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Abstract. Water supply of most lowland cultures heavily de- ten being the last water source after the melt-out of snow.
pends on rain and melt water from the upstream mountainsEspecially melt-water release of glaciers in the Alps, the
Especially melt-water release of alpine mountain ranges iHimalaya and other alpine mountain ranges, is usually at-
usually attributed a pivotal role for the water supply of large tributed a pivotal role for the water supply of large down-
downstream regions. Water scarcity is assumed as conseatream regions (Baraer et al., 2012; Barnett et al., 2005;
quence of glacier shrinkage and possible disappearance digookhagen and Burbank, 2010; Collins and Tayler, 1990;
to global climate change (GCC), in particular for large partsCruz et al., 2007; Huss et al., 2008; Huss, 2011; Moore et al.,
of Central and Southeast Asia. In this paper, the applica2009; Pellicciotti et al., 2012). But snowpack and glaciers
tion and validation of a coupled modeling approach with re-are among the land surface compartments most susceptible
gional climate model (RCM) outputs and a process-orientedo global climate change (GCC). Glacier retreat has attracted
glacier and hydrological model is presented for the centralwide public interest and serves as symbol for the impact of
Himalayan Lhasa River basin despite scarce data availabilityGCC. As consequence of glacier shrinkage and possible dis-
Current and possible future contributions of ice melt to runoff appearance water scarcity is assumed (Cruz et al., 2007) due
along the river network are spatially explicitly shown. Its role to GCC, in particular for large parts of Central and Southeast
among the other water balance components is presented. AAsia (Barnett et al., 2005; Casassa et al., 2009; Cruz et al.,
though glaciers have retreated and will continue to retrea007; Singh et al., 2006; Xu et al., 2009). Especially in High
according to the chosen climate scenarios, water availabilityAsia this was brought into focus by the IPCC (Intergovern-
is and will be primarily determined by monsoon precipita- mental Panel on Climate Change) statement on Himalayan
tion and snowmelt. Ice melt from glaciers is and will be a glacier retreat and its assumed consequences for water avail-
minor runoff component in summer monsoon-dominated Hi-ability (Cruz et al., 2007). Despite recent studies pointing to
malayan river basins. the differing influences of ice-melt water on runoff due to re-
gionally varying climatic and hydrological conditions along
the Hindu Kush—Himalayas (Bolch et al., 2012; Immerzeel et
al., 2010, 2012; Kaser et al., 201024%b et al., 2012; Pellic-
1 Introduction ciotti et al., 2012; Rees and Collins, 2006; Thayyen and Ger-
gan, 2010), the future rate of recession of Himalayan glaciers

Water supply of most lowland cultures heavily depends ongs well as their present and future role for the downstream re-
rain and melt water from the upstream mountains, becausgjons remain controversial.

mountain watersheds can store considerable amounts of pre- The studies address the influence of ice melt in Asia

cipitation as snowpack and glaciers (Viviroli e't al.', 2007). Its on runoff either only qualitatively (Barnett et al., 2005),
delayed release through snowmelt and glacier-ice melt cagg, hypothetical catchments (Rees and Collins, 2006), at

augment river runoff during dry periods (Jansson et al., 2003gimost continental scales (Bookhagen and Burbank, 2010;
Viviroli et al., 2007, Weber et al., 2010) with ice melt of-
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ks s o E s ot tribution to river runoff under past and future climatic condi-
tions for the Lhasa River basin (LRB) in the central Himalaya
(Fig. 1, Sect. 2). To account for the specific and unique role
of the glaciers for the downstream regions, we wanted to
|l qguantify the contribution of glacier ice-melt water to river
0 260500 o R ; 4 runoff not only for the highly glacierized head watersheds but
‘ Jeanost also for the downstream regions where people usually live
and use the water. The results presented here are based on
 beon the approach developed in the integrative research projects
' GLOWA-Danube (GLObal change of the WAter cyaleyw.
/ ) ; glowa-danube.deand BRAHMATWINN (Flugel, 2011) to
Stanmaptirs 22 G 3 : P O study the impacts of climate change on water availability.
: : ) B a0 AT o AU The full model chain with PROMET (Processes of Radia-
e e e e oE tion, Mass and Energy Transfer), SCALMET and SURGES
Fig. 1. Location of the Lhasa River basin in the central Himalaya (SUbscale Regional Glacier Extension Simulation) was al-
and basin characteristics. The runoff gauges and the sub-basins aready applied in the Upper Danube River basin with excellent
alyzed in detail are marked with red triangles, the meteorologicaldata availability and validated in detail (Marke et al., 2011a,
stations are marked with yellow circles and both are labeled (seeb; Mauser and Bach, 2009; Weber et al., 2010). General hy-
also Supplement Table S1). drological results were presented in Prasch et al. (2011a) for
the Upper Brahmaputra River basin. Here, the application
and validation of the coupled modeling approach with re-
Immerzeel et al., 2010) or at small scales (Immerzeel et al.gional climate model (RCM) outputs and a process-oriented
2012). Some results are limited to present climatic conditiongglacier and hydrological model is explained for the central
(Bookhagen and Burbank, 2010; Kaser et al., 2010; PellicHimalayan LRB despite scarce data availability (Sects. 3, 4).
ciotti et al., 2012; Thayyen and Gergan, 2010). This is alsoThen, the results are shown in depth: the spatial contribution
the case for the important analysis of changes in runoff in re-of ice melt to river runoff along the river network of the LRB
lation to glacier volume and area changes (e.g., Collins andSect. 5.1), the amount of ice-melt water related to other wa-
Taylor, 1990; Huss et al., 2008; Jansson et al., 2003; ander balance components (Sect. 5.2) and the timing of the melt
Moore et al., 2009) or future impacts are estimated in us-contribution in its seasonal course (Sect. 5.3) for past and
ing a hypothetical development of climate and glaciers (e.g.future climatic conditions from 1971-2080.
Baraer et al., 2012) and no future climate model outputs. Dif-
ferent approaches, e.g., using the glacier mass balance to cal-
culate glacier melt water release (e.g., Huss et al., 2008), of2  Study area
ten do not have a high temporal resolution and do not con-
sider melt water release in the case of a balanced mass bal-he LRB was chosen as a basin, being representative for
ance. Although the negative mass balance in the ablation area glacierized, complex head watershed of the Brahmapu-
is balanced by the positive mass balance in the accumulatra in High Asia with varying physio-geographic conditions.
tion area, melt water is released in the lower parts. DetailedThe Brahmaputra is together with the Ganges a major wa-
studies of the ice-melt contribution to runoff in relation to ter source for approximately 300 million people in the low-
snowmelt and the other water balance components and dands in India and Bangladesh. The Lhasa River is the largest
their changing composition due to GCC are needed to assedsbutary in the middle reach of the mountainous Upper
the current and future role of glaciers for downstream wa-Brahmaputra with a drainage area of 32 80Gk{fig. 1).
ter management (e.g., Collins and Taylor, 1990; Huss et al.The location on the Tibetan Plateau characterizes the physio-
2008; Kaltenborn et al., 2010; Jansson et al., 2003; Mooreggeographic conditions of the basin. The relief ranges from
et al., 2009; Viviroli et al., 2011). They are, so far, rare in 3535ma.s.l. at the conjunction with the Brahmaputra up
monitored regions like the Alps (Weber et al., 2010) and notto 7162 ma.s.l. at the peak of the Nyaimganglha Moun-
available in remote regions as the Himalayas. Since there itains, forming the northwestern watershed. Most glaciers in
no feasible method to distinguish river water according tothe LRB are found along this mountain range, one of the
its generation at the scale of large watersheds and becauseain glacierized areas of Central Asia (Yao et al., 2006),
GCC deals with the future, model studies, properly validateddue to their altitude and orientation to the southeast from
with recorded data, are currently the only feasible approactwhere the monsoon triggers orographic precipitation. Al-
to quantify the contributions of rainfall, snow- and ice melt together 670k, equating to 2% of the total basin area,
to river runoff. were glacierized in 1970 according to the Chinese Glacier
We present a model-based analysis of the temporal dynamnventory (World Data Center For Glaciology and Geocry-
ics and spatial pattern of the rainfall, snow- and ice-melt con-ology, 2009). During the last decades a continuous retreat
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Fig. 2. Modeling approach. Scheme of implementation of the glacier model SURGES into PROMET, describing the spatial and temporal
modeling cycle through the model components.

was recorded, similar to most parts of the Tibetan Plateaury and households. If snow- and ice melt occur during the
(Bolch et al., 2010; Li et al., 2011; Yao et al., 2007; Zhou et rainy season (cyclic behavior), they may add a small fraction
al., 2010). From 1970 to 2000, about 6 to 10 mw.e. (waterto the large amount of runoff generated by heavy rainfall.
equivalent) (Frauenfelder andiib, 2009; Keab et al., 2008) When snow- and ice reservoirs melt during the dry season
melted away on average. (anti-cyclic behavior), the generated runoff can be used to
Climatic conditions in the LRB are determined by a strong compensate potential water shortages.
seasonal course of the precipitation, which falls during the The basin is only 2 % glacierized as of 1970. Nevertheless
monsoon months in summer (430-520 mm ésee also Ta- it was chosen, because the study wants not only to analyze
ble 2), 90 % falling from June to September). Mean annualthe contribution of glacier melt water in the highly glacier-
air temperatures vary between2@in the Nyain@ntanglha ized head watersheds. It also wants to analyze the influence
Mountains and+10°C in the Lhasa River valley near the of ice melt in the downstream regions, where usually people
river's mouth. Due to the pronounced wet season during thdive and use water. Despite scarce data availability (Supple-
summer monsoon and the dry season lasting the rest of theent Table S1 shows details of the observed meteorological
yeatr, the runoff shows a clear seasonal cycle, with the floodand discharge data at the stations illustrated in Fig. 1) the
peak reached in August. About 90 % of the mean annuakuccessful application of a coupled modeling approach with
runoff is observed between May and November, whereas irRCM outputs and a process-oriented glacier and hydrologi-
the winter season, runoff is low. cal model can be demonstrated.
The coincidence of the ablation period and the mon-
soon season in summer largely determines the importance
of glacier melt for water availability in the LRB similar to 3 Methods
large, summer-monsoon dominated areas in the Himalayas,
because melt water is of higher importance during dry peri-3.1 Model description
ods and vice versa. In contrast to man-made reservoirs, snow
and ice reservoirs are filled or emptied by natural processe§! our modeling approach (see Fig. 2) the PROMET water-
in either a cyclic or anti-cyclic behavior, and therefore cannotshed model (Mauser and Bach, 2009) is coupled with the

be managed for downstream agriculture, hydropower, indusSURGES glacier model (Weber et al., 2010) to clarify the in-
fluence of glacier melt water on river runoff in a Himalayan

www.the-cryosphere.net/7/889/2013/ The Cryosphere, 7, 8884, 2013
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river basin. In order to quantify the contribution of glacier on physical principles and the mass and energy balances are
melt water to river runoff not only for the highly glacierized closed. The model is not calibrated to measured runoff and
head watersheds, but also for the downstream regions wheithe parameterizations are invariant in space and time across
people usually live and use the water, the full water balancehe whole basin. Varying climatic conditions and hydrologi-
components of a heterogeneous, large-scale river basin hawal regimes of complex catchments (e.g., mountain head wa-
to be taken into account. Therefore the models consider théersheds and large river valleys in the forelands) are modeled
water flows in vegetation, soils and river channels and thesynchronously by PROMET (Mauser and Bach, 2009). The
complete rainfall-runoff, snow and ice dynamics (Eq. 1): model was successfully applied in the complex river basin of
the Upper Danube in central Europé 4 77 000 kn¥) with

Q0 =R+S—E+AGS +ASS+AIS, (1) comparably good data availability under past and future cli-
mate conditions. Due to its characteristics PROMET fulfills
spiration, AGS is changes in groundwater storagess is the.requirements for impact studies of climate change on the
changes in snow storage, ands is changes in ice storage. regional scale (Mauser and Bach, 2009). The local hetero-

Particularly evapotranspiration and the complex interactiong€neities in the LRB are considered through a model raster

of rainfall and snowmelt forming surface runoff, infiltrating with a resolution of 1< 1km.
into the soil and groundwater, forming interflow and base
flow are important for runoff generation in the large down-

stream areas. Together with the melt-water release of the, ihis study the scaling tool SCALMET (Marke et al.

glacier ice the determination of the importance of ice-melty4714 p) applies statistical downscaling functions without
water throughout a mesoscale river basin is enabled. This iSny further bias correction to expand from the RCM scale
the unde_rlying mo_tivation to couple a complex hydrological (45 45km) to the scale of the hydrological simulations
model with a glacier mass- and energy-balance model. They . 1 km). Topographical information (elevation, slope, as-
small-scale processes leading to melt-water release on thgacy) is included in order to consider subgrid-scale hetero-
heterogeneous surfaces of mountains and glaciers are Cojaneities and related natural climate gradients, which are
sidered by SURGES using a subscale approach in calcula, ticylarly important in mountainous terrain. For each time
ing the surface mass and energy balance of all glaciers in thgie the elevation dependency of meteorological variables,
basin. Accordingly these processes are calculated on a Scal§trongly varying with terrain elevation, e.g., air temperature
which is finer than the applied process scale of the PROMETy air humidity is analyzed. A regression function is deter-
watershed model and parameterizes the subscale terrain USiined, which is then applied to adjust these variables. The

ing an area—elevation ice thickness classification table (Segcaling methods applied consist of bilinear interpolation and
Sect. 3.1.3). . statistical downscaling with conservation of mass and energy

Furthermore, the method should allow determining the rel'(Marke et al., 2011b). For physical downscaling, submod-
evance of ice melt among the other water balance cOmpog|s are implemented to downscale wind speed, shortwave
nents. Consequently, we separated ice- and snowmelt in thg,q |ongwave radiation (Liston and Elder, 20086: Izimon et
entire basin. The term “snowmelt” is seen in a purely physi- 5| ' 2003) to account for subscale heterogeneities within the
cal sense as “snoyv that melts at the surf_ace of a snow Coverr"emapping process (Marke, 2008). Since the temporal reso-
be it on the glacier or not. Therefore it consists of both, |sion of the regional climate model used in this study is 3 h,
snowmelt from non-glacierized and glacierized parts of the, temporal interpolation routine is also implemented. In these
basin. On each location on a glacier, ice melt can only se{;ases a cubic spline function is applied to all meteorological
in after all snow has melted and the ice is exposed to energyarameters except precipitation. The latter is classified un-
transfer from radiation and/or the atmosphere. ~ der short events for a single recording and under long-term

A consistent meteorological data set (near-surface air ttMgyents for consecutive observations. Afterwards, the precip-
perature, precipitation, air humidity, wind speed, incoming jiasion s distributed to the hours before the single event us-
shortwave and longwave radiation in a temporal resolutionng 5 Gaussian distribution, or equally distributed in time for
of 1h) is required for each raster element to run the modelsyhq continuous case following Mauser and Bach (2009). This
Therefore, the scaling tool SCALMET (Marke et al., 20118, rqytine runs prior to the downscaling processes. In this study
b) is applied to downscale outputs of RCMs during runtime. {he meteorological data precipitation, air temperature, air hu-
midity, incoming shortwave and longwave radiation, air pres-
sure and wind speed of the RCM are downscaled by SCAL-
The PROMET model used in this study was deveIopedMET' The downscaling tephniques im_plgmented in SCAL-
in order to study the impacts of climate change on theMET are based on physical and statistical approaches, so
water balance in heterogeneous, large-scale river basind'€Y are completely general and can be applied without any
(A ~ 100000 km). PROMET runs with a temporal resolu- fu.rther parameterization in various regions. For further de-
tion of 1h and is a spatially distributed model. It is based 1@ils refer to Marke et al. (2011a, b).

whereQ is runoff, R is rainfall, S is snowfall, E is evapotran-

3.1.2 The scaling tool SCALMET

3.1.1 The PROMET watershed model

The Cryosphere, 7, 889904, 2013 www.the-cryosphere.net/7/889/2013/
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Fig. 3. Approximation of area-elevation distribution of a glacier by SURGES for one raster elé¢feand elevation levels of a glacier
covering several raster elemegis.

A) Approximation of area-elevation distribution elevation levels. Therefore air temperature, air pressure, wet
il bulb temperature (for differentiation of rain from snowfall by

Y — %ﬁfﬁﬁﬁfﬁlgf o _ iteratively solving the psychrometer formula) and the wind
2, A./{// ﬁ\ masi] D) Snow metamorphism speed on the glacier for air temperatures abot@ (a kata-
. batic flow over glaciers, which is caused by the differences
in the density of air between the snow-free surrounding areas
of a glacier and the comparatively cold glacier surface, which

C) Glacier geometry is very common over melting surfaces) are extrapolated due

S to the different elevations at the subscale glacier belts. All
‘“‘ the other meteorological variables, e.g., precipitation or in-
coming radiation, are assumed to be constant throughout the
raster element and are taken from SCALMET without any
gdaptation. Details of the meteorological data provision are
presented in the Supplement.

Due to a threshold wet-bulb temperature a distinction is
made between rain and snowfall. The latter accumulates un-
til melt sets in. In order to determine the ablation, mass and
surface energy balance, taking into account the radiation bal-
Concerning the strong variation with elevation of the pro- ance, the latent and sensible heat fluxes, and the energy sup-

cesses, SURGES uses an area—elevation distribution witRli€d by solid or liquid precipitation of snow and ice are cal-
subscale units (for the LRB elevation levels with intervals of CUlated for every subscale unit to calculate the amount of

100 m are applied) (Fig. 3a) to approximate the complex terglacier melt, which largely occurs on snow-free glacier ar-
rain of mountain glaciers within all glacierized 1 Rmaster ~ €8S (Prasch etal., 2008; details also in the Supplement). The

elements of the full river basin. If a glacier covers several Mass change conducted by sublimation/resublimation is a!so
raster elements (Fig. 3b) the elevation belts of one glacief@lculated by SURGES. As long as snow covers the glacier
are spread over several raster elements. Each subscale ufifface itis protected against melt. The melt water (first from
is characterized by a homogenous ice thickness and surfacd0W and after snow vanishes from glacier ice) is aggregated
elevation. The subscale approach thus enables the coexifo! €ach raster element and injected into river runoff within
tence of accumulation zones at the higher altitudes and apthe routing component of PROMET. Snow (Fig. 4b, white,

lation zones at the lower altitudes within one raster elemenf?0Ve) 0 ice metamorphism is considered in partly adding
(Fig. 4a). The algorithms of SURGES to calculate accumu-Snow, which outlasted a defined number of ablation periods,

lation and melt rates are designed to use data as measuréi9- 4b, blue in between) to the ice layer (Fig. 4b, light

at a local climate station as input. Hence, the meteorologicaP!U®: Pelow). In the test site of the Lhasa River catchment,
data for precipitation, air temperature, air humidity, incom- not only accumulation but also ablation takes place during

ing shortwave and longwave radiation, air pressure and windhe monsoon. Furthermore, alternating melting and refreez-
speed, provided by SCALMET, has to be extrapolated to thd"d Was observed up to 5800ma.s.l. (Kang et al., 2007).

T
snow |

* ice

Snow layer
[ Ice thickness
I Bedrock

Fig. 4. Scheme of subscale approach of the glacier model SURGE
(modified after Prasch et al., 2011a, p. 63).

3.1.3 The SURGES glacier model
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These processes accelerate snow metamorphism. Thus, aft Sect. 3.1.3. Since the model chain is applied under future
ter a period of one year, similar to the estimation of Kang climate conditions which are characterized in this region ac-
et al. (2007), half of the snow layer is transformed to ice cording to the climate model outputs by increasing tempera-
in this study. Even though firn is not distinguished specif- tures and only slight changes in the amount of precipitation,
ically, changes with respect to the energy balance are takeglacier mass balances are negative and consequently cause
into account by the simulation of changes in the albedo, vary-glacier geometry changes, which are considered. This pro-
ing between 0.5 (snow-free ice) and 0.9 (freshly fallen snow)cess is partly compensated by the ice flow of large glaciers,
(further details in the Supplements). which is so far not explicitly implemented. The enhancement
Finally, glacier geometry is adjusted both in the case ofof the model with an ice flow model is intended for future
melt out or growth of the ice reservoir on different eleva- work.
tion levels in reducing or respectively increasing glacier area The approach nevertheless enables the distributed simu-
(Fig. 4¢). In the first case, the ice on an elevation level meltdation of the main processes for determination of the melt
away and then the glacier area is reduced by the area of the elvater release of all glaciers in a mesoscale river basin. The
evation level (Fig. 4c, left to right). In the second case, snowproperties of each single glacier are considered in as much
accumulates and ice is build on an ice-free elevation level andletail as possible by the approximation of the ice thick-
then the glacier area is increased by the area of the elevationess area—elevation distribution. This includes capturing the
level (Fig. 4c, right to left). Since snow that accumulates atsmall-scale glacier properties below the process scale of
the higher elevation levels is transformed to ice as explainePROMET of 1x 1 km for the simulation of energy and mass
above and sublimation, evaporation and melt are taken intdalances. Furthermore, the coexistence of rain- and snow-
account, it does not accumulate endlessly, although the losall, of the accumulation and ablation zones of a glacier and
of ice thickness there is underestimated because of the misshe neighboring non-glacierized areas on one raster element
ing consideration of subsidence caused by ice flow. Releasedan be handled. Geometry changes in the glacier are consid-
melt water is aggregated for each raster cell and then rediered in reducing the glacier area after the ice melt at given
rected to the stream flow from all cells by PROMET's rout- elevation levels, although the implementation of ice flow ef-
ing component as described in Mauser and Bach (2009). Adfects could improve the determination. Moreover, SURGES
ditionally, the model chain is applied under future climate can be applied under past as well as future climatic condi-
conditions, which are characterized in this region accordingtions, since it is process oriented and uses universal constants
to the climate model outputs by increasing temperatures andnd universal algorithms, which are invariant in space and
only slight changes in the amount of precipitation, so thattime throughout the basin. Through the implementation of
glacier retreat goes along with a reduction of the ice flow. SURGES in PROMET, the influence of the melt water re-
Although an ice flow model is not explicitly implemented, lease of glaciers for the water balance can be determined
the approximation of glacier geometry changes is considereéh a spatially distributed way over the complete large-scale
in a first step. Moreover, the complexity of the relevant pro- catchment, considering the full water balance processes. Fi-
cesses requires detailed information about the glacier's genally, in applying the SCALMET tool, RCMs can be applied
ometry and cannot be simulated in a simple approach oras meteorological input data. They make the application of
the catchment scale. This is the reason why glacier changethe modeling approach independent of meteorological sta-
are crudely considered in long-term studies (e.g., Rees antion data. This is especially important in remote mountain
Collins, 2006). regions as is the LRB.

3.1.4 Discussion of the modeling approach 3.2 Inputdata

Focusing on the effect of the processes in determiningOutputs of the regional climate model COSMO-CLM (Cli-
the melt-water release under changing climatic conditionsmate Limited-area Modeling Community, 2012) for past and
throughout a complex mesoscale river basin in the presentefuture are used as meteorological drivers. CLM, driven by
modeling approach results in the neglect of some small-scaléhe coupled ocean—atmosphere global climate model (GCM)
processes on the glacier so far. Wind-induced snow transpoECHAM 5/MPI-OM (European Centre/Hamburg Model),
and the small-scale shading caused by the surrounding mounvas chosen, because it realistically simulates the 20th cen-
tains, which principally facilitate the formation of glaciers in tury South Asian monsoon compared to other GCMs follow-
some cases, has so far been neglected. The effect of transig Kripalani et al. (2007). Additionally, ERA 40 (ECMWF
porting ice from the accumulation to the ablation area dued40yr re-analysis) was applied for the past (particularly for
to the ice flow has so far been excluded, but the snow-tothe model validation) to reduce GCM simulation biases,
ice metamorphism and glacier geometry changes are corsince they are based on meteorological observations. The
sidered in a first step as well as sublimation. Accordingly, CLM outputs for air temperature and precipitation are bias
snow that accumulates at the higher elevation levels is transcorrected for the whole Upper Brahmaputra Basin (Dobler
formed to ice and does not accumulate endlessly as explaineaind Ahrens, 2008, 2010), using available station data. Then

The Cryosphere, 7, 889904, 2013 www.the-cryosphere.net/7/889/2013/
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(Shuttle Radar Topography Mission; Jarvis et al., 2006) and' 27992 (1971-2000), Pangdo (1976-2000) and Damshung and
Aster (ERSDAC, 2009) digital elevation models, the NASA Meldro Gungkar stations (1980-2000).

Terra/Modis land cover product (Boston University, 2004),

the Harmonized World Soil Database (FAO et al., 2009)  —gmismmmee Do SN BN ™
and the Chinese Glacier Inventory (World Data Center For ) 400
A
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TR

e

Vi ooy e e

Glaciology and Geocryology, 2009), which provides mean ' ]
ice thickness for the glaciers in the LRB. The mean ice thick-5 " |I'| /
ness is then modified considering surface slope (Haeberlians ° c} 3

Hoelzle, 1995) and the thinning out of the glacier to its edges
and front. Additionally, a digital terrain analysis was carried s,
out with TOPAZ (Topographic Parameterization; Gabrecht £ .« I ) I 150
and Martz, 1999) and field data were applied. Further details -
to the applied input data in the models can be found in Ta-
blelandinPraSChetal.(ZOllb). Jog;ggggg;ggg;gg;gg;ggg ’
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Fig. 7. Development of observed and modeled (CLM ECHAM 5
driven SCALMET outputs) monthly air temperature and precipita-
tion at the Lhasa station for 1980-2000.

The models PROMET, SURGES and SCALMET have been
developed and successfully applied within the integrative . i ) ) _
research project GLOWA-Danubefw.glowa-danube.de and precipitation data at five meteorological stations (Fig. 1,

Additionally, PROMET and SCALMET were applied in the Table S1) are compared with the downscaled values after
Upper Brahmaputra Basin (Prasch et al., 2011a, b) to studyp CALMET is run. Both, CLM ERA 40 and CLM ECHAM 5

the impacts of climate change on water availability within data are used as input for SCALMET in the validation, be-
the framework of the project BRAHMATWINN (Eigel, cause ECHAM 5 driven SCALMET outputs, as driven by
2011). The full model chain was already applied in the & climate model, ca_n_not reproduce the chronology of _the
Upper Danube River basin and validated in detail (Webermeteorologmal condlthns contrary to ERA 40 data, which
et al., 2010; further details in the Supplement). Therefore '€ based on observations. The SCALMET outputs of CLM
here the validation of the modeling approach in the LRB ECHAM 5 should, however, reproduce the meteorological
is shown. This includes validating with SCALMET down- conditions and the climate signal. Consequently, the average

scaled air temperature and precipitation, glacier develop-\’alues’ the general seasonal course without matching single
ment. and runoff in the LRB. years and the trend of the data should be comparable to ob-

served data. ERA 40 driven outputs should additionally rep-
4.1 Validation of air temperature and precipitation in resent the seasonal course of single years.
the LRB As shown in Table 2, the recorded air temperature is re-
produced for the stations by both CLM model driven SCAL-
To validate the downscaled air temperature and precipitaMET outputs, except that in Damshung for the ECHAM 5
tion sums in the LRB, the data recorded air temperaturedriven model run, where the temperature is overestimated by

4 Validation of the modeling approach in the Lhasa
River basin
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Table 1. Required input data layers to run the models PROMET, SCALMET and SURGES and data sources for the Lhasa River catchment.

Input data set

Data source

Model

Watershed

Elevation (ma.s.l.)

Surface slope (%)

Surface aspect

Land use/land cover classes

Soil texture classes
Accumulated upstream area (%)n
Channel slope (%)

Flow direction

Channel width (m)

Manning’s roughness parameter
Groundwater storage time (h)

Meteorological values

(near surface air temperature,
precipitation, air humidity,
wind speed, incoming short-
and longwave radiation)
Subscale glacier area ?m

Subscale glacier elevation (ma.s.l.)

Subscale glacier slope (%)
Subscale ice thickness (m)

Digital terrain analysis of SRTM with TOPAZ

Garbrecht and Martz (1999)
SRTM Jarvis et al. (2006)

Digital terrain analysis of SRTM with TOPAZ
Digital terrain analysis of SRTM with TOPAZ

NASA TERRA/MODIS land cover product

Boston University (2004)

Harmonized World Soil Database FAO et al. (2009)
PROMET

Digital terrain analysis of SRTM with TOPAZ

Digital terrain analysis of SRTM with TOPAZ

Digital terrain analysis of SRTM with TOPAZ

Deduced, based on field data
Deduced, based on field data

Deduced, based on the digital terrain analysis

of SRTM with TOPAZ

COSMO-CLM outputs Climate Limited-area

Modeling Community (2010), driven by
the GCM ECHAM 5 %/MPI-OM and
ERA 40 and downscaled with SCALMET

Chinese Glacier Inventory, World Data Center

For Glaciology and Geocryology (2009)

Aster GDEM ERSDAC (2009)

Aster GDEM ERSDAC (2009)

Deduced, based on WDC (2009)

and ERSDAC (2009)

PROMET

PROMET
PROMET
PROMET

PROMET

PROMET

PROMET
PROMET
PROMET
PROMET
PROMET

SCALMET/
PROMET/
SURGES

SURGES

SURGES

SURGES
SURGES

Table 2. Validation of simulated CLM ERA 40 and CLM ECHAM 5 and observed mean values of air temperature and precipitation in the

LRB.
| Air temperature {C) | Precipitation sum (mm)
Down- Down- Down- Down-
scaled scaled scaled scaled
CLM CLM CLM CLM

Station and time period 32;5: data A data 2 (\)/:tsisrrx- data data 2

(driven (driven (driven (driven

by ERA 40) by ECHAM 5) by ERA 40) by ECHAM 5)

Lhasa 8.1 72 -09 79 -02] 426 584 524 97
(1980-2000)
Meldro Gungkar 6.0 53 -07 6.0 0.0‘ 548 532 481 —67
(1980-2000)
Damshung 1.8 1.7 -01 24 0.6 ‘ 464 543 511 48
(1980-2000)
Pangdo no data | 538 647 587 41
(1976-2000)
Tangga no data | 517 561 513 -4
(1971-2000)

0.6 K. The mean precipitation sum of Damshung and Pangddure and precipitation values, the deviations seen are smaller.
is overestimated by the CLM ECHAM 5 driven SCALMET The comparison of CLM ERA 40 driven SCALMET outputs
outputs, but the deviations are within 10 %, whereas in Lhasavith observed daily air temperatures (Fig. 5) and monthly
the overestimation reaches 22 %. The precipitation sum igprecipitation sums (Fig. 6) show that the seasonal course can
slightly underestimated for Meldro Gungkar and Tangga. Inbe reproduced despite deviations. The exemplarily compar-
comparison to the CLM ERA 40 driven SCALMET tempera- ison of observed and modeled monthly air temperature and

The Cryosphere, 7, 889904, 2013
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Table 3. Quality criteria for modeled monthly and daily runoff ¢rs1) for CLM ERA 40-driven model runs.

\ Monthly runoff \ Daily runoff

Lhasa Pangdo Tanggp Lhasa Pangdo Tangga
Quiality criteria (1971- (1976— (19714 (1996— (1996- (1997—

2000) 2000) 2000) 2000) 2000) 2000)
Coefficient of 0.79 0.78 0.80] 0.72 070  0.74
determinationR —2
Slope of linear 1.37 1.30 1.29\ 1.00 0.92 0.93
regression
Nash-Sutcliffe 0.31 0.39 0.48/ 0.67 0.70 0.73
efficiency coefficient

Lhasa (1971-2000) Pangdo (1976-2000) Tangga (1971-2000)
2000

Table 4.Validation of mean annual runoff s~ for ERA 40- and
ECHAM 5-driven model runs).

1500

1000

Modelled monhtly runoff [m¥/s]
Modelled monthly runoff [m/s]

Period Mean annual Lhasa Pangdo Tangga
runoff (m3s—1) R R R 500
Observed 279 196 237 0 500 1000 1500 2000 2500 o 500 1000 1500 o0 500 1000 1500 2000
ERA 40 408 270 321 Observed monthly runoff [m?s] Observed monthly runoff [ms] Observed monthly runoff [m*s]
1971-2000 A ERA 40 (%) +46 +37 +36 Fig. 8. Comparison of observed and modeled monthly runoff.
ECHAM 5 351 233 278

AECHAMS5 (%) +26  +19  +17

Lhasa (1996-2000) Pangdo (1996-2000) Tangga (1897-2000)
2000

3000

]

8

1500 | o

g
8
23
8

led daily runoff [m¥s]

precipitation of the CLM ECHAM 5 driven SCALMET out-

puts are illustrated for the station Lhasa in Fig. 7. The seaf =

sonal cycles are captured by the model output, with the mon .

soon precipitation during the summer months and the dry  °  cewmmmma  ° cnmsmmmtion oty

winters, although there are overestimations of precipitation _ )

during the pre-monsoon time in April and May, taking into Fig. 9. Comparison of observed and modeled daily runoff (Lhasa
data are from Prasch et al., 2011a, p. 66).

account that the annual values cannot be reproduced by a cli-

mate model. The comparison of the monthly simulated and

observed values also shows modeling of a reasonable range

of minimum and maximum values. Two January tempera-oocc change 0f0.2 to—0.3mw.e. per year was estimated
' y X l(Frauenfelder and &b, 2009; Kab et al., 2008).

tures, however (1987, '1988), are simulated at a clearly lowe For the past 30yr, a decrease of 20% (CLM ECHAM 5)
level than all observations. Consequently, the mean meteo-

rological conditions are reproduced by the CLM ECHAM 5 of the glacier area s modeleq. This is W'th.m the range of th(.a
: S observed glacier area reduction. For the ice-water reservoir,

model run, particularly when considering the coarse resolu- .

. T ) .. an average mass loss of 0.3m (CLM ECHAM 5) is calcu-

tion of the CLM outputs. Taking into account technical dif- . . .

o Lo . : . lated. In comparison with the results for this area, the mass

ficulties in precipitation observation and the resulting devia-

: loss is consistent.
tions, the average results seem to be reasonable.

Modelled daily runoff [ms
o
g
g

Modelled daily runoff [m/s]

4.3 Validation of runoff in the LRB
4.2 Validation of glacier development in the LRB

To validate the simulated runoff in the Lhasa River basin,
As part of the Brahmatwinn project, a detailed glacier changetwo model runs, driven by downscaled CLM ERA 40 and
study for the Lhasa River basin was conducted by com-CLM ECHAM 5 meteorological data, were carried out from
paring multi-temporal optical remote sensing data from thel January 1971 to 31 December 2000, on a temporal resolu-
Landsat and ASTER sensors with the Chinese Glacier Intion of 1 h. Due to PROMET’s spin up, the first model year is
ventory (Frauenfelder anddb, 2009; Kéab et al., 2008). not considered in the validation. The model results are com-
A total change of~21% in glacier area from 1970 to 2000 pared to runoff observations at three gauging stations in the
was found. Using various area—volume relations a mass balkRB (Fig. 1). Figures 8, 9, 10 and 11 show the comparison of
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model run together with quality criteria in Table 3, whereas

. Fig. 12. Modeled development of the specific ice reservoir in the
for the CLM EC.:HAN.I 5and ERA.4O dnvgn results the mean LRB from 1970 to 2080. The evolution is shown for the past (1970—
annual runoff is validated as climate signal (Table 4). The

L . . .~ 2000) and for the IPCC SRES-A1B, -A2 and -B1 emission scenar-
validation of modeled runoff shows an overestimation during;¢ (2000-2080). Detailed values can be found in Supplement Ta-

the summer months, but this overestimation changes duringe g3

the validation period from 1971 to 2000. While it is large

in the 1970s and 1980s, it is clearly reduced in the 1990s.

The reason for the change can be found in the input of thecount the coarse spatial and temporal resolution of the CLM
amount of precipitation which is then also in better accor-output data as meteorological drivers. Furthermore, the mod-
dance with the observations as shown in the Supplement Teeling approach is not calibrated to observed runoff in order to
ble S2. Although there are biases, the seasonal runoff courdee applicable also for changing future watershed conditions
is reproduced by the model, especially when taking into ac-or climates.
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until 2080, because the large ice reservoirs between alti-
tudes from 5600 to 6100 ma.s.l. and glaciers extending up
to 7200 ma.s.l. resist melting for a long time. Since the re-
sults do not principally differ among the scenarios, we focus
on the A1B analysis in the following.

1971-2000

5.1 Contribution of ice melt to river runoff along the
river network

To determine the contribution of glacier ice-melt water, the
model is run under two different model settings. In the first
setting, glaciers are considered and ice melt is directly in-
jected into the river channels. In the second setting, glacier
volumes are set to zero. We consider, for each time step,
the difference in runoff between the two model settings as
the ice-melt runoff component. In order to specifically quan-
tify the contribution of ice melt to total runoff, it is treated
separately from snowmelt, which occurs contrary to ice melt
throughout the whole basin. Divided by total runoff includ-
ing ice melt, it represents the contribution of ice melt to
total runoff, shown in Fig. 13. While ice melt amounts to
more than 50 % of total runoff in the glacierized head wa-
tersheds, its contribution rapidly decreases as watershed area
increases. In the larger tributarie$ ¢ 3000 knf) and at the
outlet of the LRB only 0.1-5 % of the water can be attributed
to ice melt during the past period from 1971-2000.

In the future periods 2011-2040 and 2051-2080 the spatial
> patterns of the contribution of ice-melt water remain similar
Annual percentage of ice-melt on runoff [%] (Fig. 13). However, total melt out of glaciers occurs in the
N — northeastern and southern areas of the LRB, which reduces
ice-melt contribution to zero. Despite the continuous future
reduction of glacierization (Figs. 12, S1), which would sug-
Fig. 13. Mean annual runoff fraction of ice melt throughout the gest a decreasing fraction of ice melt, it hardly changes in the
river network. Colored rivers contain ice-melt water; no ice melt main rivers and even slightly increases in the highly glacier-
c_ontribu_tes to runoff of brown rivers. The percentage is shown forjzed head watersheds, similar to trends analyzed for the Alps
rivers with average runoff above 0.5 ! for the past (197110 pgjlicciotti et al., 2010). In-depth analysis of this remark-
2000) and the future SRES-ALB scenario periods (2011-2040 and o finding shows that the reason lies in an altitudinal shift

2051-2080); river width symbolizes runoff quantity between 0.5 of the snow conditions of about500 to 1000 m because

2011-2040
(A1B)

2051-2080
(A1B)

=)
Ny
©

11-15
16-20
21-30
31-40
41-50

> 51

d450ms 1.
an S of rising air temperatures. This altitudinal shift extends the
snow-free period by two to three months (Figs. 14, 15) and
5 Results thereby increases ice melt per area and year. Since this shift

is proceeding continuously, similar to glacier retreat, the sim-
The seasonal contribution of snow- and ice melt to totalUlated changes of the snow-free glacier area, decisive for ice
runoff is analyzed for the past 30yr and the IPCC SRES_meIt, are small despite the shrinking overall area_l extent of
A1B, -A2 and -B1 emission scenarios (Na&hovE et al., the glac]ers. A _detf_illed look at the modeled_glac]erg shows
2000) until 2080. Figure 12 shows the development of thethat the increasing ice melt compensates their shrinking areal
modeled total ice volume in the LRB between 1970 and 208¢eXtent and leads to an almost stable fraction of ice meltin the
for the three selected emission scenarios. The spatial digiver runoff.
tribution in the LRB for 2000 and 2080 is shown in Sup-
plement Fig. S1, detailed numbers of future glacier change
are presented in Supplement Table S3. The observed con-
tinuous glacier retreat during the last decades (Bolch et al.,
2010, Frauenfelder andd&b, 2009; Kab et al., 2008; Yao
et al., 2007) will continuously proceed regardless of the se-
lected scenario, but glaciers will not completely disappear

www.the-cryosphere.net/7/889/2013/ The Cryosphere, 7, 8884, 2013
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is due to the compensational effect described above. Conse-

quently, the importance of ice melt will remain low at the
5.2 Ice melt related to other water balance components  , tlet and in most parts of the LRB (see also Fig. 13).

The following analysis of all water balance components givess 3  The seasonal timing of melt contribution
deeper insight. For each hourly model time step, runoff is
composed of rainfall, snow- and ice melt, which, togetherA closer look at the seasonal dynamics of the runoff com-
with evapotranspiration and changes in snow, ice, soil angonents in the LRB and at Yangbajing, which are shown in
ground water storage close the water balance (see Eq. 1 arflg. 16, creates additional insight into the possible future role
Supplement Tables S4, S5 and S6). Since long-term changes glaciers in the LRB for water supply of the downstream
in soil water content and groundwater in the LRB are mod-lowlands. The annual runoff course at the basin outlet in a
eled to be below 1%, they are neglected. To determine thelaily resolution (Figs. 16, left; S2, left), averaged over the
relative contribution of ice melt in comparison to the other period from 1971-2000, shows a very distinct and consis-
runoff and water balance components, we separated them fdent runoff maximum during the summer months caused by
the five gauges in the LRB marked in Fig. 1. Table 5 showsmonsoon rainfall (Figs. 16a, S2D, left). Runoff is low dur-
that today about 30 % of the water in the LRB evaporates,ng winter because of reduced precipitation, which predom-
which is in accordance with Sharma et al. (2000), whereasnantly falls and is stored as snow. The fraction of ice melt
70% is released as runoff. The most important runoff com-approaches zero during winter, since the glaciers are snow
ponent at the outlet today originates from snowmelt. Rainfallcovered. Any melt during warm spells in winter occurs as
generates 40 % of the runoff whereas ice melt contributes besnowmelt. With increasing temperatures in spring snowmelt
tween 2 and 3% (max. 11 % at Yangbajing). sets in first, is infiltrated into the soil or evaporated into the
Under future climatic conditions, increasing evapotranspi-atmosphere, and peaks in late May before monsoon precip-
ration is modeled due to rising temperatures. Together withtation fully sets in. At that time, the glacierized area is still
a slight decrease in precipitation this results in a consid-protected from ice melt by a snow cover. As snow vanishes
erable decrease in runoff at all gauges except at Yangban high altitudes, ice melt starts to increase to a maximum of
jing during both future periods. There, evapotranspiration5 % of total runoff until late June. Then, the increasing mon-
increases only marginally and the modeled annual ice-melsoon precipitation also increasingly causes snow to fall in
contribution slightly increases because of the large decreaskigh altitudes. This snow cover partly protects the glaciers
in snowmelt during both simulated future periods. The latterfrom melting. Coincidently, increasing cloudiness reduces

The Cryosphere, 7, 889904, 2013 www.the-cryosphere.net/7/889/2013/



M. Prasch et al.: Quantifying present and future glacier melt-water contribution 901

Table 5.Fractions of past and future water balance components. Right circles show the water balance components evapotranspiration (yellow)
and runoff (red); left circles show runoff components, rainfall (blue), snowmelt (white) and ice melt (cyan); the diameter of the circles reflects
the magnitude of runoff (white — bluish, left) and evapotranspiration plus runoff which is similar to precipitation plus ice-storage changes
(yellow — red, right) in the watersheds represented by the gauges in column 1 (see Fig. 1). The detailed water balance components can b
found in the Supplement Tables S4, S5 and S6.

1971-2000 2011-2040 (A1B) 2051-2080 (A1B)
Glacierization Water Runoff Water Runoff Water Runoff Water
Gauge  Area (kr%) (1970) (%) Quantity (mm) Generation Balance Generation Balance Generation Balance
e 33% 37% 44%

Outlet 32798 2.0

3% 67%

0
429 mm 637 mm 399 mm 629 mm 336 mm 605 mm

30, 0,

Lhasa 26339
2%
2% 79 ° 2%
425 mm 632 mm 382 mm 617 mm 324 mm 595 mm
Tangga 20195
3% 70% 3% A
440 mm 623 mm 392 mm 610 mm 335 mm 587 mm
Pangdo 16496
539
3% 7408 L™
446 mm 630 mm 397 mm 608 mm 341 mm 585 mm
Yang- 2719
bajing

0 0

0
499 mm 677 mm 521 mm 709 mm 474 mm 683 mm

radiation and snowmelt from its peak in early June. The de- The average seasonal course of runoff remains simi-
creasing rainfall and cloud cover towards the end of the rainylar under assumed future climatic conditions (2011-2040,
season in September and October cause snowmelt to increa®851—-2080; Figs. 16b, ¢, S2). The main difference compared
again. Since glaciers are still protected by a snow cover, icdo the past is a clear decrease of the melt-water contribu-
melt is not increasing. Falling temperatures in September detion from snow during summer and an increase in evapotran-
crease ice melt until it stops in late October. Accordingly, spiration. Increasing temperatures at all altitudes sharply re-
runoff generated from rainfall and ice melt is almost cyclic duce the amount of snowfall (Figs. 14, 15). The protective
(see Sect. 2) at the outlet of the LRB. The close match besnow cover on glaciers is removed much earlier in the year
tween total modeled runoff with and without ice melt con- by increasing snowmelt. Ice melt becomes the dominating
firms the minor contribution of ice melt (Figs. 13, 16, S2). melt contribution to runoff in early June, reaching a peak of
From the point of view of water management this is unfa- 10 % at the basin outlet. The onset of the monsoon reduces
vorable since ice melt cannot augment low-flow conditionsice melt from the glaciers as described above. Together with
during the dry winter season. the glacier retreat the ice-melt contribution during summer
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becomes lower in the scenario periods. Consequently, runoffummer-monsoon dominated Himalayan basins, this result
is reduced, mainly caused by changes in the amount of preean be generalized for summer-monsoon dominated regions
cipitation. Additionally the reduction of snowmelt and in- in the Himalayas as for instance the Ganges and Brahmapu-
creasing evapotranspiration forces the runoff reduction durira river basins (Fig. 1).
ing early summer, particularly for the period from 2051 to  Uncertainties still exist in the simulation of future mon-
2080 (Figs. 16, S2). soon precipitation in current GCMs (Kripalani et al., 2007)
These processes are basically similar for the sub-basin ofind spatial distribution is still especially difficult to simulate
Yangbajing with larger glacierization and accordingly larger (Kripalani et al., 2007; Dobler and Ahrens, 2010). Hence,
ice-melt contribution to runoff (Figs. 16, right; S2, right). Al- significantly increased monsoon precipitation would modify
though the amount of ice melt increases in future periods nothe simulation result for runoff and glacier changes. Since
only in spring as described above (Sects. 5.1, 5.2), but also ithere is no indication from the currently available climate
early summer, runoff is reduced during these months takingnodel results that monsoon timing and dynamics will dras-
into account the increase in precipitation in the second scetically change in the upcoming future as a consequence of
nario period. Only in May the increasing ice melt up to 30 % GCC, the results of the study strongly suggest a re-evaluation
can augment the missing snowmelt and reduced precipitaef the future role of the glaciers for the water management in
tion, whereas during the summer months, this effect is negthe Himalaya region and its lowlands.
ligible. Again, the strong decrease of snowmelt and increase
of evapotranspiration are the reasons, despite higher altitudes

and larger ice reservoirs with the described compensationapupplementary material related to this article is
effect (Sect. 5.1). available online at: http://www.the-cryosphere.net/7/889/

2013/tc-7-889-2013-supplement.pdf

6 Conclusions

The presented approach offers the possibility to analyze th%\cknowle dgementsFinancial support by the European Com-
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melt contribution to river runoff under past and future cli- «grahmatwinn” and the Federal Ministry of Education and

matic conditions. The consideration of regional variations Research (BMBF) within the “GLOWA-Danube” project are
provides a detailed basis for the development of appropriatgratefully acknowledged. We thank the Institute of Tibetan Plateau
adaptation strategies to GCC in order to support future wa-Research ITP and the International Centre for Integrated Mountain
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input data due to the complexity of the subject to be mod-

eled, this study demonstrates their applicability in remoteEdited by: J. O. Hagen

regions. The validation for the Lhasa River catchment pre-
sented proves the reliability of the model results for glaciers
and for the hydrological water balance.

The resulting quantification of the contribution of glacier araer, M., Mark, B. G., McKenzie, J. M., Condom, T., Bury, J.,
ice-melt water to river runoff not only in the highly glacier- Huh, K., Portocarrero, C., @nez, J., and Rathay, S.: Glacier
ized head watersheds but also for the downstream regions recession and water resources in Peru's Cordillera Blanca, J.
as the main objective of this study let us conclude that ice Glaciol., 58, 134-150, ddi0.3189/2012J0G11J188012.
melt, on average, has p|ayed and will p|ay a minor role in theBarnett, T. P., Adam, J. C., and Lettenmaier, D. P.: Potential impacts
downstream water supply from the Lhasa River, contributing of a warming on water av_ailability in snow-dominated regions,
less than 5 %. Although glaciers will be strongly reduced by  Nature, 438, 303-309, dd0.1038/nature04142005.

GCC, this is mainly due to the cyclic behavior of runoff gen- Bolch, T., Yao, T., Kang, S., Buchroithner, M. F., Scherer, D., Maus-

erated from rainfall and from ice melt in the past and future in sion, F., Huintjes, E., and Schneider, C.. A glacier inventory for
P the western Nyaingentanglha range and the Nam Co basin, Tibet,

accordance to Thayyen and Gergan (2010), because precipi- ;4 glacier changes 1976-2009, The Cryosphere, 4, 419-433,
tation and ice melt will remain cyclic under GCC according  (0j:10.5194/tc-4-419-201®010.

to the scenarios. Thus, the contribution of ice melt to totaloich, T., Kulkarni, A., K&b, A., Huggel. C, Paul, F., Cogley, J. G.,
runoff will almost remain stable until 2080, although there  Frey, H., Kargel, J.S., Fujita, K., Scheel, M, Bajracharya, S., and
will be a slight increase during a short period in spring. Con-  Stoffel, M.: The State and Fate of Himalayan Glaciers, Science,
trary, the contribution of snowmelt to river runoff will gener- 336, 310-314, 10.1126/science.1215828, 2012.

ally decrease with GCC in the LRB and result in changes inBookhagen, B. and Burbank, D. W.: Toward a complete Himalayan
water availability. Additionally, the increase of evapotranspi- ~ hydrological budget: Spatiotemporal distribution of snowmelt
ration with increasing air temperatures also will reduce water 2nd rainfall and theirimpact on river discharge, J. Geophys. Res.,
availability. Since the LRB is representative for glacierized, 115, F03019, dot0.1029/2009JF001428010.
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