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Abstract

Climate change is expected to alter the hydrological cycle resulting in large-scale im-
pacts on water availability. However, future climate change impact assessments are
highly uncertain. For the first time, multiple global climate (three) and hydrological
models (eight) were used to systematically assess the hydrological response to cli-5

mate change and project the future state of global water resources. The results show
a large spread in projected changes in water resources within the climate–hydrology
modelling chain for some regions. They clearly demonstrate that climate models are
not the only source of uncertainty for hydrological change. But there are also areas
showing a robust change signal, such as at high latitudes and in some mid-latitude10

regions, where the models agree on the sign of projected hydrological changes, indica-
tive of higher confidence. In many catchments an increase of available water resources
is expected but there are some severe decreases in central and Southern Europe, the
Middle East, the Mississippi river basin, Southern Africa, Southern China and south
eastern Australia.15

1 Introduction

Global warming due to increased greenhouse gas emissions leads to changes in the
distribution of water resources over many regions and the global and regional hydrolog-
ical cycles have been greatly influenced by climate change in the past century (Brut-
saert and Palange, 1998; Scanlon et al., 2007; Solomon et al., 2007). Following the20

greenhouse gas emission scenarios for the 21st century (Nakicenovic et al., 2000), cli-
mate change will cause increased temperatures and changes in precipitation. Future
changes in rainfall however are highly uncertain and depend on which climate model is
used. Hydrological models have been widely used for assessments of water resources,
especially for studying the impacts of climate change. Many studies have tried to as-25

sess the impact of climate change on the past and future global water cycle. To cover
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part of the uncertainty in future climate change often multiple climate models are used
but in most cases only one or two hydrological impact models are applied (Gosling and
Arnell, 2011; Oki et al., 2003; Nijssen et al., 2001; Döll et al., 2003; Hagemann et al.,
2011). Recent studies (Haddeland et al., 2011; Gosling et al., 2011), however, showed
that differences between hydrological models are also a major source of uncertainty,5

and it was suggested that multiple impact models should be used for climate change
impact studies (Haddeland et al., 2011). In the present study, climate projections from
three state-of-the-art coupled atmosphere-ocean general circulation models (GCMs),
eight global hydrology models (GHMs) and two emission scenarios are used to assess
the response of the terrestrial hydrological cycle to climate change and subsequent10

changes in available water resources. In this respect, this is not only the first study to
investigate future water resources using multiple GCMs and GHMs and emission sce-
narios, but it is also rigorous because eight GHMs were applied, which is by far the
most applied in any global climate change impact study thus far. As GCM simulations
are significantly affected by systematic errors, and results from a directly forced hydro-15

logical simulation will be unrealistic and of little use (Sharma et al., 2007; Hansen et
al., 2006), bias-corrected GCM output was used to force the GHMs.

Section 2 describes the GCM-GHM modelling chain and the measures used to anal-
yse the results. Mean changes in large-scale water fluxes and related uncertainties are
presented in Sect. 3, where also a comparison to water fluxes obtained directly from20

the GCMs is included. The impact of climate change on the available water resources is
estimated based on the multi-model ensemble results in Sect. 4. Finally, the results are
summarized and discussed in Sect. 5, thereby also highlighting aspects of uncertainty
introduced by GHMs.

Note that this study focuses on the impact of climate change alone on water fluxes25

and resources where direct human influences are not considered. However, land use
and water use practices also play a role in the assessment whether and how strongly
human societies are affected in regions with changing water resources. For an esti-
mation of combined anthropogenic and climate change effects, water use and further
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direct anthropogenic impacts on hydrology have to be taken into account which will be
investigated by Haddeland et al. (2013).

2 Models and methods

2.1 Models

Three GCMs are used in this study to provide quantitative estimates of future cli-5

mate projections following the IPCC emission scenarios A2 and B1 (Nakicenovic et al.,
2000): ECHAM5/MPIOM (denoted as ECHAM5 henceforth) of the Max Planck Institute
for Meteorology, LMDZ-4 of Institute Pierre Simon Laplace (denoted as IPSL hence-
forth) and CNRM-CM3 of Centre National de Recherches Météorologiques, Météo-
France (denoted as CNRM henceforth). A statistical bias-correction method (Piani et10

al., 2010a,b) was applied to the GCM daily land precipitation and mean, minimum and
maximum daily land temperatures. The bias-correction method is based on a fitted his-
togram equalization function. This function is defined daily, as opposed to earlier pub-
lished versions in which they were derived yearly or seasonally at best, while conserv-
ing properties of robustness and eliminating unrealistic jumps at seasonal or monthly15

transitions. Bias-correction factors are derived from 1960 to 1999 from observed (Wee-
don et al., 2011) and simulated data and then applied to 1960–2100 simulations (Piani
et al., 2010b). For details about the GCM simulations and the bias-corrected data, see
Hagemann et al. (2011). Although bias correction of climate forcing fields has become
a necessary step in climate impact simulations, many recent studies have identified20

limitations and pitfalls associated with this process (e.g. Haerter et al., 2011; Ehret et
al., 2012). However, as stated by Piani and Haerter (2012) the used bias correction has
been applied successfully to regional climate model output over Europe to examine the
effects on both simulated climate and extreme hydrological events (Dosio and Paruolo,
2012; Rojas et al., 2011).25
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Eight GHMs (MPI-HM, LPJmL, WaterGAP, VIC, Mac-PDM.09, H08, GWAVA and
JULES) were used to calculate historic and future water fluxes and simulate the
land surface hydrology at a horizontal resolution of 0.5◦ (about 50 km grid spacing).
For model characteristics and the physical processes represented, see Haddeland et
al. (2011). This study focused on the impact of climate change on hydrology, and hence5

anthropogenic influences such as water withdrawals and reservoirs were not taken into
account in the hydrological simulations.

2.2 Experimental setup and measures

To evaluate the projected hydrological cycle obtained from the multi-model ensemble,
the ensemble means and the spread around these means due to different sources10

were calculated. For both emission scenarios, transient simulations from 1960–2100
were conducted by the GHMs. For the A2 scenario, simulations by all 8 GHMs forced
by output from the 3 GCMs resulted in 24 different time series for each hydrological
variable. For the B1 scenario, 18 simulations were obtained from 6 GHMs (excluding
JULES and H08) forced by 3 GCMs. The ensemble mean of each hydrological variable15

was calculated for the control (1971–2000) and future (2071–2100) periods, and the
changes are expressed for the future relative to the control period.

In this study, uncertainty is reflected by the spread of the model results due to the
choice of the GCM (3), GHM (8) or emission scenario (2). For the first two, the spread is
calculated from the normalized standard deviation (or coefficient of variation, CV) that20

is commonly used to express relative differences between models. Here, the spread
due to the choice of the GCM is determined by taking the ensemble mean of the
8 GHM results for each GCM, and subsequently calculating the standard deviation
among the 3 GCMs. The GHM spread is calculated correspondingly from the standard
deviation of the GCM ensemble (3) means for each of the 8 GHMs. For the emissions,25

the scenario spread is represented by the differences between the ensemble mean
results of the high emission scenario A2 and the lower emission scenario B1, obtained
from those GHM simulations that were conducted for both scenarios (6×3=18). As
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this study focuses on changes in available water resources, associated changes in
the main components of the terrestrial water balance are considered, i.e. precipitation
(simulated by the GCMs), total runoff and evapotranspiration (simulated by the GHMs
forced with bias-corrected GCM data).

3 Mean changes in large-scale water fluxes and related uncertainties5

According to the results of the GCM A2 simulations, precipitation is projected to in-
crease by the end of the 21st century across the higher latitude regions and in parts of
the middle latitudes (Fig. 1a). Parts of the Middle East, the Mediterranean region, the
southern parts of North America, Africa and Southern Australia will receive less precipi-
tation. These future changes in precipitation are of a similar magnitude compared to the10

ensemble of 21 GCM results summarized in the 4th IPCC Assessment Report3. No-
ticeable uncertainties 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. 1b).15

Water resources depend strongly on available runoff, which in the long term is con-
strained by incoming precipitation and outgoing evapotranspiration (ET). Runoff is pro-
jected to decrease over the eastern part of Australia, southern parts of Africa and
United States, north east part of South America, south part of Europe, and large part
of the Middle East (Fig. 2 – right column). Largely, the change pattern of runoff follows20

the ensemble mean change of precipitation (Fig. 1a). This behaviour is similar for the
projected mean changes in ET (Fig. 2 – left column), with the noticeable exception that
ET also increases in the northern high and mid-latitudes and extends further south-
wards into the transitional wet regions. This can be observed over south-eastern US,
central Europe and eastern Asia.25

Although for many large regions around the globe there is generally a large spread
of absolute changes predicted by the different model simulations, many models agree
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in the sign of projected changes (Fig. 2c and d). For runoff, regions with relatively high
mean changes are generally those regions where the majority of the 24 GCM-GHM
model combinations agree on the sign of change. This indicates that the projected
runoff changes expressed by the multi-model mean are robust within the used ensem-
ble. The same applies for ET, except for relative changes in the Central Amazon and5

the very dry regions of Sahara and Southern Mexico where there is less agreement
between the models.

For both runoff and ET we estimated whether the maximum spread in the projected
changes originates from the choice of GCM, GHM or scenario. For ET (Fig. 3a), the un-
certainty in the projected changes is largely dominated by the spread due to the choice10

of the GHM. Especially over high latitude regions, GHMs cause noticeable uncertainty
patterns (Fig. 2g and h) where the spread originating from the GCMs is rather low
(Fig. 2e and f). For runoff, the CV values representing the GCM spread are often com-
parable to the GHM spread even though the GCM spread is larger over many regions
of the globe (Fig. 3b). The spread patterns associated with the runoff changes suggest15

that they are partially affected by the corresponding spreads in the ET changes. But
the associated CV values are strongly reduced compared to the CV of the ET changes,
especially over the mid- and low latitudes including central and Southern Europe. This
means that on one hand the main spread in runoff changes originates from the choice
of the GCM, which is especially imposed by the projected precipitation changes (Fig. 1).20

On the other hand, there are several areas where the runoff spread is dominated by
the spread in ET changes that is largely induced by the GHMs, noticeably over the high
northern latitudes.

In the A2 scenario, some high and mid latitude regions show more precipitation and
runoff than with the B1 scenario (Fig. S1 in the Supplement). In most other areas, the25

projected changes are rather comparable. With regard to ET, most areas show larger
values in the future period for the A2 scenario than for the B1 scenario, especially in the
Amazon area. ET changes for A2 that are smaller than for B1 are projected over the
western part of North America, southern part of South America and the Middle East.
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This is an indication of a stronger drying of these regions with increased greenhouse
gas concentrations. Noticeable spread due to choice of scenario largely occurs over
areas where the projected ensemble mean A2 change is relatively small. In addition,
larger runoff spreads occur over the high northern latitudes, Northern USA, some parts
of South America and Africa that are comparable and partially larger (see Fig. 3) than5

those originating from the GCMs or GHMs. Over Africa, southern South America and
northern USA, these uncertainties are induced by scenario differences in precipitation
that are much larger than those originating from the choice of the GCM. Over the
high latitudes, these seem to be related to scenario uncertainties in ET over these
regions that are generally comparable to those rather low uncertainties originating from10

the GCMs or GHMs (Fig. S1 in the Supplement). In most other areas the scenario
uncertainty is smaller than induced by the GCM or GHM.

Figure 4 sets the projected mean A2 changes in relation to the associated spreads
over selected large-scale catchments that include the largest rivers on Earth as well as
a few smaller catchments in Europe (Baltic Sea, Danube) and Australia (Murray). Fol-15

lowing Hagemann et al. (2009), a projected change is considered robust if the change
is larger than the maximum spread. Figure 4 shows that for many catchments the
mean A2 change is robust compared to the different spreads, especially for runoff. For
several catchments the direction of change is not robust, but relatively well constrained
(larger than half of the maximum spread), i.e. Baltic Sea, Mississippi and Nile for runoff,20

and Amazon, Congo, Ganges/Brahmaputra and Nile for ET. Noticeably, the large GCM
spread prohibits a constrained runoff change signal over the Ganges/Brahmaputra
(runoff) and Parana (runoff and ET) catchments. Also, projected changes are not con-
strained for the Danube (ET) and Yangtze (runoff) due to low projected mean changes
and large GHM spreads. Consistent with Fig. 3, the GHM spread of the ET changes is25

largest for most of the catchments (except for Mississippi and Parana), while for runoff
the GCM spread prevails for 8 of the 12 catchments considered. But for the large area
of the 6 largest Arctic rivers as well as for the catchments of Amur, Baltic Sea and
Yangtze, the GHM spread is largest, demonstrating the impact of uncertainties in the
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projected ET changes on the runoff changes over the high and some mid latitude re-
gions. The scenario spread is generally the smallest spread, especially for runoff, and it
is always smaller than the GHM spread, except for ET in the Murray catchment where
it is largest. Catchments where the scenario spread is larger than the GCM spread
usually comprise areas where the GCM spread is rather low.5

It should be noted that only three GCMs were applied in this study, so that the un-
certainty due to the choice of the GCM is likely somewhat underrepresented. However,
the chosen GCMs belong to different model families and cover some range in projected
precipitation change among the CMIP3 (Meehl et al., 2007; see also Sect. 5) ensemble
(Mason and Knutti, 2011). The selection of GCMs for this study was imposed by the10

availability of climate model data necessary to force the GHMs. A respective analysis
of the original GCM results over Europe was provided by Hagemann et al. (2008).

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 climate model output directly ob-15

tained from the three GCMs. The projected mean A2 changes and associated spreads
among the 3 GCMs are shown in Fig. 5. The large-scale patterns of the mean changes
are similar to the GCM-GHM ensemble (Fig. 2a and b), but the absolute intensity of
changes is mostly lower in the direct GCM output. This is supported by Fig. 6 where
the intensity of changes (decreases and increases) is compared. Here, the blue and20

red areas largely (larger changes in the GCM-GHM ensemble) exceed the turquoise
and orange areas (larger changes in the original GCM output) for both ET and runoff.
Areas (green), where the sign of change differs, are relatively scarce. In this respect,
noticeable larger areas are seen for the runoff changes over Australia and east of
the Caspian Sea. Considering average changes over large catchments (Fig. 4), it can25

be noted that the projected A2 changes from the original GCM output are often even
weaker than the B1 changes from the GCM-GHM ensemble.

1329

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/1321/2012/esdd-3-1321-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/1321/2012/esdd-3-1321-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
3, 1321–1345, 2012

Climate change
impact on available

water resources
obtained

S. Hagemann 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
|

The spread patterns behave differently than the corresponding mean changes. For
ET, the patterns of spread in the original GCM output (Fig. 5c) is rather similar to the
spread due to the choice of the GCM in the GCM-GHM ensemble (Fig. 2e) over the
southern hemisphere and the Tropics, but there are larger differences over the mid- and
especially over the high northern latitudes. For runoff, both spreads (Figs. 5d and 2f))5

show only some similarities over South America and Central Africa. Over most part of
the globe, the spread in the original GCM output is larger than the GCM spread in the
GCM-GHM ensemble (Fig. 6). The higher spread in the original GCM output seems to
be a direct result of the GCM specific biases in precipitation and temperature. In the
GCM-GHM ensemble, the bias correction is not only reducing the spread (per defini-10

tion) in the GCM data for the control period, but also the spread in the climate change
signal. Note that the absolute standard deviations of the original GCM output averaged
over large catchments (Fig. 4) are partially smaller than the corresponding standard de-
viations in the GCM-GHM ensemble due to the choice of the GCM. But as the projected
mean changes in the direct GCM output are mostly weaker than for the GCM-GHM en-15

semble (see above), the associated spreads represented by the CV (Fig. 5c and d) are
often larger for the direct GCM output than their GCM-GHM counterparts (Fig. 6).

This means that even though the projected ET and runoff changes of the original
GCM output are fully consistent with the other GCM variables, the associated spread
and related uncertainties in these changes are larger than for the GCM-GHM ensemble20

where the consistency between variables is not necessarily the case due to the bias
correction. Thus, the GCM specific biases in precipitation and temperature lead to
higher spreads in the projected changes of terrestrial components of the hydrological
cycle. Consequently, these results show another advantage of the chosen model setup
compared to the direct use of GCM data for impact assessment, which can be regarded25

in the on-going discussion on pros and cons of bias correction (see Sect. 2.1).
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4 Impact on the available water resources

Based on the results from the 8 GHMs and 3 GCMs, catchment based maps of
changes in available water resources can identify areas that are vulnerable to pro-
jected climate change with regard to water availability. In this respect, available water
resources are defined as the total annual runoff (R) minus the mean environmental5

water requirements. Using results of Smakhtin et al. (2004), environmental water re-
quirements (EWR) for a catchment were defined as 30 % of the total annual runoff.
Assuming EWR will not change significantly in the future, available water resources
(∆AW) can be estimated as:

∆AW = ((RScen − EWR) − (RC20 − EWR))/ (RC20 − EWR) = (RScen − RC20)/ (RC20 − EWR).10

Here, RC20 and RScen are the mean annual runoff for the current climate (1971–2000)
and future scenario (2071–2100) periods, respectively, and EWR=0.3RC20.

Although for runoff there is large uncertainty induced by the choice of a GCM
(see Figs. 2 and 3), most large catchments (e.g. Amazon, Parana, Nile, Congo,
Ganges/Brahmaputra) show an increase in available water resources in the future15

(Fig. 7). There is some agreement between the 3 GCMs where the available water re-
sources are expected to decrease considerably (more than 10 %). These regions com-
prise Central, Eastern and Southern Europe, the catchments of the Euphrates/Tigris
in the Middle East, Mississippi in North America, Zhu Jiang in Southern China, Murray
in SE Australia, and Okavango and Limpopo in Southern Africa. Here, the projections20

based on the different GCMs largely agree. As only three GCMs are considered, po-
tential future significant reductions in available water resources based only on one of
these GCMs cannot be neglected for this impact assessment. Examples of significant
decreases are seen in the following large catchments for individual GCMs (Fig. 7):
Parana (more than −50 % for IPSL) and Uruguay (more than −20 % for IPSL) in South25

America, Orange (more than −20 % for ECHAM) in South Africa, Sahel zone com-
prising Senegal, Niger, Volta and Chari (more than −50 % for IPSL) and Central and
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Eastern Asia comprising the Ganges/Brahmaputra (more than −20 % for IPSL), Indus,
Amudarja and Huang He (more than −10 % for ECHAM).

Climate change has been identified as a major influence on basin water balances.
However, land use and water use practices also play a role in the assessment of
whether and how strongly human societies are affected in those changing regions.5

The impact of reduced water availability on different regions also depends on the to-
tal water demand and during which season availability will change. These effects are
necessary subjects for future studies.

5 Conclusions and discussion

The climate modelling community has a long history in systematic model intercompar-10

ison through the climate model intercomparison projects (CMIPs; Meehl et al., 2000).
The results of CMIP3 (Meehl et al., 2007) are the basis for the future climate change
projections presented in the IPCC 4th assessment report (Solomon et al., 2007). The
results of CMIPs are also used in many climate change impact assessments to quan-
tify the uncertainties originating from climate models and emission scenarios (Gosling15

et al., 2012; Osborne et al., 2012; Sperna Weiland et al., 2012). Most of the impact
assessments however use only one impact model. For the first time, a multi-model
ensemble comprising multiple global climate (3) and global hydrology models (8) was
used to assess future large-scale changes in land surface water fluxes and available
water resources. The results presented here clearly show that climate change impacts20

do not only depend on emission scenarios and climate models, but that different impact
models give considerably different results. In some regions the spread of the impacts
is higher than that of the climate models.

This ensemble of many different simulations formed the basis to compare the uncer-
tainty in the projected changes originating from the choice of the GCM, the GHM and25

the emission scenario (B1 and A2). Here, we did not use the direct output of GCMs,
but instead bias-corrected the GCM time series of precipitation and temperature on
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an individual basis. Thus, we essentially removed differences between GCMs in those
time series in the baseline period, which correspondingly reduces the absolute spread
of GCMs over many regions. Note that the relative values of projected hydrological
change are very similar if also other GCM variables are bias-corrected (Haddeland et
al., 2012). Future changes in runoff and evapotranspiration generally follow the pro-5

jected changes in the bias-corrected GCM precipitation. These changes comprise pro-
jected increases over the high latitudes and some mid-latitude regions. Southern Eu-
rope, large parts of the Middle East, southern parts of Africa and the USA, eastern
Australia and the north-eastern part of South America will likely experience decreased
runoff in the future compared to the control period. Associated with this reduced runoff,10

a significant reduction in available water resources will occur in many catchments. For
those regions, the projections based on the different GCMs largely agree. Moreover,
when considering the large uncertainty associated with the choice of GCM, it is also
possible that some regions might be affected by a significant future reduction in avail-
able water resources when this is projected only by one of the GCMs. Note that the15

direct use of GCM output is not recommended as biases in GCM temperature and
precipitation lead to uncertainties in projected changes in terrestrial components of the
hydrological cycle that are larger than in the model setup presented here. These also
can lead to different climate change signals, which in the present study are generally
weaker, but this may be a characteristic of the chosen 3 GCMs. Note that the usability20

of direct GCM output may change in the future as GCM developments are also be-
ing targeted at improving the water cycle and there are some studies in the literature
implying there is useful information obtainable directly from GCMs (e.g. Falloon et al.,
2011).

The results presented here show that the uncertainty in projected changes of land25

surface water fluxes due to the choice of the GHM cannot be neglected over many
regions of the Earth. This uncertainly mainly arises from the different model formula-
tions used to represent hydrological processes in the GHMs. Haddeland et al. (2011)
found that significant differences between simulations by land surface models (LSMs;
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models that calculate the land surface energy balance) and “pure” GHMs (without en-
ergy balance calculation) for the current climate are partly caused by the snow scheme
applied. In that study, which included all the hydrological models that are included in
this study, the physically-based energy balance approach used by LSMs generally re-
sulted in lower snow water equivalent values than the conceptual degree-day approach5

used by most GHMs. Some differences in simulated runoff and evapotranspiration are
explained by model parameterizations, such as the different treatment of soil moisture
and evapotranspiration (Hagemann et al., 2011; Haddeland et al., 2011), although the
processes included and parameterizations used are not distinct to either LSMs or pure
GHMs. The present study indicates that large differences in the projected changes be-10

tween the GHMs may be attributed to the different model formulations of evapotranspi-
ration. This becomes especially obvious if the projected changes in evapotranspiration
are considered for which the uncertainty related to the choice of the GHM is larger than
due to the choice of the GCM over many regions. Uncertainties in projected evapotran-
spiration changes are generally shown to be due to the choice of the impact model15

whereas the choice of the climate model prevails for the future projections of runoff,
except for those areas where the evapotranspiration is strongly affecting the future
changes in runoff and, thus, the GHM uncertainty is more pronounced. Here, it has to
be mentioned that the CO2 stomata effect on evapotranspiration is neither accounted
for by the GCMs nor by the GHMs except for 1 GHM (LPJmL). It has been shown20

that these impose a CO2 physiological forcing on runoff (e.g. Betts et al., 2007), and
that they are also important for large-scale precipitation over land so that similar GCM-
GHM exercises (see below) with the forthcoming CMIP5 results are recommended to
address associated uncertainties.

Future analyses of global climate change impacts to be used in for example the25

IPCC assessments should not be based on the output of single impact models. Well
co-ordinated model intercomparison activities are not only needed for climate models
but also for the important impacts. Our results show a clear need for intercomparison
activities such as ISI-MIP (http://www.isi-mip.org), AgMIP (http://www.agmip.org/) and
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WaterMIP (Haddeland et al., 2011; http://www.eu-watch.org/watermip). A major obsta-
cle to the use by policy makers of the results of such model intercomparison projects is
the large amount of data and scenarios produced by the different modelling exercises,
which have to be reduced to a demonstrative and meaningful gist. Therefore, there is
a need to develop tools and methods which allow for the quantification of uncertainty5

and assessment of robustness of climate change impacts using multi-model ensem-
bles without generating too much data, and which may be used to demonstrate the
associated results in a fairly simple way.

Supplementary material related to this article is available online at:
http://www.earth-syst-dynam-discuss.net/3/1321/2012/10

esdd-3-1321-2012-supplement.pdf.
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Figure 1: Annual ensemble mean changes in precipitation [mm/d] projected by the three 5 

GCMs following the A2 scenario for 2071-2100 compared to 1971-2000 (a) and the CV of 6 

these changes from the three GCMs (b).  7 
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 10 

a) 

b) 

Fig. 1. Annual ensemble mean changes in precipitation [mm day−1] projected by the three
GCMs following the A2 scenario for 2071–2100 compared to 1971–2000 (a) and the CV of
these changes from the three GCMs (b).
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Figure 2: Ensemble mean results for evapotranspiration (left column) and runoff (right 5 
column) from 24 simulations (8 GHMs using output from 3 GCMs): Mean future changes 6 
[mm/d] following the A2 scenario for 2071-2100 compared to 1971-2000 (a, b), Number of 7 
simulations showing a positive change minus the number showing a negative change (c, d), 8 
CV of these changes from 3 GCMs (e, f) and CV from 8 GHMs (g, h).  9 

a) b) 

c) d) 

e) f) 

g) h) 

Fig. 2. 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 day−1]
following the A2 scenario for 2071–2100 compared to 1971–2000 (a, b), Number of simulations
showing a positive change minus the number showing a negative change (c, d), CV of these
changes from 3 GCMs (e, f) and CV from 8 GHMs (g, h).
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Figure 3: Areas where the maximum spread in projected evapotranspiration (a) and runoff (b) 3 

changes (2071-2100 compared to 1971-2000) is due to the choice of the GCM (blue), GHM 4 

(red) or scenario (green).  5 

a) b) 

Fig. 3. Areas where the maximum spread in projected evapotranspiration (a) and 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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Figure 4: Mean projected A2 and B1 changes (2071-2100 compared to 1971-2000) in 5 
evapotranspiration (a) and runoff (b) and associated spreads (Std. = Standard deviation) due to 6 
the choice of the GCM (Std. 3 GCMs) and GHM (Std. 8 GHMs) around the A2 mean over 7 
selected large catchments. The mean A2 change and spread obtained directly from the three 8 
original GCM output are also shown (A2 GCM org., Std. GCM org.). The 6 largest Arctic 9 
rivers comprise the catchments of Mackenzie, Northern Dvina, Yenisei, Ob, Lena and 10 
Kolyma. 11 

Fig. 4. Mean projected A2 and B1 changes (2071–2100 compared to 1971–2000) in evapo-
transpiration (a) and runoff (b) and associated spreads (Std.= standard deviation) due to the
choice of the GCM (Std. 3 GCMs) and GHM (Std. 8 GHMs) around the A2 mean over selected
large catchments. The mean A2 change and spread obtained directly from the three original
GCM output 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 Kolyma.
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 5 

Figure 5: Results obtained directly from the output of the 3 GCMs for evapotranspiration (left 6 

column) and runoff (right column): Mean future changes [mm/d] following the A2 scenario 7 

for 2071-2100 compared to 1971-2000 (a, b), and the CV of these changes from the 3 GCMs 8 

(c, d). 9 

 10 

a) b) 

c) d) 

Fig. 5. Results obtained directly from the output of the 3 GCMs for evapotranspiration (left col-
umn) and runoff (right column): Mean future changes [mm day−1] following the A2 scenario for
2071–2100 compared to 1971–2000 (a, b), and the CV of these changes from the 3 GCMs (c,
d).
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Figure 6: Comparison of the projected mean A2 changes (2071-2100 compared to 1971-5 

2000; upper panels) and the associated spreads due to the choice of the GCM for 6 

evapotranspiration (left column) and runoff (right column). In the upper panels, areas are 7 

indicated where the projected decreases and increases are larger in the GCM-GHM ensemble 8 

(red and blue, respectively) or for the original GCM output (orange and turquoise, 9 

respectively), as well as areas where the sign of projected change differs between them 10 

(green). In the lower panels, areas are indicated where the CV is larger for the GCM-GHM 11 

ensemble (blue) or for the original GCM output (red).  12 

 13 

Fig. 6. Comparison of the projected mean A2 changes (2071–2100 compared to 1971–2000;
upper panels) and the associated spreads due to the choice of the GCM for evapotranspira-
tion (left column) and runoff (right column). In the upper panels, areas are indicated where the
projected decreases and increases are larger in the GCM-GHM ensemble (red and blue, re-
spectively) or for the original GCM output (orange and turquoise, respectively), as well as areas
where the sign of projected change differs between them (green). In the lower panels, 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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Figure 7: A2 changes (2071-2100 compared to 1971-2000) in available water resources 5 

projected by the 8 GHM ensemble averaged for all 3 GCMs (a), ECHAM (b), CNRM (c) and 6 

IPSL (d).  7 

 8 

 9 

a) b) 

c) d) 

Fig. 7. A2 changes (2071–2100 compared to 1971–2000) in available water resources pro-
jected by the 8 GHM ensemble averaged for all 3 GCMs (a), ECHAM (b), CNRM (c) and
IPSL (d).
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