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Abstract: Drought is one of the most complex and poorly understood catastrophes on the planet.
Between the Greek mainland and Turkey, there is an area of Greece known as the South Aegean
Islands, that experiences water supply issues. As a result, there are issues related to the socioeconomic
growth of some of these islands, and the need for water transportation by water vessels. Water trans-
portation by ships to the Cyclades and Dodecanese areas from the mainland or other adjacent islands
to satisfy urgent demands, on the other hand, is exceptionally expensive. The situation deteriorates
during the summer, when drinking water needs can reach five times the norm, due to the heavy
tourist season. Given these conditions, the aim of this research is to estimate hydrometeorological
conditions, calculate the water balance, and determine water needs in three southern Aegean islands
(Mykonos, Naxos, and Kos), where there is a water shortage, particularly during the summer months
when tourism activity is at its peak. The modified Thornthwaite–Mather monthly hydrological
balance model was applied to determine the water balance. Various water use datasets (drinking
water, irrigation, water transportation) were employed to quantify the water demands in the three
islands. According to the results, the available water (runoff + infiltration) seems to be more than
sufficient to meet the needs of the islands of Naxos and Kos, since it far exceeds the increased needs
of the islands. Yet, it appears that in Mykonos, where the water resources have been nearly entirely
utilized, the available water, is just enough to meet the water needs. It is evident that all three islands
present significant sources of available water, which could meet the growing needs of the residents.
However, the absence of the necessary water exploitation projects, mainly concerning the surface
runoff, has contributed to the intense water supply problems of the islands. The importance of
the water harvesting projects becomes even more urgent under the conditions of climate change,
with the decrease in annual rainfall likely to be a highly possible scenario, especially in arid and
semi-arid regions.

Keywords: climate change; drought; evapotranspiration; irrigation; precipitation; soil infiltration;
surface runoff; Thornthwaite–Mather model; water supply

1. Introduction

Drought is one of the most complicated and least understood natural disasters glob-
ally [1–5]. It constitutes a severe meteorological and climatic phenomenon of unpredictable
occurrence in terms of place, frequency, and duration that is driven by natural causes. Ac-
cording to studies implemented over the past few decades, there is a considerable increase
in the frequency of droughts occurring globally, which has huge economic, social and
environmental consequences [6–9]. Between the mainland of Greece and Turkey, there is a
region of Greece known as the South Aegean Islands, which includes 385 islands. At least
29 of these islands struggle with water supply problems [10]. The limited water resources in
the South Aegean Islands are attributed to their typically dry Mediterranean climate [10,11].
Furthermore, the inflow of seawater into the aquifer makes it even more challenging to
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source drinkable water and results in a lack of water resources necessary to fulfill the
population’s demands, as well as issues with water distribution [12–14]. Increasing water
demand, the necessity for irrigation, declining rainfall amounts, and excessive groundwater
pumping each serve as underlying reasons for the South Aegean Islands’ water shortage
issues [15,16]. The near complete dependence on groundwater in order to meet the rising
demands for irrigation and drinking water resulted in its rapid depletion. As a result, there
are issues with the socioeconomic growth of these islands, because of the long distances
between the islands and the mainland of Greece and the need for water transportation by
water vessels, which is frequently proven to be insufficient in practice.

Water transportation from the mainland or other nearby islands to the Cyclades and
Dodecanese areas using ships to fulfil urgent demands, is extremely costly [10]. The General
Secretariat of the Aegean, which is in charge of water transportation, spent more than
5 million euros on this purpose already in 2014. Additional evidence of the high water
demands is the leasing of water vessels for the transport of drinking water from mainland
Greece to the islands until 2019 for the entire duration of the year, with an average annual
cost of approximately 8.2 €/m3 [17]. The problem becomes even worse during the summer,
when drinking water demands rise up to five times above the average, owing to the high
numbers of tourists [18].

Forecasting the potential negative consequences of drought on both the environment
and humans is essential, since it enables the estimation of how dangerous a drought episode
might be [19]. Depending on the extent of the region they cover, the effects of drought
and therefore of water shortage, are categorized into economic, social, and environmental
aspects [19].

The water balance of a watershed constitutes an expression of the relationship between
the components of the hydrological cycle. Water balance components are random time
series of variables with a random spatial distribution. Precipitation is the independent vari-
able that is transformed in the hydrological system into dependent variables of evaporation,
runoff and changes in soil moisture [20]. After applying the appropriate simplifications, it
is possible to predict the key hydrological variables mathematically [21].

A crucial element for the rational management of a region’s water potential is the
determination of the water balance of its catchments [15,20,22–25]. For the hydrologic
simulation of watersheds, many empirical water balance calculation models have been
created, due to the numerous factors that influence the hydrologic cycle processes [26].

Given these circumstances, the aim of the study is to estimate the hydrometeorological
conditions, calculate the water balance, and determine the water needs in three southern
Aegean islands (Mykonos, Naxos and Kos), where there is a water shortage, particularly
during the summer months, when tourism activity is at its peak. An analysis of hydrom-
eteorological conditions was carried out, in order to calculate precipitation, water losses
(evapotranspiration, infiltration), surface runoff and annual water needs (domestic water,
irrigation), with the goal of estimating the amount of water required to meet the islands’
increased water demands. Additionally, based on the analysis of water needs and the
available amount of water, works and potential solutions are proposed that could help to
mitigate the water deficit during the dry period of the year.

2. Materials and Methods
2.1. Research Area

The study area consists of three islands of the South Aegean, namely Mykonos, Naxos
and Kos (Figure 1). The island of Mykonos is located in the central part of the Cyclades
island complex and has an area of 85.5 km2 (10,962 residents, 2021 census of Greece).
Mykonos is the island with the mildest topography in the research area (maximum altitude
365 m a.s.l., mean altitude 100 m a.s.l.). Additionally, it is almost exclusively lowland, while
only a small part could be considered as hilly. There are no forested areas in Mykonos, and
most area is covered by agricultural crops (43.54%) and pastures (37.64%) and a smaller
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percentage by settlements (16.99%) [27]. The dominant geological formation is igneous
(65.23%), while there are alluvial depositions (25.16%) and schist formations (9.08%).
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Figure 1. The locations of the three studied islands (Mykonos, Naxos and Kos) in the south Aegean.

Naxos is the largest and most fertile island of Cyclades with an area of 430 km2 and
is located south of Mykonos (24,098 residents, 2021 census of Greece). The topography of
Naxos is formed by Mount Zas, a low mountain range that crosses it from north to south,
with the highest peak being Naxos Dias or Za (989 m a.s.l.), while the mean altitude is
263 m a.s.l. Most of the island is characterized as hilly, while there are several plains and
some semi-mountainous areas. There are no forested areas and most areas are covered
by pastures and shrublands (64.15%) and agricultural crops (34.98%) [27]. In Naxos, the
limestone (48.11%) and igneous rock formations (43.88%) are dominant.

The island of Kos, with a total area of 282.5 km2 (35,829 residents, 2021 census of
Greece), has a particularly elongated shape, consisting of a long and densely populated
lowland zone in the north, and a steep uninhabited mountainous axis in the south. The
mountain range of this section is arranged along the southern coast and the highest peak is
Mount Dikaios (840 m a.s.l.), while the mean altitude is 127 m a.s.l. Kos is the only island of
the research area, where there are some forested areas (6.11%), with most of the watersheds
covered by pastures and shrublands (48.89%), agricultural crops (40.89%) and also a small
percentage covered by settlements [27]. In Kos, igneous formations dominate (61.58%),
followed by sedimentary formations (25.12%), while the schist (7.34%) and limestone
formations (5.83%) are also found in smaller percentages.

According to Koppen climate classification, the climate of the area is Mediterranean,
characterized by long dry summers and mild winters, while strong winds occur throughout
the year [15]. Three meteorological stations (MS) (Mykonos, Naxos and Kos) are being
operated by the Hellenic National Meteorological Service (HNMS), providing a long time-
series, while in the last decade there have also been meteorological stations of the National
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Observatory of Athens (NOA) [28]. In Table 1, the names and details of the stations (altitude,
observations duration etc.) are provided. In the current research, the longest time-series
were further analyzed. The data of precipitation and temperature were analyzed in monthly
time steps, based on the modified Thornthwaite–Mather monthly hydrological balance
model, which was applied in this study. Due to the ephemeral nature of the streams in the
study area, there are no runoff data in the study area. More details about the analysis of the
climate, geomorphology and land uses at a catchment level, are available in the respective
thesis link [29].

Table 1. Meteorological Stations in the research area.

Meteorological
Station

Coordinates
Service

Altitude (m
a.s.l.)

Record
PeriodE N

Mykonos 25.3458◦ 37.4359◦ HNMS 122 1989–2019

Naxos 25.3728◦ 37.1013◦ HNMS 11 1955–2019

Kos (airport) 27.0913◦ 36.8012◦ HNMS 126 1961–2019

Mykonos 25.3260◦ 37.4450◦ NOA 10 2012–2019

Naxos 25.3738◦ 37.1014◦ NOA 19 2011–2019

Kos 27.3404◦ 36.8772◦ NOA 37 2014–2019

Apiranthos 25.5200◦ 37.0712◦ NOA 600 2012–2019

Apollo 25.5549◦ 37.1811◦ NOA 35 2012–2019

Damarionas 25.4780◦ 37.0510◦ NOA 310 2012–2019

Crown 25.5355◦ 37.1187◦ NOA 540 2012–2019

Cynidarus 25.4770◦ 37.0990◦ NOA 410 2012–2019

Melanes 25.4379◦ 37.0901◦ NOA 160 2012–2019

Little Vigla 25.3730◦ 37.0240◦ NOA 12 2012–2019

2.2. Water Balance Analysis

The modified Thornthwaite–Mather monthly hydrological balance model was used
to determine the water balance [15,20,22–25,30–35]. Penman’s method [36] is preferable in
terms of accuracy [37], and that is why multinational organizations frequently employ it in
this way [2,38,39]. However, since some of the meteorological parameters necessary for the
Penman calculation (humidity, wind speed, solar radiation) are in many cases missing in
many parts of the world, as well as in the current work, the calculation is usually performed
using the simpler Thornthwaite approach [40–42]. It has been proved that in Greek climate
conditions the modified Thornthwaite–Mather model could provide acceptable water
balance values, and the accuracy is similar to Penman’s method [43]. On the other hand,
Turc’s method [44] demonstrates satisfactory results mainly for a high annual rainfall index
(higher than 700 mm), while in Greece it did not prove to be applicable in all cases, as well
as for the present study area [45]. The analysis was performed at a catchment level and
then summarized for each island separately. The spatial distribution of precipitation and
temperature was performed using Thiessen polygons and the methodology proposed by
Mimikou et al. [46] was applied to incorporate the influence of altitude.

The Thornthwaite–Mather model uses the maximum soil capacity (K) as a parameter
and combining the precipitation and potential evapotranspiration as inputs, provides
the results of runoff and actual evapotranspiration. The mathematical description of the
monthly model is presented below [20]:

∆S = P − ET − Q

where:
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∆S = change in stored water
P = rainfall (mm)
ET = evapotranspiration (mm)
Q = excess water (infiltration and surface runoff) (mm)
The corresponding equation of the monthly water balance is as follows:

ETα = (Sn−1 − Sn) + Pn − Qn = Pn − ∆Sn − QAn − Dn

where:
∆S = Sn−1 − Sn
QAn = a·(Qn + QAn−1)
if Pn > ETp then Sn = min(Sn–1 + Pn − ETp, K) and Qn = max(Sn−1 + Pn − ETp − K, 0)

if Pn < ETp then Sn = Sn − 1·e
Pn−ETp

K and Qn = 0
n = month
Pn = mean monthly precipitation
ETp = mean potential evapotranspiration
ETα = mean monthly actual evapotranspiration
Sn = stored water in the soil
Qn = excess water in the soil
QAn = surface runoff
Dn = filtered water
α = surface runoff coefficient
Potential evapotranspiration

ETp = 16·
(

10·tn

J

)a
·Ld

J = ∑12
n=1

(
tn
5

)1.514

where:
α = 0.016·J + 0.5
ETp = mean monthly potential evapotranspiration (mm)
tn = mean monthly temperature (◦C)
J = annual heat index
Ld = correction factor calculated through meteorological tables in terms of month and

latitude
α = empirical parameter
The modified Thornthwaite–Mather monthly hydrological balance model assumes

that the water that is stored in the soil near the surface (root zone) could be used by
the plants [47]. Therefore, this amount of water is considered part of evapotranspiration
(ETr). According to the model, surface runoff and infiltration movement to the aquifer
are calculated when the stored water in the soil exceeds the maximum soil moisture
capacity (K).

2.2.1. Maximum Soil Moisture Capacity (K)

This represents the potential maximum moisture (K) that the soil can hold and is
expressed by the following equation:

K =
25, 400

CN
− 254

where:
CN = the Curve Number runoff factor that depends on the soil characteristics and

land uses of each watershed.
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2.2.2. Runoff Coefficient CN (Curve Number)

In cases where there are no simultaneous measurements of rain and runoff for the
calculation of infiltration, the estimation of runoff is implemented using the CN (Curve
Number) runoff coefficient introduced by the Soil Conservation Service [48]. This factor
depends on the soil characteristics and land uses that prevail in each catchment area. In
addition, in the estimation of the CN, the hydrological behavior of the various forms of
land use is taken into account, i.e., the percentage of vegetation coverage or canopy density.

The Soil Conservation Service (SCS) has developed tables with the soil classification
system consisting of four hydrologic soil groups, designated by the letters A, B, C and
D [49]. Additionally, in order to determine the CN parameter for areas with olive groves,
the results of surveys from Mediterranean areas were taken into account [50–53]. Based
on the above tables, raster files were created in a GIS environment, in order to spatially
analyze the combinations of land uses and soil types.

2.2.3. Hydrological Model Calculation Parameters

After running the water balance model for the hydrological basins of the research area,
it is possible to export the results in the form of tables. The results include the calculation
of various parameters for each main hydrological basin. The parameters calculated by the
hydrological model are the following [20]:

P = E + R + I

where:
P: Precipitation height (mm).
E: Actual evapotranspiration (mm).
R: Surface runoff (mm) and
I: Infiltration (mm)

2.2.4. Infiltration

Infiltration is the process by which water enters the surface layers of the soil and then
moves to the deeper layers. This amount of water primarily supplements the soil moisture
deficit, while the excess moves deeper and feeds the underground aquifer.

Factors affecting infiltration are mainly the soil moisture, rainfall intensity and distri-
bution, geological formations and vegetation. In an area (or catchment), where various
geological formations occur, the mean (or uniform) infiltration rate is calculated based on
the relationship [20]:

Iµ =
I1E1 + I2E2 + . . . + InEn

Esum

where:
Iµ = the mean infiltration rate of the catchment
E1. E2. . . . En = the surface area of individual geological formations
I1. I2. . . . . In = the corresponding infiltration coefficients
Esum = the total surface area of the catchment.

2.3. Water Demand

The demand for water was estimated based on the consumers’ needs. The data of the
actual water availability from the network of the respective Municipal Water Supply and
Sewerage Service (MWSSS) was also used with caution, as it became clear from the data
collected that there is not complete recording and monitoring of the quantities used (given
the existence of illegal drilling, network losses. etc.) in the study area.

2.3.1. Water Supply

The estimation of the current water needs for the water supply of the residents can
be calculated either based on the water consumption data of the MWSSS, or based on the
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actual population. The calculation of water supply through the measured consumption
values, provided by the MWSSS, presents significant problems. For this reason, the water
supply for domestic use was calculated based on the population data recorded by the
Hellenic Statistical Authority and specifically, the actual population of the latest census. For
the agricultural processing units (small industries) and large hotel facilities, the MWSSS
data was used.

The current mean daily water consumption in Municipalities with a population
similar to that of the majority of the Aegean islands is estimated to range from 100 to
150 lt/cap/day. This estimation is based on many recent water supply studies and on
consumptions calculated by the various MWSSS of the area. Water supply studies often
use as a basis, mean daily water consumptions of 200–250 lt/cap/day [13,18]. The use
of these increased consumptions is usually conducted with the aim of avoiding the pos-
sibility of underestimating the water supply network capabilities (in particular the main
pipelines’ dimensions).

The network losses resulting from poor construction are in the range of 5% to 10%. For
each Municipal District, network losses were approximated both for the existing condition
and for the future requirements, taking into account on a case-by-case basis the information
available from the MWSSS on any particular characteristic of the respective local network.

To calculate the water supply needs of the seasonal population, the data of overnight
stays provided by the Institute of the Association of Greek Tourist Companies [54], were
used, as well as daily water consumption coefficients per vacationer. For the calculation
of the total water demand of the seasonal population, visitors to the islands who do not
use hotel accommodation for their stay, as well as those who stay in rooms that are not
certified by the Institute of the Association of Greek Tourist Companies, were also taken
into account (a 10% increase in overnight visitors of the islands is regarded). Five months
from May to September, is the period widely accepted as the tourism season’s duration.

2.3.2. Irrigation

The Blaney–Griddle method [55] was used to calculate the amount of water required
for crop irrigation. This methodology has been applied to all the Agricultural Technical
studies that have been drawn up for the Aegean islands by the Ministry of Agriculture. It
is adapted to a satisfactory degree to the conditions that prevail in Greece and it closely
approximates the actual water needs of the crops [56].

To calculate the amount of water required by the crops, the recently approved plant
coefficients by the Ministry of Agriculture were used. In the calculations, the North
Geographical Latitude was used, which corresponds to approximately the center of each
island, which is considered sufficient, given that the percentages of daylight hours available
are given per entire degree. Unfortunately, in this work it was not possible to determine
irrigation water demand using the more precise generalized Penman [36] approach, since
most islands lack data of solar radiation and wind speed.

The main method of irrigation in the study area is the drip irrigation. The drip
irrigation is applied to a part of the soil and specifically, to the area of the plants root system.
The water supply from the drippers is very low, 2–3 lt/h, and as a result, most of the water
volume is filtered into the ground and does not runoff on the surface. Since irrigation is
repeated daily for 2–3 h to cover the evaporated water, there is no water loss resulting from
deep seepage.

The irrigation season is defined by the meteorological data and the water demand of
the crops. For all kinds of crops, the period between March 15 and October 15 is determined
as the irrigation period. Finally, it should be noted that despite the use of methods that
have resulted from many years of experience in the implementation of Greek Agricultural
Technical studies, and which are generally accepted by the Ministry of Agriculture, the
calculated total consumptions are usually higher than those measured by the organized
irrigation services. This is evident for the reasons listed below: (a) the planned or recorded
irrigated areas are not irrigated every year, and (b) olive trees and grapevines could use
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winter rainfall or runoff instead of summer irrigation with a relatively slight decrease
in productivity.

3. Results and Discussion
3.1. Results of the Water Balance Model

Precipitation height (P), actual evapotranspiration (E), surface runoff (R), and infil-
tration (I) were calculated for each major hydrologic catchment. The calculation of all the
above parameters, both at the level of mean monthly value and mean annual value, was
carried out by applying the model for the three islands separately.

3.1.1. Precipitation

Precipitation is the most important parameter for calculating the hydrological balance
of a catchment, since it is the only source of water supply. The relation of rain and altitude
was used to spatially distribute the precipitation over the catchments. The results obtained
are listed in Table 2 below. The mean annual rainfall is equal to 413 mm for Mykonos,
510 mm for Naxos and 541 mm for Kos. Figure 2 demonstrates the dry period duration,
which in all three islands surpasses a six-month period.

Table 2. Mean monthly and annual precipitation values (mm) for the reference period 1989–2019.

Wet Season Dry Season Wet Season

Island Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Mykonos 102.43 57.70 75.14 14.72 16.97 2.10 0.16 0.05 11.34 23.32 51.68 57.81 413.42

Naxos 124.85 77.99 91.76 20.13 20.25 2.11 0.16 0.44 12.31 29.51 59.03 71.34 509.85

Kos 100.62 86.83 60.94 31.18 15.09 1.40 0.30 0.50 9.50 36.28 83.47 114.75 540.86
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Figure 2. Mean monthly precipitation values in the research area during the hydrological year (period
1989–2019).

Having calculated the value of the mean annual rainfall for all the main hydrological
catchments of the research area and knowing the area of each catchment, the volume of
water received by each catchment was calculated (Table 3). The table indicates that Kos is
characterized by a higher volume of water per square kilometer, since it receives higher
annual rainfall.
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Table 3. Parameters of the water balance in (mm) and volume (m3) in the catchments of the research area.

Island
Catchment Area (km2)

Rainfall Evapotranspiration Runoff Infiltration

Mykonos (mm) 106 m3 (mm) 106 m3 (mm) 106 m3 (mm) 106 m3

1 Korfou 2.09 408.0 0.85 301.5 0.63 73.2 0.15 33.3 0.07

2 Panormou 10.41 417.5 4.35 308.6 3.21 74.8 0.79 34.2 0.34

3 Ftelias 4.39 407.2 1.79 300.9 1.32 73.1 0.32 33.2 0.15

4 Chalara 4.30 425.3 1.83 314.3 1.35 75.1 0.34 35.9 0.14

5 Wide Gialos 3.25 415.8 1.35 307.3 1.00 74.6 0.24 33.9 0.11

6 Mersinis 2.39 423.0 1.01 312.6 0.75 75.2 0.18 35.2 0.08

7 Mau Lagada 8.92 407.3 3.63 301.0 2.68 73.1 0.63 33.2 0.32

8 Merthias 3.15 403.3 1.27 298.0 0.94 72.4 0.23 32.9 0.10

TOTAL 38.90 16.08 11.88 2.88 1.31

Naxos

1 Apollona 2.40 531.62 1.20 398.72 0.96 43.06 0.10 89.84 0.14

2 Potamos 12.35 583.87 7.20 437.91 5.20 47.29 0.58 98.67 1.42

3 Jumaya stream 10.86 584.46 6.30 438.35 4.76 47.34 0.51 98.77 1.03

4 Panag.
Argokoiliotissas 2.79 562.73 1.40 422.04 1.18 45.58 0.13 95.10 0.10

5 Gaidouromantron 2.70 537.48 1.45 403.11 1.09 43.54 0.12 90.83 0.25

6 Pnichtis stream 13.72 601.81 8.10 451.35 5.90 48.75 0.67 101.71 1.58

7 Azala 9.06 559.82 5.07 419.86 3.80 45.35 0.41 94.61 0.86

8 Pitholakkou 5.87 478.29 2.81 358.72 2.11 38.74 0.23 80.83 0.47

9 Cyrcle Tap 10.78 572.92 6.16 429.69 4.63 46.41 0.50 96.82 1.03

10 Akridonis stream 5.37 583.01 3.13 437.26 2.35 47.22 0.25 98.53 0.53

11 St.Ioannis 2.25 481.72 1.00 361.29 0.81 39.02 0.09 81.41 0.10

12 Dark stream 11.64 595.06 6.90 446.29 5.19 48.20 0.50 100.56 1.21

13 Anakion stream 8.21 564.54 4.60 423.41 3.48 45.73 0.38 95.41 0.75

14 Klidos NA 4.58 483.83 2.22 362.87 1.66 39.19 0.18 81.77 0.37

15 Klidos BA 2.63 474.54 1.25 355.90 0.94 38.44 0.10 80.20 0.21

16 Krinon stream 2.22 476.47 1.06 357.35 0.79 38.59 0.09 80.52 0.18
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Table 3. Cont.

Island
Catchment Area (km2)

Rainfall Evapotranspiration Runoff Infiltration

Mykonos (mm) 106 m3 (mm) 106 m3 (mm) 106 m3 (mm) 106 m3

17 Andrious 2.70 472.48 1.20 354.36 0.96 38.27 0.10 79.85 0.14

18 Fisa stream 24.27 512.05 11.50 384.03 9.32 41.48 1.01 86.54 1.17

19 Panagias 2.17 470.61 1.00 352.96 0.77 38.12 0.08 79.53 0.15

20 Gialous 3.07 481.54 1.40 361.16 1.11 39.01 0.12 81.38 0.17

21 Agiasou 11.24 459.63 5.10 344.72 3.55 37.23 0.42 77.68 1.13

22 Alikou 39.68 484.55 19.20 363.42 14.10 39.25 1.56 81.89 3.55

23 Glifadas 2.64 407.66 1.08 305.74 0.81 33.02 0.09 68.89 0.18

24 Polishnis 4.41 429.67 1.89 322.25 1.42 34.80 0.15 72.61 0.32

25 Plakas 9.31 440.64 4.10 330.48 3.08 35.69 0.33 74.47 0.69

26 Paratrexos 58.92 478.53 28.10 358.90 21.10 38.76 2.28 80.87 4.72

27 Karvounolakkos 3.81 396.12 1.50 297.09 1.13 32.09 0.12 66.94 0.25

28 Galinins 2.33 438.64 1.00 328.98 0.77 35.53 0.08 74.13 0.15

29 Eggaron 35.76 546.38 19.40 409.78 14.43 44.26 1.50 92.34 3.47

30 Perganti stream 5.26 473.63 2.40 355.22 1.87 38.36 0.20 80.04 0.33

31 Faneromenis 9.50 594.29 5.50 445.72 4.23 48.14 0.46 100.44 0.81

32 Kabou 2.77 484.23 1.30 363.17 1.01 39.22 0.11 81.84 0.19

33 Milou Perasma 6.00 574.84 3.40 431.13 2.50 46.56 0.28 97.15 0.63

34 St.Theodor 3.12 533.01 1.60 399.75 1.25 43.17 0.13 90.08 0.22

35 Meliga 2.03 494.21 1.00 370.65 0.75 40.03 0.08 83.52 0.17

TOTAL 336.42 171.52 128.99 13.89 28.64

Kos

1 Kalamos stream 5.19 548.2 2.8 405.09 2.1 108.5 0.56 34.59 0.18

2 Kata 2.58 520.4 1.3 384.57 1.0 103.0 0.27 32.84 0.08

3 Evaggelistrias 2.70 522.6 1.4 386.22 1.0 103.4 0.28 32.98 0.09

4 Max.stream 4.69 519.6 2.4 383.99 1.8 102.8 0.48 32.79 0.15

5 Chochylariou 2.05 513.2 1.1 379.25 0.8 101.6 0.21 32.38 0.07
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Table 3. Cont.

Island
Catchment Area (km2)

Rainfall Evapotranspiration Runoff Infiltration

Mykonos (mm) 106 m3 (mm) 106 m3 (mm) 106 m3 (mm) 106 m3

6 Kamariou 2.44 553.3 1.4 408.88 1.0 109.5 0.27 34.91 0.09

7 Kairoulia stream 2.86 511.1 1.5 377.72 1.1 101.2 0.29 32.25 0.09

8 River 13.08 517.6 6.8 382.50 4.8 102.4 1.34 32.66 0.63

9 Mournias 6.80 514.7 3.5 380.39 2.61 101.9 0.69 32.48 0.20

10 Deep river 3.26 507.8 1.7 375.27 1.2 100.5 0.33 32.04 0.10

11 Mastihariou 4.20 516.2 2.2 381.47 1.6 102.2 0.43 32.57 0.14

12 Kalemi 3.40 510.7 1.7 377.44 1.3 101.1 0.34 32.23 0.11

13 Roditi stream 4.90 507.5 2.5 375.01 1.8 100.4 0.49 32.02 0.16

14 Stenakas stream 18.84 565.2 10.6 417.68 7.6 111.9 2.11 35.66 0.94

15 Pithou 3.55 496.0 1.8 366.58 1.3 98.2 0.35 31.30 0.11

16 Linopotis 2.10 524.4 1.1 387.55 0.8 103.8 0.22 33.09 0.07

17 Panagia 3.62 608.0 2.2 449.29 1.6 120.3 0.44 38.36 0.14

18 Bathilaka r. 2.66 513.9 1.4 379.80 1.0 101.7 0.27 32.43 0.09

19 St.Paulou r. 6.98 588.6 4.1 435.01 3.00 116.5 0.81 37.14 0.30

20 Mesarias 5.02 644.8 3.2 476.47 2.4 127.6 0.64 40.68 0.20

21 Two churches 3.20 522.7 1.7 386.30 1.2 103.4 0.33 32.98 0.11

22 Miloi stream 4.98 619.6 3.1 457.86 2.3 122.6 0.62 39.10 0.19

23 Livadia 9.35 510.9 4.8 377.53 3.5 101.1 0.95 32.24 0.30

24 Tsikalarias r. 2.25 561.1 1.3 414.66 0.9 111.0 0.25 35.41 0.08

25 Wide stream 6.78 566.9 3.8 418.92 2.80 112.2 0.76 35.77 0.28

26 Paradise 2.15 553.1 1.2 408.74 0.9 109.5 0.24 34.90 0.08

27 Chavarou stream 2.24 644.7 1.4 476.44 1.1 127.6 0.29 40.68 0.09

28 One stream 4.57 537.9 2.5 397.54 1.8 106.5 0.49 33.94 0.16

29 Lia 8.32 521.2 4.3 385.15 3.2 103.1 0.86 32.89 0.27

30 Kardamenas 5.73 520.3 3.0 384.47 2.2 103.0 0.59 32.83 0.19

31 Aragi stream 3.81 516.8 2.0 381.93 1.5 102.3 0.39 32.61 0.12

32 St. Marinas r. 9.75 519.7 5.1 384.07 3.6 102.9 1.00 32.79 0.46

TOTAL 164.05 88.73 64.90 17.57 7.11
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3.1.2. Curve Number (CN) Calculation

Based on the soil characteristics and land uses of the catchments, the Curve Number
runoff coefficient (CN) and the maximum capacity of the soil reservoir were estimated
(K). Figures 3–5 show the categories of CN calculation factors (permeability, vegetation,
drainage capacity) and the CN index.
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3.1.3. Analysis of Evapotranspiration

The actual evapotranspiration has been calculated for each hydrological catchment.
According to the results, it appears that evapotranspiration is quite high in the area, which
is sufficiently justified by the climatic conditions of the study area. On an annual basis, the
losses due to evapotranspiration correspond to 74% of the precipitation for Mykonos, 75%
for Naxos and 73% for Kos. From the total amount of precipitation, if evapotranspiration
losses are subtracted, 26% of the precipitation in Mykonos, 25% in Naxos and 27% in Kos
remains available for runoff and infiltration.

3.1.4. Surface Runoff

The surface runoff in the research area, as in the rest of the Aegean islands, appears
in the form of flash floods events, through the relatively dense hydrographic network,
giving a more torrential function to the stream of the islands. The rapid runoff is caused by
geomorphological factors, such as the low length of streams and small area of catchments,
combined with the relatively steep slopes.

There are no streams of permanent flow in the area. The possible presence of some flow
in some places is connected to the source springs, from which they are supplied. On-site
measurements of surface runoff are infeasible to perform due to the temporary nature of
runoff in the study area. For this reason, through the application of the hydrological model,
it was possible to calculate the mean monthly and mean annual surface runoff for each of
the main hydrological catchments (Table 3).

According to Table 3, it appears that the island of Naxos exhibits the lowest surface
runoff volume, which is mainly justified by the higher infiltration rate. The high infiltration
rate, compared to the other two islands, is mainly attributed to the large area covered by
limestone formations.

3.1.5. Infiltration

This parameter of the hydrological balance is estimated to be at high levels in Naxos,
which is attributed to the wide spread of highly permeable geological formations (lime-
stone). However, in this case, the infiltration depends not only on the permeability of the
formations, but also on the direction and density of the rock discontinuities. It is revealed
that the infiltration varies at fairly low levels on the islands of Mykonos and Kos, due to
the relatively impermeable geological formations (granite, gneiss, volcanic rocks), while in
Naxos the infiltration rate is higher (Table 3).
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3.2. Water Balance

The results of the monthly runoff values were derived from the application of the
modified Thornthwaite–Mather water balance model. Table 3 presents the mean annual
values of precipitation (P), actual evapotranspiration (Etr), surface runoff (Q) and infiltration
(I) for the catchments of the three islands of the study area.

In Table 4, it can be seen that the monthly runoff and infiltration values range from
0 to 45 mm for Mykonos Island, 0–53 mm for Naxos and 0–65 mm for Kos. According to
Table 4 and Figure 6, it is observed that surface runoff occurs exclusively during the winter
months (December, January and February) with significantly higher values on the island
of Kos. The long period of absence of surface runoff (8–9 months), observed in the study
area, is highly typical for the Mediterranean region and especially for the Greek conditions.
Different studies conducted in northern Greece, an area which receives higher amounts of
precipitation, showed a similarly long period of zero surface runoff between the period of
May and November [57,58]. Previous studies from the Greek territory, had showed similar
results of very long periods of water deficit [43,45]. Additionally, a study carried out in
Spain showed that the period of surface runoff is concentrated mainly between January
and March [59].

Table 4. Mean monthly and annual values of water balance parameters (mm).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Mykonos

P 102.43 57.70 75.14 14.72 16.97 2.10 0.16 0.05 11.34 23.32 51.68 57.81 413.42

Etr 23.15 28.07 38.76 47.32 43.18 15.17 3.50 0.80 11.51 23.37 43.54 27.18 305.54

Q + I 45.10 28.74 34.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 107.88

Naxos

P 124.85 77.99 91.76 20.13 20.25 2.11 0.16 0.44 12.31 29.51 59.03 71.34 509.85

Etr 20.00 25.24 35.08 52.70 63.49 42.37 22.64 10.72 16.02 30.63 40.85 23.68 383.42

Q + I 31.92 40.33 53.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.82 126.43

Kos

P 100.62 86.83 60.94 31.18 15.09 1.40 0.30 0.50 9.50 36.28 83.47 114.75 540.86

Etr 21.40 21.65 34.69 52.53 66.84 47.81 23.24 9.27 12.35 37.00 42.05 26.75 395.60

Q + I 49.00 64.84 26.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.31 145.26

These amounts of water could be further utilized to solve the problem of water scarcity
in the study area. The amount of runoff generated from an area of one km2 during the
hydrological year, corresponds to the mean annual specific runoff m3/km2/year and
amounts to 74,200 in Mykonos, 41,290 in Naxos and 107,900 in Kos. Characteristic of the
study area is the lack of surface runoff for most of the year (more than 9 months).

For the calculation of the evapotranspiration of each month, the model also takes
into account the stored water in the soil (Sn) of the previous month. November is the first
month of the year that the monthly precipitation exceeds the evapotranspiration. This
indicates that the water stored in the soil was almost zero in previous months. According
to the model, surface runoff and infiltration movement to the aquifer are calculated when
the stored water in the soil exceeds the maximum soil moisture capacity (K). The average
maximum soil moisture capacity (K) for the study area is 76 mm. The surface runoff and
infiltration are almost zero in December, because the water deficit in stored water in the soil,
was very high in the previous months. In the following months (January–March), where
precipitation is much higher than evapotranspiration, the water stored in the soil exceeds
the maximum soil moisture capacity (K) and the surface runoff and infiltration begin to
take place.
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Figure 6. Water balance parameters in the three islands throughout the hydrological year (P: precipi-
tation, Etr: evapotranspiration, Q: surface runoff). (a): Mykonos, (b): Naxos, (c): Kos.

Table 5 and summarize the water balance of the catchments of the three islands derived
from the water balance parameters calculation.
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Table 5. Water balance of the research area catchments.

Water Amount (106 m3) Rainfall (mm) Percentage (%)

Mykonos

Precipitation P 16.08 413.42 100

Evapotranspiration ETr 11.89 305.54 73.90

Surface runoff R 2.88 74.20 17.95

Infiltration I 1.31 33.68 8.15

Naxos

Precipitation P 171.52 509.85 100

Evapotranspiration ETr 128.99 383.42 75.20

Surface runoff R 13.89 41.29 8.10

Infiltration I 28.64 85.14 16.70

Kos

Precipitation P 88.73 540.86 100

Evapotranspiration ETr 64.90 393.60 73.10

Surface runoff R 15.57 107.09 19.79

Infiltration I 6.26 38.17 7.11

Figure 7 depicts the relation of the yearly runoff and precipitation for the three islands.
The highest values of runoff and precipitation in Naxos were observed in the years 1981 and
2003. For Kos, the corresponding maximum runoff and precipitation values were observed
in the years 1976 and 1969. Concerning Mykonos for the period 1989–2019, the maximum
runoff and precipitation values were observed in the years 2003 and 2011, respectively. The
minimum runoff values appeared during periods of severe drought that have been recorded
nationally [60,61], but also in the wider area of the eastern Mediterranean [35,62–64], such
as the severe drought episode during the period of 1989–1992.

3.3. Water Supply Demands

The fulfillment of the water needs comes first on the list of priorities, both because the
water needs of the population should be satisfied, and the most basic sector of the islands’
economy (tourism) should be maintained/respected. The following paragraphs present
the results of the research and the calculations of the water supply needs of each island.

3.3.1. Water Supply Demands in Mykonos

The island of Mykonos is supplied with water by seawater desalination units, the
“Marathi” and “Ano Mera” dams and by approximately 1000 water drillings. Towards
the water supply of Mykonos settlement, five seawater desalination units are used at the
Korfos Mykonos location, while the Marathi dam contributes to the coverage of water
needs, as well as some drillings. Seven tanks with a volume of 14,500 m3 operate in the
Mykonos settlement. The existing 45 km long network is made of cement pipes, while in
the mainland it is made of PVC, of relatively good quality.

In the Ano Mera settlement, the water supply is covered by one dam, as well as a
drilling at the location of St. Sofia, in which the mean water pumping rate is 3.5 m3/hour
with annual water yield of 15,000 m3. The existing pipeline network is 6 km long, of
relatively good quality.

The total water supply needs per Municipality were calculated as mentioned previ-
ously. They are calculated for permanent residents and vacationers. The total amount of
the water supply for Mykonos island is 1,521,500 m3. The above calculation was made with
network losses of 20%.
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3.3.2. Water Supply Demands in Naxos

Ensuring sources of water to cover the water needs of Naxos has always been difficult,
though easier than the other islands of the Cyclades island complex (due to the larger
size and mountainous mass of the island). Surface water is only available for a few days
after heavy winter rains and water needs are met mainly by groundwater. However,
underground reserves are limited due to natural causes and have been limited in recent
years due to man-made interventions to the island’s fragile ecosystem.

The total water needs for the adequate water supply of permanent residents and the
service of tourist facilities are currently estimated at 2,000,000 m3/year.

The island’s needs are covered by underground water reserves, through water drillings
(mainly in the lowlands) and springs. The water supply network has a total length of
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192.15 km. During the peak of the summer season, water is transported by tank trucks
from nearby springs and water drillings. According to the data of MWSSS of Cyclades,
99 water drillings and 36 wells have been authorized. According to the data of Naxos
Municipality, 611 applications have been submitted to date for a water use permit. It should
be emphasized that there is a very high number of old wells (unlicensed) scattered, mainly
in the lowland area (Livadi). In a 1960 study, 1825 wells were recorded (763 motor-driven,
846 animal-driven and 216 simple). Taking into account all the above, it can be concluded
that the island has the potential to meet its water needs, while the general perception is
that water problems are more related to a bad or absent water management plan, rather
than to an available water deficit.

3.3.3. Water Supply Demands in Kos

The tourism sector consumes very high water quantities and as a result there is a
conflict of interest with the agricultural sector. Nevertheless, there are hydro-collecting
projects with the aim of satisfying both irrigation needs and residential water use. Water
drillings can be found in various parts of the island, especially in the low-lying northern
parts, where many landowners run private water drillings. Irrigation is also supported by
the reservoirs in the area of Platy and in the area of Messaria.

At the “Platy” site, located in the city’s southernmost region, a 342,000 m3 reservoir
for irrigation and water supply has been built. It is designed to cover the irrigation of
12.8 ha of arable land. The island’s second reservoir is located in the area of Messaria with
a volume of 225,000 m3 and its use is dedicated exclusively to irrigation. The water supply
needs of the island are covered mainly by water drillings and natural springs. Kos is being
supplied with water from 23 water drillings, in which pumping rates range from 15 to
80 m3/h. These amounts of water fully cover the water needs. On the island, there is no
stream of continuous flow. Most of them are ephemeral streams which present low water
discharge during the rainy season. Some of the springs are of continuous flow and in some
of them, water storage works have been built. For the island of Kos, the annual water
supply needs are estimated at 4,500,000 m3.

3.4. Irrigation Water Demand

Irrigation is the main factor that contributes to maintaining and increasing agricultural
production and therefore, agricultural income. The studies of the irrigation projects and
the related agrotechnical studies prepared for the area of the Aegean islands were drawn
up with the criterion of saving water, so the irrigation methods implemented or planned
to be implemented, improved or are going to improve the way of managing the existing
limited irrigation potential. The same trend has been observed in the development of
private irrigation, where the farmers of the Aegean islands tried to increase the cultivated
areas based on the available water potential. Irrigation is generally applied to the low-lying
parts of the islands where it is possible to supply water, either due to the availability of
groundwater there, or for reasons of disposal of the water with the help of gravity. In
general, the soil, topographic, agronomic, as well as climatic conditions, combined with the
maximum possible utilization of water, led to the application of water distribution systems
that transport water to the fields through closed pipelines under pressure.

Recently, in Aegean islands, the drip irrigation system has been applied, which
achieved savings in water consumption, and is constantly gaining ground. It is noted
that in a significant percentage of the areas that are irrigated, the drip irrigation system
is applied for tree crops and vegetables. Finally, the proposed crops in all existing utiliza-
tion plans can and should (for reasons of savings in natural water resources) be irrigated
applying the drip irrigation system.
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3.4.1. Demand for Irrigation Water in Mykonos

According to Hellenic Statistical Authority, there are 97.1 ha of irrigated arable crops,
100.9 ha of irrigated vegetables crops, 1.8 ha of irrigated orchards and 1 ha of irrigated vine-
yards. The total annual irrigation water needs for the island are estimated at 1,401,000 m3.

3.4.2. Demand for Irrigation Water in Naxos

Surface water is only available for a few days after heavy winter rains and water needs
are met mainly by groundwater. However, underground reserves are limited due to natural
causes and have been limited in recent years due to man-made interventions in the island’s
fragile ecosystem.

The total water needs related to irrigation requirements are approximately four times
that of water supply requirements (8,000,000 m3/year). The water is used for the irrigation
of 200 ha. According to the data of the Directorate of Agricultural Economy of Cyclades,
the drilling of 99 drilling holes and 36 wells has been authorized.

According to the Municipality of Naxos and Small Cyclades, 611 applications have
been submitted for a water use permits, while 99 water drillings and 36 wells have been
authorized. It should be reported that there is a very high number of old wells (unlicensed)
scattered mainly in the lowland area (Livadi). In a 1960 study, 1825 wells were recorded
(763 motorized, 846 animal-powered and 216 simple).

3.4.3. Demand for Irrigation Water in Kos

The majority of the irrigated crops are irrigated mainly through private water drillings.
The unplanned water drilling combined with the short distance from one to the other, the
over-pumping and the short distance from the coastal zone have led to aquifer salinization.
In other places, like the Kardamena region, sea water has reached the deepest aquifer,
which is 20 m below the surface. The situation is more difficult during periods of drought
that appear every few years.

Concerning the springs, they exist in several parts of the island and mainly in its
central part. Their type depends on the hydrogeological conditions prevailing in each
region, and some of them have been flowing continuously. Due to over pumping some
springs have acquired a periodicity in their operation. A typical example is the spring
located in the area of Asklipieion, which used to have a continuous flow, while in recent
years it dries up in the summer months.

In total, there are 2772.5 ha of irrigated land on the island, of which 121.5 ha are arable
crops, 1687 ha are vegetables, 713.9 ha are orchards, 153.5 ha are olives and 96.6 ha are
irrigated vineyards. The total annual irrigation water needs for the island are estimated
at 7,500,000 m3.

3.5. Total Water Demand

Table 6 presents the types of crops on the lands of the research area, while Table 7
shows the total water demand in the research area after the collection and processing of
the data for the three islands. According to Table 7, it can be seen that the available water
(runoff + infiltration) is more than sufficient to meet the needs of the islands of Naxos
and Kos, as it far exceeds the increased needs of the islands. Furthermore, it appears that
in Mykonos, where the water resources have been nearly entirely utilized, the available
water (runoff plus infiltration), is just enough to meet the water needs. It is evident that all
three islands present significant sources of available water, which could meet the growing
needs of the residents. However, the lack of the necessary water exploitation projects,
mainly for the surface runoff, has led to the intense water supply problems that the islands
struggle with. The necessity of the water harvesting projects becomes even more important,
under the conditions of significant increases in temperature [9,65–69], where the increase
in evapotranspiration constitutes a highly likely scenario, especially in arid and semi-arid
regions. Previous studies conducted in the Mediterranean region revealed that under
various climate change scenarios, the water balance could be significantly affected. More
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specifically: (a) increases in minimum and maximum temperatures suggest an increase in
actual evapotranspiration and surface runoff, though a decrease in infiltration; (b) even
if, the precipitation rises, the increase in temperature reduces infiltration; (c) increasing
and decreasing precipitation, subsequently increased and decreased all the hydrological
variables, accordingly [37,58,70].

Table 6. Types of cultivated land in the research area.

Island Arable (ha) Vegetables (ha) Orchards (ha) Olives (ha) Vineyards (ha) Total (ha) Fallow (ha)

Mykonos 97.1 100.9 1.8 2 1 2008 0

Naxos 6569.6 304.8 0.35 1037.2 5646 9913.7 1437.5

Kos 4230.1 360.6 108.0 2585.4 36.0 10920.3 3600.2

Table 7. Total water demand needs in the research area.

Island Water Supply (m3) Irrigation (m3) Livestock (m3) Industry (m3) Total (106 m3)
Available

Water R + I
(106 m3)

Mykonos 1,521,500 1,401,000 39,000 123,000 3.0845 4.19

Naxos 2,000,000 8,000,000 525,000 150,000 10.675 42.53

Kos 4,500,000 9,500,000 520,000 220,000 14.74 21.83

4. Conclusions

The intense seasonal drought that prevails in the research area, characteristic of the
uneven distribution of precipitation during the year, coincides with the highest water
demand period. In the summer period, in addition to the increased water needs of the
permanent population of the islands, there is also significant tourist activity. Additionally,
increased irrigation needs are recorded, since most cultivated species have the highest
water requirements during this period.

The evapotranspiration is very high in the area, which is sufficiently justified by the
climatic conditions of the study area. On an annual basis, losses due to evapotranspiration
correspond to 73.90% of precipitation for Mykonos, 75.20% for Naxos and 73.10% for Kos.
If the evapotranspiration losses are subtracted from the total amount of precipitation, the
remaining water for runoff and infiltration is 26.10% in Mykonos, 24.80% in Naxos and
26.90% in Kos.

In Mykonos, there is a water resource shortage, while the reservation of available
water for the water supply and irrigation needs of the island is difficult, especially in the
summer months, due to the intense tourist activity. In Naxos and Kos, due to the higher size
and the relative mountainous relief of the islands, the water storage potential is higher than
Mykonos. Although Naxos presents high amounts of runoff and underground reserves,
over-pumping of groundwater is observed, resulting in aquifer salinization in some areas.
In general, in the study area there are significant amounts of available water (mainly runoff),
which are being left to be lost unexploited, while at the same time great pressure is exerted
on the underground reserves.

On a practical level, the above analysis shows that in the Mediterranean islands, where
the water scarcity during the summer is very high, there are significant capabilities to
exploit the available water from rainfall, which so far is being lost to the sea. It is evident
that a combined strategy of water exploitation works, could efficiently store higher water
amounts during the wet period and take advantage in a more efficient way of the summer
rain storms. These kinds of studies could be considered to be of highly critical impact for
stakeholders and decision makers, since the key knowledge corpus, such as the available
water amounts, the yearly distribution of the precipitation and the duration of the drought
period, constitute crucial variables, important for the implementation of optimal choices
concerning the water exploitation practices in a specific area.
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It is estimated that due to climate change, the environmental pressures on the water
resources of the three islands, and the Mediterranean in general, will intensify, resulting
in the depletion of surface resources, the over-pumping of underground water and the
expansion of the salinization phenomenon, especially in the coastal areas which are irri-
gated exclusively with underground water. Therefore, the rational management of water
resources and the protection of the environment require the efficient embrace of economic
principles, tools and measures. The consideration of an integrated rational management
strategy of water resources that would be differentiated according to the needs and avail-
able means of each region should include a combination of: (1) effective runoff exploitation;
(2) installation of desalination units; (3) saving water in the agriculture sector; (4) saving
water in the water supply/consumption area; (5) reduction in water supply/irrigation
network losses; (6) registration of illegal drillings/wells; (7) changes in pricing policies and
in cases of emergency; (8) transportation of water via water vessels.
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