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ABSTRACT
A modified drought index, named the spatially normalized–standardized precipitation index (SN-SPI), has
been developed for assessing meteorological droughts. The SN–SPI is a variant index to the standardized
precipitation index and is based on the probability of precipitation at different time scales, but it is spatially
normalized for improved assessment of drought severity. Results of this index incorporate the spatial distribution of precipitation and produce improved drought warnings. This index is applied in the island of Crete,
Greece, and the drought results are compared to the ones of SPI. A 30-year-long average monthly precipitation dataset from 130 watersheds of the island is used by the above indices for drought classification in
terms of its duration and intensity. Bias-adjusted monthly precipitation estimates from an ensemble of 10
regional climate models were used to quantify the influence of global warming to drought conditions over the
period 2010–2100. Results based on both indices (calculated for three time scales of 12, 24, and 48 months)
from 3 basins in west, central, and east parts of the island show that 1) the extreme drought periods are the
same (reaching 7% of time) but the intensities based on SN–SPI are lower; 2) the area covered by extreme
droughts is 3% (first time scale), 16% (second time scale), and 25% (third time scale), and 96% (first time
scale), 95% (second time scale), and 80% (third time scale) based on the SN–SPI and SPI, respectively; 3)
concerning the longest time scale (48 months), more than half of the area of Crete is about to experience
drought conditions during 28%, 69%, and 97% for 2010–40, 2040–70, and 2070–2100, respectively; and 4)
extremely dry conditions will cover 52%, 33%, and 25% of the island for the future 90-year period using 12-,
24-, and 48-month SN–SPI, respectively.

1. Introduction
One of the least understood phenomena connected to
the weather that affects environment, society, and economy in large areas all over the world is drought (Rossi
et al. 1992). In the literature, many definitions of drought
are given but the concept of a water deficit is the keynote
in every definition: ‘‘Drought is a random condition of
severe reduction of water supply availability (compared
to normal value) extending along a significant period of
time over a large region’’ (Rossi 2000). All points of view
seem to agree that drought is characterized by a significant decrease of water availability caused by a deficit in
precipitation during a significant period over a large area.
The effects and impacts of drought often accumulate
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slowly over a considerable period of time and may linger
for years after the termination of the event, so there are
always lags in perceiving these effects and impacts. Drought
is an objective phenomenon, and so is its onset and end. The
main issue is how to describe and how to quantify them.
Because of this, drought is often referred to as a ‘‘creeping
phenomenon’’ (Tannehill 1947).
There can be significant variations of drought impacts
between regions due to the different characteristics of the
economy, society, and the environment. Hence, different
types of droughts are identified (American Meteorological Society 2004). Meteorological drought is defined
usually by the departure of precipitation from the ‘‘normal’’ or average amount and the duration of the dry period, while agricultural drought refers to situations in
which the soil moisture is no longer sufficient to meet
the needs of the crops growing in the area, focusing on
properties such as precipitation shortage, differences between potential and actual evapotranspiration, and soil
moisture deficits. Finally, hydrological drought associates
the effect of periods of precipitation shortfalls on surface
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or subsurface water supply (Wilhite 2000). In spite of the
fact that precipitation is the primary factor that controls
drought, other factors such as high temperature or dry
winds contribute to the amplification of its intensity. The
severity of drought depends on the moisture deficit degree,
the duration of the phenomenon, and its spatial extent.
Drought impacts first appear on agriculture, which is prone
to be affected by soil moisture decrease and high evapotranspiration. During extended dry periods, soil water
depletes fairly rapidly. On the other hand, the last water
resources to be affected by an extended dry period are
usually surface and subsurface (Sönmez et al. 2005).
Drought indices are indispensible tools to detect, monitor, and evaluate drought events in both time and space. A
large number of studies are included in the international
literature on testing the efficiency and the effectiveness of
various drought indices regarding detection and monitoring drought events and regional drought analysis (Palmer
1965; McKee et al. 1993; Meyer et al. 1993). The standardized precipitation index (SPI; McKee et al. 1993)
and the Palmer drought severity index (PDSI; Palmer
1965) are the most commonly used amongst the drought
indices. As a matter of fact, drought indices contain a
large amount of data on rainfall, streamflow, snow, and
other indicators that transform these huge datasets into
a comprehensible picture. Hence, a drought index value
is typically a single number—more useful than a raw
dataset for decision making.
The application of the SPI covers a significant part of
many studies that have been carried out over the last
decades (Bonaccorso et al. 2003; Loukas and Vasiliades
2004; Wu et al. 2007). Bacanli et al. (2009) assumed that
when the analysis period (time scale) increases, drought
is observed less but lasts longer. According to their study,
the SPI showed short-term conditions with seasonal variation for 3- and 6-month periods, while 9- and 12-month
periods used showed drought with average duration; longterm drought is assessed when using a 24-month period. It
is also possible to provide a comprehensive picture for the
magnitude, duration, and spatial character of drought, as
established by Tsakiris and Vangelis (2004).
The analysis of short temporal scales (less than 12
months), indicative of agricultural drought (Yamoah
et al. 2000), is of little interest because of decreased
economic importance of nonirrigated agriculture of the
study region. Longer temporal units (over 12 months)
are used in the present study since they are better suited
to monitor hydrological than agricultural droughts (Hayes
et al. 1999; Komuscu 1999).
Although SPI is widely used for assessing drought
occurrence, there are some limitations in providing relative information when applied for different regions (at
river basin scale). For example, three watersheds A, B,
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FIG. 1. Hypothetical region consisting of A, B, and C watersheds.

and C (Fig. 1) are considered with 720-, 1320-, and 1920-mm
average annual rainfall, respectively, for the long-term
period of 1970–2000. This different precipitation distribution over the area could be due to the higher elevation
of basin C (mountainous), medium elevation of basin B,
and lower elevation of basin A (flat), or due to regional
atmospheric patterns that dominantly derive from the
northwest and head toward the southeast, passing over the
area and delivering a higher amount of orogenic precipitation over the north and northwest part of the area
(basins C and B) and lower precipitation over basin A,
influenced by the ‘‘rain shadow’’ effect. For this hypothetical concept we assume a common fluctuation of precipitation over the three watersheds, presented in Fig. 2.
Watersheds A, B, and C can be characterized as dry,
normal, and wet watersheds, respectively. Monthly precipitation time series of basins B and C results from
a simple addition of 50 and 100 mm per month to the time
series of basin A.
The SPI 48 monthly time series of (48-month time scale)
are presented in Fig. 3. These series, presenting the departure of precipitation from the median value for each
watershed, are practically the same. Here lies the limitation
of the SPI when used to provide relative information
among basins or region-scale areas. The severity of the
1990–95 period is identical for the 3 basins, although basin
C receives much more precipitation than basins B and A.
For example, the SPI 48 value for September 1993 is 22.4
for all the watersheds, despite the fact that watersheds C
and B received 3 and 2 times more precipitation, respectively, during the corresponding 48-month previous period
(October 1989–September 1993). This example presents
the shortcoming of the SPI in providing relative information related to the water resources of a region. Although the
period 1990–95 is severely dry for each of the 3 hypothetical
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FIG. 2. Monthly precipitation time series for the three hypothetical
watersheds of Fig. 1.

basins, water excess from wet watershed C could be used to
cover the water shortage of dry watershed A.
The recently adopted European Water Framework
Directive (WFD) 2000/60/EC (EUR-Lex 2000) establishes a new institutional framework, giving directions
for the common approach and objectives, principals,
definitions, and measures for the management of waters
in Europe (Mylopoulos and Kolokytha 2008). The central feature of the WFD is the use of river basins as the
basic unit for all planning and management actions
(Gaiser et al. 2008). This basin-scale approach was adopted
for the present study, attempting to improve the information and assessment of drought for the purpose of providing more robust integrated water management insights
under the implementation of the WFD.
The objective of this study is to introduce a modified
SPI drought index—a variant of the SPI: the spatially
normalized–standardized precipitation index (SN–SPI)
allows the comparison between watersheds with different
mean annual precipitation. Moreover, the paper intends to
ascertain the spatiotemporal character of drought occurrence in Crete and examine potential future drought patterns based on results from regional climate models.

VOLUME 12

FIG. 3. Monthly SPI 48 (48-month time scale) time series for the 3
hypothetical watersheds.

Crete consists of four prefectures—from west to east:
Chania, Rethimnon, Heraklio, and Lassithi. The mean
annual precipitation is estimated to be 750 mm, varies
from east [440 mm (Ierapetra, elevation 10 m)] to west
[2118 mm (Askifou, elevation 740 m)], and the potential renewable water resources reach 2650 mm3. In spite
of the fact that the annual precipitation is rather high, it
is estimated that about 63% evapotranspirates, 10% outflows to the sea, and only 27% recharges the groundwater
(Table 1). The actual water use is about 485 mm3 year21.
The main water use in Crete covers irrigation, with a

2. Study area and data description
The island of Crete is located in the southeastern part of
the Mediterranean region (Fig. 4) and is well known to be
one of the most drought-prone areas of Greece. Political
interests and disputes among the four prefectures and the
more than 100 municipalities of the island, as well as poor
water management, have created a public belief that water
resources are inadequate and that some kind of drought is
imminent (Manios and Tsanis 2006).
The island has a surface area of 8336 km2, the mean
altitude is 460 m, and its population reaches 600 000
people. The landscape of Crete agrees with the general
pattern of Greek landscape that consists of mountainous
terrain, since the island is the continuation of the mountain
ranges of the Greek mainland.

FIG. 4. Area of study, location of watersheds of Tavronitis,
Geropotamos, and Petras, and ENSEMBLES grid over Crete Island.
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TABLE 1. Annual inputs and outputs in the hydrological budget of the island of Crete during normal, humid, and dry years (3109 m3 of
water). Source: Chartzoulakis et al. (2001). Values in parentheses are the percentage losses compared to annual input (precipitation).
Hydrological conditions

Precipitation

Evapotranspiration

Runoff

Infiltration

Normal
Humid
Dry

7.69
10.33
5.07

4.83 (62.8)
6.48 (62.7)
3.18 (62.7)

0.74 (9.6)
0.99 (9.6)
0.49 (9.7)

2.12 (27.6)
2.85 (27.6)
1.40 (27.6)

high percentage of 83.3% of the total consumption. Domestic use, including tourism, covers 15.6% and industrial
use 1% of the total consumption (Chartzoulakis et al.
2001). In Crete, there are significant regional variations in
water availability. The eastern and southern parts are more
arid than the western and northern parts, as there is higher
precipitation in the northwestern coastal areas and lower
in the southeastern part of the island (Chartzoulakis and
Psarras 2005). Western Crete receives higher amounts
and rates of precipitation than eastern Crete (Naoum and
Tsanis 2004). This is partly because of the regional atmospheric patterns that dominantly derive from the northwest
and head toward the southeast. Another important factor is
the morphological variability that presents higher elevation
and steepest slopes in the west part of the island (Fig. 5),
where orographic effects tend to increase both frequency
and intensity of precipitation (Naoum and Tsanis 2004;
Koutroulis and Tsanis 2010). The uneven spatial and
temporal precipitation distributions of Crete, although
common in many Mediterranean areas, have significant
impact when they are compounded by the water demands associated with intensive agricultural activities
and the tourism industry (Tsanis and Naoum 2003).
The climate ranges between subhumid Mediterranean
and semiarid with long hot and dry summer and relatively humid and cold winter. In the coastal zone, extremely low temperatures are very rare during winter.
Also, temperature decreases by altitude during winter,
while summer is characterized by temperature increase
by altitude from the coast to the mainland plains.
Several studies have been performed for the application of the SPI. Especially in the area of Crete, Tsakiris
and Vangelis (2004) concluded that the eastern part
of the island suffers more frequently from droughts

according to a method based on the estimation of the
SPI and its use for characterizing drought. A digital
terrain model based on spatial distribution utilizing a
grid analysis and a simple computer calculating process
was used, and it was deduced that the proposed procedure
could be easily applied to an area of mesoscale dimensions. It was also concluded that a significantly persistent
drought occurrence was noted during the period 1987–94,
while distinct drought events were observed in the years
1973–74, 1976–77, 1985–86, and 1999–2000. Additionally,
Tsakiris et al. (2007) estimated drought areal extent for
eastern Crete using the SPI and reconnaissance drought
index (RDI), and deduced that the driest year during the
examined period from 1962–63 to 1991–92 is 1989–90.
Monthly precipitation data were compiled by the
Water Resources Department of the Prefecture of Crete
(WRDPC) service for 67 precipitation stations. The stations
mainly cover the eastern part of the island, which has
a higher level of agricultural and tourism activity than the
western part. Out of the entire dataset, 14 gauges recorded
only for 4–10 years and were excluded from the analysis,
while the rest had sufficient measurements for over 30 years
and were used for the identification of drought. The gauges
were located at elevations that ranged from sea level
(the prefecture of Iraklion, central Crete) to 905 m MSL
(the prefecture of Lasithi, eastern Crete) (Chartzoulakis
et al. 2001).
In simple terms, the monthly precipitation data were
measured, interpolated, and monthly precipitation time
series data of 130 watersheds were generated. The proposed methodology was applied to the 130 major basins of
the island of Crete, and for illustration purposes, three test
basins from the western, middle, and eastern parts of the
island are presented (Fig. 4). These data cover a 30-year

FIG. 5. Elevation map of Crete Island.
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TABLE 2. Annual precipitation in mm for three watersheds:
Tavronitis, Geropotamos, and Petras.

1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
Mean
Std dev

Tavronitis

Geropotamos

Petras

1028
1191
1541
1267
1403
1462
958
1964
1429
1403
1321
1260
1097
1141
1285
998
664
1446
954
1247
1326
958
1747
2063
1881
1158
1428
1946
1390
2092
704
1347
369

606
770
775
699
987
830
684
975
707
787
747
729
627
796
1040
405
479
638
478
546
905
548
1035
764
685
572
719
745
1113
984
438
736
185

642
615
846
762
838
828
796
918
955
828
788
757
921
750
853
461
463
730
483
536
861
447
754
717
705
423
688
835
855
971
395
723
168

time period for each month of the hydrological year
(September–August) from 1973 to 2004. The mean annual
precipitation time data for the three representative watersheds are summarized in Table 2 and illustrated in the
diagram of Fig. 6.
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The results of a climate change scenario using observed greenhouse gas (GHG) concentrations until 2000
and Special Report on Emissions Scenarios (SRES)
A1B concentrations (Solomon et al. 2007) until 2100
[carried out within the ENSEMBLE-based Predictions
of Climate Changes and their Impacts (ENSEMBLES)
project (Van der Linden and Mitchell 2009)] were produced by a set of 10 regional climate models for the
period 1970–2100. Precipitation time series of the 25-km
mesh resolution (Fig. 4) of ENSEMBLES dataset were
aggregated to the 130 major basins of the island of Crete
using areal weighting factors.
Observed daily precipitation time series data [obtained
from 53 rainfall stations via the inverse distance weighted
(IDW) method] for the period 1973–2000 were used to
correct the bias of the regional climate model (RCM)
results for the 130 watersheds—that is, compensate for
differences in monthly mean and variance without precluding future changes in variability. RCM rainfall was
adjusted in order to approximate the long-term frequency
and intensity distribution observed at each basin. The SPI
and SN–SPI for each watershed was then calculated for
the past (baseline: 1973–2000) and future periods.

3. Methodology
a. The SPI
The SPI seems to win universal applicability. In the
present paper, the SPI is used for assessing drought occurrence in Crete. The index offers the capability to
assess drought conditions over a wide range of time
scales, while comparison between dry and wet periods
on different locations is permitted. Moreover, it is based
on precipitation alone, so that a drought could be assessed even when other hydrometeorological data are
not available (Bonaccorso et al. 2003).

FIG. 6. Mean annual precipitation time series for Tavronitis, Geropotamos, and Petras
watersheds for the period 1973–2004.
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TABLE 3. Thresholds of the SPI for drought characterization.
SPI value

Category

2.0 or more
1.5 to 1.99
1.0 to 1.49
0 to 0.99
0 to 20.99
21 to 21.49
21.5 to 21.99
22 or less

Extremely wet
Severely wet
Moderately wet
Mildly wet
Mildly dry
Moderately dry
Severely dry
Extremely dry

There is a general agreement about the fact that the
SPI computed on shorter time scales (3 or 6 months)
describes drought events that affect agricultural practices, while on the longer ones (12, 24, or 48 months), the
effects of a precipitation deficit on different water resource components are given (soil moisture, streamflow,
groundwater, and reservoir storage). This study presents
the results of long-period drought (48 months) analysis.
The SPI was developed by McKee et al. (1993). In its
original version, precipitation for a long period at a station is
fitted to a Gamma probability distribution, which is then
required to be transformed into a normal distribution so
that the mean SPI value is zero. The index values are then
the standardized deviations of the transformed precipitation totals from the mean. The gamma distribution is
defined by its frequency or probability density function:
g(x) 5
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1
xa 1 e
ba G(a)

x/b

for

x . 0,

(1)

where a is a shape parameter (a . 0), b is a scale parameter (b . 0), x is the precipitation amount (x . 0),
and G(a) is the gamma function.
Positive SPI values denote greater than median precipitation whereas negative values denote less than median
precipitation. Periods with drought conditions are represented by relatively high negative deviations. Specifically,
the ‘‘drought’’ part of the SPI range is arbitrary divided in
four categories: mildly dry (0 . SPI . 20.99), moderately
dry (21.0 . SPI . 21.49), severely dry (21.5 . SPI .
21.99), and extremely dry conditions (SPI , 22.0). A
drought event is considered to start when SPI reaches
negative values and ends when SPI becomes positive again
(McKee et al. 1993). Thresholds of the SPI for drought
characterization are given in Table 3.

b. The IDW method
The IDW method (Wei and McGuinness 1973) is most
commonly used for estimating missing environmental
data. IDW has been widely used in many different fields,
such as hydrology, earth science (Ware et al. 1991; Ashraf

et al. 1997; Cheng 1998), etc., and is commonly applied to
estimate average precipitation and interpolate unknown
rainfall (Chang et al. 2005). Even though IDW is a dated
method, recent techniques for precipitation interpolation (e.g., Teegavarapu et al. 2009) have not managed
to dramatically improve its results. Palmer et al. (2009)
compared ordinary kriging (OK), regression kriging (RK),
and IDW interpolation techniques, resulting in similar
performance rankings and providing predictions of similar
precision and bias in their study (sparse and distant observations). Assessments of uncertainty associated with
interpolation techniques available in most GIS packages
suggest that kriging, IDW, Thiessen polygons, and triangulated irregular network (TIN) interpolations performed almost on the same level (Siska and Hung 2001).
Furthermore, regression modeling and kriging techniques
require good judgment, experience, and expertise by the
practitioner, compared with IDW and its more rudimentary approach (Palmer et al. 2009). Undoubtedly, it can be
shown that statistical interpolation methods like multiple
linear regression, optimal interpolation, or kriging can
perform better than IDW, but only if the data’s density is
sufficient (Ahrens 2006). While existing geostatistical
methods like kriging have been known to provide better
results for the spatial interpolation of precipitation (Tabios
and Salas 1985), the degree of complexity and the computational effort they require do not justify their use for
high-resolution networks (Dirks et al. 1998).
The spatial conversion of point precipitation data was
driven by the IDW method, which includes multivariate
interpolation—a process of assigning values to unknown
points by using values usually from a scattered set of
known points (Shepard 1968). A general form of finding
an interpolated value u for a given point x using IDW is
an interpolating function:
N

å wk(x)uk

u(x) 5

k50
N

,

and

(2)

å wk(x)

k50

wk (x) 5

1
,
d(x, xk ) p

(3)

where x denotes an interpolated (arbitrary) point, xk is
an interpolating (known) point, d is a given distance
(metric operator) from the known point xk to the unknown point x, N is the total number of known points
used in interpolation, and p is a positive real number,
called the power parameter.
For the present study, the IDW method was used to
interpolate daily precipitation data from 53 stations over
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FIG. 7. Average annual precipitation at watershed level for the 1973–2004 period and location
of precipitation stations over Crete.

Crete island (Fig. 7) in an ArcView GIS package because of the partially sparse resolution of the gauging
network (especially over the Western part of the island)
and the low computational effort of the method. Daily
interpolated precipitation grids were averaged at basin
scale and aggregated at a monthly time step for further
SPI and SN–SPI calculations.

c. The SN–SPI
The objective of the new modified SPI is the potent
comparison of drought events among different areas
with different mean annual precipitation at different
times. The procedure includes the normalization of SPI
values through the incorporation of the precipitation
values. The calculation of the SN–SPI is based on a twostep procedure. The first step is the normalization of the
SPI according to the relative average precipitation, based
on a set of coefficients (ai, bi) that satisfy
Pi
Pall
Pall
Pi

5 ai ,

and

5 bi ,

(4)

(5)

where Pi is the mean monthly precipitation for each
watershed i, and Pall the mean monthly precipitation for
all watersheds. Given ai and bi, SPI9i for each watershed
i is calculated through
SPI9i 5 SPIi 3 ai

if

SPIi . 0, and

(6)

SPI9i 5 SPIi 3 bi

if

SPIi , 0.

(7)

With the above procedure SPIi, time series of each watershed i are modified properly in order to include the
information of relative average precipitation among all
the watersheds of the study area, resulting to the corresponding SPI9i time series. The second step includes
the rescaling of SPI9i in order to meet the scale of SPIi,
based on the coefficients c and d estimated through

max(SPIi )
5 c,
max(SPI9)
i

and

min(SPIi )
5 d,
min(SPI9)
i

(8)

(9)

where max(SPIi) is the maximum SPI value of all watersheds, min(SPIi) is the minimum SPI value of all watersheds, max(SPI9i) the maximum modified SPI value of all
watersheds, and min(SPI9i) the minimum modified SPI
value of all watersheds. Given c and d, the SN–SPI calculation is defined by
SN

SPIi 5 SPI9i 3 c,

if

SN

SPIi 5 SPI9i 3 d, if

SPI9i . 0, and

(10)

SPI9i , 0,

(11)

thus results of SN–SPI have the same scale of original
SPI and can be easily compared.
Based on the example of the introduction with the three
hypothetical basins, the corresponding SN–SPI time series
were calculated. The application of the SN–SPI modifies
the results of SPI, including the relative information of
precipitation among the three hypothetical basins, as shown
in Fig. 8 when compared with Fig. 3. The comparison of
the dry, wet, or normal conditions of the basins is more
representative through SN–SPI in terms of water resources,

FIG. 8. Monthly SN–SPI 48 (48-month time scale) time series for
the 3 hypothetical watersheds.
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FIG. 9. The SN–SPI sensitivity to the precipitation variability of dry basin A for basin (a) A, (b)
B, and (c) C.

depicting the strength of the proposed index. The SN–SPI
is based on the spatial variability of the precipitation. It is
rather obvious that the sensitivity of precipitation variability is depicted on the index results, leading to some
limitations on the application.
The sensitivity of the SN–SPI to the variability of basinscale precipitation was examined based on the example
of the three hypothetical watersheds A, B, and C (Fig. 1),
with 720-, 1320-, and 1920-mm average annual rainfall,
respectively, for the long-term period of 1970–2000. The
temporal scale of 48-month SN–SPI was selected for sensitivity analysis. Similar results are obtained for smaller
temporal scales.

1) Sensitivity to the precipitation variability of the
‘‘dry’’ basin (A).
By assuming different annual precipitation values
for basin A, varying from 2360 mm (250%) to
1360 mm (150%) from the original 720 mm, SN–SPI
datasets were estimated for basins A, B, and C as shown
in Fig. 9. Higher precipitation for basin A (1080, 960,
and 840 mm) results in higher SN–SPI values for the
same basin and lower precipitation results in lower
SN–SPI values for the wet period around 1981, as
shown in Fig. 9a. The dry period (1990–96) values for
basin A are not affected since the normalization of
lower values is based on dry basin A. Since hypothetical
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FIG. 10. As in Fig. 9, but for wet basin C.

basin A has average annual precipitation values ranging from 360 to 1080 mm that are always lower than
basins B (1320 mm) and C (1920 mm), the value of
precipitation in basin A determines the lower boundary of the SN–SPI values for all the cases of the sensitivity analysis and, thus, the whole procedure of
estimating SN–SPI. Higher precipitation for basin A
results in lower SN–SPI for basins B and C, and
conversely, during the dry period 1990–96 (Figs. 9b,c).
Generally, the basin with the lower precipitation modifies the intensity of SN–SPI of the dry spells for the
‘‘wetter’’ basins. The significant increase in precipitation in basin A (360–1080 mm) is depicted to the
relative drought conditions of the wetter basins; this
provides the appropriate information of the relative

precipitation among these study basins through the
modified index.
2) Sensitivity to the precipitation variability of the ‘‘wet’’
basin (C).
By assuming different annual precipitation values
for basin C, varying from 2360 mm (218.75%) to
1360 mm (118.75%) from the original 1920 mm,
SN–SPI datasets were estimated for basins A, B, and C
as shown in Fig. 10. Higher precipitation for basin C
(2280, 2160, and 2040 mm) results in lower SN–SPI
values for dry basins A and B and lower precipitation results in higher SN–SPI values for the wet
period around 1981, as shown in Figs. 10a,b. Higher
precipitation for basin C results in lower SN–SPI
for the same basin, and conversely, during the dry
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TABLE 4. List of ENSEMBLES RCMs, corresponding driving GCMs, and final weighted aggregated values based on F1 and F2 metrics.
Institute

RCM

Driving GCM

References

Skill Weight

C4I
DMI
ICTP
ETH
METOHC
METOHC
SMHI
MPI
KNMI
METOHC

RCA3
HIRHAM5
RegCM
CLM
HadRM3Q3
HadCM3Q0
RCA
REMO
RACMO2
HadRM3Q16

HadCM3Q16
ARPEGE
ECHAM5-r3
HadCM
HadCM3Q3
HadCM3Q0
BCM
ECHAM5-r3
ECHAM5-r3
HadCM3Q16

Kjellström et al. (2005)
Christensen et al. (2006)
Giorgi and Mearns (1999)
Jaeger et al. (2008)
Collins et al. (2009)
Collins et al. (2009)
Kjelltrom et al. (2005)
Jacob (2001)
van Meijgaard et al. (2008)
Collins et al. (2009)

0.2154
0.1982
0.1398
0.1244
0.0937
0.0866
0.0561
0.0333
0.0304
0.0222

period 1990–96 (Fig. 10c). Generally, the basin with
the higher precipitation modifies the intensity of SN–
SPI of the wet spells for the ‘‘drier’’ basins.

d. Future climatic scenarios—The ENSEMBLE
regional climate models dataset
RCM simulations provide useful insight into the climate conditions of a region, provided they can adequately reproduce the observed climate (Founda and
Giannakopoulos 2009). A single-RCM approach of simulated climate is insufficient to provide the appropriate
information for a comprehensive assessment of potential climate change and its impacts (Christensen and
Christensen 2007; Jacob et al. 2007). Multimodel information has value, which can be enhanced with a performancebased weighting of the contributing models. Therefore,
the drought scenarios were formulated by adopting the
results of an ensemble of 10 RCMs within the framework of the European Union (EU) ENSEMBLES project
(http://ensembles-eu.metoffice.com), regarding the climate
change (precipitation data) in each area.
A regional climate model resolves small-scale atmospheric circulations and simulates atmospheric processes on diverse time scales using boundary conditions
that are provided by global climate model simulations,
observations, global analysis, and reanalysis products
(Larsén et al. 2008). The ENSEMBLES RCMs were used
to perform the downscaling of the results of global climate
simulations to the regional scales. Thus, models were incorporated into the respective large-scale forcing, which
could be given by global climate models (Van der Linden
and Mitchell 2009; Jacob et al. 2008) using observed GHG
concentrations until 2000 and SRES A1B concentrations
until 2100.The ENSEMBLES domain includes continental Europe at 0.228 horizontal resolution.
Results of the SRES A1B climate change scenario
(Solomon et al. 2007) over Europe for the period 1973–
2100 was applied to basins in the island of Crete. The
10 RCMs (Table 4) used for precipitation analysis over

Crete where chosen based on several criteria such as the
correspondence of RCMs mesh, the forecast period, and
the performance on their ability to simulate the present
climate, calibrated for the 1973–2000 observed climate
over Crete. RCM-specific weights were extracted in
order to construct the optimal ensemble output for precipitation at a monthly time step and watershed level
(Christensen et al. 2010). The ENSEMBLES RCM weights
were based on a set of metrics that were defined by their
ability to simulate the present climate, calibrated for the
1973–2000 observed precipitation, both for different months
and for the Crete subregion at 25-km resolution (as adopted
from D3.2.2 report of ENSEMBLES project). The metrics
extracted for monthly precipitation are
d

d

F1: probability density distribution match of monthly
precipitation analysis, and
F2: representation of the annual cycle in precipitation.

The combination of the performance of a particular
RCM over the subregions and seasons is combined into
a single weight for each RCM. This is done by a multiplication of the weights F1 and F2:
2

W RCM 5

P f ni ,
i51
i

(12)

where all the individual weights have a value between
0 and 1. Here ni can be chosen as any positive number to
weigh the various metrics differently (the value of 0
would imply equal weighting of the RCMs). The philosophy underlying this approach is that in order to receive a high weight, a model needs to perform well in all
metrics considered so as to avoid to the extent possible
the counterbalancing effect of different systematic biases. The final weighted aggregated values based on F1
and F2 metrics are presented in Table 4.

e. Bias correction of precipitation
Regional climate models tend to simulate precipitation to different statistical characteristics in relation to
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FIG. 11. The (top) 12-, (middle) 24-, and (bottom) 48-month time scale SPI for (a) Tavronitis, (b)
Geropotamos, and (c) Petras for 1973–2004.

measured precipitation heights of different stations in
the same cell. Bias correction constitutes the correction
of the result exported from a model in such a manner
that the results are statistically pertinent to the real data.

The correction method varies according to the type
and the temporal and spatial modes of the data. Some
methods involve statistical characteristics recovery from
the measured data and application over the model
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FIG. 12. As in fig. 11, but for the SPI and SN–SPI time series.

results, whereas some others are confined by a simple
application of a correction factor over the model results.
Numerous studies have demonstrated the need for bias
correction in order to obtain useful results for applications in hydrology and water resources management

(Murphy 1999; Kidson and Thompson 1998; Wilby et al.
2000; Christensen et al. 2008).
A two-step bias correction procedure was used that
adjusts RCM rainfall to approximate the long-term
frequency and intensity distribution observed at a given
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TABLE 5. Example of differences between SPI and SN–SPI values.
Mean annual
precipitation (mm)
723
1347

Watershed
Petras
Tavronitis

Period

Mean 48-month
precipitation (mm)

SPI

Characterization

SN–SPI

Characterization

January 1993
January 1996
January 1993
January 1996

45
49
84
88

22.01
20.99
21.72
20.94

Extremely dry
Mildly dry
Severely dry
Mildly dry

21.8
20.89
20.83
20.45

Severely dry
Mildly dry
Mildly dry
Mildly dry

basin (Ines and Hansen 2006; Law and Kelton 1982;
Wood et al. 2002). The correction involves truncating
the RCM rainfall distribution at a basin level that approximately reproduces the long-term observed relative
frequency of rainfall, then mapping the truncated RCM
rainfall intensity distribution onto a gamma distribution
fitted to observed intensity distribution.

4. Results and discussion
Short- and long-period characteristics represented by
12-, 24-, and 48-month time-scale values of SPI were
calculated for three representative watersheds—Tavronitis
(west), Geropotamos (central), and Petras (east)—aiming
to provide an overview of prolonged drought occurrences during the period 1973–2004. The results of drought
analysis in the territory of the island of Crete during this
period show a clear tendency toward prolongation and
greater severity of drought episodes (Fig. 11). Short-term
SPI values for all watersheds provide a physically meaningful interpretation of seasonality. Fluctuations of the
values are attributable to the seasonal character of precipitation, thereby highlighting the necessity of these
time scales in events that affect agricultural activities. In
12-month SPI plots, the extreme drought of 1990 is
present at all watersheds and an extra severe drought
spell appears at Petras. As for 24-month SPI plots, severe
and extreme drought characterize the period 1990–91
with various brief severe droughts at Geropotamos and
Petras watersheds. Accordingly, analyzing in a long-term
path the situation of the watersheds, the period 1988–96
was recorded to be a period of drought for Tavronitis,
Geropotamos, and Petras. Extreme drought conditions
were recorded in the years 1992–93 (Geropotamos) with
the SPI reaching the value of 22.9. Drought phenomena
were also observed during the period 2000–02. Severe
drought spells were also recorded in the period of 1992–
93 in Petras watershed. It is important to stress that in the
Petras basin, the severe drought of 1992–93 is followed
by a 9-year mild drought. In general, the southern and
eastern parts of Crete suffer more from drought events.
SN–SPI is based on the spatial variability of the precipitation. It is rather obvious that the sensitivity of precipitation variability is depicted in the index results,

leading to some limitations on the application. For example, a small watershed having extremely high precipitation would affect the estimates of the drought intensities
of an entire region; and the drought intensities of the regions that receive low precipitation will be highly biased.
Thus, a detailed analysis of the maximum and minimum
precipitation values at watershed level, combined with the
corresponding watershed area, should be performed before the application of the method. In the present study,
the average area of the 130 catchments of Crete is 63.4 km2
with a maximum of 600 km2 and a minimum of 6 km2.
Minimum annual precipitation of 518 mm corresponds to
a basin of 85 km2, maximum annual precipitation corresponds to a basin of 160 km2, and average annual precipitation is 960 mm. The size of the basins of the Crete
region and the values of the annual precipitation constitute
a rather homogenous set for the application of the proposed SN–SPI.
The SN–SPI behaves in a similar way to the SPI;
therefore, the interpretation of the results is much the
same since the thresholds used are the same as SPI.
However, a significant difference is while the SPI is temporally comparable, the SN–SPI is spatio-temporally comparable among different areas with different mean total
annual precipitation (Fig. 12). Intense fluctuations in the
short-term plots (12- and 24-month time scales) once
again reveal the seasonality component of precipitation;
obviously, the difference between the indices appears
mainly at the peaks of the time series. In 12-month SPI
and SN–SPI plots, one can observe the normalization taking place during extremely dry and wet conditions (1990:
Tavronitis, 1978–2003: Geropotamos, and 1980–1987–
2003: Petras). Passing along the next time scale (24 months)
the difference among the indices becomes clearer, as the
SN–SPI presents Tavronitis as less dry during 1989–91,
Geropotamos as less wet during 2003, and Petras as less
wet during 1979–82, 1988, and 2003. Referring to the
long-term scale (48 months), we deduce that in the case
of Tavronitis (wet watershed) normalization takes place
during dry conditions (1987–95); whereas in Geropotamos
and Petras (dry watersheds) normalization is obvious during
wet conditions (1981–2003 and 1981–83–2003, respectively).
Although the aforementioned watersheds are considered
wet during those particular periods of time, the SN–SPI
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FIG. 13. As in Fig. 12, but for SPI and SN–SPI time series and only Tavronitis and Petras.

smooths the extreme conditions and makes it possible to
compare these watersheds in relation to the rest by taking
into account the spatial character of precipitation.
More specifically, regarding two different watersheds
and taking into consideration two occasional time periods
and the respective mean precipitation of the previous
48 months (given that SPI and SN–SPI of the 48 previous
months are calculated for each year) SPI and SN–SPI

differentiation is shown (Table 5). It is important to notice that annual precipitation height for Tavronitis is
twice the height of the Petras watershed. Despite this fact,
as Fig. 13 illustrates in general, SPI time series show
higher values for Petras than Tavronitis. Short-term SPI
and SN–SPI variations do not reach to a point so as to
provide for a clear comparison between these indices,
except the aforementioned seasonality. Nevertheless, it
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FIG. 14. Drought extremity map in terms of time percentage for
1973–2004 for 12-, 24-, and 48-month SN–SPI.

FIG. 15. As in Fig. 14, but for the SPI.

can be said that 12-month SPI values show that Tavronitis
experiences several moderate droughts until 1988 and an
extreme drought during 1990, whereas Petras has moderately wet conditions until 1985 and extremely wet
conditions during 1987 and 2003. SN–SPI values present
Tavronitis with mildly dry conditions during the aforementioned periods and Petras with mildly wet conditions.
In 24-month plots, the same occurs with fewer fluctuations. The long-term plot of 48-month SPI and SN–SPI
clearly provides the aforementioned difference, as the
normalization occurs for Petras during 1978–89 (wet
conditions) and for Tavronitis during 1987–95 (dry conditions). Stated in the simplest terms, the same SPI value
occurs for different precipitation levels and, therefore,
these watersheds cannot be compared. On the other hand,
different SN–SPI values occur for different precipitation
levels. On January 1993, Tavronitis with SPI 5 21.72 is
considered to be severely dry, while with SN–SPI 5 20.83
is mildly dry for all of the 130 watersheds. As one reaches
the zero point, the normalization is less obvious; a fact that
is shown by the results on January 1996, where mild
conditions of drought occur for both watersheds and the
difference between SPI and SN–SPI narrows.
The SN–SPI seems to be more appropriate for geographical comparison of neighboring regions with precipitation diversity. Generally speaking, it appears that
the SN–SPI values are reasonably comparable in their
local significance both in space and time.
Furthermore, the SN–SPI was calculated for 12-, 24-,
and 48-month time scales for the generation of the respective extremity maps in terms of time percentage
(30 years) (Fig. 14). According to the SN–SPI classification scale, the watersheds were classified in terms of

extremely dry conditions as a time percentage, which is
defined as the temporal part of extreme dryness out of
the 30-year period under study. As far as 12-month time
scale is concerned, 3% of the total area of the central
and eastern part of Crete experiences extreme dryness
the majority of the time (3%–3.9%). A time scale of
24 months results in extreme drought conditions for 16%
of the total area in the central and eastern parts 5%–5.9%
of the time; while for a 48-month time scale, noteworthy
extreme drought characterizes 25% of the whole island
6%–7% of the time. In contrast, Fig. 15 displays the
extremity map of drought conditions as a time percentage concerning the SPI, where 96%, 95%, and 80%
of the area suffers from extreme drought 6%–7% of the
time according to 12-, 24-, and 48-month SPI, respectively. On the basis of this evidence, it appears that
these high percentages do not include the objectiveness and the relativity between the watersheds that
the SN–SPI takes into account. Furthermore, using SN–
SPI the extreme drought area percentage increases
when time scale increases, yet with SPI this percentage
decreases.
It is crucial to point out that during the period 1991–
95, the whole area of Crete has been under drought
conditions and reached its peak the years 1992–93, during which the conditions were extremely dry (48-month
SN–SPI), while the rest of the time scales report extreme
drought the year 1990 (Fig. 16).
A drought scenario was formulated for representing
the possible conditions of 2010–2100 based on the climate change predictions of the customized set of 10
regional climate models (future precipitation values)
and the trend analysis of SN–SPI data (Fig. 17a). The
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FIG. 16. Crete percentage area that experiences drought conditions (21 , SN–SPI # 0;
21,5 , SN–SPI # 21; 22 , SN–SPI # 21,5; and SN–SPI # 22—mildly dry, moderately dry,
severely dry, and extremely dry, respectively) for 1973–2004 for (top to bottom) the 12-, 24-,
and 48-month SN–SPI.

12-month SN–SPI plot shows extreme drought peaks—
especially after 2050—that seem to decrease in 24-month
SN–SPI and are smoothed finally in 48-month SN–SPI.
As for the first 30-year period of 48-month SN–SPI,
a slightly dry period of 4 years (2037–38) will likely appear as a separate drought spell unless one recognizes
that this event constitutes only a slight and probably
beneficial interruption in a fairly long period of unusually wet weather. There may be two dry periods after
2040 (2047–60, 2065–70) and two additional dry periods
after 2070 with an interval of a 2-year wet period. It
seems reasonable to assume that the period 2070–2100
signs the beginning of drought that closely follows the
onset of an extended period of unusually mildly dry
weather. The trend analysis of 12-, 24-, and 48-month

SPI data (Fig. 17b) demonstrates similar results to the
SN–SPI for 12- and 24-month time scales; but at a longerterm scale of 48 months reveals differences in intensities
and event duration.
More specifically, the long-term means (48-month
SN–SPI time scale) that more than half of the total area
of Crete is about to experience drought conditions
during 28%, 69%, and 97% of the 2010–40, 2040–70, and
2070–2100 time slices, respectively (Fig. 18). The SN–
SPI happens also indicates that it is possible that 52%,
33%, and 25% of the area of Crete will suffer from extremely dry conditions during the 90-year future period
according in 12-, 24-, and 48-month time frames. It is
then obvious that, moving to a longer-term time scale, the
future percentage of the extreme drought area decreases.
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FIG. 17. The 12-, 24-, and 48-month (a) SN–SPI and (b) SPI for Tavronitis, Geropotamos, and Petras
for 2010–2100.

It is to be noted that the results of the climate models
produce a statistical sense to the frequency of drought
events; hence it the specific conditions for specific periods in the area under study cannot be concluded with
certainty.

5. Conclusions
The SPI and SN–SPI indices were successfully applied
in the island of Crete for drought assessment for the
period 1973–2004 using three time scales (12, 24, and
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FIG. 18. As in Fig. 16, but for 2010–2100.

48 months). The SPI analysis confirmed that Crete is
facing drought problems at the southern and eastern
parts. The proposed methodology is easily applied and
interpreted the precipitation deficit; thus, it could become
a practical tool for the assessment of regional drought
events. Accordingly, the SPI is a statistically coherent
index for sensitively measuring drought.
The SN–SPI is a variant of the common tool of drought
assessment SPI, but represents a more suitable means
of comparing drought conditions between neighboring
areas of differing precipitation heights because the SN–
SPI expands the meaning of the temporal character of
drought to its spatial relativity. It appears that these new
drought index values are reasonably comparable in their
local significance both in space and time. Needless to
say, the SN–SPI is spatiotemporally comparable amongst

different neighboring regions with different mean total
annual precipitation.
Results based on both indices showed that, concerning the 1973–2004 period, the duration of the extreme
drought periods remain the same (reaching 7% of time)
but the intensities based on SN–SPI are lower. The area
covered by extreme droughts is 3% (12 months), 16%
(24 months), and 25% (48 months), and 96% (12 months),
95% (24 months), and 80% (48 months) based on the
SN–SPI and SPI, respectively.
The future scenario for 2010–2100, formulated by
the results of a set of regional climate models, indicates a gradual decrease of precipitation and therefore an extended period of mild drought, which will
negatively affect the status of the ecosystems and
human environments and may lead to intense water
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scarcity problems. Concerning the longest time scale
(48 months), more than half of the total area of Crete
is about to experience drought conditions during 28%,
69%, and 97% of the 2010–40, 2040–70, and 2070–2100
periods, respectively, while extremely dry conditions will
cover 52%, 33%, and 25% of the area for the 90-year
period according to 12-, 24-, and 48-month SN–SPI,
respectively.
During the last decades, the island of Crete has faced
a large number of droughts and during the summer of
2008 there were severe water shortages in Mediterranean countries and drastic measures were undertaken
to rectify this situation. For example, in the month of
July 2008, the water that had to be delivered to the islands of Greece via tankers was 10% more than 2007 at
a cost of 11 million euros, and the reservoirs were
standing at the lowest level. Moreover, large infrastructures are already constructed in the island of
Crete in order to transfer water among neighboring
watersheds, mostly for irrigation purposes. Appreciable economic benefit for municipalities within basins
with surplus water resources could emerge from transferring excess freshwater amounts to nearby arid regions.
This information—the relative comparison of watershedlevel water resources conditions—can be provided by
the SN–SPI.
Finally, the results signal an urgent need for the development of strategic water management and preparedness plans in all drought-prone areas in order to help
mitigate most of the resulting adverse effects. Shorter
rainy periods could seriously affect water resources,
with wide-ranging consequences for local human societies and ecosystems. The impact of these precipitation
changes at the watershed level is required in order to
develop strategies in long-term water supply and demand, and thus to attain sustainable water resources
management. The policy on droughts is included in the
EU Water Framework Directive, and provides a specific framework to adopt in assessing the impact of
climate change on water resources and, hence, develop
drought management plans that are constantly reviewed.
These plans should be updated with the new results
presented herein, including the procedure for data analysis and interpretation.
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