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Abstract. This study examines the change in current 100-
year hydrological drought frequencies in the Mediterranean
in comparison to the 2070s as simulated by the global model
WaterGAP. The analysis considers socio-economic and cli-
mate changes as indicated by the IPCC scenarios A2 and B2
and the global general circulation model ECHAM4. Under
these conditions today’s 100-year drought is estimated to oc-
cur 10 times more frequently in the future over a large part
of the Northern Mediterranean while in North Africa, today’s
100-year drought will occur less frequently. Water abstrac-
tions are shown to play a minor role in comparison to the
impact of climate change, but can intensify the situation.

1 Introduction

The diversity and complexity of drought impacts and the low
level of preparedness for future events is a point of global
concern. Entries in the EM-DAT database (Guha-Sapir et al.,
2004) show that total reported global economic losses due to
droughts rank fourth in the list, following those reported for
earthquakes, floods and windstorms. Two major droughts in
Australia in the last twenty years have resulted in great fi-
nancial losses, with the damage of the 1991–1995 drought
amounting to an estimated $5 billion. Approximately 8 mil-
lion of Ethiopia’s 60 million people are at risk due to drought
(UNICEF, 2000). Large areas of Europe have been affected
by droughts over the past 50 years (EEA, 2001). Water short-
ages and poor harvests during the droughts of the early 1990s
exposed an acute vulnerability of the Mediterranean region to
climatic extremes. The latest drought of 2003 affected most
of continental Europe. The ongoing debate about climate
change and its potential effects on the frequency and severity
of extreme climatic events is adding further to the concerns
of scientists and decision makers, because observed changes
have shown that drought events are already on the rise (IPCC,
2001; Guha-Sapir et al., 2004).
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2 Purpose of the study

This study will, explicitly for the Mediterranean Region, ex-
amine whether the upward trend of droughts (IPCC, 2001),
as described above, is likely to continue in the future, exam-
ining drought frequency as the main indicator. It will inves-
tigate the impacts of global change, including climate and
socio-economic changes on future hydrological drought fre-
quencies using two of the IPCC global emission scenarios,
A2 and B2 (IPCC, 2000). These emission scenarios were
constructed to explore future global developments of society
and environment. Scenario A2 assumes a strong, but region-
ally oriented economic growth and fragmented technological
change with an emphasis on human wealth, while B2 em-
phasizes the protection of the environment and social equity,
but also relies on local solutions to economic, social, and en-
vironmental sustainability. Both scenarios represent a world
in which the differences between developed and developing
countries remain strong.

3 The WaterGAP model

The analysis is based on the application of the integrated
global water model WaterGAP (Water – Global Assessment
and Prognosis). WaterGAP, developed at the Center for En-
vironmental Systems Research at the University of Kassel,
Germany, computes current and future water availability and
water use. It consists of a global hydrology model to simu-
late the continental water cycle and a global water use model
to simulate anthropogenic impacts on it (Alcamo et al., 2003;
Döll et al., 2003).

The hydrology model calculates daily water balances
based on climate information on a 0.5◦

×0.5◦ (geographical
latitude and longitude) grid cell basis. For each grid cell,
the daily vertical water balance is calculated to determine
evapotranspiration, snow and groundwater storage, and sur-
face runoff. With the water use model, water withdrawals
for the different sectors household, industry (manufacturing
and electricity production) and agriculture (livestock and ir-
rigation) are calculated. Water withdrawals in the domestic
and industrial sectors, for example, are calculated by relating
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changes in national income to changes in the amount of water
used per person and per unit electricity generated. Structural
changes are considered by taking into account an initially in-
creasing water demand due to structural changes in the water
use with increasing income (e.g. domestic appliances) fol-
lowed by an eventual stabilization of water demands at high
incomes. Technological change, on the other hand, effects
water use by improvements in water use efficiency (Alcamo
et al., 2003, 2007). The water use is subtracted from the
surface runoff calculated in the hydrological model and dis-
charges are computed for each grid cell. The cell discharge
is routed through the respective river basin according to a
global drainage direction map (Döll and Lehner, 2002) to
form river discharge. The model is calibrated and validated
against measured discharges from the Global Runoff Data
Center (GRDC, 2004).

Current climatic conditions are represented by the cli-
mate normal period, 1961–1990, using CRU data (New et
al., 2000). In order to derive future discharge values, Wa-
terGAP is driven by climate change projections (tempera-
ture and precipitation) as calculated by the global climate
Model ECHAM4 (Roeckner et al., 1996), and by a set of
scenario assumptions for changes in human water use (IPCC,
2000) that provide values for e.g. technological and structural
changes, population growth rates, economic indicators, etc.
Future conditions are represented by the time period 2061–
2090, referred to as the 2070s.

Döll et al. (2003) showed that WaterGAP simulations are
fairly robust for long-term average discharges and to be in
reasonable limits for monthly high and low-flow statistics,
especially for large river basins (>20 000 km2). Lehner et
al. (2006) further examined the suitability of WaterGAP to
model low flow and droughts. They found a modelling ef-
ficiency (which is expressed as the degree of agreement be-
tween GRDC observed data with WaterGAP modelling re-
sults, where 0 means no agreement and 1 total agreement)
of 0.88 for the 100-year drought deficit volume and a mod-
elling efficiency of 0.79 for monthlyQ90 (Nash-Sutcliffe co-
efficients). When looking at specific drought events, mag-
nitude and timing, WaterGAP showed some significant er-
rors and is therefore currently not capable of simulating sin-
gle events. Relative changes, as well as large-scale low-flow
regimes and general drought statistics, however, are captured
well (Lehner et al., 2006). The model is used in this study
to analyse long-term changes between now (1961–1990) and
the future (2061–2090) and not to reproduce point events in
exact timing and magnitude.

4 Droughts

The Mediterranean climate is characterized by mild wet win-
ters and hot, dry summers. ECHAM4 shows an overall
increase in temperature throughout the seasons of approxi-
mately 4 degrees Celsius in the B2 scenario and around 6 de-

grees Celsius in the A2 scenario for the regionSouth Europe
– Northern Africa. Precipitation decreases by around 10%–
20% in all seasons for the A2 scenario and by about 5% in all
seasons except for summer in the B2 scenario, where a slight
increase is projected. The question is what impact these cli-
mate changes will have on low flow conditions and drought
frequencies.

Per definition, a drought marks a period of abnormally
dry weather sufficiently prolonged so that the lack of water
causes a serious hydrologic imbalance (such as crop damage,
water supply shortage, etc.) in the affected area (McGraw
Hill, 2003). It is hence the consequence of a natural reduc-
tion in the amount of precipitation received over an extended
period of time, usually a season or more in length. Other
climatic factors, e.g. high temperatures and winds or low rel-
ative humidity, can significantly aggravate the severity of the
event. The effects of droughts often accumulate slowly over
a considerable period of time and may linger for years after
the termination of the event. Therefore, the onset and end
of a drought are difficult to determine. Drought is a normal
feature of climate and its recurrence is inevitable. It occurs
in high, as well as low rainfall areas. Drought is a frequent
and often catastrophic feature in semi-arid climates. It is less
frequent and disruptive in humid regions and a less meaning-
ful concept for deserts. However, there remains much dis-
agreement within the scientific and policy community about
its characteristics. This partly explains the lack of progress
in drought management in many parts of the world (Wilhite,
2000).

Drought severity is, on the one hand, dependent on dura-
tion, intensity and geographical extent of a specific drought
episode. On the other hand it depends on anthropogenic
and vegetation demands and can have far-reaching effects
on society, economy and environment. Therefore, many
disciplinary definitions of droughts exist (Wilhite, 2000).
Each discipline incorporates different physical, biological, or
socio-economic factors in its definition. For examplemete-
orological droughtis defined as an interval of time during
which the actual moisture supply falls short of climatically
specific moisture supply at a given place (Palmer, 1965).
Agricultural drought is defined as a period, in which soil
moisture content is inadequate to meet evapotranspirative de-
mands to initiate and sustain crop growth (WMO, 1975).
Hydrologic drought is associated with inadequate stream
flow, reservoir and lake levels or groundwater recharge.
Chronologically, hydrological droughts lag behind the occur-
rence of meteorological and agricultural droughts (Wilhite,
2000). They can be of greater extent than the initial meteo-
rological drought due to anthropogenic and other influences.
This study will examine hydrological drought because it is
the last in the chain and includes all other influences, e.g. of
anthropogenic or climatic nature.
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Fig. 1: discharge hydrograph with constant threshold 
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Fig. 1. Discharge hydrograph with constant threshold.

5 Drought analysis with WaterGAP

When analysing drought frequencies, a quantitative defini-
tion of the starting point and end point of a drought has to
be set. A common method is the threshold level method,
which has been applied in various studies (Fleig et al., 2006;
Lehner et al., 2006; Stahl and Demuth, 1999). The monthly
discharge hydrograph is compared to a constant or seasonal
threshold value. If the discharge falls below the threshold
level, the drought event is defined to start and to last until the
discharge curve intersects with the threshold line, i.e. exceeds
the threshold value. The specific drought event is, besides its
duration in time, further defined by its deficit volume, which
is calculated as the area enclosed by the discharge curve and
threshold line.

The explicit value of the threshold is of critical importance
as it determines the onset and end of each event. If the value
is too high, single events can no longer be distinguished but
merge into one drought event. If the value is too low, too few
droughts are computed and the statistical analysis of extreme
values is no longer valid.

Common threshold values are, for example, theQ70 or
Q90 (the flow that is exceeded in 70% or 90% percent of
the time, respectively), as for example applied by Hisdal and
Tallaksen (2000), Arnell (1999), Gottschalka et al. (1997),
and Chang and Stenson (1990). Tate and Freenan (2000) and
Woo and Tarhule (1994) have, however, shown that theQ70
or Q90 thresholds are not applicable to intermittent streams
where a value betweenQ5 and Q20 is suggested. Conse-
quently, the threshold would be basin dependent, which is a
disadvantage in meso-scale studies.

As a compromise, Lehner et al. (2006) use the long-term
mean discharge as a constant threshold value over time (red
line in Fig. 1). This value is rather high and the calcu-
lated drought events are characterized by a higher deficit vol-
ume and longer duration. Overall, a constant threshold will,
by definition, lead to a computed drought in 90%, 70%, or
50% of the cases, depending on its quantitative value. Yet
a drought is defined as a deviation fromnormal. Therefore,
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Fig. 2. Discharge hydrograph with combined threshold.

the definition ofnormal should be more strongly related to
the regularly occurring variation of the discharge over time.

Another possibility is, consequently, to apply a variable
threshold following the seasonality of the hydrograph, e.g.
the long-term monthly means (blue line in Fig. 2). In this
case a deficit volume might be calculated for periods when
enough water is available in the river, e.g. if elevated dis-
charges during spring due to snowmelt are for some rea-
son lower than usual (grey area for the months January and
February in Fig. 2). Since a flow, which is reduced during
a particular season, but not absolutely low, is commonly not
considered a drought, a combined threshold is used in this
study. A deficit volume (grey area in Fig. 2) is calculated
for each cell of a river basin as the difference between the
long-term (1961–1990) monthly mean cell discharge (blue
line in Fig. 2) and the actual monthly cell discharge (green
line in Fig. 2) but only for that period of time when the hy-
drograph falls below the constant threshold of 90 percent of
the long-term mean (red line in Fig. 2). The same thresholds
are applied to the discharge values under climate scenarios.

Many studies exist on the estimation of return periods, es-
pecially the choice of probability distributions (e.g. Bobee,
1975; Kite, 1977; Bobee and Robitaille, 1977; Bobee and
Ashkar, 1991; Mitosek et al., 2006) and method for parame-
ter estimation (e.g. Arora and Singh, 1989). In this study the
three parameter (Log) Pearson Type III distribution is chosen
because it has widely been applied in extreme flow analysis,
can be fit to high and low discharge values, and is a common
standard at government agencies in the U.S. and Australia
(according to IACWD, 1982 and IEA, 1998). The deficit
volumes calculated as described above are used to form the
annual maximum series (Madsen et al., 1997) by selecting
the highest deficit volume each year and ranking these ac-
cording to size. For each grid cell, either the Pearson III
or Log Pearson III distribution is fitted to the annual maxi-
mum series based on the underlying data, using the method
of moments (Stedinger et al., 1993). The fit of the chosen
distribution is checked by an analytical goodness-of-fit test
(Kolmogorov-Smirnov test, Rao and Hamed, 2000).
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Fig. 3: 1961-1990 and A2 2070s drought frequency curves with 90% confidence intervals 
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Fig. 3. 1961–1990 and A2 2070s drought frequency curves with
90% confidence intervals.

The theoretical probability distribution is then used to es-
timate the probabilities of the hypothetical expected deficit
volumes to obtain the drought frequency distribution for T=1
to 200 (drought deficit volumes that are exceeded once every
T years). This procedure is carried out for current conditions,
as well as the 2070s. Similar to the 100-year flood, which is
widely used by engineers as the reference level for the de-
sign of dams, reservoirs, etc. 100-year droughts are further
examined. As a result, the change in return period of today’s
100-year drought is calculated by comparing the current sit-
uation with the 2070s.

The statistical significance is evaluated by calculating the
90% confidence intervals (Stedinger et al., 1993) for the esti-
mates of T-year droughts, as exemplary shown in Figs. 3 and
4 for the Danube catchment. The 30-year maximum series
is a random sample of the underlying population of annual
droughts (expressed in drought deficit volumes) and is used
to estimate the frequency curve of that population, which can
only be an approximation to the true drought frequency curve
(IACWD, 1982). In order to evaluate the statistical signif-
icance of the change in drought frequencies, an interval of
hypothetical frequency curves is constructed that, with a 90%
degree of confidence, contains the true population frequency
curve. Both the record length N and the specific exceedance
probability control the statistical reliability of the estimated
frequency curve (IACWD, 1982). Figure 3 shows the current
and A2 2070s drought frequency curves and 90% confidence
intervals for the return periods T=2 to 200. If the two bands
(curves accompanied by their 90% confidence clouds) do not
intersect, statistical significance can be assumed, as is the
case for the A2 scenario in comparison to today. The change
in 100-year drought deficit volume under the B2 scenario for
the 2070s for the Danube catchment is not statistically sig-
nificant because the two bands intersect (Fig. 4). In this case,
the return deficit volume calculated for the 2070s could also
be a random parameter value of the 1961–1990 population.
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Fig. 4. 1961–1990 and B2 2070s drought frequency curves with
90% confidence intervals.

6 Results

Figures 5 and 6 show future return intervals of current 100-
year droughts in the 2070s for the IPCC A2 and B2 scenar-
ios. The result for the A2 scenario (Fig. 5) shows very strong
increases in frequency over most of Southern Europe, with
current 100-year droughts returning once per decade over
most of the area. The A2 scenario is based on relatively high
greenhouse gas emissions, and therefore has a high rate of
climate change. Higher temperatures by itself, or in combi-
nation with less precipitation, for example, lead to lower wa-
ter availability and an increased risk of drought. In 75% of
all grid cells, the change in drought frequency is statistically
significant. Areas where statistical significance is uncertain
are hatched in Fig. 5.

The B2 scenario (Fig. 6) shows strong increases in the re-
turn frequencies of current 100-year droughts for large ar-
eas of Northern Spain, the South of France, Northern Italy
and Austria. In the long-term projection for the 2070s, cur-
rent 100-year drought events are calculated to occur once ev-
ery 10 years, or more frequently. But also the rest of Eu-
rope, especially South-eastern Europe, shows a strong in-
crease in 100-year drought frequency with return intervals
of 50 years or more often. In North Africa, only the coast of
Algeria faces strong increases in drought frequency, while in
the remaining parts current 100-year droughts will occur less
frequently. In these areas, precipitation slightly increases,
which leads to increasing water availability and decreasing
drought intervals. The change in drought frequency is in 69%
of the analysed grid cells statistically significant.

In order to evaluate the impact of the water use sectors on
future drought frequencies, the 2070s water consumptions in
the industrial, domestic and agricultural sector for the IPCC
A2 scenario are combined with current climate, and drought
frequencies are calculated, as before. Increasing industrial
activities, strong population growth or higher irrigation de-
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Fig. 5. Return intervals of current 100-year droughts in the 2070s under the IPCC A2 scenario.

under B2 - ECHAM4 conditions
current 100-year droughts return in the 2070s
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Fig. 6. Return intervals of current 100-year droughts in the 2070s under the IPCC B2 scenario.

mands due to higher temperatures can lead to increasing wa-
ter demands. If water abstractions in the different sectors
fall together with low flow periods, water availability is fur-
ther reduced and drought conditions can be intensified. In
the simulation, the extent of irrigated areas is kept constant
to explicitly examine climate-induced changes in irrigation
water requirements.

Figure 7 shows that increasing water requirements mainly
influence drought frequencies in North Algeria, Morocco,
Spain and at the Nile. In these areas, irrigated agriculture

plays an important role and elevated water uses follow the
projected higher temperatures of the IPCC A2 scenario. Ad-
ditionally, Africa, the Near East and France are facing pop-
ulation growth rates between 1.1% and 2% in the IPCC
A2 scenario, which also leads to increasing water uses in
the domestic sector. In countries in Central Europe, where
the industry is the sector with the highest water use, the
projected technological change in the A2 scenario leads to
higher water-use efficiencies. Therefore, water uses decrease
in these areas and do not influence droughts. The changes in
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 under current climate and A2 2070s uses
current 100-year droughts return in the 2070s
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Fig. 7. Impact of water uses under the A2 scenario on the return interval of current 100-year droughts.

drought frequencies are in 58% of all grid cells statistically
significant.

Overall, the statistical significance of the change in future
return frequencies decreases from the A2 to the B2 scenario
from 75% to 69% and is lowest for the impact of changes
in water uses on drought frequencies (58%), based on 90%
confidence intervals. Statistical significance is uncertain if
the 2070s drought frequency band falls within the 90% con-
fidence interval of the current frequency curve, as the 2070s
drought value could also be a random value of the 1961–1990
population. This is for example the case if the difference be-
tween the current and 2070s return interval is small (e.g. the
current 100year drought returns every 90 years in 2070). The
A2 scenario assumes a higher rate of climate change than the
B2 scenario and therefore changes in return frequencies are
more pronounced, which leads to a higher statistical signif-
icance under the A2 scenario. On the other hand, statistical
significance is uncertain in areas with generally very low dis-
charges, leaving the calculated drought deficit volumes very
small by definition, as for example in North Africa or the
near East. It shows that this sort of analysis reaches its limits
in arid areas, as a change in drought frequency is less mean-
ingful in the desert.

The reader should be cautious of how to interpret the re-
sults of the study in terms of stress and risks for society.
According to the method, any shift in low flow occurrence
within a year will lead to the calculation of an increased fre-
quency in drought. On the one hand it could be relatively
easy for humans to adapt to a low flow, which occurs for ex-
ample in May in the future as opposed to currently in August.
On the other hand this adaptation could be more difficult for
aquatic ecosystems that are adapted to a particular seasonal

flow regime. In any event the impact of change in drought
frequency should be examined carefully.

7 Conclusions

The study examined the combined influences of climate and
water consumptions on future drought frequencies around
the Mediterranean. The results show strong increases in
drought frequencies for a belt that stretches from North-
ern Spain over Southern France towards Northern Italy and
Switzerland for the B2 scenario, and strong increase over all
of Southern Europe for the A2 scenario. Current 100-year
droughts would, under the conditions of the IPCC scenarios,
return at least once per decade. In Northern Africa, current
100-year droughts would, except for Northern Algeria, return
less frequently. It is shown that climate change has a com-
parably stronger impact on the change in drought frequency
than anthropogenic water uses. Water abstractions can, how-
ever, intensify drought conditions. On the other hand, this
kind of drought analysis reaches its limits in a dry climate, as
drought frequencies cannot increase in deserts and in these
areas flows are too low to assume statistical significance of
the changes. Overall the study shows a trend towards increas-
ing drought frequencies under both the A2 and B2 scenarios
with a statistical significance of 75% and 69%, respectively,
and underlines the vulnerability of the Mediterranean to cli-
mate change.
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Döll, P., Kaspar, F., and Lehner, B.: A global hydrological model
for deriving water availability indicators: model tuning and vali-
dation, J. Hydrol., 270, 105–134, 2003.
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