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Abstract

Climate change very likely impacts future hydrological drought characteristics across
the world. Here, we quantify the impact of climate change on future low flows and
associated hydrological drought characteristics on a global scale using an alternative
drought identification approach that considers adaptation to future changes in hydro-5

logical regime. The global hydrological model PCR-GLOBWB was used to simulate
daily discharge at 0.5◦ globally for 1971–2099. The model was forced with CMIP5 cli-
mate projections taken from five GCMs and four emission scenarios (RCPs), from the
Inter-Sectoral Impact Model Intercomparison Project.

Drought events occur when discharge is below a threshold. The conventional vari-10

able threshold (VTM) was calculated by deriving the threshold from the period 1971–
2000. The transient variable threshold (VTMt) is a non-stationary approach, where the
threshold is based on the discharge values of the previous 30 years implying the thresh-
old to vary every year during the 21st century. The VTMt adjusts to gradual changes in
the hydrological regime as response to climate change.15

Results show a significant negative trend in the low flow regime over the 21st century
for large parts of South America, southern Africa, Australia and the Mediterranean. In
40–52 % of the world reduced low flows are projected, while increased low flows are
found in the snow dominated climates.

In 27 % of the global area both the drought duration and the deficit volume are ex-20

pected to increase when applying the VTMt. However, this area will significantly in-
crease to 62 % when the VTM is applied. The mean global area in drought, with the
VTMt, remains rather constant (11.7 to 13.4 %), compared to the substantial increase
when the VTM is applied (11.7 to 20 %).

The study illustrates that an alternative drought identification that considers adapta-25

tion to an altered hydrological regime, has a substantial influence on future hydrological
drought characteristics.
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1 Introduction

Drought has large socio-economic and environmental impacts, e.g. on food (rainfed
agriculture, irrigation), energy (hydropower, release of cooling water), water-born trans-
port, ecosystem services, wild fires, greenhouse gas emissions (e.g. Wilhite, 2000;
Tallaksen and Van Lanen, 2004; Sheffield and Wood, 2011). The 2011 drought in the5

Horn of Africa caused large famine across the Horn of Africa leaving hundreds of thou-
sands of people in need of assistance and many were regrettable fatalities (United
Nations, 2011; Sida et al., 2012). Drought-related heat waves and forest fires caused
almost 80 000 death in Europe. Overall losses were estimated to be about 5000 billion
Euro over the period 1998–2009 (EEA, 2010). IPCC describes in the Special Report10

on EXtremes (IPCC-SREX) that droughts will intensify in the 21st century in some sea-
sons and areas (e.g. many European regions, parts of North America, Central America,
southern Africa) as result of climate change (Seneviratne et al., 2012). Society needs to
be better prepared to ensure future water, food and energy security (e.g. Romm, 2011;
Van Vliet et al., 2012; Bourzac, 2013). The severe impacts of large-scale droughts15

show the need to improve understanding of droughts on continental and global scales,
particularly to increase credibility of future drought projections.

Drought is induced by below-normal precipitation or temperature anomalies, which
propagate into soil moisture. For management of groundwater and surface water, how-
ever, more relevant is the further propagation into hydrological drought (e.g. Van Loon20

and Van Lanen, 2012). Despite the need for hydrological drought information, most
large-scale future drought studies focus either on precipitation or soil moisture (e.g.
Burke et al., 2006; Sheffield and Wood, 2008; Sheffield et al., 2012; Dai, 2013;
Orlowsky and Seneviratne, 2013; Trenberth et al., 2014). Few studies deal with assess-
ments of large-scale future hydrological drought (e.g. Forzieri et al., 2014a; Wanders25

and Van Lanen, 2013; Prudhomme et al., 2013). The limitation of these studies are,
however, that most of them only use one emission scenario that is based on the pre-
vious generation (i.e. CMIP3) of global circulation models (GCMs) and the previous
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scenario projections (i.e. IPCC SRES). Furthermore, Forzieri et al. (2014a) only as-
sesses future drought for one continent (i.e. Europe), rather than spanning the whole
globe. An exception is the recent study by Prudhomme et al. (2013), which describes
projections of hydrological drought across the world obtained from a comprehensive
multi-model ensemble (five GCMs and seven global hydrological models or GHMs) us-5

ing most recent climate models (CMIP5) and four emission scenarios (i.e. RCPs). All
studies on large-scale future hydrological drought, so far, used the so-called threshold
method (e.g. Hisdal et al., 2004; Fleig et al., 2006) and drought characteristics in the
21st century are identified by using the threshold of the control or historical period (e.g.
1971–2000). However, one may argue if such stationary approach is suitable for all10

impact assessments. An updated (transient) threshold for a moving reference period
that reflects changes in the hydrological regime over time might be more appropriate to
assess such impacts. Vidal et al. (2012) explored the use of a changing drought index
for future drought in France. A transient threshold assumes adaptation to long-term
changes in the hydrological regime. It is also more in line with the drought definition15

(Tallaksen and Van Lanen, 2004) being a deviation from normal conditions (i.e. nor-
mal implies decadally updated 30 year averages according to the World Meterological
Organization guidelines), although the consequences of such statistically-constructed
metric for real-world applications need careful investigation (e.g. World Meteorological
Organization, 2007; Arguez and Vose, 2010) and should consider if drought-impacted20

sectors can cope with the changes in the hydrological regime.
The objective of this study is to assess the impact of climate change on future hy-

drological drought across the globe under a changing hydrological regime, here rep-
resented using a transient threshold over the spatially-distributed river discharge. The
paper is innovative by using: (i) a gradually-changing, spatially-distributed threshold to25

adapt to changing hydrological regime, (ii) the latest version of climate models from
CMIP5 climate projections, and (iii) the number of emission scenarios: four RCPs (2.6,
4.5, 6.0, 8.5).
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The paper starts with a brief description of the global hydrological model used in this
study, forcing data, drought identification approach and the trend analysis, which are
followed by the description of the temporal evolution of the spatially-distributed thresh-
old for the river discharge over the 21st century. Next, future drought duration and
drought intensity obtained with the transient threshold method, reflecting a changing5

hydrological regime, are presented and intercompared with the non-transient threshold
approach that is derived from the control period (fixed historical period). Results are
followed by a discussion that intercompares the outcome of this study with existing as-
sessments of future hydrological drought. It also addresses uncertainty aspects (e.g.
variability among GCMs and RCPs), sensitivity of the threshold values applied (Q80,10

Q90), and the impact of the combined effect of the change in the simulated water avail-
ability (hydrological regime) and in the drought characteristics. Eventually, conclusions
and recommendation are given.

2 Material and methods

2.1 Model simulation of streamflow15

The state-of-the-art global hydrological and water resources model PCR-GLOBWB
was used to simulate spatial and temporal continuous fields of discharge and stor-
age in rivers, lakes, and wetlands at a 0.5◦ spatial resolution (Wada et al., 2010, 2013,
2014; Van Beek et al., 2011). In brief, the model simulates for each grid cell and for
each time step (daily) the water storage in two vertically stacked soil layers and an un-20

derlying groundwater layer. At the top a canopy with interception storage and a snow
cover may be present. Snow accumulation and melt are temperature driven and mod-
elled according to the snow module of the HBV model (Bergström, 1995). To represent
rain-snow transition over sub-grid elevation dependent gradients of temperature, 10
elevation zones were distinguished in each grid cell based on the HYDRO1k Eleva-25

tion Derivative Database, and scaled the 0.5◦ grid temperate fields with a lapse rate of
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0.65 ◦C per 100m. The model computes the water exchange between the soil layers,
and between the top layer and the atmosphere (rainfall, evaporation and snowmelt).
The third layer represents the deeper part of the soil that is exempt from any direct in-
fluence of vegetation, and constitutes a groundwater reservoir fed by active recharge.
The groundwater store is explicitly parametrized and represented with a linear reservoir5

model (Kraijenhof van de Leur, 1962). Sub-grid variability is considered by including
separately short and tall natural vegetation, open water (lakes, floodplains and wet-
lands), soil type distribution (FAO Digital Soil Map of the World), and the area fraction
of saturated soil calculated by the Improved ARNO scheme (Hagemann and Gates,
2003) as well as the spatio-temporal distribution of groundwater depth based on the10

groundwater storage and the surface elevations as represented by the 1 km by 1 km
Hydro1k data set (https://lta.cr.usgs.gov/HYDRO1K/). Simulated specific runoff from
the two soil layers (direct runoff and interflow) and the underlying groundwater layer
(base flow) is routed along the river network based on the Simulated Topological Net-
works (STN30) (Vörösmarty et al., 2000) using the method of characteristic distances15

(Wada et al., 2014).
The PCR-GLOBWB model and model outputs has been extensively validated in ear-

lier work. Simulated mean, minimum, maximum, and seasonal flow, monthly actual
evapotranspiration, and monthly total terrestrial water storage were evaluated against
3600 GRDC observations (http://www.bafg.de/GRDC) (R2 ∼ 0.9), the ERA-40 reanaly-20

sis data, and the GRACE satellite observations, respectively in earlier work (Van Beek
et al., 2011; Wada et al., 2012, 2014), and generally showed good agreement with
them. Simulated deficit volumes to derive hydrological drought were also validated
against those derived from observed streamflow (from GRDC stations) for major river
basins of the world (Wada et al., 2013). The comparison generally showed resonable25

agreement for most of the basins, which led to the conclusion that PCR-GLOBWB can
adequately reproduce low flow conditions and associated drought across the globe.

The model was forced with daily fields of precipitation, reference (potential) evap-
otranspiration and temperature taken from five global climate models (GCMs; see
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Table 1) and four underlying emission scenarios (here accounted for by using four Rep-
resentative Concentration Pathways or RCPs; see Table 2). The newly available CMIP5
climate projections were obtained through the Inter-Sectoral Impact Model Intercom-
parison Project (Warszawski et al., 2013). The GCM climate forcing was bias-corrected
on a grid-by-grid basis (0.5◦ grid) by scaling the long-term monthly means of the GCM5

daily fields to those of the observation-based WATCH climate forcing for the overlap-
ping reference climate 1960–1999 (Hempel et al., 2013). Potential evapotranspiration
was calculated with the bias-corrected GCM climate forcing with the method of Hamon
(Hamon, 1963). The resulting bias-corrected transient daily climate fields were used to
force the model over the period 1971–2099 with a spin-up, reflecting a climate repre-10

sentative prior to the start of the simulation period. The result of each GCM is treated
equally and no weight was given to a particular GCM based on the performance against
historic climate. As a result, 20 (5 GCMs by 4 RCPs) projections of future daily stream-
flow were produced.

2.2 Drought calculation15

Hydrological drought characteristics (e.g. drought duration and deficit volume) were
derived from simulated time series of daily discharge (Q) using the variable threshold
level approach (Yevjevich, 1967; Tallaksen et al., 1997; Hisdal et al., 2004). In this
study the Q90 (m3 s−1) was derived from the flow duration curve, where the Q90 is
the threshold which is equalled or exceeded for 90 % of the time. This threshold has20

been selected to study the impact of severe drought conditions and have been used
in multiple studies where drought is studied (e.g Fleig et al., 2006; Parry et al., 2010;
Wanders and Van Lanen, 2013).

Similar to Wanders and Van Lanen (2013) the drought state is given by:

Ds(t,n) =

{
1 for Q(t) < Qx(t,n)

0 for Q(t) ≥Qx(t,n)
(1)25
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where Qx(t,n) is the x percentile threshold Ds(t,n) is a binary variable indicating if
a location or grid cell (n) is in drought at a given time t. The drought duration for each
event at n is calculated with:

Duri ,n =
Li∑

t=Si

Ds(t,n) (2)

5

where Duri ,n is the drought duration (d ) of event i at n, Si the first time step of a event
i and Li the last time step of the event. The deficit volume per time step was defined
by:

Def(t,n) =

{
Qx(t,n)−Q(t,n) for Ds(t,n) = 1

0 for Ds(t,n) = 0
(3)

10

where Def(t,n) is the daily deficit volume of drought i (m3 s−1) at n. The total drought
deficit volume for each drought event was calculated with:

Defi (n) =
Li∑

t=Si

Def(t,n) (4)

where Defi (n) is the total deficit volume of the drought event i (m3 s−1) at n. The deficit15

volume is the cumulative deviation of the discharge from the threshold over the duration
of a drought event. If the Qx(t,n) equals 0 m3 s−1 by definition a drought will not occur
since Ds(t,n) will remain zero (Eq. 1). If Qx(t,n) equals 0 m3 s−1 for more than 50 %
of the time, no drought characteristics were calculated for this cell. These cells were
excluded from the analysis, since frequent zero discharge situations are part of the20

local climate (i.e. aridity) and are not manifestation of hydrological drought condition or
occurrence (Wanders and Van Lanen, 2013).
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The total area in drought (AID) was calculated by:

AID(t) =

∑N
n=1 Ds(t,n)

N
(5)

where AID(t) is the total area in drought at a given time t, N (–) is the total number of
cells in the area (e.g. continent, Koeppen–Geiger climate region) or all grid cells (globe)5

except those arid regions that were excluded from the analysis. The AID(t) can range
between 0 and 1, where 0 indicates that there is no cell in the area in drought and 1
indicates that all cells in the area are in drought.

2.3 Variable threshold approach

In this study, two variable threshold approaches were used. The first approach uses the10

non-transient calculation of the variable threshold level method, where monthly values
of Qx are calculated from simulated discharge over a fixed 30 year period (usually
1971–2000). Thereafter, the monthly values of Qx are smoothed with a moving average
window of 30 days, resulting in the conventional variable threshold (VTM, Van Loon and
Van Lanen, 2012; Van Lanen et al., 2013), that was used in the few studies so far on15

future hydrological drought.
However, present climatology can significantly change over the future period under

climate change. This will result in an altered hydrological regime. This could have a sig-
nificant impact on the detection of drought events, leading to the misrepresentation of
drought events as reported by Van Huijgevoort et al. (2014). Areas which become20

gradually dryer, will be constantly in drought, whereas the opposite will happen in re-
gions with increased low flows. Hydrological regime shifts (e.g earlier snow melt peak)
could have a similar impact, where the threshold is not adjusted to the new hydrolog-
ical conditions. Therefore, we propose the transient variable threshold (VTMt), where
Qx is based on the discharge values of the previous 30 years (Fig. 1). The monthly25

values of Qx are derived from the discharge climatology of the past 30 years instead
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of a threshold based on a historic period (1971–2000). Qx is smoothed with a moving
average window of 30 days, resulting in the variable threshold (VTMt).

The difference between the VTM and VTMt can be seen in Fig. 1. Both threshold
have been applied to the complete time series of river discharges for the period 2000–
2099 and drought events were calculated.5

2.4 Trend analysis

To study the trends in future drought thresholds, time series of 130 years of river dis-
charges were used. A linear regression was used to study the directionality of the
changes and the robustness of those changes. These analyses were performed for
each cell separatly to study the effect of regime shifts (e.g due to shifts in snow melt10

peaks). The robustness in the spatially-distributed trends of the threshold was inves-
tigated per season for an ensemble of five GCMs, four RCPs and only statistically
significant (p < 0.05) were taken into account. For each cell the trend was calculated
over the three months belonging to the season for each of the 20 ensemble members.
If for a certain season 16 out of 20 ensemble members showed the same trend direc-15

tion it was assumed to be a robust decrease or increase. If 13 to 15 members had the
same direction then the trend is classified as a possible decrease of increase, while for
a lower number than 13, no trend was supposed to occur.

Relative trends in drought characteristics were determined by comparing the av-
erage drought characteristics for the period 1971–2000 to the period 2070–2099. Per20

year the number of droughts, number of drought days and total drought deficit were cal-
culated. Yearly statistics were used since drought events often last for more than one
month and therefore it would result in large fluctuations in monthly drought statistics.
The robustness in the trends in drought characteristics was studied by comparing the
outcome from the multiple GCM simulations for each RCP scenario. If for one RCP, all25

5 GCMs pointed in the same direction it was assumed to be robust, while if the GCMs
showed more discrepancy the changes were deemed not to be robust. This resulted
in 3 classes, robust (5 GCMs agree), likely (4 GCMs agree) and plausible (3 GCMs
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agree). The classification was done per grid cell for both the robustness of the trend in
average drought duration and the trend in the average deficit volume. These were per
grid cell combined in a bivariate classification.

3 Results

3.1 Trends in future low flow regimes5

Global trends in the transient variable threshold (VTMt) were studied for each RCP
separately and for the ensemble of five GCMs (Fig. 2). When VTMt decreases, the
long-term low flow regime is reduced in that location and drought characteristics were
calculated against the reduced low flows. For the average over all RCP scenarios, 40–
52 % of the world will face a decreasing VTMt for Q90. However, regional variability is10

large. As expected, RCP2.6 shows the smallest area with a decrease in low flows glob-
ally (40 % of the world), while for RCP8.5 the decrease in the threshold is more severe
(52 %). Difference in these trends are larger among continents and climate types (see
Fig. A1 in Annex for the climate regions used in this study) than among the GCMs; the
latter in general show high agreement on the directionality of the change. For the equa-15

torial and warm temperate climate (A and C) the low flows will decrease in 62–77 % of
the area, while for the snow and polar climates (D and E) the low flows will increase
in 54–90 % of the area (depending on RCP scenario). In these colder regions the in-
creased low flows is mainly due to larger snowmelt and increased precipitation. How-
ever, a seasonal shift in low flows was observed for these regions where the snowmelt20

will occur earlier in the season under a warmer climate. This leads to reduced low flows
late in summer, which was observed by the decreasing trend in July to September for
most of the Northern Hemisphere (Fig. 2).

Decreasing low flows were observed in: South America, southern Africa, Australia
and the Mediterranean area. For the summer months also North America and Europe25

are largely effected by a decreasing trend. As expected, the decrease in low flows
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is most severe for the highest emission scenario (RCP8.5), while the trends are less
obvious for the lowest emission scenario (RCP2.6). However, all RCPs agree on where
in the world the low flows will decrease (e.g decrease in variable threshold).

3.2 Comparison in drought characteristics under a non-transient and transient
hydrological regime5

Drought characteristics, i.e. drought duration and deficit volume, were calculated with
the VTMt for Q90 for all RCP scenarios and for all GCMs. Model agreement in the direc-
tion of the change is high and distinct patterns are visible in the results (Fig. 3). Globally
the agreement between the GCMs is high especially for the snow dominated climate
(D), the Mediterranean and South America. We have distinguished four possible cases10

in the bivariate distribution of the drought duration and the deficit volume: (i) an in-
crease in both drought duration and deficit volume in 27 % of the world (RCP8.5),
(ii) increase in duration and decrease in deficit (11 %), (iii) decrease in duration and
increase in deficit (17 %), and (iv) a decrease in both drought characteristics (38 %).
The remaining part shows no trends of characteristics could not be calculated.15

Significant different trends in drought duration and deficit volume were obtained when
instead of a gradually-changing hydrological regime (VTMt) a stationary regime (VTM)
was assumed (Figs. 3 and 4). Large parts of the world, especially the Southern Hemi-
sphere show significant increases in both drought duration and deficit volumes. Only
the snow affected climates show a decrease in both duration and deficit volume. There20

is also a higher agreement that the trends in the duration and deficit volume point in the
same direction than for VTMt. An increase in both drought duration and deficit volume
is found for 62 % of the world (RCP8.5). The areas covered by the other three cases
are: (i) increase in duration and decrease in deficit (4 %), (ii) decrease in duration and
increase in deficit (6 %), and (iii) decrease in both drought characteristics (25 %). The25

differences between Figs. 3 and 4 clearly show that the use of a different threshold
approached (VTMt compared to VTM), which reflect whether a non-stationary or a
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stationary hydrological regime was assumed, have a significant impact on the obtained
drought characteristics.

3.3 Trends in drought characteristics under a non-stationary hydrological
regime

With the VTMt for all RCPs in large parts of the snow dominated climate a trend was5

found towards longer droughts, although the low flows have been increased (Figs. 2
and 3). This is partly due to the decreased length of the snow accumulation season
and partly due to the shift in the snowmelt peak. Trends in the deficit volume in these
areas are not so pronounced. Precipitation totals for these regions show an increase
of 30–100 mm year−1 for the period 1971–2000 compared to 2070–2099 (Warszawski10

et al., 2013). The annual temperature shows an increase of 2–5 ◦C depending on RCPs
when the above-mentioned periods were compared. This confirms the observed earlier
snowmelt peak and increased water availability in these regions. The snowmelt peak
comes earlier in the year leading to drier soil moisture and groundwater conditions in
summer.15

For the Mediterranean, the savannah areas of Africa and Middle East, the increase
in drought duration is larger for most scenarios (except RCP2.6). The threat is even
higher due to the decrease in water availability during low flow conditions (Fig. 2).
In these regions water scarcity is a known problem which could be intensified by in-
creased drought durations. The same pattern was found for the interior of Australia,20

where drought duration is projected to increase and low flows to decrease. However,
the impact is less due to lower population density in the region. For these drier ar-
eas, temperature rise will be limited to 0.5–3.5 ◦C, while precipitation will decrease by
35–90 mm year−1.

For South America the decrease in annual precipitation is limited to 12–25

60 mm year−1, while temperature increase is low (1.2–3.5 ◦C) compared to global aver-
ages (1.5–4.5 ◦C). However, drought duration in the eastern part of the continent shows
a strong increase. In the wetter regions of the Amazon Basin this will likely not cause
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significant impacts. However, the drier regions in Eastern Brazil could be affected as
the agricultural areas (mostly irrigation) occrus there.

3.4 Trends in area in drought (AID)

The total area in drought has been calculated for Q90 with the transient (VTMt) and the
non-transient (VTM) variable threshold approach. This has been done for the globe and5

the five Koeppen–Geiger major climate regions. The temporal evolution of the mean
and uncertainty of the 20 ensemble members (5 GCMs and 4 RCPs) are given in Fig. 5.
The mean global area in drought is projected to slightly increase from 11.7 to 13.4 %
under a gradually-changing hydrological regime (VTMt) (Fig. 5). The uncertainty (one
standard deviation) among the members by the end of the 21st century is about 1.9 %.10

When a stationary hydrological regime was assumed (VTM), then the increase of the
global area in drought was substantially larger. The mean area is expected to grow
from 11.7 to 19.5 %. The spread among members also is projected to be substantially
larger by the end of the 21st century, i.e. 5% under a stationary hydrological regime.

The area in drought of the tropical (A) climate is expected to grow more than the15

global increase over the 21st century (Fig. 5). The mean area in drought for the tropical
climate will slightly increase frome 9.5 to 15.4 % for the non-stationary hydrological
regime (VTMt), whereas it is projected to double (9.5 to 19 %) by the of the century
for a stationary hydrological regime (VTM). The spread among the members for the
tropical climate is about 2.1 % at the start of the century and is similar for the VTMt and20

VTM, but differences in spread are larger by the end of the century when a stationary
hydrological regime (VTMt) was supposed rather than a non-stationary regime (VTM)
(3.8 and 6.2 %, respectively).

The difference in area in drought between the VTMt and VTM approaches among the
Koeppen–Geiger major climates is smallest for the snow (D) climates (Fig. 5), which25

is caused by the increased water availability. The mean area in drought is projected to
remain constant (around 10.0 %) under a non-stationary hydrological regime (VTMt),
and is expected to only slightly decrease under a stationary regime (VTM) (10.2 to
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6.7 %). Similarly to the other climates, the spread by the end of the 21st century is
larger when a stationary hydrological regime was supposed (i.e. 2.6 % for the VTMt
approach and 1.2 % for the VTMt approach).

4 Discussion

4.1 Intercomparison with existing studies on large-scale future hydrological5

drought

This study showed that in more than half of the world (about 60 % of the land area)
hydrological drought frequency is projected to increase by the end of the 21st century
even by considering that the hydrological regime will change. The average drought
duration and deficit volume each are expected to increase in around 30 and 40 % of10

the globe (irrespective of the RCP). Wanders and Van Lanen (2013) report in their
global analysis on future hydrological drought using a conceptual hydrological model
and 3 GCMs (SRES A2 scenario), a decrease of the number of days in drought point-
ing at a lower drought frequency and an increase of the average drought duration and
deficit volume of the remaining drought events. The characteristics they found cannot15

directly be compared because these refer to magnitudes rather than to affected ar-
eas (this study) and they used another threshold (Q80) and the non-transient variable
threshold approach (VTM, i.e. stationary hydrological regime). However, there seems
to be some disagreement in at least the drought frequency. Repetition of our drought
analysis with Q80 and the VTM led to a lower area (40 %) with an increased drought20

frequency, whereas the area with longer drought events and larger deficit volumes in-
creased by about 50 and 55 %, which indicates agreement in the direction of change
of hydrological drought when the same methodology was applied.

Forzieri et al. (2014b) used a large-scale hydrological model and 12 GCMs
(SRES A1B scenario) to conclude that low flows in the 2080s are expected to become25

more extreme in large parts of Europe during the period without frost. Exceptions are
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Scandinavia, the Baltic countries and northern Russia. They used the Q80 and the VTM
for their analysis. In our study the area in Europe with a higher future drought frequency
varied from about 55 % (RCP2.6) to about 75–85 % (other RCPs), which seems to be
in line with their study. The area with a higher future average drought deficit volume,
however, is about 30–35 % (all RCPs) (see also Fig. 3), which appears to disagree5

with their conclusion. Repetition of our drought analysis with Q80 and the VTM led to
a larger area (45–70 %, dependent on RCP) with an increased deficit volume, which
agrees more with their outcome.

Prudhomme et al. (2013) explored future hydrological drought using seven global
hydrological models (GHMs) and the same GCMs and RCPs as this study. They show10

that the increase of the global area in drought depends on the RCP, models (GCM,
GHM, in particular if the CO2 effect is included) and the temporal scale (annual, sea-
son). The mean increase varies from about 4 % under RCP2.6 to 13 % under RCP8.5.
The spread in increase is large with a maximum increase of about 25 %. They used
the Q90 and the VTM for their analysis. Their results correspond well with our study,15

but only when using a non-stationary hydrological regime (Fig. 4). Clearly, the increase
of global area in hydrological drought is smaller, if the variable threshold is based on
a transient hydrological regime (VTMt).

Intercomparison of future hydrological drought from this study against existing similar
studies showed that the outcome points more or less in the same direction, if the same20

methodology is applied. However, it also shows the large influence of assumptions on
projected drought characteristics, such as a transient variable threshold derived from
a changing hydrological regime that is introduced in this study vs. the non-transient
variable threshold derived from a stationary hydrological regime that has been used in
the few existing future hydrological drought studies so far.25

Van Huijgevoort et al. (2014) describe that it is not straightforward to determine future
hydrological drought with the VTM derived from observations in the past. This can lead
to unintended future drought events (short-lived, very high deficit volume) for climates
and hydrological systems with a sharp rise in the hydrograph (e.g. cold climates with
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pronounced snow melt, monsoon climates) that will face a regime shift. The VTMt
method proposed in this study implicitly handles this impact of a regime shift.

When the transient threshold decreases (Fig. 2) it implies that the low flows are
reduced in that location. When these reduced low flows coincide with an increase in
drought duration and deficit volume this will have a large impact on the water availability5

under drought (15 % of the world). This poses enormous challenges to society and
nature to adapt, especially in developing countries, which usually are very vulnerable.

4.2 Uncertainty

Differences between projected temperature and precipitation with GCMs and RCPs
used (Tables 1 and 2) are large (e.g. Warszawski et al., 2013). Clearly, these differ-10

ences influence future hydrological drought, as illustrated by Prudhomme et al. (2013)
and Wanders and Van Lanen (2013). The spread in the projected temporal evolution
of the global area in hydrological drought, as shown in Fig. 5, also illustrates the im-
pact of different climate drivers. In particular, the spread is large for the Tropical climate
and Desert climate. Prudhomme et al. (2013) conclude that the model structure of15

the hydrological models substantially contributes to uncertainty in future hydrological
drought, particularly if the rather hard predictable response of plants to a changing CO2
concentration (i.e. CO2 effect) is implemented. The PCR-GLOBWB model used in this
study, is one of the seven hydrological models that contributed to the ISI-MIP project
(Warszawski et al., 2013); the CO2 effect is not included. The model has proven to20

reasonably capture hydrological characteristics (Wada et al., 2013).
Another source of uncertainty is the drought identification methodology that should

be defined by the drought-impacted sectors. These sectors determine the magnitude
of the threshold level to be used (e.g. Q80 instead of Q90) and whether a fixed threshold
(constant through the whole period) or a variable threshold method should be applied.25

Similarly, these sectors determine if a VTMt for the variable threshold approach, should
be chosen for the assessment of future drought that considers a gradually changing
hydrological regime in the future or that a VTM should be taken that is based on a
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stationary hydrological regime derived from historical observations. Table 3 shows that
the global area with increased average hydrological drought duration is hardly affected
by the selection of the magnitude of the threshold level (maximum difference in %
change is 1 %). Differences for the average deficit volume are slightly larger (maximum
difference in % change of global area with increased deficit volume is 4 %). Differences5

are substantially larger whether the VTMt or the VTM was applied. The difference in
change of area in hydrological drought with increased drought duration is 13 % for
RCP2.6 and 18–19 % for the other RCPs. The difference in change for the drought
deficit volume is 9 % for RCP2.6, 13 % for RCP4.5 and 6.0, and 17 % for RCP8.5. As
expected, it appears that the difference in projected change of global area in hydrologi-10

cal drought between the two variable threshold methods is larger for the more extreme
RCPs.

5 Conclusions

In this study future hydrological drought that considers adaptation to a gradually-
changing hydrological regime has been studied. An ensemble of 5 General Circulation15

Models (GMCs) and 4 Representative Climate Pathways (RCPs) has been used as me-
teorological forcing for the global hydrological model PCR-GLOBWB. Daily discharge
has been simulated for the period 1971–2099 and drought in discharge was detected
using two threshold level approaches. The conventionally applied variable threshold
(VTM) was calculated by deriving the threshold from the period 1971–2000 and subse-20

quently the VTM was used for the period 2000–2099 to identify future drought char-
acteristics (stationary approach). As an alternative, the transient variable threshold
(VTMt) was proposed, which is based on the discharge values of the previous 30 years,
where the threshold will vary over time (non-stationary approach). The VTMt reflects
changes in the hydrological regime as response to climate change. The VTMt is sup-25

posed to provide more realistic future hydrological drought characteristics when the
impacted sectors are able to adapt to gradual changes in the hydrological regime. The

666

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/5/649/2014/esdd-5-649-2014-print.pdf
http://www.earth-syst-dynam-discuss.net/5/649/2014/esdd-5-649-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
5, 649–681, 2014

Future hydrological
droughts in the

21st century

N. Wanders et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Q90 (discharge that is equalled or exceeded 90 % of the time) has been used both for
the VTM and VTMt.

Result based on the VTMt show that low flows are projected to become lower in
40–52 % of the world (dependent on the RCP). In the equatorial and warm temperate
(A and C) climates the low flows will decrease in 62–77 % of the area, while for the5

snow and polar (D and E) climates the low flows will decrease in 10–46 % of the area.
The small decrease in low flows for the snow affected climates is mainly due to in-
creased precipitation leading to higher low flows. A regime shift was also found, where
snow melt will occur earlier in the season due to higher temperatures leading to drier
conditions during the summer. Droughts were identified relative to these altered low10

flow conditions when applying the VTMt.
Future hydrological drought characteristics strongly depend on whether the impact

of adaptation to a gradually changing hydrological regime due to climate change is
considered (VTMt) or not (VTM). The global area with an increase of both duration
and deficit volume is only 27 % (RCP8.5) by the end of the 21st century by using the15

VTMt, whereas this is substantially larger (62 %) when the VTM is applied. The area
with a decrease of both the duration and the deficit volume is larger when the VTMt
was used rather than the VTM (38 and 25 %, respectively). The global area in drought
is also strongly affected by whether the VTMt or VTM is applied. The mean global
area with drought in discharge is projected to increase by only a few per cent (11.7 to20

13.4 %) when using the VTMt, but it is expected to become about 20 % (RCP8.5) when
the stationary approach was applied (VTM). The spread in projected areal increase
among ensemble members also is substantially smaller when the VTMt is used instead
of the VTM.

Results show that although the VTMt has been used, drought duration and deficit vol-25

ume is expected to increase in large parts of South America, southern Africa and the
Mediterranean. In 15 % of the world a negative trend in low flows is found in combina-
tion with an increase in drought duration and deficit volume, which points at a likelihood
of severe future water stress.
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The study demonstrates that an alternative way to identify hydrological drought that
considers adaptation to an altered hydrological regime caused by climate change, has
a significant influence on future hydrological drought characteristics. For sectors that
can deal with gradual changes in the hydrological regime the transient variable thresh-
old (VTMt) is an alternative approach to calculate drought characteristics.5
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Table 1. GCMs (Global Climate Models) used in this study.

GCM Organization

HadGEM2-ES Met Office Hadley Centre
IPSL-CM5A-LR Institute Pierre-Simon Laplace
MIROC-ESM-CHEM JAMSTEC, NIES, AORI (The University of Tokyo)
GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory
NorESM1-M Norwegian Climate Centre
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Table 2. Overview of representative concentration pathways (RCPs) (Van Vuuren et al., 2011).
Radiative forcing values include the net effect of all anthropogenic greenhouse gases and other
forcing agents.

RCP Scenario

2.6 Peak in radiative forcing at ∼ 3.1 W m2 (∼ 490 ppm CO2 equivalent) before 2100
and then decline (the selected pathway declines to 2.6 W m2 by 2100)

4.5 Stabilization without overshoot pathway to 4.5 W m2 (∼ 650 ppm CO2 equivalent)
at stabilization after 2100

6.0 Stabilization without overshoot pathway to 6 W m2 (∼ 850 ppm CO2 equivalent)
at stabilization after 2100

8.5 Rising radiative forcing pathway leading to 8.5 W m2 (∼ 1370 ppm CO2 equiva-
lent) by 2100
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Table 3. Change in global area (%) with increased hydrological drought duration and drought
deficit volume: % change derived from 30 year averages of future (2070–2099) against refer-
ence (1971–2000) for two variable threshold methods (VTMt and VTM) and two thresholds Q80
and Q90.

Drougth RCP % of world with
identification Increased drought duration Increased drought deficit
method Q80 Q90 Q80 Q90

Transient (VTMt) 2.6 33 33 42 38
4.5 32 32 41 38
6.0 35 34 43 40
8.5 33 33 40 39

Non-transient (VTM) 2.6 46 47
4.5 50 51
6.0 52 53
8.5 54 56
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Figure 1. Example time series with schematic overview of the non-stationary variable threshold
(VTM), which is constant over the 21st century, and the stationary variable threshold (VTMt) that
considers the gradually-changing future hydrological regime.
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Figure 2. Average trends in the transient Q90 threshold in the four seasons derived from sim-
ulation with PCR-GLOBWB. Trends are aggregated over 3 month periods for an ensemble of
20 members consisting of 4 RCPs and 5 GCMs. An increase or decrease is significant when
over 16 ensemble members show similar trends. When over 13 ensemble members agree on
the directionality of the change, the trend is deemed possible.
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Figure 3. Average trends in drought duration and drought deficit volume, derived with a tran-
sient Q90 threshold from discharge simulation of PCR-GLOBWB. Maps indicate the changes
per RCP for a ensemble of 5 GCMs. Colors indicate the robustness of the trend where the dark-
est colors are robust (5 GCMs agree), thereafter likely (4 GCMs agree) and plausible (3 GCMs
agree). A white color indicates areas where no drought characteristics were calculated.
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Figure 4. Average trends in drought duration and drought deficit volume, derived with the
non-transient Q90 threshold from discharge simulation of PCR-GLOBWB. Maps indicate the
changes per RCP for a ensemble of 5 GCMs. Colors indicate the robustness of the trend
where the darkest colors are robust (5 GCMs agree), thereafter likely (4 GCMs agree) and
plausible (3 GCMs agree). A white color indicates areas where no drought characteristics were
calculated.
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Figure 5. Projected evolution of ensemble mean area (solid line) and the spread in hydrological
drought in the 21st century derived from simulation with PCR-GLOBWB, forced by an ensemble
of 20 scenarios consisting of four RCPs and five GCMs. The evolution is given for the globe and
for the five major Koeppen–Geiger climatic regions. The coloured lines present the evolution
under a changing hydrological regime (transient variable threshold, VTMt) and black/gray the
evolution under a stationary hydrological regime (non-transient variable threshold, VTM).
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Figure A1. Global map of Köppen–Geiger climate types.
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