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1 Abstract

In the frame of the project “Re-evaluation of theo@dwater Resources of Cyprus”, program
modifications of the water balance modelling progfslODBIL have been carried out to simulate
water allocation for irrigation or water consumptiby riverine vegetation (so called “secondary
evapotranspiration”). The study area of the Limmaatchment in the Troodos Mountains is
characterised by local extensive agricultural lagdwith water abstractions for irrigation. It was
therefore chosen as a pilot area for the calibmatind validation of the modified program. The
results of the water balance modelling show that@. is able to simulate water allocation and
consumption on a local level. Furthermore, calibrain the study area could not have been carried
out precisely without the additional water “constimp’ of the secondary evapotranspiration. The
influences of land- and groundwater use on the miaddance are discussed by comparing the
results in the Limnatis area to the results ofwlag¢er balance modelling in the Upper Diarizos - a
catchment with only minor human impact on landus# groundwater system.

2 Introduction

The study area Limnatis catchment covers 115 kmd2ias on the southern flank of the Troodos
Mountains (Fig 1). It comprises the catchment ef River Limnatis up to the gauging station 9-6-
7-70. 1t is part of the Kouris catchment — the magmainage system of the Upper Troodos
Mountains. The study area feeds Cyprus’ largestrved Kouris Dam (110 mio m3). The elevation
in the study area ranges from 1612 m (a.m.s.kthémorth to 277 m at the gauging station, along a
distance of approx. 20 km. The climate is char&xdrby a high spatial and temporal variability
with humid winters and arid summer months. Rockshef Upper Cretaceous Troodos Ophiolite
complex dominate the lithology of the catchmentjntyaSheeted Dykes, Uralite Gabbros and
Pillow Lavas. They are overlain in the southerrrdhof the study area by Palaeo- to Neogene
chalks, marls and calcarenites of the Circum Tredsledimentary Succession (Fig. 2).
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Fig. 1: Location of the study area Limnatis catchment witttie Digital Elevation Model of
Cyprus.

The northern part of the catchment is shaped likggphological basin. Resistant and dure rocks
of the Sheeted Dyke complex surround more easibtlveging Uralite Gabbros. Accessibility, high
precipitation rates and common springs in the irgdgbermeable Gabbros have favoured settling
and intense agricultural activities in this area.

The ophiolitic rocks are generally fractured. Loaal regional fault systems produce a complexly
connected aquifer system. The most promising rackeerning groundwater exploration are the
Gabbros and the Sheeted Dykes. The Lavas and #rlyjiog sediments contain only aquifers of
local extent, alluvial aquifers play a minor rofethe study area. Generally speaking, the Troodos
acts as a water tower and water-distributor foriskend. The Troodos originating rivers - like the
river Kouris with the reach Limnatis - show effludlow conditions in the Troodos Mountains and
flow influently in the lowlands and plains, suppigi the major gravel aquifers of Cyprus with
indirect recharge.

The geology of the Troodos Ophiolite has been dised in symposia and published in several
scientific publications (@SS ET AL, 1994; MALPAS ET AL., 1990). AARODISIS ET AL (1986) give
additional information about the hydrogeology o firoodos.

In the year 2001 the Government of the RepubliCyygrus authorised Prof. Dr. Peter Udluft of the
University of Wirzburg to coordinate the Re-evaluatof Groundwater Resources of Cyprus
(GRC-project). In the frame of the GRC-project watalances were estimated using numerical
water balance models (water balancing program MQDOBIDLUFT 1988-2005)). Water balances
— as a basis for the evaluation of the groundwgiantities — were estimated for single catchments,
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hydro-regions and for the whole island of CyprusmgPam modifications have been carried out to
simulate secondary influences on the evapotrartgpirdike irrigation, water allocation and
riverine vegetation. The study area was chosencadilaration area for this so called “Secondary
Evapotranspiration”. The influences of differenbdase characteristics on the water balance are
discussed by comparing the results of the Limnadighe Upper Diarizos, where man-made
influences on the groundwater resources are rathaH.
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Fig. 2: Simplified geological map with the location of thauging and meteorological stations used
in the modelling process.

3 Method and data

Physical water balance models allow sophisticatiedias of regional water cycle systems and their
dynamics. Scenarios can be applied to simulategdsaim climatic or landuse conditions. These
models are powerful tools for water managementthey support decisions. Since 1988, the water
balance modelling program MODBIL @UUFT 1988-2005) has been developed at the Department
of Hydrogeology and Environment of the UniversitWéirzburg, Germany. The model was tested
and calibrated mainly in semiarid areas like Jordenael, Greece, Namibia and Lower Franconia,
Germany (e.g. DLUFT AND ZAGANA, 1994; WDLUFT AND KULLS, 2000; KULLS ET AL., 2000;
UDLUFT, 2002; WLUFT ET AL., 2003; MEDERER 2003; DUNKELOH ET AL., 2003). MODBIL is
raster based and optimised for models on a basile.s€he program estimates water fluxes for
single raster cells through soil and subsoil (beklrdayers similar to numerical Soil-Vegetation-
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Atmosphere-Transfer-models (SVAT-models). For &iwal soil column, the discrete form of the
water balance formula writes as:

R(t) = P(t) — ETPreal(t) + ETPsec(t) - Q(t) )

with R(t) as rechargeR(t) precipitation,ETPreal(t) real evapotranspiratiofs TPsec(t)secondary
evapotranspiratioand Q(t)as runoff.

MODBIL (UbLUFT 1988-2005) calculates distributed precipitatiomnsidering snow storage and
interception - on the basis of corrected daily romigical data like precipitation, humidity,
temperature and wind speed. The estimation of serfaunoff, interflow, baseflow (direct
groundwater recharge) and evapotranspiration israbed by soil- and subsoil permeability, field
capacity of the root zone (effective field capagittanduse and morphological characteristics.
Potential evapotranspiration can optionally benested according to AUDE (1955) or ENMAN
(1948).

The Secondary Evapotranspiration simulates effegtich are not controlled by precipitation
dynamics and which are below the potential evapspaation of open water surfaces. In the study
area this is the case for irrigated areas andin@eregetation. In these areas the soil water obnte
is set on a constant value determined by a caiibrgtrocess and depended on the temporal
dynamics (e.g. irrigation time).

In the presented study nine meteorological statigfig. 2) were used to determine the spatial
distribution of precipitation and evapotranspiratigith respect to small-scale heterogeneities. The
investigation time period lasted from 1.10.1983®0.1997.

Starting values for the hydraulic conductivitiestioé¢ soils were determined by infiltrometer tests,
and soil structure and texture based derivationsording to 3XTON (1986). Subsoil
conductivities for specific lithologies were derivEom pumping test analyses. The effective field
capacity was determined by soil structure and texanalyses according to “Bodenkundliche
Kartieranleitung” (AG BIDENKUNDE, 1996) and SXTON (1986).

The landuse characteristics, based on landuse n@ppid satellite data interpretation within the
GRC-project, are shown in Fig. 3. Important units the irrigated areas and moist areas (areas of
groundwater outflow) as they influence the secopeanpotranspiration of the study area.
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Fig. 3: Landuse map of the Limnatis catchment

Table 1: Areal extension of the landuse classes

Pine Forest 40.6 knf (35.4%)
Scrub land 36.3 kni (31.6%)
Deciduous Trees 13.3 knf(11.6 %)
Moist Areas 10.3 knf (8.9%)
Irrigated Area 5.4 knt (4.7%)
Field 4.5 knf (3.9%)
Settlement 2.9 knf (2.6%)
Bare land 1.4 knf (1.2%)
Waters 0.2 knt (0.2%)

Model calibration is possible in various ways. Atable and convenient technique is to model
limited basins and to compare the modelled andrgbdeunoff at gauging stations.

The total and separated runoff was calibrated tainlveasonable results for the direct groundwater
recharge of the study area. Variable and thus reaid parameters are the effective field capacity
and the hydraulic conductivities of the soil anbsail. The baseflow content of the measured total
runoff was estimated using hydrograph separatiohnigues according toURLEDGE(1998) and
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NATERMANN (1951), which yielded 52 to 64% baseflow contemttfee investigation time period
from 1.10.1987 to 30.9.1997.

4 Water balance

The results of the water-balance modelling aregmiesl in Table 2. The mean annual precipitation
correlates mainly with the altitude. There is ay@ronounced gradient showing the importance of
a distributed modelling approach (Fig. 4). The rilistion of the mean annual real
evapotranspiration is controlled by the potentimotranspiration, the availability of water and
the evapotranspiration ability of different landwsasses (Fig. 5). High values are caused by open
waters and areas where the secondary evapotrainmpiiactive (moist areas, irrigated areas and
settlements). Low values are typical for areas sjtarse vegetation cover. The mean secondary
evapotranspiration forms about 25 % of the reapetranspiration, emphasizing the importance of
evapotranspiration studies in this area. The meassggroundwater recharge exhibits a high
variability (Fig. 6). High mountainous areas witlevated precipitation, permeable soils and little
vegetation cover produce the highest direct groateiwrecharge. Infiltration from snow storage
increases these effects. This is mainly the casieeitGabbro-lithologies in the northern part of the
study area. As indicated by field evidence, surfac®ff plays only a minor role, even in the high
mountainous areas. This is caused by relative pastaesoil cover of the ophiolitic lithologies.

Table 2: Results of the water-balance-modelling for thedgtarea (10/1987-09/1997), balance
components are highlighted.

Mean precipitation 640 mm/a

Range of precipitation 406-197 mm/a
Mean potential evapotranspiration 1345 mm/a
Range of potential evapotranspiration 937-1761anm/
Mean real evapotranspiration 522 mm/a

Range of real evapotranspiration 256-1506 mm/a
Mean secondary evapotranspiration 113 mm/a
Maximum snowfall 252 mm/a

Mean snowfall 11 mm/a

Mean annual interflow and surface runoff 72 mm/a

Range of interflow and surface runoff 14-331 mm/a
Mean gross groundwater recharge 159 mm/a
Range of gross groundwater recharge 22-371 mm/a
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Fig. 4: Mean annual precipitation (10/1987-09/1997) inltirenatis Catchment area.
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Fig. 5: Real (and secondary) evapotranspiration in thenhatis catchment (10/1987-09/1997).
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Fig. 6: Gross groundwater recharge (10/1987-09/1997)drLtmnatis catchment area.

5 Discussion

Without secondary evapotranspiration, the besbraiion approaches generated an excess of 30%
total runoff. Including secondary evapotranspinatibe calibrated model is sufficiently consistent
to the actual situation in the study area. Withewiaion of 9 %, the modelled total runoff
coincides sufficiently to the measured total rundtiis is very important as it shows that the real
evapotranspiration (including the secondary) has tight order of magnitude, and thus the
calibration of the secondary evapotranspiration sascessful. The calibration of the separated
total runoff was more complicated, as the amourgrotind- and surface water abstractions in the
study area is unknown. Using the gross groundwagehnarge and thus ignoring the secondary
evapotranspiration in the calculation yielded tlestlresults. This seems to be reasonable as the
kind of abstraction technique depends on the aviditha of ground- or surface waters. At the
moment, MODBIL is being modified to allow the comigan of modelled and measured
hydrographs, which might improve calibration of @egted runoff. Assumed transmission losses in
the Circum Troodos Sedimentary Succession have lgemtified within the GRC-project
(UDLUFT ET AL, 2003) and incorporated into the calculation. dfnasin flow from the Limnatis to
the northern basins might occur due to topograpleitacts, but it has not yet been quantified. If
there is basin outflow, then the modelled totabfimight be to low.
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Table 3: Quality control parameters

Total runoff modelled (total runoff minus sec. estrpnspiratior] 110 mm/a

minus transmission loss)

Total runoff gauged 115 mm/a
Transmission loss (LUFT ET AL., 2003) 6 mm/a

Baseflow modelled 69 % of total runoff
Baseflow by hydrograph separation 52-64 % of totabff

Influences of different landuse characteristicstmnwater balance have been studied by comparing
the catchments of the Limnatis and the Upper DistiPresumed low water extraction rates and an
effluent character of the discharging streams ugh¢ogauging station classify the Upper Diarizos
catchment as a primary total runoff calibrationaaglost of the lithological and soil parameters
have been calibrated in the Upper Diarizos anddaédid in the Limnatis catchment. This is
reasonable, as both catchments have a similar aigesituated on the same altitude level with
similar exposition and precipitation rates and milsir lithological background. The main
differences refer to landuse distribution charasties concerning pine forest, irrigated areas and
settlements (Fig. 7).

The effects on the water balances seem to be tiitsecondary evapotranspiration (Fig. 8). More
irrigated areas and settlements in the Limnatischmaent cause higher secondary
evapotranspiration. Secondary evapotranspiratiaghanJpper Diarizos is mainly limited to moist
areas of the riverine vegetation zone. This vemetatone, supplied by year-round effluently
flowing rivers, is typical for the Troodos drainagystem. The influences of the high percentage of
pine forest become visible, if the secondary evapspiration is excluded from the real
evapotranspiration. In this case, the real evapspiaation in the Upper Diarizos is higher, caused
by increased transpiration capabilities of the gra#n conifers.

Table 4: Water balance components for the catchments dfitheatis and the Upper Diarizos
(10/1987-09/1997).

Limnatis Upper Diarizos
Precipitation [mm/a] 640 680
Real evapotranspiration (incl. secondary) [mm/a] 252 531
Secondary evapotranspiration [mm/a] 113 46
Gross groundwater recharge [mm/a] 159 143
Surface runoff and interflow [mm/a] 72 52
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Fig. 8: Water balance components (10/1987-09/1997) forLiheatis and the Upper Diarizos
catchment.

6 Conclusions

The Limnatis catchment is characterised by loctrigive agricultural use with irrigation in a
mountainous environment. Unrestricted surface amdirglwater abstractions in the study area
form a threat for important gravel aquifers of tbwlands, which are fed by indirect recharge from
the Troodos originating rivers like the Limnatisumderical water balance models enable a more
sophisticated evaluation of the groundwater resssurof hydrogeological regions; they help
introducing sustainable water abstraction and ibistion policies to secure future water supply.
The water balance of the study area is charactebgerelatively high groundwater recharge —
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especially in the permeable Gabbro lithologieshia tainy northern part, and low surface runoff
and interflow for a mountainous environment. Impattin the study area are factors that are not
controlled by precipitation dynamics and that ims® evapotranspiration. These factors are
irrigation and moist areas caused by groundwatttosu (e.g. riverine vegetation). These factors
have been simulated in the water balance modeliragram MODBIL using a term called
secondary evapotranspiration. For the modellinge tiperiod (10/1987-091997), the secondary
evapotranspiration consumed about one half ofdted tmodelled runoff of 231 mm/a. Calibration
of the total runoff would not have been possibléhaiit the water consumption of the secondary
evapotranspiration. Calibration of the baseflow andace runoff content was complicated as the
amount of ground- and surfacewater abstractiorthanstudy area are unknown. Thus, calibrated
values of a neighbouring catchment with persumed dbstraction rates had to be used. Future
water abstraction policies should incorporate dedainformation about the abstraction rates.
Further investigations in the Troodos will deal lwigroundwater flow characteristics and the
guantification of inter basin flow between the tebents of the Troodos originating rivers. As the
study area is influenced by regional fault systeinser basin flow might have significant
influences on the water balance of the study area.
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