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Abstract The climate and hydrology of the Western
Himalayas is complex and a function of snow and glacier
melt, land use, topography, and Indian summer and winter
monsoon dynamics. Improving our knowledge about these
processes is important from societal and agricultural points
of view. In this study, an observational analysis is carried out
to assess the changing climatic trends and the associated in-
terannual variability in winter temperature and precipitation at
three glacierized regions of Western Himalayas having dis-
tinctly different sub-regional characteristics. In situ observa-
tions of 23 years (1985–2007) are used. These observations
are passed through rigorous statistical quality control checks.
Results show higher interannual variability with increasing
temperature trends in the glacierized regions of the Siachen
(KarakoramRange) and Chotasigri (Great Himalayan Range).
Karakoram Range has higher warming trends than the Great
Himalayan Range. In case of precipitation, an overall decrease
in precipitation is observed with contrasting trends in the last
decade. Nino3.4 index is positively correlated with winter
precipitation with similar interannual variability. In addition,
at Siachen temperature and precipitation show strong negative
correlation, and precipitation to spell length correlation is op-
posite at Siachen and Chotasigri.

1 Introduction

The Western Himalayas is characterized by various mountain
ranges and glacier systems (Dyurgerov and Meier 2005; Kaul
and Puri 1999) that are sensitive to changing climate
(Houghton et al. 2001; Mool et al. 2001a, b; Barnett et al.
2005; Solomon et al. 2007). Various researchers studied inter-
annual variability and related changes in temperature and pre-
cipitation over the Himalayas (Dimri and Dash 2010;
Bhutiyani et al. 2007, 2010; Basistha et al. 2009; Shrestha
et al. 1999,2000; Baidya et al. 2008 and Jhajharia and Singh
2010) and also over isolated and individual glaciers
(Upadhyay 2009; Ganjoo and Koul 2009; Dimri and Dash
2010; Wagnon et al. 2007; Berthier et al. 2007; Dobhal et al.
1995; Kumar et al. 2008; Naithani et al. 2001; Chaujar 2009
and Kulkarni et al. 2004, 2007). In recent decades, glacier and
snow extent changes are reported from different parts of the
Himalayas, suggesting glacier volume depletion from 28 to
16% (Hewitt 2005; Nie et al. 2010). Further, soot deposition
leading to warming of snow and glacier (Ramanathan et al.
2007; Sateesh et al. 2008); snow cover decreases during
1990–2001 by 16% (Menon et al., 2010) and Gurung et al.
(2011) reported decreasing trends in winter snow cover. In
addition, Western Himalayas is characterized by high interan-
nual climate variability (Dimri 2005, 2006; Immerzeel et al.
2009, Immerzeel et al. 2010) and different zonal and meridi-
onal mass transport mechanisms (Dimri 2007; Bookhagen
and Burbank 2010).

Many studies have looked into various physical and climat-
ic processes over and across the Himalayas. However, limited
comparative studies across glacierized regions, situated in dif-
ferent climatic sub-regions and their responses to the climate
change, based on field observations are available. Most of the
above studies of glacierized catchments are based on mass
balance, modeling, or remote sensing techniques. In the
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present study, we compared three glacierized regions situated
in different climatic sub-regimes of Western Himalayas where
long-time observations are also available. Temperature trends,
precipitation trends, and its spell lengths and correlations with
global atmospheric modes are calculated using methods de-
scribed in Dimri and Dash (2010, 2012). Associated changes
and interannual variabilities are presented and discussed here.
The three stations considered in the study are the Siachen
glacier (Karakoram), the Chotasigri glacier (Greater
Himalayas), and the Gangotri glacier (Greater Himalayas).
Siachen is situated in the non-monsoonal region; Chotasigri
is situated in the cusp of non-monsoonal and monsoonal re-
gion and Gangotri is situated in the monsoonal region. These
distinct characteristics will lead to different climatic responses
at local to regional to global scale. In addition, importantly,
these regions are chosen as long-term winter temperature, and
precipitation records are available at their snout position
(Fig. 1 and Table 1). Also, it is imperative to mention here
that the Himalayan regions are less monitored, and hence,
such data and corresponding analysis will add new dimen-
sions to the existing researches and findings. Figure 1 shows
the complex topographic region of the Western Himalayas

along with corresponding topo sheets of these three
glacierized regions in the right hand panels, respectively.

2 Data and methodology

2.1 Data and associated uncertainties

Long-term observations of maximum, minimum, daily tem-
perature, and precipitation during winter (December, January,
and February: DJF) at Siachen, Chotasigri, and Gangotri of
the Snow of Avalanche Study Establishment (SASE),
Chandigarh, India are used. Available data from 1984(D)–
85(JF) to 2006(D)–07(JF) at Siachen and Chotasigri and from
1999(D)–2000(JF) to 2006(D)–07(JF) at Gangotri are used in
the present analysis (Table 1). To assess the correlation with
global atmospheric modes, the winter Nino3.4 index is con-
sidered (http://www.esrl.noaa.gov/psd/gcos_wgsp/
Timeseries/Data/nino34.long.data).These observations are
taken at synoptic hours as per the World Meteorological
Organization (WMO) standards. In the time series, observa-
tion year is dropped if more than 20% of daily data are

Fig. 1 Topographical (m) map of Western Himalayas marked with sta-
tions and glacierized regions along with topo sheet map of Siachen glacier
(upper right hand panel), Chotasigri glacier (middle right hand panel) and

Gangotri glacier (lower right hand panel). (Source: University of Texas
Libraries, The University of Texas at Austin: http://www.lib.utexas.edu/
maps/ams/india/)
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missing. After checking the availability of the data, station-
arity and inhomogeneity of the time series is also taken care
off. The major causes of inhomogeneity include changes in
instrument exposure, observing time, and co-located station
observations that are taken together to produce a longer time
series. Temporal inhomogeneity due to either station situated
in the windward side of the mountain or for station where
winds affect the precipitation pattern is corrected (Liu and
Sun 1995). Inhomogeneity due to relocation and due to chang-
es in observing procedures is addressed by using a technique
based on regression models and surrounding stations (Vincent
1998). Overall, stringent quality control (Mohanty and Dimri
2004), temporal and spatial inhomogeneity (Liu and Sun
1995, Vincent 1998) checks in the context of missing data,
errors, repetivity, and data gaps are employed in the data
time series. After these checks, data time series are prepared
for analyzing the interannual variability and associated
changes.

It is important to mention here that observations in the
mountainous regions are very critical in representing the re-
gion around. In Indian Himalayas, lesser density of gauge
stations in valley tops and higher density in valley floors need
careful assumption as they are the representation of the sub-
regions. There are various physical processes that will be oc-
curring viz., katabatic-anabatic wind flow, albedo measures,
snow drift, and accumulation. Moisture–temperature interac-
tions over monsoonal and non-monsoonal region will respec-
tively have different manifestations and impacts on localized
circulation. Apart from these, observations and its network
need to be considered carefully in the mountains. Intensive
observational network, though desired, is not economically
viable over the mountainous region and therefore, wider net-
work is more desirable. However, for specific studies at basin–
glacier scale singular observation is prevalent. There are many
non-linear and complex issues that occur over these regions,
which need to be understood within the realms and the aims of
the scientific questions posed.

Taking all these factors into account, the temperature
values (dry bulb at 0300UTC and 1200UTC of previous
day, dry bulb at 0300UTC of current day, maximum and min-
imum temperature) are averaged for generating the final time
series. Temperature records show highly variable diurnal cy-
cle during winter due to sun aspect and land use/cover of the
observatories. Also, meso/micro scale circulation generated
due to the local topography and their interaction with large
scale eastward moving WDs make temperature regimes

highly complex. Thus, five temperature records are consid-
ered with a view to remove biases due to above reasons.
Finally, the above corrected time series are normalized.
Standardized time series of monthly and seasonal anomalies
are also examined. It may be mentioned here that anomalies
are calculated by subtracting the respective mean values and
then dividing those by the respective standard deviations as
followed by Wilks (1995).

It may be noted that the Western Himalayas receives precip-
itation in the form of snow during the winter months of
December to February. Also, sometimes precipitation is in the
form of sleet. Thus, a large uncertainty is implicit in obtaining
equivalent liquid water content based on the density factor of
snow as followed by Dickinson et al. (1993). Further, geo-
graphical location of the station depends on its elevation point.
Finally, the observed snow depth at a station is strongly affected
by processes such as snowdrift and snow sheltering by upwind
obstacles. These are the issues which need careful examination.

In case of precipitation, stringent quality control checks as
mentioned in Section 2.1 are employed. In the present study,
snow records (in cm) are converted into water equivalent (in
mm) by multiplying it with the corresponding densities mea-
sured at the time of observations only. Also, time series are
normalized, and anomalies are computed as in the case of
temperature.

2.2 Methodology

For temperature, five temperature observations viz., dry bulb
at 0300UTC and 1200UTC of previous day, dry bulb at
0300UTC, and maximum and minimum temperature of cur-
rent day, are averaged to remove biases due to land use (Dimri
2009) and topography (Dimri 2004). Subsequently anomaly
calculations are performed (Wilks 1995). Precipitation
forming mechanisms and processes over the glaciated region
in the mountains is complex (Dimri 2004). In addition, topo-
graphic positioning of the stations determines processes such
as snowdrift and snow sheltering, and thus the precipitation is
leading to subsequent snow depth. In addition, liquid-to-solid
precipitation determination is still a big challenge over the
mountainous regions. These processes added together bring
in huge uncertainty in estimating snow cover, snow amount,
and its density. Therefore, conversion of snow amount to wa-
ter equivalent using the snow density remains very uncertain
(Dickinson et al. 1993). However, in the present study, snow
records (in cm) are converted into water equivalent (in mm) by

Table 1 Stations at snout
locations, elevations and data
length

Station Latitude Longitude Altitude Data length

Basecamp (Siachen Glacier) 35° 11′ 49″ N 77° 12′ 28″ E 3570 m 1984–85 to 2006–2007

Patsio (Chotasigri Glacier) 32° 45′ 17″ N 77° 15′ 42″ E 3800 m 1984–85 to 2006–2007

Bhojbasa (Gangotri Glacier) 30° 55′ 00″ N 79° 00′ 00″ E 3792 m 1999–2000 to 2006–2007
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multiplying it with its corresponding densities taken at the
same time of observations. These time series are quality con-
trolled as mentioned in the preceding subsection. Then, these
temperature and precipitation time series are normalized and
anomalies are computed.

Set of various temperature and precipitation indices are
computed using European Commission funded project based
Statistical Dynamical Downscaling of Extremes (STARDEX)
Diagnostics Extremes Indices Software (available at http://
www.cru.uea.ac.uk/projects/stardex/). Homogenized daily
maximum, minimum, and dry bulb temperatures and
precipitation time series are used for computing temperature
and precipitation indices, respectively. Data of the year is not
included in the percentile calculation based indices if more
than 20% of the daily data are missing in those years.
Normalized seasonal (DJF) temperature and anomalies time

series are calculated as 1
SD

xi−x
x

� �
and xi−x

SD

� �
, respectively (where

SD is standard deviation; xi is the actual time series, and x is
the mean of that time series). Three group resistant line meth-
od (Hoaglin et al. 1983) is used to compute all the trends in the
above indices. Statistical significance is determined using the
Kendall tau test (Press et al. 1986). Here, a trend is defined
Bsignificant,^ if it has at least 95% significance using this test.
In addition, spell length for winter is computed as (r = Pww−(1
−Pdd)), where Pww corresponds to the ratio of consecutive wet
days to total wet days, and Pdd corresponds to ratio of consec-
utive dry days to total dry days in winter.

3 Results and discussion

In the present study, four temperature indices (warm events–
warm days, warm nights; cold events–cold days, cold nights)
and four precipitation indices (precipitation type, frequency,
intensity, and extremes) are analyzed. Definitions of these
temperature and precipitation indices are given in Table 2.
These main calculated indices represent either above the

90th or below the 10th percentile level. These indices are
selected, firstly, to analyze basic trends/changes for having
focused comprehension, and secondly, since these indices
are inter-correlated to a larger degree, hence can provide con-
certed opinion. It will provide important input for assessing
glacier, associated snow melt, discharge in associated river
basins, etc.

The average winter temperature for the periods mea-
sured is − 9.3 °C at Siachen, − 6.9 °C at Chotasigri, and
− 4.4 °C at Gangotri. It is interesting to note that Siachen
being at the lowest elevation (Fig. 2) has the lowest tem-
perature as compared to other two stations which are at
higher elevations. The standard deviations are almost in
the same range for all the three areas (3.4 °C (Siachen),
3.6 °C (Chotasigri), and 3.1 °C (Gangotri)). Figure 2
shows that in recent years, the temperature is frequently
higher than 1 standard deviation (SD) above the average.
Siachen particularly shows increased number of days
above + 1 SD in the last 10 years. There are hardly any
days when the temperature is below − 1 SD in the last
10 years. This shift towards a higher number of days above
+ 1 SD is much stronger in the Siachen region (in the
Karakoram Range) than in the Chotasigri and Gangotri
regions (in the Great Himalayan Range). The IPCC
(2007) reported that mountain ranges and their down-
stream areas will be particularly vulnerable to these chang-
es. Temperature increase is more in higher elevations than
lower elevations in the mountainous region (Bradley et al.
2006). Here, we confirm these findings but we also suggest
that Siachen being at higher latitude but lower elevation is
showing stronger warming trends than the other two gla-
cier systems at lower latitude but higher elevation. It sug-
gests that mountain areas exhibit a large spatial variation in
sub-climate zones due to large differences in altitude over
small horizontal distances (Beniston et al. 1997), and per-
manent changes in snow cover may also partly explain
differences in the identified trends (Dimri and Dash 2010).

Table 2 Definition of
temperature and precipitation
indices used in the study

Temperature and precipitation indices Definition Units

Warm days % age days with Tmax > 90th percentile Day

Warm nights % age days with Tmin > 90th percentile Day

Cold days % age days with Tmax < 10th percentile Day

Cold nights % age days with Tmin < 10th percentile Day

Mean climatological precipitation Seasonal (DJF) total precipitation/number
of days with P >trace

mm day− 1

Heavy precipitation days Number of days precipitation ≥ 10 mm Day

Maximum number of consecutive dry days of P Maximum number of consecutive dry days
(trace days are excluded)

Day

Maximum number of consecutive wet days of P Maximum number of consecutive wet days day

Tmax and Tmin are daily maximum and minimum temperatures, respectively. P denotes total precipitation.
Precipitation is considered as trace if amount in ≤ 1 mm/d
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The normalized temperature anomalous time series with
corresponding linear trends at Siachen, Chotasigri, and
Gangotri is presented in Fig. 3. It shows strong significant
(99%) positive trends at Siachen (0.09 °C/year) and
Chotasigri (0.06 °C/year). Comparisons during the common
period (2000–2007) show that the winter warming over the
Karakoram Range had not only significantly increased over
the last 8 years but is also higher than that over the Great
Himalayan Range. These findings are also similar across the
Himalayan mountain ranges. Immerzeel et al. (2009) have
shown strongest warming in winter and weakest in summer,
and these warming trends are stronger than the global and
Northern Hemispheric winter (IPCC2007). Moreover,
Immerzeel et al. (2009) underlined the relation between an
increase in temperature with respect to the elevation
(0.028 °C/year at 2000 m to 0.043 °C/year at 5000 m).

These facts are also suggested by Bradley et al. (2006) for
the Andes Mountains. Giorgi et al. (1997) argued that higher
temperature increases over high-altitude areas may be caused
by a decrease in surface albedo resulting from the melting of
snow and ice. As Dahe et al. (2006) show different results for a
region in western China, detailed mechanisms underlying this
phenomenon warrant further studies on a regional basis.

The temperature indices pertaining to warm and cold
events are assessed and presented with corresponding trends
and p values in Table 3. Significant positive trends in the
number of warm days (Tmax above the 90th percentile) are
observed at Siachen (0.0122 day/year) and Chotasigri
(0.0121 day/year). The trends are more significant at
Siachen (in the Karakoram Range), than at Chotasigri (in the
Great Himalayan Range). The warm nights (Tmin is above the
90th percentile) are also found to be increasing though not
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significant. In case of cold events (cold days and cold nights),
contrasting results at Siachen and Chotasigri are seen. There is
a decrease in cold days (Tmax below the 90th percentile) at
Chotasigri and an increase at Siachen. A significant increase
in cold nights (Tmin is below the 90th percentile) is observed at
Siachen (0.0109 day/year).

Average winter seasonal precipitation anomalies are pre-
sented in Fig. 4a. The figure shows a similar amount of excess
and deficit precipitation years at Siachen and Chotasigri in
23 years. From 2000 onwards, deficit precipitation years at
Siachen and Chotasigri are dominant, which suggest a de-
crease in precipitation. In addition, excess precipitation years

are observed during the 1990s decade both at Siachen and
Chotasigri. Comparisons of the overlapping period (2000–
2007) show that Gangotri has a higher interannual variability
than Siachen and Chotasigri. Figure 4a also shows first an
increase and then a decrease of precipitation at Siachen; a
similar trend, but with a lag and lesser magnitude, is observed
at Chotasigri. This extreme spatial variability in precipitation
could be due to the interplay of complex terrain with winter
weather. The extreme topography, Fig. 1, interacts with large
scale westerlies and hence determines the precipitation distri-
bution (Dimri 2004). These winter westerlies during their pro-
gression from west to east traverse over cascading mountain

Table 3 Trends and p values for
temperature and precipitation
indices

Temperature and precipitation indices Siachen Chotasigri Gangotri

Trend p(trend) Trend p(trend) Trend p(trend)

Warm days (day/year) 0.0122 0.0384 0.0121 0.002 0.011 0.523

Warm nights (day/year) 0.0084 0.6394 0.0021 0.8516 0.0073 0.864

Cold days (day/year) 0.0065 0.5214 − 0.0058 0.1711 0.012 0.423

Cold nights (day/year) 0.0109 0.0017 − 0.0011 0.6469 0.0011 0.732

Mean climatological precipitation
(mm/day/year)

0.0297 0.1578 − 0.0398 0.4897 − 0.0379 0.0216

Heavy precipitation days (day/year) 0.3893 0.2727 0.0244 0.5541 0.0021 0.793

Maximum number of consecutive dry
days (day/year)

− 0.0102 0.8364 0.4929 0.2272 0.037 0.12

Maximum number of consecutive wet
days (day/year)

1.2246 0.465 − 1.0691 0.053 − 0.0212 0.783

Italic values are significant at p < 0.05

Fig. 4 a Comparison of seasonal
winter precipitation anomaly
(mm/d) at Siachen, Chotasigri,
and Gangotri. b Linear trends
(PBc, PP, and PB corresponds to
precipitation anomaly at Siachen,
Chotasigri, and Gangotri,
respectively) with Nino3.4 index
(on right hand vertical axis)
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ranges of Western Himalayas. In this process, they shed their
moisture, and hence the western side is wetter than the eastern
side. This depicts precipitation forming mechanism forcing
and role of topographical modulation as well. In addition, type
of precipitation is also crucial to determine over the region due
to sub-regional climates (since it is beyond the scope of the
study, hence, role of Indian summer and winter monsoon is
not discussed). Similar results are found by Dahe et al. (2006)
in the eastern part of Qinghai-Xizang (Tibet) Plateau where
there is a strong year-to-year fluctuation in snow depth.
Similar variations in Eurasian snow cover are also reported
by Vernekar et al. (1995). Figure 4b shows linear decreasing
precipitation trends at Siachen and Chotasigri, but these sig-
nals have distinct changes after 2000. Comparison of the over-
lapping period shows a positive trend here as well. At Siachen
and Chotasigri, a continued decreasing trend is observed,
which after 2000 is reversed for Chotasigri, but not for
Siachen. These contrasts in the last 10 years illustrate the
complex variability associated with precipitation in different
sub-regions. Though distinct linear changes are discernible,
they still need to be seen with a more comprehensive study.

To confirm links with global atmospheric modes, the pre-
cipitation variability is correlated with the Nino3.4 index.
Positive Pearson product moment correlation coefficients of
0.40, 0.21, and 0.25 are found between precipitation and
Nino3.4 index at Siachen, Chotasigri, and Gangotri, respec-
tively. This illustrates that on a larger scale, precipitation dis-
tribution over these regions is linked to warming of equatorial
Pacific (Dimri 2013). These positive correlations suggest that
global factors also play an important role in defining precipi-
tation mechanisms over Western Himalayas. A similar de-
creasing trend (− 0.34% per year) is observed over the
Tibetan Plateau. Immerzeel et al. (2009) have shown signifi-
cant negative trends for winter snow cover in the upper Indus
basin based on 2000–2008 observations. The present study
thus corroborates these findings based on the long-term obser-
vations of 23 years. These correlations are thought off to take
assessment of larger scale teleconnections, though discussed
very briefly here. These correlations are considered to under-
stand relations between winter precipitation variability and
warming of equatorial Pacific over non-monsoonal region
(Siachen), region in cusp of non-monsoonal and monsoon-
al region (Chotasigri), and monsoonal region (Gangotri).
This sub-regional scale difference in characteristic proper-
ties will have different associated mechanisms and fall
outs. Hence, these attributes at these sub-regional scales
differ in climate and thus will determine the role of large
scale forcing, which will be ascertained and confirmed in
the future study.

Computed precipitation indices are presented in Table 3.
Average winter seasonal precipitation shows contrasting
trends at Siachen (positive) and Chotasigri (negative). In case
of heavy precipitation days, no significant changes are

observed. Dry and wet day indices are also computed. The
number of consecutive dry days is found to be increasing at
Siachen and decreasing at Chotasigri, and the opposite is ob-
served for consecutive wet days. Overall, we conclude that the
Siachen region (in the Karakoram Range) and the Chotasigri
region (in the Great Himalayan Range) show contrasting pre-
cipitation trends.

Further investigation of longterm trends in winter precipi-
tation may provide a startling point for understanding the fu-
ture behavior of precipitation over the Western Himalayas.
Looking into the individual glacier basins, we found interest-
ing relationships between temperature and precipitation,
Fig. 5. Results from standardized time series of precipitation

Fig. 5 Precipitation (mm/d) and temperature (°C) anomaly at (a)
Siachen, (b) Chotasigri, and (c) Gangotri
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and temperature anomaly show interesting linkages. In gener-
al, they reveal, but not uniform, opposite patterns between
temperature and precipitation over the Western Himalayas
with positive Pearson product moment correlation coefficient
of − 0.67, − 0.1, and − 0.32 at Siachen, Chotasigri, and
Gangotri, respectively. This intends that an increase in tem-
perature corresponds to a decrease in precipitation and/or
vice-versa (Fig. 5). In addition, when the trend is changing,
for example at Siachen after 2000 (Fig. 5a), the increasing
warming trends are linked to decreasing precipitation trends.
The same patterns, although less explicit, are observed at
Chotasigri and Gangotri.

Finally, we quantified the relation between precipitation
and storm duration by the spell length in Fig. 6. It shows that
a long consecutive wet period is linked to higher precipitation
at Siachen and the opposite is observed for Chotasigri. It also
shows that the correlations at these two stations are opposite to
each other. The time scales of the precipitation event do not
match and attribute to the synoptic weather events in large
scale westerlies (Dimri 2004). They show a significant de-
creasing trend with 95% confidence level at both the places.

4 Conclusions

The present study provided an overview of winter trends in
temperature and precipitation over three Western Himalayan
glacierized regions based on field data. All regions show sim-
ilar increase in warming during winters. On comparison, the
warming trend is higher in the Karakoram than in the Great
Himalayan Range. Importantly, it is noticed that during the
last decade, changes in temperature are higher than the pre-
ceding two decades. Variability in temperature is increased
and is higher in recent decade than the preceding two decades.
Though all the regions show almost similar interannual vari-
ability, there are subtle differences in the changes associated
with it. It is, however, important to note that recent decade is
showing signatures of higher warming rates. In the case of
precipitation, similar interannual variability exists in both

Siachen and Chotasigri, with a negative precipitation anomaly
during the last 10 years. During the decade of 1990s, increase
in precipitation is seen over the regions and this decreases in
the subsequent decades. Though, precipitation remains below
mean, increased precipitation trend over the Chotasigri glacier
region is interestingly discernible. It shows a contrasting sub-
regional behavior of climate variability, which is mainly de-
pendent on moisture-topography-temperature interactions on
defining associated precipitation. Precipitation–temperature
relationship shows an inverse relation between their trends at
every region. Increase in temperature leads to decreased pre-
cipitation or vice-versa. This relation justifies the rationale of
physical precipitation forming mechanism and will be looked
into detail in future studies. Interannual variability in precipi-
tation is linked to the Nino3.4 index over these glacierized
regions and stronger signals are found over Siachen. These
temperature and precipitation trends are found to be in tune
with the global and Northern Hemispheric trends. A further
study to understand temperature and precipitation variability
and their impact on glacier processes is still needed.
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