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Abstract. This paper presents a preface to this Special I1s-Accordingly, there have been substantial efforts to reach
sue on the results of the QUEST-GSI (Global Scale Impactsplobal agreements on GHG emission targets consistent with
project on climate change impacts on catchment scale watevur scientific understanding of the relationship between
resources. A detailed description of the unified methodologyGHG concentrations and dangerous climate change. How-
subsequently used in all studies in this issue, is provided. Thever, on the basis of past GHG emissions, inertia in socio-
project method involved running simulations of catchment- economic systems and limited progress in the political pro-
scale hydrology using a unified set of past and future cli-cess (i.e. the COP-15 at Copenhagen) we must anticipate
mate scenarios, to enable a consistent analysis of the climatihat substantial future climate change is unavoidable and
impacts around the globe. These scenarios include “policythat adaptation is necessary. Accordingly, decision-making
relevant” prescribed warming scenarios. This is followed bybodies, including governments, are beginning to incorporate
a synthesis of the key findings. Overall, the studies indicateclimate-related risks into decision-making processes. Given
that in most basins the models project substantial changes tthat adaptation policy tends to be made at national, regional
river flow, beyond that observed in the historical record, butand local levels there is a need for climate change impact
that in many cases there is considerable uncertainty in theassessment at these scales.
magnitude and sign of the projected changes. The implica- For many parts of the world climate change will be most
tions of this for adaptation activities are discussed. keenly expressed through changes to freshwater availabil-
ity. Dependence on water resources is such that the water
sector intersects with numerous other sectors including en-
1 Introduction ergy generation, agriculture, fisheries, health and industry,
as well as influencing ecosystem services beyond water sup-

There is a consensus that human activities, most notabl!ly- For much of the world the availability of adequate water
emissions of greenhouse gases (GHG), have resulted in @ready poses a significant challenge to development and en-
discernable influence on global climate, and that this has/ironmental sustainability. In recognition of these challenges
been the primary driver of global warming in recent decadesthere have been numerous international initiatives to address
(Solomon et al., 2007). Anthropogenic climate change repthe issues associated with freshwater resources. These in-
resents a considerable challenge at many levels of society/ude the UN's Agenda 21, Millennium Development Goals,
Millennium Ecosystem Assessment, and World Water Devel-
opment Report and the World Water Fora. Climate change is
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Changes in the distribution of river flows and groundwa- Alexander et al., 2006; Meehl et al., 2007). It is abundantly
ter recharge over space and time are determined, in part, bgiear from these studies that climate change has the potential
changes in temperature, evaporation and, crucially, precipito substantially impact water resources.
tation. There is considerable evidence that the global hydro- The relationship between climate and water resources does
logical cycle has already responded to the observed warmnot exist in isolation but is strongly influenced by socio-
ing over recent decades (Trenberth et al., 2007; Bates et aleconomic and other environmental conditions. Various hu-
2008), through increased atmospheric water vapour contentpan activities influence available water resources, most no-
changing patterns of precipitation, including extremes, re-tably agriculture, land use, construction, water pollution and
duced snow and ice cover and changes to soil moisture andiater management and river regulation. At the same time,
runoff. Climate models suggest further substantial changesvater use is highly variable and largely determined by pop-
to the hydrological cycle in the future under scenarios ofulation, levels of development and access, through a com-
GHG emissions. Indeed there is considerable confidence iplex web of socio-economic and political processes. Achiev-
the large-scale global pattern of projected changes to preing water security remains a challenge in many parts of the
cipitation, the key driver of the terrestrial water cycle, in world, and may be a pre-requisite for development and eco-
a warmer world. This can be characterised by the condi-nomic growth. Achieving this requires substantial invest-
tion of “wet get wetter and dry get drier” such that the hu- ment which must take into account environmental sustain-
mid deep tropics and mid-latitudes will experience increasedability and social inclusion and equity (Grey and Sadoff,
rainfall and the dry subtropics reduced rainfall (Figure 10.122007). Climate change affects the function and operation of
from Meehl et al., 2007). That this is a robust and physi- existing water infrastructure — including hydropower, struc-
cally plausible thermodynamic response to global warmingtural flood defences, drainage and irrigation systems as well
has been demonstrated by Held and Soden (2006) and Seas water management practices. As current water manage-
ger et al. (2009), amongst others. A warmer world results inment practices may not be robust enough to cope with the
increase in specific humidly through the Clausius-Clayperonmpacts of climate change, adaptive responses will be neces-
relation. The general circulation drives water vapour trans-sary. Analyses of climate and water resources should account
port and the resulting structure of zones of convergence (wetjor these human dimensions.
and divergence (dry). Increased humidity in a warmer world To date, there have been very few coordinated attempts
causes an enhancement of this structure such that wet regions consistently estimate and summarise the geographic vari-
become wetter and dry regions become drier. This pattern igbility in global-scale impacts of climate change: the vast
reproduced in many climate models. majority of impact assessments have been local in focus and

However, in most parts of the world the detailed regional have used a variety of scenarios and assumptions as illus-
and seasonal pattern of projected change for a given radiativeated, for example, in the global impact reviews of Hitz
forcing is highly variable between models (Christensen et al. and Smith (2004) and Warren (2006). Some exceptions in-
2007). This is a result of differences between model rep-clude the DEFRA Fast Track study (Arnell, 2004a; Arnell
resentation of various processes, notably the regional meaet al., 2002; Levy et al., 2004; Nicholls, 2004; Parry et
and transient circulation, moist convective processes, landal., 2004; Van Lieshout et al., 2004) and the EU-funded
atmosphere feedbacks and aerosol effects. This uncertainTEAM project (Schroeter et al., 2005). Some integrated
at the allimportant regional and local scales has profound immodelling studies that include assessments of impacts have
plications for decision making regarding adaptive responsesused geographically-explicit impacts models (e.g. Toth et al.,

The IPCC AR4 WGII critically assessed thousands of re-2003; Leemans and Eickhout, 2004), but most such studies
cent publications on different aspects of climate change im-have used reduced-form impact models, which do not cap-
pacts, adaptation and vulnerabilities. Within the water sectoture all the details and subtleties of geographically-varying
most studies use global or basin scale hydrological modelémpacts (e.g. Tol, 2005; Mastrandrea and Schneider, 2004).
driven with changes in precipitation and temperature from The limitations in previous studies make it difficult to
Global Climate Models (GCMs), typically downscaled us- assess impacts at the global scale and to compare impacts
ing statistical or dynamical models. From these studies, itfor different socio-economic and climate futures. Further-
emerges that projected changes to river runoff have a similamore it makes it difficult to assess the effectiveness of pro-
pattern to that of precipitation from the driving GCMs ex- posed policy measures to reduce greenhouse gas emissions
cept that the balance of changes to precipitation and increasnd, thus, the impacts of climate change. The QUEST-
ing temperatures (i.e. P-ET) means that a greater proportioGSI (Global Scale Impactdttp://www.met.reading.ac.uk/
of land areas will experience reduced runoff (Fig. 1b, from research/quest-g§iproject is an integrated, multi-sector and
Milly et al., 2005). Moreover, river systems with substan- multi-scale analysis of climate change impacts, utilising a
tial seasonal snowl/ice contributions are likely to experienceunified set of climate drivers and socio-economic data, to al-
reduced storage and associated seasonal regime changes.ldw a consistent analysis of impacts, associated uncertainty
addition, there is evidence that hydrological extremes mayand vulnerability. In this special issue we report only on the
become more likely in the future (Allen and Ingram, 2002; results of the analysis to quantify climate change impacts on
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water resources to inform mitigation and adaptation policy in2.1  The network of river catchments
the water sector. The results of the analysis in QUEST-GSI in
other sectors, including food and health will be reported else QUEST-GSI coordinated a network of river catchments from
where. Notwithstanding the needs for an integrated globapround the world. This international network was created
scale ana|ysisl the human response to climate Change |mpad@ allow a consistent quantitative analysis of climate Change
on the water sector will generally be conducted at the catchimpacts but also to provide a framework with which to share
ment scale. As such, impacts and responses will be highlgXperience on the processes of adaptation to climate change
variable and depend upon local climate and socio-economi@nd other drivers of change. The QUEST-GSI catchments
conditions. Clearly global-scale analyses cannot hope to conare global in coverage and feature strong contrasts in spa-
sider the Comp|ex local scale context of C|imate-society in-tial scale as well as climatic and developmental conditions
teractions. However, to date, most basin-scale studies havé-ig. 1, Table 1). Basins were selected where international
been local in focus, using a range of scenarios, methods an@searchers had already established IocaIIy calibrated, dis-
approaches. In recognition of this, QUEST-GSI incorporatedtributed catchment-scale hydrological models (CHMs) de-
a coordinated, systematic and extensive analysis of climatéived from previous and on-going research projects. The
impacts on water resources at the catchment scale, to conf-HMs are described in detail in each of the papers in this
p|ement the g|oba| ana|ysi5_ A network of river basins Wasissue. The CHMSs simulate water resource impacts based on
established in order to consider a range of climate and socio@ more explicit representation of catchment water resources
economic conditions and water resources contexts. This in{€.g., soil water, groundwater, snow/ice, river channel losses)
formal “network of opportunity” provides one of the first sys- than that available from global hydrological models. All
tematic, multi-basin experiments, global in extent and us-basin partners were provided with a consistent set of histor-
ing a consistent suite of climate drivers. In addition, we ical climate and future climate data for their analyses (See
compare uncertainty in basin-scale experiments with outpuect. 2.2). All the hydrological models had already been cal-
from a global hydrological model (Gosling et al., 2011). De- ibrated, typically using local gauge networks. In each case
tailed catchment studies provide a useful forum to assess th#€ basin model was re-calibrated for use with the gridded
science of climate change impacts (e.g. uncertainty in cli-historical CRU TS3.0 data (Mitchell and Jones, 2005) for the
mate and hydrological models) in the context of locally spe-period 1961-1990. This process is described in each of the
cific developmental concerns, adaptive responses, vulnerdndividual papers. In addition to the CHMs, six of the nine
bility drivers, stakeholder relationships and risk evaluationsindividual catchments were analysed using a global hydro-
all of which strongly influence the actual outcome of climate l0gical model MacPDM (Gosling and Arnell, 2011; Gosling
change on water resource. It also allows validation at theet al., 2010; Arnell, 2003a; 2004a). MacPDM simulates the
catchment scale in predictions of the g|0ba|-sca|e hydro|oglerrestria| water cycle and resource availability ona grldded
ical impact models. Finally our network of basins around basis across the world at 0.5 degree resolution. The wa-
the world provides a forum for exchange of ideas on climate ter budget is simulated independently for each grid cell and
hydrology and water management in the context of climatemonthly river runoff is simply aggregated for all grid cells
change. within the boundaries of the major river basins of the world.
The aims of this paper are to provide (i) a preface to ) ,
this Special Issue (Sect. 1) (i) a detailed description of2-2 Climate data and scenarios
the methO(_onogy used t_o develop the__L_mlfled set o_f pollcy-zlzl1 Historical data
relevant climate scenarios (Sect. 2) (iii) a synthesis of the
main findings of the individual river basin studies (Sect. 3). Monthly observations of precipitation, mean, minimum and
maximum temperature, vapour pressure cloud cover, and
2 QUEST-GSI project methodology number of rain days, were obtgined from the 0.5 degree grid-
ded CRU TS3.0 dataset. All grid cells whose centre is located

The QUEST-GSI project methodology is similar to previous Within the basin boundaries were extracted. These monthly
climate impact studies in that impact models (in this case hyfields were used for two purposes: (i) as the baseline data
drological models) are driven by an ensemble of future cli-from use in the climate change scenarios (Sect. 2.3); and
mate scenarios to provide estimates of future climate chang€li) to provide driving fields for hydrological models for the
impacts on water, and the associated uncertainty. Howevepaseline period.

the method adopted has a number of features that represent ) ]

an advance on many previous studies: (i) a global and rivef-2-2 Climate scenarios

basin scale analysis using a consistent set of climate proje
tions (ii) use of prescribed warming scenarios to inform mit-
igation policy and (iii) consideration of adaptation and vul-
nerability in study basins.

“the QUEST-GSI integrated multi-sectoral analysis requires
a unified set of future climate scenarios that (i) characterise
as fully as possible the associated uncertainties, (ii) allow
the construction of generalised relationships between global
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Fig. 1. Maps of the study river catchments.

climate forcing and local impact, and (iii) have space/time GHG emission scenarios, to represent a range of possible fu-
scales appropriate to drive impact models. The first requireture development pathways. We have not considered uncer-
ment is met firstly by sampling the uncertainty associatedtainty associated with model internal variability (often rep-
with climate model structural uncertainty by creating sce-resented by initial condition ensembles of individual climate
narios from seven “priority” GCMs, under specified emis- models) as this source of uncertainty is believed to be small
sions scenarios using output from the GCM experimentsrelative to the others, especially over climatological periods
from the World Climate Research Programme (WCRP) Cou-considered here.

pled Model Intercomparison Project phase 3 (CMIP3) multi-  The second and third requirements are met by deriving
model dataset. The CMIP3 model dataset formed inputpaiia| patterns of climate change using the climate impact
to the Intergovernmental Panel on Climate Change (IPCC)nerface software “ClimGen” (Osborne, 2009), available
Fourth Assessment Report (AR4) (Solomon et al., 2007)om http:/mwww.cru.uea.ac.uktimo/climgen/  ClimGen
Using a sub_s;et of the C_M_IPS rr_10_de|§ in this stu_dy WaS creates climate scenarios through a pattern scaling approach
necessary given the logistical difficulties of running en- i, which climate change patterns as simulated by a suite of
semble experiments with the various catchment hydrolog-gcs are applied to an observed 0:50.5 baseline clima-

ical models. Our priority was to ensure a consistent setq|ogy, namely the CRU TS3.0 data, the most comprehensive
of climate forcings for a unified climate impact assessmentyisorical climate dataset available at high resolution. A fun-
across the catchments. Nevertheless, the priority subsgfamental assumption of ClimGen is that the spatial and tem-
of the CMIP3/IPCC-AR4 GCMs used in this study was pora) pattern of change in climate as simulated by a GCM
c_arefully selected on the k_)_aS|s of (i) a subjective eval_ua-th a given change in global average temperature can be
tion of model quality and (i) the use of the model (or its jinearly rescaled to represent the pattern of change in cli-
predecessors) in previous impact assessments. The priofpate associated with a different global temperature change
ity subset was checked to ensure that it spanned the rang@he pattern-scaling assumption). The pattern-scaling ap-

of different changes in precipitation. The models selectedyrgach assumes that each climate variable responds linearly
are the CCCMA-CGCM31, CSIRO-Mk3.0, IPSL-CM4, 4 changing global mean annual temperature. Whilst this

ECHAMS/MPI, NCAR-CCSM30, UKMO-HadGEM1 and  pa5 heen shown to be a reasonable assumption for moderate
HadCM3.. A description of the model and experiments can P& mounts of climate change 15 (Mitchell, 2003), it may not
found onliné. Secondly, we sample a number of contrasting g for high changes, and is unlikely to hold where the rate
of temperature change slows or even reverses. ClimGen can
Ihttp:/Avww-pemdi.linl.gov/ipcc/modetiocumentation/ provide scenarios down to a spatial resolution of &%.5°,
ipcc.modeldocumentation.php through linear interpolation of the coarse resolution GCM
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Table 1. Summary of basin characteristics and models employed in the QUEST-GSI study.

1039

River Basin Area (kr%) Hydrological model Key water uses  Climatic zone(s) Lead
Mekong 569410 SLURP (v. 12.7) agriculture high-altitude
southeast Asia semi-distributed hydro-electric ~ sub-tropical,
13 sub-basins power humid tropical
Kite (1995) public water
supply
Liard 275000 SLURP (v. 12.2) environmental  Arctic and
(MacKenzie tributary) semi-distributed flows sub-Arctic
Canada 35 sub-basins
Kite et al. (1994)
Okavango 226 256 Pitman environmental  humid and
southern Africa semi-distributed flows semi-arid
14 sub-basins tropical
Hughes et al. (2006)
Rio Grande 145000 MGB-IPH (VIC) hydro-electric ~ humid tropical
(Parana tributary) distributed power
Brazil Collischonn et
al. (2007)
Xiangxi 3099 AV-SWAT-X 2005 agriculture humid
(Yangzte tributary) China semi-distributed hydro-electric ~ sub-tropical
Arnold et al. (1998) power
Huangfuchuan, (Yellow 3240 AV-SWAT-X 2005 agriculture humid
tributary) China semi-distributed mid-latitude
Arnold et al. (1998)
Mitano River 2098 AV-SWAT-X 2005 agriculture humid tropical 1
(Nile tributary) semi-distributed
Uganda Arnold et al. (1998)
Harper’s Brook 74-1134 Cat-PDM humid,
(Nene tributary), Greta, distributed temperate

Lambourn, Medway,
Teme and Eden

Arnell (2003b, 2004b)

1: University College London, UK (Kingston and Taylor, 2010); 2: McMaster University, Canada (Thorne, 2010); 3: Rhodes University, South Africa (Hughes et al., 2010);
4: Universidade Federal do Rio Grande do Sul and Instituto de Pesquisa@aiktids, Brazil (Nobrega et al., 2011); 5: National Climate Centre, China (Xu and Taylor, 2011);
6: Reading University, UK (Arnell, 2010)

climate change patterns, and uses a range of different scalingf climate change in that variable per unit global mean tem-
methods to construct scenarios for changes in not only theerature increase is defined. This procedure is referred to as
mean but also the year-to-year variability in climate. “pattern scaling” and allows calculation of the spatial pattern
of climate change in any variable, associated with any given
The method is described as follows. First, for each climategiobal mean temperature change, assuming a linear depen-
model the global mean temperature changd’) and the  dence of change onT. These standardised climate change
spatial pattern of climate change in a given variable, for eacthatterns are calculated separately for each month to preserve
month (January-December) are obtained from the change ithe seasonal information, and are all interpolated statistically
30yr mean at the end of the 21st century (2070-2099) relapnto the 0.5 x 0.5 global grid. Within ClimGen these pat-
tive to the 1960-1990 reference periods. The future climatgerns are used to create gridded fields of monthly data with
fields are obtained from the GCM run forced with the IPCC which to drive the hydrological models. In essence, the
SRES A2 scenario (and validated by comparing rescaled paichange pattern is used to perturb a historical dataset to en-
terns with changes simulated by the same model under Allgyre minimal bias with respect to observations, a necessary

emissions). By dividing the climate change in a particular condition for running impact models calibrated with respect
variable at each grid cell bAT the “standardised” pattern
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to historical observations. The precise methodology of thethe absolute change and historical data are scaled multiplica-
perturbation depends first on the variable of interest and ortively using the ratio. Patterns of change in precipitation, rel-
whether the scenario is a “prescribed warming” or transientative to 1961-1990, are calculated using Eq. (2) whege
SRES scenario. In essence though, the climate change fieid the simulated baseline precipitation for grid gglp ¢; is

is “added” to the historical data from CRU TS3.0. ClimGen the simulated future precipitation, angy, is precipitation
(version 1.00) currently generates projected fields for eightchange for month m and grid céll

climate variables, (namely monthly precipitation, number of _ 1

wet days, mean, minimum and maximum temperature, di-"im = N (pfim> Ppim) @
urnal temperature range, vapour pressure and cloud coverfhe rescaled future precipitation is calculated from Eq. (3)
using slight variations in this procedure described below. |nwhereP,-yrm is precipitation for grid cell, year yr and month
total, more than 90 scenarios of future climate were generm ¢, is the observed mean precipitation for month m,

ated including 10 increments &7 and 3 SRES scenarios éiyrm is the precipitation anomaly for year yr and month m,
(A2, B2, and AlB) for each of the 7 GCM patterns. These andtyr is temperature Change for year yr.

data were then used to drive the hydrological impact model B ]

in each study catchment. Using ClimGen, these climate scePiyrm = Oim X Ojyrm x ePim*iy) ()
narios for hydrologically-relevant variables were created at
0.5° x 0.5° resolution suitable to drive the hydrological mod-
els.

s such, the magnitude of the mean precipitation change is
an exponential function of global-mean temperature change
rather than a linear function. This avoids obtaining zero
precipitation in regions of decreased mean precipitation, be-
cause the rate of change decelerates as temperature increases,

Scenarios for mean, minimum and maximum temperaturé)Ut it results in accelerating changes in regions of increased
vapour pressure and cloud cover are all constructed in th&€an precipitation. o _
same way. As shown in Eq. (1), a time seri&sspanning In addition, the year-to-year variation is altered according
the periody = 20xx to 20yy is created by scaling the appro- 10 (_BCM-derived ch_anges in precipitation probability distri-
priate GCM-derived change in mean monthly climate by thePutions (parameterised via the shape parameter of the gamma
temperature change,in year yr, (3rd term on right hand side Q|str|but|on). The difference between th(_e gamma d|str|_bu—
of Eg. 1) and adding the change to the observed monthly clifion parameters calculated over the baseline and scenario pe-
mate time series (first two terms on right hand side of Eq. 1)fiods is standardised by global temperature change, and these

Temperature, vapour pressure and cloud cover

where the subscripts define variabte,(GCM pattern §), standardised differences rescaled to a defined global temper-
emissions scenario), grid box §), year (yr) and month (m). ~ ature changg. _Thi.s perturbatio.n in variance is applied to the
Guim is the mean monthly climatey, . is the time series of ~ Monthly precipitation anomaly in Eq. (3).

interannual anomalieg,gsim is the absolute change in mean
monthly climate and,yr is change in global temperature in
year yr.

Number of wet-days

GCMs do not provide realistic representations of the num-
ber of wet days (because precipitation is drizzled across a
large grid cell), so changes in wet day frequency were de-
Where a value falls outside the range of the physically pos+ived from changes in precipitation. New et al. (2000) found
sible, the value is corrected to the outer limit of that range.a strong relationship in the observed climatology between
This produces perturbed monthly time series with a gradu-mean monthly wet-day frequency and mean monthly precip-
ally changing mean (because the temperature changes  itation,a;m, (Eq. 4) wheré¥;n, is mean monthly wet days for
lower at the beginning of the time horizon than at the end)grid celli and month m.
but unchanged inter-annual variability. As an illustration, - 2922
tgsyrvaries from 3.17 and 4.7& between 2070 and 2099 |, _ (Wi_)

under the HadCM2 A2 scenario. Note that for the prescribed Oim

warming scenarios the terrg,y, does not vary over time but
is predefined, in 0.5C intervals from +0.5 to 6.0C. Note
that in the equations that follow the subscriptgr and m are
defined as above and that the subscriptsands are dropped

for simplicity. Wiyrm = (aim X Piyrm

ngsiyrm = 5vim + Oi)iyrm + (pvgsim X tgsyr) (1)

(4)

Rescaled future wet day frequency is then calculated from
Eq. (5) whereW,ym, is the number of wet days for grid cell
i, month m and year yr.

)0.45

)
Precipitation 2.3 The weather generator

For precipitation and wet days, the method is the same exMany of the hydrological impact models require climate in-
ceptthatp in Eq. (1) is the ratio of climate change rather than formation at the daily scale. As ClimGen operates only
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at the monthly scale, a weather generator, described in Ar-
nell (2003a), was applied to create daily data from monthly
data. This is a stochastic model which assumes daily precip- ..
itation follows a gamma distribution, with the coefficient of
variation of daily precipitation derived from analysis of avail-
able rain gauge data from within each basin. The occurrence
of precipitation is described by a simple two-state Markov
model with transitional probabilities fixed. The details of the
daily disaggregation are not too important as daily data are
rescaled to maintain the correct monthly total. Although the
precise temporal pattern can be important to the hydrologi- iii.
cal response, this is not deemed to be important here given
our interest in long-term, hydrological responses. Daily tem-
perature is required for the snow component, determined by
fitting a sine curve to the maximum and minimum temper-
atures and adding random variation around this (normally
distributed with a standard deviation of@), to allow for
alternating periods of snow and rain.

2.4 Summary of scenario generation methodology

In this project a set of consistent climate change scenarios
were created to drive catchment scale and global hydrologi-
cal models over a series of test river catchments around the
world. The scenarios include unique policy-relevant “pre-
scribed warming” scenarios for different amounts of climate
forcing (global temperature increase of 0 t8@ in 0.5°C
increments) for a single GCM (HadCM3) and@ rise in
global mean air temperature, long considered as a thresh-
old of dangerous climate change, for all 7 “priority” GCMs.
These driving scenarios enabled researchers to (i) quantify
the climate change impacts on river basin hydrology and wa-
ter resources (i) compare the magnitude of climate impacts
associated with different levels of global warming (iii) assess
the uncertainty associated with a given climate forcing, that
arises from inter-GCM uncertainty (iv) assess the uncertainty
associated with different emission scenarios.

3 Synthesis of main findings from the basin scale studies

Detailed results from individual river basins and a discus-
sion of the implications are presented in the respective pa-
pers in this special issue. Here we reflect on the outcomes of
the methodological approach and review key generic findings
from catchment-scale analyses.

i. Overall, ClimGen software provides a simple and use-

ful platform for the generation of globally consistent v.

climate scenarios. ClimGen was applicable for global,
regional and catchment-scale studies of the hydrolog-
ical impacts of climate change, under specific GHG
emission scenarios and for prescribed level of global
warming. In all but one river basin recalibration of ex-

isting catchment hydrological models was successfully

www.hydrol-earth-syst-sci.net/15/1035/2011/
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achieved using 0.5 degree monthly gridded, observa-
tional climate datasets.

ii. Catchment-scale hydrological impact models indicate

major changes in river discharge associated with future
climate changes (Figs. 2 and 3). The results here give a
clear indication that changes in hydrological regimes of
magnitudes unprecedented in the historical record are
possible under conditions of a 2-degree rise in global
mean temperature.

The level of uncertainty in many regions is high such
that even the sign of change is unpredictable at present
(Fig. 3). This uncertainty stems mostly from inter-GCM
uncertainty in precipitation projections. For three of the
large basins (Mekong, Rio Grande, and Okavango) un-
certainty in projections of mean river discharge under
a 2°C rise in global mean air temperature is such that
there is no consensus in the magnitude or even the di-
rection of projected change. For other catchments (the
Liard and Xiangxi in the mid-high latitudes and the
Loktak lake basin in Eastern India) hydrological pro-
jections under a 2C increase in global mean air tem-
perature are more consistent at least in the direction of
change (a projected increase in river flow). This is in
line with agreement between GCMs on a wetter regime
in those locations. Results from the Liard basin where
snowmelt is an important component, and the Xiangxi
River, indicate that whilst there is considerable uncer-
tainty in the magnitude of projected mean-annual runoff
change there is higher confidence in directional shifts
of the seasonal cycle. Uncertainty can be high even
for basins which lie within regions where it is believed
that the climate change precipitation signal is relatively
robust (Christensen et al., 2007), notably the Mitano
river in East Africa (wetter) and the Okavango in south-
western Africa (drier). This highlights the problems
where the study region lies close to, or straddles, the
boundary between robust and uncertain climate projec-
tions.

Projected impacts of climate change are relatively in-
sensitive to hydrological model parameter uncertainty.
Ensembles of hydrological model runs representing hy-
drological parameter uncertainty only (e.g. Kingston
and Taylor, 2010, Hughes et al., 2010; Arnell, 2010;
Xu and Taylor, 2011) introduced substantially less un-
certainty than that associated with GCM structural un-
certainty.

There is a divergence between the study catchments in
the linearity of hydrological responses to the magnitude
of global warming (Fig. 2). Whilst in some basins (Rio
Grande, Okavango, and Xiangxi) the magnitude of hy-
drological impact increases fairly linearly with increas-
ing global mean temperature rises, this is not so in oth-
ers (e.g. Mitano, Liard, and Teme). In these latter basins
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the sign of hydrological response changes sign from
positive to negative at higher levels of global warming,
presumably as increased ET dominates over the precip-
itation signal in determining the water balance.

Results highlight limitations in the common use of
mean river discharge as a measure of the response of
hydrological systems to climate change and freshwater
availability. The catchment-scale studies in this special
issue show that reporting hydrological change in terms
of mean river discharge, as is commonplace, can mask
considerably greater changes in intra-annual (seasonal)
low (Q95) and high (Q05) flows which are of funda-
mental importance to water management and our un-
derstanding of freshwater availability. For example, re-
ductions in low flows can lead to acute water shortages
as well as affect environmental flow requirements and
dry-season water allocations; changes in high flows can
impact flood risk and basin storage requirements. The
implications of this for commonly used indices such as
the water stress index and relative water demand are dis-
cussed by (e.g. Taylor, 2009).

Differences in projected river discharge changes be-
tween Catchment Hydrological Models and the Global
Hydrological Model are generally relatively small. A
new feature of this QUEST-GSI study is the application
of both a GHM (the MacPDM model) and a Catchment
Hydrological Model (CHM) for each study basin. Dif-
ferences in projected hydrological changes are gener-
ally relatively small, in comparison to the range of pro-
jections across the seven GCMs (Gosling et al., 2011).
This implies that climate model structural uncertainty
is greater than the uncertainty associated with the type
of hydrological model applied, so it may be equally
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feasible to apply a GHM or CHM to explore catchment- scales over which planning decisions are likely to be made.
scale changes in runoff with climate change from en-In particular, those basins with hydro-power generation ca-
sembles of GCM projections, despite the generalisafpacity (in this study the Rio Grande, Mekong, Yangtze and
tions GHMs need to make in order to be run over the potentially the Okavango) involve planning of major invest-
global domain. ments over decadal timescales which could potentially be in-
formed by climate change projections. In the most general
sense there are a number of changes that may be consid-
4 Concluding discussion ered to be relatively robust responses to a warming climate,
notably the modification of hydrological regimes associated
The QUEST-GSI project provides a unified approach to cli-with reduced snow and ice cover, increased surface evapora-
mate change impacts assessment for water resources. Thisn, increased likelihood of hydrological extremes in most
paper provides a summary of the methods used to generategaces and a general pattern of wet (dry) regions becoming
set of consistent climate scenarios to drive hydrological mod-wetter (drier). For some regions these do provide a com-
els for river basins across five continents reported in the spepelling basis for adaptive response, for example the south-
cial issue. Together, these basin studies provide an extensiwgest USA (Seager et al., 2009).
assessment of uncertainty in climate change impacts on water |t is equally clear that developing appropriate adapta-
resources at the catchment scale. The results clearly indicatgon activities on the ground in particular localities are con-
that changes in hydrological regimes of magnitudes unprecestrained by the degree of uncertainty in future projections
dented in the historical record are possible. Critical to fore-of river flow in many of the river basins studies reported
casts of freshwater availability, basin studies reveal that prohere. For example, Nobrega et al. (2011) note that the mag-
jected changes in low (Q95) and high (Q05) river flows cannitude of water resource changes projected by some GCMs
exceed that of the commonly reported mean. The level of ununder “moderate” warming scenarios is large enough to af-
certainty in many regions is, however, high such that even théect hydro-power generation capacity, with implications for
sign of hydrological change is unpredictable at present. Thislanning decisions on the necessity and timing of construc-
result reinforces the need to recognise that whilst globallytion of new power plants to ensure future energy supply.
robust changes in the hydrological cycle may be emergingSuch investments have decadal-scale lead times for which
(i.e. the “wet get wetter, dry get drier” pattern of precipita- climate change projections are relevant. The major stake-
tion change) in many regions, at the basin scale uncertaintyiolders in this context are faced with the difficultly of in-
is the dominant characteristic. terpreting highly contrasting projections of water resources.
A number of important caveats must be recognised upWe might envisage a number of possible responses in this
front, which are related to the discussion which follows. context. One would be to simply ignore the climate change
First, the project is not designed to be a comprehensive globgbrojections in planning, thereby implicitly accepting the risk
assessment of water resources. The river basins were sef a potentially large shortfall in energy generation capacity.
lected as a sample of “opportunity” and as such are indicativeéAnother would be to conduct a more comprehensive proba-
of various regions and human dimensions. Second, to folbilistic assessment of climate change impacts such that the
low the unified methodology we necessarily compromisedrisk profile can be fully quantified and incorporated into in-
on complexity. For logistical reasons we make no attemptvestment decision making, along with other projections of
at probabilistic techniques, nor of sophisticated downscalingenergy demand.
or extreme value analysis techniques. Moreover, for these Such probabilistic approaches have been developed to
basins the shape of the probability distribution remains rel-quantify distributions of future climate changes, based
ative stable between the GCM experiments. However, iton “grand ensembles” of multiple GCMs and perturbed
should be noted that the method adopted here does not aghysics experiments (e.gww.climateprediction.ngt New
count for projected changes in the intensity of rainfall at sub-et al. (2007) provide an example of application to a hydro-
monthly timescales. As such, our projections almost cerogical impact study. Methodologies to “weight” ensem-
tainly under-represent uncertainty in climate change impactshle members based on the accuracy of GCM representa-
Itis important to bear this point in mind in the following dis- tion of historical climate and/or convergence in projections
cussion. have also been proposed (e.g. Tebaldi et al, 2005) and sub-
Quantitative projections of climate change impacts onsequently used in climate change assessments (e.g. Shon-
catchment scale water budgets provide the potential to ingwe et al., 2009) and indeed for management of Okavango
form water management decision making. The degree of soRiver (Wolski, personal communication, 2009). Probabilis-
cial necessity in such decisions clearly varies between basinc assessments are attractive as they can provide quantitative
studied here. For example, there is far less need to mantisk” profiles to inform decision making. Indeed the UK-
age water resources in the Liard River compared to the RidCIP 2009 climate projections utilise similar methodologies.
Grande. In addition, the degree and nature of water resourcelowever, Stainforth et al. (2007a) provide a cautionary anal-
development in a particular catchment determines the timeysis of the applicability of such probabilistic “risk” profiles
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scenarios based on an understanding of the limitations of cliregional model in downscaling studies. Accordingly, the ex-
mate models. In any case, in many regions such approachgmrimental design of the major regional-wide downscaling
are unlikely to circumvent the problem of uncertainty in fu- projects such as PRUDENCE for Europe, NARCCAP for
ture projections which results primarily from inter-GCM un- North America and CORDEX whose initial focus will be
certainty in precipitation processes. Africa involves multiple regional models within a grand en-
Our results from basins around the world suggest that forsemble. In this context, climate change adaptation activities
water resources projected change is characterised by high umust learn to accept and embrace considerable uncertainty in
certainty. Indeed, there is little doubt that the unified method-future projections of climate impacts in many sectors.
ology used in this present study almost certainly underes- In parallel with the grand ensemble approach to represent-
timates the magnitude of uncertainty. There are a numbeing uncertainty, however, we should also improve our under-
of different interpretations of what might be the most ap- standing of the physical basis of projected climate (and hy-
propriate response to this condition of uncertainty. On onedrological) change, especially at the regional scale. Through
hand, we can place an emphasis on the merits of probabilisanalysing climate and hydrological processes over the past
tic assessments of climate risk and optimise decision makand the future it can be possible to diagnose more fully the
ing accordingly in light of quantified trade-off between cost physical processes driving change and variability and their
and risk (e.g. Koutsyannis et al., 2009; Taylor et al., 2009).representation in models, and so provide the basis for con-
This may be appropriate in regions with a clear and consisstraining the uncertainty envelope.
tent hydrological response. On the other hand, as argued by One further area where there may be potential for fruitful
Pielke (2009), we can accept that such probabilistic assesstevelopments is decadal climate prediction. The climate over
ments do not really reflect meaningful “likelihoods” of fu- the next 1-2 decades will be dominated by natural climate
ture conditions (as discussed above and in Kundzewicz et alyariability, substantially controlled through decadal modes of
2008, 2009). Under this view it becomes more appropriate tiycean-atmosphere interaction, and the anthropogenic signal.
use climate projections as potential scenarios around whicl few studies (e.g. Smith et al., 2007) have indicated that,
to devise “no-regrets” responses which are relatively robustyhen initialised with the observed ocean state, climate mod-
to a wide range of future conditions. This demands that ine|s can provide some forecast skill over the next decade, at
many real life cases we need to devise new decision makteast for large scale temperature anomalies. Whilst the lead
ing and management processes to ensure “robust” responsefine of such forecasts is certainly more in line with most
In a similar vein, Stainforth et al. (2007b), using hypotheti- real world decision horizons than climate change timescales,
cal case studies, outline an analysis “pathway” for decisionsuch forecasts remain very much in the experimental domain.
making in which the probabilistic climate projections simply  Finally, notwithstanding potential development in climate
provide a lower bound on the envelope of “non-discountable”prediction, it is abundantly clear that changing climate will
climate change, around which decisions may be StrUCtureqFf)nersect with other pressures on water resources in many
Moreover, such a condition whereby we may expect substanparts of the world in the future and that water resource

tial but uncertain climate changes suggests than we shoulghanagement must address these issues within an integrated
emphasise actions to reduce vulnerability of populations toframework.

climate and other stresses as a priority adaptive response to
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