Reply to reviewers’ comments

We thank all reviewers for their thorough readifighe manuscript and their helpful remarks
that helped us to improve the manuscript. Our replgtructures as follows. First we start
with a general reply to the reviewers’ commentsicihs followed by detailed responses to
the remarks of the anonymous reviewers 1 and 2n, e provide some additional responses
to our reply to the review of Mike Renner that weeady published during the discussion
phase of the paper. For completeness, we includedeply also in the end of this document.

General reply to reviewers’ comments

As all reviewers addressed the issue of bias dooreonve give a general response to these
comments:

Instead of using a bias correction of GCM outpbée better way to conduct hydrological
projections would be that the GCMs reproduced thereat climate (precipitation,
temperature and other fields) better than what thegently do. However, it will take a while
before the GCM outputs are “good enough” to be udieectly in impact studies, and we
think hydrological projections should be made etlevugh bias corrections are needed. We
agree that this (pragmatic) method includes drakdand uncertainties, and we do need to
communicate these issues to the user of the redtiis is a discussion of a more principal
character than can be discussed fully in the pagpgquestion. We have, however, included a
short discussion in the current paper, while rafgrto the other papers (e.g. Haerter et al.
2011; Ehret et al., 2012) for an in-depth discussibthe issue. We still keep the discussions
fairly short, though, as we do not think an exteasliscussion of the topic “bias correction”
Is suited for this paper.

We added the following text to Sect. 2.1 afteritiieoduction of the 3 GCMs:

GCMs exhibit a number of significant systematicsbg in their ability to simulate key

features of the observed climate system (Randall.2007). Despite the biases, the IPCC
concludes that there is still considerable conferhat climate models provide credible
quantitative estimates of future climate changeanll, 2007). However, until GCMs

perfectly reproduce the current climate, GCM ougpeannot be used directly in hydrological
impact studies without some form of bias correctden uncorrected GCM output is used
as input to hydrological simulations, the resultimgount and seasonal distribution of runoff
may be far from observations, for example see Haddeet al. (2012), Wood et al. (2004)

and Sharma et al. (2007). Consequentlgtatistical ...

In addition we added the following text to Sect. 5

Note that thebias correction also adds uncertainty to the prtjmts. Precipitation and
temperature are corrected independently. Sevetaliss, such as that of Berg et al. (2009),
have shown that daily precipitation shows someisgaWith temperature so that future
improvements of the bias correction method maydbgesed with multivariate approaches
(such as presented by Piani and Haerter 2012) thl¢ these dependencies into account. In
addition, GCM variables other than precipitationdatemperature are not corrected, which
potentially introduces inconsistencies betweenaldes, e.g. between the near surface air
humidity and temperature used by some of the GHVi®r@ing. However Haddeland et al.
(2012) found that theelative values of projected hydrological change\aery similar if other
GCM variables aralso bias-correctedThus, it can be assumed that the impact of these
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inconsistencies is generally rather small. Anothacertainty inherent to the chosen model
setup is that the GHM ET does not feed back toathesphere, hence, it does not impact
GCM precipitation or near surface specific humidity

Despite these uncertainties and inconsistenciesetare currently not many alternatives to
this approach for hydrological impact assessmef$smentioned in Sect. 2.1, output from the
current generation of GCMs is generally not dirgapplicable for impact studies, mainly
due to the large biases in precipitation and asatad biases in surface hydrology (runoff,
ET). These biases impact the GCM signals, as dditferent GCM parameterizations, and
thuslead to uncertainties in projected changes ires¢rial components of the hydrological
cycle that are larger than in the model setup ptesehere. Thesdifferences camlso lead to
different climate change signals, which in the preéstudy, are generally weakerthe
uncorrected GCM outpubut this may be a characteristic of the chos&CB/s.

The impact of the bias correction (see above) emtiojected changes is probably smaller
than that caused by the different GHMs. A direchparison of the simulated GHM changes
in ET and runoff from uncorrected and bias-correic@CM output cannot be made for the
whole GHM ensemble as most of the GHMs did notym@dimulations with the uncorrected
GCM output. An indication of the size of the eftest be found by comparing the changes for
two of the GHMs in Hagemann et al. (2011) for whidn most of the large catchments
considered, the two annual mean GHM climate changeals in ET and runoff differ more
than the mean signals obtained with and withous loi@arrection.

Reply to review of anonymous reviewer 1:
We thank the reviewer for his valuable comments.

The difficulties and challenges ... .....

We included more discussions about these diffieslléind challenges, especially on the use of
bias correction and its implications (some effecfsthe bias correction as well as the
necessity of its usage for impact studies). Seemgénesponse above.

Novel but unique are the 8 GHM and the purpose eiérthination the variability of the
different model accesses. That could be betteiigiged in the paper.
In addition to modifications associated with ousgense to the reviewer’'s major and minor
remarks, we added the following text to the abstrac

. water resourcesThis multi-model ensemble allows to investigatev lthe hydrology
models contribute to the uncertainty in projectegrological changes compared to the
climate modelsDue to ...

for hydrological changegnd that the spread resulting from the choice eftiidrology model
is larger than the spread originating from the ciite models over many ared&ut there

The specified and described variability is quitechto evaluate. For me sometimes important
aspects and information in the explanation are mggsskipped or too short cited

We improved the manuscript according to the revisiwvemarks (see below and response to
review of M. Renner).




Many of the figures are too small sized ...
We enlarged the size of the too small sized figsee also specific response to reviewers’
remarks (M. Renner and reviewer 1).

Major Remarks
2.1 First a table ...

We agree with the reviewer that some more inforomatin the GHMs would be helpful. Thus,
we included parts of Table 1 from Haddeland et(2011), will add the following text to
section 2.1:

The major model characteristics are listed in Talde The GHMs differ in their
evapotranspiration and runoff schemes, and themiffces in model parameterizations are to
some extent reflected in the forcing variables #irat used by each (Table 1). For associated
model references and validation of GHM model resulsing quasi-observational forcing
data, see Haddeland ...

2.1 Can we guarantee that within the bias correttcmnsistency and conservation aspects
are sufficiently regarded? How are ...... This papemulovin with a more detailed and
critical discussion to where the uncertainties cdnoen.

We added a discussion on bias correction and densiss in Sect. 5 (see general response
above)

2.2. | recommend a more transparent analysis asdudision to the obvious BC impact.
See general response stated above.

2,2 — P1329 L25ff.

Modified :text

... the projected A2 changes from the original GClMpait are oftersignificantly lower, up
to 50-70% less, than the respective changes peajday the GCM-GHM ensemble.

Added text:
This may partly be due to the small sample of 3 G@Mt with regard to the calculation of
ET and their projected changes may not cover thepace of possible model solutions.

In addition, see general response above.

Please also note that when running a GCM, biagction must be avoided in order to keep
water and energy balance closed. However, generallyre runoff change is widely
concerned by public. In order to make simulatedofunomparable to observation (or real
world), removing the bias of precipitation and tergiure of GCMs is virtually indispensable,
which eventually leads to collapse the energy aatémbalance of GCMs. That's why impact
models are usually driven by GCM output after sokmed of bias correction and/or
downscaling have been performed.

2.2 P1330
Modified text:



Note that absolute standard deviati@me shown in Fig. 8 (previously 4) while the spread
represented by the CV in the Figs. 4 (previous|y72)11 and S2 (previously 5) are relative
values. Thus, Fig. 8 shows catchment averaged atesstandard deviations of the original
GCM output thatare partially smaller than the corresponding saathddeviations in the
GCM-GHM ensemble due to the choice of the GGddpecially for runoff.But as the
projected mean changes in the direct GCM outputrergtly weaker than for the GCM-GHM
ensemble (see above), the associegative values become much larger for the direG@\MG
output. Thus, thepreads represented by the CV are often largethtodirect GCM output
than their GCM-GHM counterparts (Fibl).

2.3. Natural climate variability

As has been shown in previous studies nature aiwatability is usually the smallest source
of uncertainty if you consider climatological tirseales and average over larger areas such as
catchments (e.g. Deque et al. ). In addition,i&s lborrect the other two ECHAMS ensemble
members and force the GHMs with this bias corre€M output is simply beyond the
scope of the present study.

2.4. Unit of changes
We recalculated all projected annual changes imtounit mm/year [mm/a] and updated all
figures accordingly.

2.4. seasonal perspective

We added a new Figure 13 with seasonal changasnwffrobtained from the GCM-GHM
ensemble and the following text to Sect. 4:

The analysis presented above has been conductditecannual scale, but in some regions
available water resources are also affected by @eals changes. Figure 13 shows the
projected changes in runoff per season that carcdmapared to the annual mean changes
shown in Fig. 3b. Regions that might experienceassnal reduction in runoff that is more
severe than in the respective annual mean are patisnaffected by a seasonal reduction in
available water resources. These regions comprastsf southern Africa in DJF (Fig. 13a),
central eastern South America, eastern US and eagigrope in MAM (Fig. 13b), almost the
whole of Europe and western Siberia as well as evestUS and southern and western
Canada in JJA (Fig. 13c), and north-western SoutteAca in SON (Fig. 13d).

2.4. interannual variability

Even though we believe that it is interesting toxsider how changes in inter-annual
variability may affect available water resources, think that this is a much broader topic that
is beyond the scope of the present study. Suchgelsashould be considered together with the
change in drought characteristics (especially feeqy and duration). To notify their potential
importance we added the following text to Sect. 4:

It has to be noted that even if the long-term maamual change in annual water resources
may be quite small for some regions, they mighstbengly affected by changes in inter-
annual variability and the occurrence of droughts analysis of these effects is beyond the
scope of the present study, but it is an importapic for future studies. In this respect,
Prudhomme et al. (2013) investigated the impactiofate change on hydrological droughts.



2.5. ... missed a section with essential informationGCM and GHM calibration and
validation.

We think that a detailed section on these issuestimiecessary within the present study. On
one hand, most of the GHMs were not calibratedipaity to the forcing data we applied.
Instead, some of the GHMs were calibrated agaibsérwed global datasets in independent
calibration exercises carried out by each moddia(s). For other GHMSs, specific processes
parameterizations were tuned on the local or regisnale for specific regions, which then
are applied globally. Thus, GHM calibration issaes not really relevant in the present study.
None of the GCMs is calibrated either. On the othemd, validation information has been
published in previous studies. For the GCMs, aeetsype analysis of the original GCM
results over Europe was provided by Hagemann €2@08). This information is now moved
to Sect. 2.1.

With regard to the GHMs, we point to this now byngsthe following text added to Sect. 2.1
For associated model references and validation diiM5 model results using quasi-
observational forcing data, see Haddeland et aD1(P). The variability among the GHM
results forced with bias-corrected GCM output arssaciated runoff biases for the control
period 1971-2000 are in accordance with the valiolaishown in Haddeland et al. (2011).

2.5. Do the GHM simulations with GCM input matck tbserved hydrological data?

We will add the following text to Sect. 2.1:

The variability among the GHM results forced witlhadcorrected GCM output and
associated runoff biases for the control period 1-2D00 are in accordance with the
validation shown in Haddeland et al. (2011).

2.5.ET is somehow part of GCM and GHM: congruefietences?

ET both varies within the GHM ensemble (see alsvipus remark) as well as within the
uncorrected output of the 3 GCMs for the contraiqee Consequently ET also varies in the
associated projected changes. Comparing multi-motgedn ET from the two different
ensembles shows positive and negative differeneess\various regions for the control period.
It seems that GCM-GHM ET tends to be smaller tHam ET from original GCM output
except over the Tropics where the first tends ttalger.

Minor Remarks

P1324 L17
Sentence will be rephrased to:
... observed (Weedon et al., 2011) e original GCMdata and then applied

P1324 L17-25
Please see general response (see above) with tegaedissue of bias correction.

P1325 L7

A schematic figure is added (new Fig. 1). We alddeal the following text in the beginning
of Sect. 2.2:

Figure 1 presents an overview on the global modglithain employed within the WATCH
project (cf. sect. 2.1).




P1325L12

Modified text:

P1325 L12: For thligh emissiorA2 scenario, simulations ...
P1325 L14: For theow emissiorB1 scenario, 18 ...

P1325 L15
Modified text:
... hydrological variabl¢evapotranspiration and runoffyas...

P1326 L10

We recalculated all projected annual changes imtounit mm/year [mm/a] and updated all
figures accordingly. Also, we modified the text to:

These future changes in precipitatslrowsimilar patterns to ago...

P1326 L17

We added the following sentence in the beginnin§ext. 3.

In the following, projected changes are associateth the A2 scenario if not mentioned
otherwise According to the results ....

P1327 L12 and P1327 L13

Modified text (Fig. 2e-h changed now to Fig. 4a-d):

... uncertainty(Fig. 2g) where the spread originating from the GCMs iseatbw (Fig. 2e)
For runoff, the CV values representing the GCM agr@ig. 2f) are often comparable to
those forthe GHM spreadFig. 2h)even though...

P1327 L25

Figure S1 is included in the supplementary matéhiail can be downloaded at the ESDD web
page where this paper is located. We modifiedeke t

... scenario gupplementary FigS1).

P1327 L24+25 & P1328 L1+2
We kindly ask the reviewer to take a look into thapplementary material where the
necessary information is provided in Fig. S1.

P1328 L16ff/Fig. 1342
Modified caption text:
... aboutthe A2 mearii.e. £ Std.)over ...

Improve and better explain Fig.4

We separated Fig. 4 (now Fig. 8) into two figuresahd 4b to increase the size (the ESD
page format has disadvantages compared to A4 ichwie prepared the manuscript.), and in
the figure caption, we replaced spread by standardation to avoid confusion with the
spread defined as the CV. We also added text to $ec

Here, the spreads are expressed by the absolutelatd deviations about (3) the respective
mean change so as to allow direct comparisons ketwleem.

P1329 L14-16
Modified text:
... with theuncorrectecdclimate model ...



P1332 L20ff
Please see general response (see above) with tegaedissue of bias correction.

P1333 L1
We removed ‘on an individual basis’

P1322 L10

In the abstract, this is a summarizing statemenimodel agreement. From Fig. 2, also the
ensemble mean changes over different areas carbtagned. To make this clearer, we
modified the text:

... indicative of higher confidenaa this ensemble mean signal

P1340 Fig. 2

We enlarged the maps of Fig. 2 (now Fig. 3), rendotbee southern ocean part of the maps
and increased the size of the legend. We also &eptire panels e-h from Fig. 2 into a new
figure (Fig. 4).

P1344 Fig. 6

We will remove the numbers in the legend as nosuaie used. We also will separate the
figure into two figures to shorten the caption.

Caption of new Fig. 10 comprising the upper twogaif Fig. 6:

Comparison of mean A2 evapotranspiration (left paa@d runoff (right panel) changes
(2071-2100 compared to 1971-2000) projected bysli&1-GHM ensemble and the original
uncorrected GCMs. Areas are indicated where thggoted decreases and increases are
larger in the GCM-GHM ensemble (red and blue, resipely) than in the original GCM
output and vice versa (orange and turquoise, rebpelg), as well as areas where the sign of
projected change differs between them (green).

Caption of new Fig. 11 comprising the lower two @larof Fig. 6:

Comparison of the spreads associated with the mM&arvapotranspiration (left panel) and
runoff (right panel) changes due to the choicehef GCM for the GCM-GHM ensemble and
the original uncorrected GCMs. Areas are indicatedere the CV is larger for the GCM-
GHM ensemble (blue) or for the original GCM outfnatd).

Reply to review of anonymous reviewer 2:
We thank the reviewer for his valuable comments.

Which scheme is used to model ET?

As mentioned in our reply to the other reviewermnenents, we will include parts of Table 1
from Haddeland et al. (2011). We will add the faling text, and the Table, to section 2.1:

The major model characteristics are listed in Tadle The GHMs differ in their
evapotranspiration and runoff schemes, and thewiffces in model parameterizations are to
some extent reflected in the forcing variables @&t used by each (Table 1). For associated
model references and validation of GHM model rasulsing quasi-observational forcing
data,see Haddeland ...



Which datasets are used (such as for the soil ctaristics)?

The models use their default soil datasets. We bated not to include information about the
datasets, for two reasons: 1) for many modelsishdfficult to summarize in a Table, or, if
summarized the values provide limited useful infation (e.g. the soil depth in WaterGAP
varies between 0.1 and 4 meters across the glahd)2) there are other equally important
characteristics, such as vegetation characteristibgh are even harder to summarize in a
Table. We concluded that Table 1 (now inserted @&ntimned above) shows the most
important information and that further details sldolbe found in the paper(s) cited for each
model. This difference will likely affect the finapread somewhat, but is an important part of
the analyses of future projections/spread.

How are the GHMs calibrated?
Calibration issues are not really relevant in thespnt study since most GHMs did not use
calibration.

More critical analysis of observed patterns — digtiish between water- and energy-limited
basins.

We added new figures 6 and 7 and included theviatig text in Sect. 3:

We now consider whether the projected changes asocated spreads behave differently in
dry (humid) areas where ET tends to be limited prily by the availability of moisture
(energy). These areas are represented by low (hghies of the ensemble mean runoff
coefficient (runoff R divided by precipitation B) the present day climate (Fig. 6a). Figures
6b and c show that humid areas expect increas&g iand runoff, while decreases in both
variables occur only over some medium wet (e.g.ubaphto dry (e.g. Murray) areas (R/P <
0.6). Considering the spreads, it can be noted filmaboth ET and runoff the GCM spread
tends to be larger for dry areas than for humidas€Fig. 7 a, b). For the GHM spread,
there is a less clear tendency, even though sorgerl&Vs (CV > 1.7 for ET, CV > 1.2 for
runoff) only occur over medium wet to dry aread?(R/0.5).

Additional response to the review of M. Renner:

* 1.1 precipitation falling as snow or rain.
Even though the fraction of precipitation fallingysnow is not changed by the bias correction,
in practice it does change for most GHMs as manWSHdse total precipitation as input and
use temperature to partition between rain and ssowyhen temperature is bias corrected,
fraction snow/rain will also be affected. But tigsalso a desired effect as wrong temperatures
negatively impact the accumulation and melt of snow

e 1.3
Even though we didn’'t add a full hydro-climatolagii@ssessment for different river basins,
we now consider the different behaviour over drg homid areas (see response to reviewer 2,
last topic).

* Fig.5
We moved the old figure 5 to the supplementary rmatand included some scatter plots
(new Fig. 9). We modified the text accordingly.
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Just for completeness:
Reply to review of M. Renner:

We thank the reviewer for his valuable commentgeferal point of his comment is that he
suggests adding much more information from previwosk that the present manuscript is
based on. We have to choose between providing tapiomformation that is necessary for
understanding the manuscript and avoiding repeatfigrmation that has already been
thoroughly discussed in previous publications. e tmanuscript we followed the latter
strategy, especially with regard to the methodsl usgroduce the multi-model ensemble. It
should be noted that the present work is one ofrthim outcomes from the WATCH project,
in which the bias correction method was develog@dni et al. 2010), the bias-corrected
GCM data were created, impacts of the bias cooecivere discussed (Hagemann et al.
2011), and the GHMs have been compared within tregeYMIP model intercomparison
project (Haddeland et al. 2011). Such a large bafdyork cannot be fully encapsulated in
our manuscript, but we provide references so thatreader can get extra details where
desired. In Haddeland et al. (2011) differencesvben the GHMs and their impact on the
hydrological simulations have been discussed. Ealheavith regard to the topic of bias
correction, discussing pro and cons is currentiptatopic, and we refer to related literature in
sect. 2.1. We think that it does not add much vaduée current study when these discussions
on pro and cons are merely repeated here. But weedbat we should point the existing
literature more specifically in respect to soméhaf questions raised by the reviewer. We will
also include a paragraph in the conclusions armug#son section that deals with this topic.

Major remarks:

* 1.1 Does bias-correction result in higher ensembian changes in ET and R?
On P1330L11 it is noted that bias-correction redube spread of the change signals.
Further, the GCM-GHM model chain results in largeerage changes, while the
noncorrected GCMs show less significant changescélghe GCM-GHM simulation
results suggest more confidence in the change Isigh& is an important result,
which should be taken with care with regard toitieerent assumptions of the general
approach. For me the following questions arise:

e To which extent are the changes in ET and R cahgedte bias-correction or the use
of different GHMs?

A direct comparison of the simulated GHM change&inand runoff from uncorrected and
bias corrected GCM output cannot be made for thelevikHM ensemble as most of the
GHMs did not produce simulations with the uncoreedctGCM output. (These costly

simulations were not part of the work in WATCH.) Bgmparing the changes for two of the
GHMs in Hagemann et al. (2011), for most of theydacatchments considered, the two
annual mean GHM climate change signals in ET andffuiffer more than the mean signals
obtained with and without bias correction. In adif the parameterizations of

evapotranspiration and runoff vary substantiallyween the GHMs (Haddeland et al. 2011,
we will include a table for the 8 GHMs as mentiometow), and the complicated interactions
between the various processes make it infeasiblxpdain the causes of many simulation




differences in detail, as noted in previous moaétricomparisons (e.g., Koster and Milly
1997). We will include this information in the cdasions and discussion section.

« Does the bias-correction procedure retain condist@ss and energy balances?

The bias correction does not directly impact thdase water and energy balances of the
GHMs applied. The GHM water balances are genecdiiged. Imbalances in the long—term
water balance equation are caused by changes wmatee stores between the start and end of
the simulation and, for the JULES model, by nonsewmation of water for lake surfaces
(Haddeland et al. 2011). Most of the GHMs do nanhpate an energy balance, but as bias-
corrected temperatures and GCM radiative fluxes tmed as model forcing, it can be
assumed that the GHMs calculate energy fluxes stamgito the forcing. Otherwise spurious
trends in some surface state variables may ocduchwve are not aware of.

e« To which extent does bias-correction changesdigdical behavior? For example
changes in precipitation falling as snow or rain.

The fraction of precipitation falling as snow istramanged by the bias correction and, thus,
remains at the GCM simulated value (Hagemann €2(dll). Certainly, the bias correction
changes the GHM simulations (but this is a desefdct of bias correction), but not the
handling of physical processes by the GHMs. Thizais of the BC method described in Piani
et al. (2010) and the practical application in Hagan et al. (2011).

* « Please elaborate the statement on P1330L21 ‘Ghsistency between variables is
not necessarily the case due to the bias corréction

Precipitation and temperature are corrected inddgmaty. Several studies, such as that of
Berg et al. (2009), have shown that daily precimtashows some scaling with temperature
so that future improvements of the bias correctiegthod may be achieved with multivariate
approaches that take these dependencies into adé¢tagemann et al. 2011).

In addition, other GCM variables than precipitateomd temperature are not corrected, which
certainly introduces some inconsistencies, e.gthflemear surface air humidity used by some
of the GHMs as forcing (see also response to najoark 1.2).

But we also mention on p. 1333 — line 3:

“Note that the relative values of projected hydgital change are very similar if also other
GCM variables are bias-corrected (Haddeland e@l?).”

Thus, it can be assumed that the impact of thesmsistencies is generally rather small.

We will point to the related references more spexiify.

 « Why and how do you arrive at that statement PL330"“...these results show
another advantage of the chosen model setup cothpatbe direct use of GCM data
for impact assessment, ...”?

GCMs cannot be used for projection impact studigbout some form of bias correction.
When only the climate change signal is taken fromutations, instead of the raw GCM
output, this is tantamount to applying a bias adioe only to the mean. That said, it is a
matter of scientific debate whether the bias cdiwads adding or uncovering another level of
uncertainty that is related to the uncertainty getliby the choice of the GCM (Hagemann et
al. 2011). In this respect, we cite several refeesrwhere this has been discussed.
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As mentioned on p.1330, the spreads and assoaiatsgttainties that are caused by GCM
biases in the original GCM output can be reducet Wie chosen model setup. We consider
this as a positive point. To make this clearerwilerephrase the sentence as:
“ these results show a beneficial characterddtithie chosen model setup ...”

e 1.2 How useful are decoupled ET estimates in aatemsimulation setting?

As mentioned above, the GHM surface water balaaceggenerally closed. We agree with

the reviewer that the GHM ET does not feed bacthéoatmosphere, thus it doesn’t impact
GCM precipitation or near surface specific humidityhile the first is corrected, the latter is

still taken as uncorrected GCM values, which celyaintroduces an inconsistency in the

atmospheric water balance. On the other hand, sssaéntioned above, the current GCM

output is generally not directly applicable for iagp studies, mainly due to the large biases in
precipitation and associated biases in surfacedhygy, i.e. runoff, ET. These biases are
impacting the GCM signals in addition to the usedibferent GCM parameterizations. We

would add this discussion in a revised versiorhefpgaper.

Please also note that when running a GCM, biagction must be avoided in order to keep
water and energy balance closed. However, generallyre runoff change is widely
concerned by public. In order to make simulatedofunomparable to observation (or real
world), removing the bias of precipitation and tergiure of GCMs is virtually indispensable,
which eventually leads to collapse the energy aatémbalance of GCMs. That's why impact
models are usually driven by GCM output after sokmed of bias correction and/or
downscaling have been performed.

* 1.3 Hydro-climatological assessment

We felt that adding regional figures/analyses fdffecent hydroclimates would in fact
increase the number of panels/figures, so thatefrained from doing this and would like to
keep the global maps. As in our study we are dgalith the impact of climate change on
hydrological fluxes and water resources, we doaddto separate these effects from changes
in catchment properties, such as is done in e.deRek and Farquhar (2011). Anyhow, we
believe that an application of the framework of Remand Bernhofer (2012) may be a
valuable future extension of our study by linkirajree of these changes to the aridity index.
Thus, we will point to this in our conclusions sent

While we will acknowledge in the conclusion thatlividual catchment properties can affect
the magnitude of hydrological response (with refeee to Arora, 2002; Roderick and
Farquhar, 2011; Renner and Bernhofer, 2012), thegmt maps facilitate comparisons with
other global-scale assessments (which, unfortunatedve not all applied the approach
suggested by the reviewer, e.g.
http://www.sciencedirect.com/science/article/pi#50378011000161). The novelty of our
paper is in the consideration of hydrological modetertainty, through the application of
multiple hydrological models. To this end, read@aay wish to compare our ensemble mean
maps with those presented elsewhere for indivitlydrological models (e.g. aforementioned
references)".
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» 1.4 Temporal scale of changes daily vs. annual
We have no objections against this point, so weakiinge the unit if this is consensus by the
reviewers.

Minor remarks:
» abstract, | miss the mentioning that bias-correctsoemployed

We will add this.
e P1323L5: please be more detailed on the differebhetseen hydrological models
See ¥ response below

* section 2.1 models: please give an brief overviagth vespect to the main differences
of the GCM models; this task should not be lefttfor reader

The GCM data are described in Hagemann et al. (201dnd we note on p. 1329:
“However, the chosen GCMs belong to different moi@ehilies and cover some range in
projected precipitation change among the CMIP3 (\Next al., 2007; see also Sect. 5)
ensemble (Mason and Knutti, 2011). The selectio®GMs for this study was imposed by
the availability of climate model data necessarfotoe the GHMs. A respective analysis

of the original GCM results over Europe was proditly Hagemann et al. (2008).”

We think the included information is sufficient fdhis paper. Paying attention to the
reviewer’s remark, we will move this statement &xtS2.1.

» bias-correction: please be more detailed on thialisitof bias-correction; this is a
major modelling step and should be clearly reflédte the reader

See main response to reviewer's comment above.

* please be more detailed on the GHMs; maybe a fableput data, ET formulation
and other important processes would be benefidmkhe use of 8 different models is
the stated novelty of this manuscript, their dgfgces should be discussed.

Even though we wanted to minimise the repetitionpmdvious work, we agree with the

reviewer that some more information on the GHMs rhayhelpful. Thus, we will include
parts of Table 1 from Haddeland et al. (2011).

* section 2.2: so ET is derived by the GHMs; Is th@reheck for consistency of the
(surface) energy balance and water balance wiltldraCM-GHM model chain?
See response td“2major remark above.
» P1326L6ff: for the precipitation change resultghis GCM output shown, or the bias-
corrected output?

Bias corrected GCM output. We will add the inforroatin the text and Figure caption.
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e« P1326L20 To which extent are ET and R driven bycipiation changes? How
important are changes in other forcing variablehsas net radiation and temperature?

The results of Haddeland et al. (2011) indicatd, thbally averaged, the majority of the
interannual variation in precipitation feeds dihgcthrough to the runoff and that the
evapotranspiration is constrained by other atmasplfectors such as temperature, radiation,
and humidity. The same is valid for the future aein runoff and ET, whereas ET will also
be affected by precipitation changes in transitionet regions where the availability of soil
moisture directly affects the evaporative fract{@eneviratne et al. 2010). We will add this
information in the discussion of results.

Seneviratne, S. I., Corti, T., Davin, E. L., Hirgchl., Jaeger, E. B., Lehner, I., Orlowsky, B., and
Teuling, A. J.: Investigating soil moisture—climatéeractions in a changing climate: A review, Bart
Science Reviews, 99, 125-161, 10.1016/j.earscipd@22.004, 2010.

* What are the spatial patterns, hydro-climatologpzterns of the changes?

As mentioned above, we felt that adding regiorgures/analyses for different hydroclimates
would increase the number of panels/figures, sbwarefrained from doing this and would
like to keep the global maps. Fig. 2a and b shawntlaps of mean changes in ET and runoff,
respectively. We will increase the map sizes tovalh better identification of the spatial
patterns of change. In addition, we are alreadgrd®@eg the most noticeable changes in Sect.
3. p. 1326 and 1327.

e P1327L8-23: In general | like the idea of separtine differences induced by the
climate or the hydrological models. Further, pleasbcate how exactly you defined
the coloring.

In this case the maximum spread is defined asatfgest spread (SD) coming from one of the
three sources (GCM, GHM, scenario). In order tagwaisunderstanding with the maximum
absolute spread (not the SD) we will rephrasedkelly replacing “maximum” with “largest”.

* P1328L8-12 “Over the high latitudes ...” uncleantsace

We will rephrase the sentence as:
“Over Siberia, the scenario spread for runoff se¢émbe related to the combined effect of
scenario spreads in precipitation and ET (Fig.r&thé Supplement).”

 P1328L16-18: First, it is stated that maximum sgréa important to judge the
robustness for average changes. However, in Fifpedstandard deviation is used.
Hence, | would like to see the maximal spread ofgmted changes and not the sd.

It is rather common to show the SD for quantifythg spread in ensemble approaches. By
showing the maximum spread, results may becomegrdlurred by single outliers. In
order to avoid misunderstanding with the maximurschite spread (not the SD) we will
rephrase the text by replacing “maximum” with “lastj’.

« P1329L19-23: the text only repeats the colors efdtrresponding figure
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We will remove the color information from the teaid rephrase the text as:

“Here, areas indicating larger changes in the GCNM=ensemble exceed areas with larger
changes in the original GCM output for both ET andoff. Areas where the sign of change
differs are relatively scarce.”

* P1330 Original GCM output means that there is @ loorrection? If so, this should
be noted explicitly.

Yes, we will add “original (uncorrected) GCM output line 2, p. 1330.

e Fig. 1 Is that bias corrected output? Panel b) $igguthe CV, dry regions are overly
emphasized, while for more wet regions the map estgchigh confidence.

Yes, bias corrected output. We will add the infaiorain the figure caption. Despite these
characteristics of the CV, we think it is easiandalso common) to look at than the spread
represented by the absolute standard deviation. (S&g that for showing absolute SDs, wet
regions would stick out more due to the larger rseamd commonly larger associated SDs,
and thus these would be overly emphasized.

* Fig.: 2 The 8 global maps are hardly readable. &ajpe the legend is too small. The
authors should remove some of these maps or makeade figures, if important.

We will enlarge the maps, remove the southern opaanof the maps and increase the size of
the legend. We will also separate the panels e+ fig. 2 into a new figure.

* Fig. 4 try to increase the readability of the figsi(colors, too much overlay). Please
display the full spread and not only the standaediation (requires nonskewed
samples).

We will try to improve the readability of Fig. 4.uBfor reasons mention above (outlier
blurring results in full spreads) we want to kelep standard deviations.

* Fig. 5 | would rather like to see a scatterplot panng the changes / or absolute
ensemble means than the maps. It is enough totktdtepatial patterns are similar.

We will make some scatterplots, and then we witlge which kind of presentation (map/
scatterplot) gives more useful information to thader.

* Fig.6 Similar as Fig.5 and unclear units used enlégend

No units are used. We will remove the numbers enléigend.

-14 -



