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Abstract. Large-scale hydrological drought studies have tems. Groundwater systems substantially affected the dura-
demonstrated spatial and temporal patterns in observeton, particularly of the more extreme drought events. Bi-
trends, and considerable difference exists among global hyvariate probability distributions of drought duration and stan-
drological models in their ability to reproduce these patterns.dardized deficit for combinations ofdppen—Geiger climate,

In this study a controlled modeling experiment has been sesoil and groundwater system showed that the responsiveness
up to systematically explore the role of climate and physicalof the groundwater system is as important as climate for hy-
catchment structure (soils and groundwater systems) to betdrological drought development. This urges for an improve-
ter understand underlying drought-generating mechanismanent of subsurface modules in global hydrological models to
Daily climate data (1958-2001) of 1495 grid cells acrossbe more useful for water resources assessments. A foreseen
the world were selected that represeritpfen—Geiger ma- higher spatial resolution in large-scale models would enable
jor climate types. These data were fed into a conceptual hya better hydrogeological parameterization and thus inclusion
drological model. Nine realizations of physical catchment of lateral flow.

structure were defined for each grid cell, i.e., three soils with
different soil moisture supply capacity and three groundwa-
ter systems (quickly, intermediately and slowly responding).
Hydrological drought characteristics (number, duration andl Introduction

standardized deficit volume) were identified from time se-

ries of daily discharge. Summary statistics showed that thd°rought, desertification and other forms of water shortage
equatorial and temperate climate types (A- and C-climatesre anticipated to affect as many as one-third of the world’s
had about twice as many drought events as the arid and pcpopulation. Drought is one of the most extreme water-related
lar types (B- and E-climates), and the durations of more exnatural hazards. On average, over 0.5 billion people in re-
treme droughts were about half the length. Selected soils undions in China and India are annually exposed to droughts
der permanent grassland were found to have a minor effeciat seriously affect economic development and environ-
on hydrological drought characteristics, whereas groundwament. Drought has a larger impact on poor economies than on
ter systems had major impact. Groundwater systems strongl{ore developed ones. For example, in western African coun-
controlled the hydrological drought characteristics of all cli- tries, where on average over 30 % of the people are exposed
mate types, but particularly those of the wetter A-, C- and© drought every year, the livelihood of the people is seri-
D-climates because of higher recharge. The median numeusly threatened (e.g., ISDR, 2009; WWDR, 2009). In 2011,
ber of droughts for quickly responding groundwater systems? Severe drought affected the entire East Africa region and

was about three times higher than for slowly responding Syscontributed to a severe food crisis across Djibouti, Ethiopia,
Kenya and Somalia. It threatened the livelihood of more than
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12 million people (UN, 2011). Droughts in developing coun- (GHMS)), usually tested against documented sources or river
tries may cause fatalities, which does not happen in prosflow data (e.g., Bll et al., 2003; Hannah et al., 2010). Other
perous countries. However, in Europe almost 80 000 peopléarge-scale studies have examined drought from observed
died due to associated heat waves and forest fires over thaata only (e.g., Hisdal et al., 2001; Peel et al., 2005; Fleig
period 1998—-2009. Overall losses were estimated to be ast al., 2006; Stahl et al., 2010; Wilson et al., 2010). All these
high as€ 4940 billion over the same period (EEA, 2010). studies deal with a large amount of data (gridded data or data
Likely, drought will worsen in many parts of the world be- from numerous flow gauges). However, often the necessary
cause of climate change (e.g., Bates et al., 2008; Seneviratratata on catchment properties (e.g., hydrological stores) are
etal., 2012). Moreover, vulnerability will increase in numer- not available. Such data would allow an exploration of un-
ous regions as a response to population growth and, thuslerlying drought-controlling mechanisms that could explain
higher demand for water. Water security and associated foodpatial and temporal patterns in observed or simulated data.
supply, in particular under extreme conditions, are at stakeMore thorough knowledge on drought-generating mecha-
(e.g., Falkenmark et al., 2009; WWDR, 2009; Gerten et al.,nisms (i.e., role of climate and physical catchment struc-
2011). Large-scale drought can also have a large impact oture) would support a better assessment of future drought in
ecosystems. The 2010 Amazon drought showed that repeatedsponse to global change. So far, the role of climate and
drought may largely influence tropical forests that can shiftphysical catchment structure as controlling mechanisms on
from buffering a CQ increase into accelerating it, which can generation of low flow or drought has only broadly been de-
have important decadal-scale impacts on the global carboscribed (e.g., Smakhtin, 2001; Peters et al., 2003; Van Lanen
cycle (Lewis et al., 2011). et al., 2004a; Casadd@snz et al., 2009; Mishra and Singh,
Drought differs from other hazards in several ways. It de-2010; Gudmundsson et al., 2011) or in a limited number of
velops slowly and usually over large areas (transnational)catchments at a detailed scale (e.g., Van Lanen and Tallak-
mostly resulting from a prolonged period (from months to sen, 2007, 2008; LeBlanc et al., 2009; Tallaksen et al., 2009;
years) of below-normal precipitation, and drought can oc-Vidal et al., 2010; Van Loon et al., 2010, 2011; Van Loon
cur nearly anywhere on the globe. Lack of precipitation and Van Lanen, 2012). It can be concluded from these stud-
combined with higher evaporation rates propagates througlies that hydrological drought is affected by a complex re-
the hydrological cycle from its origin as a meteorological lation between intra- and interannual climate variability and
drought into soil moisture depletion to the point where cropsstores in the catchment (soils, groundwater, lakes). This com-
or terrestrial ecosystems are impacted, and eventually int@lex relation modifies the meteorological drought as it prop-
a hydrological drought (e.g., Wilhite, 2000; Tallaksen and agates into a hydrological drought (through delaying, atten-
Van Lanen, 2004; Mishra and Singh, 2010). Hydrological uating, lengthening, and pooling of meteorological drought
drought refers to a prolonged period with below-normal wa- events). Despite these studies, the relative importance of cli-
ter availability in rivers and streams, and lakes, or ground-mate versus physical catchment structure on the development
water bodies due to natural causes. The different types obf hydrological drought still remains poorly understood.
droughts have each their own specific spatiotemporal char- This paper analyzes drought-controlling mechanisms at
acteristics (e.g., Peters et al., 2006; Tallaksen et al., 2009the land surface with the aim to identify the relative role
From an impact point of view, it is important to distinguish of climate, and physical catchment structure (i.e., soils,
between the different types of drought and to realize thataquifers) on the development of hydrological drought in
hydrological drought indicators cannot be straightforwardly a wide range of climatological settings. It adds to previous
derived from meteorological drought indicators (e.g., Petersstudies by performing a comprehensive and systematic anal-
et al., 2003; Wanders et al., 2010). Understanding differentysis of hydrological drought, including the behavior of stores
types of drought, including their controlling mechanisms, is under various climatic regimes.
of uttermost importance for the management of water re- The paper starts with presenting the general design of the
sources, where key information on hydrological drought isstudy and the modeling framework (i.e., the soil water bal-
essential for water resources assessments. ance model, groundwater model, the drought identification
Recently, several large-scale studies have been carriedpproach), followed by the description of how the relative
out to investigate drought at global or continental scalesrole of climate and physical catchment structure is analyzed,
for present and future climate (e.g., Andreadis et al., 2005and the data and parameters used in this study (climatic data,
Sheffield and Wood, 2008a, b; Shukla and Wood, 2008;soils, groundwater systems) (Sect. 2). The results are pre-
Sheffield et al., 2009, 2012; Dai, 2011, 2013; Hannafordsented in the form of summary statistics and probabilities
etal., 2010; Prudhomme etal., 2011; Stahl et al., 2011; Corzef hydrological drought duration and severity for major cli-
Perez et al., 2011; Wehner et al., 2011; Van Huijgevoort etmatic regions and a number of combinations of soil types
al., 2012). In these studies droughts were derived from timeand groundwater systems (Sect. 3). It includes an assess-
series simulated with large-scale models (e.g., general circument of the impact of model assumptions (land use, snow
lation models (GCMs), regional circulation models (RCMs), accumulation and melt) on the main findings. The results are
land surface models (LSMs), global hydrological models, discussed in Sect. 4. Finally, the conclusions are given and
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discussed in light of the assessment of drought at the global Psn,  Praq,
and continental scale (Sect. 5). l
Snow Sn,|  «wETp,
. reservolr
2 Methods and materials Qsn T ETa,
t

In this study, the relative role that climate and physical catch- ,
ment structure plays on the development of hydrological Sail S5
drought across the world was investigated through a con-

trolled modeling experiment. Time series of daily climate Qs,
data (Sect. 2.3.1) were used as driving force for a concep-

tual hydrological model that combines a rather simple soll

water balance model and a spatially lumped groundwater

model. The model was run for a high number of randomly Ground-
selected grid cells of 0.5-degree resolution across the world
assuring that different climates are well represented. The role
of physical catchment structure on the development of hy-

f:lrologlcal dr_ought was gxplorgd by systemgtlcally a_nalyz-Fig_ 1. Conceptual diagram of stores and fluxes controlling hy-
ing hydrological model simulations for a series of soil type ygogical drought development. Psn: precipitation as snow, Pra:
and groundwater system realizations for each grid cell. Theyrecipitation as rain, Sn: snow storage, ETp: potential evapotran-
adopted approach does not generate time series of hydromepiration, ETa: actual evapotranspiration, Qsn: snowmelt, SS: soil
teorological variables that are unique for a specific grid cellwater storage, Sfux total available soil moisture, Qs: downward
as large-scale models do and which are assumed to reflect rflux across bottom of the soil (percolation), Qb: bypass flow, Rch:
ality (e.g., Haddeland et al., 2011); rather it generates a numgroundwater recharge, SG: groundwater storgggroundwater re-
ber of possible time series of hydrometeorological variablessPonse parameter, and Qout: groundwater discharge.

(i.e., realizations) for each grid cell. A similarity index was

) h he bivari ity distribu-
introduced that compares the bivariate probability distribu recharge, will cause a drought in river flow to develop (hydro-

tions of hydrological drought duration and severity for dif- . . .
ferent combinations of climate, soil and groundwater system.Ioglcal drought). A hydrological drought will end when the

The adopted approach is an extension of an earlier methoEFCharge again returns to normal (or higher than normal) for

described by Van Lanen and Tallaksen (2007, 2008). a sufficient period of time. This can be triggered by rainfall
or snowmelt.

The modeling framework introduced below combines
a conceptual hydrological model (i.e., a soil water balance

Several stores (e.g., soils, groundwater) and fluxes contrgn©del, including a snow module) and a simple, spatially
hydrological drought development, as presented in the conlUmPed groundwater model. This modeling framework sim-
ceptual diagram in Fig. 1. This diagram is a simplified relore_ulates stores and fluxes according to the diagram in Fig. 1.

sentation of reality. For instance, other stores than soil mois- .
2.1.1 Soil water balance model
ture and groundwater storage, such as bogs and lakes, are

missing. Below-normal rainfall (Pra), often in combination A ansient soil water balance model (shaded part of Fig. 1)
with higher potential evapotranspiration (ETp), causes dey ¢ ses daily precipitation, temperature and reference evap
pletion of soil moaisture storage (SS), which eventually leads, 4tion as forcing data was applied to simulate time series

to negligible recharge (Rch 0) or lower than normal Rch ¢ 4iy snowmelt, snow accumulation, actual evapotranspi-
from the soil to the groundwater system (SG) (e.g., Van La-atign "soil moisture storage and groundwater recharge (Van

nen etal., 2004a). In cold regions, drought can also occur dug anen et al., 1996). The rather simple soil water model does

to either lower than normal temperatures (in particular longer, o+ simulate capillary rise. The soil may consists of up to 10

below zero) or higher temperatures (periods above zero thdjjgterent layers to model the unsaturated zone. Land use data
normally are frost times), which is related to snow accumu-a,q sl data were used to characterize the physical catch-

lation and melt (e.g., Van Loon etal., 2011; Staudinger et a,‘l"ment structure. The model solves the following daily water
2011; Van Loon and Van Lanen, 2012). In a drought sit-p o200 equations:

uation, usually there will be a below-normal recharge that

water

2.1 Modeling framework

feeds the groundwater system. River flow is then controlledss = SS_; + Pra + Qsn — ETg — Rch (1)
by the groundwater storage (SG) (Fig. 1, non-shaded). Low
groundwater storage at the start of the period with below-Sn = Sn_1 4+ Psn — Qsn, (2)

normal recharge, or a long-lasting period with below-normal
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where SS is soil water storage (mm), Pra rain- Stiphoutetal., 1987; Bronswijk, 1988). This is accounted for
fall (mmday 1), Qsn snowmelt (mmday), ETa actual by assuming that Qtakes place if SS< SSr, and the by-
evapotranspiration (mmday), Rch groundwater recharge passing rainfall is set equal to a fixed fraction of the rainfall
(mmday 1), Sn snow storage (mm), Psn snow fall (Sect.2.3.3):
(mmday 1), Qs downward flux from the soil water to the
groundwater storage (mmday), Qb bypass flow (i.e., part Rch =Qs +Qb;. (6)
of rainfall that b)ipasses the soil and enters the groundwateé_l_2 Groundwater model
system (mmday-)), andr time (day).

The model uses the snow accumulation and melt ‘_”‘pproacgimulated recharge (Eq. 6) is input to a lumped ground-
of t_he well-known hydrolog_lcal modeI_H_BV_, as described by \yater model (non-shaded part of Fig. 1) based upon linear
Seibert (2005). Accumulation of precipitation as snow takes,aservoir theory. This model was applied to simulate time

place if the_temperature Iis lower than a thrgshold temperaggries of groundwater discharge into a stream (Van Lanen
ture TT, which normally is close to @. Melting of snow ¢ 5| ' 2004a). The groundwater model uses the De Zeeuw—

(Qsn) starts if the daily temperaturg > TT, and is calcu-  pgjlinga approach (Kraijenhof van de Leur, 1962; Ritzema,
lated using a degree-day model; i.e., the daily temperaturq994):

difference {; — TT) is multiplied by the parameter CFMAX

(mme—l_day‘l) to yield the daily amount of snowmelt. All 56t — oyt - exp% +Rch - (1— exp%), @)

precipitation that falls as snow in the model is multiplied

by a correction factor, SFCF, to account for snow losseswhere Qout is groundwater discharge (mmdbyand j is

(e.g., sublimation). The snowpack retains meltwater until thea response parameter (day). The groundwater discharge is

amount exceeds a certain threshold (CWH, defined as a fradiereafter called discharge. For naturally drained aquifers,

tion of the water equivalent of the snowpack). When the tem-a general interpretation of the response parameter is (Birtles

peratureT; decreases below TT, water in the snowpack re-and Wilkinson, 1975)

freezes, and this process is controlled by the parameter CFR

and the temperature difference (¥17;). LK L? @)
Potential evapotranspiration (ETpnmday ') was com- / kD ’

puted by multiplying the daily reference evaporation (ET0 \yhere kD is transmissivity of the groundwater system

1 . .
mmday ") according to Penman-Monteith (Allen et al.. 2441y |, storage coefficient of the groundwater system
1998) w!th time-dependent crop factors. Qrop_s transpire at_)' and L distance between streams (m). These three pa-
a potential rate as long as SS between soil moisture stor- 5 meters allow the calculation of the response parameter for

age at field capacity (§g) and critical soil moisture stor- 4 given groundwater system (e.g., quickly responding, slowly
age (S@R), implying that ETa= ETp,. For drier conditions, responding).

ETa becomes less than ET@and is calculated by multi-

plying ETp with the factor (S8— SSwp)/(SScr—SSwp),  2.1.3  Drought identification
where S§p is soil moisture storage at wilting point. EFa

0 when the soil is drier than wilting point. Hydrological drought characteristics (e.g., duration, sever-
The downward flux from the soil to the groundwater (Qs ity) were derived from the simulated time series of daily
is simulated as discharge (Qout) using the threshold level approach (Yev-

jevich, 1967; Zelenhasic and Salvai, 1987; Tallaksen et al.,
Qs =S§ —SSc ifSS >S&c (3)  1997; Fleig et al., 2006). The threshold level for discharge

was derived from the flow duration curve (i.e., the 80 per-
SS -SSR\’ ) centile, Q80, was selected for drought identification). In case
Qs = <m> krc fSScrR<SS <SSc () perennial streams, thresholds in the range 70 to 95 per-
centile are considered reasonable (e.g., Hisdal et al., 2004).
Qs =0 ifSS <SR (5) A monthly varying threshold level (Q80(i), where “i" is
the month number) was here chosen similar to many other
wherekgc is unsaturated hydraulic conductivity at field ca- drought studies (e.g., Hisdal et al., 2004; Van Lanen and Tal-
pacity (mmday?) andb (-) is a shape parameter that is de- laksen, 2007). The discrete monthly threshold values were
rived from the soil moisture retention and the unsaturated hythen smoothed and converted to daily thresholds by apply-
draulic conductivity curves. ing a centered moving average of 30 days (Van Loon et al.,
Equation (4), which uses a power function to simulate 2010). The drought duration (DD) is defined as the length (in
recharge for soils drier than field capacity, is similar to the days) of the period when the variable is below the threshold
response function of the HBV model (Seibert, 2005). Rain-and the deficit volume equals the cumulative deviation from
fall bypassing the soil and directly feeding the groundwa-the threshold over the duration of the event. The deficit vol-
ter system (QB may occur in dry clay-rich soils (e.g., Van ume was standardized by the mean discharge (standardized
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deficit volume, SDV). Droughts starting before the period to 90% probability field
be analyzed or continuing after the end of the period were RI R2 R3
excluded. If a particular month has zero flow for more than
20 % of the years, Q80 for this month equals zero and no
drought can be identified for this particular month. If for all
12 months Q86= 0, then no drought can be identified at all.
This happens regularly for grid cells in areas with ephemeral
streams, i.e., areas with a hot arid climate or a very cold
climate with permanent snow or ice. These grid cells were
excluded from the analysis.

R1 SIR1|R2 SIR1|R3

R2 Sl r2|R1 Sl r2|R3

90% probability field

R3 SI R3|R Sl rR3|R2

2.2 Similarity index

L . o Fig. 2. Cross table showing the number of possible Sl cases when
A similarity index (SI) was introduced as a quantitative mea- comparing three realizations R1, R2 and R3.

sure of agreement between drought characteristics obtained
for different realizations. The Sl was used to investigate the
impact of climate, soils and groundwater systems on hy- m n
drological drought. It is defined as the degree of overlapryr2 — ZZMRl(m’”) it MR1(m.n) =1,
(100 % indicates complete overlap and 0% no overlap) be- =ir=1
tween probability fields of two different climate, soil, and and MRZm,n)=1 (11)
groundwater system realizations. Bivariate probability distri-
butions were introduced not to perform extreme value analWhere R1 is the 90 % DD-SDV probability field of climate,
ysis as it is common in hydrological studies, but rather tosoil and groundwater system realization 1, andR®lis the
investigate probability fields of drought duration and stan-coinciding 90 % DD-SDV probability fields of climate, soil
dardized deficit volume (DD-SDV fields) as a mean to quan-and groundwater system realizations 1 and 2. MR1 and MR2
tify agreement between two realizations. Parametric bivariateire matrices: MR1 contains the conditional probabilities of
probability distributions regularly have been applied to studyclimate, soil and groundwater system realization 1, and MR2
drought characteristics (e.g., Ashkar et al., 1998). Howeverthe field of climate, soil and groundwater system realization
these may not reveal significant relationships among drough®. MR1(m,n) and MR2m, n) are binary quantities where 1
characteristics under a wide range of environmental con€quals a value within, and 0 a value outside the 90 % DD-
ditions as they are site-specific. Therefore, similar to Kim SDV probability field of realizations 1 and 2, respectively. In
et al. (2003), non-parametric kernel density estimators (e.g.this studym - n was set at 150150.
Wand, 1994; Wand and Jones, 1995) were adopted to deter- A low Sl implies that the 90 % DD-SDV probability field
mine smoothed bivariate probability fields of drought char- of the first realization substantially differs (in size and/or ori-
acteristics, i.e., the joint probability density field of drought entation) from the 90 % DD-SDV probability field of the sec-
duration and standardized deficit volume. The approach oPnd realization. This means that a significant number of DD-
Wand and Jones (1995) was used to determine the level oDV combinations of realization 1 do not occur in realization
smoothing. The 90 % probability field (90 % DD-SDV prob- 2. Hence the impact of climate and/or physical catchment
ability field) rather than the whole density field was chosenstructure of realization 1 on hydrological drought deviates
to define Sl for various combinations of climate, soil and from that presented by realization 2, which implies that the
groundwater system to ensure that the analysis was not togontrols of the two realizations are different. On the contrary,
much affected by rare events. a high Sl represents a climate, soil, and groundwater system
A straightforward geometrical approach was adopted torealization (realization 1) that has a high number of DD-SDV
determine the degree of overlap of the 90 % DD-SDV proba-combinations that also occur in realization 2.
bilities of two realizations. A rectangular field af- - - n pix- When two (partly) overlapping realizations were com-
els was defined, in which all possible 90 % DD-SDV prob- pared, first the 90 % DD-SDV probability field of realization
ability fields of climate, soil and groundwater system real- R1 was conditioned on realization R2 (Sl [R2, Fig. 2).
izations fit. The similarity index (SI) quantifies the degree of Next, the 90 % DD-SDV probability field of realization R2
overlap (%) between two 90 % DD-SDV probability fields as was conditioned on that of realization R1 (SI|R2). These

follows: cases led to different Sis. A special case is that R1 is a sub-
R1R2 set of R2, and R2 is a superset of R1. Figure 2 provides an
Sl=—2-.100 (9)  example of the number of possible cases when three realiza-
R1 tions were compared. These different cases were considered
m_n when the median, minimum and maximum Sl were deter-
R1= ZZMRl(m,n) if MR1(m,n)=1 (10)  mined from the intercomparison of realizations (Sect. 2.3).
x=1Y=1
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2.3 Data 2.3.2 Selection of grid cells using the Eppen—Geiger
climatic map
2.3.1 Climatic data
The hydrological model was run for a high number of ran-

Climatic date were derived from a global dataset, _i'e"domlyselected land grid cells, representing the fig@pen—
WATCH Forcing Data (WFD, Weedon et al., 2011), which Geiger major climate types (Kottek et al., 2006: Peel et al.,

has been made available through the EU-FP6 projecbgn7). prior to the selection of the grid cells, théppen—

WATCH (WATer and global CHange). This large-scale Gejger map was recomputed using the 44 yr of WFD climate
dataset consists of gridded time series of meteorologicaly ia The map of Kottek et al. (2006) could not be used since

variables (e.g., rainfall, snowfall, temperature, wind speedye \wFpD used other data sources and procedures (Weedon
on a daily basis for the period 1958-2001. The data havey 4 2011). The recomputation led to a change of subcli-

a half-degree resolution and are available for 67 420 land grig, 5tes in about 9 % of the grid cells of the revisediggen—
cells. The WFD originate from modification (bias correc- Geiger map. The area with arid climates slightly increased

tion) of the ECMWF ERA-40 reanalysis data (Uppala et al., 5t the account of snow, and warm and temperate climates
2005), which are daily data on a 1.125 degree spatial resOwanders et al., 2010).

lution. The ERA-40 data were interpolated to a half-degree’ Tha minimum number of grid cells (i.e., sample size) re-

global land grid (excluding Antarctica). Among others, the g ired to determine if two 90 % DD-SDV probability fields
2m temperature and specific humidity were corrected forigect 2 2) significantly deviate was assessed using bootstrap-
elevation differences between the 1.1ZRA-40 grid and  ing for each major climate type, soil and groundwater sys-
the 0.5 WFD grid. Average diurnal temperature range and (o reglization. This method for assigning a level of relia-

average temperature were bias-corrected using Climatic Reﬁility to the sample estimate was adopted because the theo-

search Unit (CRU) data. Furthermore, the monthly number.oic4) pivariate distribution function of drought duration and
of “wet” days was bias-corrected using CRU data (Mitchell

standardized deficit volume for the different realizations is

and Jones, 2005) and precipitation totals using GPCCV4,nynown. The similarity index (SI), i.e., the degree of over-
(Schne|der etal., 2011): lap between the areas of the two 90 % DD-SDV probability
In this study, WFD rainfall and snowfall data were added fields, was also used as a measure for this purpose. Our ap-

up to obtain daily total precipitation (RraPsn, Fig. 1).  nroach implied a step by step increase of the sample size by
The hydrological model is based on the HBV approach,qging grid cells. If the SI of a particular sample size and

(Sect. 2.1). Daily temperaturk, which was retrieved from 0 nrevious size approaches 100 %, then the sample size is
WFD, was used in combination with a predefined threshold, < med to be large enough. Each time one grid cell from

temperature TT to determine whether precipitation falls asihe same climate, soil and groundwater system realization
rainfall or snow. Daily minimum and maximum temperature 1< added. the 90 % DD-SDV probability field was com-

were computed using the WFD 3-hourly temperature datay,teq. Next, the SI between the current and previous sample
WED (i.e., temperature, wind speed, _altltude) were al_so Usetas determined (Eq. 9). These sampling steps were carried
to compute daily reference evaporation (ETo) following the ;¢ 39 {imes (last sample contained all drought events from
Penman-Monteith equation (e.g., Allen et al., 1998). Radia grig cells). This was repeated 40 times for the same cli-

tion from the WFD was not used because of inconsistencieg,ate | soil and groundwater system realization, but retrieving
in the daily meteorological data that are relevant for the com-yifrerent grid cells. Finally, the 5% quantile (5 % lowest SI)

putation of ETo (Melsen et al., 2011). Hence, net radiation,y o gerived for each of the 39 sampling steps from the 40 se-
used to compute ETo was derived from the WFD daily min- jjeq of 5). If the 5% quantile of SI among two subsequent
imum and maximum temperatures. The latitude was used Qa3 mples was higher than 97.5 %, it was assumed that sample
compute extraterrestrial radiation (Allen et al., 1998). size is sufficiently large to conclude that the difference be-

Parameters to model snow accumulation and melty een the samples is not significant (i.e., they come from the
(Sect. 2.1) were set foIIow_lng the recommendatlons_ by Seib me population). In this way the minimum number of grid
ert (2000, 2005) and Masih et al. (2010), who provide stan-ce)is was estimated for each climate, soil and groundwater
dard parameter values and their range. Here, the threSh‘)'%/stem realization (in total 45).

temperature TT was set at@ and the degﬁe-da{ parameter - rhe resampling approach showed that around 30 grid cells
CFMAX was assumed equal to 3.5mM@"day ", which  \yere needed to be sampled to satisfy the criterion that the
reflects open landscape conditions. Snow losses (e.g., sulg-o, quantile of S| among two samples is higher than 97.5 %.

limation) were assumed to be 20%, i.e., SFEB.8, and  Thg gnly exception is the polar climate where slightly more
the meltwater holding capacity (CWH) and the refreezing giq celis were required. To comply with the requirements

coefficient (CFR) were set at 0.1 and 0.05, respectively. set by the bootstrapping and to ensure that all &bpen—
Geiger climate subtypes were represented, eventually, a to-
tal of 1495 grid cells were selected (about 2.2 % of all grid
cells), well distributed over the globe (Appendix Fig. Al).
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Table 1. Distribution of the selected grid cells over thédppen—  and to occur when the soil is dryer than critical soil moisture

Geiger climate types. storage (SE&r).

Three representative groundwater systems were defined
Major climate type Number of cells through the response paramefefEq. 8). Values of; of
A Equatorial climates 235 20 or 30 day are generally applicable to artif_icially drained
B Arid climates 313 fields and values of up to 2000 day to discharge from
C  Warm temperate climates 242 well-developed aquifers into streams (Peters, 2003). Com-
D Snow climates 506 prehensive drainage studies are the basis for Egs. (7) and
E Polar climates 199 (8) and associateg values (Kraijenhof van de Leur, 1962;

Ritzema, 1994). Herej =250 day was selected to rep-
resent an intermediately responding groundwater system.
This, for example, holds for a catchment with a trans-
Table 1 gives the number of selected grid cells per major C"‘missivity of 1000 d-1, a storage coefficient of 0.1 and
mate type. The highest number of grid cells (34 %) was se4 stream distance of about 1.5km. Quickly and slowly re-
lected for the snow climate (D-climate). The other major cli- sponding groundwater systems were defined through a re-
mate types (A, B, C and E) were represented by 16 %, 21 %gponse parameter of 100 and 1000 day, respectively, which
16 % and 13 % of the grid cells, respectively. These numberss;)| represent fairly common groundwater systems.
are well above the minimum number as specified through the |, summary, the proposed modeling framework was ap-
bootstrapping. When comparing 90 % DD-SDV probability plied to nine realizations of physical catchment structure for
fields of two different climate, soil and groundwater system agch of the 1495 grid cells, representing a fair coverage of the
realizations, this number of cells ensures that a Sl lower thanyifrerent climates across the world and, thus, a realistic range
97.5% is not caused by the sample size, but by differencegf grought characteristics. The introduced framework pro-
in either the climate, soil or groundwater system (hereaftenges a unique opportunity to explore the relative role of ma-
called significant difference). jor climates, soils and groundwater systems on hydrological
drought across the globe.
2.3.3 Physical catchment structure

In total, nine realizations for the physical catchment structure3 Results

were distinguished consisting of three mineral soils and three

groundwater systems. Land use was assumed to be identicdl1 Importance of climate

for all realizations, i.e., permanent grassland with a rooting

depth of 50 cm. The soil information was derived from a stan-Drought duration and standardized deficit volume (DD-
dard series of existing soils that predominantly differ in soil SDV) for each drought event were derived from the simu-
texture (Wbsten et al., 2001a, b). Each heterogeneous soilated time series of discharge for each of the selected grid
was assumed to consist of a 30 cm topsoil overlying a 20 cntells (Table 1). First this was done for grid cells with a soil
thick subsoil with different soil moisture retention character- of medium soil moisture supply capacity (Soil Il) and an in-
istics. The moisture retention data were used to select repregermediately responding groundwater systgm=(250 day),
sentative soils with a medium soil moisture supply capacityhereafter called the reference situation. The drought dura-
(light silty loam soil, hereafter Soil II) and soils with low tions and standardized deficit volumes of all grid cells be-
and high supply capacity, i.e., a coarse sandy soil (Soil )longing to a certain Kppen—Geiger major climate type were
and a sandy loamy soil (Solil Il1), respectively (Table 2). To- then collated to calculate summary drought statistics (Fig. 3).
tal available soil moisture (S9x=SSc— SSwp) is 31.9,  Figure 3a shows that the lowest number of droughts is found
125.4 and 154.8 mm for Soils I, Il and Ill, respectively, and in the B- and E-climates. A low number of droughts im-
readily available soil moisture ($&— S&R) is 28.4, 73.7  plies longer duration droughts, following the use of a per-
and 94.5mm. Soil Il deviates aboutl0 % from the aver- centile as threshold level (the same number of drought days;
age total and readily available soil moisture computed forSect. 2.1). The 95 decile (D95) reflects this better than the
the standard series of 15 mineral soils. For Soils | and lllmedian due to the high number of short-duration droughts
the deviation is about-65 and+40 %, respectively. Clearly (minor droughts were not excluded from the analysis). The
the loamy soils (Il and 1ll) are more similar than the coarse D95 duration is 297 and 272 days for the A- and C-climates,
sandy soil (Soil 1) because of the skewed distribution of thewhereas it is substantially higher for the B- and E-climates
soil moisture supply capacity over the soil textures. Mineral (362 and 373 days). The standardized deficit volume for the
soils were only considered because peat soils cover only aajor climate types shows a similar pattern. The D95 stan-
small area on the globe. Rainfat @ mmday 1) bypassing  dard deficit volume of the B- and E-climates (52 to 67 times
the dry soil and directly feeding into the groundwater sys-the mean daily discharge, respectively) is about twice as high
tem (Eqg. 6) was assumed to be equal to 50 % of the rainfallas for the A- and C-climates (29 and 26 times the mean daily
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Table 2. Soil moisture characteristics of the three selected soils.

Soil moisture content (vol. %)

Soil Soil moisture supply
Number  Texture Topsoil Subsaoll capacity (mm)
FC CR WP FC CR WP ST SR SSwp
| coarse 9.4 2.0 11 4.2 11 0.7 36.6 8.2 4.7
sand
Il lightsilty 315 19.0 95 372 191 75 168.9 952 435
loam
1l sandy 353 16.8 5.7 36.2 16.7 3.2 1783 838 235
loam
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Fig. 3. Summary statistics (box: 25, 50 and 75 deciles, whiskers: 5 and 95 deciles) of hydrological drought characteristics of all drought
events for each of the major climate types (A-E); Soil Il and groundwater syster®50 day, period 1958-200(a) number of droughts,

(b) drought duration, an¢c) standardized deficit volume. The circles represent extreme events beyond D95 for the 96, 97, 98, 99 and 100
deciles. Please note that y-axis(aj is on linear scale, an() and(c) are on log scale.

discharge, respectively). The snow climate (D-climate) takegprobability fields of the other climates. This leads to the high-
an intermediate position (33 times the mean daily discharge)est SI; i.e., 96 % or more of the 90% DD-SDV probability
The 90% DD-SDV probability field based on drought field of type C overlaps with the fields of the others. This
events of each Bppen-Geiger major climate type is shown means that combinations of drought duration and standard
in Fig. 4 for the reference situation. The 90 % DD-SDV prob- ized deficit volume that occur in the temperate climate also
ability fields share a vast common area (implying a high Sl),happen in the other major climate types. The equatorial cli-
which would suggest a rather limited influence of climate onmate (type A) also has high Sis (90 %). The polar climate
hydrological drought characteristics. However, there are alsdtype E) has the lowest Sls (54—73 %). The other extreme cli-
clear differences. The areas of the 90 % DD-SDV probability mate, the arid climate (type B), has also relatively lower S,
fields of the temperate and equatorial climates (types A andn particular with climate types A and C, i.e., 70 and 65 %,
C) are significantly smaller than those of the arid and polarrespectively. The high SI of the A- and C-climates when con-
climates (types B and E), which is consistent with the conclu-ditioned on the B- and E-climates and the rather low Sl of
sion of the summary statistics (Fig. 3). The area of the snowthe B- and E-climates when conditioned on the A- and C-
climate (type D) again takes an intermediate position. climates demonstrates the larger spread in drought character-
The similarity index (SI), used to quantify the degree of istics of the B- and E-climates, which is consistent with the
similarity between the 90% DD-SDV probability fields of summary statistics (Fig. 3). This also holds for the interme-
two realizations, is calculated for the different climate types, diate position of the snow climate (type D), which has only
as shown in Table 3. The Sl for all major climates, except75-79 % of combinations of drought duration and standard-
E-climates, is at least 65% and usually over 75% (onlyized deficit volumes that also occur in climate types A and C.
row-wise reading), which demonstrates a rather high simi-
larity among most major climate types. The relatively small
90% DD-SDV probability field of the temperate climate
(Fig. 4, type C) largely coincides with the 90% DD-SDV
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Table 3. Similarity index (SP) (%) for the Kbppen—Geiger major

climate types for catchments with a medium soil water supply ca- h
pacity (Soil Il) and intermediately responding groundwater system® _
(j = 250d). g =7
E 54
Major Major climate typey 2 g
climate A B C D E B r/
type X é
o © Climate
A 100 99 90 93 100 s ] . A
B 7P 100 65 82 95 £ . B
C 96 100 100 96 99 @ . D
D 79 98 75 100 99 - E
E 54 73 50 64 100 ‘ ‘ ‘ ‘ ‘
1 30 120 360 1080

2 5] < 97.5% implies that the difference is caused by

climate and cannot solely be explained by the sample size.
S1=100 % means that the drought durations and the
standardized deficit volumes of two climates completely
overlap; i.e., the two climates have the same effect on these
drought characteristics (Sect. 2.8)Rows give the degree

of overlap of climate typeX with Y, i.e., SI(X Y); for

example, SI(AB) = 99 means that A overlaps 99 % with B,
and SI(BA) = 70 means that B overlaps 70 % with A (thus
the area of B> A; see Fig. 4).

Duration (days)

Fig. 4.90 % bivariate probability fields of hydrological drought du-
ration and standardized deficit volume for the fivéggen—Geiger
major climate types (A—E) for the reference situation (i.e., a medium
soil water supply capacity (Soil Il) and intermediately responding
groundwater systemyj(= 250 d)). We used the double square root

of the drought duration because of the wide spread of the durations
(the kernel smoothing, Sect. 2.2, allows drought durations smaller
than one day).

3.2 Importance of soils and groundwater systems

The impact of climate on drought characteristics was dis-is about two and half times higher than that of the slowly
cussed in the previous section for a reference physical catchresponding system.

ment structure, i.e., with a soil having a medium soil moisture  The relation between the drought duration and standard-
capacity (Soil Il) and an intermediately responding ground-ized deficit volume for all climates lumped is plotted for
water system { = 250 day). In this section the effect of the a number of deciles in Fig. 6. The small influence of the se-
physical catchment structure is analyzed. Summary statistickected soils and the large impact of groundwater systems, in
of drought characteristics of all selected grid cells for each ofparticular on the duration, are here confirmed. The lines for
the nine soil and groundwater system realizations are given irthe three soils more or less coincide, whereas these clearly
Fig. 5, irrespective of climate type (i.e., all climates lumped). deviate for the three groundwater systems. The patterns seen
It shows that the number of droughts, duration and standardfor the five Kbppen—Geiger climate types are more or less
ized deficit volume are hardly affected by the soil moisture similar and almost identical to the lumped one (upper left).
supply capacity for the selected moderately thick soils cov-The patterns for the equatorial, temperate and snow climates
ered with permanent grassland (Table 2). On the contrary(A-, C- and D-climates) are most similar to the lumped one.
the responsiveness of the groundwater system has a majdihe patterns for the more extreme climates (arid and po-
impact on hydrological drought characteristics, in particularlar, B- and E-climates) deviate more, in particular for the
on the number of droughts (all deciles). The median num-groundwater systems with a quicker response-(L00 and

ber of droughts (D50) for a quickly responding groundwa- 250 day).

ter system { = 100 day) is about three times higher than for ~ The influence of soil type on the 90% DD-SDV proba-

a slowly responding systemi & 1000 day) (upper row). The bility fields was also investigated through the similarity in-
range (D75-D25) in the number of droughts is twice as highdex (SI) derived separately for each of the three groundwater
for the quickly responding system. Differences in mediansystems and five major climates (Table 4). The table shows
drought duration are rather small (many minor droughts),the median Sl of the six possible combinations of three soils
but the lower number of droughts for the slowly responding (Fig. 2) for a particular climate type and groundwater sys-
system results in a D75 duration that is about twice as longem realization. The minimum and maximum S| were also
as for a quickly responding system (middle row). Similar to determined from the six possible combinations. For exam-
drought duration, differences in standardized deficit volumeple, the median Sl for the equatorial climates (A-climate)
between groundwater systems are not clearly seen in the mend quickly responding groundwater system=(100 day)
dian plotted on a log scale (lower row). However, larger dif- is 96 %, implying that the median of the six Sls for the three
ferences can be seen for the higher deciles. The D75 starsoils with the A-climate ang = 100 day is 96 %. The dif-
dardized deficit volume of the quickly responding systemsference between the minimum and maximum Sl is rather
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Fig. 5. Summary statistics (box: 25, 50 and 75 deciles, whiskers: 5 and 95 deciles) of hydrological drought characteristics (number of
droughts, drought duration, standardized deficit volume) of all drought events (1495 grid cells) for three soils and three different groundwater
systems. The circles represent extreme events beyond D95 for the 96, 97, 98, 99 and 100 deciles. Please note that y-axis is on log scale.
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systems lumped for all climates and for each of the fiégpen—Geiger major climate types (A—E). The circles represent extreme events
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small (96-98 %). For the intermediately and slowly respond-and faster snowmelt (CFMAX=4.5mte€ 1day1). The

ing groundwater systemg & 250 and 1000 day), the me- analysis showed that the Sis of the major climate types
dian Sl is at least 93 % and in most cases 96 % or higherchanged only slightly compared to the reference situation in
which shows that the 90 % DD-SDV probability fields of Table 3. For the scenario with less snow, the Slis did not devi-
the various soils almost completely overlap, so that the in-ate more than 1 %, whereas for the scenario with more snow
fluence of the selected soils on hydrological drought characthe differences were somewhat larger (less than 1.5 % for the
teristics is rather limited. The impact is somewhat higher for A-, B- and C-climates, and 2.4 and 4.1 % for the D- and E-
the quickly responding groundwater systejn={ 100 day), climates).

in particular for the polar climates (E-climate), i.e., median

S1=91%. Most of the Slis in Table 4 are high, meaning that , .

the 90 % DD-SDV probability fields do not deviate much, al- 4 Discussion

though these small deviations are still significaatq7.5 %,
Sect. 2.3).

Similarly as for the soils, the influence of the responsive- o B. and E-climates have lower number of droughts

ness of the groundwater system on the Sl is determined (Tagynger drought durations and larger standard deficit volumes
ble 5) for eac_h of the three sml_s and f_|ve major climates S€Pthan the other major climates (Fig. 3), because of very irregu-
arately. In this case, the median Sl is found out of the SiX 5 rain (B type) or erratic snowmelt peaks that interrupt long
possible combinations of three groundwater systems (Fig. 2}, accumulation periods (E type). This large interannual
for a particular 'climate type and soil rgalization. The min- ¢jimate variability of the B- and E-climates (e.g., Stahl and
imum and maximum Sl are also provided. All Sis are be-isqa| 2004) gives rise to hydrographs with sustained pe-
low 80 % (except maximum Sl for the B- and E-climates), 1ioqs of low discharge on which irregular sharp flow peaks
meaning that the 80 % DD-SDV probability fields of the var- 56 syperimposed. On the contrary, the regular rain in the
ious groupdwater systems devi_ate significantly. The lowesty . 5nq c-climates prevents the development of long-lasting
S| (33 o_/o) is found When comparing the 90 % PD'SDV prob- droughts with large standardized deficit volumes implying
ability fields of the quickly and slowly responding groundwa- 5iher small 90 % DD-SDV probability fields compared to
ter systems{ = 100 and 1000 day) for Soil Il and climate C, ,5se of the B- and E-climates (Fig. 4). These differences
whereas the maximum Sl (88 %) is found for the fields of the, the 90 9% DD-SDV probability fields among the climates
quickly and intermediately responding groundwater systems, ¢ reflected in the S (Table 3), i.e., high Sls for the A- and

(j =100 and 250 day) for Soil Ill and E-climate. C-climates and rather low for the B- and E-climates. The
o ] 90 % DD-SDV probability fields of the snow climates (D-
3.3 Sensitivity analysis climates) are larger than that of types A and C, resulting in
. e . . lower SI (Table 3). In the A- and C-climates drought devel-
Additional sensitivity analyses for the reference situation opment is strongly restricted by the seasons, whereas in the
(Soil ll, j = 250 day) demonstrated that the selected paramep,_¢jimate summer drought can continue into winter result-
terizations (i.e., land use and snow) of the conceptual hydromg in very long droughts (Van Loon and Van Lanen, 2012),
logical model (Sect. 2.3) only had limited influence on the  hich can be prolonged by delayed snowmelt. Drought in
obtained SI (Sect. 3.1). In the land use sensitivity analysisiha p-climate always ends by a snowmelt peak feeding soil

the permanent grassland was replaced by more taller PerManisture, groundwater storage (SSG) and eventually dis-

nent vegetation type having a 10 % higher potential evapoharge (Qoyt Fig. 1). These consistent peaks do not exist in

transpiration (e.g., shrubs, trees). This also meant a largef,e g. and E-climates, which are more irregular and, hence,
rooting depth, which was increased from 0.50m (Sect. 2.3)qo4 to longer drought than in the D-climate.

to 1.50 m. Although land use had impact on simulated dis-

charge and the 90 % DD-SDV probability field, the Sis of the 42 Catchment control on hydrological drought

major climate types only showed a minor change compared

to the reference situation (around 2 % for the A-, C- and D-Hydrological drought is affected not only by climate, but
climates, and around 6 % for the more extreme B- and E-also by catchment control, i.e., physical catchment structure
climates, compared to Table 3). In the snow sensitivity anal-(soil and groundwater system) as demonstrated in Sect. 3.2.
ysis, two additional snow parameter sets selected within théhe selected moderately thick soils under permanent grass-
normal parameter range (Seibert, 2000, 2005; Seibert et alland, which cover a range of soil moisture supply capacities,
2000; Wicen-Nilsson et al., 2007; Van der Knijff and De have limited effect on the hydrological drought characteris-
Roo, 2008; Masih et al., 2010) were defined to investigate theics, which is reflected in the high S| (Table 4) and confirmed
influence on SI. The first set resulted into earlier snow accuby summary statistics (Fig. 5). This rather low sensitivity is
mulation and later melt (T£ 1.0°C) and a slower snowmelt caused by the limited impact of the selected soils on the tem-
(CFMAX = 2.0mm°C~1day1). The second parameter set poral variability (intra- and interannual) of the hydrographs.
led to later accumulation and earlier melt (F1—1.0°C) Soils with strong preferential flow (e.g., hydrophobic soils

4.1 Climate control on hydrological drought
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Table 4.Impact of soils on the similarity index (Sl) (%) for the fivédpen—Geiger major climate types and three groundwater systems.

Major climate types

A B C D E All
Jj Soil I. [land I Soil I, ITand 11l Soil I, Iland 111 Soil I, [Tand I Soil I, Iland 11l Soil I, Iland 1l
(day) median min-max median  min-max median  min-max median  min-max median  min-max median
100 96 96-98 96 96-99 96 94-99 92 88-98 91 77-97 96
250 97 95-99 99 95-99 96 93-99 96 92-99 93 89-100 96
1000 97 95-98 98 92-100 97 95-98 97 89-99 95 93-100 97

or heavy clay soils) that were not included in this study mayphysical catchment structure on reported trends in hydrolog-
generate a more irregular discharge (e.g., Bouma et al., 2014gal drought (e.g., Stahl et al., 2010, 2012; Hannaford et al.,
and, hence, might exhibit a more prominent role of soils on2013). The model outcome can also be used to support stud-
hydrological drought characteristics. ies on drought propagation (i.e., the conversion of a meteoro-
Responsiveness of groundwater systems has a large effeltdgical drought into a hydrological drought; e.g., Changnon,
on drought characteristics (Fig. 5). Flashy hydrographs, assot987; Peters et al., 2003; Tallaksen et al., 2009; Van Loon
ciated with quickly responding groundwater systems, causand Van Lanen, 2012), which also depends on climate and
a high number of drought events of short durations. Hydro-physical catchment structure.
graphs representative of slowly responding groundwater sys-
tems are rather smooth and do not show direct response 1.3 Modeling framework
rainfall or snowmelt; i.e., the response is delayed and at-
tenuated. Droughts in such hydrographs are rarer, but lasthe modeling framework adopted in this study is based on
longer. In our modeling experiment the median number ofa well-known concept for hydrological studies (combined
droughts for the quickly responding groundwater system issoil water balance model and groundwater model) simi-
three times higher than that of the slowly responding sysdar to the widely applied hydrological model HBV (e.g.,
tem. These results are supported by earlier-documented sit&ergstom, 1976; Seibert, 2000, 2005; Seibert et al., 2000).
specific drought studies (e.g., Tallaksen et al., 1997; PeterSijdeman et al. (2012) explored the performance of the rather
et al., 2003; Van Lanen et al., 20044, b; Fleig et al., 2006;simple conceptual model adopted in this study against ob-
Van Lanen and Tallaksen, 2007, 2008; Van Loon and Vanservations in four catchments with contrasting climate and
Lanen, 2012) and by studies on the modification of climate—physical catchment structure and compared the outcome to
river flow associations by basin characteristics (e.g., Tague more detailed hydrological model simulation. This exer-
et al., 2008; Laize and Hannah, 2010). The larger influ-cise showed that a simple model can reasonably well sim-
ence of groundwater systems on hydrological drought charulate the streamflow hydrograph, except for the peak flows.
acteristics compared to soils is also reflected in the subHowever, here focus is on low flow situations, which in prin-
stantially lower Sls of groundwater systems (Table 5). Theciple can be well simulated by a single reservoir model. Use
somewhat smaller influence of the groundwater system irof one single reservoir to represent groundwater (Fig. 1) was
the extreme climates (B- and E-climates) is likely a resultbalanced through the inclusion of realizations with quickly
of the generally low recharge in these climates leading toresponding groundwater system £ 100 day) that repre-
low SG variation among the studied groundwater systems.sent flashy flow conditions. Thus, it can be assumed that the
Longer droughts, typical for slowly responding groundwa- adopted model sufficiently represents key hydrological pro-
ter systems, do not always coincide with larger standardizeatesses for simulating discharge. It is uncommon to calibrate
deficit volumes (Fig. 5). A smooth discharge hydrograph re-hydrological models that are used to present results for all cli-
sults in smaller departures from the threshold (i.e., smallemates around the globe (e.g., Haddeland et al., 2011) because
deficits) compared to the more flashy hydrographs of theamong others gridded databases with observed runoff are
quickly responding groundwater systems. The net effect oflacking. In this study, as an alternative, realizations of land
longer durations but smaller departures from the threshold ofise, soils and groundwater systems were introduced, based
the slowly responding groundwater systems leads to slightlyupon real world parameter settings. In general, hydrological
lower standardized deficit volumes than those that can benodels have demonstrated limitations and uncertainties if re-
found for the quickly responding systems. Whether the morequired to extrapolate data in space and time (i.e., discharge
long-lasting drought with less deficit or the short-lived with in this study) (e.g., Beven, 2007). The HBV model and sim-
higher deficit has the more severe impacts depends on thiéar model concepts have also been used for low flow and
affected sector (e.g., aquatic ecology or water supply). Thedrought studies (e.g., Engeland and Hisdal, 2009; Van Loon
simulated time series with the conceptual hydrological modelet al., 2010; Van Huijgevoort et al., 2010; Wong et al., 2011;
provide potential to unravel effects of climate control versusVan Loon and Van Lanen, 2012). These and other modeling
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Table 5.Impact of groundwater systems on the similarity index (SI) (%) for fiéppen—Geiger major climate types and three soils.

Major climate types

A B C D E All
j =100, 250 and Jj =100, 250 and j =100, 250 and Jj =100, 250 and Jj =100, 250 and j =100, 250 and
1000 day 1000 day 1000 day 1000 day 1000 day 1000 day
Soil  median min—max median  min—max median  min—max median  min—max median  min—max median
| 48 37-72 61 44-82 49 36-74 54 39-79 72 59-86 60
1] a7 35-70 58 42-81 a7 33-69 50 34-75 68 58-87 58
1} 47 36-70 57 43-80 48 34-70 51 41-79 70 58-88 57

studies demonstrate common problems in reliably simulatin predicted trends in monthly river flow over the second
ing low streamflow and steep recessions (e.g., Pushpalathaart of the last century (Stahl et al., 2012). The importance
etal., 2011; Staudinger et al., 2011), but indicate that reliabil-of groundwater for large-scale studies is also of significance
ity of model results is satisfactory for drought analysis basedthrough its influence on soil moisture and evapotranspiration,
on the threshold level approach. Furthermore, the WATCHas reported by several authors (e.g., Bierkens and Van den
Forcing Data (Sect. 3.2), which were used as input, agred¢durk, 2007; Anyah et al., 2008; Goderniaux et al., 2009; Fan
rather well with independent data, e.g., FLUXNET (Weedon and Miguez-Macho, 2010). However, progress has been re-
etal., 2011), although drought characteristics for the arid andstricted because the current generation of large-scale models
polar climates (B- and E-climates) realizations would proba-has grid cells with a resolution of 25-50 km. The potential
bly have been more robust if longer time series could haveo improve the representation of the groundwater system in
been used. The nine soil and groundwater system realizdarge-scale models will largely increase when future models
tions cover a wide range of physical catchment structuresare able to reach spatial resolutions down to 1 km, as sug-
across the world. The Sis for realizations with the quickly re- gested by Wood et al. (2010). At this scale, variation in more
sponding groundwater system, which generates more flashipcal hydrogeological conditions and lateral flow can be in-
hydrographs, illustrate that even under these conditions theluded, although model parameterization will remain a chal-
responsiveness of the groundwater system is important reldenge (e.g., Sutanudjaja et al., 2011).

tive to climate. Sensitivity analyses showed that the impact of
land use (implicitly also soil) and parameterization of snow
accumulation and melt (Sect. 3.3) on the Sl of climate, soil5
and groundwater system realizations is limited, implying that
the outcome of our study is rather robust.

Conclusions

The impact of climate and physical catchment structure on
hydrological drought characteristics has been investigated
4.4 Importance of groundwater through a controlled modeling experiment that identified
drought in simulated daily discharge in a representative num-
The groundwater system was demonstrated to be as impober of grid cells across the world over the second part of the
tant as climate control for the development of hydrological 20th century. This has been done for nine soil and groundwa-
drought, and selected soils under grassland seem to be of lessr system realizations. The drought analysis approach that
importance. A proper assessment of hydrological drought rewas adopted identified drought in discharge as an anomaly
quires adequate simulation of groundwater responsivenes$rom a site-specific, monthly variable threshold, which im-
Most hydrological models that operate at the river basin scalglies that drought occurs everywhere under all environmen-
have the potential to sufficiently model the groundwater sys-tal conditions. Summary statistics and a similarity index (Sl)
tem for drought studies (e.g., Van Lanen et al., 2004b; Tal-were used to investigate the relative importance of climate,
laksen et al., 2009; Van Loon et al., 2011). However, recentsoil and groundwater systems. The Sl is a comprehensive
low flow and hydrological drought studies at the continental measure that compares the overlap of the 90% bivariate
scale that analyze the outcome of large-scale models (e.gprobability density fields of drought duration and standard-
Stahl et al., 2011; Prudhomme et al., 2011; Gudmundssoiized deficit volume (90 % DD-SDV probability field) of two
et al., 2012) reveal that these models tend to over- or un€limate, soil and groundwater system realizations. It provides
derestimate river flow variability and perform less well for the level of agreement of two realizations with respect to
the lower flows. This suggests that storage processes (e.gdrought characteristics (high Sl implies highly comparable
Van Loon et al., 2012), in particular the groundwater system,impact of two realizations on hydrological drought charac-
might not be well described yet. This lack of groundwater teristics, and low Sl the opposite).
representation in large-scale models could also be the reason Sls for the Koppen—Geiger climate types are about 50 %
that a set of eight large-scale models produces a large spread more (and in most cases more than 75 %), meaning that
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a large number of drought events have similar combinationsAppendix A

of duration and standardized deficit volume, irrespective of

climate type. 90 % DD-SDV probability fields of the equato-

rial climate (type A) and the temperate climate (type C) have,_ .

most in common, mutually, and with the other three major ..

climates, which give rise to rather high Sls. Some droughts

of the snow climate (type D) last longer and build up a larger -

deficit than those of the A- and C-climates. Part of the hydro- = -

logical characteristics of drought events in the arid and polar. " -::.

climates (types B and E) clearly deviate from the three other

climates due to larger interannual climate variability. '
The selected moderately thick soils under grassland in thi

study were found to have little effect on drought characteris-

tics, in contrast to groundwater systems. Sls of realizations W A" [I1EW< [ e [l Ca [ Cva [l Dia [l Dsa @O 0 £

where only soils have been varied confirm these findings. ~ B Am []&wn Il co [ cso [l cwo Ml oo [0 0so W owe [ E7

Median Sls for the soils are higher than 90 %, irrespective W A Clesk B cic Tcse [ owe M o [Jose M owe

of climate, and usually above 95 %, meaning that the 90% [ aw e W crd [ o= Mowd

DD-SDV probability fields barely differ. The responsiveness

of groundwater systems to groundwater recharge has strongjg. Al. Global map of Kdppen-Geiger climate types derived

control on the development of hydrological drought. Slowly from the WATCH Forcing Data set over the period 1958-2001 by

responding groundwater Systems have C|ear|y fewer droughwandel's et al. (2010) Black dots indicate a total of 1495 locations

events than quickly responding systems, but they last longefSed in this study.

The major impact of groundwater systems on the develop-

ment of hydrological drought is also illustrated by the median

Sls that are lower than 60 % for almost all climate conditions.
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