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A B S T R AC T

Frequent and intense drought episodes threaten the water balance of the fragile water systems 
in the coastal areas of the Mediterranean. Coastal brackish karstic springs offer a challenging 
solution for increasing water availability in case of temporary or permanent water shortages for 
alleviating the impacts of droughts and aridity in these areas. The paper discusses the impacts 
of droughts on the fresh water potential of the karstic spring of Almyros (Heraklion-Crete). Both 
time series of water quantity and quality of the spring are studied using a gross annual water 
balance model for the spring. Drought years are represented by the (Reconnaissance Drought 
Index)-RDI of the nearby meteorological station of Heraklion. Statisfactory correlation between 
RDI and water characteristics of the spring are derived. Finally, trends in the fresh water annual 
volumes time series are identifi ed.

Keywords:  Drought impacts; Reconnaissance drought index; Brackish water; Water quality; 
Karstic springs; Climate change; Almyros brackish spring

1. Introduction

Many Mediterranean coastal areas suffer from water 
shortages caused by increased demand for water and 
by frequent and intense drought episodes. To face these 
water scarcity problems proactive planning incorporates 
measures for lowering the water demand, improving the 
performance, and utilizing new sources of water (mainly 
brackish or reclaimed). In this context the existing high 
water potential of brackish karstic springs seem to offer 
a challenging opportunity for the Mediterranean coastal 
areas to face water scarcity problems.

According to reports of international organizations the 
Mediterranean basin will be substantially affected by the 
anticipated climatic changes such as increase on air temper-
atures, decrease of precipitation and sea level rise. By the 
year 2050, the surface temperature is expected to increase 

by 2.5°C and the precipitation will decrease by 10.5% in the 
region of Middle East and North Africa (MENA) accord-
ing to Al-Jamal [1]. Moreover, population growth rate in 
these countries has an average of about 2.5% [2]. These 
changes threaten the water balance in the water systems 
of these areas which already suffer from water shortages. 
Additionally, during the last few decades existing fresh-
water sources have become increasingly limited in many 
regions of the world, particularly in MENA [3].

Having said this, it is challenging to fi nd ways for exp-
loiting the water potential of coastal karstic springs although 
in most of the cases they discharge brackish water.

A special category of coastal karstic springs are the 
springs with brackish water during most days of the 
year and good with quality water for only some days of 
the year. The present study concentrates on this category 
of coastal karstic springs by analyzing the water dis-
charge and water quality of an important such spring, 
the Almyros spring in the outskirts of Heraklion-Crete. *Corresponding author.
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The development of Almyros semi-brackish spring is 
of great socioeconomic signifi cance for the island of 
Crete, an island with great irrigation and drinking water 
demands and with expanding touristic activities.

Heraklion is a city of nearly 200 000 inhabitants and 
its north coastal areas are considered probably as the most 
touristic area of Greece. As result a rather permanent 
water shortage is exacerbated during the summer months 
when the water demand is becoming double. Needless 
to say that the situation is even more critical during the 
drought years in which water availability is even lower.

The paper aims at estimating the drought impacts on 
the annual water potential of Almyros spring. Both quan-
tity and quality time series are analysed in an attempt to 
fi nd correlation between drought characteristics and water 
characteristics of the spring. Also an attempt is made to 
identify trends in both of the above characteristics.

2. Description of Almyros karstic spring 

The Almyros karstic spring is situated in the central 
north part of Crete island at an elevation of +3 m above 
sea level, 8 km west from the centre of Heraklion city, 
and 1 km from the sea (Fig.1). This spring is the only 
identifi ed outlet of a karst system that has developed 
in two different limestone formations. It fl ows out at 
the contact point between the marly sediments and the 

limestones. Discharge rates range from 4 m3 s−1 in the 
summer to 70–80 m3 s−1 in the winter, following heavy 
rainfalls on the Psiloritis Mountain (Fig.1); whereas the 
average annual volume of water discharged at the Almy-
ros spring is 250 × 106 m3 [4]. The electric conductivity 
value varies between 331 µS cm−1 (during fl oods) and 
18430 µS cm−1 (when the fl ow is low) as a result of the 
mixing of the seawater with freshwater [5]. The origin 
of Almyros spring water salinity could not be attributed 
to the dissolution of evaporite rocks because there is no 
evidence of the presence of any evaporite rocks in Almy-
ros catchment area. Most geologists, following Breznik 
[6] assume that spring water is becoming brackish at the 
point where the karstic conduit which comes from the 
sea meets the fresh water conduit. Recent studies have 
shown that the seawater enters the karst conduit at a 
depth of around 500 m below sea level, while the dis-
tance from the Almyros spring to the marine intrusion is 
estimated to be between 2.5 and 10 km depending on the 
dimensions of the conduits [5,7]. 

Obtaining water of appropriate quality for human 
consumption and irrigation purposes from Almyros 
spring is a diffi cult problem and needs interdisciplin-
ary scientifi c cooperation [8]. The quality and quantity 
of Almyros brackish water should be carefully studied 
in order to assess future water potential. Tsakiris et al. 
[9] employed two fuzzy set methodologies for assessing 
the water potential of karstic saline springs and applied 

Fig. 1. Location of Almyros spring in the general map of Crete island. 
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these methods to the case of Almyros spring. These 
methods have been applied for assessing the quantity 
of water from the Almyros spring which is suitable for 
drinking or irrigation purposes. According to Tsakiris et 
al. [9] the min intersection rule is more suitable for the 
estimation of the water potential for drinking purposes, 
while the multicriteria fi ltering method proved to be a 
fl exible method for categorizing annual water quantities 
into quality classes with respect to irrigation quality cri-
teria and EU directives on water quality.

Climate change is expected to have far-reaching 
impacts for catchment basins, precipitation patterns, 
evapotranspiration, discharge rates, water levels and 
residence times [10,11]. Many researchers [10,12,13] 
suggest that change in climate variables might alter the 
water quality and affect availability of water resources. 
First-hand information about climate change could be 
gathered by spring discharges, as springs are the fi rst to 
be affected. The springs particularly in carbonate aqui-
fers are highly sensitive to global climate changes [14]. 
Moreover, the Almyros karst system can be considered 
as a fi lter system and output signals such as changes of 
Almyros spring discharge can be compared with input 
signals such as rainfall. 

Although many research efforts have been made 
[4,5,6,7,8,9,15] the Almyros spring system is not yet fully 
understood. The main causes of uncertainties in defi n-
ing the behaviour of Almyros spring are 

 (i) the undefi ned karst hydrological basin which 
is not corresponding exactly to the topographic 
catchment;

 (ii) the partially unknown spring function 
 mechanism; 

 (iii) the unknown underground network parameters 
such as the number of karst conduits as well as 
their dimensions depth and position; 

 (iv) the unknown interaction between circulation of 
groundwater in karst and water drilled from the 
boreholes above the spring; 

 (v) the lack of daily water quality data (e.g. Cl con-
centration) which is necessary for calculating pre-
cisely the freshwater/spring water mixing ratio

3. Data and methods

3.1. Available data

This study uses all systematically collected data con-
cerning hydrometeorological and water quality data 
over the period 1975–2000. Monthly precipitation and 
average air temperature data were available at three sta-
tions which are within and near to the catchment. 

Average monthly spring discharge and chloride concen-
tration (one measurement per month) were also available 
for the same period. Fig. 2 shows the monthly time series 
of spring discharge and water volume precipitated on the 
recharge area. Fig. 3 represents graphically the monthly 
time series of chloride concentration. Unfortunately for any 
water balance simulation the recharge area of the spring 
was not rationally determined so far. Many researchers 
[5,7] consider the catchment area being 300 km2, others 500 
km2 [15], whereas the Region of Crete [16] determined the 
area as 530 km2. Although there is still ambiguity in the 
determination of the recharge area this study adopted the 
latter fi g. which can be more realistically explaining the 
annual water volumes recorded at the spring.

3.2. Drought representation with the reconnaissance drought 
index

Drought is a natural phenomenon characterized by 
signifi cant decrease of water availability over a large 
area and during a signifi cant period of time [17]. Drought 
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Fig. 2. Annual water volume precipitated on the Almyros recharge area (V1) and annual water volume discharged from the 
Almyros spring.
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intensity is conventionally assessed by drought indices. 
Numerous drought indices have been proposed mainly 
based on the area of application and the purpose of the 
analysis required. Analytical reviews on the subject give 
detailed descriptions of most drought indices whereas 
specifi c software (e.g. DrinC) has been written for their 
calculation [13,18,19,20]. 

The Reconnaissance Drought Index (RDI) is based on 
the ratio between two aggregated quantities of precipi-
tation and potential evapotranspiration. The fi rst expres-
sion of the RDI for a certain time period, indicated by a 
certain month (k) during a certain year is calculated by 
the following equation:
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(1)

In which Pj and PETj are the precipitation and poten-
tial evapotranspiration, respectively, of the jth month 
of the hydrological year. The hydrological year for the 
Mediterranean region starts in October, hence for Octo-
ber k = 1. The above equation may be calculated for any 
period of the year.  For the estimation of PET the Harg-
reaves formula was used since Hargreaves method [21] 
requires only measured temperature data which can be 
found in most regions of the world. Heraklion meteoro-
logical station was used for the calculation of RDI. This 
station has reliable long series of data of both rainfall 
and temperature. Unfortunately, Anogia and Krussonas 
stations (Fig.1), have only rainfall data and could not be 
used for the RDI calculation.

For real world applications if αk is calculated as a 
general indicator of meteorological drought it is advis-

able to use periods of 3,6,9 and 12 months. In case 12-
month period is selected the result could be directly 
compared with the Aridity Index produced for the area 
under study. If α12 for a certain year is lower than Arid-
ity Index then the area is suffering from drought during 
this year. 

Two more expressions of the index are used:
The normalised RDI (RDIn), is computed using the 

following equation:

nRDI (k) 1,ka
a

−
 

(2)

where ā is the mean of ak for all the years of available 
data.

Finally the standardised RDI (RDIst) is computed fol-
lowing a similar procedure to the one that is used for the 
calculation of SPI:

stRDI (k) .
ˆ

k k

k

y y−
=

σ  
(3)

In which yk is the lnαk, ky  is the arithmetic mean and  
ˆ kσ  is its standard deviation.

For the purpose of this study the 6-month and the 12-
month RDI was used for both the initial and standard-
ized form using the meteorological data of the station of 
Heraklion. In Fig. 4, the results of RDIst are presented for 
6 and 12 month respectively. 

3.3. Freshwater-seawater ratio calculation

The ratio of mixing between fresh and seawater may 
be estimated by chloride mass balance approach for a 
certain period of time, which is based on the premise 
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Fig. 3. Chloride concentration in Almyros springwater versus time (monthly measurements).
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that chloride (Cl−) behaves as a conservative tracer, as 
follows:

CCl spring  × Vspring  = CCl sea  × Vsea   +  CCl fresh  × Vfresh  (4)

or

CCl spring  × Qspring  = CCl sea  × Qsea   +  CCl fresh  × Qfresh .  (5)

In which Qspring  =  Qsea   +   Qfresh (6)

Here CCl is the concentration of Cl− (mg L−1), V is the annual 
volume of water, Q is the discharge, and subscriptsspring, sea 
and fresh  indicate the conservation  mixture, the seawater and 
the fresh water, respectively. The annual water volume (V) is 
estimated by aggregating daily spring discharges (Q).  

In order to reach practical results the CCl sea  is taken 
equal to 19000 mg L−1 and CCl fresh  is taken equal to 10 mg 
L−1 [22,23]. The Almyros springwater measured chloride 
concentration ranges from 26 mg L−1 (during fl oods) to 

–3

–2

–1

0

1

2

3
19

55
 -

 1
95

6
19

56
 -

 1
95

7
19

57
 -

 1
95

8
19

58
 -

 1
95

9
19

59
 -

 1
96

0
19

60
 -

 1
96

1
19

61
 -

 1
96

2
19

62
 -

 1
96

3
19

63
 -

 1
96

4
19

64
 -

 1
96

5
19

65
 -

 1
96

6
19

66
 -

 1
96

7
19

67
 -

 1
96

8
19

68
 -

 1
96

9
19

69
 -

 1
97

0
19

70
 -

 1
97

1
19

71
 -

 1
97

2
19

72
 -

 1
97

3
19

73
 -

 1
97

4
19

74
 -

 1
97

5
19

75
 -

 1
97

6
19

76
 -

 1
97

7
19

77
 -

 1
97

8
19

78
 -

 1
97

9
19

79
 -

 1
98

0
19

80
 -

 1
98

1
19

81
 -

 1
98

2
19

82
 -

 1
98

3
19

83
 -

 1
98

4
19

84
 -

 1
98

5
19

85
 -

 1
98

6
19

86
 -

 1
98

7
19

87
 -

 1
98

8
19

88
 -

 1
98

9
19

89
 -

 1
99

0
19

90
 -

 1
99

1
19

91
 -

 1
99

2
19

92
 -

 1
99

3
19

93
 -

 1
99

4
19

94
 -

 1
99

5
19

95
 -

 1
99

6
19

96
 -

 1
99

7
19

97
 -

 1
99

8
19

98
 -

 1
99

9
19

99
 -

 2
00

0
20

00
 -

 2
00

1
20

01
 -

 2
00

2

Time (years)

R
D

I s
t-6

 m
on

th
R

D
I s

t-1
2 

m
on

th

–3

–2

–1

0

1

2

3

19
55

 -
 1

95
6

19
56

 -
 1

95
7

19
57

 -
 1

95
8

19
58

 -
 1

95
9

19
59

 -
 1

96
0

19
60

 -
 1

96
1

19
61

 -
 1

96
2

19
62

 -
 1

96
3

19
63

 -
 1

96
4

19
64

 -
 1

96
5

19
65

 -
 1

96
6

19
66

 -
 1

96
7

19
67

 -
 1

96
8

19
68

 -
 1

96
9

19
69

 -
 1

97
0

19
70

 -
 1

97
1

19
71

 -
 1

97
2

19
72

 -
 1

97
3

19
73

 -
 1

97
4

19
74

 -
 1

97
5

19
75

 -
 1

97
6

19
76

 -
 1

97
7

19
77

 -
 1

97
8

19
78

 -
 1

97
9

19
79

 -
 1

98
0

19
80

 -
 1

98
1

19
81

 -
 1

98
2

19
82

 -
 1

98
3

19
83

 -
 1

98
4

19
84

 -
 1

98
5

19
85

 -
 1

98
6

19
86

 -
 1

98
7

19
87

 -
 1

98
8

19
88

 -
 1

98
9

19
89

 -
 1

99
0

19
90

 -
 1

99
1

19
91

 -
 1

99
2

19
92

 -
 1

99
3

19
93

 -
 1

99
4

19
94

 -
 1

99
5

19
95

 -
 1

99
6

19
96

 -
 1

99
7

19
97

 -
 1

99
8

19
98

 -
 1

99
9

19
99

 -
 2

00
0

20
00

 -
 2

00
1

20
01

 -
 2

00
2

Time (years)

Fig. 4. RDIst values for 1955–2002 for 6 and 12 month periods (Heraklion-Crete).
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5851 mg L−1 (when the fl ow is low) as a result of the mix-
ing of freshwater of the karstic reservoirs with the sea-
water [16]. 

The assumptions used for the calculation of the 
freshwater/seawater ratio due to he lack of daily data 
of water quality are: (i) the spring water volume (Vspring) 
is the sum of seawater volume (Vsea) and freshwater vol-
ume (Vfresh), (ii) the only signifi cant source of chloride is 
the seawater, and (iii) only one sample per month was 
analysed for measuring chloride concentration. 

The ratio of spring water to fresh water can be calcu-
lated as follows:

.spring Clsea Clfresh

fresh Clsea Clspring

Q C C

Q C C

−
=

−
 

(7)

Considering that the Clsea and Clfresh are known, 
and Clspring is the measured value, then the ratios

, ,  andspring spring spring spring

fresh sea fresh sea

Q Q V V

Q Q V V
 can be readily

 
 calculated.

3.4. Gross annual water balance model

From previous studies it may be concluded that 
Almyros spring hydraulic system mechanism is very 
complicated when short time scale is used [5,7]. On 
the opposite if the time scale is annual and provided 
that some sound simplifying assumptions are adopted, 
the water balance mechanism can considerably sim-
plifi ed. Such a simple conceptual water balance tree 
is the one presented in Fig. 5 representing the water 
fl ow from the recharge area to the outlet of the Almy-
ros spring.

The gross conceptual model presented in Fig. 5 is 
based on the mass conservation principle applied on 
annual basis. 

In Fig. 5, V1 is Volume of water that precipitates on 
the catchment area, P is annual precipitation, A is the 
catchment area, d is deep percolation coeffi cient (e.g. 
0.50) and λ is the fraction of percolated water which con-
tributes to the spring discharge.

Although the presented simple annual conceptual 
model is easy to understand and compute, it incorpo-
rates parameters which are estimated with signifi cant 
uncertainty. These parameters include the recharge area 
of the spring A, the deep percolation coeffi cient d, and 
the fraction λ of percolated water which contributes 
to the discharge of the spring. Also other uncertainties 
in the estimation of fresh water volumes reaching the 
spring are due to the single measurement per month of 
chloride concentration of the spring water.

3.5. Identify trends of major determinants

A great deal of attention lately was focused on trend 
detection analysis of hydrologic and water quality data, 
especially in connection with the anticipated changes in 
global climate [24,25]. For the available data of the study 
area, trend analyses using ordinary linear regression ver-
sus time is not appropriate because the required assump-
tion of normally distributed residuals is often violated 
[24, 26]. According to McCuen [25] the Mann–Kendall 
test [27,28] is designed to detect a monotonically aug-
mentative or diminishing trend in the data rather than 
an episodic or abrupt event. The Mann-Kendall trend 
test is a non-parametric test which does not require 
assumptions of normality of populations. According to 
Gilbert [29] the Man–Kendall test compares the relative 
magnitudes of sample data rather than the data values 
themselves. The Almyros spring dataset was categorized 
into four sub-datasets: (a) monthly, (b) annually, (c) wet 
period and (d) dry period. Based on the Mediterranean 
climate type the hydrological year consists of a wet and 
a dry period; the wet period lasts from October through 
March and the dry period from April to September.  The 
DOS executable program code “Kendall.exe” for com-
puting the Mann–Kendall test written by Helsel et al. 
[30] has been applied in this study for identifying statis-
tically signifi cant trends. 

The following conventions have been adopted [31]:

 (i) Statistical signifi cance is inferred when the 
“Confi dence in Trend” (1-p) value of the Mann–
Kendall test is more than 95%.

LOSSES
(Evapotranspiration, Interception etc)

Mixing
reservoir

Other
outlets

V4

Seawater

Almyros Spring
VSPRING=VSEA+V3

V=P×A

DEEP PERCOLATION
V2=d×V1

V3=λ×V2

RESERVOIR RECHARGE   

VSEA

Fig. 5. Reconnaissance schematization of the gross concep-
tual model of Almyros karstic spring.
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 (ii) The Mann–Kendall Statistic (S) measures the 
trend in the data. Positive values (S>0) indicate 
an increase in the time series over time, whereas 
negative values (S<0) indicate a decrease in the 
time series. The strength of the trend is propor-
tional to the magnitude of the S value (large 
magnitudes indicate a strong trend).

4. Results and discussion

Using the above methods and data some important 
results were obtained concerning the behaviour of the 
Almyros spring, the existing trends of the fresh water 
potential as well as the trends of the climatic factors of 
the region. 

A simple procedure for testing the validity of the pro-
posed gross annual water balance model was used by 
comparing the annual fresh water volumes at the spring 
estimated by the model with the annual fresh water vol-
umes estimated by the chloride mass balance approach. 
The results were presented in the graph of Fig. 6 by plot-
ting the above two quantities on the two axes with a 1:1 
gradient line (y = x). From this graph it can be deduced 
that the model with the average values d = 0.50 and 
λ = 0.80 performs satisfactorily for estimating the annual 
fresh water potential (Fig. 6). The statistical signifi cance 
of the 1:1 slope of the regression line was tested using 
the t-statistic. At the signifi cance level of 1 − a = 0.95, the 
null hypothesis (slope statistically different than 1:1) was 
rejected.

From the historical record of the precipitation and 
total potential evapotranspiration at 6-month and 12 
month basis the standardized RDI from the meteorologi-
cal station of Heraklion was calculated. Therefore based 
on the above calculations the annual fresh water poten-
tial (annual volume of fresh water at the spring) was cor-
related with RDIst6 and RDIst12, respectively. 

An attempt to correlate the annual fresh water poten-
tial with the climatic factors of the area was also made. 
For this purpose annual fresh water volumes were plotted 
against the drought index RDIst for the 6- and 12-month 

periods which correspond to the wet period and the entire 
hydrology year. The simple linear regression model which 
was applied gives satisfactory results for all the above 
determinants as can be seen in Fig. 7. From these graphs it 
can be deduced that better correlation is achieved for the 
drought index calculated for the 6-month period. This is 
a logical outcome since the high discharges of the spring 
occur during the period October to March for each hydro-
logical year. 

Based on RDI data of the period 1975–2000, signifi -
cant decreasing trend of RDIst12 has been estimated; while 
there is no signifi cant trend for the RDIst6  (Table 2).  

The Mann–Kendall statistics for identifying trends in 
the water volumes, chloride concentrations and drought 
indices are outlined in Tables 1 and 2.

According to monthly hydrologic data of the period 
1975–2000, signifi cant decreasing trends of freshwa-
ter and springwater volumes have been estimated and 
there is no signifi cant trend for the seawater volume dis-
charged by the Almyros spring. Moreover, according to 
monthly water quality data a positive signifi cant trend is 
observed in chloride content of the springwater. Annual, 
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wet period and dry period datasets did not reveal sta-
tistically signifi cant trends for fresh water, spring water 
and seawater volume (Table 1). 

5. Concluding remarks

In this study a gross annual water balance model was 
used to describe the behaviour of Almyros karstic spring 
in Heraklion Crete. An attempt was made for correlating 
the annual water potential with the climatic conditions 
in the area. In this context the annual fresh water vol-
umes were correlated with the Reconnaissance Drought 
Index of 6- and 12-month periods, successfully.

The Mann–Kendall test detected trends for the mea-
sured quantity determinants (annual water volume of 
fresh water and spring water) and the measured chloride 
concentration (quality parameter). The measurements 
were conducted on a monthly basis and cover only the 
period 1975–2000. 

The major conclusions derived for the quantity and 
quality parameters are 

• the annual fresh water and spring water volume 
time series exhibit signifi cantly decreasing trends;

• the springwater chloride content time series exhib-
its a signifi cantly increasing trend.

Climate change is most likely to accelerate the sea-
water intrusion in Almyros coastal karstic aquifer which 
will be caused by reduced freshwater hydraulic head. 
There are signs that drought conditions and low fresh-
water hydraulic head will affect also Almyros spring 
water quality. The problem could be more serious if 
increased water abstraction will be practiced in areas of 
higher altitude affecting the spring.
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