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Abstract. The Hindu Kush, Karakoram, and Himalaya 1 Introduction
(HKH) region has a negative average glacial mass balance
for the present day despite anomalous possible gains in the
Karakoram. However, changes in climate over the 21st cenThe high mountains of South Asia covering the Hindu Kush,
tury may influence the mass balance across the HKH. Thigarakoram and Himalaya (HKH) belt have been described as
study uses regional climate modelling to analyse the im-the “Water Tower of Asia” (Viviroli et al., 2007; Immerzeel
plications of unmitigated climate change on precipitation, et al., 2010) due to their important role in feeding the major
snowfall, air temperature and accumulated positive degreéivers of South Asia. Water resources are considered vulner-
days for the Hindu Kush (HK), Karakoram (KK), Jammu— able in the region due to the important role of snow and ice
Kashmir (JK), Himachal Pradesh and West Nepal regiongn the hydrology of the region (Barnett et al., 2005). Seasonal
(HP), and East Nepal and Bhutan (NB). The analysis focusestorage of water in snow and ice acts to delay the timing of
on the climate drivers of change rather than the glaciologicarunoff (Kaser et al., 2010; Immerzeel et al., 2010; Siderius
response. Presented is a complex regional pattern of climatét al., 2013; Schaner et al., 2012). The retreat and loss of
change, with a possible increase in snowfall over the westerglaciers may therefore have a significant impact on the quan-
HKH and decreases in the east. Accumulated degree days af$y and timing of water availability as is currently observed
less spatially variable than precipitation and show an increasé# parts of the tropical Andes (Rabatel et al., 2013).
in potential ablation in all regions combined with increases The vulnerability of water resources to climate change
in the length of the seasonal melt period. From the pro-is further enhanced due to the coincidence of a large and
jected change in regional climate the possible implicationsgrowing population. For example, the Indus originates in the
for future glacier mass balance are inferred. Overall, within Tibetan plateau and carries melt water from the glaciated
the modelling framework used here the eastern HimalayarKarakoram and Jammu—Kashmir region to a highly popu-
glaciers (Nepal-Bhutan) are the most vulnerable to climatdated region. The flow component arising from glacial dis-
change due to the decreased snowfall and increased ablatigfiarge is highly uncertain and estimates vary from 40 % for
associated with warming. The eastern glaciers are thereforthe upper Indus (Immerzeel et al., 2010) to as low as 2%
projected to decline over the 21st Century despite increasin one of the glaciated sub-catchments (Jeelani et al., 2012).
ing precipitation. The western glaciers (Hindu Kush, Karako- However, seasonally, there is potentially a very large pop-
ram) are expected to decline at a slower rate over the 21dilation reliant on glacier discharge (Schaner et al., 2012).
century in response to unmitigated climate compared to théRegionally over 1.4 billion people depend on water from
glaciers of the east. Importantly, regional climate change isthe Indus, Ganges, Brahmaputra, Yangtze, and Yellow rivers
highly uncertain, especially in important cryospheric drivers (Moors et al., 2011; Immerzeel et al., 2010) which arise
such as snowfall timing and amounts, which are poorly con-in the HKH and Tibetan plateau (not considered here), al-
strained by observations. though the influence of glacier discharge will decrease with
Data are available from the author on request. distance downstream and river flow will become more influ-
enced by precipitation variability (Kaser et al., 2010). There
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is correspondingly a need to better quantify the potential im-erogeneity, although Kaéab et al. (2012) and others found no
pacts of climate change on regional water resources. evidence for this. Snow avalanches may also be an important
The HKH have attracted controversy over reported ratesnass balance component in the Karakoram due to the steep
of glacier ice loss. The IPCC WGII AR4 (Cruz et al., 2007) and rugged terrain (Hewitt, 2011).
reported an erroneous statement from WWF (2005) that The spatial heterogeneity in mass balance is therefore
glaciers may disappear by 2035 (Cogley et al., 2010) withlikely to be partly linked to spatial variation in climate
significant implications for water resources. More recentchange and variability, the short length of observational mass
work has shown that in some parts of the region glaciers havéalance data available and the variation in glaciological con-
been increasing in mass over the last decade — the “Karakaditions. Other non-climatic drivers such as deposition of dust
ram anomaly” (Hewitt, 2005; Gardelle et al., 2013). There and soot may also play a role, with some evidence that this
are few direct observations from the region (Bolch et al.,may already be having an effect on some Tibetan glaciers
2012) but a number of recent studies have demonstrated th&Xu et al., 2009).
the glaciers of the HKH have experienced negative mass bal- There are relatively few studies that aim to make a compre-
ance overall in the last decade (1999 to 2011) (Jacob et alhensive assessment of the future glacier state under climate
2012; Kaab et al., 2012; Gardelle et al., 2013; Gardner et al.change. A global study by Radand Hock (2010) focused on
2013). A study by Fujita and Nuimura (2011) looking at three sea-level rise found an average ice volume loss of 16 %
benchmark glaciers found evidence of rapid glacier wastagdetween 2000 and 2100 under the SRES A1B scenario. The
since the 1970s. The humid lower glaciers have a more neglarge uncertainty in their result spanning a possible increase
ative mass balance than the arid high-elevation benchmarko decrease is related to the future regional climate uncer-
glacier, implying that the lower glaciers are more sensitivetainty (Cruz et al., 2007; Meehl et al., 2007). The uncertainty
to change. Observational data suggest that the change is further exacerbated by the complex orography of the HKH
glacier state is spatially heterogeneous across the region (Fuvhich is not captured in coarse-scale global climate models.
jita and Nuimura, 2011) potentially due to climate (Fowler However, the possibility of a future increase in glacier vol-
and Archer, 2006) and glaciological and locational factors,ume as found by Radiand Hock (2010) highlights the im-
such as elevation and glacier debris cover (Scherler et alportance of changing precipitation patterns and the potential
2011). The Karakoram anomaly relates to a sub-region ofor increasing snowfall under global warming. This in turn
the HKH in which glaciers may have increased mass or reinay offset any increased ablation due to warming, possibly
mained relatively stable over the last decade (Gardelle eteading to glacier thickening and advance in some regions
al., 2012; Hewitt, 2005, 2011; K&ab et al., 2012; Gardelleunder some scenarios.
et al., 2013) in contrast to other parts of the HKH. Evi-  This study aims to increase understanding of the potential
dence for the Karakoram anomaly comes from other sourcegnpacts of climate change on the glaciers of the Himalayas
— for instance Fowler and Archer (2006) found evidenceand Hindu Kush. In particular the issue of the relative roles of
of a cooling trend between 1961 and 2000 consistent withchanging accumulation and ablation in the context of climate
glacier thickening. Copland et al. (2011) found evidence ofuncertainty are addressed. A regional climate model (RCM)
increased glacier surging in the 1990s compared with previis employed to downscale global GCM climate simulations
ous decades consistent with increased precipitation. The onlynder the SRES A1B scenario (Nakicenovic et al., 2006), and
in situ data source for the Karakoram indicates an averag@roduce a best estimate of the present day by down-scaling
budget of—0.51 myear!w.e. for Siachen Glacier (1986 to ERA-Interim reanalysis (Dee et al., 2011). The simulations
1991) (Bhutiyani, 1999). It should be noted that all these re-are performed at 25 km in an attempt to capture the complex
sults are based on limited observations from which regionakole of orography whilst retaining computationally efficacy.
trends are difficult to infer. A study using satellite altimetry Two GCM simulations are used from models shown to cap-
data (Kaéab et al., 2012) revealed a complex pattern in masgire the dynamics of the monsoon; the two models are cho-
balance (Table 1), with the Karakoram glaciers thinning bysen to sample the spread in precipitation uncertainty from
only a few centimetres a year with greater rates of loss ina possible future increase to a decrease. Due to the general
the Hindu Kush and the central and eastern Himalayas. Théack of quality observational data across the high mountains
greatest rates of loss were found in the Jammu—Kashmir rethe ERA-Interim simulation is used as a benchmark against
gion. Recent updates are broadly in agreement but found thathich to evaluate the GCM derived simulations of the future.
the Karakoram anomaly extended further northwest into theThe application of RCMs to regions of complex topogra-
Pashmir region, and higher rates of mass loss in the eastenphy remains challenging, partly due to their relatively coarse
Himalayas (Gardelle et al., 2013; Gardner et al., 2013). resolution in comparison to topography. However, the ERA-
Although some evidence points to climate change as dnterim simulation has been shown to well represent the role
potential cause of the Karakoram anomaly, other explanaeof steep topography on moisture transport fluxes and verti-
tions include the existence of large areas of debris cover oral flow for the western Himalayas (Dimri et al., 2013), and
Karakoram glaciers which may reduce sensitivity to changethe GCM-driven models have been shown to capture the syn-
(Scherler et al., 2011) and thus contribute to the spatial heteptic patterns influencing winter precipitation in the region.
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Table 1. Elevation statistics by region as used in the RCM at 25 km resolution and derived from the GMTED2010 high-resolution elevation
data set (in brackets) (Danielson and Gesch, 2011). Also shown are the satellite-derived glacier mass balance 2003-2009 from Kaab e
al. (2012).

Mean Maximum Minimum Mass

elevation elevation elevation balance

(ma.s.l.) (ma.s.l) (mas.l) mw.e.yedr
Hindu Kush 3779 (4067) 4737 (7794) 2645 (2501) —0.2+0.06
Karakoram 4885 (4972) 5835 (8216) 3647 (2502)-0.03+0.04
Jammu-Kashmir 4128 (4293) 5263 (6728) 2519 (2501)0.55+0.08
Himachal Pradesh, Uttarakhand and West Nepal 4616 (4622) 6142 (7751) 2532 (250282+0.06
East Nepal and Bhutan 4734 (4700) 5951 (8642) 2568 (2501)-0.3+0.09

Overall, the use of regional climate modelling over the In- Garhwal Himalayas (Bookhagen and Burbank, 2006, 2010),
dian subcontinent has been shown to significantly improveseparating the Jammu—Kashmir (JK) region from Himachal
the regional detail of projected climate change (Lucas-PichePradesh, Uttarakhand and West Nepal (HP). West of this di-
etal., 2011; Mathison et al., 2013; Kumar et al., 2006, 2013).vide precipitation is dominated by WD with the ISM having
The simulations are analysed in terms of the possible fu-a diminishing role.
ture climate drivers of glacier accumulation and ablation The mountains of the Himalayan arc provide a barrier to
across the HKH in the context of climate uncertainty andthe northward progression of moisture, separating the plains
spatial heterogeneity. As this study is focused on the climaticof South Asia from the relatively dry Tibetan Plateau to the
drivers, other factors that may influence the complex glacio-north (Fig. 2). Some moisture is able to move north through
logical response such as debris cover, common within theéhe deep valleys cut by rivers flowing south to join the
Himalayas, are not considered. Detection and attribution ofGanges. The rise of the Himalayan arc through the foothills
recent changes in mass balance is not within the scope of thi® the high Himalayas leads to considerable orographic up-
study. lift and thus considerable precipitation along the orographic
barrier (Dimri et al., 2013).
The combination of the interaction between the circula-
2 Baseline regional climate tion systems and the Himalayas, as well as elevation and lat-
itudinal differences, leads to a strong gradient in precipita-
The climate of South Asia is characterised by the strongtion from the Hindu Kush (HK) in the West to Nepal-Bhutan
meridional temperature gradient between the high mountaingNB) in the East, as well as a strong gradient from the Hi-
of the HKH and the subcontinent of India (Fig. 1). The cli- malayan foreland into the Tibetan Plateau. There is less of
mate of the HKH is heavily influenced by three circulation a gradient in total snowfall along the HKH arc but there is
systems; Western Disturbances (WD), the Indian Summea variation in the seasonal timing of snowfall. The regions
Monsoon (ISM) and the East Asian Monsoon (EAM). Thesefurther west (HK, KK) are dominated by winter accumula-
three systems are largely responsible for the patterns of sedion with summer snowfall also playing a role further east
sonal precipitation that can be seen in Fig. 2, with much ofin the Nepal-Bhutan region (Fig. 3). The glaciers in the east
the precipitation in the region occurring over the extended(NB) are therefore monsoon influenced experiencing some
summer monsoon months (May to October). The region has aummer accumulation, whilst those to the west are primar-
strong temperature contrast, with the high mountains havingdly winter accumulating (HK, KK). The timing of potential
an annual mean temperature belod) and the lower plains melt as defined by seasonality of air temperature is less spa-
in excess of 20C. Across the Himalayan arc the Karakoram tially variable, with all regions demonstrating summer abla-
Range is cooler, related to on average higher altitudes, thation. This has important implications for seasonal water stor-
the rest of the region (Table 1, Fig. 1). age and water resources. The eastern glaciers are monsoon
The WD bring moisture from the Mediterranean Sea overinfluenced and experience some additional summer accumu-
the northwestern parts of the Indian subcontinent. The syskation, as well as summer ablation, and therefore do not store
tem is particularly responsible for bringing snowfall during water seasonally to the same extent as the western glaciers
the winter and pre-ISM months. The ISM brings moisture (HK, KK). These monsoon-affected summer accumulation
from the Bay of Bengal, causing intense rainfall over the glaciers may also be more vulnerable to warming (Fujita,
region during the summer months, and is partly linked t02008a, b) as any increase in ambient temperature is likely
snowfall during the summer months towards the eastern entb have a double effect; increasing potential melt as well
of the Himalayan arc (Fig. 3). The influence of the ISM de- as decreasing the likelihood of precipitation falling as snow.
creases strongly further west of approximately7° Einthe  Thisis due to the overall higher summer ambient temperature
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Figure 1. Annual mean air temperature of the Indian Subcontinent (1992-2007) as simulated by downscaling ERA-Interim reanalysis using
the HadRM3 regional climate model compared to CRU observations. The region above 2500 ma.s.l. is indicated. Note that the RCM data

are on a rotated pole projection.
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Figure 2. Precipitation over the Indian Subcontinent (1992—-2007) as simulated by downscaling ERA-Interim reanalysis using the HadRM3
regional climate model compared against observation data from the Indian Meteorological department (Rajeevan et al., 2008) and Aphrodite
(Yatagai and Yasunari, 1994). The 2500 ma.s.l. contour is shown on the left-hand plots. Note that the RCM data are on a rotated pole

projection.
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compared to the winter. Any warming is therefore likely to the HadRM3 RCM (HadRM3 is a regional version of the
increase the number of days above the critical threshold oHadAMS3 global atmosphere model (Pope et al., 2000; Gor-
0°C more in the summer than in the winter. don et al., 2000). The version used here is coupled to the
MOSES2.2 land surface scheme (Essery et al., 2003) and is
employed to dynamically downscale ERA-Interim reanaly-
3  Methods sis (Dee et al., 2011). This provides a baseline of the present
day climate to assess the climate simulations against. The
This study employs regional climate modelling of selected meteorological reanalysis provides a consistent estimate of
global climate projections to simulate the spatial heterogethe atmospheric state of the recent past, and the downscaled
neous patterns in meteorology across the HKH that may béroduct is thus our best estimate of the climate state despite
driving some of the variation in mass balance. This studyadditional errors and uncertainty from the reanalysis process
uses regional climate models (RCMs) to both simulate theand the downscaling itself (Lucas-Picher et al., 2011). The
present-day climatology of the HKH as well as make centen-downscaled ERA-Interim scenario enables the evaluation of
nial projections of climate change. The aim is not to makethe regional climate biases in the climate simulations. The
direct future projections of mass balance but to assess prescenario can also be evaluated in conjunction with available
jections of the climate drivers of mass balance, namely sim-observations to assess the ability of the RCM to accurately
ulated precipitation, temperature and snowfall. The majoritysimulate climate over complex terrain. To capture both the
of the results presented here are therefore in anomaly spadele of orography and the large-scale regional circulation
as multi-decadal means relative to the present day (e.g. réhe climate simulations are run at 25km for the whole In-
sults for the 2080s are the mean 2071-2100 climate anomadian subcontinent (Fig. 1). Although this resolution is fine in
lised to 1992—-2008). However, it is not possible to work en-terms of centennial climate simulations for most regions, in
tirely in anomaly space in confidence without some evalu-the Himalayas 25km is not fine enough to resolve topogra-
ation of present-day model biases. An overview evaluationphy. Other applications of numerical modelling in the high
of the present-day model biases is therefore included to adéhountains have focused on the shorter weather timescales
confidence in the future simulated change. Regional climateéand have employed significantly higher resolutions in the
biases are currently an unavoidable shortcoming in globaprder of kilometres (e.g. Maussion et al., 2011). Associ-
climate models. ated, explicit modelling of the microclimate over glaciers
Snowfall is used as a measure of change in the future acalso requires an atmospheric modelling setup in the kilo-
cumulation of glaciers, and from daily air temperature posi-metre resolution (e.g. Collier et al., 2013; Molg and Kaser,
tive degree days (PDDs) are calculated. PDDs can be linke2011). The choice of 25 km is therefore a necessary compro-
to potential melt through degree day factors (Hock, 2003,mise between the desire to sample climate uncertainty in the
2005). A PDD is defined as the cumulative sum of daily meanform of an ensemble, length of simulation, available super-
temperatures over< for a month. Temperature index mod- computer time (one centennial simulation consumes approx-
elling using degree days is thus a simplification of compleximately four months of supercomputer time) and the resolu-
processes controlling the energy balance at the surface. TH&N necessary to appropriately resolve orographic processes.
basis for degree day modelling is the observed close relaFor context, the decision to use 25 as opposed to 50km in-
tionship between air temperature and melt (Ohmura, 2001¢reased the computational requirement by a factor of 8, and
Hock, 2003). Temperature index models are therefore widelycorrespondingly reduced the number of ensemble members
used and can perform well in comparison with energy bal-possible to sample uncertainties. Additionally, in order to

ance models at large scales (Hock, 2005). sample future climate uncertainty two global climate model
(GCM) simulations are downscaled covering 1960—-2100 for
3.1 Regional climate modelling the SRES A1B scenario (Nakicenovic et al., 2006). The two

scenarios are from versions of ECHAMS (Roeckner et al.,
The porosity of spatially explicit meteorological observation 2003) and HadCM3 (Pope et al., 2000; Gordon et al., 2000).
data across the HKH region is a significant barrier to under-The impact of climate change on the ISM is considerably
standing the climate interactions with the HKH cryosphere.uncertain in the IPCC AR4 CMIP3 (IPCC, 2007) ensemble
For instance, there are few precipitation gauges within thewith model responses varying on the sign of the direction of
Himalayas (Bookhagen and Burbank, 2010; Yatagai et al.change (Christensen et al., 2007). Climate models also show
2009). For this region Akhtar et al. (2008) found a better significant differences in their ability to simulate the ISM in
performance with a hydrological model when using RCM the present day (Annamalai et al., 2007). Some of the future
data than when using poor-quality observation data imply-uncertainty may therefore be associated with models with a
ing greater confidence in the RCM simulated meteorologylack of skill in simulating the ISM. Of the CMIP3 ensem-
than available observational data. Global observation datdle only four models were shown to be able to capture the
sets are typically coarse and do not capture the complex tolarge-scale statistics of the ISM under the present climate
pography in the region (Kang et al., 2002). For this reason(Annamalai et al., 2007; Kripalani et al., 2007; Turner and

www.the-cryosphere.net/8/941/2014/ The Cryosphere, 8, 9458 2014



946 A. J. Wiltshire: Climate change implications for Himalayan glaciers

Fraction of Annual Snowfall
Annual Snowfall Accumulation Winter Snowfall Accumulation accumulating during Winter

Snowfall mm year” Snowfall mm year”

0 75 150 300 450 600 750 900 1200150022503000 0 75 150 300 450 600 750 900 1200150022503000 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure 3. Annual snowfall accumulation along the Himalayan belt (left), winter snowfall (December to March) accumulation (centre) and
the fraction of annual snowfall occurring during the winter. Data are 1992—-2008 averages from ERA-Interim downscaled with the HadRM3
regional climate model.
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Figure 4. Change in precipitation (mm per day) by the 2080s relative to 1961-1990 under the SRES A1B scenario for four selected CMIP3
models and a flux-corrected version of HadCM3. The region above 2500 m a.s.l. is indicated.

Annamalai, 2012). The uncertainty in the monsoon precipi-lating the impact of climate change on the high-mountain
tation response to global warming is related to two key op-cryosphere of South Asia. In this study the ECHAM5 and
posing processes responding to global warming: the thermoflux-corrected HadCM3 simulations are used, chosen to sam-
dynamic forcing whereby atmospheric moisture content in-ple uncertainty in the sign of projected precipitation change.
creases, and the dynamical weakening of the monsoon duECHAMS simulates a decrease in precipitation for the HKH
to weakening of circulation patterns (Ueda et al., 2006). region and HadCM3 an increase.

The standard CMIP3 HadCM3 model was not able to cap-
ture the monsoon dynamics. However, a version of HadCM33.2  Sub-regional definitions and baseline glacier state
using flux correction performed better. The flux adjustment
of HadCM3 improved the mean state of the tropical Pacific To understand the spatial variation in climate drivers and in
improving the simulation of ENSO, this in turned improved glacier mass balance, distinct sub-regions across the HKH
the monsoon-ENSO relationship and the overall simulationare defined to capture the variation in climate and ob-
of the ISM (Turner et al., 2005). There are therefore five pos-served glaciological patterns. Following the classification of
sible GCMs available that are considered able to capture th&aab et al. (2012) the five sub-regions are defined as (Ta-
monsoon dynamics (Fig. 4) critical to appropriately simu- ple 1 and Fig. 5): Hindu Kush (HK), Karakoram (KK),
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Jammu—Kashmir (JK), Himachal Pradesh, Uttarakhand andt Results
West Nepal (HP) and East Nepal and Bhutan (NB). In fur-
ther analysis the sub-regions above 2500 ma.s.l. are used th1l Simulations of the recent past
form area averages. The majority of the glaciers in the study
region are covered by the extended World Glacier Inventoryln this section the ability of the RCM simulations to capture
(WGI) (Cogley, 2010) whilst the Randolph (RGI) (Arendt et the climate of the recent past is evaluated. The ERA-Interim
al., 2012) data set provides a complete coverage. The use gimulation captures the large-scale features in temperature
regional definitions consistent with K&ab et al. (2012) allowsand precipitation (Figs. 1 and 2). Across the HKH region
the use of the mass balance observations as a baseline frothere is a cold bias relative to the CRU temperature data set.
which to assess the possible impacts of climate change (TaFhe annual and monsoon precipitation is well captured in
ble 1). the RCM compared with IMD (Rajeevan et al., 2008) and
One of the significant challenges in using RCMs to analyseAphrodite (Yatagai et al., 2009) observations (Fig. 2). The
the implications of climate change on glacier mass balance igraction of annual precipitation that falls during the monsoon
the ability to resolve glaciers which are typically at the sub- is also reasonably simulated. A close analysis of precipita-
grid scale. The RCM simulates meteorological fields at thetion over the HKH suggests that the RCM has a wet bias at
elevation of the grid box mean. A second challenge is paramhigh elevations. However, there is a significant lack of obser-
eterising the sub-grid variation in topography effect on me-vations in particular at high elevations and the observed bias
teorology. The model has too coarse a resolution to resolvenay be enhanced due to the lack of gauge under catch cor-
mesoscale processes such as convection and small-scale vegctions in the Aphrodite data. PDDs and snowfall are partic-
ley flows which affect motions of vertical flow important to ularly sensitive to biases in temperature and precipitation and
snow rainfall discretisation and instead rely on parameterisaare difficult to evaluate in the absence of high-resolution spa-
tions. Figure 5 shows the topography in the GMTED2010tially explicit observations. The climatology for these vari-
high resolution (30arcsec) (Danielson and Gesch, 2011pables over the key regions for the recent past is shown in
alongside the elevation data as used in the RCM (processefig. 6.
10min data, US Navy, 1980). A comparison of the area— Across all regions temperatures peak aboV€ @uring
altitude distribution from the two fields reveals that the RCM the summer with strong within-region variation associated
captures the elevation distribution across the HKH domainwith the large variation in altitude. The KK is significantly
in the more up-to-date higher resolution product; howevercolder in the winter, with NB the warmest due to latitu-
at elevations above 4500 m the RCM data is biased a fewdinal differences despite similar elevations (Table 1). NB
hundred metres high but low compared to elevations in ex-also shows the least seasonal variation in temperature. The
cess of 5500 m. This bias is introduced by the smoothingGCM driven runs show small biases in temperature relative
of steeply varying topography in this region. Further analy-to ERA-Interim, suggesting that any systematic bias is intro-
sis shows that the standard deviation of sub-grid topographyluced by the downscaling rather than the forcing. However,
can reach up to 1500 m in some grid boxes where the tosmall differences in temperature can have a large influence
pography rises steeply. The impact of topography smoothingn the number of PDD, with HadCM3 simulating a factor of
is further affected by the likelihood of glaciers to be biased a third more in the summer compared to ERA-Interim. Small
high compared to the grid box mean elevation. An analysis ofbiases are seen in the other regions, with the lower HK and
the GLIMS glacier topography inventory (Raup et al., 2007; JK regions having higher degree days than the other regions.
GLIMS, 2005) reveals that for some parts of the region theNB, HP and JK also show small numbers of positive degree
mean glacier elevation can be up to 2500 m above the RCMlays in the winter despite mean winter temperatures 1§
grid box mean. In a few cases the grid box mean is up toto —20°C.
750 m above the mean glacier elevation. The GLIMS data The timing and amount of precipitation varies strongly
(inventory version glims_db_20130813) were used for thiswith region. The highest precipitation occurs in NB during
purpose as topographic information is available as part of thehe summer monsoon. Further west, where WD prevail, peak
inventory. However, GLIMS elevation data represent only aprecipitation falls in the spring. The more central JK region is
subset of all the glaciers in the RGI with gaps in most re- affected by both western disturbances and the monsoon with
gions and virtually no altitude information for KK and HK. a double peak in precipitation. The GCMs show a similar
An important caveat to the results presented here is that thepattern to ERA-Interim with ECHAMS5 showing some bias
are based on grid box mean elevations which have an inherin the timing and magnitude of peak monsoon precipitation.
ent elevation bias to the glaciers of the HKH. This limitation ~ Accurately simulating snow/rain differentiation in RCMs,
and inherent climate biases in regional climate modelling isparticularly in regions of complex terrain, is significantly
the reason why this study focuses on the climate drivers othallenging and the models are likely to be significantly lim-
change rather than attempting to simulate mass balance dited in their ability to capture this. Of the climate drivers pre-
rectly. sented here snowfall amounts are likely to be most uncer-
tain. In KK, HK and JK snowfall mainly occurs during the
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Figure 5. Location map of the Hindu Kush, Karakoram and Himalaya region showing the location of glaciers from the extended World
Glacier Inventory (Cogley, 2010) (left), and the glaciated fraction aggregated to half degree from the Randolph glacier inventory (Arendt et
al., 2012) (right). Also shown is the area—altitude distribution as used in the RCM and from the high-resolution GMTED10 (Danielson and
Gesch, 2011) product. Highlighted are the Hindu Kush (HK), Karakoram (KK), Jammu-Kashmir (JK), Himachal Pradesh, Uttarakhand and
West Nepal (HP) and East Nepal and Bhutan (NB) sub-regions used in this study.

winter months associated with western disturbances (Ridleyt.2 Projected changes in HKH climate
et al., 2013). However, the more central and eastern HP and

NB show significant summer snowfall, with strong disagree- oy er the 21st century under the SRES A1B emissions sce-
ment between models. Despite the lack of long-term observag 4rio the HKH region is projected to warm by 4-5Grel-
tions a measurement campaign along a elevation crossing thgiye 1o 1971-2000 (Fig. 7). This is a faster rate of warming
Annapurna range found little summertime snowfall (Putko- than the global and regional rates of increase. This is partly
nen, 2004). The maximum observed snow accumulation ofyye to the land warming faster than the oceans and reduc-
1000 mm of snow water equivalent (SWE) at high elevations;jons in the simulated seasonal and perennial snow cover de-
is comparable to the- 900 mm SWE snowfall simulated in  ¢reasing the surface albedo. The ECHAMS5 simulation has
HP, implying too much summer snowfall and not enough dur-yhe higher rate of warming, which may be linked with the
ing the winter. Amongst the models there is some disagreegreater reductions in snowfall and seasonal snow cover in
ment in the volume of snowfall occurring during the winter. s simulation. In both simulations the majority of the HKH
The timing and volume of snowfall is likely to be very sensi- yemains below freezing but there is an increase in the height
tive to the cold and wet biases in the model. of the annual mean zero degree isotherm. For all regions and
Although the simulations show variation in climate be- 6t models the rate of warming is greatest during the winter
tween the sub-regions this doesn't allow an inference on thgnonths. However, the seasonal warming differs between the
climate role in observed trends in mass balance, rather it SUgsy,odels with ECHAMS showing uniform warming for KK,
gests that the glaciers of the region most likely have differ- yx and JK of around 5C by the 2080s (30yr mean cen-
ing characteristics associated with varying climatic regime.red on 2085) whilst HadCM3 gives°E in spring but nearly
To infer the role of climate change over the late 20th andgoc in the winters (Figs. 8 and 9). The trend in temperature
early 21st century requires a different approach to attribute-hange is similar between models and regions until the 2050s
the detected changes in mass balance to a shift in climate. Ins; \ynich point ECHAMS has a stronger rate of warming than
stead, the prpjected changes over the 21st century as drivef$;qcm3 (Fig. 10).
of cryospheric change are analysed. Although rapid warming is projected in the HKH this
doesn’t necessarily translate into higher rates of ablation. The
index of ablation used here is positive degree days above zero
(PDD). Changes in PDD are highest where this is a seasonal
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Figure 6. Thirty-year mean climatologies of air temperature, PDDs, precipitation and snowfall for the five sub-regions defined in this study
from the downscaled ERA-Interim (green), HadCM3 (black) and ECHAMS5 (yellow) simulations for 1992—2008. The regions are Hindu
Kush (HK), Karakoram (KK), Jammu—Kashmir (JK), Himachal Pradesh, Uttarakhand and West Nepal (HP) and East Nepal and Bhutan
(NB).

transition in air temperature from below freezing to above.the sign and magnitude of change despite an overall agree-
Relatively very cold regions and very hot regions will show ment of an increase in precipitation for the region as a whole.
small changes in PDD. This can be seen in Fig. 7, whichHadCM3 simulates the strongest increases in precipitation in
shows that the greatest increases are in the mountains, witthe western regions (HK, JK, KK) whilst ECHAMS5 shows a
small changes across the Indo-Gangetic plain. The highesttrong increase in NB. Significantly, ECHAMS5 gives a small
and coldest parts of the HKH show small changes in PDD.decrease in JK and HK by the 2080s implying uncertainty
The biggest annual increase in PDD occurs in NB and HPover the sign of change in this region. The two models de-
associated with a broadening of the potential melt seasowiate from around the 2020s with HadCM3 showing a con-
with significant increases during the winter. This broaden-tinual increase in precipitation whilst the trend in ECHAMS
ing is linked to the winters being warmer than the rest of thereverses and declines. This reversal is linked to a jump in
HKH, so that any climate warming leads to a larger increasePDD (less so in mean temperature). This difference between
in PDD. By the 2080s the mean temperature difference bethe two models is mainly linked to uncertainty in both the
tween the ECHAM5 and HadCM3 simulations in HK and JK monsoon and WD simulated by the two models. However,
is around 0.5 to 2C; however this small temperature change increased precipitation doesn’t necessarily lead to increas-
corresponds to a substantially bigger increase in positive deing rates of accumulation. Changes in snowfall amounts are
gree days and thus potential melt (Fig. 10). a better indicator of possible changes in accumulation. By
Changes in precipitation show a more complex and un-the 2080s the two simulations show an overall decrease in
certain response, with models showing regional variation insnowfall across the HKH with the greatest decreases around
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ECHAMS Temperature Anomaly 2080s HKH (HK, KK, JK) may have an increase in accumulation,
FEER although this is highly uncertain. In contrast, the eastern part
' d of the HKH (HP, NB) shows a decrease in accumulation in
both ensemble members (Figs. 8 and 9) due in part to a sub-
stantial reduction in the fraction of precipitation falling as

HadCM3 Temperature Anomaly 2080s

e

Temperature G T Temperature G snow, despite an overall increase in precipitation. However,
s s 4 45 ol s 55 4 a5 s it is possible that the model is over-estimating snowfall for
ECHAMS Degree Day Anomaly 2080s the present day and therefore over-estimating the magnitude
T of decline in the future.

Taking these climate drivers as indicators of change in the
cryosphere, plausible inferences can be made on the effect
on future glacier mass balance, despite the models not fully

Dogree Days DD monthy R o T resolving glaciers. The glaciers in the HP and NB are mon-
0 8 6 9 1215 18 21 24 0 8 6 9 2 15 18 21 24 soon influenced and summer accumulating with winter ac-

‘HadC-MS Precipitation Anomaly 2080s ECHAM5 Precipitation Anomaly 2080s cumulation types dominating in KK and HK. The summers

show the largest increases in PDD despite the winters hav-
ing a comparatively greater warming (Figs. 8 and 9). The
increase in PDD in the HP and NB coincide with the timing
of snowfall. Therefore, despite an intensification of the pre-
cipitation in the east (NB, HP), less of the precipitation falls
as snow and thus accumulation decreases. These monsoon-
affected glaciers may therefore be more vulnerable to warm-
ing as any increase in ambient temperature is likely to have a
double effect: increasing potential melt as well as decreasing
the likelihood of precipitation falling as snow (Fujita, 2008a,
Snowtallmm day” Snowtallmm day” b). This implies that glaciers in NB and HP may be more vul-
T 05 o o e s o o nerable to warming than glaciers in other parts of the HKH
for similar levels of warming.
Figure 7. Projected changes in regional climate by the 2080s rel- The glaciers in the NB and HP (in the absence of glacio-
ative to 19922008 from the downscaled HadCM3 and ECHAMS |qqica] factors) may see greater reductions in their mass bal-
e "V 199 P30 than n HK. KK and JK. Despite ongoing warming
’ ’ glaciers in the west may have increased accumulation seem-

ingly dependent on changes in the frequency and intensity of
Jyvestern disturbances although this is uncertain. This increase
in snowfall by the 2080s in HadCM3 is offset by a large in-
crease in possible ablation. In contrast, by the 2080s there is
a decrease in snowfall simulated by ECHAMS.

Precipitation mm day' Precipitation mm day'

2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
HadCM3 Snowfall Anomaly 2080s ECHAMS5 Snowfall Anomaly 2080s

the zero-degree isotherm. The HadCM3 simulations have a
overall increase in KK, HK and JK whilst ECHAM5 only
had an increase in the highest parts of KK. A study by Ri-

diey et al. (2013) found that this could partly be explained The combined effect of increased potential ablation and

by changes in circulation with HadCM3 simulating increased all bal b timated in t f
occurrence of WD, with an associated overall 37 % increaseoWiall On Mass balance can be estimated in terms of a
in winter snowfall, whilst ECHAMS showed no change in simple degree day factor. A degree day factor is defined as

occurrence of WD. Both models show a strong decrease iﬁhel [[nzltfper PDD. Ah3|mple_degree dba% factor can t*;e Czall-t
snowfall in the HP and NB regions despite an overall increase™ ate for ';126}2?( change in rr?irS]St ahance over the 215
in precipitation. In HadCM3 the decrease in snowfall is con- century for the region, such that changes in accumu-

centrated in the summer months, but ECHAMS includes de-lt";]ltlon 3re.ba(ljapced bg/ melti.Th|s %r—;m ]Ehetn bfe c:)hmpslr(ed to
creases in winter snowfall. ose derived from observations. The factor for the re-

gion is 0.5mmw.e.d*°C~1. This is an order of magni-
tude smaller than calculated for the Dokriani glacier (Hock,

5 Discussion 2003; Singh et al., 2000) in HP which for clean snow is
5.7mmw.e.d1°C1 It is correspondingly unlikely in this
5.1 Climate drivers of future mass balance scenario that increasing accumulation will offset increasing

melt in the HadCM3 scenario. Given this, and that present
The modelling performed here reveals a complex pattern oimass balance is approximately neutral in the KK, it seems
climatic change across the HKH corresponding to changedikely, in these scenarios, that climate-driven changes in fu-
in circulation patterns and regional warming. All sub-regions ture mass balance will be negative. This is the case for the
have an increase in potential ablation. The western part of thevhole HKH including the KK.
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Figure 8. Thirty-year mean climatologies of air temperature, PDDs, precipitation and snowfall for the five sub-regions defined in this study
from the downscaled HadCM3 A1B scenario. Shown are 30 yr climatologies for, 2020s (blue), 2050s (green) and 2080s (yellow) anomalised
to 1992-2008. The regions are Hindu Kush (HK), Karakoram (KK), Jammu—Kashmir (JK), Himachal Pradesh, Uttarakhand and West Nepal
(HP) and East Nepal and Bhutan (NB).

The results presented here based on climate drivers afesponse modelling to projected climate change to fully un-
change imply a gradient from low to high rates of mass lossderstand the implications of climate change.
from west to east (KK to NB). This is in broad agreement Within the projections presented here there is the large
with observations of absolute changes in mass balance for themount of inter-annual variability seen in snowfall across the
last decade (Gardelle et al., 2013; Gardner et al., 2013; Kaakegion. The variability in accumulation and ablation as well
et al., 2012). However, the satellite studies find the greatesas the non-equilibrium state of glaciers means that the long-
mass loss rates the JK which are not consistent in magnitudeerm mean glacier mass balance may be considerably dif-
with the climate drivers. This may be because either differentferent from that derived from the short satellite record. The
processes dominate in the future or perhaps due to the limitaE CHAMS simulation (Figs. 11 and 12) shows an increase in
tions of this study including the failure to consider the actual snowfall in HK and JK in the 2020s despite an overall de-
distribution of glaciers at the present time and the absence ofline by the 2080s. This is associated with a moderate degree
glaciological response modelling to the climate drivers. Of of warming, thus raising the counter-intuitive possibility that
particular note is the role of debris cover and glacier topogra<for small amounts of warming, snowfall may increase in the
phy in altering the glaciological response to climatic change.western part of the HKH. The aforementioned Karakoram
Although debris-covered glaciers have been shown to havanomaly and associated glacier thickening may therefore be
thinning rates comparable to debris-free glaciers (Nuimuraconsistent with an overall warming trend in the region, al-
et al., 2012; Bolch et al., 2011) this may be in response tathough it should be noted that this requires further investiga-
different drivers. This highlights the need for detailed glacier tion and is highly uncertain.

www.the-cryosphere.net/8/941/2014/ The Cryosphere, 8, 9458 2014



952 A. J. Wiltshire: Climate change implications for Himalayan glaciers

KK
20208
- 2050s
| 2080s

JK NB

Air Temperature C

o N = (o B o)

o N A O ©

o N E-Y >3 00
L

JMMJSNJ JMMJSNJ JMMJSNJ JMMJSNJ JMMJSNJ

" KK HK JK HP NB

S 60 60 60| 60 60

] t | i .""

8 40! 40 40! N 40 40

= [ /] an

Q | ,«\ |

= 20! 20 /N 20t 20 20

s | NN : A /

c Y, \ — g AN

§ 0l 4 . ) 0l ol - o 0l== N (1] ~
JMMJSNJ JMMJSNJ JMMJSNJ JMMJSNJ JMMJSNJ

=~ KK HK HP

T 47 4 47

S 3 3 3

£z 1 2' 2 A

s ;w‘_,/\/\ N (1) jv\,/f\ ; /A /\\//

E r S ST D ';7 Gar X /// { S\

8 2l S Pl 2i e 2

& JMMJSNJ JMMJSNJ JMMJSNJ JMMJSNJ

KK HK JK HP NB

Snowfall (mm day™")
WN = O = Nw
DO = o = Ppw
& —-o - Nw
OMN = O = W

JMMJSNJ JMMJSNJ JMMJIJSNJI JMMJISNJ JMMJSNJ

Figure 9. Thirty-year mean climatologies of air temperature, PDDs, precipitation and snowfall for the five sub-regions defined in this
study from the downscaled ECHAM5 A1B scenario. Shown are 30yr climatologies for the 2020s (blue), 2050s (green) and 2080s (yellow)
anomalised to 1992-2008. The regions are Hindu Kush (HK), Karakoram (KK), Jammu—Kashmir (JK), Himachal Pradesh, Uttarakhand and
West Nepal (HP) and East Nepal and Bhutan (NB).

Some studies have found the rate of warming to increaseesponse, in which glaciers retreat to form new more stable
with elevation in the Himalayas and Tibetan plateau (e.g.equilibrium. The initial response may be increased wastage
Liu and Chen, 2000) stabilising around 5000 m a.s.l. (Qin etand thus an initial increase in runoff — the de-glaciation div-
al., 2009). However, the magnitude and mechanisms drivingdend. However, this reduces as glaciers form new stable
this phenomenon remain unclear and uncertain (Kang et alstates (Collins, 2008). A major driver of change in the east-
2010). In the simulations analysed here the high mountains irern HKH is the decline in snowfall; however, this is due to a
general warm faster than the Indo-Gangetic plain. This mayswitch from snow to rain and is accompanied with an over-
be due to snow—albedo feedbacks as seasonal and perennl increase in precipitation. This, combined with the low
snow covers change but also changes in circulation patternseasonal storage of water in the snowpack (coincidence of
affecting the advection of warm air into the mountains. How- summer accumulation and summer ablation) implies that re-
ever, there is no consistent pattern of a correlation in warm-newable water resources are likely to increase under climate
ing level and elevation above 2500 m a.s.l, but rather a stronghange. This is not necessarily the case in the western part of
seasonal uncertainty in the magnitude of projected warmingthe HKH, which is a major source of runoff for the populated

Indus. The projections given here span a possible decrease
5.2 \Water resources to increase in precipitation. In this case, the Indus might be
more sensitive to changes in glacier mass and extent than

The overall impact of a declining future glacier mass balanceOther rivers of the region. This may be significant as the Indus

on future water resources is complicated by the glaciological
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Figure 10. Projected change in annual mean air temperature, PDDs, precipitation and snowfall from the HadCM3 (black) and ECHAM5
(red) downscaled A1B simulations. Data are anomalies over the 21st century relative to 1992—-2008. Data are smoothed with a 10 year moving
average. The regions are Hindu Kush (HK), Karakoram (KK), Jammu—Kashmir (JK), Himachal Pradesh, Uttarakhand and West Nepal (HP)
and East Nepal and Bhutan (NB).

population is thought to be vulnerable to change in water re-ulates the fall of snow and rain through the atmosphere with
sources (Schaner et al., 2012). a conversion of snow to rain through sublimation and melt.
The final snowfall is calculated for the grid box mean eleva-
tion. Another factor in the ability of the model to capture the
snow/rain split in precipitation is the simulation of vertical

It should be noted that there are a number of importantmOtion- Rasmussen et al. (2011) found in a coarser resolution
caveats to the results presented here. Modelling the climat&36 km) model that the strong vertical motion associated with
in areas of complex terrain, such as the HKH, is a difficult 9avity waves forming due to flow over topography were not

task, particularly when making long-term climate projections €@Ptured as well as in the 6km model. The strong up- and
which require large amounts of computer power. In particu-down-drafts are associated with snow as opposed to rainfall,
lar, the ability of the RCM to capture snow/rain fractionation @"d resultin less snowfall in a coarser model despite .overaII
is likely to be poor, particularly given the large sub-grid vari- similar levels of precipitation (Rasmussen et al., 2011; Ikeda

ation in topography. It has also been shown that the modeft @, 2010). The RCM used here employs parameterisations
may have a cold, wet bias potentially leading to an over-Of gravity waves and convection to address these unresolved

estimation in the present-day summer snowfall. In turn thisPrOCESSes. It is unclear whether these parameterisations are
may implicate an overestimation of the degree to which abJikely to increase or decrease snowfall compared to a model

lation is projected to decrease. The RCM microphysics sim-explicitly resolving these processes. However, what is clear

5.3 Regional climate modelling limitations
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in the modelling applied here is that the relatively coarse resand Karakoram. This is because, in the scenarios presented
olution of the RCM is unable to appropriately capture the here, NB and HP glaciers accumulate mass during the sum-
variation in topography. Furthermore, given computationalmer monsoon, which brings snowfall to the region, and are
limitations, this study only considers two GCMs and as canrelatively warmer in comparison to the HK and KK, which
be seen in Fig. 4 the projected climate change in the Hi-have a larger degree of winter accumulation. The effect of
malayas is uncertain on the sign of change in precipitatiorwarming is twofold: first, to decrease the fraction of precipi-
despite an ability to appropriately simulate the present-daytation falling as snow and, second, to increase the rates of ab-
monsoon. It is therefore the case that the two ensemble meniation. The magnitude of changes in snowfall under climate
bers given here do not fully sample the present-day range ofhange is highly uncertain. The increase in potential ablation
uncertainty in the large-scale circulation over the Indian sub-s linked to both an increase in the melt period as well as its
continent under climate change. intensity.

To better understand the possible impacts of climate on It is therefore projected that the eastern Himalayas will
the Himalayas requires improved observational data sets thave a stronger negative regional trend in mass balance than
better constrain model processes for the present day. In addthe central KK. However, the highest regions of mass loss in
tion, the latest generation of atmospheric models which arghe baseline observations were for the western Himalayas in-
able to use a spatially variable grid resolution provide theconsistent with the future trends presented here (Kaab et al.,
opportunity to run simulations that are able to resolve to-2012; Gardelle et al., 2013). However, other studies support
pography, explicitly capturing convection and gravity wave higher values of mass loss in the eastern Himalayas (Gardner
formation, the distribution of glaciers and large-scale circu-et al., 2013; Neckel et al., 2014). The results presented here
lation changes associated with climate change. These toolend support to these high rates of mass loss continuing into
may help both understand the past changes in glaciers antthe future.
their associated drivers as well as better constrain future pro- The Western HKH shows possible increases in snowfall
jections (Molg and Kaser, 2011). Furthermore, developmentsand thus mass accumulation under climate change partly
of GCMs through higher resolution and improved processdue to increased strength of the Western Disturbances in
representation may help reduce climate biases and lead tdadCM3. However, over the 21st century the warming trend
improved projections of regional climate change. New high-and corresponding increased ablation is likely to dominate
resolution reanalysis products, such as the High Asia Reany increase in accumulation leading to reduced mass bal-
analysis (Maussion et al., 2014) produced using numericahnce. Despite this, glaciers in this region seem to be less
weather prediction techniques, can go some way to fillingvulnerable to climate change than those in the east. There is
this data void. considerably uncertainty in the regional detail and ECHAM5

does not capture the increasing snowfall trend in the KK, in-

stead showing a more complex response of an initial increase
6 Conclusion for moderate warming with an overall decrease at higher lev-

els of warming. The implication is that mitigation of climate
In this study a pair of moderate-resolution regional climatechange at moderate levels may avoid some of the long-term
simulations is used to capture the implications of unmitigatedprojected loss of glacier ice in the region. Climate variabil-
climate change on the atmospheric environment of the HKHity, particularly in snowfall and precipitation is a large factor
cryosphere. The implications of climate on accumulation andin the overall trends in precipitation and snowfall. Thus, an
ablation are complex and spatially variable and likely to beanalysis based on short-term observations may not fully cap-
affected by model resolution. To fully investigate these inter-ture the signal of climate change.
actions requires high-resolution physically based modelling The impact of climate change on renewable water re-
to capture the important role of orography in the region. Thesources is likely to be positive in the eastern HKH mainly due
lack of observational data limits the possible evaluation ofto the increase in precipitation over the 21st century. The di-
climate model performance but this study finds that down-rect impact of climate change on water resources may there-
scaling meteorological reanalysis data provides a reasonabfere be more important than the glaciological contribution.
evaluation for the climate simulations. However, projected This is despite the projected greater impact on the glaciers of
changes, particularly declines in future snowfall, are verythe eastern region from climate change. However, the west-
sensitive to a possible high bias in present-day snowfall. Theern HKH and the Indus will possibly see a decrease in pre-
results presented here can be seen as a first step to assessingjtation. Water sourced from glacier melt may therefore be
the implications for regional climate. More detailed atmo- of more importance to this highly populated catchment and
spheric and glacier modelling are required to make a morahus will be more sensitive in terms of water resources to the
complete assessment. projected long-term glacial loss.

Overall, using the model framework this study finds that
NB and HP Himalayas are likely to be more vulnerable to
unmitigated climate change than glaciers in the Hindu Kush
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