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Abstract

A completely revised and enhanced version of the water balance model MODBIL of
the regional water balance dynamics of Cyprus was developed for this study. The
model is based on a physical, process-oriented, spatially distributed concept and is
applied for the calculation of all important water balance components of the island
for the time period of 1961-2004. The calibrated results are statistically analysed and
visualised for the whole island area, and evaluated with respect to the renewability
of natural water resources. Climate variability and changes of the past decades are
analysed with regard to their influence on water balances. A further part of the
study focusses on the simulation of impacts of potential climate change. The water
balances are simulated under changing climatic conditions on the base of theoretical
precipitation, temperature and relative humidity changes and the revealed impacts
on the water balances and renewable resources are discussed. Furthermore, a first
principal water balance scenario is developed for the assessment of the regional
hydrological changes expected for Cyprus by the end of the 21st century. The
scenarios are based on recently calculated climate change assessments for this part
of the Mediterranean, under an assumed further increase of greenhouse gasses in the

atmosphere.

Keywords: water balance model, groundwater recharge, renewable water resources,
climate variability, climate change impacts, scenario modelling, sustainable water

management, Cyprus



Kurzfassung

Eine vollstindig iiberarbeitete und erweiterte Version des Wasserhaushaltsmodells
MODBIL ist fiir die Untersuchung des Wasserhaushalts auf Zypern entwickelt wor-
den. Auf der Basis dieses physikalischen, prozessorientierten und flichendifferenzier-
ten Modells werden alle wesentlichen Wasserhaushaltskomponenten fiir die gesamte
Insel im Zeitraum 1961-2004 berechnet, die Ergebnisse statistisch und visuell ausge-
wertet sowie hinsichtlich der Erneuerbarkeit der natiirlichen Wasserressourcen be-
wertet. Weiterhin erfolgt die Untersuchung von Klimavariabilitit und Trends der
letzten Jahrzehnte und deren Einfluss auf die Wasserbilanzen. Im zweiten Teil die-
ser Studie werden Auswirkungen potentieller Klimaédnderungen anhand simulierter
Wasserbilanzen unter verdnderten Niederschlags-, Temperatur-, und Luftfeuchtebe-
dingungen ermittelt und hinsichtlich deren Einfluss auf die erneuerbaren Wasserres-
sourcen beurteilt. Abschliefend folgt eine erste prinzipielle Simulation der hydro-
logischen Verdnderungen, die fiir Zypern bis zum Ende des 21. Jahrhunderts zu
erwarten sind. Diese Simulation basiert auf aktuellen Klimawandelabschitzungen
fiir diese Teilregion des Mittelmeerraumes unter Verwendung eines Szenarios fort-

schreitender Zunahme von Treibhausgasen in der Atmosphére.

Schlagworter: Wasserhaushaltsmodell, Grundwasserneubildung, erneuerbare Was-
serressourcen, Klimavariabilitit, Klimawandel, Szenarien, tragfihiges Wassermana-

gement, Zypern
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Chapter 1

Introduction

1.1 Background

The scarce natural water resources of the Mediterranean are controlled by a semi-
arid climate with a high variability on an interseasonal, interannual and interdecadal
scale. Episodically recurring droughts and a continuously increasing water de-
mand, lead towards overexploitation of natural water resources in Cyprus and other
Mediterranean regions. Water management has become important for securing the
water supply and for the preservation of the regional hydrogeological system, in order
to protect the existing and renewable water resources for the future. Today, sustain-
able water management requires advanced monitoring and hydrological techniques
for the continuous observation and understanding of the regional hydrogeological

resources and processes.

The extensive depletion of natural water resources in many areas began with a sub-
stantial water consumption on the island caused by the introduction of diesel pumps
at the beginning of the 20th century. On Cyprus especially, the first class aquifers
in the lowlands were depleted by groundwater abstractions. Major salt water intru-
sions appeared and large parts of the aquifers in the coastal regions became unusable
for further water supply. It was not until the 1950s that beginning with a hydro-
logical description of rocks (Burdon 1952, 1953), the first systematic hydrological
studies were undertaken. In the 1960s, extensive research began in the frame of

a United Nations project during which all formations were hydrologically studied



Chapter 1. Introduction 2

and a first hydrological map was subsequently published (UNDP 1970, Tullstrém
1970). Furthermore, a first monitoring network for rivers and wells was constructed.
Detailed investigations of important aquifers followed in the 1970s with a focus on
quantity issues and the first applications of mathematical and numerical models.
Not before the end of the 1970s, when successful drillings were first performed in
the fractured igneous rocks, the focus of water supply shifted towards the Troodos
Mountains (Afrodisis et al. 1986, Afrodisis and Fischbach 1988). In the 1980s, the
focus lay on quality issues and isotope studies before shifting towards discussions
about water scarcity, artificial recharge, waste water re-use, desalinisation and new

water resources in the 1990s.

Over the last decade Cyprus’ upcoming integration into the Kuropean Union led to
initiatives and projects to re-evaluate groundwater resources and modernise admin-
istration, data management and techniques. The current study was revealed as part
of the GRC-Project (Udluft et al. 2004b), focusing on the introduction of physical
water balance models for the evaluation of the renewability of the natural water
resources of Cyprus. It furthermore simulates first potential climate change impacts
on Cyprus’ water balances and water resources, taking into account the predicted
unfavourable changes in the Mediterranean for the 21st century which have been
part of a widespread international discussion about climate change and the regional

impact in recent years.

1.2 Objectives and Project Framework

The present study is performed within the frame of the GRC-Project (Re-evaluation
of the Groundwater Resources of Cyprus) and focuses on the part of physical water

balance models. The main objectives of the study are:

e Development of a completely revised and enhanced version of the physical
water balance model MODBIL

e Model adaptation to the regional conditions (inventory of climatological, hy-
drological and hydrogeological factors for different landscape units and forma-

tions)

e Calculation and visualisation of actual water balances for a detailed under-
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standing of the dynamics and sensitivity of the regional hydrological system

Quantification of the renewability of the regional water resources (groundwater

recharge and direct runoff)

e Analysis of climate variability and climate changes of the past decades and

study of its influences on water balances
e Simulation of potential climate change impacts on regional water balances
e A first assessment of future water balances for the end of the 21st century

e Establishing MODBIL as modern water management tool for regional author-
ities (Geological Survey of Cyprus) for the calculation of actual water balances

and the evaluation of the 'sustainability’ of the regional water management.

The GRC-project is a scientific and technical cooperation project, financed by the
Ministry of Agriculture, Natural Resources and Environment of the Republic of
Cyprus (Contract No. GSD/7), performed by the Department of Hydrogeology and
Environment (Prof. Dr. P. Udluft, University of Wiirzburg, Germany), Hydroisotop
(Dr. C. Kiills, Germany), Planning Bureau Prof. Dr. J. Schaller (Germany) and
supervised by the Geological Survey Department (Cyprus). Further cooperating
partners were the Water Development Department (Cyprus), the Department of
Agriculture (Cyprus), Meteorological Service (Cyprus) and the Climate Research
Group (Prof. Dr. J. Jacobeit) at the Institute of Geography of the University
of Augsburg/Wiirzburg (Germany). The ENVIS and the GIS database used in the
GRC-project were the main sources for mapping, meteorological and hydrogeological

data used in this study.
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Study Area

2.1 General Setting

The study area comprises the whole island of Cyprus which is the Mediterranean’s
third largest island, situated in the East: centred on latitude 35° N and longitude
33°15" E. The distance to the continent is 75 km to the North (Turkey), 105 km
to the East (Syria) and 380 km to the South (Egypt). The maximum extension
of the island is about 100 km from North to South and 225 km from Northeast to

Southwest, covering an area of approx. 9250 km?.

Cyprus, a former British colony, became an independent republic in 1960 and was
subdivided into two parts after the Turkish invasion in 1974. Since this time the
Republic of Cyprus and the Turkish Republic of Northern Cyprus, which is not
recognised by the United Nations (UN), have been separated by the UN buffer zone.
The total population of the island is about 800,000.

Physically, four major natural landscape units can be distinguished, (see Fig. 2.1)
which show significant differences regarding topography, climate, geology, soils and
land cover (vegetation). The most prominent unit is formed by the Troodos massif
which covers a large area in the southern centre of the island and reaches 1951 m
(a.m.s.l.) at Mount Olympos, its highest elevation. The Troodos is surrounded by
a hilly landscape, which is most distinctive on its southwestern and southeastern
slopes. This unit is known as the Troodos foothills zone and does usually not rise

over 800 m (a.m.s.l.). A second range, which extends along the northern coastline
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Figure 2.1: Natural landscape units of Cyprus.

is called Kyrenia or Pentadaktylos range. In large parts, the crest varies in altitude
between 800 and 1024 m (a.m.s.l). At the eastern part of the Karpas peninsula
the topography becomes smoother and it appears more like a hilly landscape. In-
between the Troodos and the Kyrenia range, a large plain called Mesaoria opens.
It extends from the West coast to the East coast and has no significant elevations

above 300 m (a.m.s.l.).

2.2 Climate

A detailed description of the climate of Cyprus can be found in the publications
of the Meteorological Service of Cyprus (1984, 1985a, 1985b, 1985¢, 1987, 1989).
An overview of the most important climate characteristics is given in this chapter.
Further analyses of climatic parameters are also presented in the context of the

calculated water balances (Chap. 5).

Cyprus is a semi-arid island with a typical Mediterranean climate. Hot, dry sum-
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mers from mid-May to mid-September and cool, rainy winters from November to
mid-March are separated by short autumn and spring seasons with rapid changes in
weather conditions. The regional climate is a result of the typical alternating circu-
lation regimes in the Mediterranean. In summer, the subtropical high leads to stable
atmospheric conditions. In winter, rainfall is caused by unstable weather systems
which are often connected to trough induced cyclogenesis and its frontal regimes. In
the winter months, the comparatively high sea surface temperatures in relation to
the lower air temperatures, enforce the unstable conditions of the atmosphere. In

the summer months, the reverse situation stabilises the atmospheric conditions.

The complex topography of Cyprus provokes significant regional modifications of
the climate, which mainly depend on elevation, exposition and coast distance. The
most prominent influence is the terrain elevation, which shows clear correlation to
temperature and precipitation. From regression analysis, a temperature gradient of
about 0.5 °C/100 m was determined for Troodos and the surrounding area (see Fig.
2.2). The mean annual temperatures vary from 18 to 20 °C in the plains and coastal
areas. Near the sea, the mean monthly temperatures never fall below 10 °C. In the
mountains the mean annual temperatures used to range between 12 and 15 °C, and
frosts, although rarely severe, are frequent in winter and spring. With increasing
distance to the sea a more continental climate can be detected, consisting of hot
summers and cool winters. Usually the highest absolute temperature is detected in
the Mesaoria plain during the summer months. The long-term monthly means of

July and August reach nearly 30 °C.

Precipitation amounts in the plains and coastal areas range between 250 to 400
mm,/a and rise up to more than 1100 mm/a in the highest areas of the Troodos
mountains. The regression analysis of precipitation data yield towards different
results for the northeastern and southwestern slopes of the Troodos range (see Fig.
2.3). These expositional effects are a result of prevailing southwesterly or westerly
winds in connection to circulation patterns favouring precipitation on Cyprus. The
consequence is a difference of approx. 150 mm/a between the Paphos area (400
mm/a) and the southwestern Mesaoria plain (250 mm/a), which is located on a
similar elevation level (Fig. 2.3). With increasing elevation, the effect disappears
gradually. In the highest crests of the Troodos, snowfall can occur in the winter

months due to the periodically low temperatures.
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The relative humidity also shows dependencies to the distance and exposition from
the coast and terrain elevation. The meteorological stations close to the sea are
characterised by very stable conditions. The long-term monthly means usually re-
main between 50% and 60% throughout the whole year. The coastal stations on the
west side show slightly higher relative humidity because of the more dominant west-
erly, landward winds. The inland stations in the central plains monitor a notable
seasonal cycle with lower relative humidities in summer (less than 30%) and values
similar to the coastal stations in the winter months. The mountainous areas show
the same seasonal cylce but on a higher absolute level. The highest values occur
in the winter months in the uppermost areas of the Troodos mountains with mean

monthly relative humidities beween 70% and 80%.

Wind conditions on the island are complex. Coastal zones and exposed mountain
areas are usually affected by stronger winds. The southwestern slopes of the Troodos
show relatively calm conditions. With respect to the seasonal variability, the calmest
months are typically those in the late summer season and the early autumn season,
due to less atmospheric pressure and temperature difference. Compared to other
areas of the Mediterranean, the relative sunshine duration is very high in Cyprus.
The yearly mean values for the more elevated areas range at about 60% of the
atronomically possible sunshine duration, and at about 75% for the coastal areas
and central plains. In the summer months, the mean monthly relative sunshine

duration reaches 80% to 90% in most parts of the island.

The circulation dynamics of this alternating climate environment includes a high
variability of precipitation and temperature on monthly, interannual and inter-
decadal time scales. Furthermore, the region is a highly sensitive area for climate
change impacts. The visualised yearly dataset of mean area rainfall for the whole
20th century (ENVIS Database of the Meteorological Office of Cyprus) shows a
strong interannual variability, and a long-term precipitation decrease of more than
100 mm (Fig. 2.4). The non-parametric Mann-Kendall test qualifies this trend as
highly significant.

Digital temperature data for the whole 20th century was not available for the analysis
of the temperature variability. A study of Price et al. (1999) shows that there are
also long-term changes with an unfavourable temperature trend in Cyprus (Fig.

2.5). The study is based on two stations where a temperature rise of more than 1
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K was detected during the 20th century.

Variability and trends of precipitation and temperature in the eastern Mediterranean
are closely connected to atmospheric circulation and further discussed in Diinkeloh
and Jacobeit (2003) and Diinkeloh et al. (2003). The unfavourable precipitation
and temperature changes on Cyprus can be related to changing circulation pat-
terns in the central and eastern Mediterranean. For instance, the change in the
Mediterranean Meridional Circulation pattern (MMC) yields towards a weakening
of troughs and consequently to less precipitation events in the central and eastern-
central Mediterranean. Weakening of anticyclones over continental eastern Europe is

connected to a decreasing amount of troughs moving to the eastern Mediterranean.

2.3 Land Cover (Vegetation)

A detailed description of typical vegetation and land cover types is given in Reger
(2004). A general overview of the island is given below. The distribution and
specific characteristics of the applied land cover classes are further investigated in

the chapter of the remote sensing analysis of Cyprus (Chap. 4.3).

The intense use of the primary and secondary forests throughout thousands of years
let most of the island be deforested. Since the 1940s, reforestation of pine forest
started and was intensified in the 1980s. Today, large parts of the state forest
areas in western and central Troodos are reforested. The most common tree used
for reforestation is the calabrian pine (Pinus brutia). In some smaller protected
domains, other trees, like the endemic Cyprus cedar (Cedrus brevifolia) and Aleppo
pine (Pinus halepensis), can be found. In the highest areas around Mount Olympos
the black pine (Pinus nigra) is common. High deciduous forests (e.g. Platanus
orientalis) are rare and usually restricted to moist areas on valley floors, which
benefit from shallow groundwater and the water of perennial or intermittent river

streams.

The pine forest often appears in a very open form with transitions to the typical
Mediterranean Maquis or Garrigue formation. Those scrublands consist of densely
growing evergreen shrubs such as sage, juniper and myrtle, and become partly the

aspect of a small deciduous forest with low trees. Endemic golden oak (Quercus al-
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nifolia), strawberry tree (Arbutus andrachne), terebinth (Pistacia terebinthus), ker-
mes oak (Quercus coccifera) and styrax (Styrax officinalis) are common in Cyprus.
The Maquis formation covers wide areas, especially concerning eastern Troodos, the

Kyrenia range and the foothills.

The very sparse vegetation on very poor and degraded soil consist of low scrublands,
herbs, forbs and grass. This association of plants is known as Garrigue formation
and is most common in the surrounding foothills of the Troodos and Kyrenia range,
as well as in the dry and degraded coastal areas. Agriculture in the mountainous
and hilly areas occurs only on small fields and terraces, which are mostly located in
the peripherals of settlements. The areas with the most vineyards are situated in

the southern foothills of the Troodos massif.

The land cover in the plains is mainly formed by agriculture and settlements. Large
parts of the Mesaoria plain are cultivated with cereal fields and scattered trees
(almond, olive, carob trees). In western Mesaoria, southeastern Mesaoria and the
coastal plains, irrigation areas with citrus, bananas, vegetables and potatoes are
typical. The coastal zone and parts of the Mesaoria plain are the most urbanised
areas. Nearly all major cities and tourist areas are located in the coastal areas of

the island.

2.4 Soil

Soil studies for specific areas of Cyprus were performed by Soteriades and Koudounas
(1968), Grivas (1969), Koumis (1970) and Markides (1973). Calcareous soils were
described by Liiken (1988). A systematic overview of soils is summarised by Boje-
Klein (1982) who also discussed the FAO Soil Map of Cyprus (Soteriades and Grivas
1970) based on the FAO/UNESCO Soil Map of the World 1970 classification system.
A new soil map was published by Markides (1999), which shows more connections
to the geological underground than the former edition, and which is based on the
new classification system (FAO 1998).

Cyprus belongs to the zone of Cambisols. These soils are widely distributed in the
Mediterranean and are characteristic for those semi-arid climatic regions. Former

nomenclatures referred to these as brown Mediterranean soils. Compared to cen-
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tral European soils, they are retarded in weathering because the high temperature
season is equivalent to the dry season and the wet season is accompanied by cool
temperatures. Cambisols with moderate to deep soil profiles count as the most pro-
ductive soils in southern Europe. However, in Cyprus, most Cambisols show only
a ’little to medium’ development stage. They have a cambic B-horizon and a not

always distinctive ochric or umbric A-horizon.

On the island, the shallow Cambisols show mostly a transition to Regosols and
Leptosols. The soils are kept in an initial development stage as a consequence
of their young age and the disturbance of soil formation by erosion. They have no
diagnostic horizons other than an ochric A-horizon and are stony and coarse grained.
According to the actual FAO nomenclature, the Leptosols are related to shallow soils
over hard rock or highly calcareous material, and the Regosols are related to shallow
soils over unconsolidated materials. The Leptosols, Regosols and shallow Cambisols
dominate most areas of Cyprus, like the Troodos mountains, the Troodos foothills,

the Kyrenia range and great parts of the Mesaoria plain.

In some smaller areas, Luvisols are developed, which partly coincide with the so-
called red Mediterranean soils. They are well-developed soils which main pedological
characteristic is the formation of the argic subsurface horizon which has a distinctly
higher clay content than the overlying horizon. This horizon is a result of eluviation
and translocation processes of clayey material from the surface topsoil layer. In
Cyprus this soil type occurs mainly in the area of Pleistocene fanglomerates. The
Luvisols on Cyprus are typically accompanied by Calcisols that show a substantial
accumulation of secondary carbonates (Petrocalcic horizon), which reduce effective
soil depth.

Further soils appear in limited areas under special geological and topographical
conditions. Fluvisols are soils on recent alluvial deposits showing stratification or
other evidence of recent sedimentation processes. They are characterised by an
irregular organic matter and the profile development is minimal as a consequence of
young age and slow soil formation. Vertisols with a high clay content exist in the
area of the Mamonia formation as a result of the high clay content of the weathered
bedrock. Gypsisols are common in the gypsum rich formations (e.g Kalavassos
formation). Solonchaks are strongly saline soils, which appear in pans nearby the

coast.
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2.5 Geology

First comprehensive descriptions and studies of the geology and mineral deposits of
Cyprus were already published in the 19th century e.g. from Gaudry (1862), who
described the 'Géologie de l'ile de Chypre’ with the help of a geological map. Many
publications followed, among them the extensive work of Unger and Kotschy (1865)
and the geological maps and publications of Bellamy and Jukes-Browne (1905),
Brown and McGinty (1946), Henson et al. (1949). In the 1950s and 1960s a more
systematic geological investigation and mapping began and resulted in a series of
memoirs, bulletins and detailed geological maps published by the Geological Survey
of Cyprus. At that time, a first very detailed geological map of Cyprus was edited by
Bear (1963). Later, after the identification of the Troodos as an ophiolite (Moores
and Vine 1971), the island moved into the focus of intense international research ac-
tivities. Important findings of the following years were discussed and summarised on
the International Ophiolite Symposium 1979 (Panayiotou 1980). Many outstanding
issues and problems were investigated in subsequent years by the Cyprus Crustal
Project, based on deep drillings through the ophiolite, performed by the Interna-
tional Crustal Research Drilling Group (ICRDG) and the Cyprus Geological Survey
Department. A summary and discussion of important results can be found in the
proceedings of the "Troodos 87’ Symposium (Malpas et al. 1990) and the proceedings
of the Third International Conference on the Geology of the eastern Mediterranean
(Panayides et al. 2000). The subsequent research activities on the Southern Troo-
dos Transform Fault Zone (STTFZ) are presented in Gass et al. (1994). Recent
and extensive overviews of the Geology of Cyprus can be found e.g. in Panayiotou
(1987), Gass et al. (1994), Robertson (1990, 2000), Robertson and Xenophontos
(1997), Robertson et al. (2003) and Diinkeloh (2005a). The latest geological map
of Cyprus was published by Constantinou (1995) on a scale of 1:250,000.

The geological evolution of Cyprus is closely related to the formation of the Troo-
dos ophiolite within the complex geological environment of the Mediterranean bor-
dered by the Anatolian, the African and the Arabian plate. In Upper Cretaceous
(about 91.6 Ma) the development started with a short intercalated period of sea-
floor spreading in the closing Neo Tethys upon a subduction zone (see Gass et
al. 1994, Lippard et al. 1986). After this short period, the closing of the Neo

Tethys continued and the new developed oceanic crust became detached and ro-
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tated anticlockwise towards older rocks on its southern and western part (Mamonia
zone). Further ophiolites developed in a similar tectonic setting along the closing
Neo Tethys, which can be found today as a sequence along Bosnia, Croatia, Greece,
Turkey, Syria and Oman. The following period of less tectonic inactivity (75 to
10 Ma) is characterised by carbonate sedimentation and gradual shallowing of the
sedimentary basin (Lefkara and Pakhna formation). Evaporites (Kalavasos forma-
tion) were deposited in the Upper Miocene as a result of several drying events in
the Mediterranean basin by cut-offs from the Atlantic Ocean. Noticeable uplifts
followed and the Kyrenia range was formed on the northern flank of the Troodos
terrane at the end of Miocene (6 Ma). Allochthonous Permian and Cretaceous series
were placed there, folded and uplifted over autochthonous flysch sediments. Later,
the re-connection of the Mediterranean sea with the Atlantic Ocean in the Plio- and
Pleistocene epoch led towards a further deposition of marls and calcarenites (Nicosia
and Athalassa formation) on the Cypriot terranes. In the last tectonic episode (2
Ma), an abrupt uplift accompanied by extensive erosion formed the actual high
mountain relief of the Troodos, the Kyrenia range, and led to the deposition of fan-
glomerates (erosion material) on the northern flanks of the Troodos. Great parts
of the Troodos ophiolite became excavated, showing a stratigraphically complete,
nearly undeformed fragment of a fully developed oceanic crust, consisting of plu-
tonic, intrusive, volcanic rocks and chemical sediments. The less uplifted and eroded
surroundings are covered by formations of the sedimentary cover (Lefkara, Pakhna,

Kalavassos, Nicosia or Athalassa formation).

The geological evolution of Cyprus resulted in the formation of four major geolog-
ical zones (see Fig. 2.6): the Troodos terrane, the Kyrenia terrane, the Mamonia
terrane and the sedimentary cover (Circum Troodos Sedimentary Succession). The
Troodos ophiolite forms the main structural feature in the centre of the island and
also is comprised of some smaller units like the Anti-Troodos ophiolite, the South-
ern Troodos Transform Fault Zone and the Akamas ophiolite. Today, the original
upward succession of the oceanic crust is arranged in an outward succession starting
from the centrally exposed mantle sequence which forms a diapirically uplifted core
with tectonised and pervasively serpentinised harzburgite. The following crustal
sequence starts with plutonic rocks of peridotitic and gabbroic type, and continues
with unlayered gabbros with little olivine content and plagiogranites at its top. The

intrusive 'Sheeted Dyke Complex’ is widely exposed in the Troodos area and consists
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of dykes of doleritic to basaltic composition. The top of the ophiolite sequences is
formed by two series of pillow lavas and lava flows, mostly of basaltic composition
as a result of submarine volcanic activity. The transitional zone, where the sheeted
dykes alternate with pillow lavas is usually termed Basal Group in Cyprus. On
top of the pillow lavas, ferromanganoan sediments can be found as a result of hy-
drothermal activity on the sea floor. The Arakapas fault zone in southern Troodos
is interpreted as a preserved, fossil oceanic transform fault zone, separating Troodos
from the Anti-Troodos plate (Gass et al. 1994).

The Mamonia terrane forms the basement of the southwestern part of the island
and is mostly covered by autochthonous carbonate successions of Pakhna, Lefkara
and other formations. Outcrops exist only in smaller areas of the Pafos region. The
zone is characterised by a diverse and structurally complex assemblage of sandstones,
shales/limestones and an associated volcanic suite of the Middle Triassic to Upper

Cretaceous period.

The Kyrenia range on the northern coast of Cyprus consists of a complex assem-
blage of Permian to recent formations. Most prominent are the steeply dipping
allochthonous Permian and Cretaceous limestones (Dhikomo, Sykhari and Hilarion
formations), flanked by autochthonous marine sediments (flysch deposits) of the
Middle Eocene to Middle Miocene epoch (Lapithos, Kalogrea-Ardana/Belapais and
Kythrea formations; see Ducloz 1972, Robertson and Xenophontos 1997).

The autochthonous sedimentary cover consists of sediments and rocks of the Upper
Cretaceous to Holocene epoch and is typically termed Circum Troodos sedimentary
succession (see Fig. 2.6). The older series comprise gently folded marine sediments,
where the carbonate successions of the Lefkara formation (pelagic marls and white
chalks) and the Pakhna formation (yellowish marls and chalks) are most prominent
in the southwestern and eastern foothill belt. The following upper Miocene evapor-
ites (gypsum) of the Kalavassos formation can be found in different places on the
island. The younger and less uplifted series of the sedimentary consists of sedi-
ments of the Pliocene to Holocene epoch with marls and calcarenites of the Nicosia
and the Athalassa formation, fanglomerates, terraces and alluvium deposits. These

series cover great parts of the Measoria plain and the coastal plains.
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2.6 Hydrogeology and Hydrology

As mentioned in the introduction, the first systematic hydrogeological studies began
in the 1950s and 1960s. An early hydrogeological description of rocks was published
by Burdon (1952, 1953) and refers partly to the report of Raeburn (1945). Ex-
tensive studies followed in the 1960s in the frame of an international development
programme financed by the United Nations. (Geological formations were systemati-
cally evaluated from a hydrogeological point of view and a first hydrogeological map
was developed (Tullstrém 1970). Results were published in a comprehensive volume
of the UNDP (1970). Later studies concentrated on a detailed research of specific
aquifers or regions like Hadjistavrinou (1972), Zomenis (1972), Hadjistavrinou and
Afrodisis (1977), Hadjistavrinou and Constantinou (1977), Zomenis (1977), Dijon
(1977), Afrodisis et al. (1986), Afrodisis and Fischbach (1988), Konteatis (1987),
Kramvis (1987), Schmidt et al. (1988), Zomenis et al. (1988) and Wagner et al.
(1990). The studies of the 1970s focus mainly on quantity issues and the application
of mathematical and numerical models. At the end of the 1970s and in the 1980s,
water quality and isotope studies grew in importance. In the 1990s the issues were
extended by discussions about water scarcity, artificial recharge, wastewater re-use,
water re-distribution and optimisation, desalination, or new water sources (e.g laco-
vides 1997, Kambanellas 1998, Ergil 2000). In the 2000s the upcoming integration
into the European Union led to initiatives and projects to re-evaluate groundwater
resources and to supply technical support for the modernisation of data manage-
ment and techniques (GRC Project: Udluft et al. 2004b). In this context a new
hydrogeological map (Diinkeloh 2004) was published which has been revised within
the present study (Fig. 2.7).

The hydrogeological map reveals that the most important aquifers in unconsolidated
and semiconsolidated rocks (sand and gravels associated with partly cemented sand-
stone and calcarenite), which provide excellent storage and water-transmitting char-
acteristics, are mostly located in western Mesaoria, southeastern Mesaoria and the
Akrotiri peninsula. Some regions also have aquifers in several stratigraphic levels
(e.g. upper and lower aquifer in western Mesaoria). Other aquifers in unconsolidated
and semiconsolidated rocks are of minor thickness and limited extent. The latter
can be found in many areas of the island, e.g. as coastal plains or river bed deposits.

Most of those aquifers are located in comparatively dry areas with little annual pre-
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cipitation. Therefore, the main source of replenishment is surface and groundwater
from the adjacent mountain areas. The aquifers in the plains and coastal areas are
mostly overpumped; groundwater levels are low and seawater intrusion occurs up to

several kilometers inland.

Fractured and karstic rocks form fairly adequate aquifers in the area circumventing
Troodos (Gypsum aquifer, the Pakhna sandstone, the Pakhna chalk aquifer, the
Lefkara chalk aquifer, Terra and Koronia reef limestone aquifer) and in the Kyre-
nia range (Pentadaktylos limestone aquifer). Moderate precipitation amounts and
their neighbouring the mountains make those areas relevant for water supply and

replenishment.

The great importance of the fractured igneous rocks of the Troodos for water supply
was not fully recognised until the end of the 1970s, when first drilling experiments
started (see Afrodisis et al. 1986, Afrodisis and Fischbach 1988). In earlier studies
the Troodos was considered more or less impervious (see e.g. hydrogeological map
from Tullstrom, 1970) and was not recognised explicitly as a contributor to the
aquifers in the surroundings of the Troodos. Today it is known that the Troodos
ophiolite plays a crucial role for the water resources of the island due to its high
precipitation rates and the relatively good aquiferous characteristics of many rocks.
Especially the Gabbros and also the Basal Group and the Sheeted Dykes show fairly
good aquifer characteristics, depending on the local fracturing state. Direct runoff
and base flow from the Troodos rivers also feed the aquifers with greater storage

capacity in the periphery such as the coastal plains or the Mesaoria plain.

The existing hydrological studies consist mainly of statistical analysis of river runoff
and groundwater level data. The Water Development Department of Cyprus (WDD)
maintains a monitoring network and has published the data in a series of hydrological
year-books. The most comprehensive study in recent years was performed within the
framework of the WDD/FAO project (Re-Assessment of the Water Resources and
Demand of the Island of Cyprus) where a revision of groundwater levels, surface
water (precipitation-runoff) and water demand was performed for the island (see
WDD/FAO 2002).

So far, the existing groundwater recharge studies mostly depend on expert estimates
and are limited to specific aquifers. The methodology of the water balance calcula-

tions in those studies is not always transparent. Early studies were performed and
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Figure 2.7: Hydrogeological map of Cyprus.

Hydrogeological Map of Cyprus

Hydrogeological Units

A) Unconsolidated and semiconsolidated rocks

Il A1) Unconsolidated gravel, sand and silt (mainly Holocene)

- A2) Semiconsolidated gravel, sand, sandy marl (i. e. fanglom, terraces)
A3) Thin surface deposits on less permeable layers

B) Fractured and karstic rocks
B1) Gypsum, alternating with chalky marl, chalk (Kalavasos formation)

- B2) Chalk, sandy chalk, marly chalk, reef limest., sandst. (Pakhna form.)
B3) Chalk, marly chalk, chalky marl (Lefkara formation)

C) Fractured igneous rocks
C1) Pillow lavas

I c2) Basal Group

[ C3) Sheeted dykes

Il c+) Gabbro
C5) Peridotitic rocks (pyroxenite, wehrlite, dunite)

- C6) Serpentinite, harzburgite (mantle sequence)

D) Complex sedimentary and igneous units

I D1) Mamonia complex, Kannaviou formation, Moni ., Kathikas f.

- D2) Marl, siltstone, greywacke (mainly Kythrea f. from Kyrenia range)
D3) Clay, marl and siltstone (Mesaoria group, Alluvium)

B D4) Salt lakes and pans with low permeable surface

Additional subunits

| | | | As A3 but overlain by other unit
As B1 but overlain by other unit

7/ / As B2 but overlain by other unit

24 Heavily fractured areas of low-permeable formations

__ High Cl-content (> 500 mg/l; e.g. sea water intrusion)

Aquifer lithology of boreholes (source: ENVIS DB)
Gravel, sand, sandstone
*  Gypsum
*  Chalk, limestone
* Basal Group
* Diabase

+  Gabbro 2nd revised edition (2009)

Compiled by: A. Diinkeloh
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published within the UNDP project (1970). Further studies followed for important
aquifers or catchments e.g. from Kitching (1975), Kitching et al. (1980) for Akrotiri
aquifer, Zomenis (1977) for Mesaoria plain, Konteatis (1987), Kuells et al. (2000a)
and Udluft (2002) for Kouris catchment, Boronina et al. (2003) and Boronina (2004)

also for Kouris catchment.

For Cyprus, first recharge and water balance studies on the base of a distributed
physical modelling concept, began with the application of former MODBIL versions
for the Kouris catchment (Kuells et al. 2000a, Udluft 2002, Zagana et al. 2007). The
studies were part of the INCO-DC Project GREM (Groundwater Recharge in the
Eastern Mediterranean), which was a comparative study on integrated evaluation
techniques for groundwater resources along a hydro-climatic gradient. Subsequently,
further catchments in Cyprus were also analysed on the base of MODBIL by Mederer
(2003; Limnatis catchment) and Diinkeloh (2005a, 2005b; Diarizos catchment).

In the present study, the modelling area is extended to the whole island and per-
formed on the base of a modern, redesigned, substantially enhanced version of the
water balance model MODBIL. Groundwater recharge dynamics and water balance
dynamics are simulated for isolated calibration catchments and subsequently for the
whole island. It is the first time that such a model has been applied for Cyprus, con-
sidering a long period of nearly five decades, revealing the sensitivity of the natural
water resources in the context of climate variability and trends, as well as possible

impacts of climate change.
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Water Balance Model

3.1 Introduction

Within the current study, a completely redesigned and substantially enhanced ver-
sion of the water balance model MODBIL was developed. Early versions of the model
have been developed since 1988 at the Hydrogeological Section of the University of
Wiirzburg (Germany) by Prof. Dr. Udluft. The model has been enhanced in the
framework of various projects, mostly in semiarid areas e.g. in Brazil, Greece, Israel,
Jordan, Namibia, Botswana, Central African Republic, Lower Franconia/Germany
and Cyprus (Rosa Filho 1991, Konig 1993, Albert 1994, Udluft and Zagana 1994,
Kuells et al. 1998, Al-Alami 1999, Mainardy 1999, Zagana and Udluft 1999, Za-
gana et al. 1999, Kuells et al. 2000a, Kuells et al. 2000b, Udluft and Kuells 2000,
Obeidat 2001, Weigand 2001, Zagana 2001, Klock 2002, Udluft 2002, Wijnen 2002,
Al-Farajat 2003, Diinkeloh et al. 2003, Mederer 2003, Kuells 2003, Borgstedt 2004,
Diinkeloh and Udluft 2004a, Diinkeloh and Udluft 2004b, Diinkeloh et al. 2004, Ud-
luft and Diinkeloh 2004a, Udluft and Diinkeloh 2004b, Udluft et al. 2004a, Udluft
et al. 2004b, Diinkeloh 2005a, Diinkeloh 2005b, Mederer 2005, Pasig 2005, Zagana
et al. 2007, Wanke et al. 2007, Wanke et al. 2008, Mederer 2009, Walter 2010).
The model description and modelling results of the present study are based on the
latest stable version MODBIL V49,/2009.

MODBIL is designed as a physical, spatially distributed and process-orientated

model, which simulates all important water balance components for each cell on

22
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a daily basis. Based upon meteorological, topographical, soil, land cover and geo-
logical data, the model generates spatially distributed maps for all important water
balance parameters such as actual evapotranspiration, direct runoff and groundwa-
ter recharge. Furthermore, daily discharge time series can be calculated for closed

catchment areas.

The model represents a suitable approach for a detailed understanding of regional
and local water balances and their dynamics. It can serve as an important tool within
sustainable management of natural water resources. Furthermore, the physical con-
cept allows the model to be applied within the framework of coupled deterministic

or deterministic-stochastic models, for instance, to reveal scenario simulations.

A model run requires the collection and pre-processing of a considerable amount
of data which has become easier with the recently available remote sensing and
GIS techniques. Daily meteorological data (precipitation, air temperature, relative
humidity, wind speed, radiation), hydrological parameters (discharge recordings),
topographical parameters (elevation, slope, exposition), vegetation parameters (veg-
etation coverage and interception), soil parameters (permeability, field capacity) and

geological parameters (bedrock permeability) are needed particularly.

3.2 Model Structure and Work Flow

The complete water balance model consists of several concatenated models, which
simulate the relevant processes on different levels. The principal concept is shown
in Fig. 3.1, a detailed work flow in Fig. 3.2. In the first part of the model, the
simulation of the atmospheric level starts with the interpolation of meteorological
parameters. Precipitation, maximum and minimum temperature, relative humidity,
wind speed and radiation data are interpolated to each cell of the study area. Sub-
sequently, the interpolated values are corrected on the base of topographic variables
(see Chap. 3.3).

In a further modelling step, effective precipitation is simulated for each cell on the
base of total precipitation, snow storage and interception losses. The snow storage
model controls the daily snow accumulation, snow storage state and snow melting

based on daily precipitation and temperature (Chap. 3.3). The interception model
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Figure 3.1: Principal model concept of the water balance model MODBIL (Ud-
luft and Kuells 2000).

simulates water storage and evaporation on intercepting surfaces on the base of

precipitation, potential evaporation and land cover specific data (Chap. 3.4).

A major part of the model comprises all processes related to the soil layer. Surface
runoff, infiltration, soil water state, interflow and percolation are simulated on the
base of effective precipitation, topography, land cover and physical soil parameters

(see Chap. 3.5, 3.6, 3.7).

In the initial step, effective precipitation reaches the top of the soil layer and gen-
erates surface runoff, infiltration and bypass flow depending on soil physical pa-
rameters, land cover and topography (Chap. 3.5, 3.7). The infiltrating water is
driven to a one-layer-soil model, which simulates the daily soil water balance based
on the actual soil water storage and the depletion by actual evapotranspiration, in-
terflow and percolation (Chap. 3.6). Actual evapotranspiration is assessed on the
basis of potential evapotranspiration, soil water state and land cover (vegetation)

type. Several alternative approaches are implemented and can be selected for the
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Figure 3.2



Chapter 3. Water Balance Model 26

determination of the actual and potential evapotranspiration (Chap. 3.4).

The second modelling part consists of the soil water simulation. Depletion of soil
water starts when soil water content exceeds field capacity. The water is drained
in form of interflow and deep percolation. The fraction depends on the bedrock
layer and the topographic conditions (Chap. 3.8). Additional interflow and deep
percolation can be generated on the base bypass flow (Chap. 3.7).

The third part of the model consists of the calculation of daily catchment discharge.
All values from direct runoff and groundwater recharge of all associated cells are
integrated and discharge time series are simulated based on a combined linear reser-
voir equation of Maillet (1905). Calibration is best performed by the comparison of

modelled and recorded catchment discharge time series (Chap. 3.9).

3.3 Meteorology

3.3.1 Meteorological Parameters

MODBIL requires daily time series for several meteorological parameters. Manda-
tory parameters are daily precipitation (in mm), maximum and minimum daily

temperature (in °C), and maximum and minimum relative humidity (in %).

The water balance model can be improved when time series of further meteorological
parameters like rainfall intensity (mm/h), wind speed at 2 m height over surface
(m/s), sunshine duration (h) and global radiation (MJ/m?/d) are available. Rainfall
intensity and wind speed can also be defined as a (seasonal) mean value. If no
values are defined by the user, then a mean wind speed of 2 m/s and a mean rainfall
intensity of 5 mm/h are assumed. The mean wind speed corresponds to a value
proposed by the FAO (Allen et al. 1998).

3.3.2 Interpolation of Meteorological Data

For most countries, climate datasets are only available in form of point data from me-
teorological stations, therefore the extension of the data to the intermediate spaces

is required. In MODBIL, interpolation is done separately for each meteorological
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variable and for each time step. The spatial and temporal variability of the mete-
orological variables is modified by topographical features of the earth surface. The

further correction of the interpolation results is discussed in the following chapters.

MODBIL includes several standard methods which are designed for the interpolation
of values from irregularly spaced data points (stations) to the nodes of a rectangular
grid (Cartesian surface). Basic algorithms are used for this procedure to reduce
computing time, because extremely large amounts of interpolation operations are
needed for the water balance simulations. Nevertheless, more complex interpolation
methods like thin plate splines can be used in a pre-processing step to calculate
grid-based data, which can be subsequently used instead of meteorological station

data.

One of the interpolation methods incorporated in MODBIL is the Thiessen Polygons
method, which is a widely used standard approach in meteorology and hydrology
that was originally proposed by Thiessen (1911). The concept is based on the
building of polygons, the boundaries of which enclose the areas that are closest
to a point relative to all other points. The polygons are respectively constructed
as lines of equal distance between two adjacent points. In the case of application
to a rectangular grid, this means that the value of the nearest recording station is
assigned to a cell. Apart from the small amount of computing time, the maintenance
of consistency is another advantage over lots of other interpolation methods. This
may be of particular interest, especially in the case of the resulting time series on
interpolated cells which could have a higher number of annual precipitation days
than the recording stations. This arises from the effect that a cell always registers
any precipitation, even if only one neighbouring record station shows precipitation.
Thus, the Thiessen Polygons method keeps the consistency of interpolated time

series but lacks accuracy of interpolation, especially near the polygon boundaries.

Furthermore, the Inverse Distance Weighting (IDW) method is available in MOD-
BIL, which is one of the most commonly used methods for multivariate interpolation.
It is based on a modified approach from Shepard (1968) and estimates a value for
a certain cell, by averaging the values of sample data points in the cell’s neighbour-
hood. The closer a point is to the cell being estimated, the more weight it has
in the averaging process. The respective weights are inversely proportional to the

distances:
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with

W = —5—
dpw
k

o 100+ o () 3

[(zr — 20)* + (& — 10)?]°° + (e — ho) wn  (b)

(a) without weighting of elevation

(b) incl. weighting of elevation

Zy data value Z (e.g. precipitation, temperature, ...) at inter-

polation point

Zy, data value Z (e.g. precipitation, temperature, ...) at data
point k; k=1, K
K amount of data points in the neighbourhood of interpola-

tion point (within the search radius) [-]
W weighting factor (depending on lateral distance) [-]
wy, weighting factor (depending on elevation difference; 0 = no

weighting) [-]

dy, distance between interpolation point and data point k; k =
1, K m]

Dw weighting power of inverse distance; typically p, = 1 or
Pw =2 [

Thy Yk coordinates of data point k in a Cartesian surface; k =1, K
[m,m]

X0, Yo coordinates of interpolation point in a Cartesian surface
[m,m]

D, elevation of data point k; k = 1, K [m]

ho elevation of interpolation point [m]|

For reasons of consistency (see discussion in relation with Thiessen Polygons method)

and improving processing speeds, MODBIL uses only the closest points for inter-

polation.

For IDW the number is limited to 1 to 4 input points for each cell’s
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calculation. Under specific conditions in coastal and very mountainous areas, as in
the case of Cyprus, it can be helpful to use an enhanced term (see Eq. 3.3b) that
allows an additional weighting of strong elevation differences between point k and
the interpolated value. Consequently, the points in the same elevation level get more

influence to the interpolation result.

Furthermore, MODBIL supports the application of a modified weighting algorithm
described by Shepard (1984) and Willmot et al. (1985), which takes into account the
directional isolation of the station data. It is intended that all points having a small
angular separation in between contribute less than other points. This reduces the
influence of stations that are located in a similar direction and limits the maximum

of the directional isolation to twice the weight based on distance:

[ i costoa)
wy, = (d_k) =l LAk (3.4)

M=

dy

~
Il

1

cos(6y) = (zx — o) (2 — xo;;ll(yk —yo)(y — ?/0)7 L4k (3.5)
with Wi weighting factor [-]

Ok angle between data points Z; and Z; (vertex is the point
of interpolation) [deg]

dy, distance between interpolation point and data point &k |m]|
(Eq. 3.3)

d; distance between interpolation point and data point [ [m]
(Eq. 3.3)

K amount of data points in the neighbourhood of the in-
terpolation point (within the search radius); in MODBIL
Koar < 4 |

Thy Yk coordinates of data point k in a Cartesian surface; k =1, K
[m,m]

X0, Yo coordinates of interpolation point in a Cartesian surface
[m,m]

Some of the interpolated meteorological parameters are adjusted in a further mod-
elling step taking into account influences of topography, particularly the effects of el-

evation, slope and exposition. Missing meteorological parameters are assessed based



Chapter 3. Water Balance Model 30

on existing data. The individual assessments and adjustments are documented in

the following sections.

3.3.3 Adjustment of Precipitation

Spatial precipitation patterns show a strong correlation to topographical features,
most prominent with respect to elevation, hence a further adjustment of the inter-
polated data is realised within an additional MODBIL procedure:

Pz'pol : C;C ) -Pz'pol >0

Py = (3.6)
0 ) -Pipol =0

x hcell'cpg+P0

e = href - Cpg + o (3.7)
with Pogj adjusted daily precipitation for the cell [mm)]
Pl interpolated daily precipitation (not adjusted) [mm]|
By mean annual precipitation at mean sea level; values for

Cyprus see Fig. 2.3 [mm a™!]

Cpe adjustment factor for precipitation [-|

Cpg precipitation gradient; values for Cyprus see Fig. 2.3 [mm
m~!a!

Reell elevation (a.m.s.l.) of the cell [m]

Pyes reference elevation (a.m.s.l.) of the interpolated precipita-

tion value given by the weighted mean of the elevation of

the meteorological stations used for interpolation |m]|

The interpolation is performed on the base of the reference elevation of the interpo-
lated value and the real elevation of the cell. A mean regional precipitation gradient

is used for the adaptation, which has to be assessed in a preliminary step.

3.3.4 Determination and Adjustment of Radiation

The net radiation R, is a crucial factor for the water balance modelling with respect
to the Penman approach. In most cases, required radiation data time series are not

available for the research area. Several approaches exist for the assessment of net
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radiation on the base of other recorded parameters such as recorded global radiation,

sunshine duration or daily temperature variations.

Net radiation is the balance between the energy being absorbed, reflected and emit-
ted. This can be described as the difference between incoming net short wave radi-

ation and outgoing net long wave radiation:

Ry = Rys — R (3.8)
with R, net radiation [MJ m=2 d™'|
R, incoming net short wave radiation [MJ m~2 d!| (Eq. 3.9)
Ry outgoing net longwave radiation |[MJ m~—2 d~!| (Eq. 3.17)

The difference between incoming and outgoing longwave radiation is called net long-
wave radiation R, (see Eq. 3.17). Analogously, the incoming net shortwave radi-
ation R,, also known as net solar or shortwave radiation, is defined as the part of
the shortwave radiation R, that is not reflected by the earth’s surface (Eq. 3.9).
It is absorbed and then converted to heat energy. The fraction defines the albedo
and depends on the earth’s surface conditions. The albedo typically ranges between
a = 0.10—0.25 but can differ considerably under special circumstances. For instance

a snow cover can have an albedo of o = 0.95.

R, =(1—a)R, (3.9)
with R, incoming net short wave radiation [MJ m~2 d~!]
Ry solar or short wave radiation [MJ m~2 d~'| (Eq. 3.14)

a albedo [-]

Solar radiation is also called global radiation as it comprises direct short wave ra-
diation and diffusive sky radiation. Its magnitude is primarily controlled by the
extraterrestrial radiation R,, which may be calculated with the solar constant and
the angle of incidence of the sun’s rays on the top of the earth’s atmosphere. In case
of daily modelling steps the angle depends on the location (latitude) and the date
(see Allen et al. 1998):

24(60)

™

R,

Gse dy [wss sin(p) sin(9d) + cos(p) cos() sin(wss)] (3.10)

2m
d, =1+ 0.033- cos [ ——j 11
+0.033 - cos (365]> (3.11)
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wss = arccos|—tan(p)tan(d)] (3.12)
5= 0.409 - sin | 2 —1.39 (3.13)
=0.409 - sin [ —j — 1. :
365
with R, extraterrestrial radiation [MJ m™2 d™!]
d, inverse of the square of the relative distance earth-sun (cor-

rection for eccentricity of earth’s orbit around the sun)

Wss sunset hour angle [rad|
) solar declination (at equator) [rad]
© latitude (positive for northern hemisphere, negative for

southern hemisphere) [rad]
Gse solar constant; 0.082 [MJ m~2 min™!]

J number of days of the year [-|

Furthermore, the amount of solar (or global) radiation is influenced by atmospheric
conditions. When penetrating the atmosphere a part of the radiation is either scat-
tered, absorbed or reflected by atmospheric gasses, clouds and dust. While on clear
days solar radiation can reach about 75% of the extraterrestrial radiation, on very
cloudy days it reaches the earth’s surface only as diffuse sky radiation and can be
reduced to 25% of the extraterrestrial radiation. In case global radiation is not
directly recorded, the Angstrom formula (Angstrom 1924, Paltineanu et al. 2002)
continues to be a suitable and widely used approach to assess solar radiation from

extraterrestrial radiation and local sunshine duration:

Rf4%+@%ﬂa (3.14)
s=2 .. (3.15)
T
with R, solar or short wave radiation [MJ m~2 d™|
R, extraterrestrial radiation [MJ m™2 d7!] (Eq. 3.10)
as fraction of extraterrestrial radiation reaching earth’s sur-

face as diffuse solar radiation; recommended value accord-
ing to Paltineanu et al. (2002): as; = 0.25 [-]
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b fraction of extraterrestrial radiation reaching earth’s sur-
face as direct solar radiation; recommended values accord-
ing to Paltineanu et al. (2002): b; = 0 (overcast days),
bs = 0.5 (clear days) ||

s actual sunshine duration [h]
S maximum possible sunshine duration [h]
Wes sunset hour angle |rad| (Eq. 3.12)

In case no sunshine duration or solar radiation recordsets are available, Ry can be
assessed on the base of daily temperature differences. High amplitudes of daily tem-
perature usually correlate with clear sky conditions and low amplitudes with more
cloudy or covered weather conditions. In MODBIL, the assessment is performed

according to an approach proposed by the FAO guidelines (Allen et al. 1998):

Ry = kr N/ Tinaz — Tnin Ra (3.16)

with Tz maximum daily air temperature [°C]
Trin minimum daily air temperature [°C]
kr, adjustment coeflicient (coastal regions 0.16, interior regions

0.19) [°K~03)

Net outgoing longwave radiation R, is the second important parameter needed for
the determination of net radiation R,,. It describes the difference between incoming
and outgoing longwave radiation. The latter is responsible for longwave energy
emission from the earth’s heated surface by the absorption of short wave radiation.
The phenomenon is physically described by the Stefan-Boltzmann law, to which a
correction is necessary, because the atmosphere contains several absorbers, which
reduce the net outgoing flux. For this correction, humidity and cloudiness data are
used (Allen et al. 1998):

T e+ Th R
R, = it ite 0.34 — 0.14\/e,) [ 1.35————— — 0.35 3.17
o (P Ve (19 g~ o) 60
with R, outgoing net longwave radiation [MJ m~=2 d~!]
Ry solar or short wave radiation [MJ m~2 d™!| (Eq. 3.14)
R, extraterrestrial radiation [MJ m~2 d~!| (Eq. 3.10)

Trnaz e maximum daily air temperature in Kelvin |K]

Tonin, K minimum daily air temperature in Kelvin [K]
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€q actual vapour pressure [kPa| (Eq. 3.51)

G fraction of extraterrestrial radiation reaching earth’s sur-
face as diffuse solar radiation |-| (see Eq. 3.14)

bs fraction of extraterrestrial radiation reaching earth’s sur-
face as direct solar radiation [-] (see Eq. 3.14)

o Stefan-Bolzmann constant; 4.903-107° [MJ K=* m~2 d 1]

The term R;/(as + bs)R, describes relative short wave radiation and is limited to
< 1; the term (0.34 — 0.14,/e,) contains the correction of air humidity and the term
(1.35Rs/(as+bs) R, —0.35) represents the influence of cloudiness (Allen et al. 1998).

3.3.5 Adjustment of Radiation by Topographic Effects

The amount of global radiation on a cell may be modified by topographic influences,
especially due to slope and exposition. An adjustment is possible on the base of daily
sunshine duration and topographical information. The applied concept in MODBIL
is a modified variation of the methods proposed by Oke (1987) and Schulla and
Jasper (1999). It is based on the angle of incidence between the direct solar radiation
and the cell surface. The difference between the respective angles of a hypothetical
horizontal cell and an inclined cell surface at a certain point, allows the derivation

of a weighting factor for the adjustment of the global radiation over a certain point

of time: ()
cos(a
= 3.18
wf cos(C) (3.18)
with wf weighting factor for the adjustment of solar radiation |[-|
Q. incidence angle (angle between the perpendicular to the cell

surface and the actual direction of direct solar radiation)
|deg]
¢ zenith angle (angle between the zenith and the actual di-

rection of direct solar radiation) |deg]

Due to the continuously changing incidence angle throughout the day the calcula-
tion of the weighting factor for each hour or even smaller time steps are required.

Subsequently, the mean of all valid weighting factors is calculated to get a daily
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weighting factor for the adjustment of solar radiation:

with

wf;

(6%

Gi

" cos(ag;)
2. ,

n

weighting factor for the adjustment of solar radiation at
(daily) time step i [-]

incidence angle at time step i (angle between the perpen-
dicular to the cell surface and the direction of direct solar
radiation) |deg]

zenith angle at timestep i (angle between the zenith and
the actual direction of direct solar radiation) |deg|

number of valid time steps |-

A calculated weighting factor only contributes to the mean of a daily weighting factor

when a minimum of twelve degrees is given between the angle of sun and the earth’s

horizon (see Eq. 3.20). If the angle is too small, the value is discounted because

short wave radiation is scattered due to the greater thickness of the atmosphere that

has to be penetrated (see Schulla and Jasper 1999).

Furthermore, the zenith angle ( and the incidence angle o, are needed. The zenith

angle ¢ can be calculated according to Garnier and Ohmura (1968), Schulla and
Jasper (1999), Allen et al. (1998):

with

cos(C) = sin(¢) = sin(p) sin(d) + cos(p) cos(d) cos(ws) (3.20)
360°(j, + 10)
=—-234- — 21
J 3.4 - cos ( 365 ) (3.21)
ws = 15 (¢, — 12) (3.22)
cos(a.) = cos(B.) cos(C) + sin(B.) sin(C) cos(ws — we) (3.23)
¢ zenith angle (angle between zenith and direction of direct
solar radiation) [deg]
) angle between horizon and the actual direction of direct

solar radiation [deg|
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o7

Be
Js

solar declination (at equator) [deg]

latitude (positive for northern hemisphere, negative value
for southern hemisphere) |deg]|

solar time angle at midpoint of hourly (or shorter) time
period; E=-90°, S=0°, W=90°, N=180° |[deg]

exposition of cell surface; E=-90°, S=0°, W=90°, N=180°
|deg]

incidence angle (angle between the perpendicular to the cell
surface and the actual direction of direct solar radiation)
[deg]

slope of cell surface; 5, < 45° |deg]

number of a day in the Julian calendar (I1st January = 1,
31st of December = 365) [-]

solar time at the midpoint of the period (e.g. 13:30 =
13.5) |h|. (Note that in some cases the solar time differs
from standard clock time. A correction may be required
considering the actual position, longitude of the centre of
the local time zone, and seasonal correction of solar time;

consider Eq. 31 from Allen et al. (1998))

The final adjustment of global radiation requires its separation into direct solar radi-

ation and diffuse radiation, because the weighting factor only describes the influence

on the clear-sky radiation. Hence the adjustment of global radiation is applied as

follows:

with Rs,adj

Ryog = Ry |1+ (1 - ay) (%) wfz} (3.24)

adjusted solar or short wave radiation [MJ m~2 d—1]

solar or short wave radiation [MJ m~2 d™!| (Eq. 3.14)
fraction of extraterrestrial radiation reaching earth’s sur-
face as diffuse solar radiation [-] (see Eq. 3.14)

actual sunshine duration [h]

maximum possible sunshine duration [h| (Eq. 3.15)
weighting factor for the adjustment of solar radiation at
(daily) time step i [-] (Eq. 3.19)
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3.3.6 Adjustment of Air Temperature

In MODBIL, temperature information is required in form of maximum and mini-
mum daily air temperature (°C). Depending on the meteorological datasets available,
mean daily air temperature can also be used instead of minimum daily air tempera-
ture (not recommended). In this case the required data are internally assessed based

on the following equations according to the FAO-Guidelines (see Allen et al. 1998):

Tonin = 2 Thean — Thnaz (3.25)
with Tnin minimum daily air temperature [°C]
Trnean mean daily air temperature [°C|
Tnaz maximum daily aor temperature [°C]|

Topography has a notable influence on local temperature variation. The most im-
portant influence is given by elevation differences. The typical gradient is about -0.5
K to -0.6 K/100 m. During the modelling process, the interpolated temperature
values for each cell are corrected by taking into account the difference between the
real elevation and the weighted mean elevation of the meteorological stations used

for interpolation:

Teeti = Tipot + (Peett — horey) Cig (3.26)
with Teenl interpolated and elevation corrected air temperature for
the cell [°C]
Tipol interpolated air temperature (not adjusted) [°C]
heen elevation (a.m.s.l.) of the cell [m]
Pyres reference elevation (a.m.s.l.) of the interpolated tempera-

ture value given by the weighted mean of the elevation of
the meteorological stations used for interpolation |m]|

Ctg air temperature gradient (typically -0.5 to -0.6 K/100 m;
for Cyprus: -0.5 K/100 m; see Fig. 2.2)

On sunny days cell slope and exposition can also have an influence on local tem-
perature variations owing to differences between emitted long wave radiation. The
latter is related to the absorbed short wave radiation. The topographic effects on
radiation are described in the previous chapter. For the adjustment of temperature

data a modified approach based on Schulla and Jasper (1999) was incorporated into
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MODBIL. The zenith angle, incidence angle, daily sunshine data and interpolated

temperature data are required for the adjustment:

Togi = Teen + Taif (3.27)
Tys = In {ijs%)] % Ce; —BK<Ty <5K (3.28)
with Thdj adjusted air temperature for the cell considering local ex-
position [°C]
Tuis air temperature difference for adjustment [K]
Teen interpolated and elevation corrected air temperature for
the cell [°C] (Eq. 3.26)
s actual sunshine duration [h]
S maximum possible sunshine duration [h]| (Eq. 3.15)
Qe incidence angle |deg| (Eq. 3.23)
¢ zenith angle [deg| (Eq. 3.20)
Cte adjustment factor (should be validated or adjusted for each

climate or region); ¢;.~ 5 [K| (Schulla and Jasper 1999)

When the correction is applied to mean daily temperature data, then the weighting

factor has to be derived as the mean factor from the hourly or smaller time periods

(same procedure as in Eq. 3.28).

3.3.7 Adjustment of Relative Humidity

MODBIL requires humidity time series in form of daily maximum and minimum rel-

ative humidity (in %). If necessary, daily maximum and minimum relative humidity

can be assessed with the help of mean daily relative humidity and the following
equation proposed by the FAO-Guidelines (see Allen et al. 1998):

with RH,in,

RHmean

RHma:r

RHpin = 2+ RHpean — RHomas (3.29)

minimum daily relative humidity [%]
mean daily relative humidity [%)]

maximum daily relative humidity [%]
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The influence of topography on local relative humidity is mainly controlled by tem-

perature variations. Therefore, interpolation and adjustment can be performed on

the basis of absolute humidity revealing better results than a direct interpolation

and adaptation of relative humidity. For the calculation of absolute humidity, tem-

perature data is mandatory for each monitoring station of relative humidity:

with AH
RH
€aq

€s

Tk
T
M,
R*

M, eq

AH =10°- =2 2~ .
0 R T, (3.30)
RH
— 31
€a = € Tog (3.31)
( 7.5T )
es = 6.1078 - 10\ 712373 (3.32)

absolute humidity [¢ m™3|

relative humidity |%)]

actual vapour pressure [kPal

saturated vapour pressure |kPa]

air temperature in Kelvin [°K]

air temperature [°C|

molecular weight of water vapour; 18.016 [kg]

universal gas constant; 8314.3 [J K~! kmol ™!

The reconversion to adjusted local relative humidity is calculated with the trans-

formed Eqs. 3.30 and 3.31. This requires a previous calculation of adjusted saturated

vapour pressure on the base of the adjusted temperature (see Eq. 3.28):

with RH g

Tadj,K

€s,adj

AH
RH,4 = ——————100 (3.33)

105 ]\41” es,adj
R* Tuqj K

adjusted relative humidity for the cell considering exposi-
tion [%|

adjusted air temperature for the cell in Kelvin [°K]
saturation vapour pressure under adjusted temperature

conditions [kPa)
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3.3.8 Snow Model

Snow accumulation and snow melting play an important role within the modelling
of hydrological processes. The snow module in MODBIL is implemented as an
additional storage layer above the soil layer. A general problem of snow modules
is that most energy budget variables necessary for the calculation of snow melt-
ing are usually unavailable. Therefore, most hydrological approaches are based on
air temperature, which is a frequently available and important variable (Anderson
1973, USACE 1994, Hock 2003). A widely used approach in modelling is known
as 'temperature-index-solution’ or degree-day method (see Linsley 1943). An en-
hancement of the method incorporates wind data into the equation and is known
as 'temperature-wind-index-solution’ (Braun 1985). However, Kane et al. (1997)
pointed out that no significant improvement of the results could be detected on the
basis of this equation, therefore, in MODBIL wind effects are considered within the

melting rate coefficient.

In the present model, the snow storage content is measured as an equivalent of liquid
water in mm. Snow accumulation (filling of snow storage) is modelled on rainfall

days with air temperature below zero:

55, = SSi_1 + B T < Tys (3.34)
SSi-1; T; > Tys
with SS; snow storage at time interval i [mm]|
SSi—1 snow storage at previous time interval [mm]
P, precipitation at time interval i [mm]|
T; mean air temperature at time interval i [°C]|
Ths base temperature for snow fall (T,s ~ 0) [°C]

For the simulation of snow melting, an approach based on a melting rate coefficient is
sufficient for study areas with limited importance concerning snow melting processes.
In the basic equation, the amount of available water from melting depends on air
temperature, melting rate coefficient and state of the snow storage:

Cm(T‘z - Tbm)At‘ ﬂ > Tbm

M; = 20 (3.35)
0; T < Ty
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with M; snow melting at time interval i with the length 2¢; [mm|
Cm daily melting rate coefficient [mm K~! d~!] (Egs. 3.36-
3.38)
T; mean air temperature at time interval i [°C]
Tom base temperature for snow melting (7}, = 0) [°C]
At length of time interval i |h]

The coefficient depends on land cover and meteorological conditions. In forested
areas the coefficient varies less than in open areas where shortwave radiation or
wind velocity plays a more important role within melting processes. Furthermore,
rainfall events could have an influence on the melting rate. The factor can differ

significantly between different study areas.

The melting rate coefficient can be adjusted individually in MODBIL. The applied
coefficients for Cyprus are derived from several empirical studies of USACE (1994),
ASCE (1996), WMO (1986, 1994), Anderson (1973) and Kuusisto (1984, 1986).
They are rough estimates due to the limited importance of snow processes on Cyprus

and should not be applied for other regions without validation:

1.0;  forests (100% covergage)

Cm =4 2.5;  forests (20% coverage) (3.36)
4; open land
Cm = +0.2-U (3.37)
G = G+ 0.0125 - P (3.38)
with Cm daily melting rate coefficient [mm K= d=?]
U mean daily wind speed at 2 m height [m s™]
P daily precipitation |mm]|

Land cover, mean daily wind speed and daily precipitation are used for the adjust-
ment of the melting rate factor to the local conditions (see Eqs. 3.36 - 3.38). The
influence of favourable or unfavourable radiation conditions due to topographical

effects is respected by the adjustment of daily temperature (see p. 37 ff.).
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3.4 Evapotranspiration

Evapotranspiration ET is a crucial factor within water cycle processes. The term
defines the sum of two processes in which water is moving from the earth’s land
surface to the atmosphere. One is the evaporation, which is defined by the conversion
of liquid water to water vapour on wet surfaces (soil, plant canopy and water bodies).
The second one is called transpiration and refers to the transmission of vapour to

the atmosphere by the stomata of plant leaves.

The term potential evapotranspiration (ET),.) describes the maximum possible rate
of evapotranspiration assuming optimal water supply. Reference evapotranspiration
(ETy) is defined as potential evapotranspiration of a reference crop. Clipped grass
(= 0.12 m tall) and alfalfa (= 0.5 m tall) are the most common reference crops
(Jensen et al. 1990). The actual evapotranspiration (ET,.) refers to the amount of
evapotranspiration of a specific crop, vegetation formation, or earth surface under

the actual conditions of water supply.

Many simple methods for the determination of evapotranspiration were proposed in
the last decades, e.g. by Thornthwaite (1948), Blaney and Criddle (1950), Haude
(1955, 1959), Turc (1961), Jensen and Haise (1963), Hargreaves and Samani (1982,
1985). Most of these methods are based on simple, usually empirical terms re-
quiring only few meteorological parameters. The equations allow a relatively good
assessment of evapotranspiration considering the little calculation effort. However,
complex physical processes can not be represented on the base of these methods.
Furthermore, the equations were developed under specific regional and climatologi-
cal conditions, so that their application under other climatic conditions is of limited
reliability. Detailed reviews are published in Allen et al. (1986), Roth (1992),
DVWK (1996), Vorosmarty et al. (1998) and Beyazgiil et al. (2000). To allow
comparisons with other research results, the Haude (1955) approach is incorporated
into MODBIL as an optional calculation procedure for potential evapotranspiration,

owed to its common use in applied geosciences in Germany.
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3.4.1 Haude Equation

The approach of Haude (1955, 1959) is designed for German longitude-latitude con-
ditions and should not be transferred to other climatological conditions without
validation. While individual results within daily time steps are not very precise, the
values are proven for monthly sums and long-time mean values for regional water
balances (Dommermuth and Trampf 1990/91). Required input variables for the base

function are the Haude factor and the saturation vapour deficit:

ETHaude = fHaude(€s14 — €14) (3.39)
with ETHauae potential evapotranspiration rate according to Haude [mm
d!]
fHaude plant specific Haude factor for a month [mm hPa™!]
€s14 saturation vapour pressure at 14:30 h [hPa]
€14 actual vapour pressure at 14:30 h [hPa]

es1u—e14  saturation pressure deficit at 14:30 h [hPa]

The equation for the calculation of saturation deficit (Eq. 3.41) is derived with
the help from the MAGNUS-equation, new coefficients of Sonntag (1994) (see Eq.
3.43) and the relationship of saturation pressure deficit and relative humidity RH
(see Eqs. 3.42, 3.41), resulting in an adapted Haude-equation according to DVWK
(1996; Eq. 3.40).

( 17.62 Thy )
ETHaude = fHaude - 6.11 - e300 ) (1 — RH ) (3.40)

e
(es1a — €14) = €514 (1 - = ) (3.41)

€s14

€14

— RH,, (3.42)
€s14
( 17.62 T1y )
514 = 6.11 - e\ 24312+ (3.43)
with RHyy4 relative humidity at 14:30 h [%/100]

T4 temperature at 14:30 h [°C]|
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Typical Haude factors frquqe for different land cover (vegetation) types can be looked
up in tables (e.g. DVWK 1996) or have to be revealed empirically. The Haude
factors for the assessment of potential grass reference evapotranspiration with high

groundwater level has been listed in Table 3.1.

3.4.2 Original Penman Equation

Modern water balance models require evapotranspiration approaches based on phys-
ical relationships (e.g. Hartmann 2007). Such concepts allow the calculation of ET
for short periods (<1 day), which are of significant importance for the modelling of
complex processes. One concept is to derive E7T" from the energy needed to change
the phase of water from liquid to gaseous. In this case net radiation, soil heat
flux and the sensible heat flux are required for solving the energy balance (DVWK
1996). Further concepts are given by aerodynamic methods (mass transfer equa-
tions). These methods focus on the processes which control the removal of vapour
from the evaporating surface. The evapotranspiration is derived from the vertical
gradient of humidity and the turbulence of the air flow which can be linked to vapour

pressure deficit and wind speed.

Several equations combine the concepts of energy balance and aerodynamic ap-
proaches. The so-called combination methods are widely used and are often re-
garded as the most sophisticated methods. Typically, the vapour pressure deficit is
calculated as a function of temperature, actual vapour pressure and empirical wind
speed function. Enhanced equations include a bulk surface resistance term. For in-
stance, the widely used Penman-Monteith equation incorporates both, climatic and
vegetation characteristics, for quantifying mass transfer effects. It requires a con-
siderable amount of daily meteorological data like temperature, radiation, humidity

and wind speed, as well as various characteristics of the land cover (see below).

Table 3.1: Haude factors fgquge for the calculation of potential evapotranspira-
tion on short grass with high groundwater level (DVWK 1996).

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
fHaude 0.22 0.22 0.29 029 028 0.26 025 0.23 022 0.22 022 0.22
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The original evapotranspiration equation of Penman (1948, 1956) is based on a
combination of an energy balance and a mass-transfer method. Initially, it was
designed for the assessment of evaporation Fjy on open water surfaces and later
extended for dealing with land surfaces. The central term in many established

approaches is the original and condensed Penman equation:

B, = 5s Rpo +v EA (3.44)
Ss+ 7
with Ey evaporation from a water surface [mm]
R, net absorbed radiation |mm]|
EA evaporative demand [mm|
Ss slope of saturation vapour pressure curve [kPa K™!
v psychrometric constant [kPa K™

For this equation, the required input is usually not available, which is why lots of
modifications were performed on the original equation by Penman and other re-
searchers. Several simplifications were applied to reduce the input variables to stan-
dard climatological records like sunshine, air temperature, air humidity and wind
speed. For instance, net absorbed radiation is determined on the base of incoming
global radiation, net outgoing long-wave radiation, latent heat and the reflection
coefficient of the surface (albedo). The evaporative demand depends on humid-
ity, wind speed and surface roughness. Such enhanced equations were proposed by
Penman (1953), Rijtema (1965), Monteith (1965) and others. For a more detailed
description of the original Penman equation and its modifications the publications
of Penman (1948), DVWK (1996) and Allen et al. (1998) can be considered.

3.4.3 Penman-Monteith Equation

Modified equations, like the Penman-Monteith approach (Monteith 1965), seem to
be the most commonly used and sophisticated methods. Many comparative model
studies confirm the equation to be reliable approach. For validation purposes the
calculated evapotranspiration was also compared with values from monitoring data
of weighting lysimeters or the Bowen ratio-energy balance technique (BREB). The
BREB is a micrometeorological, indirect method for estimating latent heat flux

under known boundary conditions.
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In the original Penman approach the bulk surface resistance from soil and vegetation
was not explicitly defined and incorporated into the wind function. In later models,
resistance factors of water vapour flow were introduced to enhance the model for
the calculation of evapotranspiration of vegetated surfaces. In the Penman-Monteith
equation (Eq. 3.45) the evaporating surface is abstracted as a single 'big leaf’ with
two resistance parameters, derived from surface resistance and aerodynamic resistant
factors. Surface resistance factors are combined within the bulk surface resistance
rs, which includes the resistance of vapour flow through stomata openings, total leaf
area and soil surface. The aerodynamic resistance r, involves friction from airflow

depending on vegetation canopy architecture.

Ta

ss+7(1+§i—j)

E Tpot =

1 50 (Ro — Gap) + pp Lo (cs = 0)
A (3.45)

The applied equation in MODBIL (Eq. 3.46) is rearranged similar to the transfor-
mations by Allen et al. (1998) with substituting ¢, (Eq. 3.47) and considering the
ideal gas law for p, (Eq. 3.48).

185400 7 (es — €4)

% Ss (Rn - Gsh) +

T+2 a
ET, = (T+273) r (3.46)
S+ (1 + %)
v M, A
= 3.47
Cp AP ( )
AP
Y = 3.48
Pe = 101(T + 273) Ry, (3.48)
with ET ot potential evapotranspiration rate per day [mm]
Cp specific heat of air at constant pressure; 1.013-1073 [MJ
kg™t K71
Pa mean air density at constant pressure [kg m™3]
R, net radiation at plant surface [MJ m~2 d7!] (Eq. 3.8)
Gan soil heat flux density [MJ m~2 d~!] (see p. 49)
R e specific gas constant; 0.287 [kJ kg™! K|
€s saturation vapour pressure [kPa| (Eq. 3.50)
€q actual vapour pressure [kPa| (Eq. 3.51)

es — €,  vapour pressure deficit [kPal
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Sq slope of saturation vapour pressure curve |[kPa K| (Eq.
3.52)

Ts bulk surface resistance or canopy resistance |[s m™!| (Eq.
3.59)

Tq aerodynamic resistance [s m~!| (Eq. 3.55)

v psychrometric constant [kPa K| (Eq. 3.53)

AP atmospheric pressure |kPal

A latent heat of vaporisation [MJ kg™|

M, ratio of molecular weight of water vapour/dry air; 0.622 [-|

fhe unit conversion to get ETy in mm d™'; 86400 [s d |

The data required for solving the Penman-Monteith equation is daily maximum and
minimum air temperature, mean daily dew point temperature (or daily maximum
and minimum RH), daily solar irradiance, mean daily wind speed, latitude, lon-
gitude and site elevation. In MODBIL, the original Penman-Monteith equation is
used by default, but many of the accompanying equations are corresponding to the
FAO guidelines (Allen et al. 1998), and therefore described in the following chap-
ter describing the FAO-56-Penman-Monteith approach. For the original Penman-
Monteith approach further required parameters, in particular land cover specific
parameters as bulk surface resistance and aerodynamic resistance, are discussed in

a separate chapter (Chap. 3.4.6).

3.4.4 FAO-56-Penman-Monteith Equation

The inconsistent definitions for the terms evaporation and evapotranspiration were
the reason that Allen et al. (1998) proposed the term ’grass reference evapotranspi-
ration’, based on a clear definition. He points out that the defined method establishes
a standardised technique to calculate a reference potential evapotranspiration for a

standardised vegetation based on common meteorological datasets.

The FAO-56-Penman-Monteith approach, drafted in the FAO Expert Consultation
Panel (Allen et al. 1989, 1994, 1998) reduces the original Penman-Monteith equa-
tion by assuming several constant parameters for a well-watered hypothetical grass
reference surface (see Table 3.2). Furthermore, a constant for A is set, and the air

density term p, and the vapour aerodynamic resistance are simplified. Besides the
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Table 3.2: Constant parameters for the calculation of FAO hypothetical refer-

ence crop.
Parameter Value
albedo [-] 0.23
reference vegetation height [m] 0.12
height of air temperature, humidity and wind measurements [m] 2
zero plane displacement height [m] 0.08
surface resistance, whole day [s m~!] 70
surface resistance, daytime [s m™1] 50
surface resistance, nighttime [s m~!] 200
aerodynamic resistance [s m™?] 208 U1
latent heat of vaporisation |[MJ kg~!] 2.45

U = wind speed at 2 m height over surface [m s™!]

original Penman-Monteith equation, MODBIL also supports the FAO-56-Penman-
Monteith approach. The greatest differences are given by the parameters describing

the land cover (vegetation) specific characteristics.

The FAO-56-Penman-Monteith equation for the determination of daily ETj of a

hypothetical grass reference surface is defined as follows (Allen et al. 1998):

900 U (es — eg)

0.408 - 8¢ (Bn — Gan) +7 —7 7973

Bl = s+ (140.340) (3:49)
with ETy reference potential evapotranspiration [mm d—!]
R, net radiation at the plant surface [MJ m™2 d~!| (Eq. 3.8)
Gan soil heat flux density [MJ m~2 d—?]
U wind speed at 2 m height [m s7?]
T air temperature at 2 m height [°C]
€s saturation vapour pressure [kPa| (Eq. 3.50)
€q actual vapour pressure [kPa| (Eq. 3.51)
Sq slope of saturation vapour pressure curve |[kPa K™!| (Eq.
3.52)
v psychrometric constant [kPa K™'| (Eq. 3.53)

The meteorological data required for the model application is daily maximum and

minimum air temperature, daily maximum and minimum relative humidity, daily so-
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lar irradiance, mean daily wind speed, latitude, longitude and site elevation. Further
accompanying equations are required for solving the equation with meteorological
data. For a detailed documentation also see the extensive publication of the FAO
Expert Consultation Panel (Allen et al. 1998).

Net radiation is one of the crucial variables needed within the Penman-Monteith
equation. The derivation of daily values for net radiation is described in the radiation
chapter of the meteorology section (see p. 30 ff.). The adjustment of radiation as a

result of topographic influences is described in the same chapter.

The soil heat flux Gy, usually has to be added to the net radiation. In the case
of daily modelling steps it can be set to zero, owed to its very small magnitude

compared to net radiation.

Saturation vapour pressure and actual vapour pressure are calculated according to
recommendations of the FAO guidelines. The former is derived based only on air
temperature (Eq. 3.50) using a slightly modified version of Eq. 3.32. The latter is
derived using air temperature and relative humidity data (Eq. 3.51). The slope of
saturation vapour pressure curve can be described as the slope of saturation vapour

pressure - temperature relationship (Eq. 3.52).

( 17.27T )
es = 0.6108 - e\ 712373 (3.50)
s i RHmax s RHmin
ea — € 7Trnzn + € 7Tmaz (351)
2
( 17.27 T )
4098 {0.6108 - e \T+2373
i (T + 237.3)2 (3.52)
with €s saturation vapour pressure [kPal
€q actual vapour pressure [kPal
Ss slope of saturation vapour pressure curve [kPa K™!
T air temperature [°C]

RH,,.., maximum daily relative humidity [%/100]
RH,;,  minimum daily relative humidity [%/100]
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€5 Toman saturation vapour pressure at daily maximum air temper-
ature [kPa

€5 Timin saturation vapour pressure at daily minimum air tempera-
ture [kPa]

The required psychrometric constant depends mainly on atmospheric pressure (Eq.
3.53) which may be influenced by a lower atmospheric pressure in higher areas.
However, the use of a mean annual pressure for most areas (Eq. 3.54) is usually
sufficient due to the little influence on the psychrometric constant and further cal-

culation results.

R AP .
7= =T = 0665 107 AP (3.53)
€
293 — 0.0065 - b\ **°
AP =101.3 3.54
( 203 ) (3:54)
with v psychrometric constant [kPa K™!]
AP atmospheric pressure |kPal
A latent heat of vaporisation; 2.45 [MJ kg™!]
€ ratio molecular weight of water vapour/dry air; 0.622 |-
R specific gas constant; 0.287 [kJ kg™t K71
h elevation (a.m.s.l) |m]

3.4.5 Land Cover Coefficients for Haude Equation

The evapotranspiration of different vegetation types under disease-free, well fertilised
plants and optimum soil water condition can be termed as ’land cover specific po-
tential evapotranspiration’ or simply ’potential crop evapotranspiration’ (Allen et
al. 1998). Specific land cover or vegetation factors are required for the calculation

depending on the selected potential evapotranspiration equation.

The Haude equation can be customised on the base of the empirical Haude fac-
tor (Table 3.1). After rearrangement, the factor is similar to the k. factor of the
FAO-56-Penman-Monteith equation, which gives the ratio of a specific land cover
(vegetation) and the grass reference evapotranspiration. Compilations of Haude fac-
tors for different land cover (vegetation) types can be found in DVWK (1996) or
Lopmeier (1994).
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3.4.6 Land Cover Coefficients for Penman-Monteith Equa-

tion

Solving the original Penman-Monteith approach requires the determination of albedo,
aerodynamic resistance and surface resistance for the calculation of land cover spe-
cific evapotranspiration. The albedo determines the ratio of solar radiation of all
wavelengths reflected by the earth’s surface. Values for the albedo of different land
cover types can be found in many publications like DVWK (1996), Schulla and
Jasper (1999), Hérmann (2005), Fritsch and Katzenmaier (2001). The applied val-
ues in MODBIL for the current project are listed in Table A.1-A.7 (Appendix).

Aerodynamic resistance quantifies the transfer of heat and water vapour from the
evaporating surface into the air. Based on the Monin-Obukhov similarity theory
many authors have proposed parametrisations to estimate aerodynamic resistances
to heat transfer (e.g. Monteith 1973, Thom 1975, Verma et al. 1976, Choudhury et
al. 1986). A discussion is given by Liu et al. (2006). The variant used in MODBIL is
based on Thom and Oliver (1977) and is widely used in meteorology and hydrology

practices:
2
4.72 (nfs= )
= ————t (3.55)
T T 0540
ho = 0.123 - (hpiant — huwo) (3.56)
2
th = g hplant (357)
For high plants the minimum of ra is defined as:
64
= 3.58
T (3.58)
with Ty aerodynamic resistance (for daily time steps) [s m™!]
Poaws height of wind speed measurement [m)|
hzo aerodynamic roughness length |m|
hwo height at which wind speed becomes essentially zero in the

plant canopy (zero-plane displacement height) [m|
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Pptant effective plant height (thickness of plant canopy) [m]
U wind speed, U > 0.5 [m s7!|

The equation approaches infinity (a turbulent transfer process no longer occurs)
when wind speeds approach zero. Thus, wind speed values less than 0.5 are set to U
= 0.5 m/s. It should be mentioned that the equation is restricted to neutral stability
conditions, but a stability correction is normally not required in case of daily time
steps (see Allen et al. 1998).

The surface resistance describes the resistance of vapour flow through transpiring
plants and evaporating surface. The approximation according to Ben-Mehrez et al.
(1992), Schulla (1997) and Allen et al. (1998) for densely growing vegetation is
based on the minimum stomatal resistance of plant under well-watered conditions,

the effective coverage and the day length:

S S 1\*!
_ 12, 4 .
s <24-rsd+< 24) rsn> (3.59)

Fed = (A“” L1 A“”) 1 (3.60)
T'sc T'ss
- (ﬂ . L)l (3.61)
2500 7
Apagr= 1— M f~07 (3.62)
with T (bulk) surface resistance [s m™!]
Tsd surface resistance for the bright day [s m™!]
Tsn surface resistance for the night [s m™|
Tse minimum stomatal resistance [s m™!]
Tss surface resistance of bare soil, r,, ~ 150 [s m™!]
S day length (maximum possible sunshine duration) [h]
LAT leaf area index (one sided leaf area per unit ground surface
area) |-
Arar effective vegetation coverage [-|

The effective vegetation coverage defines the part of the leaves that actively con-

tribute to surface heat and vapour transfer (by transpiration processes), which are
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usually part of the upper, sunlit areas of a dense canopy. LAI values from 2-6 are
common for many vegetation and crop types. The minimum stomatal resistance r,,.
refers to the average resistance of the plant (or individual leaf) under well-watered
conditions. It depends mainly on the vegetation type and season. For many plants,
a mean daily value of 100 s/m can be estimated when calculations are based on a
24-hr basis (ASCE 1996). Tables for r. are published in Schulla and Jasper (1999),
Krause (2001), Fritsch and Katzenmaier (2001), ASCE (1996). The applied values
in MODBIL are listed in Table A.1-A.7 (Appendix).

3.4.7 Land Cover Coefficients for FAO-56-Penman-Monteith

Equation

A principal idea of FAO-56-Penman-Monteith approach is the simplification of the
vegetation specific physical factors for the calculation of ET),, because physical
factors like the surface resistance factor, albedo or aerial resistance, are difficult to
determine. Doorenboos and Pruitt (1977) established empirical coefficients based
on world-wide studies, which are documented in the FAO report 'Food and Agricul-
ture Organisation of the United Nations, Irrigation and Drainage Paper 24’. This
approach was revised in the later FAO-56 report by Allen et al. (1998).

The principal idea is to estimate the potential evapotranspiration ET,, of a certain
crop or vegetation by multiplying the empirical crop coefficient k. by the reference
evapotranspiration ETy. The crop coefficient k. merges two different processes:
plant transpiration and soil evaporation and can therefore also be expressed by two
separate coefficients, the basal crop coefficient k., and the soil water evaporation

coefficient k.. This is known as the dual crop coefficient approach:

BTy = (kuy + ko) - ETy = k. - ETy (3.63)
with ET ot potential (crop) evapotranspiration [mm)|
ET, reference potential evapotranspiration [mm] (Eq. 3.49)
k. single crop coefficient [-]
e basal crop coefficient [-|

k. surface evaporation coefficient |-|
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According to Burman et al. (1980), Wright (1982), Allen et al. (1989), Allen et
al. (1998) the basal crop coefficient k., defines the ratio of ET,, and ET; under
conditions in which the soil surface layer is dry and the average water content of
the root zone is adequate to sustain full plant transpiration. Thus, k., marks the
baseline potential k. in the absence of additional effects. The soil water evaporation
coefficient k. describes the surface evaporation component of ET,,. When the
earth’s surface is wet then k. is maximal, when it gets drier k. becomes small and
falls near zero once no water is left on the surface. Thus, the difference between k.,

and k. is usually very small for plants that are fully grown. Generally, it can be
assumed k. > ke, + 0.05 (Allen et al. 1998).

When the FAO-56-Penman-Monteith equation is selected for modelling, then MOD-
BIL requires k. or k. coefficients for each land cover type. k. is not required be-
cause MODBIL uses another approach for assessing evaporation and interception
effects (see p. 55). Several ways exist for assessing the land cover specific k. or kg
coefficient. One possibility is to derive the differences between the reference evapo-
transpiration and the measured ET), of a vegetated surface, e.g. with the help of
lysimeters. Such methods are mostly too expensive and time-consuming, which is
why often established values are used from extensive studies like, e.g. Doorenbos
and Pruitt (1977), Doorenbos and Kassam (1979), Wright (1982), Allen et al. (1989,
1998). In those studies k-factors were revealed for different land cover types under
different climate characteristics. The initial k. and k., values used in MODBIL area
are derived from those studies and adapted to local conditions. For calibration pur-
poses, the values can be adjusted individually. For better modelling results, it is
always recommended to use the dual crop coefficient approach based on k., because
the evaporation processes, which depend strongly on regional climatic characteris-
tics, can be modelled separately and the crop coefficient k., is reduced to a plant

(transpiration) specific factor.

Both k. and k., have to be adjusted if the vegetation and ground cover in dif-
ferent phenological stages differ significantly from normal (mid-season) conditions.
For agricultural plants, the determination of three values (initial stage, mid-season
stage, late season stage) is sufficient for a good representation of the varying crop.
Extensive tables and instructions are given in Allen et al. (1998). The published

standard crop coefficients k. or k. are valid for a common sub-humid climate with
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an average relative daily minimum humidity of 45% and wind speeds averaging 2
m/s. An adjustment for the factors larger than 0.45 is proposed when there are

notable differences to the reference climate (see Allen et al. 1998):

0.3
ecb = ke cbrap) + [0.04(U — 2) — 0.004(RH pnir, — 45)] (%) (3.64)
with ke.cb single or basal crop coefficient |-]
Keeorapy single or basal crop coefficient for reference climate (see
Tables in Allen et al. 1998) [-|
RH,,;,  mean minimum relative humidity (20% < RH i, < 80%)
U mean wind speed at 2 m height [m s™!|

Poplant effective plant height [m]

Often, vegetation is not in the state of full cover conditions (for crops defined as
LAI > 3) like natural, non-pristine vegetation, which is usually formed and dis-
tributed relatively heterogeneously in space, especially in areas where topography
and soil properties are more complex. Several approaches allow an adjustment on
the basis of relations between LAI measurements and crop coefficient. Instead of
e.g. LAI the adjustments can also be performed using ground cover data describing
the fraction of soil surface that is shaded by vegetation. For further details consider
Allen et al. (1998).

3.4.8 Surface Evaporation (Interception Losses)

Interception describes the phenomenon of rainfall water collected and temporarily
stored on leaves, stems of plants, organic materials or other natural or artificial
surfaces. The water is held until it evaporates (surface evaporation), drips off (drip
precipitation), or trickles down to the ground (stem flow). The amount of intercepted
water depends largely on the type and density of plants, thickness of layer of organic
material above the soil, and the properties of artificial surfaces. The highest amounts
of interception can be found in forests. Coniferous trees usually intercept more water
than deciduous trees because of the higher total surface of the needles holding back

the water.
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The interception module of MODBIL is designed as a simplified variant of the mod-
els from Rutter and Morton (1977), Gash and Morton (1978) and Schulla (1997).
More detailed approaches for interception modelling were presented by several au-
thors (e.g. Menzel 1997). They are often not suitable for mesoscale models due to
the lack of data required. The incorporated model consists of a simple linear stor-
age that integrates canopy interception storage and other intercepting surfaces, like
the layers of organic material, stems of trees, or artificial surfaces (roofs, asphalt,
etc.). The storage is modelled on the basis of the cells’ specific interception stor-
age capacity IZ,,q., which represents the amount of water (under zero evaporation
conditions) that is left on the saturated, intercepting surfaces after drainage from
intercepting surfaces have ceased. MODBIL can handle the [7,,,, input data as
land cover specific information or as spatially distributed information derived from

remote sensing products.

MODBIL simulates the dynamics of the interception processes for each time interval
in two consecutive modelling steps. In the first step, the filling of the interception
storage is simulated. Depending on the storage capacity of the intercepting surface,
all or part of the precipitated water is transferred to the interception storage (Eqs.
3.65, 3.66). The other part of the water reaches the soil surface and is considered as
throughfall. If the canopy interception storage reaches the maximum storage capac-
ity, then all further (overrunning) water is transferred directly to the the soil surface
by drip precipitation and stemflow. The sum of throughfall, drip precipitation and
stemflow defines the effective precipitation (Eq. 3.67).

]Zi = [Zl’fl(end) + sz ]Zz < ]Zmaa: (365)
[ZRZ - [ZZ - [Zi—l(end) (366)
PE; = P, — IZR; (3.67)
with 17Z; water in the interception storage at time interval i [mm]|

IZ;_1(enay water in the interception storage at the end (after evapo-
ration) of time interval i-1 [mm]|

IZR; recharge of the interception storage at time interval i |[mm)|
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17,00 interception storage capacity [mm]|
PE; effective precipitation at time interval i [mm]
P, precipitation at time interval i [mm|

The interception storage capacity is determined as the weighted average of the re-
spective interception storages of vegetated areas (canopy) and non-vegetated areas,
depending on the ratio of the covered area. For non-vegetated surfaces a storage
capacity of 1 mm is assumed, to take into account evaporation from all types of wet

surfaces (rocks, humus, soil, or sealed areas).

The second modelling step refers to the depletion of water from interception stor-
age. Some approaches like Rutter and Morton (1977) mark out a correlation of
interception evaporation and potential evapotranspiration considering the ratio of
actual stored water and maximum interception storage capacity. In MODBIL an
alternative equation is used, which is similar to approaches incorporated in modern
water balance models like WaSiM-ETH (Schulla 1997). There, the maximum sur-
face evaporation is related only to potential evapotranspiration and the amount of

water in the interception storage:

ET,, 1.3-ETy,<IZ
EP, = (3.68)
IZ; 13-ETy > IZ

The maximum evapotranspiration under wet surface conditions is known to be higher
than the potential evapotranspiration under dry conditions. Hence for days with

evaporation from wet surfaces, the potential evapotranspiration is adjusted as fol-

lows:
ETyo(wet) = ET,o + EP; ET,(wet) < 1.3 ET, (3.69)
with ET,ot(wet) adjusted potential evapotranspiration under wet surface
conditions at time interval i [mm]
ET potential (crop) evapotranspiration at time interval i [mm]|
EP, evaporation from wet surfaces at time interval i [mm]|
ET, reference potential evapotranspiration at time interval i

[mm]

1Z; water in the interception storage at time interval i [mm]|
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Surface evaporation processes provoke a reduced transpiration within the subsequent
modelling steps of the time interval as the total sum of evaporation and transpiration

processes is limited (see Eq. 3.69).

Interception storage capacity is calculated as the weighted average from the vege-
tated and non-vegetated parts, depending on the respective vegetation coverage ratio
(canopy cover). For non-vegetated surfaces a storage capacity of 1 mm is assumed.
The 1Z,,,. data for the vegetated area can be retrieved from different publications
containing extensive tables or datasets for many land cover classes and vegetation
types (e.g. DVWK 1986, Breuer et al. 2003, Schulla 1997, Scurlock et al. 2001).
The set of values for the land cover classes used in MODBIL are compiled in Table
AL6.

For the individual adjustment of the interception storage data of the study area,
the application of further methods is recommended. Several promising approaches
are based on the Leaf Area Index LAI, which describes the one-sided leaf area per
unit ground surface area. In the present model context it is convenient to consider
the LAI as a more general index describing the amount of all intercepting surfaces
(natural and artificial) per area. A universally applicable model from Schulla (1997)

can be applied for the calculation of the interception storage capacity:

IZpaw = ve hgy LAI 4+ (1 —ve) hg (3.70)
with 17, 0n interception storage capacity [mm]|
LAI leaf area index (one sided leaf area per unit ground surface
area) |-
hsr layer thickness of water body on a surface, 0.1-0.4 (Schulla
1997) [mm]|
ve fraction of vegetation coverage |-|

This approach has the advantage that it allows the assessment of interception values
for areas with or without active vegetation. In the current project, the equation was
combined with vegetation specific ratios derived from Breuer et al. (2003). Other
approaches, like the empirical equation proposed by Hoyningen-Huene (1983), are

used to check the range and plausibility for the values derived:

[Zomaw = 0.935 + 0.498 - LAI — 0.00575 - LAI (3.71)
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An improvement of the spatial and temporal representation of LAI, especially in
areas with dense vegetation, may be obtained by the application of remote sensing
techniques. Many established approaches are based on the Normalised Difference
Vegetation Index NDVI, which is highly correlated to the LAI, and a well established
procedure in remote sensing. The NDVT is defined as the ratio between the difference
and the sum of near infrared and red spectral data. This works like a measure
for green vegetation (amount of chlorophyll), since the active vegetation performing
photosynthesis reflects little in the visible spectral range (400 to 700 nm) but strongly
in the spectral range of near infrared (700 to 1300 nm). Better results can be
obtained if a composite image from different days is calculated allowing to exclude
atmospherically contaminated and cloudy areas. For the subsequent conversion from
NDVT to LAI various methods exist (e.g. Myneni and Williams 1994, Sellers et al.
1994). If LAI,,,, for each vegetation unit is known, then the annual cycle of LAI can
be derived from the monthly or seasonal changes of NDVI (Zhangshi and Williams
1997):
NDVI; — NDVI,,in

[i = mazx 72
LAL = LAlnes N0 NV (3.72)

with LAI Leaf Area Index at time interval i |-]
LAl . maximum LAI within the annual cycle [-]
NDVI, Normalised Difference Vegetation Index at time interval i
[l
NDVI,q, maximum NDVI within the annual cycle [-|
NDVI,i,, minimum NDVI within the annual cycle [-|

A further possibility is the commonly used approach from Clevers (1989), who de-
scribed a simplified, semi-empirical model for estimating LAI of a green canopy. It
is based on the Weighted Difference Vegetation Index WDVI, which has the advan-
tage that effects of soil reflectances on NDVI are considered. WDVI is ascertained
as a weighted difference between the measured Near Infrared and Red reflectance,
assuming that the ratio between these reflectances for bare soil is constant, which is
an assumption that is valid for most soil types (see Eckert and Kneubiihler 2004).
WDVTI is ascertained as a weighted difference between measured NIR and red re-
flectances:

WDVI = ryp — Cs - TRed (3.73)
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¢y = LBNR (3.74)
T's,Red

Secondly, the WDVT is used for the estimation of LAl based on an inverse exponential
relation (Clevers 1989):

LAl = — X i (1 _ M) (3.75)
cf Poo(ANIR)
with WDVI  Weighted Difference Vegetation Index [-]
LAI Leaf Area Index [-]
Cs influence of soil reflectance (soil background)
T NIR total measured Near Infrared reflectance
T Red total measured Red reflectance
T's NIR NIR reflectance of the bare soil
Ts Red Red reflectance of the bare soil
cy complex combination of extinction and scattering coeffi-
cients

Poo(Anir) limiting value of the WDVI at very high LAI values

The parameters ¢y and poo(Anr) have a physical interpretation but have to be
estimated empirically (Clevers 1989). Typical values for various plants, seasons and
locations can be taken from literature (Bouman et al. 1992, Uenk et al. 1992,
Clevers et al. 1994).

3.4.9 Evaporation on Frozen and Snow-Covered Surfaces

Vegetation is largely non-responsive and non-contributing to evapotranspiration
when ground surface is frozen or snow-covered. In that case ET),, is reduced and
evapotranspiration will be closely related to the albedo and the availability of free
water on the surface. Many different studies show that a large amount of factors
which control the snow evaporation processes. The values range between -1 and 2
mm/d (see e.g. DVWK 1996, Allen et al. 1998). Snow evaporation is of limited
importance compared to snow melting and other processes within the whole water
balance. Therefore, a simple approach according to Allen (1996), Allen et al. (1998)

was incorporated into MODBIL. On days with snow cover the crop coefficients are
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adjusted to k. = 0.5. If the original Penman-Monteith equation is selected then
surface resistance and albedo are modified for the respective days. The albedo is set
to 0.8 for fresh snow and is reduced gradually to 0.5 for older, possibly discontinuous

SNOw covers.

3.4.10 Evapotranspiration under Water Stress Conditions

The equations discussed for the calculation of potential (crop) evapotranspiration
ET,s refer to optimum, disease-free and well fertilised soil water conditions, however
environmental stresses have a strong influence on evapotranspiration. In most cases
the strongest environmental stress is caused by water limitations. If the plant-
extractable soil water drops below a certain threshold, then the plants suffer water
stresses and transpiration is reduced. In the model water stress is expressed by the
water stress coefficient ws. and describes the relation between plant-extractable soil

water and transpiration (see Chap. 3.6).

The water stress coefficient is primarily related to the plant-extractable soil water
content WC' and can be influenced by soil and plant properties. If there are no lim-
iting soil water conditions then ws. = 1, else ws, ranges between 1 and 0 depending
on the strength of the water stresses. ws. becomes 0 when no plant-extractable soil
water is left. Several equations were developed for the assessment of the current
water stress coefficient at a certain point in time, e.g. by Albrecht (1962), Renger
et al. (1974), Sponagel (1980), DVWK (1996), Allen et al. (1998). MODBIL allows
the use of three different equations, which are discussed within the soil water balance

model description (see Chap. 3.6).

3.5 Infiltration of the Soil

Infiltration refers to the access of water through the upper soil surface into the soil
layer. The infiltration rate is primarily controlled by the physical soil properties
depending mainly on particle size distribution. Furthermore, land cover characteris-
tics may have some influences, especially regarding sealing, soil compactness and the
amount of macropores. Another influence is given by topography through retarded

or benefited drainage on the soil surface. During any infiltration event overland flow
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is generated on the soil surface in case the top of the soil layer is becoming saturated.

This process is also known as 'ponding’.

The simulation of infiltration in MODBIL is based on a modified concept of the
infiltration rate equation of Green and Ampt (1911) and enhancements similar to
Peschke (1977), Peschke and Gurtz (1987). The approach is used to quantify the in-
filtrated water and to separate the overrunning water drained by overland flow. The
infiltration model is designed as a two-stage model, which respects the consecutive
wetting stages. The initial wetting stage, characterised by high infiltration rates, is
driven by high adsorption and capillary forces. In the second stage, the wetting and
infiltration process is maintained by gravitational forces, while the influence of the
capillary forces becomes reduced. The quality of the model results depends on accu-
rate estimates of soil parameters - especially the Green-Ampt infiltration parameters
- the saturated hydraulic conductivity and the wetting front suction. Furthermore,

the soil water content at the beginning of a rainfall event is required.

For the infiltration model, a homogeneous, one-layer soil model concept is applied,
whereby matrix flow is assumed to be dominant (macropore flow is simulated sepa-
rately). The wetting front is approximated as abrupt transition and the intensity of
rainfall is regarded as constant for the time interval. In the first stage of the model
the time needed until soil surface saturation occurs under a given intensity of rainfall
is calculated. In the second stage the maximum infiltration rate under saturated soil
surface conditions for the remaining time of the rainfall event is determined. The
surplus of water that can not infiltrate to second stage is diverted and categorised

as overland flow.

In the original equation of Green and Ampt (1911), the infiltration rate f; is related

to the saturated hydraulic conductivity ks and the soil water state 6;:

0, — 0,
i = —ks 1 3.76
=k (0 1) (3.70
Inf;, fi, and 9y becomes positive by a rearrangement of the equation:
(95 _ 01’)
i = ks —+1 3.77
=y B (3.77)
with fi Green and Ampt infiltration rate at time step i [mm h™?]
ks hydraulic conductivity of the soil under saturated condi-

tions [mm h~?]
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0; initial soil moisture content [m® m=3|

0, soil moisture content at saturation [m3 m™3|
1y suction at wetting front [mm)|

Inf; cumulative infiltration at time step i [mm]|

When 6; approaches 6, then one has (0; — 6;) ~ 0 and f; ~ k,. In the next step
modifying Eq. 3.76 gives the cumulative infiltration Inf; as a function of infiltration

rate f;:
0s — 0;

1+ 4

Inf; = —1/Jf

If rainfall intensity is constant and exceeds saturated hydraulic conductivity (Pl >
ks), then at a defined point in time the surface will become saturated. At this
moment infiltration rate equals precipitation rate. The depth INF, infiltrated at
this moment can be calculated by modifying Eq. 3.77 and then solving the equation
for INF, (Eq. 3.79). The infiltration rate f; is given by the rainfall intensity PI:

PI >k, (3.79)

The time ¢, needed until surface saturation can be derived by transformation of this
equation (Peschke 1977, Peschke and Gurtz 1987):

((93 7 0:) wf)
INF, Pk, —1
o=t = = . PI>k, (3.80)

And the infiltrated amount of the first wetting stage under unsaturated conditions

is given by:
INF, =t, - PI (3.81)
with INF, infiltration under unsaturated soil surface conditions [mm]
PI rainfall intensity [mm h~!|
ks hydraulic conductivity of the soil under saturated condi-
tions [mm h~?]
tu time until saturation of the soil surface [h]

Py suction at wetting front [mm]
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In the second modelling stage, the amount of infiltrated water under saturated
conditions is calculated. There, the maximum infiltration rate INF} is assumed to
be equal to the hydraulic conductivity under saturated conditions (f ~ k;) as a
result of Eq. 3.77:

INF, = PE — INF,; PE < INF + INF,, (3.82)
with INF infiltration under saturated soil surface conditions [mm]
INF, infiltration under unsaturated soil surface conditions [mm]
PE effective precipitation [mm)|

Total infiltration INF is calculated from the sum of infiltration under saturated and

unsaturated conditions of the soil surface:
INF = INF,, + INF, (3.83)

The amount of water that cannot be infiltrated is diverted as overland flow OF,

which is also known as direct runoff or also runoff of soil surface:

PE — INF;  INF < PE

OF = (3.84)
0; INF > PE
with OF overland flow |mm]|
INF infiltration to the soil [mm]
PE effective precipitation [mm]|

In the case of urbanised or industrialised areas, where the land surface is partially

sealed, the infiltration and the overland flow is modified as follows:

INF,.y = (1 — vs) - INF (3.85)
OF oy = OF + vs - INF (3.86)
with INFy.,,  infiltration to the soil on partially sealed surface [mm]|
OF seu1 overland flow on partially sealed surface [mm|]
vS areal fraction of sealed surface [-|

The saturated hydraulic conductivity ks and the wetting front suction ¢; are the key
parameters of the infiltration module. A distributed model like MODBIL requires



Chapter 3. Water Balance Model 65

the definition of a k4 value for each soil type of the study area spatially resolved for
each cell. The parameters can either be estimated by laboratory or field techniques,
or by the application of equations like pedotransfer functions (PTFs) or specific
tables (Allen et al. 1998, AG Boden 1994). PTFs allow the assessment of soil
hydraulic properties on the basis of easily measured soil physical properties, such as
particle size distribution and bulk density. For the current project a PTF published
by Saxton et al. (1986) was used, which is also available as a free software tool
called "Soil Water Characteristics’ (Saxton 2007). For a detailed description of the
respective equations please consider the publication of Saxton et al. (1986). The
good performance of the Saxton PTFEF compared to others was confirmed by Tietje
and Hennings (1996). Alternative PTF approaches used for valuation were also
presented by Cosby et al. (1984), Brakensiek et al. (1984), Vereecken et al. (1990)
and Schaap et al. (2001).

The value of the wetting front suction ¢y can be determined by PTFs. Furthermore,
an equation of Schulla and Jasper (1999) can be used for the determination of the

wetting front suction:

16, -0\ "
wf_a[(es_er) —1] -1000 (3.87)

However, the derivation of the required empirical soil parameters can be avoided
if another, less precise and very rough estimation is applied in MODBIL, which is

tested here, to be sufficient within this model scale:

<4.2 —220 )
Yy =10-10 e (3.88)
with Py suction at wetting front [mm]|

0, actual soil moisture content on time interval i [m* m™3|

0, residual soil moisture content when hydraulic conductivity

is k=0 [m? m™3]
0, soil moisture content at saturation [m? m=3|
Orc soil moisture content at field capacity [m® m=3]

a,m,n  empirical parameters depending on the soil physical prop-
erties (see Schulla and Jasper 1999)
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3.6 Soil Water Balance

The soil-water module in MODBIL calculates the daily soil water balance for each
time step and each cell. The processes are simulated based on a one-layer model,
which is represented by means of a container in which water content can fluctuate.
In a preliminary step, the determination of field capacity, wilting point and effective
rooting depth for each cell are required in order to assess both the actual plant-
extractable soil water content and the plant-extractable soil water content at field

capacity.

Field capacity and wilting point can either be derived from tables (e.g. Allen et al.
1998, AG Boden 1994) or more accurately by Pedo Transfer Functions (PTFs), as
well as through field and laboratory studies (see p. 65). The derived and applied

values for the soils on different hydrological units of Cyprus are listed in Table 4.4.

Rooting depth can be assessed from field observations and from established values
in literature. Extensive studies and tables for specific plants and land cover types
can be found in various publications, such as Breuer et al. (2003), Allen et al.
(1998), DVWK (1996), Schulla (1997), Fritsch and Katzenmaier (2001). For Cyprus,
field observations, as well as studies from Reger (2004) and Diinkeloh (2005a) were
considered and listed in Tab A.3 (Appendix).

The plant-extractable soil water content in the root zone defines the amount of water
which can be held against gravity and can be extracted at the same time by plant
roots. The water above field capacity is drained as it cannot be held against gravity.
Residual water below wilting point cannot be extracted any more from plant roots
due to the high adsorption and capillary forces. The plant-extractable soil water
content W(C' in the root zone can be derived from the soil moisture content and the

effective rooting depth through the following equations:

WC; = 1000 (0; — Owp) Z, (3.89)
WCre = 1000 (Opc — Owp) Z, (3.90)
with WC; actual plant-extractable soil water content in the root zone

on time interval i [mm)|
WCrc plant-extractable soil water content in the root zone at field

capacity [mm]|
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0; actual soil moisture content on time interval i [m?® m™3]
Orc soil moisture content at field capacity [m* m=3|

Owp soil moisture content at wilting point [m* m=3]

Z, effective rooting depth [m]

The plant-extractable soil water content depends on several variables like inflow,
soil water state, outflow and extraction from the soil. Water is added to the soil
layer by soil surface infiltration after rainfall and irrigation events or by capillary
rise from the groundwater. In contrast, water is removed from soil water storage by

evapotranspiration, interflow and deep percolation:

WCz = WCi,l -+ (INE + CRZ -+ [z - ETact,i - INﬂ - DR) (391)

with WC; actual plant-extractable soil water content in the root zone
on time interval i [mm)|
WC;_4 plant-extractable soil water content in the root zone on the

previous time interval [mm)|

INF; infiltration to the soil on time interval i [mm| (Eq. 3.83)
CR; capillary rise at time interval i [mm]|
I; net irrigation infiltrating to the soil at interval i [mm)|

ETcti actual (crop) evapotranspiration adjusted to water stress
conditions at time interval i [mm| (Eq. 3.93)

INT; interflow at time interval i [mm] (Eq. 3.103)

DP; deep percolation at time interval i [mm| (Eq. 3.102)

The daily interflow INT and deep percolation DP are controlled by soil properties
and soil water state (see Chap. 3.8). The amount of daily infiltrated water INF;
depends on soil properties and effective precipitation (see Chap. 3.5). In some
areas additional water is available by irrigation [ or capillary rise CR from shallow
groundwater tables. The additional water prevents plants from water stresses. The
respective cells must be specified in a preliminary step. Remote sensing techniques
(different vegetation activity) or the application of topographic indices, facilitate
identification and classification of such areas. Usually, these areas are located in

flood plains of valleys, nearby lakes, coastal areas or other depressions.

In MODBIL the surplus of evapotranspiration due to additional water is called sec-
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ondary evapotranspiration. It plays an important role especially for water balancing

in semiarid and arid areas.

ETsee = ETpo — ET e (3.92)
with ET,,. secondary evapotranspiration [mm)|
ET 0t potential evapotranspiration (without water stress) [mm]|
ET,. actual evapotranspiration adjusted to water stress condi-

tions without additional water from shallow groundwater

or irrigation [mm)|

If no water from shallow groundwater or irrigation is available, then the consider-
ation of water stress is necessary for the determination of daily water extraction
from soil by evapotranspiration. Water stress can be expressed by the water stress
coefficient ws,., describing the relation between actual plant-extractable soil water

and transpiration:
EToet = wse - BTy (3.93)

with ET,. actual (crop) evapotranspiration adjusted to water stress

conditions [mm]|

ET,0t potential (crop) evapotranspiration without water stresses
]
WS, water stress coefficient |-

ws. depends primarily on the actual plant-extractable soil water and can be modified
by specific soil and plant properties. Three different approaches describing the
relationship between actual plant-extractable water content and transpiration are

incorporated in MODBIL and can be individually selected for a model run.

The simplest equation is based on the original approach of Albrecht (1962), who
assumes that the ratio of the actual plant-extractable water content in the root zone
to the plant-extractable water content at field capacity is similar to the ratio of
actual and potential evapotranspiration. Later studies show that this relationship
often underestimates the actual evapotranspiration, because plants do not necessar-

ily suffer water stress when the actual soil water content drops below field capacity.
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An advanced relationship was proposed by Renger et al. (1974) respectively:

0, — 0 0, — 0 2
wse = 0.2+ 2 <—WP> ~12 (—‘W) (3.94)

Orc — Owp Orc — Onwp

Later this equation was also recommended for the study of local climatological con-
ditions by the German Institute for Standardisation published in DIN 19685 (DIN
1997/2002). The equation gives a mean relationship that cannot be adjusted eas-
ily to specific vegetation types. Therefore, the FAO approach from Allen et al.
(1998) presented a different concept similar to Albrecht (1962) assuming a linear

relationship of the evapotranspiration in relation to the plant-extractable soil water:

L 0 < 0;
0, — Owp )’
0; 0; < Owp
0, = (1 — p.)(Orc — Owp) (3.96)
with WS, water stress coefficient |-]
0; actual soil moisture content on time interval i [m? m™3]
0, threshold soil moisture content where plant water stresses

start [m® m~3]

Orc soil moisture content at field capacity [m® m™?]
Owp soil moisture content at wilting point [m® m=3]
Dr portion of total extractable water that plants can extract

from the root zone without water stress (typical range:
pr = 0.3...0.7; standard value: p, = 0.5) []

The approach is enhanced by a plant specific threshold 6;, which marks the soil mois-
ture state up to which all readily available water is consumed and at which plants
begin to experience water stress. Then, soil water becomes more strongly bound to
the soil matrix and more difficult to extract. The reduced plant evapotranspiration
is expressed by the factor ws.. When water content drops below the wilting point

Owp, no further soil water is extracted by plants any more.

The threshold 6; depends mainly on plant and also partly on soil characteristics.

This is introduced in the model by the parameter p,., which has to be determined
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according to local conditions. Alternatively, values from extensive tables, e.g. in
Allen et al. (1998), can be used. If no detailed data is available, then p, = 0.5 is
commonly assumed for typical plant conditions (see Allen et al. 1998: p. 162).

3.7 Macropore and Bypass Flow

The quick movement of water in structural soil features like root channels, worm-
holes, soil cracks or other large cavities or fractures in soils, is called macropore
flow. The movement into and through the macropores is driven only by the force of
gravity. It controls water transfer from macropores into the surrounding soil matrix,
as well as the amount of infiltration, interflow and deep percolation (Germann and
Beven 1981, Beven and Germann 1982, Ghodrati and Jury 1990, van Genuchten et
al. 1990, Gish and Shirmohammadi 1991).

According to Dyck and Peschke (1995), the diameters of macropores are greater
than 2-3 mm but there is no general convention for the definition of macropores
(Uhlenbrook and Leibundgut 1997). Weiler and Naef (2003) mark that the mecha-
nisms controlling macropore flow are not very well known. It was observed that only
a few macropores contributed significantly to the total macropore flow, whereas the
majority of macropores received little water. Furthermore, a large spatial variation

of macropores is also typical for small areas.

Through the macropores, water can bypass the soil layer and move rapidly into
deeper layers. This process is known as bypass flow, and can be relevant for the
assessment of groundwater recharge and interflow within water balance studies. By-
pass flow is most notably controlled by the amount and intensity of rainfall, the
value of saturated hydraulic conductivity at the soil surface, absorption of water by
the soil matrix and the geometry of the macropore system (Hoogmoed and Bouma
1980, Booltink and Bouma 1993, Booltink et al. 1993).

Several studies marked that the application of complex physical approaches does
not often lead towards better results. Moreover, the approaches are mostly not
well-founded concerning the representation of the complex and varying natural con-
ditions, especially when modelling large areas (Braun 2002, Beisecker 1994). There-

fore, conceptional approaches are preferred, which are nowadays typically based on
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two principal ideas. One concept is the adjustment of saturated hydraulic property
of the soil (see e.g. Bronstert 1994, Merz 1996):

_Qm

0;
ks,adj = |1+ (M-Pf — 1)0 0 ) em < 91 < 65 (397)
with ks adj adjusted hydraulic conductivity of the soil under saturated

conditions considering macropore effects [m s™!|
ks hydraulic conductivity of the soil under saturated condi-

tions (without macropore effects) [m s7?]

0; actual soil moisture content on time interval i [m® m™3]
0, soil moisture content at saturation [m3 m=3|
O minimum soil moisture content where macropore flow is

assumed [m? m™3|
MP factor of macroporosity depending on root depth and sea-
son (see Bronstert 1994, Braun 2002) [-]

The concept is based on the idea that the drainage through macropores becomes
higher through higher soil water content. The factor MP; depends primarily on
root density, depth, and biological activities within the soil layer. In deeper zones,
effective macroporosity becomes lower. On soils without relevant macroporosity, the
factor is MP; = 1. Under normal conditions, MP; typically varies between 2 and
3 in depths of 0.6 to 0.8 m (see Braun 2002). Values of MP; > 10 can be found,
especially in areas with a very dense root network as in forests, or at the climax of
the vegetation period in the upper soil zone. Therefore, hydraulic conductivities can
easily become ten times higher then they would in the same soil without vegetation.
For further details determining AMPf, Bronstert (1994) and Braun (2002) may be

considered.

The concept serves for the adjustment of hydraulic conductivity of the soil, but
macropore flow events bypassing the whole soil layer cannot be dissolved. However,
modelling results for Cyprus showed that the consideration of bypass flow is of
importance for a better simulation of groundwater recharge. Hence an individual
concept was incorporated into MODBIL based on a dual-permeability approach,
which is also known as the double porosity approach (see e.g. MACRO model by
Jarvis et al. 1991 and Ludwig et al. 1999). It describes water flow in the soil layer
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by separating the flow in the soil matrix domain and flow in the macropore domain.
The macropore domain includes the overcapillary-sized pores as well as the larger
and more continuous capillary-sized pores bigger than 30 um (Germann 1990). The
fractions of macropores vary typically between 0.2 and 5 Vol.% (Chen and Wagenet
1992) and flow speed up to 25 cm/s are possible within the macropores (Bouma et al.
in Zuidema 1985). Therefore, it can occur that 40-80% of the effective precipitation
infiltrates through macropores (Beisecker 1994, Liermann 1999). According to Beven
and Germann (1981), macropore flow can only be generated after minimum rainfall
intensities of 1-10 mm/h. Hydraulic conductivity of macropores depends on a couple
of factors; normallly soil water content of the surrounding matrix, geometry of the
macropores and water available within the macropores. Fast macropore flow due
to hydrophobicity of very dry soils is also possible and documented, e.g. in Beven
and Germann (1982). The definition of hydraulic conductivity of macropores, as it
is implemented in several models (see e.g. MACRO model Jarvis et al. (1991), is
often considered as not well founded (Beisecker 1994) due to complex and varying

natural conditions, especially for large areas.

The individual solution designed for MODBIL considers only the part of infiltrating
water that bypasses the entire soil column by fast vertical flow through macrop-
ores. The concept principally considers the theoretical ideas for the generation of
macropore flow from Beven and Germann (1981). It deals with the problem that
macropore flow can also occur after small rainfall events and depends strongly on
the amount of macropores that effectively drain water through the soil layer. For
the incorporated approach, a factor called effective macroporosity for bypass flow,
was introduced. Tt refers only to the network of active macropores contributing to

the fast vertical flow through the complete soil column.

The bypass flow module consists of two stages. The first stage simulates the begin-
ning of a rainfall event in which only matrix flow is prevalent. A threshold MP; up
to the beginning of macropore flow is calculated. This can be defined as a specific
amount of rainfall or alternatively as the time till ponding on the soil surface (see
Chap. 3.5).

In the second stage, matrix and macropore flow occur at the same time. The model
for this stage is based on the widely used concept of dual porosity, where the macro-

pore flow is controlled by the fraction of effective macroporosity of the whole cell
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area. A value for the hydraulic conductivity of the macropores is not applied be-
cause in this context the only relevant part of macropore flow is that, which bypasses
the whole soil layer and percolates to the bedrock. All further macropore flow is
assumed to be secondarily infiltrated into the soil matrix. Therefore, this bypass
flow through macropores BY is especially limited by the hydraulic conductivity of
the bedrock and the effective precipitation:

BY = (PE — MP,) Aﬁ;y; BY < kyups t, ]\ﬁ;’y (3.98)
with BY bypass flow [mm]|
MP, threshold for the beginning of macropore flow [mm|
MP,, effective macroporosity for bypass flow [Vol.%)]
PE effective precipitation [mm]|
Esub,s hydraulic conductivity of the bedrock under saturated con-

ditions [mm s™]

t, rainfall duration after macropore flow started [s]

3.8 Direct Runoff and Groundwater Recharge

High soil water state and bypass flow processes initiate lateral drainage of soil water
and percolation to deeper layers. The term interflow refers to the part of water,
which drains laterally through the uppermost layers without contact to the water
table until reaching a stream channel or another body of water at the land surface.
The deep percolation comprises the other part of the water, which percolates to the
layers below the root zone and becomes unavailable for vegetation and evapotran-
spiration. It is assumed that under normal geological conditions, most of the water
percolates to the water table and can therefore be considered potential groundwater

recharge.

The model simulates deep percolation and interflow on the base of soil water state,
bypass flow, physical soil properties, physical bedrock properties and terrain slope.
The drainage starts when bypass flow occurs or when soil water content exceeds

field capacity caused by an infiltration event. Then soil water, which cannot be held
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Figure 3.3: Geometrical simplification used for describing the relation between
interflow INT and deep percolation DP based on Cabral et al.
(1992) and Rasmussen (2005).

against gravity, percolates downwards:

BY;; t; < Orc
PC; = (3.99)

with PC; percolation at time interval i [mm]|
BY; bypass flow at time interval i [mm]|
0; actual soil moisture content at time interval i [m® m™3|
Orc soil moisture content at field capacity [m? m=3|

Depending on terrain slope and hydraulic conductivity of the bedrock, the perco-
lating water is divided into a vertical and a lateral component. Cabral et al. (1992)
point out that a geometrical simplification shown in Fig. 3.3 is suitable for most

issues. Therefore, the basic relation between interflow and deep percolation can be
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described as follows (see also Rasmussen 2005):

DF; _ » 7Tsin(ocp) _ sin(oy) (3.100)
INT;  sin(§5 — (B + o)) cos(Be.+ ay)
a, = g e kB (3.101)
DP; = PC; . sinlay) ; DP, < ks (3.102)
<cos(ﬁc+pap) + 1) COS(@C + Oép)
sin(oy)
INT, = PC; |1 - 7——— (3.103)
(cos(,BCerap) + 1) COS(BC + ap)
with INT; interflow at time interval i [mm]
DP, deep percolation at time interval i [mm|
PC; percolation at time interval i [mm]|
Esub,s hydraulic conductivity of the bedrock under saturated con-
ditions [mm s7!]
Be terrain slope [rad]
a, angle between terrain surface and flux-vector [rad] (see Fig.
3.3)
k, regional calibration coefficient for adjustment of the re-

lation between interflow and deep percolation; (Cyprus:
k, =1.35) []

t length of time interval i [s]

The maximum amount of DPF; is limited by the hydraulic conductivity of the bedrock
Esubs (see Eq. 3.102). In case of the calculated DP; being greater than DP,,,,, the
surplus of water is added to interflow INT;. Exceptional cases include saturated
conditions, when water is drained by saturation excess in form of overland flow.
Under plain terrain conditions (5. = 0), lateral drainage does not start before soil

water content reaches saturation (6; = 0;).

Direct runoff is the sum of overland flow and interflow. Total runoff or discharge

refers to the total amount of water flowing into a stream consisting of the sum



Chapter 3. Water Balance Model 76

of direct runoff and baseflow. In a quasi-closed catchment the generated baseflow

results from the re- and discharge of the aquifer reservoir (see Chap. 3.9):

Qair = OF + INT (3.104)
Qtot = Qdir + Qbase (3105)
with Qdir direct runoff [mm]|
Qtot total runoff/discharge [mm]|
Qbase base flow [mm]
OF overland flow [mm]
INT interflow [mm]|

3.9 Calibration by Catchment Response

Calibration of the water balance model was performed by the comparison of recorded
and modelled discharge. Suitable data are river discharge time series of smaller
catchments (subcatchments), which are mostly dominated by outflow from a shallow
groundwater reservoir, interflow and direct runoff. The algorithm of single linear
reservoirs (Maillet 1905), which may still be regarded as one of the most impor-
tant approaches in hydrogeology, can be applied (Frohlich et al. 1994, Nathan and
McMahon 1990, Wood et al. 1992, Schwarze et al. 1997). Some studies point out
that natural storage effects are not always linear (Prasad 1967). In this case, more
complex approaches with nonlinear relationships between discharge () and storage
S; (e.g. Wittenberg 1999) can be applied. In the current project adequate results

were achieved with the linear approach.

For the calibration of MODBIL, an additional module called MODBIL-DC was
developed, allowing the discharge simulation for defined catchments with a combined
linear catchment response routine. The module is designed as a two reservoir concept
based on the linear reservoir equation by Maillet (1905). The first reservoir simulates
discharge by base flow, the second one discharge by direct runoff. Overland flow is
assumed to drain directly without passing a reservoir. The total discharge is given

by the sum of three single discharge processes.
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As input data, daily groundwater recharge, interflow and direct runoff results from
the main water balance model MODBIL are required. Furthermore, the analysis of
recorded stream hydrograph recession curves is necessary for the determination of
reservoir discharge characteristics. According to the function of Maillet (1905), the

recession of base flow is described as follows:

Q= Qo e 7H/km) (3.106)

This implies that the storage is proportional to outflow:

S,
Q= — (3.108)
ki
with Q; discharge from the storage at time step t [mm]
Qo initial discharge [mm]|
kmm retention constant that represents storage lag-time
t elapsed time |d]
St storage content at time step t [mm]

The interflow reservoir depletes quickly and discharge occurs only for a short pe-
riod of time (usually not more than 2-7 days after the rainfall event). It is mainly
influenced by topography and soil properties. The depletion from the groundwater
reservoir is slower and depends mainly on geological conditions. Both reservoirs are
supposed to have quick responses after a recharge event. For many groundwater
reservoirs, this can be explained by a mobilisation of old, pre-event groundwater,
whenever percolating rain water raises the level and hydraulic head of the ground-

water reservoir.

For the determination of the catchment specific parameter k,, MODBIL-DC analy-
ses, the whole hydrograph time series and extracts, all segments that are not influ-
enced by rainfall or snow melting processes. This extraction is based on precipitation
and temperature information, which is retrieved from meteorological station data. A

threshold of five dry days is used to separate undisturbed baseflow from the whole
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discharge. Then for each separated segment, the gradient of log(Q;) against t is
calculated. The parameter k,, is finally retrieved as the weighted mean gradient of
all segments. The weighting depends on the total time length of each segment and

aims to give more importance to longer and less disturbed segments.

The parameter k,, and the actual storage content S; allow the simulation of the
baseflow Qyqse Of each catchment or subcatchment using Eq. 3.108. For the interflow,
a simple storage can also be assumed, or a simple empirical relationship can be

applied for simulating the depletion.

After the determination of k,,, the parameter serves for analysing the baseflow in
the recorded hydrograph time series. MODBIL-DC performs an automatic baseflow
separation for long time series of daily discharge, based on a modified approach
from Frohlich et al. (1994), Wittenberg (1999). The calculation starts at the end
of the time series and proceeds backwards along the time axis. Eq. 3.106 is used to
calculate the baseflow value for the previous day based on the baseflow of the actual

day and recession constant (see also Fig. 3.4).

At a certain point, the reverse computed recession curve reaches the transition point
when the total hydrograph switches from a falling limb to a rising limb. For the rising
limb, base flow values are found as computed recession for one time step forward
for each given total flow value (see transition curves, Fig. 3.4). If the conditions
of the total hydrograph nearby the transition point become unclear due to multiple
alternations of rising and falling limbs, then both variants are calculated and the

smaller of both values is selected.

The original recorded hydrograph time series may have errors due to inaccuracies of
monitoring techniques. Therefore, some routines are implemented for error detection
and correction. Several algorithms check for outliers or consistency within dry time
periods (> 5 days and no snow melting) when total discharge is controlled exclusively
by baseflow. Unreasonable high or low discharge values on subsequent days in the

recorded time series are corrected.

Calibration is performed by comparing modelled and recorded base flow and total
runoff/discharge of defined catchments or subcatchments. For a study area with
a great diversity, the calibration of several catchments with different conditions is

recommended to optimise the values for most land cover, soil and geological units.
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Figure 3.4: Separation of direct runoff and base flow on the base of recession
curves (R) calculated by Eq. 3.106. The figure also describes the
construction of transition curves (T) between two or more recession

curves according to Wittenberg (1999).

Validation can be performed by application of calibrated values in further catch-
ments. If available, groundwater recharge results can also be compared to ground-
water level records or to the results of other methods, like the chloride mass balance
or isotope methods. The results are influenced notably by input data quality. A
dense network of meteorological stations with daily data and application of remote

sensing techniques contribute substantially to better model results.

3.10 MODBIL User Interface

A new graphic user interface for MODBIL V49/2009 (Diinkeloh and Udluft, 2009)
was developed in the framework of this project. It allows an easy and comfortable

handling of all important files and parameters of the water balance model. Profiles
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can be created for saving the configuration of each model run. The core of the water
balance model was developed in Visual Basic 6 and Fortran 95 and is compatible
to all common Microsoft Windows Versions (95/98/Me/NT /2000/XP /Vista/7) as
well as to most Unix and Linux operating systems. The interface of the Windows
version consists of eight tab controls of different categories with which the files and
parameters can be specified. In the Unix Version, all files and parameters are defined

directly in a pre-formatted control file.

Profiles

The first tab ’Profiles’ is opened automatically when the model software is started.
Existing profiles can be loaded by navigating through directories, selecting and load-
ing a profile file (file extension ’.ctrl’). The stored settings are imported and shown
in different tabs of the interface. The profile can be modified and later exported to
a new profile. It is recommended to save the profile in the same directory where all

other associated input data files are stored.

Raster

The 'Raster’ tab allows the specification of a template file, which consists of a
rectangular raster map defining relevant and non-relevant cells for water balancing.
It facilitates the definition of study areas and subsequent modelling of different

catchments within the study area without changing any other input data.

If a template file is selected, important control parameters are displayed automati-
cally, showing the dimension and references of the base raster. The given columns,
rows, referencing (specified by x and y coordinates of the lower left corner) and the
cell size are required to be identical in all raster files. The referencing must be based
on a metric reference system (metric coordinates). Additionally, the mean latitude

(geographical) of the study area has to be defined in this tabular.

Topography

The "Topography’ tab allows the determination of the raster files with the topograph-

ical information for the study area. Raster files for elevation, slope and exposition
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are required. The raster must be congruent to the raster stored in the template
file (see above). Further file format specifications and instructions can be found in
Chap. 3.11.

Meteorology

In the "Meteorology’ tab, all meteorological parameters and files have to be specified
for a model run. Mandatory time series are daily precipitation, minimum tempera-
ture, maximum temperature and minimum relative humidity. Optionally, the model
can be enhanced by adding maximum relative humidity, wind speed, sunshine du-

ration (or global radiation) and rainfall intensity.

Furthermore, the regional precipitation gradient (%/100 m) and the temperature
gradient (°C/100 m) are required to be specified in the tab. These parameters serve

for an enhanced interpolation routine considering elevation effects of the study area.

Several options serve as an automatic adaptation or transformation of improper
input data types. One option allows the use of mean temperature time series instead
of minimum temperature. A second option enables an analogue feature for mean
and maximum relative humidity data. The internal adaptation of the time series
is performed according to the FAO guidelines described in Allen et al. (1998). A
further setting allows the determination of a land-sea factor if no sunshine or global
radiation time series exist. The procedure estimates radiation based on the daily
maximum and minimum temperature according to the FAO guidelines (Allen et al.
1998).

If no wind speed time series and rainfall intensities are available, then the used mean
monthly or yearly values can be defined in an additional meteorological parameter

file. The name of the parameter file can be specified in the "Meteorology’ tabular.

Land Cover

The "Land Cover’ tab helps to organise all files containing land cover (vegetation)
and irrigation characteristics. The land cover raster file contains a land cover identi-
fication number (or land cover class) for each cell of the study area. The raster must

be congruent (same resolution and extension) to the standard raster (template file).
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In an associated land cover parameter file, all relevant parameters and characteristics
for each land cover class are stored. Handled parameters are interception storage,
fraction of vegetation coverage, secondary evapotranspiration (general), secondary
evapotranspiration (by irrigation), fraction of sealed surfaces, adjustment factor for
hydraulic conductivity, factor of macroporosity for effective bypass flow, land cover
specific crop coeflicient for evapotranspiration (k., ks OF fraude), effective rooting
depth, fraction of plant-extractable water without water stress (plant specific fac-
tor p), albedo, effective vegetation height, leaf area index and surface resistance.
Whether a parameter is really needed, depends on the configuration of a model run,
e.g. albedo, effective vegetation height, leaf area index and surface resistance are
only required when the original Penman-Monteith approach is applied. In contrast,
for the application of the FAO-56-Penman-Monteith or Haude equation, the land
cover (vegetation) specific crop coefficient or Haude factor is required. The frac-
tion p of plant-extractable water without water stress is required only if the actual
evapotranspiration is calculated on the base of the water stress approach according
to Allen et al. (1998). Furthermore, in the 'Land Cover’ tab an optional irriga-
tion raster file can be defined, which allows allocation of cells with irrigation and

individual irrigation periods.

Soil and Geology

In the 'Soil and Geology’ tab, the files and model options for soil and geology
are specified. For both layers, the saturated hydraulic conductivity is required as
spatially distributed information. As in all other raster files, the stored raster must
be congruent to the standard raster in the template file. Furthermore, the field
capacity is required for the soil layer, which can be specified as absolute field capacity
in millimeters or as relative field capacity in mm/m. If the raster is based on relative
field capacity, an additional raster with effective rooting depth in meters is required.
Alternatively, the effective rooting depth from the land cover parameter file can
be used, which allows the specification of monthly variable values (see above). A

further option in this tab is the deactivation of the macropore/bypass flow module.
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Model Options

The 'Model Options’ tab contains all further options and preferences for a run of
the water balance model. A start and end day can be determined when the model
period should only comprise a part of the total meteorological time series. Further-
more, the relevant equations for potential and actual evapotranspiration have to be
selected. For potential evapotranspiration, the current software version supports
the original Penman-Monteith, FAO-56-Penman-Monteith and Haude equations. If
the Haude equation is selected then temperature and relative humidity at 14 h are
required, instead of maximum temperature and minimum relative humidity. For
the calculation of actual evapotranspiration, a proprietary MODBIL approach or

the equations from Renger et al. (1974) and Allen et al. (1998) are supported.

The "Model Options’ tab also allows the configuration of the interpolation routine.
First the amount of comprised neighbouring stations for interpolation has to be de-
termined. The Shepard (1984) routine for directional isolation can be activated for
an enhanced weighting. A second option allows additional weighting of elevation
differences. A further option allows performing interpolation of relative humidity
on the base of absolute humidity. This option is only given if temperature data is
available for all stations with records of relative humidity. Current project results
showed that the last two options lead towards better interpolation results, especially
in mountainous regions. A further option allows the enabling or disabling of an ad-
ditional adjustment of meteorological values (radiation, temperature and humidity)

on the base of cell inclination and exposition.

Output Options

In the ’Output Options’ tab, an output directory and output filename prefix for
all results of a model run (raster maps and time series) have to be specified. For
all water balance parameters mean raster maps for the whole modelling period are
automatically exported. Additionally, yearly, monthly, 5-day or daily raster maps
can be created for desired water balance parameters. Daily time series with mean
values for the whole study area are also saved. A further option allows the export of
additional files, which are suitable for a visualisation of the water balance dynamics

within the IDL (Data Visualisation Solutions) software package.



Chapter 3. Water Balance Model 84

3.11 MODBIL File Formats

Raster Files

MODBIL V49/2009 handles all input and output raster files in the ArcRaster file
format. This file type is also known as ’ArcInfo ASCII grid’ or ’ASCII raster’ file.
It refers to a widely used interchange file format within geographical information
systems and was originally developed for the ESRI Arclnfo software package. The
typical extension of an ArcRaster file is ’asc’. The format consists of a 6-line header

that specifies the geographic domain and resolution followed by the actual cell values.

The geographic header of the file contains important parameters for the raster file
(see example in Fig. 3.5). ’ncols’ refers to the number of columns in the grid;
'nrows’ to the number of rows in the grid; xllcorner’ to the lower left corner of the
grid and gives the x-coordinate as a numerical value; ’yllcorner’ to the lower left
corner giving the y-coordinate as a numerical value; ’cellsize’ to the dimension of
a cell. 'Nodata value’ is an optional header line and refers to the value used for

missing data.

MODBIL requires that the coordinates given in ’xllcorner’, "yllcorner’ are based on
a metric reference system (e.g. UTM, Gauss-Kriiger). Furthermore, "xllcorner’, ’yll-
corner’ and ’cellsize’ must be given as integer values (not floating point values). For
a correct interpolation during the model run, all coordinates of the meteorological

stations are required to be in the same reference system.

The data block follows below the header lines. Each integer or floating point value
represents information for an individual cell. Each row of the grid is stored in a
separate row/line of the file. The data block starts with the upper left corner of
the whole grid and ends with the lower right corner. All values must be separated
by one or more blanks (blank space). Special characters, like tabs, semicolons or

commas are not allowed.

The import and export of the ArcRaster file type is possible to and from nearly all of
the established GIS software packages, like Clark Labs IDRIST GIS, ESRI ArcView
3.x, ESRI ArcGIS, Manifold, GRASS GIS (open source), etc. In some packages the
activation or installation of extensions may be necessary, as in the case of ArcGIS.

A detailed description about the import and export of ArcRaster files to different
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ncols 12 <- header row 1

nrows 60 <- header row 2
x1lcorner 438700 <- header row 3
yllcorner 3876300 <- header row 4

cellsize 50 <- header row 5
nodata_value -99 <- header row 6 (optional)
22 23.5 21 -21 20.4 21.8 23 23.3 25 26 ... <- data row 1

-59 66 73 79.6 86 92 97.4 102 106 100 ... <- data row 2

103.1 98.7 94 89.5 83 78.1 72 67 61 56 ... <- data row 3

<- data row x

Figure 3.5: Format convention for MODBIL raster files based on ArcRaster file

format.

GIS systems can be found as attachment file in the MODBIL V49/2009 software
package.

Meteorological Station and Data Files

The development of MODBIL V49 /2009 was accompanied by the reorganisation of
meteorological data file formats to take into account the individual station network
architecture of the different meteorological parameters. It considers that there are,
for instance, more rain gauges than thermometers or hydrometers. The network of
wind and radiation recorders is often very sparse. The new file structure allows an

independent interpolation for each meteorological parameter.

Each meteorological parameter has its own station and data file. The station file
contains the monitoring network for the respective meteorological parameter. Fach

row defines a name, X-coordinate, Y-coordinate and elevation of a station (see Fig.
3.6).

A minimum of one station is required in a valid station file. The different values
must be separated by one or several blanks (blank space). Special characters like
tabs, semicolons or commas are not allowed. The station coordinates should be
consistent with the reference system of the ArcRaster files. The file name extension

‘dat’ is proposed for the files.
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"S2 SMIGIES" 438700 3876300 330 <- data row 1
"S15 KATHIKAS" 448238 3863948 650 <- data row 2
"S18 POLIS CHRYSOCHOUS" 448311 3876886 15 <- data row 3
"S30 ACHELEIA" 452700 3843592 45 <- data row 4

<- data row x

Col. 1: Number and/or name of the station. Quotation marks are required to enclose expression!
Col. 2: X-coordinate of the station’s location.
Col. 3: Y-coordinate of the station’s location.

Col. 4: Elevation in meters.

Figure 3.6: Format convention for MODBIL meteorological stations files.

"precip" S2 S15 S18 S30 ... <- header row
"01.10.1987" 16 0.3 0 0.7 ... <- data row 1
"02.10.1987" 11 2.3 3 7.1 ... <- data row 2
"03.10.1987" 0 0 0 O ... <- data row 3
"04.10.1987" 2 0.6 0 O ... <- data row 3

<- data row x

Figure 3.7: Format convention for MODBIL meteorological data files.

The data file contains the time series of all stations defined in the station file (see
Fig. 3.7). The header row does not have to be formatted in a specific way. It can
be used to associate the station names to each column for improved clarity. The
number of data rows is equivalent to the number of days in the time series. Fach
row stores the respective date in the first column and the values for the stations in
the consecutive columns. The requested date format is: "DD.MM.YYYY". Leading
zeros are not necessary (e.g. "10.9.2004" instead of "10.09.2004" is possible). The

date information has to be enclosed by quotation marks.

The first data column will automatically be associated with the station in the first
line of the station file, the second data column to the second station in the station
file, etc. The given station name in the data file is not relevant for the association.
Consequently, the number of data columns must be equivalent to the number of

rows given in the station file.

In the station file all values must be separated by one or several blanks (blank
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space). Special characters like tabs, semicolons or commas should not be used.
Missing values are not allowed and should be eliminated in a preliminary step by
the application of the additional module MODBIL EMV 2.0. Its recommended to

use the file name extension ’dat’ for all data files.

A large variety of software can be used to create and export the required ASCII
files. Golden Software Surfer or Golden Software Grapher software package are
particularly suitable for the creation and formatting of the files because the data
files are directly compatible to the required format. A detailed description about the
creation and export of ASCII data files can be found there attached to the MODBIL
V49/2009 software package.
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Data

4.1 Topography

All spatial data of the study area is arranged in the Universal Transverse Mercator
(UTM) coordinate system, which allows the application of a two-dimensional Carte-
sian coordinate system for modelling. The International Ellipsoid W(GS84 is used as
the underlying ellipsoidal model for the UTM coordinate system. The coordinates
for Cyprus are arranged within the sector UTM zone 36 North.

For the generation of the digital elevation model (DEM) of Cyprus, digitised topo-
graphical maps (vector files of contours) were used and subsequently processed with
GIS routines. The test of several routines showed that optimum results are retrieved
when the raster DEM is not derived directly from the contours file, but rather on the
basis of a TIN (Triangulated Irregular Network) elevation model, which has to be
calculated in an earlier step from the digital contours map data. Subsequent model
corrections are performed by the application of a ’pit removal’ routine, which elim-
inates blind drainage areas and depressions in valleys, resulting from raster effects
in the interpolation routine. The final DEM for Cyprus comprises an area of 9246
km? in a 50 m x 50 m raster box resolution (see Fig. 4.2). The small difference to
the official size of Cyprus (9251 km?) results from generalisation effects at parts of

the coast line.

Raster models for slope and exposition (Fig. 4.3, 4.4) are also calculated with GIS

routines based on the TIN elevation model. The retrieved models are arranged as

88
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Table 4.1: Compilation of topographical parameters for Cyprus on the base of

the regionalisation shown in Fig. 4.1.

Parameter Cyprus Southern Cyprus® Troodos® Northern Cyprus
Area’ [km?| 9245.8 5995.4 1601.7 3250.5
Mean elevation [m] 297.1 388.2 740.4 129.1
Maximum elevation [m] 1951.0 1951.0 1951.0 1024.0
Mean slope [degree] 8.7 10.7 19.8 5.0

@ includes the Republic of Cyprus, UK Sovereign Base Areas, United Nations Buffer Zone

b the difference between the DEM and the official area (9251 km?) arises from generalisation
effects at the coastline

¢ area delimitation on the base of geological formations: Basal Group, Sheeted Dyke Complex,

and all plutonic rocks of the Troodos terrane (not Anti-Troodos)

congruent rasters with respect to the DEM raster. The analysis of the results allows
the determination of mean topographical characteristics for bot the whole island
and specific areas (see Table 4.1). The derived mean elevation of Cyprus is approx.
297 m. Single values range between -2 and 1951 m. This reflects the mountainous
character of the island, which is more distinctive in the southern part where large

parts are dominated by the Troodos massif.

The calculated raster models serve for the calculation of further GIS products, such
as the stream network, watershed limits and watershed areas of specific gauging

stations, which are needed for calibration purposes (see Fig. 4.12).

4.2 Meteorology

In contrast to other Mediterranean countries, the Meteorological Service of Cyprus
maintains an excellent network of meteorological stations. It is characterised by a
dense monitoring network, which registers all important meteorological parameters
on daily or smaller time units. For some important parameters, like precipitation,
very long time series exist, covering most of the 20th century. Common problems
are missing values within the times series and network changes, which arise due to

abandonment, new installations and changes of sites.

For the water balance model, daily datasets between January 1961 and February
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Figure 4.5: Network of 191 selected rain gauges on Cyprus.

Figure 4.6: Network of 60 selected recording stations and 6 virtual stations for

temperature and relative humidity.
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Figure 4.7: Network of seven selected recording stations and one virtual station

for sunshine duration.

Meters

Figure 4.8: Network of 13 selected recording stations and two virtual stations for

wind speed.
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2005 were prepared. The selected period includes the climate normal period 1961-
1990, 1971-2000 and the compete climate record period including the most recent
datasets up to February 2005. In a pre-processing step, all stations, parameters and
time series were checked. Stations with insufficient amount of total daily datasets
were discarded. A minimum of ten years for precipitation and five years for other
parameters was required. In some exceptional cases in Northern Cyprus, shorter
time series were also included, due to very sparse available recordsets for that area
and the lack of data since 1974.

The rain gauges network used for precipitation consists of a total of 191 stations
(see Fig. 4.5). 40 stations are located in Northern Cyprus with time series end-
ing in 1974. For temperature and humidity 60 stations (six stations in Northern
Cyprus) are used and complemented by six virtual supporting stations (see Fig.
4.6). These virtual stations are constructed for the improvement of the final inter-
polations results of MODBIL. Such virtual supporting stations are added to coastal
areas without stations. Time series are retrieved from the neighbouring coastal sta-
tions with similar characteristics. Further virtual stations were also added to places
in Northern Cyprus like the Kyrenia range, which is scarcely covered by the network

available.

Only a sparse network exists for sunshine duration and wind speed. The prepared
network of sunshine data consists of seven stations and one supporting virtual sta-
tion in the western Mesaoria (see Fig. 4.7). Missing data in some station time
series is filled with data from neighbouring stations, or by interpolation based on
standardised time series (see below). Sunshine duration data for Northern Cyprus

is not available.

The applied final network of wind speed data consists of 13 stations and two virtual
supporting stations (one coastal and one in the Troodos massif; see Fig. 4.8). Reli-
able wind speed datasets before January 1976 are not available. Missing values are
filled with monthly averages for the period of January 1976 until December 2004.
The density of the station network available seems to be insufficient for a good in-
terpolation of wind speed in this complex topographical island environment, where
wind speeds differ extremely within small areas. Furthermore, wind speed data for
Northern Cyprus is not available. For those reasons, the influence of wind speed

had to be reduced within the water balance modelling for Cyprus.
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Erroneous values (outliers) or stations with anomalous trends are discarded in a
further consistency check. Missing values are filled by interpolation from neigh-
bouring stations based on standardised data calculated for the overlapping periods
(not for precipitation). The applied interpolation routine is equivalent to that from
MODBIL (see Chap. 3.3.2: p. 26). After a destandardisation of the estimated
values, a consistent set of time series without missing values is obtained for water
balance processing. For humidity data, better interpolation results are retrieved by

converting all data from relative humidity to absolute humidity before interpolation.

Unavailable and sparse data for Northern Cyprus since 1974 are a result of the
political situation. FExisting stations serve as supporting points for the missing
years, keeping the local climate characteristics on the basis of averages and standard
deviations. The yearly, monthly and daily variability for the later years are simulated

by extrapolation from stations of Southern Cyprus.

4.3 Land Cover

A first classified map of hydrological relevant land cover units was developed within
the GRC-project (Udluft et al. 2004b). Remote sensing techniques were used for the
classification of a LANDSAT-TMb5 scene and the creation of a land cover map in a 50
x 50 m resolution (Reger 2004). This map was revised and enhanced by field studies
and further analysis of LANDSAT-TMS5 data. Additional land cover classes were
defined, and further remote sensing techniques (unsupervised classification routines)
were applied for the improvement of the distribution of land cover units. The final
map describes the land cover of the island based on 13 different classes (see Fig. 4.9).
Areal statistics of the different classes are compiled in Table 4.2). Generalisation
effects as a result of raster resolution can cause areal underestimation of less frequent
land cover types, which appear in disconnected, very small pieces, such as vineyards,

smaller irrigation areas, or sealed areas.

The final map shows the detailed land cover unit distribution and reveals typical
characteristics of different landscape units in Cyprus. The Troodos massif and the
Kyrenia range are the most densely wooded areas on the island. The high forest
areas are mainly pine forests with trees of Pinus brutia. The forests often are not

very dense and show more resemblance to Maquis or Garrigue formations with some



Figure 4.9: Hydrological land cover classes for Cyprus.
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high trees. Therefore, the area classified as forest appears comparably small. The
biggest forest domains are located in the western Troodos as part of the state forest
territory. Dense deciduous forests are rare and exist only in some higher areas (e.g.
Quercus alnifolia), and on the valley floors (e.g. Platanus orientalis). In most cases,
the deciduous trees on the valley floors also belong to the moist area class due to

additional water supply from river runoff or shallow groundwater.

The foothills of the Troodos mountains are largely characterised by the calcareous
formations of the Circum Troodos sedimentary succession (see Chap. 2.5). The
formations crop out predominantly to the East and South of the Troodos mas-
sif and typically show a very sparse vegetation coverage (Garrigue type) with low
scrublands, herbs, forbs and grasslands. Higher scrublands (Maquis) occur in some
beneficial areas. Agriculture in this area is mostly limited to small fields, irrigated

terraces and pasture. The area is also the domain of the most important vine region.

The Mesaoria plain and coastal plains are the most important agricultural areas of
Cyprus. In central and eastern Mesaoria cereal fields complemented by grasslands
and/or low scrublands (Garrigue) are typical. The western Mesaoria and coastal
plains show extended irrigation areas with citrus trees, bananas, vegetables, etc.
Smaller irrigation areas can be found in many areas of the island, predominantly in

the peripherals of the settlements.

Differences between Northern and Southern Cyprus are most evident regarding forest
and field areas (cereals). Nearly all large forest domains are situated in the Troodos
mountains of Southern Cyprus. In contrast, extended cereal fields are most common

in central and eastern Mesaoria, which comprise a large part of Northern Cyprus.

For each land cover type, several specific coefficients have to be defined and cali-
brated. Coeflicients are respectively needed for albedo; fraction of vegetation cover-
age and sealing; secondary evapotranspiration /irrigation; mean effective root depth;
interception storage; effective vegetation height for aerodynamic resistance; surface

resistance and an adjustment factor for soil hydraulic conductivity.

A first estimate for the respective coefficients can be retrieved from a large variety
of publications. Important papers and data sources are given in Chap. 3 within the
respective discussion of different parameters. A compilation of applied coefficients

for land cover types of Cyprus is given in Table A.1 - A.7.
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4.4 Soil (Root Zone)

Water balance modelling requires information about physical soil properties. For
each raster cell hydraulic conductivity of the soil, field capacity and effective rooting
depth have to be determined. The model is improved by the inclusion of macropore

and sealing information, which can often be related to land cover characteristics.

The soil texture controls water-holding characteristics in most soils and allows the
assessment of the soil physical properties based on Pedo Transfer Functions (PTFs).
The PTF equations of Saxton et al. (1986) calculate hydraulic conductivity and
field capacity from grain size distribution (see Chap. 3.6). The required soil texture
data in the present study is derived from soil samples and infiltration tests from
field studies (Mederer 2003, Diinkeloh 2005a); from the soil samples database of the
Geological Service Department; from values from soil series reports of the Depart-
ment of Agriculture (Soteriades and Koudounas 1968, Grivas 1969, Koumis 1970,
Markides 1973), from results of the technical cooperation between the Ministry of
Agriculture and Natural Resources of Cyprus and the Federal Institute for Geo-
sciences and Natural Resources of Germany (Liiken 1988), from further soil projects
like Boje-Klein (1982), and from calibrated modelling results of isolated catchments
(Diinkeloh 2005a, Diinkeloh 2005b, Mederer 2009).

The published general soil maps (see Chap. 2.4) are not optimal for a classification
of the whole island with respect to soil texture and bedrock. Therefore, geological
units are used because soil texture distribution can be sufficiently related to weath-
ered material of different geological formations. Furthermore, the root zone often
comprises major parts of the bedrock. For each important geological unit soil phys-
ical values are derived with the help of the above listed data sources and PTFs. The
unit borders are compiled from the Geological Map of Cyprus (Constantinou 1995)
and from two Hydrogeological Maps of Cyprus (Tullstréom 1970, Diinkeloh 2004 [see
new version in Fig. 2.7]). The results for the different units are listed in Table 4.4

and discussed in the following paragraphs.

Soil formation on the geologically young and mostly flat areas (Mesaoria plain,
coastal plains, terraces) is comparably well developed due to little degradation by
erosion. In some favourable areas typical red clayey Mediterranean soils occur (e.g.

on the fanglomerates). On terraces clayey loam is prevalent. In other areas, the
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material of the soil layer corresponds strongly to the bedrock material (e.g. marls
of the Mesaoria plain, Alluvium). The comparably high fine fraction of soils with

clay content causes slightly higher field capacities in those areas.

Calcareous formations like Pakhna and Lefkara formations are covered by very poor
soils. The soil genesis has usually not exceeded the initial stage because decompo-
sition by biochemical processes is reduced by high carbonate content. Furthermore,
degradation processes erode the fine fraction of the soil. In some morphologically
protected places, thin loamy to clayey deposits are accumulated. The sparse vege-
tation shows deep rooting through fissures into the bedrock material with low field
capacities. The soil and bedrock of the gypsum areas (Kalavassos formation) con-
sist of more fine-grained and clayey material, resulting in somewhat higher field

capacities.

Most soils on the igneous rocks of the Troodos mountains are typical stony and flat
initial soils. Some more profound but hardly differentiated soils arise on colluvi-
ums. The decomposition of the bedrock is mainly a result of physical, chemical and
mechanical weathering in connection with precipitation and temperature (frost),
surface runoff and rock slides. The influence of biological weathering is comparably
small, especially in the areas with little vegetation. The steep relief with its strong
erosion processes, is the substantial factor in the mountains area for keeping the
soil formation in an initial stage. In areas with denser vegetation coverage (forest
and Maquis), the soil material is somewhat better protected against erosion and the
soil layer can be enriched with some fine-grained material. Nevertheless, the thin
soil blankets are usually not sufficient for plant roots, which continue to grow along

block cutting fissures.

In several areas a ’sea of blocks’ covers the landscape where resistant formations -
like the serpentinites of the mantle sequence - peridotitic rocks or sheeted dykes are
present, and weathering generates only bigger blocks and stones. In contrast, the
gabbro and pillow Lavas are less resistant and weather into gravel, sand and some
clayey material. The better rooting conditions and high precipitation amounts in
the gabbro area result in a denser vegetation coverage, and slightly higher field

capacities.

The Mamonia terrane covers parts of the hilly southwestern island. As in the Troo-

dos mountains, erosion keeps soils in an initial state. Rooting conditions for plants
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depend mainly on the bedrock type, which in case of the Mamonia terrane can be
distinguished into rocks of the igneous unit with crushed serpentine and subordinate
pillow lavas, the sedimentary domain with sandstone, clays, cherts and shales. On
the igneous and shale series, very poorly developed soils consist of coarse fragments
and sandy or loamy residuals of weathered lavas. The sedimentary series with clays
and sandstone lead towards weathered and semi-weathered clays, which are easily

eroded. In those areas landslides are very common.

The soils of the Kyrenia terrane are also poorly developed. The Kythrea formation
surrounding the Kyrenia range has the largest extent and is dominated by flysch
consisting of sandstones and marls. Tectonised and metamorphosed limestones and
dolomites appear in the core of the range. Erosion processes keep the soil in an initial

stage in all those formations. Vegetation roots through fissures of the bedrock.

It can be concluded that most of the soils on the island are initial soils. Some better
developed soils exist only on younger geological units and terraces. Furthermore, in
some areas of dense vegetation, blankets of medium and fine grained material can
be found covering the bedrock. Nevertheless, vegetation roots usually grow into the
bedrock sediments or along the bedrock block fissures. The field capacity is typically
very low and only partly influenced by the existence of thin covers of fine-grained
and clayey material. Silty, marly and clayey bedrocks can hold more water against
gravity and could lead to higher field capacities, but the hydraulic conductivity in

these formations is often very small (see Table 4.4).

The total plant-extractable water content of the root zone at field capacity (absolute
field capacities) is determined (Eq. 3.90) by the field capacity (Table 4.4) and the
effective rooting depth (Table A.3). The resulting map (Fig. 4.10) shows that the
absolute plant-extractable field capacity is strongly related to the effective rooting
depth, because in most cases the soil physical properties of the different units do
not differ very much. Higher values can therefore be detected, especially in areas
with forest, Maquis and agriculture. In those areas a higher fraction of fine-grained
material can also be found because of better protection against erosion. The lowest
values occur in zones with very sparse vegetation, bare soils, or rocks. The absence
of vegetation allows erosion of the fine fraction of the soil. Therefore, in many

mountainous areas, the bedrock appears directly on the surface.
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4.5 Bedrock

The soil water state and physical properties of the bedrock control the deep perco-
lation processes. Physical bedrock properties depend on local geological or hydroge-
ological conditions. The key parameter for water balance modelling is the hydraulic
conductivity, which has to be determined for all important hydrogeological units.
The areal delimitation of the units is derived from geological and hydrogeological

maps.

In the present study, the assessment of the hydraulic conductivity was performed
on the basis of several sources. A large number of pumping test data from many
drilling projects, stored in the ENVIS-Database from the Geological Survey De-
partment of Cyprus, was analysed with the software package AquiferTest (Waterloo
Hydrogeologic 2002), for determining hydraulic characteristics of different forma-
tions. Moreover, calibrated model results from smaller study areas were used (Ud-
luft et al. 2004a, Diinkeloh 2005a, Diinkeloh 2005b, Mederer 2009) and the results
from some earlier studies were checked, especially with regard to areas lacking in-
formation. Publications of general interest are from Burdon (1952, 1953) and the
United Nations in the 1960s (UNDP 1970) which evaluated geological formations
from a hydrogeological point of view. The first hydrogeological map (Tullstrém
1970), with qualitative information for different units was also developed within the
UNDP project. Later studies refer to special aquifers, e.g. Zomenis (1977), Dijon
(1977), Konteatis (1987), Wagner et al. (1990). Aquifers in the igneous rocks of the
Troodos ophiolite were discussed by Afrodisis et al. (1986), Afrodisis and Fischbach
(1988).

The hydraulic conductivities of the bedrock are shown in Fig. 4.11. The highest
values can be found in young geological formations of unconsolidated and semicon-
solidated, coarse and medium grained sediments (gravel, sand). Those areas are
located mainly in the western, central and southeastern Mesaoria plain, and in the
coastal plains (e.g. Akrotiri aquifer, terraces). Also of major importance are several
alluvial aquifers on the valley floors of Ezusa, Xeros, Diarizos, Pediaios, Gialias,
Kambos, Karyotis, Chrysochou and other rivers. They are characterised by high in-
filtration capacities and controlled by the discharge of Troodos and surroundings. Of

secondary importance are thin, unconsolidated to semiconsolidated, Plio-Pleistocene



106

Chapter 4. Data

0°00T §'06¢€  000T L°TO9T 0°00T 7'666S 0°00T 8'GVC6 X

¢t 8°CL 00 00 €0 9°0G 0T 7'€6 ooejms o[qedurod mol Yim sued pue soye[ 1eS  (
81 018F 00 00 8¥ ¢06c €8 CILL (wnian[y ‘dnois erioesapy) auolsy[is ‘[rew Aef) Qg
A4S L2901 00 00 00 00 GTIT L7901 (8uel eruaIdy[ woly -§ wolyAy] ATurenr) axpemisId ‘Quoisyis ‘[N g
00 00 00 00 ¢y 6'69c  6C 669 'J senyyey] “J WO ‘uoleuLio] notaeuuey| ‘xo[duwod erwowrey 1
:80un snoauby pun fiunjuawipas rajduio)y)

10 8T (At Lge 6T EVIT €1 0°9TT (9ouenbes opyreur) oydinqzrey ‘oyunuadiog 90
00 00 T'T LLT 60 0°¢S 90 0°GS (9rrunp ‘OyrpIgeM ‘9y1uax0IAd) SOOI OMIOPLIdT &)
00 00 61T T061 g€ SR AN 4 8°GTC oqqed ¥
00 70 L'€9  G6I0T  8LI €690T 9TT 86901 soAp pojeeys €D
€0 rali) 66T  06I€ g9 €L8¢  €F G'L6€ dnorp) reseq gD
€1 RR7 80 6°CT 96 VLG L9 0619 seAe[ MO[[Id 1D
8204 mﬁem:@ PIANIODLY

8¢ 1°06 00 00 0% G0l €%¢ 901G (" "y voLTe[IH “J RUTNEJ) SOUOISOUIL JOOI PUR DIIUWIO[OP ‘DAISSRIN  Fel
¢1 oLy 00 00 LeT 81c8 76 0698 (uoryeurLIo] eIRNFOT) [Teul AN[eTp ‘Y[R A[Tew YY) - gg
0¥ 88¢T 00 00 €01 gLI9 T8 A7) (uoryewiof eUTR) dUOISpUEs Y[ey A[reur ey Apues Nrey) g
g0 €91 00 00 (A L€L 0T 006 (3 sosseaeresy) ey Apreur ‘[reur Axrerpd yiim Surendife ‘umsdLn  1g
ISYI04 DUISUDY PUD PIINIIDL]

061 T619 10 60 67 6'76C 66 716 s1ode[ a[qesuriad sso] uo syisodop aoeyms uryy, ¢y
val 0¢0¢ 00 00 L0T G689  €Cl  STIPII (seoel119y “wO[FUR) “5'9) [IRW ApUeS ‘PUES [OARIS "PI[OSUOIIWAS TV
v'g POLT  ¥0 6°G 0L VLY 19 8°€6G (oueooloy Afureur) )[is pue pues ‘[oavIS pajeprosuodun Ty

28204 PAIDPUOSUOINULIS PUD PIIDPUOSU0IU[)

I T | U I s %] lewl 1% Lol
‘doxg vory  ~doig  eo1y doxg vory  ~dorg  eexy

snidA) wIeylIoN SOpPOoOI], Snad£p umeyinog snadAD Jun 1eo130[0030IPAH

(L2 814 os[e 9es) snidAn) Jo syun [ed130[0930IPAY JO UOISUIXe [BAIY :€°F O[RL,



107

Chapter 4. Data

s—0T-0F ,-0T-0T 0L 0 ooepns o[qeaurtod mo[ ym sued pue soye] 31eS  F(
,-0T- 0T ,-0T-09 0LT ¢ (wnian(y ‘dnoid eroessy) ouoisifs ‘[rew ‘Aer) €
¢-0T-0'8 9-0T-0T 0S1 G (eo3urel erua1fy] w0y J vaIylA3] ATurewr) oxpemAord ‘ouo)siyis ‘el gd
g—0T-0'9 9—0T-0'C 0v1 G ' selyyey] “j WO ‘uoljeuiof noleuuey| ‘xo[dwos emwowey 1
:spun snoaubr puv Aipjuawpas rajduioy)
,-0T-GT 0-01-0C 091 et (eouanbes epjueur) odnqziey ‘ojmunuediog 9D
,-0T-GT 0-0T-0¢ ov1 49 (9munp ‘9yr[IgeM ‘991uex0IAd) SXOI YWOPLdT ¢
10167 9-01-07C 0ST 0t oqqed  ¥D
,-0T-0C 0-0T-0¢ Ge1 cr soyAp pojooys €D
1,—0T-0'€ 0-0T-0'C 0v1 8 dnorp reseqg gD
g—0T-08 00T 0T 0GT 9 seaR] MO[[Id 1D
:§3204 SNO2ULL PAUNIIDLT
1—0T- 0% 0-0T-0'€ GeT ¢l (" ©J UOLIRIH “'J RUIP[R ) SUOISOUI] JOdI PUR DIIWOLOP ‘DAISSIN  F(
,-0T-¢T 9-0T-0C GP1 8 (uoryewn1oy eresgoT) [rew AN[erp Yreyd Aprew Yrey) ¢g
,-01-G1 0-01-0C Gv1 8 (wonyeutioy eUYNR) SUOISpUES [eyd Lfreur reyd Apues qrey) g
,-0T-0F 9-0T-07%C GGl 9 ('] sossear[ey]) N[eYD Alrew ‘qrewr Aq[eyd yim Juneureie wnsdArn g
SY004 DUSADY PUD PALNIIDLT
,-0T-0C 9-01-07C (e} C s1ofe] ojqeomod ssof wo sysodop oorpINS UTY], €V
0-0T-07C 9-01-0°¢ GGT C (seorl119) “wO[Bue] *3°9) [IeW ApURS ‘PULS ‘[9ARIS POIRPIOSUOIIWDS gV
9-0T-0F o-0T-07 Ul i (Puano[Oy ATureur) J[is pue pues ‘[PARIS pojepriosuodu TV
83004 PIIDPLIOSUOINULIS PUD PIIDPLIOSUOIU[)
[s /] |5/l [/ vureu (%]
AJATIONPUOD  AJTATIONPUOD £Lyoeded pey mop ssedAq 103

oINeIpAH oIneIpAy a[qelorIixe-jue]J Ljsorodoidewr P

ypoipag (suo0z 9001) 10§ JTun [ed13070980IPAF

‘snid£n) Jo syrun [eo180[00801pAY a1y 10} sertiedord ypo1pag pue (sU0Z 1001) [10S [BIISAYJ :F'F O[qeL,



108

Chapter 4. Data

F'F 9lqel, JO senfea pue (2°g “S1q) s)un [eor30[0930IpAT 9 U0 paseq Jo0Ipaq o) JO AJATIONPUOD DINRIPAY :IT'F oIn3rq

000S5¢

£-30°) => I
9362 - 230} I
9-30'L - £-35°C -
9-36°2-9-30°L I

936 < I

[s/w]




Chapter 4. Data 109

sediments on the northern side of the Kyrenia range and on the Karpas peninsula,
which are partly suitable for water supply. Those sediments of limited extension are

situated over less permeable Kythrea formation.

The zones of fractured and karstic rocks are dominant in great parts of the Circum
Troodos sedimentary successions and in smaller parts of the Kyrenia range (see Fig.
4.11). The formations consist of more or less porous parts. Some intercalated layers
show aquifer characteristics, which are suitable for water supply. Most important
are the Gypsum aquifer of the Kalavassos formation, Pakhna sandstone and chalk
aquifer, Terra and Koronia reef limestone aquifers, Lefkara chalk aquifer and the
karstic limestone and dolomitic formations of the Kyrenia range. Together, all areas

together can be subsumed to a medium permeable zone with second class aquifers.

The Troodos ophiolite shows aquiferous characteristics because of the intense frac-
turing and fault network of igneous rocks. Therefore, infiltration, movement and
retention of rainwater in the subsurface are also favoured. The igneous rocks of the
Troodos can be separated in several units with different characteristics. The analy-
sis of the drilling projects show that the Gabbros are the best aquifers with highest
permeabilities. Basal Group, Sheeted Dykes and part of the peridotitic rocks are
of intermediate quality. Pillow lavas and the serpentinised rocks show the poorest
permeabilities, because faults and fractures are often filled and cemented with sec-
ondary minerals. High precipitation rates and aquiferous characteristics of several
units make the Troodos massif the most important area for the renewal of natural

water resources.

Outside the Troodos ophiolite, further zones of less permeable rocks exist. Most
important are the rocks of the Mamonia terrane in the southwestern segment of the
island and the flysch of the Kythrea formation covering great parts of the Kyrenia
range and the Karpas peninsula (see Fig. 4.11). Those formations are usually not
suitable for water supply and show relatively poor infiltration characteristics. Fur-
thermore, the eastern Mesaoria plain is widely covered by less permeable unconsol-
idated and semiconsolidated sediments (Mesaoria group and Alluvium), consisting

of fine-grained marls, clays and siltstones.
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4.6 Hydrology

Daily records of gauging stations of many larger catchments of Cyprus are available
and organised in the ENVIS-Database of the Ministry of Agriculture and Natural
Resources. Most of the catchments belong to river systems rising from the Troodos
massif. Apart from those, only few other large catchments exist outside the Troodos
area. Although many of the recorded gauging station time series cover only a few
years, they are still sufficient for calibration and verification purposes due to the
long modelling period of the water balance model from 1961-2004. The stored data

is given in m®/s and transformed to mm/d during further data processing.

The selection of calibration catchments was performed based on miscellaneous cri-
teria. In the first step, all catchments with too short, fragmentary, obviously in-
consistent or unsuitable discharge time series are discarded. Unsuitable time series
exist, e.g. due to a large dam in the upstream area. The remaining catchments are
analysed with regards to their relation to different hydrological units. Catchments
only extending to single hydrological units are selected as far as possible, allowing
an individual calibration of the respective unit characteristics. This is done to find
a calibration catchment for all larger hydrological units. Model verification is done

with larger catchment areas controlled by several hydrological units.

A set of twelve calibration catchments, which location is shown in Fig. 4.12, was
finally selected. In Table 4.5, the relevant data for the gauging stations and all
relevant hydrological units of the respective catchments are given. Nine of the
twelve catchments were selected for calibration of single hydrological units. The
remaining catchments Diarizos, Limnatis and Elia serve for validation in a complex
hydrological and hydrogeological environment, and are furthermore located in key

areas with respect to the natural water resources of Cyprus.

In the plains, suitable calibration catchments could not be found, because baseflow
is usually not generated due to the predominantly unconsolidated, permeable rocks
and the deep groundwater levels in those areas. The possible inaccuracy in the
water balances of those areas becomes comparably small due to low precipitation

amounts.

In the calcareous series of fractured and karstic rocks, the discharge data of the

gauging stations Avdimou and Aradippou are of limited suitability, because of the
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Table 4.5: Selected gauging stations for catchment calibration.
Number Catchment Time period Area [km?] Hydrological unit
2-3-8-60 Gialia 10/1979—09/2003 15.3 C3
1-3-5-05 Xeros 10/1970—02/2005 67.5 C3
9-8-6-05 Avdimou 10/1967—09/1989 35.7 B2
3-2-1-85 Marathasa 11/1978—09,/2002 22.6 C4, (C5)
9-6-3-15 Loumata 10/1990—09/2002 4.47 C6
3-7-7-85  Skylloyra 10/1967—09/1972 83.0 D2
87-3-60 Mylou 10/1965—09/1994 32.2 C1, (C2)
8-4-3-40  Treminthos 10/1965—09/2003 100.8 C1, (C2), (B3)
8-2-4-10  Aradippou 10/1984—02/2005 52.9 B3
1-2-4-95  Diarizos 10/1969—10,/2004 128.7 C3, €2, C1, C5, C6, B3
9-6-7-70 Limnatis 10/1985—09/2002 114.7 C4, C3, C1, B3
3-5-4-40  Elia 10/1965—09/2003 80.9 C2, C3, C1, C4

() hydrological unit code in brackets indicates a small extension within the catchment area

records not being very representative. This is because of the fast discharge in karstic

formations with complex water tables mostly below the river beds. The baseflow

cannot be separated well from the stream discharge records and much of the south-

western and southeastern calcareous formations show subsurface discharge to the

sea. Apart from those smaller and larger dams, deviations for irrigation, and pump-

ing from wells influence natural discharge processes.



Chapter 5

Simulation of Actual Water Balances

5.1 Model Setup and Calibration

Preliminary model runs for specific calibration areas (see Table 4.5) are performed
for the calibration of important parameters and the evaluation of the best model
option settings. The applied raster resolution in the calibration areas is 50 x 50 m
per cell. Thereafter, the final model is calculated with previously calibrated values
and proven model settings and options. This final model for the whole island is

based on a raster resolution of 100 x 100 m per cell.

Evaluation of available interpolation routines and their options, showed best results
for the Inverse Distance Weighting (IDW) algorithm including the weighting of el-
evation (Eq. 3.1), as well as the embedded directional isolation (Eq. 3.4). The
quality of interpolation results for Northern Cyprus is inferior because of the sparse
data available for this area. Interpolation of relative humidity data based on trans-
formed absolute humidity and temperature data, resulted in considerably better

interpolation results with respect to topographical effects.

Regarding the different available equations for potential evapotranspiration, best re-
sults for Cyprus were retrieved with the original Penman-Monteith approach (3.46).
For the subsequent derivation of actual evapotranspiration, the FAO approach by
Allen et al. (1998) was selected in the model (Eq. 3.95).

The calibrated and applied physical parameters for land cover, soil and bedrocks are

113
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Table 5.1: Mean meteorological conditions of Cyprus for the reference time pe-
riod 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Annual precipitation [mm]| 445.0 478.1 617.6 381.8
Maximum daily temperature [°C]| 23.7 23.3 21.0 24.6
Mean temperature [°C] 18.2 17.7 15.8 19.1
Minimum daily temperature [°C] 12.7 12.2 10.6 13.6
Maximum daily rel. humidity [%] 66.7 64.9 63.6 70.1
Mean rel. humidity |%] 59.6 58.8 57.9 62.0
Minimum daily rel. humidity [%] 52.4 51.7 52.2 53.8
Mean rel. sunshine duration [%] * 69.4 65.8 *

* — No values because of lack of data for Northern Cyprus

listed in Appendix A. Modelling results for different areas of the island are described
and compiled in the following chapters and in Appendix B.

5.2 Precipitation

Precipitation of Cyprus is characterised by a distinctive seasonal cycle with rainy
winters and dry summers (see Fig. 5.3). Typically, more than 70% of total annual

rainfall occurs between November and mid-March.

Furthermore, precipitation is strongly related to terrain elevation. Annual mean
averages range between 250 and 400 mm/a in the lowlands, and can reach up to
800 mm/a in the Kyrenia range, and up to 1100 mm/a in the highest crests of
the Troodos mountains (see Fig. 5.1). Southern Cyprus benefits from precipitation
amounts because the Troodos mountains extend mainly within the southern part of
the island (see Table 5.1). The determined mean elevation gradient for Cyprus is

approx. 42 mm/100 m (see Fig. 2.3).

Expositional effects are notable on both mountainous zones of the island. In the
Troodos area, the southern and western slopes show higher precipitation sums than
the northern and eastern slopes. In the Kyrenia range, the sea exposed northwestern

slopes show wetter conditions than the southern slopes.

Snow occurs rarely in the low lying areas and the Kyrenia range. Only in the highest
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Figure 5.3: Mean areal precipitation of Cyprus (blue line) and its linear trend
(black line) for the modelling period 1961-2004. The trends are not
significant according to the Mann-Kendall trend test (Q = -0.99 | -
1.39).
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Figure 5.4: Monthly linear trends of the mean areal precipitation of Cyprus for
the modelling period 1961-2004. Only the trend in May (Troodos) is

significant according to the Mann-Kendall trend test on a 95% level.
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areas of the Troodos range snowfall is registered frequently between December and
April (see Fig. 5.2). The snow cover may lie for several weeks; especially in the

northern slopes of high Troodos, but is not continuous for the winter months.

The interannual variability of the precipitation on Cyprus is very high. The mean
areal precipitation for most years in the modelling period 1961-2004 varies between
300 and 600 mm/a (see Fig. 5.3). Standard deviation is about 110 mm, mean areal
precipitation is calculated to 468 mm/a. The 1960s represent the wettest decade of
the modelling period with a mean of 517 mm/a, the 1990s the driest decade with
a mean 436 mm/a. The decreasing trend in the 20th century (see Fig. 2.4) is also
notable (see Fig. 5.3) in the modelling period, but not significant (Mann-Kendall
trend test, Q = -1.00) for this shorter period. The high interannual variability makes
the detection of significant trends more difficult due to comparatively small absolute

trends.

The monthly trend analysis (see 5.4) shows that there are also no significant trends
for single months. Most months show insignificant decreasing precipitation trends,
which appear most prominently in May and October. Only November and June

show an insignificant increase.

5.3 Air Temperature

The temperature patterns show a close relationship to the terrain elevation of the
island. Mean annual temperatures range between 18 and 20 °C in the coastal areas
and plains, and decrease with increasing elevation (Fig. 5.6). In the highest areas
of the Kyrenia range mean annual temperatures decrease to 14 °C, and in the up-
permost areas around Mount Olympos down to 8.7 °C. The derived temperature

gradient for Cyprus is approx. 0.5 K/100 m (see Fig. 2.2).

A more continental variant of the climate can be registered with increasing distance
to the sea. This is explained by higher amplitudes between minimum and maximum
temperatures. The highest daily temperatures are frequently registered in the central
Mesaoria plain in the summer months; the lowest temperatures in the Troodos massif
and its surroundings in the winter months. The distinctive seasonal cycle with

hot summers and cool winters is less accentuated in coastal areas with moderate
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Figure 5.8: Mean areal annual temperature of Cyprus (red line) and its linear
trend (black line) for the modelling period 1961-2004. Both trends
are significant on a 99.9% | 95% level according to the Mann-Kendall
test (Q = 3.412.3).
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Figure 5.9: Monthly linear trends of the mean areal temperature of Cyprus for
the modelling period 1961-2004. Months with significant trends ac-

cording to the Mann-Kendall trend test are indicated.
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temperature amplitudes balanced by the Mediterranean sea. This balancing effect
appears most prominently at the eastern end of the isolated Karpas peninsula, which

is less influenced by the heating and cooling of the large land masses on the island.

Expositional effects occur most prominently in the Kyrenia range and the Troodos
mountains. The surplus of direct solar radiation on sunny days results in higher daily
temperatures on the southern slopes. This also becomes evident on the southern
coasts of Cyprus, which show higher mean and maximum temperatures than the

coasts exposed north.

The interannual temperature variability is moderate because of the island’s setting,
with strong balancing effects by the Mediterranean Sea. A mean areal temperature
of 18.2 °C and a standard deviation of 0.55 K was derived for the modelling period
1961-2004. The increasing temperature trend in the 20th century (see Fig. 2.5)
can also be registered in the modelling period (see Fig. 5.8). The trend is highly
significant on a >99.9% level (Mann-Kendall trend test; Q = 3.4) and can be de-
tected within the mean daily maximum temperature time series (Mann-Kendall Q
= 2.8, significance >99%), as well as mean daily minimum temperature time series
(Mann-Kendall Q = 3.9, significance >99.9%).

A detailed monthly analysis shows that the trend is a result of a significant tem-
perature rise in the summer half of the year, detected through the months May to
October (Fig. 5.9). All those trends are significant on a 95% level or higher accord-
ing to the Mann-Kendall trend test. In the winter half, some smaller non-significant

increasing temperature trends can be detected.

5.4 Air Humidity

The patterns of relative humidity visualise the correlation of decreasing mean air
humidity and increasing distance to the sea (Fig. 5.10 - 5.12). They also reveal the
more continental character of the regional climate towards the centre of the island.
The influence of elevation is also noticeable but not as distinctive as the influence
by the sea. Some well exposed areas in the Kyrenia range and western and central
Troodos especially, show favourable humidity conditions with increasing elevation.

In contrast, the protected valleys of the Troodos show lower air humidity. The
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Figure 5.13: Mean areal relative humidity of Cyprus (green line) and its lin-
ear trend (black line) for the modelling period 1961-2004. The
trends are not significant according to the Mann-Kendall test (Q
— -0.81|-1.37).
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Figure 5.14: Monthly linear trends of mean areal relative humidity of Cyprus
for the modelling period 1961-2004. Months with significant trends

according to the Mann-Kendall trend test are indicated.
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extreme minimum of daily relative humidity in the central Mesaoria plain (Fig. 5.12)
is mainly a result of high daily temperatures in this area. The continental character
of the climate in this area is supported by the ranges in the North (Kyrenia range)

and South (Troodos range) suppressing direct air flow from the sea.

A mean areal relative humidity of 59.6% and a standard deviation of 1.6% was cal-
culated for the modelling period 1961-2004. The plot of the interannual variability
shows a notable correlation to the precipitation and temperature time series. Fur-
thermore, decreasing trends can be detected for the whole of Cyprus. Although
more distinctive for the Troodos area, the trends are not significant according to
the Mann-Kendall trend test (Fig. 5.13). Also most of the monthly analyses do
not show clear tendencies or trends, except for the relative humidity of May, which
reveals a significant decreasing trend on a 95% level (Mann-Kendall trend test). In
October, the decreasing trend narrowly missed the 95% significance level. This can
be related to precipiation and temperature, which also show unfavourable trends for
these transitional months (see Chap. 5.2, 5.3). Nonsignificant increases of relative
humidity exist in the winter months November, December and January (see Fig.
5.13).

5.5 Sunshine Duration

Mean relative sunshine duration can be described as the fraction of daytime during
which the sun casts an obvious shadow. Mean values for Cyprus are very high due
to the setting of the island in the eastern Mediterranean. The mean interpolated
pattern of the relative sunshine duration of Cyprus (not shown) does not appear
very complex due to the small amount of available recorders (see Fig. 4.7). A close
relationship to terrain elevation is dominant as a result of decreasing sunshine dura-
tion with increasing elevation. The long-term annual means for the Mesaoria plain
and coastal areas range between 72-75%, and for the higher areas of the Troodos
range between 59-62%. For Northern Cyprus no data is available, but a similar

gradient of decrease with elevation can be assumed.

The pronounced seasonal cycle of Cyprus is also present in the seasonal averages of
relative sunshine duration. In the winter months (D,J,F) the lowlands register about
57-60%, the higher Troodos areas only 40-43% of the possible sunshine duration. In
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the summer months (J,J,A), the lowlands register about 85-90% and the higher

Troodos area 75-80% of the possible sunshine duration.

The sparse and incomplete time series of the few recording stations were not consid-
ered to be suitable for a reliable trend analysis. For that reason, further statistical

analyses of the data were not performed.

5.6 Wind Speed

Reliable daily spatial patterns of mean wind speeds for the modelling period could
not be generated. The density of the station network available (Fig. 4.8) is not
sufficient concerning standard interpolation techniques in this complex topograph-
ical island environment, where wind speed differs extremely within small areas. A
special wind model would be required for a reasonable spatial interpolation. A fur-
ther problem is that no time series are available for the whole period before 1976 in
Southern Cyprus, and no time series for the complete modelling period in North-
ern Cyprus. The data also shows great quality differences due to varying types of

operating recorders and incomplete time series.

For the current model, wind speed is reduced to a secondary parameter with less
influence. Monthly mean conditions were derived for the time period before 1976.
Stations with very high annual mean wind speeds were discarded, because their
locations are presumably situated in one of the smaller corridors of strong winds.
For the time period since 1976, mean wind speeds are derived for several sectors of
the island.

The seasonal analysis of the mean data shows that the highest mean wind speeds
typically occur in spring (3-7 m/s). April is usually the month with the highest
mean on nearly all wind recorders. The calmest conditions (2-5.5 m/s) occur in the
late summer months and in autumn (August-November), as a result of the relatively

small pressure, air and sea temperature contrasts in that period.
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5.7 Potential Evapotranspiration

The presented maps and graphs refer to the land cover specific potential evapo-
transpiration under hypothetical well-watered conditions (see Chap. 3.4.5). It is
controlled by land cover properties and meteorological conditions. Forested areas
with high transpiration and interception losses show higher values than areas with
sparse vegetation. Meteorological influence is most prominent regarding the pa-
rameters for maximum daily temperature and minimum daily relative humidity.
Topographic influences can be identified, especially in the mountainous areas where

expositional effects lead towards a modification of the radiation conditions.

The mean annual pattern of Cyprus (Fig. 5.15) reveals a close relationship to land
cover and meteorological factors. Despite lower temperatures, the Troodos range
shows a relatively high potential evapotranspiration compared to other areas with
sparse vegetation. Only the highest crests of the Troodos, with low mean temper-
atures, show reduced potential evaporation also in the forested areas. Generally,
the meteorological influence appears most prominent towards the centre of the is-
land, with a more continental climate. Higher maximum daily temperature and
lower minimum daily relative humidity lead towards increasing values of potential

evapotranspiration.

Overall, the highest potential evapotranspiration on the island appears in continen-
tal and forested areas of the island, like the central Mesaoria plain and the southern
slopes of the Troodos range, where radiation effects also support higher evapotran-
spiration. In those areas, values of more than 1500 mm/a are common. In contrast,
lowest values appear in areas with sparse or no vegetation, such as sealed areas.
There, evapotranspiration is controlled by evaporation from surfaces and only little
transpiration. The mean value assessed for the whole island is about 1340 mm/a
for the reference time period 1971-2000.

The seasonal cycle of potential evapotranspiration is induced mainly by monthly me-
teorological conditions. A further influence is given by the variation of transpiration
activity of the vegetation coverage, which is partially expressed by the bulk surface
resistance, but of secondary importance compared to the meteorological influences.
Highest rates occur in hot summer months with values up to 200 mm/month. In

cool winter months, values lower than 50 mm/month are typical (see Fig. 5.17).
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Figure 5.16: Mean areal potential (crop) evapotranspiration of Cyprus (red line)
and its linear trend (black line) for the modelling period 1961-2004.
Both trends are significant on a 99% level according to the Mann-
Kendall test (Q = 2.85 | 3.91).
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Figure 5.17: Monthly linear trends of mean areal potential (crop) evapotranspi-
ration of Cyprus for the modelling period 1961-2004. Months with

significant trends according to the Mann-Kendall test are indicated.
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The trend analysis of the derived potential evapotranspiration time series for Troo-
dos and the whole of Cyprus, shows significant positive trends in several summer
months and the transitional months May and October (see Fig. 5.17). Most winter
months show none or only minor increases. Variation and trends can be directly
related to the important controlling meteorological factors: temperature and rela-
tive humidity, which show similar changes and trends. In case of temperature, the
trends are more distinctive for the months May to October. In the case of relative
humidity, the decreasing trend occurs especially in May and October, supporting

the rise of potential evaporation in the transitional months.

5.8 Actual Evapotranspiration

The actual evapotranspiration is controlled by the potential evapotranspiration and
local water availability (soil and interception storage). The mean annual pattern for
the island (see Fig. 5.18) shows a strong dependence on the mean annual precipi-
tation pattern, and indicates that water availability is the limiting factor for actual
evapotranspiration on Cyprus. Therefore, areas with the lowest mean annual evap-
otranspiration rates correspond to areas with minimum annual precipitation on the
island. In the driest areas of the island, such as the southwestern Mesaoria with rates

of about 250 mm/a, nearly all water from precipitation is lost by evapotranspiration.

Highest values occur in forested areas of the Troodos mountains, where rates of
more than 600 mm/a are possible. Still higher rates occur only in moist or irrigation
areas, where additional water from other sources than direct precipitation is available
(secondary evapotranspiration). If the additional water supply is kept throughout
the whole year, then actual evapotranspiration rates can reach the level of potential
evapotranspiration. On Cyprus, most natural moist areas exist on the valley floors
of the Troodos rivers. Water from river flows compensate the water deficits in
dry months and allow annual evapotranspiration rates of more than 1500 mm/a.
Still higher actual evapotranspiration rates occur in artificial irrigation areas of the
coastal and inner plains, where also more than 1500 mm/a are possible due to the

still higher mean daily temperatures.

The particular seasonal cycle of mean actual evapotranspiration (see Fig. 5.20) is

the result of the varying influence of two main controlling factors: water availability
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Figure 5.19: Mean areal actual evapotranspiration of Cyprus (red line) and its
linear trend (black line) for the modelling period 1961-2004. Only
the trend for Troodos area is significant on a 95% level according to
the Mann-Kendall test (Q = -1.41 | -2.32).
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Figure 5.20: Monthly linear trends of the mean areal actual evapotranspiration
of Cyprus for the modelling period 1961-2004. No months with sig-

nificant trends exist according to the Mann-Kendall trend test.
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Mean areal secondary evapotranspiration of Cyprus (red line) and

its linear trend (black line) for the modelling period 1961-2004.

The detected trends are significant according to the Mann-Kendall
test (Q = 2.69 ] 2.41) on a 99% | 95% level.
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Figure 5.23: Monthly linear trends of the mean areal secondary evapotranspi-
ration of Cyprus for the modelling period 1961-2004. Months with

significant trends according to the Mann-Kendall trend test are in-

dicated.
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and potential evapotranspiration. Cool winter months with abundant rainfall do
not coincide with the months of highest actual evapotranspiration. Potential evapo-
transpiration is too low and acts as a limiting factor. The surplus of water is either
stored in the root zone or is lead away by direct runoff and groundwater recharge.
In contrast, water availability becomes the limiting factor for actual evapotranspi-
ration in summer and autumn months. Mean potential evapotranspiration is higher
than the mean water available for evapotranspiration. As a consequence, the spring
months (March, April, May) show the highest mean actual evapotranspiration rates
throughout the year, as precipitation and water from soil storage are still available

and potential evapotranspiration already increases during this season.

The trend analysis shows a decreasing trend of actual evapotranspiration (incl.
ETy..) for the Troodos area and the whole island, but significantly only for the Troo-
dos area on a 95% level (Fig. 5.19). Since the potential evapotranspiration shows
strong positive trends, it has to be the decreasing mean precipitation trends and
the accompanied lower soil moisture state that cause the decrease of actual evap-
otranspiration. The monthly analysis (Fig. 5.20) confirms this assumption. The
transitional and early winter months especially show (Fig. 5.4) decreases, which ap-
pear still higher after having excluded the influence of secondary evapotranspiration,
because the secondary part of actual evapotranspiration shows significant positive
trends. The latter is a result of the positive trends of potential evapotranspiration,
as secondary evapotranspiration is not controlled by water availability (Fig. 5.22).
The monthly analysis shows that the summer and transitional months are most
affected (Fig. 5.23).

5.9 Direct Runoff

The mean pattern (Fig. 5.24) of direct runoff is one of the most important patterns
concerning the investigation of renewable natural water resources of the island. A
certain part of the annual direct runoff is caught in dams and used for domestic
or agricultural use. The pattern for direct runoff reveals a strong dependence on
topography and precipitation. In plains with a very smooth relief and low precip-
itation amounts, only very little runoff is simulated. In contrast, the areas with

high precipitation amounts and very steep slopes in the Troodos and Kyrenia range
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Figure 5.25: Mean areal direct runoff of Cyprus (blue line) and its linear trend
(black line) for the modelling period 1961-2004. The trends are not
significant according to the Mann-Kendall test (Q = -0.17 | -0.40).
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Figure 5.26: Monthly linear trends of mean areal direct runoff of Cyprus for the
modelling period 1961-2004. Months with significant trends accord-
ing to the Mann-Kendall trend test are indicated.
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are areas of high direct runoff. Rates of more than 150 mm/a are common in the
highest Troodos areas nearby Mount Olympos. Moreover, high runoff rates can also
be found in settlements and industrial areas with a high fraction of sealed surfaces.
Cities, larger settlements, airports and industrial areas can be well identified as
spotted zones of high anomalies (Fig. 5.24). In these areas a considerable part of

total precipitation is transferred to direct runoff.

The seasonal cycle is very distinctive (see Fig. 5.26). Most of the annual direct runoff
is registered between the months November and March. The summer contribute
little to the annual sum. The tendency for drier conditions in the transitional months

May and October can also be detected for direct runoff.

The simulated direct runoff is furthermore characterised by a very strong interan-
nual variability (see Fig. 5.25). From year to year, the values often vary strongly
compared to the values from the previous year. For the whole of Cyprus a standard
deviation of about 20 mm correspond to the mean direct runoff of 26.5 mm/a (time
period 1961-2004). For the Troodos area, a similar situation exists with a standard
deviation of more than 35 mm and a mean of 45.8 mm/a (modelling period 1961-
2004). Due to high variability it is more difficult to detect trends owing to the low
signal-to-noise-ratio. The graphs show a decreasing but not significant direct runoff,
especially in the Troodos area. The comparison of monthly trends reveals that de-
creases occur most notably in the winter months December, February, March, and

also during the transition months May and October (see 5.26).

5.10 Groundwater Recharge

The direct groundwater recharge pattern is the most important pattern for evalu-
ating the renewability of natural water resources of the island. The pattern does
not include secondary recharge processes like recharge by river-bed infiltration. The
most prominent feature of the pattern is the strong dependency of groundwater
recharge on the annual precipitation pattern. The hydrological properties of geolog-
ical formations and land cover conditions contribute to a further differentiation of

the pattern, but are of comparably smaller importance in the context of renewability.

This situation illustrates the outstanding importance of the Troodos massif. In large



Figure 5.27: Mean direct groundwater recharge of Cyprus for the reference time period 1971-2000 (without secondary recharge like river-bed infiltration).
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Figure 5.28: Mean areal direct groundwater recharge of Cyprus (blue line) and
its linear trend (black line) for the modelling period 1961-2004.

The trends are not significant according to the Mann-Kendall test

(Q = -0.63 | -0.87).
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Figure 5.29: Monthly linear trends of mean areal direct groundwater recharge of
Cyprus for the modelling period 1961-2004. Months with significant

trends according to the Mann-Kendall trend test are indicated.
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areas of the massif, average annual groundwater recharge rates above 100 mm/a are
registered. Even 200 mm/a and more are common in the highest areas of the Troodos
nearby Mount Olympos, where precipitation rates reach 1000 mm/a and more. In
the Kyrenia Range and on the southern and western Troodos foothills, some smaller
zones with medium recharge rates can be detected. Nevertheless, much of the areas
of the inner and coastal plains are mostly zones with very low recharge rates (below
25 mm/a).

The seasonal cycle depends strongly on the monthly precipitation, evapotranspira-
tion and soil water conditions (see Fig. 5.29), limiting the generation of recharge to
the months December to March. Similar to the case of direct runoff, the interannual
variability is extremely high (see Fig. 5.29). For the whole of Cyprus, a standard
deviation of about 30 mm corresponds to the mean areal of 46.6 mm/a, in the Troo-
dos area a standard deviation of more than 50 mm corresponds to a mean of 101.5
mm,/a (modelling period 1961-2004).

Significant trends could not be detected for Cyprus and the Troodos area (Fig.
5.28). The determination is difficult owing to the high variability resulting in a low
signal-to-noise-ratio. The decreasing is recognisable, but not a significant trend in
the time series graph for the Troodos. It seems to be mainly a result of the decrease
in the late winter months and early spring months (see Fig. 5.29). The transition
months May and October, show also a noticeable, partially significant decrease, but

on a very low absolute level.

5.11 Catchment Response

The simulation of discharge time series can be best performed for well-defined catch-
ments, forming more or less closed systems. When the recorded discharge time series
allows a good separation of direct runoff and base flow, then regional hydrological
and hydrogeological factors can be calibrated by the comparison of recorded and
simulated total discharge, direct runoff and baseflow (see also Chap. 3.9). The
calibrated time series provide a detailed insight into regional dynamics of direct
runoff, groundwater recharge and base flow; because of generation processes and
their dynamics (discussed in Chap. 5.2-5.10, 5.12).
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The upper Diarizos valley is one of the most important catchment areas for the
understanding of the hydrological and hydrogeological system of the Troodos area.
The construction of a calibrated regional water balance model for this area, is an
important step within the development of the model for the whole island. The upper
Diarizos valley is one of the biggest catchments in the central Troodos and integrates
several important hydrological and land cover units. Important hydrological factors
could be calibrated in this catchment and validated by modelling results from further
catchments. Preliminary water balance studies on the upper Diarizos catchment
(Diinkeloh 2005a, 2005b) were performed some years ago and considered in the

present research.

The visualisation of recorded and modelled daily time series (Fig. 5.30) allows an
evaluation of the model quality. It can be seen that the discharge recorded is re-
produced very well by the simulated discharge. Especially the base flow shows an
excellent concordance, which is one of the main goals of the model, allowing the
evaluation of the renewability of natural water resources. Also, the interannual vari-
ability is reproduced very well, which is of crucial importance for further simulations

of climate change scenarios.

The comparison of simulated and recorded direct runoff reveals that discrepancies
occur especially in the case of extreme events. Several extreme discharge events
were not registered by the local recorder, in other cases the recorder shows extreme
events, which are not simulated by the model. These are presumably inaccuracies of
the recorders regarding short and extreme discharge events. Furthermore, MODBIL
is not optimised for the simulation of such extreme events, which require further
routing algorithms and higher resolved meteorological data of time and space. Gen-
erally, it can be observed that in wet years with several extreme events, the model
shows higher direct runoff than the recorders. In those cases it can be assumed that
the recorder underestimates direct runoff, because during those periods, the soil wa-
ter state is near field capacity, evapotranspiration is very low, and water can only
be drained by direct runoff or groundwater recharge. The results show that an inac-
curate simulation of extreme events is of limited importance for a good assessment

of the total water balances in the present study areas.

The simulated discharge results simulated can be used for the detection of inconsis-

tencies in the recorded time series. For several years, corrupted recordsets can be
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[mm/d]

Hydrological year 1975/76

Figure 5.31: Corrupted recorder datasets detected by the comparison of sim-
ulated and recorded discharge. The figure shows an example of
inconsistent recorder time series (marked with red, dashed circle)
from the upper Diarizos valley in the hydrological year 1975/1976.
Legend equal to Fig. 5.30.
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determined by the comparison of modelled and recorded discharge. In most cases it
can be assumed that sediments, boulders, wood and branches in the river bed hin-
der a correct operation of the recorder for several days or weeks. Then the recorded
discharge usually appears lower than the real discharge. In many cases, the day
of maintenance can also be recognised, according to the recorder having continued
working correctly. For instance, in the upper Diarizos valley, an example of cor-
rupted recordsets can be detected in the hydrological year 1975/76. The recorded
discharge becomes too low in mid-winter after several extreme discharge events. The
recorder seems to continue recording runoff events less sensitively (see Fig. 5.31).
Some weeks later, the recording continues correctly. In this case overestimation
of modelled discharge is hardly probable, because recorded and modelled discharge

continue on the same level in the second half of the winter (see Fig. 5.31).

5.12 Complete Water Balances

A description of the particular water balance components is provided in the previous
chapters. The synopsis of all components in this chapter, allows a comprehensive
view of the hydrological system and its dynamics. The complete average water
balances for Cyprus and several sub-regions are provided in Table 5.2. More detailed
water balance results and their spatial distribution are also compiled in Appendix
B.

The visualisation of the monthly (Fig. 5.32) and annual (Fig. 5.33) time series
1961-2004, show the progression of the water balances in the past decades. The
analyses of the interseasonal and interannual variability allow the detection of dry
and wet seasons and periods. The 1960s appear as a period of very high variability
on a relatively high level, the 1990s as the driest period with consecutive dry years,
especially between 1993/94 and 1999/2000. The driest hydrological years registered
in the modelling period were in 1972/73 and 1990/91.

Figure 5.34 allows an enhanced view of the water balances by sorting all the hydro-
logical years from wet to dry years on the base of the yearly precipitation amounts of
Figure 5.33. It can be seen that precipitation equals actual evapotranspiration be-
tween 400-450 mm /a, revealing a critical threshold for the island (see also discussion
in Chap. 7).



152

Chapter 5. Simulation of Actual Water Balances

878 1°9¢ 9291 S'T0T Ve LS 6°0€V 9'9% 08IRTDAI 19YeMPUNOIY)
019 261 V'eL Gy 1°¢61 (43 1°67¢ ¢'9¢ pounit 10211
8°¢9cl G'88¢ L7768 9'86¢ G9LLC 1°€9¥ 09707 9°'LEV (*?5La put) ~dsuerjodeas [enjoy
8001 0'Te 0°€8 8'T¢ ¥'16¢ 9']7 6°€6¢ 9°¢cv ‘dsuenjodesd L1epuodeg
T'T9TT ¢'LSE L'T18 890G 1°G8¥¢ YV 1°¢89¢ 0°66¢ (°7rd "Pxe) -dsuerjodess [enjpy
6°L6CT £'66€ L7 Lyv01 1799 €'¢cog 708 0'8cer 1°89¥% uoryeytdmard renuuy
700z - 19671
g'cL €'CC G'6¢T T°.8 0°¢6¢ L'8¥ 1°99¢ 9°6¢ 08IRTPAI 19)eMPUNOIY)
cev €€l G'8¢ G¢'9¢ T°LGT ¢'9¢ 9°00¢ L'T¢T Jound 211
7'LTeT 9°LLE L'€L8 Gy G'TTLT [ €996¢ 6°LTY (°75za "ur) dsuenjodess [enyy
¥'col SRS a8 ¢'€s 0'86¢ L6V €10V V'ey "dsuerjodess Lrepuodog
0°Gel1 '9ve G'88.L €267 Gveve 7voy 0G5S¢ ¢¥8¢e (2L "1xe) rdsuenodess [eny
0'TycT 8'18¢ G686 9°L19 ¥'998¢ T'8L¥ VYILy 0°S¥v uorjeytdmard renuuy
0006 - TL6T
V'LL 8'€C 7691 8'G0T £09¢ 1°09 T0vy 9LV 98IeYDAI 19)eMPUNOLY)
8'Gy vl 0°LL 18V ¢'¢0g 6°¢¢ 9°04¢ T°LC Jouni 211
1'9921 z'68¢ 0°€06 8'€9¢G €068 va9v 80907 alilsg (7%ra “pur) ~dsuerjodess renjoy
1°00T 8°0¢ T8 L09 7°68C 9Ly G 98¢ 8TV "dsuerjodess Lrepuodog
0°99TT ¥'84¢ L'1¢8 T°¢TG 6'70S¢ L1V ¢v.L9¢ ¥'L6€ (P25 "1ox9) -dsuerjodess [enjoy
G'S8¢T £'96¢ €'8901 0°299 ¥'890¢ ]TT1G 6'79¢T T¢cLy uorjeytdmald renuuy
0661 - 1967

[e/umou] [e/urw] [e/wow] [/ ] [e/wou] [e /] [e/wmou] [e/ur]
snid£A) wIeylIoN SOpoOI], snid£) ureyInog snid£n) 199urered /potiog

‘spotrod ouwIl) JULISHPIP 10J sealeqns pue snidAD) 10J seoue[eq Iajem Ued]N :g°G S[qeL



153

Chapter 5. Simulation of Actual Water Balances

[0.]

oy

0€

0

N

0

-

F005-196T poued Surepowr oy} 10} snud4A)) Jo sjusouoduwiod adueR( I91eM 3} JO SOLIdS-aWI) A[IUON :ZE°G 9an3rg

abieyoal Jelempunols N

Hounu joauig

uonjelidsuesjodens [eny N

13 "|]our uonesidsueljodens [enoy N

o

Jan-76
Jan-75
Jan-74
Jan-73

uoneydiosld I

ainjesadwa]

Jan-72

Jan-71

Jan-70

Jan-69

Jan-65
Jan-64

Jan-68
Jan-67
Jan-66
Jan-63
Jan-62
Jan-61

ARLA AN

0c

o
<
[ww]
Y13 1 9mo /™0

09

08

00l

08

09

o
<
[wuw]

o
N



Chapter 5. Simulation of Actual Water Balances 154

-3

10
20

0
30
40

Jan-91

Jan-90

Jan-89

Jan-88

Jan-87

Jan86

Jan-85

Jan-84

Jan-83

Jan-82

Jan-81

Jan-80

Jan-79

Jan-78

Jan-77

(N Lifddnddtaisl

| ‘ Jan-76
o o o o o o o o o o o
N < (] 0 8 0 © < N
[ww] [ww]
d ¥*13 71 9mo /™0

Figure 5.32 (Continued)



Chapter 5. Simulation of Actual Water Balances 155

— 0
S

— 10
— 20
— 30

— 40

Jan-05

Jan-04

Jan-03

Jan-02

Jan-01

Jan-00

Jan-99

Jan-98

Jan-97

Jan-96

Jan-95

Jan-94

e
x>
=
-
—
>
=
=
—
= D
e
i
-
_

~~
Jan-93 =
b}
=
=
- p—
=
Jan-92 o)
@)
S—
(3]
Jan-91 K
an- .
0
[TT T T ‘ | |
o o o o o o o o o o o Q)
N < © © S © © < N 1=
fwu] [wuw] ED
d ¥*13 1 9me /70 o
=



156

Chapter 5. Simulation of Actual Water Balances

Jes A [eoibojoipAH

¢0/100C ce/L661 28/1861

clilel 91961

N O e

Hounu j0811q

abieyoal Jojempunolo)

(°* 13 "pxe) uonesidsuenodens |enoy
(°**1 3 "jour) uonesidsuenodens |enjoy
uoneudioaid

00¢

(0[0)%

009

008

F002-1961 portod awr) a9y} JO S1eaA [RIISO[OIPAY oY) 10J snIdA) Jo sjuouodwod 9oue[e( I9)RM [eNUUR URSJA :€E°G 9IN3Iq

[ww]



Chapter 5. Simulation of Actual Water Balances 157

1972173
1990/91
1963/64
1989/90
1999/00
1997/98
1995/96
—— 1969/70

1996/97

1973/74
— 1971/72
—— 1985/86
— 1982/83
—— 1993/94
—— 1983/84
—— 1981/82
— 1978/79

1976/77
—— 1998/99
— 1967/68
—— 1988/89
—— 1994/95
— 1965/66
—— 1986/87
—— 1984/85

2000/01
— 1977/78

1970/71

1992/93
—— 1964/65
— 1980/81
— 1979/80
—— 2003/04
— 1975/76
—— 1962/63
—— 2002/03

1974/75
—— 2001/02
— 1961/62
— 1991/92
—— 1987/88
— 1966/67
—— 1968/69

LT

Actual evapotranspiration (excl. ET,,)
Groundwater recharge

Direct runoff

Precipitation
-------------- Actual evapotranspiration (incl. ET,,)

Hydrological Year

the modelling period 1961-2004 in descending order.

800
600
400
200

(ww]

Figure 5.34: Mean annual water balance components of Cyprus sorted by annual precipitation of the hydrological years of
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Fig. 5.35 and Fig. 5.36 show the typical average seasonal cycle of the particular
water balance components revealing distinctive characteristics of their interaction.
The seasonal cycle of precipitation shows the highest rainfall amounts in December
and January; and groundwater recharge becomes retarded as a result of the soil wa-
ter storage, which first has to be recharged before groundwater recharge processes
become more effective. The actual evapotranspiration is characterised by a differ-
ent cycle with a maximum in the spring months, when precipitation, soil moisture
state and potential evapotranspiration are favourable. In the summer and autumn
months, the low soil moisture state, and in the winter months the low potential

evapotranspiration inhibit a higher actual evapotranspiration.

With respect to the values in Table 5.2, the ratio between direct runoff and direct
groundwater recharge seems to be similar in the subregions. Considering the mean
area values, the direct groundwater recharge assigns typically 60 to 70% of the whole
water not lost by actual evapotranspiration (excl. ETy..). The more detailed analy-
sis shows that there are strong local and regional differences. The highest ratio can
be found in the Mesaoria plain and the coastal plains. In these areas nearly no direct
runoff is registered. In contrast, the lowest ratio can be found on sealed or partially
sealed areas depending on the fraction of sealing. A particularly high fraction of di-
rect runoff is also registerd in the Kyrenia range and the Mamonia complex, which
in large parts consist of geological formations with low hydraulic conductivities.
Especially in areas with higher precipitation rates and steep slopes, 50-70% of the
non-evapotranspirating water is diverted to direct recharge. In contrast, large parts
of the central Troodos register a fraction of around 70% for groundwater recharge,

despite the steep slopes and the high precipitation rates.



Chapter 6

Climate Change Impact Assessment

6.1 Introduction

Beyond the understanding and quantification of actual water balance dynamics,
water management requires the consideration of the impact of future climate change.
The obhserved regional climate of Cyprus shows a tendency for drier and warmer
conditions in the past century (e.g. Jacobeit 2000, Diinkeloh and Jacobeit 2003,
Jacobeit et al. 2007), and suggests that the impact of climate change may have
already been manifesting itself in the Mediterranean region (see Mariotti et al. 2008,
IPCC 2007). The tendency is notable, especially with respect to a considerable
precipitation decrease in the 20th century (see Fig. 2.4). It seems as if in the past
four decades, changes have appeared mainly in the summer and transition months
April and October. Until now, Cyprus has profited from the situation of the winter
months, decisive for renewability of water resources, being less affected by the general

tendency.

However, the future climate assessments by the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC 2007), predicts unfavourable
changes for the Mediterranean region in the 21st century. Extremely unfavourable
conditions have been forecasted, especially for the wet season in the central and
eastern Mediterranean (IPCC 2007, Mariotti et al. 2008).

The presented study focuses on the impacts of potential climate change on regional

water balances, with special consideration of renewability of water resources. The

160
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study is based on several runs of the physical water balance model (see Chapters
3-5) performed with adjusted meteorological datasets, considering different climate
change scenarios. Firstly, the sensitivity of the hydrological system of Cyprus is anal-
ysed based on theoretical scenarios of precipitation decrease and increasing temper-
ature (Chap. 6.2). Secondly, a first water balance scenario for Cyprus is developed
based on the real changes expected for the 21st century, for this area under increased

greenhouse warming conditions (see Chap. 6.3).

6.2 Potential Impacts of Climate Change

Physical water balance models are an excellent tool for the study of regional impacts
expected under future climate change conditions. The separate modelling of theo-
retical precipitation and temperature changes, gives an insight into the sensitivity
and behaviour of a hydrological system and the relevance of individual factors. The
calibrated water balance model for the time period 1971-2000 (Chap. 5) serves as

base and reference model for simulations.

The scenarios are designed as idealised models in which climate changes are assumed
as a uniform impact on the whole study area. For comparison purposes, the exten-
sion of land cover units, irrigation areas and moist areas are kept fixed, implying
that vegetation activity (transpiration) is only controlled by weather and soil water
conditions. Furthermore, mean wind and sunshine duration remains unchanged for

these simulations.

The computed results provide a quantitative assessment of impacts caused by tem-
perature and precipitation changes. The scenarios (Table C.5 - C.13) reveal that
the water balance impacts of temperature changes are largely an effect of provoked
relative humidity changes. An increase of temperature usually causes a decrease
of relative humidity and consequently an increase of the saturation deficit and po-
tential evapotranspiration. Calculations confirm that a temperature decrease under
unchanged relative humidity conditions, leads to comparably small changes (Table
C.5 - C.13). Regarding the most important water balance components, direct runoff
and groundwater recharge, the temperature increase of +1 K leads to a decrease of
2-3% under stable relative humidity conditions, and to a decrease of 8-9% under full

adjustment of relative humidity (see Table 6.1).
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Table 6.1: Direct runoff and direct groundwater recharge scenarios for theoretical
mean air temperature and precipitation changes. Simulation based on
the reference period 1971-2000.
Parameter/Scenario Cyprus S. Cyprus Troodos N. Cyprus  Table with
[%] [%] [%] (%] full balance*
Change of direct runoff
Scenario P -5% —15.2 —14.5 —13.8 —-17.2 C.1
Scenario P -10% —28.5 —27.4 —26.3 —31.8 C.2
Scenario P -20% —50.0 —48.7 —47.5 —55.0 C.3
Scenario P -30% —65.2 —64.5 —63.1 —70.2 C4
Scenario T +1 K, no RH adj. -3.1 —2.6 —2.1 -3.3 C.5
Scenario T +1 K, mean RH adj. -39 -3.5 -3.3 —4.6 C.6
Scenario T +1 K, full RH adj. —-9.8 —-9.0 —-9.2 —13.2 C7
Scenario T +2 K, no RH adj. -5.9 —5.5 —4.6 -7.3 C.8
Scenario T +2 K, mean RH adj. —-7.8 7.4 —6.7 -9.3 C.9
Scenario T +2 K, full RH adj. —18.4 —16.8 —17.7 —23.8 C.10
Scenario T +3 K, no RH adj. —8.6 -8.1 -7.3 -9.9 C.11
Scenario T +3 K, mean RH adj. —11.7 —11.0 —-104 —13.9 C.12
Scenario T +3 K, full RH adj. —254 —23.5 —25.0 —-31.7 C.13
Change of groundwater recharge
Scenario P -5% -10.7 —10.3 -9.5 —12.7 C.1
Scenario P -10% —20.9 —20.0 —18.5 —24.3 C.2
Scenario P -20% —38.8 —37.6 -35.3 —44.2 C.3
Scenario P -30% —53.5 —52.3 —50.0 —58.9 C4
Scenario T +1 K, no RH adj. —2.8 —2.7 —2.8 -3.2 C.5
Scenario T +1 K, mean RH adj. -3.7 —3.6 —-3.6 —4.0 C.6
Scenario T +1 K, full RH adj. -84 -7.8 —-8.1 -10.8 C7
Scenario T +2 K, no RH adj. -5.3 —5.2 —5.2 —6.0 C.8
Scenario T 42 K, mean RH adj. -7.0 —6.7 —6.8 —7.2 C.9
Scenario T +2 K, full RH adj. —15.1 —14.1 —14.8 -19.5 C.10
Scenario T +3 K, no RH adj. —-7.7 —7.4 —7.4 —8.4 C.11
Scenario T +3 K, mean RH adj. —10.0 -9.5 -9.6 —11.6 C.12
Scenario T +3 K, full RH adj. —20.5 —19.1 —20.1 —25.9 C.13

* — Tables in Appendix C
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Figure 6.1: Relation between mean areal relative humidity and mean areal tem-
perature of Cyprus. A mean temperature rise of 1 K causes an aver-

age decrease of mean areal relative humidity of 0.69%.

Both results are interesting in the context of a sensitivity analysis of the hydrological
system, but do not represent realistic impacts of a temperature increase. Therefore,
the last four decades were analysed with regard to the relationship between mean
temperature and mean relative humidity (Fig. 6.1). A mean relative humidity
decrease of 0.69% per 1 K could be derived for the island. This is a relatively
small decrease compared to relative humidity changes appearing in a closed system.
Cyprus profits from its island setting, enclosed by the Mediterranean Sea, which
seems to compensate a part of the humidity deficit by higher air and sea surface
temperatures, suggesting increasing evaporation over the sea. The simulation of
temperature scenarios considering the mean relative humidity adjustment derived
for Cyprus, according to Fig. 6.1, simulates a decrease of approx 3.5-4% of the annual
usable and renewable water resources (direct runoff and groundwater recharge), for

each Kelvin of mean annual temperature rise.

The precipitation scenarios (Table C.1-C.4) reveal substantially stronger impacts on
water balances. Four runs were performed simulating the effects of precipitation de-

creases from 5 to 30% (Table 6.1). A reduction of the actual evapotranspiration can
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be registered due to reduced soil water availability. This also leads to an increased
secondary evapotranspiration, as additional water is needed for compensating the
soil water deficit in moist and irrigated areas. With regard to renewable water
balance components, a precipitation decrease of 10% of the annual sum results in
approx. 20% less annual groundwater recharge. Direct runoff still seems to be more
affected by a decrease of more than 25% of the annual sum. This value might by
somewhat overestimated, because the strengthening of precipitation intensities re-
lated to a drying climate is not clear and could not fully be considered within these
model runs. However, in the drier and warmer years of the past decades, no remark-
able discrepancy between modelled and monitored direct runoff could be detected
(see Fig. 5.30). Discrepancies occur mainly in the wettest years in which recorders
may have faced problems in correctly registering extreme events. Furthermore, a
detailed analysis of the model results show that surface runoff only contributes to a
smaller degree of the total direct runoff. Interflow controls much of the direct runoff
on Cyprus and is strongly affected by the lower soil water state. The consequence is
that the necessary condititions for starting the interflow processes are often no longer
fullfilled. Interflow decreases, especially when less events occur where the hydraulic
conductivity of the bedrock is too low for the complete infiltration of the percolating
water from the soil. The deep percolation (potential groundwater recharge) amounts
are reduced, because soil water content exceeds field capacity less often under drier

soil water conditions.

6.3 Scenario for the 21st Century

The simulation of the 21st century water balance conditions is based on studies
performed by Hertig (2004) and Hertig and Jacobeit (2008a, 2008b). Statistical
downscaling techniques were applied to assess regional precipitation and tempera-
ture changes in the Mediterranean for the period 1990-2100, under increased green-
house warming conditions. Predictor output from global general circulation model
runs (ECHAM4/OPYC3 for precipitation, HadCM3 for temperature) forced with
B2 scenario assumptions (SRES - Special Report on Emission Scenarios) were used
for the simulation of precipitation changes. The B2 emission scenarios are conser-

vatively optimistic scenarios with an intermediary global energy demand. For a
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detailed method and dataset description of this climate change assessment, the orig-
inal study and related publications from Hertig (2004), Hertig and Jacobeit (2008a,
2008b) should be considered.

Differences between the 30-year means of the model periods 1990-2019 and 2071-
2100 are extracted for Cyprus and compiled in Table 6.2. These values give a
benchmark for the changes, which are expected between the beginning and end of
the 21st century. The results show much drier conditions for all transitional and
most winter months. Only the core winter months December and January do not
seem to be affected by the changes. The drying is accompanied by a temperature

increase of about 2 K, which is predicted for all seasons.

On the basis of the predicted changes (see Table 6.2), a first principal scenario was
calculated for the future water balances of Cyprus at the end of the 21st century
(Table 6.3). The simulation concept is equal to the scenarios described in Chap. 6.2
and also based on the calibrated water balance model for the time period 1971-2000
(Chap. 5).

The simulations show severe impacts on future water balances with a mean pre-
dicted loss of roughly 50% of renewable resources. From the theoretical senarios,
(Chap. 6.2) it can be seen that this is mainly a result of the precipitation decrease.
The temperature increase contributes only a comparatively small fraction to the
total changes. The results should only be regarded as a first principal assessment
of the impacts expected for the 21st century. A more detailed research on the ba-
sis of coupled large-scale scenarios, regional climate models, and the regional water
balance model, is required for superior assessments. Furthermore, the impacts of
several secondary factors, such as changes of vegetation or adaptation of precipita-
tion intensities, have to be revealed in future studies and considered in integrated

modelling concepts.
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Table 6.2: Future climate change assessments for Cyprus by Hertig (2004), Her-

tig and Jacobeit (2008a, 2008b). Cyprus is represented by eleven grid

points of the Mediterranean dataset. The changes are given as two-

month means.

Month
ON ND JF FM AM 1J  AS
Precipitation change [%]  —24.1 -54.0 —5.5 —-32.6 —33.3 * * *
Temperature change [K] +2.8 +2.4 +1.6 +2.0 +22 422

* — Precipitation amounts are too small in the summer half year

Table 6.3: Mean annual water balance changes for Cyprus simulated on the base

of a future climate change scenario described in Hertig (2004), Hertig
and Jacobeit (2008a, 2008b) (see Table 6.2). The simulation is based
on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation

P change [%)] —26.5 —26.5 —26.5 —26.5
Actual evapotranspiration

ETy.t (excl. ETs..) change [%] —21.1 —20.5 —18.7 —-22.4
ET;.. change [%] +22.4 +22.5 +27.8 +20.7
ET,. (incl. ET..) change [%] —16.5 —15.6 —14.1 —18.8
Direct runoff

DRO change [%] —62.5 —61.3 —60.0 —66.9
Groundwater recharge

GW R change [%)] —51.9 —50.6 —48.7 —56.9




Chapter 7

Discussion and Conclusions

7.1 Mean Water Balances

The results of the physical water balance modelling give a detailed insight into the
hydrological system and the water balance dynamics of Cyprus. They provide a
quantitative review and allow an evaluation of the sensitivity and renewability of
the island’s natural water resources. Furthermore, the model’s results are suitable

for planning and evaluating water management with regard to sustainability.

The water balances simulated for Cyprus reveal the outstanding importance of the
Troodos massif for the island’s natural water resources and their renewability (see
Fig. 5.27). It was shown that the precipitation amount is the most important factor
for the generation of direct groundwater recharge and still more decisive than the
properties of most hydrogeological units. In the Troodos area, the modelled mean
annual groundwater recharge rates lie at about 100 mm/a. In the highest areas,
rates of 200 mm/a and more are common. Further zones of limited extension, but
with considerable recharge rates are located in the Kyrenia range and in the southern
and western Troodos foothills. All other areas on the island can be considered as
areas of secondary importance with low to very low direct recharge rates. The
latter also comprise the areas where the most important aquifers of unconsolidated
and semiconsolidated rocks are located, particularly the Mesaoria plain and several
coastal areas. Less than 25 mm/a are usually detected for these areas, implying a

very low renewability of natural groundwater resources by direct recharge.

167
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Besides the groundwater recharge, direct runoff is also of importance for the renewal
of natural water resources. Considerable amounts of direct runoff are generated in
the Troodos and partly in the Kyrenia range. The most important factors for direct
runoff generation are high precipitation rates, steep slopes and bedrocks with low
hydraulic conductivities. In the Troodos range, a total mean of about 45 mm/a
could be assessed for direct runoff. Part of the runoff contributes to the groundwa-
ter resources by secondary recharge through river bed infiltration. Especially rivers
with major alluvial deposits (e.g Ezusa, Xeros, Chrysochou valley), rivers (e.g. Peri-
sterona, Pediaios or the Treminthos river) crossing the Mesaoria and coastal plains
with unconsolidated and semiconsolidated rocks, benefit from secondary recharge.
Furthermore, the runoff from most large valleys, especially on the southern Troo-
dos foothills, is retained in dams and contribute to the water supply of the island.
Otherwise the damming of rivers and diverting discharge without an integrated
surface-groundwater management can result in a serious impact on the groundwater

resources of the affected aquifers, which is discussed below.

To summarise, the comparison of the total water balances for different areas (see
Fig. 5.2) points out that most of the island contributes scarcely to the renewability
of water resources. A large part of the annual precipitation is lost by evapotranspi-
ration. Only the upper areas of the mountain ranges show a clear positive balance
with a considerable generation of groundwater recharge and direct runoff under mean
meteorological conditions. This is why the Troodos has recently often been called
the ’water tower’ of Cyprus. Furthermore, the comparison of the water balances
of Northern and Southern Cyprus reveals that the mean renewability of natural re-
sources in Northern Cyprus, on the basis of mean groundwater recharge and direct
runoff, is only about half per unit area, therefore emphasising the severity of the

situation for the northern part.

7.2 Seasonal Cycle

The model reveals the interaction of different meteorological and hydrological fac-
tors, and its relevance for the generation of direct runoff and groundwater recharge,
crucial for the renewability of the natural water resources. One aspect is the impor-

tance of Cyprus’ typical seasonal cycle regarding groundwater recharge and direct
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runoff. The coincidence of the wet and the cool seasons characterised by a high
precipitation rate, a high soil water state and low evapotranspiration results in a
surplus of water in the months November to March, therefore supporting the gen-
eration of considerable amounts of groundwater recharge and direct runoff (see Fig.
5.26, 5.29), especially in the mountainous areas. The results illustrate the outstand-
ing importance of these few winter months, as all other months hardly contribute
to the renewability of natural water resources at all. In this context, the hydro-
geological conditions of the formations also become relevant as they act as natural
detention reservoirs. The discharge characteristics of the Troodos catchments, such
as the upper Diarizos valley (see Fig. 5.30), show the limited storage capability
of the Troodos formations, which consist mainly of fractured aquifers in igneous
rocks. After a recharge event, most of the percolated water is registered as base
flow in the Troodos valleys within the subsequent two months. Part of the base
flow contributes to secondary groundwater recharge through river bed infiltration,
particularly in the river beds of the Troodos foothills or the Mesaoria plain. In most
Troodos rivers, discharge decreases to very small rates in the late summer months
and often dries up in the upper reaches. In recent decades, especially in summertime,
many streams disappeared completely as a result of the drawdown of groundwater

levels by pumping and the artificial deviation of river water.

7.3 Interannual Variability

The distinctive interannual climate variability shows strong influences on the yearly
renewability of natural water resources and water supply of the island. The model
results allow the quantification of the impacts on the decisive factors groundwater
recharge and direct runoff (see Fig. 5.25, 5.28). From year to year, the quanti-
ties can fluctuate strongly making water management much more difficult. Periods
with consecutive dry years result in a continuous water shortage on the island as it
occurred in the years 1993-2000.

The strong interannual variability is typical for the eastern Mediterranean and
demonstrates the high sensitivity of the small zone of the Mediterranean climate
with its alternating regimes in this intermediate position. The water balance anal-

ysis of past decades (Fig. 5.33, 5.34) show that the renewability in dry years with
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a mean island precipitation below 400 mm/a becomes critical, because actual evap-
otranspiration (incl. secondary evapotranspiration) becomes higher than the total
precipitation rate. Amounts of more than 450 mm/a at least are required for a
surplus of water to support the renewability of water resources. If precipitation
amounts decrease to less than 300 mm/a, then nearly the whole precipitation is
consumed by direct actual evapotranspiration. Hardly any groundwater recharge
and direct runoff are available for feeding moist, irrigated and settlement areas (sec-
ondary evapotranspiration). On this level, the hydrological system would change to

semi-desert conditions.

This elucidates the precarious situation in Cyprus because the registered areal means
of the past decades vary around the critical threshold of 450 mm/a. Small shifts
within the climate system would provoke considerable effects on the whole water
balance system of the island. The number of years, which contribute enough pre-

cipitation for the renewability of the water resources, could decrease significantly.

7.4 Annual Trends

Besides the detailed data available for the modelling period (1961-2004), there are
also few precipitation and temperature time series covering the whole 20th cen-
tury. This data allows a certain evaluation of the long-term changes of the climate
of Cyprus and the northeastern Mediterranean. The datasets show unfavourable
changes for the regional water balances with a significant precipitation decrease and

a significant temperature increase in the 20th century (see Fig. 2.4, 2.5).

Within the modelling period the same trends can be registered, but are kept statisti-
cally significant for temperature only (see Fig 5.4, 5.8). Further available parameters
for the modelling period, like air humidity, also show unfavourable but insignificant

decreasing trends (see Fig. 5.13).

All important water balance parameters depend strongly on the main meteorological
parameters precipitation, temperature and air humidity. The generally unfavourable
tendencies of all parameters in the last four decades lead towards an increase of
potential evapotranspiration, which is strongly significant (see Fig. 5.16). Actual

evapotranspiration also includes the secondary evapotranspiration and is therefore
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affected by two opposite trends. Secondary evapotranspiration depends directly on
potential evapotranspiration and shows the same significant positive trend. Actual
evapotranspiration without secondary evapotranspiration is limited mainly by soil
water availability and interception storage, which are showing a decreasing trend

due to the decreasing precipitation rates in the last decades.

Direct runoff and groundwater recharge show complex connections to variability and
trends of several parameters in the water balance system. Notable but insignificant
decreases can be seen for direct runoff and groundwater recharge. The comparison
of the monthly analysis reveals that variability and trends are mostly influenced
by precipitation, which also shows an insignificant decrease, especially in the late
winter and early spring months (see Fig. 5.4). The high variability of the time series
cause a low signal-to-noise-ratio, which makes a determination of trends much more

difficult. For all parameters the trends occur most prominently in the Troodos area.

7.5 Seasonal Trends

The monthly analyses of the parameters reveal a more detailed view on the types
of change controlling the annual tendencies and trends of the last decades. The
most prominent trend occurs in the time series of air temperature. The monthly
analysis shows that significant increases, especially in the summer months, which
induce a highly significant increase in the annual means. The trend can be evaluated
as reliable owing to the large amount of temperature stations included into the
calculation of the mean areal temperature time series. This significant summer
trend is also found in other meteorological datasets and is detected for great parts
of the Mediterranean. Discussions are given in several publications such as Jacobeit
(2000) or Diinkeloh and Jacobeit (2003).

Regarding precipitation data, the summer months June to September are too dry
for the detection of any relevant tendency or trend. However, relative humidity is
slightly affected by temperature rise in the summer months, but decreases do not
become statistically significant. Air humidity seems to be balanced and the deficits
are partly compensated by the nearby sea. The mean relationship between air
temperature and air humidity on Cyprus is also analysed in Chap. 6.2. The results

confirm that the impacts of temperature changes on air humidity are substantially
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lower than in a closed system.

The renewability of annual water resources is hardly affected by the changes de-
scribed in the summer months. These months barely contribute to the annual sum
of direct runoff and groundwater recharge. Important impacts can only be registered
for moist and irrigation areas by a markable increase of potential evaporation due

to higher temperatures and slightly lower relative humidities.

The monthly analyses of the winter half-year (November to March) reveal few sig-
nificant changes in the last decades for precipitation, temperature and humidity.
Expectedly, the simulated water balance components as potential and actual evap-
otranspiration, direct runoff and groundwater recharge also show few statistically
significant trends. Although the low signal-to-noise-ratio due to the high variability
should be kept in mind. Under the given conditions, the determination of changes
based on trends and significance is difficult. The detailed examination of precipi-
tation shows a (statistically insignificant) decreasing tendency for nearly all winter
months (except for November), which is most prominent in the Troodos area. Di-
rect runoff and groundwater recharge seem to respond to the small precipitation
decreases. Accordingly, decreases can be detected for many winter months, most
prominently for the late winter months (Fig. 5.26, 5.29). The decreases are also
responsible for the decreasing tendency of annual means, which are most evident for

the Troodos area, as in the case of precipitation (Fig. 5.25, 5.28).

On Cyprus, predominantly the months April, May and October cover the com-
parably short spring and autumn season in form of a transitional period between
the wet and cool winter, and hot and dry summer conditions. Strong changes of
precipitation, temperature and relative humidity with unfavourable impacts on wa-
ter balances are documented, especially for transitional months May and October.
As expected, many of the water balance parameters show statistically significant
changes, which are strongest in May. In general, climate change in the last decades
on Cyprus seems to manifest itself in form of a prolonged summer period on ac-
count of a successive drying in the transitional months. This is documented by the
noticeable shift to summer conditions in these months, which can be detected for

important meteorological parameters (Fig. 5.4, 5.9, 5.14).

Severe impacts on the eco-system must be expected as a result of the shortening of

the wet period. Notable influences are also registered concerning the renewability of
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natural water resources (see Fig. 5.26, 5.29), but currently the impacts occur mainly
in the months which are contributing only little to the annual sum of direct runoff
and groundwater recharge. Some influences are given, for instance, by a retarded rise
of soil water content at the beginning of the winter periods. However, it can generally
be observed that the smaller, statistically insignificant precipitation changes in the
winter months provoke stronger impacts on Cyprus’ water balances than the changes
in the transitional and summer months. This elucidates the vulnerability of natural
water resources, especially regarding the winter months, which up to now were

fortunately less affected by the registered climate changes of the past decades.

7.6 Sensitivity and Potential Impacts of Climate
Change

Temperature and precipitation scenarios (Chap. 6.2) reveal the high sensitivity
of the water balance dynamics of Cyprus. Even small precipitation changes pro-
voke strong impacts on the renewability of water resources that can be detected
by analysing the interannual variability of the past decades (see 5.25, 5.28). The
scenarios show that a decrease of 10% of the mean island precipitation provokes
a mean loss of about 20% of the renewable resources (direct groundwater recharge
and direct runoff). The influences from air temperature changes are smaller but also
notable. A mean temperature rise of 1 K with a typical relative humidity adjust-
ment for Cyprus, causes losses of about 3.5 to 4% of the renewable water resources.
The impacts of air temperature rise on the water balance changes are especially
controlled by the induced relative humidity decrease, leading to higher potential
evapotranspiration. In Cyprus, the effect seems to be reduced because a consider-
able part of the expected relative humidity decrease seems to be compensated by the
nearby Mediterranean sea, where higher air and sea surface temperatures contribute

to higher evaporation rates.

Based on climate assessments for the 21st century performed by Hertig (2004), Her-
tig and Jacobeit (2008a, 2008b), a first principal scenario for future water balances
of Cyprus was developed (Table 6.3). The results state a first benchmark for the

expected changes under an increase of green-house gasses (optimistic prediction)
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until the end of the 21st century. A proceeding of mean temperature rise and a
further shortening of the wet winter season are predicted (see Table 6.2). These
tendencies could already be observed in the past decades on Cyprus (see Chap. 5).
All transitional and winter months will become considerably drier, except for the
core winter months December and January. These results reveal severe impacts on
the future water balances with a mean predicted loss of roughly 50% of renewable re-
sources. The analysis shows that this is mainly provoked by precipitation decreases.
Mean air temperature increase and relative humidity changes show only a secondary

influence.

The simulation under static land cover conditions of the island also reveals that
the annual water demand for moist, irrigated and partly settled areas (indicated by
secondary evapotranspiration) becomes higher than the annual renewable resources.
The natural water resources become even more over-exploited. Substantial changes
in future water management, especially regarding irrigation plants, will be inevitable

under the predicted water balance conditions.

The presented results have to be regarded as a first principal assessment, but fur-
ther research on the base of coupled large-scale scenarios and the enhancement of
the regional water balance model are recommended. Furthermore, dynamic factors
should be considered in those models such as land cover changes and vegetation

scenarios.

7.7 Water Management Perspectives

The results outline the importance of the Troodos mountains for the renewability of
the water resources of the island, although the massif is not an excellent aquifer con-
sidering its limited storage capacity and its comparable fast turnover. In contrast,
the large aquifers of unconsolidated and semiconsolidated rocks with high storage
capacities, are located in the inner and coastal plains and suffered a strong over-
exploitation over the last decades. Renewability of groundwater in these aquifers
is small and depends strongly on riverbed infiltration of water originating from the
mountain ranges. The decrease of direct runoff and base flow in the adjacent ranges
as well as the construction of dams lead towards an aggravation of the situation.

Already today, many coastal aquifers are damaged or partly damaged by sea water
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intrusion caused by falling groundwater levels from excessive exploitation. In the
western Mesaoria, sea water intruded just several kilometers inland due to overex-
ploitation for irrigated agricultural areas. Year to year, large quantities of natural

groundwater are lost in these badly managed aquifers.

The trends of the last decades and future climate scenarios reveal a successive short-
ening of the wet period for the whole Mediterranean with severe impacts on water
balances. On Cyprus, a considerable improvement of water management is neces-
sary for compensating at least parts of the decreasing resources. Furthermore, a
re-evaluation of the water consumption for agricultural use is inevitable. For in-
stance, several irrigated crops - like bananas - should no be longer supported due
to their high water demand. Water could also be saved by funding innovations for
a more efficient domestic water use. From a global point of view, efforts must con-
tinue to diminish the progress of climate change with all its unfavourable changes

for many sensitive regions like Cyprus.

From a hydrogeological point of view, an improved water management on Cyprus has
to include the rehabilitation of damaged aquifers to reduce the loss of groundwater
resources. The further development of integrated dam-aquifer concepts is neces-
sary to obtain an optimal use and rehabilitation of the plain (Mesaoria), coastal
and riverbed aquifers. However, dams are important for the retention of water,
which otherwise would be lost to sea, and to facilitate controlled aquifer recharge by
riverbed infiltration. The coastal plains are an important sedimentary belt, which
could act as a transitional storage and buffer zone for the retention of river bed

losses and supplying flow connections between aquifers.

A sustainable water management demands abstractions being optimised for guaran-
teeing a zero recharge-abstraction balance on a long term perspective. An important
tool for this purpose is the continuous quantification of the annual renewability of
natural water resources based on a physical water balance model like MODBIL.
The management of single aquifers can be combined with the additional applica-
tion of a coupled groundwater model. Further research is recommended for a better
understanding of the connections between the regional climate and the global cli-
mate system and future impacts of climate change. The monitoring survey has
to be extended to all important aquifer and recharge regions on the island. Un-

controlled abstractions should be reduced, and a system of rules and supervision
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is recommended to guarantee the preservation and sustainable use of the natural

groundwater resources of Cyprus in the future.
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Table B.1: Mean annual precipitation for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[mm)] [mm)] [mm)] [mm)]
1961 - 1990
Max. in the area 1197.8 1197.8 1197.8 912.8
Areal mean 472.1 511.8 667.0 396.3
Min. in the area 256.1 256.1 277.8 257.8
1971 - 2000
Max. in the area 1117.7 1117.7 1117.7 859.0
Areal mean 445.0 478.1 617.6 381.8
Min. in the area 237.6 237.6 261.5 241.5
1961 - 2004
Max. in the area 1170.7 1170.7 1170.7 901.8
Areal mean 468.1 504.1 654.1 399.3
Min. in the area 255.3 255.3 276.5 253.1

Table B.2: Means of daily maximum temperatures for several periods and areas

of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[°C] [°C] [°C] [°C]

1961 - 1990

Max. in the area 26.2 26.0 25.3 26.2

Areal mean 23.6 23.1 20.9 24.4

Min. in the area 11.9 11.9 11.9 17.0

1971 - 2000

Max. in the area 26.5 26.4 25.6 26.5

Areal mean 23.7 23.3 21.0 24.6

Min. in the area 12.0 12.0 12.0 17.0

1961 - 2004

Max. in the area 26.4 26.3 25.6 26.4

Areal mean 23.7 23.3 21.1 24.6

Min. in the area 12.1 12.1 12.1 17.1
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Table B.3: Mean annual temperatures for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
°Cl [°Cl [°Cl [°Cl
1961 - 1990
Max. in the area 20.2 20.2 19.0 20.1
Areal mean 18.0 17.6 15.7 18.9
Min. in the area 8.6 8.6 8.6 13.9
1971 - 2000
Max. in the area 20.4 20.4 19.1 20.4
Areal mean 18.2 17.7 15.8 19.1
Min. in the area 8.7 8.7 8.7 14.0
1961 - 2004
Max. in the area 20.4 20.4 19.1 20.3
Areal mean 18.2 17.7 15.9 19.1
Min. in the area 8.7 8.7 8.7 14.0

Table B.4: Means of daily minimum temperatures for several periods and areas

of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[°C] [°C] [°C] [°C]

1961 - 1990

Max. in the area 15.3 15.4 13.6 15.5

Areal mean 12.5 12.0 10.5 13.3

Min. in the area 5.1 5.1 5.1 10.4

1971 - 2000

Max. in the area 15.8 15.6 13.8 16.0

Areal mean 12.7 12.2 10.6 13.6

Min. in the area 5.2 5.2 5.2 10.5

1961 - 2004

Max. in the area 15.8 15.6 13.8 15.8

Areal mean 12.7 12.2 10.7 13.6

Min. in the area 5.3 5.3 5.3 10.5
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Table B.5: Means of daily maximum rel. humidity for several periods and areas

of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
(7] (7] (%] (%]

1961 - 1990

Max. in the area 86.0 84.3 84.3 86.0

Areal mean 66.7 65.2 63.8 69.5

Min. in the area 50.0 50.0 50.4 61.5

1971 - 2000

Max. in the area 85.7 84.8 84.8 85.7

Areal mean 66.7 64.9 63.6 70.1

Min. in the area 50.0 50.0 50.5 61.3

1961 - 2004

Max. in the area 86.2 85.1 85.1 86.2

Areal mean 66.7 65.1 63.8 69.8

Min. in the area 50.1 50.1 50.6 61.3

Table B.6: Means of rel. humidity for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
K [%] [72] [72]
1961 - 1990
Max. in the area 81.3 79.4 79.4 81.3
Areal mean 59.8 58.8 58.2 61.7
Min. in the area 45.9 45.9 46.2 52.7
1971 - 2000
Max. in the area 81.6 80.0 80.0 81.6
Areal mean 59.6 58.8 57.9 62.0
Min. in the area 45.8 45.8 46.0 51.9
1961 - 2004
Max. in the area 81.8 80.1 80.1 81.8
Areal mean 59.7 58.6 58.2 61.9
Min. in the area 45.9 45.9 46.2 52.3
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Table B.7: Means of daily minimum rel. humidity for several periods and areas

of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[%] [%] [%] [%]

1961 - 1990

Max. in the area 76.5 74.4 74.4 76.5

Areal mean 52.9 52.4 52.5 53.8

Min. in the area 40.6 41.1 41.9 40.6

1971 - 2000

Max. in the area 77.4 75.1 75.1 77.4

Areal mean 52.4 51.7 52.2 53.8

Min. in the area 394 39.9 41.5 39.4

1961 - 2004

Max. in the area 77.3 75.1 75.1 77.3

Areal mean 52.7 52.1 52.5 53.9

Min. in the area 40.0 40.5 41.8 40.0

Table B.8: Mean rel. sunshine duration for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[%] [%] [%] [%]

1961 - 1990

Max. in the area * 74.4 71.6 *
Areal mean * 68.5 65.2 *
Min. in the area * 60.5 60.5 *
1971 - 2000

Max. in the area * 75.6 72.8 *
Areal mean * 69.4 65.8 *
Min. in the area * 60.5 60.5 *
1961 - 2004

Max. in the area * 75.1 72.4 *
Areal mean * 69.1 65.7 *
Min. in the area * 60.6 60.6 *

* — no value because of lack of data for Northern Cyprus
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Table B.9: Mean actual evapotranspiration (incl. ETj..)for several periods and

areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[mm] [mm] [mm)] [mm]
1961 - 1990
Max. in the area 1681.8 1681.8 1671.8 1635.0
Areal mean 439.2 465.4 563.8 389.2
Min. in the area 172.1 172.1 267.0 176.7
1971 - 2000
Max. in the area 1696.8 1696.8 1696.8 1660.8
Areal mean 427.9 454.1 545.5 377.6
Min. in the area 169.3 169.3 188.6 174.7
1961 - 2004
Max. in the area 1698.7 1698.7 1687.8 1656.4
Areal mean 438.2 464.5 557.8 388.0
Min. in the area 173.9 173.9 263.5 178.7

Table B.10: Mean secondary evapotranspiration for several periods and areas of

Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

[mm)] [mm)] [mm)] [mm)]
1961 - 1990
Max. in the area 1271.0 1271.0 1222.7 1256.6
Areal mean 41.8 47.6 50.7 30.8
Min. in the area 0 0 0 0
1971 - 2000
Max. in the area 1307.8 1307.8 1271.7 1301.5
Areal mean 43.4 49.7 53.2 31.5
Min. in the area 0 0 0 0
1961 - 2004
Max. in the area 1288.8 1288.8 1241.4 1276.2
Areal mean 42.6 48.6 51.8 31.0

Min. in the area 0 0 0 0
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Table B.11: Mean annual direct runoff for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[mm)] [mm)] [mm)] [mm)]
1961 - 1990
Max. in the area 812.2 812.2 745.7 648.0
Areal mean 27.1 33.9 48.1 14.1
Min. in the area 0 0 0 0
1971 - 2000
Max. in the area 728.7 728.7 670.6 612.3
Areal mean 21.7 26.2 36.5 13.3
Min. in the area 0 0 0 0
1961 - 2004
Max. in the area 775.4 775.4 719.3 646.8
Areal mean 26.5 32.2 45.8 15.7
Min. in the area 0 0 0 0

Table B.12: Mean annual groundwater recharge for several periods and areas of

Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

[mm] [mm] [mm)] [mm)]
1961 - 1990
Max. in the area 522.0 522.0 522.0 350.3
Areal mean 47.6 60.1 105.8 23.8
Min. in the area 0 0 0 0
1971 - 2000
Max. in the area 439.3 439.3 439.3 320.5
Areal mean 39.6 48.7 87.1 22.3
Min. in the area 0 0 0 0
1961 - 2004
Max. in the area 495.4 495.4 495.4 340.5
Areal mean 46.6 57.4 101.5 26.1
Min. in the area 0 0 0 0
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Table B.13: Water balances for several periods and areas of Cyprus.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
[mm] [mm] [mm] [mm]
1961 - 1990
Annual precipitation 472.1 511.8 667.0 396.3
Actual evapotransp. (excl. ETe.) 397.4 417.8 513.1 358.4
Secondary evapotransp. 41.8 47.6 50.7 30.8
Actual evapotransp. (incl. ETg..) 439.2 465.4 563.8 389.2
Direct runoff 27.1 33.9 48.1 14.1
Groundwater recharge 47.6 60.1 105.8 23.8
1971 - 2000
Annual precipitation 445.0 478.1 617.6 381.8
Actual evapotransp. (excl. ETe.) 384.5 404.4 492.3 346.1
Secondary evapotransp. 43.4 49.7 53.2 31.5
Actual evapotransp. (incl. ETg..) 427.9 454.1 545.5 377.6
Direct runoff 21.7 26.2 36.5 13.3
Groundwater recharge 39.6 48.7 87.1 22.3
1961 - 2004
Annual precipitation 468.1 504.1 654.1 399.3
Actual evapotransp. (excl. ETe.) 395.0 414.5 506.8 357.2
Secondary evapotransp. 42.6 48.6 51.8 31.0
Actual evapotransp. (incl. ETg..) 437.6 463.1 558.6 388.5
Direct runoff 26.5 32.2 45.8 15.7
Groundwater recharge 46.6 57.4 101.5 26.1
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Table C.1: Scenario for the mean annual water balance under a theoretical pre-

cipitation decrease of 5%. Simulation based on the reference period

1971-2000.
Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation
P change [%] —5.0 -5.0 =5.0 —5.0
Actual evapotranspiration
ET,. (excl. ETse.) change [%] -3.6 —4.1 —-3.2 -3.9
ETge. change [%] +1.8 +1.6 +1.9 +1.6
ETg.t (incl. ETg..) change [%] -3.1 —-34 —2.7 —-34
Direct runoff
DRO change |%| —15.2 —14.5 —13.8 —17.2
Groundwater recharge
GW R change [%] —-10.7 —10.3 —-9.5 —12.7

Table C.2: Scenario for the mean annual water balance under a theoretical pre-

cipitation decrease of 10%. Simulation based on the reference period

1971-2000.
Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation
P change [%)] —10.0 -10.0 -10.0 -10.0
Actual evapotranspiration
ETyet (excl. ET..) change [%)] —7.5 —7.3 —6.6 -8.0
ETg.. change [%] +3.4 +3.3 +4.3 +3.2
ET,. (incl. ET,..) change [%] —6.3 —6.1 -5.6 -7.0
Direct runoff
DRO change [%] —28.5 —274 —26.3 —31.8
Groundwater recharge
GW R change [%)] —20.9 —20.0 —18.5 —24.3
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Table C.3: Scenario for the mean annual water balance under a theoretical pre-

cipitation decrease of 20%. Simulation based on the reference period

1971-2000.
Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation
P change [%] —20.0 —20.0 —20.0 —20.0

Actual evapotranspiration

ET,. (excl. ETse.) change [%] —15.8 —-15.4 —-14.1 -16.7
ET,.. change [%] +7.0 171 9.1 16.1
ETyet (incl. ETg..) change [%] —13.4 -12.8 -11.8 —14.8

Direct runoff

DRO change |% -50.0 —48.7 —47.5 —55.0
g

Groundwater recharge

GW R change [%] —38.8 —37.6 —35.3 —44.2

Table C.4: Scenario for the mean annual water balance under a theoretical pre-

cipitation decrease of 30%. Simulation based on the reference period

1971-2000.
Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation
P change [%)] -30.0 —30.0 -30.0 -30.0

Actual evapotranspiration

ET, (excl. ET,..) change [%] —24.9 —24.3 —22.6 —26.1
ET,.. change [%] +10.9 +11.0 +14.5 +10.8
ETa (incl. ET,..) change [%] —21.2 —20.3 ~19.0 —23.1

Direct runoff

DRO change [%] —65.2 —64.5 —63.1 —70.2

Groundwater recharge

GW R change [%] —53.5 —52.3 —50.0 —58.9
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Table C.5: Scenario for the mean annual water balance under a theoretical air
temperature rise of +1 K (without adjustment of relative humidity)
based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%] — — — —

Actual evapotranspiration

ETy. (excl. ETs.) change |%)] +0.5 +0.4 +0.8 +0.4
ETse. change [%)] +5.0 +5.0 +5.6 +4.8
ETg.t (incl. ETg..) change [%] +1.0 +0.9 +1.2 +0.8

Direct runoff

DRO change [%] -3.1 —2.6 -2.1 -3.3

Groundwater recharge

GW R change [%] —238 2.7 —28 ~3.2

Table C.6: Scenario for the mean annual water balance under a theoretical air
temperature rise of +1 K (with mean adjustment of relative humidity
according to Fig. 6.1) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%)] — — — —

Actual evapotranspiration

ETyet (excl. ET..) change [%)] +0.7 40.8 +1.0 +1.0
ETg.. change [%] +5.9 +5.9 +6.8 +5.7
ET,. (incl. ET,..) change [%] +1.2 +1.3 +1.6 +1.0

Direct runoff

DRO change [%] -39 -3.5 -3.3 —4.6

Groundwater recharge

GW R change [%] —3.7 ~3.6 ~3.6 —4.0
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Table C.7: Scenario for the mean annual water balance under a theoretical air
temperature rise of +1 K (with full adjustment of relative humidity

[closed system]) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%] — — — —

Actual evapotranspiration

ETy. (excl. ETs.) change |%)] +1.6 +1.7 +2.5 +1.4
ETse. change [%)] +10.0 +9.6 +10.1 +10.5
ETg.t (incl. ETg..) change [%] +2.5 +2.6 +3.4 +2.1

Direct runoff

DRO change [%] -9.8 -9.0 -9.2 —13.2

Groundwater recharge

GW R change [%] —8.4 ~7.8 -8.1 ~10.8

Table C.8: Scenario for the mean annual water balance under a theoretical air
temperature rise of +2 K (without adjustment of relative humidity)
based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%)] — — — —

Actual evapotranspiration

ETyet (excl. ET..) change [%)] +1.0 +1.1 +1.5 +0.8
ETg.. change [%] +10.0 +9.8 +11.3 +9.6
ET,. (incl. ET,..) change [%] +1.9 +2.1 +2.4 +1.5

Direct runoff

DRO change [%] -5.9 —5.5 —4.6 -7.3

Groundwater recharge

GW R change [%)] -5.3 —5.2 —5.2 —6.0
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Table C.9: Scenario for the mean annual water balance under a theoretical air
temperature rise of +2 K (with mean adjustment of relative humidity
according to Fig. 6.1) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%] — — — —

Actual evapotranspiration

ETy. (excl. ETs.) change |%)] +1.3 +1.5 +2.0 +0.9
ET,.. change [%] +12.0 +12.0 +14.0 118
ETg.t (incl. ETg..) change [%] +2.4 +2.7 +3.2 +1.8

Direct runoff

DRO change |%| -7.8 —74 —6.7 -9.3

Groundwater recharge

GW R change [%] ~7.0 —6.7 —6.8 —7.2

Table C.10: Scenario for the mean annual water balance under a theoretical air
temperature rise of +2 K (with full adjustment of relative humidity

[closed system]) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%)] — — — —

Actual evapotranspiration

ET,ct (excl. ETg..) change %] +3.0 +3.2 +4.7 +2.5
ET,.. change [%] 1+19.9 4+19.4 122.7 120.7
ET,. (incl. ET,..) change [%] +4.8 +4.8 +6.5 +4.0

Direct runoff

DRO change [%] —18.4 —16.8 —-17.7 —23.8

Groundwater recharge

GW R change [%] ~15.1 ~14.1 ~14.8 ~19.5
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Table C.11: Scenario for the mean annual water balance under a theoretical air

temperature rise of +3 K (without adjustment of relative humidity)

based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation

P change [%)] — - - -
Actual evapotranspiration

ETgy.t (excl. ETs..) change [%)] +1.5 +1.6 +2.2 +1.1
ET;.. change [%] +14.9 +14.9 +17.1 +14.3
ET,. (incl. ET,..) change [%] +2.9 +3.1 +3.6 +2.2
Direct runoff

DRO change [%] -8.6 -8.1 -7.3 -9.9
Groundwater recharge

GW R change [%)] -7.7 -74 —7.4 —8.4

Table C.12: Scenario for the mean annual water balance under a theoretical air

temperature rise of +3 K (with mean adjustment of relative humid-

ity according to Fig. 6.1) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus
Precipitation

P change [%] - — - -
Actual evapotranspiration

ET,. (excl. ETse.) change [%] +1.9 +2.1 +2.9 +1.5
ET,.. change [%] +18.3 +18.2 +21.7 +17.8
ET,e: (incl. ETs.) change [%)] +3.7 +4.0 +4.7 +2.8
Direct runoff

DRO change [%] —11.7 —11.0 —10.4 —13.9
Groundwater recharge

GW R change [%] —10.0 -9.5 -9.6 —-11.6
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Table C.13: Scenario for the mean annual water balance under a theoretical air
temperature rise of +3 K (with full adjustment of relative humidity

[closed system]) based on the reference period 1971-2000.

Parameter Cyprus Southern Cyprus Troodos Northern Cyprus

Precipitation

P change [%] - - - -

Actual evapotranspiration

ETgy.t (excl. ETs.) change [%)] +4.1 +4.4 +6.5 +3.3
ET,.. change |%) +29.9 +29.2 +34.5 +31.2
ET,. (incl. ET..) change [%] +6.8 +7.2 +9.2 +5.7

Direct runoff

DRO change [%] —254 —23.5 —25.0 =317

Groundwater recharge

GW R change [%)] —20.5 -19.1 —20.1 —25.9
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