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Abstract. Hydrological drought characteristics (drought in

groundwater and streamflow) likely will change in the 21st

century as a result of climate change. The magnitude and di-

rectionality of these changes and their dependency on clima-

tology and catchment characteristics, however, is uncertain.

In this study a conceptual hydrological model was forced by

downscaled and bias-corrected outcome from three general

circulation models for the SRES A2 emission scenario (GCM

forced models), and the WATCH Forcing Data set (reference

model). The threshold level method was applied to investi-

gate drought occurrence, duration and severity. Results for

the control period (1971–2000) show that the drought char-

acteristics of each GCM forced model reasonably agree with

the reference model for most of the climate types, suggesting

that the climate models’ results after post-processing produce

realistic outcomes for global drought analyses. For the near

future (2021–2050) and far future (2071–2100) the GCM

forced models show a decrease in drought occurrence for all

major climates around the world and increase of both average

drought duration and deficit volume of the remaining drought

events. The largest decrease in hydrological drought occur-

rence is expected in cold (D) climates where global warm-

ing results in a decreased length of the snow season and an

increased precipitation. In the dry (B) climates the smallest

decrease in drought occurrence is expected to occur, which

probably will lead to even more severe water scarcity. How-

ever, in the extreme climate regions (desert and polar), the

drought analysis for the control period showed that projec-

tions of hydrological drought characteristics are most uncer-

tain. On a global scale the increase in hydrological drought

duration and severity in multiple regions will lead to a higher

impact of drought events, which should motivate water re-

source managers to timely anticipate the increased risk of

more severe drought in groundwater and streamflow and to

design pro-active measures.

1 Introduction

Droughts are caused by situations with less than normal natu-

ral water availability. They occur in all components of the hy-

drological cycle and occur across all climate regions through-

out the globe (Wilhite, 2000; Tallaksen and Van Lanen, 2004;

Mishra and Singh, 2010; Sheffield and Wood, 2011). On a

global scale drought is one of the most severe natural haz-

ards with large environmental and socio-economic impacts

and more attention is require to be better prepared for the fu-

ture water, food and energy security (Romm, 2011; Van Vliet

et al., 2012). The recent summer droughts in Russia and Cen-

tral United States (National Oceanic and Atmospheric Ad-

ministration, 2012) were the most severe on record. The 2011

drought in the Horn of Africa caused large famine across Dji-

bouti, Ethiopia, Kenya and Somalia (United Nations, 2011).

In Europe almost 80 000 people died due to drought-related

heat waves and forest fires, overall losses were estimated to

be as high as EUR 4940 billion over the period 1998–2009

(EEA, 2010). Seneviratne et al. (2012) report that there is

medium confidence that since the 1950s some regions of the

world have experienced longer and more severe droughts

(e.g. southern Europe and West Africa) and that droughts
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will intensify in the 21st century in some seasons and areas

(e.g. many European regions, parts of North America, Cen-

tral America, southern Africa) as a result of climate change.

Lack of long, continuous time series of observed hydrologi-

cal data (e.g. Hannah et al., 2011; Stahl et al., 2012), multiple

definitions and drought-generating processes (e.g. Van Loon

and Van Lanen, 2012), and the incapability of models to in-

clude all these processes (e.g. Gudmundsson et al., 2012;

Haddeland et al., 2011; Prudhomme et al., 2011) reduce

our ability to instil strong confidence in the assessment of

past and future drought across the world. High-impact large-

scale droughts, like the recent droughts in Russia, United

States and Africa, show the need to improve understand-

ing of drought mechanisms on continental and global scales,

which would lead to better drought adaptation and drought

predictability. Improved understanding will also help to pro-

vide an improved assessment of climate change impact on

drought.

Most global drought studies and near-real time drought

monitoring programmes focus on meteorological drought (in

particular SPI, McKee et al., 1993), since meteorological

data are widely available on a global scale. Other research

has focused on soil moisture droughts on the global scale

(e.g. Dai et al., 2004; Sheffield and Wood, 2007; Sheffield

et al., 2009; Dai, 2011; Orlowsky and Seneviratne, 2013).

Global soil moisture droughts have been often examined

(e.g. Dai et al., 2004; Dai, 2011; Sheffield et al., 2012) with

the Palmer Drought Severity Index (PDSI Palmer, 1965),

which is calculated from a simple soil water balance, with

the threshold method in combination with a more compre-

hensive model (e.g. Sheffield and Wood, 2007; Sheffield

et al., 2009) or through anomalies (e.g. Orlowsky and Senevi-

ratne, 2013). For water resources, it is particularly relevant

how meteorological and soil moisture droughts propagate

into hydrological drought (e.g. Peters et al., 2003; Tallak-

sen et al., 2009; Van Loon and Van Lanen, 2012). At large

scales, global hydrological models (GHMs) are used to pro-

duce runoff time series, which are then used for hydrological

drought assessment. At the continental scale, Andreadis et al.

(2005) investigated runoff drought in the United States and

Prudhomme et al. (2011) studied European runoff drought.

Forzieri et al. (2014) project for the A1B scenario that fu-

ture drought in streamflow will increase in many European

regions, except for North and Northeast Europe. Corzo Perez

et al. (2011b), Van Huijgevoort et al. (2012) and Wanders

et al. (2015) showed the changes in hydrological drought

characteristics at the global scale. These large-scale studies

investigate which characteristics (frequency, scale, duration,

severity) of past hydrological drought are captured with the

GHMs to explore their potential to assess future continen-

tal and global drought. Recently, the WATCH (WATer and

global CHange) project concluded a comprehensive multi-

model analysis (e.g. Haddeland et al., 2011) that tested GHM

performance against historic low runoff (e.g. Gudmundsson

et al., 2012; Stahl et al., 2012) and drought (e.g. Prudhomme

et al., 2011). Corzo Perez et al. (2011b) made a first attempt

to use the outcome from the WATCH model suite to assess

future hydrological drought across the globe – three general

circulation models (GCMs), two scenarios, multiple hydro-

logical models. The WATCH model suite was further as-

sessed by Van Huijgevoort et al. (2014) for some major river

basins. They showed that largest uncertainty in the projec-

tions of future hydrological drought is found in the temper-

ate climate and this uncertainty is mainly caused by the un-

certainty in the GHMs. This large uncertainty in the GHMs

was also found by Prudhomme et al. (2014) for the CMIP5

climate projections in the ISI-MIP project. Prudhomme et al.

(2014) compared a large ensemble of GCM–GHM combi-

nations and showed that the highest projection uncertainty

could be related to the GHM runoff-generating processes –

which is supported by the work of Haddeland et al. (2011)

and Hagemann et al. (2013). It was found by Alderlieste et al.

(2014) that the change in the projected characteristics of fu-

ture drought is larger (climate signal) than the uncertainty

in the GCM–GHM combinations. Moreover, Orlowsky and

Seneviratne (2013) states that the GHM impact on soil mois-

ture projection uncertainty is most dominant for the first half

of the 21st century, while in the second half the GCM un-

certainty increases and has a bigger impact on the projection

uncertainty.

A detailed impact assessment on the importance of climate

and catchment structure on drought occurrence is compli-

cated since GHMs have a complex model structure with a

large number of internal and external feedbacks mechanisms.

Moreover, the impact of GHMs on future drought projections

is significant (e.g. Haddeland et al., 2011; Van Huijgevoort

et al., 2014; Prudhomme et al., 2014), which makes a de-

tailed impact assessment of the importance of climate and

catchment structure even more complicated. To investigate

the relative importance of climate and catchment structure

on hydrological drought, Van Lanen et al. (2013) used a syn-

thetic hydrological modelling approach to study the effects

of these factors on hydrological drought characteristics on a

global scale. The approach involved a conceptual hydrologi-

cal model that was applied to a set of possible realizations of

catchment characteristics (synthetic catchments) in combina-

tion with precipitation and evapotranspiration data from dif-

ferent climates around the globe. With this set-up Van Lanen

et al. (2013) examined the relative importance of the physical

catchment structure and meteorological forcing data (i.e. pre-

cipitation and evapotranspiration). They conclude that the

physical catchment structure (i.e. the responsiveness of the

groundwater system and soil type) has a similar impact on

drought characteristics as climatology. However, the climate

impact on future hydrological drought across the world is

largely unknown and difficult to study (Corzo Perez et al.,

2011b).

The advantage of the synthetic approach used by Van La-

nen et al. (2013) is that it makes it possible to single out the

impacting factors of future hydrological drought. Because a
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single model set-up and parametrization was used for all lo-

cations in the world, this makes it possible to isolate the im-

pact of climate. The advantage of the GCM–GHM combi-

nations is that they provide the full uncertainty range of the

projections, due to the large number of combinations. On the

other hand, it is difficult to obtain process-based knowledge

from these large ensembles. When compared to the multi-

GHM simulations, the synthetic approach is not impacted by

the local parametrization nor by conditions like local water

abstractions or the influence of reservoirs on river flow, in

the case of non-natural conditions. These processes are in-

cluded in most of the GHM simulations and have a signif-

icant impact on future hydrological drought (Wanders and

Wada, 2014). In a synthetic approach the influences are iden-

tical throughout the world, which will provide more knowl-

edge on the hydrological processes that impact drought char-

acteristics. This makes the synthetic approach an appropriate

way to isolate impacting factors and processes on hydrologi-

cal drought.

The objective of this study is to examine the impact of

climate change on hydrological drought at a global scale.

In that sense, it adds to the few existing impact studies

(e.g. Prudhomme et al., 2014). However, we add to these

studies by elaborating the projected hydrological drought in

more depth: (i) distribution of different drought characteris-

tics over major climates (e.g. similarities), and (ii) assess-

ment of deficit volumes (e.g. distribution of the annual to-

tal cumulative deficit volume over the year per major cli-

mate). This has been done for different time windows (1971–

2000; 2021–2050; 2071–2100). Following the synthetic ap-

proach of Van Lanen et al. (2013) a conceptual hydrologi-

cal model was used to model groundwater discharge time se-

ries at randomly selected locations in various climate regions

around the world. Three GCMs provided model forcing data

to the hydrological model and simulated droughts were com-

pared against those derived from quasi-observational data

(WATCH) forced model over the period 1971–2000 to ex-

plore uncertainty due to GCM forcing. Thereafter the ef-

fect of climate change was studied by the inter-comparison

of modelled groundwater discharge time series and associ-

ated drought characteristics against the control period (1971–

2000) for all GCM scenarios and the periods 2020–2050 and

2070–2100. The results allow a discussion on the projected

impact of climate change on hydrological drought character-

istics, including uncertainty, which, in addition to impacts on

meteorological and soil water drought characteristics, pro-

vide key information for planning of future water resources.

2 Forcing data

2.1 WATCH Forcing Data

The WATCH Forcing Data (WFD) consist of time series

of meteorological variables (e.g. rainfall, snowfall, temper-

ature, wind speed) and are a product of the EU-FP6 project

WATCH (WATer and global CHange). The WFD are derived

from bias-corrected ECMWF ERA-40 reanalysis data (Up-

pala et al., 2005), which have a sub-daily, 1◦ resolution. For

the WFD these data have been downscaled to 0.5◦ and tem-

perature and specific humidity were bias corrected for ele-

vation difference between the ERA-40 grid and WFD grid

(Weedon et al., 2010, 2011). Bias corrections were applied

to the daily temperature cycle and average temperature val-

ues using the CRU 2.0 data (Mitchell and Jones, 2005) and to

the number of “wet” days using the CRU data, while monthly

rainfall and snowfall totals were corrected with the GPCCv4

data set (Schneider et al., 2008). The CRU grid was used

for the projection of the WFD resulting in a total of 67,420

land points at 0.5◦× 0.5◦ resolution. The WFD for the period

1971–2000 have been used as a reference forcing data set in

this study. The WFD were successfully used in multiple hy-

drological studies (e.g. Corzo Perez et al., 2011a; Haddeland

et al., 2011; Harding et al., 2011; Prudhomme et al., 2011;

Gudmundsson et al., 2012; Stahl et al., 2012; Van Vliet et al.,

2012; Van Huijgevoort et al., 2013; Van Loon et al., 2014).

In this study the WFD were used to identify the reference

hydrological situation for every selected location, with the

synthetic hydrological modelling approach.

2.2 General circulation models

In this study the output from three coupled atmosphere–

ocean GCMs for the SRES A2 scenario (Nakićenović and

Swart, 2000) has been used. The SRES A2 scenario includes

extensive emission of carbon dioxide and slow adaptation by

the global population, leading to severe changes in future cli-

matology. Through the EU-WATCH project, simulation out-

come from three GCMs was available on a global scale. The

GCMs included are ECHAM5 (Roeckner et al., 2003; Jung-

claus et al., 2006), CNRM3 (Royer et al., 2002; Salas-Mélia,

2002) and IPSL (Hourdin et al., 2006; Madec et al., 1998;

Fichefet and Maqueda, 1997; Goosse and Fichefet, 1999).

Each GCM provides meteorological forcing for the period

1960–2100. We used the period 1971–2000 as control period.

The same procedure as for the WFD was applied in WATCH

to downscale each GCM to the higher resolution 0.5◦ grid of

the WFD. The WFD were used to determine the bias correc-

tion required for rainfall, snowfall, minimum, mean and max-

imum air temperature for the control period. The procedure is

described in more detail by Piani et al. (2010a, b), Chen et al.

(2011), and Haerter et al. (2011). More detailed information

on the GCMs can be found in Table 1. The data from the

GCMs were used as meteorological input data for the syn-

thetic hydrological modelling approach to produce ground-

water discharge time series and associated drought charac-

teristics for: (i) the control period (1971–2000), and (ii) the

periods 2021–2050 and 2071–2100 to intercompare obtained

drought characteristics against those derived from the refer-

ence model (1971–2000).
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Table 1. Three IPCC AR4 GCMs and their properties.

Centre GCM Horizontal res. Vertical res.

MPI ECHAM5/MPIOM T63 ≈ 1.9◦ ≈ 200 km 31 layers

CNRM CNRM-CM3 T42 ≈ 2.8◦ ≈ 300 km 45 layers

IPSL IPSL-CM4 3.75◦× 2.5◦ ≈ 300 km 19 layers

The advantages of this mini-ensemble is that the bias cor-

rection was performed by experts in the field both for the

control period (Piani et al., 2010a, b; Haerter et al., 2011)

using the WFD data set (Weedon et al., 2010, 2011) to cor-

rect the models and for the future (Hagemann et al., 2011;

Chen et al., 2011). This resulted in consistent downscaled

and bias-corrected GCM data for 1963–2100. The period

1963–1970 was used to initialize the hydrological model and

make sure that the groundwater discharge simulations were

no longer influenced by the initial conditions. Although this

mini-ensemble most likely under-samples the climate vari-

ability, the advantage of having a long initialization period

and a validated bias correction is deemed more important.

3 Model framework

3.1 Model description

The conceptual hydrological model is a lumped conceptual

hydrological model, which consists of reservoirs for snow

cover, soil moisture and groundwater (Fig. 1). The model

concept is a simplified representation of the natural system

that simulates daily fluxes and state variables. The concep-

tual hydrological model generates time series of potential

realizations for soil moisture storage and groundwater dis-

charge without use of specific local catchment information

apart from meteorological forcing (synthetic catchments).

The simulations do not claim to provide actual site-specific

soil moisture storage and groundwater discharge, but rather

give a possible realization of these variables given the local

meteorological data (e.g. Van Lanen et al., 2013; Van Loon

et al., 2014). The water balance of the modelled soil moisture

is given by

SS(t)= SS(t − 1)+ (Pra(t)+Qsn(t)−Eact(t)−Qs(t)) ·1t, (1)

where SS is the soil moisture storage (mm), Pra the rainfall

(mm d−1), Qsn the snowmelt (mm d−1), Eact the actual evap-

otranspiration (mm d−1), Qs(t) is groundwater recharge gen-

erated by percolation through the unsaturated zone (mm d−1)

and 1t the time step of the model, which is 1 day for all sim-

ulations. The model is forced with daily temperature, precip-

itation and potential evapotranspiration to enable snow ac-

cumulation, soil moisture, actual evapotranspiration and dis-

charge simulations. Estimates of daily evapotranspiration are

calculated using the Penman–Monteith reference evapotran-

spiration (McMahon et al., 2013). The potential evapotran-

spiration was calculated from daily temperature (minimum,

Figure 1. Model set-up of the conceptual hydrological model used

in this study. The model consists of three partitions, Snow, Soil and

Groundwater. Psn snowfall, Pra rainfall, ETp potential evapotran-

spiration, ETa actual evapotranspiration, Sn snow storage, SS soil

storage, SSmax maximum soil storage, Qsn snowmelt, Qs recharge

to the groundwater from the unsaturated zone, Qb bypass flow, Rch

total recharge to groundwater, SG groundwater storage, j ground-

water response parameter, Qout groundwater discharge and t is the

time index.

mean, maximum), air pressure, humidity and wind speed

(Allen et al., 2006). The daily mean temperature was also

used in the snow module for snow accumulation and melt,

following the widely accepted approach of the HBV model

(Seibert, 2002). Precipitation is simulated as snow when air

temperature is below a pre-defined threshold, snowmelt only

occurs above the threshold temperature and is simulated with

the degree-days approach (Clyde, 1931; Collins, 1934). The

snow water balance of the snow module is given by

Sn(t)= Sn(t − 1)+ (Psn(t)−Qsn(t)) ·1t, (2)

where Sn is the snow storage (mm) and Psn is snowfall

(mm d−1). The groundwater recharge (mm d−1) is given by

Rch(t)=Qs(t)+Qb(t), (3)

where Qs(t) is recharge generated by unsaturated zone

(mm d−1) and Qb(t) is recharge generated by bypass in the

unsaturated zone (mm d−1). The percolation through the un-
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saturated zone is given by

Qs(t)= (SS(t)−SSFC) ·1t if SS(t)≥ SSFC

Qs(t)=

((
SS(t)−SSCR

SSFC−SSCR

)b

kFC

)
·1t (4)

if SSCR ≤ SS(t)≤ SSFC

Qs(t)= 0 if SS(t)≤ SSCR,

where SS(t) (mm) is the soil moisture content at time t (in d),

b is a shape parameter derived from the soil retention curve

(–), kFC is the unsaturated hydraulic conductivity at field ca-

pacity (mm d−1), SSCR (95.2 mm) and SSFC (168.9 mm) are

the critical and field capacity soil moisture content, respec-

tively. The bypass to the groundwater Qb(t) is 50 % of the

rainfall above 2 mm, when the soil is below SSCR to sim-

ulate flow through the macropores of the unsaturated zone.

A soil with an intermediate soil moisture supply capacity

was selected to simulate the response of the unsaturated zone

(Van Lanen et al., 2013). This soil has a total supply capacity

of 125.4 mm (from SSFC to wilting point, SSWP is 43.5 mm)

where about 75 mm (between SSFC and SSCC) is readily

available for evapotranspiration. Below SSCC the evapotran-

spiration is linearly reduced to 0.0 mm d−1 at SSWP. The wa-

ter balance of the groundwater system is given by

SG(t)= SG(t − 1)+ (Rch(t)−Qout(t)) ·1t, (5)

where SG is the groundwater storage (mm) and Qout is

the groundwater discharge (mm d−1). The Qout is calculated

with the De Zeeuw–Hellinga approach (Kraijenhof van de

Leur, 1962; Ritzema, 1994):

Qout(t)=Qout(t − 1) · e
−1
j +Rch(t) ·

(
1− e

−1
j

)
(6)

where j is the groundwater response parameter (in d),

which can be derived from data on the aquifer transmissiv-

ity, storativity and the distance between rivers. The j -value

in this study was fixed to 250 d, which corresponds to an

intermediate-responding groundwater system. The ground-

water discharge is hereafter called discharge (Q=Qout).

The ability of the conceptual model to reproduce observed

streamflow was demonstrated by Tijdeman et al. (2012). The

conceptual model was evaluated against observed drought

characteristics of four contrasting catchments in Europe. It

was shown that the model is capable to correctly simulate hy-

drological drought characteristics. The Nash–Sutcliffe (NS,

Nash and Sutcliffe, 1970) for the selected catchments was be-

tween 0.35 and 0.75, with an improved performance for the

low-flow conditions (NS 0.35–0.85). For a more detailed de-

scription of the conceptual hydrological modelling, sensitiv-

ity analysis or the validation results, the reader is referred to

Tijdeman et al. (2012), Van Lanen et al. (2013) and Van Loon

et al. (2014).

3.2 Drought identification

Hydrological drought characteristics (e.g. drought duration

and deficit volume) were derived from simulated time se-

ries of daily groundwater discharge (Q) using the threshold

level approach (Yevjevich, 1967; Tallaksen et al., 1997; His-

dal et al., 2004). In this study the Q80 (mm d−1) was derived

from the flow duration curve, where the Q80 is the thresh-

old which is equalled or exceeded for 80 % of the time. The

Q80 has been used in multiple studies where drought is stud-

ied (e.g. Fleig et al., 2006; Parry et al., 2010). A monthly

threshold was applied, where the Q80 is derived for every

month of the year in the control period. With a moving av-

erage window of 30 days the threshold was smoothed, re-

sulting in the variable monthly threshold used for this study

(Van Loon and Van Lanen, 2012). The Q80 obtained from

the reference period was also used for the future period to

enable drought identification in the period 2000–2100, rela-

tive to 1971–2000. The drought state is given by

Ds(t)=1 for Q(t) < Q80(t)

0 for Q(t)≥Q80(t), (7)

where Ds(t) is a binary variable indicating whether a location

is in drought at time t . The drought duration for each event

was calculated with

Duri =

Li∑
t=Si

Ds(t), (8)

where Duri is the drought duration (d) of event i, Si the

first time step of an event i and Li the last time step of the

event. The percentage drought per year (PDY) was used in

this study as a measure of drought occurrence that enables

a comparison between the simulated groundwater discharge

time series of different time periods (e.g. 2021–2050 relative

to 1971–2000). The PDY was calculated by

PDY=

∑T
t=1Ds(t) · 365

T
, (9)

where PDY is the fraction of the total simulation period that

a location is in drought (d yr−1) and T is the total number

of time steps. Please note that PDY= 73 d yr−1 for the con-

trol period 1971–2000 by definition. The deficit volume was

defined by

Def(t)=Q80(t)−Q(t) for Ds(t)= 1

0 for Ds(t)= 0, (10)

where Def(t) is the daily deficit volume of drought i (mm).

The total drought deficit volume for each drought event was

calculated with

Defi =

Li∑
t=Si

Def(t), (11)
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Figure 2. The Köppen–Geiger climate classification, based on the

climatology of the WATCH Forcing Data (1958–2001).

where Defi is the total deficit volume of the drought event i

(mm). The deficit volume is the cumulative deviation of the

discharge from the threshold over the duration of a drought

event. Furthermore, the standardized deficit volume (in d)

was obtained with

StDefi =
Defi

Q
, (12)

where StDefi is the deficit volume of event i [d] divided by

Q, the mean yearly discharge (mm d−1). StDefi was intro-

duced to enable a comparison across the globe between lo-

cations with different flow magnitudes. Since the deficit vol-

ume (Defi) is highly correlated to the discharge, the obtained

StDef provides the drought severity relative to the local hy-

drological situation. The StDef can be interpreted as the num-

ber of days that the mean yearly discharge is missing. The

drought duration and standardized deficit volume are here-

after referred to as the duration and deficit volume. If the Q80

equals 0 mm d−1 for more than 20 % of the time, no drought

characteristics were calculated since by definition a drought

will not occur (Eq. 7). These locations were excluded from

the analysis, since frequent zero-discharge situations are part

of the local climate (i.e. aridity) and are not a situation with

below-normal water availability. When a drought is already

present at the beginning of a simulation period or still present

at the end no valid average characteristics could be obtained

and therefore the drought event was excluded from the analy-

sis to avoid including incomplete drought events in the statis-

tics.

3.3 Similarity Index

The similarity index (SI) was introduced as a measure to ex-

amine changes in drought characteristics (Van Lanen et al.,

2013). Bivariate probability distributions (Wand and Jones,

1995) were used to find relations between drought duration

(Eq. 8) and deficit volume (Eq. 12). The bivariate probability

distributions were compared for different time periods and

their joint occurrence was evaluated with the SI. The area

of the 90 % of the bivariate probability distribution field was

calculated and used for further evaluation. Both low and high

extreme values of Duri and Defi were excluded, since the

focus of this study is not on changes in the most extreme

drought conditions. The SI quantifies the degree of overlap

(%) between two 90 % Dur–StDef probability fields as fol-

lows:

SI=
R1|R2

R1
· 100

R1=

m∑
x=1

n∑
Y=1

MR1(m,n) if MR1(m,n)= 1 (13)

R1|R2=

m∑
x=1

n∑
Y=1

MR1(m,n) if MR1(m,n)= 1 and

MR2(m,n)= 1,

where R1 is the 90 % Dur–StDef probability field of realiza-

tion of period 1 (e.g. 1971–2000), R1 |R2 is the coinciding

90 % Dur–StDef probability fields of realizations of period 1

and 2 (e.g. 1971–2000 and 2021–2050, respectively), and m

and n indicate probable realizations of Duri and Defi . MR1

and MR2 are matrices, MR1 contains the conditional prob-

abilities of realization of period 1, and MR2 the field of re-

alization of period 2. MR1(m,n) and MR2(m,n) are binary

quantities where 1 equals a value within, and 0 a value out-

side the 90 % Dur–StDef probability field of realizations 1

and 2, respectively. In this study m · n was set at 150 · 150

and physical limits of Dur and StDef were fixed to 1296 and

256 d, respectively. By definition the SI can range between

0 % (no joint occurrence) and 100 % (complete joint occur-

rence). For a more detailed description of the SI the reader is

referred to Van Lanen et al. (2013).

3.4 Selection of evaluation locations

For a global evaluation of the change in drought duration and

deficit volume as a result of climate change, locations (i.e.

WATCH cells) were randomly selected around the world.

The Köppen–Geiger climate classification (Köppen, 1900;

Geiger, 1954, 1961) was used to ensure that sufficient lo-

cations were selected in all different major climate regions.

The five climate types distinguished in this study are: Equa-

torial (A), Arid (B), Warm temperate (C), Snow (D) and Po-

lar climates (E). The global map with Köppen-Geiger cli-

mate classification was recalculated based on the WFD, to

obtain correct positioning of climate regions (Fig. 2). Van La-

nen et al. (2013) found that 1495 locations were sufficient to

adequately include world’s climates and were also used for

this study (21 locations were excluded due to high number

of no-flow conditions). They show that at least 30 randomly

selected locations are required per major climate region to

obtain reliable general drought characteristics. The selected

locations were distributed over the climate types A, B, C, D

and E as follows: 16, 21, 16, 34 and 13 %, reflecting differ-

ences in area of major climate regions.
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Figure 3. Bivariate probability functions for two hydrological drought characteristics (duration and standardized deficit volume) for all cli-

mate types (All) and individual major climate types, Equatorial (A), Arid (B), Warm temperate (C), Snow (D) and Polar climates (E) obtained

from simulations of the conceptual hydrological model, using meteorological forcing by the WATCH Forcing Data (WFD, reference) and

GCMs: ECHAM, CNRM and IPSL.

3.5 Impact assessment of climate change

To examine the impact of climate change on characteristics

of groundwater discharge droughts, the synthetic hydrologi-

cal modelling approach was used and forced with meteoro-

logical data from three GCMs (GCM forced) over the pe-

riod 1960–2100 and the WFD over the period 1960–2000

(reference model). This period was divided into three eval-

uation periods, namely 1971–2000, 2021–2050, 2071–2100.

An 11-year warm-up period (1960–1970) was applied for the

hydrological model to remove biases resulting from the ini-

tial conditions. The monthly Q80 was derived over the pe-

riod 1971–2000 for each simulation separately to determine

the simulation-dependent variable threshold (Sect. 3.2). The

1971–2000 threshold was applied to the two other future pe-

riods (for the GCM forced simulation), to enable calculation

of the drought characteristics (D and StDef, Eqs. 8 and 12),

and to determine the effect of climate change relative to the

period 1971–2000. The effect of climate changes on drought

duration and deficit volume was studied for all different ma-

jor climate regions. The groundwater discharge drought char-

acteristics of each GCM forced hydrological model simu-

lation over the control period (1971–2000) were compared

against the characteristics derived from the model forced

with the WFD reference model for the same period to ex-

plore uncertainty due to GCM forcing. Ideally, there should

be only minor differences in drought characteristics between

the characteristics derived from groundwater discharge sim-

ulated with the GCM forcing and the simulation with the

WFD, since the control periods of each GCM are bias cor-

rected to match the WFD (Piani et al., 2010a, b; Haerter

et al., 2011; Chen et al., 2011; Hagemann et al., 2011). The

changes in future drought characteristics were evaluated for

the period 2021–2050 and 2071–2100 by comparing against

the control period (1971–2000) of each GCM forced hydro-

logical model simulation. For the evaluation the SI was cal-

culated for all major climate types and used to determine the

changes in drought duration and deficit volume as a result

of a changing climate. For the seasonal analysis of changes

in drought deficit volumes, the season for the location at

the Southern Hemisphere has been transposed to match the

Northern Hemisphere climatology.

4 Results

4.1 Control period

Hydrological droughts derived from groundwater discharge

time series that were simulated with the synthetic hydrologi-

cal modelling approach using re-analysis data (WFD) as me-

teorological forcing (reference model) were the benchmark

in this study. The hydrological drought characteristics were

intercompared for the control period from 1971–2000 with

those obtained from the same hydrological model that was

forced with downscaled and bias-corrected outcome from

three GCM forced models.

The bivariate density distributions obtained for the con-

trol period for all three GCM forced models show large

similarity with the reference model for all climate types

(Fig. 3). However, some deviations occur for the polar (E)
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Table 2. Similarity index (SI) between the reference model with

meteorological forcing from the WATCH Forcing Data and models

with meteorological forcing from three GCMs (ECHAM, CNRM,

IPSL) for the control period (1971–2000). SI is given for all major

climates, Equatorial (A), Arid (B), Warm temperate (C), Snow (D)

and Polar climates (E), and for averaged over all climates.

WFD

A B C D E All

ECHAM 100 75 99 92 67 91

CNRM 100 82 100 87 73 94

IPSL 100 85 98 90 65 93

and arid (B) climate types where the GCM forced models

show less spread in the drought characteristics than the ref-

erence model. In the snow-dominated (D) climate type a di-

vision between short duration and long multi-year drought

events was found. This is caused by the fact that ground-

water storage is not replenished in the winter season. Below-

zero temperatures in the following summer prevent snowmelt

and groundwater recharge and hence drought conditions will

not lift. When summer temperatures are too low to generate

enough snowmelt to replenish the groundwater, this drought

will continue over the next winter. If the drought contin-

ues over winter this will automatically result in a multi-year

drought and hence long drought durations (Van Loon et al.,

2014). Overall, the GCM forced models show a large resem-

blance to the reference model throughout the climate regions,

especially for the less extreme climate types. This is also il-

lustrated through the SI (Eq. 13), when the GCM forced mod-

els are compared against the reference model (Table 2). For

example, the SI for the A climate is 100 % which means that

the bivariate distribution of drought duration and deficit vol-

ume for the three GCM forcing data sets is identical to the

WFD forcing. The SI for the C climate is almost 100 %, and

for the D climate around 90 %. For the B climate the SI is

still 75 % or more, whereas for the E climate the SI is above

60 %.

The average drought duration and deficit volume for the

major climates and for averaged over all climates show that

the GCM forced models are in good agreement with the ref-

erence model with some mismatch in the extreme arid and

polar climate types (Figs. 4 and 5). The results from Table 3

support the SI findings (Fig. 3 and Table 2) – that the GCMs

are capable to produce realistic meteorological forcing for

hydrological drought assessment under most climate condi-

tions, but show difficulties in desert and polar climates. The

drought duration derived from the GCM forced models for

the A, C and D major climate types deviates less than 10 %

from the duration obtained for the reference model (Table 2,

IPSL for the A climate type is an exception). For the B and

E climates the deviation is larger in particular for the latter

(up to more than 50 %). The deficit volume shows a similar

Figure 4. Spatial distribution of average hydrological drought du-

ration for different time periods, obtained from simulations of the

conceptual hydrological model, using meteorological forcing by the

WATCH Forcing Data (WFD) and three GCMs: ECHAM, CNRM

and IPSL.

Figure 5. Spatial distribution of average standardized deficit vol-

ume for different time periods, obtained from simulations of the

conceptual hydrological model, using meteorological forcing by the

WATCH Forcing Data (WFD) and three GCMs: ECHAM, CNRM

and IPSL.

pattern but relative deviations are larger because of smaller

magnitude (Table 2). Uncertainties in the differences are low

(Table 3), increasing the confidence that bias-corrected GCM

output can correctly reproduce hydrological drought charac-

teristics for the control period.

The monthly drought deficit for the control period for all

three GCM forced models shows a large similarity with the

reference model derived from the WFD (Fig. 6). The GCM

forced simulations show identical patterns with respect to the

monthly distribution of the drought deficit. An exception is

found for the polar (E) climate type, where the drought deficit

volume in summer is overestimated by the GCM forced sim-

ulations.

The deviations of the GCM forcing from the reference

situation that are found are most likely caused by the dis-
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Table 3. Average hydrological drought characteristics for the control period (1971–2000), including relative difference for the three GCMs,

relative to the WATCH Forcing Data and the standard deviation of the relative difference, derived from a two-sided t-test. Characteristics are

provided for Equatorial (A), Arid (B), Warm temperate (C), Snow (D) and Polar climates (E).

WFD ECHAM CNRM IPSL

A 54.3 57.3 (106± 3 %) 59.5 (110± 3 %) 70.7 (130± 10 %)

B 79.4 57.4 (72± 3 %) 63.1 (79± 3 %) 66.5 (84± 4 %)

Duration (d) C 50.2 49.3 (98± 3 %) 54.6 (109± 3 %) 51.4 (102± 3 %)

D 57.1 56.5 (99± 4 %) 57.0 (100± 12 %) 55.5 (97± 6 %)

E 105.0 48.8 (46± 4 %) 51.8 (49± 6 %) 47.2 (45± 4 %)

All 66.7 59.8 (90± 2 %) 69.0 (103± 4 %) 66.6 (100± 2 %)

A 5.31 4.58 (86± 5 %) 5.25 (99± 5 %) 6.61 (124± 6 %)

Standardized B 8.44 4.89 (58± 4 %) 5.85 (69± 4 %) 5.47 (65± 4 %)

deficit C 4.73 4.26 (90± 5 %) 5.01 (106± 5 %) 4.13 (87± 5 %)

volume (d) D 5.61 4.82 (86± 4 %) 4.43 (79± 11 %) 4.14 (74± 5 %)

E 10.89 4.08 (37± 4 %) 4.24 (39± 6 %) 3.64 (33± 4 %)

All 6.58 5.05 (77± 2 %) 5.94 (90± 4 %) 5.24 (80± 2 %)
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Figure 6. Monthly distribution of the annual total cumulative deficit volume over the year, obtained from simulations of the conceptual

hydrological model, using meteorological forcing by the WATCH Forcing Data (WFD) and GCMs: ECHAM, CNRM and IPSL. Results are

shown per analysis period and for each major climate type separately.

crepancies between the GCM forcing data and the WFD

forcing. Although the bias correction removes most of these

discrepancies for precipitation and temperature simulations,

still differences remain. An example can be found in the co-

occurrence of precipitation which is very important to lift

drought conditions. When multiple drought events co-occur

they are more likely to increase groundwater recharge and

hence result in increased groundwater discharge. This in turn

will lead to an end of a drought event, while the same pre-

cipitation volumes over a prolonged period of time would

have a different effect. Since the precipitation is corrected

using a fitted gamma-distribution these second-order statis-

tics are not included in the bias correction. This could espe-

cially in dry climate have a significant impact on the drought

characteristics, where a small amount of rainfall could end a

drought event. In the polar climate, the interaction between

precipitation amounts and temperatures is of significant im-

portance with respect to the ending of drought events. If the

forcing of the GCM were to have exactly the same higher-

order statistical properties as the WFD, no differences would
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Table 4. Changes in median of drought characteristics (% relative to control period, 1971–2000, including standard deviation, derived from

a two-sided t-test) for climate types: Equatorial (A), Arid (B), Warm temperate (C), Snow (D) and Polar climates (E).

2021–2050 2071–2100

ECHAM CNRM IPSL ECHAM CNRM IPSL

A 142± 4 138± 4 131± 12 175± 7 169± 5 181± 15

B 142± 4 133± 3 144± 6 175± 6 160± 4 181± 12

Duration (d) C 133± 4 123± 3 115± 5 150± 7 162± 6 162± 7

D 107± 7 93± 15 100± 11 129± 8 121± 29 114± 12

E 100± 4 108± 16 108± 8 123± 6 138± 23 131± 7

All 115± 3 114± 6 121± 5 146± 3 143± 9 157± 6

A 81± 5 75± 4 112± 5 74± 4 44± 4 128± 5

B 95± 4 81± 3 98± 4 89± 4 56± 3 99± 4

PDY (d yr−1) C 78± 4 65± 4 49± 3 41± 4 40± 3 22± 4

D 57± 3 49± 3 47± 2 8± 3 5± 3 8± 2

E 61± 4 53± 4 52± 3 22± 4 19± 4 25± 4

All 70± 2 61± 1 62± 2 33± 2 26± 1 30± 2

A 193± 7 194± 7 182± 25 301± 18 317± 13 327± 40

Standardized B 206± 9 179± 7 218± 16 305± 15 268± 12 310± 64

deficit C 164± 10 145± 7 134± 9 217± 21 220± 20 247± 22

volume (d) D 131± 8 103± 18 117± 11 144± 12 152± 36 126± 25

E 115± 7 128± 20 115± 8 147± 14 170± 35 167± 18

All 155± 4 139± 7 146± 8 206± 7 214± 12 222± 22

occur in drought characteristics. Therefore, it is concluded

that the statistical properties of the precipitation and temper-

ature are not fully matched for the polar climates and to a

lesser extent for the B-climate, which significantly impacts

the drought characteristics in these climates.

4.2 Future period

All GCM forced models show a decrease in the number

of hydrological droughts throughout climate types (Fig. 7,

upper row, note logarithmic scale). This decreasing num-

ber of droughts is associated with an increase in the dura-

tion by 143 to 157 % for all GCM forced models in 2071–

2100 (Figs. 7 and 8, second row, Table 4). The most se-

vere droughts also show a very strong increase relative to

the control period and the spread in duration between loca-

tions strongly increases (Fig. 7). The overall effect of cli-

mate change on the PDY over the two future periods shows

a decreasing trend (Fig. 7, third row). The total time a lo-

cation is in drought decreases by 67 to 74 % in 2071–2100

(Table 4), indicating that the locations are less in drought

throughout the 30-year period (Fig. 8). The deficit volume

shows an overall increase of slightly over 200 % in 2071–

2100 (Table 4, Fig. 5), which indicates that although droughts

are less frequent, the severity in both duration and deficit vol-

ume increases, for the remaining events. Uncertainties in the

estimated relative changes are low, 2–5 % for durations and

1–5 % for the PDY (Table 4), with the exception of the deficit

volume (4–64 %). This indicates that it is more difficult for

the ensemble of GCMs to indicate changes in deficit volumes

with high certainty.

The projected changes in the median of groundwater dis-

charge drought characteristics (duration, deficit volume and

PDY) for each major climate type are included in Table 4.

The duration increases relative to the control period in all

major climate regions, where the period 2071–2100 is more

affected than 2021–2050 (Table 4). The strongest increase

occurs for the equatorial and arid climates, where duration

increases up to 181 % for IPSL (Table 4). For the snow and

polar climate (D, E) the increase in duration is smaller (114–

138 %) and lower than for the warmer A, B and C climates.

The PDY is projected to decrease throughout the 21st cen-

tury (Fig. 8, Table 4). However, changes vary throughout

climate regions. Averaged over all climates by the end of

the century, median PDY will decrease to 26–33 % relative

to the control period leading to an average of ≈ 22 d yr−1.

For the equatorial climate (A) the direction of the change

is not uniform. The IPSL forced model shows an increase

for the equatorial climate (A) in 2071–2100 (128 %), while

both ECHAM and CNRM show that the PDY will decrease

throughout all climate types (74 and 44 %). For the other

climate regions the direction of the change is uniform and

shows a decrease in the PDY. For the snow climate, the

changes are largest, the total PDY reduces to 5–8 % rela-

tive to the control period, leading to an average PDY of

≈ 5 d yr−1 by the end of the 21st century.

Nat. Hazards Earth Syst. Sci., 15, 487–504, 2015 www.nat-hazards-earth-syst-sci.net/15/487/2015/



N. Wanders and H. A. J. Van Lanen: Future discharge drought 497

Period 1970−2000

Soil type

N
um

be
r 

of
 d

ro
ug

ht
s

0
50

10
0

●

●

●●

●●●●●●

●
●

●

●

●

●

●●●● ●

●

●

●

●
●●

●

●●

●

●

●

●●●●
●

●

●

●

●●●

●●

●●●●●
●

●●●●●

●●●

●●●●
●●●●

●

●

●

●

●●●●●●

●

●

Period 2020−2050

Soil type

N
um

be
r 

of
 d

ro
ug

ht
s

●●

●

●

●●
●

●●

●

●

●

●
●●

●●●

●●

●●

●
●

●●

●●
●●●

●

●

●●●●●●

●

●

●

●
●

●

●

●
●●

●

●
●
●

●●●

●●

●

●

Period 2070−2100

Soil type

N
um

be
r 

of
 d

ro
ug

ht
s

●●

●●

●

●●
●●

●●
●
●●●
●●

●

●●
●

●

●

●●●

●●

●

●
●
●●●
●
●●
●
●
● ●

●●●●●
●●

●

●

●

●●●
●

●
●

●

●
●

0
1

2

R
el

at
iv

e 
ch

an
ge

D
ur

at
io

n 
(d

)

1
10

10
0

●●●
●
●
●
●

●

●●●●

●

●
●
●

●●

●

●●
●
●●●
●●
●
●

●●●●

●

●
●●● ●●●●●

●
●●●●●
●●
●●
●●
●●

●●

●●

●

●●●●
●
●●●●●●●●
●

D
ur

at
io

n 
(d

) ●
●●
●

●
●

●

●

●
●

●
●
●●●●●●●

●

●●●
●
●●●

●

●

●

●
●
●
●

●

●●● ●●●●
●●●●

●
●
●

●●
●

●
●●

●

●

D
ur

at
io

n 
(d

) ●●●●●

●
●●
●

●
●
●
●●
●●
●

●

●
●

●●●
●
●
●●
●

●

●
●

●

●

●

●

●
●
● ●

●

●●

●
●

●
●

●
●

●
●●
●●
●
●

●●

0.
1

1
10

10
0

R
el

at
iv

e 
ch

an
ge

P
D

Y
 (

−
)

0
0.

25
0.

75
1

●

●●●●●
●
●●●●●●●●●●●
●●

●

●●●●●●●●●●●●●●●

●

●●●

●

●●●●●●●●●●●●●●●●●●
●

●

●●●●●●●●●●●●●●●●●●●

D
ur

at
io

n 
(d

)

●●●●

●

●

●

●

●

●
●●

●●●

●

●

●●● ●

●
●
●

●

●●●

●

●

●●●●

●

●

●

●

●

●

●

●
●

●

●

●●
●
●

●

●

●

●

●

●●●●

●
●

D
ur

at
io

n 
(d

) ●

●
●
●●

●

●

●

●
●

●

●

●●

●

●●
●●

●
●

●
●

●
●
●

●

●

●●

●

●●

●

●

●●●

●

●

●

●

●

●

●
●

●●
●●
●●
●
●●
●
●
●
●

●

0
1

2
3

4
5

R
el

at
iv

e 
ch

an
ge

Forcing data set

S
t. 

D
ef

ic
it 

V
ol

um
e 

(d
)

WFD ECHAM CNRM IPSL

1e
−

04
1

10
0

●●

●

●

●

●
●
●

●
●

●

●
●

●

●

●

●

●
●

●

●

●
●●

●

●

●
●
●

●●●●

●

●

●

●

●

●

●

●

●●

●

●

●●

●
●

●

●

●

●

●

●●
●

●●

●

●●

●

●

●

●●●
●

●

●

●

●●

●

Forcing data set

S
ta

nd
ar

di
ze

d 
D

ef
ic

it 
V

ol
um

e

WFD ECHAM CNRM IPSL

●

●

●
●●

●

●

●
●
●

●●●●

●

●

●

●

●

●

●

●

●●

●

●

●●

●
●

●

●

●

●

●

●●
●

●●

●

●●

●

●

●

●●●
●

●

●

●

●●

●

Forcing data set

S
ta

nd
ar

di
ze

d 
D

ef
ic

it 
V

ol
um

e 
(d

ay
−1

)
WFD ECHAM CNRM IPSL

●

●

●
●●

●

●

●
●
●

●●●●

●

●

●

●

●

●

●

●

●●

●

●

●●

●
●

●

●

●

●

●

●●
●

●●

●

●●

●

●

●

●●●
●

●

●

●

●●

●

0.
01

1
10

0

R
el

at
iv

e 
ch

an
ge

Figure 7. Distribution of three groundwater discharge drought characteristics obtained from a conceptual hydrological model using mete-

orological forcing from the WATCH Forcing Data (reference model) and three models with meteorological forcing from GCMs (ECHAM,

CNRM and IPSL) for the control period (1971–2000). Row one indicates the number of hydrological droughts per evaluation period, row

two the average drought duration (logarithmic scale), row three the percentage of the year in drought and the last row gives the average

standardized deficit volume (logarithmic scale).

Figure 8. Spatial distribution of average percentage drought per

year for different time periods, obtained from simulations of the

conceptual hydrological model, using meteorological forcing by the

WATCH Forcing Data (WFD) and GCMs: ECHAM, CNRM and

IPSL.

A substantial increase was found for the deficit volume for

all climate regions in both future periods, where the mean

deficit volume clearly increases over the century (Fig. 5, Ta-

ble 4). This increase is strongest for the A, B and C climates,

where the ranges increase by 217–327 % leading to median

deficit volumes between 9.24 and 21.6 d, i.e. 9.24 and 21.6

times the mean daily discharge. This is 2.5–6 % of the an-

nual discharge for these regions.

Seasonal changes in the relative importance of the drought

deficit are small, with the exception of the polar (E) and

snow-dominated (D) climate types (Fig. 6). In these regions a

shift to more spring- and summer-dominated drought are pro-

jected. This is caused by shifts in the snowmelt season due to

temperature rise (as a result of climate change), resulting in

a lower water availability in late spring and summer (devel-

opment towards warm snow season drought, Van Loon and

Van Lanen, 2012). This effect is not found in the other ma-

jor climates, since the groundwater discharge seasonality in

the regions is not dominated by snow accumulation and melt

periods. Although locally the changes in the drought season-

ality might be severe, on a global scale no changes have been

found as a result of changes in climatology (e.g. shifts in pre-

cipitation patterns).
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Table 5. Similarity index (SI) for the near (2021–2050) and far

(2071–2100) future, compared to the control period (1971–2000)

derived from a conceptual hydrological model forced with three

GCMs. SI is given for all major climates: Equatorial (A), Arid (B),

Warm temperate (C), Snow (D) and Polar climates (E), and aver-

aged over all climates.

A B C D E All

ECHAM 2021–2050 77 71 73 84 84 81

ECHAM 2071–2100 63 60 64 70 73 69

CNRM 2021–2050 78 82 85 88 81 87

CNRM 2071–2100 64 71 68 64 68 71

IPSL 2021–2050 73 71 83 87 86 82

IPSL 2071–2100 60 58 63 73 71 68

For all future GCM forced models the 90 % probability

fields were calculated and the changes relative to the con-

trol period are presented using the SI (Table 5). All models

indicate that changes occur with a similar magnitude for all

major climate types. For example, the SIs obtained with the

ECHAM forced model show that 19 % of drought character-

istics (duration and deficit volume) of events in 2021–2050

(averaged over all climates) did not occur in the control pe-

riod. This percentage increases up to 31 % by the end of the

century. The strongest decrease in SI (i.e. largest change) was

found in the equatorial, arid and warm temperate climates (A,

B, C) where SI values can be as low as 60 %. The same pat-

tern was found for the snow climate (D) – however, changes

in SI are smaller.

5 Discussion

The performance and sensitivity of the conceptual model has

been evaluated in earlier studies. It was shown that the model

is capable of reproducing hydrological drought characteris-

tics in Europe and has difficulties reproducing peak flow dis-

charges in these catchments (Tijdeman et al., 2012). Further-

more, it was found that simulated drought characteristics are

most sensitive to changes in the groundwater parametriza-

tion (Van Lanen et al., 2013). The impact of meteorological

forcing on the drought-generating mechanisms in the model

was limited. Although the conceptual model has no real sur-

face runoff component included in the modelling framework,

this has no significant impact on the results. The hydrologi-

cal droughts are mainly caused by extensive periods with low

groundwater recharge, leading to reduced base flow from the

catchment. This groundwater recharge is only partly influ-

enced by the potential evaporation (as shown by Van Lanen

et al., 2013). This is important because not all meteorolog-

ical forcing that was used to calculate potential evaporation

was bias corrected, which could impact the model simula-

tions (Harding et al., 2014). Because the sensitivity of the

model to changes in the potential evaporation and evapora-

tion parametrization is low, the model can be used with con-

fidence to simulate future hydrological drought characteris-

tics.

Most global drought projections address meteorological or

soil moisture drought. Dai (2013) has investigated global soil

moisture drought up to 2010 and states that the PDSI changes

derived from observed weather records are consistent with

model predictions, which would indicate severe and extended

global droughts in the 21st century resulting from either de-

creased precipitation and/or increased evaporation. Sheffield

et al. (2012) argue that the increase in global soil moisture

drought since the 1980s is overestimated because the PDSI

was computed with a too simple evapotranspiration model,

which has consequences of how to interpret the impact global

warming on global drought changes. Orlowsky and Senevi-

ratne (2013) use meteorological drought (SPI) and soil mois-

ture drought (anomaly) to illustrate that there will be both

wetting regions in the 21st century (e.g. East and South Asia,

Sahel, Central North America, Central Europe) and drying

regions (e.g. Australia, South Africa, Central America, Ama-

zon, Mediterranean). Seneviratne et al. (2012) conclude that

there is medium confidence that in some regions across the

world duration and intensity of meteorological or soil mois-

ture drought will increase and elsewhere the confidence level

is low because of definitional differences or model disagree-

ment. Land surface processes and properties, e.g. groundwa-

ter flow and storage, and stream–aquifer interaction (Van La-

nen et al., 2004; Van Loon et al., 2012), make meteorologi-

cal or soil moisture drought projections not straightforwardly

applicable to hydrological droughts.

Hydrological drought projections, which are of paramount

importance for assessments of future water resources, are

still limited. Hydrological drought projections are often as-

sociated with change in annual runoff or river flow (e.g.

Hagemann et al., 2013; Schewe et al., 2014). Off-line ap-

proaches on a global scale use large-scale hydrological mod-

els in combination with forcing from either GCMs or RCMs.

Intermediate approaches are needed to downscale and bias

correct the climate model forcing (Haddeland et al., 2011),

which is a challenging process (e.g. Sperna Weiland et al.,

2010; Hagemann et al., 2011), in particular for the future cli-

mate (Chen et al., 2011). Some attempts have been made to

derive hydrological drought characteristics at the global or

continental scale under future climate. Forzieri et al. (2014)

project an increase in deficit volume of river flow for vast ar-

eas of Europe, except the Scandinavian countries and North

Russia. Hirabayashi et al. (2008) and Feyen and Dankers

(2009) project a substantial increase in the number of drought

days (PDY) or flow deficit volume for the period 2071–2100

in some regions, whereas in contrast, wide areas will benefit

from a decrease in drought days. An increase in number of

drought days in general is not in line with the modelling ex-

periment in this study, whereas an increase in deficit volume

is supported (Table 4). In a preliminary study Corzo Perez

et al. (2011b) analysed future drought for two time domains
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(2021–2050 and 2071–2100), two emission scenarios (A2

and B1), three downscaled and bias-corrected GCMs, and

five large-scale hydrological models. The number and spatial

distribution of drought events did not clearly show a consis-

tent change. As part of the ISI-MIP project, Prudhomme et al.

(2014) used an ensemble of GCM–GHM combinations and

found that drought occurrence will increase globally with the

exception of the snow-dominated regions. Strong increases

in drought occurrence are found for the Mediterranean re-

gion, which is confirmed by this study. Using a multi-GCM

approach with an adapted drought threshold approach us-

ing a gradually changing hydrological regime, Wanders et al.

(2015) found increased water availability in the colder snow-

dominated climate types, which is in line with the findings

of this study. However, more research into this topic is cer-

tainly needed and additional data sets are required to fully

understand the impact of the uncertainties and their impact

on future hydrological drought. Moreover, the impact of hu-

mans on future hydrological drought has only been recently

studied and is believed to have a significant impact on fu-

ture water resources and related hydrological drought (e.g.

Hagemann et al., 2013; Haddeland et al., 2014; Schewe et al.,

2014; Wanders and Wada, 2014).

In the control period 1971–2000, differences occur be-

tween hydrological drought characteristics (Fig. 3) derived

from groundwater discharge time series simulated with me-

teorological forcing from downscaled and bias-corrected out-

come from three general circulation models (GCM forced

models). For example, the duration and deficit volume av-

eraged over all climates varies from 60 to 69 d and 5.05 to

5.94 d, respectively, for the three GCM forced models (Ta-

ble 3). The main reason for this is GCM model uncertainty,

caused by the differences in model structures (Chen et al.,

2011; Haerter et al., 2011). Agreement in the directionality

of the changes in future hydrological drought characteristics

among GCM forced models are more similar than agreement

in the control period between GCM forced models and char-

acteristics that were obtained using re-analysis data as me-

teorological forcing (reference model). Exceptions are the B

and E climates (Tables 2 and 3). For the A, C and D cli-

mates differences in drought duration of GCM forced mod-

els against the reference model vary from 0to 30 %, whereas

for the deficit volume the range is 1 to 26 % (Figs. 4 and 5).

Differences in drought characteristics between GCM forced

models and the reference model are mostly negative, imply-

ing that the drought duration and standard deficit volume are

smaller when GCM forcing was used instead of re-analysis

data. Differences in drought characteristics against the refer-

ence model are not always mono-directional for a particular

climate (e.g. drought duration for the C climate). The above-

mentioned differences are a measure for climate model un-

certainty. Most large-scale studies, which explore hydrolog-

ical impact of climate change, compare simulated and ob-

served annual river flow to assess model fitness as a basis for

projections (e.g. Arnell, 2003; Milly et al., 2005; Hagemann

et al., 2013; Schewe et al., 2014). Other studies also focus

on low water availability and include minimum flow or flow

deficits to investigate future drought (e.g Feyen and Dankers,

2009; Forzieri et al., 2014). Few large-scale studies test hy-

drological model performance by comparing GCM forcing

against observed forcing. Sperna Weiland et al. (2010) are

such an exception. They conclude that bias-corrected GCM

forcing should be used with caution for global hydrologi-

cal impact studies in which persistence is relevant, like for

drought. Another example is Corzo Perez et al. (2011b), who

confirm that for a control period no clear patterns can be

found in differences between hydrological drought charac-

teristics derived from GCM-forced hydrological models and

the same models forced with re-analysis data.

Global annual precipitation totals is projected to increase

throughout the 21st century, although locally annual precip-

itation might decrease (Solomon et al., 2007). Precipitation

increase is most prominent in the equatorial and polar cli-

mates, resulting in an increase in discharge (Solomon et al.,

2007), which was confirmed by the data from GCMs that we

used for this study. Therefore, in the 21st century the historic

Q80 (1971–2000) was exceeded for more than 80 % of the

time in our study, hence the PDY decreased both in the near

and far future (Table 4).

It was noticed that for the equatorial climate the impact of

climate change is not unambiguous. Two GCM forced mod-

els (ECHAM, CNRM) indicate a decrease in total drought

occurrence (PDY) relative to the control period (19–25 % for

2012–2050 and 36–56 % for 2071–2100), while one GCM

forced model (IPSL) indicates a small increase (12 % for

2012–2050 and 28 % for 2071–2100) in total drought occur-

rence (A climate, Table 4). The main reason for the model

disagreement is an increase in precipitation projected by

ECHAM and CNRM and a decrease by IPSL in most of the

selected locations for the A climate leading to higher and

lower discharge, respectively.

The three GCMs project increasing annual temperatures

leading to a decreased length of the snow accumulation pe-

riod in cold climates (D and E climates), which have great

impact on river flow (e.g. Wilson et al., 2010), and conse-

quently on drought occurrence (PDY, D climates, Table 4).

For instance, duration of rain-to-snow-season droughts as

identified by Van Loon and Van Lanen (2012) will decrease

due to later precipitation as rain in autumn or earlier rain in

spring, leading to quicker snowmelt peak. It was found that

the combined effect of increased precipitation and shorter

snow accumulation periods causes a strong decrease in to-

tal drought duration (i.e. PDY). Feyen and Dankers (2009)

report on a decrease in drought severity (i.e. 7-day minimum

flow and deficit volume during the frost period) in the cold

European climates. Classical rainfall droughts, however, will

become more severe due to lower summer flows in some re-

gions, e.g. southern and eastern Norway (Feyen and Dankers,

2009; Wilson et al., 2010; Wong et al., 2011; Stahl et al.,

2011), which is supported by this study, where the remain-
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ing droughts in the far future last 14–29 % longer and are

26–52 % more severe.

A large portion of the globe is covered by snow-dominated

and polar climates (D and E, Fig. 2). While the impact of cli-

mate change on hydrological drought may be most severe

for the snow-dominated regions (D and E climates), the so-

cietal impact is expected to be relatively low. In these re-

gions the population density is low and the projected changes

have a positive impact on the water availability. Projected

changes are far more likely to have a significant impact on

the tropical and desert climates (A and B climate). In these

regions vulnerability to drought is higher while the drought

resilience is lower compared to other regions in the world.

Therefore, the forecasted increase in severity and duration

of drought should be seen as events which could severely

impact the region. These changes could lead to forced im-

migration, putting pressure on adjacent regions usually also

scarce in water already. Uncertainty in projections for these

regions should challenge policy makers and stakeholders to

take appropriate decisions for drought adaptation measures.

6 Conclusions

With a synthetic hydrological modelling approach, the im-

pact of climate change on drought occurrence and sever-

ity was studied. Drought characteristics of drought duration,

standardized deficit volume and percentage of drought oc-

currence per year were calculated for the time period 1960–

2100. Three different GCMs (ECHAM, CNRM, IPSL) were

used as meteorological forcing to simulate possible effects of

climate change on droughts (GCM forced models). The A2

emission scenario was used to explore the most severe out-

come for the three GCM forced models. Obtained drought

characteristics were compared against the drought character-

istics obtained from simulations of the hydrological model

forced with meteorological data from the WATCH Forcing

Data set, which was used as a reference data set in this

study (reference model). Comparison was performed for the

control period 1971–2000 and the deviations of each GCM

forced model from the reference model were calculated. On

a global scale drought duration found for the reference model

and the GCM forced models were of the same order of mag-

nitude, while the standardized deficit volume was underes-

timated compared against the reference model. It was con-

cluded that the GCM forced models produce realistic me-

teorological forcing for future hydrological drought assess-

ment, but have difficulties in capturing the more extreme

arid and polar climates. This issue is most likely caused by

the fact that second-order statistics like the sequence of rain-

fall events, and the co-occurrence and magnitude of specific

events is different compared to the WATCH Forcing Data.

These second-order statistics could have significant impact

on the duration and severity of hydrological drought events

and are difficult to correct in a bias-correction approach.

The effects of climate change were studied for two peri-

ods, namely 2021–2050 and 2071–2100, and compared rel-

ative to the control period. From the analysis it is concluded

that average drought duration and standardized deficit vol-

ume will increase as a result of climate change. However,

the total drought duration and number of droughts will de-

crease since on a global scale the total water availability will

increase due to increased precipitation totals.

On a global scale the average duration of drought events

will increase by a factor of 1.5 in the far future (2071–2100),

where this increase is most severe in the equatorial and arid

climate types. Overall the total drought duration (PDY) de-

creases to 26–33 % relative to the control period, where the

decrease is most striking in the snow climates. Increasing

temperatures cause a decrease in winter droughts and snow

accumulation, combined with increase precipitation leading

to a very strong decrease in total drought duration (5–8 %

relative to the control period). Global average drought stan-

dardized deficit volume increases by slightly more than 2

times for the period 2071–2100, which suggests that drought

severity will increase as a result of changes in the climate.

Projections of global hydrological drought, which are es-

sential for future water resource management, are still very

limited. This study advances the knowledge on future hy-

drological drought. Averaged over all climates, the bias-

corrected GCM forced hydrological models produce similar

changes in discharge drought. Some spread is found among

the models, but the directionality is similar. In general, the

synthetic hydrological modelling approach shows that hy-

drological drought occurrence (i.e. total days in drought per

year) is projected to decrease over the 21st century, particu-

larly in the temperate and cold climate regions. In contrast,

average drought duration and deficit volume of the remain-

ing droughts are expected to substantially increase. The most

critical impacts are projected for the already water-scarce

arid climates (B climates), where drought occurrence will

not decrease that much and average duration and deficit vol-

ume of remaining drought events will increase more than in

other climates. However, in this climate, model uncertainty

is largest.
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