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Abstract. Climate change is expected to alter the hydrologi- able water resources is expected but there are some severe
cal cycle resulting in large-scale impacts on water availabil-decreases in Central and Southern Europe, the Middle East,
ity. However, future climate change impact assessments arthe Mississippi River basin, southern Africa, southern China
highly uncertain. For the first time, multiple global climate and south-eastern Australia.

(three) and hydrological models (eight) were used to system-
atically assess the hydrological response to climate change

and project the future state of global water resources. This

multi-model ensemble allows us to investigate how the hy-1  Introduction

drology models contribute to the uncertainty in projected

hydrological changes compared to the climate models. pudslobal warming due to increased greenhouse gas emissions
to their systematic biases, GCM outputs cannot be used dileads to changes in the distribution of water resources over
rectly in hydrological impact studies, so a statistical bias cor-many regions, and the global and regional hydrological cy-
rection has been applied. The results show a large spreagles have been greatly influenced by climate change in the
in projected changes in water resources within the climate-Past century (Brutsaert and Palange, 1998; Scanlon et al.,
hydrology modelling chain for some regions. They clearly 2007; Solomon et al., 2007). Following the greenhouse gas
demonstrate that climate models are not the only source ofmission scenarios for the 21st century (Nakicenovic et al.,
uncertainty for hydrological change, and that the spread re2000), climate change will cause increased temperatures
sulting from the choice of the hydrology model is larger than @1d changes in precipitation. Estimates of future changes in
the spread originating from the climate models over manyprecipitation, however, are highly uncertain and depend on
areas. But there are also areas showing a robust change sighich climate modelis used. Hydrological models have been
nal, such as at high latitudes and in some midlatitude regionsWidely used for assessments of water resources, especially
where the models agree on the sign of projected hydrologifor studying the impacts of climate change. Many studies
cal changes, indicative of higher confidence in this ensemhave tried to assess the impact of climate change on the past

ble mean signal. In many catchments an increase of avail@nd future global water cycle. Multiple climate models are
often used so as to consider part of the uncertainty in future
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130 S. Hagemann et al.: Climate change impact on available water resources

climate change, but in most cases only one or two hydrolog2000): ECHAM5/MPIOM (denoted as ECHAMS5 hence-
ical impact models are applied (Gosling and Arnell, 2011; forth) of the Max Planck Institute for Meteorology, LMDZ-4
Oki et al., 2003; Nijssen et al., 2001pbet al., 2003; Hage- of Institute Pierre Simon Laplace (denoted as IPSL hence-
mann et al., 2011). Recent studies (Haddeland et al., 201%prth) and CNRM-CM3 of Centre National de Recherches
Gosling et al., 2011), however, showed that differences beMéteorologiques, Mteo-France (denoted as CNRM hence-
tween hydrological models are also a major source of unforth). Note that the GCMs chosen belong to different model
certainty, and it was suggested that multiple impact modeldamilies and cover some of the range in projected precipita-
should be used for climate change impact studies (Haddelantion change from the CMIP3 (Meehl et al., 2007; see also
et al., 2011). The present study summarizes some of the m&ect. 5) ensemble (Mason and Knutti, 2011). The selection
jor outcomes of the European Union project WATCH (WATer of GCMs for this study was imposed by the availability
and global CHangédttp://www.eu-watch.org Here, climate  of climate model data necessary to force the GHMs. A re-
projections from three state-of-the-art coupled atmospheredated analysis of the original GCM results over Europe was
ocean general circulation models (GCMs), eight global hy-provided by Hagemann et al. (2008).
drology models (GHMs) and two emission scenarios are used GCMs exhibit a number of significant systematic biases in
to assess the response of the terrestrial hydrological cycléheir ability to simulate key features of the observed climate
to climate change and subsequent changes in available waystem (Randall et al., 2007). Despite the biases, the IPCC
ter resources. In this respect, this is not only the first studyconcludes that there is still considerable confidence that cli-
to investigate future water resources using multiple GCMsmate models provide credible quantitative estimates of future
and GHMs and emission scenarios, but it is also rigorous beelimate changes (Randall et al., 2007). However, until GCMs
cause eight GHMs were applied, which is by far the mostperfectly reproduce the current climate, GCM outputs can-
applied in any global climate change impact study thus far.not be used directly in hydrological impact studies without
As GCM simulations are significantly affected by systematic some form of bias correction. When uncorrected GCM out-
errors, and results from a directly forced hydrological simu- put is used as input to hydrological simulations, the result-
lation will be unrealistic and of little use (Sharma et al., 2007; ing amount and seasonal distribution of runoff may be far
Hansen et al., 2006), bias-corrected GCM output was used térom observations, for example see Haddeland et al. (2012),
force the GHMs. Wood et al. (2004) and Sharma et al. (2007). Consequently, a
Section 2 describes the GCM—GHM modelling chain andstatistical bias-correction method (Piani et al., 2010a,b) was
the measures used to analyse the results. Mean changes applied to the GCM daily land precipitation and mean, and
large-scale water fluxes and related uncertainties are preninimum and maximum daily land temperatures. The bias-
sented in Sect. 3, where a comparison to water fluxes obeorrection method is based on a fitted histogram equaliza-
tained directly from the GCMs is also included. The impact tion function. This function is defined daily, as opposed to
of climate change on the available water resources is estiearlier published versions in which they were derived yearly
mated based on the multi-model ensemble results in Sect. 4r seasonally at best, while conserving properties of robust-
Finally, the results are summarized and discussed in Sect. Fiess and eliminating unrealistic jumps at seasonal or monthly
thereby also highlighting aspects of uncertainty introducedtransitions. Bias-correction factors are derived from 1960 to
by GHMs. 1999 from observed (Weedon et al., 2011) and original GCM
Note that this study focuses on the impact of climate data, and then applied to 1960-2100 simulations (Piani et al.,
change alone on water fluxes and resources where direct hi2010b). For details about the GCM simulations and the bias-
man influences are not considered. However, land use andorrected data, see Hagemann et al. (2011). Although bias
water use practices also play a role in the assessment aforrection of climate forcing fields has become a necessary
whether and how strongly human societies are affected irstep in climate impact simulations, many recent studies have
regions with changing water resources. For an estimation ofdentified limitations and pitfalls associated with this process
combined anthropogenic and climate change effects, watefe.g. Haerter et al., 2011; Ehret et al., 2012). However, as
use and further direct anthropogenic impacts on hydrologystated by Piani and Haerter (2012) the bias correction used
have to be taken into account, which will be investigated byhere has been applied successfully to regional climate model
Haddeland et al. (2013). output over Europe to examine the effects on both simulated
climate and extreme hydrological events (Dosio and Paruolo,
2011; Rojas et al., 2011).

2 Models and methods Eight GHMs (MPI-HM, LPJmL, WaterGAP, VIC, Mac-
PDM.09, HO8, GWAVA and JULES) were used to calculate
2.1 Models historic and future water fluxes and simulate the land surface

hydrology at a horizontal resolution of 0.Gabout 50 km grid
Three GCMs are used in this study to provide quantita-spacing). The major model characteristics are listed in Ta-
tive estimates of future climate projections following the ble 1. The GHMs differ in their evapotranspiration and runoff
IPCC emission scenarios A2 and B1 (Nakicenovic et al.,schemes, and the differences in model parameterizations are
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Table 1. Participating models, including their main characteristics (adapted from Haddeland et al., 2011).

Model Time  Meteorological Energy bt Runoff Snow
step forcing balance schefe schemé scheme
variabled
GWAVA Daily P, T, W, No Penman—  Saturation Degree
0, LWhp, Monteith excess/ day
Sw, SP beta
function
HO8 Dally R,S,T, Yes Bulk Saturation  Energy
W, 0, formula® excess/ balance
LW, SW, beta
SP function
JULES 1h R,S, T, Yes Penman— Infiltration  Energy
W, 0, Monteith  excess/ balance
LW, SW, Darcy
SP
LPImL Dally P, T, No Priestley— Saturation  Degree
LWhp, SW Taylor excess day
Mac-PDM.09 Daily P, T,W, No Penman-  Saturation Degree
0, LWp, Monteith ~ excess/ day
SW beta
function
MPI-HM Daily P, T No Thornth-  Saturation Degree
waite excess/ day
beta
function
VIC Daily/ P, Tmax Snow Penman-  Saturation  Energy
3h Trin, W, season  Monteith  excess/ balance
0, LW, beta
SWw, SP function
WaterGAP Dally P, T, No Priestley— beta Degree
LWhp, SW Taylor function day

1 R: rainfall rate,S: snowfall rate,P: precipitation (rain or snow distinguished in the mode) air temperaturelmax:
maximum daily air temperatur@py,: minimum daily air temperaturéy: wind speedg: specific humidity, LW:

longwave radiation flux (downward), LMV longwave radiation flux (net), SW: shortwave radiation flux (downward), SP:
surface pressuré.ETpot: potential evapotranspiratiod.Bulk formula: bulk transfer coefficients are used when

calculating the turbulent heat fluxésBeta function: runoff is a nonlinear function of soil moisture.

to some extent reflected in the forcing variables that are use@.2 Experimental setup and measures
by each (Table 1). For associated model references and vali-
dation of GHM model results using quasi-observational forc-Figure 1 presents an overview on the global modelling
ing data, see Haddeland et al. (2011). The variability among:hain developed and employed within the WATCH project
the GHM results forced with bias-corrected GCM output and(cf. Sect. 2.1). To evaluate the projected hydrological cy-
associated runoff biases for the control period 1971-200Qle obtained from the multi-model ensemble, the ensemble
are in accordance with the validation shown in Haddelandmeans and the spread around these means due to different
etal. (2011). sources were calculated. For both emission scenarios, tran-
Note that our study focused on the impact of climate sient simulations from 1960-2100 were conducted by the
change on hydrology, and anthropogenic influences such aGHMs. For the high emission A2 scenario, simulations by
water withdrawals and reservoirs were not taken into accountll 8 GHMs forced by output from the 3 GCMs resulted
in the hydrological simulations. in 24 different time series for each hydrological variable.
For the low emission B1 scenario, 18 simulations were ob-
tained from 6 GHMs (excluding JULES and HO08) forced by
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132 S. Hagemann et al.: Climate change impact on available water resources

across the higher latitude regions and in parts of the mid-
dle latitudes (Fig. 2a). Parts of the Middle East, the Mediter-
ranean region, the southern parts of North America, Africa
and Southern Australia will receive less precipitation. These

l l future changes in precipitation show similar patterns to the
ensemble of 21 GCM results summarized in the 4th IPCC

I Interpolation tc0.5 degree I Assessment Report (Solomon et al., 2007). Noticeable un-
l l certainties in the simulated precipitation change occur over

northern Africa, the Indian monsoon region and Himalaya,
some northern and western parts of South America, a small
area in western Australia, the southern part of North America
and over Greenland (Fig. 2b)
| 8 GHMs | | 6 GHMs | Water resources depend strongly on the available runoff,
which in the long term is constrained by incoming precipi-
tation and outgoing evapotranspiration (ET). Runoff is pro-
Fig. 1. Global modelling chain in the WATCH project. jected to decrease over the eastern part of Australia, southern
parts of Africa and the US, the north-eastern part of South
America, the southern part of Europe, and a large part of
3 GCMs. The ensemble mean of each hydrological variablghe Middle East (Fig. 3a). Largely, the change pattern of
(evapotranspiration and runoff) was calculated for the con-runoff follows the ensemble mean change of precipitation
trol (1971-2000) and future (2071-2100) periods, and the(Fig. 2a). This behaviour is similar for the projected mean
changes are expressed for the future relative to the contragthanges in ET (Fig. 3b), with the noticeable exception that
period. ET also increases in the northern high- and midlatitudes and
In this study, uncertainty is reflected by the spread of theextends further southwards into the transitional wet regions.
model results due to the choice of the GCM (3), GHM (8) This can be observed over south-eastern US, central Europe
or emission scenario (2). For the first two, the spread is caland eastern Asia.
culated from the normalized standard deviation (or coeffi- Although for many large regions around the globe there
cient of variation, CV) that is commonly used to express rel-is generally a large spread of absolute changes predicted by
ative differences between models. Here, the spread due tthe different model simulations, many models agree on the
the choice of the GCM is determined by taking the ensemblesign of projected changes (Fig. 3c and d). For runoff, regions
mean of the 8 GHM results for each GCM, and subsequentlywith relatively high mean changes are generally those regions
calculating the standard deviation among the 3 GCMs. Thewvhere the majority of the 24 GCM-GHM model combina-
GHM spread is calculated correspondingly from the stan-tions agree on the sign of change. This indicates that the pro-
dard deviation of the GCM ensemble (3) means for each oféected runoff changes expressed by the multi-model mean are
the 8 GHMs. For the emissions, the scenario spread is reprobust within the ensemble. The same applies for ET, except
resented by the differences between the ensemble mean régr relative changes in the central Amazon and the very dry
sults of the high emission scenario A2 and the lower emis-fegions of the Sahara and southern Mexico where there is
sion scenario B1, obtained from those GHM simulationsless agreement between the models.
that were conducted for both scenarios {68 = 18). As this For both ET and runoff, we estimated whether the largest
study focuses on changes in available water resources, aspread in the projected changes originates from the choice
sociated changes in the main components of the terrestriadf GCM (Fig. 4a and b), GHM (Fig. 4c and d) or scenario.
water balance are considered, i.e. precipitation (simulated by-or ET (Fig. 5a), the uncertainty in the projected changes
the GCMs), total runoff and evapotranspiration (simulated byis largely dominated by the spread due to the choice of the

the GHMs forced with bias-corrected GCM data). GHM. Especially over high latitude regions, GHMs cause
noticeable uncertainty (Fig. 4c) where the spread originating

from the GCMs is rather low (Fig. 4a). For runoff, the CV
3 Mean changes in large-scale water fluxes and related ~ values representing the GCM spread (Fig. 4b) are often com-

I Statistical biascorrection of Pand T fields I

A2 scenario l l B1 scenario

3x8=24 simulations 3x6=18 simulation

uncertainties parable to those for the GHM spread (Fig. 4d), even though
the GCM spread is larger over many regions of the globe
3.1 Results from the GCM-GHM ensemble (Fig. 5b). The spread patterns associated with the runoff

changes suggest that they are partially affected by the corre-
In the following, projected changes are associated with thesponding spreads in the ET changes. But the associated CV
A2 scenario if not mentioned otherwise. According to the values are strongly reduced compared to the CV of the ET
results of the bias-corrected GCM A2 simulations, precipi- changes, especially over the mid- and low latitudes includ-
tation is projected to increase by the end of the 21st centuryng Central and Southern Europe. This means that on one
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Precipitation change from 3 GCMs, 2071-2100 vs. 1971-2000 GCM spread tends to be larger for dry areas than for hu-
ISIWI2OW W W W 3B G SVE 10E 1E 180 mid areas (Fig. 7a and b). For the GHM spread, there is a
D e e less clear tendency, even though some larger CVsQv/
6N I"\; "“"?: M, o I““”N for ET, CV > 1.2 for runoff) only occur over medium wet to
Ny T f‘_(,, o 30N dry areas /P <0.5).
0=| ' g w 1\_{; i d Iw In the A2 scenario some high- and midlatitude regions
o ? 't .:X‘f e show more precipitation and runoff than the B1 scenario
s a) 3 bl SN Rl (Fig. S1inthe Supplement). In most other areas the projected
s — e — — — D S changes are rather comparable. With regard to ET, most areas
Mi‘” U WE GE SE ‘”’”E%lmﬂ show larger values in the future period for the A2 scenario
200 160 120 80 0 0 40 80 10 160 200 than for the B1 scenario, especially in the Amazon area. ET
changes for A2 that are smaller than for B1 are projected
CV of precipitation change from 3 GCMs, 2071-2100 vs. 1971-2000 over the western part of North America, the southern part of
ISOWLOW WW W W 0 WE GE SUE TR ISE 180 South America and the Middle East. This is an indication of
- — = - ‘l o a stronger drying of these regions with increased greenhouse
gas concentrations. Noticeable spread due to the choice of
) 'Y IWN scenario largely occurs over areas where the projected en-
ol ‘f‘“ 5 semble mean A2 change is relatively small. In addition,
wsl ? y . U - larger runoff spreads occur over the high northern latitudes,
b) ¥ northern USA, some parts of South America and Africa that
60°S Do —— —— ——— 60" are comparable and partially larger (see Fig. 5) than those
150°W120°W 90°W 60°W 30°'W 0 30°E 60°E 90°E 120°E 150°E 180 .. . .
o | | | I originating from the GCMs or GHMs. Over Africa, south-
00 02 04 06 08 10 12 14 16 18 20 ern South America and northern USA, these uncertainties

_ o .. are induced by scenario differences in precipitation that are
Fig. 2. Annual ensemble mean changes in bias corrected precipitar, oy arger than those originating from the choice of the
tion (mma ) projected by the three GCMs following the A2 sce- GCM. Over Siberia, the scenario spread for runoff seems to
nario for 2071-2100 compared to 1971-20@) and the CV of ' T . .
these changes from the three GC{} b_e _relgted to the cornbmec_i effect of scenario spreads in pre-

cipitation and ET (Fig. S1 in the Supplement). In most other

areas the scenario spread is smaller than those induced by the

GCM or GHM.
hand the main spread in runoff changes originates from the Figure 8 sets the projected mean A2 changes in relation
choice of the GCM, particularly through the projected pre-to the associated spreads over selected large-scale catch-
cipitation changes (Fig. 2). On the other hand, there are sevments that include the largest rivers on earth as well as some
eral areas where the runoff spread is dominated by the spreagmaller catchments in Europe (Baltic Sea, Danube) and Aus-
in ET changes that is largely induced by the GHMs, notice-tralia (Murray). Here the spreads are expressed by the abso-
ably over the high northern latitudes. Note that in a recentlute standard deviation about]) the respective mean change
study, which follows a similar model setup as in our study, so as to allow direct comparisons between them. Following
the GHM runoff spread is dominant over even larger areaHagemann et al. (2009), a projected change is considered
(Fig. 1 in Schewe et al., 2013). This can be explained byrobust if the change is larger than the largest spread. Fig-
the fact that we are considering a common time period whileure 8 shows that for many catchments the mean A2 change
Schewe et al. (2013) are comparing model results for a uniis robust compared to the different spreads, especially for
fied global warming (2C above present day) for which the runoff. For several catchments the direction of change is not
GCM patterns are more similar due to the same amount ofobust, but is relatively well constrained (larger than half of
warming in the global mean temperature. the largest spread), i.e. Baltic Sea, Mississippi and Nile for

We now consider whether the projected changes and asunoff, and Amazon, Congo, Ganges/Brahmaputra and Nile

sociated spreads behave differently in dry (humid) areador ET. Noticeably, the large GCM spread prohibits a con-
where ET tends to be limited primarily by the availabil- strained runoff change signal over the Ganges/Brahmaputra
ity of moisture (energy). These areas are represented bgrunoff) and Parana (runoff and ET) catchments. Also, pro-
low (high) values of the ensemble mean runoff coefficientjected changes are not constrained for the Danube (ET) and
(runoff R divided by precipitationP) for the present-day Yangtze (runoff) due to low projected mean changes and
climate (Fig. 6a). Figure 6b and c show that humid areadarge GHM spreads. Consistent with Fig. 5, the GHM spread
expect increases in ET and runoff, while decreases in bottof the ET changes is largest for most of the catchments (ex-
variables occur only over some medium wet (e.g. Danube)ept for Mississippi and Parana), while for runoff the GCM
to dry (e.g. Murray) areasR(/P < 0.6). Considering the spread prevails for 8 of the 12 catchments considered. But
spreads, it can be noted that for both ET and runoff thefor the large area of the 6 largest Arctic rivers as well as for
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ET change from 3 GCMs & 8 GHMs, 2071-2100 vs. 1971-2000 Runoff change from 3 GCMs & 8 GHMs, 2071-2100 vs. 1971-2000
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Fig. 3. Ensemble mean results for evapotranspiration (left column) and runoff (right column) from 24 simulations (8 GHMs using output from
3 GCMs): mean future changes (mm]a following the A2 scenario for 2071-2100 compared to 1971-2@00); number of simulations
showing a positive change minus the number showing a negative ctare

CV of ET change from 3 GCMs, 2071-2100 vs. 1971-2000 CV of runoff change from 3 GCMs, 2071-2100 vs. 1971-2000
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Fig. 4. CVs of evapotranspiration (left column) and runoff (right column) changes shown in Fig. 2 from 3 G&My and from
8 GHMs(c, d).
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-100 0 100

Fig. 5. Areas where the largest spread in projected evapotranspifaj@nd runoff(b) changes (2071-2100 compared to 1971-2000) is
due to the choice of the GCM (blue), GHM (red) or scenario (green).
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Fig. 6. (a)Ensemble mean runoff coefficier® { P) for present day (1971-2000), and scatter plots showing how the runoff coefficient relates
to the A2 changes ib) evapotranspiration an@) runoff obtained from the GCM—-GHM ensemble. Kby and(c), the colours show the
number of scatter points.
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a) CV of ET changes from 3 GCMs
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Fig. 7. Scatter plots showing how the ensemble mean runoff coefficRnP] for present day relates to the CV of A2 evapotranspiration
(left column) and runoff (right column) changes obtained from 3 GG %) and to the CV from 8 GHMgc, d). The colours show the
number of scatter points.

the catchments of Amur, Baltic Sea and Yangtze, the GHMare shown in Fig. 9. The large-scale patterns of the mean
spread is largest, demonstrating the impact of uncertaintieshanges are similar to those for the GCM—-GHM ensemble
in the projected ET changes on the runoff changes over th¢see Fig. S2a and b in the Supplement and Fig. 3a and b),
high- and some midlatitude regions. The scenario spread ibut the absolute intensity of change is mostly lower in the
generally the smallest spread, especially for runoff, and it isdirect GCM output (Fig. 9a and b). This is supported by
always smaller than the GHM spread, except for ET in theFig. 10, where the intensity of change (decreases and in-
Murray catchment where it is largest. Catchments where thereases) is compared. Here, areas indicating larger changes in
scenario spread is larger than the GCM spread usually comthe GCM—-GHM ensemble exceed areas with larger changes
prise areas where the GCM spread is rather low. It should bén the original GCM output for both ET and runoff. Areas
noted that only three GCMs were applied in this study, so thatwhere the sign of change differs are relatively scarce. In
the uncertainty due to the choice of the GCM is likely some- this respect, noticeable larger areas are seen for the runoff
what underrepresented, even though the chosen GCMs covehanges over Australia and east of the Caspian Sea. Con-
some of the range in projected precipitation change amongidering average changes over large catchments (Fig. 8), it
the CMIP3models (see Sect. 2.1). can be noted that the projected A2 changes from the origi-
nal GCM output are often significantly lower, up to 50-70 %
less, than the respective changes projected by the GCM-
GHM ensemble. This may partly be due to the small sample
of 3 GCMs that, with regard to the calculation of ET and their
projected changes, may not cover the full space of possible
model solutions.

The spread patterns behave differently than the corre-
lr\]/lssponding mean changes. For both ET and runoff, the spread

3.2 Comparison to direct GCM output

With regard to the projected changes in ET and runoff, it
is interesting to compare the results from the GCM-GHM
ensemble with the uncorrected climate model output ob-
tained directly from the three GCMs. The projected mea
A2 changes and associated spreads among the 3 GC

Earth Syst. Dynam., 4, 129444, 2013 www.earth-syst-dynam.net/4/129/2013/



S. Hagemann et al.: Climate change impact on available water resources 137

a) ET changes and spreads
300 T T T T T T T T

T T T

Std. 8 GHMs =
Std. 3 GCMs ===
250 - Std. GCM org. ——1
A2 Mean mmm
B1 Mean m—=3

£ A2 GCM org. = |

150 B
= B 2
E o0 |
E
50
O ———
-50 ; -
-100 1 :0 I,L
%% 5,
%
©
%
o
b) Runoff changes and spreads
400 T T T T T T — T T T T
Std. 8 GHMs =
] Std. 3 GCMs ===
Std. GCM org. C——1
300 |- — A2 Mean mmmmm |
B1 Mean m=—=
A2 GCM org. ——1
200 -
'F —g
€ 100 -
) Il % F—=
Lﬁ-‘ Ll:]_‘ =
0 == W s p= %
_100 [ % ) - |
_200 1 1 1 1 1 1 1 1 1 1 1 1
3 ) -
Yo% h % 2 % % % % %% s
2 B e B B % B Y 3 e o
o) o, () (o) ) B, % 2, 2
% 5 &% ® ) & ® o
g % 3 %
> Q ® 4 ®
% ¥ % Ko
e, 2 f
“%. )
N -

Fig. 8. (a)Mean projected A2 and B1 changes (2071-2100 compared to 1971-2000) in evapotranspiration and associated standard deviation:
(Std.) due to the choice of the GCM (Std. 3 GCMs) and GHM (Std. 8 GHMs) about the A2 meabSia) over selected large catchments.

The mean A2 change and Std. obtained directly from the three original GCM outputs are also shown (A2 GCM org., Std. GCM org.). The
6 largest Arctic rivers comprise the catchments of Mackenzie, Northern Dvina, Yenisei, Ob, Lena and Kb)yfsa), but for runoff.

in the original (uncorrected) GCM output tends to be largerspread in the original GCM output seems to be a direct re-
than the GCM spread in the GCM-GHM ensemble (Fig. 9csult of the GCM-specific biases in precipitation and tem-
and d). This is the case for most parts of the globe (Fig. 11) perature. In the GCM-GHM ensemble, the bias correction
For ET, the pattern of spread in the original GCM output is not only reducing the spread (per definition) in the GCM
(Fig. S2c in the Supplement) is rather similar to the spreaddata for the control period, but also the spread in the climate
due to the choice of the GCM in the GCM-GHM ensem- change signal. Note that the absolute standard deviations are
ble (Fig. 4a) over the Southern Hemisphere and the Tropicsshown in Fig. 8 while the spreads represented by the CV in
but there are larger differences over the mid- and especiallghe Figs. 4, 7, 11 and S2 (in the Supplement) are relative val-
over the high northern latitudes. For runoff, both spreadsues. Thus, Fig. 8 shows catchment-averaged absolute stan-
(Fig. S2d in the Supplement, Fig. 4b) show only some sim-dard deviations of the original GCM output that are partially
ilarities over South America and Central Africa. The higher smaller than the corresponding standard deviations in the
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Fig. 9. Scatter plots to compare the results obtained directly from the output of the 3 GCMs to those from the GCM-GHM ensemble: mean
future changes (mm—eil) of evapotranspiration (left column) and runoff (right column) following the A2 scenario for 2071-2100 compared
to 1971-200(a, b), and the CV of these changes from the 3 GQ®|). The colours show the number of scatter points.

Comparing mean A2 ET changes for 3 GCMs Comparing mean A2 Runoff changes for 3 GCMs
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Fig. 10. Comparison of mean A2 evapotranspiration (left panel) and runoff (right panel) changes (2071-2100 compared to 1971-2000)
projected by the GCM-GHM ensemble and the original uncorrected GCMs. Areas are indicated where the projected decreases and increase
are larger in the GCM-GHM ensemble (red and blue, respectively) than in the original GCM output and vice versa (orange and turquoise,
respectively), as well as areas where the sign of projected change differs between them (green).

GCM-GHM ensemble due to the choice of the GCM, espe-spreads represented by the CV are often larger for the direct
cially for runoff. But as the projected mean changes in the di-GCM output than their GCM-GHM counterparts (Fig. 11).
rect GCM output are mostly weaker than for the GCM-GHM  This means that even though the projected ET and runoff
ensemble (see above in the text), the associated relative vathanges of the original GCM output are fully consistent with
ues become much larger for the direct GCM output. Thus, thehe other GCM variables, the associated spread and related
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Comparing CVs of A2 ET change for 3 GCMs Comparing CVs of A2 Runoff change for 3 GCMs
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Fig. 11. Comparison of the spreads associated with the mean A2 evapotranspiration (left panel) and runoff (right panel) changes due to the
choice of the GCM for the GCM-GHM ensemble and the original uncorrected GCMs. Areas are indicated where the CV is larger for the
GCM-GHM ensemble (blue) or for the original GCM output (red).
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Fig. 12. A2 changes (2071-2100 compared to 1971-2000) in available water resources projected by the 8 GHM ensemble averaged for all
3 GCMs(a), ECHAM (b), CNRM (c) and IPSL(d).

uncertainties in these changes are larger than for the GCM#ment, which can be regarded in the on-going discussion on

GHM ensemble where the consistency between variables ipros and cons of bias correction (see Sect. 2.1).

not necessarily the case due to the bias correction. Thus, the

GCM-specific biases in precipitation and temperature lead to

larger spreads in the projected changes of terrestrial compat  |mpact on the available water resources

nents of the hydrological cycle. Consequently, these results

show a beneficial characteristic of the chosen model setuBased on the results from the 8 GHMs and 3 GCMs,

compared to the direct use of GCM data for impact assesseatchment-based maps of changes in available water re-
sources can identify areas that are vulnerable to projected
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Fig. 13. Ensemble seasonal mean future changes (mm se&sof runoff from 24 simulations (8 GHMs using output from 3 GCMs)
following the A2 scenario for 2071-2100 compared to 1971-2@8@Pboreal winter (DJF)(b) spring (MAM), (c) summer (JJA) and
(d) autumn (SON).

climate change with regard to water availability. In this re- based only on one of these GCMs cannot be neglected for
spect, available water resources are defined as the total athis impact assessment. Examples of significant decreases
nual runoff (R) minus the mean environmental water require- are seen in the following large catchments for individual
ments. Using results of Smakhtin et al. (2004), environmentalGCMs (Fig. 12): Parana (more tharnb0 % for IPSL) and
water requirements (EWR) for a catchment were defined a&Jruguay (more than-20 % for IPSL) in South America, Or-
30% of the total annual runoff. Assuming EWR will not ange (more than-20 % for ECHAM) in South Africa, Sa-
change significantly in the future, available water resourceshel zone comprising Senegal, Niger, Volta and Chari (more
(AAW) can be estimated as than—50 % for IPSL) and Central and Eastern Asia compris-
_ ing the Ganges/Brahmaputra (more tha®0 % for IPSL),
AAN = ((Rscen— EWR) = (Rcz0 ~ EWR)) /(Rezo = EWR) Amudarja and Huang He (more tharl0% for
= (Rscen— Rc20) / (Rc20 — EWR). ECHAM).

Here,Rcoo and Rscenare the mean annual runoff for the cur-  The analysis presented above has been conducted on the
rent climate (1971-2000) and future scenario (2071-2100pnnual scale, but in some regions available water resources
periods, respectively, and EWR = (R320. are also affected by seasonal changes. Figure 13 shows the

Although for runoff there is large uncertainty induced by projected changes in runoff per season that can be com-
the choice of GCM (see Figs. 4 and 5), most large catchmentpared to the annual mean changes shown in Fig. 3b. Regions
(e.g. Amazon, Parana, Nile, Congo, Ganges/Brahmaputrafhat might experience a seasonal reduction in runoff that is
show an increase in available water resources in the futurénore severe than in the respective annual mean are poten-
(Fig. 12). There is some agreement between the 3 GCMdially affected by a seasonal reduction in available water re-
as to where the available water resources are expectesources. These regions comprise parts of southern Africa in
to decrease considerably (more than 10%). These region®JF (Fig. 13a), central eastern South America, Eastern US
comprise Central, Eastern and Southern Europe, the catctand Eastern Europe in MAM (Fig. 13b), almost the whole of
ments of the Euphrates/Tigris in the Middle East, Missis- Europe and western Siberia as well as Western US and south-
sippi in North America, Zhu Jiang in southern China, Mur- ern and western Canada in JJA (Fig. 13c), and north-western
ray in SE Australia, and Okavango and Limpopo in southernSouth America in SON (Fig. 13d).
Africa. Here the projections based on the different GCMs It has to be noted that even if the long-term mean an-
largely agree. As only three GCMs are considered, potennual change in annual water resources may be quite small
tial future significant reductions in available water resourcesfor some regions, they might be strongly affected by changes
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in interannual variability and the occurrence of droughts. Anables, e.g. between the near surface air humidity and temper-
analysis of these effects is beyond the scope of the presemtture used by some of the GHMs as forcing. However, Had-
study, but it is an important topic for future studies. In this deland et al. (2012) found that the relative values of projected
respect, Prudhomme et al. (2013) investigated the impact ofiydrological change are very similar if other GCM variables
climate change on hydrological droughts. are also bias corrected. Thus, it can be assumed that the im-
Climate change has been identified as a major influencgact of these inconsistencies is generally rather small. An-
on basin water balances. However, land use and water usaether uncertainty inherent to the chosen model setup is that
practices also play a role in the assessment of whether anthe GHM ET does not feed back to the atmosphere, hence it
how strongly human societies are affected in those changingloes not impact GCM precipitation or near surface specific
regions. The impact of reduced water availability on different humidity.
regions also depends on the total water demand and during Despite these uncertainties and inconsistencies, there are
which season availability will change. These are necessargurrently not many alternatives to this approach for hydro-

subjects for future studies. logical impact assessments. As mentioned in Sect. 2.1, out-
put from the current generation of GCMs is generally not di-
5 Conclusions and discussion rectly applicable for impact studies, mainly due to the large

biases in precipitation and associated biases in surface hy-

The climate modelling community has a long history of sys- drology (runoff, ET). These biases impact the GCM signals,
tematic model intercomparison through the climate modelas do the different GCM parameterizations, and thus lead to
intercomparison projects (CMIPs; Meehl et al., 2000). Theuncertainties in projected changes in terrestrial components
results of CMIP3 (Meehl et al., 2007) are the basis for the fu-of the hydrological cycle that are larger than in the model
ture climate change projections presented in the IPCC 4th assetup presented here. These differences can also lead to dif-
sessment report (Solomon et al., 2007). The results of CMIP$erent climate change signals which, in the present study, are
are also used in many climate change impact assessmengenerally weaker in the uncorrected GCM output, but this
to quantify the uncertainties originating from climate mod- may be a characteristic of the chosen 3 GCMs. Note that the
els and emission scenarios (Gosling et al., 2012; Osbornesability of direct GCM output may change in the future as
et al., 2013; Sperna Weiland et al., 2012). Most of the im-developments are also being targeted at improving the water
pact assessments, however, only use a single impact modatycle in GCMs and there are some studies in the literature
Here, for the first time a multi-model ensemble comprising implying there is useful information obtainable directly from
multiple global climate (3) and global hydrology models (8) GCMs (e.g. Falloon et al., 2011).
was used to assess future large-scale changes in land surfaceFuture changes in runoff and ET generally follow the
water fluxes and available water resources. The results preprojected changes in the bias-corrected GCM precipitation.
sented here clearly show that climate change impacts do ndfthese changes comprise projected increases over the high
only depend on emission scenarios and climate models, buatitudes and some midlatitude regions, while Southern Eu-
that different impact models give considerably different re- rope, large parts of the Middle East, southern parts of Africa
sults. In some regions the spread of the impact models isnd the USA, eastern Australia and the north-eastern part of
larger than that of the climate models. South America will likely experience decreased runoff in the

This ensemble of many different simulations formed the future compared to the control period. These changes are
basis for a comparison of the uncertainty in the projectedgenerally consistent with those in previous studies. The re-
changes originating from the choice of the GCM, the GHM sults of Haddeland et al. (2011) indicate that, globally aver-
and the emission scenario (B1 and A2). We did not use theaged, the majority of the interannual variation in precipita-
direct output of GCMs but instead bias-corrected the GCMtion feeds directly through to the runoff and that the evap-
time series of precipitation and temperature. Thus, we esetranspiration is constrained by other atmospheric factors
sentially removed differences between GCMs in those timesuch as temperature, radiation, and humidity. The same is
series in the baseline period, which correspondingly reducesalid for future changes in runoff and ET, while ET will also
the absolute spread of the GCMs over many regions. Notde affected by precipitation changes in transitional wet re-
that the bias correction also adds uncertainty to the projecgions where the availability of soil moisture directly affects
tions. Precipitation and temperature are corrected indeperthe evaporative fraction (Seneviratne et al., 2010). In the wet
dently. Several studies, such as that of Berg et al. (2009)high latitudes (see Fig. 6a) where ET is energy-limited, the
have shown that daily precipitation shows some scaling withprecipitation increase (Fig. 2a) is accompanied by a larger
temperature so that future improvements of the bias correcwarming that leads to more available energy which in turn
tion method may be achieved with multivariate approachegesults in increased ET. Associated with reduced runoff, a
(such as presented by Piani and Haerter, 2012) that takeignificant reduction in available water resources will occur
these dependencies into account. In addition, GCM variablein many catchments on the annual scale, but also for spe-
other than precipitation and temperature are not correctedsific seasons. For those regions, the projections based on the
which potentially introduces inconsistencies between vari-different GCMs largely agree. Moreover, when considering
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the large uncertainty associated with the choice of GCM, itproperties can affect the magnitude of hydrological response
is also possible that some regions might be affected by a sigtsee e.g. Arora, 2002; Roderick and Farquhar, 2011; Renner
nificant future reduction in available water resources whenand Bernhofer, 2012). Thus, an application of the framework
this is projected only by one of the GCMs. of Renner and Bernhofer (2012) may be a valuable future ex-
A deeper analysis of the cause of the projected changetension of our study by linking some of these changes to the
is beyond the scope of the present study as the parameridity index.
terizations of ET and runoff vary substantially between the The impact of the bias correction (see above) on the
GHMs (Table 1 and Haddeland et al., 2011), and the comprojected changes is probably smaller than that caused by
plicated interactions between the various processes make the different GHMs. A direct comparison of the simulated
infeasible to explain the causes of many simulation differ- GHM changes in ET and runoff from uncorrected and bias-
ences in detail, as noted in previous model intercomparisonsorrected GCM output cannot be made for the whole GHM
(e.g. Koster and Milly, 1997). However, some comments canensemble as most of the GHMs did not produce simula-
be made. The results presented here show that the uncetions with the uncorrected GCM output. An indication of the
tainty in projected changes of land surface water fluxes duesize of the effect can be found by comparing the changes
to the choice of the GHM cannot be neglected over many refor two of the GHMs in Hagemann et al. (2011) for which,
gions of the earth. This uncertainly mainly arises from the for most of the large catchments considered, the two annual
different model formulations used to represent hydrologicalmean GHM climate change signals in ET and runoff differ
processes in the GHMs. Haddeland et al. (2011) found thamore than the mean signals obtained with and without bias
significant differences between simulations by land surfacecorrection.
models (LSMs; models that calculate the land surface energy Future analyses of global climate change impacts to be
balance) and “pure” GHMs (without energy balance calcula-used in, for example, the IPCC assessments should not be
tion) for the current climate are partly caused by the snowbased on the output of a single impact model. Well coordi-
scheme applied. In that study, which included all the hy-nated model intercomparison activities are not only needed
drological models that are included in this study, the phys-for climate models but also for the important impacts. Our
ically based energy balance approach used by LSMs gerresults show a clear need for intercomparison activities such
erally resulted in lower snow water equivalent values thanas ISI-MIP fttp://www.isi-mip.org, AgMIP (http://www.
the conceptual degree-day approach used by most GHMsagmip.org) and WaterMIP (Haddeland et al., 201Aitp:
Some differences in simulated runoff and evapotranspira//www.eu-watch.org/waterm)pA major obstacle to the use
tion are explained by model parameterizations, such as thby policy makers of the results of such model intercompar-
different treatment of soil moisture and evapotranspirationison projects is the large amount of data and scenarios pro-
(Hagemann et al., 2011; Haddeland et al., 2011), althouglduced by the different modelling exercises, which have to be
the processes included and parameterizations used are naduced to a demonstrative and meaningful gist. There is a
distinct to either LSMs or pure GHMs. The present study need to develop tools and methods which allow for the quan-
indicates that large differences in the projected changes betfication of uncertainty and assessment of robustness of cli-
tween the GHMs may be attributed to the different modelmate change impacts using multi-model ensembles without
formulations of evapotranspiration. This becomes especiallygenerating too much data, and which may be used to demon-
obvious if the projected changes in evapotranspiration arestrate the associated results in a relatively simple way.
considered for which the uncertainty related to the choice
of the GHM IS larger than (.ju? to. the gh0|ce of the GCM.SuppIementary material related to this article is
OVEr many regions. Uncertainties in projected evapotranspl— vailable online at: http://www.earth-syst-dynam.net/4/
ration changes are generally shown to be due to.the choice c?29/2013/esd-4-129-2013-supplement.pdf
the impact model, whereas the choice of the climate mode
prevails for the future projections of runoff, except for those
areas where the evapotranspiration is strongly affecting theé\cknowledgementsThis study was supported by funding from the
future changes in runoff and, thus, the GHM uncertainty is European Union within the WATCH project (contract No. 036946).
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