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Abstract

The Standardized Precipitation Index (SPI) was applied in order to address the charac-
teristics of current and future agricultural droughts in the Jordan River region located in
the southeastern Mediterranean area. In the first step, the SPI was applied on spatially
interpolated monthly precipitation data at multiple timescales, i.e. accumulated precip-5

itation was considered over a number of timescales, for example: 1, 3, and 6 months.
To investigate the performance of the drought index, correlation analyses were con-
ducted with the Normalized Difference Vegetation Index (NDVI) obtained from remote
sensing. The results show that the 6 month SPI best explains the inter-annual variation
of the NDVI. Hence, a timescale of 6 months is the most appropriate when addressing10

agricultural drought in the semi-arid region. In the second step, the 6 month SPI was
applied to three climate projections based on the IPCC emission scenario A1B. When
comparing the period 2031–2060 with 1961–1990, it is shown that the mean drought
duration is projected to increase. Furthermore, the droughts are expected to become
more severe because the frequency of severe and extreme droughts is projected to in-15

crease and the frequency of moderate drought is projected to decrease. To address the
impact of drought on the agricultural sector, the irrigation water demand during drought
was simulated with a hydrological model on a spatial resolution of 1 km. A large in-
crease in the demand for irrigation water was simulated, showing that the agricultural
sector is expected to become even more vulnerable to drought in the future.20

1 Introduction

Drought is an extended period with rainfall deficits. In many parts of the world, it is
a recurrent natural hazard that has environmental, social and economic impacts (Wil-
hite, 2005). This wide range of impacts can be simplified and quantified with a drought
index. Through such an index, current and past drought events can be compared and25

essential communication between scientist, decision makers and the public facilitated
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(Wilhite et al., 2000). Different indices have been used to monitor the spatiotemporal
characteristics of soil moisture and drought (Sims et al., 2002; Svoboda et al., 2002;
Vergni and Todisco, 2011), and other studies have addressed future drought conditions
(Burke and Brown, 2010; Dai et al., 2011; Li et al., 2008). Worldwide, several drought
indices are used. The National Oceanic and Atmospheric Administration (NOAA) ap-5

plies the Palmer Drought Severity Index (Palmer, 1965) and produces monthly maps on
the national drought conditions, whereas the Australian Bureau of Meteorology favors
the drought index deciles (Gibbs and Maher, 1967). Other well-known drought indices
are the Crop Moisture Index (Palmer, 1968) and the Standardized Precipitation Index
(SPI), developed by McKee et al. (1993) and applied worldwide, using precipitation data10

as the only input. Furthermore, it has been recommended by the World Meteorological
Organization (WMO, 2011).

The SPI is described in detail by McKee et al. (1993), Guttman (1999) and Bordi
et al. (2001). The calculation of the index realizes the fit of a gamma probability distri-
bution function to long-term precipitation data for a given month. Based on the gamma15

parameters, the cumulative probability of precipitation for the given month can be de-
rived. By applying an approximation, a transformation to a standard normal distribution
with the mean value of 0 and standard deviation of 1 can thereafter be conducted.
Drought conditions occur when the SPI is negative in an event where the minimum SPI
drops below −1 (McKee et al., 1993). In contrast to other drought indices, the SPI can20

be applied on different timescales (e.g. 1, 3, or 6 months) in order to address different
types of droughts, which include meteorological drought (precipitation deficit), hydro-
logical drought (runoff deficit), and agricultural drought (soil moisture deficit), which all
are triggered by precipitation deficits with different time lags (McKee et al., 1993).

Several authors have observed a relationship between precipitation and remotely25

sensed data on vegetation in arid and semi-arid regions (Anyamba and Tucker, 2005;
Fabricante et al., 2009; Nezlin et al., 2005; Schmidt and Karnieli, 2000). Positive corre-
lations have also been obtained between drought- and vegetation indices (Ji and Pe-
ters, 2003; Quiring and Ganesh, 2010). As such, a correlation shows how vegetation
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responds to drought, which supports the performance of the drought index. One of the
most used vegetation indices is the Normalized Difference Vegetation Index (NDVI)
derived from spectral reflectance in the near-infrared (NIR) and visible red regions ac-
cording to:

NDVI = (ρNIR −ρRed)/(ρNIR +ρRed) (1)5

where ρNIR and ρRed are the reflectance at the NIR and visible red bands. The NDVI can
be obtained from the Advanced Very High Resolution Radiometer (AVHRR) and Mod-
erate Resolution Imaging Spectroradiometer (MODIS) sensors among others (Tucker
et al., 2005), and be used to estimate biomass and net primary production (Leprieur
et al., 2000). Al-Bakri and Taylor (2003) found a correlation between ground-observed10

biomass data and remotely sensed NDVI in Jordan, and after identifying a positive cor-
relation between precipitation and the NDVI, it has been suggested that a drought index
based on precipitation alone is appropriate for the southeastern Mediterranean region
(Törnros, 2010). With a well performing drought index, the characteristics of not only
current and past drought events can be determined, but in combination with climate15

projections, future conditions can be addressed.
Several authors have made projections of future changes in the eastern Mediter-

ranean climate by applying Global Climate Models (GCMs) and Regional Climate Mod-
els (RCMs). Krichak et al. (2011) applied an ECHAM5/MPI-OM RegCM3 model and
noticed a significant trend of decreasing winter precipitation in near coastal areas and20

an increasing trend in air temperature for all seasons. Samuels et al. (2011) applied the
ECHAM5 and HadCM3 GCMs in combination with the RegCM3 and MM5 RCMs. Their
results showed that the maximum daily temperature is expected to increase by 2.5–3 ◦C
and that the length of warm and dry spells are expected to be prolonged by 2021–
2050 compared with the control period of 1961–1990. Smiatek et al. (2011) applied the25

ECHAM5-MM5 and HadCM3-MM5 projections and identified a 2.1 ◦C mean increase
of the annual mean temperature by 2031–2060 compared with 1961–1990. They also
identified a drop in the annual mean precipitation by 11.5 %. Together, the application
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of regional climate models has shown that the eastern Mediterranean climate is pro-
jected to become warmer and drier. In order to develop sound water management and
preparedness for drought, it is meaningful to address the drought characteristics under
a changing climate. Further applications of a hydrological model can thereafter be used
to simulate the hydrological impact of drought in a more detailed manner.5

The first objective of this study is to identify a drought index, which can explain the
spatiotemporal variation of vegetation in the Jordan River region. Further objectives are
to characterize current (1961–1990) and future (2031–2060) droughts, and simulate
the Irrigation Water Demand (IWD) during periods with rainfall deficits. The focus is on:
(1) the interannual relationship between multiple timescales of SPI and NDVI; (2) the10

relationship between the SPI and NDVI during different states of vegetation growth; (3)
to characterize current and future droughts according to duration and frequency; and
(4) to simulate the IWD during the longest current and future drought. Considering that
the agricultural sector accounts for 58 % of the regional water use (FAO, 2009), the
results are especially useful for stakeholders and decision makers when developing15

a long-term regional water plan and preparedness for drought.

2 Materials and methods

2.1 Study region

The present study region covers the Jordan River basin and its surroundings (Fig. 1).
The area extends from north of Lake Kinneret to the Gulf of Aqaba in the south, and20

from the Mediterranean coast to the Jordanian Highlands in the east. Altogether, the
study area covers about 96 000 km2 and includes Israel, the Palestinian Authority, and
a major part of Jordan, as well as parts of Lebanon, Syria, and Egypt. The region
is characterized by a wet season between October and April whereas the rest of the
year remains dry. On an annual basis, the potential evaporation greatly exceeds pre-25

cipitation. The interannual variability of winter precipitation is strong, and abnormally
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low rainfall recurrently triggers drought events resulting in economic losses, lowered
agriculture productivity, reduced stream flow, and falling lake levels (Inbar and Bruins,
2004). In addition, the spatial variability of precipitation is high; convective storms are
common and two significant precipitation gradients exist (Ben-Gai et al., 1998). The
first gradient is in the west-east direction with higher precipitation in proximity to the5

Mediterranean Sea (Fig. 1). The hilly regions, stretching from Lebanon in the north to
the Gulf of Aqaba in the south, give rise to an orographic lift of moist westerly winds
and results in a dry eastern lee side (Dahamsheh and Aksoy, 2007). The second gra-
dient is in the north-south direction. The Golan Heights, stretching northwards from the
eastern side of Lake Kinneret, have humid conditions with an annual precipitation of10

up to 900 mm. Around the Gulf of Aqaba, the conditions are hyper-arid. The area re-
ceives dry winds from the Sinai desert and the annual precipitation is less than 50 mm
(Dahamsheh and Aksoy, 2007).

In order to characterize droughts in this highly heterogeneous climate region, the
study area was divided into three sub-regions. These were defined according to the an-15

nual precipitation and refer to arid (< 250 mmyr−1), semi-arid (250–450 mmyr−1) and
sub-humid (> 450 mmyr−1) conditions (Fig. 1). The conditions are unsuitable for rain-
fed agriculture in the arid sub-region (Bruins, 1999). In the moister sub-regions, rainfed
farming is possible only during the winters. This study employed a land use map with
a spatial resolution of 1 km, which originated from the Global Land Cover Characteri-20

zation (GLCC) (Loveland et al., 2000; Menzel et al., 2009). The map is based on the
year 2000 and it was assumed that land use had not changed, and will not change
in the future. Dominating land uses are shrubland (covering 41 % of the study area),
barren land (32 %), mosaic (10 %), which is a mixture between natural vegetation and
crops, cropland (9 %), cereals (3 %), grazing land (1 %), grassland (1 %), and urban25

areas (1 %). As this study focuses on agricultural drought, the study is limited to the
three major agricultural classes: cereals, cropland, and mosaic.
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2.2 Time series of SPI and NDVI

Precipitation was interpolated to a spatial resolution of 1 km by using data obtained
for the period 1961–2001 from more than 130 meteorological stations. To account
for the strong climatic gradients and an irregular spatial distribution of the stations,
a multiple regression analysis, described in detail in Menzel et al. (2009) and Wim-5

mer et al. (2009), was applied. Based on the daily data availability, data characteristics
and possible spatial trends, the method automatically identifies a suitable interpolation
method (Universal Kriging, Ordinary Kriging, Ordinary Least Squares interpolation or
Inverse Distance Weighting) for each day. Thereafter, the interpolated daily precipita-
tion grids were aggregated into monthly totals, which served as input to the SPI.10

For the purpose of this study, the SPI source code was provided by the GreenLeaf
Project (2012). Their SPI tool was modified to not only work with point data, but also
with gridded data where each pixel acts as a single measurement point. In order to
identify the most appropriate SPI timescale, the drought index was applied on short
timescales (1, 2, and 3 months), moderate timescales (6, 9, and 12 months), as well15

as long timescales (18 and 24 months). During the SPI calculations, precipitation was
then accumulated to this time scale and put into relation with the corresponding period
in the long-term precipitation series. As an example, to derive the 3 month SPI value
of March 2000 for a pixel, the total precipitation of January, February and March 2000
was compared with long-term time series (1961–2001) of January–March precipitation20

for the same pixel. The final monthly SPI data set had a spatial resolution of 1 km.
Biweekly NDVI data are available from the Global Inventory Modeling and Mapping

Studies (GIMMS) NDVI (Pinzon et al., 2005; Tucker et al., 2005) processed from daily
AVHRR images. The global data set has a spatial resolution of 8 km and has been
corrected for calibration, view geometry, volcanic aerosols, and other factors not as-25

sociated with vegetation change. To be compatible with the temporal resolution of the
SPI, monthly NDVI were retrieved from the biweekly GIMMS NDVI by computing the
average of the two images. In order to address the relationship between the SPI and
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NDVI, a technique applied by Ji and Peters (2003) was applied; the average monthly
SPI and NDVI value of all pixels in each land use was determined. Thereafter, the
relationship between the two parameters was evaluated according to the correlation
coefficient and the p value. The regression analyses were conducted for the years
1982–2001, because for this period, both precipitation and NDVI data were available.5

As the summers are completely dry and vegetation shows clear phenological phases,
the study was limited to the main growing season (January to May).

2.3 Climate projections

Once the most suitable SPI timescale had been identified based on the regression
analysis between the SPI and NDVI, data from three climate projections were used as10

input to the SPI. The Intergovernmental Panel on Climate Change (IPCC) has prepared
several emission scenarios in order to address uncertainties in global development. In
the present study, we apply the emission scenario A1B, which describes a world with
a very rapid economic growth and where energy is generated both from fossil fuels
and from alternative energy sources (IPCC, 2007). Three combinations of a GCM and15

RCM, prepared within the GLOWA Jordan River Project were considered: ECHAM5-
MM5 and HadCM3-MM5 (Samuels et al., 2011; Smiatek et al., 2011) delivered from
the Institute for Meteorology and Climate Research – Atmospheric Environmental Re-
search (IMK-IFU) in Karlsruhe, Germany and ECHAM5-RegCM3 (Krichak et al., 2010,
2011) delivered from the Tel Aviv University (TAU), Israel. Not all RCMs are appropriate20

for each region (Krichak et al., 2010). The applied RCMs, however, have been adapted
and optimized for the eastern Mediterranean region (Krichak et al., 2005, 2007).

The climate projections have spatial resolutions of 18–25 km. From the projections,
daily precipitation data were disaggregated to a spatial resolution of 1 km by applying
a linear interpolation between the centre points of each grid cell. Following this, monthly25

totals were retrieved and the SPI was applied for the years 1961–2060 and evaluated
according to current (1961–1990) and future (2031–2060) climates.
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2.4 Hydrological model

TRAIN is a physically based hydrological model that has focus on the soil-vegetation-
atmosphere interface. It is based on comprehensive field studies regarding the water
and energy balance of different surface types, including natural vegetation and agri-
cultural land (Menzel, 1997a,b). The model requires input data on precipitation, tem-5

perature, wind speed, radiation, and air humidity. These data were available both from
meteorological stations and from climate projections, and were prepared just as the
precipitation grids. TRAIN also requires information regarding land use and the wa-
ter holding capacities of the soils. These data were available from the IGBP GLCC
(Loveland et al., 2000; Menzel et al., 2009) and Schacht et al. (2011), respectively.10

Based on the necessary input data, TRAIN simulates soil moisture, evapotranspi-
ration, snow accumulation/melt, runoff and percolation. For agricultural areas, TRAIN
can also deliver information regarding the Irrigation Water Demand (IWD). The model
presumes that optimal crop growth takes place when the soil is saturated to field ca-
pacity. When the simulated soil moisture drops below a certain threshold level, the15

model simulates irrigation until optimal plant conditions (field capacity) are reached.
The derived IWD is of potential value. In reality, and especially during droughts and
water shortages, a sufficient amount of water might not be allocated to agriculture. In
the present study, the longest current and future droughts were identified with the SPI.
The simulated IWDs during these droughts were thereafter used as an indicator of the20

drought vulnerability of the region. The higher the IWD, the more threatened the agri-
cultural sector becomes because more water is required to sustain (optimal) vegetation
growth.
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3 Results

3.1 Spatiotemporal variability of NDVI

To demonstrate the spatial variation of NDVI, the NDVI during vegetation peak in April
2000 is shown in Fig. 2a. It can be seen that vegetation has a spatial pattern that is
clearly constrained by precipitation. In the semi-arid and sub-humid areas, the values5

peak above 0.60, whereas in the arid sub-region the values remain under 0.15. The
figure also shows the vegetation phenology throughout the year for the considered
land uses (Fig. 2b). By examining the years 1982–2001 and comparing the minimum
and maximum mean NDVI (given as a monthly minimum and maximum mean value
of all pixels in each land use, respectively), it can be seen that vegetation develops10

more slowly and reaches a lower maximum for years with unfavorable conditions (as
during drought). The difference between the minimum and maximum mean NDVI is
highest in the middle of the growing season and during vegetation peak in March/April,
whereas the interannual variation is lower during senescence and the dry summer.
By conducting regression analyses between NDVI and multiple timescales of the SPI,15

it was tested whether the drought index could explain these interannual variations in
vegetation.

3.2 Correlation of SPI and NDVI

For each considered land use (cereals, cropland, and mosaic), linear correlation
analyses were conducted between NDVI and multiple timescales of the SPI for the20

main growing season (January to May). Figure 3 shows scatter plots of the NDVI and
the 1-, 3- and 6 month SPI (the other considered SPI timescales are not plotted here).
The results demonstrate that no (significant) correlation is obtained between NDVI and
the 1 month SPI. The relationship is only positive in March, during this month the p
value is between 0.61–0.88. It is clear that the 3 month SPI shows a higher correlation25

with NDVI. The correlation is strongest, and at times significant (p < 0.05), in January
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and during the vegetation peak in April/May. It can also be seen that a negative rela-
tion is obtained in February and March. Furthermore, the results demonstrate that the
6 month SPI is superior to the shorter timescales. Every month induces a positive cor-
relation between the 6 month SPI and NDVI, and at the most, a correlation coefficient of
0.69 is obtained. In January and March, the correlation is significant for cereals, in April5

it is significant for all land uses, and in May, it is significant for cereals and cropland. For
the other months, the relation is strong, but not significant. From all the scatter plots, it
can be seen that the relationship between the NDVI and SPI changes with the different
states of vegetation growth. In general, it can also be seen that the correlation between
the two parameters is strongest around the vegetation peak.10

To facilitate the evaluation of all considered SPI timescales, the 15 regression
analyses (that were visualized with scatter plots) conducted for each SPI timescale
were evaluated with a box plot (Fig. 4). As both the 1 month and the 2 month SPI in-
duce a negative correlation (r = −0.21 and r = −0.03, respectively) on average, the
result once again indicates that the shortest timescales are not capable of address-15

ing agricultural drought. The 3 month SPI has a higher average correlation (r = 0.18),
which indicates that vegetation responds to precipitation accumulated over several
months and that this response is delayed. The same figure shows that all moderate
timescales perform almost equally well; the 6-, 9-, and 12 month SPI have an average
correlation coefficient of 0.45, 0.44, and 0.42, respectively. However, the value favors20

slightly the 6 month SPI. The box plot also reveals that the longer timescales have
a poorer performance than the moderate timescales; the 18 month SPI has an average
correlation coefficient of 0.31 and the 24 month SPI has a corresponding value of 0.28.
Altogether, the 6 month SPI best explains the interannual variability of NDVI. Therefore,
this timescale was chosen as the most appropriate for assessing agricultural drought25

in the Jordan River region.

5885

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5875/2013/hessd-10-5875-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5875/2013/hessd-10-5875-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5875–5902, 2013

Characterizing
droughts under

current and future
climates

T. Törnros and L. Menzel

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.3 Droughts under current and future climates

To address future droughts, the climate projections for 2031–2060 were used in com-
parison to 1961–1990. Figure 5 shows the projected changes in annual precipitation.
The applied GCM-RCM combinations all simulate a decrease of annual precipitation.
For large areas, a decrease of between 10 to 20 % is projected. The ECHAM5-RegCM35

simulates mainly a decrease in the semi-arid and sub-humid regions, whereas both the
ECHAM5-MM5 and the HadCM3-MM5 simulate a higher decrease in the southern arid
parts. In addition, there are some local areas where increased precipitation is simu-
lated, possible owing to convective rainfall events. Although the spatial distributions of
changes in annual precipitation differ slightly between the models, the results can give10

a sense of the range of the changes expected (Samuels et al., 2011). Furthermore, the
projections give indications of a seasonal shift (not shown). Precipitation is projected
to increase slightly during October to November, in the beginning of the wet season.
During the mid-winter months of December to February, a clear reduction in total pre-
cipitation is simulated. For the ECHAM5-RegCM3, the reduction is large for all the mid-15

winter months, whereas the ECHAM5-MM5 model simulates the strongest reduction in
February and none in January. In contrast, the HadCM3-MM5 simulates a reduction in
January’s precipitation and only minor changes in February. Furthermore, all climate
projections predict a decrease in precipitation for March through May.

The SPI results were evaluated according to the duration and frequency of cur-20

rent and future droughts. The drought duration is the number of months with contin-
ued drought conditions and the drought frequency is expressed in drought events per
decade. For visualization and evaluation purposes, the results from all climate projec-
tions were averaged and aggregated according to three sub-regions (Fig. 1), which are
referred to as arid, semi-arid, and sub-humid conditions. It is important to notice that25

because the SPI defines drought according to the deviation from the mean precipita-
tion, the duration of not only future droughts, but also the duration of current droughts
might differ between the projections. The results show that the mean duration of current
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droughts (1961–1990) in the sub-humid, semi-arid, and arid sub-regions is 8 months
and 23 days, 8 months and 29 days, and 9 months and 12 days, respectively (Fig. 6a).
The mean duration of future droughts (2031–2060) is projected to be 9 months and 27
days, 9 months and 21 days, and 10 months and 28 days in the sub-humid, semi-arid,
and arid sub-regions, respectively. Based on a month with 30 days, this is equivalent5

to an increase of 34 days, 22 days, and 46 days, for the respective sub-regions. In
addition, the frequency of current and future droughts were derived and presented as
average values revealed from the three climate projections. These were distinguished
between moderate (minimum SPI< −1.0), severe (minimum SPI< −1.5), and extreme
(minimum SPI< −2.0) drought according to McKee et al. (1993). The number of mod-10

erate droughts per decade is expected to decrease in all three sub-regions; from 2.73
to 2.47 in the sub-humid region, from 2.69 to 2.43 in the semi-arid region, and from
2.38 to 2.33 in the arid region (Fig. 6b). Conversely, the number of severe droughts per
decade is expected to increase; from 1.44 to 1.80 in the sub-humid region, from 1.43 to
1.81 in the semi-arid region, and from 1.33 to 1.60 in the arid region. Furthermore, the15

number of extreme droughts per decade is expected to increase; from 0.67 to 1.42 in
the sub-humid region, from 0.77 to 1.37 in the semi-arid region, and from 0.71 to 1.30
in the arid region. Altogether, the results show that the average drought is expected to
be prolonged and more severe.

3.4 Simulated irrigation water demand20

The IWD was simulated with TRAIN for the years 1961–1990 and by considering only
agricultural land. The latter covers around 22 684 km2 and comprises vegetables, fruits,
cereals, and cropland, as well as a mixture of natural vegetation and crops. The model
results show that the annual IWD, in general, does not exceed 100 mm (Fig. 7a). A scat-
tered pattern with values above 200 mm can also be noticed. This pattern is a result of25

the underlying land use map and the fact that each land use has an individual model
parameterization for vegetation (leaf area index, vegetation height, number of vegeta-
tion layers, etc.). With more vegetation, transpiration occurs at a higher rate; hence,
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more irrigation is simulated in order to supply the crops with water. The average agri-
cultural pixel has an annual IWD of 80 mm, which corresponds to a total water amount
of 1815 Mm3 for all the agricultural land.

Additionally, the annual IWD was simulated for drought periods. The results give
a value of 122 mm (2770 Mm3) and 174 mm (3950 Mm3) for the longest current and5

future drought, respectively (Fig. 7b, c). This implies an increased irrigation demand of
53 % and 118 % compared with average reference conditions. As already mentioned,
the IWD is a potential value that in reality and especially during droughts, might not be
fulfilled. Therefore, higher values induce higher vulnerability to drought. When examin-
ing the spatial distribution of the results, an increase of IWD is seen in the entire study10

region. The increase is most evident in the semi-arid parts where the annual IWD lies in
the range from 100–150 mm during the reference drought, and between 150–200 mm
during the future drought period; for specific land uses the values exceed 200 mm.
It can also be seen how the northern parts of the study region shows only a small
increase of IWD. Altogether, the results demonstrate how the region is expected to be-15

come more vulnerable to drought and that the effects will be most evident in regions
naturally having drier conditions.

4 Discussion

The lack of correlation between the 1 month SPI and NDVI is not surprising. After all,
a timescale too short, fails to recognize longer periods that are abnormally wet or20

dry. Furthermore, a time-lag between rainfall and vegetation growth is expected (Ji
and Peters, 2003). However, it is interesting to see that the relationship between the
1 month SPI and NDVI tends to be negative. One explanation for this might be that
NDVI is more closely related to the rainfall of the previous month, than to the current
rainfall. It is also interesting to see that the longer SPI timescales perform worse that25

the moderate long ones. This indicates that the vegetation growth is not influenced by
the previous wet season’s rainfall amounts. The reason for this might be linked to the
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dry summers during which the high cumulative evaporation rate might dry the soils out,
irrespective of the soil moisture content at the beginning of the season.

The study also addresses the current and future climates by applying three climate
projections. The performance of these climate projections for the current conditions has
been evaluated by Samuels et al. (2011). The authors compared the output of the cli-5

mate models with the same gridded data set on observed precipitation that was applied
in the present study. In comparison to observed data, the RCMs tend to underestimate
the annual mean precipitation by 5–10 % and slightly overestimate the consecutive dry
days. This impacts the simulated IWD among others, particularly when focusing on only
one time period e.g. 1961–1990. A major part of the present study, however, is con-10

cerned with the change between two time periods. It may be assumable that factors
like the underestimation of precipitation affect both time periods equally, and therefore
only has a limited influence on our main findings.

The simulated annual IWD of 1815 Mm3 agrees very well with statistics for the years
2000–2004. For this period, the annual water withdrawal for irrigation and livestock was15

estimated to be 1129 Mm3 in Israel, 89 Mm3 in the Palestinian Authority and 611 Mm3

in Jordan (FAO, 2009). These numbers add up to a total water withdrawal of 1829 Mm3.
Nevertheless, there are some uncertainties than can be discussed. Since reliable in-
formation regarding irrigation practices are missing, the IWD is simulated based on
a pretty simple approach. Furthermore, data regarding multiple cropping and areas20

equipped for irrigation are in general not available. On the one hand, an overestimation
of the area equipped for irrigation would overestimate the IWD and, on the other hand,
an underestimation of the areas that are doubled-cropped would underestimate the
IWD. These potential erroneous could cancel each other out and still results in a good
agreement between the simulated IWD and the statistics. Nonetheless, the model com-25

ponents are up-to-date with our present knowledge of the regional irrigation practices
and can be considered plausible.
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5 Conclusions

In a region where the interannual variability in precipitation is high and drought condi-
tions recurrently occur, the benefits of a well performing drought index are many. A well-
known drought index is the SPI. Often, however, the SPI is applied without further
considerations to the most appropriate timescale. By conducting correlation analyses5

between multiple timescales of SPI and NDVI received from remote sensing, it can be
seen that the choice of SPI timescale is crucial. A too short timescale fails to recognize
longer periods of abnormally wet or dry conditions, and a too long timescale includes
redundant information. This study identifies the 6 month SPI as the most appropriate
timescale when addressing agricultural drought in the wider Jordan River region. The10

results are particularly relevant for the project region and the eastern Mediterranean,
but also for arid to sub-humid regions in general. The chosen approach could also be
employed when evaluating the performance of other drought indices.

For the development of a long-term regional water plan and the preparedness for
drought, information regarding future drought conditions is valuable. The hydrological15

response to a changing climate can be addressed by applying the SPI and a hydro-
logical model on data received from several GCM/RCM combinations. The results of
this study give that the future droughts are projected to become more intense because
a shift from moderate drought to severe and extreme drought is expected to occur in
southeastern Mediterranean region. It is shown that the intensified droughts lead to20

large increases in the annual IWD. Hence, the agricultural sector is expected to be-
come even more vulnerable to drought in the future. Although this study focuses on
agricultural droughts, the results are also valuable regarding; exacerbated land degra-
dation (WMO, 2005), biodiversity (Chase, 2005; Kutiel et al., 2000), livestock raising
(Meir and Tsoar, 1996), river flows and lake levels (Inbar and Bruins, 2004), as well as25

aquifer recharge and the salinization of groundwater (Bruins, 1999), all of which are im-
pacted negatively by drought. This also applies to the arid sub-region where agriculture
is only practiced to a limit extent.
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Fig. 1. Location of the study region (based on the ESRI World Physical Map) and land uses with
spatial coverage in percentages. Also shown are the 250 and 450 mm isohyets derived from
spatially interpolated precipitation data. These smoothed lines define a sub-humid, semi-arid
and arid sub-region.
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Fig. 2. (a) Spatial distribution of NDVI in April 2000, and (b) the NDVI phenology throughout
the year for chosen land uses. Shown are the maximum mean NDVI, the mean NDVI, and the
minimum mean NDVI based on monthly values for the years 1982–2001.
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Fig. 3. Scatter plots between NDVI and multiple timescales of SPI for chosen land uses based
on the years 1982–2001. Also shown are the correlation coefficient r and the p value.
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Fig. 4. Box plot for the correlation of NDVI and multiple timescales of SPI; r is the correlation
coefficient. The figure is based on the months January to May and the land uses cereals,
cropland, and mosaic. Hence, altogether there are 15 values for each SPI timescale.
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Fig. 5. Projected relative changes in annual precipitation simulated by three climate models.
The figure shows the period 2031–2060 in comparison with 1961–1990.
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Fig. 6. (a) Mean drought duration in months, and (b) drought frequency in droughts per decade
for the period 1961–1990 (blue) and 2031–2060 (red). The bars show the mean value from
three climate projections, whereas the error-bars show the range between the climate projec-
tions.
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Fig. 7. Simulated annual irrigation water demand (IWD) in mm. The figure shows: (a) the current
reference conditions based on the period 1961–1990, (b) the annual IWD during the longest
drought in 1961–1990, and (c) the annual IWD during the longest drought in 2031–2060. The
figure is based on mean values from three climate projections, showing agricultural land only.
An assumption of no land use change has been made.
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