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This study discusses the observed long-term (1991-
2015) and short-term (1991-2000 and 2001-2015)
trends in winter temperature and precipitation over
Northwestern Himalaya (NWH) along with its con-
stituents, i.e. Lower Himalaya (LH), Greater Hima-
laya (GH) and Karakoram Himalaya (KH). An overall
warming signature was observed over NWH since
maximum, minimum and mean temperatures followed
rising trends with a total increase of 0.9°C, 0.19°C and
0.65°C respectively, in 25 years, the increase being
statistically significant for maximum and mean tem-
peratures. However, warming was not consistent over
all zones of NWH with minimum temperature at LH
showing anomalous cooling by 0.83°C (statistically
significant at a =0.05) during 25 years. The rise in
mean temperature was observed highest at GH, i.e.
0.87°C (1991-2015) followed by KH, i.e. 0.56°C, which
is in agreement with observations of comparatively
higher rate of glacier retreat over GH than KH as
reported in several studies. Total precipitation (rain-
fall + snowfall) was found to increase whereas snow-
fall was found to decrease with concurrent significant
increase in rainfall at all zones of NWH. The spatio-
temporal winter climatic variations over NWH sup-
port the impact on recently reported findings on the
Himalayan snow cover and glacier variations at dif-
ferent durations.

Keywords: Climate change, cryosphere, rainfall, winter
warming and precipitation.

Introduction

MOUNTAINS cover almost 27% of the earth’s continental
area' and support approximately 26% of total world
population®. They play a vital role in regulating circula-
tion patterns and thus shaping the weather over an area®".
The mountains of the Himalaya are active in the regula-
tion and redistribution of water resources as they contain
headwater of many major rivers like the Ganges,
Brahmaputra and Indus’. Some studies suggest that high-
elevation environments comprising glaciers and perma-
frost are among the most sensitive indicators of climate
change®’. Detailed study of climate change impacts on
water resources of Asia is crucial since glacial melt run-
off in the continent is expected to increase in near future,
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thereby prompting water scarcity in the longer run due to
global warming®. However, many such studies are
impeded by scarcity of ground-observed data due to
remoteness of the region®'’.

Several attempts to study the prevailing snow-meteoro-
logical conditions over snow-bound areas of Northwestern
Himalaya (NWH) utilizing ground-observed data report
rise in temperature by various extents'' ', whereas excep-
tional results conclude cooling over various parts of the
Himalaya like Karakoram, Upper Indus Basin (UIB) and
Western Himalayas during different seasons'>'>™'®. This
spatially variable climate trend is attributed to significant
altitudinal range of the Himalaya. Hence, distinct climatic
zones similar to those separated by wide latitudinal belts
can be observed within short horizontal distances’. Sharma
and Ganju'® also classified NWH into three distinct snow
climatic zones, viz. lower, middle and upper Himalayan
zones. Moderate temperature and high precipitation having
significant impact on snow properties are the main charac-
teristics of the lower Himalayan (LH) zone. The middle
Himalayan zone encompassing the Greater Himalaya (GH)
has numerous glaciers and is characterized by cold tem-
perature with precipitation usually in the form of dry snow.
The upper Himalayan zone which includes the Karakoram
Himalayan (KH) range is characterized by extreme cold
temperature with much of the area occupied by large glacial
masses. Precipitation is in the form of dry snow with fewer
events of rainfall during summer, that too in the valley
region™.

The impact of global warming on the cryosphere is
evident worldwide. It has been reported that the Himala-
yan glaciers are receding in most of the regions®'*?,
except a few glaciers of Karakoram which display het-
erogeneity”>?*. In addition, mass balance study of the
Himalayan glaciers depicts loss in mass, i.e. negative
mass balance®*>%¢, except slight mass gain reported from
a few glaciers of KH?"*®. The spatially variable response
of glaciers in the Himalaya is attributed to climate and
topography of the region, since it was reported that gla-
ciers lying in the westerly influenced areas have either
advanced or show stability, while debris covered glaciers
are found to have stable fronts. On the contrary, those in-
fluenced by summer monsoon are unstable and retreat
rates are very high for such glaciers'®. The varying extent
of snow cover area (SCA) over the Himalaya using satel-
lite data has also been reported for different durations and
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amplified warming over snow-bound areas is attributed to
snow-albedo feedback® *2. Moreover, anthropogenic
activities and dust storms have triggered climate change
and influenced the cryosphere over the Tibet-Himalayan
region’* . Therefore, it is important to understand the
spatio-temporal variability in climatic parameters to study
its impact over cryospheric regions. The aim of this study
is to analyse recent long-term winter time trends (1991—
2015) from field-observed maximum temperature, mini-
mum temperature, mean temperature, diurnal temperature
range (DTR) and precipitation (snow water equivalent
(SWE), mm) over different zones of NWH. Further, we
discuss the impact of climate change on the Himalayan
cryosphere in recent decades.

Study area

The study area is NWH and based on the winter (Novem-
ber—April) snow climatic conditions, this area has been
categorized into three zones'’ — LH, GH and KH in this
study. Snow and Avalanche study establishment (SASE),
India has a network of snow-meteorological observatories
spanning all climatic zones of NWH. For this study, data
from 16 observatories have been considered. Figure 1 de-
picts the study area with locations of these observatories.

Data and methodology
Data

The data of winter season (November—April) for the
period 1991-2015 (25 years) were analysed to study the
spatio-temporal variation in climatic parameters. The
parameters considered were maximum temperature,
minimum temperature, mean temperature, DTR and
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Figure 1. Study area, i.c. Northwestern Himalaya (NWH) with differ-
ent climatic zones, i.e. Lower Himalaya (LH) and Greater Himalaya
(GH), Karakoram Himalaya (KH) and locations of snow-meteo-
rological observatories of snow and Avalanche study establishment

(SASE).
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precipitation. Mean temperature is average of maximum
and minimum temperature values. DTR is the difference
between maximum and minimum temperature values.
For temperature variables, seasonal temperature is the
average of monthly temperature values. The seasonal
precipitation depicts cumulative amount of monthly pre-
cipitation values. For different climatic zones, time series
of temperature and precipitation were constructed by
arithmetically averaging the values of the contributing
stations. Since precipitation over NWH is mostly re-
ceived as a mixture of snow, sleet and liquid water, the
total precipitation was converted into SWE (mm) by mul-
tiplying with the respective densities.

Methods

The data were tested for heterogeneities caused by factors
other than climatic factors using double mass analysis’™,
in which data are compared with those from a nearby sta-
tion with relatively lesser number of missing records.
Data gaps were filled by multiple regression using least
absolute deviation (MLAD) method, which showed better
estimation efficiency as reported by many research-
ers’”’. Due to orographic influences, data exhibit high
spatial variability. In order to add consistency and facili-
tate comparison of data from different climatic zones,
they were standardized prior to analysis'. In addition,
anomalies of temperature and precipitation were com-
puted. The time series of normalized winter temperature
and precipitation time series and anomalies were com-
puted using eqs (1) and (2) respectively.

o , X, - X
Normalized time series = l[%} (1)
o} X
, X, - X
Normalized anomaly = ( ! } (2)
o

where X; represents the actual time series, X the long-
term mean of time series and o is the standard deviation
of the series.

A widely used Excel template called MAKESENS
generated by the Finnish Meteorological Institute*” was
used to detect and estimate trends and significance of
trends. This template makes use of the popular non-
parametric Mann—Kendall test for trend analysis and
Sen’s method for magnitude of trend. The latter estimates
slope using a linear method.

Results and discussion
Spatial variability of climatic variables over NWH

Figure 2 a—c provides a comparative analysis of maxi-
mum temperature, minimum temperature and mean
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Box-charts representing values of various parameters during winter (November—April) of 25 years. a, Average

maximum temperature at LH, GH, KH and NWH (6.8°C, 3.6°C, —10.3°C and 0.05°C respectively). b, Average minimum
temperature at LH, GH, KH and NWH (-2.6°C, —10.3°C, —24.1°C and —12.3°C respectively). ¢, Mean temperature at LH,
GH, KH and NWH (2.1°C, -3.3°C, —17.3°C and —6.2°C respectively). d, Average precipitation at LH, GH, KH and NWH

(804, 549, 431 and 595 mm respectively).

temperature over the three NWH zones, i.e. LH, GH and
KH, and overall in NWH. The average winter maximum
temperature of LH, GH and KH recorded during 1991-
2015 was found to be 6.8°C, 3.6°C and —10.3°C respec-
tively. Similarly, average winter minimum temperature of
LH, GH and KH recorded during this period was found to
be approximately —2.6°C, —10.3°C and —24.1°C respec-
tively. The average winter mean temperature was found
to be 2.1°C, —3.3°C and —17.3°C for LH, GH and KH re-
spectively. Hence average winter maximum, minimum
and mean temperatures over NWH were approximately
0.05°C, —12.3°C and —6.2°C respectively. The spatial
variability in temperature can be well observed while
traversing from LH towards KH. This further substanti-
ated by observations of varying snow albedo values over
respective zones by Negi ef al.?’. This spatial variability
in temperature values can be well explained by oro-
graphic and altitudinal effects.

Figure 2 d shows the spatial variability of precipitation
in NWH. Average winter precipitation at LH, GH, KH
and NWH during 1991-2015 was found to be approxi-
mately 804, 549, 431 and 595 mm respectively. These
values are important for hydrological applications.
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Winter temperature trends

Figure 3 a depicts interannual variability of maximum
temperature anomalies at LH, GH, KH and NWH during
1991-2015. Maximum temperature followed an increas-
ing trend in all climatic zones during this period. Table 1
summarizes the climatological mean (25 years), magni-
tude of total change, rate of change and the respective
significance levels for different temperature parameters in
all the snow climatic zones of NWH. The rate of warming
per year was found to be ~0.049°C, 0.031°C and 0.029°C
at LH, GH and KH respectively. A significant warming
was observed at LH, GH and KH, which is equivalent to
approximately 1.22°C, 0.77°C and 0.72°C respectively, at
different levels of significance. Consequently, maximum
temperature at NWH increased by 0.90°C during the 25-
year period, with per year increase of 0.036°C significant
at a=0.001. Evidently, the increase in maximum tem-
perature at individual zones of NWH and NWH (overall)
was much higher than the global average, i.e. 0.28°C
reported by Karl et al.*' for the period 1951-90. How-
ever, the total rise in maximum temperature at NWH, i.e.
0.90°C was similar to that reported by Dash et al.** for
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Figure 3. Interannual variability of average winter maximum temperature in different climatic zones of NWH. a, During 1991—

2015; rate of change/year (°C) at LH, GH, KH and NWH is +(0.049)**, +(0.031)*, +(0.029)* and +(0.036)*** respectively.
b, 1991-2000; trend at LH, GH, KH and NWH is (+)", (+), (+) and (+)* respectively; during 20002015, trend at LH, GH, KH and
NWH is (=), (-), (+) and (+) respectively. *, ** *** and + represent statistical significance at = 0.05, 0.01, 0.001 and 0.1 respec-
tively.

Table 1. Comparative analysis of trend and slope observed in maximum, minimum and mean temperatures and diurnal temperature range during

25 years (1991-2015) at Lower Himalaya (LH) and Greater Himalaya (GH), Karakoram Himalaya (KH) and Northwestern Himalaya (NWH)

Temperature Temperature parameter LH GH KH NWH
Maximum Climatological mean (1991-2015) 6.8 3.6 -10.3 0.05
Total change (°C) (1991-2015) 1.22 0.77 0.72 0.90
Rate of change per year (°C; 1991-2015) +(0.049)** +(0.031)* +(0.029)* +(0.036)***
Trend (1991-2000) +) +) +) (+)*
Trend (2001-2015) -) -) &) )
Minimum Climatological mean (1991-2015) -2.6 -10.3 —24.1 -12.3
Total change (°C; 1991-2015) -0.83 0.98 0.44 0.19
Rate of change per year (°C; 1991-2015) —(0.033)* +(0.039)** +(0.018) +(0.008)
Trend (1991-2000) )" -) -)* (—)**
Trend (2001-2015) (-)* ) (+H)* +)
Mean Climatological mean (1991-2015) 2.1 -33 -17.3 -6.2
Total change (°C; 1991-2015) 0.37 0.87 0.56 0.65
Rate of change per year (°C; 1991-2015) +(0.015) +(0.035)* +(0.023) +(0.026)**
Trend (1991-2000) ) +) -) +)
Trend (2001-2015) -) -) (H)* )
DTR Climatological mean (1991-2015) 9.41 13.86 13.82 12.36
Total change (°C; 1991-2015) 2.56 —-0.31 0.56 0.94
Rate of change per year (°C; 1991-2015) +(0.102)*** —(0.012) +(0.022) +(0.037)*
Trend (1991-2000) (H)** )" (+)* (H)**
Trend (2001-2015) )" ) ) -)

Increasing and decreasing trends are indicated by (+) and (—) respectively, and *, ** *** + represent statistical significance at @ =10.05, «=0.01,
a=0.001 and o= 0.1 respectively.
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trend at LH, GH, KH and NWH is (—)*, (+), (+)* and (+) respectively. *, ** and + represent statistical significance at

a=0.05,0.01 and 0.1 respectively.

the period 1901-2003 over Western Himalaya. Dimri et
al.”® also reported more pronounced warming in maxi-
mum temperature than minimum temperature. Shekhar
et al.'” attributed the decrease in cloud cover for this
observed warming in maximum temperature at all zones
of NWH, as decreased cloud cover increases daytime
heating by enhancing solar influx over any area. Despite
the observed warming in 25 years, it was also found that
after year 2000, maximum temperature of LH and GH
followed cooling trends from previously warming ones
during 1991-2000. Krishnan and Ramanathan® also
observed similar cooling in maximum temperature over
India during the winter and dry season during the last
three decades. They attributed surface cooling for
increased emission of absorbing aerosols in the upper
atmosphere which significantly reduce solar radiation
reaching the surface of the earth. Figure 3 5 shows these
changing trends in maximum temperature pre- and post-
year 2000. The increase in maximum temperature over
KH was found consistent throughout the 25-year period
(1991-2015) and during pre- and post-year 2000, which
is consistent with winter warming over UIB during 1961—
2000, as reported by Fowler and Archer'. Similar to KH,
NWH also experienced warming in maximum tempera-
ture during all periods, i.e. 1991-2015, 1991-2000,
2001-15, but before year 2000 it was found significant.
Figure 4 a presents interannual variability of minimum
temperature anomalies at LH, GH, KH and NWH during
the 25-year period. Minimum temperature experienced
warming in 25 years at all the climatic zones, except LH.

764

Minimum temperatures increased by ~0.98°C and
~0.44°C for GH and KH respectively, and the increase
was significant only for GH (a=0.01). On the other
hand, LH showed a significant dip in minimum tempera-
ture by ~0.83°C (a = 0.05). Overall, though insignificant,
minimum temperature rose by 0.19°C during 25 years
over NWH. Such warming in minimum temperature over
Western Himalaya has also been reported earlier by
Shekhar et al.'? for the study period 1984/85-2007/08,
Dimri and Dash" for 1975-2006, and Dash et al.** for
1972 onwards. The rate of warming (cooling) per year in
minimum temperature at GH and KH (LH) (Table 1) was
approximately 0.039°C and 0.018°C (-0.033°C) respec-
tively. In addition, analysis of minimum temperature
trends before and after year 2000 showed an interesting
shift from previously decreasing to now increasing trends
at GH and KH, the increase being significant (a = 0.05)
at KH only. Fowler and Archer'® also observed similar
rise in winter minimum temperature over UIB. Conse-
quently, NWH showed warming trends in minimum tem-
perature during the last 15 years (2001-2015). Figure 4 b
shows these changing trends in minimum temperature
pre- and post-2000. Interestingly, LH experienced sig-
nificant cooling (a=0.05) during the last 15 years
(2001-15), similar to its overall trend in 25 years.

Figure 5a shows interannual variability of mean tem-
perature anomalies at LH, GH, KH and NWH during the
25-year period. Mean temperature of LH, GH and KH
during winter season increased by approximately 0.37°C,
0.87°C and 0.56°C respectively, the increase showing
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statistical significance at «=0.01 for GH only. Interest-
ingly, since highest warming was observed over GH com-
pared to KH, the anomalous higher rate of glacier retreat
over GH than KH may be a consequence of climatologi-
cal forcing” 2*. Due to warming in mean temperature in
all the zones, NWH also exhibited rising mean tempera-
ture by 0.65°C significant at o= 0.01. Similar to maxi-
mum and minimum temperature, trends in mean
temperature during the last 15 years (2001-15) showed a
shift from those prevailing before year 2000 for all zones
of NWH (Figure 5 b). However, trends (2001-15) at KH
(i.e. warming trend from previous cooling) showed statis-
tical significance at = 0.05. Overall, mean temperature
at NWH has been consistently on the rise since 1991.
Also, the contribution of maximum temperature in the
rise in mean temperatures was more pronounced in all cli-
matic zones, except GH, as depicted by values of Pear-
son’s correlation coefficient (Table 2).

Figure 6a shows interannual variability of DTR
anomalies at LH, GH, KH and NWH during 25-year
period. DTR anomaly of LH and KH was found to
increase by ~2.56°C and 0.56°C respectively, the increase
being significant for LH at @ = 0.001. Table 1 shows the
rate of change of DTR in all the zones during different
periods. DTR over NWH increased significantly by
0.94°C (a = 0.05) at the rate of +0.037°C/year. However,
during the last 15 years (2001-15), DTR has followed a
decreasing trend. The increased DTR over LH and KH
can be attributed to significant warming in maximum
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temperature and insignificant warming in minimum tem-
perature. Similar increase in DTR due to differential
warming has been reported over India*. Increase in DTR
and decreasing minimum temperature over western Hi-
malaya was attributed to deforestation and land degrada-
tion'”. DTR has shown a decrease by ~0.3°C in GH. The
decline of DTR at GH could be due to rapid warming in
minimum than maximum temperature. This decline in
DTR over GH is consistent with decreasing global trends
during the 20th century®. The asymmetrical warming
of Tmin over Trax has been attributed to factors like cloud
cover®, soil moisture’’ and precipitation*®, feedback
processes’® and land use/land cover®. Clouds decrease
DTR by decreasing surface solar radiation and soil mois-
ture decreases DTR by increasing evaporative cooling
during daytime*®. Figure 6 depicts that the trends in
DTR anomalies before year 2000 have changed from sig-
nificant positive to insignificant negative after year 2000
for all climatic zones of NWH, except LH which showed
consistent increase significant at a=0.01 before year
2000 (1991-2000) and at = 0.1 after year 2000 (2001—
2015).

Winter precipitation trends

Total precipitation increased at all climatic zones of
NWH during the 25-year period as depicted in Figure 7 a,
but the increase was found to be significant for LH at
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Table 2. Correlation (Pearson’s R) of mean temperature (TMEAN) with maximum (TMAX) and minimum (TMIN) temperatures of different sizes
Correlation LH-TMAX LH-TMIN GH-TMAX GH-TMIN KH-TMAX KH-TMIN NWH-TMAX NWH-TMIN
LH-TMEAN 0.820%* 0.397* 0.672%* 0.265 0.272 —0.082 0.752%%* 0.312
GH-TMEAN 0.725%%* —0.192 0.741%* 0.835%* 0.174 0.024 0.686** 0.383
KH-TMEAN 0.073 -0.017 —0.161 0.220 0.839%* 0.800** 0.382 0.614%*
NWH-TMEAN 0.710%* 0.068 0.520%* 0.615%* 0.679%* 0.442%* 0.844%* 0.660**
Highest values are shown in bold. **Correlation is significant at the 0.01 level (two-tailed). *Correlation is significant at the 0.05 level (two-
tailed).
5.0 LA T T g T g T g T @ 5.0 LH T T T T
25 - - 25 - .
0.0 -‘ -t = ”“/.—- 0.0 - . - Y =t et~ 4
25| ] 25| M ]
SOl ] 50| ! ! 1 R
——GH ] ——GH ]
25 - — 25 - .
0.0 _'A\./.N.\_/./’\.\N\". NS S 0.0 ?MM—_
§ 25 4 Q-25p ]
> r 1 > [ i
© -5.0 4 1 1 1 1 1 = -5.0 . 1 | | i
g —— KH i g - KH ]
% 25 - - % 25
F_: 0.0 .-WM‘*\-\'AW/\Y < F_: 0.0 __M{’;“\{A\”\(‘/’/’\V}\'\ﬁ—
C sl ] Pas| -
-5.0 I " 1 " 1 " 1 L 1 " 1 il -5.0 " 1 " 1 1 1 1
—— NWH . —— NWH 1
25 - - 25 |- -
0.0 ;W: 0.0 —M%@—--
2.5 _ - -2.5 - —
_5.0 I n 1 L 1 1 1 2 1 " 1 ] -5. I 1 1 1 1 1 |
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
Figure 6. Interannual variability of wintertime DTR anomaly in different climatic zones of NWH. @, During 1991-2015,

rate of change/year (°C) at LH, GH, KH and NWH is +(0.102)***, —(0.012), +(0.022) and +(0.037)* respectively. b, Dur-
ing 1991-2000, trend at LH, GH, KH and NWH is (+)**, (+)", (+)* and (+)** respectively. During 2000-2015, trend at
LH, GH, KH and NWH is (+)", (-), (-) and (-) respectively. *, ** *** and + represent statistical significance at a = 0.05,

0.01, 0.001 and 0.1 respectively.

o = 0.05 only. The total increase in precipitation is repre-
sented as standardized precipitation anomalies. These are
found to be approximately +1.6, +0.9, +0.2 and +0.9 for
LH, GH, KH and NWH respectively. On the contrary,
Dimri and Dash" reported a decrease in precipitation
(SWE) over Western Himalayas during 1975/76-2006/07.

The analysis of precipitation before and after year 2000
indicated a shift in trend from positive to statistically
insignificant negative for GH, KH and NWH (Figure 7 b).
The increase in precipitation over LH was found to be
consistent during all cycles, i.e. 1991-2000, 2001-15 and
1991-2015, but significance was observed during 1991-
2015 only.

Contribution of winter rainfall to total precipitation

As discussed in the preceding sections, temperatures are
rising over all climatic zones of NWH. It was found that
the effect of rising temperature has resulted in increased
liquid precipitation over NWH during winter season. In
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order to examine spatio-temporal trends, one station from
each climatic zone (i.e. S2 from LH, S10 from GH and
S16 from KH) was selected randomly as representative
station (Figure 1). Figure 8 a—c shows trends in rainfall
and snowfall at LH, GH and KH respectively, during the
study period. It is to be noted that the station representing
KH (S16) had rainfall data of only 16 years (i.e. 2000—
15). Other stations in KH are located on the top of glaci-
ated valleys, where only solid precipitation is received®.
Station S16 lies in the same region but at a lower altitude
in the valley region where liquid precipitation was also
measured after year 2000. Figure 8 indicates a decrease in
snowfall but increase in liquid precipitation in all zones
of NWH. The increase in rainfall is found to be signifi-
cant at different significance levels over all zones (Table
3). Decrease in snowfall and increased rainfall during
winter season over the Western Himalaya have also been
reported earlier'™'*. The instances of increased liquid
precipitation and reduced solid precipitation are mainly
attributed to rising temperatures and such climatic
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Figure 7. Interannual variability of winter precipitation expressed as standardized precipitation anomaly during

(@) 1991-2015 (25 years); (b) 1991-2000 (10 years) and 2000—15 (15 years) in different climatic zones of NWH.

conditions are seen as an impact of El Nifio™. On the con-
trary, increased (decreased) consecutive dry days (con-
secutive wet days) over Western Himalaya and increased
prolonged dry days (PDDs) over all the ranges and alti-
tudes of NWH have been reported*”'. Instances of in-
creased frequency of extreme rainfall events and number
of wet days over some stations of the Western Himalaya
and Karakoram have also been reported®™*. This increas-
ing tendency of extreme precipitation events has been
attributed to increasing variability of western distur-
bances due to rising baroclinic instability of mean west-
erly winds over the Western Himalaya>.

NWH cryosphere and climate change

With the climatic variations in temperature and precipita-
tion, snow cover and glaciers can either accumulate or
melt, thus making the cryosphere one of the most power-
ful indicators of climate change. Snow and ice cover play
an important role in radiation budget and act as a positive
albedo feedback. Changes in snow and ice cover, in turn,
affect air temperature, sea level, storm patterns, etc.
NWH cryosphere manifests climate change in various
ways. For instance, the decreased winter mean tempera-
ture over GH during 2001-15 according to the present
study (Table 1), is in accordance with the decline in tem-
perature over GH (after 2000) as observed by Negi et
al.*®; and this decline was attributed to increasing albedo
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in the region after year 2000. Nevertheless, before year
2000, albedo was found to decrease. In addition, mean
temperature was found to be a major driving factor be-
hind the observed changes in albedo values?’, which
clearly illustrates the sensitivity of the cryosphere
towards climate change.

Further, SCA investigations of the Himalaya by Menon
et al.*® suggest reduction in snow cover for the decade
between 1990 and 2001. Whereas, significantly less
declining trend in SCA of NWH was reported by Gurung
et al.”® for 2002—10. Immerzeel et al.’ also reported no
significant snow cover trends over the Himalaya between
2000 and 2008. Singh et al’' observed an increasing
trend in snow cover between 2000 and 2011 over the In-
dus basin (part of NWH). Recently, Negi et al.** con-
firmed insignificant increasing trend in SCA over NWH
for 2001-14. Therefore, the present study of climate
change variation supports the recent findings of Himala-
yan snow cover variations at different durations.

The overall significant increase in mean temperature
over GH and NWH (Table 1) led to overall long-term
glacier retreat in GH?'*2. Further decrease in mean tem-
perature or slowdown in temperature rise after year 2000,
suggest that most of the glaciers are in a steady state
compared to the rate of retreat prior to 2001 as reported
by Bahuguna ez al.>®. The long-term (1991-2010) albedo
observations of significant decreasing trends over GH by
Negi et al.?® also support the high rate of glacier retreat
and the insignificant increasing trend in albedo after year
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Table 3. Comparative analysis of trend and slope observed in snow-
fall and rainfall during 25 years (16 years) at LH and GH (KH)

Rainfall Snowfall
LH Trend (+)** )
Slope 57.5 -8.3
GH Trend () -)
Slope 5.2 -5
KH Trend (+)* -)
Slope 4.3 -1.2

Increasing and decreasing trends are indicated by (+) and (-) respec-
tively. * and **, Statistical significance at = 0.05 and o= 0.01 res-
pectively.

2000 supports the steady state of Himalayan glaciers. Thus,
winter climatic variation has an important role in govern-
ing the rate of overall glacier retreat. Recently, Sirguey et
al”’ found that the cumulative winter albedo strongly
correlates with winter mass balance (R = 0.88), and thus
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confirmed that winter snow albedo can be used as a proxy
to estimate winter mass balance of the glaciers.

The increase in liquid precipitation during winter
months over seasonal snow has induced enhanced melt-
ing and flood situation in Kashmir recently (5-7 April
2017). Such rising trends in liquid precipitation over
snowfall, have a negative influence on the Himalayan
glaciers. In addition, the frequency of hazards like ava-
lanches and landslides is expected to increase during late
winter.

Conclusions

Wintertime variability in climatic parameters (maximum,
minimum, mean temperature, DTR and precipitation) was
analysed over all three snow climatic zones of NWH, i.e.
LH, GH and KH during three time scales, i.e. 1991-2015
(25 years), 1991-2000 (10 years) and 2001-2015 (15
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years). Impact of global warming is evident over NWH in
form of rising maximum and mean temperature at all
zones and NWH (overall trend). Minimum temperature is
also rising over GH, KH and NWH but cooling over LH
is an exception. However, maximum and mean tempera-
ture trends during last 15 years (2001-2015) depict cool-
ing at LH and GH which could have resulted from
increased aerosol emissions by anthropogenic activities
and aerosols, by virtue of their absorbing nature do not
allow much of incoming solar radiation reaching the earth
surface leading to cooling temperature. On the contrary,
KH and NWH (overall) have experienced warming dur-
ing last 15 years (2001-2015) which substantiates the
impact of climate change in form of global warming.
However, rate of warming over GH is found to be higher
than that prevailing over KH which partly explains the
observance of higher glacier retreat rates over GH than
KH. Precipitation (solid and liquid) has increased at all
zones of NWH though significant increase is reported at
LH only in 25 years. Interestingly, snowfall amount is
found to have decreased whereas rainfall amount have in-
creased in 25 years. Furthermore, precipitation at all
zones except LH follows decreasing trends in last 15 years
(2001-2015) which signals significant climatic change
especially after year 2000. However, such observations
must be validated with other sources of information de-
picting climate change like extent of glaciated areas and
vegetation cover over different regions of NWH.

1. Kapos, V., Rhind, J., Edwards, M., Ravilious, C. and Price, M.,
Developing a map of the world’s mountain forests. In Forests in a
Sustainable Mountain Environment (eds Price, M. F. and Butt,
N.), CAB International, Wallingford, UK, 2000.

2. Meybeck, M., Green, P. and Vorosmarty, C., A new typology for
mountains and other relief classes: an application to global conti-
nental water resources and population distribution. Mt. Res.
Develop., 2000, 21, 34-45.

3. Beniston, M., Variations in snow depth and duration in the Swiss
Alps over the last 50 years: links to changes in the large scale
climatic forcing. Climate Change, 1997, 36, 281-300.

4. Broccoli, A. J. and Manabe, S., The effect of orography on mid
latitude Northern hemisphere dry climates. J. Clim., 1992, 5,
1181-1201.

5. Nepal, S., Impacts of climate change on the hydrological regime
of the Koshi river basin in the Himalayan region. J. Hydroenviron.
Res., 2016, 10, 76-89.

6. Thompson, L. G., Ice core evidence for climate changes in the
tropics: implications for our future. Quaternary Sci. Rev., 2000,
19, 19-35.

7. Diaz, H. F., Grosjean, M. and Graumlich, L., Climatic variability
and change in high elevation regions: past, present and future.
Climate Change, 2003, 59, 1-4.

8. Rees, H. G. and Collins, D. N., Regional differences in response
of flow in glacier-fed Himalayan rivers to climatic warming.
Hydrol. Process., 2006, 20, 2157-2169.

9. UN Environmental Program and World Glacier Monitoring Ser-
vice. Global Glacier Change: Facts and Figures, UNEP Publ.,
Zurich, Switzerland, 2008; http://www.grid.unep.ch/glaciers/

10. Scherler, D., Bookhagen, B. and Strecker, M. R., Spatially vari-
able response of Himalayan glaciers to climate change affected by

CURRENT SCIENCE, VOL. 114, NO. 4, 25 FEBRUARY 2018

debris cover.
NGEO1068.

11. Bhutiyani, M. R., Kale, V. S. and Pawar, N. J., Long-term trends
in maximum, minimum and mean annual air temperatures across
the Northwestern Himalaya during the twentieth century. Climate
Change, 2007, 85, 159—177; doi:10.1007/s10584-006-9196-1.

12. Shekhar, M. S., Chand, H., Kumar, S., Srinivasan, K. and Ganju,
A., Climate-change studies in the western Himalaya. Ann. Gla-
ciol., 2010, 51, 105-112; doi:10.3189/172756410791386508.

13. Dimri, A. P. and Dash, S. K., Wintertime climatic trends in the
western Himalayas. Climate Change, 2012, 111(3-4), 775-800.

14. Singh, D., Sharma, V. and Juyal, V., Observed linear trend in few
surface weather elements over the Northwest Himalayas (NWH)
during winter season. J. Earth Syst. Sci., 2015, 124(3), 553—
565.

15. Fowler, H. J. and Archer, D. R., Conflicting signals of climatic
change in the upper Indus Basin. J. Climate, 2006, 19, 4276-4293,
doi:10.1175/jcli3860.1.

16. Khattak, M. S., Babel, M. S. and Sharif, M., Hydro meteorological
trends in the upper Indus River Basin in Pakistan. Climate Res.,
2011, 46, 103—119; doi:10.3354/cr00957.

17. Yadav, R. R., Park, W.-K., Singh, J. and Dubey, B., Do the west-
ern Himalayas defy global warming? Geophys. Res. Lett., 2004,
31, L17201; doi:10.1029/2004GL020201.

18. Gusain, H. S., Mishra, V. D. and Bhutiyani, M. R., Winter tem-
perature and snowfall trends in the cryospheric region of North-
west Himalaya. MAUSAM, 2014, 65(3), 425-432.

19. Sharma, S. S. and Ganju, A., Complexities of avalanche forecast-
ing in Western Himalaya — an overview. Cold Region Sci. Tech-
nol., 2000, 31, 95-102.

20. Negi, H. S., Datt, P., Thakur, N. K., Ganju, A., Bhatia, V. K. and
Vinay Kumar, G., Observed spatio-temporal changes of winter
snow albedo over the north-west Himalaya. Int. J. Climatol., 2016,
37(5), 2304-2317; doi:10.1002/joc.4846.

21. Bolch, T. et al., The state and fate of Himayan glaciers. Science,
2012, 336(6079), 310-314.

22. Kulkarni, A. V. and Karyakarte, Y., Observed changes in Himala-
yan glaciers. Curr. Sci., 2014, 106(02), 237-244.

23. Hewitt, K., The Karakoram anomaly? Glacier expansion and the
‘elevation effect’, Karakoram, Himalaya. Mountain Res. Develop.,
2005, 25(4), 332-340.

24. Bhambri, R., Bolch, T., Kawishwar, P., Dobhal, D. P., Srivastava,
D. and Pratap, B., Heterogeneity in glacier response in the upper
Shyok wvalley, northeast Karakoram. Cryosphere, 2013, 7(5),
1385-1398; doi:10.5194/tc-7-1385-2013.

25. Azam, M. F., Wagnon, P., Vincent, C., Ramanathan, A., Linda, A.
and Singh, V. B., Reconstruction of the annual mass balance of
Chhota Shigri glacier, Western Himalaya, India, since 1969. Ann.
Glaciol., 2014, 55(66), 69—80.

26. Vijay, S. and Braun, M., Elevation change rates of glaciers in the
Lahaul-Spiti (Western Himalaya, India) during 2000-2012 and
2012-2013. Remote Sensing, 2016, 8, 1038.

27. Gardelle, J., Berthier, E. and Arnaud, Y., Slight mass gain of Ka-
rakoram glaciers in the early twenty-first century. Nature Geosci.
Lett., 2012, 5,322-325; doi:10.1038/NGEO1450.

28. Kaab, A., Berthier, E., Nuth, C., Gardelle, J. and Arnaud, Y., Con-
trasting patterns of early twenty-first-century glacier mass change
in the Himalayas. Nature Lett., 2012, 488, 495-498; doi:10.
1038/naturel 1324.

29. Gurung, D. R., Kulkarni, A. V., Giriraj, A., Aung, K. S., Shrestha,
B. and Srinivasan, J., Changes in seasonal snow cover in Hindu
Kush-Himalayan region. Cryosphere Discuss, 2011, 5, 755-777;
doi:10.5194/tcd-5-755-2011.

30. Immerzeel, W. W., Droogers, P., de Jong, S. M. and Bierkens, M.
F. P., Large-scale monitoring of snow cover and runoff simulation
in Himalayan river basins using remote sensing. Remote Sensing
Environ., 2009, 113, 40-49; doi:10.1016/j.rse.2008.08.010.

Nature Geosci., 2011, 4, 156; doi:10.1038/

769



SPECIAL SECTION: HIMALAYAN CRYOLOGY

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Singh, S. K., Rathore, B. P., Bahuguna, I. M. and Ajai, Snow
cover variability in the Himalayan-Tibetan region. /nt. J. Clima-
tol., 2014, 34, 446-452.

Negi, H. S., Shekhar, M. S., Gusain, H. S. and Ganju, A., Winter
climate and snow cover variability over north-west Himalaya. In
Science Geopolitics of the White World — Arctic—Antarctic—
Himalaya, Springer, 2017, pp. 127-142.

Prasad, A. K., Yang, K. H. S., El-Askary, H. M. and Kafatos, M.,
Melting of major glaciers in the western Himalayas: evidence of
climatic changes from long term MSU derived tropospheric tem-
perature trend (1979-2008). Ann. Geophys., 2009, 27, 4505-4519.
Xu, J. Z. et al., Dust storm activity over the Tibetan Plateau
recorded by a shallow ice core from the north slope of Mt. Qomo-
langma (Everest), Tibet-Himal region. Geophys. Res. Lett., 2007,
34, L17504; doi:10.1029/2007GL030853.

Lee, K. et al., Atmospheric pollution for trace elements in the re-
mote high-altitude atmosphere in central Asia as recorded in snow
from Mt. Qomolangma (Everest) of the Himalayas. Sci. Total En-
viron., 2008, 404(1), 171-181.

Raghunath, H. M., Hydrology, Principles, Analysis and Design,
New Age International, New Delhi, 2006.

Xia, Y., Fabian, P., Stohl, A. and Winterhalter, M., Forest
climatology: estimation of missing values for Bavaria, Germany.
Agric. For. Meteorol., 1999, 96, 131-144.

Kashani, M. H. and Dinpashoh, Y., Evaluation of efficiency of
different estimation methods for missing climatological data. Sto-
chastic Environ. Res. Risk Assess., 2012, 26, 59-71.

Kanda, N., Negi, H. S., Rishi, M. S. and Shekhar, M. S., Perform-
ance of various techniques in estimating missing climatological
data over snow bound mountainous areas of Karakoram Himalaya.
Meteorol. Apps., 2017 (online); doi:10.1002/met.1699.

Salmi, T., M&attd, A., Anttila, P., Ruoho-Airola, T. and Amnell,
T., Detecting trends of annual values of atmospheric pollutants by
the Mann—Kendall test and Sen’s slope estimates: the Excel tem-
plate application. Report, Finnish Meteorological Institute, Hel-
sinki, 2002.

Karl, T. R. et al., Asymmetric trends of daily maximum and min-
imum temperature. Bull. Am. Meteorol. Soc., 1993, 74, 1007—
1023.

Dash, S. K., Jenamani, R. K., Kalsi, S. R. and Panda, S. K., Some
evidence of climate change in twentieth-century India. Climatic
Change, 2007, 85(3—4), 299-321.

Krishnan, R. and Ramanathan, V., Evidence of surface cooling
from absorbing aerosols. Geophys. Res. Lett., 2002, 29(9), 1340;
10.1029/2002GL014687.

Rupa, K. K., Krishna Kumar, K. and Pant, G. B., Diurnal asymme-
try of surface temperature trends over India. Geophys. Res. Lett.,
1994, 21(8), 677-680.

Braganza, K., Karoly, D. J. and Arblaster, J. M., Diurnal tempera-
ture range as an index of global climate change during the twenti-

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

ACKNOWLEDGEMENTS.

eth century. Geophys. Res. Lett.,, 2004, 31, LI13217,
doi:10.1029/2004GL019998.

Dai, A., Del Genio, A. D. and Fung, 1. Y., Clouds, precipitation
and temperature range. Nature, 1997, 386, 665—666.

Dai, A., Trenberth, K. E. and Karl, T. R., Effects of clouds, soil
moisture, precipitation and water vapor on diurnal temperature
range. J. Clim., 1999, 12, 2451-2473.

Lewis, S. C. and Karoly, D. J., Evaluation of historical diurnal
temperature range trends in CMIPS models. J. Climate, 2013,
26(22), 9077-9089.

Gallo, K. P., Easterling, D. R. and Peterson, T. C., The influence
of land use/land cover on climatological values of the diurnal tem-
perature range. J. Climate, 1996, 9,2941-2944.

Francou, B., Vuille, M., Favier, V. and Caceres, B., New evidence
for an ENSO impact on low latitude glaciers: Antizana 15, Andes
of Ecuador, 0°28'S. J. Geophys. Res., 2004, 109, D18106;
d0i:10.1029/2003JD004484.

Shekhar, M. S., Devi, U., Paul, S., Singh, G. P. and Singh, A.,
Analysis of trends in extreme precipitation events over Western
Himalaya Region: intensity and duration wise study. J. Indian
Geophys. Union, 2017, 21(3), 225-231.

Klein Tank, A. M. G. et al., Changes in daily temperature and pre-
cipitation extremes in central and South Asia. J. Geophys Res.,

2006, 111, D16105; doi:10.1029/2005JD0063 16.

. Choi, G. et al., Changes in means and extreme events of tempera-

ture and precipitation in the Asia-Pacific Network region, 1955—
2007. Int. J. Climatol., 2009, 29(13), 906—1925.

Madhura, R. K., Krishnan, R., Revadekar, J. V., Majumdar, M.
and Goswami, B. N., Changes in western disturbances over the
Western Himalayas in a warming environment. Climate Dyn.,
2015, 44, 1157-1168.

Menon, S., Koch, D., Beig, G., Sahu, S., Fasullo, J. and Or-
likowski, D., Black carbon aerosols and the third polar ice cap.
Atmos. Chem. Phys., 2010, 10, 4559-4571; doi:10.5194/acp-10-
45590.

Bahuguna, I. M. ef al,, Are the Himalayan glaciers retreating?
Curr. Sci., 2014, 106, 1008-1015.

Sirguey, P., Still, H., Cullen, N. J., Dumont, M., Arnaud, Y. and
Conway, J. P., Reconstructing the mass balance of Brewster Gla-
cier, New Zealand, using MODIS-derived glacier-wide albedo.
Cryosphere, 2016, 10, 2465-2484.

We thank technical staff of SASE for

data collection in extreme climatic conditions from rugged mountain-
ous terrain. This study is carried out under project ‘Him Parivartan’
funded by DRDO.

doi: 10.18520/cs/v114/i04/760-770

770

CURRENT SCIENCE, VOL. 114, NO. 4, 25 FEBRUARY 2018



