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Key Messages

• The Himalayas and the Tibetan Plateau have experienced
substantial warming during the twentieth century. The
warming trend has been particularly pronounced over the
Hindu Kush Himalaya (HKH) which is the largest area of
permanent ice cover outside the North and South Poles.

• The annual mean surface-air-temperature in the HKH
increased at a rate of about 0.1 °C per decade during
1901–2014, with a faster rate of warming of about 0.2 °C
per decade during 1951–2014, which is attributable to
anthropogenic climate change (High confidence). Addi-
tionally, high elevations (> 4000 m) of the Tibetan Pla-
teau have experienced stronger warming, as high as 0.5 °
C per decade, which is commonly referred to as
elevation-dependent warming (EDW).

• Several areas in the HKH have exhibited declining trends
in snowfall and retreating glaciers during the recent
decades. Parts of the high-elevation Karakoram Hima-
layas have, in contrast, experienced increased wintertime
precipitation in association with enhanced amplitude
variations of synoptic western disturbances (Medium
confidence).

• Future climate projections under various CMIP5 scenar-
ios suggest warming of the HKH region in the range of
2.6–4.6 °C by the end of the twenty-first century. While
future projections indicate significant decrease of snow-
fall in several regions of the HKH, high-elevation loca-
tions (> 4000 m) in the Karakoram Himalayas are
projected to experience an increase in annual precipitation
during the twenty-first century.

11.1 Introduction

The name “Himalaya” means “the abode of snow” in San-
skrit. The continental drift theory suggests that the Hima-
layas were formed about 50 million years ago when the
Indian plate collided with the Eurasian plate (Kious and
Tilling 1996). The large spatial extent of the Himalayas
(Fig. 11.1) spans across eight countries of the Asian conti-
nent and is the source of ten major river systems (Sharma
et al. 2019, HIMAP) providing water for drinking, irrigation
and power for over 1.3 billion people in Asia—which is
nearly 20% of the world’s population (e.g. Bookhagen and
Burbank 2006; Rashul 2014). The Himalayan mountain
range is the world’s tallest and is notably the home to 10 of
the 14 world’s highest peaks, while the Karakoram and the
Hindu Kush are generally viewed as separate ranges in the
literature (Godin et al. 1999). The area that encompasses the
Hindu Kush Himalaya (HKH) mountain range and the

Tibetan Plateau (TP) is popularly known as the “Third Pole”
as it contains the largest reserve of freshwater outside the
north and south poles. The meltwater generated from the
Himalayan glaciers supplies the rivers and streams of the
region, including the Indus, Ganges and Brahmaputra river
systems of India. These rivers collectively provide about
50% of the country’s total utilisable surface water resources
(Srivastava and Misra 2012). Scientific evidence also shows
that most glaciers in the HKH region are subjected to loss in
volume and mass under the propensity of rising temperatures
due to climate change (Kulkarni and Karyakarte 2014;
ICIMOD 2007, 2011; Armstrong 2011; Wester et al. 2019;
IPCC SROC 2019). Yet, a clear understanding and quan-
tification of its consequences in these mountain ranges
remain challenging.

The climate of the HKH is characterised by
tropical/subtropical climatic conditions from the foothill
region of the mountains to permanent ice and snow-covered
peaks at higher altitudes (Pant et al. 2018). Flora and fauna
of the Himalayas vary with climate, rainfall, altitude and
soils. The amount of annual rainfall increases from west to
east along the southern front of the range. Further, the
Himalaya is delineated by different climatic sub-zones due to
diverse geographical variability, which is closely linked to
topographical distribution of the region (Bookhagen and
Burbank 2006). The annual cycle of temperature and pre-
cipitation differs substantially in these different zones. Sea-
sonal variations in the mean climate of HKH are closely tied
to the seasonal cycle of the regional atmospheric processes
(Box 11.1).

The valleys experience mean summer temperatures
between 15 and 25 °C and much colder in winter. Regions
with elevations above 4500 m experience severe winter,
with temperatures far below freezing point and precipitation
in the form of snow, e.g. the Karakoram range of the
Himalayas experiences an average maximum temperature of
about 20 °C during the summer, and average minimum
temperature goes below −3 °C in February (Hasson et al.
2014; Kapnick et al. 2014). The north-western peaks of
Himalayas typically experience dry conditions, with surface
temperatures ranging between 3 and 35 °C in summer and
−20 and −35 °C in winter together with heavy snowfall.

The climate of the HKH has been experiencing significant
temperature changes since twentieth century where the
warming trend during the first (second) half of the twentieth
century was about 0.10 °C (0.16 °C) per decade, which later
doubled to 0.32 °C per decade from the beginning of the
twenty-first century (Yan and Liu 2014). The warming rate is
reported to be more substantial in winter as compared to other
seasons in most parts of the HKH region (Bhutiyani et al.
2007; Shrestha et al., 2010). Studies by Dimri and Dash
(2012), Negi et al. (2018), etc., also confirm that most of the
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western Himalayan (WH) stations recorded a significant
warming trend especially from 1975 onwards. This is also
supported by tree-ring chronologies of the region which
indicated rapid growth of tree rings in the recent decades
especially at higher altitudes (Borgaonkar et al. 2009). This
chapter provides an assessment of the current state of knowl-
edge of the weather and climate aspects of the HKH region.
Thematic assessments of socio-economic and other sectorial
impacts are covered in the “Hindu Kush Himalaya Assessment
report” (Wester et al. 2019) and the “IPCC Special report on
Ocean and Cryosphere in a Changing Climate, Chapter 2:
High Mountain Areas” (IPCC SROC 2019).

Box 11.1 Weather and climate of Himalaya
The HKH1 sub-region generally receives more pre-
cipitation during the winter months, while more than
80% of annual precipitation in the central and eastern
sub-region (HKH 2 and 3) of the Himalayas is
received during the summer monsoon season. The
three major Himalayan river basins, viz. Indus, the
Ganga and the Brahmaputra, receive an annual rainfall
of about 435, 1094 and 2143 mm, respectively
(Shrestha et al. 2015). Weather dynamics is intricate in
the Himalayan region arising due to extensive inter-
actions of tropical and extra-tropical weather systems.
Vellore et al. (2014) reported that heavy rainfall over
the WH region during summer is often associated with
the interaction between westward-moving monsoon
low-pressure systems and subtropical westerly winds.

Precipitation during the winter months contributes
nearly half of the annual precipitation over the
Karakoram and the Hindu Kush Mountain ranges
(Kapnick et al. 2014; Cannon et al. 2015; Hunt et al.
2018; Krishnan et al. 2019a). The accumulation of
snow occurs during the winter months which is the
primary water reserve for the subsequent dry periods
(Lang and Barros 2004; Rees and Collins 2006;
Immerzeel et al. 2010; Bolch et al. 2012; Hasson et al.
2013). The western side of the Karakoram Himalaya is
prone to large amounts of snowfall in winter from
frequent passage of midlatitude synoptic-scale systems
known as the western disturbances (Dimri et al. 2015;
Madhura et al. 2015; Cannon et al. 2015; Krishnan
et al. 2019a). Tropical and extra-tropical climate dri-
vers such as the El Niño-Southern Oscillation (ENSO;
Diaz and Markgraf 2000), North Atlantic Oscillation
(NAO; Branstator 2002), Madden–Julian Oscillation
(MJO; Madden and Julian 1971), Arctic Oscillation
(AO; Thompson and Wallace 1998; Wallace 2000)
and the Indian Ocean Dipole mode (IOD; Saji et al.
1999) generally appear to exert significant influence in
regulating the weather and climate of the HKH region
(see Barlow et al. 2005; Bhutiyani et al. 2009; Cannon
et al. 2017). More details on these aforesaid telecon-
nection patterns can be seen in Panagiotopoulos et al.
(2002) and Sheridan et al. (2012). Archer and Fowler
(2004) also note that there is an in-phase relation
between NAO and precipitation variability over the

Fig. 11.1 Hindu Kush
Himalayan (HKH) region and the
three sub-regions (rectangular
black box) of interest: the
northwest Himalaya and
Karakoram (HKH1), central
Himalaya (HKH2) and southeast
Himalaya and Tibetan Plateau
(HKH3)
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Karakoram Himalayas during winter months. It is also
widely accepted that there is a significant role of HKH
and TP in maintaining the Asian summer monsoon
circulation (Nan et al. 2009; Zhou et al. 2009), i.e.,
heating of the TP in summer raises air temperatures
thereby enhancing the pressure gradient which drives
the South Asian summer monsoon, and therefore, the
HKH and TP act as a major heat sink (source) during
the winter (summer) (Yanai and Li 1994). The pres-
ence of the HKH topographical barrier restricts the
upper-level subtropical westerly winds to regions
poleward of 30° N during the boreal summer months,
thereby allowing warm and moist summer monsoon
circulation to extend northward into the Indian sub-
continent. Observations and model simulations clearly
suggest that the Himalayan orography has an impor-
tant role in maintaining the South Asian monsoon
circulation by insulating warm, moist air over conti-
nental India from the cold and dry extra-tropics
(Chakraborty et al. 2006; Krishnan et al. 2009;
Krishnamurti et al. 2010; Boos and Kuang 2010;
Turner and Annamalai 2012; Sabin et al. 2013).

11.2 Observed Trends in Mean Surface
Temperature and Precipitation

Significant rise in surface temperatures is noted throughout
the HKH region during the past six decades (see Kulkarni
et al. 2013; Rajbhandari et al. 2016). The warming was
reported progressively over the western and eastern Hima-
layan river basins, and the long-term trend of minimum
temperatures is noted slightly higher than the trend seen in
maximum temperatures (Rajbhandari et al. 2015). Using
century-long historical time series, Ren et al. (2017) showed
that there were epochs of rise and fall in temperature trend
over the HKH region, i.e., mean temperature exhibited a
moderate rising trend from 1901 to the early 1940s, while a
falling trend is seen between 1940 and 1970 followed by a
rapid warming. The spatial pattern of trends of annual mean
temperatures over the HKH region during the 1901–2014
period shows that the warming rates were more than 0.3 °C
(decade)−1 in the TP region and about 0.2 °C (decade)−1

over the eastern side of the HKH range (Ren et al. 2017). It
can also be noted that most of the grids consistently showed
a positive trend in the annual warming signal; however, the
warming rates are significantly different. Various studies
attributed this observed warming signal to the increase in
anthropogenic greenhouse gas concentrations (IPCC 2007,
2013; You et al. 2017).

Pepin et al. (2015) show that mountain temperatures are
increasing at a faster rate than the global average. We have
further noted that the Himalayas are also warming at a faster
rate than that of the nearby Indian land mass. Figure 11.2
shows the annual mean temperature time series averaged
over HKH and Indian land mass from 1951 to 2018, which
is indicating a warmer Himalaya comparing to the Indian
land mass. Further, the observations also reveal that the
recent warming rates are not seen to be uniform over the
HKH region where the annual average warming rates change
with altitudes which are commonly referred as the elevation
dependency of climate warming (EDW) (e.g. Liu et al. 2009;
Ren et al. 2017; Shrestha et al. 1999; Thompson et al. 2003).
Figure 11.3 shows the trend per decade for different altitude
sectors of HKH. Low-elevation sites (<500 m) show a
slower warming rate (<0.2 °C per decade) as compared to
high elevations (>2000 m) of the eastern TP where higher
warming rate (0.61 °C per decade) is seen during the past
few decades (Liu et al. 2009; Ren et al. 2017). Northern
India and the Sichuan Basin of China showed the weakest
warming trend with annual warming rates less than 0.10 °C
(decade)−1, as well as the Karakoram range during the
northern summer (Forsythe et al. 2017).

The spatial distribution of the trends of annual precipi-
tation based on APHRODITE dataset during 1951–2015 is
shown in Fig. 11.4. The observed map of trend in the annual
mean precipitation depicts substantial spatial heterogeneity
over the HKH region (Fig. 11.4). While there is a subtle rise
in the precipitation trend over the Karakoram and Western
Himalayas and the eastern part of Himalayas, a declining
trend can be noticed over many areas. A wet trend is evident
over northwest China, including the TP (Ren et al. 2015;
You et al. 2015). The triangular markings in Fig. 11.4 cor-
respond to precipitation trends per decade based on
CMA-GMLP dataset for a longer period for 1901–2013.
Both the datasets show consistency in precipitation
enhancement over WH and decline over central and north
Indian plains. The reduction in annual precipitation over
northern India is also consistent with the reported declining
trend of the Indian summer monsoon precipitation during the
post-1950 (Krishnan et al. 2013, 2016).

Recent observational studies also suggest that there is an
increasing trend in the number of wet days over the WH
during the past few decades (Klein Tank et al. 2006; Choi
et al. 2009). It has been reported that increases in wintertime
heavy precipitation over the Karakoram region of northwest
Himalayas and falling precipitation trend over Central
Himalayas (CH) are linked to an increasing trend in the
synoptic-scale activity of the western disturbances (WDs),
while the CH region experiences a falling local precipitation
trend (Cannon et al. 2015; Madhura et al. 2015; Krishnan
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et al. 2019a). A few studies also attribute the increase in the
mass of some glaciers in the Karakoram and Western
Himalaya to changes in the WD activity (Forsythe et al.
2017). In contrast to other mountain peaks across the globe,
which have largely experienced decreasing snowfall
amounts and glacial extent during the recent decades, the
Karakoram Himalayas appear to have slightly gained glacial
mass in the early twenty-first century (Gardelle et al. 2012;
Hewitt 2005; Kapnick et al. 2014).

11.3 Observed Changes in Temperature
and Precipitation Extremes

Significant rise in extreme warm events and a substantial fall
in extreme cold events observed over the HKH during the
last few decades (e.g. Sun et al. 2017). In particular, the
magnitude of trends in warm events is more significant than
those of the cold events. A significant rise in the number of

Fig. 11.2 Annual mean temperature time series (5-year running mean) averaged over HKH (grey) and Indian land mass (yellow) from 1951 to
2018
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warm nights (Tn90p) and a decrease in the number of frost
days are seen from early-1990s (Fig. 2h–g of Sun et al.
2017). Throughout the HKH region, the annual mean diurnal
temperature range (DTR) anomalies showed an apparent
decline before 1980s, while DTR exhibits a rising trend after
the mid-1980s. The spatial distribution of linear trends for
extreme temperature indices indicate that extremely cold
days and nights in the Tibetan Plateau (TP) region decreased
by −0.85 and −2.3 days per decade, respectively, while the
warm days and warm nights increased by 1.2 and 2.5 days
per decade, respectively (Sun et al. 2017). The number of
frost days and ice days is also seen to be decreasing sig-
nificantly at a rate of −4.3 and −2.4 days per decade,
respectively. Overall, the length of the growing season
appears to have increased at a rate of 4.5 days per decade
(Liu et al. 2006).

The frequency and intensity of observed precipitation
extremes in the HKH region exhibit significant changes
since the 1960s. Light precipitation amounts (below 50th
percentile) show a significant rising tendency over northern
TP and southern Tarim Basin, while there has been a
declining trend over southwest China (Zhan et al. 2017). The
intensity of light precipitation shows significant reductions
over the northern part of the Hindu Kush and Central India
(cf. Figs. 2 and 3 of Zhan et al. 2017). In addition, the
frequency and intensity of heavy precipitation show signif-
icant increasing trends mostly over the TP, with opposite
trends over southwest China, and South-Central Asia. Linear
trends of regional average maximum 5-day consecutive
precipitation (RX5DAY) index show a clear increasing trend
over the HKH region by 2.3% per decade during 1961–
2012. Consecutive wet days significantly increased over the
Indian side of Himalayan and Karakoram ranges and mod-
erate rise over most of the other locales of the TP. The
spatial distribution pattern of consecutive dry-day trend is
nearly opposite to that of consecutive wet days. In summary,

several areas in the TP indicate a rising tendency in intense
precipitation, whereas the change is heterogeneous over
other areas of the HKH region.

11.4 Future Projections Over HKH

Precipitation from the summer monsoon rainfall is an
important source of water for the river basins in the eastern
and central HKH. River basins originating in the WH are
predominantly fed by snow and glacial melt with precipi-
tation largely coming from wintertime western disturbances
(e.g. Bookhagen and Burbank 2006; Immerzeel et al. 2009;
Lutz et al. 2014; Madhura et al. 2015; SAC 2016). The HKH
region is warming at a much higher rate than the global
mean (Shrestha et al. 2015; Van Vuuren et al. 2011). With
continued global warming, future changes in temperature
and precipitation are expected to alter the sensitive cryo-
spheric processes over the HKH region substantially
(Shrestha and Aryal 2011; Xu et al. 2008). Accelerated
warming over the ice-covered mountain peaks and valleys
exert profound impacts on the climate-dependent sectors like
agriculture and water resources of the HKH region, thereby
warranting a robust and reliable future outlook of the
regional climate (Shrestha et al. 2015; Krishnan et al. 2019b;
Sharma et al. 2019).

11.4.1 Projected Changes in Mean Temperature
and Precipitation

Analysis of annual mean surface temperature projections
based on the CMIP5 multi-models (Table 3.2b of Chap. 3)
indicates an increase of temperature in the HKH region by
2.2 ± 0.9 °C (3.3 ± 1.4°C) for the near future; 2040–2069
(far future; 2070–2099) of the twenty-first century, follow-
ing the RCP4.5 scenario. Under the extreme scenario
RCP8.5, the temperature increase in the HKH region is
projected to be 2.8 ± 1.2 °C (4.8 ± 1.7 °C) for the near
future (far future) of the twenty-first century (Fig. 11.5a).
Wintertime (DJF) temperatures are projected to increase by
2.4 ± 1 °C (3.5 ± 1.4 °C) for the near future (far future) of
the twenty-first century, following RCP4.5. The corre-
sponding wintertime temperatures for the two epochs under
the RCP8.5 scenario are projected to increase by 3.1 ± 1.4 °
C (5.1 ± 1.8 °C), respectively (Fig. 11.5b).

Significant warming is projected over the HKH region in
the near and far future, with prominent temperature increase
projected over the Tibetan Plateau with magnitudes
exceeding 5 °C under the RCP8.5 scenario by the end of the
twenty-first century (Xu et al. 2014; Wu et al. 2017). The
projected warming also differs by more than 1 °C between

Fig. 11.4 Spatial pattern of linear trends in annual mean precipitation
anomalies from APHRODITE data from 1951 to 2015. The triangles
are from the trend per decade based on CMA-GMLP for 1901–2013
periods
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the eastern and western HKH, with relatively higher
warming in winter based on the diagnosis from
high-resolution CORDEX model outputs (Sanjay et al.
2017). The downscaled multi-RCMs analysis from COR-
DEX projection shows a significant warming over the HKH
as a whole and its hilly sub-regions, with a projected change
of 5.4 °C during winter and 4.9 °C during the summer
season by the end of the twenty-first century under the
high-end emissions (RCP8.5) scenario (Sanjay et al. 2017).
Projected changes in annual mean temperature over the
HKH region is also calculated using the Reliability
Ensemble Approach (REA; Box 2.4) based on the CORDEX
models. The near future (2040–2069) increase in annual

mean temperature over the HKH is projected to be 2.26 °C
± 0.45 °C (3.2 °C ± 0.58 °C) in the RCP4.5 (RCP8.5)
scenarios, respectively. The corresponding projections for
the two scenarios in the far future (2070–2099) are noted to
be 2.76 °C ± 0.61 °C (5.23 °C ± 0.91 °C), respectively. The
changes are relative to the baseline period (1976–2005).

Precipitation response to climate change is subject to
greater uncertainties, as compared to temperature changes,
particularly over the complex topographical terrains of HKH.
To better understand projected changes in precipitation, we
additionally used the multi-model ensemble (MME) from the
high-resolution (0.5° resolution) dynamically downscaled
CORDEX-SA models (Table 3.2a of Chap. 3; 16 members)

Fig. 11.5 Box whiskers of variations in surface air temperature (°C),
precipitation (mm/day) and snow (mm/day) over the HKH from the
CMIP5 projections for the different future scenarios (Annual mean
(a) and Winter season (b)). Variations in ten-year means, with respect
to the reference period (1976–2005), are presented as box whiskers
plots. Observed temperature (CRU) and precipitation (APHRODITE)
are shown during 1951–2015. Precipitation from GPCP and CMAP are

also shown during 1981–2015. Grey shade is the ensemble spread
during 1981–2015. The snow cover observation is based on the NSIDC
dataset from 1979 to 2012 (NHSC: Northern Hemisphere State of
Cryosphere, right y-axis). Note that variations in observed snow cover
extent are expressed in x 10000 km2. The CMIP5 projected variations
in snowfall are expressed in mm/day (left y-axis)

Table 11.1 Projected changes in mean annual precipitation (%) over HKH region with respect to 1976–2005 period

Scenario Spatial range of annual precipitation change (%)

CMIP5 CORDEX NEX

Near future RCP4.5 2–8 5–15 5–20

RCP8.5 4–15 10–20 5–25

Far future RCP4.5 5–15 10–20 15–25

RCP8.5 10–20 15–30 20–40

11 Climate Change Over the Himalayas 213



and statistically downscaled NEX-GDDP (0.25° resolution)
(marked in Table 3.2b of Chap. 3; 19 members) datasets.
Future projections of precipitation over the HKH, from the
three approaches along with their spatial range in ensemble
mean, are summarised in Table 11.1.

The projected precipitation changes are similar until the
2050s for both the RCP4.5 and RCP8.5 scenarios, with a
higher increase after 2050 in RCP8.5. A box-whisker anal-
ysis is provided to demonstrate the projected changes based
on CMIP5 models (Fig. 11.5). While a significant rise is
projected for annual mean rainfall, a moderate increase is
projected for the winter precipitation over the HKH. The
increase in annual mean precipitation could be in part due to
overall summertime increase in projected precipitation in the
CMIP models, which is also consistent with CORDEX
simulation (Sanjay et al. 2017). The projected changes are in
general, less than 12% for the near future under the RCP4.5
scenario. The differences in pattern and amount of projected
precipitation by end of the twenty-first century, following
RCP4.5, show similar changes as those of near future
changes projected under RCP8.5, with an increase of about
16% over the north-eastern areas of the HKH. High-
resolution CORDEX and NEX simulations show value
additions in capturing the precipitation variability, as com-
pared to the coarse-resolution CMIP5 models (Kapnick et al.
2014; Singh et al. 2017; Sanjay et al. 2017).

11.4.2 Projected Changes in Temperature
and Precipitation Extremes

Future changes in temperature and precipitation extremes
over the HKH based on the indices, such as (a) Maximum of
daily maximum temperature (TXx), (b) Minimum of daily
minimum temperature (TNn), (c) Annual total precipitation
when the daily amount exceeds the 95th percentile of
wet-day precipitation (R95p), (d) Maximum consecutive
5-day precipitation (RX5day) based on the RCP4.5 and
RCP8.5 scenarios, relative to 1976–2005, are presented in
Fig. 11.6.

The projected changes of both TXx and TNn over the
HKH indicate a tendency for extreme warm days and
extreme cold nights to become warmer in the future, with a
significant increase in TNn compared to TXx. The maxima
of TXx is projected to increase by 2.8 °C (3.4 °C) under
RCP4.5 (RCP8.5) in the near future, 4.0 °C (5.2 °C) by the
end of twenty-first century, respectively (Fig. 11.6: middle
panel). The north-western part of the HKH region is pro-
jected to experience substantial increases of TXx compared
to other areas, while pronounced warming in TNn is pro-
jected over the Eastern Himalaya and TP. In particular,
changes in TNn are projected to increase by as much as 5.5 °
C in the Eastern Himalayas and TP under the RCP8.5

scenario by the end of twenty-first century, with relatively
larger spread in RCP8.5 as compared to RCP4.5.

Future projected changes in precipitation extremes show
significant increases of R95p in both RCP4.5 and RCP8.5,
indicating the enhanced likelihood of occurrence of extreme
precipitation over the HKH. In particular, a substantial
increase in R95p is projected over the central Himalayas
during the twenty-first century. The maximum consecutive
5-day precipitation (RX5day) also shows a general rise
indicative of the future intensification of precipitation
extremes. The changes in extreme indices over HKH are
summarised in Table 11.2. In general, the MME medians
under RCP8.5 are larger as compared to those of RCP4.5,
especially for the temperature extremes. For changes in
mean precipitation, the projected median change over the
HKH is positive with large inter-model spread.

11.5 Implications of Climate Change
for Himalayan Snow and Glacier Mass

Increase of temperature and changes in precipitation patterns
over the HKH region is a major concern for the health of the
Himalayan snow cover and glaciers. This region has expe-
rienced significant melting of snow and retreat of glaciers
during the past five decades (Kulkarni and Karyakarte 2014).
While global climate change significantly affects the envi-
ronment over the high mountain regions of Asia, its impact
on the Himalayan cryosphere is a major threat to the regional
water resources (ICIMOD 2007, 2011; Armstrong 2011). In
addition to global warming, the absorbing aerosols at high
elevations can also enhance the warming rate and indirectly
amplify the melting of snowpacks and glaciers (Ramanathan
and Carmichael 2008). Significant decrease of wintertime
snow over the HKH region in the recent decades is evident
from the MODIS satellite snow products which affect the
river flow regimes and water resources availability (Maskey
et al. 2011). Satellite observations of snow cover area
(NSIDC) over the HKH show large variability during the
historical period (1980–2018), with moderate decline since
2000 (Fig. 11.5: bottom panel) which is consistent with
MODIS analysis. Analysis of CMIP5 projections indicates
decrease of annual average snow over the HKH throughout
the twenty-first century, with large inter-model spread
(Fig. 11.5: bottom panel).

Heavy precipitation over the Western Himalayas (WH),
during the winter and early spring, is strongly linked to the
activity of western disturbances (WD) (Krishnan et al. 2019a,
b). High-resolution climate model projections suggest that
increasing amplitude variations of the WD in warming world
can favour enhancement of wintertime precipitation over the
Karakoram and WH (Fig. 11.7) and provide a plausible
explanation for stable snow/glacier mass in the Karakoram
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Table 11.2 Projected changes
in extreme indices over HKH
represented by the MME median
for near and far future relative to
1976–2005, under the RCP4.5
and RCP8.5 scenarios from
CMIP5 projections

Indices Near future Far future

RCP4.5 RCP8.5 RCP4.5 RCP8.5

TXx (°C) 2.2 2.8 2.7 4.8

TNn (°C) 2.3 3.3 3.0 5.1

R95p (%) 22 32 33 62

RX5day (%) 8 12 13 24

Fig. 11.6 Projected changes in temperature in °C (yellow and pink)
and precipitation in % (blue and green) extremes over HKH and its
three sub-regions (as shown in Fig. 11.1) from CMIP5 models.
Changes with respect to present-day mean are shown as box whiskers

from RCP4.5 (blue colour) and RCP8.5 (red colour). The ranges
between the 25th and 75th quantiles are indicated by boxes, the MME
medians are indicated by the horizontal lines within boxes, and the
extreme ranges of models are indicated by whiskers
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and Western Himalaya (Forsythe et al. 2017). The Karakoram
Himalayas appear to have gained glacial mass slightly at the
beginning of twenty-first century, which is contrary to many
other mountain peaks across the globe (Gardelle et al. 2012;
Hewitt 2005; Krishnan et al. 2019a). [More details regarding
WD are provided in Chap. 7.]

More than 30,000 km2 of the Himalayan region is cov-
ered by glaciers which provide about 8.6 million m3 of water
every year (NASA-LCLUC). Climate change over the past
several decades has influenced the Himalayan mountain
glaciers significantly (Rai and Gurung 2005); however,
detailed information is available only for a few glaciers.
Glaciers in the Chinese Himalayas are reported to have
significantly retreated since the 1950s, with accelerated
retreat after 1990s (Rai and Gurung 2005). Almost all gla-
ciers in the region of the Mount Everest have experienced a
retreat from the late 1990s. Rai and Gurung (2005) reported
that Rongbuk glacier, which is an important source of
freshwater into Tibet, was retreating at the rate of 20 m/a.
The Gangotri glacier in India, which provides a significant
source of meltwater for the Ganges, has retreated about 30 m
every year during the recent decade (Rai and Gurung 2005).
Kulkarni and Pratibha (2018) reported a loss in glacier extent

by 12.6 ± 7.5% for the past 40 years based on a detailed
analysis of 83 glaciers utilising remote sensing and in situ
observations. They further reported maximum loss of glacier
extent in the Eastern Himalaya, near the Tista and Mt.
Everest region, followed by Bhutan and Western Himalayas,
with minimum loss over the Karakoram Himalayas
(Brahmbhatt et al. 2015).

Glacier inventory estimated from satellite images, topo-
graphical maps and aerial photographs provides information
about 9040 glaciers covering an area of 18,528 km2 in the
HKH region (Sangewar and Shukla 2009; Sangewar and
Kulkarni 2010). An illustration of glacier retreat between
1960 and 2000 from Kulkarni and Karyakarte (2014) is
shown in Fig. 11.8. They further showed that the retreat of
the Himalayan glaciers ranges from a few metres to almost
61 m year−1, depending on the terrain and meteorological
parameters (Kulkarni and Karyakarte 2014). Mapping of
nearly 20,060 out of *40,000 km2 of glaciated area, dis-
tributed in all major climatic zones of the Himalayas, sug-
gests a loss in glacier area by about 13% during the last four
decades (Kulkarni et al. 2017). Using a high-resolution
cryospheric–hydrological model, Lutz et al. (2014) quanti-
fied the run-off of hydrological regimes of major Himalayan

Fig. 11.7 a Spatial map of trend in daily precipitation (APHRODITE)
exceeding the 90th percentile. b Time series of interannual variations of
daily precipitation exceeding 90th percentile over HKH1 from
APHRODITE and TRMM datasets. c Is same as b but from LMDZ

simulation. Dotted areas are trends exceeding 95% confidence level
based on Mann-Kendall test. Reprinted with permission from Krishnan
et al. (2019a)
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river basins (Indus, Ganges, Brahmaputra, Salween and
Mekong rivers) for the near future following the moderate
RCP4.5 scenario. Despite differences in run-off composition,
they noted an increase in the projected run-off by 2050
caused primarily by an increase in precipitation in the upper
Ganges, Brahmaputra, Salween and Mekong Basins and
from the accelerated glacier melt in the upper Indus Basin
(Fig. 1 in Lutz et al. 2014).

Integrated glaciological studies in the Chandra River
basin, located in the monsoon-arid transition zone of the
Upper Indus, led by the National Centre for Polar and Ocean
Research (NCPOR) have provided valuable information for
understanding glacier retreat and its variability in the Wes-
tern Himalayas. As part of this activity, a detailed glacier
mass/energy/water balance of five glaciers, viz. Sutri Dhaka,
Batal, Bara Shigri, Samundra Tapu and Gepang, has been
studied since 2014. While these glaciers are in similar geo-
graphical disposition, they exhibit comparatively different
characteristics such as debris cover, aspect and size. The
glaciers with high debris cover and varying thickness (e.g.
Batal Glacier) revealed low surface melting under debris
cover, as compared to clean ice and thin debris-covered ice
(e.g. Sutri Dhaka) (Sharma et al. 2016). The thickness (2–
100 cm) of debris has attenuated melting rates up to 70% of

total melting, and debris cover of <2 cm thickness has
accelerated melting up to 10% of the total melting (Patel
et al. 2016). Further, the role of air temperature was evident
with higher melting rate (*80% of total yearly melt) during
the short summers (Pratap et al. 2019). Moisture source for
precipitation over the study region is dominantly (>70%)
derived from the Mediterranean regions by western distur-
bances (WDs) during winter and early spring, with minor
(<20%) contributions from the Indian Summer Monsoon
(ISM) during the summer monsoon season (June–Septem-
ber). A three-component hydrograph separation based on
oxygen isotope fingerprinting and field-based ablation
measurements for one of the glacier basin (Sutri Dhaka)
revealed that glacier ice melting is the dominant (65–80%)
contributor to the river water, followed by snow melt (20–
35%) (Singh et al. 2019). Spatial mass balance gradient
varied with specific glacier’s location and topography.
Results of six years (2014–19) of in situ mass balance
observation by NCPOR in this basin show a dominantly
negative mass balance (−0.45 ± 0.09 to −1.37 ± 0.27 m
water equivalent per year), with the glacier snout retreating
at a rate of 13–33 m per year (NCPOR, unpublished data).

It is noteworthy to mention that regions in the Karakoram
Himalayas have experienced relatively stable glacier beha-
viour in recent decades, as opposed to glacier shrinkage
observed in many other places (Hewitt 2005; Gardelle et al.
2012; Kapnick et al. 2014; Kääb et al. 2015; Forsythe et al.
2017). Climate model simulations indicate that changes in
non-monsoonal wintertime frozen precipitation over the
Karakoram Himalayas appear to possibly shield this region
from significant glacier thickness losses under warming
climate (Kapnick et al. 2014; Kääb et al. 2015; Krishnan
et al. 2019a). Robust assessments of future projections of
precipitation and snowfall over the Western and Karakoram
Himalayas need further research given the inherent com-
plexities of the HKH region and large uncertainties in model
projections over this region (Forsythe et al. 2017; Ridley
et al. 2013).

11.6 Knowledge Gaps

The accelerated anthropogenic warming over this
ice-covered mountain peaks and valleys of the HKH have
profound impacts such as loss in glacier mass and snow
cover which can directly affect agriculture food production.
Enhanced glacier mass loss can cause increased streamflow
and flooding of the Himalayan river basins, and further affect
downstream agricultural activity. Current generation climate
models and downscaling methodologies have limitations in
capturing the observed hydroclimatic variations of the
Himalayan river basins (Hasson et al. 2014, 2018).
Increases in snowmelt can also result from deposition of

Fig. 11.8 a Amount of glacial retreat between 1960 and 2000.
b Glacial area loss in different regions of the Himalaya from 1960 to
2000. The number represents names of glaciers/basins/regions as given
in Tables 1 and 2 of Kulkarni and Karyakarte (2014). From Kulkarni
and Karyakarte (2014)
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light-absorbing aerosols (e.g. black carbon) over snow-
covered regions, which causes warming by reducing surface
albedo (Bond et al. 2013; Lau et al. 2018; Lau and Kim
2010). However, the climatic effects of black carbon on the
Himalayan glaciers are not adequately understood, in part
due to the large spatio-temporal variability of black carbon
in the region (Kopacz et al. 2011, Chap. 5).

Long-term monitoring of weather and climate in the
complex and rugged terrain of the Himalayan cryosphere is
essential to fill information gaps in the region and to better
represent the regional cyrospheric processes in climate
models. Towards this end, the National Centre for Polar and
Ocean Research (NCPOR) of the Ministry of Earth Sciences
(MoES) has set up a high-altitude station named
“HIMANSH” in Spiti at an altitude of 13,500 feet
(Fig. 11.9).

11.7 Summary

In summary, human-induced climate change has led to
accelerated warming of the Himalayas and the Tibetan Pla-
teau at a rate of 0.2 °C per decade during 1951–2014.
High-elevation areas (altitude > 4 km), in particular,
underwent amplified warming at a rate of about 0.5 °C per
decade. Many areas in the HKH, except the high-elevation
Karakoram Himalayas, experienced significant decline in
wintertime snowfall and glacier retreat in recent decades.
Future warming in the HKH region, which is projected to be
in the range of 2.6–4.6 °C by the end of the twenty-first
century, will further exacerbate the snowfall and glacier
decline leading to profound hydrological and agricultural
impacts in the region.

Fig. 11.9 HIMANSH: high-altitude observatory of NCPOR, MoES, during a typical Himalayan winter
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credit line to the material. If material is not included in the chapter's
Creative Commons license and your intended use is not permitted by
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obtain permission directly from the copyright holder.
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