All nodes irs tlEictangle outside the modelled area are
set inactive and receive a transmissivity valueef. For each individual element the
Darcy-equation is calculated. Therefore, the pladiaivatives are replaced by an algebraic
equivalent, with a quotient of two finite differeex of the dependent and the independent
variable replacing the differential quotientefR & V ERRUIIT, 1987). The basic idea is that
the derivativesf /st of a functionf (t) is defined as

LA (G 7V RA {0
ot At

Equ. 27

and that an obvious approximation of the derivat@e be obtained by simply omitting the
limiting processAt — O.

It may be noted that in the definition it was tgcassumed that the limit does exist, and
that the same limit is obtained for positive andaiere values of the steft. When using



42 3 Methods and data

finite differences, the limit is replaced by sonaue for a finite value afit and the actual
value may depend upon the magnitudeltoéind also upon its sign.

MODFLOW uses a hydraulic conductivity based parametalled “conductance” to
determine the amount of water that flows in or @iuthe model due to general head, river,
stream, and drain type stresses. The conductaricelateon depends on the hydraulic
conductivity k and the geometrical feature it iplegd to. The conductance for an€ )
and for polygon£Coy) is calculated according to Equ. 28 and Equ. 29.

C.c =%HN Equ. 28
k
Cpoly :? Equ 29

The thickness of the materialtisndw is the width of the material along the length lod t
arc. When a general head, river, stream or dréaiibatie is assigned to an individual point,
the conductance should be entered as a normal diydreonductivity value. The
conductance is directly assigned to the cell goimg the point.

MODFLOW is subject to the following limitations:

« Density, dynamic viscosity and temperature of thatew must be constant
throughout the modelling domain.

« The principle components of anisotropy of the hyticaconductivity are restricted
to orthogonal anisotropies. Non-orthogonal anigoés, as they may be caused by
fractures, can not be processed.

3.2.1.2 MODPATH

MODPATH is a particle tracking code that is desmj@s an extension for MODFLOW.

After running a MODFLOW simulation, a set of pae& can be tracked assuming
advective transport in the flow field computed bYDRIFLOW. Particle tracking can be
used to delineate capture and recharge areas wrftira nets e.g. of contaminants. In
addition to computing particle paths, MODPATH kedpsck of the time of travel for

particles moving through the system and allows gnugstimation of the residence time.
By carefully defining the starting locations, it mossible to perform a wide range of
analyses. In this study, MODPATH is used to viaelhe flow field of the cross-section
models (Chapter 4.2.1) and to estimate groundweasgence times.
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In order to compute pathlines, a method must bab&shed to compute values of the
principal components of the velocity vector at gveoint in the flow field, based on the
cell-to-cell flow rates of the finite difference wel. Several methods can be used as a
particle tracking method (e.g. linear, bicubic rptdation schemes, semi-analytical, Euler,
Range-Kutta and Taylor series expansion). MODPATBHESsua linear interpolation scheme
(PoLLock, 1994) producing a continuous velocity vector dielithin each cell. This
interpolation is based on a partial differentiali@gon describing conservation of mass in a
steady state, three-dimensional groundwater flastesy (Equ. 30).

0 0 0
—(nv.)+—(nv.)+—(nv.) =W Equ. 30
ax( ) ay( ,) az( ,) q

Vy, W and v, are the principal components of the average lirggaundwater velocity
vector,n is effective porosity, anV is the volume rate of water created or consumed by
internal sources and sinks.

PoLLock (1994) describes the program essentials, capabiléind limitations in more
detail in the MODPATH documentation.

3.3 Basedata and data processing

The terrain elevations for the models are derivednfthe Digital Elevation Model, the
landuse characteristics from the landuse map, basically developed within the GRC-
project by the Planning Bureau SchalleD(UFT ET AL., 2002) and modified by the author
(Fig. 9 and Fig. 10). The areal distribution oflsand subsoil units is based on the
Geological Map of Cyprus, published by the Geolab&urvey Department in 1995.
Subsoil permeabilites and porosities have beenstigaged intensely within the GRC-
project (WbLUFT ET AL., 2003; WLUFT ET AL, 2004). Due to their importance for the
presented study the hydraulic properties, derivedhfpumping test analysis (Table 24;
Appendix B) are shown in Table 2. Well-, pumpingtt@and aquifer-details were extracted
from the ENVIS-database. The pumping test analysis been carried out with the
program AQUIFER TEST (Version 3.02) by Waterloo Ikygkeologic Inc (WHI).
Pumping tests in the fractured aquifers were aedlyssing the “Moench fracture flow”
method. The “Neuman” and “Theis” method is apptedravel aquifers.

The pumping tests results in the Troodos are pighahsed, as the boreholes are usually
drilled in zones with potentially high transmissi®s. For the present study, the results can
thus be treated as maximum values for specific facuionly and are re-interpreted
regarding the hydrogeological background.

The effective porosities for the single lithologigaportant for the particle tracking in the
cross-section models (Chapter 4.2.1), are showhalle 1. They have been determined
according to WLUFT (1972) by analysing the water storage volume ofcténaed
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unconfined aquifers, using the Maillet dissecationstant and the so-called “dewaterable
rock-volume”.

The meteorological data used in the MODBIL models axported from the ENVIS
database, restructured and saved in ASCII forreatjable by the MODBIL interface. The
GIS-programmes IDRISI (Version: 132.2), and CARTAIX (Version: 1.2), both
developed by Clark Labs, are used for value assgmnfor landuse, soil and subsoaill
classes and for map export in ARCINFO ASCII gridnfat, suitable for import to
MODBIL. The modelling results are post processedRCVIEW GIS (Version 3.2) and
ARCGIS (Version: 9.0) by ESRI Inc., mainly for sstical analysis and visualisation.

Via the ArcObijects platform, the groundwater madellsystem GMS has the ability to
use functions of ARCVIEW/ARCGIS. Thus, all inputtador the groundwater models are
pre-processed in ARCGIS and incorporated into th&SGnodelling environment. The
flow modelling results are post-processed bothhi internal GIS-environment of GMS,
and via export to ARCVIEW/ARCGIS.

The PMWIN interface, which is the modelling envinoent for the cross-section flow
models, does not support ArcObjects. All data ares tpre-processed in ARCVIEW and
IDRISI and post-processed using the PMWIN mappimgfions.

Tablel: Effective porosities of geological formations retstudy area.

Formation Effective porosity [%]
Alluvium 12
Fanglomerates 10
Athalassa 2
Nicosia 1
Pakhna 0.06
Lefkara 0.06
Upper Pillow Lavas 0.01
Lower Pillow Lavas 0.01
Basal Group 0.08
Sheeted Dykes 0.05
Plagiogranite 0.05
Gabbro 0.08
Ultramafic Sequence 0.35

Ayios Photios 0.01




Table2: Hydraulic properties of single formations in ditat regions of the study area, derived from pumppasts (Table 24, Appendix B).

Formation (no. of tests) Region Aquifer-thickness [m]  Hyd. conductivity [mh/s Transmissivity [m?/s] =~ Mean conductivity [m/s]
min max min max min max
Ultramafic Rocks (4)  Upper Troodos 20 50 5.89E-06 .65E-05 2.06E-04 2.45E-03 4.40E-05
Gabbro (6) Pitsilia, 10 100 9.00E-07 1.20E-05 7.20E-05  1.20E-04 5.27E-07
TroodosE

Sheeted Dykes (3) Troodos N 45 110 1.55E-07 3.0DE-’.40E-05 3.00E-04 7.94E-07

Sheeted Dykes (15) Troodos E, 20 175 1.14E-07 3.64E-06 1.14E-05 4.00E-04 6.90E-07
Pitsilia

Sheeted Dykes (4) Troodos W 10 90 2.25E-07 2.00E-0B25E-05  8.00E-04 8.68E-07

Basal Group (4) Troodos N 10 70 2.14E-07 1.25E-05.50H-05 1.25E-04 6.35E-06

Basal Group (5) Troodos N, NE 30 120 1.77E-07 6-68E 2.13E-05  2.00E-04 3.42E-06

Basal Group (11) Troodos E 10 90 2.25E-06 9.00E-05.80E-04  5.50E-03 2.03E-05

Pillow Lavas (2) Troodos E 30 50 1.20E-06 1.50E-0%.00E-05  3.00E-04 6.60E-06

Transform Lavas Arakapas Fault 20 50 1.80E-06 1.20E-05 9.00E-05 3.00E-04 6.65E-06

and Breccias (2) Zone

Lefkara-chalks (2) Commandaria 35 150 3.00E-07 B0 3.00E-05 1.40E-03 9.15E-07

Pakhna-chalks (6) Commandaria 20 165 2.00E-07 9&OE 1.20E-05  4.75E-04 1.76E-06

Gravel (5) Kouris River 25 80 8.10E-07 1.32E-04 8&4DS5 5.28E-03 5.72E-05

Gravel (5) Troodos N, Solea 25 30 3.74E-05 1.01E-04 9.35E-04  2.53E-03 8.90E-05

1%
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4 Balanced groundwater models of the Troodos

The first part of this chapter deals with the wabatance of the study area. Important
parameters are described and discussed, especgyndwater recharge and

evapotranspiration. In the second part, the bathmreundwater models are presented.
Conceptual cross-section models illustrate thecpia flow dynamics of the fractured

Troodos aquifer-system and its interaction with sherounding sedimentary successions.
Based on this knowledge, a regional horizontal gdwater model - covering the whole

aquifer-system of the Troodos - is constructed &tmg aquifer resilience, changing

abstraction rates, and inter-catchment flow. A gty analysis concludes this chapter.

4.1 Water balance

Water balance studies are crucial for the undedgtgnof hydrogeological processes and
for a sustainable groundwater resources manageifieist.applies especially to the study
area due to its importance for the water supplZybrus (Chapter 1.1). For the scope of
the presented study, the water balance modelsndieirin- and outflow volumes for the
groundwater models. Also, they serve as an additi@alibration tool for hydraulic
conductivities of single lithologies (Chapter 2)1.complementing the point data created
by the pumping tests (Chapter 3.3).

The water balance modelling is a progression ofathter balance investigations within the
GRC-project (WLUFT ET AL., 2003), using an improved version of the modgljimogram
MODBIL (Version: 48). This version allows the seg@ processing of single
meteorological parameters. As a consequence, etltation stations with valid data can
be incorporated into the models (Fig. 9). Thiseaspimportant, as the GRC investigations
assumed a high sensitivity of the water balanger¢gipitation distribution - especially in
the mountainous Troodos region. In the frame ofGRC project, important work within
the study area - including data collection, paramedtion of hydrological units and water
balance modelling — have been conducted in the afrmrand Upper Diarizos catchment
area by MDERER(2005) andDUNKELOH (20051). The results of these studies provide the
“starting values” for the modelling process, esalgiconcerning hydraulic soil properties
(Table 2).

For a more detailed description of water balangarpaters and dynamics of the Troodos
Mountains it is referred to INKELOH (2009).

The modelling period comprises the hydrogeologiedrs 1988 to 1997 (1.10.1987 to
30.09.1997), coinciding with the modelling period the GRC-project to enable
comparison of the results.

In the first part of this chapter, important metdogical, topographical and hydrophysical
input parameters are described. The second pdd déh the water balance components,
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emphasizing groundwater recharge and evapotratispirand the determination of
abstraction rates. Calibration of the hydrophysmaiameters is described in the last part
of this chapter.

4.1.1 |Input parameters

41.1.1 Meteorological data

The density of the meteorological stations netwaskwell as the data availability and

quality in Cyprus is generally good. Missing valusgght be a problem analysing multi-

decadal time series, but for the modelling timeiquethey amount less than 1 % per
station. Due to the high base data quality, missilges are simply replaced by linearly
interpolating data of neighbouring stations of &maltitude. 89 stations could be used for
daily mean precipitation data, 22 stations forydaikean and maximum (14 h) temperature
data, and 11 stations for daily relative humidiaad(14 h; Fig. 9, Table 21 to Table 23 in
Appendix A).
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Fig.8: Exemplary time series of station no. 164-2030tka& hydrological year 1988,
including daily mean and maximum temperature (t_mamean), daily 14 h
relative humidity (relhum), and daily mean prea@gin (prec).
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4.1.1.2 Topography

The digital elevation model (DEM, Fig. 9; ChapteB)3¥orms the base for the topographic
input features. In addition to the elevation matB¥EM derived slope and aspect matrices
are required for the MODBIL model. The slope andess maps are shown in Fig. 11 and
Fig. 12.

Table 3: Statistics of the topographical input matrices.

Elevation [m.a.m.s.l.] Slope [°] Aspect [°]
Minimum 0 0 0
Maximum 1915 42 345
Mean 569 15 168
Median 438 17 138

4.1.1.3 Landuse

Different landuse zones, depending on climategirednd bedrock characteristics, have
developed in the study area. Crop fields, vineyamt$ scrubland dominate the calcareous
and Pillow Lava foothills surrounding the Troodosowhtains. This region shows the
highest settlement density of the study area. énTioodos Mountains, broad valleys and
smooth landforms in the Gabbro regions favour isiten agriculture with irrigation,
mainly in the vicinity of the Troodos villages (Fig). Scrublands and forest prevail in the
adjacent uncultivated mountainsides, in the Moulytr(pos region additionally bare land.
The landuse distribution of the whole study aredoiinated by scrubland and pine forest,
while agricultural areas cover smaller portionsjntyain low to medium elevated regions.
In the western Troodos, pine forest prevails wihilethe eastern part large areas are
covered by scrubland.

Moist landuse types — representing regions whevargiwater evaporates like floodplains
and springs - reach at least 5 % and thus twic@dhigon of the irrigated areas. Moist and
irrigated landuse classes play an important roléhm study as they are used for the
estimation of abstraction and evaporation rates tbe groundwater models (Chapter
4.1.3.2). The areal distribution in the study aseshown in Fig. 10 and Table 4.

The landuse matrix represents an improved versioth® landuse raster map created
within the GRC-project (DLUFT ET AL., 2002). In addition to the landuse data procgssin
parameters are adjusted during the calibrationga®dike irrigation time and the portion
of potential evapotranspiration used for the seaondvapotranspiration of irrigated areas
(Chapter 4.1.2).
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Table4: Areal distribution of the landuse (MODBIL classés}he study area.

Landuse Area [kmZ2] Area [%0]
Scrubland (class 2) 1206.88 41.29
Pine forest (class 3) 850.20 29.09
Field (class 5) 327.06 11.19
Moist area (class 7) 170.81 5.84
Deciduous trees (class 1) 160.94 5.51
Bare land (class 10) 80.69 2.76
Irrigated area (class 6) 71.06 2.43
Settlement (class 4) 49.00 1.68
Waters (class 8) 4.19 0.14
Sealed area (class 9) 1.81 0.06
Sum 2922.64 100.00

4.1.1.4 Soil and subsoil properties

For the MODBIL water balance model, soil and sublsgdraulic conductivities, as well as
usable field capacity (pF 1.8 to 4.2) of the effecroot depth (AG BDEN, 1994) are used
as input parameters.

The analysis of soil samples and pumping testhanframe of the GRC—project indicated
that hydraulic conductivities in the study area arainly influenced by geology, and
usable field capacity additionally by landuseD(UFT ET AL., 2003). Thus, conductivity-
parameterisation is based on the areal distribudgfathe different lithologies (Fig. 5). The
usable field capacity matrix is formed by the uedlfeld capacity per soil unit (mm/dm),
defined for the single lithologies, multiplied byet effective root depth, determined for the
different landuse classes according t@&x®N ET AL. (1986), and AG BDEN (1994).
Starting values for all parameters are derived frmoceeding investigations within the
GRC-project and special investigations EdRER 2005; DINKELOH, 200%\). These
values are subject to calibration during the maaglprocess (Chapter 4.1.2, Table 5 and
Table 6). Calibrated values are shown in Fig. I3ufsable field capacity, in Fig. 14 for
subsoil permeability respectively, and for all gngarameters in Table 5. Highest soil and
subsoil hydraulic conductivities are estimated foe Quaternary terrace and alluvial
deposits in the surrounding plains and Troodoseyall The ultramafic rocks of the
Troodos and Arakapas Sequence, the metavolcasiaselaas the silt- and mudstones of
the Mamonia Terrane show relatively low conducigt The upper Troodos exhibits a
broad range of effective field capacity values. Whoamy forest soils with a high root
depth, covering Gabbro and Sheeted Dyke lithologsé®w highest values within the
study area, low field capacities are assumed fer ghallow Pillow Lava soils in the
northern and eastern foothills and for the barddan
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41.2 Modd calibration

Calibration is carried out manually by adjustinggmaeters by trial and error until model
results match field observations with an accuraty+ol0 %. Parameters subject to
calibration are hydraulic conductivity of soil asdbsoil, effective field capacity of the
root depth, irrigation times, and a secondary etrapspiration factor, which specifies the
portion of potential evapotranspiration used taugldte the secondary evapotranspiration
of irrigated areas. Field observations includeltdischarge and derived baseflow content
of selected catchments (pilot catchments, Chapthr alibration of the study area as a
whole was not possible as not all discharging steeeontained stream flow data over the
modelling time period. Total discharge is deterrdinging daily stream flow data from the
ENVIS database. Baseflow contents are calculateéeaarithmetic mean of the results of
two methods: the semi-graphical method accordinyAtERMANN (1951) and the stream
flow partitioning program PART (RTLEDGE, 1998). GRC-investigations indicate that the
Natermann method mostly yield baseflow contentsuabao 10 % lower than the PART
contents (BLUFT ET AL., 2003).

The parameters are calibrated in the four pilotioaents (Chapter 2.4). These catchments
represent the complete Troodos lithology, all ls®lelasses and the major exposition
directions of the study area. Additionally, thees¢dd rivers show predominantly effluent
flow conditions. Lateral groundwater flow (intertcament flow) is very likely to occur
but is believed to lie within the desired maximuradualling error of=10 %. Being part of
the groundwater modelling studies, inter catchnilewt of the pilot catchments and it's
influence on the calibration quality is presentehapter 4.2.2.3.4.

In a first calibration attempt, parameters influegcevapotranspiration like effective field
capacity and root depth, secondary evapotransmiratactor for irrigated areas and
irrigation times (Chapter 3.1 and 4.1.3.2) are sigjd to match modelled to gauged total
discharge of the single catchments. Irrigation timeset from April to September, the
secondary evapotranspiration factor to 0.3.

The second calibration step includes the adaptaifosoil and subsoil conductivities to
match the ratio of modelled to calculated baseftowtent.

The starting and calibrated values for the whalelystarea are shown in Table 5 and Table
6, Fig. 13 and Fig. 14. The quality control paraanefor the single calibration catchments
are noted in Table 7.
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Table5: Starting and calibrated hydraulic conductivitiesl dield capacity values for the
single geological formations (Fig. 5).

Formation Soil conductivity  Subsoil conductivity  Effective field capacity
[m/s] [m/s] [mm/dm]

starting calibrated starting calibrated starting calibrated

Alluvium to Nicosia 1.00E-05 5.00E-05 5.00E-06 4.00E-06 13 13

Kalavassos, Pakhna2.90E-06 2.90E-06 2.50E-07 2.50E-07 15 15

Lefkara to. 1.80E-06 1.80E-06 2.00E-07 2.00E-07 15 15

Perapedhi

Pillow Lavas 6.40E-06 5.00E-06 1.00E-07 2.50E-07 10 11

Basal Group 8.00E-068.00E-06 4.00E-07 7.00E-07 10 11

Shegted Dykes, 1.20E-05 1.20E-05 3.50E-07 4.00E-07 10 10

Plagiogranite

Gabbro 6.50E-06 6.50E-06 5.00E-07 6.00E-07 13 13

Pyroxenite to 7.80E-06 7.80E-06 2.00E-07 2.00E-07 11 11

Dunite

Harzbur.glj[e, 7.80E-06 7.80E-06 8.00E-08 8.00E-08 11 11

Serpentinite

Arakapas Lavasto ¢ oe g 7 90E-06 3.00E-07 2.50E-07 12 12

Plutonic Rocks

Sheared Serpentinite/.80E-06 7.80E-06 8.00E-08 9.00E-08 10 11

Ayia Varvara and

Ayios Photios 2.00E-06 2.00E-06 1.00E-07 1.00E-07 11 11

Group

Table6: Starting and calibrated root depth values forsingle landuse types.

Landuse (MODBIL class) Root depth [dm]

Starting value Calibrated value
Scrubland (class 2) 13.2 13.2
Pine forest (class 3) 16.8 16.8
Field (class 5) 9.6 8.0
Moist area (class 7) 18.0 19.5
Deciduous trees (class 1) 14.4 14.4
Bare land (class 10) 3.6 3.6
Irrigated area (class 6) 10.8 10.8
Settlement (class 4) 8.4 8.4

Waters (class 8) - -
Sealed area (class 9) - -
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Table7: Quality control parameters for the single calilmnatcatchments (modelling
period: 10/1987 to 09/1997).

Catchment Total runoff [mm/a] Baseflow content [%)]
modelled gauged modelled calculated
Upper Diarizos 160 166 68 72
Limnatis 111 115 60 58
Pyrgos 127 130 79 70
Kargotis 90 80 35 68

? Transmission losses are not included

BORONINA ET AL. (2003)yielded baseflow contents of 70 % of total streamflin the
catchment of the River Kouris, reaching the ordemagnitude of the present study’s
results (Table 7).

The quality control parameters indicate that thiEbcation target (maximum modelling
error of =10 %) is reached for total runoff in all catchmeawsl for baseflow content in all
but one catchment (Kargotis). In the Limnatis cateht the modelled total runoff reaches
the lower acceptable limit when transmission lossesncluded into the calculation. In the
GRC-project 10 to 15 mm/a transmission losses ujmhéogauging station in the Circum
Troodos Sedimentary Succession were estimated Uit ET AL., 2003). Nevertheless,
adaptations would have worsened the overall cdidraresult and have thus been
neglected.

The Kargotis valley is the most intensely agricidtly used valley in the Troodos with a
high percentage of irrigated lands (Kargotis: 9 l%nnatis: 5%, Diarizos: 1 %). It is
assumed that predominantly groundwater is usedirfgation and thus the baseflow
content should be lower in the Kargotis catchmbantthe calculated average within the
calibration areas. It cannot be excluded that tleutated baseflow content in this case
overestimates the actual baseflow content.
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4.1.3 Resultsand discussion

The results of the MODBIL water balance modellimg presented in Table 8, results of
the calibration models in the pilot catchments ppandix C (Table 27, Table 29, Table 31
and Table 33). The single components comprise mtation, actual and secondary

evapotranspiration, surface runoff (incl. interflpowand groundwater recharge.

Groundwater recharge and secondary evapotrangpirate presented in a more detail due
to their importance for the balanced groundwatedeis The concept of split secondary
evapotranspiration into man-made and natural evapspiration is described in Chapter
4.1.3.2.

Table8: Water-balance componenfsnm/a] of the study area (10/1987-09/1997).

Precipitation 537
Actual evapotranspiration (incl. secondary) 461
Secondary evapotranspiration (Sec. ET) 69
Sec. ET of irrigated areas/settlements 18
Sec. ET of moist areas/waters 51
Interflow / surface runoff 28
Groundwater recharge 117

JAs the source for the secondary evapotranspiratirpredominantly groundwater, the secondary
evapotranspiration has to be subtracted from thergiwater recharge to yield total runoff (76 mm/a).

4.1.3.1 _Groundwater recharge

For the scope of the coupled water balance andndwater modelling approach,
groundwater recharge plays the most important oblall water balance components.
Besides indirect recharge, produced by transmiskisses, inter basin flow or seawater
intrusion, groundwater recharge forms the domindirect input feature for the
groundwater flow models. Analogue to interflow anaface runoff, groundwater recharge
is influenced by all input parameters of the madgllprocess, above all precipitation sub-
soil hydraulic conductivity. Highest groundwatercharge occurs in areas of high
precipitation rates, high infiltration capacitiesdaconductivities, and less steep slopes.
This is the case in the Gabbros of the upper Tregomx.: 390 mm/a) and to some extent
in the Sheeted Dyke complex in the western Trooff6ég. 16). Lowest recharge is
produced in the impervious Serpentinites of thekApas Sequence and the Pillow Lava
formations in the Troodos foothills (approx. 16 raj/
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4.1.3.2 Evapotranspiration

Potential evapotranspiration in the study areaearigpm 850 mm/a in the upper Troodos
to 1821 mm/a in the northern and eastern lowlandsat: 1386 mm/a). It shows a similar
but reciprocal distribution compared to precipaat{Chapter 4.1.3.3). The distribution of
actual evapotranspiration (Fig. 17) is similar aithh on a lower level. Landuse and soill
water content influences are visible. Raster wibosdary evapotranspiration emerge, due
to high values bound to potential evapotranspina(iohapter 3.1). They are located along
river courses, settlements and agricultural aratisiwigation. The numerical distribution
of the actual evapotranspiration is bimodal. A highmber of values is grouped between
200 to 600 mm/a while another peak emerges fron® 1001400 mm/a, reflecting raster
cells with secondary evapotranspiration.

4.1.3.2.1 Estimation of abstractions for irrigation

The MODBIL water balancing approach allows the reation of man-made water
abstractions for irrigation using the water constiampof secondary evapotranspiration of
irrigated and settlement landuse raster cells. §émondary evapotranspiration of these
landuse classes is shown in Fig. 18. The seconéappotranspiration or water
consumption for irrigation ranges from 101 to 869mia. As the secondary
evapotranspiration affects only selected rastds tie¢ calculated mean for the whole study
area is lower and yields here 18 mm/a.

4.1.3.2.2 Evapotranspiration of moist areas

Moist areas are usually situated close to spriagigjver banks or flood plains of the
effluently flowing upper and middle reaches of th@odos rivers. Perennial shallow or
outflowing groundwater causes increased evapotimatgm. This evapotranspiration is
independent from precipitation dynamics and coupdedotential evapotranspiration. It is
incorporated into the water balance as secondaampatranspiration (Chapter 3.1). The
secondary evapotranspiration is not included ingiteindwater recharge calculation and
has to be subtracted to yield total runoff (Tablel® the groundwater flow models this is
achieved by adding the MODBIL groundwater rechaagemodel inflow and secondary
evapotranspiration as outflow (Chapter 4.2.2.1).tlAs flow models contain additional
outflow in the form of abstraction through well&cendary evapotranspiration has to be
separated into a man-made portion (well abstractaad a natural part (evapotranspiration
through moist areas and open waters). Fig. 19 shbevslistribution of moist areas and
waters along the Troodos river valleys, ponds amkkd. In contrary to the actual
evapotranspiration, the “natural” part of the setayyg evapotranspiration is — due to the
year-round water availability — controlled by pdtehevapotranspiration and ranges from
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339 mm/a in the upper Troodos to 1367 mm/a in oldadnds and open water surfaces of
the lakes. As the secondary evapotranspirationctaffenly selected raster cells the
calculated mean for the whole study area is lowdryagelds here 51 mm/a.

4.1.3.3 _Precipitation

Precipitation ranges from 200 to 300 mm/a in thvddmds to more than 1000 mm/a in the
upper Troodos (Fig. 20). Elevation and expositiom isnportant influencing parameters.
The highest value is reached in the uppermost T®dd054 mm/a), the lowest (242
mm/a) in the northern lowlands at the inset of Mesaoria Plain. It is interesting to note
that the minimum is reached in the northern lowtaralhd not along the coastline.
Additionally, north-exposed slopes receive reldsivéower precipitation rates. This
exposition dependency characterises the southutih $gest exposed slopes as the weather
side of the Troodos mountains.

4.1.3.4 Interflow and surface runoff

Interflow and surface runoff depend basically onigbut parameters. However geology,
influencing soil and subsoil properties, playsmportant role. Highest values (503 mm/a)
are reached within the Serpentinite formation efdipper Troodos, where soil and subsoil
permeabilities are low, precipitation and slopelesgre high (Fig. 21). Medium values
prevail in the Gabbro and Sheeted Dyke formatioitls medium to high permeabilites and
medium precipitation. The Basal Group, charactdrl®ehigher subsoil conductivities and
located close to the drier foothills, exhibits partells without surface runoff and
interflow, while the overlaying low permeable Pilld_avas produce several tens of mm
per year. The mean interflow and surface runothastudy area results 30 mm/a.

4.1.3.5 Comparison to GRC-project results

Within the GRC-project, the water balance of th@obios was assessed for the area
covering the ophiolitic lithologies of the Troodasd Anti-Troodos sub-terranes (Chapter
2.3). Compared to the present study, the Troodgismeinvestigated in the GRC-project
includes the igneous lithologies without the Circlimmodos Succession belt. It covers thus
a smaller area with a higher mean elevation andltireg higher precipitation rates. To
compare the results, the output grids of the ptesterdy are downsized accordingly. The
comparison of the two studies is shown in

Fig. 15 and Table 8.
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Fig. 15. Troodos water balance (10/1987 to 09/1997) ofpitesent study (downsized to
the Troodos area of the GRC-study) and the GRCystud

Table9: Single water balance components [mm/a] of thegmtestudy (downsized) and
the GRC-study (10/1987 to 09/1997).

Present study GRC-study
Precipitation 555 620
Surface runoff and interflow 31 52
Groundwater recharge 123 159
Actual ET 476 488
Sec. ET 75 79

The precipitation rates of the two studies deviatgely (Fig. 15, Table 9). This might be
due to the new interpolation scheme of meteorolgiata in the MODBIL version 48
used in the present study (Chapter 3.1). All stativith valid precipitation data can be
incorporated. This should increase the accuradhefODBIL precipitation input raster
in the high mountainous region of the Troodos, wHeral precipitation phenomena are
difficult to model. The impact on the actual evapaospiration is comparably small. While
the precipitation is diminished by 10 % in the pmsstudy, the actual evapotranspiration
decreases only by 2 %. Effective field capaciti€she root depth influence the actual
evapotranspiration and differences in parameténisatithin the two studies have thus to
be considered. There are differences concernirgiesnoot depths and field capacities but
the study areas’ mean effective field capacityhaf toot depth values are nearly identical
(present study mean: 127 mm; GRC-study mean: 12Banohcan thus be neglected.

Total runoff is affected strongest by the differemdn precipitation. Groundwater recharge
decreases by approx. 30 % and surface runoff aedlow by 66 %. These differences in
decrease are mainly caused by model calibrationhe@asaseflow content of the gauged
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total runoff determines the groundwater recharggertd. As the groundwater recharge is
“diminished” by the secondary evapotranspiratiomiclv is merely constant in the two
studies, the relative decrease has to be smaliepaxed to the decrease of surface runoff.
This assures that the observed and calculatedcsuafad baseflow content are on a similar
level.

All in all, the comparison of the two studies miglgrve as an indicator, how decreasing
precipitation rates affect the water balance in Th@odos. The relative decrease in total
runoff and thus groundwater recharge is many titigher than the relative decrease in
precipitation. This could indicate that the impaxt water supply is greater than the
decrease in precipitation implies.
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4.2 Groundwater flow models

Groundwater models simulate and predict aquifeditmms with regard to groundwater
qguality and quantity and are thus tools for watemnagement and decision support
(KINZELBACH & RAuUscH, 1995). Additionally, they allow the determinatioh hydraulic
aquifer parameters like transmissivity and porosity

In the present study, the conditions of the Trooldastured aquifer-system are modelled
in two steps: First, the general flow dynamics areestigated using vertical, two-
dimensional cross-section models, extending aldwegléong and short axis of the study
area. These models, developed by the author wittienGRC-project (OLUFT ET AL.,
2004, MEDERER & UDLUFT, 2004, 2004), are reworked and balanced with the water
balance parameters of the present study (Chapite})4.

In a second step and based on the knowledge ofrtss section models, a horizontal,
regional groundwater model of the entire Troodestiired aquifer-system is constructed,
and different management scenarios are appliedaldration scenario simulates actual
conditions. A natural scenario eliminates all hunmapacts on the aquifer-system, and a
strain scenario incorporates groundwater extractaies satisfying an increasing water
demand predicted for the year 202\{®DES ET AL., 2001). Besides the management
scenarios, groundwater flow studies within the tpdatchment areas show the influence of
high mountainous topography on the groundwatersimetithus on inter catchment flow
characteristics.

All models are balanced, including MODBIL groundefatecharge and split secondary
evapotranspiration (Chapter 4.1.3.2). Thereforeg tRMODBIL modelling period,
encompassing the hydrogeological years 1988 to,1i9%opted.

4.2.1 Conceptual cross-section models

The models extend along N-S and W-E running cresfiems through the Troodos
mountains up to the Mediterranean Sea. Three dataikels are constructed: one along the
N-S section and two for the W-E section (Fig. 2B, B3 and Fig. 24).

The Kouris-Troodos-North model starts at the mooththe River Kouris, passes the
Arakapas Fault Zone, the upper Troodos and endkanKargotis valley close to the
Morfou Bay. This section was chosen as it runsl{gr@ the main river drainage system
of the upper Troodos and passes the major fauk bbrCyprus. It runs mostly along the
river courses as this reflects the most stableautr situation.

The Troodos West-East model ranges from the Gaméa in the West, crosses the Kouris-
Troodos-North model in the upper Troodos region @mdss in the Kornos area close to the
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monastery Stavrovouni. For clearness reasons, test-WBast model is cut into two
separately processed models, the Troodos-West emoblds-East model. These models
run perpendicular to the main drainage system aildbe used to study the lateral
groundwater drainage characteristics in the Troddosntains.

4.2.1.1 _Configuration

The groundwater flow models are conceptual, vdrtaae layer models and reflect
conditions without artificial water extractions. [IBaced MODBIL groundwater recharge
(Chapter 4.1.3.1) is added as water input on tiséeracells of the vertical layer that
represent the earth’s surface. Rivers are simulaii¢il the river-package of PMWIN,
allowing recharge and discharge from or to a canistéorage capacity of the river-cells.
Finally, the whole system is discharged by drailtlscgeimulating the open sea (Fig. 25,
Fig. 26, Fig. 27).

For the special demand of modelling 2D-groundwétaxr along vertical cross-sections,
several layer characteristics have to be testegor@eent the active grid cells from falling
dry, the layer type is set to confined. The constiaickness in this vertical layer is 100 m.
The grid size is set to 50 m length and 20 m depthbtain an acceptable depth resolution

Hydraulic conductivities and transmissivities weletermined within Task 8 of the GRC-
project through pumping test analysisDUFT ET AL., 2004; Table 24, Appendix B). The
results are used as starting values, subject ibraabn during the modelling process
(Chapter 4.2.1.2).

Groundwater flow analysis with MODPATH requires egfive porosity values for the
single lithologies. For the specification of MODPKATas a one porosity model, the
analysis and description of effective porositieslimsited to the porosity with higher
importance for groundwater flow (specific yield f@orous aquifers and secondary
permeability for fractured aquifers like the Trosd®phiolite). Effective porosities of
important Troodos lithologies were determined witline GRC-project (DLUFT ET AL.,
2004B) with a volume balancing method according LUFT (1972), using a dissecation
constant (MILLET, 1905) and the “dewaterable” rock-volume of a dptaquifer. Table
1 shows the resulting porosities.

A depth factor corrects hydraulic conductivity aetfective porosity (for details see
UDLUFT ET AL., 2004). Personal investigations and discussions withrdgeblogists of
the Geological Survey Dept. of Cyprus led to theuagption that most of the groundwater
percolates within the upper 150 m below surface. thes part, the depth factor is 1
meaning that the initial values are not correcelow 150 m up to 2500 m the depth
factor is diminished exponentially by half a logcleyper 1000 m depth-increase (in 200 m
steps). Below 2500 m the depth factor remains eomstimplying that porosity and
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conductivity increasing pressure solution processeshe rocks are in balance with
porosity decreasing compaction.

4.2.1.2 Calibration

Hydraulic conductivity and parameters of the PMWiler package are calibrated using a
trial and error method. Due to the model configoratas a confined, one layer vertical
model without artificial extractions, an adjustmeoit hydraulic heads to measured
piezometry through observation wells was not pcatiie. Instead, heads are adjusted by
avoiding internal sinks and overflow of single mbdells. Additionally, hydrogeological
information based on previous hydro-isotope andldae investigations @LUFT ET AL.,
2003; WLUFT & KuLLs, 2003) and discussions with Cypriot hydrogeol®yiste used.
The results are shown in Table 10.

The parameters of the river package are calibiatdte Kouris-Troodos-North model as it

runs parallel to the major drainage system. Rigakage flowing into the model as indirect
recharge and the amount of direct groundwater rgehare compared to reach a
reasonable ratio. As the model is treated as adl@hysical system, indirect recharge
cannot exceed the amount of direct recharge.ueT ET AL. (2003) postulate that indirect

recharge in a semi-arid region might reach the roaflenagnitude of direct recharge. A

ratio of indirect to direct recharge of 1 to 2 diebest results in the final calibration run.
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Fig. 24: Legend of the geological cross-sections (Fig.r&2Rig. 23).
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Table 10: Measured and modelled aquifer properties of foionat regions and models based on pumping tedts€3able 24, Appendix B).

Formation Region Models Aquifer-thickness [m]  Hgdnductivity [m/s] Transmissivity [m2/s] Hyd. condtivity [m/s]  Hyd. conductivity [m/s]
min max min max min max mean modelled
Ultramafics Upper Troodos All 20 50 5.89E-06 7.68&- 2.06E-04 2.45E-03 4.40E-05 5.00E-08
Gabbro Pitsilia, All 10 100 9.00E-07 1.20E-05 7.20E-05 1.20E-04 E-D7 1.20E-07
TroodosE
Sheeted Dykes Troodos N Kouris- 45 110 1.55E-07 3.00E-06 5.40E-05 3.00E-04 7.94E-07 5.00E-07
Troodos N
Sheeted Dykes Troodos E Troodos E 20 175 1.14E-07.64E306  1.14E-05 4.00E-04 6.90E-07 2.00E-07
Sheeted Dykes Troodos W Troodos W 10 90 2.25E-07 O0OE205  2.25E-05 8.00E-04 8.68E-07 2.00E-07
Basal Group Troodos N Kouris- 10 70 2.14E-07 1.25E-05 1.50E-05 1.25E-04 6.35E-06 8.00E-07
Troodos N
Troodos E
Basal Group Troodos N, NE Troodos E 30 120 1.77E-07 6.67E-06 2.13E-05 2.00E-0 3.42E-06 8.00E-06
Basal Group Troodos E Troodos W 10 90 2.25E-06 BO0D 1.80E-04 5.50E-03 2.03E-05 6.00E-06
Pillow Lavas All 30 50 1.20E-06 1.50E-05 6.00E-053.00E-04 6.60E-06 7.00E-08
Transform Lavas Troodos S Kouris- 20 50 1.80E-06 1.20E-05 9.00E-05 3.00E-04 6.65E-06 6.50E-07
and Breccias Troodos N
Lefkara-chalks Troodos S Kouris- 35 150 3.00E-07 4,00E-05 3.00E-05 1.40E-03 9.15E-07 2.50E-07
Troodos N
Pakhna-chalks NW Lemesos Kouris- 20 165 2.00E-07 9.50E-06  1.20E-05 4,75E-04 1.76E-06 3.50E-07
Troodos N
Gravel Kouris All 25 80 8.10E-07 1.32E-04 6.48E-055.28E-03 5.72E-05 7.00E-05
Gravel Troodos N All 25 30 3.74E-05 1.01E-04 9.3BE- 2.53E-03 8.90E-05 7.00E-05

6.
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4.2.1.3 Results and discussion

4.2.1.3.1 Kouris-Troodos-North model

Vertical groundwater movement prevails in the uppeoodos, while sub-horizontal,
undulating flow dominates the Troodos foothills awhstal plains (Fig. 31, Fig. 32 and
Fig. 33). The transition of steeply inclined slopdsthe ultramafic core to the smoother
Gabbros’ topography favours groundwater outflownglahe lithological borders. A
second region of preferred outflow is observedhe low permeable Pillow Lavas and
Basal Group formations of the Kargotis valley (R3g). The Pillow Lavas form a batrrier,
endorsing a relative groundwater rise. Remarkabtee quasi stratiform groundwater flow
in the Gabbro and Sheeted Dyke lithologies (Fig, @8pecially in the Upper Kargotis
valley where the dip of the layers is sub-pardtbelopography. In the southern part of the
model, the Arakapas Fault Zone forms a groundwdign with deeply incised valleys and
heavily fractured rocks (Fig. 33). Part of the Tados groundwater flows through the fault
zone and recharges the lithologies of the Circurnodios Sedimentary Succession as
isotope investigations of UFT & KULLS (2003) and BRONINA ET AL. (2005) postulate.
Low hydraulic conductivities and relatively highfesftive porosities of the Ultramafics in
the upper Troodos explain the observed groundwedgel times of several hundreds of
years (for deeper percolating groundwater evendduods of years), while groundwater
flow in the Gabbro or Sheeted Dyke lithologies iestly limited to a few tens of years
(Fig. 31, Fig. 32 and Fig. 33). Isotope investigas of WbLUFT & KULLS (2003) yielded
groundwater ages greater than 50 years in two weéllse Arakapas fault zone and in the
Basal Group, representing the slow percolationesysbriginating in the upper Troodos
and discharging to the sea, the Arakapas fault potiee sediments of the Circum Troodos
Sedimentary Succession. The bulk of samples repie$dhe fast draining system with
inferred ages of 10 to 15 years or less (Chap@2}.BoRONINA ET AL. (2005) reports
residence times of ten years or less in 12 of Thgp in the Upper Kouris catchment
supporting the results of the present study. Howete small number and the regional
character of the samples limits their expressive&nes

Fig. 28 and Table 11 show the water budget paraméte the Kouris-Troodos-North
model. Approx. 20 % of the total model inflow engl @as sea loss, while 80 % discharge in
rivers and springs. The highest turnover ratesdatermined for the Alluvium (flow rate:
2.23E-02 m3/s), followed by the Terrace depositefkara limestones, Basal Group,
Sheeted Dykes, Gabbros, and Serpentinite lithatogigh approx. 5.00 E-03 m3/s. High
turnover rates of the low permeable Serpentinitese@asonable as they are situated in the
high precipitation area of the upper Troodos. Ne@hd Pakhna formation, as well as the
Pillow Lavas vyield around 3.00E-03 m?3/s. Lowestwloolumes (< 5.00E-04 m3/s) are
detected for low permeable lithologies with a lokea extension in the model, like the
Perapedhi formation and the Ayios Photios Group.
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Fig. 28: Water budget of the Kouris-Troodos-North model/{®@7-09/1997).
Table 11: Water budget of the Kouris-Troodos-North model/{987-09/1997).
Flow term [m3/s] In Out In-out
Sea loss (drains) 0.00E+00 8.80E-03 -8.80E-03
Recharge 2.12E-02 0.00E+00 2.12E-02
River leakage 1.20E-02 2.44E-02 -1.24E-02
Sum 3.32E-02 3.32E-02 2.10E-07

4.2.1.3.2 Troodos-West and Troodos-East model

Both models run perpendicular to the main draindigection of the Troodos. The flow
characteristics are shown in Fig. 34 and Fig. 3% Tast drainage system in the non-
ultramafic lithologies is even more pronounced mghe Kouris-Troodos-North model.
Nearly all particles discharge within a time permfdten years (Fig. 34 and Fig. 35). This
is consistent with residence times calculated br@&NINA ET AL. (2005).

As in the Kouris-Troodos-North model, vertical fla@minates the upper Troodos region
but the flow depth seems to be lower. The uppendos is discharged by the Rivers
Kouris and Limnatis to the east and the River Rw@sito the west. Groundwater flow from
the Upper Troodos beyond these rivers seems tordigbted by these deeply incised
drains. In the Eastern Troodos, the Pentaschoinds eemithos catchments receive water
from the upper Pediaios tributaries. This mightréase the water availability in these
catchments, which are situated in a regional fractone and show a high density of wells
(Fig. 40).
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The water budget parameters for the Troodos-WeastTanodos-East model are shown in
Fig. 29 and Fig. 30, Table 12 and Table 13. Seadaosurs in the Troodos-West model. In
both models, inflow through riverbed infiltratios nhegligible as they mostly cross the
rivers in the upstream reaches, where effluent itiond prevail. Nevertheless, the
downstream parts of the River Gialia in the westarst part of the Troodos-West model
(Fig. 34) and the River Pentaschoinos and Tremithdbee Troodos-East model (Fig. 35)
show small amounts of infiltration (Table 12 andIlEal3).

Besides hydrogeological and recharge charactesjdiichover volumes of the lithologies
depend largely on the areal portion they shardénstudy area. Thus, the Sheeted Dykes
show highest rates in both models (flow rate: 2:0000E-02 m3/s), while the Gabbros in
the Eastern model reach the order of magnitudehef Sheeted Dykes. Gabbros and
Plagiogranites in the Western model and the Basalsin the Eastern model reach
approx. 1.00E-02 m3/s, while the remaining lithaésgshow turnover rates of 5.00E-03
m3/s and smaller.

3.50E-02
3.00E-02
2.50E-02
o
£ 2.00E-02 Omn
3 1.50E-02] W Out
LL
1.00E-02
5.00E-03
0.00E+00 -
Sea loss (drains) Recharge River leakage
Fig. 29: Water budget of the Troodos-West model (10/1981-997).
Table 12: Water budget of the Troodos-West model (10/19871-987).
Flow term [m3/s] In Out In-out
Sea loss (drains) 0.00E+00 3.70E-03 -3.70E-03
Recharge 3.06E-02 0.00E+00 3.06E-02
River leakage 1.30E-04 2.70E-02 -2.69E-02

Sum 3.07E-02 3.07E-02 3.00E-05
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Fig. 30: Water budget of the Troodos-East model (10/19879%).
Table 13: Water budget of the Troodos-East model (10/19879%r).
Flow term [m3/s] In Out In-out
Sea loss (drains) 0.00E+00 0.00E+00 0.00E+00
Recharge 2.88E-02 0.00E+00 2.88E-02
River leakage 1.10E-05 2.88E-02 -2.88E-02

Sum 2.88E-02 2.88E-02 1.10E-05
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Fig. 31: Pathlines of the upper Troodos part of the Kotirsedos-North model for a time period of ten an@ §6ars (no vertical exaggeration).
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Fig. 34: Particle pathlines of the Troodos-West model fanme period of ten and 500 years (no vertical geagtion).

Fig. 35: Groundwater flow characteristics of the TroodostEaodel for a time period of ten and 500 yearsv@ntical exaggeration).
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4.2.2 Regional groundwater model of the Troodos

While the cross-section models focus on the gerggmalndwater flow characteristics, the
regional groundwater model emphasizes quantitaspects. The regional model sets the
base to manifold application feasibilities for wateanagement. For the scope of this
study, it is restricted to the analysis of diffeargnoundwater abstraction rates and lateral
flow studies. In the calibration scenario, grountbvaabstractions are simulated and
quantified to reflect actual aquifer conditions:'matural” scenario presents the restoration
capabilities by simulating conditions without adi&l abstractions. A third scenario
reflects the aquifer response to increased abiiracates to satisfy a predicted water
demand of the year 2020.

The first step of the modelling process comprises donfiguration and balancing of the
groundwater model. MODBIL calculated groundwatercheege and secondary
evapotranspiration (Chapter 4.1.3) are used aarnd-outflow components. Well regions
are defined in which the groundwater abstractidesravere adapted to meet the MODBIL
calculated abstraction volumes (Chapter 4.1.3.Aftgr balancing, adjusting of hydraulic
conductivities of the (hydro-) geological formatsominimised the variation of modelled to
observed water levels at selected wells until thébation target was reached (Chapter
4.2.2.2). The calibrated model reflects the stdtthe aquifer within the modelling time
period (Chapter 4.2.2.3.1) including the simulatadrgroundwater abstraction rates based
on the MODBIL split secondary evapotranspirationneapt (Chapter 4.1.3.2).
Management scenarios are created by changing gs@aied abstraction rates (Chapter
4.2.2.3.2 and 4.2.2.3.3).

The last part of the groundwater flow studies deaith the characterisation and
quantification of inter-catchment flow in the pilaatchments of the upper Troodos
(Chapter 4.2.2.3.4). A conductivity and abstractiate sensitivity analysis concludes the
regional modelling chapter.

4.2.2.1 _Configuration

The model is configured as a one layer model witlagerage layer thickness of 300 m for
the Troodos lithologies, and 150 m thickness fa tiverlying sedimentary formations
(Fig. 5). Borehole log and pumping test investigagi within the GRC-project indicate that
the Troodos lithologies contain favourable aquitergroperties up to a depth of 150 to
200 m (WLUFT ET AL., 2003). Due to model instabilities, the layerckimess had to be

increased in the mountainous regions up to 300 e Model raster comprises 48164
active raster cells with a constant raster edggttenf 250 m. The active raster covers
3010.25 km2 and thus nearly one third of the iskadea.

The boundary conditions were set with the MODFLOBBUND package of GMS. The

active cells are usually bound by no-flow boundafigig. 39). As modelling the fractured
igneous aquifer-system of the Troodos is the mbjaative of this study, a buffer belt of 3
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to 5 km width surrounding the fractured igneousif@quin the range of the Circum
Troodos Sedimentary Succession (Fig. 5) is estaalisto minimise disturbing influences
on the head stage in the vicinity of the study 'arbaundary. The coastline is formed by
specified head cells allowing water fluxes into aud of the model (Fig. 39).

Starting hydraulic conductivity values are appliecthe single geological formations and
are based on GRC-project studie®(UFT ET AL, 2003), and the present water balance and
cross-section modelling procedures (Chapter 4.24d44.2.1.1).

Rivers are simulated using the river package (B#). Small, isolated and presumably
influently flowing reaches in the lowlands or doweam of dams - as well as springs - are
designed as drains. Lakes are simulated using @ehead cells, smaller ponds as river
cells. General head conditions are specified —laino river or drain cells - by assigning a
head and a conductance to a selected set of kdle water table elevation rises above
the specified head, water flows out of the aquifiethe water table elevation falls below
the specified head, water flows into the aquiferbdth cases, the flow rate is proportional
to the head difference. Water inflow to the flowdebwas generated using the MODBIL
calculated groundwater recharge (Chapter 4.1.3Hg. split secondary evapotranspiration
concept (Chapter 4.1.3.2) is used to quantify patie model’s outflow. The secondary
evapotranspiration of moist areas is incorporatétl the GMS evaporation package, the
evaporation of irrigated areas is simulated throabgbtraction wells. The model contains
1984 abstraction wells (Fig. 40), meeting the folltg thematic, temporal and spatial
eligibility criteria: The wells have to be classifi as abstraction wells in the ENVIS
database, they have to be located in the studyaar@aunk before 1997, in accordance to
the modelling time period from 10/1987 to 09/19949 of these wells, containing
groundwater level data, were used as observat@mnapter 4.2.2.2.1, Fig. 40).

4.2.2.2 Calibration

Calibration is performed in different steps, mostyytrial and error, and for the calibration
of the hydraulic conductivities additionally withe parameter estimation module PEST
(DOHERTY, 2004). First, well extraction rates and riverbmdiltration volumes are
calibrated in the pilot catchments (Chapter 2.4)bageflow balancing. Based on the
results of the pilot catchmentsgll regionswith uniform abstraction rates are defined for
the whole study area. Well abstraction rates inwtk# regions are determined using the
split secondary evapotranspiration calculated WIBDBIL (Chapter 4.1.3). Abstraction
rate adjustment is executed simultaneously in tlo¢ gatchments and well regions. Using
this approach, the calibration results of the pdatchments can be extrapolated to the
whole study area in accordance with the overallewdalance. In a second step, the
hydraulic conductivities of the different litholeg are customised to minimise the
difference between observed and calculated groutethhevels, including local fine tuning
of abstraction rates of single wells. In a fin@pstdischarge of major springs and water
levels of lakes are calibrated.
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4.2.2.2.1 Observations

149 wells containing groundwater level data in BMVIS database within the modelling
time period are used as point observations (Fig.TéBle 26, Appendix B). Groundwater
level data exists for a few wells as time seriesrastly as single measurement data. For
the time series data, the modelling-time-averagb®single wells is used. An error of less
than 40 m in piezometric head difference is foumthe reasonable in a high mountainous
region with slopes ranging from 10 to 40 degreé, anaster cell size of 250 * 250 m.

The rivers of the four pilot catchments (Chapte) 2re used for flux observations (Table
14, Fig. 36).

4.2.2.2.2 Well abstraction rates, riverbed infilicm and spring discharge

Well abstraction and riverbed infiltration influenthe runoff volumes, the water balance
and the groundwater level and are thus calibratetl Analogous to the MODBIL water
balance procedure, calibration is carried out exanty in the pilot catchments (Chapter
2.4). The results are extrapolated into so calledl regions (Fig. 40) with constant
abstraction rates and consistent hydrogeologicdl landuse properties, to ensure the
compliance of the study area’s water balance with MODBIL water balance. Starting
abstraction rate values for the single well-regiaresbased on the pilot catchments and are
counterchecked and adapted to the abstraction maétidated with MODBIL (secondary
evapotranspiration of irrigated areas and settléspealibration target is 10 % or less
relative error, compared to the calculated baseffoment in the pilot catchments (Table
14, Fig. 36, Table 15; Chapter 4.1.2), and comptryéde MODBIL derived water balance
components in the well regions. The MODBIL deriwedter balances for the single well
regions are shown in Appendix C (Table 35, TableTable 39, Table 41 and Table 43).
After the adjustment of hydraulic conductivitiestlwthe PEST module (Chapter 4.2.2.2.3)
the abstraction rates are fine tuned in the firgibcation step to minimise groundwater
level errors.

Table 14: Quality control parameters (baseflow at gaugitagiens) and calibrated single
well abstraction rates in the pilot catchments.

Pilot catchment Single well abstraction rate Observedflow Computed flow
[m3/s] [m3/s] [m3/s]
Diarizos 0.00060 0.476 0.435
Limnatis 0.00092 0.275 0.264
Pyrgos 0.00055 0.111 0.120
Kargotis 0.00092 0.149 0.147

7 For details concerning the baseflow separationrieees see Chapter 4.1.2.
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Fig. 36: Deviation (relative error) of computed to observidow in the four pilot
catchments. Calibration target is 10 % or lesdixaerror.

Table 15: Quality control parameters and calibrated singkdl abstraction rates of the

well regions.
Well region Single well MODBIL derived Calibrated
abstraction rate abstraction rate abstraction rate
[m3/s] [m3/s] [m3/s]
Troodos NW 0.00055 0.198 0.179
Troodos SW 0.00060 0.083 0.076
Troodos Central 0.00092 0.717 0.709
Troodos NE 0.00050 0.304 0.193
Troodos SE 0.00090 0.305 0.279

Applying the MODBIL abstraction rate in the Troods& region yields drawdown values,
exceeding the tolerable maximum. A reason mighhbe/asilikos - Pentaschoinos Project
of the Water Development Department that diventgdaguantities of surface water from
dams to irrigation schemes, resulting in lower gebwater portions in the irrigation waters
in this area. As a consequence, the single welratigon rates are lowered, yielding a
regional abstraction rate deviating from the MODB#Hlculated value (Table 15).

Hydraulic riverbed- and lake conductance (Chapt@rl3l), as well as stage values are
adjusted to enable effluent flow conditions in tlgaeous lithologies and transmission
losses in the Troodos Sedimentary Succession. rahsmission losses range from 1 to 4
mm/a per km infiltration length as determined witlihe GRC-project (DLUFT ET AL.,
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2003). Suitable values for the river stage aren®@nd for the conductance of the riverbed
2.00E-06 m/s. The elevation for the lakes is sastanmt to the stage of the river cell at the
lake inflow and the conductance to 1.00E-08 m/s.

Spring discharge data in the ENVIS database is lyndstcontinuous and thus not usable
for model calibration. Major spring locations anearporated into the model as drain cells
with riverbed hydraulic conductivity (2.00E-06 m/8)ithin the calibration process, the

elevation of the spring cells is adjusted to enabi#ow.

4.2.2.2.3 Hydraulic conductivities of the singladilogies

The hydraulic conductivities of the different lifbgies are calibrated using groundwater
head data of the 149 observation points (Chapt222.1, Table 26, Appendix B).
Proceeding studies within the GRC-project and sppenvestigations (MDERER 2005;
DUNKELOH, 200%\) are used to derive starting values. Lithologidgthvan large areal
distribution and a corresponding large number ofeobations are calibrated using the
PEST module. Lithologies with a small density oketvations are calibrated manually.
The correspondence of computed vs. observed hédls ocalibration model run is shown
in

Fig. 37. 75 % of the computed heads show an aleselwor smaller than the desirable
maximum error oft 40 m (Fig. 38). The starting and calibrated hyticazonductivities of
the single lithologies are shown in Table 16.
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Fig. 37 Computed vs. observed heads of all observationtp@n = 149). Values on the
45 degree line show perfect correspondence.
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Fig. 38:

Frequency distribution of the observation poirfiead-differences (n = 149).

The horizontal bar marks values within the maximemor range £40 m head
difference).

Table 16: Starting values and calibrated hydraulic conditatiy of the single lithological

formations.
Formation Hydraulic conductivity [m/s] Formation Hydraulic conductivity
[m/s]
starting calibrated starting calibrated

Alluvium 5.00E-06 9.30E-06 Basal Group 4.00E-07 20E-07

Terrace deposits, o yoe 05 4.00E-06 | Sheeted Dykes 3.50E-07 1.00E-07

Fanglomerats

Nicosia 5.00E-06  3.80E-06 | 2diogranite, 5.00E-07 1.70E-07
Gabbro

Kalavasos 250E-07  5.00E-07 | YrOXente. 2.00E-07 6.00E-08
Wehrlite, Dunite

Pakhna 2.50E-07 1.90E-07 Harzburgite 8.00E-08 SOVE

Lefkara 2.00E-07 1.80E-07 Serpentinite 8.00E-08 0B-08

Kathikas, Moni,  \oe.07  7.50E-08 |/MaKaPasBreccia, 5 50e o7 4.00E-07

Kannaviou Lavas

. Arak

Perapedhi 2.00E-07  8.00E-08 |/ o apas 3.00E-07 5.00E-07
Plutonics

Upper Pillow 1.00E-07  1.10E-07 |>heared. 8.00E-08 9.00E-08

Lavas Serpentinite

Lower Pillow 100E-07  9.80E-0g | Yiavarara 1.00E-07 1.00E-07

Lavas Ayios Photios
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4.2.2.3 Results and discussion

The results of the regional groundwater flow madgllinclude a calibration run
simulating actual aquifer conditions, as well asnagement and sensitivity scenarios.
Lateral groundwater flow characteristics are stdadigemplarily in the pilot catchments to
identify inter-catchment flow.

4.2.2.3.1 Calibration run

The calibration run reflects the aquifer conditidies the modelling time period from
10/1987 to 09/1997. Groundwater heads are inflwbrime hydraulic conductivity, by
topography and by groundwater storage change througcharge, discharge,
evapotranspiration and abstraction. In the studsa,atopographic influences prevail.
Roughly speaking, the groundwater heads follow rtfmintainous surface and reach a
maximum of 1786 m.a.m.s.l. in the uppermost Tropudsle lying locally below sea level
along the coastline with a minimum of —14 m.a.m.@dean: 511 m.a.m.s.l.; Fig. 41).
Negative values might indicate local sea waterugitns. However, they lie within the
maximum absolute modelling error 6f40 m. This error is assumed for the mountainous
part of the study area and is believed to be Ial@ng the coastline. But nevertheless, the
regional modelling character of this study limike tsignificance for the identification of
local sea water intrusion events.ABNER ET AL (1990) and results of hydrochemical
investigations within the GRC-Project QLUFT & KULLS, 2004) have not yielded evidence
for major sea water intrusions in the study area.

The effect of single parameters on the water levelery graphic in the depth to water
table map (Fig. 42). The depth to water table endtudy area ranges from 0 to 276 metres
below surface (mean: 55 m.b.s.; median : 34 m.bayjest depth values are found below
the upper slopes of the Sheeted Dykes and Shearpérinite ridges, and in the eastern
Troodos in areas with a high well density. Lowestues are generally found at the
receiving waters and in areas with high rechargesrand low permeabilites; for instance
in the upper Troodos and in the Pillow Lava prormoes.

Inaccuracies concerning the groundwater head stégjet occur along the river segments.
This is mainly due to the fact that GMS interpaatver stage and river elevation on the
base of finite elements, while the starting grouathw heads are derived from the digital
elevation model raster. This error is believedeaaonlithin several meters of head-difference
and thus within the maximum tolerable error ranfye 40 m.

The flow budget for the entire study area is sungedrin Table 17. The budgets for the
single pilot catchments and well regions are showippendix C.
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MODBIL calculated recharge and riverbed infiltratitorm the main model inflow sources
while constant heads (open sea) and general h&das) infiltrate only small amounts.
Groundwater outflow mainly occurs through riversagotranspiration of moist areas,
waters and well discharge. It is interesting tcentbiat evapotranspiration controlled model
outflow reaches the order of magnitude of riveckage. Discharge to the sea, to springs
and lakes is of minor importance. 27 % of the statda’s boundary is bordered by the
open sea. Comparably low is the outflow to thetheaugh constant head cells (3 mm/a).
Spring discharge reaches a similar order of magdeitThe modelled discharge of major
springs in the study area (Fig. 39) yields 0.047sn(3.5 mm/a) and is part of the drains
outflow in the overall flow budget (Table 17). i$i1to be noted that spring discharge was
not subject to calibration (Chapter 4.2.2.2.2) &ag only been used as an indicator for
qualitative discharge changes.

Table 17: Modflow flow budget of the calibration run in tis¢udy area (area: 2924 km?;
time period: 10/1987-09/1997). Secondary Evapopiaaton (Sec. ET) is
described in detail in Chapter 4.1.3.2.

In Out

mm/a m3/s mm/a m3/s
Constant heads 0 0.028 3 0.317
Drains 0 0.000 3 0.267
General heads 0 0.040 0 0.019
Rivers 12 1.072 61 5.655
Wells 0 0.000 16 1.440
Recharge 118 10.968 0 0.000
Sec. ET moist areas/waters 0 0.000 48 4.412
Total Flow 131 12.108 131 12.110

4.2.2.3.2 Natural scenario

The natural scenario reflects conditions in thedwtarea without artificial groundwater
abstractions. The single well abstraction ratesehhus been set to zero. This scenario is
chosen to show the artificially created drawdownd #me recovery potential in different
parts of the Troodos fractured aquifer-system.

The range of groundwater heads in the natural siceisasimilar to the calibration run
(Chapter 4.2.2.3) although the heads are slighélyated. Heads range from — 5 to 1796
m.a.m.s.l. with a mean of 519 m.a.m.s.l. The déptivater table ranges from zero metres
below surface (m.b.s.) to 260 m.b.s., with a mda#6om.b.s. and a median of 26 m.b.s.,
and lie several meters above the water table dwfptire calibration run (mean: 55 m.b.s.,
median: 34 m.b.s).
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The absolute head-differences between natural ahidration run are shown in Fig. 43,
the relative differences in Fig. 44. Affected ahe tmain abstraction areas and their
surroundings, especially in the upper, northern aadtern Troodos (Fig. 44). The
differences are negative, implying a relative gibwater rise (mean: -8 m). This indicates
that a groundwater abstraction reduction of 16 mr{Wable 17) in the Troodos
corresponds to a mean groundwater rise of 8 m.

The aquifer response depends mainly on hydrautipgties and storage change. Relative
groundwater rise in the natural run is highest wheell density and thus abstraction rates
are high, and recharge volumes and hydraulic cdiviies are low. This is the case in the
main abstraction zones of the Pillow Lava promdatorn the northern and eastern
Troodos. In these areas, groundwater rises abotat 500 m and reaches a local maximum
of — 133 m difference to the calibration run. le tRitsilia area, the main abstraction zone
of the upper Troodos within the Gabbro lithologigggundwater rise is much lower and
reaches a few tens of meters. High recharge rateshioed with medium hydraulic
conductivities diminish the aquifer's sensitivitp tabstraction rate changes. In the
remaining abstraction zones with a low or mediunl wensity, the differences rather
exceed a few tens of metres. Even along the coasiti the western Troodos, where
agricultural use is intense and well density hitje, groundwater rise is small. The cross-
section model of the western Troodos indicateg, tthe proximal, high recharge areas of
the western Troodos supply the Terrace Depositfagualong the coast with indirect
groundwater recharge (Fig. 34). Field observatidosalising beach rock within the
Terrace Deposits and thus groundwater outflow éosda, are another indicator for these
lateral flows. They increase the amount of extiaetaggroundwater along the coast and
reduce the sensitivity to groundwater abstractaia changes.

Table 18: Modflow flow budget of the natural scenario in stedy area (area: 2924 kmz;
time period: 10/1987-09/1997). Secondary Evapopiaation (Sec. ET) is
described in detail in Chapter 4.1.3.2

In Out

mm/a m3/s mm/a m3/s
Constant heads 0 0.012 5 0.441
Drains 0 0.000 4 0.362
General heads 0 0.039 0 0.019
Rivers 10 0.938 72 6.714
Wells 0 0.000 0 0.000
Recharge 118 10.972 0 0.000
Sec. ET moist areas/waters 0 0.000 48 4.423

Total flow 129 11.960 129 11.960
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The flow budget of the whole study area is showmable 18. Compared to the calibration
run, the total flow is diminished by the well alastion rate (16 mm/a) and, as a
consequence of higher groundwater levels, by a redveiverbed infiltration rate. The

groundwater surplus is proportionately dischardedugh river, drain and constant head
cells. Spring discharge increases about 40 % cadpiar the calibration run and yields
0.067 m3/s (0.7 mm/a).

4.2.2.3.3 Increased abstractions scenario

In this scenario, the response of the aquifer ¢oeilmsed groundwater abstractions is tested.
The single well abstraction rates are adjustedatisfy increased future water demands as
predicted by SvVIDES ET AL. (2001) in the frame of the WDD-FAO project (Chapt.3).
According to 3VvVIDES ET AL. (2001), the total annual water consumption of igl@nd
increases from 265.9 million m3 (year 2000) to 31&llion m3 in the year 2020, which
corresponds to an increase of 18 %. While the gopsion of agriculture is believed to
stay on a constant level, the domestic demand asese by the factor 1.5. Failing with
detailed data, the island wide increase of 18 #smimed for the study area as well. The
percentage of water demand supplied by wells cinlmnestimated for the study area. For
the whole island, the well abstracted portion @f thtal water consumption results approx.
48 %, surface water 38 %, desalinated water 13 &tsprings 1%. Villages and privately
irrigated areas, characteristic for the study aaeamainly supplied by wells A8VIDES ET

AL., 2001). Supply with surface water from ponds antall dams is common in the
Troodos but the percentage is believed to be loagithe main portion of surface water
collected in the large dams of Cyprus is usedrfggation in the lowlands. As desalinated
water is not used for water supply in the studypaead with an assumed lower content of
surface water, the author estimates the well atistigpercentage for water supply in the
study area to be around 70 to 80 percent. In thidys a conservative groundwater
management scenario is created, where the prediatezhse in water demand of 18 % is
completely satisfied with groundwater. Consequeratllysingle well abstraction rates have
been increased equally by 18 % in this scenario

Compared to the calibration run the spread of gilaater heads is slightly lower: Heads
range from — 18 to 1786 m.a.m.s.l. (mean: 509 msal.)jm The depth to water table range
is equal to the calibration run with a minimum am(.s. and a maximum at 276 m.b.s.
With a mean of 56 m.b.s. and a median of 36 mtheswater table lies one to two meters
deeper compared to the calibration run, and teremsmieteeper compared to the natural
scenario. Head-differences between calibrationiacgtased abstraction scenario (Fig. 45
for absolute values; Fig. 46 for relative headet#hces) show the specific differences:
Positive differences imply drawdown of heads. Drawd is restricted to the groundwater
abstraction areas and their surroundings (Fig. #bls, large areas of the western and
south-western Troodos are unaffected. Drawdownlteeten metres or less in most of the
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abstraction areas including the Pitsilia, the mabdstraction area in the central Troodos.
Sensitivity to increasing abstractions rises inrbethern and eastern lowlands, especially
in the low permeable Pillow Lavas, where drawdoanges from 10 to 40 m. Drawdown
reaches high values (maximum: 72 m) in the nortlagch southeastern Troodos, along the
boundary of the study area. The head-differencds/dam the natural and increased
abstraction scenario show a similar areal distidmytbut the absolute values are much
higher (Fig. 47). They reach values above 100 nthen main abstraction zones of the
northern and eastern Troodos with a local maximumi@l m. In the north-eastern
Troodos, close to the boundary, groundwater flowo ithe drawdown zone from all
directions is restricted and thus local drawdowlnes might be exaggerated.

The flow budget is shown in Table 19. Quality andhwfity of the groundwater flow are

similar to the calibration run. Well abstraction® digher and thus discharge through
receiving waters and springs is slightly lower. iBgrdischarge yields 0.0458 m3/s (0.5
mm/a). Under an 18 % increase of groundwater atigirg spring discharge decreases
only by 5 %. This might be due to the fact that trmfsmajor springs are situated in the
upper Troodos, where the well density and thuseffext of increased abstraction rates is
rather small.

Compared to the natural scenario (Table 18) thev fludget differences are more
pronounced: Inflow through constant head cellshied times higher in the increased
abstraction scenario, indicating an elevated ragkskea water intrusions in the lowlands.
Riverbed infiltration increases by 20% - due to tbever groundwater heads in the
increased abstraction scenario - resulting in gh8li increased total flow. General head
flow, recharge and secondary evapotranspiration @mtaa similar level. Well abstractions

— forming approx. 14 % of the total flow — prodwealler outflow through rivers (approx.

20 % decrease), constant heads (approx. 30 % de¢re@md drains (approx. 30 %
decrease), compared to the natural scenario. Dipelod major springs drops by 33 %.

Table 19: Modflow flow budget of the increased abstractiamergrio in the study area
(area: 2924 kmz; time period: 10/1987-09/1997).08dary Evapotranspiration
(Sec. ET) is described in detail in Chapter 4.1.3.2

In Out

mm/a m3/s mm/a m3/s
Constant heads 0 0.035 3 0.294
Drains 0 0.000 3 0.255
General heads 0 0.040 0 0.019
Rivers 12 1.088 59 5.496
Wells 0 0.000 18 1.662
Recharge 118 10.957 0 0.000
Sec. ET moist areas/waters 0 0.000 a7 4.404

Total flow 131 12.119 131 12.129
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4.2.2.3.4 Lateral flow studies in the pilot catcimse

The groundwater flow investigations in the pilotatanents outline the small scale flow
characteristics, identify zones of lateral in- amdflow, and the influence on the local
water balance. In the study area, well regions pitbot catchment are bordered by
topographic watersheds. This is reasonable asoftegtaphic watershed is — unlike the
dynamic groundwater divide - a constant featuréable for water management purposes.
Nevertheless, they might show large deviationd&dactual groundwatersheds, especially
in lowlands or areas of complex hydrogeological dibons. In areas with a distinct
topography, the deviations are generally lowers®pplies basically to the study area too.
Nevertheless, investigations within the GRC-projaad results of the regional flow
modelling within the present study indicate, thatetal fluxes occur between the
catchments. In the study area, not all river-reachet as receiving waters. Especially
smaller tributaries show influent conditions and aub-flown by groundwater. Close to
the watershed, adjacent catchments might recemengivater from these tributaries. This
happens, if the neighbouring catchment is more lgi@epised, which is generally the case
for the north facing catchments in the Troodos.r&v¢he areal extent of these lateral flow
zones is rather small, the flow volumes might lgmidicant, due to the high groundwater
turnover rates in the upper Troodos.

Additionally, physical models need clearly defingmlindary conditions. Unknown lateral
fluxes aggravate the calibration of water balancgroundwater flow models. Thus, the
in- and outflow volumes of the pilot catchmentghe calibration run are studied to assess
the calibration quality.

Lateral in- and outflow volumes are quantified gsihe zone flow information of the
MODFLOW budget for the single pilot catchments ([EaB8, Table 30, Table 32 and
Table 34; Appendix C). The zone flow informatiorsisnmarised in Table 20. The quality
and location of the lateral flow is visualized wgithe raster flow vector field display for
the single pilot catchments (Fig. 48 to Fig. 51).

The lateral flow volumes range between 9 and 22aranf reach a maximum of 16 % of
the total and 70 % of the net groundwater rechéfgdle 20). The difference between
lateral in- and outflow and thus the effect on tachments’ water balances is much
lower. It ranges from -3 mm/a in the Kargotis tmf/a in the Limnatis pilot catchment.
The inflow volumes exceed - with exception of thar¢otis - the outflow volumes, which
might indicate favourable groundwater drainage d¢ants of these catchments.

Fig. 48 shows the importance of the Diarizos asnlagor drain of the western part of the
upper Troodos and the relief dependency of thergtmater flow. Unlike the calculation
result (Table 20) no greater in- or outflow locasoare visible, except for small inflow
areas along the middle third of the eastern path@fvatershed. Even these small zones of
lateral flow yield detectable volumes due to higbumpdwater recharge rates in the upper
Troodos.
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In the Limnatis catchment, groundwater inflow isilkile in a zone along the eastern
watershed in the lower third of the catchment (B@). A large part of an upstream reach
of the neighbouring Garyllis River is drained bg timnatis.

River reaches with non-converging flow vectors argble in the Pyrgos catchment,
indicating influent river flow conditions (Fig. 50This catchment loses groundwater on
the south-eastern border and gains groundwaterttiemorth-west.

The Kargotis drains the northern part of the upp@odos (Fig. 51). The deeply incised
upstream reaches in the south-eastern part of atedroent gain groundwater from the
neighbouring Kouris River, as presumed yLUFT ET AL. (2003) within the GRC project.
Additionally, inflow occurs on the north-westernrpaf the catchment. Several reaches in
the middle part show influent flow conditions. Téeminant visible features are the large
and thick flow vectors in the northern third of tb@tchment. They mark cells with high
groundwater turnover rates bound to the inset & Alluvium, overlying the low
permeable Pillow Lava series (Fig. 5). A flow budgealysis of single raster cells at the
downstream border of the Kargotis watershed yi2ddmim/a of groundwater outflow
through the Alluvium. This is important as it coufdlicate that a considerable amount of
groundwater sub-flows the gauge and might not basored.

Table 20: Lateral groundwater flow volumes compared to thaltflow volumes of the
single pilot catchment areas.

Pilot catchment Lateral inflow Lateral outflow Total groundwater Net groundwater
[mm/a] [mm/a] recharge recharge [mm/a]
[mm/a]
Diarizos 13 9 172 109
Limnatis 13 7 165 67
Pyrgos 16 13 138 100
Kargotis 19 22 139 31

) Net groundwater recharge is MODBIL calc. groundwater recharge diminished by sec. evapotranspiration (Chapter 4.1.3.2)
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0 2km

Fig. 50: Groundwater flow vector display of the Pyrgos pikatchment (Fig. 6),
underlain by the digital elevation model. Lengthd ahickness of the vector
arrows are proportional to the flow volume. Riveaches in the middle part of

the catchment with non-converging flow vectors wisble, indicating local
influent flow conditions.
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and thick arrows indicate the inset of the Alluviginse to the gauging station,

bordering the catchment to the north.
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4.2.2.4 Sensitivity analysis

Sensitivity analysis is a procedure to quantifyithpact on an aquifer’'s response due to an
incremental variation in model parameters or matiesses. Its purpose is to identify the
influence of different parameters on model behavand the range of dynamic parameter
values, the model can handle. Of special importaiocethe groundwater models are
hydraulic conductivity, recharge and groundwatesti@ction, as these parameters are
subject to calibration. The impact of abstractiaterchanges on the groundwater head is
being discussed in Chapter 4.2.2.3.2 and 4.2.2&h3abstraction decrease of 100 % (no
abstraction in the natural run) leads to sevenas t® 100 m of groundwater rise in the
main abstraction zones. An 18 % increase of aligirgcas simulated in the increased
abstractions scenario, yields a few tens up to 4bawdown in the abstraction areas.

The sensitivity to hydraulic conductivity and rede rate changes is investigated by
incremental parameter rate changes within a rafiggprox.+100 % of the calibrated
values.

Fig. 52 shows the response of groundwater head#feyent parameter rate increments.
The larger the parameter values differ from catdmtavalues (100 %) the larger the mean
head deviations and variances get. The head davwsafor the increments 90 %, 110 %
and 120 % are larger for recharge changes, butmthemum deviation is larger for
hydraulic conductivity changes. Including the whodenge of +100 % of the calibrated
values, the head deviations for all parameterwiliein several tens of meters for hydraulic
conductivity and recharge, reaching the order ojmitade of the abstraction rate changes
mentioned above.

The sensitivity analysis show the limitations oé tjroundwater model. The model is very
sensitive to parameter changes lowering the groatetw heads. For hydraulic
conductivities, the model tolerates an increas20o%. For higher values, the model does
not converge. The sensitivity to recharge changes/én higher. For mean recharge rates
reaching 80 % of the calibrated value or less tbee@hdoes not converge. The sensitivity
analysis is based on mean values and does nottréffle spatial heterogeneity of the
analysed parameters. Thus, the actual limitationshe model might deviate and the
tolerable parameter range might be larger.
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Fig. 52: Sensitivity of the model to hydraulic conductivityr recharge changes,
displayed as mean deviations of the observed gweated heads including
standard deviation. The 100 % step represents dfexence values of the
calibration run. For 150 % and 200 % runs (hydeaabnductivity) as well as
80 % and smaller recharge runs, the groundwateehtmks not converge.
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5 Conclusons and outlook

The coupled water balance and groundwater flow mhadeapproach forms an advanced
method to investigate the Troodos fractured acgystem. Input parameters are pre-
processed in a sophisticated and high resolutionlwefore they are incorporated into the
groundwater models. By modelling the Troodos Moinstaas a single basin, disturbing
inter basin fluxes are negligible. However, thegéaextent of the models diminishes the
accuracy locally and increases the sensitivity.

Very good input data quantity and quality set thsebfor a high resolution simulation of
groundwater recharge and evapotranspiration wighwhter balance modelling program
MODBIL. Highest recharge rates (390 mm/a) are olesin areas of high precipitation,
high soil and subsoil conductivities, low evaposgination and low slopes, typical of the
Gabbro and Sheeted Dyke formations in the uppeodas. MODBIL allows the location
and quantification of groundwater abstraction nefedsrrigation and evapotranspiration
of moist areas. This split secondary evapotranspiraconcept enables the regional
quantification of groundwater abstraction rates,wadl as a water balance consistent
groundwater flow modelling. The secondary evap&paation (mean: 69 mm/a) reaches
the order of magnitude of the total runoff (mea:r@m/a). Irrigated areas agglomerate
close to settlements and on floodplains of the mdjmodos rivers. The calculated
groundwater abstraction rate, satisfying the seagndevapotranspiration need for
irrigation, yields 18 mm/a, leading to regional medstraction rates of 0.5 to 0.92 |I/s per
well. As the abstraction rates are averaged owee fior all wells within defined areas
under review, the actual rates for single wellshhidgeviate. The groundwater need for the
evapotranspiration of moist areas, basically rgarvegetation and open waters, is
approximately three times higher, yielding 51 mm#a. exact calibration of the single
secondary evapotranspiration components is notilgeswith the used methodology. A
more detailed separation of groundwater needstigation from needs for moist area and
open water evapotranspiration could be achieveagusmnall-scale, transient groundwater
models of defined catchments, incorporating irf@attimes. Validation of these results
using different approaches would be helpful. Esgicias the assessment of the well
abstraction rates are not merely a scientific task,rather a political issue in the frame of
integrated water resources management.

The results of the water balance investigationscatd that approx. 15 % of the total
groundwater recharge of the study area are abstidot irrigation purposes, 44 % are
consumed by transpiration of riparian vegetatiod amaporation of open waters, 37 %
discharge to rivers or lakes, and 4 % to the sea.

The high resolution distribution of groundwaterhaxe and evapotranspiration enhances
the accuracy of the groundwater flow models. Thessisection-models complement the
regional flow model as they emphasise the vertidaleply percolating groundwater
component and visualise general groundwater flowaradteristics. They indicate a
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dominant vertical flow system in the upper Troodpsasi “stratiform” flow in the Gabbro
and Sheeted Dyke regions, and relative groundwaserand outflow in the vicinity of the
low pervious Pillow Lava promontories. They showemcatchment flow and indirect
recharge of the Sedimentary Successions, which tmigluence the regional water
balance and increase the water availability locagpecially in the eastern Troodos. Due
to the large modelling depth, supraregional flowempdmena can be simulated.
Groundwater flow systems are identified severaldned metres below surface, which
originate in the upper Troodos and end up in tleenantories of the eastern Troodos. The
flow quantities of this deep percolation system emenparably small due to decreasing
hydraulic conductivities and porosities with depievertheless, important influences on
local water balances can not be excluded and tHdgi@nal isotope investigations and
detail groundwater models are recommended.

The regional horizontal model simulates the actiager exchange part of the Troodos
fractured aquifer-system. This part is charactdrizg small distances to receiving waters,
high turnover rates in the uppermost 100 to 150resebelow surface, and young
groundwater ages of generally less than 25 yeawsUft ET AL., 2003; BODRONINA ET AL.,
2005). Additionally, relatively high soil and sulisoonductivities imply a vulnerability
potential for contamination LUFT & KULLS, 2004).

The groundwater heads in the study area followtdnein surface in a depth of several
tens of metres, decreasing in the vicinity of teeelving waters, increasing up to more
then 200 m below the Sheeted Dyke ridges and inirtigation areas of the eastern
Troodos. Due to the high turnover rates, the regopetential of the groundwater heads is
high. The natural scenario, where the abstractatesr are set to zero, indicates a
groundwater rise of a few tens of metres in thennadistraction areas, yielding locally
more than 100 m in the foothills. The heads ofitteeeased abstraction scenario reveal a
reciprocal pattern. Compared to the calibration, i@ heads in the abstraction areas
descent mostly for a few metres and reach valuesooé than 50 m in the Pillow Lavas of
the northern and eastern Troodos. Discharge dymsaofithe major springs show a similar
trend.

The scenarios indicate that especially the foatlmllthe northern and eastern Troodos with
low pervious lithologies and low recharge amounts \gery sensitive to abstraction rate
changes. Here, the groundwater heads are influeiacdzeyond the abstraction areas. The
same is assumed for the less developed Anti-Troadtbsits low permeable lithologies of
the Arakapas Sequence. The Pitsilia area, the atmtraction zone of the upper Troodos
in the Gabbros, shows a smaller sensitivity toralbbn changes although the single well
abstraction rates are even higher. Here, the drawddoes not exceed 10 to 15 m.
Possibly, the abstraction rate changes are “buffdrg favourable aquiferous properties of
the Gabbros and high groundwater recharge rates.

The GRC-project water balance studies assumed-éatehment flow in the Troodos.
Especially the steeply inclined, north-facing vgdlen the upper Troodos seem to receive
groundwater from adjacent, south-facing catchmeimts.the present study, lateral
groundwater fluxes are analysed in the pilot catis exemplarily to identify indirect
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recharge, which might influence the catchmentsewbtlances and thus the quality of the
calibration process of the models. In detail, @tdlow could be detected for all pilot

catchments. Mostly, reaches of neighbouring catcitsneelease or receive water. In the
Kargotis catchment, a considerable amount of graater (12 mm/a) is detected sub-
flowing the gauge in the Alluvium. Influent and leint flow conditions of the reaches
could be identified. Locally, the inter catchmetww volumes reached the order of
magnitude of the calculated baseflow content bathhlance of lateral in- and outflow
volumes of the single pilot catchments turned oube rather small (max.: 6 mm/a for the
Kargotis). The influence on the water balance @& filot catchments and thus on the
calibration process can be considered as smalshotld be beard in mind for future

studies.

The presented balanced regional groundwater madeisf a comprehensive modelling
system, supporting further detail investigations.id recommended to model the
abstraction areas in a higher areal, depth or temhpesolution, using the lateral fluxes
calculated by the regional model as boundary candit That way, calibration parameters
influencing secondary evapotranspiration could bee ftuned and abstraction rates
simulated on a local level. Lateral groundwatexdisl forming indirect recharge for the
first class porous aquifers of the lowlands (e.ges®rn Mesaoria Upper Aquifer
(WMUA)) can be quantified. In this case it is recoended to link the Troodos

groundwater model (or part of it) to the groundwateodel of the WMUA, developed

within the GRC-project (DLUFT ET AL., 2004B).

In combination with MODBIL, future changes in larsgu and water management
conditions - or scenarios of a potential climatargie (WNKELOH, 2009) - can be pre-

processed and incorporated into the groundwatereladd simulate their impact on the
igneous aquifer-system, and thus on the groundweseurces of the Troodos Mountains.
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Appendices
Appendix A: Meteorological stations

Table 21: Meteorological stations with precipitation dat@/1987-09/1997).

Station number UTM East WGS 84 UTM North WGS 84 Peyth valid data
040-6270 447354 3877190 3653
041-6272 448422 3877555 3653
063-2310 451638 3870596 3653
070-4241 450335 3879370 3653
085-661 452100 3880660 3653
090-8752 454578 3884428 3653
093-2071 457031 3863948 3653
101-360 462344 3853585 3653
105-2910 461031 3863683 3653
106-6300 461271 3889270 3653
108-6020 463206 3881540 3653
110-990 465722 3870847 3653
120-5560 466382 3864476 3653
130-7300 466320 3875850 3653
135-8190 468855 3861059 3653
151-7830 469950 3873230 3653
160-6540 470693 3893732 3653
164-2030 470770 3875170 3653
168-4260 473617 3882307 3653
171-340 472705 3865265 3653
174-5565 474435 3867650 3653
175-5980 475233 3857435 3653
180-3860 476453 3871183 3653
203-4480 480361 3852649 3653
204-2871 480314 3865045 3653
205-5440 481115 3848442 3653
211-2792 484146 3873743 3653
220-5640 484482 3869253 3653
225-6430 484399 3867846 3653
250-6230 487651 3860747 3653
260-3320 487233 3855742 3653
270-7861 489173 3864574 3653
288-2391 490686 3872993 3653
289-3090 489698 3881833 3653
290-2320 491019 3877742 3653
291-2670 491147 3871890 3653
295-2050 491824 3852825 3653
301-401 492440 3865057 3653
310-6180 493226 3867263 3653
311-3171 493367 3846997 3653
320-7000 492628 3858755 3653
337-3880 497925 3866270 3653

338-6261 499126 3841856 3653
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Station number UTM East WGS 84 UTM North WGS 84 Peyth valid data
347-540 497858 3849743 3653
370-2950 500550 3874494 3653
373-8130 501234 3881940 3653
377-91 501434 3863595 3653
388-4222 501427 3834913 3653
410-1641 503118 3861327 3653
415-891 504288 3888751 3653
421-332 503518 3865932 3653
429-8710 507535 3844593 3653
430-5780 507577 3877536 3653
440-5550 507522 3875003 3653
450-5462 508533 3864579 3653
460-1340 510863 3872705 3653
462-570 510330 3865446 3653
464-4850 513401 3885642 3653
467-2510 514460 3868500 3653
491-3471 516233 3875490 3653
493-1401 516889 3880409 3653
500-4460 517527 3864492 3653
510-3370 518069 3863806 3653
530-5351 517885 3857860 3653
540-5020 518554 3842644 3653
550-4540 520682 3867871 3653
565-6280 522256 3876114 3653
572-2692 524090 3851397 3653
580-1930 525337 3882527 3653
583-7910 529593 3881198 3653
592-4130 527345 3861669 3653
596-8100 524640 3855824 3653
597-420 526562 3874143 3653
598-3051 528018 3856888 3653
600-4151 527878 3858644 3653
628-7150 532750 3853287 3653
630-9061 529996 3844449 3653
632-4710 530630 3868756 3653
648-3610 535992 3854310 3653
650-5720 535845 3874555 3653
652-3651 536629 3864901 3653
660-3650 536666 3862696 3653
674-1161 538952 3861535 3653
675-7310 539768 3860497 3653
676-240 539691 3851754 3653
678-6481 542432 3867635 3653
710-3410 552368 3856212 3653
713-620 553776 3867458 3653

718-941 551946 3874201 3653
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Table 22: Meteorological stations with temperature datal287-09/1997).

Station number UTM East WGS 84 UTM North WGS 84 Peyth valid data
032-3041 447708 3863204 3653
041-6272 448422 3877555 3630
120-5560 466382 3864476 3645
130-7300 466320 3875850 3653
203-4480 480361 3852649 3653
225-6430 484399 3867846 3653
301-401 492440 3865057 3653
310-6180 493226 3867263 3653
320-7000 492628 3858755 3653
377-91 501434 3863595 3653
388-4222 501427 3834913 3636
415-891 504288 3888751 3653
429-8710 507535 3844593 3645
440-5550 507522 3875003 3644
493-1401 516889 3880409 3651
565-6280 522256 3876114 3653
572-2692 524090 3851397 3633
592-4130 527345 3861669 3560
630-9061 529996 3844449 3650
660-3650 536666 3862696 3653
690-920 549023 3880336 3635
731-4044 557137 3859947 3653

Table 23: Meteorological stations with relative humidity dgfi0/1987-09/1997).

Station number UTM East WGS 84 UTM North WGS 84 ®epth valid data
032-3041 447708 3863204 3648
041-6272 448422 3877555 3624
203-4480 480361 3852649 3653
225-6430 484399 3867846 3653
301-401 492440 3865057 3588
320-7000 492628 3858755 3649
377-91 501434 3863595 3612
415-891 504288 3888751 3651
493-1401 516889 3880409 3653
630-9061 529996 3844449 3637

731-4044 557137 3859947 3652
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7 Appendices

Appendix B: Pumping test, spring flow and observation point data

Table 24: Results of pumping test of selected boreholekerstudy area (Chapter 3.3).

Borehole Formation Region Saturated aquifer thiskrjs] Conductivity [m/s] Transmissivity [m?/s]
1977-031 Ultramafics  Upper Troodos 50 2.10E-05 1.05E-03
1977-031PT2 Ultramafics  Upper Troodos 50 5.89E-06 2.95E-04
1977-042 Ultramafics ~ Upper Troodos 25 2.91E-06 7.28E-05
1989-063 Ultramafics ~ Upper Troodos 20 7.65E-05 1.53E-03
1996-040 Kyperounta Gabbro Pitsilia 10 1.04E-05 4E-04
1997-067_Agridia Gabbro Pitsilia 10 1.20E-05 1.2DE
1997-070_Agridia Gabbro Pitsilia 10 1.19E-05 1.1BE
1997-061_KatoMylos Gabbro Pitsilia 80 9.00E-07 OED5
1997-078_Agridia Gabbro Pitsilia 70 1.49E-06 1.0
1988-084_Agros Gabbro Pitsilia 70 1.57E-06 1.1@E-0
1990-103_Fterikoudi Gabbro Troodos E 40 3.75E-06 .508-04
1997-006_Kaminaria Sheeted Dykes Troodos W 50 IEBIE 7.70E-05
2000-030_Pyrga Sheeted Dykes Troodos E 110 3.64E-06 4.00E-04
1999-036_Alona Sheeted Dykes Pitsilia 20 1.30E-06 2.60E-05
2000-101_Solea Sheeted Dykes Troodos N 50 1.08E-06 5.40E-05
1997-058_Pyrgos Sheeted Dykes Troodos E 70 6.00E-0 4.20E-05
1996-088_TreisElies Sheeted Dykes  Troodos W 60 OEL® 9.00E-05
1996-006_Apliki Sheeted Dykes Troodos E 100 1.93E- 1.95E-05
1997-043_Mandria Sheeted Dykes Troodos S 60 9UBOE- 5.40E-04
1989-010_Vavatsina Sheeted Dykes Troodos E 100 E1080 1.50E-04
1991-063_Sykopetria Sheeted Dykes Troodos E 80 [S1=c(0%4 4.20E-05
1984-146_TreisElies Sheeted Dykes  Troodos W 70 9EB06 4.40E-04
1988-015_Odou Sheeted Dykes Troodos E 60 3.25E-06 1.95E-04
1982-003_Fikardou Sheeted Dykes Troodos E 175 10AE 2.00E-05
1985-156_AgiosMamas Sheeted Dykes Troodos S 40 2.00E-05 8.00E-04
1991-005_Arakapas Sheeted Dykes Troodos S 50 4B60E 2.00E-04
1990-132_Foini Sheeted Dykes Troodos W 80 3.75E-07 3.00E-05
1968-043_Palaichorio Sheeted Dykes Troodos E 120 .88E607 8.25E-05
1982-150_Soleas Sheeted Dykes Troodos N 100 60E- 3.00E-04
1981-035_AgVavatsina Sheeted Dykes Troodos E 80 2.50E-06 2.00E-04
1993-046_Arakapas Sheeted Dykes Troodos S 100 EX25 2.25E-05
1993-088_Solea Sheeted Dykes Troodos N 110 1.95E-0 1.70E-05
1994-036_Vavatsina Sheeted Dykes Troodos E 100 =g 1.14E-05
1999-006_Flasou Basal Group TroodosN 10 1.25E-05 .25EL04
1997-064_Klirou Basal Group Troodos NE 50 4.50E-07 2.25E-05
2000-057_Pyrga Basal Group Troodos E 80 6.88E-05 50E503
2000-050_Pyrga Basal Group Troodos E 10 6.00E-05 00604
2000-069_Kampi Basal Group Troodos E 40 2.25E-06 00B-05
1996-017_Klirou Basal Group Troodos NE 40 2.50E-06 1.00E-04
1999-084_Nikitaria Basal Group Troodos N 120 1.07E- 2.13E-05
1982-042_Pyrga Basal Group Troodos E 80 5.00E-05 O0R403
1982-029_Pyrga Basal Group Troodos E 50 6.00E-06 00E304
1982-042_Pyrga2 Basal Group Troodos E 80 5.00E-06 .00R04
1983-141_Menogeia Basal Group Troodos E 20 1.50E-05 3.00E-04
1983-178_Kofinou LPL Basal Group Troodos E 90 1.33E-05 1.20E-03
1993-053_Linou Basal Group Troodos N 70 2.14E-07 50&-05
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Borehole Formation Region Saturated aquifer thiskijs] Conductivity [m/s] Transmissivity [m?/s]
1993-017_KaloChorio Basal Group Troodos NE 30 6-68E 2.00E-04
1984-023_Nikitaria Basal Group Troodos N 40 4.5@E-0 1.80E-04
1984-028_Pyrga Basal Group Troodos E 40 9.00E-05 60E303
1991-082_Pyrga Basal Group Troodos E 40 2.63E-05 05EL03
1994-055_Mandria Basal Group Troodos S 80 1.25E-06 1.00E-04
1986-064_Argaka Basal Group Troodos W 150 9.00E-07 1.35E-04
1991-105_Pyrga Basal Group Troodos E 5 3.60E-05 OEL®
1996-044_Kampia Pillow Lavas Troodos NE 50 1.20E-06 6.00E-05
1983-181_Lythrodontas Pillow Lavas Troodos E 30 3.00E-06 9.00E-05
1985-013_Mitsero Pillow Lavas Troodos NE 30 1.2%E-0 3.75E-04
1985-013_Klirou Pillow Lavas Troodos NE 50 2.00E-06 1.00E-04
1977-092_Omodos Lefkara chalks Troodos S 100 1OWE- 1.00E-04
1987-160_Limnatis Lefkara chalks TroodosS 110 8:03E 9.08E-05
1998-092-Paramali Pakhna chalks NW Lemesos 30 8000E 2.40E-05
1999-080_Platanistea Pakhna chalks NW Lemesos 60 00ED6 1.20E-04
1999-080_Platanistea Pakhna chalks NW Lemesos 60 00ED7 1.20E-05
2001-029_Kilani- Pakhna chalks Troodos S 20 5.06E-0 1.00E-04
1982-008_Paramytha Pakhna chalks NW Lemesos 100 OEA6 1.50E-04
1994-032_Kaoilani Pakhna chalks Troodos S 165 2.06E- 3.30E-04
1972-005 Gravel Kouris Episkopi 30 3.44E-05 1.03E-03
1973-105 Gravel Kouris Episkopi 40 1.32E-04 5.28E-03
1978-051 Gravel Kouris Episkopi 25 9.72E-05 2.43E-03
1984-073 Gravel Kouris Episkopi 80 8.10E-07 6.48E-05
1984-130 Gravel Kouris Episkopi 45 2.27E-05 1.02E-03
1973-057 Gravel TroodosN 30 3.85E-05 1.16E-03
1973-013 Gravel TroodosN 25 3.74E-05 9.35E-04
1973-013PT2 Gravel TroodosN 30 6.59E-05 1.98E-03
1973-013PT3 Gravel TroodosN 25 1.01E-04 2.53E-03
1973-040 Gravel TroodosN 25 6.45E-05 1.61E-03
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Table 25: Location, calibrated elevation and yields of sgsinused in the regional
groundwater flow model (10/1987-09/1997).

Siteid UTM East WGS 84TM North WGS 84Callibrated elevation [m.a.m.s.|.] Spring yield [I/s] in different scenarios

Calibratior ~ Natural Increased abstraction
1-2-2-20 486200 3865900 1600 1.48 1.54 1.48
1-2-2-21 486100 3865900 1540 1.43 1.45 1.43
1-2-2-25 485600 3865900 1420 1.06 1.09 1.06
1-4-4-40 465000 3863000 735 0.00 0.74 0.00
1-4-4-45 465100 3862000 795 0.00 0.00 0.00
2-9-2-05 476400 3881100 490 0.42 0.51 0.39
3-1-1-10 479800 3873000 695 1.72 1.75 1.71
3-2-1-10 485600 3868500 1285 1.01 1.32 1.00
3-2-1-11 485500 3868900 1220 0.25 0.39 0.22
3-2-1-16 487200 3869900 1210 1.13 1.61 1.03
3-2-1-17 487200 3869000 1350 0.13 0.25 0.10
3-3-1-20 489000 3867000 1420 5.62 5.66 5.62
3-3-1-29 487900 3868200 1460 1.15 1.19 1.15
3-3-1-30 487800 3868400 1380 2.47 2.50 2.47
3-3-1-60 489200 3870100 975 0.29 0.37 0.27
3-3-1-80 489800 3870200 855 5.78 5.80 5.78
3-3-4-85 489300 3882300 195 0.37 4.35 0.00
3-3-4-90 489400 3883500 175 0.56 3.88 0.00
3-4-2-30 493600 3877800 390 0.23 1.13 0.02
3-7-3-10 512500 3863200 930 1.34 1.75 1.26
3-7-3-85 517300 3874500 460 0.22 1.33 0.00
8-7-3-50 532800 3862600 200 0.12 0.84 0.00
9-4-3-15 499200 3848300 320 0.00 0.00 0.00
9-6-1-30 487600 3862300 1300 5.09 5.51 5.02
9-6-3-10 489400 3865200 1630 0.93 1.44 0.87
9-6-3-11 489500 3864600 1560 2.52 2.68 0.96
9-6-3-12 489600 3864300 1580 0.98 1.12 0.96
9-6-3-48 494300 3862100 820 6.98 7.44 6.89
9-6-3-50 491300 3861800 1120 0.75 1.04 0.68
9-6-4-15 491000 3854900 510 2.53 2.58 2.52
9-9-9-2 528200 3858250 445 0.01 0.47 0.00
9-9-9-3 532000 3864700 225 0.07 0.96 0.00
9-9-9-4 542180 3859910 170 0.55 1.80 0.26

9-9-9-5 542420 3859650 165 0.17 1.38 0.00
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Table 26: Observation points with observed and computedrgteater heads used for the

calibration of the regional groundwater flow model.
site id UTM East WGS 84 UTM North elevation [m.a.rm}sbserved head [m.a.m.sddmputed head [m.a.m.s.l.]head diff. [m]

1987/034 537822 3859861 334 309 267.2498 -41.7502
1987/042 498657 3877281 608 543 503.1375 -39.8625
1987/042 498657 3877281 608 543 503.1375 -39.8625
1987/065 475232 3876261 740 693 766.9323 73.9323
1987/084 526542 3856221 380 373 401.5146 28.5146
1987/086 498192 3870821 850 809 851.2712 42.2712
1987/118 517322 3876061 422 388 395.6129 7.6129
1987/119 522132 3875986 394 381 367.9023 -13.0977
1987/137 497507 3855551 468 455 470.1993 15.1993
1987/140 485232 3868336 1317 1236 1279.975 43.975
1987/140 485232 3868336 1317 1236 1279.975 43.975
1987/160 495132 3852991 533 518 519.1694 1.1694
1988/002 467742 3865031 740 700 696.9504 -3.0496
1988/031 457012 3888141 92 63 43.53666 -19.46334
1988/040 508322 3877381 466 448 415.3811 -32.6189
1988/055 531377 3873201 298 296 285.4492 -10.5508
1988/057 532902 3863871 283 280 250.8831 -29.1169
1988/063 541372 3857606 180 164 163.7106 -0.2894
1988/069 540522 3871201 200 186 215.9114 29.9114
1988/079 507777 3864241 1065 1035 972.576 -62.424
1988/080 542412 3855811 133 107 134.1585 27.1585
1988/087 476222 3877811 683 666 686.4464 20.4464
1988/089 499977 3866226 1260 1205 1156.901 -48.099
1988/090 540572 3856986 161 144 158.0035 14.0035
1988/105 513852 3861681 1070 1061 1052.223 -8.777
1988/106 514217 3879126 359 330 296.7601 -33.2399
1988/119 535737 3875031 240 225 240.7311 15.7311
1988/161 514392 3879486 360 332 296.5084 -35.4916
1988/164 508932 3853681 640 594 521.397 -72.603
1989/010 521142 3860711 795 776 726.9731 -49.0269
1989/016B 516957 3879306 363 267 298.3379 31.3379
1989/016B 516957 3879306 363 267 298.3379 31.3379
1989/018 502552 3884561 215 168 213.3201 45.3201
1989/020 515172 3852911 595 589 572.3745 -16.6255
1989/058 499112 3883881 202 187 167.6019 -19.3981
1989/060 500892 3877066 460 430 421.1503 -8.8497
1989/069 499302 3869326 1125 1121 1116.213 -4.787
1989/243 496222 3861021 892 851 852.5643 1.5643
1989/259 503072 3866106 1100 1080 1049.862 -30.138
1989/260 516112 3879536 345 266 299.0063 33.0063
1989/260 516112 3879536 345 266 299.0063 33.0063
1989/271 498242 3884506 186 168 154.7073 -13.2927
1989/281 530747 3866386 360 321 353.0123 32.0123
1990/003 513197 3852101 500 486 453.0654 -32.9346
1990/010 509892 3880121 360 321 313.627 -7.373
1990/015 529817 3869336 360 352 355.5615 3.5615
1990/015 529817 3869336 360 352 355.5615 3.5615
1990/041 541432 3866621 200 197 186.4274 -10.5726
1990/045 542532 3866911 180 175 174.4085 -0.5915
1990/084 455422 3871881 580 542 476.4216 -65.5784
1990/085 480512 3864721 741 681 755.0726 74.0726

1990/093 518872 3875946 400 386 357.3786 -28.6214
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site id UTM East WGS 84 UTM North elevation [m.a.]sbserved head [m.a.m.sddmputed head [m.a.m.s.l.]head diff. [m]
1990/110 502232 3867111 987 920 985.6661 65.6661
1990/111 455422 3872071 574 538 473.3757 -64.6243
1990/112 522422 3873961 420 420 418.7242 -1.2758
1990/132 485142 3861651 938 920 958.752 38.752
1990/139 510382 3856151 424 369 384.4903 15.4903
1991/005 510942 3856426 440 392 422.955 30.955
1991/040 489712 3876316 480 453 464.946 11.946
1991/048 535202 3871401 280 268 280.9387 12.9387
1991/055 534792 3871111 288 262 277.6273 15.6273
1991/060 485942 3855401 882 846 862.7763 16.7763
1991/082 537462 3858771 239 191 221.9882 30.9882
1991/094 510827 3871631 680 614 532.1509 -81.8491
1991/094 510827 3871631 680 614 532.1509 -81.8491
1991/105 538322 3859571 370 279 253.923 -25.077
1991/105 538322 3859571 370 279 253.923 -25.077
1991/111 498922 3869146 1232 1181 1132.99 -48.01
1991/114 531057 3873001 281 272 298.5351 26.5351
1991/116 509752 3854236 508 426 443.5117 17.5117
1991/123 537852 3858621 251 224 210.5835 -13.4165
1991/133 485127 3873156 748 716 765.7637 49.7637
1991/141 539802 3857571 264 184 176.5105 -7.4895
1991/154 538542 3858711 276 195 217.2697 22.2697
1992/006 509882 3856701 513 475 453.1261 -21.8739
1992/007 540122 3858281 280 243 196.1202 -46.8798
1992/020 480442 3866226 882 833 793.5322 -39.4678
1992/032 511552 3868491 616 616 626.9122 10.9122
1992/043 508002 3842476 28 10 39.13373 29.13373
1992/059 486872 3860221 1017 994 1041.702 47.702
1992/063 499097 3862761 820 802 837.4604 35.4604
1992/076 498782 3862331 847 808 837.8705 29.8705
1992/090 490887 3873701 611 567 595.2429 28.2429
1992/091 493707 3866221 1142 1109 1162.23 53.23
1992/093 483622 3864421 1050 1003 1055.486 52.486
1992/v01 490532 3880286 345 335 292.6134 -42.3866
1993/018 500282 3854251 649 569 575.7549 6.7549
1993/018 500282 3854251 649 569 575.7549 6.7549
1993/027 456272 3874621 440 401 375.2341 -25.7659
1993/033 504992 3854746 760 710 643.9891 -66.0109
1993/035 503002 3855111 755 714 718.7786 4.7786
1993/039 454872 3873771 362 313 387.1359 74.1359
1993/050 493222 3860781 797 770 814.4183 44.4183
1993/053 490432 3881166 313 307 263.0523 -43.9477
1993/063 499762 3862451 925 924 865.3883 -58.6117
1993/079 502662 3867361 980 952 953.3066 1.3066
1993/082 500322 3876691 505 505 459.9604 -45.0396
1994/027 486632 3856941 960 811 881.7672 70.7672
1994/032 486962 3856371 830 791 841.0689 50.0689
1994/057 485412 3861631 955 955 999.0641 44.0641
1994/062 531777 3868456 380 368 328.7096 -39.2904
1994/v08 502712 3884431 220 162 215.6058 53.6058
1994/V26 489042 3871956 880 833 839.8514 6.8514
1995/041 490562 3860621 1039 1008 1016.418 8.418
1995/050 523322 3865871 589 554 583.4429 29.4429
1995/052 522727 3866196 680 628 602.1934 -25.8066
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site id UTM East WGS 84 UTM North elevation [m.a.]sbserved head [m.a.m.sddmputed head [m.a.m.s.l.]head diff. [m]
1995/054 495512 3869461 1100 1088 1065.857 -22.143
1995/057 497172 3870741 917 890 911.4265 21.4265
1995/060 501382 3869821 878 809 882.3416 73.3416
1995/062 497282 3871221 891 889 871.066 -17.934
1995/064 483942 3869651 1126 1050 1057.03 7.03
1995/065 461742 3864641 360 351 368.8086 17.8086
1995/065 461742 3864641 360 351 368.8086 17.8086
1996/004 522952 3872181 500 468 477.1254 9.1254
1996/006 510107 3864476 800 748 795.6323 47.6323
1996/017 518182 3873351 505 498 520.413 22.413
1996/030 513462 3876711 440 410 433.0426 23.0426
1996/039 519472 3880021 300 255 317.9847 62.9847
1996/058 501032 3864381 1100 1088 1070.248 -17.752
1996/084 482912 3867871 1151 1116 1117.593 1.593
1996/085 498112 3863516 1040 993 986.5395 -6.4605
1996/086 508072 3841966 28 5 30.55989 25.55989
1996/087 518322 3877956 360 330 333.1766 3.1766
1996/088 481472 3866101 821 791 837.8677 46.8677
1996/089 489052 3871531 849 796 853.413 57.413
1996/098 516982 3878401 368 352 315.8532 -36.1468
1996/v02 452042 3872921 192 113 133.6955 20.6955
1996/v02 452042 3872921 192 113 133.6955 20.6955
1997/006 480822 3864131 778 739 771.1245 32.1245
1997/013 529472 3875001 320 312 320.6961 8.6961
1997/024 517302 3854871 360 344 364.323 20.323
1997/028 513582 3852231 540 390 472.7217 82.7217
1997/029 510222 3854861 372 345 387.7161 42.7161
1997/036 543022 3866971 180 149 165.2331 16.2331
1997/041 484092 3867081 1240 1200 1193.733 -6.267
1997/046 494492 3863576 946 935 961.9056 26.9056
1997/050 496612 3868111 1320 1185 1243.321 58.321
1997/056 495652 3867681 1219 1181 1223.676 42.676
1997/064 515342 3872131 607 600 550.4448 -49.5552
1997/065 502072 3866871 1002 941 997.0999 56.0999
1997/067 499392 3864321 1010 918 958.5752 40.5752
1997/067 499392 3864321 1010 918 958.5752 40.5752
1997/070 499382 3865391 1060 1043 1058.271 15.271
1997/071 531562 3874111 280 269 279.2441 10.2441
1997/076 511102 3855111 380 357 388.2882 31.2882
1997/081 475972 3876651 789 753 731.7085 -21.2915
1997/085 508432 3873961 501 494 523.7912 29.7912
1997/v01 501287 3864856 1151 1147 1103.153 -43.847
1997/v02 461942 3865021 374 362 374.479 12.479
1997/v08 454312 3880221 126 124 45.52694 -78.47306
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Appendix C: Pilot catchment and well region results

Table 27: Modbil water balance of the Diarizos pilot catchmh@Area: 129 km2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in
Chapter 4.1.3.2.

mm/a ms3/s
Precipitation 688 2.814
Groundwater Recharge 172 0.704
Interflow 51 0.209
Actual ET 532 2.176
Sec. ET total 63 0.258
Sec. ET irrigated areas/ settlementgt  0.017
Sec. ET moist areas/waters 59 0.240
Total Runoff modelled 160 0.654
Total Runoff gauged 166 0.679

Table 28: Modflow flow budget of the Diarizos pilot catchnigérea: 129 kmz2; 10/1987-

09/1997).
In Out
mm/a m3/s mm/a m3/s

Constant heads 0 0.000 0 0.000
Drains 0 0.000 -1 -0.004
General heads 0 0.000 0 0.000
Rivers 5 0.021 -112 -0.459
Wells 0 0.000 -11 -0.044
Recharge 171 0.701 0 0.000
Evapotranspiration 0 0.000 -57 -0.233
Total Source/Sink 177 0.723 -181 -0.739
Zone Flow

Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 4 0.015 -1 -0.004
Right 5 0.019 -1 -0.006
Front 3 0.012 -3 -0.012
Back 1 0.006 -3 -0.013
Total Zone Flow 13 0.052 -9 -0.035

Total Flow 189 0.774 -189 -0.774
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Table29: Modbil water balance of the Limnatis pilot catchmhgArea: 112.5 kmz;
10/1987-09/1997). Secondary Evapotranspiration .(%K) is described in
detail in Chapter 4.1.3.2. Does not include estimated transmission lossé$ of

to 15 mm/a.

mm/a m3/s
Precipitation 653 2.329
Groundwater Recharge 165 0.589
Interflow 44 0.157
Actual ET 545 1.944
Sec. ET 98 0.350
Sec. ET irrigated
areas/settlements 26 0.091
Sec. ET moist areas/waters 74 0.262
Total Runoff modelled 111 0.396
Total Runoff gauged 115 0.410

Table 30: Modflow flow budget of the Limnatis pilot catchntefArea: 112.5 km?;
10/1987-09/1997).

In Out

mm/a m3/s mm/am?3/s
Constant heads 0 0.000 0 0.000
Drains 0 0.000 0 0.000
General heads 0 0.000 0 0.000
Rivers 8 0.028 -79 -0.283
Wells 0 0.000 -27 -0.097
Recharge 167 0.595 0 0.000
Evapotranspiration 0 0.000 -74 -0.265
Total Source/Sink 175 0.623 -180.645
Zone Flow
Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 3 0.010 -1 -0.005
Right 6 0.021 -1 -0.005
Front 0 0.001 -3 -0.012
Back 4 0.014 -1 -0.002
Total Zone Flow 13 0.046 -7 -0.024

Total Flow 188 0.670 -1880.670
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Table 31: Modbil water balance of the Pyrgos pilot catchm@rea: 38.4 km2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in
Chapter 4.1.3.2.

mm/a m3/s

Precipitation 594 0.723
Groundwater Recharge 138 0.168
Interflow 27 0.033
Actual ET 471 0.574
Sec. ET 38 0.046
Sec. ET irrigated

areas/settlements 0 0.000
Sec. ET moist areas/waters 38 0.046
Total Runoff modelled 127 0.155
Total Runoff gauged 130 0.158

Table 32: Modflow flow budget of the Pyrgos pilot catchméArea: 38.4 km?; 10/1987-

09/1997).
In Out
mm/a m3/s mm/a m3/s

Constant heads 0 0.000 0 0.000
Drains 0 0.000 0 0.000
General heads 0 0.000 0 0.000
Rivers 4 0.005 -103 -0.126
Wells 0 0.000 0 -0.001
Recharge 137 0.167 0 0.000
Evapotranspiration 0 0.000 -40 -0.049
Total Source/Sink 141 0.172 -144 -0.175
Zone Flow

Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 7 0.008 -1 -0.001
Right 0 0.000 -8 -0.010
Front 5 0.006 -1 -0.002
Back 4 0.004 -3 -0.003
Total Zone Flow 16 0.019 -13 -0.016

Total Flow 157 0.191 -157 -0.191
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Table 33: Modbil water balance of the Kargotis pilot catclmh@Area: 86 km2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in

Chapter 4.1.3.2.

mm/a m3/s
Precipitation 621 1.693
Groundwater Recharge 139 0.379
Interflow 59 0.161
Actual ET 535 1.459
Sec. ET 108 0.295
Sec. ET irrigated
areas/settlements 49 0.133
Sec. ET moist areas/waters 60 0.163
Total Runoff modelled 90 0.245
Total Runoff gauged 80 0.218

Table 34: Modflow flow budget of the Kargotis pilot catchmerea: 86 km?; 10/1987-

09/1997).
IN ouT
mm/a m3/s mm/a m3/s

Constant heads 0 0.000 0 0.000
Drains 0 0.000 -6 -0.016
General heads 0 0.000 0 0.000
Rivers 10 0.027 -64 -0.175
Wells 0 0.000 -15 -0.041
Recharge 139 0.378 0 0.000
Evapotranspiration 0 0.000 -60 -0.163
Total Source/Sink 149 0.405 -145 -0.395
Zone Flow

Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 7 0.020 -5 -0.013
Right 6 0.016 -2 -0.007
Front 5 0.015 -1 -0.001
Back 0 0.001 -15 -0.040
Total Zone Flow 19 0.051 -22 -0.061
Total Flow 167 0.456 -167 -0.456
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Table 35: Modbil water balance of the well-region Troodos N®ea: 567 km2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in

Chapter 4.1.3.2.

mm/a m3/s
Precipitation 519 9.331
Groundwater Recharge 113 2.032
Interflow 18 0.324
Actual ET 455 8.181
Sec. ET 63 1.133
Sec. ET irrigated
areas/settlements 11 0.198
Sec. ET moist areas/waters 52 0.935
Total Runoff modelled 68 1.223

Table 36: Modflow flow budget of the well-region Troodos N{¥rea: 567 km2; 10/1987-

09/1997).
Out

mm/a m3/s mm/a ms/s
Constant heads 2 0.028 -13 -0.237
Drains 0 0.000 -5 -0.086
General heads 0 0.000 0 0.000
Rivers 20 0.364 -62 -1.118
Wells 0 0.000 -10 -0.179
Recharge 112 2.021 0 0.000
Evapotranspiration 0 0.000 -49 -0.880
Total Source/Sink 134 2.413 -139 -2.500
Zone Flow
Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 0 0.008 0 -0.002
Right 2 0.043 0 -0.005
Front 3 0.061 0 -0.002
Back 0 0.000 -1 -0.016
Total Zone Flow 6 0.112 -1 -0.025
Total Flow 140 2.525 -140 -2.525
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Table 37: Modbil water balance of the well-region Troodos $Avea: 407 km2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in

Chapter 4.1.3.2.

mm/a m3/s
Precipitation 633 8.169
Groundwater Recharge 154 1.988
Interflow 41 0.529
Actual ET 490 6.324
Sec. ET 47 0.607
Sec. ET irrigated
areas/settlements 6 0.077
Sec. ET moist areas/waters 41 0.529
Total Runoff modelled 148 1.910

Table 38: Modflow flow budget of the well-region Troodos S\Area: 407 kmz2; 10/1987-

09/1997).
In Out
mm/a m3/s mm/a m3/s

Constant heads 0 0.000 0 0.000
Drains 0 0.000 0 -0.004
General heads 0 0.000 0 0.000
Rivers 5 0.060 -109 -1.407
Wells 0 0.000 -6 -0.076
Recharge 155 1.999 0 0.000
Evapotranspiration 0 0.000 -40 -0.520
Total Source/Sink 160 2.059 -156 -2.007
Zone Flow

Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 0 0.004 -2 -0.030
Right 3 0.037 -1 -0.009
Front 1 0.017 -1 -0.014
Back 0 0.001 -4 -0.057
Total Zone Flow 5 0.059 -9 -0.110
Total Flow 164 2.118 -164 -2.118
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Table 39: Modbil water balance of the well-region Troodosn€al (Area: 1036 km?;
10/1987-09/1997). Secondary Evapotranspiration .(%Kk) is described in
detail in Chapter 4.1.3.2.

mm/a m3/s
Precipitation 540 17.740
Groundwater Recharge 124 4.074
Interflow 35 1.150
Actual ET 462 15.177
Sec. ET 76 2.497
Sec. ET irrigated
areas/settlements 22 0.723
Sec. ET moist areas/waters 54 1.774
Total Runoff modelled 83 2.727

Table 40: Modflow flow budget of the well-region Troodos Qeat (Area: 1036 kmz;
10/1987-09/1997).

In Out

mm/a m3/s mm/a m3/s
Constant heads 0 0.000 -1 -0.023
Drains 0 0.000 -1 -0.041
General heads 0 0.000 0 0.000
Rivers 11 0.368 -59 -1.951
Wells 0 0.000 -22 -0.709
Recharge 125 4.110 0 0.000
Evapotranspiration 0 0.000 -52 -1.706
Total Source/Sink 136 4.477 -135 -4.429
Zone Flow
Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 0 0.006 -2 -0.053
Right 1 0.025 -1 -0.027
Front 1 0.024 -1 -0.020
Back 0 0.010 0 -0.013
Total Zone Flow 2 0.065 -3 -0.113

Total Flow 138 4.542 -138 -4.542
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Table 41: Modbil water balance of the well-region Troodos NBrea: 433 km?; 10/1987-
09/1997). Secondary Evapotranspiration (Sec. ETyescribed in detail in

Chapter 4.1.3.2.

mm/a m3/s
Precipitation 436 5.986
Groundwater Recharge 82 1.126
Interflow 16 0.220
Actual ET 420 5.767
Sec. ET 80 1.098
Sec. ET irrigated
areas/settlements 22 0.302
Sec. ET moist areas/waters 58 0.796
Total Runoff modelled 18 0.247

Table 42: Modflow flow budget of the well-region Troodos NEBrea: 433 kmz2; 10/1987-

09/1997).
In Out
mm/a m3/s mm/a m3/s

Constant heads 0 0.000 0 0.000
Drains 0 0.000 -6 -0.016
General heads 0 0.000 0 0.000
Rivers 10 0.027 -64 -0.175
Wells 0 0.000 -15 -0.041
Recharge 139 0.378 0 0.000
Evapotranspiration 0 0.000 -60 -0.163
Total Source/Sink 149 0.405 -145 -0.395
Zone Flow

Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 7 0.020 -5 -0.013
Right 6 0.016 -2 -0.007
Front 5 0.015 -1 -0.001
Back 0 0.001 -15 -0.040
Total Zone Flow 19 0.051 -22 -0.061
Total Flow 167 0.456 -167 -0.456




146 7 Appendices

Table 43: Modbil water balance of the well-region Troodos @tea: 481 kmz2; 10/1987-
09/1997). Secondary Evapotranspiration (Sec.ET)dascribed in detail in
Chapter 4.1.3.2.

mm/a m3/s
Precipitation 534 8.145
Groundwater Recharge 103 1.571
Interflow 34 0.519
Actual ET 465 7.092
Sec. ET 69 1.052
Sec. ET irrigated
areas/settlements 20 0.305
Sec. ET moist areas/waters 49 0.747
Total Runoff modelled 68 1.037

Table 44: Modflow flow budget of the well-region Troodos $krea: 481 km2; 10/1987-

09/1997).
In Out

mm/a m3/s mm/a m3/s
Constant heads 0 0.000 -3 -0.051
Drains 0 0.000 -7 -0.105
General heads 1 0.017 0 -0.005
Rivers 8 0.117 -45 -0.681
Wells 0 0.000 -18 -0.279
Recharge 106 1.610 0 0.000
Evapotranspiration 0 0.000 -41 -0.622
Total Source/Sink 114 1.744 -114 -1.743
Zone Flow
Top 0 0.000 0 0.000
Bottom 0 0.000 0 0.000
Left 0 0.005 -2 -0.024
Right 0 0.002 0 -0.007
Front 0 0.000 0 -0.001
Back 2 0.026 0 -0.003
Total Zone Flow 2 0.032 -2 -0.035

Total Flow 116 1.776 -117 -1.778




