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Abstract. We investigate how the climate models contribut- precipitation, evaporation, runoff, and, consequently, on the
ing to the PCMDI/CMIP3 dataset describe the hydrologi- discharge of the rivers. At present, the agriculture-based
cal cycle over four major South and Southeast Asian rivereconomies of South and Southeast Asia face serious chal-
basins (Indus, Ganges, Brahmaputra and Mekong) for théenges in ensuring the food security and economic well-being
20th, 21st (13 models) and 22nd (10 models) centuries. Foof 1.4 billion people due to their large dependence on the
the 20th century, some models do not seem to conserve wateariable freshwater supplies and inadequate integrated water
at the river basin scale up to a good degree of approximationtesources management (Lal et al., 2011). South and South-
The simulated precipitation minus evaporatiéh+ E), total east Asia are hot spots of climate change and it is antici-
runoff (R) and precipitation £) quantities are neither con- pated that the changes in the hydrological cycle will be quite
sistent with the observations nor among the models themserious in this region, providing further challenges to the
selves. Most of the models underestim#te- E for all four existing water management problems, with potentially seri-
river basins, which is mainly associated with the underesti-ous impacts on its socio-economical processes (IPCC, 2007).
mation of precipitation. This is in agreement with the recentTherefore, in terms of public policy, the water resource man-
results on the biases of the representation of monsoonal dyagement and the defense from the hydrological risks cannot
namics by GCMs. Overall, a modest inter-model agreemenbe decoupled from the climate change agenda (Ruelland et
is found only for the evaporation and inter-annual variabil- al., 2012). As an example, considering the future water avail-
ity of P — E. For the 21st and 22nd centuries, models agreeability under the warmer climate while planning new water
on the negative (positive) changes Bf— E for the Indus  reservoirs can be long-sighted, keeping in mind the huge in-
basin (Ganges, Brahmaputra and Mekong basins). Most ofestment costs and the fact that the lifetime of these reser-
the models foresee an increase in the inter-annual variabilityoirs is comparable to the timescale over which significant
of P — E for the Ganges and Mekong basins, thus suggestinghanges in the hydro-climatology of the region will manifest
an increase in large low-frequency dry/wet events. Insteadthemselves clearly (Krol and Bronstert, 2007). Hence, it is
no considerable future change in the inter-annual variabilitycrucial for the policy makers and the regional actors to have
of P — E is found for the Indus and Brahmaputra basins.  high-quality information on the projected climate change and
its implications for the water resources of the region.
Atmosphere-ocean coupled general circulation models
(GCMs) are the most powerful tools currently being used
1 Introduction by the scientific community for studying climate change and
its impacts on the hydrological cycle (Fowler et al., 2007,
One of the most relevant and debated aspects of climatgohnson and Sharma, 2009). However, a realistic represen-

change deal with its impacts on the hydrological cycle, and.tation of the hydrological cycle at both global and regional
in particular, on statistical properties and seasonality of the
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scale is indeed a complex task (Lucarini et al., 2008; Liepert Following Lucarini et al. (2008), we believe that the ver-
and Previdi, 2012), as non-trivial dynamics occur on a vastification and validation of GCMs should specifically be per-
range of spatial and temporal scales, often smaller than thosrmed at a river-basin scale, through accurately calculating
explicitly resolved by these models. Furthermore, GCMs fea-the most relevant hydrological quantities within the basin
ture problems of self-consistency in terms of conservation ofboundaries, in order to characterize the models’ behavior
water mass on global and regional scales which imply in-within the naturally defined geographical units relevant for
consistencies in their energetics (Liepert and Previdi, 2012the water resource management. This allows for conducting
Lucarini and Ragone, 2011). Therefore, it seems crucial tareliable impact assessment studies, and subsequently their
investigate the relevant processes in these models before thepplicability for the informed decisions by the bodies respon-
use in further analysis/applications. In this regard, we investi-sible for the water resources management in the region. Thus,
gate whether the water balance of the PCMDI/CMIP3 (Third our present study tries to fill a gap by addressing the basin
Phase of the Climate Models Inter-comparison Phase of thescale representation of the hydrological cycle by the individ-
Program for Climate Model Diagnosis and Inter-comparison,ual/cluster of models, for all the major river basins of South
seehttp://www-pcmdi.linl.govf Meehl et al., 2004) climate and Southeast Asia region.
models is closed for the major river basins of South and Large inter-model variability is a major problem in ascer-
Southeast Asia (Indus, Ganges Brahmaputra and Mekong}aining the reliability of future climate change projections.
pointing out inconsistencies of the individual models in de- To summarize the output of multi-model datasets, a com-
tail, if any. CMIP3 models have been chosen for two rea-mon approach is to take the arithmetic mean of the ensem-
sons. First, we wish to define a benchmark for evaluating theble members and the standard deviation as a measure of
performance of the new generation of GCMs (i.e. CMIP5), spread (Houghton et al., 2001; Milly et al., 2005; Nohara et
which have undergone extensive development and modificaal., 2006). The approach, originally developed for seasonal
tions, introducing higher resolutions, atmosphere and landorecasting (Harrison et al., 1999; Fritsch et al., 2000), has
use and vegetation interaction, detailed aerosols treatmenbeen extended to multi-model climate projections by weight-
carbon cycle, etc. (Taylor et al., 2012). Secondly, our focusing each GCM according to its performance for the present
on the CMIP3 is of direct relevance for most of the South andclimate (Giorgi and Mearns, 2002). However, considering
Southeast Asian downscaling communities and institutionghe output of each considered climate model as an ensem-
involved in operational activities — e.g. the Pakistan Meteo-ble member is indeed problematic, for multiple reasons dis-
rological Department and the Global Change Impact Studiesussed in detail by Lucarini et al. (2008) and Liepert and
Centre (Pakistan), the Department of Hydrology and Meteo-Previdi (2012) and briefly summarized here: (i) there is no
rology (Nepal), the Indian Institute for Tropical Meteorology way to correctly assign weights to climate models in terms of
(India) and the National Climate Center of Thailand (Thai- their quality due to huge inter-model structural differences;
land) — which are currently using regional climate models (ii) climate models’ output do not form a sample from any
nested into CMIP3 models. well-defined probability distribution. Moreover, GCMs fea-
As mentioned above, the regional water balance inconsisture systematic spatio-temporal biases. Therefore, taking the
tencies of the climate models may be one of the major causesnsemble mean as the representative output from the multi-
of biases in their simulated regional-scale hydrological cy-model simulations does not really take care of removing the
cle. Provided that the water balance of the CMIP3 modelsinconsistencies or inaccuracies present in various GCMs, as
is closed, it is relevant to examine their skill in representingno actual compensating effect coming from errors of differ-
the hydrological cycle over the region to get reliable esti- ent sign can be really invoked. These ensemble-mean based
mates of their projected changes under the climate changestimates can therefore be misleading for the impact assess-
scenarios. Although, several studies have been performethent studies and consequently their use in spatial planning
in this direction (Kripalani et al., 1997; Kang et al., 2002; is questionable. In order to have a semi-quantitative evalua-
Annamalai et al., 2007; Lin et al., 2008), such studies mainlytion of how well the ensemble mean is representative of the
focused on the representation of the monsoon and its interaawhole dataset of GCMs outputs, we introduce a simple indi-
tion with the westerly disturbances over the region. However,cator measuring the ratio between the spread of the models’
in order to adequately quantify the biases in the hydrologi-outputs — defined as the difference between the largest and
cal cycle, it is worth investigating its other aspects in addi- smallest value given by the various GCMs — and their arith-
tion to precipitation. Moreover, most studies (Arnell, 1999; metic average.
Nijssen et al., 2001; Douville et al., 2002; Manabe et al., The annual mean and the deviations from the long-term
2004; Hagemann et al., 2006; Nohara et al., 2006) presentingnean are calculated for hydrological observables such as the
the observed/simulated water balance information are eithebasin-integrated precipitationP§, evaporation £), P — E
on a global scale — thus not providing catchment-scale charand runoff R). We first considered the last 40yr of the
acteristics of the hydrological cycle — or always miss one or20th century in order to verify whether the land modules of
the other major South and Southeast Asian river basins.  the climate models conserve water, and in order to assess the
realism by comparing the simulated quantities with historical
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Fig. 1. Four study river basins: Indus, Ganges, Brahmaputra and Mekong (west to east).

observations of precipitation and river discharges. Moreoverpn the moisture input from the monsoon system, with snow
future changes for the same hydrological quantities for theand glacier melt (rainfall) being extremely relevant at high
last 40 yr of the 21st and of the 22nd centuries with respec{low) altitudes, particularly for the Indus and Brahmaputra
to the 20th century (1961-2000) are assessed by considerirgasins. The eastern basins of the study area are comparatively
the SRES A1B scenario. The SRESA1B scenario (720 ppnwetter than the western basins because the monsoon rainfall
of CO, after 2100) is chosen, as it represents the median oflominates in the summer months in the eastern part and gets
the rest of the IPCC scenarios in terms of the greenhouse gaseaker on the western side with a time delay of some weeks.

forcing (GHG) (IPCC, 2007).

2 Study region

In the west, westerly disturbances drop moisture in the win-
ter months mainly in the form of solid precipitation (Rees
and Collins, 2006). This effect is much weaker as we go
east, because the Atlantic—Mediterranean storm track does
not extend beyond the HKH (Bengtsson et al., 2007). This

The study region comprises four major river basins of Southfect is particularly evident from the significance of meltwa-
and Southeast Asia namely the Indus, Ganges, Brahmaputlt’&‘r contrlbutlop, which is reported to be extremely important
and Mekong (see Fig. 1). The hydrological regimes of thesdor the Indus, |mp9r'tant for the Brahmaputra}, modest for the
rivers differ because their basins feature a great geographic&fanges and negligible for the Mekong basin (Immerzeel et
and climatic diversity, including latitudinal and longitudinal @l-» 2010). Table 1 summarizes the general characteristics of

extent, regional climate patterns, influence of nearby seas anti'® four basins, whereas details of individual basins are dis-

desert, positions with respect to the Hindu Kush—Himalayancussed below.
(HKH) range and presence or lack of extensive cryosphere.
As a common ground, the hydrology of these basins depends
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Table 1. Characteristics of the four studied river basins.

Basin characteristics Indus Ganges Brahmaputra Mekong
Basin area (krf) 1230000 1000000 530000 840000
River length (km) 3200 2500 2900 4800
Precipitation (mmyr?1) 415 1125 1350 1550
Near-to-sea gauge used in study Kotri Hardinge Bridge Bahadurabad Pakse
Annual mean discharge fs~1)/ 1540/ 11000/ 20000/ 17000/
Runoff (mmyr1) to sea 40 obs. 210 natural 345 1200 650
Discharge (Ms™1) equivalenceto 3890 3190 1680 2670
the 100 mmyr 1 runoff
Peak discharge month August August July August
High flow season April-September July—October April-November  June—November
No of glaciers/area (kR) 18495/21 000 7963/9000 11497/14000 482/230
Snow coverage (Annual Avg. %) 135 5 20 3
Snow and glacier melt index 150 10 27 Negligible
Population dependent (millions) 260 520 66 79
Major consumption Agriculture Agriculture Agriculture Agriculture
Seasonal/annual Variability High High High High
2.1 Indus Basin irrigation and other purposes on annual basis (Laghari et al.,

2012). The agriculture sector consumes more than 95 % of

The Indus originates from the Tibetan Plateau (China) and®Uch amount to ensure the food security and economic well-
it drains through India, Afghanistan and Pakistan before itsP€ing of about 260 million people (CIESIN, 2005).
confluence to the Arabian Sea. The basin is divided into an With 18495 glaciers covering an area of 21 00Gkm
upper and a lower part, at the point where the Indus River(Bajracharya and Shrestha, 2011) and 13.5% of average snow
enters into the Tarbela reservoir in Pakistan. As discusse§overage (Gurung etal., 2011), the Indus River has the high-
above, the basin hydrology is dominated by two main mois-€st meltwater index as compared to other South and South-
ture sources, i.e. monsoon and western disturbances. TH&St Asian rivers originating from the HKH region. Based
northwestern part of the basin — hosting maximum freshwa-On & modeling study, Immerzeel et al. (2010) report that the
ter resources — is characterized by an increase in the observé@rmalized meltwater index for the Indus is 151 % of the
precipitations (Archer and Fowler, 2004) and cooling tem- _total discharge natur_ally generated downstream. The index
perature trends (Fowler and Archer, 2005) for the last fewiS calculated as a ratio between the volume of the _upstream
decades of the 20th century. However, ensembles of 13 angnoW and glacier melt runoff andl — E naturally available

17 CMIP3 GCMs project higher warming rates over this downstream.

part than over the southern plains and against the respective

global averages for SRESA2 and A1B scenarios throughou.2 Ganges Basin

the 21st century (Islam et al., 2009). The average precipi-

tation over the basin is estimated to be about 415mrhyr Originating from the Central Himalayan Range, the Ganges
(CRU, 2012). The precipitations are confined to the mon-drains across Bangladesh, China, India and Nepal before
soon (July—September) and winter (December—March) seaits confluence to the Indian Ocean at the Bay of Bengal.
sons. Almost 80% of the mean annual flows are confinedThe river is highly regulated with dams and irrigation canals
to the summer months (April-September) with a peak in theright after it enters into the plains near Haridwar (Bharati
month of August, due to snow and glacier melt as well as theet al., 2011), usually for agriculture purposes. Agriculture
monsoonal rainfall. During the winter (October—March), the has a share of almost 90% of the available water to en-
river experiences low flow conditions. The average dischargesure the well-being of about 520 million people (CIESIN,
into sea, measured at Kotri which is the last gauging site nea005). The hydrological regimes of the basin are domi-
the sea, is calculated to be around 40 mmiymunoff equiv-  nated by the summer monsoon system. Almost 75% of
alent for the period 1977—-2000. Indus River is strongly an-the annual precipitation occurs during the monsoon sea-
thropogenically influenced as roughly 80 % of its total sur- son (June—September). The mean annual precipitation esti-
face water (i.e. 220 mmyf or 258 kn? yr—1) is diverted for ~ mated from the observed dataset CRU TS3.2 (CRU, 2012)
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is around 1125 mm ytt. The observational record indicates 2.4 Mekong Basin

that the precipitation within the basin is by and large stable

(Mirza et al., 1998; Immerzeel, 2008). The mean flow for Draining through China, Myanmar, Lao PDR, Thailand,
the period 1950-2008 is estimated as about 11 00®%  Cambodia and Viet Nam, the Mekong is amongst the longest
(345mmyr?) at the Hardinge Bridge, the last gauging site rivers in the world. The hydrological regime of the Mekong
near the sea. These flows show large inter-annual and intraBasin primarily depends on the climatic conditions of the al-
annual variability, featuring a decreasing trend which mayternating wet and dry seasons. The climate is governed by the
further be attributed to the decreasing strength of the Indiarmortheasterly and the southwesterly monsoonal winds. The
monsoon (Webster et al., 1998; Jian et al., 2009) and/or sommean annual precipitation ranges between 1000-1600 mm
other factors. More than 85 % of the river flows are confinedover the dry region of northeast Thailand to 2000-3000 mm
to the high flow period (July—October) with the mean maxi- over the wet regions of northern and eastern highlands, which
mum during late August due to the heavy contributions fromaccounts for an average of almost 1550 mmiyas estimated

the monsoonal rainfall and glacier melt. During the lean flow from the observed dataset CRU TS3.2 (CRU, 2012). The
period (November—June), contributions mainly come fromobserved precipitation record reveals that the narrow gorge
the snowmelt (April-June), winter rainfall and base flow. of the northern Mekong basin receives the smallest amount
Glaciers number 7963 in total, which cover an area of abouof precipitation as compared to the remaining part. AlImost
9000 kn? (Bajracharya and Shrestha, 2011) whereas the an90 % of the annual rainfall is received under the southwest
nual average snow cover is about 5% only (Gurung et al. monsoon system between May and October (MRC, 2005;
2011). A modeling study suggests a low meltwater index of FAO, 2008), whereas the dry season spans from Novem-

10 % for the basin (Immerzeel et al., 2010). ber to April. The mean discharge is about 17 0GGsTT
(650mmyr?1) at Pakse gauging site near the sea. Almost
2.3 Brahmaputra Basin 90% of the annual discharge takes place during the high

o flow season (June—November) with a peak in the month of
The Brahmaputra originates fro_m the southwe_stern Parfaugust, while the remaining 10 % during the low flow pe-
of the Tibetan Plateau and drams_ thro_ugh China, India,jog (December-May). With only 482 glaciers covering an
Bangladesh and Bhutan. The river is a lifeline for approx- area of about 230kA{Bajracharya and Shrestha, 2011) and
imately 66 million people (CIESIN, 2005). The basin hy- only about 3% of the average annual snow cover (Gurung
drology is dominated by the influence of the monsoon sys-t g, 2011), meltwater has a negligible contribution to the
tem, whereas some contribution is also received from thﬁ\/lekong River. Eastham et al. (2008) suggest that for an ex-
western disturbances (roughly 10 %). The mean annual prégeme climate change scenario where all the glaciers vanish
cipitation, estimated from the observed dataset CRU TS3.3y 2030, the Mekong River would see an increase of only
(CRU, 2012), is around 1350 mmyk. The mean flow for 8o nd 5110 its average discharge of 3508 871 at the Chi-
the period 1956-2008 is calculated to be about 20 09T ang Saen site. The agricultural sector is the major consumer
(1200 mmyr~) at Bahadurabad, the last gauging site beforeot the freshwater (Johnston et al., 2010), being responsible

its confluence to the Ganges River. The analysis of the obsoy the food production, livelihood and economic well-being
served discharge shows that more than 90% of the flowgyt 5jmost 79 million people (CIESIN, 2005).

are confined to the high flow period (April-early November)
with a mean maximum during mid-July. The early rise of
the hydrograph in the month of April may be attributed to
the snow melt contribution reducing during the late spring
or early summer, which is then compensated by the glacieg_1 Datasets
melt. The monsoon rainfall starts couple of weeks earlier as

compared to the Ganges basin (Webster et al., 1998; Jiag analysis is based on the last 40 yr data of the 20th cen-
et al., 2009), spanning from late May to September. They,ry climate reconstructions and of the 21st and 22nd cen-
lean flow period comprises the winter months only. In ad- ries’ climate projections based on the SRES A1B sce-
dition to 11 497 glaciers covering an estimated area of abou,4rig runs of the AOGCMs (see Table 2 for details) included
14000 kn? (Bajracharya and Shrestha, 2011), the basin hag, the PCMDI/CMIPS3 projectHttp://www-pcmdi.linl.govy).
20% of the annual average snow coverage (Gurung et althe SRESA1B scenario corresponds to a ramp up of CO
2011). The Bra_lhmaputrg basin has a high meltyvater index of oncentration up to 720 ppm in 2100, with an immediate sta-
27 %, second in the region after the Indus basin (Immerzeejjji,ation of CO, concentration afterwards. It is widely con-
etal., 2010). sidered as a reasonable, intermediate scenario for climate
projections. We have extended our analysis to the projec-
tions of 22nd century climate for two main reasons. First,
we wish to analyze the effects of ‘committed warming’ on
the hydrological cycle on a longer timescale, when parts of

3 Data and method
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Table 2. List of GCMs used in the study. These constitute the subset of all GCMs included in the PCMID/CMIP3 project providing all the
climate variables of our interest.

Name and reference Institution Grid resolution
(Lat x Lon)

MRI-CGCM2.3.2 Meteorological Research Institute, Japan T42

Yukimoto and Noda (2002) Meteorological Agency, Japan

CNRMCM3.0 Méteo-France/Centre National de Recherches T63

Salas-Mtlia et al. (2005) Néteorologiques, France

CSIRO3.0 CSIRO Atmospheric Research, Australia T63

Gordon et al. (2002)

ECHAMS5 Max Planck Institute for Meteorology, T63

Jungclaus et al. (2006) Germany

ECHO-G MIUB, METRI, and M &D, Germany/Korea T30

Min et al. (2005)

GFDL2.0 US Dept. of Commerce/NOAA/Geophysical ~ 2:62.(°

Delworth et al. (2005) Fluid Dynamics Laboratory, USA

UKMOHADCM3 Hadley Centre for Climate Prediction and 2163.75

Johns et al. (2003) Research/Met Office, UK

UKMOHADGEM1 Hadley Centre for Climate Prediction and 1°251.875%

Johns et al. (2006) Research/Met Office, UK

INMCM3.0 Institute for Numerical Mathematics, Russia ° 564°

Volodin and Diansky (2004)

IPSL-CM4 Institute Pierre Simon Laplace, France °243.7%

Marti et al. (2005)

MIROC (hires) CCSR/NIES/FRCGC, Japan T106

K-1 Model Developers (2004)

PCM1MODEL National Centre for Atmospheric Research, T42

Meehl et al. (2004) USA

GISS-AOM NASA/Goddard Institute for Space Studies, © x43°

Lucarini and Russell (2002) USA

the transient effects of increasing g@anish. Second, we data quality control methods and the unavoidable uncertain-
believe that taking into account a longer time perspectiveties coming from the applied interpolation techniques, such
is useful for the long-sighted planning and adaptation poli-gridded rainfall dataset may feature uncertainties which are
cies in the region. We have considered monthly values ofhard to assess (Fekete et al., 2004; Yatagai et al., 2012).
the relevant climatic variables such as the total run&ff, ( Therefore, caution is needed when interpreting the results
precipitation (P) and evaporationK). The evaporative fields based on such gridded datasets. We also consider the his-
have been reconstructed from the surface upward latent heabrical observed dischargeB) for all the rivers at either the
fluxes. Our investigations are restricted to 13 climate modeldast or near-to-sea gauging stations (Indus at Kotri, Ganges at
for the 20th and 21st century climates, whereas only 10 modHardinge Bridge, Brahmaputra at Bahadurabad, and Mekong
els provide the complete datasets forP, andE quantities  at Pakse) depending on their data availability. The discharge
for 22nd century climate. Moreover, in order to understanddata for the Indus is collected from the Water and Power
the degree of realism of climate models in the reconstructiorDevelopment Authority (WAPDA), Pakistan, for the Ganges
of the 20th century climate, we have considered the observednd Brahmaputra from Jian et al. (2009), and for the Mekong
precipitation and river discharges for each basin. RegardindRiver from Dai and Trenberth (2002).
the observed precipitation, we consider the University of East
Anglia Climatic Research Unit (CRU) Time Series (TS) high 3.2 Theoretical framework
resolution gridded data version 3.2 (CRU, 2012). However, it
is pertinent to mention here that due to the uneven spatial andssuming that the water storage in the liquid and solid form
temporal coverage of the used gauging stations, the presend# negligible in the column comprising a soil layer and at-
of extremely non-homogenous terrain, the need for applyingnosphere aloft when the long-term averages are considered
(Peixoto and Oort, 1992; Karim and Veizer, 2002), at any
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point of the land surface, the field3, E and R satisfy the 3.3 Data manipulation
balance equation

The mean annual time series of all the relevant variables de-
(P)y = (E)t # (R): ® —(Vu - Q) (1) fined in the gridded domain of the climate models are com-

where the subscript denotes the temporal averages, and puted using Voron_oi_ or Thiessen _tessellation meth_od (Okabe
V- Q is the divergence of water in the atmospheric col- €t @l-» 2000; Lucarini etal., 2008) in the GrADS (Grid Analy-
umn. Spatially integrating Eq. (1) over an avéaf the river sis and I?|splay System) and GIS enwronm(_ant. The.Thless_en
basin, the hydrological balance can be written as follows: tessellapon mgthod has been used to avoid any k|nd.of In-
terpolation, which may prevent the accurate computation of
/dxdy (P) — (E)) =~ —/ dxdy (Vg - Q) the volumetric quantities, usually along the perimeter of the
study basin. The output has been projected to UTM (Univer-
A A sal Transverse Mercator) projection according to the central
~ /dxdy (R); ~ (D),, 2) zone of each river basin, covering the relative maximum of
9 the basin area. For the grid cells partially lying inside/outside
the basin, only the fraction of area inside the basin has been
where D is the observed discharge into the sea. Further degonsidered to prevent water loss/gain. In this way, basin-wide
tails regarding the method and its suitability are discusseqntegrated quantities are computed accurately. Similarly, in-
in detail by Lucarini et al. (2008). Equation (2) is satisfied consistencies between the land-sea mask given by GCMs and
for the short-term storages, as the average time of water ifhe hasin boundaries exist as a result of the fact that each
the atmosphere is roughly 10 days, whereas routing time ingcMm has its own resolution whereas the basin boundary is
the channels, snow accumulation and the groundwater stofmapped as the total area accumulating water to a common
ages range from month(s) to a season. Equation (2) also proyytjet. Differences are usually relevant for the coarse res-
vides an excellent approximation for describing the hydro-gjytion GCM datasets. So any grid cell partially lying in-
logical balance of a river basin if> 1yr, assuming negli-  side/outside the basin at the coastline must be checked re-
gible changes in the inter-annual mass balance of existingarding how it is treated in the land-sea mask of the respec-
glaciers, or if the glaciers’ mass balance gives minor correctiye GCM. When considering coastal areas, these cells are
tions to the overall hydrological cycle. sometimes considered as a sea cell, with the result of fea-
An overall small change is observed in the last decad&yring high evaporation and zero or missing runoff quantity.
for the mass balance of Karakoram glaciers (Scherler et alyncluding such cells in the computation can introduce signif-
2011), which is relevant for the Indus basin. Though a negajcant biases and inaccuracies in the computed water budget.
tive trend in the glaciers’ mass is reported in the central andsg depending on the particular GCM and its land-sea mask,
eastern part of the HKH, the overall correction due to this ef-pasin-wide quantities require a careful post-processing. The
fectis rather small for the Ganges, Brahmaputra and Mekongdapted approach fits well for each model, despite their di-
basins due to their weak dependence on snow and ice melfgrse grid resolutions.
contribution as discussed earlier. Therefore, Eq. (2) is appro- |t s worth mentioning here that none of the studied climate
priate for our case studies. models implements irrigation or water diversion schemes.
Yearly time series of the spatially integrated four variables sych management schemes are quite relevant for the studied
(P, E, P — E andR) are computed for the considered time pasins, and especially for the Indus basin, to the point that its

spans of 40 yr: discharge at the mouth is extremely low. The substantial wa-
_ ter diversion from the Indus basin does not allow the direct
B; = / dxdy (8)):, () comparison of the simulate®l — E and R with the observed

A discharge. In order to have at least an approximate compari-

_ son, we have estimated the natural discharge from the Indus
whereg;, j=1, ..., 4 corresponds to each of the four vari- pasin — assuming no diversion within the basin — by sum-
ables mentioned above, adddenotes the area of each con- ming up the measured discharges into the sea and the amount
sidered river basin. The long-term averages and standard desf runoff diverted for irrigation, industrial and domestic
viation of the yearly values are computed using Egs. (4)yse. The summed up quantity is then transformed into its

and (5). runoff equivalent. The total water diversion (170 mm¥j
1 40 from the Indus basin is around 80% of its mean surface

w(B;) = 0 Zﬁj (4)  water availability (i.e. 210 mmyr') (Laghari et al., 2012).
i=1 Hence, assuming no diversion within the Indus basin, the

1 49 net volume of the natural discharge into the sea is roughly
7\ — 2 2 )2 d 210 mmyr! runoff equivalent (or 170 mmyr to-
(55) |:39 ;( =B :| tal diverted runoff within the basim observed 40 mm yr*
runoff equivalent being discharged into the sea). For the other
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basins, the effects of water management practices are mudttischarge of the Indus basin in equivalent runoff units. Most
smaller in relative terms, so that it makes sense to comparef the models underestimate the meRn- E for the basin

the statistics of observed river discharge and of the integrate@vhen compared with the estimated natural discharge. PCM
values ofP — E andR as simulated by the models. shows the lowest value of about 10 mm ¥y suggesting al-
most equal amounts of average precipitation and evapora-
tion, while CNRM model shows the highest value of mean
P — E (almost 330 mmyrl). The cluster of six models
(CSIRO3.0, IPSL-CM4, HADCM3, INMCM, ECHO-G and
CGCM2.3.2) around 70-100 mmVk is relatively close to

A first, important qualitative agreement among all models isthe observed mean annual discharge (i.e. 40 mrwhich

that, in agreement with observations, the river basins becomis ©f course not relevant as none of these climate models
wetter as we move eastward, the basic reason being that mofiPlement irrigation/diversion. Figure 2a3 shows that the

soonal precipitation becomes weaker and weaker the furthef?@in reason of underestimating the estimated natural dis-
we move west. Table 3 provides the summary of the |ong_charge by these six models is the underestimation (overesti-

term means of the simulated basin-integrated hydrologica/Mation) of observed precipitation (evaporation). On the other

quantities and their inter-annual variability. We discuss here’@nd, three models (MIROC-HIRES, ECHAMS and GISS-

basin-wise the details of our findings about the water bal-AOM) modestly agree o — E with the estimated natural

ance consistencies and realism of the climate models for thdiScharge as well as on the observed values of precipitation
20th century climate. and evaporation. However, as GISS-AOM features a water

balance inconsistency, we do not put much confidence on
4.1.1 Indus Basin its performance, which may be a result of different biases
cancelling out each other. The so-called ensemble mean is at
Figure 2al shows that most of the models conserve watet50 mm yr ! with only HADGEM1 close to it.
at a basin scale within a good degree of approximation, re- Summarizing the above-mentioned, four models (CNRM,
gardless of whether their long-term averages of the spatiaGISS-AOM, IPSL-CM4 and INMCM) do not conserve wa-
integral of P — E are realistic or not. However, two mod- ter for the Indus basin. Models show large differences for
els (CNRM and GISS-AOM) have a simulat&d- E higher  the meanP — E and its inter-annual variability. Most of the
than their respective simulated runoff quantities, implicitly models underestimate the obsen/d E mainly due to the
showing that their land surface schemes lose water. On thenderestimation (overestimation) of observed precipitation
other hand, two models (IPSL-CM4 and INMCM) show the (evaporation). A few models (MIROC-HIRES, ECHAM5
opposite behavior, with simulated runoff larger than their re-and GISS-AOM) agree with the observed precipitation, evap-
spective compute® — E, showing a gain of water by their oration and estimated natural runoff.
land surface schemes. These models feature serious water
balance inconsistencies, which may introduce further biase4-1.2 Ganges Basin
to the regional climate simulations, hence providing unreli- _ )
able estimates of their projections under warmer climate. Inf19uré 2b1 shows that INMCM model features unphysical
view of these systematic biases/inconsistencies, we suggeBf9ative estimates of the basin-integrated- E. This is

that the models should be investigated for relevant diagnosM&inly due to the reason that, in the arid and semi-arid areas
tics before their use in further applications. of the basin, the model suggests a relatively high evaporation

Figure 2a2 shows the scatterplot of mean anrial E as compared to precipitation as well_as no rt_moff (surface a}nd
against its inter-annual variability. Models largely differ SUP-surface runoff) (not shown). This situation influences its
with respect to each other for the inter-annual variability Pasin-integrated® — £ estimates, so that a negative value is
of P — E, ranging between 30-80 mmiy#. Similarly, mod- obtamed'. ThIS'Imp|IeS non-conservation of water mass with a
els are not consistent with each other for their mean estiSuPstantial gain of “ghost” water by the land surface scheme

mates ofP — E, showing a very large spread of values across®f the model. The same model also substantially underesti-
10—350mmyr’1. mates the observed precipitation. On the other hand, IPSL-

As far as models’ performance against realism is con-CM4 has a vfar’nshmg value for the basin-integrafed £,
cerned, it is pertinent to mention here that, as discussed baVhile the basin’s runoff is positive (see Fig. 2b3). IPSL-CM4
fore, the Indus River is highly diverted for irrigation, in- also features the weakest precipitation among the studied
dustrial and domestic use, turning into almost a dry river,M0dels. The rest of the models show good agreement be-
whereas GCMs used in the present study do not implefween the compute® — £ and the simulated runoff within
ment irrigation or water diversion at all. Hence, we com- their associated statistical uncertainties, suggesting that their

pare the average basin-integrated valuePof E simulated water balance is closed to a good degree of precision in this

by the models with the estimated natural discharge. Fig-2asin-

ure 2a2 shows the observed as well as the estimated natural

4 Results

4.1 Present climate
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Fig. 2. (a1X{(d3) 20th century climate (1961-2000) for: (row a) Indus Basin, (row b) Ganges Basin, (row c) Brahmaputra Basin,

@@ CGCM2.3.2 §+~$ CSIRO3.0 -4 ECHO-G M-l HADCM3 -4 INMCM
@@ ECHAM5 - GFDL2.0 # + HADGEML ¢} IPSL-CM4 L PCM

@@ CNRM

¥-Y. MIROC-HIRES M4 GISS-AOM

(row d) Mekong Basin; (column 1) estimatgtl— E against simulated total runoff, (column 2) estimated- E against its inter-annual

variability, (column 3)E againstP. Markers show mean annual simulated basin-integrated quantities, whereas lines show their 95 % con-
fidence intervals. (Note: for the Indus Basin both the observed runoff into the sea (influenced with irrigation and other diversions) and the

estimated natural runoff (assuming no diversion within the basin) are shown — details are given in the text.)

Models neither agree well for the mean annwal- E

is centered at 60mmyt and a cluster of five models

nor for its inter-annual variability (Fig. 2b2). The inter- (CNRM, MIROC-HIRES, HADGEM1, INMCM and IPSL-
annual variability of P — E ranges between approximately CM4) is centered at 100 mmyt. The GCMs outputs for
50-150mmyrt. A cluster of six models (CGCM2.3.2, the mean basin-integratell — E do not agree with each
GISS-AOM, HADCMS3, CSIR03.0, PCM and ECHO-G) other, showing remarkable spread; however five models
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(HADCM3, CSIR03.0, PCM, CGCM2.3.2 and ECHO-G) Six models (CGCM2.3.2, CSIR03.0, GFDL2.0, HADCM3,
form a cluster around 200 mmWt, thus generally below PCM and CNRM) form a cluster for precipitation around
the ensemble mean~(260 mmyr?). The observed mean 1250mmyr?, and nearly agree with the observed precipi-
runoff is around 350 mmyrt with a modest agreement tation. Six models (CNRM, CGCM2.3.2, CSIRO3.0, PCM,
from four models (GISS-AOM, HADGEM1, ECHAM5 and HADCMS3 and GFDL2.0) overall show a modest inter-
GFDL2.0). Among these, the latter three underestimate thenodel agreement for the simulated precipitation, evapora-
observed precipitation, i.e. 1125 mntyr(CRU, 2012) but  tion and P — E as well as for the observed precipitation
slightly overestimateP — E against the observed discharge but these models underestimate the obsered E due
(i.e. 345 mmyr1), indicating an underestimation of the ob- to overestimation of observed evaporation. On the other
served evaporation, whereas GISS-AOM suggests an undehand, four models (MIROC-HIRES, HADGEM1, GISS-
estimation ofP — E, P andE. AOM and ECHAMS) overestimat® — E of the basin with
Figure 2c3 shows that the ratios between precipitation andhe latter one showing the highest value of more than
evaporation are different among the models. All models are1600 mmyr!. These models also form a cluster for the
in the range of 400-1500 mmy* for precipitation against  precipitation, suggesting highest magnitude of it among the
300-900 mmyr? for evaporation. Most of the models tend models but a substantial overestimation of it against the ob-
to form a cluster for evaporation around 500 mm,rshow-  servations, i.e. 1350 mmyt (CRU, 2012). The HADCM3
ing a good inter-model agreement, however models underesand GFDL2.0 models are close to the ensemble mean, which
timate the estimated value of observed evaporation. is nearly 740 mmyr!. Figure 2c2 clearly shows large dif-
Summarizing what described above, two models (IPSL-ferences among the observed value (i.e. 1200 mrh)yand
CM4 and INMCM) do not conserve water for the Gangesthe ensemble mean quantity. It is observed that inter-model
basin, with a substantial gain of water by their land surfacedifferences forP — E are generally attributed to the dif-
schemes. Models show large differences for the meanE ferences in their precipitation regime and overestimation of
but modest agreement for its inter-annual variability. Most of evaporation. This is also evident from the consistent be-
the models underestimate observed- E, which is mainly  havior of evaporation among most of the models (around
due to the underestimation of precipitation by these mod-600 mmyr1), regardless of the huge differences among
els. A few models (GISS-AOM, HADGEM1, ECHAMS and their precipitation.
GFDL2.0) show modest agreement with the observed runoff Summarizing the above, two models (IPSL-CM4 and IN-
but underestimate the precipitation. It is noted that most ofMCM) do not conserve water for the Brahmaputra basin.
the models agree well on the fact that the Ganges is a relaModels largely disagree with each other Bn- E but show

tively wetter basin than the Indus Basin. modest agreement for its inter-annual variability. Most of the
models underestimate — E which is mainly due to the un-
4.1.3 Brahmaputra Basin derestimation (overestimation) of their simulated precipita-

tion (evaporation). There is an excellent agreement among

Figure 2c1 shows that two models (IPSL-CM4 and INMCM) the models for the Brahmaputra evaporation but our analysis
feature water balance inconsistencies; while the climatologysuggests that the models overestimate it.
of the integrated value af — E nearly vanishes, a small but
positive runoff is realized. For all the other models, there is4.1.4 Mekong Basin
a good agreement between the mean simulated runoff and
P — E within their associated statistical uncertainties, sug-Figure 2d1 shows that the water balance of almost all the
gesting that their water balance is closed for the basin. Againmodels is closed within their associated statistical uncertain-
no model is close to the observed runoff of the Brahmaputraies for the Mekong basin.
Basin. Figure 2d2 shows that most of the models modestly

The inter-annual variability of the? — E shows good agree on the inter-annual variability of — E around
inter-model agreement as most of the models cluster around00 mmyr?®, except five models (GISS-AOM, ECHAMS,
120mmyr?, except three models (ECHAM5, MIROC- PCM, GFDL2.0 and HADGEM1). The spread of inter-
HIRES and GFDL2.0), which show higher inter-annual annual variability ofP — E is about 50-150 mm y*. Mod-
variability (Fig. 2c2). However, the overall spread of the els largely differ in terms ofP — E, ranging from 200 to
inter-annual variability is large (i.e. 50-270 mnmy}. Sim- 830mmyr?. Only five models (HADCM3, CNRM, IPSL-
ilarly, models do not agree with each other on the meanCM4, ECHO-G and CSIR0O3.0) form a cluster centered at
value of P — E, ranging from almost zero to 1600 mnTyx 460 mmyr?!, which is also near the ensemble mean. The
Three models (IPSL-CM4, INMCM and ECHO-G) fea- results show that most of the models underestinfate E
ture the lowest precipitation for the basin. Four modelsfor the Mekong basin against its observed mean runoff
(CGCM2.3.2, CSIR03.0, PCM and CNRM) form a cluster of 650mmyr. This is mainly associated with the un-
for P — E around 500 mmyr! but underestimate it against derestimation of precipitation against the observed value
the mean observed runoff of approximately 1200 mmiyr  of 1550mmyr! (CRU, 2012). The underestimation of
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precipitation may attribute to the fact that the narrow gorge4.2.1 Indus Basin
of the northern part of the basin does not fully encompass
any coarse resolution GCM grid cell. However, the observedThe inter-annual variability ofP — E does not change
records suggest that the basin mainly receives its precipitathroughout the 21st and 22nd centuries for the Indus Basin
tion over the southern part of the basin (below R3. Such  (Fig. 3a), whereas most of the models indicate a decrease
a pattern has also been observed by the GCMs used in oun the meanP — E by the 21st and 22nd centuries, with a
study (not shown). Moreover, such a narrow northern partstronger decrease in the latter century. Interestingly, by look-
of the basin covers only the 5% of the whole basin areaing separately at the changesand E, one can discover
This fact, together with the relative dryness of such a regionthat the response of the various models is less similar than
makes us fairly confident that the insufficient grid resolution one would guess by looking & — E alone. The negative
of this area cannot be the cause of the underestimated simehange inP — E as simulated by two models (ECHAMS
lated runoff. and GFDL2.0), is due to the stronger decrease in the pre-

Two models (MIROC-HIRES and GFDL2.0) show the cipitation rather than in evaporation (Fig. 3a). On the other
largest values of — E mainly due to an overestimation of hand, three models (CGCM2.3.2, CSIR03.0 and ECHO-G)
precipitation by the former and an underestimation of evapo{feature higher positive change in evaporation than in pre-
ration by the latter. There are only two models (HADGEML cipitation by the 21st century, and similarly, three models
and CGCM2.3.2) which show good agreement with the ob-(CNRM, ECHO-G and CGCM2.3.2) by the 22nd century.
servedP — E of the basin with slight underestimation. Fig- MIROC-HIRES shows almost the same positive change for
ure 2d3 shows that this agreement is associated with th&oth evaporation and precipitation by the 21st century, so that
realistic evaporation but slight underestimation of precip-its change inP — E is negligible. Five models (HADCMS3,
itation by CGCM2.3.2 but overestimation of the both by HADGEM1, PCM, CNRM and GISS-AOM) suggest a pos-
HADGEM1 model. The figure also shows that in the caseitive change inP — E by the 21st century, whereas four
of the Mekong basin, the large spread im— E is obvi- models (HADCM3, HADGEM1, CSIR03.0 and IPSL-CM4)
ously associated with the large inter-model differences forsuggest a positive change in it by the 22nd century. However,
both precipitation (1120—1900 mm}) and the evaporation  two of these models (CNRM and IPSL-CM4) are largely bi-
(760-1400 mmyr?). ased with their water balance inconsistencies.

Summarizing the above-mentioned, almost all the models
conserve water for the Mekong basin. Models largely dis-4.2.2 Ganges Basin
agree with each other on the me&n- E but show modest
agreement for its inter-annual variability. Most of the models Most of the models project an increase i— E as well
underestimaté® — E, which is mainly due to the underesti- as in its inter-annual variability by the end of the 21st and

mation of their simulated precipitation. 22nd centuries. However, two models (IPSL-CM4 and IN-
. _ MCM) suggest a decrease in the meRr- E and its inter-
4.2 Projected changes: 21st and 22nd centuries annual variability for the both 21st and 22nd centuries

’ o ) _ (Fig. 3b). Such models are affected by the water balance
Though GCMs’ performance in simulating the hydrologi- jconsistencies and therefore it is not clear how reliable

cal quantities is not entirely satisfactory when comparing theyqir projected changes are in these hydrological quanti-
outputs to observations, most models feature a consistent Wajos ECHAMS also suggests significant negative changes in
ter balance. Therefore, it makes sense to investigate how fup _ ¢ for the Ganges basin, which is associated with the
ture changes in the hydrological cycle at basin scale are désegative (positive) changes in the precipitation (evaporation)
scribed. In this section we present the results of projected,, ihe 21st century and mainly with the positive change
future changes in the hydrological cycle of the four studied;,, he evaporation for the 22nd century. CSIRO3.0 shows a

basins by CMIP3 climate models. Here, we present the f“'slight negative change in the me#n— E which is associ-

ture changes in the hydrological quantities for the latter partyiaq with the negative change in precipitation for the 21st and
of the 21st (13 models) and 22nd (10 models) centuries rel,ong centuries. It also suggests a decrease in the inter-annual
ative to the latter part of the 20th century by considering thevariability of P — E for the 21st century but no change in it

IPCC SRES A1B scenario (Table 3). We observe that going the 22nd century. On the other hand, PCM shows an in-

from west to east, GCMs agree qualitatively on the fact that..case in the meaR — E but a decrease in its inter-annual
the climate change seems to lead to the wetter and Wette\FariabiIity for the 21st century.

conditions, thus reinforcing the already existing gradient of

“wetness”. 4.2.3 Brahmaputra

Figure 3c shows that most of the models agree for a positive

change inP — E. Only four models (IPSL-CM4, INMCM,
ECHAMS and CSIR03.0) suggest a very small negative
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Fig. 3. (al)}{(d4) Projected changes for: (row a) Indus Basin (row b) Ganges Basin, (row c) Brahmaputra Basin, (row d) Mekong Basin:
(column 1) P — E against its variability for 21st century climate (2061-2100), (columiP2) E against its variability for 22nd century
climate (2161-2200), (column 3 againstP for 21st century climate (2061-2100), (column A)againstP for 22nd century climate
(2161-2200). Markers show mean annual simulated basin-integrated quantities, whereas lines show their 95 % confidence intervals.

change in the meaR — E for both 21st and 22nd centuries. in P — E is mainly due to a positive change in evaporation
As for the Ganges basin, two of these models (IPSL-CM4by the 21st century, and a relatively higher increase in evap-
and INMCM) do not conserve water and behave quite dif-oration than in precipitation by the 22nd century. For the
ferently from the rest of the models. Further investigation in Brahmaputra Basin, there is quite good agreement between
terms of changes in the precipitation and evaporation revealmodels for the positive or no change in evaporation.

that the negative change ih — E suggested by ECHAMS

is due to the negative (positive) changes in its precipitation

(evaporation). Similarly, for CSIRO3.0, this negative change
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As far as the inter-annual variability of — E is con- climate) and what future changes are foreseen by these mod-
cerned, models agree well on almost no change in it by theels for the periods 2061-2100 and 2161-2200 under an in-
21st century, except ECHAMS which suggests a decreasdermediate warming scenario (IPCC SRES Al1B scenario).
and four models (GISS-AOM, HADGEM1, MIROC-HIRES We have focused on the basin-integrated values pfz,
and GFDL2.0) which suggest an increase. For the 22nd cenP — E andR. The focus here has been on assessing how the
tury, most of the models agree either on the slightly positiveclimate models manage to simulate annual mean conditions
or no change in the inter-annual variability Bf— E where  over such periods. The inter-model agreement for the simu-
ECHAMSb again suggests a decrease. lated hydrological quantities and their relevance to the mean

observation is also assessed.
4.2.4 Mekong Basin

5.1 Models performance for the present-day climate
For the 21st century, all the models agree on an increase
in the inter-annual variability of? — E, except six mod- Conservation of wateour investigation has shown that most
els (ECHO-G, HADGEM1, INMCM, HADCM3, MIROC- of the CMIP3 climate models are physically consistent in
HIRES and CSIR03.0), whereby the former two suggestterms of their water balance (Eq. 2) for the studied basins,
a decrease but the latter four suggest almost no Chang@owever a few models present serious deficiencies in con-
(Fig. 3d). Similarly, for the 22nd century, most of the mod- serving water at the basin scale, featuring additional water
els suggest an increase in the inter-annual variability of9ain or loss. In particular, four models (CNRM, GISS-AOM,
P — E, except six models (ECHO-G and CSIRO3.0, IN- IPSL-CM4 and INMCM) feature water balance inconsisten-
MCM, CGCM2.3.2, GFDL2.0 and HAGEM1), whereby the cies for the Indus basin and two models (IPSL-CM4 and
former two suggest a decrease but the latter four suggest alNMCM) for the Ganges and Brahmaputra basins, whereas
most no change. none of the models fails such a consistency check for the

Generally, all GCMs suggest an increase in the basinMekong basin. It is generally found that the models having
integrated mearP — E for the Mekong Basin, even if the inconsistent water balance over a certain basin also show un-
agreement of the magnitude of such a change is modestealistic behaviors. We therefore propose using the physical
with HADGEM1 suggesting the highest increase and IPSL-consistency of basic conservation laws as a selection princi-
CM4 anticipating almost no change by the 21st century. ForPle (as also proposed by Liepert and Previdi, 2012) and to
the 22nd century, only INMCM shows almost no change for @void the use of such models in further analysis or impact
the meanP — E whereas only IPSL-CM4 shows a negative a@ssessment studies for the respective basins, as they intro-
change. Two models (ECHO-G and CSIRO3.0) show an in-duce an unphysical, uncontrolled bias which is impossible
crease in the meaR — E but a decrease in its inter-annual to disentangle from the variations induced by anthropogenic
variability. forcing.

Figure 3d shows the projected changes in the mean precip- Realismresults found in this study clearly reveal that the
itation and the evaporation for the 21st and 22nd centuriesmodels having a consistent behavior in terms of the water
Also in this case, we see that the diversity in the models’conservation at the basin scale also may, firstly, disagree
response is more pronounced than what could be guesse#ith the observations (runoff and precipitation) and, sec-
by looking at the change i® — E alone. For IPSL-CM4, ondly, largely differ from each other, thus showing a large
there is a negative projected change in both precipitation anéter-model spread.
evaporation for the 21st and 22nd centuries. Three models |n fact for the Indus basin, three models (MIROC-HIRES,
(GFDL2.0, CSIR03.0, ECHO-G) suggest almost no changeECHAMS and GISS-AOM) agree with the estimated natu-
while the other two (HADCM3 and HADGEM1) suggest a ral runoff but these models overestimate the actual precipi-
slight negative change in evaporation but a positive changdation, thus the evaporation from the basin. For the Ganges
in precipitation for the 231st and 22nd centuries. For thePasin, four models (GFDL2.0, ECHAMS, HADGEM1 and
22nd century, INMCM suggests almost no change in the pre GISS-AOM) show a modest agreement with the observed
cipitation as well as in the evaporation. The rest of the modelgunoff but underestimate the precipitation and evaporation.

feature an increase in the both precipitation and the evapord=0r the Brahmaputra basin, no model shows good agree-
tion, the former being stronger than the latter. ment with the observed runoff. Our analysis also suggests

that though there is a good agreement among the models
for the Brahmaputra evaporation, models seem to overes-
timate it. For the Mekong basin, two models (HADGEM1

and CGCM2.3.2) show good agreement with the observed

In this study we have analyzed how the hydrological cycle offunoff with slight underestimation, which is associated with

four major South and Southeast Asian rivers (Indus, Gange§,he realistic evaporation but slightly underestimated precipi-

Brahmaputra and Mekong) is represented by CMIP3 climatetation fqr the CGCM2.3.2 model, whereas an overestimation
model simulations for the period 1961-2000 (present-day°! Poth is made by the HADGEM1 model.

5 Discussions and conclusions
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Though the overall spreads for the inter-annual variabil- Table 4.Ratio between the ensemble spread and the ensemble mean
ity of P — E are large, most of the models show a mod- for the 40yr climatological averages of selected basin-integrated
est agreement for all basins except for the Indus basin. Fofluantities.
instance, six models (CGCM2.3.2, GISS-AOM, HADCM3,
CSIRO3.0, PCM and ECHO-G) form a cluster around Period Basin Indus ~ Ganges  Brahmaputra  Mekong
60 mmyr! whereas five models (CNRM, MIROC-HIRES, bt
HADGEM1, INMCM and IPSL-CM4) form a cluster around
100mmyr? for the Ganges basin. For the Brahmaputra

14 13 1.3 0.5
14 1.0 0.9 0.7
E 2.2 2.4 2.2 14

20th century
] climate
basin, most of the models form a cluster around 120 mh yr (1961-2000)

P
E
P —
whereas for the Mekong basins it is around 100 mntyr R
The reason why CMIP3 models fail in simulating the mean 21stcentury P 1.6 15 15 05
E
P —
R

P — E over the historical period 1961-2000 is mainly as- climate 1.4 0.9 1.0 0.7
(2061-2100) E 25 26 2.4 1.3

sociated with the underestimation of precipitation. The re- 5o 53 1o 13

markable uncertainty shown by the CMIP3 climate models
in simulating the hydrological cycle of the studied basins is
unavoidably linked to the deficiencies of these models in sim-
ulating realistically the summer monsoon (Turner and An-means of the relevant quantities for verification procedure,
namalai, 2012). This misrepresentation of the precipitationneither bears any robust statistical value nor any practical
regime by CMIP3 models can partly be associated with theirsignificance, and that the estimates relying on particularly the
spatial biases of the Indian summer monsoon precipitatiorensemble quantities can be quite misleading. Furthermore, it
maxima which is shifted towards equator at N2 (Lin et is crucial to report the results of the individual models in or-
al., 2008). It is evident from the findings of Boos and Hur- der to provide information of interest for those who work on
ley (2013), linking an inaccurate representation of orographystatistical or dynamical downscaling. In Table 4 we report the
to a bias in the thermodynamic structure of the summer monvalue of a simple indicator, suggesting how peaked is the dis-
soon as represented by CMIP3 and CMIP5 models, whichribution of GCMs’ outputs (for 20th and 21st century only).
results in ensemble-mean negative precipitation anomalieSuch an indicator is constructed as the ratio between the en-
over the Indian region. This is partially consistent with our semble spread, defined by the maximum minus the minimum
results since, as explained, most of models tend to underegwe loosely follow the suggestion by Judd et al., 2007), di-
timate rainfall over the study basins. On the other hand, thevided by the ensemble mean. As we see, for most hydro-
large inter-annual variability found i® — E is mainly as-  climatic variables, the value is larger than unity, the only ex-
sociated with the variability in the monsoon system, which ception being the basin-integrated evaporation and precipi-
is also influenced by its interplay with the mid-latitude cir- tation of the — very wet — Mekong basin. Therefore, it is
culation over the study region, as the westerly troughs carapparent that the ensemble means tell only a very limited
penetrate deeper and suppress the monsoon thermal contrgstrt of the story. Note that in all cases, the indicator is much
by the cold air advection over the monsoon dominated regiorhigher for the quantity? — E than for eitherP or E (signal
which weakens the monsoon strength (Kripalani et al., 199710 noise ratio is lower foi® — E), which also suggests that
Zickfeld et al., 2005). This interaction causes the monsooninter-comparing models on precipitation only, e.g. leads to
onset delays and also the breaks. The resultant variability iunderestimating the inter-model uncertainties in the hydro-
the P — E brings severe implications of the extreme wet and logical cycle.
droughts conditions in the region. However, this interaction
is not realistically represented by the models due to an in5.2 Projections for 21st and 22nd century climates
accurate representation of topography, which is further con-
strained by their structural characteristics (e.g. resolution).The analysis of the 21st and 22nd century, based on the
These structural differences among models are possibly on€MIP3 simulations, shows a large spread of simulated hy-
of the major causes of the inter-model spread of the overaldrological quantities for all the four river basins, which pre-
precipitation regime over the region. vents precise quantitative analysis. However, some unequiv-
We have found that the distribution of GCMs’ results ocal, clear trends emerge from the models’ inter-comparison
for the various considered hydro-climatic diagnostics do notanalysis.
look like a well-behaved uni-modal distribution, with data  First, CMIP3 models generally show an increase in the
accumulating around a well-defined value. Instead, there igprecipitation and in the simulated runoff over the Ganges,
a large degree of inter-model variability and sparse clusterBrahmaputra and Mekong basins under the SRESA1B sce-
ing of models’ outputs. This is evident, for example, when nario throughout the 21st and 22nd centuries (Fig. 3). This
we look at the mear® — E for all river basins and particu- is generally in agreement with the present knowledge of the
larly in case of the Brahmaputra and Mekong. In these con-effects of increased COlevels in the South Asian sum-
ditions, we are of the view that considering the ensemblemer monsoon (Cherchi et al., 2011; Turner and Annamalai,
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2012); although a detailed understanding of how the mon-quantities. This is the subject of a companion paper. Further-
soon will change under warmer climate still poses a greatmore, an important role in future climate will be played by
challenge to the climate science community. The monsoonavariations in the snowfall over the HKH glaciers, which are
precipitation increase is associated with an increase in thenainly fed by winter mid-latitude cyclones, and by the ef-
thermal contrast between the Indian continent and the Indiarfiect of a warmer climate on such glaciers. Particularly in the
Ocean as well as with the increase in the moisture content opresent-day conditions, snowmelt and rainfall fluctuations
the atmosphere even though the monsoon wind circulatiorare compensated by the glacier melt. But at the moment, it
should weaken in the future warmer climate (May, 2002).is not clear how this will change in the future. Therefore, it
Such increases in precipitations, however, might not necesis crucial to analyze/project such behavior correctly in order
sarily correspond to the increases in the runoff or the wa-to understand changes in the Indus basin hydrology. How-
ter budget because of the anticipated higher evapotranspiraver, assessing the compensation of monsoon rainfall to the
tion under warmer climate. Our study shows that most of theglacier melt is challenging. According to our present knowl-
models predicting an increase in precipitation, predict an in-edge about the changes in the monsoon precipitation by the
crease in evaporation too, although of a minor magnitudeend of the 21st and 22nd centuries, future response of the
Furthermore, the increase i — E is generally associated glaciers to the runoff is also not very clear, especially for the
with an increase in the precipitation of the CMIP3 models. Indus Basin, which has a large portion of its discharge de-

According to CMIP3 projections, the Ganges and Mekongpendent on the glacier melt in addition to the snowmelt. A
basins will experience an increased variability in their modeling study suggests a decrease in the Indus basin runoff
P — E, thus indicating a possible increase in the frequencyfor the late spring and summer seasons after the period of
of extreme low-frequency dry and wet fluctuations. Under-rapid glacier melt (Immerzeel et al., 2010), which actually
standing the future trends and the dynamical mechanismsdepends crucially on how much monsoon precipitation com-
involved in the extreme events associated with anomalougensates the melt runoff under the warmer climate.
monsoon circulations will require more research since, inthe Similar to the Indus, no change is projected in the inter-
light of recent extreme events in the area (e.g. the 2010 Pakannual variability of P — E for the Brahmaputra basin by
istan flood) it is of high societal and political value. Going the 21st century, and only a slight increase by the 22nd cen-
more into each specific case, no considerable change is fourtdry. This may be due to the fact that the basin receives al-
in the inter-annual variability ofP — E for the Indus and most 10 % of its mean precipitation under the western dis-
Brahmaputra basins (rang€20 mmyr-1 for the 21st century  turbances (mainly in the form of solid precipitations over
and similarly for the 22nd century), with a robust agreementthe Himalayan Mountains). Under such a scenario, changes
between most of the models. in the basin mearP — E and its inter-annual variability is

A different scenario is found for the Indus basin, for which strongly related to the changes in both the monsoonal pre-
most of the CMIP3 models predict a decrease in the meartipitation over the Indian region (Cherchi et al., 2011; Turner
P — E (and so in the simulated runoff), but no change in its and Annamalai, 2012; Stowasser et al., 2007) as well as in the
inter-annual variability (Fig. 3a), thus configuring a remark- western disturbances.
ably different situation with respect to the other three river  Finally, it is worth considering the significance of the en-
basins. Such contradictory results are due to the fact that itsemble mean in changed climate conditions and the rele-
P — E is determined by a more complex atmospheric circu-vance of inter-model uncertainties. One must note — see Ta-
lation, determined by both mid-latitude cyclones and sum-ble 3 — that when considering the 21st century projections
mer monsoon. Almost half of the Indus basin precipitations,(not the projected differences), the ratio between the ensem-
in fact, come from the winter snowfalls over the large HKH ble spread and the ensemble mean increases with respect
mountains due to the extra tropical cyclones originating overto the 20th century data foP, P — E and R for the In-
the Caspian and the Mediterranean sea at the easternmastis, Ganges and Brahmaputra (exc&ptn the last river
extremity of the Atlantic and Mediterranean storm tracks basin), suggesting increasing inter-model uncertainties for
(Hodges et al., 2003; Bengtsson et al., 2007). The remainthese hydro-climatological quantities, while such uncertain-
ing part of the Indus basin precipitation is due to the summetties decrease when considering evaporation, probably be-
monsoon system. The Indus basin area therefore, located atuse it is better constrained by the overall pattern of in-
the border of these two main large-scale circulations, is in-creases of the surface temperature. Finally, in the case of the
deed a challenge for the climate models to simulate its hydroMekong basin the inter-model uncertainties are much smaller
climatology realistically. Such complex meteorology doesthan for the other rivers and smaller than in the 20th cen-
not allow us to say which of the two weather systems will be tury data, thus suggesting better model agreement in warmer
responsible for the increased dry conditions. In order to un-conditions. This provides further caveats for using ensemble
derstand it, it is worthwhile to decompose the analysis furtheraveraged quantities in such complex dynamical contexts.
atthe inter-seasonal scale to see how the hydrological cycle is
represented at a seasonal timescale and which factors are re-
sponsible for the future changes in the relevant hydrological
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