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AND
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"INTER':UNIVERSITY

CONSORTIUM
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CHANGE"

This Consortium is formed with the aim, mandate and objectives to:
a) Enhance the access of its academic faculty and technical personnel to strengthen
research and training on Cryosphere and Climate Change designated areas at the level of
Excellence, covering the Indian Himalayas and Karakoram;
b) Jointly develop research proposal at national and international levels, strengthen
facilities (laboratories, field research and other infrastructure); and the quality and range
of research induding outreach programmes for faculty, technical personnel as well as
research scholars;
c) Pursue and foster joint interdisciplinary research programs in the applied
environmental sciences having human ramification with focus on societal needs covered
by the network of field installations available to the Consortium;
d) Further the integration of the Himalayan Cryosphere Research Area by creating a
network for exchanges in research and higher education and the sharing of academic
resources, with a view to optimize their joint capacity to conduct field work and research
output.
e) Make efforts for acquiring necessary financial resources for this consortium, in addition
to the available resources and infrastructure of the partner institutions, from national and
international funding agencies such .as Department of Science & Technology, Govt. of
India, and other relevant donor agencies and foundations;

SECTION -I

All members of the consortium hereby agree to promote the following activities so as to
enhance each other's educational and research roles and capabilities in the following areas:
a) Exchange of faculty based on the available expertise
b) Exchange of research scholars
c) Exchange of information, research materials and research output in those fields
which are of interest to all the parties and to the society.
d) Activities such as collaborative research, lectures and symposiums etc
SECTION -II
The areas of focused activity shall be, to begin with, as follows:
a) Formulation of joint research proposals at national and international levels to attain the
status of "centre for excellence" in the field.
b) Expertise and capacity build-up in Cryosphere & Climate Research in terms of shared
state-of-art laboratories and research facilities
c) Exchange of experts, technical personnel and research scholars wherever necessary.
SECTION - III
Unless agreed upon specifically, JNU (as the Host University) and other partner Universities
shall have no financial responsibility for any expenses incurred in respect of activities indicated
above other than those either expressly provided for or agreed upon. In order to make smooth
accessibility in exchange programmes and research, joint project funds that reach these
institutions after successful presentations and negotiations, may be used judiciously and as
jointly agreed upon by them.
SECTION -IV
The Consortium shall remain effective for a period of five years from
.representative. of the respective partner institutions place their signatures
It may be further extended and/or amended with the written consent of
institutions.
Membership of this Consortium may be terminated by
institutions by providing an advance six months notice in writing.

the date on which
on this instrument.
all the participating
any of the partner

SECTION-V
Signed by the respective Vice-Chancellors of the following founding partner institutions of the
consortium on this thirteenth day of February in the year two thousand and twelve:
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Abstract. The local weather and climate of the Himalayas
are sensitive and interlinked with global-scale changes in climate, as the hydrology of this region is mainly governed
by snow and glaciers. There are clear and strong indicators of climate change reported for the Himalayas, particularly the Jammu and Kashmir region situated in the western Himalayas. In this study, using observational data, detailed characteristics of long- and short-term as well as localized variations in temperature and precipitation are analyzed for these six meteorological stations, namely, Gulmarg, Pahalgam, Kokamag, Qazigund, Kupwara and Srinagar during 1980-2016. All of these stations are located in
Jammu and Kashmir, India. In addition to analysis of stations observations, we also utilized the dynamical downscaled simulations ofWRF model and ERA-Interim (ERA-I)
data for the study period. The annual and seasonal temperature and precipitation changes were analyzed by carrying out
Mann-Kendall, linear regression, cumulative deviation and
Student's t statistical tests. The results show an increase of
0.8°C in average annual temperature over 37 years (from
1980 to 2016) with higher increase in maximum temperature (0.97 "C) compared to minimum temperature (0.76°C).
Analyses of annual mean temperature at all the stations reveal that the high-altitude stations of Pahalgam (1.13 0c)
and Gulmarg (1.04 "C) exhibit a steep increase and statistically significant trends. The overall precipitation and temperature patterns in the valley show significant decreases and
increases in the annual rainfall and temperature respectively.
Seasonal analyses show significant increasing trends in the
winter and spring temperaturesat all stations, with prominent

decreases in spring precipitation. In the present study, the observed long-term trends in temperature (OC year") and precipitation (mmyear=") along with their respective standard
errors during 1980-2016 are as follows: (i) 0.05 (0.01) and
-16.7 (6.3) for Gulmarg, (ii) 0.04 (0.01) and -6.6 (2.9) for
Srinagar, (iii) 0.04 (0.01) and -0.69 (4.79) for Kokamag,
(iv) 0.04 (0.01) and -0.13 (3.95) for Pahalgam, (v) 0.034
(0.01) and -5.5 (3.6) for Kupwara, and (vi) om (0.01)
and -7.96 (4.5) for Qazigund. The present study also reveals that variation in temperature and precipitation during
winter (December-March) has a close association with the
North Atlantic Oscillation (NAO).Further, the observed temperature data (monthly averaged data for 1980-2016) at all
the stations show a good correlation of 0.86 with the results of WRF and therefore the model downscaled simulations are considered a valid scientific tool for the studies
of climate change in this region. Though the correlation between WRF model and observedprecipitation is significantly
strong, the WRF model significantlyunderestimates the rainfall amount, which necessitates the need for the sensitivity
study of the model using the various microphysical parameterization schemes. The potential vorticities in the upper
troposphere are obtained from ERA-lover the Jammu and
Kashmir region and indicate that the extreme weather event
of September 2014 occurred due to breaking of intense atmospheric Rossby wave activity over Kashmir. As the wave
could transport a large amount of water vapor from both the
Bay of Bengal and Arabian Sea and dump them over the
Kashmir region through wave breaking, it probably resulted
in the historical devastating flooding of the whole Kashmir
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valley in the first week of September 2014. This was accompanied by extreme rainfall events measuring more than
620 mm in some parts of the Pir Panjal range in the south
Kashmir.

1

Introduction

Climate change is a phenomenon affecting the Earth's atmosphere and surface which has in recent decades been shown
to have significant effects on all spheres of life almost everywhere in the world. Extreme weather events like anomalously large floods and unusual drought conditions associated
with changes in climate play havoc with livelihoods of citizens even of developed societies, particularly in coastal and
mountainous areas. Jammu and Kashmir, India, located in
the western Himalayan region, is one such cataclysmically
formed mountainous region where the significant influence
of climate change on local weather has been observed f-or
the last few decades: (1) shrinking and reducing glaciers,
(2) devastating floods, (3) decreasing winter duration and
rainfall, and (4) increasing summer duration and temperature
(Solomon et al., 2007; Kohler and Maselli, 2009; Immerzeel
et al., 2010; Romshoo et al., 2015, 2017). Western disturbances (WDs) are considered one of the main sources of winter precipitation for the Jammu and Kashmir region, which
brings water vapor mainly from the tropical Atlantic Ocean,
Mediterranean Sea, Caspian Sea and Black Sea. Though
WD is perennial, it is most intense during northern winter
(December-February). Planetary-scale atmospheric Rossby
waves (RWs) have th~ potentia] to significantly <!lter the distribution and movement of WD according to their intensity
and duration (from a few to tens of days). Since WD is controlled by planetary-scale Rossby waves in the whole troposphere of the subtropical region, diagnosing different kinds
of precipitation characteristics is easier with the help of potential vorticity (PV) at 350 K potential temperature (PT)
and 200 hPa pressure surface (PS) as they are considered
proxies for Rossby wave activities (Ertel, 1942; Bartels et
al., 1998; Hunt et al., 2018a). Henceforth, it will be simply
called PV at 350 K and 200 hPa surfaces. For example, Postel and Hitchman (1999) and Hunt et al. (2018b) studied the
characteristics of Rossby wave breaking (RWB) events occurring at 350 K surfaces transecting the subtropical westerly jets. Similarly, Waugh and Polvani (2000) studied RWB
characteristics at 350 K surfaces in the Pacific region during
northern fall-spring, with an emphasis on their influence on
westerly ducts and their intrusion into the tropics. Since PV
is a conserved quantity on isentropic and isobaric surfaces
when there is no exchange of heat and pressure respectively,
it is widely used for investigating large-scale dynamical processes associated with frictionless and adiabatic flows. Moreover, all other dynamical parameters, under a given suitable
Atmos. Chem. Phys., 19, 15--37, 2019

balanced-atrnospheric-background condition, can be derived
from PV and boundary conditions (Hoskins et al., 1985).
Divergence of the atmospheric air flows near the upper troposphere is larger during precipitation, leading to increases
in the strength of PY. Because of this, generally there will
be a good positive correlation between variations in the
strength of PV in the upper troposphere and precipitation
over the ground, provided that the precipitation is mainly
due to the passage of large-scale atmospheric weather systems like western disturbances and monsoons. Wind flows
over topography can s.ignificantly affect the vertical distribution of water vapor and precipitation characteristics. Because of this, positive correlation between variations in PV
and precipitation can be modified significantly. These facts
need to be taken into account while finding long-term variations in precipitation near mountainous regions like the western Himalaya. The interplay between the flow of western disturbances and topography of the western Himalaya complicates further the identification of source mechanisms of extreme weather events (Das et al., 2002; Shekhar et al., 2010)
like the ones that occurred in the western Himalayan region:
Kashmir floods in 2014, Leh floods in 2010 in the Jammu
and Kashmir region, and Uttrakhand floods in 2013. Kumar
et al. (20] 5) also noted that major flood events in the Himalayas are related to changing precipitation intensity in the
region. This necessitates making use of proper surrogate parameters like PV and distinguishing between different source
mechanisms of extreme weather events associated with both
the long-term climatic impacts of remote origin and shortterm localized ones like organized convection (Romatschke
and Houze, 2011; Rasmussen and Houze, 2012; Rasmussen
and Houze Jr., 2016; Martius et al., 2012).
The main aim of the present ~tt!dy is to investigate longterm (climate) variation in surface temperature and precipitation over the Jammu and Kashmir region (western Himalayas) of India in terms of its connections with NAO and
atmospheric Rossby wave activity in the upper troposphere.
Since PV is considered a measure of Rossby wave activity,
the present work analyses in detail, for a period of 37 years
during 1980-2016, monthly variation in PV (ERA-interim
reanalysis data, Dee et al., 2001) in the upper troposphere
(at 350K and 200hPa surfaces) and compares it with observed surface temperature and rainfall (India Meteorological Department, IMD) at six widely separated mountainous
locations with variable orographic features (Srinagar, Gulmarg, Pahalgam, Qazigund, Kokarnag and Kupwara). There
exist several reports on climatological variation in meteorological parameters in various parts of the Himalayas. For example, Kumar and Jain (2010) and Bhutiyani et al. (2010)
found an increase in the temperature in the north-western
Himalayas with significant variations in precipitation patterns. Archer and Fowler (2004) examined temperature data
of seven stations in the Karakoram and Hindu Kush mountains of the Upper Indus River Basin (UIRB) in search of
seasonal and annual trends using statistical tests like regres-
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sion analysis. Their results revealed that mean winter maximum temperature has increased significantly while mean
summer minimum temperature declined consistently. On the
contrary,Liu et al. (2009) examined long-term trends in minimum and maximum temperatures over the Tibetan mountain range during 1961-2003 and found that minimum temperature increases faster than maximum temperature in all
months. Romshoo et al. (2015) observed changes in snow
precipitation and snowmelt runoff in the Kashmir valley and
attributed the observed depletion of stream flow to the changing climate in the region. Bolch et al. (2012) reported that the
glacier extent in the Karakoram mountain range is increasing.
These contrasting findings of long-term variations in temperature and precipitation in the Himalayas need to be verified by analyzing long-term climatological data available in
the region. However, the sparse and scanty availability of
regional climate data pose challenges in understanding the
complex microclimate in this region. Therefore, studying the
relationship of recorded regional (Jammu and Kashmir) climatic variations in temperature and precipitation with remote
and large-scale weather phenomena such as the NAO and
EI Nino Southern Oscillation (ENSO) is necessary for understanding the physical processes that control the locally
observed variations (Ghasemi, 2015). Archer and Fowler
(2004) and Iqbal and Kashif (2013) found that large-scale
atmospheric circulation like NAO significantly influences
the climate of the Himalayas. However, detailed information about the variation in temperature and precipitation and
its teleconnection with observed variations in NAO is inadequately available for this part of the Himalayan region (Kashmir Valley).

www.atmos-chem-phys.netl19/15/20191

2 Geographical setting of Kashmir
!he mountainous valley of Kashmir has a unique geograph~cal setting and it is located between the Greater Himalayas
m the north and Pir Panjal range in the south, roughly within
the latitude and longitude ranges of 33°55' to 34°50' N
and 74°30' to 75°35' E respectively (Fig. 1). The heights
of these mountains range from about 3000 to 5000 m and
the mountains strongly influence the weather and climate
of the region. Generally the topographic setting of the six
stations, though variable, could be broadly categorized into
two groups: (1) stations located on plains (Srinagar, Kokarnag, Qazigund and even Kupwara) and (2) those located in
the mountain setting (Gulmarg, Pahalgam). Physiographically, the valley of Kashmir is divided into three regions:
the Thelum valley floor, Greater Himalayas and Pir Panjal.
In order to represent all the regions of the valley, six meteorological stations located widely with different mean sea levels (rn.s.L),namely, Gulmarg (2740m), Pahalgam (2600m),
Kokarnag (20oom), Srinagar (16oom), Kupwara (1670m)
and Qazigund (1650m), were selected for analyses of observed weather parameters.
The Kashmir valley is one of the important watersheds
of the upper Indus basin, harboring more than 105 glaciers,
and it experiences the mediterranean type of climate with
marked seasonality (Romshoo and Rashid, 2014). Broadly,
four seasons (Khattak et al., 2011; Rashid et al., 2015) are
defined for the Kashmir valley: winter (December to February), spring (March to May), summer (June to August) and
autumn (September to November). It is to be clarified here
that while defining the period of NAO (Fig. 4) considered
Atmos. Chern. Phys., 19, 15-37,2019
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December-March to be winter months as defined by Archer
and Fowler (2004) and Iqbal and Kashif (2013) and in all
other parts of the paper it is December-February as per the
IMD definition. The annual temperature in the valley varies
from about -10 to 35°C. The rainfall pattern in the valley is
dominated by wintertime precipitation associated with western disturbances (Dar et al., 2014) while the snow precipitation is received mainly in winter and early spring (Kaul and
Qadri, 1979).

3 Data and methodology
The India Meteorological Department provided 37 years
(1980-2016) of data of daily precipitation, maximum and
minimum temperatures for all six stations. Monthly averaged data were further analyzed to find long-term variations
in weather parameters. Statistical tests including MannKendall, Spearman's rho, cumulative deviation and Student's
t test were performed to determine long-term trends and
turning points of weather parameters with statistical significance. Similar analyses and tests were also performed for the
Weather and Research Forecasting (WRF) model-simulated
and ERA-Interim reanalysis data (0.75° by 0.75° spatial resolution in the horizontal plane, monthly averaged time resolution) of same weather parameters and for the NAO index.
A brief description of these data sets is provided below.
3.1 Measurements and model simulations
The obtained observational data are analyzed carefully for
homogeneity and missing values. Analyses of ratios of temperature from the neighboring stations with the Srinagar station were conductedusing a relative homogeneity test (World
Meteorological Organization, 1970). It is found that there
is no significant inhomogeneity and data gap for any station. Few missing data points were linearly interpolated and
enough care was taken not to make any meaningful interpretation during such short periods of data gaps in the observations. Annual and seasonal means of temperature and
precipitation were calculated for all the stations and years.
To compute seasonal means, the data were divided into the
following seasons: winter (December to February), spring
(March to May), summer (June to August) and autumn
(September to November). Trends in the annual and seasonal means of temperature and precipitation were determined using Mann-Kendall (nonparametric test) and linear
regression tests (parametric test) at the confidence levels of
S = 99% or (0.01), S = 95 % or 0.05 and S = 90% or 0.1.
These tests have been extensively used in hydrometeorological data analyses as they are less sensitive to heterogeneity
of data distribution and least affected by extreme values or
outliers in data series. Various methods have been applied to
determine change points of a time series (Radziejewskiet al.,
2000; Chen and Gupta, 2012). In this study, a change point
Atmos. Chern. Phys., 19, 15-37,2019

in time series of temperature and precipitation was identified
using cumulative deviation test and Student's t test (Pettitt,
1979). This method detects the time of significant change in
the mean of a time series when the exact time of the change
is unknown (Gao et al., 2011).
Winter NAO index during 1980-2010 were obtained for
further analyses from Climatic Research Unit through the
web link https:llwww.cru.uea.ac.ukldata. last access: 17 December 2018. The winter (December-March) NAO index is
based on difference of normalized sea level pressure (SLP)
between Lisbon, Portugal and Iceland, which is available
from 1964 onwards. Positive NAO index is associated with
stronger-than-average westerlies over the middle latitudes
(Hurrell and van Loon, 1997).The correlation between mean
(December-March) temperature, precipitation and NAO index was determined using the Pearson correlation coefficient
method. To test whether the observed trends in winter temperature and precipitation are enforced by NAO, linear regression analysis (forecast) was performed (Fig. 4e and f).
The following algorithm calculates or predicts a future value
by using existing values. The predicted value is a y value
for a given w value. The known values are existing w values
and y values, and the new value is predicted by using linear
regression.
The syntax is as follows:
FORECAST(x, known_y's, known_w's).
W is the data point for which we want to predict a value.
Known_y's is the dependent array or range of data (rainfall
or temperature), and Known_w's is the independent array or
range of data (time).
The equation for FORECAST is a + bui, where

a=y-bwandb=

L(w-w)(y-y)/~)w-w)2

(1)

and where w and y are the sample means AVERAGE
(known_w's) and AVERAGE(known y's).
3.2

WRF model configuration

The Advanced Research WRF version 3.9.1 model simulation was used in this study to downscale the ERA-Interim
(European Centre for Medium-Range Weather Forecasts reanalysis) data over the Indian monsoon region. The model
is configured with 2 two-way nested domains (18 and 9 km
horizontal resolutions), 51 vertical levels and model top at
IOhPa level. The model first domain extends from 24.8516°
to 115.148° longitude and from -22.1127 to 46.7629° latitude while the second domain covers from 56.3838° to
98.5722° longitude and from -3.86047 to 38.2874° latitude.
The initial and boundary conditions supplied to the WRF
model are obtained from ERA-Interim 6-hourly data. The
model physics used in the study for boundary layer processes
is Yonsei University's nonlocal diffusion scheme (Hong et
al., 2(06), the Kain-Fritsch scheme for cumulus convecwww.atmos-chem-phys.netl19/15/2019/
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Figure 2. Trends in surface temperature eC) at the six interested locations of the Kashmir valley (a) for annual mean temperature, (b) maximum temperature, (c) minimum temperature, (d) winter mean temperature during December-February, (e) spring mean temperature (MarchMay), (1) summer mean temperature (June-August) and (g) autumn mean temperature (September-November).

tion (Kain and Fritsch, 1993), Thomson scheme for microphysical processes, the Noah land surface scheme (Chen and
Dudhia, 200 1) for surface processes, Rapid Radiation Transfer Model (RRTM) for long-wave radiation (Mlawer et aJ.,
1997), and the Dudhia (1989) scheme for short-wave radiation. The physics options configuredin this study are adopted
based on the previous studies of heavy rainfall and monsoon
studies over the Indian region (Srinivas et al., 2013, 2018;
Madala et al., 2014; Priyanka et al., 2016).
For the present study, the WRF model is initialized on a
daily basis at 12:00UTC using ERA-Interim data and integrated for a 36 h period using the continuous re-initialization
method (Lo et al., 2008; Langodan et al., 2016; Viswanadhapalli et aI., 2017). Keeping the first 12 h as model spin-up
time, the remaining 24 h daily simulations of the model are
merged to get the data during 198~2016. To find out the skill
of the model, the downscaled simulations of the WRF model
are validated for six IMD surface meteorological stations.
The statistical skill scores such as bias, mean error (ME) and
root mean square error (RMSE) were computed for the simwww.atJnos-chem-phys.netll9115/2019/

ulated temperature against the observed temperature data of
IMD.

4 Results and discussion
4.1 Trend in annual and seasonal temperature
Tables 1 and 2 show the results of statistical tests (MannKendall and linear regression, cumulative deviation and Student's t) carried out on the temperature and precipitation
data respectively.All the parametric and nonparametric tests
carried out for the trend analysis and abrupt changes in
the trend showed almost similar results. Table I therefore
shows results of representative tests where higher values
of statistical significance between Mann-Kendall-linear regression test and cumulative deviation-Student's t test are
considered. It is evident that there is an increasing trend
at different confidence levels in annual and seasonal temperatures of all six stations (Pahalgarn, GuImarg, KokarAtmos. Chern. Phys., 19, 15-37, 2019
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Table 1. Annual and seasonal temperature trends in the Kashmir Valley during 1980-2016.
Temperature trends

Annual

Min

Max

Winter

Spring

Summer

Autumn

Abrupt change
(Student's t test)

Increasing trend
Z statistics

S=O.OI
3.976

S =0.01
3.059

S=O.1
1.564

S= 0.05
2.43

S=O.OI
2.806

NS

S=0.05
2.159

1995

0.486

Pahalgam

Increasing trend
Z statistics

S=O.OI
4.119

S=O.OI
3.6

S=O.OI
3.519

5=0.01
3.118

S=O.OI
3.438

S=O.1
1.71

S=0.05
2.416

1995

Srinagar

Increasing trend
Z statistics

S=0.05
2.108

S=O.1
1.392

S=O.OI
2.804

S=0.05
1.992

S =0.05
2.413

5=0.1
0.374

NS

1995

Kupwara

Increasing trend
Z statistics

S = 0.01
3.433

S=O.1
1.819

S=O.OI
3.246

S=0.05
1.988

S = 0.01
2.719

S=O.1
1.78

5=0.1
1.865

1995

Kokamag

Increasing trend
Z statistics

S=O.OI
3.467

S=0.05
2.363

S=O.OI
3.11

S=O.OI
3.195

S=O.OI
3.195

S=O.I
1.46

5=0.)
0.68

1995

Qazigund

Increasing trend
Z statistics

S=O.I
1.717

S=O.1
1.77

S=O.1
1.68

S =0.05
2.026

S=0.05
2.236

NS

S=O.1
-1.501

1995

Stations"

(Mann-Kendall test)
Gulmarg

-0.714

0.198

• Critical values: a = 0.10 (1.654); a = 0.05 (1.96); a = 0.01 (2.567).

Table 2. Annual and seasonal precipitation trends in Kashmir valley during 1980-2016.
Stations"
(Mann-Kendall test)

Precipitation trends

Annual

Winter

Spring

Summer

Autumn

Abrupt change
(Student's t test)

Gulmarg

Decreasing trend
Z statistics

S=0.05
-1.988

S=O.1
-1.53

S=O.OI
-2.515

NS
-0.445

NS
-0.394

1995

Pahalgam

Decreasing trend
Z statistics

S=O.1
-1.442

S=O.1
-1.136

S=0.05
-2.151

NS
-0.556

NS
0.034

1995

Srinagar

Decreasing trend
Z statistics

S=0.05
-2.532

NS
0.051

S=O.OI
-2.060

NS
-0.105

NS
-1.003

1995

Kupwara

Decreasing trend
Z statistics

S=O.1
-1.962

S=O.l
-0.817

S=O.OI
-2.919

NS
-0.986

NS
-0.153

1995

Kokarnag

Decreasing trend
Z statistics

S=O.1
-1.326

S=O.I
-1.53

S=0.05
-2.276

NS
0.186

NS
-0.119

1995

Qazigund

Decreasing trend
Z statistics

S=0.05
-1.275

NS
-0.764

S=0.05
-2.413

NS
0.359

NS
-0.232

1995

a Critical values: a =0.10 (1.654); a =0.05 (1.96); a = 0.01 (2.567).

nag, Srinagar, Kupwara and Qazigund), located in different topographical settings (Table 3). During 1980-2016, Pahalgam and Gulmarg, located at higher elevations of about
2500ma.m.s.1. (above mean sea level), registered statistically significant increases in average annual temperature by
1.13 and 1.()4 "C (Fig. 2a). It should be noted that hereafter
the period 1980-2016 will not be mentioned explicitly, and
statistically significant means the confidence level is about
90 %. Kokarnag and Kupwara, located at the heights of about
1800-2000ma.m.s.1., showed increases of 0.9 and 1 DC respectively (Fig. 2a). However, Srinagar and Qazigund, located at the heights of about 1700-1600 m a.m.s.l., exhibited
increases of 0.65 and 0.44 DC (Fig. 2a).

AtolOS. Chem. Phys., 19, 15-37,2019

Analyses of maximum and minimum temperatures (Table 1 and Fig. 2b) for the six stations reveal a higher rate of
increase in maximum temperature. Pahalgam and Kupwara
recorded the highest rise of ~ 1.3 DC, followed by Kokarnag
(1.2 DC) and Srinagar (1.1 DC). The exception is that Gulmarg and Qazigund (being a hilly station) shows less than
0.6 DC in maximum temperature. The minimum temperature
exhibits the lowest increase of 0.3 DC at Srinagar and highest increase at Gulmarg station of 1.2 DC <I[ig. 2c). Analyses of composite seasonal mean of minimum and maximum
temperatures in the valley reveal a higher inb-ease in maximum temperature in winter and spring seasons, Among four
stations (Gulmarg, Pahalgam, Kokarnag and Kupwara), Gulrnarg indicates an increase of less than I -c Til. Pahalgam,

www.atmos-chem-phys.netll911SI2019/
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Table3. Meantemperatureincreases at each station during1980-2016.
Stations
Pahalgam
Gulmarg
Srinagar
Kupwara
Kokarnag
Qazigund

Elevation in meters
2600
2740
1600
1670

2000
1650

Topography
Located on mountaintop
Located on mountain top
Located on planesurface in an urbanizedarea
Located on planesurface bounded on three sidesby mountains
Located on planesurface
Locatedon planesurface

Kokarnag and Kupwara show increases of 0.9,0.9 and less
than 0.9°C respectively (Table 1 and Fig. 2d). On the contrary, Qazigund and Srinagar showed a slight increase of less
than 0.4 and 0.5 °C respectively. The mean spring temperature shows a higher rise compared to other seasons temperatures for all stations. Gulmarg shows an increase of less than
1.4 °C. Pahalgam, Kupwara and Kokarnag showed increases
of 1.3 °C at S == 0.01. Qazigund and Srinagar revealed 0.6
and I °C increase respectively as shown in the Table I and
Fig. 2e. In summer, the temperature rise for Pahalgam is
about less than 0.6°C and for Gulmarg and Qazigund, it is
about 0.4 and 0.2 °C respectively (Table 1). Kupwara, Kokarnag and Srinagar reveal an increase of less than 0.3, 0.4 and
0.1 °C respectively (Fig. 21). In autumn, Gulmarg shows an
increase of 0.9 °C and Pahalgam exhibits less than 0.6 °C. On
the contrary Qazigund shows less than 0.4 °C increase while
Srinagar shows no significant increase in observed temperatures (Fig. 2g and Table 1).
4.2 Trend in annual and seasonal precipitation
The annual precipitation pattern of the valley is comparable
to that of temperature, with it higher decrease observed at the
upper elevation stations of Gulmarg and Pahalgam (Fig. 3a
and Table 2). Similar to temperature, Table 2 provides in detail the test results of Mann-Kendall, linear regression and
Student's t. While Kokarnag and Kupwara show significant
decrease, the lower elevated stations, Qazigund and Srinagar, exhibit insignificantdecreases (Fig. 3a). The decrease in
winter precipitation is maximum at Gulmarg and Kokarnag
followed by Kupwara and Pahalgam and it is an insignificant
decrease for Srinagar and Qazigund (Table 2 and Fig. 3b).
The spring season precipitation exhibits a decreasing trend
for all six stations. with the lowest decrease of 42 mm precipitation at Kupwara (Table 2).
During summer months, precipitation also shows a decreasing trend for all stations except Qazigund that it is statistically insignificant (Fig. 3d, and Table 2). For Qazigund
there is no apparent trend in summer precipitation. The autumn precipitation also shows an insignificant decreasing
trend for the stations (Fig. 3e and Table 2). Cumulative testing was used to determine the "change point" of the trend
in the annual and seasonal variations in temperature and prewww.atmos-chern-phys.netlI9/15IWI9/

Increasein annual
temperaturein °C
1.13
1.04
0.55
0.92

0.99
0.78

cipitation. Results reveal that the year 1995 is the year of
abrupt increase (change point) in the temperature of the valley (Fig. 4a) and the same year is identified as the year of
abrupt decrease for precipitation (Fig. 4b).
4.3 Infiuence of North Atlantic Oscillation (NAO) on
the winter precipitation over the Kashmir valley
The present study also investigates the teleconnection between the activity of the NAO and the variations in temperature and precipitation over the Kashmir valley, particularly during the winter season (December-March). It is
found that there is a significant negative/positive correlation (-0.54/0.68) between NAO (NAO index) and precipitation/temperature (Fig. 4c). This suggests that winter precipitation and temperature over the Kashmir valley has a close
association with the winter NAO. Higher precipitation over
Kashmir is associated with a positive phase of NAO. Further the "change point" year, 1995, in the trend of temperature and precipitation coincides with that of the NAO index.
To test whether the trends in temperatures and precipitation
over the Kashmir valley are forced by the NAO, regression
analysis was performed on winter temperature and precipitation (Fig. 4e and 1) and the results indicate that there is a
significant connection between NAO and precipitation over
Kashmir.
The observed annual and seasonal variationin temperature
at all stations except Qazigund is strongly correlated with
WRF downscaled simulations. Overall, the simulations show
correlation of 0.66,0.67,0.72,0.62,0.79and 0.47 for Srinagar. Gulmarg, Kokarnag, Kupwara, Pahalgarn and Qazigund respectively. The annual mean simulated temperature
shows very good correlation (0.85) with observations. Figure 5 shows annual and seasonal correlations between trends
of observed and simulated temperatures (location of Kokarnag is considered for WRF data). However, RMSE analysis indicates that model simulations slightly underestimate
the observations by an average value of 0.43 "C. Similar to
Fig. 5, Fig. 6 shows the comparison between WRF model
simulated and observed precipitation. Even though the trend
is similar, the WRF model severely underestimates the rainfall amount. A detailed study on this topic will be presented
in a separate paper.
Atmos. Chern. Phys., 19, 15-37, 2019
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Figure 3. Same as Fig. 2 but for precipitation (mm) and only for means of (a) annual, (b) winter, (c) spring, (d) summer and (e) autumn.
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4.4

Discussion

The Himalayan mountain system is quite sensitive to global
climate change as the hydrology of the region is mainly dominated by snow and glaciers, making it one of the ideal sites
for early detection of global warming (Solomon et al., 2007;
Kobler and Maselli, 2(09). Various reports claim that in the
Himalayas significant warming occurred in the last century
(Fowler and Archer, 2006; Bhutiyani et al., 2(07). Shrestha
et al. (1999) analyzed surface temperature at 49 stations located across the Nepalese Himalayas and the results indicate warming trends in the range of 0.06 to 0.12 °C per year.
The observations of the present study are in agreement with
the studies carried out by Shrestha et al. (1999), Archer and
Fowler (2004) and Bhutiyani et aJ. (2007). In the present
www.atmos-chem-phys.netl19/1SI2019/

study, it is observed that rises in temperature are larger at the
higher-altitude stations of Pahalgam (1.13 "C) and Gulmarg
(1.04 "C) and they are about 0.9, 0.99, 0.04 and 0.10 °C for
the other stations, Kokarnag, Kupwara, Srinagar and Qazigund respectively during 1980-2016. Liu et al. (2009) and
Liu and Chen (2000) also report higher warming trends at
higher altitudes in the Himalayan regions. In the future, the
impacts of climate change will be intense at higher elevations
and in regions with complex topography, which is consistent
with the model results of Wiltshire (2013).
A noteworthy observation in the present study is that
statistically significant steep increase in the temperature
(change point) occurred in the year 1995 and it has been
continuing thereafter. The mega EI Nino in 1998 is consid-
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Figure 6. Same as Fig. 5 but for precipitation. Here the minimum and maximum precipitation values are not considered because they cannot
be defined properly within a day.

ered one of the strongest EI Nino events in history and led
to a worldwide increase in temperature. Contrastingly, the
El Nino in 1992 led to a decrease in temperature throughout the Northern Hemisphere, which is ascribed to the
Mt Pinatabu volcanic eruption (Swanson et al., 2009; IPCC,
2013). Also, this event prevented direct sunlight reaching
some areas of the surface of the Earth for about 2 months
(Barnes et al., 2016).
Studies of trends in seasonal-mean temperature in many
regions across the Himalayas indicate higher warming trends
in winter and spring months (Shrestha et al., 1999; Archer
and Fowler, 2004; Bhutiyani et al., 2009). The seasonal difference found in the present study is consistent with other
studies carried out for the Himalayas (Archer and Fowler,
2004; Sheikh et al., 2009; Roe et al., 2003); Lancang Valley, China (Yunling and Yiping, 2(05); Tibet (Liu and Chen,
2000) and the Swiss Alps (Beniston, 2010), where almost all
stations recorded a higher increase in the winter and spring
temperatures compared to autumn and summer temperatures.
Recent studies found that a reduction in the depth of snow
cover and shrinking glaciers may also be one of the contributing factors for the observed higher warming, as the re-

Atmos. Chern. Phys., 19, 15-37,2019

duction in the percentage of snow and glacier can alter the
surface albedo over a region, . which in turn can increase the
surface air temperatures (Kulkarni et al., 2002; Groisman et
al., 1994). Romshoo et al, (2015) and Murtaza and Romshoo
(2016) have also reported that a reduction in snow and glacier
cover in the Kashmir regions of the Himalayas during recent
decades could be one of the reasons for the occurrence of
higher warming, particularly on the higher elevated stations
of Gulmarg and Pahalgam.
In the Himalayan mountain system, contrasting trends
have been noted in precipitation over recent decades (IPCC,
2001). Borgaonkar and Pant (2001), Shrestha (2000) and
Archer and Fowler (2004) observed increasing precipitation
patterns over the Himalayas while Mooley and Parthasarthy
(1984), Kumar and Jain (2010) and Dimri and Dash (2012)
reported large-scale decadal variation with increasing and
decreasing precipitation periods. The results of the present
study indicate that the decrease in annual precipitation is
slightly insignificant at all six stations except in the spring
season. The increasing trend in temperature can trigger largescale energy exchanges that become more intricate as complex topography alters the precipitation type and intensity in
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Figure 7. Observed monthly averaged surface temperature and precipitation as well as ERA-interim potential vorticities at the 350 K potential
temperature and 200 hPa pressure surfaces for the Srinagar station during the years 1980-2016.

many ways (Kulkarni et al., 2002; Groisman et al., 1994).
Climate model simulations (Zarenistana et al., 2014; Rashid
et al., 2015) and empirical evidence (Vose et al., 2005;
Romshoo et ai., 2015) also confirm that increasing temperature results in increased water vapor, leading to more intense
precipitation events even when the total annual precipitation
reduces slightly. The increase in temperature therefore enhances the risks of both floods and droughts. For example,
the disaster flood event of September 2014 occurred in the
Kashmir valley due to high-frequency and high intense precipitation.
The NAO is one of the strongest northern atmospheric
weather phenomena occurring due to the difference of atmospheric pressure at sea level between the Iceland low and
Azores high. It controls the strength and direction of westerly winds across the Northern Hemisphere. Surface temperatures have increased in the Northern Hemisphere in the
past few decades (Mann et al., 1999; Jones et al., 2001; Hijioka et al., 2014), and the rate of warming has been especially high ("-'0.15°Cdecade-1) in the past 40 years (Folland et aI., 2001; Hansen et al., 2001; Peters et al., 2013;
Knutti et ai., 2016). The NAO causes substantial fluctuations
in the climate of the Himalayas (Hurrell and van Loon, 1997;
Syed et al., 2006; Archer and Fowler, 2004). Several workers

www.atmos-chem-phys.netl19I1S/20191

found a strong connection between the NAO and temperature
and precipitation in the north-western Himalayas (Archer
and Fowler, 2004; Bhutiyani et al., 2007; Bookhagen, 2010;
Sharif et al., 2013; Iqbal and Kashif, 2013). A substantial
fraction of the most recent warming is linked to the behavior
of the NAO (Hurrell and van Loon, 1997; Thompson et al.,
2003; Madhura et al., 2015). The climate of the Kashmir Himalayas is influenced by western disturbances in winter and
spring seasons. Figure 4c and d show correlation between
wintertime NAO and temperature and precipitation over the
Kashmir region. While temperature shows a negative correlation of -0.54, precipitation shows a positive correlation of
0.68. From linear regression analyses, it is found that considerable variation in winter precipitation and temperature over
Kashmir is forced by winter NAO. The weakening link of
NAO after 1995 has a close association with decreased winter
precipitation and increased winter temperature in the Valley.
Similarly, Bhutiyani et al. (2009) and Dimri and Dash (2012)
also found a statistically significant decreasing trend in precipitation which they related to weakening of NAO index.
However, to establish a detailed mechanism, incorporating
these variations requires thorough investigation.
The WRF model simulations compare well with observations (significantly strong correlation of 0.85) and the corre-
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Figure 8. Same as Fig. 6 but for Kokarnag,

lation is more for the elevated stations than the valley stations
of Srinagar and Kupwara. However, it is expected that a good
correlation can result if more precise terrain information is
incorporated in the WRF model simulations. Earlier studies
(e.g. Kain and Fritsch, 1990, 1993; Kain, 2004) also found
good correlation between observed and WRF simulated rainfall events. In conjunction with large-scale features such as
NAO and ENSO, it can result in large-scale variability in the
climate of this region (Ogura and Yoshizaki, 1988). Furthermore, incorporation of mesoscale teleconnections and their
associations in the WRF model can further help in understanding large-scale weather forecasting over this region.

4.5 Physical mechanisms of climate and weather of
Jammu and Kashmir
Large-scale spatial and temporal variations in the meridional
winds could be due to the passage of planetary-scale Rossby
waves in the atmospheric winds. When RWs break in the upper troposphere, it could lead to vertical transport of atmospheric air between the upper troposphere and lower stratosphere and an irreversible horizontal transport of air mass between the subtropics and extratropics (McIntyre and Palmer,
1983). Rossby waves have the characteristic of remaining co-
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herent over many days and propagate long distances of the
order of synoptic to planetary scales, leading to the teleconnection of remote atmospheres of global extent. The study by
Chang and Yu (1999) indicates that during northern winter
months of December-January-February, Rossby wave packets can be most coherent over a large distance of from the
northern Africa to the Pacific through southern Asia. There
are reports of extreme weather events connected to Rossby
waves of synoptic to planetary scales in the upper troposphere (e.g, Screen and Simmonds, 2014). In northern India,
there is an increasing trend in heavy rainfall events, particularly over the Himachal Pradesh, Uttrakhand, and Jammu
and Kashmir (Sinha Ray and Srivastava, 2000; Nibanupudi
et al., 2015). Long Rossby waves can lead to the generation
of alternating convergence and divergence in the upper troposphere that in turn can affect surface weather parameters
like precipitation through the generation of instabilities in the
atmospheric air associated with convergence and divergence
(Niranjan Kumar et al., 2016).
Using observations and MERRA (Modem-Era Retrospective Analysis for Research and Applications reanalysis; https:
/Igmao.gsfc.nasa.gov/researchimerrai,
last access: 19 December 2018) data, Rienecker et al. (2011) showed strong
correlation between 6-10 days periodic oscillations associ-
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Figure 9. Same as Fig. 7 but for Kupwara.

ated with Rossby waves in the upper tropospheric winds
and surface weather parameters like atmospheric pressure,
winds, temperature, relative humidity and rainfall during a
severe weather event observed at the Indian extratropical station, Nainital (29.45°,79.5°), in November-December 2011.
They also note that when the upper troposphere shows divergence, the lower troposphere shows convergence and as
a result more moisture gets accumulated there, leading to
enhancement of relative humidity and hence precipitation.

strong association between enhanced Rossby wave activity, surface temperature and extreme precipitation events in
1979-2012. Since slowly propagating Rossby waves can influence weather at a particular site for long periods lasting
more than few weeks, it is can be seen the imprint of climatic
variations in Rossby waves in weather events from monthly
mean atmospheric parameters.
To understand the present observation of different precipitation characteristics over different stations, it is compared

It was asserted that Rossby waves in the upper troposphere

between monthly variation in PV in the upper troposphere

can lead to surface weather-related events through the action
of convergence or divergence in the atmospheric air. It is to
be noted that a passing Rossby wave can cause fluctuations
in divergence and convergence in the atmosphere at periodicities (typically 6-10 or 12-20 days) corresponding to the
Rossby waves at a particular site.
It was reported that Rossby waves account for more than
30 % of monthly mean precipitation and more than 60 % of
surface temperature over many extratropical regions and influence short-term extreme weather phenomena (Schubert et
al., 2011). Planetary waves affecting weather events severely
for long durations of the order of months have been reported
by many researchers (Petoukhov et al., 2013; Screen and
Simmonds, 2014; Coumou et al., 2014). Screen and Simmonds (2014) found that in the midlatitudes, there was a

and precipitation. Potential vorticity at 350 K surface is identified for investigating Rossby waves as their breakage (can
be identified through reversal of gradient in PV) at this level
can lead to an exchange of air at the boundary between the
tropics and extratropics (Homeyerand Bowman, 2013). Similarly PV at 200 hPa pressure surface is more appropriate for
identifying Rossby wave breaking in the subtropical regions
(Garfinkel and Waugh, 2014).
Since the Srinagar city is located on comparatively flat
land compared to the other six stations of the Kashmir valley, precipitation associated with western disturbanceshere is
under the direct influence of planetary-scale Rossby waves.
Accordingly, correlation between PV at the 350 K (located
near the core of the subtropicaljet; Homeyer and Bowman,
2013) and 200 hPa pressure surface and precipitation is found

www.atmos-chem-phys.netl19/15/2019/
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Figure 10. Same as Fig. 8 but for Pahalgam. '

to be significantly larger over Srinagar than other stations.
Orographic effects at other stations can have significant influence on planetary Rossby waves. Therefore, PV (ERAInterim data, Dee et al., 2011) in the upper troposphere varies
in accordance with precipitation, which is clearly depicted in
Fig. 7, during the entire years of 1984, 1987, 1988, 1990,
1993, 1994, 1995, 1996, 1999,2006 and 2009. Sometimes, it
is observed that the time variation of precipitation has strong
correlation with PV at either 350 K surface or 200 hPa pressure surface. This would be due to the inftuence of Rossby
waves generated due to baroclinic or and barotropic instabilities. Particularly, the correlation between PV (sometimes'
either one or both) and precipitation is significantly positive during the Indian summer monsoon months of JuneSeptember for all the years from 1980 to 2009 except 1983,
1985, 1989,2000-2005 and 2009. At present it is not known
why this relation became weak during 1999-2010.
For Kokarnag (Fig. 8), the topography of which is similar
to Srinagar but which is located in the vicinity of high mountains, the relation between PV and precipitation particularly
during the Indian summer monsoon is almost similar to that
of Srinagar during 1983, 1985, 1989, 1991, 1998, 1999 and
2000-2005. The deterioration of the link between PV and
rainfall over Kokarnag and Srinagar during 1999-20 lOis intriguing and it may be associated with climate change. In the
Atmos. Chem. Phys., 19, 15-37, 2019

northern Kashmir region of Kupwara (Fig. 9), at mean sea
level which is ~ 1 km higher than Srinagar, the relation between PV and precipitation is good in the years 1982-1983,
1985-1988, 1990-1994, 1995-1996, 1999 and 2006. Similar to Srinagar and Kokarnag, Kupwara also shows a poor
link during 1999-2010. Particularly during the summer monsoon period, the PV-precipitation relation is good in all the
years except 1989, 1998, 2000-2005 and 2009. One interesting observation is that in 1983, 1985 and 1991 the correlation between PV and precipitation for Kupwara is better
than Srinagar and Kokarnag. Since Kupwara is located nearelevated Greater Himalayan mountain range, Rossby waves
associated with topography would have contributed to the
good correlation between PV and precipitation here, which
is not the case for Srinagar and Kokarnag. In the case of Pahalgam, (Fig. 10), located near the Greater Himalayas, generally the link between PV and precipitation is good in almost all the years in the period 1980-2016 but with a difference that sometimes both the PVs follow precipitation and at
other times only one of them does. Particularly during summer monsoon months, similar to Kupwara, the years 1989,
2000-2003, 2005 and 2009 show poor correlation. In general, precipitation near the Greater Himalayas is significantly
influenced by Rossby waves associated with topography.
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Figure 11. Same as Fig. 9 but for Qazigund.

For the hilly station of Qazigund (Fig. 11), located in the
south Kashmir region (above+- 3 Ian m.s.l.) near the foothills
of Pir Panjal mountain range, the relation between PV and
precipitation is better than that of the northern station Kupwara. For example, in 1988, the relation is much better over
Qazigund than Kupwara. However, the opposite is true in
1987. Interestingly, in 1985, both Kupwara and Qazigund
show similar variation in PV and precipitation. This may be
due to the effect of the nature of limited equatorward propagation of Rossby waves from midlatitudes. In 1995, 1997
and 1998, PV and precipitation follow similar time variation
at both Kupwara and Qazigund except for January-March
during which precipitation over Qazigund but not Kupwara
follows PY. Interestingly, in the whole year of 1999, precipitation at both stations follows exceedingly well with PV;
however, in 1998, only Qazigund but not Kupwara shows
good relation. In 2009, precipitation does not follow PV for
both stations. Interestingly in all the months of 2006, PV follows well with precipitation for both Kupwara and Qazigund.
However in September, Kupwara but not Qazigund shows
good relation. In 2004, only PV at 350 K surface follows well
with precipitation for both the stations. For the summer monsoon period of June-September,these years, namely, 1983,
1985, 1989, 1990,2000-2003,2005 and 2007-2009, do not

www.atmos-chem-phys.netl19/15/2019/

show good correlation, which is almost similar to Srinagar
and Kokamag.
In the case of Gulmarg (Fig. 12), PV and precipitation follow each other well in the years of 1988, 1993, 1994 and
1995. In 1996, during the Indian summer monsoon period of
June-September, only PV at 350 K surface follows precipitation. Overall, during the summer monsoon period, the relationship between PV and precipitation is appreciable for all
the years except for 1983, 1989, 1990, 1999 and 2000-2009,
which is almost similar to Kupwara and Pahalgam. It may be
noted that these stations are located near relatively elevated
mountains and hence topographically induced Rossby waves
could have contributed to this good relation. The observations suggest that high-altitude mountains affect the precipitation characteristics through topography-generatedRossby
waves. The interesting finding here is that irrespective of the
different heights of mountains, all the stations show that during 1999-2010 the correlation between upper tropospheric
PV and surface precipitation was found to be poor, indicating that some unknown new atmospheric dynamical concepts
would have played significantrole in disturbing the precipitation characteristics significantlyover the western Himalayan
region. This issue needs to be addressed in the near future by
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Figure 12. Same as Fig. 10 but for Gulrnarg.
invoking suitable theoretical models so that predictability of
extreme weather events can be improved in the Himalayas.
During 2011-2016 (Fig. 13), it may be observed that for
Gulmarg the link between PV and precipitation holds well
in general for all these years except around July 2012, JulyDecember 2013 and 2015. It is interesting to note here that
during the historical flood event of September 2014, the
PV and precipitation follow each other but in the preceding and following years of 2013 and 2015 their linkage is
poor, as noted earlier. Similarly, all the other stations (Srinagar, Pahalgam, Kokarnag, Kupwara and Qazigund) also
show that the link between PV and precipitation is good
around September 2014. This would indicate clearly that
the extreme weather event that occurred during September 2014 is due to intense large-scale Rossby wave activity rather than any localized adverse atmospheric thermodynamical conditions such as local convection. In Srinagar,
most of the time PV and precipitation follow each other very
well as observed during January 2011-June 2012, JanuaryJuly 2013, January-July 2014, and all of 2015 and 2016. In
Qazigund, this relation is good only during january-july and
September-October 2014 and during all of 2015 and 2016
(similar to Srinagar). For Kupwara, PV follows precipitation well during all of 2011, January-July 2012, JanuaryMay 2013, January-November 2014, and all of 2015 and
Atmos. Chern. Phys., 19,15-37,2019

2016. In the case of Kokarnag, a good relation is observed
during March-August 2012, January-June 2013 and 2014,
around September 2014. In contrast, the relationship is very
poor in the entire years of 2015 and 2016. Pahalgam interestingly shows good correlation between PV and precipitation
during the whole years of 2011 and 2012. In 2013, 2014,
2015 and 2016, it is good only during January-June in addition to being exceptionally good in September 2014.
Finally, it may be observed that the ERA-interim reanalysis data of meridional wind velocity (12:00 UT) at "- 3 Ian
altitude above the mean seal level show alternating positive
(southerly) and negative values, resembling the atmospheric
Rossby waves in the subtropical region during 1-{5 September 2014 (Fig. 14). The meridional winds associated with
Rossby waves could be easily identified to have their extensions in both the Arabian Sea and Bay of Bengal, indicating
that water vapor from both regions was transported towards
the Jammu and Kashmir region of India as the converging
point of Rossby waves was located near this region. It may be
easily noticed that the waves got strengthenedon 4 and weakened on 5 September and ultimately dissipated on 6 September. This dissipation of Rossby waves led to dumping of the
transported water vapor over this region and thus caused the
historical-record heavy-flooding during this period. This is
one clear example of how synoptic-scale Rossby waves can
www.atInos-chem-phys.netJ19/15/2019/
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Figure 13. Same as Fig. 11 but for all the stations and during the years 2011-2016.

reorganize water vapor over large scales and lead to extreme
rainfall events. It is well known that the subtropical westerly
jet is one of many important sources of Rossby waves in the
midlatitudes to tropical latitudes. If the SUbtropicaljet drifts
climatically northward then the surface weather events associated with them also will drift similarly, leading to unusual
weather changes climatically.
Published reports by Barnes and Polvani (2013) and Lu et
al. (2014) indicate that long-term variations in Rossby wave

breaking activities and stratospheric dynamics have close association with global climate change. A meridional shift of
the center of subtropical jets, arising due to enhanced polar vortex and upper-tropospheric baroclinicity, is possible
due to the consequences of global warming, has been successfully linked to climatic changes in Rossby wave breaking events caused by baroclinic instabilities (Wittman et at,
2007; Kunz et al., 2009; Riviere, 2011; Wilcox et al., 2012).
The long-term increase in the tropospheric warming arising
due to baroclinic forcing of Rossby waves is more prominent in the midlatitudes than in the tropical regions (Allen
et al., 2012; Tandon et al., 2013). This midlatitude warming
plays a critical role in driving poleward shifts of the SUbtropical jet responding to climate change (Ceppi et al., 2014).
It should be remembered that the combined effect of tropo-
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spheric baroclinic forcing (warming) and a stratospheric polar vortex can gradually move the subtropicaljet from about
27 to 54° (Garfinkel and Waugh, 2014). Using global circulation models (GCMs), linear wave theory predicts that in
response to increased greenhouse gas (GHG) forcing, midlatitude eddy-drivenjets, arising due to strong coupling between synoptic-scaleeddy activity andjet streams in both the
hemispheres, will be shifted poleward (Fourth report of IntergovernmentalPanel on Climate Change (Iv- IPCC), Meehl et
at, 2007). However, midlatitude Rossby waves and the associated wave dissipation in the subtropical region are predicted to move climatologically towards the equator due to
the spherical geometry of the Earth (Hoskins et at, 1977;Edmon et at, 1980). This propagation of the location of wave
breaking towardsthe equator will have a long-term (climatic)
impact on the relation between variations in upper tropospheric PV associated with Rossby waves and surface precipitation in the subtropical latitude regions. This may be one
of the reasons that during 1999-2010, the relation between
PV and precipitation became poor, as observedin the present
study.
Regarding surface temperature, except for its linear longterm trend, there is no clear evidence of a strong link between
variations in the upper tropospheric potential vorticities and

Atmos. Chem. Phys.; 19, 15-37, 2019
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Figure 14. Synoptic-scale ERA-interim meridional wind velocity covering the Jammu and Kashmir region for 6 days from 1 to 6 September 2014 (historical record flooding rainfall over this region).

surface temperature for all six stations mentioned. It seems
that long-term (climatic) variations in the upper tropospheric
vorticities have significantly less influence on surface tem-

served data. It is found that in recent decades, precipitation
associated with both the monsoons and western disturbances
has been decreasing significantly. While the monsoon defi-

perature variations.

ciency is associated with a decreasing difference in surface

5

Conclusions

In this study, trends and variations in surface temperature and
precipitation over the Jammu and Kashmir region (western
Himalayas) of India are carried out for a period of 37 years
during 1980-2016. Analyses of the observations reveal that
the annual temperature increased by 0.8 °C during this period. Higher increases in annual temperature accompanied
by insignificant decreases in annual precipitation are noted
for stations located at higher altitudes. Long-term variation
in winter temperature and precipitation has good correlation
with winter NAO index. To provide more conclusive evidence on our observations, we employed WRF model simulations, which show a good correlation of 0.85 with the obAtmos. Chern. Phys., 19, 15-37, 2019

temperature between the Indian landmass and nearby Indian
Ocean, the deficiency associated with western disturbances
during winter is due to the climatic northward displacement
of the subtropical westerly jet. This subtropical jet wind
helps to enhance the moisture transport associated with disturbances from the tropical Atlantic Ocean, Mediterranean
and Caspian Seas to the Himalayan region. Regarding historical extreme weather event associated with September 2014
floods in Jammu and Kashmir,it is found that the breaking of
intense Rossby wave activity over Kashmir played an important role as the wave could transport lots of water vapor from
both the Bay of Bengal and Arabian Sea and dump them here
through its breaking during the first week of September 2014,
leading to the extreme rainfall event measuring more than
620 mm in southern parts of the Kashmir.
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Lidder tributary in the Upper Indus Basin (Urn) of the Himalayas, an important source
of surface and ground water, is experiencing clear indications of climate cbange. In
the basin, minimum, maximum, and average temperatures are showing a significant
increasing trend in all the four seasons. Precipitation is showing insignificant decrease
over time in the basin. However, the proportion of snow is decreasing and correspondingly, the proportion of rains is increasing. The temperature projections also sbow increasing trends for the end of tbis century. The time-series analysis of the Normalized
Difference Snow Index (NDSI) shows a depletion of the snow-cover in the region.
Furthermore, during the past 51 years, the glacier area in the basin has decreased from
46.09 km2 in 1962 to 33.43 km2 in 2013, a depletion of 27.47%. As a result of glacier
recession in the basin, the streamflow fed predominantly by snowmelt and glacier
melt, is showing a statistically Significant decline since the mid-1990s. The declining
streamfiows have potential to adversely affect agriculture, energy production, tourism, and even domestic water supplies. The Snowmelt Runoff Model (SRM) was
tested for estimating the runoff from this glaciated basin on an operational basis. The
average simulated runoff 11.94 m3 S-l at the outlet is in concordance with the average
measured runoff 13.51 rn? S-l showing R2 of 0.82. The model could thus be used for
snowmelt runoff estimation, on an operational basis, for judicious utilization of the
depleting water resources in the region.

DOl: http://d)(.doi.org/l0.1657/AAAROOI4-088

Introduction
Changes in the bydrological processes brought about by climate change are intimately related with the future of power generation industry health and with tourism and have far-reaching
implications for the human populations, land surface processes,
and ecological processes. The recent developments in mountain
hydrology, coupled with the availability of new tools and observation systems, have made it possible to assess and predict the hydrological processes under changing climate at a basin scale (Green
and Pickering, 2009; Munro and Marosz-Wantuch, 2009; Lutz et
al., 2014). Despite the tremendous importance of mountainous
water resources (Chalise et al., 2003; Chen et al., 2014) and their
sensitivity to climate change (Xu et al., 2004; Arora et al., 2008;
Fowler and Archer, 2006; Archer and Fowler, 2008; Shekhar et al.,
2010), very few studies bave been carried out in the Upper Indus
Basin (Urn) to understand and characterize the impacts of climate
change on the water resources in the region (Archer and Fowler,
2004; Singh and Bengtsson, 2005; Kumar et al., 2006; Tahir et
al., 2011; Biemans et al., 2013; Immerzeel et al., 2013; Lutz et
al., 2014; Mukhopadhyay and Khan, 2014; Romshoo and Rashid,
WI4).
Predicting the long-term climate change impacts on water
resources using coupled hydrological and climate models is still
a very intricate task (Nurmohamed et al., 2007). Nevertheless,
a number of studies have been conducted to study tbe impacts
of climate change on hydrological processes and water resources at global scale (Christensen et al., 2004; Nurmohamed et al.,
2007; Falaschi et al., 2013; Sanchez-Bayo and Green, 2013) and
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at regional and local scales as well (Fowler and Archer, 2005;
Immerzeel et al., 2009, 2012; Mukhopadhyay and Khan, 2014).
The glacier area in the Himalayas has decreased significantly in
recent years as a result of increasing temperatures (Barry, 2006;
UNEP, 2010). Recent research has confirmed that, for many of
these glaciers, the rate of recession is accelerating (Bajracharya
et al., 2008), observed mostly from the recession of the glacier
snouts and mass balance studies (Kurien and Munshi, 1972; Srikanta and Pandhi, 1972; Berthier et al., 2007; Bolch et al., 2008).
There are forecasts that up to a quarter of the global mountain
glacier mass could disappear by 2050 and up to half could be
lost by 2100 (Oerlemans, 1994; IPCC, 2007). However, there are
studies that suggest that central Karakoram Range is the largest
of those few areas where glaciers are showing advance (Hewitt,
2005; Bhambri et al., 2011; Tahir et al., 2011; Gardelle et al.,
2012; Bahuguna et al., 2014). This dissimilarity in the glacier
behavior indicates a climate change pattern in the Karakoram that
differs from that in the central and eastern Himalaya (Fowler and
Archer, 2006; Gardelle et al., 2012). The increase in winter precipitation since 1961 in the upper parts of the Karakoram glaciers
and decrease in the summer temperature between 1961 and 2000
are regarded as the possible causes of glacier thickening in the
Karakoram Range (Arcber and Fowler, 2004; Fowler and Archer,
2006; Gardelle et al., 2012).
Information on the spatial and temporal variation of snowmelt runoff under cbanging climate is of basic interest for hydrology, water management, hydropower generation, and crop yields
(Singh and Kumar, 1997; Saraf et al., 1999; Nagler and Rott,
2000; Waldner et al., 2004; Jianping et al., 2(07). Understand-
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ing the spatial and temporal distribution of the snow cover and
the hydro-meteorological
conditions at watershed scale is also
essential for the accurate prediction of snow- and glacier-melt
runoff (Rango and Martinec, 1995; Singh et al., 2000; Kulkarni
et a1., 2002; Jain et al., 2009). In the Indus Basin, the snow- and
ice-melt contribution to the stream discharge is significant in the
upper portion of the basin, encompassing Kashmir and other adjacent regions of the Himalayas (Immerzeel et al., 2010). In the
Kashmir Himalayas, one of the major concerns about the climate
change relates to its impact on streamllows in the Indus Basin,
whose waters are shared between India and Pakistan under the
Indus Water Treaty. Snow and ice reserves of the Himalayan
river basins, important in sustaining seasonal water availability
over South Asia, are likely to be substantially affected by climate
change, but to what extent is yet unclear (Immerzeel et aI., 2010;
Miller et al., 2012). Earlier studies have addressed the importance
of glacier- and snow-melt and the potential effects of climate
change downstream at various spatial scales (Barnett et al., 2005;
Cyranoski, 2005; Radic et al., 2014; Bliss et al., 2014; Khan et
al., 2015; Lutz et al., 2014; Rees and Collins, 2006). Therefore,
a better understanding of the climate change impacts on the hydrological regime of the Himalayas is critical for the sustainable
management of the water resources in the basin (Archer, 2003;
Tigkas et aI., 2012). In view of the tremendous economic importance of the cryosphere in the region and the fact that the glaciers in Kashmir Himalayas are receding due to climate change
(Negi et aI., 2009; Romshoo and Rashid, 2010), we researched
to establish linkages between the depleting cryosphere, climate
change, and strcamllows in the Liddcr catchment of the Kashmir
Himalayas. India.The research emphasized and demonstrated the
need for the development of a strategy for operational prediction
of snow- and glacier-melt runoff from the glaciated basins of the
Himalaya for optimal utilization of the depleting water resources
for various sectors.

Study Region
Lidder Valley is located in southeastern Kashmir in northwest Himalayas in the Upper Indus Basin. India (Fig. 1), and
is spread over an area of about 1260 km-.The area is precipitous mountainous terrain with an elevation ranging from 1500
to 5500 m a.s.l. and falls approximately between 75°30'E to
75°45'£ longitude and 34° 15'N to 34°30'N latitude. Snow covers considerable area of the catchment throughout the year. especially during the winter and spring seasons, only to melt and
subsequently feed the springs and rivers during the rest of the
year (Dar et aI., 2013). There are about 56 glaciers in the basin,
including the Kolahoi glacier, the largest glacier in the Jhelum
Basin, one of the main tributaries of the Indus River. Lidder
River emanating from the Kolahoi glacier is one of the main
tributaries of the Jhelum Basin.
The study area exhibits a typical temperate climate with
four distinct seasons viz., spring. summer, autumn, and winter. The area receives precipitation both in the form of rain and
snow. On the basis of the analysis of the time series of temperature and precipitation data (1980-2010), the mean annual precipitation at the Pabalgam meteorological station is 1240 mrn,
with the highest rainfall recorded in the month of March (210
mm) and the lowest in the month of November (48 mm). The
temperature varies between a monthly mean maximum of 19
°C in July and a minimum of -1.7 °C in January with an annual
average of 9.5 °C.
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Materials and Methods
In order to establish the linkages between the depleting snow
and icc resources, climate change, and streamflow,wc used a combination of multisource data that includes the historical precipitation and temperature data (1980-2010), historical streamflow data
(1971-2011), future regional climate change model projections
(2011-2098), time series of satellite images from Moderate Resolution Imaging Spectro-radiometer (MODIS) (2003. 2006-2012).
SRTM Digital Elevation Data (DEM), detailed field observations,
and various kinds of secondary/ancillarydata. MODIS/terra snow
cover Daily L3 Global 500 m Grid (MODlOA1), processed and distributed by the National Snow and Ice Data Centre (and available at
http://nsidc.org},were selected to calculate the snow cover percentage on the study area (Hall and Riggs, 2007). The MODIS data of
2004-2005 are missing over the region and hence were not used
in the analysis. Due to the scanty hydro-meteorologicalobservation
network in the Himalayas in general and the study area in particular. only historical data from the Pabalgam meteorological station
were available for analysis in this research. A host of methods were
employed to accomplish the research and included satellite images
processing, geospatial techniques, statistical methods, and simulation models. Details of the data and the methods used are hrietly
discussed below.

ASSESSING THE INDICATORS OF CllMATE CHANGE

The methods employed for quantifying various indicators of
climate change involvedthe integrated use of statistical techniques,
remote sensing, and Geographic Information System (GIS) as discussed here.

TREND ANALYSIS OF HYDRO-METEOROLOGICAL DATA

A time series of streamflow (1971-2011), temperature, and
precipitation data (1980-2010) was used for trend analysis. The
hydro-meteorological data of the basin was analyzed for trends
using the Man-Kendall, Spearman's Rho, and Linear Regression
statistical tests. Man-Kendall test and Spearman's Rho are nonparametric tests. The use of non-parametric tests enables us to be
independent of using a number of assumptions about the population values and is well suited for analyzing trends in time series
data (Gilbert, 1987). Therefore, the nonparametric Mann-Kendall
statistical test was used for trend analyses of the time series of
hydro-meteorological data. The test does not assume any special
form for the distribution function of time series data, including
missing data (Yue and Pilon, 2(04). The Man-Kendall

statistic is

denoted by S and varies between -1 to +1. Rank I is assigned to
higbest value in the set. The "n" time series values (Xl , X2, X3 ...
Xu) are replaced by their relative ranks (Rl, R2, R3 ... Rn). The test
statistic S is given as:

S= ~

~-l[~ ~ . Sgn(Ri-Rj)]

£.J .=1 £.J}=,+I

(1)

where, sgn (x) =1 for x > 0, sgn(x) = 0 for x = 0 and sgn(x) = -Ifor
x-c O.
If the null hypothesis Ho is true, then S is normally distributed
and its positive value is an indicator of an increasing trend.
Spearman's Rho test is widely used for determining the statistical Significance or the hydro-meteorological data trends (Yue
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and Pilon, 2004; Bouza-Deano et al., 2(08). It assesses how well
an arbitrary monotonic function describes the relationship between
two variables without making any other assumptions about the particular nature of the relationship between the variables. It is used
when the data do not meet assumptionsregarding normality, homoscedasticity, and linearity. The test static P. is the correlation coefficient, which is obtained in tne same way as the sample correlation
coefficient but by using Tanks as under:

(2)

S",= ~n
-J

" -,=1

(xi-x')(yi-y')

(5)

and xi represents (time), yi (variable elements), x' and j/ refer to
ranks. In this case, x', y, S., and Sy are normally distributed with
mean of zero and variance of one.
Linear regression test assumes that the time series data is
normally distributed by testing whether there is a linear trend
by examining the relationship between time (x) and the variable of interest (y). It assumes that the errors (deviations from
the trend) are independent and follows the same normal distribution with zero mean. The regression gradient is estimated
by:

where
"
s, == ~.
(xi-x')
£',=1

2

b== ~~
(3)

"-

,=1

(xi_x')(yi_y')/~n

" -,-I

(xi-x')

(6)

and intercept is estimated as
n

Sy == ~.

£.,=1

(yi - y')

2

(4)

a=y'-bx'
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The test static Sis:

the satellite-derived glacier boundaries
assessment (1962-2013).

S=b/a

for glacier area change

(8)
CHANGES IN THE SNOW COVER

where

CliMATE CHANGE PROJECTIONS

-

00

~

i

•...•
V)

o

The future climatic data for 2011-2098 under AlB scenario was
extracted for the study area from a PRECIS (Providing REgional Climates for Impact Studies) run simulated over the Kashmir valley. Average annual maximum, minimum temperature and total annual precipitation from 2011 to 2098 was analyzed for the study area, which
centered at 437 ppm and 630 ppm of CO2 concentrations for the year
2025 and 2075, respectively. Observed temperature data, procured
from the Indian Meteorological Department (IMD), was upscaled to
0_)°, as the data is localized in nature, using 30-arc second GTOPO
(Global TOPOgraphy) data by applying a standard atmospheric lapse
rate of -0.0065 °C m-I. This was accomplished by computing the elevation difference between a OS PRECIS grid and the IMD observation station (Rashid et al., 2015). Keeping in view the capability
of PRECIS in effectively simulating the climate over the Hindu-Kush
Himalayan region (Akhtar et al., 2008; Dar et al., 2013; Kulkarni et
al., 2013; Rajbbandari et al., 2015), we chose the PRECIS model for
climatological projections under the most plausible scenario, that is,
AlB scenario. The use of PRECIS for climate projections under the
single emission scenario could be a limitation of this research and,
therefore, it would be prudent to use and validate theCMIP5 climatological projections under various scenarios with observation data from
the region to check if the agreements are better. It is believed that the
use of an ensemble of models and multiple scenarios would enable
more possible futures in climate change over the region to be assessed

A time series of MODIS data (2003, 2006-2012) was used to
determine the annual snow depletion and for separating snow/ice and
clouds in the Lidder catchment using Normalized Difference Snow
Index (NDSI). Snow is normally mapped pixel-wise with NDSI
greater than or equal to 0.4 (Hall et al., 2002; Dozier, 1989; Wang
et al., 2010). However, it was observed that NDST with 0.4 thresholds underestimates the snow cover due to the patchy snowpack in
mountainous Lidder region and the effects of topography in which
snow pixels are shaded by surrounding terrains (Konig et al., 2001).
Therefore, we tried various thresholds and found the threshold of
0.36 most appropriate as it provided the best agreement between the
onscreen digitized snow cover and the NDSI-derived snow cover
estimates. Furthermore, we compared the NDSI-derived MODIS
snow-cover map and the high resolution Landsat-ETM snow cover
map to confirm that the NOSI threshold of about 0.36 is more appropriate for the snow mapping in the area.The snow cover data, along
with other required variables, was used to run the SRM model for
simulating discharge for the hydrological years 2007-2011.

SNOWMELT RUNOFF PREDICTION
The methodology adopted for predicting snow-melt runoff from
the glaciated basin is shown in Figure 2 and is based on the integrated
use of remotely sensed data, digital elevation model, hydro-meteorological data, and field observations in a degree day Snowmelt-Runoff Model (SRM). SRM is designed to simulate and forecast daily
streamflow in mountain basins of almost any size ranging from 0.76 to
120,000 Jcrn2 with elevation ranging from 305 to 7690 m a.s.l., where
snowmelt is a major runoff factor (Martinec, 1975). In degree-day approach, two temperature values each day or daily mean temperature is
taken as an index variable representing all the melting factors (Bloschl,
1991; Brubaker et al., 1996; Eigdir, 2003 ).The overall structure of the
model is described by the following equation:

MAPPING THE GLACIER RECESSION
Survey of India (SOl) topographic maps (1962), combined with the multi-temporal satellite images and field data,
were used to map the temporal changes in glacier extent in the
Lidder catchment. SOl topographic maps based on Everest Datumat at! :50,000 scale werc first scanned and then goo-referenced using ground control points (GCPs). The gee-referenced
topographic maps were co-registered with the satellite images.
The GCPs were taken from all across the satellite image to ensure better geometric correction of the satellite data, achieving
a root mean square (RMS) value <0.2 (Lillesand and Kiefer,
1987). Landsat Thematic Mapper (TM) scene of 15 October
1992, Enhanced Thematic Mapper Plus (ETM+) scene of 27
August 2000, and Landsat-B OLI scene of7 October 2013available from the U.S. Geological Survey (USGS) were used for the
glacier mapping.The glacier boundaries and extents were extracted from the satellite image using on-screen digitization approach after applying various image enhancement, filtering, and
ratio techniques to the images to highlight the glacier features
so that the glacier delineation is more accurate (Racoviteanu et
al., 2008; Paul and Andreassen, 2009; Paul and Svoboda, 2009;
Bolch et al., 2010; Paul et al., 2013). The digital glacier outlines
from the SOl topographic maps were used for comparison with
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=

where Q average daily discharge (rn? S-I); c = runoff coefficient
for snow (index s) and rain (index r); a = degree-dayfactoris stated
as water equivalent (em C-J d'); T= number of degree-days eC d)
which refers to the number of positive degree days (degrees above
0C); IlT =temperature lapse rate adjustment; S
ratio of the
snow-covered area to the total area; P precipitation contributing
to runoff (ern); A = area of the basin or zone (km'); k = recession
coefficient; n sequence of days during the discharge computation
period and 10,000/86,400 = conversion from ern km2 to rn? 8""1.
Equation 10 is valid for a time lag between daily temperature
cycle and the resulting discharge cycle of 18 hours (Martinec et al.,
2008). T, S, and P are variables to be measured or determined each
day. The degree day factor is albedo dependent. Liquid water content in the snow increases the snow density and decreases the albedo
(KOnig et al., 2001). As the melting season progresses, the snow density changes, which in turu favors the snowmelt. The degree day factor for snow can go as high as 0.6, and it usually goes higher toward
the end of the summer when glacial ice becomes exposed (Rango
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FIGURE 2. Methodologyadopted for accomplishing the study.

and Martinec, 1979; Eigdir, 2003; Sharma et al., 2012}.The degreeday factor values range from 0.5 to 0.6 for different months in the
basin. The runoff coefficients (cR' cs) take into account an estimate
of evapo-transpiration, sublimationof snow and ice, and percolation
to deep groundwater from the basin. The cR and Cs coefficients of
the JbeJum Basin, based on calibration and validation of four years
(2005-2009) discharge data, were used (Sharma et al., 2012).
The recession coefficient (k) indicates the decline of discharge
in a period without snowmelt or rainfall. Its value ranges between
0.9 to1 for various months and was derived from the equation

Himalayan basins (Aggarwal et aI., 2014). If the air temperature
is higher than the critical temperature, the precipitation is rain,
and if the temperature is lower than the critical temperature,
the precipitation is snowfall. When the degree-day number becomes negative, it is automatically set to zero by the model so
that no snowmelt is computed. Since the basin elevation ranges

(ll)

The normal lapse rate of -0.0065 °C rrrelevation increase
was used. The 6.T and lag time, which are characteristics for a
given basin, were taken from the literature (Sharma et al., 2012).
The precipitation data input for SRM was obtained from
the Pahalgam meteorological station. The daily mean temperature data were extrapolated to the bypsometric mean elevation
of different zones using the lapse rate of -0.0065 °C m-I. A
critical temperature value is specified [0 determine whether the
measured precipitation is rain or snow and is generally above
o °C (Charbonneau et aI., 1981). Currently, a wide range of
critical temperature values, based on minimum air temperature,
dew point temperature, or air temperature are used to determine
the form of precipitation, that is, snow or rain (Schreider et aI.,
1997; Marks and Winstral, 2007; Gillies et aI., 2012). However,
it was observed that air temperature was more reliable to determine the form of precipitation in the Lidder Basin. The critical
temperature of 2 °C was employed to distinguish snowfall and
rainfall events as it bas been found reliable elsewhere in the

Elevation (m)
01500-2500
_2501-3500
_

3501·4500

04501.5500

10Km

FIGURE 3. Elevation zones of the Lidder watershed.
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from 1500 to 5500 m, the Lidder Basin was subdivided into four
elevation zones (Fig. 3). The average daily runoff Q was calculated by linearly summing up the runoff contributions from each

elevation zone, which were calculated separately before routing (Martinec et aI., 2008; Eigdir, 2(03). Snow depletion curves
(SDCs) were interpolated from the periodical snow cover maps
to daily fractional snow cover values.

Results and Discussion
METEOROLOGICAL DATA TRENDS
Temperature trends for the Pahalgam meteorological station are shown in Figure 4. The mean annual temperature shows
a significant increase at a < 0.01 using Man-Kendall, Spearman's Rho, and Linear Regression statistical. The maximum
temperature is showing a significant increase at a < O. The mean
minimum temperature is showing Significant increase at a <

O.Olusing both the parametric and non-parametric tests. The
winter temperature is also showing increase at the significance
of a < 0.01. The summer temperature is showing a significant
increase at a < 0.1 for all the tests used. The spring temperature
is showing a significant increase at a > 0.01. The autumn is
showing a significant increase in the temperature at a < 0.05, a
< 0.01, and a < 0.05 for the Man-Kendall, the Spearman's Rho,
and the Linear Regression tests, respectively. The statistical
significance of thc annual and seasonal trends of thc observed
temperatures is given in Table 1.
The mean annual, winter (December-February), summer
(June-August), and autumn (September-November) precipitation
(Fig. 5) in the basin are showing a slightly declining but statistically insignificant trends. However, the precipitation during the
spring season (March-May) shows significant decreasing trend at
a < 0.05 using all the three tests. The statistical significance of the
annual and seasonal trends of the observed precipitation at Pahalgam station in the basin is given in Table 2.
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TABLEt
Statistical analysis of average annual temperature, and average minimum and average maximum temperature at Pabalgam meteorological station.
Test statistic

Result

4.119

S (0.01)

3.996

S (0.01)

5.087

S (0.01)

Winter season

3.811

S (0.01)

Spring season

3.438

S (0.01)

Summer season

1.719

S (0.1)

Autumn season

2.416

S (0.05)

Winter season

3.811

S (0.01)

Spring season

3.384

S (0.01)

Summer season

1.865

S (0.1)

Autumn season

2.657

S (0.01)

Winter season

3.856

S (0.01)

00

....•

Springseason

4.597

S (0.01)

0
C'l
;>.,

Summerseason

1.915

S (0.1)

~

Autumnseason

2.46

S (0.05)

Name of the test

Name of the season

Man-Kendall
Spearman's Rho

Annual

Linear regression
Man-Kendall

Spearman's Rho

Linear regression

.....fa

Annualmaximum

3.519

S (0.01)

0

•...•

Winterseason

3.487

S (0.01)

C'"l

•...•
«i

Springseason

3.438

S (0.01)

Summerseason

0.389

NS

N
0\

Autumnseason

2.951

S (0.01)

on

Man-Kendall

00

•...•

Annualmaximum

3.708

S (0.01)

C'l
C'l

Winter season

3.517

S (0.01)

~

Springseason

3.429

S (0.01)

....•
•...•
•.......

Summerseason

0.692

NS

Autumnseason

2.998

S (0.01)

Annualmaximum

4.457

S (0.01)

Winterseason

4.296

S (0.01)

Springseason

4.258

S (0.01)

Summerseason

0.191

NS

Autumnseason

2.369

S (0.05)

...0

Spearman's Rho

or)

r-..:

;>.,
.J:l

"0
<l)
"0
«I
0

Linear regression

"2

~

0
Q

Parameter
Average annual temperature

Average minimum temperature

Averagemaximumtemperature

S = significant. NS = insignificant. S (0.01) = statisticallysignificant with 99% significance level. S (0.05) = statistically significant with 95% significance level. S (0.1) = statistically
significant with 90,;!: significance rever.

CUMATE CHANGE PROJECTIONS

Both average maximum and average minimum projected
temperatures show increasing trends, whereas the projected
precipitation shows a slightly decreasing trend. The mean annual maximum temperature is projected to increase by 6.26
°C (±1.84 0c) from 2011 to 2098 (Fig. 6, part a). The lowest
average maximum temperature for Pahalgam meteorological
station was 6.58 °C in 2011, whereas the highest maximum
temperature is projected as 14.10 °C in 2096. The mean annual minimum temperature is projected to increase by 5.74 °C
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is (±1.50 "C) from 2011 to 2098 (Fig. 6, part b). The lowest
average minimum temperature for Pahalgam was -4.82 °C in
2011, whereas the highest projected maximum temperature is
-1.78 °C in 2091. The projected annual precipitation shows a
very weak decreasing trend with R2 of 0.048 and is not statistically significant (Fig. 6, part c). The lowest precipitation for
Pahalgam is projected to be 1329.88 mm for 2067, and the
highest is 2812.80 mm for 2030. Although the projected temperature is showing a good agreement with the observations,
the correlation between the observed and projected precipitation is weak.

TABLE 2
Statistical analysis of annual and seasonal precipitation at Pahalgam meteorological station.

Nameof the test
Man-Kendall
test

Spearman's
Rho test

Name of the season

Test statistic

Annualprecipitation

-0.425

NS

Winterseason

-0.136

NS

Springseason

-2.515

S(0.05)

Summerseason

1.156

NS

Autumnseason

0.034

NS

Annualprecipitation

-0.47

NS

Wiater season

-0.04

NS

Springseason

-2.507

S (0.05)

Summerseason
Autumnseason
Linear
regression

Result

1.221

NS

0.199

NS

-0.702

NS

Winterseason

0.004

NS

Springseason

-2.451

Annualprecipitation

S (0.05)

Summerseason

1.535

NS

Autumnseason

0.348

NS

S = signiticanr, NS = insignificant. S (0.05) = statistically significant wuh 95%
significance 1"",,1.

Upon comparison of the upscaled IMD data with the PRECIS projected temperatures during the baseline period, we found
that the bias between the two data sets narrowed down appreciably,
resulting in a good match (Fig. 7). Hence the model projections
over the region are considered credible. Similar findings haw been

reported about the use of PRECIS in Himalayas (Kulkarni et al.,
2013; Rajbhandari et al., 2015).

SNOW AND GLACIER COVER CHANGES

Analysis of the snow depletion curves reveals that there
has been a decrease in snow precipitation since 2003-2012.
Overall snow cover is very high during winter months in the
study area. However, the snow begins to melt in March and
the melting continues till the end of August when most of
the basin is snow-free. The climate controls in the UIB are
dominated by winter precipitation influenced by western disturbances (Dar et al., 2014) as opposed to the eastern and central Himalayas where monsoons are dominant (Shrestha et ai.,
1999; Fowler and Archer, 2005).The snow depletion curves
from 2003 and 2006-2012 are shown in Figure 8, and the spatial and temporal distribution of the snow cover extent during 2006-2008 is shown in Figure 9. The spatial and temporal
variations of snow-cover distribution and snowmelt runoff are
considered sensitive indicators of climatic change (Wang et
a!., 2010). The decrease is more pronounced in winter months
and could be related to the increasing minimum temperature
observed during the winter months in the area. As a result of
the increasing temperatures in winter, the proportion of the
snow in the total precipitation is decreasing (Fig. 10). There-

fore, the decreased snow precipitation is associated with the
declining amount of snow on the ground. Table 3 shows the
spatio-temporal changes in the Lidder Basin glacier area from
1962 to 2013. The glacier area in the basin has reduced from
46.09 km2 in 1962 to 33.43 km2 in 2013, showing a depletion
of 27.47% in 51 years. Kolahoi, the largest glacierin the basin,
has shrunk from 13.67 km2 in 1962 to 10.92 km2 in 2013, a
decrease of 2.75 km2 during the period (Fig. 11). The findings·
of this study support the results of the Intergovernmental Panel
on Climate Change (IPCC) and the Global Land Ice Measurements from Space (GUMS), which reported that glaciers in
the Himalayas are receding faster than other parts of the world
(IPCC, 2007; Immerzeel et aI., 2009). The increasing temperatures and the changes in the form of precipitation (from snow
to rain) are mainly responsible for the glacier recession observed in the area. The decline in the glacier- and snow-cover
extent has adverse impacts on the hydrology (Sharma et aI.,
2012), vegetation (Rashid et al., 2015), and tourism (Dar et
al., 2013) in the region. Decreased net snow accumulation on
glaciers and the enhanced melting of glaciers under increasing temperatures in the region has led to glacier recession and
ultimately decreased contribution to runoff from glacier melt
(Archer and Fowler, 2004). Figure 12 clearly shows the impacts of the depleting cryosphere under changing climate on
the streamflows in the area, the period of increasing discharge
(1971-1994), and thereafter a decreasing trend (1995-2011).
Keeping in view the depletion of 27.47% in the glacier area
during the last 51 years, the increasing streamflow during the
1971-1994 period is attributed to the enhanced melting due to
increasing temperatures, and the declining strearnflows during
the later period (1995-20 11) is attributed to the loss of the
substantial glacier mass due to the climate change witnessed
in the area in the past five to six decades.

STREAMFWW DATA TRENDS

Spatia-temporal differences in streamfiow trends can occur
as a result of differences in rainfall and temperature, cryosphere
changes, and varying catchment characteristics that translate meteorological inputs into hydrological response (Burn and HagElnur, 2002). The trend analysis of the average yearly discharge
using Man-Kendall, Spearman's Rho, and Linear Regression statistical tests at Am hydrological station, Pahalgam, is shown in
Figure 13 and Table 4. All three statistical tests show an overall
significant decreasing trend for the streamtlow in the basin. Analyses have also been carried out season-wise, revealing decreasing
trend except for the spring season that showed a little increment

in discharge.
The seasonal variation in the snow cover has significant
impact on the stream discharge in the Lidder Basin as shown
in Figure 13. Spring discharge shows slightly positive correlation with increasing spring temperatures. This is because the
overall snow cover in the basin is at its maximum in the winter
and spring seasons (February to April) and decreases substantially as the summer approaches (Fig. 8). However, temperature and discharge are negatively correlated in the summer and
autumn seasons due to less snow cover on the ground and the
high temperature leading to high evaporative loss and reduced
runoff (Fowler and Archer, 2005). The overall discharge in the
basin is showing a statistically significant decline since the
mid-1990s because the overall glacial mass in the basin has
decreased substantially during the past five to six decades due
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to the climate change (Table 3). Sharif et al, (2013) have also
found a similar declining trend in runoff in the glaciated Hunza catchment at Dainyore. However, they found a significantly
increasing trend in flow regime in nival catchment. Recent

2010

2015

FIGURE 7. Comparison of observed temperatures from IMD and PRECIS temperature projections.

research has confirmed that runoff in the glaciated Karakoram constituting an important part of the Indus catchment will
not decrease before the end of the 21st century (Bolch et aI.,
2012).
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FIGURE 8. Snow depletion curves for Udder
watershed from 2003 and from 2006 to 2012.
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SNOWMELT RUNOFF MODELING
Snowmelt runoff was simulated using the SRM for the hydrological years (October-September) from 2007-2011 for the Lidder
catchment in the UlB. The estimated snowmelt runoff from the basin along with the observed runoff from the catchment is shown in
Figure 14.The average simulated snowmelt runoff for the catchment
is 11.94 rn' S-I, whereas the average measured runoff is13.51 m' S-I.
The results showed a good agreement between the simulated and
the measured runoff volume with r 0.82.This demonstrates that
the SRM can be used operationally (0 predict the streamflows of ungauged basins in the mountainous glaciated Upper Indus Basin. Typical of the glaciated Kashmir Himalayan basins, the Lidder shows a
distinct summer runoff peak, compared with the more evenly distributed river flow from lowland basins that are either devoid of glaciers
or receive comparatively insigniticant amounts of solid precipitation.
TIle hydrograph of the snowmelt runoff has a typical pattern reflecting the daily cycle of temperature and solar radiation. The effect of
seasonal snow cover on the daily distribution of runoff in the basin is

=
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evident from the analysis of the simulated runoff. The meltwater volwne is the product of the snow cover area and depth, both of which
usually start decreasing by the second half of June. Generally, the
computed runoff is lower than measured runoff in summer and winter periods, especially in the months October-February and MayJune. This might be attributed to low snowmelt due to the reduced
snow cover and less number of degree-days during the summer and
winter months, respectively (Eigdir, 2003). Further, temperature and
precipitation are two critical input parameters for runoff estimation
and are measured at one station only and extrapolated to the entire
basin assuming that they are representative for the entire basin. Depending upon the meteorological conditions, this assumption bas a
potential to introduce under- and over-estimation of the runoff.

Conclusion
In the glaciated basins of alpine Himalayas, with a scanty
network of hydro-meteorological records, it is important to pro-

TABLE 3

Change in total glacier area of Udder watershed and Kolahoi
glacier from 1962-2013
.a

iI§

Year

Totalglacier area (km')

Kolahoiglacier area (km")

I '"

1962

46.098

13.67

18

1992

41.884

13.34

r~

2000

37.824

12.17

I'"

2013

33.433

10.92

rs
~~

I~
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Test statistic

Result

Yearlydischarge

-4.01

S (0.01)

Winterseason

-2.233

S (0.05)

Springseason

-3.609

S (0.01)

Summerseason

-3.154

S (0.01)

Autumn season

-4.649

S (0.01)

Yearly discharge

-3.917

S (0.01)

Winter season

-2.452

S (0.05)

Springseason

-3.494

S (0.01)

Summer season

-2.782

S (0.01)

Autumn season

-4.204

S (0.01)

YearJy discharge

-4.692

S (O.OJ)

Winter season

-2.719

S (0.01)

Spring season

-3.955

S (0.01)

Summerseason
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S (0.01)

Autumnseason
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S (0.01)

S = significant, S (0.01) = 99% significance level, S (0.05) = 95% significance level.
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vide a reliable assessment of the snowmelt runoff so that the
depleting water resources due to climate change are used more
sustainably. The findings demonstrate that the changing climate
in the Lidder catchment, Upper Indus, is adversely affecting the
snow and glacier resources that, to date, predominantly contributed to the strearnflows in the region. Depending upon the pace
of climate change and the consequential shrinkage of glaciers
in thc region, the strcamftows might plummet to critical levels,
thus jeopardizing the essential uses and trans-boundary sharing
of the waters in the region. It is therefore of utmost necessity
to develop an operational mechanism for predicting the streamflows of the un-gaugcd basins in the mountainous Himalayas, so
that a robust strategy is devised for the judicious and sustainable
use of the depleting water resources in the region. The very good
agreement between the observed and the simulated runoff shows
that the SRM is a reliable simulation tool and can be used to
compute daily snowmelt runoff in glaciated and snow-covered
basins using only a few easily obtainable input parameters, sueh
as hydro-meteorological data, DEM, and remote sensing-derived
snow cover maps. It is hoped that the accurate assessment of the
snowmelt runoff from various basins in Kashmir Himalayas in
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FIGURE 11. Change in spatial extent of Kolahoi glacier (1962-2013)with Landsat-S OLI scene of 7 October 2013 in the background.

the urn, on a routine and operational basis, shall help to develop
a robust trans-boundary strategy for the conservation and optimal
use of the water resources in the Indus Basin.
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Recent glacier changes in the Kashmir Alpine Himalayas, India
Khalid Omar Murtaza and Shakil A. Romshoo
Department of Earth Sciences, University of Kashmir, Sri nagar, India

ABSTRACT

Using landsat data at decadal interval (1980-2013), the glacier fluctuations
(glacier area, equilibrium line altitude and specific mass balance) of nine
benchmark glaciers in Kashmir Himalaya were estimated. The observed
changes were related to topographic and climatic variables in order to
understand their influence. From the data analysis, it was observed that
the glaciers have shrunk by 17%, ELA has shifted upwards (80-300 m) and
5MB shows variation in glacier mass loss from -0.77 to -0.16 m.w.e. Annual
air temperature showed a significant increasing trend, and a slight but
insignificant decrease in precipitation was observed during the period. It
is evident that in the same climatic regime, varying topography plays a key
role in determining the glacier changes. It is believed that the observed
changes in the glacier geometry and dynamics, If continued, shall have
adverse effect on the stream flows, water supplies and other dependent
sectors in the region.
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Introduction
Glaciers are one of the important natural resources with immense importance as a perennial source
of freshwater, hydropower generation and regional climatology. However, the climate change has
impacted the cryosphere with the consequent impacts on streamflow, food production and even
tourism (Slingo etaL 2005; Scott et al. 2012; Dar et al. 2014; Romshoo etal. 2015). The world's average
surface temperature has increased between 0.3 and 0.6 °C over the past hundred years (IPCC 1992;
Bajracharya et al. 2008), and the increase in global temperature is predicted to rise continuously during
the current century (Bhutiyani et at 2007; Romshoo & Rashid 2012; Rashid et aI. 2015). Studies by the
Intergovernmental Panel on Climate Change (IPCC) concluded that the earth's average temperature
has increased by 0.6 ± 0.2 °C during the twentieth century. The rise in the temperature has resulted
in the shrinkage of most glaciers and ice caps all around the world (Sorg et al, 2012). Analysis of the
glacier response to the climate change leads to an understanding of the mechanism of glacier fluctuations (Dyurgerov & Meier 2000; Anderson et al. 2008).
Outside the Polar Regions, Himalayan glaciers form one of the largest concentrations of ice.
Himalayan glaciers constitute an important proportion of freshwater of the major river systems of the
Asia such as Indus, Brahmaputra and Ganges. The climate of the Himalayas is highly variable because
of its wide range of geographical factors that contribute to variations in temperature and precipitation
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(Young & Hewitt 1990). Average temperatures are predicted to rise between 3.5 "C and 5.5 DC by 2100
in the Indian sub-continent (Lal2002) and by 6.43 "C (±1.72) in the Kashmir Himalayas (Rashid et al.
2015). The most immediate impact of this rise in temperature will adversely affect the glacier recession
rate in the Himalayas, because of the sensitivity of cryosphere to temperature changes (Hasnain 2008;
Bhambri et al. 2011). Various studies implied that the Himalayan glaciers have been retreating since
the end of Little Ice Age (Vohra 1981; Dobhal et al. 2004). However, more recent studies also suggest
that the rate of retreat has increased during the past few decades (Bolch et al. 2008).
Various approaches have been employed to study the glacier recession rate of selected glaciers
in Himalayas based on field investigations (Dobhal et al. 1999), satellite images and topographical
maps (Kulkarni 1992; Pankaj et al. 2012). However, the direct measurements of glacier changes are
very abstruse due to their remote location, uninhabited neighbourhood, spotty distribution and cold
climatic conditions. These factors have motivated researchers to use new technologies such as remote
sensing for investigating the glacier changes in different mountain regions of the world, including the
Himalayas (Bolch et al. 201 Oa; Ajai et al. 2011). Remote sensing provides multi-sensor and multi -temporal satellite images which are useful for mapping, monitoring and systematic assessment of glacial
extent and change with the advantage of synoptic view over a large area (Hubbard & Glasser 2005).
Satellite imagery is especially useful in rugged Himalayan terrain along with field-based glaciological
measurements (Gao & Liu 2001; Andreassen et al. 2008; Heid & Kaab 2012).
Several studies have been conducted on Himalayan glaciers using satellite data to assess the glacier
extents, recession rates using snout monitoring, accumulation and ablation zones, etc. (Racoviteanu
et al. 2008; Bahuguna et al. 2014). Most of these studies have attributed climatic and topographic variations for varying glacier retreat in the Himalayas (Bhutiyani 1999; Hasnain 2008). Anthropogenic
activities and black carbon have also been reported as one of the major factors for depleting Himalayan
glaciers (Hansen & Nazarenko 2004; IPCC 2007; Yasunari et al. 2010). Various methods have been
used to delineate the glacier area such as on-screen delineation, image rationing, supervised and unsupervised classification, indices and sub-pixel classification-based techniques (Albert 2002; Vikhamar
& Solberg 2003; Shukla et al. 2009). Mass balance of valley glaciers has been determined using the
glaciological, geodetic and hydrological methods (Ostrem & Stanley 1969). IIowever, field-based
glacier mass balance data collected through glaciological method are available for a very few glaciers
in the Himalayas because of the remoteness and logistic constraints faced in regular monitoring and
collection of data through field methods. Dyurgerov and Meier (2005) compiled mass balance data
of eight Indian Himalayan glaciers with the globally available mass balance series. Overall, the global
mass balance records of the Himalayan glaciers are incomplete. Therefore, several studies have advocated using approximate estimates to assess mass balance for glaciers in this region (Kulkarni 1992;
Pelto 2010; Brahmbhatt et al. 2012). These studies have demonstrated that if the relationship between
AAR or ELA and specific mass balance is established, specific mass balance can be estimated from the
ELA or AAR using remote sensing data. Kulkarni et al. (2004) have discussed the applicability and
robustness of accumulation area ratio (AAR) and equilibrium line altitude (ELA) methods for the
estimation of mass balance of Himalayan glaciers. Satellite data have also been used widely to calculate
changes in glacier volume (Storvold et al. 2005; Surazakov & Aizen 2006). Loss in glacier volume is
normally directed by the glacier retreat (Dobhal et al. 2004).
The objective of this research was to assess the glacier recessions and the changes in the glacier
geometry and dynamics for nine benchmark glaciers in the Lidder valley of Kashmir, India, using a
time series of Landsat satellite images (1980, 1992, 2001, 2010 and 20l3). The observed changes in
various glacier parameters are explained in terms of the topographic variations and climatic changes
observed in the area.

Study area
The Udder valley is located in the south-eastern corner of Kashmir valley giving passage to a river of
same name and is situated between geographical coordinates of 33° 43'-34° 15' N latitude and 75°
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Agure 1. Distribution of glaciers with glacier ids.

Table 1. Data sources used for the study.
Image/sensor type
LandsatMSS
LandsatTM
Landsat ETM+
LandsatTM
LandsatOU
ASTERGDEM

Resolution
57

30
30
30
30
30

Acquisition date
06 October 1980
1S October 1992
30 September 2001
17 October 2010
27 October 2013

Source
http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov /
http://earthexplorer.usgs.gov/

05'-75° 32' E longitude. Lidder is known for its pristine and varied water resources in the form of
snow, glaciers, springs, streams and alpine water bodies. The glaciers are presently confined along the
northern ridge of the east and west Lidder valley. Kolahoi glacier is the largest glacier in the west Lidder
valley, and Shishram glacier is the largest glacier in the east Lidder. Lidder River is one of important
tributaries of river Ihelum, formed by the union of two major streams, the East Lidder and the West
Lidder streams at Pahalgam. The east Lidder drains the Great Himalayan mountain torrents from
Shish nag carving a deep gorge round Pisu hills and flows past Chandanwari up to Pahalgam. The west
Lidder torrent rising from the south of Kolahoi glacier, receiving a tributary from the Sanasar Lake
near Kolahoi Ganj valley and joins the eastern Lidder torrent at Pahalgam. The location of glaciers

with glacier number is shown in Figure 1.

Material and methods
In this study, a time series of snow and cloud- free Landsat satellite data were chosen for mapping and
monitoring the changes in glacier geometry and dynamics. Image selection for glacier mapping is
guided by acquisition at the end of the ablation period, cloud-free conditions and lack of snow packs
adjacent to glaciers (Kaab 2002; Paul et al. 2002). Landsat imageries from different sensors of the years
1980 (MSS), 1992 (TM), 2001 (ETM+), 2010 (TM) and 2013 (OLI) were available for the area which
fulfilled the above-mentioned suitability criteria. ASTER GDEM was also used to generate the altitude,
slope and aspect of the glaciers. Table 1 shows the data sets used in this study.
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Meteorological data
Time series of meteorological data of Lidder valley at Pahalgam station, obtained from Indian
Meteorological Department and comprising of air temperature (TMax and TMiD) and precipitation data
oflast three decades, was used to assess the changes in climatic variables. The Mann-Kendall statistical nonparametric test was used for determining the significance of the trends of the meteorological
parameters (MannI945; Kendall 1975). The mathematical equation for calculating Mann-Kendall
statistics S, V(S) and standardized test statistics Z is as follows:
n-l

S

=

11

L L sig ( Xj -

Xi)'

i=1 j=i+1

V(S)

= ..!_ [n(n -1)(2n + 5) 18

±

tp (tp - 1 ) (2tp

+ 5)],

p=1

z={

S-1
.,fVAR(S)

0
S+l
.,fVAR(S)

ifS < 0
ifS = 0
ifS < O .

(1)

where, X.1 and X.J. are the time series observations in chronological
order, n is the length of time series,
0tp is the number of ties for pth value and q is the number of tied values. Positive Z values indicate an
upward trend in the hydrologic time series; negative z values indicate a negative trend. IfIZI > ZI- a/2
(Ho) is rejected and a statistically Significant trend exists in the hydrologic time series. The critical
value of Zl- «/2 for a p value of 0.05 from the standard normal table is 1.96.
Glacier mapping
Glaciers in the Lidder valley were mapped using multi-temporal optical remote sensing data from the
Landsat series. An integrated approach of different techniques was used for mapping and monitoring of glaciers (Figure 2). Visual image interpretation along with various digital algorithms such as
band ratios (TM4/TMS), band contrasting and spectral indices Normalized Difference Glacier Index
(NDGI) were used to map various glacial features (Paul et al 2002; Bolch & Kamp 2006; Racoviteanu

et al. 2009). Position of glacier snout was delineated by identifying features such as the origin of the
stream from the terminus, crevasses, disposition of end moraines. Position of few glacier snouts was
also mapped and verified during field surveys using Global Positioning System. The glacier boundaries
on satellite images were mapped on 30,000 scale using on-screen digitization with the aid of various
above-mentioned image processing techniques.
The snowline altitude (SLA) divides the ice facies of the ablation zone from the snow facies of the
accumulation zone. If measured at the end of the melt season, SLA is coincident with ELA. If measured
before the end of the melt season, SLA may be lower than ELA (Khalsa et al, 2004). The equilibrium line
coincides with snowline in temperate glaciers, because of the insignificant extent of superimposed-ice
zone (Paterson 1998). Therefore, the snowline at the end of ablation season is treated as equivalent of
the equilibrium line. On glaciers, ELA is the average elevation at which accumulation precisely balances
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Figure 2. Image processing techniques: (a) NDGI image, (b) contrasting image and (cl ratio image.

ablation, taken over a period of one year (Hoinkes 1970). ELA is a key parameter for establishing AAR
(Kulkarni et al. 2004; Pandey et al. 2013). The ELAwas calculated from the ASTER GDEM.
Keshri et al. (2009) have proposed a spectral indices known as NDGI for detailed mapping of
supra glacial terrain. NDGI works On the premise that the reflectance of snow remains equally high
in both green and red regions of electromagnetic spectrum compared to the reflectance of ice which
is relativelylower. This difference and spectral contrast is picked by NDGI to differentiate snow from
ice facilitating the delineation of the accumulation and ablation zones on the glacier. The equation of
the NDGI is given below:
GREENband - REDband
NDGI=----~~---==
GREENband + REDband

(2)

NDGI frequency distribution also possesses a bimodal distribution and can be used for the discrim-

ination of snow/ice versus ice-mixed debris (Keshri et al. 2009). The threshold value of 0.29 has been
found suitable for mapping and differentiating between accumulation and ablation zones.
The AAR is a ratio between accumulation area and total area of a glader (Georges 2004). AAR is
important for the estimation of mass balance of gladers. Mass balance is defined as the total change
(loss or gain) in the glacier mass at the end of the hydrological year (Heilskanen et aL 2002) and
depending upon the specific environmentalsetting. each glacier has its own annual net mass balance.
Mass balance measurements are done per unit area basis. known as specificmass balance and expressed
as rom of water equivalent. Mass balance is estimated by quantifying the amount of seasonal snow
accumulation and snow/ice ablation. Mass balance of the glaciers was estimated using the following
equation (Kulkarni 1992):
b

= 243.01 * X -

120.187

(3)
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where b is the specific mass balance in water equivalent (em) and X is the AAR. Glacier volume of
different years of observation period was calculated using the following equation (Kulkarni 1992;
Kulkarni et al. 2004):
H

= 11.32 + 53.21p°.3

(4)

where H is the mean glacier thickness (m) and P is the glacier area (krrr'). The equation had been
primarily used for the calculation of thickness and volume of Himalayan glaciers.

Uncertainty estimation
Glacier boundaries derived from various remote sensing data of different times with varying snow
cover, cloud and shadow conditions have different levels of accuracy. The sources of error in area
and length estimation are due to coregistration and glacier area delineation. Therefore, estimation
of the error is important to know the accuracy and Significance of the results. First, terminus change
uncertainty U was estimated using the following equation (Silverio & Iaquet 2005; Wang et al. 2009;
Bharnbri et al. 2012):

u = Va

2

+ b2 + IT

(5)

where a and b are the spatial resolutions of images a and b, respectively, and (1 is the error in the image
registration.
The registration error while registering 1980 MSS image was approximately 13 m, for 1992 Landsat
TM, it was 8 m, for 2001 Landsat ETM +, it was 7 m and for 2010 Landsat TM, it was 7 m. The registration error was added to the uncertainty value to compute the overall measured error between any two
images. Changes in the snout position of glaciers were measured digitally with an accuracy of ±80 m
when registering 1980 MSS image to the base image (Landsat OLI 20l3), ±50 m when registering the
Landsat TM image of 1992, ±49 m when registering the Landsat ETM+ image of2001 and ±49 m when
registering the Landsat TM image of 20 1 0 to the base image. The error in manual digitization of glacier
boundaries was estimated to be one pixel (Congalton 1991; Zhang & Goodchild 2002; Hall et al, 2003).
The uncertainties of the glacier area estimates were determined by the buffer method suggested by
Granshaw and Fountain (2006) for each glacier. The area of the buffer around each glacier was set to
twice the digitization error (Racoviteanu et al. 2008; Wang et al. 2009; Bolch et al. 2010b). Then, the
measurement of uncertainty of glacier area (U area) for each glacier was obtained using the following
equation (Hall et a1. 2003; Ye et al. 2006):

Uar""

= 2UV

(6)

where U is the terminus uncertainty and V is the image pixel resolution.
Thus, the final uncertainty (a combination of mapping uncertainty and the uncertainty of the
misregistration) in the area extent of the glaciers was estimated to be ±0.0096 km2 using 1980 MSS
image, ±0.0030 km2 using 1992
image, 0.0029 km2 using 2001 ETM + image and 0.0029 km2 using
2010 TM image.

™

Results and discussions
Glacier area change
Nine glaciers were mapped from 1980 (MSS), 1992 (TM), 2001 (ETM+), 2010 (TM) and 2013 (aLI)
Landsat images. The analysis of data showed that the areal extent of glaciers has receded Significantly
from 1980 to 20l3. The total glaciated area of the nine benchmark glaciers in 1980 was 29.01 km2
which reduced to 27.77 km2 in 1992, 26.26 km2 in 2001, 24.89 km2 in 2010 and 23.81 km2 in the year
2013. Therefore, the area has witnessed a deglaciation of about 5.20 km2 or 17.92% during 33 years.
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Rgure 3. Retreat of glaciers during the study period of 1980-2013.

Table 2. Statistics of area change and snout change of glaciers.
Year

G1

Area (km2J
1980
13.57
13.03
1992
2001
12.42
12.00
2010
2013
11.24
Area change
1980-2013
-233
%Change
1980-2013
17.17
Snout change (m)
1980-2013
340/162

G2

G3

G4

G5

G6

G7

G8

G9

1.38
136
1.20
1.10
1.03

034
031
0.27
0.24
0.23

0.95
0.84
0.76
0.69
0.67

2.7
2.44
2.20
1.90
1.82

2.4
233
2.23
2.20
2.11

1
0.9
0.74
0.71
0.70

5.87
5.8
5.70
5.32
5.29

0.8
0.76
0.73
0.71
0.70

-0.35

-0.11

-0.28

-0.88

-0.29

-0.30

-0.58

-0.10

25.36

32.35

29.47

32.59

12.08

30.00

9,88

12.50

95

250

359

203

210

450

329

350

Table 3. Influence of size (areal on glacier recession and specific mass balance.
Area (km2)
<1
1-5
5-15

No. of glaciers
4
3
2

% Change
24.61
23.35
13.53

Mean 5MB (cm)
-47.90
-46.47
-42.95
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Table 4.lnftuence of dominant aspect on glacier recession and specific mass balance.
Dominant aspect

NE
NW
SW

No. of glaciers

%Change

Mean 5MB (em)

1
6

17.17
2036
31.03

-3837
-41.74
-64.03

2

Table 5. Influence of snout altitude on glacial recession.
Snout altitude (m)
3500-4000
4000-4500

No. of glaciers

%Change

6
3 (All less than < 1)

21.18
22.81

However,the rate of retreat is varying among these nine glaciers and this variation might be because of
the size, altitude, slope, aspect and geomorphic set-up of the glaciers. Figure 3 shows retreat of glaciers
during the study period. Kolahoi glacier (G 1) is the biggest glacier in the study area which shows area
change of 2.33 km2 from 1980 to 2013, having reduced from 13.57 km2 in 1980 to 11.24 km2 in 2013.
Kolahoi glacier has two snouts and both the snouts are showing upward shifting trend. The smallest
glacier G3 has reduced from 0.34 km2 in 1980 to 0.23 km2 in 2013. Table 2 shows the detailed statistics of the area and snout changes of the benchmark glaciers. Further, in order to see the variation in
glacier recession as a function of glacier size, the glaciers were categorized into three classes;glaciers
with area < 1 km', between 1 and 5 km2 and with area between 5 and 15 knr', The analysis showed
that the smaller glaciers « 1 km area) have lost 25% of their area during the observation period, followed by the glaciers in 1-5 km2 class (by 23%) and about 13%by the glaciers in the 5-15 km2 class.
Various studies have reported that response time of glaciers is directly proportional to their thickness
(Iohannesson et al, 1989) which in tum depends upon the size of a glacier (Chaohai & Sharma 1988).
Therefore, smaller glaciers are under bigger threat due to changing climate as compared to the larger
glaciers. Armstrong et al. (2009) and Kulkarni et al. (2007) have also reported that due to changes in
climate, small glaciers are likely to face more melting than larger ones. Table 3 shows the comparison
of changes in glacier cover for different glacier categories during the observation period.
The influence of topographical parameters such as glacier aspect and snout elevation on glacier
area change was studied using the ASTER GDEM. The advance and retreat of glaciers also depend
on the aspect (Wang et al, 2009; Bhambri et al. 2011). To assess the effect of aspect, the study area
was divided into nine classes,i.e. flat, north, north-east, east, south-east, south, south-west, west and
north-west It was observed that north- facing glaciers are shrinking less than the south -facing glaciers.
Overall, the south-facing glaciers were found to have lost 31% of the glacier area, followed by the
north-west-facing glaciers which lost about 20% area and the lowest recession was found in glaciers
facing north-east which lost about 17% area during the observation period (Table 4). To understand
the influence of altitude on glacier retreat, glaciers were classified on the basis of snout altitude and
were calegorized into two classes 0[3500-4000 m and 4000-4500 m. It was observed that the glaciers,
with snout at lower altitudes, have lost about 21 % of their area, while as the glaciers with snouts at
higher altitudes have lost 23% of their area (Table 5). However,these results are showing an opposing
trend than that reported in various other studies. The possible reason for the higher recession rate of
high altitude glaciers may be related to their size, i.e, small glaciers are showing high recession rates as
compared to larger glaciers in the study area because of their being more sensitive to climate change.
Statistical analysis revealed that all the glaciers whose snout altitude is falling in the higher altitudes
(4000-4500 m) are smaller glaciers with less than 1 km2 in size.
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Rgure 4. NDGI image which was used to differentiate the accumulation area of glaciers.

Table 6. Accumulation area fluctuations.
Year
ACC area (km2j
1980
1992
2001
2010
2013
Change (km2)
1980-2013

Gl

G2

G3

G4

G5

G6

G7

G8

G9

8.30
7.8
73
7.0
5.1

0.60
0.55
0.46
.0.41
038

0.18
0.12
0.08
0.07
0.06

0.73
0.6
0.5
0.45
0.25

1.70
1.50
130
1.10
0.8

190
1.70
1.60
156
1

0.59
0.52
0.40
0.36
032

3.70
3.60
3.32
3.05
23

032
0.30
0.26
0.22
0.19

-3.2

-0.22

-0.12

-035

-0.9

-0.9

-0.27

-1.4

-0.13

Glacier dynamic porameters
Different glacier dynamic parameters such as accumulation area, AAR and ELA were mapped for all
the nine benchmark glaciers. Figure 4 shows the NDGI image which was used to differentiate the
accumulation area and ablation area. Accumulation area of all the glaciers is continuously showing
a decreasing trend from 1980 to 2013. Accumulation area for each glacier varied from year to year
depending upon the snowline altitude at the end of the ablation season. Mean accumulation area of
the glaciers ranged from 0.10 km2 (G3) to 7.10 km2 (Gl ). 2013 satellite data is showing abnormal
reductions in the accumulation area for many glaciers, and it could be due to use of comparatively
snow free data for the year. Accumulation area of all glaciers is showing a continuous decrease, and
the fluctuations are shown in Table 6.
AAR has Significant effect on the retreat or advance of any glacier. AAR of the nine glaciers was
extracted based on the snowline at the end of ablation season using satellite images of ablation season
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Year

I

AAR
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1980
1992
2001
2010
2013
Change
1980-2013
ELA(m)
1980
1992
2001
2010
2013
Change(m)
1980-2013

G1

Gl/S2

G2

G3

G4

G5

G6

G7

G8

G9

0.61
0.60
0.59
0.58
0.45

0.43
0.40
0.38
0.37
0.37

0.53
0.39
0.30
0.29
0.26

0.63
0.60
0.59
0.58
037

0.63
0.61
0.59
0.58
0.44

0.79
0.73
0.72
0.71
0.47

0.59
0.58
0.54
0.51
0.46

0.63
0.62
0.58
0.57
0.43

0.40
039
0.36
0.31
0.27

-0.16

-0.07

-0:17

-0.26

-0.19

-032

-0.13

-0.20

-0.13

4160
4210
4230
4290
4310

4380
4420
4440
4450
4460

3940
3950
4010
4040
4050

4380
4430
4490
4520
4510

4460
4480
4490
4500
4520

4360
4370
4380
4440
4480

4000
4100
4190
4200
4280

4320
4380
4440
4500
4510

4100
4180
4220
4250
4260

4100
4210
4290
4380
4400

150

80

110

130

60

120

280

190

160

300

for the year 1980, 1992,2001,2010 and 2013. The changes in AAR of the glaciers ranged from 0.07
(G2) to 0.32 (G6) with an average of 0.19 during the observation period. The mean AAR of all the
glaciers was showing decreasing trend from 0.58 in 1980 to 0.39 in 2013. Another important glacier
dynamic parameter ELA is a very crucial parameter for knowing the glacier health (Sharma & Owen
1996; Benn & Lehmkuhl 2000; Bryan & Geoffrey 2005). The shifting of ELA relative to its current
position is an important indicator of the mass balance and health of the glacier. The average elevation
of ELA of the glaciers ranged from 4212 to 4367 m. The ELA showed a clear upward rise from 1980
to 2013. G9 glader shows the highest upward movement of ELA and has shifted by 300 m during
the period, while the G5 glacier shows the lowest upward movement of ELA (60 m) during the same
period. Mean ELA of the glaciers shifted upwards from 4212 m in 1980 to 4269 m in 1992, 4309 m
in 2001, 4346 m in 2010 and 4367 m in 2013. Figure 5 shows the demarcated ELA of Kolahoi glacier.
The variations in snowline fluctuations are attributed to the varying topography (slope, aspect), and
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Table 8. Statistics of mass balance and volume changes of glaciers from 1980 to 2013.
Year

G1

5MB (em)
1980
28.45
1992
25.28
n.64
2001
2010
2157
2013
-9.92
5MB change (em)
1980-2013
-3837
Volume (kmJ)
1980
1.894
1992
1.712
2001
1591
2010
1.559
1.500
2013
Change in Vo/. (kmJ)
1980-2013
-0.394

30.00

G2

G3

G4

G5

G6

G7

G8

G9

-14.53
-21.91
-27.03
-29.61
-30.53

8.47
-26.12
-48.18
-49.31
-56.79

33.29
24.46
23.70
20.69
-2951

32.82
29.20
23.41
2050
-1337

7UO
57.12
54.17
52.13
-5.02

23.19
20.22
11.17
3.03
-9.10

32.99
30.65
21.36
19.13
-1453

-22.98
-24.26
-33.64
-44.89
-54.23

-16.00

-65.26

-62.80

-46.19

-77.21

-32.29

-47.52

-31.24

0.064
0.049
0.046
0.048
0.042

0.014
0.010
0.008
0.007
0.006

0.064
0.050
0.030
0.030
0.021

0.176
0.150
0.136
0.110
0.097

0.215
0.185
0.166
0.147
0.142

0.087
0.074
0.061
0.060
0.054

0585
0537
0.513
0.496
0.488

0.044
0.040
0.039
0.037
0.034

-0.022

-0.008

-0.043

-0.079

-0.074

-0.033

-0.097

-0.01
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Figure 6. Correlation between ELA (m) and 5MB (em), AAR and 5MB (em) and AAR and ELA.

variations in the microclimate which include wind slope, glacier wind (Oerlemans 2010) and the
altitude of the accumulation zone of each glacier. Table 7 shows the fluctuations in the AAR and ELA
during the observation period (1980-2013). In order to have reliable estimates of the AAR and ELA
and to reduce errors, it was made sure to use the snow-free satellite data at the end of the ablation
season. There are several data constraints for determining the glacier parameters from the satellite data,
and these could be addressed by the judicious selection of appropriate data and methods (Romshoo
& Rashid, 2010; Murtaza & Romshoo 2014).
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Glacier mass balance
The specific mass balance (em) of the glaciers was calculated for the years 1980, 1992,2001,2010 and
2013 which varied significantly from the maximum of 72.20 em water equivalent (G6) to minimum
of -56.79 em water equivalent (G3) during the study period. Table 8 shows the detailed mass balance
changes of all the nine benchmark glaciers. Specific mass balance of glaciers for the year 1980 ranged
from 72.20to-22.98 cm with an average value of21.54 em; for 1992, it ranged from 57.21 to-24.26 cm
with an average value 12.74 cm; for the year 2001, it varied from 54.17 to -33.64 em with an average
value 5.29 em; for the year 2010, it ranged from 52.13 to -44.88 em with an average value 1.47 cm and
for the year 2013, it varied from -5.02 to -54.23 em with an average of -24. 78 em. Variation of mass
balance among the glaciers is generally governed by combination of various processes which include
accumulation of snow and the melting of ice. However, in the same climatic regime, the variation of
the geomorphological and topographic characteristics plays a vital role in determining the variations
in the mass balance estimates. Overall, the mass balance of glaciers kept a fluctuating trend throughout
the observation period with an overall decreasing trend (Table 8). An attempt was made to understand the mass balance fluctuations with respect to the glacier size (area wise). For this purpose, all
the glaciers were grouped into three classes and the statistical analysis showed that smaller glaciers
have lost higher glacier mass followed by the medium- and large-sized glaciers as shown in Table 3.
Orientation of the glacier also seems to have profound influence on mass balance of glaciers. It was
seen that the north-facing glaciers have lost less glacier mass (-40.06 em) than that of the south-facing
glaciers (-64.03 em) as shown in Table 4. Correlation between different glacier dynamic parameters
(Figure 6) was calculated and it was observed that there is an inverse relationship between 5MB!ELA
and ELA! AAR and direct relationship between 5MB! AAR. This just demonstrates that the consistent
variations of ELA, AAR and 5MB over a period of time could serve as an indicator of the health of a
glacier and this correlation is similar to that reported in various other studies (Kulkarni et al. 2004;
Pratap et al. 2015). It must be kept in mind that the mass balance of the benchmark glaciers was estimated using the equation developed on the basis of the relationship observed between AAR and mass
balance of two glaciers in Himachal Himalayas, western Himalayas with correlation coefficient equal
to 0.96. It is assumed that since the accumulation patterns of glaciers in Western Himalayas do not
vary Significantly (Kulkarni et al. 2004), the relationship might be valid for mass balance estimation of
other glaciers in the western Himalayas. However, it has been observed that the observed relationship
between AAR and mass balance using a larger set of six glaciers spread over a wider geographic range
even in the Western Himalayas yielded a weaker relationship (correlation coefficient of 0.75). However,
the relationship was constrained by the availability of mass balance data for a shorter period (Kulkarni
1992). It is therefore likely that the mass balance estimates of the benchmark glaciers determined in
this study might have errors which could not be quantified due to lack of field-based mass balance
measurements in the area.

Glacier volume changes
Glacier data were also used to estimate the changes in the volume of the benchmark glaciers which
ranged from 0.349 km? in 1980,0.312 km! in 1992, 0.288km3 in 2001, 0.277km3 in 2010 to 0.265 krn"
in 2013 with an average loss of -0.08 km" during 33 years of the observation period. The ice loss
showed a progressive increasing trend during the observation period (Table 8).

Meteorological data analysis
Trend analysis was carried out for the mean annual temperature (TMax and TMin) and the total annual
precipitation (1980-2010) available from the Pahalgam station, which is closest to the glaciers, using
the Mann- Kendall test. Both the average minimum temperature and average maximum temperature
(Figure 7) have gradually increased with interannual fluctuations over the observation period. The
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Table 9. Statistical analysis of average minimum temperature, maximum temperature and total annual precipitation at Pahalgam
meteorological station.
Name of the test
Mann-Kendall

Test Statistic

3.43
3.77
-0.44

Result
5(0.01)
5(0.01)
NS

Parameter
Temperature maximum
Temperature minimum
Total precipitation

most significant evidence for regional and global climate change is the increase in minimum temperature. The lowest average minimum temperature for Pahalgam was 1.78 °C in 1986 while as the
highest was 4.35 °C in 2006. The mean annual TMin showed an increasing trend. Similarly, the lowest
average maximum temperature for Pahalgam was 14.3 °C in 1986 while as the highest was 18.14 °C in
2001. The trends for temperature (TMax and TMin) were found statistically significant at the confidence
level of 0.01 (Table 9). Lidder valley receives precipitation both in the form of snow and rainfall. The
highest precipitation of 1624 mm was recorded during the year 1994 and the lowest of 705 mm during
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the year 1985. Precipitation (Figure 8) showed decreasing but statistically insignificant trend during
the observation period (Table 9). The analysis of the climate data reveals that the glacier fluctuations
have correlation with the observed changes in the air temperature and precipitation. The results
therefore indicate that the significant increase in the temperature (Tmin and Tmax) and small decrease
in the precipitation over the area may have attributed to increased ablation and less accumulation
resulting in the observed glacier changes. The Indian Himalayan region, including Kashmir, is facing
a change in the form of precipitation from solid to liquid phase which has been described as one of the
Significantfactors responsible for less accumulation of snow on glaciers (Thayyen et al. 2005; Dimri
& Mohanty 2007; Romshoo et al, 2015). In the Himalayas, the rise in the average temperature during
winter months has brought a change in the precipitation pattern with December and January months
now receiving scanty snowfall while February and March are witnessing relativelymore snowfall (Dar
et al. 2014; Mir et al, 2014). An increase in the temperature is usually accompanied by a decreasing
trend in precipitation, and a reduction in the total seasonal snowfall (Dimri & Kumar 2008; Shekhar
et al. 2010; Dar et al. 2014) which might have made a profound negative impact on the glacier health
in the region. Temperature and precipitation are the two major climatic variables affectingthe ablation
and accumulation characteristics of glaciers. An important link between the changing climate and
glacier retreat has been reported in various studies carried out during the last century (Hasnain 2002;
Haeberli 2005; Kaser et al. 2006; Romshoo et al. 2015).

Conclusions
Mapping the changes in glacier extents and dynamics of the nine benchmark glaciers in the Lidder
valley revealed that glaciers have significantly receded in areal extent during the last 33 years (19802013). The total loss of area for the benchmark glaciers during the period is 5.20 km2 or 17.92%of the
total glacier area. Analysis of data showed that smaller glaciers «1 km) have lost 25% of their area,
medium size glaciers (1-5 km2 area) have lost 23% and about 13%loss was shown by the glacier in the
range of 5-15 knr', Most of glacier snouts of the benchmark glaciers are mainly located at the altitude
of 3500-4500 m, and there is general recession of snouts of all the nine glaciers by varying lengths.
Glacierswith lower snout altitude have lost less glacier area than that of glaciers with higher snout altitudes primarily because of being smaller in size. Aspect of glaciers seems to have an impact on glacier
recession rates. From the analysis of data, it was observed that the north-facing glaciers were showing
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less recession rate than that of the south-facing glaciers. An upward rise of ELA of the studied glaciers
was observed in this study. The mass balance of the glaciers exhibited a fluctuating trend throughout
the observation period and indicated that the glaciers in the basin are losing mass. Mean specificmass
balance of the glaciers declined from 21.54 em in 1980 to 12.74 em in 1990, 5.29 em in 2001, 1.47 em
in 2010 and -24.78 em in 2013. This loss in the mass of glaciers has profoundly influenced the extent
and health of the glaciers. In this study, the influence of annual temperature and precipitation trends
on glaciers was investigated.Trend analyses showed that the mean annual temperature (TMax and TMin)
has increased and there is insignificant decrease in the total annual precipitation in the area. From
the analysis of the data, it is inferred that the rising temperature and declining precipitation might
have contributed to the glacier recession in the area. Based on varying response of the benchmark
glaciers studied in this study, it is concluded that the glacier system is very complex and is responding
differently to the changing climate depending upon its topographic set-up in terms of altitude, slope
and aspect. However, it is very evident from this study that the glacier cover is depleting steadily and
if this trend of recession continues into the next few decades, it may pose serious threat to the water
availabilityfor irrigation, hydropower generation, horticulture and recreational use in the region.
Acknowledgements
The financial assistance received from the Department of Science and Technology (DST) under the project titled
"Himalayan Cryosphere: Science and Society» to accomplish this research is thankfully acknowledged, The authors
express gratitude to the anonymous reviewers for their valuable conunents and suggestions on the earlier versions of
the manuscript that greatly improved the content and structure of this manuscript.

Disclosure statement
No potential conflict of interest was reported by the authors.

Funding
This work was supported by the part of the Department of Science and Technology (DST), Government of India sponsored national research project titled "Himalayan Cryosphere: Science and Society.

References
Ajai et al. 2011. Snow and glaciers of the Himalayas. Ahmedabad: Space Applications Centre, ISRO. ISBN 13 978-81909978-7-4.
Albert T. 2002. Evaluation of remote sensing techniques for icc-area classification applied to the Tropical Quelccaya ice
cap, Peru. Polar Geogr. 26:210-226.
Anderson B, Lawson W, Owens I. 2008. Response of Franz Josef glacier Ka Roimata 0 Hine Hukatere to climate change.
Global Planet Change. 63:2008. dOi:1O.101016/j.gloplacha.04.003.
Andreassen LM, Paul F, Kaab A, Hausberg JE. 2008. Landsat derived glacier inventory for Iotunheimen, Norway, and
deduced glacier changes since the 1930s. Cryosphere. 2:131-145.
Armstrong R, Alford D, Racoviteanu A. 2009. Glaciers as indicators of climate change - the special case of the high
elevation glaciers of the Nepal Himalaya. Sustainable mountain development. In: International Centre for Integrated
Mountain Development, editor. Water storage: a strategy for climate change adaptation in the Himalayas, Winter
No. 56. Kathmandu: ICIMOD; p. 14-16.
Bahuguna 1M, Rathore BP, Brahmbhatt R, Sharma MC, Dhar S, Randhawa $S, Kumar K, Romshoo SA, Shah RD, Ganjoo
RK, Ajai. 2014. Are the Himalayan glaciers retreating? Curr Sci. 106:1008-1013.
Bajracharya SR, Mool PK, Shrestha BR. 2008. Global climate change and melting of Himalayan glaciers. In: Ranade PS,
editor. Melting glaciers and rising sea levels: impacts and implications. Hyderabad: Icfai University Press; p. 28-46.
Benn OI, Lehmkuhl F. 2000. Mass balance and equilibrium-line altitudes of glaciers in high-mountain environments.
Quater Int. 65-66:15-29.
Bhambri R, Bolch T, Chaujar RK. 2012. Frontal recession of Gangotri glacier, GarhwaJ Himalayas, from 1965 to 2006,
measured through high resolution remote sensing data. Curr Sci. 102:489-494.

16

@

K. O. MURTAZAAND S. A. ROMSHOO

Bhambri R, Bolch T, Chaujar RK, Kulshreshtha SC. 2011. Glacier changes in the Garhwal Himalaya, India, from 1968
to 2006 based on remote sensing. J Glacial. 57:543-556.
Bhutiyani MR. 1999. Mass-balance studies on Siachen glacier in the Nubra valley; Karakorum Himalaya, india. J Glacial.
45:112-118.
.
Bhutiyani MR, Kale VS, Pawar NJ. 2007. Long-term trends in maximum, minimum and mean annual air temperatures
across the Northwestern Himalaya during the twentieth century. Clim Change. 85: 159-177.
Bolch T, Kamp U. 2006. Glacier mapping in high mountains using DEMs, Landsat an ASTER data. Grazer Schriften der
Geographie und Raumforschung [Grazer writings of geography and regional research]. 41:37-48.
Bolch T, Buchroithner M, Pieczonka T, Kunert A. 2008. Planimetric and volumetric glacier changes in the Khumbu
Himal, Nepal, since 1962 using Corona, Landsat
and ASTER data. J Glacial. 54:592-600.
Bolch TB, Menounos RD, Wheate R. 201 Oa Landsat -based inventory of glaciers in western Canada, 1985-2005. Remote
Sens Environ. 114:127-137.
Bolch T, YaoT, Kang S, Buchroithner MF, Scherer D, Maussion F, Schneider e. 2010b. A glacier inventory for the western
Nyainqentanglha Range and the Nam Co Basin, Tibet, and glacier changes 1976-2009. Cryosphere. 4:419-433.
Brahmbhatt RM, Bahuguna I, Rathore BP, Kulkarni AV, Shah RD, Nainwal He. 2012. Variation of snowline and mass
balance of glaciers ofWarwan and Bhut Basins of Western Himalaya using remote sensing technique. I Indian Soc
Remote Sens, 40:629-637.
Bryan GM, Geoffrey OS. 2005. Evolution of recent glacier recession in the Cordillera Blanca, Peru (AD1962-1999):
spatial distribution of mass loss and climatic forcing. Quater Sci Rev. 24:2265-2280.
Chaohai L, Sharma CK. 1988. Report on first expedition to glaciers in the Pumqu (Arun) and Poiqu (Bhore-Sun Kosi)
river basins, Xizang (Tibet), China. Beijing: Science Press; p. 192.
Congalton RG. 1991. A review of assessing the accuracy of classifications of remotely sensed data. Remote Sens Environ.
37:35-46.
Dar RA, Rashid 1, Romshoo SA, Marazi A. 20 14. Sustainability of winter tourism in a changing climate over Kashmir
Himalaya. Environ Monit Assess. 186:2549-2562.
Dimri AP, Kumar A. 2008. Climatic variability of weather parameters over the western Himalayas: a case study. In:
Satyawali PK, Ganju A, editors. Proceedings of the National Snow Science Workshop; 2008 Jan 11-12, Chandigarh,
India. Chandigarh: Snow and Avalanche Study Establishment; p. 167-173.
Dimri AP, Mohanty Ue. 2007. Location-specific prediction of maximum and minimum temperature over the western
Himalayas. Meteorol Appl. 14:79-93.
Dobhal DP, Gergan JT, Thayyen RJ. 1999. Recession of Dokriani glacier, Garhwal Himalaya - an overview. Symp. On
snow, ice and glaciers. A Himalayan perspective. Geol. Survey India. (In: Abst. Vol.):30-33.
Dobhal DP, Gergan JT, Thayyen RI. 2004. Recession and morphogeometrical changes of Dokriani glacier (1962-1995)
Garhwal Himalaya. India Curr Sci Bangalore. 86:692-696.
Dyurgerov MB, Meier MF. 2000. Twentieth century climate change: evidence from small glaciers. Proc Nat Acad Sci.
97:1406-1411.
Dyurgerov MB, Meier ME 2005. Glaciers and the changing earth system: a 2004 snapshot. Boulder (CO): Institute of
Arctic and Alpine Research, University of Colorado; p. 118.
Gao J, Liu Y. 2001. Applications of remote sensing, GIS and GPS in glaciology: a review. Prog Phys Geogr. 25:520-540.
Georges e. 2004. 20th-century glacier fluctuations in the Tropical Cordillera Blanca, Peru. Arct Antarct Alp Res.
36:100-107.
Granshaw FD, Fountain AG. 2006. Glacier change (1958-1998) in the North Cascades National Park Complex,
Washington, USA. J Glaciol. 52:251-256.
Haeberli W 2005. Investigating glacier-permafrost relationships in high-mountain areas: historical background, selected
examples and research needs. Geol Soc London Spec Pub. 242:29-37.

™

Hall DK. Bayr KJ. Schaner W. Bindschadler RA. Chien JY. 2003. Consideration

of the errors inherent in mapping

historical glacier positions in Austria from the ground and space (1893-2001). Remote Sens Environ. 86:566-577.
Hansen J, Nazarenko L. 2004. Soot climate forcing via snow and ice albedos. Proc Nat Acad Sci. 101: 423-428.
Hasnain S1. 2002. Himalayan glaciers meltdown: impact on South Asian Rivers. Int Assoc Hydrol Sci Pub. 274:417-423.
Hasnain S1. 2008. Impact of climate change on Himalayan glaciers and glacier lakes; Proceedings of Taal 2007, The 12th
Lake conference. Iaipur: BM Birla; p. 1088-1091.
Heid T, Kaab A. 2012. Repeat optical satellite images reveal widespread and long term decrease in land-terminating
glacier speeds. Cryosphere. 6:467-478.
Heilskanen I, Kajuutti K, Pellikka P. 2002 Assessment of glaciological parameters using Landsat satellite data in Svartisen,
Northern Norway. Proceedings ofEARSEL-LISSIG- Workshop Observing our Cryosphere from Space, Bern, March
11-13.
Hoinkes H. 1970. Methoden und Mo -glichkeiten von Massenhaushaltsstudien auf Gletschern: Ergebnisse der Messreihe
Hintereisfemer (0" tztaler Alpen) [Methods and ways of mass balance studies on glaciers: results of the measurement
series Hintereisferner (0 Tztal Alps)] 1953-1968. Zeitschrift fur Gletscherkunde und Glazialgeologie (Journal of
glaciology and glacial geology]. 6:37-90.
Hubbard B, Glasser N. 2005. Field techniques in glaciology and glacial geomorphology. Chichester: Wiley.

GEOCARTO INTERNATlONAL

9

17

IPCC. 1992. Climate change 1992. In: Houghton JT, Callander EA, Varney SK, editors. The supplementary report to the
IPCC scientific assessment. Cambridge: Cambridge University Press; p. 200.
IPCC. 2007. Summary for policymakers. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M
and Miller HL, editors. Climate Change 2007 the physical science basis contribution of working group I to the fourth
assessment report of the intergovernmental panel on climate change. Cambridge: Cambridge University Press; p. 493.
J6hannesson T. Raymond C. Waddington ED. 1989. Time-scale for adjustment of glaciers to changes in mass balance.
J Glaciol. 35:355-369.
Kaab A. 2002. Monitoring high -mountain terrain deformation from repeated air - and spaceborne optical data: examples
using digital aerial imagery and ASTER data. ISPRS J Photogram Remote Sens. 57:39-52.
Kaser G, Cogley JG, Dyurgerov MB, Meier MF, Ohmura A. 2006. Mass balance of glaciers and ice caps: consensus
estimates for 1961-2004. Geophys Res Lett. 33:1-5.
Kendall MG. 1975. Rank correlation measures. London: Charles Griffin.
Keshri AK, Shukla A, Gupta RP. 2009. ASTER ratio indices for supraglacial terrain mapping. Int J Remote Sens. 30:519524.
Khalsa SJS, Dyurgerov MB, Khromova T, Raup BH, Barry RG. 2004. Space-based mapping of glacier changes using
ASTER and GIS Tools. IEEE Trans Geosci Remote Sens, 42:1613-1615.
Kulkarni AV. 1992. Mass balance of Himalayan glaciers using AAR and ELA methods. J Glaciol. 38: 101-104.
Kulkarni AV, Rathore BP, Suja A. 2004. Monitoring of glacial mass balance in the Baspa basin using accumulation area
ratio method. Curr ScL 86: 10 1-106.
Kulkarni AV, Bhauguna 1M, Rathore BP, Singh SK, Randhawa SS, Sood RK. 2007. Glacial retreat in Himalaya using
Indian remote sensing satellite data. Cure Sci. 92:69-74 [Web of Science"].
Lal M. 2002. Possible impacts of global climate change on water availability in India. In: Report to global environment
and energy in the 21st Century. New Delhi: Indian Institute of Technology.
Mann HB. 1945. Nonpararnetric tests against trend. Econometrica. 13:245-259.
Mir RA, Jain SK, Saraf AK, Goswami A. 2014. Glacier changes using satellite data and effect of climate in Tirungkhad
basin located in western Himalaya. Geocarto Int. 29:293-313.
Murtaza KO, Romshoo SA. 2014. Determining the suitability and accuracy of various statistical algorithms for satellite
data classification. Int J Geomat Geosci, 4:585-599.
Oerlemans J. 2010. The microclimate of valley glaciers. Utrecht: Utrecht University. ISBN 987-90-393-5305-5.
Ostrem G, Stanley AD. 1969. Glacier and mass balance measurements: a manual for field and office work: a guide for
personnel with limited backgrounds in glaciology. Ottawa (ON), Department of the Environment. Inland Waters
Branch (IWB Reprint Series 66.
Pandey P, Kulkarni AV, Venkataraman G. 20 13. Remote sensing study of snowline altitude at the end of melting season,
Chandra-Bhaga basin, Himachal Pradesh, 1980-2007. Geocarto Int. 28:311-322.
Pankaj A, Kumar P, Mishra A. 2012. Extraction of glacio-geomorphological units of tons river watershed based on
remote sensing techniques. J Indian Soc Remote Sens. 40:725-734. doi:l0.1007Is12524-011-0151-x.
Paterson WSB. 1998. The physics of glaciers. Oxford: Pergamon Press; p. 26--53.
Paul F, Kaab A, Maisch M, Kellenberger T, Haeberli W 2002. The new remote-sensing-derived Swiss glacier inventory:
1. Methods. Ann Glaciol. 34:355-361.
Pelto MS. 2010. Forecasting temperate alpine glacier survival from accumulation zone observations. Cryosphere. 4:67-75.
doi: 1O.5194/tc-4-67 -2010.
Pratap B, Dobhal DP, Bhambri R, Mehta M, Tewari VC. 2015. Four decades of glacier mass balance observations in the
Indian Himalaya. Reg Environ Change. 1-16.
Racoviteanu AE, Arnaud Y, Williams MW, Ordonez J. 2008. Decadal changes in glacier parameters in the Cordillera
Blanca, Peru, derived from remote sensing. J Glacio!. 54:499-510.
Racoviteanu A, Paul F, Raup B, Khalsa SIS, Armstrong R. 2009. Challenges and recommendations

in mapping of glader

parameters from space: results of the 2008 global land ice measurements from Space (GL1MS) workshop, Boulder,
Colorado, USA. Ann Glaciol. 50:53-69.
Rashid I, Romshoo SA, Chaturvedi RK, Ravindranath NH. Sukumar R, Jayararnan M, Vijayalakshmi T, Sharma J. 2015.
Projected climate change impacts on vegetation distribution over Kashmir Himalayas. Clim Change. 132:601-613.
doi: 10.1007IsI0584-015-1456-5.
Romshoo SA, Rashid 1. 2010. Potential and constraints of geospatial data for precise assessment of the impacts of climate
change at landscape level. Int J Geomat Geosci. 1:386-405.
Romshoo SA, Rashid 1. 2012. Assessing the impacts of changing land cover and climate on Hokersar wetland in Indian
Himalayas. Arab J Geosci. 7:143-160. doi:1O.1007Is12517-012-0761-9.
Romshoo SA, Dar RA, Rashid I, Marazi I, Ali N, Zaz S. 2015. Implications of shrinking cryosphere under changing climate
on the streamflows in the Iidder catchment in the Upper Indus Basin, India. Arct Antarct Alp Res. 47(4):627-644.
Scott D, Hall CM. GOssling S. 2012. Tourism and climate change: impacts, adaptation and mitigation (Vol. 10). Abingdon:
Routledge.
Sharma MC. Owen LA. 1996. Quaternaryglacial historyofNW Garhwal, Central Himalayas. Quater Sci Rev. 15:335-365.

18

9

K. O. MURTAZAAND S. A. ROMSHOO

Shekhar MS, Chand H, Kumar S, Srinivasan K, Ganju A. 2010. Climate-change studies in the western Himalaya. Ann
Glaciol. 51:105-112.
Shukla A, Gupta RP, Arora MK. 2009. Estimation of debris cover and its temporal variation using optical satellite sensor
data - a case study in Chenab basin Himalayas. Ann Glaciol. 55:444-452.
Silverio W, Iaquet ]M. 2005. Glacial cover mapping (1987-19%) of the Cordillera Blanca (Peru) using satellite imagery.
Remote Sens Environ. 95:342-350.
Slingo JM, Challinor AI, Hoskins BI, Wheeler TR. 2005. Introduction: food crops in a changing climate. Philos Trans
R Soc B: Bioi Sci. 360:1983-1989.
Sorg A, Bolch T, Stoffel M, Solomina 0, Beniston M. 2012. Climate change impacts on glaciers and runoff in Tien Shan
(Central Asia). Nat Clim Change. 2:725-731.
'
Storvold R, Hegda KA, Maines E, Lauknes I. 2005. SAR Firn line detection and correlation to glacial mass balance;
Svartisen glacier, Northern Norway. In: Lacoste H, Ouwehand L, editors. Proceedings of the 2004 Envisat & ERS
Symposium, Salzburg, Austria. Vol. 572; p. 303.
Surazakov AB, Aizen VB. 2006. Estimatingvolume change of mountain glaciers using SRTM and map-based topographic
data. IEEE Trans Geosci Remote Sens. 44:2991-2995.
Thayyen RJ, Gergan IT, Dobhal DP. 2005. Monsoonal control on glacier discharge and hydrograph characteristics, a
case study of Dokriani glacier, Garhwal Himalaya, India. I Hydro!. 306:37-49.
Vikhamar D, Solberg R 2003. Subpixel mapping of snow cover in forests by optical remote sensing. Remote Sens Environ.
84:69-82. doi:10.1016/S0034-4257{02}00098-6.
Vohra CP. 1981. Himalayan glaciers. In: Lall IS, Maddie AD, editors. Himalayan aspects of change. Delhi: Oxford
University Press; p. 138-151.
Wang Y, Hou S, Liu Y. 2009. Glacier changes in the Karlik Shan, eastern Tien Shan, during 1971172-2001102. Ann
Glacio!. 50:39-45.
Yasunari TI, Bonasoni p, Laj p, Fujita K, Vuillermoz E, Marinoni A, Cristofanelli P, Duchi R, Tartari G, Lau KM. 2010.
Estimated impact of black carbon deposition during pre-monsoon season from Nepal Climate Observatory - pyramid
data and snow albedo changes over Himalayan glaciers. Atmos Chem Phys. 10:6603-6615. doi: 1O.5194/acp-10-6603.
Ye Q, Kang S, Chen F, Wang J. 2006. Monitoring glacier variations on Geladandong mountain, central Tibetan Plateau,
from 1969 to 2002 using remote-sensing and GlS technologies. I Glacio!. 52:537-545.
Young G], Hewitt K. 1990. Hydrology research in the Upper Indus basin, Karakoram Himalaya, Pakistan. International
Association Hydrological Sciences, lAHS Publication No. 190, CEH Wallingford, Oxfordshire OX1O 8BB, UK; p.
139-152.
Zhang ], Goodchild ME 2002. Uncertainty in geographical information. London: CRC Press.

Atmospheric

Environment

165 (2017) 336-348

Contents lists available at ScienceDirect

Atmospheric Environment
journal homepage:

ELSEVIER

www.elsevier.comllocate/atmosenv

Aerosol black carbon at an urban site-Sri nagar, Northwestern
Himalaya, India: Seasonality, sources, meteorology and radiative
forcing

Cros:;Mark

Mudasir Ahmad Bhat a, Shakil Ahmad Romshoo a. .• , Gufran Beig b
a

DepUltmmt of Earth Sdmces. University of Kashmir, India
Institute of Tropical Meteorology (lflM). India

b Indian

HIGHLIGHTS
• Average BC at Srinagar is the highest among all the observed high altitude Himalayan sites.
• Seasonally autumn and spring showed the highest and lowest BC concentration respectively.
• Charcoal making during autumn and ignition of coal and wood during winter significantly increases Be.
• Weather influences the BC variability and Westerlies carry BC to the site from the surrounding domain.
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ABSTRACT
Black carbon (BC) mass concentration was measured first-time at a high altitude urban site-Srinagar
(1600 m asl). in northwestern Himalaya. India using an Aethalorneter during 2013 to study temporal
variations (monthly. diurnal and seasonal). meteorological influences. source and its radiative forcing.
Diurnal variations with two peaks (at 8-10 hand 20-23 h) and two dips (at 13-17 hand 0-3 h) were
observed throughout the year with varying magnitude. November and April showed the highest (13.6 ~lgl
m3) and the lowest (3.4 IJ.g/m3) mean monthly BC concentration respectively. Seasonally, autumn displayed the highest (92 I1g/m3) and spring the lowest (3.5 I1gfm3) mean BC concentration. Annual average
BC concentration was quite higher (6I1g/m3) than those reported for other high altitude stations. Wind
speed. Minimum temperature and total precipitation showed a dear negative correlation with BC
(r = -0.63, -0.51 and -0.55 respectively), while as, the evening relative humidity showed positive
correlation (r = 0.56). During autumn. spring and winter seasons. the main source of Be at Srinagar is the
biomass burning, while during summer season, equal contribution of BC is from fossil fuel and biomass
burning. Back trajectory simulations revealed that. except summer, westerly air masses are the dominant
winds. transporting Be from central Asia. west Asia. south Asia, Africa and some parts of Europe to
Srinagar adding to its local sources. Clear-sky short wave radiative forcing of atmosphere due to BC was
highest (582 W 01-2) during autumn which leads to tile increase in lower atmospheric heating rate by
1.6 KId. The high concentration of Be observed over the high-altitude Himalayan Kashmir region has
serious implications for the regional climate, hydrology and cryosphere which needs to be investigated.
© 2017Elsevier Ltd. All rights reserved.

1. Introduction
Black carbon (BC) aerosol, a byproduct of incomplete combustion of biomass and fossil fuel has drawn special attention of

• Corresponding author.
E-mail address:shakilrom@kashmiruniversity.ac.in (SA. Romshoo).
http://dx.doLorg/l0.1016fj.atmosellv.2017.07.004
1352-2310/© 2017 Elsevier Ud. All rights reserved.

scientific community as it can alter radiation budget of earthatmosphere system (Sarkar et al., 2015). It absorbs incoming
shortwave solar and outgoing longwave terrestrial radiations, that
makes It absorb one million times more energy per unit mass than
C(h (UNEP and WMO, 2011). so .is considered as the second-largest
contributor to the global warming (Qiu, 2008). BC not only escalates
the warming of the lower atmosphere but also affects the cloud
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formation (Bond et al., 2013), large scale atmospheric circulation
(Hodnebrog et al., 2014), surface dimming (Yu et al., 2016) and
cryosphere (Kang and Cong,2016) with substantial regional climate
effects. It is clear that the average global concentration of BC has
indubitably increased from that during the pre-industrial times. but
it is unclear by how much (Seinfeld and Pandis, 2016).
Himalayan snow and glacier resources, which is source of fresh
water to more than 1 billion inhabitants (Kehrwald et at, 2008;
Romshoo et al., 2015) are vulnerable to BC emitted from the
nearby regions of South and Southeast Asia (Lau et aI., 2010; Gertler
et al., 2016). About 34 percent of total global BC in atmosphere is
emitted from biomass burning (Kumar et al., 2015) and in Himalayas, major proportion of population is dependent upon the
biomass for their daily energy needs (Bhatt et aI., 2016). In Kashmir
Himalayas, the biomass burning starts from November onwards
mostly for charcoal formation, warming and cooking purposes. BC
deposition on snow and glaciers in the Himalayan region reduces
albedo significantly and contributes in accelerating the retreat of
glaciers and early melting of snow packs (Carmichael et al., 2009;
Dar et al, 2014; Murtaza and Rornshoo, 2016; Rashid et aI., 2014:
Xu et al., 2016). Long range transport of BC to the Himalaya was
studied by li et al. (2016) who observed that BC from South Asia,
East Asia, China and a large proportion from neighboring Indo
Gangetic Plains (lGP) are transported over the Himalaya.
Some national and international programs like joint Aerosol
Monsoon Experiment UAMEX), Stations at High Altitude for
Research on the Environment (SHARE) (Shroder, 2007), National
Carbonaceous Aerosols Programme (NCAP)under the aegis of Indian Network of Climate Change Assessment (INCCA) and Integrated Campaign for Aerosols, Gases and Radiation Budget (ICARB)
under the Geosphere Biosphere Programme of the Indian Space
Research Organization (ISRO-GBP)were conducted to investigate
BC aerosol in Himalaya (Dumka et al., 2008; Sharma and Chauhan,
2011). However, despite these national campaigns, BC measurements over a large portion of Himalayas have never been systematically conducted particularly in the northwestern Himalaya
(Gertler et aI., 2016). Therefore, the systematic and long-term
measurement of BC at Srinagar would address the data gaps, and
form the basis of BC impact studies on a host of issues. In the
present study, yearlong temporal variability of Be, its sources,
meteorological influences and radiative forcing was investigated
for the first-time in a high-altitude Himalayan urban site-Srinagar
in the northwestern Himalaya, India.
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every season, air masses, mainly western disturbances pass
through Mediterranean and Caspian Sea and gather moisture. Then
a part of these warm moisture-laden air masses attain the height to
cross over the Pir Panjal mountain range and get precipitated in the
valley, which monsoonal wind usually fail to do except during the
late summer. At least six mountain ranges run parallel to each other
in Jammu and Kashmir and some of these check the onward
movement of winds (south-west monsoon and westerlies) to the
Srinagar, The Pir Panjal is the first high barrier, particularly with
regard to south-west monsoon. The Greater Himalaya acts as the
second barrier. During the late summers, the city is under the influence of SW monsoons, but its magnitude and intensity is usually
low (Kumar and jain, 2010). Srinagar has a temperate type of
climate and on the basis of temperature and precipitation, it experiences well defined four seasons (Bagnolus and Meher-Homji,
1959): winter (Dec-Feb), spring (Mar-May), summer Gun-Aug)
and autumn (Sep-Nov).
The average annual rainfall of the Srinagar city is about 76 ern
and maximum precipitation (30--40% of total annual) occurs during
spring season when westerlies strike the northern face of the Pir
Panjal. Winter precipitation mostly in the form of snow is fairly
widespread, occurs from the western disturbances, also known as
temperate cyclones.july is the hottest month, in which the absolute
temperature on a particular day may sometimes shoot up to 37 0(.
june to September is period of summer monsoon in the subcontinent of India, but the valley of Kashmir receives less rains
during this season. Autumn is characterized by the least disturbed
weather when sky generally remains clear. the duration of sunshine
is longer and very little precipitation occurs. Over-all, Srinagar has
highly dreary and monotonous winter with very little sunshine and
pleasant spring and warm summer.
3. Methodology
The AE-31 series Aethalometer (Magee Sci., Inc., Berkeley, CA,
USA), used in this study, performs optical analysis at seven different
wavelengths from 370 nm to 950 nm and data readout 'on the spot'.
The optical method it uses is a measurementof the attenuation of a
beam of light transmitted through the sample when collected on a
QUartzMicrofiber Filter (QMF)tape. When calculated, this quantity
is linearly proportional to the amount of BC in the filter deposit
(Hansen, 2005). The 'Optical Attenuation' ATN is defined as
ATN = 100 .• In (10/ I)

2. Description of sampling site and general climate
2.1. Site description

Srinagar city (1 600 m asl), in Kashmir valley, northwestern
Himalaya, India is surrounded by high snow-clad mountains
(Fig. 1). The site lies between 33°59'14"N and 34°12'37"N latitude
and 74°41'06"E and 74°57'27"E longitude. The city spreads along
the plains of Kashmir valley along the river Jhelum with a population of about 1.2 million (census 2011) and area of757 km2 (SDA.
2013). The vehicle population in the city according to the Regional
Transport department has reached more than 2.5 lakhs in June
2016. However, compared to the other capital dties of India, Srinagar has the lowest number of registered motor vehicles (Kumar.
2015). In spite of this, there is a heavy load of suspended particulate
matter in the atmosphere, which is attributed to the poor quality of
roads and the dust prevalent on these roads.
2.2. Oimate
Srinagar has cold moist winters and warm summers. In almost

Where, 10 is the intensity of light transmitted through the blank
filter and r is the intensity ofJight transmitted through the sample
deposit Atmospheric air was pumped through a black polyurethane sampling tube without any particle size cutoff impactor at
a flow rate of 4 LPM. Mass flow calibration of Aethalometer was
carried out twice during the sampling period. BC observations were
recorded at a time interval of 5 min. An absorption efficiency value
of 16.6 m2/g was used to determine the BC mass concentration
(Safai et al., 2014). BC data of the year 2013 was retrieved from the
instrument and the instrumental errors (negative values and data
gaps during tape advance) in the daily data files were corrected
with the help of Magee Scientific templates using interpolation
technique. Aethalometer calculates the BC mass concentration from
the rate of change of ATN, however it was observed that as the filter
tape advances, the BC concentrations obtained USing an Aethalometer abruptly rise (Virkkula et aI., 2007). Therefore, the relationship between ATN change and BC concentration does not
remain linear and BC concentration is thus underestimated. In order to account for this loading effect. we followed the method of
Safai et aL (2014) in this study. The data was retrieved and analyzed
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Fig. 1. location of Study area.

using a spreadsheet program to look into the patterns of BC at
various temporal resolutions. 5 min interval, diurnal. monthly and
seasonal variations in BC were analyzed for the year 2013.
Meteorological data was procured from the Sher-e-Kashrnir
University of Agricultural Sciences and Technology, Kashmir
(SKUAST-K) which is the nearest meteorological station (-3 km).
The meteorological parameters used from the station are; daily
temperature (mean, maximum and minimum), precipitation,
relative humidity (morning and evening). wind speed. total sunshine hours and evaporation. Principal component analysis (PCA) of
the meteorological data was done for removing the data redundancy among the highly interactive meteorological parameter. Only
the meteorological parameters that showed high variability (>97%)
in principal components were correlated with the BC observations
to understand the physical Significance of the correlation.
The IN (370 nm) and IR (880 nm) channel data was used to
source identification of BC; fossil fuel and biomass burning.
Different wavelengths are sensitive to different types of aerosols
and for organic carbon (emitted from biomass burning) IN 370 nm
wavelength is very sensitive. because organic carbon aerosols have
a greater tendency to absorb UV 370 nm wavelengths. Similarly. BC
(emitted from fossil fuels) has a greater tendency to absorb IR
880 nm wavelength and are therefore considered as the standard
wavelengths for BC concentration measurement (Hansen. 2005;
lewis et al., 2008; Sandradewi et al, 2008). Corollary. light absorption measurements at IN and IR wavelengths are used to
provide a qualitative measure of the relative presence of BC from
biomass burning and traffic emissions in ambient air (Crilley et al.,
2015; Bukowiecki et al .. 2016).
It is important to understand whether Be source is local or
transported from some other region. To determine the transport
pathway of BC to Srinagar, air mass backward trajectories were
simulated using the vertical velocity method by Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPUT) model of the

National Oceanic and Atmospheric Administration (NOAA) (Draxler
and Rolph, 2003). In spite of the uncertainties of the model output.
these trajectories provide useful information of the possible source
regions. The simulated 3-day back trajectories were draped onto
the MODIS daily active fire sites data product (MCD14ML). which
provides an outlook for understanding different pathways of BC
from different sources in the surrounding larger domain.
Clear-sky short wave (0.2-0.4 Jim) radiative forcing due to BC
aerosol (observed in different seasons) was also estimated using
Santa Barbara D1S0RT Atmospheric Radiative Transfer model
(SBDART) developed by Ricchiazzi et al. (1998). The model computes plane parallel radiative transfer under clear sky conditions at
the top of atmosphere (TOA) and at the surface of earth. The model
is well suited for the earth-atmosphere radiation budget studies
(Surendran et .11.. 2013). The observed BC mass concentration was
introduced as input into the OPAC (Optical properties of Aerosol
and Cloud) model developed by Hess et al. (1998) to obtain optical
properties such as aerosol optical depth (ADD). aerosol single
scattering albedo (SSA) and asymmetric parameter (AP)
(Chakrabarty et al., 2012). These optical parameters are the primary
inputs for SBDART model for estimating BC radiative forcing. As
Srinagar is an urban site. the spectral albedo of the surface was
taken as urban asphalt out of the available five albedo options in
SBDART. BC radiative forcing was calculated for four individual days
in a month a.t So zenith and at 1 h time intervals to determine the
diurnal averages. The diurnal averaged radiative forcing for both.
top of the atmosphere (RF TOA) and surface (RF SUR) was determined separately for all the seasons. The difference between the
two is taken as net short wave atmospheric forcing (RF ArM). which
represents the amount of energy trapped by BC aerosols within the
atmosphere. The atmospheric heating rate (Kelvin/day) due to RF
ArM was calculated from the first law of thermodynamics and
hydrostatic equilibrium (Chakrabarty et al., 2012) as follows:
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~~ =

l

(RFATMj.!lp) x 24 (hjd) x 3600 (sjh)

where ilT/at is the heating rate in K/day. g/Cp is the lapse rate (g is
the acceleration due to gravity and Cp the specific heat capacity of
air at constant pressure = 1006 J kg-1 K-1) and AP is atmospheric
pressure difference (taking AP as 300 hPa, mid-latitude pressure
width of troposphere) in the first 3 km above ground.
4. Results and discussion

4.1. Daily variation of Be concentration
Near real-time (5 min) BC data was used for finding inter- and
intra-day BC variations. high and low emission episodes. and
diurnal variations. Real-time BC concentrations at Sri nagar varied
from 0.1 to 34.6 ~g/m3 during the year. Variations in the 5-min and
daily mean BC mass concentration with a second order polynomial
trend line are shown in Fig. 2. The annual average concentration of
BC at Srinagar from 1st January to 31 December 2013 was
6.0 ± 4.8 I1g/013. The daily mean BC concentration (1.4-21.5 ~g/m3)
varied by almost 18 folds with significant inter-day variations.
Nearly 35% of the daily mean BC concentration (126 days) was
found higher than the annual average value (6 J.I.g/m3). The wide
range of the daily BC concentration in Srinagar city indicates high
variation of the daily aerosols load in atmosphere supplemented by
the BC aerosols produced from the transport sector. biomass
burning. human settlements and also the contribution from the
sources transporting BC into the city from the wider surrounding
region.
Daytime (7 a.m.-7 p.m.) and nighttime (7 p.m.-7 a.m.) monthly
variation in BC concentration along with their ratio is shown in
Fig. 3. From October to April. daytime BC concentration is always
higher than nighttime BC concentration except December. The high
nighttime BC concentration in December is due to the foggy
weather conditions. The high daytime BC concentration for other
months is due to the prevalence of high traffic and biomass emissions during day time in these months. Burning of dry fallen leaves
and twigs from deciduous trees and orchards for charcoal making
during October-November is widespread practice in the Kashmir
valley (Rashid et al., 2016) particularly during day hours. Further.
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starting with the onset of winter and continuing till March when
the temperatures are low. people in Sri nagar city use Hamams (a
room which is warmed by burning dry wooden logs) in their houses
and mosques and coal in the offices for warming to ward off the
biting cold during winters. The traffic during this period is mainly
concentrated during daytime with negligible traffic during the
evenings and nighttime. Contrary. the nighttime BC concentration
is higher from May to September which is due to the late night
traffic movements in the city during the period. coinciding with the
tourist rush. Further. the nocturnal boundary layer comes down
during this period which prevents the dispersion of BC in the atmosphere resulting in the high Be concentrations during night
hours.

42. Diurnal variation of Be concentration
The diurnal variation of BC concentration at Srinagar during all
the months and seasons shows two peaks and two dips. The
dominant sharp peak was observed in the morning at around
8-10 h and the other peak in the late evening between 20 and 23 h.
Though. the evening peak was not as dominant as the morning one.
but it is well pronounced in October and November. Contours of
monthly diurnal variation of BC concentration depicting these
peaks and dips is shown in Fig. 4. During autumn and winter. the
peak shifts from 8-10 h to 7-10 h and from 20-23 h to 18-21 h.
Variations in the magnitude of diurnal peak and dip of BC concentration is due to the variability in meteorological conditions,
emission sources and nocturnal boundary layer. Topography surrounding the sampling site may also plays a significant role in
diurnal variability of Be. In the morning, after the sunrise the
nocturnal boundary layer breaks. lifting up the fine sized particles.
especially PM 2.5 which constitute >80% BC (janssen et al., 2011 :
Tiwari et al., 2013). giving a sharp peak in the morning. Many
other factors can be responsible for high morning peak like stable
stratified planetary boundary layer which is typical in night time
but can also occur at day time when the surface temperature is
colder than air above it, leads to the shallower planetary boundary
layer and high BC concentrations. Besides. the low wind speed and
high morning humidity conditions during the morning can also
contribute to this phenomenon. Alternatively. there are some
emission in the vicinity of observation location which is happening
regularly, like morning biomass burning in residential apartments.
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roadside trash, coal burning in offices (mainly in winters) and peak
traffic rush during these hours.
The Be concentrations decreases slowly due to the increased
convective and dispersion movements and the minimum is
reached around 15 n, after that the Be concentrations starts
building up slowly due to the dissipation of the nocturnal boundary
layer. The other factors are large evening traffic rush and evening
residential biomass burning leading to the second peak in the
evening. The correlation between the monthly average planetary
boundary layer (PBl) and Be concentration in Srinagar is shown in
Fig. 5, which is negative (1' = -0.54) but statistically insignificant
(p = 0.064). There is large variation in Be observed during
December and November while the PBL is almost similar. The
reason for this high variability is the high Be emissions from local
biomass burning sites and least deposition by precipitation during
November. The snowfall event in the Mid-December led to the
reduction in the overall Be concentration during December which
otherwise would yield higher Be concentration due to the burning
of wood and coal for warming. Srinagar is surrounded by high
mountains and the PBL acts as a blanket and checks the dispersion
of Be during morning and evening hours particularly during
autumn and winter when the temperature inversion is a common

phenomenon in the mountainous valley resulting in the peak Be
concentration during these hours. Different workers (Allen et al.,
1999; Latha and Badarinath, 2003; Tripathi et al., 2005), had previously reported similar relations.
otner crucial factor conrrolling [he diurnal cycle of Be concentration is the effect of traffic density. as vehicular emissions are one
of the major sources for BC aerosols. Srinagar city is burst with the
high traffic volume which is increasing steadily. There are 67 major
road intersections with 22 as 4-arm and 45 as 3-arm intersections.
These intersections witness huge traffic pressure mostly during
morning and evening hours. The average traffic pressure at each
intersection comes to around 50,000 vehicles per day (Tali and
Murthy, 2012). It was reported by Huma et al. (2016) that the
bimodal behavior of traffic density with a morning and evening
maxima are directly responsible for the diurnal variation of aerosols concentration in Srinagar city. The peak observed Be concentration hours also partly coincide with the opening and closing
hours of offices, educational institutions and other commercial
units in the city. The effects of vehicular movement on BC concentration was also observed in Pune (Safai et al., 2004), Hyderabad
(Latha and Badarinath, 2004) and Delhi (Tiwari et al., 2015a) and it
was found that the heavy traffic load during morning and evening
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hours results in the high BC concentration.
The diurnal variation in BC concentration was witnessed during
all the season with varying magnitude for morning (Mp) and evening (Ep) peaks (highest in autumn and lowest in spring).llP = (MpEp) was more in autumn season (4.2 ILg/m3) than other seasons. It
was 1.2 ILg/m3 in winter; 0.7 ILg/m3 in summer and the lowest
03 IJ.gjm3 in spring season. Autumn also showed the high intermonthly variation, e.g.. in November llP was 6.8 IJ.gjm3 followed
by 4.8 IJ.g/m3 in October and negative llP = -0.3 ILg/m3 in
September which indicates high BC concentration during the night
hours contrary to the high BC peak in morning hours for all other
months. The difference CAe) between the daily maximum (Cmax)
and minimum (Cmin) BC concentration during different seasons is
maximum in autumn CAC=6.2 I1g/m3) followed by summer
(AC=4.1 I1g/m3), winter (AC=3.2 I1g/m3) and spring (AC=3 ILg/m3).
Similar findings are reported by Safai et al, (2007) with the only
difference that the observed BC in winter was higher than autumn.

preceding and succeeding months, which is attributed to the higher
traffic density in the city during these two months. The highest
tourist flow observed in Srinagar (Qazi. 2005). is mostly concentrated around the radius of 10 km of the sampling site during this
period (Huma et al., 2016) because of its proximity to various sites
of tourist attraction. Secondly, 4.5 lakh pilgrims visited Amamath
cave (www.shriamamathjishrine.com) during this period mainly in
diesel operated heavy vehicles, following the Srinagar-Baltal route
which is just 500-600 m away from the sampling site. With the
onset of winter, BC peak goes down slowly till Mid-Spring i.e. from
December (8.3 ± 7.9 j.lg/m3) to April (3.4 ± 0.95 I1g/m3), except for a
few episodes like in mid-December when the drastic decrease in BC
concentration occurred due to the wet deposition by snowfall. Be
concentrations during March (3.6 ± 1.5 Ilg/m3),April (3.4 ± 0.9 I1gl
m3) and May (3.7 ± 1.2 j.lg/m3) months does not vary too much due
to the uniform meteorological conditions and unchanging emission
sources from traffic and biomass burning.
Comparison of the BC concentration at Srinagar with other high
altitude sites in Himalaya and some Indian cities is shown in
Table 1. Low BC mass concentration has been reported at all other
Himalayan sites. like Nanital, Oarjeeling. Kullu and others. These
stations in the lower Himalayas are also tourist hotspots like Srinagar. At Nanital (1950 m asl], the mean BC concentration during
the observation period was 1.36 ± 0.99 j.lg/m3 and 0.83 I1gjm3 reported by Beegum et al, (2009) and Nair et al., 2013 respectively,
which is much lower than Sri nagar. At Kullu (1 220 m asl), the

4.3. Monthly variation of Be
The mean monthly variation of BC mass concentrations is shown
in Fig. 6. The highest concentration was observed in November
(13.6 ± 5.7 I1g/m3) followed by December (83 ± 7.9 I1g/m3) and the
lowest in April (3.4 ± 0.9 llg/m3). BC mass concentration starts
increasing from August (4.0 ± 1.4 I1g/m3) and peaks up steadily in
November. June and July showed slightly higher BC than its
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Table 1
Comparison of BC concentrations between Srinagar and other locations.
Observation Sites

Region

Altitude (masl)

BC(~/m3)

Observation period

References

High altitude sites
NCOP.Nepal
Hanle, India
Ooty
Mukteshwar. India
Darjeeling
Manora Peak, India
Nainital

Eastern Himalaya
Western Himalaya
Southern India
Northwestern Himalaya
Eastern Himalaya
Northwestern Himalaya
Central Himalaya

5079
4520
2520
2286
2200
1958
1950

0.16
0.08
0.51
0.81
3.45

Northwestern Himalaya
Northwestern Himalaya

1550
1154

13
0.83
S.9
2.8

Mar 2006-Feb 2008
Aug zeos-j» 2010
Apr 20W-May 2012
Sep 2005-Sep 2007
Jan 201G-Dec 2011
Nov 2004-Dec 2007
Mar-May 2005
jan-205-Mar-2012
jan-Dec 2013
Aug 2009-Mar 2012

Marinoni et al .. 2010
Babu et 011., 2011
Udayasoorian et 011.. 2014
Hyvarinen et al., 2009
Sarkar et al., 2015
Dumka et al.. 2010
Beegum et al, 2009
Nair et al., 2013
Present study
Nair et al., 2013

Southern India
Lower Himalaya
Eastern India
Southwest India
Southern India
Northern India
Eastern India

960
700
580
559
542
253
54

3.7
4.4
5.8
3.5
4.4
6.7
5.2

Jan-Dec 2008
Jan 2007-Dec 2009
Jan zoos-oec 2006
2005-2011
jan 2009-Dec 2010
2011
Jan 2oo9-Jan 2010

Aswathy et 011.. 2010
Kant and Dadhwal. 2010
Chatterjee, er 011.. 2012
Safai et al., 2014
Dumka et al, 2013
Tiwari et aI., 2013
Das, 2010

Sri nagar
Kullu
Other Indian tities
Bangalore
Dehradun
Kolkata
Pune
Hyderabad
Delhi
Bhubaneswar

annual BC concentration (2.7 I1g/m3) was also lower than Sri nagar.
The highest monthly mean BC concentration at Kullu was observed
in Dec (6 J.lg/m3) followed by November (4.5 I1g/m3) and lowest in
April (1.3 I1g/m3). At Darjeeling in the eastern Himalaya, the BC
concentration varies between 0.2 and 12,8 I1g/m3 with an average
of 3.4 ± 1.9 J.lg/m3 (Sarkar et al., 2015). The other high altitude BC
observation sites like Nepal Climate Observatory-Pyramid (NCO-P)
in the eastern Himalaya (5 079 m asl) and Hanle in the western
Himalayas (4 520 m asl) show much lower mean monthly BC
concentration throughout the year (Marinoni et .11., 2010; Babu
et al., 2011). The low BC concentration at these sites are mainly
due to the location of the observation sites at high altitude and
away from the immediate sources. Also, the seasonal variation ofBC
at these sites was opposite to that of the present study. i.e., the
highest BC was observed during pre-monsoon (Mar-May) at these
sites while as the Srinagar site showed the lowest BC during the
pre-monsoon period. The reasons for high BC concentration during
this period at these sites are explained by Nair et .11. (2013).

4.4. Seasonal variation of Be
BC concentration showed a clear seasonal dependence, with the
minima (3.5 J!g/m3) observed in spring and the maxima observed
during autumn (9.2 J!g/m3). As shown in Fig. 2, the mean BC concentration
follows
a
seasonal
drift:
autumn> winter> summer> spring. Mean BC concentration in
autumn (9.2 ± 3.3 Ilg/m3)is approximately twice to that of summer
(4.5 ± 1.5 I1g/m3) and similarly winter concentration (7 ± 4.1 J.lg/m3)
is also twice to that of spring (3.5 ± 1.2 f.1gfm3). The coefficient of
variance (CV) of winter (58.6%) is higher than spring (34.3%),
summer (33.3%) and winter (35.8%) respectively. which means that
there is large intra-seasonal variation in BC concentration which is
also seen in Fig. 2.
Frequency distribution of BC concentrations during different
seasons is presented in Fig. 7. Samples are divided into seven
different bins starting from ~ 1 to >11 J!g/m3 with an interval of
2 J.lg/m3• During winter and autumn. BC concentrations were within
the range of 1.1-11 I1g/m3 for about 75% and 70% of the samples
respectively, whereas for spring and summer, 93.5% and 94.2%
samples fell within the same range. During autumn, the highest
concentration range (> 11 J.lg/m3) were observed in 30% of the
samples, while as the lowest range «=1 f.1g/m3) of concentration
was observed in only 0.8% of the samples. Almost 72% and 61 % ofBC

samples fall within the range of 1.1-5 Ilg/m3 during spring and
summer season respectively. The distribution in spring and summer is skewed and it was observed that log-normal distribution fits
better than the normal distribution in both the seasons. In winter.
the distribution of samples are well within all the BC ranges, with
maximum percentage (20%) in the range of 3.1-5 J1g/m3. The frequency distribution of BC concentration shows the overall dominance of higher BC concentrations during autumn followed by
winter and lower BC concentrations observed during spring followed by summer.
Precipitation scavenging (both from snowfall and rainfall) plays
a significant role in reducing the BC concentrations, making the
interpretation of the seasonal variability of BC complex. The high
concentrations of BC in autumn season particularly during
November in Srinagar are mainly due to high rate of biomass
burning from horticulture and plantation wastes. The observation
site is located within the University of Kashmir campus where there
are more than 200 chinar trees in the campus. These trees are
deciduous in nature and shed their leaves in autumn. To maintain
the cleanliness of the campus, these leaves and twigs were burned
out almost on daily basis during the autumn season. The scenario of
biomass burning is a widespread practice all over the Kashmir
Himalaya during autumn. The MODIS fire pixel data (thermal
anomalies) also showed large distribution of active biomass
burning sites all across the Kashmir valley during November-December period.

4.5. Relation of Be concentration with meteorology
Monthly mean meteorology of Srinagar dty for 2013 is shown in
Table 2, Out of the nine avaiJable meteorological parameters;
average temperature (TAvg). maximum temperature (TMax). minimum temperature (TMin), precipitation (PP), morning relative humidity (RHMor), evening relative humidity (RHEve), wind speed
(WS), total sun shine hours during a day (SSH) and evaporation
(EVP). only four least correlated parameter (T Min. PP, WS, and RHEve)
determined through PCA were used to correlate with the BC concentration (Fig. 8) because of the fact that the meteorological parameters are highly correlated. These four parameters showed 97%
cumulative variability in first three principal components. The
loading for TMin. was highest (0.38) in principal component-t (PC1)
while as the highest loading was (0.73) and (0.76) for PP and WS
. respectively in PC2. In PO, RHEve with highest loading of (0.45) was
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Table 2
Mont:hly meteorology

of Srinagar during 2013.

Monthly Mean

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

Total

TAvg CCl

TMuCC)

TMin

2.2
4.9
10.4
12.8
16.6
22.2
243
23.1
19.9
16.1
7.5
4.0

7.2
9.6
17.1
19.0
24.0
29.4
30.9
28.6
27.7
24.1
153
10.1

-2.8
0.1
3.8
6.6
92
14.9
17.8
17.7
12.1
8.1
-0.4
-2.2

CC)

WS(km/h)

RHM ••. (%)

RHEvo (%)

SSH(h)

Evap(mm)

PP(mm)

3.7
4.5
53
4.9
3.9
3.9
3.2
2.5
2.2
2.5
1.9
1.9

92.5
87.4
79.9
80.1
79.7
79.4
76.6
80.9
83.4
84.6
86.2
89.8

70.8
63.1
47.8
59.4
493
50.1
48.1
62.4
57.9
58.6
65.8
69.9

3.8
33
5.6
5.2
7.1
8.9
8.7
5.7
73
6.1
4.1
2.6

0.2
0.6
2.1
2.6
3.7
4.9
5.2
4.5
3.6
2.6
1.0
0.6

89.4
137.0
51.6
135.6
59.0
107.2
73.6
178.4
31.2
21.0
17.0
25.2

observed. Monthly mean TMin ranges from -027-17.7 °C and a
negative correlation (r = -0.51) which is statistically insignificant
(p = 0.08) was observed between TMin and BC. This is consistent
with the observed higher rates of biomass burning (both within the
houses for warming/cooking and outsides for charcoal formation)
and coal burning in offices during low temperatures. The highest BC
was observed during Nov-Feb when the TMin drops down to subzero. Similar type of negative correlation was observed by Cao et al.,
2009 in Xi'an, China and Tiwari et aJ .• 2013 in Delhi, India. The WS
ranges from 1.9 to 5.3 krn/h, with the lowest and the highest
observed in December and March respectively. A statistically significant negative correlation (r = -0.63. P = 0.02) between BC and
WS was observed. High concentration of BC in Nov. (13.6 Ilg/m3)
and Dec (8.2 Ilg/m3). when the WS was lowest (1.9 kmjh). suggests
that BC sources are generally local during the period and accumulates slowly in the atmosphere. Lowest BC was observed in

March and April when WS was highest 53 km/h and 4.9 km/h
respectively. Thus. it suggests that as the WS increases, the BC drifts
downwind. The negative correlation observed between BC and WS
is consistent with the earlier studies reported by Ramachandran
and Rajesh (2007) in Ahmedabad and Tiwari et aJ. (2013) in
Delhi. Wet scavenging (both rainfall and snowfall) plays a significant role in aerosol deposition. A statistically insignificant negative
correlation (r = -0.55, P = 0.06) was observed between BC and PP.
Lowest precipitation was observed during the autumn (69 mm)
while as it was 252 mm, 246 mm and 359 mm during winter, spring
and summer seasons respectively. Higher BC concentration was
observed in the month of November when only 17 mm of precipitation was recorded. Therefore. the cumulative effect of low precipitation. wind speed, temperature and sunshine hours in
November leads to the higher Be concentration observed in this
month.
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4.6. Source identification of BC at Srinagar
It has been shown by several workers (Tiwari et al .• 2013. 2015b;
Drinovec et al., 2015; Gogoi et al., 2016) that UV (370 nm) and IR
(880 nm) wavelengths are standard for source identification of BC
from biomass burning (BCss) and fossil fuel (BeFF) combustion
respectively. These two sources are key contributors in terms of Be
emission in developing countries like India (Crutzen and Andreae.
2016; Soneja et al., 2016). A comparative study was carried out
for source identification during the observation period using these
UV and IR channel data. It was found that the levels of Bess are
higher than BCw during spring. similar to Bew during summer and
much higher during autumn and winter (Fig. 9). The BeBB starts
increasing considerably from November till the last week of
December and thereafter decreases due to the intermittent

precipitation events (mainly snowfall) recorded during the period.
The BeBS starts increasing again from January till March. The ratio
between BeRR and BeFF data at 5-min interval was used for better
characterization of the Be sources. It was found that the ratio from
May to September (i.e. ending spring and starting autumn) remains
around unity (mean = 1.05) except in a few cases. The ratio starts
increasing from October (mean = 1.36) and reaches the maximum
(mean = 2.5) by ending November. From November to April. the
ratio remains higher than unity. Huma et aI .. 2016 observes high
concentration of nicotine, retene and other organic carbons which
are associated with biomass burning during winter. autumn and
early spring. The study thus corroborates that biomass burning is
the main source of Be during autumn. winter and spring while as
fossil fuel combustion and biomass burning are almost equally
contributing as Be sources during summer in Srinagar city.
4.7. Long range transport of BC to Srinagar
Be due to the long residence time (3-7 days). finer size and
chemical inertness can transport to a long distance. Therefore. a
significant amount of BC can be transported both vertically as well
as horizontally (Mahmood et al., 2016) [rom longer distance
downwind the potential source regions (Safai et al, 2007). Thus. Be
can be used as a good tracer for polluted air masses transported
from its source to an observation site. In order to investigate the
long-range transport of BC from distinct regions to the Srinagar
observation site, 3-day isentropic air mass back trajectories were
calculated for the Be observed period using a hybrid (eulerian and
Lagrangain) model, HYSPUT (HYbrid Single Particle Lagrangian
Integrated Trajectory) (Draxler and Rolph. 2003). The model
simulation was carried out at an altitude of 1 000 m and 600 m AGL.
which is well within the daytime average PBL during springsummer and autumn-winter respectively during the observation
period. 3-day trajectory period was chosen in view of the fact that
in alpine mountain systems like Srinagar. Be has lower residence
time of 2-3 days (Zhao et al, 2015) due to the wet removal
mechanisms and unstable meteorological conditions during winter
unlike the plains where Be aerosol has longer residence time (up to
a week) during dry seasons. In order to map the distribution of
surrounding potential biomass burning sites and determine their
role in influencing the Be concentration during different seasons at
Srinagar, the trajectories were calculated seasonally and were
draped onto the daily MODIS active fire sites (Fig. 10) .
The results showed that during winter >90% of the air masses
have their westerly origin and travel from the far-off places in Africa
(Sahara). Middle east, west Asia and Europe. During this season. a
lot of biomass burning is observed in Africa, India and Europe but
the trajectories mostly pass over the burring sites in central Asia.
Pakistan. west Asia and Europe. Sen et al., 2017 observed similar air
mass back trajectories over Kashmir valley during winter 2015.
Similar trajectories and biomass burning distribution sites are
observed during spring season when the air masses originating
over the Europe transport Be from the biomass burning sites along
its trajectory, which is affirmed by the high values of BeBS observed
during spring at Sri nagar despite no or little local biomass burning.
During these seasons. India (mostly IGP) is hotspot of Be emissions
from biomass burning but only a small proportion of it can be
transported to Sri nagar due to the dominant westerly wind system
prevalent in the Kashmir valley. On the other hand. during summer.
only <30%of the air mass come into the valley from westerlies and
the rest of the winds are driven by the south-west monsoons.
However. during this period. comparatively less biomass burning
occurs along the pathways of air masses which originate in the
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Arabian Sea and then pass over central and western parts of India
mainly IGP. Though the lofty Pir Panjal mountain range act as a
physical barrier for both south east and south west monsoons. but
it is reported by many workers that a few strong air masses are able
to cross this barrier and precipitate in Kashmir valley during
summers (Bhutiyani et at. 2010). The lower values of observed BCRR
in summer season also indicate that there is very little BC contribution from the biomass burning as almost negligible biomass
burning occurs during this period along the path of the monsoon
winds. In autumn. some air masses originate from the PacificOcean
and Siberia but the majority originates from the Middle East. central Asia and Africa. Apart from the widespread local biomass
burning througb the burning of leaves and twigs for charcoal
making (Wani and Jaiswal. 2011) and natural forest fires which is
the highest in Himalayas during this season (Vadrevu et al., 2012).
some of the BC from biomass burning might have been transported
to the site by air masses from the far-off areas in central Asia. west
Asia and even Europe.

4.8. RadiativeforCing of black carbon
The highest ADO was observed in autumn (0.86) and lowest in
spring (0.31). Accordingly. the highest values of SSA and AP were
observed in spring (0.8) and autumn (0.62). As shown in Fig. 11. the
radiative forcing (RF) of BC for the year 2013 in Srinagar was
observed highest in autumn with RF TOA, RF SUR and RF ATM as
5.8 W m-2• -5235 W m-2 and 58.21 W m-2 while as the lowest was
observed in spring with RF TOA. RF SUR and RF ATM as 2.3 W m-2,
-25.6 W m-2 and 28 W m-2 respectively. Higher radiative forcing
during the autumn is due to the higher ADD observed in this season. The high positive RF ATM observed in every season indicates
the large absorption of solar energy by the BC aerosols. When
translating the absorbed solar energy into the lower atmospheric
heating rates, it was observed that heating of 1.27 I<day-t, 0.78
I<day- \ 0.98 Kday-l and L63 Kday-l occurred during the Winter,
spring, summer and autumn seasons respectively due to the
observed BC concentration at Srinagar.
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S. Conclusion
From the temporal analysis of the 2013 high resolution BC data
at Srinagar, almost 35% daily mean BC concentration was found
higher than the annual average concentration. Daily highest
(21.5 Ilg/m3)and lowest (1.4 J.l.g/m3) BC concentration was observed
in November and December respectively. Month-wise, BC concentration was highest in November (13.6 Ilg/m3) followed by
December (8.3 Ilg/m3) and lowest in April (3.4 Ilg/m3). Mean BC
concentration in autumn and winter was found approximately
twice the concentration in summer and spring seasons and is
mainly attributed to the local biomass burning, coal burning for
heating, transported BC aerosols from the biomass burning sites in
the surrounding region to Srinagar and meteorological conditions.
The diurnal variation is characterized by the sharp peak in the
morning (8-10 h) and the other peak in the evening (20-23 h).
Nocturnal boundary layer, traffic rush and other local emissions
sources are the main factors controlling the observed diurnal
variability of BC The highest and lowest BC during daytime and
nighttime were 12.7 and 2.8 J.l.g/mJ and 11.8 and 2.5 jJ.g/m3
respectively. The average BC concentration observed at Srinagar is
highest (6 ±: 2.5 Ilg/m3) among the high-altitude sites in Himalaya
and even comparable to some of the rnega-dties in India like
Kolkata.
WS, TMil" and PP showed negative while as RHEve showed positive correlation with BC indicating a significant influence of
meteorology on BC concentration and its variability. Seasonally, the
contribution of BC from biomass burning is higher in winter season,
autumn and spring with the Be contribution from biomass 1.4
times than that from fossil fuel combustion in winter. Contrary,
fossil fuel emission is the major contributor to the BC concentration
at Srinagar during summers due to the high tourist influx and the
absence of biomass burning in the Kashmir valley and its surrounding source region. The westerly air masses, which are dominant during winter, autumn and spring, transport BC from the faroff regions like central Asia, west Asia, Pakistan, Siberia, Africa and
Europe depending upon the trajectory of the wind systems and the
distribution of the biomass burning sites. Air mass from south east
and south west monsoons during summer travel over Indian urban
mega-cites like Ahmadabad, Jaipur, Delhi, Lucknow, Chandigarh
and other cities in the IGP and transport BC to the site which
however in absence of the biomass burning sites enroute would
mostly be of the fossil fuel origin. The observed BC concentration at
Srinagar led to the highest radiative forcing during autumn and the
lowest in spring resulting in the average heating of 1.27 Kday-l,
0.78 Kday-t, 0.98 Kday-l and 1.63 Kday-l during the winter, spring,

summer and autumn seasons at the site.
In Kashmir valley, the exposure of the inhabitants to the high BC
concentration during autumn and winter seasons, mainly due to
biomass and coal burning, should be a cause for concern (Wani and
jaiswal, 2011) and requires further investigations for assessing its
impacts on human health and cryosph.ere. There is need for promoting scientific ways for the disposal of horticulture and plantation pruned material in the region. BC aerosols deposited on the
snow and glacier resources, an important water resources in the
Kashmir valley, might be responsible for the high glacier recession
rates (Kaab et al., 2012; Murtaza and Romshoo, 2016) and
decreasing snow albedo (Ramanathan and Carmichael, 2008) in the
Kashmir region. The role of BC in the enhanced glacier melting
needs to be investigated to segregate the jnfluences of climate
change and BC aerosols on snow and glacier melting in the region.
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ABSTRACT
In the present study, the retreat of Kolahoi glacier was mapped from the satellite observations and historical maps supplemented by the extensive field observations to understand the recent deglaciation of
the Kolahoi valley. Kashmir Himalaya, India. The glacier has retreated by 2.85 Ian during the last
157 years from 1857 to 2014 with an average retreat of about 18.2 m year:": however. the glacier snout
has shown higher recession during the last decade. The geomorphological evidence reveals glaciation of
the Kolahoi valley during the Quaternary. These evidences include glacial till at Pahalgam and Aru besides
terminal and lateral moraines at Lidderwat. Satlanjan and Kolahoi Gunj in the Kolahoi valley. The glacier
has shrunk by 2.81 km2 during the last 51 years (1962-2013) losing an ice volume of 0.30 km", The
Q!?§!!!'Y~ g\?'!;i!!f !;Mllg!!§ W!!f!! !;Qn!!!tlt!!Q witn tn!! !;!\ffiilt!! Qtlti! fmm rMW~-fM!!'~ mQQ!!!§, Tn!! t!!mll!!fatures are predicted to increase almost ten times more than that observed during the Last Glacial
Maximum (LGM). The future temperature is predicted to rise between 0.18 °C and 0.61 ·C per decade
under RCP 2.6 and RCP 85 respectively. The projected rise in the temperature. if realized. will have an
adverse effect on the glaciers and would. in all likelihood, adversely affect the water availability for various sectors in the region.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Tne iiiaieater.s of i!limale €Range iiFe VeFY eviGent 6veF Himalaya
(Beniston, 2003; Kang et at. 2010; Romshoo et aL, 2011; Wang and
Chen. 2014) an~ these !=hlIDgeli have ~a!=emate~ glacier recession
(Akhtar et al., 2008; Immerzeel et aI., 2010; Romshoo et al., 2015).
It. therefore, becomes imperative to-understand the magnitude of
the climatic changes and how these changes influence-the cryospheric and hydrological processes in the region. Recent studies
have demonstrated that the glacier cover in the Kashmir Himalaya.
India is declining at an increasing rate compared to other parts of
the Hindu KUsh Himalaya (HKH) (Kiiiib et al., 2012; Murtaza and
Rornshoo, 2016). Hence. it is very obvious that the Himalaya may

!9~!: til!: glg!;i!:f !;QV!:f in. f!:ffi9Q$.!: tQ tne I':lim~t!: ~n~!lg!: wllil':o wi!!
have serious impacts on the regional hydrology (Barnett et al.,
2005; Cogley. 2011; Nepal et al., 2014). However. some studies
suggest that Himalayan glaciers. especially in the Karakorum
region, are stable (Bahuguna et al., 2014; Ganjoo and Koul, 2013;
Raina. 2009). the past glaciological, climatological and hydrological studies in the Himalaya have focused. on spatio-temporal
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(SA Romshoo).

changes in glacial extents (Frey et al., 2012; Kaab et al., 2014), mass
balance (Berthier et aL. 2007; Brahmbhatt et aL, 2012), snow cover
aynamii:s (Hall. 2012; Rittger et aI., 2013). nyilrolegii:ill meaelliiig
(Naz et al., 2014; Nepal et al., 2014), climate change impacts (Hock,
2014; Sorg et al., 2012) i1n~ IIDtUH!pQgeoiJ: i1p.:iviti~!j (Ginot et al.,
2014; Kaspari et aI., 2014; Ming et al., 2009). Despite the vulnerability of Kashmir Himalayan glaciers to the environmental changes,
very- few glaciological studies have been carried out to understand
the glacier recession in the region.
Mapping the glacio-geomorphological
features is vital for
assessing the historical glacier extents, fluctuations and glacial
controls on landscape development in montane systems (Barnard
et at, 2004; Hughes et al., 2005; Kamp et al., 2004; Owen et al.,
2006), To!:~~ f!:~rum P.f9vi~t; V~!UgQ!!: lnf9rm~liQn !!t!9.lJt HI!: P!!$.t
glacial extents (OWen et al., 2002; Zawiska et al, 2015). Earlier
efforts to map gladogeomorphology in the Himalayan region were
mostly restricted to small-scale field surveys that include the notable studies of Dainelli (1924-1935). Norin (1925). Klute (1930).
Trinkler (1930), De Terra and Paterson (1939) and Holmes and
Street-Perrott (1989). Most of the glaciological studies carried
out so far in Kashmir Himalaya are restricted to mapping and
understanding the short term dynamics of glaciers (Bolch et at.
2012; Romshoo et at. 2015) with a little emphasis on glacial ~eo-
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morphology. As such, the timing and extent of past glader fluctuations are crudely documented in the region (lee et al., 2014;
Mitchell et al., 1999; Owen and Dortch, 2014; Sharma and Owen,
1996). TIle utilitY ef fiigll reselunen femete sensing i:lata tegetflerwith the field observations for glacio-geomorphological mapping
hi!!i Q!:!!!1 W!!II AQ!=Um!!!1t!!A (Sati et al., 2014; Schneevoigt et al.,
2008; Smith and Pain, 2009). Remotely sensed data together with
Digital Elevation Models (DEM) are helpful in mapping geomorphological features of deglaciated valleys (jansson an-d -Glasser,
2005; Rose et al., 2013; Stokes and Clark, 2003).
'fhe climatological studies on Himalayan glaciers indicate a
decrease in the seasonal snowfall possibly as a consequence of
warmiIig bbslir\le~d in the region over the last feW ltecal1es (Ren
et al., 2006; Wiltshire, 2014), except in the Karakoram range where
!h~ ~~tr~m~!y j!>W t~Inp'~r~tyr~~ M~ r~~p.!>ns.ip.!~ f!>r th~ s.t~l:!ility of
glaciers (Kapnick et al., 2014). One of the major concerns pertaining to the glacier recession in the Kashmir Himalaya is the impact
of changing climate on the stream flows (Bhutiyani et al., 2008;
Imrnerzeel et aI., 2012; Miller et al., 2012; Romshoo. 2012). The
melt waters from the kashmir Himalayan glaciers are source to
the headwaters of Indus river and support agriculture, tourism
and energy generation. the backbone of the economy downstream
in the basin. It is. therefore, very important to analyse and understand the causes and consequences of the past and future changes
in the alpine cryosphere so that a robust strategy is developed to
sustain and conserve the depleting water resources in the region.
In this study. we mapped the glacial geomorphology of Kolahoi
valley. Kashmir using high resolution remotely sensed data, historical maps and field observations. We also looked into the past and
future clima.te regimes over the region; assessed the spatiotemporal changes of Kolahoi glacier since 1857 and corroborated
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the observed glacier changes with the climate data to draw a few
valid inferences about the changing cryosphere in the region.

2. Data sources and methods
2.1. Study area
The study is focused on Kolahoi valley (Fig.1), which is situated
in Himalayan mountain system of Kashmir with the altitude ranging from 2102 to 5141 m a.m.s.!. The valley is spread over an area
of about 405 krrr' and lies between the geographical coordinates
'34°00-34°15'N latitude and '75066'-95024'£ iongitude. The area
has a unique geomorphic and climatic setting making it a suitable
niche. for 26 glaciers including the largest glacier in the Kashmir
valley, the Kolahoi glacier (Odell. 1963). It is pertinent to mention
here that the snout of Kolahoi glacier is covered by a thin layer of
debris (Shukla and Ali. 2016). One of the biggest tributaries of jhelum river, Udder. originates from the Kolahoi glacier (Rashid and
Romshoo, 2013). The valley has a typical temperate climate with
four seasons; spring. summer, autumn and winter. The area
receives precipitation both in the form of rain and snow. The mean
annual precipitation recorded at the nearest India Meteorological
Department (IMD) station, Pahalgam (2150 m a.m.s.l.). is
1240 mrn. The area receives highest precipitation during winter
and spring while summers and autumns are usually drier. The
long-term average minimum temperature during the coldest
month, January. is -6.85°(. The average maximum temperature
of the hottest month. July. can shoot up to 25 0(. However. the
maximum temperature can rise above 30 °C during summer and
the minimum temperature can drop below -18 O( during winter.

Fig. 1. Location map of the study area.
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In order to accomplish the research. data from various sources
was used to mall llie spano-tem)3oFal changes of Kolahoi glacier
and different glacio-geomorphological features in the Kolahoi val-

Furthermore, slope dependent method for volume estimation proposed by Haeberli and Hoelzle (1995) was used to estimate glacier
volume changes from 1962 to 2010 based on the Survey of India
(501) topographic illa~ and top0gFapfiic' data froni AmR
(Advanced Spacebome Thermal Emission and Reflection Radiome-

leY· The data "~ed. in tnis research im:lud.ed. ~atellite images, past

ter) ~OEM (mob.ill OEM) version 2 released in ~012.

and projected climate data. ancillary data (in the form of historical
maps and published literature). field evidences and GPS measurements. The details of the data 'sets used in this research are given
in Table 1.

In absence of the field-based mass balance estimates for the
Kolahoi glacier, we estimated the mass balance of the glacier using
Accumulation Area Ratio (MR) based model proposed-by Kulkarni
(1992).

22. Data used

b = 243.01 x X -120.187

2.3. Methods

wner.e b is Hie spe€ifiil mass ealaHee iH watef equivalt!Ht (em w.e.)

The methods employed in this study are discussed below and
invp.lved. the int!!mted. use p.f remote sensing data ;rna rn~tp.ri!=i!l
maps in Geographic Information System (GIS) supported by the
extensive field observations. Further, the past and future climate
data over the region was analyzed to establish the linkages
between the glacier recession and the changing climate.
2.3.1. Recession of the Kolahoi glacier
A time series of satellite and other available historical maps
were used for detecting the changes in the snout, area and volume
of Kolahoi glacier from 1857 to 2014. The data analysis involved
processing of the satellite images using standard algorithms
(Lillesand et aI., 1987). Using the standard geometric correction
algorithm Oensen. 2009). satellite data and maps were corrected

roF geemehieal E£isteftieas usiag map-ie-image aila image-te-

image gee-referencing. The ground control points were taken all

across the satellite image to ensure better geometric correction
of the satellite data. achieving a root mean square (RMS) error of
less than 1.00. All the satellite images and historical maps were
co-registered to each other in order to ensure the precise estimates
of the glaciers fluctuations. The enhancement techniques like his~
togram equalization. contrast stretch. band ratio. etc. were applied
to the satellite data to highlight the desired glacier features (Lee
et al., 2013a). Tne spatial sitlei'i.t af ills K9lallai gladef Was
extracted from the satellite and other ancillary data using on-

srreen imase int~rnr~tl1tign! ~n th~ ~~i~ gf th~ i!Vl!i!l!g!~ ~l!t~Uit~
and other historical data, snout changes of the Kolahoi glacier were
estimated for 157 years (1857-2014) while the glacier area
changes were estimated for 51 years only from 1962 to 2013.

and X is the Accumulation Area Ratio (MR~

TIl!! changes

ill

glacier ELA at aifferent ppints in time wer~ esti-

mated using the approach developed by Pellitero et al. (2015).
These ELA estimates have been shown to be in good agreement
with the ELA determined from satellite images.
2.3.2. Glado-geomorphological mapping
The glacio-geomorphic landforms of the Kolahoi valley were
mapped using on-screen image interpretation of high resolution
Google Earth images and Landsat 8 OU (Operational Land Imager)
satellite data draped onto to the 30 m ASTER GDEM (Punkari.
2013). Visual interpretation was employed due to its advantages
over digital classification in delineation of different surface features in a topographically rugged terrain (Rashid et .II .• 2016).
SflaaeWS illiil 8euas pese a eflallenge fef iligiial image pfeeessiflg
of satellite data in the mountainous terrain (Rashid and Abdullah,
2016) and therefore visual image interpretation. with cogitative
inputs from analyst, are preferred over the digital classification
algorithms for delineation of different land surface features
(Rashid et al., 2013). Small glacio-geomorphological features are
not identifiable on the Landsat data and hence the high resolution
Google Earth images were used to supplement the Landsat data for
the accurate delineation of the glacio-geomorphological features in
tfie KOWiEii valley (Smith and Pain. 2009; Darvill et aI., 2014). DEM
derivatives such as profile curvature. slope. hill shading. contour
g!!tt~m em! ~-~ vi§g!!!i~l!tign t~dmim!~§ w~r~ ~mI'!l!'!yffi tg
improve the interpretation and delineation of different glacial
landforms (Smith et aL. 2006). Further. different glaciogeomorphological features were mapped during fieldwork USing

Table 1
Description of datasets used in the study.
Dataset

Acquisition date

Path/row

Spatial resolution/scale

15th October 1992
27th August 2000
30th September 2001

149/36
149/36
149/36

30m
30m
30m

24th
25th
30th
18th
1875

92/46
149/36

235m
30m
2.62 m
2m
1:2.000.000

Satellite data and maps
landsat Thematic Mapper (TM)
landsat Enhanced Thematic Mapper Plus (ETM+)
landsat Enhanced Thematic Mapper Plus (ETM+)

Indian remote sensing satellite-linear imaging
Self Scanning Sensor (1RS-L1SS Ill)
Landsat-a Operational land Imager (OLl)
Google Earth Data-Digital Globe Quickbird
Google Earth Data-Astrium Pleiades
Survey Illustration map (Drew)

October 2010
October 2013
October 2006;
September 2014

Topographicaldata
Survey of India (Sol) Toposheets
ASTER GDEM version 2

1962
2012

1:50.000
30m

1961-2099
2 I 000 years B.P.-2099

0.5°
0.5°

~glg-~~)J~
:l010-2013

Point data
Point data

Meteorological projections"
PREOS(A1B)
eMIP5 Projections

Field Data
GPS measurements
Photographs
• Temperature and precipitation projections.
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Table 2
Interpretation of different glado-geomorphological features In the study area.
Feature

Identification (morphology. colour/texture/structure. location)

Terminal/end moraine

Prominent cross-valley single or multiple ridges with positive relief. Linear. curved. sinuous or saw-toothed in plan
Shadowing due to change in relief and change in colour where moraines are vegetate
Spanning over the entire deglaciated valley particularly at Aru, Udderwat and Kolahoi Gunj

Lateral moraines

Prominent along-valley single or multiple ridges with positive relief
Curvilinear ridges with brown-grey colour for non vegetated and red colour for vegetated. witb medium to course texture along the sides of
the valley glaciers
Well defined lateral moraines are present at Udderwat. Satlanjan and Kolahoi Gunj

Glaciers

Bare ice. snow and debris. Surface structures (e.g, crevasses) common
White to light blue. Surface smooth to rough
Concentrated in the higher elevations of the study area.

Debris cone

Sub-horizontal fans on valley sides. Typically fed by a melt-water channel or stream
Fan shaped accumulation with sharp boundary with surrounding terrain due to change in vegetation cover. Pattern of braided streams on
upper surface
Mostly concentrated to the west of the valley

Cir~ues

Semi-circular steep sided depression formed through glacial erosion formed at the head of a valley glacier where some snow accumulates
Bowl shaped depressions at the head of past or present glacier. generally contain seasonal snow ...
Concentrated towards north of the upper valley

Hom

Peak Dr pinnacle thinned and eroded by three or more glacial cirques
Highest elevated mount peaks associated with present or past glaciation
tn the upper valley near the present glacier

Erratic boulder

A foreign boulder or other rock fragment in a deglaciated valley
Sighted at lidderwat

Whaleback

Glacially moulded and smooth hard rock surfaces where length is greater than height produced as a result of glacier abrasion
Mostly in the northern side of the upper valley near Kolhaoi Gunj

U-sbaped valley

They are characterised by U-shaped cross profiles
Draping satellite images on OEM and generation of cross profiles are handy in U-shaped valley interpretation
The U-shaped valley spans upper half of the Kolahoi valley

Hanging valley

These are characterised by tile steep drop in valley bed/floor elevation when a tributary valley joins the main valley
Steep drop in valley bed elevation is observed when an image is draped on OEM. 3D visualization in Google Earth is also very useful in
interpretation
Present on the both sides of the valley. though most of them are concentrated towards west of the valley and above Aru

GPS as the satellite data could not capture a few smaller glacial features. The criteria adopted to map different glaciogeomorphological features from the satellite data are given in
Table 2.

temperature and precipitation projections from Last Glacial Maximum (LGM) up to the end of this century. developed by LimaRibeiro et al. (2015) and available at http://www.ecoclimate.org.
rr.am Hie Hii'ee PMIP3-tMIPa mooels - tCSM. MIRtlt ana MRI.
were also analyzed over the study area.

2.3.3.

flimate data analysis
There is a scanty network of meteorological observatories in the
region and the Iongsrerm meteorological data is available for one
IMD station at Pahalgam since 19805 only (Meraj et al., 2015;
Romshoo and Rashid. 2010). It is desirable to have a good network
of meteorological stations' along the altitudinal gradient of the
Kolahoi valley to make valid inferences about the micro-climatic
variations of meteorological parameters in this montane system.
However. the entire Himalaya is poorly instrumented for observing
hydro-meteorological parameters which often constrains the holistic understanding of various climatic and hydrologic processes in
the region. Therefore! in order to overcome this limitation, we used
the long-term climatological projections from PREaS (Providing
REgional Climates for Impact Studies) Regional Oimate Model
(RCM). which are considered robust in simulating the climate over
the HKH region (Dar et al.. 2014; Rashid et al.• 2015). Long-term

3.1.1. Snout retreat
Kolahoi. the largest glacier in the Kashmir valley. is showing a
persistent retreat as confirmed by the glacio-geomorphological
evidences in the field together with the use of satellite images
and topographic maps. Lidder river originates from the snout of
Kolahoi glacier (snout altitude ~3600 m a.m.s.l.), which is one of
the main source stream of [helum, an upper Indus river tributary.
The Kolahoi glacier is one of the well documented glaciers in the
Himalaya in terms of its snout retreat (Mayewski and Jeschke.
1979). The first attempt to map and monitor the snout of the Kolahoi glacier dates back to 1857 (Drew. 1875). Later on. several

ilieteai''iliagi€.ll j3i'ajeetisHs &em 1961 ta 2098. eemjliisiHg af tHe

fese.if€HeFs sii~veyea the Kal.iHei gl.ieief ta aete~mine die pesina"

average annual maximum temperature. average annual minimum
temperature and total annual precipitation. with a spatial resolution of 0.5°. under {PCC SRES A 1 B scenario was extracted for the
study area from a PRECIS RCM run which centered at CO2 concentrations of 437 ppm and 630 ppm for the year 2035 and 2075
respectively (fPCC 2007). The. data was analy~ed for. determining
the trends in temperature and precipitation. The 1961-2015 period was taken as the baseline. while as the two future scenarios
center.ei:l aroiJni:lllie mid anti end of the 21 st centUrY. Ai:ltiitibIialty.

3. Results and discussion

3.1. Recent recession of the Kolahoi glacier

of its snout (Fig. 2). The analysis of the archived and remote sens-

. ing data showed that the primary glader snout has retreated
2.85 km from 1857 to 2014 (Table 3, Fig. 3a) with the average
retreat rate of 18.2 myear ". From 1887 till 1992. the snout
retreated at the average-rate of 16.75 m year:". The rate of retreat
declined to 5.55 m year:" during 1992-2000 period which is
attributed to relatively thicker snout (based on area-depth relationship) during 19905 (see Supplementary Fig. 1). Notwithstanding the low retreat of glaCier tongue alOng its length tllHing
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Fig.. 2. Photographic evidence of glacier retreat since early 1990s. (a and b) After Neve (1909). (c) After Odell (1960 (d) Mter Gilbert (1978). (e) After Comins (1990). (f) Shah
and Kanth (2012) and (g and b) present study.

Table 3
Snout retreat of Kolahoi over last 157 years.
Period

Snout retreat (m)

Retreat rate (myr1)

1857-1887
1887-1912
1912-1962

402
440

13.4
17.6
16
20
555

1962-1992
1992-2001
2oo1-2006
2006-2014

gOO
6oo
50
111
454

22.2
56.75

1992-2000. the glacier experienced relatively higher recession laterally along the ablation zone during the period. The snout retreat
rate of the Kolahoi glacier reported here is consistent with some of
the glaciers studied across the Himalaya including the Milam glacier in the central Himalaya. Sarnandurtapu in the western Himalaya and Gongotri in the central Himalaya (Bhambri and Bolch.
2009; Kamp et al., 2011). The recent observations from the high
resolution satellite data. verified in the field USing GPS. indicate a
high snout retreat rate of 56.75 m year-1 between 2006 and 2014
(Fig. 3b and c). It was also observed that the retreat rate of the secondary snout of the Kolahoi glacier has always been comparatively
lower than that of the primary snout owing to its larger feeding
accumulation zone. The analysis indicates that the secondary snout

of the glacier has retreated at the rate of 16.35 m year-1 from 1962
to 2013 compared to 23.25 rn year"! for the primary snout during
the same period. A few studies carried out in the neighbouring
glacierized basins also suggest that the snout retreat of the Kolahoi
glacier is comparatively higher (Kulkarni et at. 2006; Hewitt, 2011;
Schmidt and Nusser, 2012; Bahuguna et al., 2014). The comparatively higher rate of retreat observed for the Kolahoi glader could
be partly attributed to the significant climatic changes observed in
the Kashmir valley during the last century (Shekhar et al., 2010; Liu
et al., 2006; Rashid et al., 2015) and partly to the relatively lower
snout elevation of the Kolahoi glacier compared to those in the
Zanskar and Karakoram mountain ranges (Hewitt 2011; Copland
et a1., 2011).
3.12. Glader area changes

Multi-temporal satellite images along with the topographic
maps were used to determine the changes in the Kolahoi glacier
area from 1962 to 2013. The analysis revealed that the glacier
has lost an area of 2.81 km2 during the last 51 years which
amounts to 21.47% of total glacier area since 1962 (Table 4.
Fig. 4). The glacier area recession of 2.84% at an annual rate of
0.094% was observed during 1962-1992 which is the lowest recession rate observed during the 51 year period. A recession of 8.52%
in the glacier area was observed during the 1992-2000. The trend
continued at almost the same rate from 2000 to 2010 with the total
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fig. 3. Change in glacier snout: (a) From since 1857-2014. numbers in the brackets indicate snout altitude at different points in time (b. c) Indicate changes from 2006 to
2014 based on high resolution satellite data.

T•• ble4
Variations in the area of Kolahoi glacier since past 51 years from 1962-2013.
Year

Area (km2)

Period

Area change (km')

Area change (%)

1962
1992
2000
2010
2013

13.73
1334
12.17
11.12
10.92

1962-1992
1992-2000
2000-2010
2010-2013

-0.39
-1.17
-1.05
-0.2

-2.84
-8.52
-8.65
-1.46

estimated recession of 8.65%and thereafter the recession declined
during 2010-2013 to 1.46%. The higher rate of glacier area recession observed from 1992 to 2000 corresponds with the low rate
of the snout retreat observed during the same period and is attributed to the glacier bed morphology under the terminus (see Supplementary Fig. 2). Although the glacier terminus along the
central flow line did not show high retreat but the lateral extents
of the snout receded by about 80 and 40 m on the eastern and
western side respectively. The low rate of glacier area recession
observed during 2010-2013 period corresponds to the maximum
snout retreat observed during the same time period. This dichotomy is best explained by the fact that the present snout position.
as seen from the Fig. 3. lies at a steep slope making it easy tor
the frontal part to fragment and calf from the glacier body as it tappers out Field evidence also corroborated that the steep gradient
of the snout is responsible for the enhanced retreat observed in
the recent times. The relatively lower areal recession observed

for the Kolahoi glacier during this period could also be due to the
good snowfall received in the valley during 201 O. Overall. the rate
of recession of the Kolahoi glacier is relatively higher compared to
the recession rates of the glaciers in its neighbourhood (Kamp
et al., 2011: Schmidt and Nusser. 2012) which could be partly
attributed to the climatic change observed in the Udder valley
(Romshoo et al., 2014; Romshoo et al, 2015). Aerosols particularly
the black carbon (BC) could be the other reason for the enhanced'
melting of Kolahoi glacier as the BC concentration has been
reported higher for Kashmir Himalayan glaciers (Bhat et al.,
2014. 2016); however. it needs further detailed investigation. It
is pertinent to mention that studies by Lee et al. (2013b). Ming
et al, (2008. 2012). Ramanathan and Carmichael (2008) have
reported the role of aerosols including black carbon in enhancing
the glacier melt over Himalaya. In an attempt to ascertain the
impact of changing aspect characteristics on the glacier recession
a comparative analysis of aspect characteristics was carried out

1. Rashid et aL/Journal of Asian Earth Sciences 138 (2017) 38-50

44

75°19'

75°20'

75°21'

75°22'

Glacier boundary

1962

CJ 1992
CJ2000
C]2010

CJ2013
FIg. 4. Change in glacier area since 1962.

based on 1962 topographic sheets and ASTER GDEM. It was found
that most of the glacier area is predominantly north facing (64%).
followed by eastern (19%) and southern aspects (10.33%) respectively. TIle comparative analysis of aspect distribution based on
the two data sets showed a modest increase of 4.5% in southern
aspect since 1962 which might have also contributed to some
enhanced glacier recession.
3.1.3. Glacier volume, EtA and mass changes

Volume changes of the Kolahoi glacier were estimated using the
slope dependent method proposed by Haeberli and Hoelzle (1995)
and subsequently used by many researchers (Frey et .11.. 2014;
Farinotti et .11., 2009; Linsbauer et .11.. 2009) in the Himalayan terrain. The topographic data in the region is available only for the
year 1962, 2000 and 2010 and therefore. this has restricted the
estimation of glacier volume and the changes thereof to only these
years. Based on the results of the volume estimation, it was found
that the glacier has lost 0.30 krrr' between 1962 and 2010 and the
glacier has reduced in volume from 1.11 km3 to 0.81 km3 respectively (Table 5). The maximum loss was found between 1962 and
2000 which amounts to 0.29 km3 atthe rateof7.6 x 106 m3 year-1.
The relatively lower glacier area change and the high snow predpitation recorded in the last decade are responsible for the smaller
volume changes estimated during 2000-2010 (Bahuguna et al.,
2014). The glacier lost 0,01 km3 at the rate of 106 m3 year I during
Table 5
Glacier volume estimates.
Year

Area (km2)

Mean slope (O)

Volume (m3)

1962
2000
2010

13.72
12.17
11.12

1733
19.30
18.17

1.11 x 10"
0.82 x 10'
0.81 x 10'

this period. The glacier volume and area loss estimated for the
Kolahoi glacier might continue in future like other Himalayan glaciers (Fujita and Nuimura, 2011) as a large part of the glacier ice is
concentrated in the relatively flat ablation area. The glacier ELA
estimated at different points in time revealed that the ELA has
shifted upward from 1962 to 2008. The estimated EI.A in 1962
was 4243 m a.m.s.l. corresponding to MR of 0.47 and specific mass
balance of -6.77 em w.e. The glacier ELA has shifted upwards by
189-4432 m a.m.s.l, in 2000 corresponding to MR of 0.46 and
specific mass balance of -6.01 em w.e, In 2010. the ELA shifted
upwards by 28 m to 4404 m a.m.s.l with respect to 2000 position.
The reduction in the rate orELA shift is also reflected by the lower
specific mass balance value of -2.29 em w.e. during the corresponding period. Murtaza and Romshoo (2016~ using the satellite
data indices, also reported the upward shifting of the EI.A for various glaciers in the Udder valley including the Kolahoi glacier.
However, the mass balance estimates reported in this study are
more robust due to the better estimation methods employed here
and were verified with the satellite data.
3.2. Glacial landforms

A number of glado-geomorphological features including the
terminal and lateral moraines distributed all along the valley from
Pahalgam (at the terminus) to Kolahoi Gunj (at the head) of the
valley; glacial till at Pahalgarn and Aru; U-shaped valley, spanning
entirely the upper west Lidder; hanging valleys. concentrated to
the western side of the valley; cirques; erratic boulder at Lidderwat; whaleback and pro-glacial lake near Kolahoi Gunj; were
mapped from the remote sensing data supplemented and validated
by the extensive field observations (Figs. 5-7). Such features are
evidences of glaciation and deglaciation across the Kolahoi valley
during the Quaternary. These glacio-geomorphological features
occur in the entire valley starting from the current position of
the glacier snout and extend to about 35 Ion downstream up to
Pahalgam. The valley is predominantly represented by the Ushaped cross sectional profile even though the lower part has
transformed into the V-shape possibly as a result of the fluvial erosion. The fluvial incisions. observed in the valley during the field
surveys, typically exhibit V-shaped cross sections and interlocking
spurs. The valley from the present glacier snout up to about 5 km
downstream (marked as A in Fig. 5) is deep and narrow. represented by a typical U-shaped cross-sectional profile. For another
8 Ion downstream (marked as B on Fig. 5), the valley is relatively
wide. lit1tologicaUycomprising of shales and limestones (Agrawal
et aL, 1989; Srikantia and Bhargava, 1983). From Lidderwat. the
valley relatively gets narrower as it approaches Aru but widens
appreciably at Aru. Above 3 km from Pahalgam (marked as C
Fig. 5), the valley is V-shaped possibly formed by the erosion of
previously U-shaped valley owing to its relatively steep gradient
(Herman et al., 2011). A number of hanging valleys, formed as a
result of differential rates of erosion between the main valley
and the valleys (Amundson and Iverson. 2006; Egholm et al.,
2012). joining it along its sides almost perpendicularly. were also
mapped. Most of the hanging Valleysjoin the main valley upstream
of Aru and are concentrated towards the west of the valley (Figs. 5
and 6). The presence of hanging valleys suggests that seven tributary glaciers might have been a part of the trunk glacier above Aru
sometime in the past. In addition, we also mapped the evidences of
three tributary glaciers between Aru and Pahalgam that might
have been a part of Kolahoi during the Quaternary. Similar findings
have been reported by Ahmad and Hashimi (1974). however. in
this study using the high resolution satellite data at 1 : 1 0.000 scale.
we identified a number of fine-scale glacio-geomorphological features that were not mapped by earlier researchers including a set
of moraines in Kolahoi Gunj, erosional features such as glacier stri-
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Fig. 5. Detailed glacio-geomorphological map of the study region.

ations and whalebacks in the valley. Furthermore, the use of satellite images in combination with the OEM enabled us to accurately
map both, the vertical as well the horizontal dimensions of various
glacio-geomorphological features including moraines and hanging
valleys.
Important erosional landforms, including whalebacks, striations
or grooves and cirques, were also identified and mapped in the
deglaciated Kolahoi valley (Fig. 7). Striations or grooves are indelible marks engraved on the surface of the bedrocks by glaciers Gain.
2014). The striations and polished surfaces are preserved along the
valley walls of west. Udder and the adjoining hanging valleys
(Fig. 7 d and f). The striations. an evidence of past glacier movement (Schoenbohm et al., 2014), are confined to the northern side
of the Kolahoi valley. The striations observed well below the present snout position of the Kolahoi glacier indicate the extents of
glaciation during the Quaternary. The striations suggest that the
vertical extension of Kolahoi glacier was more than 200 m in the
past. Cirques, observed in the deglacia.ted Kolahoi valley. are
mostly concentrated towards the northern side of the valley. However, most of the cirques have now transformed into lakes (Figs. 5
and 6). Whalebacks are glacially moulded smooth hard rock surfaces produced by glacial abrasion which serve as an important
evidence of past glaciation in the valley indicating the direction
and flow of glacier movement (Glasser and Bennett, 2004). Whalebacks are constrained in the upper southern part of the Kolahoi
valley.
The detailed glacio-geomorphological mapping also revealed
the presence of a number of glacial depositional features. The moraines cover the entire deglaciated valley right from Pahalgam up to
Kolahoi (Fig. 1). While some of the moraines are well preserved in
the valley, the others have been partly eroded, and covered with
debris or vegetation. A total of 12 moraines, both lateral and terminal, were mapped from the high resolution satellite images supported by the detailed field surveys between Pahalgam and the
present snout position of the Kolahoi glacier. The mapped mor-

aines include the till cover at Pahalgam and Am. All the moraines
are recognizable in terms of their size, morphology and distance
from the terminus of the Kolahoi glacier. The well preserved till
at Am is about 600 m and 200 m in length and breadth respectively
(Figs. 1 and 5). Currently the till is partly covered with vegetation.
A set of moraines at Udderwat include two lateral moraines and a
terminal moraine (Figs. 1 and 5). The lateral moraines lie near Lidderwat, ~ 12 km downstream from the present snout position of
the Kolahoi glacier. The lateral moraines are ~4 km and ---4.5 km
long on the western and eastern side of the valley respectively.
The end moraine at Lidderwat which is relatively smaller in size
(~80 m on each side of the river) could be most probably linked
to the Tarsar glacier, a tributary glacier of Kolahoi glacier during
the Quaternary (Fig. 1). Another set of moraines, near Satlanjan,
includes a pair of lateral moraines and a well preserved tenninal
moraine; 7 km downstream from the present snout position (Figs. 1
and 5). The lateral moraines span over a length of ~l.G km with a
height of about 160 m. Based on the ground infonnation, the terminal moraine is spread across the U-shaped valley at Satlanjan.
Further, 1.5 km downstream from the present snout position at
Kolahoi Gunj. a moraine bed with moraine ridge crest >150 min
height from the adjacent incised valley bottom was observed and
includes a pair of lateral moraines and a partially eroded terminal
moraine (Fig. 5). The lateral moraine spans over a length of about
800 m. A pair of lateral moraines is also present at Kolahoi Gunj,
just a few meters below the present snout position of the glacier
spanning over a length of 670 m and 450 rn on southern and northern sides of the valley respectively. A prominent terminal moraine
with a height of 30 m is present at a distance of about 400 rn downstream from the present snout position of the Hoksar glacier, once
a tributary glacier of Kolahoi (Fig. 5). This terminal moraine has
impounded a pro-glacial lake (Fig. 5). These newly deposited features observed in the upper parts of the valley reflect continuous
recession of the Kolahoi glacier during the Quaternary. The present
study also observed an erratic boulder near Udderwat (Fig. 5). The
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Fig. 6. Glacio-geomorphological features as observed on high resolution satellite GeoEye images (a) If-shaped valley. (b) Hanging valley. (e) Cirques. (d) Horn. and (e) lateral
moraines.

gigantic size of the erratic boulder present at Lidderwat (Fig. 7e) is
an important evidence of the glacier extents of Kolahoi glacier in
the recent past.
3.3. Climate change since the LGM
Average temperature and precipitation data from the ensemble

of 3 PMIP3-CMIP5models was used to look into the changing climate regimes since the last Glacial Maximum (21 ,000 years back)
up to the end of the 21st century (Taylor et al., 2012; Zhou et al.,
2014; Wang and Chen. 2014). It is clear from Fig. 8 that the changes
in temperatures have been much higher during the last 100 years
when compared to the temperature changes simulated during
the beginning of Holocene and earlier. Temperatures increased
by 0.001 °C per decade from 21000 years up to the past 1000 years
contrary to 0.01 °C per decade change estimated from 1900 to
1999. The future temperature projections ending 2099 are predicted even higher indicating a rise from 0.18 °C per decade
(RCP2.6) to 0.61 °C per decade (RCP8.5). Annual observed and projected precipitation on the other hand shows an insignificant
change over the region during the same time period. However. it
has been reported that the form of precipitation has changed in
the region over the last few decades due to the observed changes
in the temperature (Shekhar et al., 2010). There is less snowfall
observed during winter and spring and correspondingly the proportion of rainfall has increased during these seasons in the region

(Romshoo et al., 2015). It is pertinent to mention that in many
parts of the Indian Himalaya, glaciers reached their maximum
positions early in the last glacial cycle before the LGM. Studies carried out by Murari et al. (2014), Hughes et al. (2013~ Hughes and
Gibbard (2015) make it amply clear that a large proportion of glaciers across globe were not at their most extensive during the global LGM.
The temporal resolution of climatological data from the ensemble of 3 PMIP3-CMIP5 models is very coarse. In this context, we
used high-resolution projected annual temperature and precipitation for the region from PRECIS RCM experiment run for the south
Asia domain under A 1 B emission scenario. Both the projected average maximum and average minimum temperatures show a statistically significant increasing trend while as the precipitation shows
an insignificant increasing trend with large inter-annual variations
(Fig. 9). The overall average maximum temperature for the study
area is projected to increase by 4.24 °C (±1.63) by the end of century with reference to the baseline period of 1961-2015. Maximum temperature will rise at the rate of 0.16 °C per decade up
to mid of the century while as an increased warming at the rate
of 0.26 °C per decade is projected from mid to end of the 21 st century. Minimum temperature also shows similar increasing trend
with an increase of 4.13 o( (±1.33) by the end of century and a
warming rate of 0.18 °C per decade up to 2050 and 0.23 °C per decade from 2050 to the end of the century. The temperature rise predicted by PRECIS RCM is very similar to the ensemble projections
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Fig. 7. Glacio-geomorphological features as observed during field survey (a) Lateral moraine. (b) terminal moraine. (c) horn. (d) whaleback, (e) erratic boulder. and (0 glacial
striations.
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4. Conclusions
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both show very insignificant increase across the years (Rao et al.,
2014; Rajbhandari et .11 •. 2015). The recession of Kolahoi glacier
could therefore be mainly attributed to the melting under the
changing climate with Significant increase in temperature and less
snowfall observed during the winter and spring seasons over the
region. If the trend continues, as the projected climate change scenarios indicate, the enhanced melting and scanty snowfall will
have serious implications for ayosphere in Kashmir Himalaya
(Shrestha et .11.. 1999: Negi et .11., 2012; Singh et .11., 2015;
Romshoo et .11., 2015).
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Fig. 8. Multi-model paleoclimate since Last gladal maximum (lGM). During the
present study we used temperature and precipitation from three models - CCSM:
Community Climate System Model; MlROC: Model for Interdisciplinary Research on
Climate; MRI: Meteorological Research Institute.

from CMIPS models. Total annual predpitation does not conform
to any significant increasing trend. PRECIS model overestimated
the precipitation compared to the ground observations although

The recent deglaciation of Kolahoi since the past 157 years
revealed that the snout of the glacier has retreated by 2.85 km
since 1857. The average rate of snout recession is 18.2 m year-I,
though, an accelerated recession of 43.46 m year ", was observed
during the last 13 years, which is attributed to the glacier morphology and steep bed topography near the current snout. During the
past 51 years from 1961 to 2010, the Kolahoi has lost 21.47% of
its area, of which 11.36% was lost during the first 38 years and
10.11% during the last 13 years of the observation period. The glacier has lost 0.30 km3 of its volume during the same period. It is
observed that the Kolahoi glacier is receding at a higher rate compared to the other glaciers studied in the western Himalaya. Based
on the field surveys and analysis of the satellite data, it is con-

1. Rashid

48

er aLIJoumal

oj Asian Earth Sciences 138 (2017) 38-50

5

!0
0

4 .5
3

I
c
0
;:I

~

2 1i.

~
Q.
20
-Maximum

6
~ 15

•.e
:::J

I!
QI

-Minimum

10

D..

5

QI

0

E
t!!al

'""III

~

-5

~

+----r---,----~--_r--~----r_--._--_.----r_--~--_r--_.~--._--

-10
1961

1971

1981

1991

2001

2011

2021

2031

2041

2051

2061

2071

2081

2091

Fig. 9. Oimate change projections by the end of 21st century.

eluded that the deglaciation of Kolahoi during the Quaternary is
evidenced by the presence of glacial till at Pahalgam and Aru; terminal moraines at Lidderwat, Satlanjan and Kolahoi Gunj, Ushaped valleys, hanging valleys. cirques and glacial striations in
the Kolahoi valley. The high recession in the glacier area is attributed to the significant increase in the minimum and maximum
temperatures which not only accelerate the glacier melt but also
change the form of precipitation from snow to rain in the region.
The temperature projections for the region indicate that there is
a ten-fold increase in decadal temperatures over the region since
the Last Glacial Maximum. Recent temperature projections from
(MIPS experiment indicate a temperature rise ranging from
1.53 O( to 5.18 O( by the end of 21 st century under different emission scenarios which might. in all likelihood. adversely impact the
Kolahoi and other glaciers in the Kashmir valley. Such climatic
changes, if realized in future, would adversely affect the glaciers
in the Kolahoi valley with a potential to significantly affect the
dependent sectors like stream flows, irrigation and energy generation in the Kashmir valley and beyond.
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ABSTRACT
Glacial-geomorphic studies provide vital information to make inferences about the effect of glacial
advance and retreat on the geomorphology of an area. In the present study, glacial-geomorphic landforms of the Thajwas glacial valley in the upper reaches of the Indus, Kashmir Himalayas were mapped
using geospatial technology validated with CPS-based field observations and ground photography. The
glacial-geomorphic landforms were digitized using ASTER DEM (30 111 resolution), landsat
ETM+ satellite imagery (30 m resolution) and Google Earth (1 m resolution) data. Results showed that
Google Earth imagery, supported by field validation, is very useful for the interpretation of glacialgeomorphic landscapes and relief features at micro- and meso-scales. However, morphometric characteristics of landforms are best obtained using OEM overlaid onto the landsat ETM+ satellite data. Glaciers in the valley are presently confined along the south and southwestern slopes. However, the
significant role played by glaciers in shaping the geomorphic landforms and their subsequent preservation within the scenic landscape under the late Quaternary climatic conditions are remarkably evident.
The glacial-geomorphic landforms, especially terminal moraine, glacial trough and cirques observed in
the valley aided the reconstruction of palaeo-glacial setting of the area. Morphology, shape and location
of terminal and lateral moraine ridges were used to establish the palaeo-glacial extents, glacial volume
and the number of glacial advances of the Thajwas glacier. The maximum elevation of the lateral rnoraines was used to define the former Equilibrium-Line Altitude (EtA). The greater rock excavation to form
a large valley during the last glacial maximum might have induced isostatic rock uplift/exhumation in
the glacier source area. It is observed that the concomitant retreat of the north-facing glacial cirques has
played an important role in expanding the glacial valley and limiting the topographic relief
© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction
The morphological evolution of mountain belts reflects the
interplay between tectonics, surface processes and climate
(Ramirez-Herrera, 1998; Newnham et al., 1999; Bishop et aI., 2003;
Seong et aI., 2009b; Dar et aI., 2014a,b; Joshi and Kotlia, 2014).
Numerous studies reveal that gladal processes play an important
role in the development of mountain topography irrespective of the
rate of tectonic uplift (Raymo et aI., 1988; Molnar and England,
1990; Montgomery, 1994; Burbank et aI., 1996; Brozovic et a!.,
1997; Whipple and Tucker, 1999; Dumont et al., 2005; Necea
et aI., 2005; Koppes and Montgomery, 2009; Perez-Perra et al.,
2009). During the movement of glaciers, some important
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(SA. Romshoo).

erosional and depositional landforms are formed which serve as a
valuable evidence of the past glacial dynamics (Akcar et aI., 2007;
Persson, 2012; Goswami et aI., 2013; Ruszkiczay-Ri.idiger et aJ.,
2016). Identification and mapping of such glacial-geomorphic
landforms can provide an assessment of the role of glaciation and
climate forcing on the landscape evolution of mountainous areas
(Porter, 1989; Bishop et al., 2002; Brocklehurst and Whipple, 2002;
Seong et aI., 2007, 2009b; Fu et al., 2012; Zasadni, 2012; Dar et al.,
2014a,b)_ Besides, the paleo-glacial topography is useful in determining the total ice volume, the thickness distribution and the
palaeo Equilibrium Line Altitude (Rodriguez-Rodriguez ct al., 2015;
Owen and Berm, 2005). Glacial landform mapping is usually done
using remote sensing data, global positioning system (GPS), digital
elevation models (OEMs) supported by field validations (Clark,
1997; Bolch et al., 2005; Dunlop and Clark. 2006; Smith et al.,
2006; Seong et aI., 2008; Lytwyn, 2010; Dar et aI., 20Ba;
Kuhlernann et al., 2013; Fu et aI., 2012).

http://dx.doi.org/l0.1016/j.quaint.2017.05.021
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The Kashmir Himalayas exhibit complex. topography and an
intricate interplay of surface processes that provides a good opportunity to examine the relationship between glaciation and
landscape evolution. The majority of glaciers in the region are
valley type delimited by topography and are the most distinctive
relief forming agents in the high mountains. The evidence of glacial
advance is found preserved in the upper reaches of the Pir Panjal
range (Grinlinton, 1928) and the Great Himalayan mountain ranges
bordering the Kashmir Valley (Rashid et al., 2017). However, presently the Greater Himalayan slopes of the valley exhibit widespread
and more significant glaciation as compared to the Pir Panjal slopes
(Rashid et al., 2017). The important glaciers existing on the Great
Himalayan flank of the Kashmir Valley are Kolahoi, the largest
glacier in the Kashmir Himalayas. Haramukh, Panjtarni, Machoi,
Shieshnag and Thajwas. Sediments and landforms associated with
glaciation, such as moraines, cirques, glacial-fluvial outwash,
drumlins, and melt-water channels, etc., are well preserved in most
of the above mentioned glacial valleys which provide valuable insights for inferring past glacial dynamics. However, despite the
importance of the region for palaeo-glacial and palaeo-climatic
studies, relatively very little work has been carried out on the
Late Quaternary glacial history. Although some workers have previously documented the glacial history of the Kashmir Valley
(Dianelli, 1922; De Terra and Paterson. 1939; Holmes and StreetPerrott. 1988; Holmes and Street-Perrott, 1989), however. none of
these studies have used a systematic analysis oflandforms to define
the major glacial advances and the consequent glacial-geomorphic
evolution of the Kashmir Valley. Studies carried out in the Kashmir
Himalayas suggest that the boat shaped Kashmir Valley owes its
origin to the Himalayan tectonic activity which resulted in the
changes in drainage and the climatic conditions. Due to the rise of
the Pir Panjal range. the ancient drainage was impounded in the
form of a lake known as Karewa Lake in which the sediments.
currently exposed, were deposited. These sediments. known as
Karewas, preserve the record of the tectonic and climatic changes
witnessed by the Kashmir valley during the last 4 million years
(Burbank and Johnson, 1983; Kotlia. 1985a.b; Agrawal et al., 1985.
1988. 1989; Bronger et al., 1987; Kotlia and Mathur. 1992;
Basavaiah et al., 2010; Dar et al., 2013a. 2014a, 2014b; Kotlia, 2013).
In this study, we mapped the glacial geomorphology of the
Thajwas glacier valley on the Great Himalayan flank of the Kashmir

Valley (Fig. 1). using high resolution remote sensing data at various
spatial scales supplemented by detailed field observations. to
examine the role of Late Quaternary glaciation in the landscape
evolution of the basin. Glacial-geomorphic mapping has been
previously tested as an important evidence for knowing the extent
and role of glaciations on the geomorphic evolution of the mountainous basins worldwide (Taylor and Mitchell. 2000; Rippin et al..
2003; Palacios et al., 2011; Stroeven et al., 2013; Blomdin et al.,
2014). By tracing the past extents of the existing glaciers. changes
in the area and volume. ELA depression, glacial valley width, cirque
development and moraine morphology, etc., the palaeo-glaciology
and palaeo-climate of a region can be reconstructed (Small and
Anderson. 1998; Porter et al., 2001; Montgomery and Brandon.
2002; Lachniet and Vazquez-Sclern, 2005; Owen and Berm, 2005;
Blomdin ct al., 2014). Taking advantage of the geospatial technology. we mapped various glacial erosional and depositional landforms at various spatial scales that provided important information
and insights into the Late Quaternary climatic conditions of the
Thajwas valley.
The study area receives significant amount of precipitation
(mostly snow) during winter brought about by the western disturbances (WDs) as opposed to the southwestern monsoons
prevalent in most of the Central and Eastern Himalayas. The WDs
are most active during the winter and spring seasons and decrease
substantially as summer progresses (Dar et al., 2014a.b). Snow- and
ice-melt predominantly contributes to the strearnflows in the region. Recent studies suggest that glaciers in the Kashmir Himalayas
are depleting at varying rates (Romshoo and Rashid. 2010; Dar
et at, 2013b; Bahuguna et al., 2014; Murtaza and Romshoo, 2016;
Rashid et al., 2017) and the recession is mainly attributed to the
recent warming observed in the region (Romshoo et al., 2015).
Panjal Volcanics are the main bedrock lithological formations
characterized by quartz veins, joints and fractures in the study area.
These rock formations are intercalated with pyroclastic material
and intertrappean beds. The Panjal Volcanics consist mostly of
basaltic rocks with minor basaltic-andesites, rhyolites and dacites
(Shellnutt et al., 2012; Stojanovic et al., 2016).
2. Materials and methods
The study makes comparative use of the satellite data with

C:J Valley Outline
Fig. 1. Map of the study area (a) shaded relief map of the Kashmir Valley and (b) the location of the Thajwas glacier and other important glaciers on the Great Himalayan flank of the
Kashmir Valley.
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varied spatial and spectral resolution to map the glacial landforms
(Fig. 2). High resolution Google Earth images, Landsat-ETM+ 30 m
resolution imagery and the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Digital Elevation Model
(OEM) with 30 m resolution were acquired and digitally processed.
Various image enhancement techniques, such as contrast stretching and histogram equalization, were applied to highlight the
geomorphic features of our interest (Sabins, 1996). Initially the
landform mapping was performed on the Landsat ETM+ imagery
draped over the ASTER OEM. The various landforms mapped
include, cirques, glacial trough, moraines, hanging valleys, etc.
Polygon approach was used to digitize the geomorphic landforms
from satellite images. The concomitant use of the ASfER OEM
improved the interpretability of the landforms from the satellite
images because the landform mapping and interpretation is
cognitively based upon 3-~ perception rather than the interpretation of the image elements alone. The number of geomorphic
landforms identified from the satellite data increased significantly
when the false colour composite (FCC) of Landsat-7 image using a
band combination of 7, 4, 2 was draped onto the OEM. This technique gave the best results for mapping the glacial landforms in the
Thajwas valley and it has been found effective elsewhere also
(jansson and Glasser, 2005a; Greenwood and Clark, 2009). OEM
overlaid onto the ETM+ imagery was also used to generate the
cross-sectional valley profiles for a better depiction of the glacier
sculptured u-shaped glacial trough of the Thajwas. The combination (OEM and ETM+) further helped in visualization of the
morphometric characteristics of the moraine ridges preserved at
the proximity of the Thajwas glacial valley. While, the spatial resolution of ETM+ imagery does not permit us to identify small
features having dimensions of a few meters (e.g., kettle holes,
erratic boulders). However, the mapping of large-scale landforms
having dimensions exceeding tens of meters was of good accuracy.
Especially the delineation of the sinuous outline of the end moraines reflecting the palaeo-ice flow directions and capture of the
morphometric characteristics of the moraines and glacial trough
are noteworthy.
The glacial-geomorphic landforms were also mapped from the
Google Earth images. The high spatial resolution and the easier
visualization of landforms on the Google Earth platform compared
to the Landsat imagery provided new perspectives and better
precision for mapping the glacial landforms. Not only the large
glacial landforms such as moraines, Ll-shaped valleys, hanging
valleys, large outwash plains were mapped clearly, but even small
scale glacial geomorphic features such as small melt-water
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channels and even erratic boulders were precisely located and
mapped from the Google Earth images. GPS measurements and
ground photography were used as reference data to validate the
geomorphic features derived from the satellite images. Finally, the
geomorphic information was integrated with the field observations
in the GIS environment to develop the precise high-resolution
(1 :10,000 scale) glacial-geomorphic map of the Thajwas valley.
The various glacial erosional and depositional landforms mapped from the satellite data were used for making inferences about
the palaeo-glacial and palaeo-climatic setting of the region. Based
on the "maximum elevation ofiateraJ moraine" (MELM) technique
(Benn and Lehmkuhl, 2000), we estimated the palaeo ELA of the
Thajwas glacier. The volume lost by the glacier since the Last Glacial
Maximum up to today was calculated using various area scaling
methods (Chen and Ohmura, 1990; Bahr et al., 1997; Arendt ct al.,
2006). The location, shape and morphology of the end moraines
were helpful in determining the palaeo-glacial extent and the
number of glacial advances of the Thajwas glacier. The glacial
striations preserved on the valley walls and the rounded serrate
ridges provide valuable information about the vertical dimensions
of the Thajwas glacier in the past. We also compared the inferred
palaeo-glacial extents derived from the satellite imagery with the
glacial extents calculated on the basis of ELA studies in the larger
basin, encompassing Thajwas valley, by Holmes and Street-Perrott
(1989). The cirques preserved in the valley heads and on the
southwestern side were used to determine the head-ward erosion
and expansion of the glacial valley. It is necessary to mention here
that we didn't estimate the erosion rates directly, but determined
the volume of material that might have been removed from the
valley walls using the erosional signatures.
3. Results and discussions
3.1. Gladallandform mapping from remote sensing data
The details of the glacial landforms mapped from the satellite
imageries are presented in Fig. 3. The comparative study of the
landforms derived from the two remote sensing datasets revealed
that the Google Earth images provide more detailed and precise
measurements of the landforms present in the area than the
Landsat ETM+ data (Fig. 3). Small scale features, like erratic boulders, glacial meltwater streams, small scale recessional moraines,
kettle holes and glacial striations are effortlessly mapped from the
high resolution Google Earth imagery. However, the morphometric
characteristics of landforms were better delineated when the OEM

fig. 2. Data sets used for mapping of gladal-geomorphic landforms (a) Landsat ETM+ imagery and (b) Google Earth Imagery.
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was draped onto the ETM+ imagery.
The glacial landforms observed and mapped in the area include,
moraine ridges, outwash plains, glacial trough, hanging valleys,
cirques, serrate ridges, etc. The landforms range in size from a few
meters to more than hundreds of meters in one dimension. The lise
of Google Earth images greatly improved the mapping of the microscale (e.g., glacial striations, small melt-water channels) and mesoscale (e.g., recessional moraines, erratic boulders, kettle holes)
glacial geomorphic features. Ground observations and the photographic evidences collected during the fieldwork proved to be most
useful in identification and validating the glacial-geomorphic
landforms and to differentiate them from the non-glacial landforms. For example. scree sediments. representing gravitational
sedimentation and no horizontal transport, deposited in the upper
narrow part of the glacial trough. looked like recessional moraines
even on the high-resolution Google Earth image. These features
were correctly delineated only after field verification supported by
the photographic documentation.
Moraine ridges. sometimes, can produce representational
problems because of their size, complexity. and diversity of

5

morphology (Smith et al., 2006). Besides, the segments of moraine
ridges become indistinguishable from ice disintegration landforms.
from eskers or icc disintegration complexes because of the similarity of landform pattern. For example. the remotely sensed data
sets used in this study were not able to define the sinuous nature of
the moraine ridges and the possible palaeo-ice flow directions of
the Thajwas glacier (Fig. 3). The sinuous nature and the exact
number of moraine ridges present in the terminal moraine was
resolved through the combined use of the Landsat ETM+ imagery
and the DEM of the study area.
The field observations suggest that satellite remote sensing
images are useful for mapping glacial geomorphology, provided the
data has the required spatial and spectral resolution. Accurate
landform identification is scale dependent. because very small scale
glacial landforms may not be mappable. thus obscuring some features that may be of considerable importance for reconstructing the
glacial history of a region (Smith et al., 2006; Smith and Wise.
2007). For example, Google Earth images give detailed information about the meso-scale and micro scale glacial features and the
combined use ofDEM and ETM+ imagery better resolves the exact

FIg. 4. Coogle Earth Imagery of the Thajwas valley showing the cross sections of the systematic downstream increase in the valley width from VP4-VP1 (VP=Valley profile). Cross
section of the terminal moraine (TM) ridges 1-3. cross section of the recessional moraine (RM). cirque glaciers and the present day drainage divide are also visible.
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number of glacial advances. The accuracy oflandform mapping also
depends upon their relative size, azimuth biasing, landform signal
strength, and the manual identification of the features mapped
(jansson and Glasser, 200Sb; Stokes and Clark, 2003; Boulton et aI.,
2001; Smith and Wise, 2007).
3.2. Glacier erosional landfomlS

The main erosional landforms present in the Thajwas valley
including U-sh.aped glacial valley, hanging valleys, glacial striations,
cirques and serrate ridges are shown in Figs. 3 and 4 and the field
validation photographs of these features are shown in Fig. 5. The
palaeo-climatic and palaeo-glacial inferences arrived at are discussed as follows:
The longitudinal profile of the asymmetric Ll-shaped Thajwas
glaciated valley is shown along E-W and S-N direction in Fig. 4. The
increasing width of the valley downstream reflects the effect of
glacial erosion, which has increased the valley size considerably.
Besides, the increase of the valley size downstream is attributed to
the combined effect of the erosion from tributary glaciers which
joined the main glacier as it had advanced downstream. The fluvial
activity also increases the valley width, but the characteristic Ushape reflects the dominant role played by the glacial erosion.
Although oscillating glacio-fluvial processes may increase the rate
of erosion, the onset of Late Quaternary glaciation should have
resulted in a pulse of increased sediment yield and the valley might
have adjusted to new forms. As mentioned, numerous hanging
valley glaciers (Fig. Sa), which join the main valley almost
perpendicularly, have played an important role in increasing the
valley width. The bedrock lithological formations characterized by

quartz veins, joints and fractures have also played an important role
in the valley widening.
Glacial striations are distributed asymmetrically and are well
preserved along the valley walls of the Thajwas glacier (Fig. 5b and
c). Once formed, the striations have remained above the cold based
ice on the valley walls and the subsequent glacial erosion has not
been so intense as to obliterate or wash out the striations. According to Kuhle (2001, 2005), glacial striations in soft sediment do
not persist longer than a few decades after the exhumation. The
striations get washed away by frost weathering and eroded by
glacigenic rock polishing. However, the glacial striations observed
in the Thajwas are well preserved on the valley walls composed of
hard rocks and have till date escaped subsequent glacigenic rock
polishing.
An amphitheatre shaped glacial landscape, the cirque, is universal in occurrence in glaciated mountainous regions. The various
cirques observed in the Thajwas valley (Fig. 4) represent an
erosional cut in the hard bedrock lithology of the Panjal Volcanics.
These are characterized by a hollow with upstream side bounded
by steep cliffs and downstream side almost open. The general
orientation of the cirques is south to north with estimated area
greater than 200 1112 for each cirque. At present three of the cirques
are ice-free and end on the valleys flank characterized by a level
floor and fan-like stream courses. Erosion due to cirque retreat has
played an important role by expanding the valley horizontally and
eroding the high topography (Fig. 4).
Close examination of the satellite data of the Thajwas valley
suggests that the valley has expanded at the expense of the retreat
of the cirques of the tributary glaciers. Significant southward
migration of the drainage divide of the southwestern Thajwas

Fig. 5. (a) Hanging valley glacier. The ice flow direction (blue arrow) and the two ridges of the lateral moraines are also visible. Glacial striations observed in the study area on (b)
Google Earth .'mageryand (e) In field photograph. (d) Serrate ridge observed in the area. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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valley indicates that the cirque retreat was associated with glacial
erosion. This is substantiated by the asymmetric drainage patterns
on both the flanks of the Thajwas valley. The northeastern side is
characterized by steep slopes reflecting fluvial incision with relatively little glacial erosion. However. the drainage on the southwestern flank is defined by cirque retreat due to the glacial erosion
with the formation of the gentle slope. Therefore. the modern
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drainage divide does not necessarily coincide with the divide prior
to glaciation (Fig. 4). Fig. 6 shows the schematic head ward
expansion of the glacial valley due to the cirque retreat. It is
believed that an intriguing interplay between Significant excavation of rock and isostatically induced exhumation/uplift during Late
Quaternary might have had potential influence on the relief formation of the Thajwas valley (Fig. 6). The substantial head ward
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Fig. 6. landscape evolution of the Thajwas glacial valley with progressive rock exhumation/uplift due to isostatic uplift in the source area (a) landscape condition prior to the
beginning of the glacial erosion with drainage divide controlled by fluvial erosion only. (b) Initiation of the glacial erosion of the high altitude peaks on the north facing ridge.
development of the cirques. cirque glaciers and the southward migration of the drainage divide. The dash lines show the location of the ridge prior to glacial erosion. (c) Further
uplift of the ridge accompanied by additional cirque retreat, expansion of cirque glaciers and the continuous southward migration of the drainage divide. The dashed lines show the
subsequent erosion and retreat of the cirque,
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Fig. 7. Field photographs showing a) lateral moraine ridges (1-3), b) cirque (C), cirque glacier (CG), dotted lines show the recessional moraines (RM), c) erratic boulder, d) showing
kettle.

retreat and widening of the valley in response to the glacial excavation might have induced isostatic rock exhumation/uplift in the
glacial source area. However, it is impossible to differentiate
isostatic and tectonic components of continental orogens because
both would result in similar landscapes (Brozovic et al., 1997).
Further, the constraints on the rates of crustal-scale processes are
required to differentiate the two processes.
The cirque development and the consequent head ward
expansion of the glacial trough could be attributed to the significant
changes in climate and glacial fluctuations during the late Quaternary period in the region. During this period. Kashmir valley
experienced repeated glacial and interglacial cycles which are
documented in the form of various morainic deposits and loesspalaeosol sequences (Oar et aI., 201Sa,b). It is believed that during
glacial periods, the global cooling enabled the glaciers to grow and
increased erosion rate that reshaped the landscape.
Another very interesting glacial-geomorphological feature
identified in the area, serrate ridge, indicates the gradual lowering
of the ice level (Fig. Sd). This feature represents a small confluence
angle of two glaciers and the gradual lowering of ice level. TIle
serrate ridges seen in the area are little bit rounded suggesting
that the sharp rock features could have been buried by glacial ice
during the glacial maximums. Numerous meltwater channels are
also seen in the glacial trough of the Thajwas. However. due to the
considerable recession of the glaciers and decrease in the overall
glacial mass, these channels are not menacingly turbulent in their
flow.

3.3. Glacier depositional landforms
The glaciological work of the Thajwas glacier has resulted in the
development of various depositional landforms. The main glacial
depositional landforms observed in the study area are shown in
Fig. 3. Figs. 7 and 8 shows the field validation photographs of
various glacier depositional landforms. The geomorphic sketch of
the glacial landforms observed in the Thajwas glacier valley is
presented in Fig. 9. TI1e inferences regarding past glacial and climatic conditions based on the glacial depositional landforms are
discussed below:
Glacial moraines are widespread and in places as much high as
500 m in Thajwas comprising a heterogeneous mixture of rock
fragments and clay (Fig. 7a), Recessional moraines in the upper
reaches of the valley, with moraine ridge crests rising >80 m in
height from the adjacent incised valley bottom, are clear indications of the continuous recession of the glacier due to climatic
change (Fig. 7b). A large number of the glacial erratics more than
4 m in diameter are found in the Thajwas valley (Fig. 7c). A Kettle
hole (Fig. 7d) and a small outwash plains was also observed in the
Thajwas Valley. The presence of kettle hole and small outwash in
the valley upstream indicates the deglaciation processes and
continuous recession of the glacier due to climate change. Due to
deglaciation. the isolated blocks of the glacier have got buried in the
outwash plain occurring now as kettles. These buried glacial blocks
subsequently melted and were filled with water and sediment.
Moraine ridges, characterized by rounded crests, are located at
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Fig. 8. Field photograph of terminal moraine observed in the study area (viewing noth-west). Note the numerical 1-3, showing the major ridge crests and the consequent major
glacial advances of the Thajwas.

the distal end of the glacial valley about 7.5 km away from the
present-day cirque glaciers (Figs. 3 and 8). In most cases, the terminal moraine ridge marks the extent of the glacier advance
(Hubbard and Glasser, 2005), This end moraine, characterized by
three distinct ridges, probably delimits the Last Glacial Maximum
(LGM) advance of Thajwas (Figs. 4,8 and 9). The stratigraphic position, dimensions, lithification, vegetation cover and morphology
of the moraines also supports this view. Conventional lichenometry
approach was used to relatively date the three moraine stages.
Lecanora muralis and Xanthoparmelia species are the lichens which
were observed growing on the moraine boulders (Fig. 10). These
lichens range in size from few inches in morainic ridge 3 to more
than fifteen inches in diameter in morainic ridge 1. Our observation
of the variation in lichen diameter from the moraine ridge 1 to 3
suggests that the moraine ridge 1 is the oldest moraine ofThajwas.
The delineated end moraine coincides with the moraine identified by Holmes and Street-Perrott (1989). They considered it as
the second major glacial advance and the moraine located up in the
Sindh valley as the first major glacial advance as shown in Fig. 11.
However, these two moraines are located in separate glacial valleys
and may not be representing two major glacial advances. The
palaeo-ice flow direction as observed from the sinuous nature of
the terminal moraine (Figs. 3 and 4) suggests that the first moraine
is deposited by the Thajwas glacier and its tributary glaciers and
represents its major advance(s). The second moraine, as shown by
Holmes and Street-Perrott (1989 has been deposited by the other
glaciated valley and might represent the major glacial advance in
that valley and not the overall second major glaciation of the Sindh
valley (Fig. 11). We believe that these two morainic deposits
represent same time glacial advance of different glacial valleys.
Besides, three almost complete sinuous ridges are observed in the
end moraine of Thajwas valley, suggesting three major glacial advances or minor oscillations within a major glacial advance. Our
observations are consistent with the glaciations in the adjoining
NW Himalaya and Karakoram Mountains where at least three

glacial events. progressively less extensive with time, are recognised (Derbyshire and Owen. 1997).
3.4. EUl and volume change
Equilibrium line altitude (ELA) is widely used to infer past climatic conditions from the outlines of the vanished glaciers (Benn
et aI., 2005; Sharma and Owen, 1996). Because the lateral moraines are deposited only below ELA. their maximum elevation is
one estimate of the ELA of the receded glaciers (Owen and Benn,
2005; Gillespie, 2011; Mehta et al., 2012). The maximum elevation of lateral moraines ofThajwas was calculated from the Google
earth imagery and validated in the field with GPS measurements.
The results show that the ELA ranges from 2970 to 2920 m for the
mapped three glacial stages to 4100-4230 m for the present day
cirque glaciers. An upward shift of almost 1300 m in ELA is
observed from the major glacial advance of the Thajwas glacier up
to the present location of the glaciers, Tile comparison of tile former
and present day ELA reflects the nature of climate change which the
region has experienced since the last glacial maximum.
Presently, the glaciers occur as cirque glaciers in the upper
reaches of the Thajwas valley covering an area of 3.60 km2• However, by tracing the outer limits of the present-day glaciers, glacial
valley and moraines (terminal and lateral), we estimated that the
past glacial coverage extended up to 15.43 km2. We also estimated
the past and present ice volume of the Thajwas glaciers using the
area scaling methods (Table 1). It is observed that the glacier has
reduced by about 88% of its volume from the major glacial advance
till date.
3.5. Glaciation evidence and palaeo-glacial insights

The Kashmir Himalayas possess profound glacial landforms that
provide vital information of Late Quaternary glaciation. The present
research provides few important insights into the complex nature
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landforms. Note the dotted lines showing development and retreat of cirque gladers

Fig. to. Field photograph showing the lichens observed on the moraine boulders in the Thajwas valley, (a) Lecanoro murolis and (b) XantllOparmelin species.
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Table 1
Area and volume lost by the glacier between past and present glaciation. Note volume change has been estimated using three area scaling methods after Arendt et .11. (2006).
Bahr et .11. (1997) and Chen and Ohmura (1990).
Glacial Stages

Area (km2)

1"

15.43
11.91
9.82
3.60

211d

3ed
Present

Volume (knr')
Arendt et al. (2006)

Bahr et .11. (1997)

Chen and Ohrnura (1990)

2.144
1.502
1.152
0.290

1.462
1.024
0.786
0.198

1.573
1.102
0.845
0.213

of the glaciation in the Thajwas valley. The glacialgeomorphological evidences reveal that the region has experienced Significant glacial and climatic fluctuations during the Late
Quaternary period. The location of the terminal moraine well
beyond the present day cirque glaciers at the valley head reveals
the maximwn extent of the Thajwas glacier (Figs. 4 and 9). Using
the area scaling methods, it is estimated that the glacier has lost
almost 88% of its volume since its major advance. The presence of
the three sinuous ridges indicates the major glacial advance of the
Thajwas glacier probably of the LGM or minor oscillations within
the major glacial advance. These three advances of the Thajwas
glacier well corroborate with the 13Cj12C and (/N ratios of the
Karewa Lake sediments indicating three major episodes of the
shallower water levels revealing increasing aridity and onset of
glaciations (Krishnarnurthy et aI., 1986). The carbon and oxygen
isotopic signatures in pedogenic carbonates of loess-palaeosol sequences of Kashmir Valley also reflect such interplay of glacial and
interglacial periods during the Late Quaternary (Dar et al., 201Sa).
Besides, on the basis of 14C ages, the top three loess-palaeosols
preserved across the Kashmir Valley have yielded ages ca. 5, 18
and 25 kyr years (Kusumgar et al., 1980; Dar et al., 20ISc) reflecting
three glacial and interglacial periods.
The end moraine of the Thajwas is well preserved as the likelihood of incision due to melt-water channels is negligible because
the latter has subsequently shifted its course (Figs. 9 and 11). The
shift in the channel course could be due to the isostatic exhumation/uplift and the successive reduction in the glacial extent due to
the climate change. Various studies suggest that the glacial extent
in highland arid regions of Asia has become Increasingly restricted
due to the Late Quaternary climate change, which is advantageous
for the preservation of very old glacial landforms (Owen, 2009;
Owen et at, 2009, 2010, 2012). Besides, the high exhumation/uplift rates of the Himalayas provide the higher preservation potential
of early glacial landforms because they may be left stranded on high
benches as uplift and river incision modifies the influence of
geomorphological activity (Owen, 1996).
Vestiges of recessional moraines are also observed in the upper
reaches of the Thajwas valley reflecting the progressive recession in
the glacial extent (Figs. 4 and 9). EIA depressions were -1300 m
below the present EIA of the remnant glaciers during the major
advances of the Thajwas. This shift in EIA and the significant
recession of the glacial extent over successive glacial cycles might
reflect a response to the regional climatic change (Holmes and
Street-Perrott, 1989; Owen et al., 2005, 2006, 2008; Seong et al.,
2009a; Solomina et al., 2015). Studies carried out in the Kashmir
Himalayas have shown that the area has undergone significant
climatic and topographic changes during the Late Quaternary
period (Burbank and Johnson, 1983; Agrawal, 1987; Holmes and
Street-Perrott, 1989; Basavaiah et al., 2010; Ahmad and Chandra,
2013; Dar et al., 2015b). The glacial-geomorphic studies carried out
in the adjacent Himalayan basins also reveal that during the Late
Quaternary period, the Himalayas experienced widespread glaciations and climate change (Owen, 1996; Porter ct al., 2001; Benn and
Owen, 2002; Owen et al., 2002; Ehlers and Gibbard, 2007; Seong

et al., 2007, 2009b; Meyer et aI., 2009; Chevalier et al., 2011;
Murari et al., 2014; Solomina et al., 2015; Rashid et al., 2017). As
pointed out by Sharma and Chand (2017). most of the Himalayan
regions experienced significant glacier advances during Last glacial
and early Holocene, with minor advances in some regions during
the mid-Holocene. They also suggested that a reasonably large
valley glacier expansion occurred during the global LGM (-19-23
ka), likely in response to global variations in temperature. Although
Quaternary glaciation was not synchronous throughout the Himalayas, but it is believed that the glaciation in the Kashmir Himalayas
is largely contemporaneous with the adjacent Western HimalayanTibetan orogens (Owen, 1996; Owen et al., 2008; Owen and Dortch,
2014).
The Thajwas glacial valley has an asymmetric If-shape reflecting
the typical glacially sculptured geomorphic landscape. Systematic
downstream increase in the valley width reflects the effect of
oscillating glaciations. The erosion of the high-altitude undercut
slopes during glacial times and the failure and denudation of unsupported rock slopes and moraine deposits during the interglacial
times might have been the dominant processes that have operated
on this mountainous landscape. The area exhibits moderate to low
relief. extensive glaciation, head ward expansion of the glacial
trough, and the ubiquitous denudation and mass movement processes. Isostatic rock exhumation/uplift places a severe constraint
on the formation of low relief. However, there are studies which
suggest that zones of high rock exhumation/uplift do not correspond with zones of high mean elevation. Instead these zones
correspond with zones of low mean elevation because rock uplift is
controlled significantly by erosion (England and Molnar, 1990:
Montgomery and Brandon, 2002).
Evidence for substantial head ward expansion of the glacial
valley is well substantiated by the cirque retreat observed in the
upper reaches of the glacial valley (Fig. 6). The significance of cirque
retreat in limiting mountain range height could be attributed to the
Late Quaternary climate change which progressively transformed
the valley into the zone of glaciation. The increase in glaciation
accelerates erosion and the consequent isostatic exhumation/uplift
of rocks. Although cirque retreat mayor may not be significant in all
Himalayan settings, results from Thajwas valley support the
contention that glacial valley incision combined with cirque retreat
have been the possible mechanism whereby glaciers simultaneously erode and deposit the material thus maintaining moderate
to low relief (Fig. 6). However, to estimate the extent of cirque
retreat and the rate ofvalley incision requires additional knowledge
of the divide position that existed prior to the glaciation. The integrated residence time of vestigial cirque glaciers during Late
Quaternary conditions might have been sufficient to tip the balance
of erosion in favour of cirque incision and consequent head-ward
retreat.
4. Conclusions
Field investigations and geomorphological mapping indicates
the presence of multiple glaciations in the Thajwas glacier valley.
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Wetl-preserved terminal and lateral moraines in the Thajwas valley

provide evidence of almost three glacial advances. Vestiges of
recently deposited recessional moraines of minor advances reflect
response of the glacier to the regional climate change. The changes
in the glacier surface area show that the glacier has receded from
15.43 km2 during the Last Glacial Maximum to 3.60 km2 at present
with an area loss of almost 81 %. In terms of the volume, the Thajwas
has lost almost 88% of the glacier volume till date, An upward shift
of -1300 rn in ELA suggests a reversal of glaciation gradients during
the Late Quaternary, This is well substantiated by the systematic
increase in width of the valley downstream reflecting the effects of
oscillating glaciations. The greater rock excavation during glacial
maximum and the concomitant head ward expansion of the glacial
valley at the expense of cirque retreat has driven the drainage
divide southward, thereby limiting the topographic relief.
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Abstract: The study investigated the streamflow
response to the shrinking cryosphere under changing
climate in the Udder valley, Upper Indus Basin (UIB),
Kashmir Himalayas. We used a combination of multitemporal satellite data and topographic maps to
evaluate the changes in area, length and volume of the
glaciers from 1962 to 2013. A total of 37 glaciers from
the Udder valley, with an area of 39.76 km2 in 1962
were selected for research in this study. It was
observed that the glaciers in the valley have lost
-28.89 ±0.1% of the area and -19.65 ±0.069% of the
volume during the last 51 years, with variable interdecadal recession rates. Geomorphic and climatic
influences on the shrinking glacier resources were
studied. 30-years temperature records (1980-2010) in
the study area showed a significant increasing trend
in all the seasons. However, the total annual
precipitation during the same period showed a nonsignificant decreasing trend except during the late
summer months (July, August and September), when
the increasing trend is significant. The depletion of
glaciers has led to the significant depletion of the
streamflows under the changing climate in the valley.
Summer streamflows (1971-2012) have increased
significantly till mid-nineties
but decreased
significantly thereafter, suggesting that the tipping
point of streamflow peak, due to the enhanced
glacier-melt contribution under increasing global
temperatures, may have been already reached in the
basin. The observed glacier recession and climate
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change patterns, if continued in future, would further
deplete the streamflows with serious implications on
water supplies for different uses in the region.
Keywords: Glacier Mapping; Glacier Volume;
Climate Change; Streamflow; Himalayas

Introduction
The Himalayas, referred as the 'water tower of
Asia' due to its vast glacier resources, provide water
to the population of about a billion living in the
Indus, Ganges and Brahmaputra basins. However,
glaciers are sensitive to the changes in temperature
and precipitation (Oerlemans 1994; Anderson and
Mackintosh 2006) and are depleting at varying
rates (Cogley 2016; Dobhal and Pratab 2016;
Murtaza and Romshoo 2017). Himalayan glaciers,
since the mid-19th century are in a continuous state
of recession in response to the long term·
temperature changes over the region (Bahuguna et
al. 2007; Bhambri et a1. 2011; Salerno et al. 2016).
The accelerated loss of glaciers over Himalayas and
its anticipated impact on streamflows has attracted
the attention of researchers over the past few
decades and implications are a cause of concern for
the scientific and political communities (Bolch et
a1. 2012; Kulkarni and Karyakarte 2013). The
increasing
temperatures
have
serious
consequences on the hydrology of regions where
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streamflows are dominated by snow- and glaciermelt (Bajracharya et al. 2008). In the Upper Indus
Basin (UIB), snow- and glacier-melt contributes
more than 70% to the annual streamflows
(Immerzeel et al. 2009); hence the streamflows in
the glaciated basins are highly vulnerable to
climate change. Recent studies have linked the
significant changes in the streamflows of the
Himalayan rivers to the accelerated shrinking of
glaciers (Immerzeel, et al. 2010; Romshoo et al.
2015). Accordingto the IPCC (2014), an increase of
1.8°C in Earth's average surface temperature shall
shrink the Himalayan glaciers by 45% by the end of
this century, and under the worst warming
scenario of 3.]OC projected for 2100, the glacial
reduction would be up to 68% and would seriously
impact the streamflows.
In Kashmir Himalayas, the indicators of global
warming are clear and loud in terms of increase in
temperature, enhanced receding of snow and
glacier resources, decrease in snow precipitation
and depleting streamflows (Dar and Romshoo
2012; Romshoo et al. 2015). The recent studies
have shown that the snow precipitation over Udder
basin has reduced in response to increasing
temperature (Mishra and Rafiq 2016, Romshoo et
al. 2015), which in turn has resulted in less
accumulation of snow over the glaciers, thus
leading to negative glacier mass balance (Murtaza
and Romshoo 2017). The continued reduction in
the stored frozen water in the Kashmir Himalayas
will lead to various socio-economic and
environmental problems in future like decline of
hydropower generation, decrease in agriculture
productivity, fall in winter tourism and drinking
water

scarcity (Dar

et al. 2014; Muslim

1

Study Area

Udder valley, with the total geographical area
of ~1260 km=, lies in the south-eastern part of the
Kashmir basin, North-western Himalayas and
extends between 33°15' - 34°30' N latitudes and
75OS0' - 75°45' E longitudes, (Figure 1). It has a
craggy topography with highly varying elevation
ranging from 1500-5200 m a.s.l., and hosts many
glaciers including the largest glacier in the Kashmir
basin, the Kolahoi (Rashid et al. 2017; Ali et al.
2017). Udder River, which is one of the biggest
tributaries of Jhelum River originating from the
Kolahoi glacier (West torrent) and Sheshnag Lake
(East torrent); join near Pahalgam to form Udder
River. During the winter months, a major part of
the valley remains under a vast and thick snow
cover (Dar et al. 2014), which sustains the mass of
glaciers in the valley and preserves the perennial
character of the Lidder river. The climate of the
Lidder valley is sub-humid temperate and exhibits
four seasons; spring, summer, autumn and winter.

and

Romshoo 2015). Even though the cryospheric
resources in Kashmir Himalayas are vulnerable
and the impacts on various dependent sectors are
serious, the region has remained under-studied.
Therefore, it is of utmost importance to map and
monitor the glacier changes in the region to assess
the climate-glacier relationship and the consequent
impact on the streamflows in the Udder valley,
Upper Indus Basin, Kashmir Himalayas.
The present study focuses on the causal factors
for the shrinking of glaciers and the consequent
impacts on the streamflows. The main objectives of
the study are (i) to map the glacier area and volume
changes from 1962 to 2013 using multiple data
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sources; (ii) an analysis of the climatic data to get
an insight about the influence of climatic variables
on glacier recession; and (iii) streamflow data
analysis corroborated with the climatic data to
elucidate the complex response of streamflows to
the shrinking glacier resources.

atchmem Boundary

Figure 1Location map of the study area.
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It receives precipitation predominantly during the
winter and spring; though winter precipitation is
highly dominated by snow. The mean annual
precipitation in the area is 1240 mm, recorded at
the Indian Meteorological Department (IMD)
station, Pahalgam. The mean annual temperature
is 9.5°C, varying from monthly mean of 190C in
July to the monthly mean of -1.~C in January.

2

Data Sources

MUlti-temporal satellite data including the
images from Landsat-g Thematic mapper (1992),
Landsat-z Enhanced Thematic Mapper ETM+
(2000) and Landsat-8 Operational Land Imager
OU (2013), all having 30 m spatial resolution,
were used to map the temporal changes in the
glacier area in the study area. Preferably, cloudand snow-free satellite images, acquired at the end
of the ablation period, were used for mapping the
glacier boundaries (Racoviteanu et al. 2009).
Survey of India (SOl) topographic maps at
1:50,000 scale were used to extend the glacier
investigations further back in time to 1962.
Advanced Space-borne Thermal Emission and.
Reflection Radiometer (ASTER) Digital Elevation
Model (DEM V.2) was used to generate the slope,
aspect and elevation details of the glaciers to aid
the delineation of glacier boundaries. The
characteristics of the data sets used in this research
are given in Table 1.
Meteorological data (daily precipitation, Tmax
and Tmin) of the last 30 years (1980-2010) was
acquired from the Indian Meteorological
Department,

Pahalgam

observatory

and

therefore, monthly average discharge values were
used in this study.
3 Methodology
3.1 Glacier mapping

The climate-glacier interactions and its impact
on streamflow in the study area was assessed by
analyzing the temporal changes in the surface area
and volume of the glaciers under the changing
climate using multi-temporal multisource data
sets. All the satellite images were visually
interpreted onscreen using digital False Color
Composition (FeCs) to delineate the glacier extent
in GIS environment (Paul et al. 2009; Pandey et al.
2011). The ASTER DEM V.2 was used to generate
the unique morphological details of the glaciers for
better and precise delineation of the true glacier
boundaries, ice divides and snout positions
(Svoboda and Paul 2009). The location of lateral
and terminal moraines identified on the satellite
images were used for the identification of snout
positions in particular and whole glacier
boundaries in general (Bolch and Kamp 2006).
Moreover, the stream network delineated from
ASTERDEMV.2 and satellite images, corroborated
with the field observations, provides a better idea
about delineating the true position of glacier
snouts, by considering snout as the emergence
point of glacier streams. Furthermore, the length of
glaciers was measured by digitizing the centre flow
lines of the glaciers in GIS environment (Le Bris
and Paul 2013; Pellicciottiet al. 2015).

the

streamflow discharge data (1971-2012) of the
Batakote gauging station, near Pahalgam was
obtained from the Irrigation and Flood Control
Department, J&K Government for hydrometeorological analysis. The discharge data
obtained from the Batakote station generally
comprises of 3-4 measurements per month and

3.2 Mapping accuracy

Glacierboundaries digitised from a time series
of satellite images and Topographic maps do
introduce uncertainty in the mapping accuracy.
The satellite data may have different spatial
resolution, varying snow cover, clouds and shadow

Table 1Datasets used,their spatialresolution/scaleand acquisitiondate
Sensor/Image/Maps Resolution/Scale Acquisitiondate
Source
TopographicMaps
1:50000
1962
Surveyof India
LandsatTM
30m
Octoberrs, 1992
http://earthexplorer.usgs.gov/
LandsatETM+
30m
September30,2000
http://earthexplorer.usgs.gov/
LandsatOLI
30m
October27,2013
http://earthexplorer.usgs.gov/
ASTERGDEMV.2
30m
http://gdem.ersdac.jspacesystems.or.jp/
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conditions which might introduce errors in the
mapping work. Even though the satellite images of
same spatial resolution (30 m) were used in the
current study, the glacier area delineation and coregistration of satellite data can introduce errors in
the estimation of glaciers area changes. Therefore,
it is important to estimate the mapping accuracy to
improve the significance of the findings. Paul et al
(2013) have reported that the mapping of clean
glaciers would introduce an uncertainty of ±2-3%,
while under ideal conditions, the glacier mapping
accuracy could be as high as half-pixel (Bolch et a!.
2010). In the present study, the uncertainty (If)
introduced while mapping the changes in the
glacier terminus positions was estimated by the
method (Eq. (1)), as suggested by Hall et al. (2003).
U=..Ja2+b2+(f
(1)
Where a and b are the spatial resolution of satellite
images used and (J represents the error in image
registration.
The registration error was visually confirmed
as 8 m for Landsat TM (1992) and 7 m for 2000
Landsat ETM+ when registering these images with
the base image of Landsat OU 2013 and similar coregistration error has been reported by Murtaza
and Romshoo (2017) for the co-registration of a
time series of satellite images with same spatial
resolution. For computing the mapping errors
between any two images, registration error was
added to the uncertainty value. Thus, the
uncertainty in mapping the changes in the snout
position of glaciers was estimated as ±50-42 m
when registering the Landsat TM image of 1992
with the base image Landsat OU (2013), and
±49.43 m when registering the images with the
Landsat ETM + image of 2000.
The uncertainty in mapping the glacier area
(Uarea) was estimated by using the following
equation (Hall et al. 2003).
Uarea

= 2UV

(2)

Where U is the terminus uncertainty and V is the
image pixel resolution.
The uncertainty in mapping the areal extent of
the glaciers was estimated to be 0.0030 km2 for
1992 TM image and 0.0029 km2 for 2001 ETM+
image. The accuracy of the topographic maps is
considered as unknown (Hall et al. 2003), however
the mapping uncertainty using topographic maps is
much higher than satellite images and therefore we
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assumed the uncertainty error as twice of that
calculated for the Landsat TM, i.e. 16 m.
3.3 Glacier volume estimation
Volume of the glaciers was estimated using
slope dependent thickness approach (Haeberli and
Hoelzle 1995; Frey et al. 2014). Surface slope of the
glacier is the prime factor that governs the
thickness of glacier ice, which means that steeper
glaciers tend to have thinner ice and vice versa
(Linsbauer et al. 2009). However, it also depends
on various other factors such as plasticity of the
glacier, basal sliding and horizontal to vertical
extent ratio of the glaciers. Therefore,
simplifications are added to the force equations in
the slope dependent method for estimation of the
glacier volume as has been discussed in details by
Linsbauer et al. (2012) and Frey et al. (2014).
Subsequently, the thickness d (m) of a glacier is
calculated by using the followingequation.
d=-'-

(3)

pg[sina

where p is the density of glacier ice (900 kg/rna), 9
is acceleration due to gravity (9.81 mjs2) and f is
the shape factor (0.8) constant for valley glaciers.
The shape factorf is basically related to the friction
of a glacier body with its valley walls and is the
ratio between cross-sectional area of a glacier and
its perimeter (Paul and Linsbauer 2012), a is the
mean slope of a glacier. The basal shear stress T
(Pa) is a function of elevation range and is
calculated by the Eq. (4) (Haeberli and Hoelzle
1995), t:.h is elevation range in km and the
maximum value for T is 1.5 bars for t:.h equal to or
larger than 1.6 km.
T = 0.005 + 1.598t:.h - O.435M2
(4)
The slope a for the year 1962 was calculated

from the SOl topographic maps using elevation
range t:.H and glacier length I
I1H

a = arctan,

(5)

The glacier slope for the year 2013 was
computed from the ASTER GDEM V.2. Generally
Table

2

Slope Correction factor for different Glacier

sizes
Glacier Area (kms)
> 20
5-20
<5

Slope Correction factor
-10

-5
-2·5
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the slope calculated from the DEM in GIS
environment is higher as compared to the slope
calculated through arctan method, therefore a
correction factor was introduced to reduce the
uncertainty (Frey et al. 2014), as shown in Table 2.
Furthermore, Frey et al. (2014) suggested that the

estimated depth along the centre flow line could be
extrapolated to the entire glacier area by
multiplying a constant rr/4 to the mean thickness
assuming the
semi-elliptic cross-sectional
geometry of a glacier.
Nonetheless, it is important to mention here
that the accuracy of the above method could not be
estimated due to the lack of Ground Penetrating
Radar (GPR) instrument that could have been used
to measure the glacier depths in the field. However,
Farinotti et al. (2016) compared the performance
of
different
approaches
using
surface
characteristics to estimate the ice thickness of
glaciers and ice caps. The Glabtop model
(Linsbauer et al. 2012), which uses the same
principal for measuring glacier depth as slopedependent method, has performed comparatively
better than many other models that were compared
in their study, with the average deviation of 16±46%, from the GPR measurements of glacier
thickness.
3.4 Statistical analysis of HydroMeteorological Data
The time series of temperature (Tmax and TmiD),
precipitation (1980-2010) and streamflow data
(1971-2012) was analysed statistically using nonparametric Mann-Kandall test, to determine the
magnitude

and significance of the trends in the

data (Mann 1945; Kendall 1975; Hamed 2008).
Glacier melt is expected to be the dominant
component in streamflow during the late summer
months (July, August and September). Thus,
detailed analyses of the hydro-meteorological
variables recorded during the period were carried
out using the standard statistical methods. The
Mann-Kendall statistics S, V(S) and standardized
test statistics Z were calculated using the following
mathematical equations:
n-l

S=

n

LI

i=1 j=i+l

sig(Xj - Xi),

V(S)

=~
[n(n 18

if (Xj -Xi)

>0

if (Xj -Xi)

=0

if (Xj -Xi)

< 0,

1)(2n

+ 5)

5-1

Z

=

,jVAR(5) ifS

0

ifS
{ ~ifS<O.

>0

=0

(6)

,jVAR(5)

X i and X j represents the time series observations
in chronological order, n is the length of time
series, t p is the number of ties for p th value, and q
is the number of tied values. Upward trend in the
hydrologictime series is indicated by the positive Z
values; negative Z values indicate a negative trend.
Statistically significant trend exists in hydrological
time series if !Z! > Z i-a tz and He is rejected. The
critical value of Z l-a/2 is 1.96 (from the standard
normal table) for the p = 0.05.
4 Results and Discussion
4.1 Glacier area changes (1962-2013)

Analysis of the multi-temporal data shows that
the glacier area of the 37 glaciers in the Lidder
valley has significantly reduced from 39.76 km2 in
1962 to 28.27 km2 in 2013, a decrease of 11.49 km2
of glacier area i.e. 28.89±0.1% in 51 years at the
rate of 0.57±0.002% yr-, The glacier area change
was 15.14±0.15% (1962 to 1992), 8-5±0.2% (1992 to
2000) and for the period between 2000 and 2013
the glacier recession was 8.4±0.U%. The glacier
extent in different years is shown in Figure 2.
Several studies have reported a higher melting rate
of glaciers in the Himalayan regions compared to
the other parts of world, with maximum recession
rate reported from the state of Jammu and
Kashmir (Bolch et al. 2012; Kaab et al. 2012).
Moreover, a significant recession of the total glacier
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Figure
Glaciers

2

Glacier Extent in 1992, 2000 and 2013 in the Lidder valley; and zoomed view of Kolahoi and Shishram

length was observed in the region since 1962. The
total length of the 37 studied glaciers in 1962 was
63 km which reduced to 54.80 km in 2013 i.e.
approximately a shortening of 8.20 km during the
last 51 years. Furthermore, fragmentation and
disappearance of small and lower elevation glaciers
. is a common phenomenon since 1960s in the
Himalayan region (Byers 2007; Bharnbri et al.
2011). Pertinently, four of the 37 investigated
glaciers G-66, G-123, G-124 and G-132, have
fragmented and one glacier (G-75) has vanished
during the observation period, thus effectivelythe
number of glaciers in the study area has increased.
The number of glaciers and glacier area over the
time is given in the Table 3.
To have a better understanding of the glacier
recession observed in the area, the investigated
glaciers were grouped into three categories based
on their size. The changes in areal extent of the
glaciers in each category are given in Table 4.
Smaller glaciers (size < 1 kms) have shown the
maximum recession and lost 56.81±0.13%of their
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area between 1962 and 2013. Contrary, the
medium sized glaciers (1-5 kms) and the large
glaciers (area> 5 km=) have lost 23.78±0.22% and
20.74±0.14% of their area respectively since 1962.
It is pertinent to mention here that the maximum
number of investigated glaciers in the study area
are less than <1 km2 in the size. Kumar et al.
Table 3 Number of glaciers and the total glacier area in
different years in Lidder valley
Year
1962
1992
2000
2013
Note:

Sensor/Source

No. of
Glaciers

Topographic maps
37
LandsatTM
40·~
Landsat :ETM +
40
Landsat OU
41*
* fragmentation of glaciers.

Area Extent
(km2)
39·76
33·74
30.87
28.27

Table 4 Glacier area loss (%) under different size
categories (1962-2013)
Glacier Size Category
Less than 1 km2
1-5 km2
Above g kms

Area loss (%)
56•81
23·78
20·74

J. Mt. Sci. (2018) 15(6): 1241-1253

(2009) reported that smaller glaciers are more
vulnerable to changing climate. Furthermore,
smaller
glaciers have comparatively
small
accumulation area which in turn is reflected in
their negative mass balance (Huss and Farinotti
2012). It is evident from Figure 3a that smaller
glaciers have lost more area than larger glaciers in
the study area and thus seem to be more sensitive
to the climate change (Grudd 1990).
Various studies suggest that altitude of a
glacier determines its shrinking pattern and lower
altitude glaciers tend to recede more rapidly (Byers
2007; Fujita and Nuimura 2011; Wang et al. 2015).
Therefore, the impact of the snout altitude on
glacier recession was assessed by categorising
glaciers on the basis of their snout altitude. The
snout altitude of glaciers in 1962 ranged from 3430
to 4420 m a.s.l. and were categorised into two
altitudinal classes, <4000 m a.s.l. and >4000 m
a.s.l. Out of the 37 glaciers, 13 glaciers had snout
altitudes at <4000 m a.s.l. Among these low snout
altitude glaciers, 7 glaciers were small in size (area
< 1 km-), 4 glaciers were medium sized (1-5 km=)
and 2 glaciers were large sized (area> 5 kms), The

small glaciers in <4000 m a.s.l. category have lost
57.44±0.S%,
medium sized glaciers lost

23.35±0.33% and the large glaciers lost
20.74±0.14% of' the area from 1962 to 2013.
Further, the combined area loss of glaciers with
snout altitudes <4000 m a.s.l. from 1962 to 2013
was 23.94±0.1%. However, in the >4000 m a.s.l.
snout altitude category, there are 24 glaciers
including 22 small sized glaciers (area <1 kms) and
2 medium sized glaciers (area 1-5 kms). The
combined recession observed for the glaciers
with >4000 m a.s.l. snout altitude is 44.84±0.14%.
The small-sized glaciers in the >4000 m a.s.l. have
lost 56.59±0.18%and the medium-sized glaciers in
the attitude category have lost 24.7S±0.7%area. It
is evident from the results that the size of the
glaciers predominantly controls the glacier
recession process irrespective of the snout or
minimum altitude of glaciers (Figure 3a and 3b).
Contrary, in other western Himalayan basins like
Tirungkhad and Chandra basins lower altitude
glaciers have receded more rapidly than the higher
altitude glaciers (Mir et al. 2014; Tawde et al.
2017). This discrepancy could be explained by the
fact that a large number of smaller glaciers are
lying at higher altitudes in the Lidder valley, which
are showing higher recession, as the small glaciers
are more sensitive to climatic change (Basnett et al.
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2013; Colucci and Guglielmin 2015). The number
of smaller glaciers at higher altitudes (>4000 m) is
thrice than the number at the lower altitude (<4000
m a.s.1-.). Other glacier characteristics like midelevation and mean slope of glaciers did not
significantly affect the receding pattern of the
glaciers in the study area, as is evident from Figure
3c and 3d. Thus, it is apparent that the pattern of
glacier recession in the Lidder valley is more
dominated by the size of glaciers than any
topographic factor. Furthermore, the aspect of the
investigated glaciers was used to evaluate its
impact on glacier melting as the glacier aspect has
been reported to affect the glacier recession (Wang
et a1. 2009). The dominant aspect of most of the
glaciers varies between Northeast, North and
Northwest. Results showed that the south facing
glaciers have lost more area than the north facing
glaciers as depicted in Figure 4. This observation is
similar to various other studies carried out in
-% Area Change

-Number of Glaciers

North
15

North
West

North
East

12

East

West

South
East

West
South

Figure 4 Number of glaciers with their dominant aspect
and area loss (%) (1962-2013).

different Himalayan glaciated basins (Deota et al.
2011; Bhambri et a1. 2011).
The glacier recession pattern observed in the
Lidder valley was compared with the studies from
adjacent regions e.g. Greater Himalayan, Zanskar
and Ladakh ranges (Nathawat et a12009; Schmidt
and Nusser 2012, 2017; Chudley et al 20i7). It is
evident that the glacier recession rate observed in
the Lidder valley is higher than the recession rate
in the adjacent Himalayan regions (Table 5) but the
patterns of recession are similar (Kulkarni et al
2007). According to Schmidt and Nusser (2012),
small glaciers « 1 km-) from Kang Yatze Massif in
Trans-Himalayas have receded at higher rate (0.5%
yrl) compared to the larger glaciers. However,
small glaciers « 1 km-) in the Lidder valley have
receded at much higher rate (1.1% yr-) than the
glaciers of same size in Kang Yatze region.
Similarly, in Garhwal Himalayas, glaciers < 1 km2
in size have receded at 0.5% yr- during the period
from 1968 to 2006 (Bhambri et al. 2011), and much
lower glacier recession rate has been reported for
the debris-covered glaciers (0.1% yr-) in the
Khumbu Himalayas (Bolch et a1. 2008).
Higher recession rate of glaciers, particularly
of the small glaciers, in the Lidder valley could be
partly attributed to the lower mean altitude of
glaciers in the Lidder valley compared to the
glaciers in its proximal regions. Moreover, the
changing climatic parameters including the higher
rate of increasing temperature and changing form
of precipitation (snow to rain) could be the other
possible reasons for higher glacier recession rates
observed in the Lidder valley (Rashid et al. 2017;
Romshoo et al. 2015). Furthermore, Bhat et al.
(2017) have ascribed the faster melting of the

Table 5 Glacier area changes (%) and recession rate (% yr-) in different Himalayan ranges and basins
Authors
Nathawat et a1. (2008)
Schmidt and Niisser (2012)

Region/Basin

Doda Valley Zanskar
Kang Yatze Massif
C tral Phutse Glacier
r.:~akh Nangtse Glacier
Range
Hemis Shukpachan
Schmidt and Niisser (2017)
catchment"
StokRange
Lungser Range
Koul et al. (2016)
DrassArea
Ladakh Range
Chudley et al. (2017)
Lidder Valley
Current Study
(Kashmir Basin)
Note: *Inc1uding perennial snowpacks.
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Observation
period
1962-2001
1969-2010

Area change
-18.0
-14·3
-18.9
-13·3

Recession
rate (% yr-)
0-46
0·3
0·4
0.28

1969-2016

-38

0.8

657

1965-2013
1991-2014

-22·39
-17·7
-16.63
-12.8

0·47
0·37
0·34
0·55

37

1962-2013

-28.89

0·57

Glaciers
monitored
121

(%)
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glaciers to the higher concentration of observed
Black Carbon (BC) in the Kashmir Himalayas.
Besides this, Ali et al. (2017) have reported that the

glaciersin Kashmirbasin are relativelyclean glaciers
or are feebly covered by debris, which could be one
among the various reasons for the enhanced glacier
melting observed in the Lidder valley.

indicates the high significance of the increasing
trend. Strong and statistically significant increasing
trends exist in both mean annual minimum and
maximum temperature records at a < 0.01 as
shown in Figure 5. This indicates that a positive
relationship exists between the observed glacier
recession and the increasing trend of temperatures
observed in the study area.

4.2 Glacier volume changes (1962-2013)

Surface area is one of the indicators of the ice
volume stored in a glacier, thus larger the area,
more is the volume of glacier (Meier and Bahr
1996). Volumetric estimates of the investigated 37
glaciers show that the total volume has
considerably reduced from 1.73 krnain 1962 to 1.39
kme in 2013, a total loss of -0.34 kma
(19.65±0.069%) at the rate of -0.38 ±0.001% yrl
during the past 51 years. The combined glacier
volume changes in different glacier-size categories
from 1962 to 2013 are given in Table 6. Estimates
show that the volume of small sized glaciers (area
<1 kms) has reduced by -56±0.13% while as the
large-sized glaciers (area >5 km-) have lost only
-10±0.01'Al of their volume during the last 51
years. Again, this indicates the high susceptibility
of the smaller sized glaciers to the changing
climate. The large glaciers have comparatively
larger accumulation area and have tributary
glaciers, which contribute ice mass to the main
glacier, thus slowing down the overall glacier
retreat (Nainwal et al. 2008).
4.3 Trends in the Climate Data
Temperature

and precipitation

data recorded

at Pahalgam meteorological station from 19802012 was analyzed to investigate the trends in the
climatic parameters. The records were analyzed for
significance of the trends using Mann-Kendall test
(Yue et al. 2002; Hamed 2008). The analyses of
mean yearly temperature showed a statistically
significant increasing trend at a < 0.01 and the Z
statistic value was more than 2.576, which
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Figure 5 Inter-annual variation and trends in annual
minimum, maximum and average temperature
recorded at Pahalgam station (1980-2010).

Precipitation is an important climatic
parameter that controls the overall health of a
glacier. In Lidder valley, statistical analysis of the
precipitation records (1980-2010) showed a nonsignificant decreasing trend (Figure 6). However,
Romshoo et al. (2015) stated that there is a change
in the form of precipitation in the valley from snow
to rain; particularly during the winter months
(DJF), which is one of the important factors that
describes the negative mass balance of glaciers in

the Lidder basin (Murtaza and Romshoo 2017).
The decreasing winter snowfall observed in the
region together with the increasing temperatures
leads to the rapid disappearance of seasonal snow
cover in Kashmir Himalaya (Singh and Kumar
1997; Dar et al. 2014). Consequently, the early
disappearance of the winter snow could accelerate
the glacier melting by exposing the glacier surface

Table 6 Glacier volume changes in different size categoriesfrom 1962to 2013
Size Category
Ice Volume (1962)
Ice Volume (2013) VolumeChange (kme)
Small « 1 kms)
0.11
0.05
0.06
Medium (1-5kms)
0-45
0.29
0.16
Large (> 5 kms)
L17 .
1.05·
0.11
Total
1.73
1.39
0·34

Change in %
56.59
35·34
9·82
19.65
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to direct sunlight for longer periods. Contrary to
the total annual precipitation, the seasonal
precipitation records show that the precipitation in
the late summer season (July August and
September) for the last 30 years has increased
significantly (Figure ·7). This indicates the
complexityof the changing climate in the region, as
one of the important meteorological parameter like
precipitation is not showing uniform response to
the changing climate in the region.

?
c

2000

5
.§

~e.

o~------------------------2010

1980

4.4 Trends in Hydrological Data
The time series of streamflow data of the
Lidder river for the last 41 years (1971-2012)was
statistically analyzed to determine and understand
the changes in the streamflow regime. The glaciermelt is assumed to be the dominant component in
the streamflows of Lidder river in the late summers
(JAS) because most of the seasonal snow in the
basin depletes significantlyby the end of June (Dar
et al. 2014). Consequently, the streamflow during
the summers is dominated by glacier-melt and the
runoff from the precipitation events. The MannKendal analysis of the late summer discharge data
(JAS) for the last four decades in the Lidder valley
showed a non-significant decreasing trend with a
significance level of 90% (Figure 8). A
comprehensive analysis of the streamflow data of
JAS months from 1971-2012 showed that the
discharge in this season has significantlyincreased
till mid 1990S and significantly decreased
thereafter, even though the precipitation since
mid-1990S for the JAS months has increased
significantly (Figure 9).
The decreasing
streamflows observed under

the
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Figure 6 Inter-annual variation and trend in Total
Annual Precipitation records at Pahalgam station (19802010). Dotted line is the linear trend.
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precipitation is primarily due to the significant
depletion of the glacier cover and mass in the valley
during the last 5-7 decades. Recent studies have
shown that due to the accelerated melting of
glaciers, glacier-fed streams observe an increase in
the discharge for a certain period of time and
subsequently show a decrease with the reducing
ice-mass (Rees and Collins 2006; Thayyen and
Gergan 2010).
The findings therefore suggest that the
enhanced melting of the glaciers in the Lidder
valley have significantly contributed to the
increasing streamflows during the first three
decades (1971-2000) of the observation period.

1250

1500

s

Year

Figure 8 Inter-annual variation and trend in average
summer discharge records measured at Batakote
gauging station.

With the significant loss of the ice mass (19.65%),
the contribution of glacier-melt to the streamflow
reduced thereafter as reflected by the depleting
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Figure 9 Contrasting trends in summer precipitation
(1980-2010) and summer discharge (1971-2012).

streamtlow of the Lidder river. Thus, the observed
decrease in the streamflows of Lidder river is a
clear indication of the response to the shrinking
glaciers under changing climate change in the
region. Moreover, the change-point in the
discharge data was found in the mid-iocos. This
suggests that the streamtlows have peaked in the
valley in mid-nineties due to the enhanced glacier-
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season indicating the complexity of the changing
climate in the area. Glaciers in the valley are in the
retreating state since 1962 (a loss of 28.89±0.1%
from 1962-2013), with the variable recession rates
observed during different observational periods
(1962-1992, 1992-2000 and 2000-2013). From
1962 to 1992, glaciers lost 15.14%±0.15% of their
area, with an annual retreating rate of
0.51±0.005% yr-. The observation period from
1992 to 2000 witnessed a glacial area loss of
8.50±0.20% at the rate of 1.l±0.02% yrl and
8.40±0.11% of glacier area loss was observed from
2000 to 2013 at the rate of 0.65±0.009% yrl.
Furthermore, the volume of mapped glaciers in the
Lidder valley has reduced by -19.65±0.069% from
1962 to 2013. The shrinking of glaciers in the
region is due to the increasing temperatures and
the change in the form of precipitation (from snow
to rain) observed in the region during winters. The
streamflow shows an overall decreasing trend in
the summer months; however an increasing trend
was observed in the streamflow from 1971to 1995
primarily due to the enhanced glacier-melting
during the period. Conversely, a significant
decreasing streamflow was observed from 1996 to
2012, despite the increasing summer precipitation,
mainly due to the reduced contribution of the
glacier melt to the streamflows from the depleted
ice-mass in the valley i.e. -19.65% during the last
five decades. The study suggests that the observed
changes in the climate, the shrinking of glaciers
and the depleting streamflows, if continuing in the
future, will adversely affect the availabilityof water
in the study area, especially during the summers
when it is needed the most.

melt and might have reached the tipping point

wherefrom the streamtlows will keep decreasing
with the further reduction in the contribution from
the glacier-melt under changing climate.
5 Conclusions
From the statistical analyses of the times series
of the climatic data, it was observed that the
temperature, both Tmax and Tmin, has significantly
increased over the area since the last 30 years. It
was observed that the overall precipitation during
the period 1980-2010 has not significantly
changed, however a significant increasing trend
was observed in the precipitation during summer

Acknowledgement
The research work was conducted as part of
the Department of Science and Technology (DST),
Government of India sponsored national research
project titled "Himalayan Cryosphere: Science and
Society"The financial assistance received from the
Department under the project to accomplish this
research is thankfully acknowledged. The authors
express gratitude to the two anonymous reviewers
for their valuable comments and suggestions on the
earlier versions of the manuscript that greatly
improved the content and structure of this
manuscript.

1251

J. Mt. Sci. (2018) 15(6): 1241-1253

References
Ali I, ShuklaA, Romshoo SA (2017)Assessinglinkages between
spatial facies changes and dimensional variations of glaciers
in the upper Indus Basin, western Himalaya. Geomorphology.
https://doi.org/1O.1016/j.geomorph.2017.01.005
Anderson B, Mackintosh A (2006) Temperature change is the
major driver of late-glacial and Holocene glacier fluctuations
in NewZealand. Geology34: 121-124.
https://doi.org/10.1130/G22151.1
Bahuguna 1M, Kulkarni,AV, Nayak S, et al. (2007) Himalayan
glacier retreat using IRS lC PAN stereo data. International
Journal of Remote Sensing 28: 437-442.
https://doi.org/1O.1080/01431160500486674
Bajracharya SR, Mool PK, Shrestha BR (2008) Global climate
change and melting of Himalayan glaciers. Melting glaciers
and rising sea levels:Impacts and implications.pp 28-46.
Basnett S, KulkarniAV, BolchT (2013) The influence of debris
cover and glacial lakes on the recession of glaciers in Sikkim
Himalaya,India. Journal of Glaciology59: 1035-46.
https://doi.org/1O.3189/2013JoG12.h84
Bhambri R, BolchT, Chaujar RK, et al. (20n) Glacierchanges in
the Garhwal Himalaya, India, from 1968 to 2006 based on
remote sensing. Journal of Glaciology57: 543-556.
https://doi.org/1O.3189/002214311796905604
Bhat MA, Romshoo SA, Beig G (2017)Aerosol black carbon at
an urban site-Srinagar, Northwestern Himalaya, India:
Seasonality, sources, meteorology and radiative forcing.
AtmosphericEnvironment 165: 336-48.
https://doi.org/1O.1016/j.atmosenv.2017.07.004
Bolch T, Kamp U (2006) Glacier mapping in high mountains
using DEMs, Landsat and ASTERdata. Grazer Scbriften der
Geographieund Raumforschung41: 37-48.
BolchT, Buchroithner M, PieczonkaT, et al. (2008) Planimetric
and volumetric glacier changes in the Khumbu Himal, Nepal,
since 1962 using Corona, Landsat
and ASTER data.
Journal of Glaciology54: 592-600.
https://doi.org/1O·3189/002214308786570782
Bolch T, Menounos B, Wheate R (2010) Landsat-based
inventory of glaciers in western Canada, 1985-200,5. Remote
sensing of Environment 114: 127-37.
https://doi.org/1O.1016/j.rse.2009.08.015
BolchT, Kulkarni A, Kiiiib A, et al. (2012) The state and fate of
Himalayanglaciers. Science336: 310-314.
https://doi.org/1O.1126/science.1215828
'Byers AC (2007) An assessment of contemporary glacier
fluctuations in Nepal's Khumbu Himal using repeat
photography. HimalayanJournal of Sciences4: 21-26.
https://doi.org/10.3126/hjs.v4i6.979

™

Chudley TR, Miles ES, Willis IC (2017) Glacier characteristics

and retreat between 1991 and 2014 in the Ladakh Range,
Jammu and Kashmir. Remote Sensing Letters 8: 518-27.
https://doi.org/10.1080/2150704X.2017.1295480
CogleyJG (2016) Glacier shrinkage across High Mountain Asia.
Annals of Glaciology57: 41-49.
https://doi.org!1O.3189/20l6AoG7lA040
Colucci RR, Guglielmin M (2015) Precipitation-temperature
changes and evolution of a small glacier in the southeastern
European Alps during the last 90 years. International Journal
of Climatology35: 2783-2797.
https://doi.org/1O.1002/jocA172
Dar RA, Romshoo SA (2012) Estimating daily streamflowin the
glacierized mountainous Kashmir Himalayan basin. Journal
of Researchand Development12: 113-130.
Dar RA, Rashid I, Romshoo SA, et al. (2014) Sustainability of
winter tourism in a changing climate over Kashmir Himalaya.
Environmental Monitoring Assessment 186: 2549-2562.
https://doi.org/10.1007/S10661-0l3-3559-7
Deota BS, Trivedi YN, Kulkarni AV, et al. (2011)RS and GIS in
mapping of geomorphic records and understanding the local
controls of glacial retreat from the Baspa Valley, Himachal

1252

Pradesh, India. Current Science(Bangalore)100: 1555-1563.
Dobhal DP, Pratap B (2015) Variable response of glaciers to
climate change in Uttarakhand Himalaya, India. In:·
Dynamics of Climate Change and Water Resources of
Northwestern Himalaya. Springer International Publishing.
pp 141-150.
https://doi.org/l0.1007/978-3-319-13743-8_12
Farinotti D, Brinkerhoff D, Clarke GKC et al. (2017) How
accurate are estimates of glacier ice thickness? Results from
ITMIX, the Ice Thickness Models Intercomparison
Experiment.The Cryosphere11: 949-970.
https://doi.org/l0·5194/tc-1l-949-2017
Fujita K, Nuimura T (2011)Spatially heterogeneous wastage of
Himalayan glaciers. Proceedings of the National Academyof
Sciences108: 14011-14014.
https://doi.org/1O.1073/pnas.ll06242108
Frey H, Machguth H, Huss M, et al. (2014) Estimating the
volume of glaciers in the Himalayan-Karakoram region using
different methods. The Cryosphere8: 2313-2333.
https://doi.org/10·5194/tc-8-2313-2014
Grudd H (1990) Small glaciersas sensitiveindicators of climatic
fluctuations. GeografiskaAnnaler A 72: 119-123.
https://doi.org/1O.1080/04353676.1990.11880305
Haeberli W, Holzle M (1995)Application of inventory data for
estimating characteristics of and regional climate-change
effects on mountain glaciers: a pilot study with the European
Alps.Annals of Glaciology21: 206-212.
https://doi.org/10.3189/So260305500015834
Hall DK, Bayr 10, Sehoner W, et al. (2003) Considerationof the
errors inherent in mapping historical glacier positions in
Austria from the ground and space (1893-2001). Remote
Sensing of Environment 86: 566-577https://doi.org/1O.1016/S0034-4257(03)00134-2
Hamed KH (2008) Trend detection in hydrologic data: the
Mann-Kendall
trend
test
under
the
scaling
hypothesis. Journal of Hydrology349: 350-363.
https://doi.org/lo.1016/j.jhydro1.2007.11.009
Huss M, Farinotti D (2012) Distributed ice thickness and
volume of all glaciers around the globe.Journal Geophysical
Research:Earth Surface 117(F4).
https://doi.org/10.1029/2012JFo02523
Immerzeel WW, Droogers P, De Jong SM, et al. (2009) largescale monitoring of snow cover and runoff simulation in
Himalayan river basins using remote sensing. Remote
Sensing of Environment 113: 40-49.
https://doi.org/1O.1016/j.rse.2008.08.010
Immerzeel WW, Van Beek LP, Bierkens MF (2010) Climate
change will affect the Asian water towers. Science 328: 1382-

1385. https://doi.org/10.1126/science.1l83188
Intergovernmental Panel on Climate Change (2014) Climate
Change zora-Impacts, Adaptation and Vulnerability:
RegionalAspects.CambridgeUniversityPress.
KaabA, Berthier E, Nuth C, et al. (2012) Contrasting patterns of
early twenty-first-century glacier mass change in the
Himalayas.Nature 488: 495-498.
https://doi.org/10·1038/nature1l324
KendallM (1975)Multivariate analysis. CharlesGriffin.
Kulkarni AV, Karyakarte Y (2013) Observed Changes in the
Himalayanglaciers. Current Science106: 237-244.
Kumar R, Areendran G, Rao P (2009) Witnessing change:
glaciers in the Indian Himalayas.Pilani, WWF-India and
Birla Institute of Technology2.
Linsbauer A, Paul F, Hoelzle M, et a1. (2009) The Swiss Alps
without glaciers-a GIS-based modelling approach for
reconstruction of glacier beds. Proceedings of
Geomorphometry243-247.
Linsbauer A, Paul F, Haeberli W (2012) Modeling glacier
thickness distribution and bed topography over entire
mountain ranges with GlabTop: application of a fast and

J. Mt. Sci. (2018) 15(6): 1241-1253

robust approach. Journal of Geophysical Research: Earth
Surface 117(F3). https:/doi.org/1O.1029/2011JFo02313
Le Bris R, Paul F (2013) An automatic method to create flow
lines for determination of glacier length: a pilot study with
Alaskan glaciers. Computers and Geosciences 52: 234-245.
https://doi.orgfl0.1016/j.cageo.2012.1O.014
Mann HB (1945) Nonparametric
tests against trend.
Econometrica: Journal of the Econometric Society 13: 245259. https://doi.org/1O.2307/1907187
Meier MF, Bahr DB (1996) Counting glaciers: use of scaling
methods to estimate the number and size distribution of the
glaciers of the world. In: Glaciers, Ice Sheets and Volcanoes: a
tribute to Mark F. Meier. CRREL Special Report 96: 89-94.
Mir RA, Jain SK, Saraf AI<, et al. (2014) Glacier changes using
satellite data and effect of climate in Tirungkhad basin located
in western Himalaya, Geocarto International 29: 293-313.
https://doi.org/1O.1080/10106049.2012.760655
Mishra AI<, Rafiq M (2017) Analyzing snowfall variability over
two locations in Kashmir, India in the context of warming
climate. Dynamics of Atmospheres and Oceans 79: 1-9.
https://doi.orgj1O.1016/j.dynatmoce.2017.05.002
Murtaza KO, Romshoo SA (2017) Recent glacier changes in the
Kashmir Alpine Himalayas, India. Geocarto International 32:
188-205. https://doi.org/1O.1080/10106049.2015.1132482
Muslim M, Romshoo SA, Rather AQ (2015) Paddy crop yield
estimation in Kashmir Himalayan rice bowl using remote
sensing and simulation model. Environmental Monitoring
and Assessment 187: 316.
https://doi.org/1O.1007/s10661-015-4564-9
Nainwa1 HC, Negi BDS, Chaudhary M, et al. (2008) Temporal
changes in rate of recession: Evidences from Satopanth and
Bhagirath Kharak glaciers, Uttarakhand, using Total Station
Survey. Current Science 94: 653-660.
Nathawat MS, Pandey AC, Rai PK, et al. (2008) Spatia-temporal
dynamics of glaciers in Doda valley, Zanskar Range, Jammu &

Kashmir, India. In Proceedings of the International
Workshop on Snow, Ice, Glacier and Avalanches,lIT Bombay
Vol. 256264.
Oerlemans J (1994) Quantifying global warming from the
retreat of glaciers. Science-AAAS-Weekly Paper Editionincluding Guide to Scientific Information 264: 243-244.
https://doi.org/1O.1126/science.264.5156.243
Paul F, Kiiiib A, Rott H, et al. (2009) GlobGlacier:a new ESA
project to map the world's glaciers and ice caps from space.
EARSeLeProceedings8: 11-25.
Paul F, Linsbauer A (2012) Modeling of glacier bed topography
from glacier outlines, central branch lines, and aDEM.
International Journal of Geographical Information Science
26: 1173-1190.
https://doi.org/1O.1080/13658816.2011.627859
Paul F, Barrand NE, Baumann S, et al, (2013) On the accuracy
of glacier outlines derived from remote-sensing data. Annals
of Glaciology54: 171-182.
https://doi.org/1O.3189/2013AoG63A296
Pandey AC, Ghosh S, Nathawat MS (2011)Evaluating patterns
of temporal glacier changes in Greater Himalayan Range,
Jammu and Kashmir, India. Geocarto International 26: 321.... ~~8.. httpt;·'Ic\ni.~1"(r11~).1~;~(11~1f)6()1.•q

':()11.~~~~11

space: results of the 2008 Global Land Ice Measurements
from Space (GLIMS) workshop, Boulder, Colorado, USA
Annals of Glaciology50: 53-69.
https://doi.org/1O·3189/172756410790595804
Rashid I, Romshoo SA, Abdullah T (2017) The recent
deglaciation of Kolahoivalley in Kashmir Himalaya, India in
response to the changing climate. Journal of Asian Earth
Sciences138: 38-50.
https://doi.org/l0.1016/j.jseaes.2017.02.002
Rashid I, Romshoo SA, Chaturvedi RK, et al. (2015) Projected
climate change impacts on vegetation distribution over
Kashmir Himalayas.ClimaticChange 132: 601-613.
https://doi.org/1O.1007/S10584-015-1456-5
Rees HG, CollinsDN (2006) Regionaldifferencesin response of
flow in glacier-fed Himalayan rivers to climatic warming.
HydrologicalProcesses 20(10): 2157-69.
https:/ldoi.org/1O.1002/hyp.6209
Romshoo SA, Dar RA, Rashid I, et aI. (2015) Implications of
shrinking cryosphere under changing climate on the
stream.flows in the Lidder catchment in the Upper Indus
Basin, India. Arctic Antarctic and Alpine Research 47: 627644. https://doi.org/1O.16S7/AAAROOI4-088
Salerno F, Thakuri S, GuyennonN, et al. (2016) Glacier melting
and precipitation trends detected by surface area changes in
Himalayanponds. The Cryosphere10: 1433-1448.
https://doi.org/1O.SI94/tc-1O-1433-2016
Schmidt S, Niisser M (2012) Changes of high altitude glaciers
from 1969 to 2010 in the Trans-Himalayan Kang Yatze
Massif,Ladakh, northwest India Arctic,Antarctic, and Alpine
Research44: 107-121.
https://doi.org/1O.1657/1938-4246-44.l.107
Schmidt S, Niisser M (2017) Changes of High Altitude Glaciers
in the Trans-Himalayaof Ladakh over the Past Five Decades
(1969-2016).Geosciences7: 27·
https://doi.org/l0.3390/geosciences7020027
Singh P, Kumar N (1997) Impact assessment of climate change
on the hydrologicalresponse of a snow and glacier melt runoff
dominated Himalayan river. Journal of Hydrology 193: 316350. https://doi.org/1O.1016/S0022-1694(96)03142-3
Svoboda F, Paul F (2009) A new glacier inventory on southern
BaffinIsland, Canada, from ASfER data: I. Appliedmethods,
challenges and solutions. Annals of Glaciology50(53): 11-21.
https://doi.org/10.3189/172756410790595912
Tawde SA, Kulkarni AV, Bala G (2017) An estimate of glacier
mass balance for the Chandra basin, western Himalaya, for
the period 1984-2012. Annals of Glaciology58: 1-11.
https://doi.org/1O.1017/aog.2017.18
Thayyen RJ, Gergan JT (2010) Role of glaciers in watershed
hydrology: a preliminary study of a Himalayan catchment.
The Cryosphere4: 115-128.
https://doi.org/l0.5194/tc-4-115-2010
Wang Y, Hou S, Liu Y (2909) Glacier changes in the Karlik
Shan, eastern Tien Shan, during 1971/72-2001/02. Annals of
Glaciology50: 39-45·
https://doi.org/10.3189/172756410790595877
Wang P, Li Z, Luo S, et al. (2015)Five decades of changes in the
glaciers on the Friendship Peak in the Altai Mountains, China:
Changes in area and ice surface elevation. Cold Regions

e-mail: jms@imde.ac.cn

J. Mt. Sci. (2018) 15(3): 563-576

http://jms.imde.ac.cn
https://doi.org/10.lOo7/sn629-o17-4566-x

Spatio-temporal variation of land surface temperature
temperature
Himalaya

lapse

rate

over

mountainous

ShakilAhmad RO:MSHOO* • httPs://orciciorgfoooo-oo03-o070-5564;
Mohammd RAFIQ

https://orcid.org/oooo-0002-9316-8077;

Irfan RASHID Gbttps:/ /orcid.org/oooo-oooz-gata-rcrq;

v

and

Kashmir

e-mail: shakilrom@kashmiruniversity.ac.in

e-mail: emidamls6@gmail.com

e-mail: irfangis@kashmiruniversity.ac.in

* Corresponding author
Department of Earth Sciences, University of Kashmir, Hazatrabal-Srinaqar, 190006, Jammu and Kashmir, India
Citation: Romshoo SA, Rafiq M, Rashid I (2018) Spatia-temporal variation ofland surface temperature and temperature

lapse rate over mountainous
1O.1007/sn62<)-017-4566-x

Kashmir Himalaya.

Journal

of Mountain

Science

15(3).

https://doi.org/

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract: In this study, Land Surface Temperature
(LST) and its lapse rate over the mountainous
Kashmir Himalaya was estimated using MODIS data
and correlated with the observed in-situ air
temperature (Tnir) data. Comparison between the
MODIS LST and T.ir showed a close agreement with
the maximum error of the estimate ±1°C and the
correlation coefficient >0.90. Analysis of the LST data
from 2002-2012 showed an increasing trend at all the
selected locations except at a site located in the
southeastern part of Kashmir valley. Using the
GTOP030 DEM, MODIS LST data was used to
estimate the actual temperature lapse rate (ATLR)
along various transects across Kashmir Himalaya,
which showed significant variations in space and time
ranging from 0.3°C to 1.2"C per 100 m altitude
change. This observation is at variance with the
standard temperature lapse rate (STLR) of 0.6SoC
used universally in most of the hydrological and other
land surface models. Snowmelt Runoff Model (SRM)
was used to determine the efficacy of using the ATLR
for simulating the stream flows in one of the glaciated
and snow-covered watersheds in Kashmir. The use of
ATLR in the SRM model improved the R2 between the
observed and predicted streamflows from 0.92 to 0.97.
Received: 22 June2017
Revised: 24 October 2017
Accepted: 26 January 2018

It is hoped that the operational use of satellite-derived
1ST and ATLR shall improve the understanding and
quantification of various processes related to climate,
hydrology and ecosystem in the mountainous and
data-scarce Himalaya where the use of temperature
and ATLR are critical parameters for understanding
various land surface and climate processes.
Keywords: MODIS; Land Surface Temperature;
Lapse Rate; DEM; Snowmelt Runoff Model ;
Himalaya

Introduction
Land surface temperature (LST) plays a vital
role in understanding various global and regional
land surface processes related to the earth system
(Pitman 2003; Wan 1999). Assessment
and
monitoring of various land surface processes in a
complex terrain, such as Himalaya, is hampered by
the scanty network
of hydro-meteorological
observations (Romshoo et al. 2015; Rashid et al.
2015). The problem is compounded by the
logistical
difficulties
in
conducting
field
measurements of hydro meteorological parameters
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in the precipitous terrain in order to derive a
spatially representative distribution of the
hydrometeorological parameters (Hachem et al.
2012; Romshoo and Rashid 2010). Remotely
sensed hydro meteorological parameters are used
routinely for assessing various hydrological (Koch
et al. 2016; Romshoo et al. 2012; Wang et al. 2009)
and climatological processes (Kumar et al. 2014;
IPCC 2007; Zhang et al. 2015) at different spatial
and temporal scales. Remotely sensed LST is of a
major interest for a variety of environmental and
ecological applications including vector-borne
disease bionomics (Blum et al. 2015; Neteler 2010),
biosphere processes (Field et al. 1998; Prince and
Goward 1995), biogeochemical studies (Gu et aI.
2007; Running et al. 2004), agricultural
applications (Weng 2003; Streutkhet 2002),
energy budgeting of earth (Liu et al. 2014; Diak
et a1. 2004) and soil-vegetation-atmosphere
transfer (SVAT) models (Hu and Brunsell 2013;
Mostovovy et al. 2006).
The meteorological observations in the
sparsely instrumented mountainous Himalayan
regions are unable to represent the spatial
heterogeneity and are therefore
spatially
interpolated which leads to significant errors and
often produce unrepresentative spatial patterns
(Willmott and Robeson 1995). The accuracy of any
interpolation technique depends upon the sample
density and distribution regardless of the algorithm
used (Apaydin et al. 2004; Hartkamp et al. 1999).
The prediction errors generally range from 1°-3° K
depending on the spatial and temporal scale and
the interpolation algorithm employed (Vogt et al.
1997; Anderson 2002). Also, the complexity
associated with the correct estimation of Tair
patterns increases with increased temporal
resolution (Geiger 1965). Contrarily, the Earth

atmosphere (Guzinski et a1. 2013; Sun 2011). It has
been shown that the relationship between the
observed air temperature and the remotely sensed
LST is statistically significant (Benali et al. 2012;
Jain et al. 2013; Qin et al. 2002). Therefore, in
view of the physiographic and geomorphic setting
of mountainous Kashmir Himalaya with a very
sparse network of meteorological observations,
high resolution satellite-derived LST maps would
provide an excellent alternative for improved
assessment of the land surface and atmospheric
processes.
The advances in space technology during the
last few decades have provided us with a rapidly
increasing number of satellite platforms with better
sensor capabilities that provide various physical
parameters essential to study complex physical
processes of the earth system (Badal' et aI. 2013;
Jensen 2007; Romshoo et al. 2002). The MODIS
(MODerate-resolution Imaging Spectroradiometer)
sensor is currently the optimal choice between
temporal and spatial resolution and is an excellent
data source for various local and global change
research studies (Ishtiaque et al. 2016; Neteler
2010). MODIS instrument was launched in 2000
as a payload on the Terra satellite and a second
MODIS instrument was launched on the Aqua
satellite in 2002. MODIS enhanced the
performance of AVHRR by providing both, the
higher spatial resolution and greater spectral
resolution data (Becker et al. 2010). MODIS and
AVHRR provide daily LST images with a global
coverage (Anderson et al. 2012).
In absence of the actual temperature and
precipitation lapse rates, it is a common practice
among researchers in the mountainous Himalaya
to use the standard lapse rates of the
meteorological parameters to model various

Observing System (EOS) provides high spatial and

hydrological,

temporal resolution surface kinetic temperatures
with accuracies of 0.3°C for oceans and lOC over
land. Tair is estimated from LST using statistical
approaches based on the regression technique
(Jang et al. 2004; Zaksek and Schroedter 2009),
Temperature-Vegetation Index approach (TVX), in
which it is assumed that the temperature at top of
the canopy cover is the same as that within the
canopy (Czajkowski et al. 2000; Prihodko and
Goward 1997) or the physically-based energy
balance approach based on energy balance of

processes (Adnan et al. 2016; Dar and Romshoo
2012; Romshoo et al. 2015). However, the ATLR
varies with time and space and is often found way
off from the STLR of -0.6SoC per 100 m altitudinal
change (Panday et al. 2014; Thayyen and Dimri
2014). Assessment of the ATLR from the satellitederived LST data would, therefore, improve the
quantification of the melt processes, streamflows
and other land surface processes in the
mountainous terrain that requires the use of ATLR
(Bloschl tcci; Brubaker et al. 1996; Kattel et al. 2013).
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epoch (Raza et al. 1978).
These processes have left
c
indubitable imprints on the
..,
surface features of the
valley (Rashid et a1. 2017;
z
Dar et a1. 2017). The valley
N
0
is situated in subtropical
..,
latitudes, but owing to the
orographic features and
Elevation (m asl)
snow-clad
peaks,
the
z
5347
0
climate
over
greater
parts
5000
.....
of the region resembles to
that
of the mountainous
N
4000
and continental parts of the
z
temperate latitudes. The
0.
....
3000
QaziRuRd •
S
r'l
average
winter
and
summer temperatures at
Weather Stations
:!Ooo
Srinagar station range from
z
0
50
N
Lidder
Basin
5°C
to 25°C while the
0..,
km
1067
..,
annual precipitation is 660
mm (Romshoo and Rashid
Figure 1 The study area with the location of the six meteorologicalstations.
2014).
However,
the
precipitation increases as
1 Study Area
we move towards higher altitudes in the study area.
Kashmir plains are predominantly
under
Kashmir valley, spread over an area of 15,534
agricultural fields with sparse settlements, the
km-, is located in the vicinity of the Karakoram and
mountainous landscapes are dominated by lush
western Himalayan mountain ranges (Figure 1).
green coniferous forest, pastures and shrub lands
Kashmir valley, surrounded by the Himalayan
(Rather et a1. 2016). Areas above 3500 m above sea
ranges, is a longitudinal depression in the great
level (asl) are mostly rock exposures or under
northwestern complex of Himalayan ranges. The
perennial snow packs and glaciers.
valley has a strong relationship with the Himalayan
complex, which exercises an all-pervading
2 Material and Methods
influence on its geological, tectonic and geographic
setting. The geomorphic setting of the Pir Panjal
and the Great Himalayan range has given the
2.1 Data Sets used
Kashmir valley an oval shape with its long diagonal
LST 8-day composite data at i-km resolution,
parallel to the general direction of the bordering

z
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7600'E

=
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"<t
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"<t

=

"<t

W+E
•

= C3

mountain ranges. The maximum length of the

downloaded from the MODIS satellite, GTOP030

basin, from SE-NW, is -190 km while as the
maximum width from crest of the Pir Panjal to that
of the Great Himalaya is -120 km. In altitude, it
ranges from 1067 m (Uri) to a maximum of 5274 m
(Kolahoi Peak).
Kashmir valley has a unique position in the
Himalaya so it possesses an extensive body of
evidenc-e on the evolution of its surface features.
The valley has undergone the alternations of glacial
and fluviatile activity corresponding to the glacial
and interglacial periods during the Pleistocene

Digital Elevation Model (DEM), observed air
temperature, streamflows, snow cover and other
ancillary data was used to accomplish the research
objectives in this study. 11 years MODIS LST time
series data (2002-2012) was processed using
various image-processing techniques (Jensen
2005). The orbital configuration of the two MODIS
satellites makes it possible to get the LST Terra
data during day and nighttime around 10:3012:00 A.M./P.M. local time and the l.ST Aqua data
around 1:00-3:00 A.M./P.M local time. The latest
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MODIS LST version (V 005) used in this study has
a significant improved spatial coverage; stability,
and accuracy when compared with the previous
versions (Wan and Dozier 1996).
The maximum air temperature (T.ir) data,
available at daily time step, from the six
meteorological observatories, located in different
land cover and altitude regimes (Figures 1,2, Table
1), was used to validate the satellite-derived LST
data from 2002-2012.
The maximum daily
observed temperature was used for comparison
with the satellite-derived LST as the MODIS
satellite overpasses the study area at around 11:00
hrs (±2.5 hrs) and the maximum, temperature
observations centers around 11.30 AM. We also
used GTOP030 DErvI with a spatial resolution of
~1 krn for determining the ATLR over the Kashmir
valley. Additionally, we used MODIS derived 8-day
snow cover product with a spatial resolution of
soom resolution for removing snow covered areas
in our analysis.
2.2

Methods

2.2.1

MODIS IST data processing

~
~
..,.

T = C

+ (A + .1, 1 '1

s

-

e

Ii + A .!i~) 1"

' s:

+

TJ1

2

(1)
(2)
(3)

where, T, = LST, T31 and T32 are MODIS band 31
and 32 brightness temperatures; £3' and £32 are
MODIS band 31 and 32 surface emissivities; C, A"
A2, A3, B" B2 and B3 are regression coefficients.
T/k)

=

aoCk)

+ a.,_(k)~l + a2(k)~2

+aJ(k) (~l - ~l)2

Medium spatial resolution satellite data are
nowadays available almost real time at no cost
from the MODIS satellite. In this study, an
Z

automated method for the extraction of LST and
emissivity values from the MODIS, under clear-sky
conditions, was used to generate surface
temperature maps (Vancutsem et al. 2010; Wan
et al. 2002). The MODIS LST is derived from two
thermal infrared bands (TIR) operating at 10·7811.28 urn and 11.77-12.27 urn wavelengths. The
emissivity values from these two bands are
converted to LST (in K) using the algorithm given
below:

+ al(k) (sec 8 - 1) (4)

where, a is the regression coefficient for surface
types, k is the index of the surface types, and is
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Table

1Details of meteorologicalstations of

Station name
Gulmarg
Kokernag
Kupwara
Pahalgam
Qazigund
SKUAST

Latitude
34° 3' 10.73"N
33° 35' 5.23" N
34° 31' 48.21" N
34° i' 54.03" N
33° 35' 34.15" N
34° 8' 52.85" N

six meteorologicalobservatories
Longitude
74° 23' 56.18"E
75° 18' 13.89" E
74° 15' 38.71" E
75° 19' 18.69"E
75° 9' 54.48" E
74°52' 51.09"E

the satellite viewing angle.
The atmospheric effects are corrected using
the split-window algorithm (Wan and Dozier 1996)
considering that the signal difference in the two
TIR bands is caused by differential absorption of
radiation in the atmosphere (Wan et al. 2002). The
algorithm also corrects for emissivity effects,
assuming that it is known in each ~1 km2 pixel,
using prior knowledge of the land cover type
(Synder et a1. 1998). The product aims at retrieving
LST with an error less than 1°C (±ofC SD) in the
range of -lOOC to +so°C, assuming that the surface
emissivity is known (Wan and Li 1997). Though,
LSTwith errors lower than 1°C have been validated
over homogeneous surfaces such as crop and
grassland surfaces (Wan and Li 1997; Weng et al.
2004) but the heterogeneity of the land cover
might induce larger errors in the LST. The
processing of the downloaded MODIS data was
accomplished in the following two steps:
Stept: Preprocessing of the satellite data
involved the exclusion of LST values outside the
permitted range of 2200K to 390°K. During the
preprocessing, mainly the view angle, cloud cover
and quality assurance aspects were checked. The
images were first checked for the view angle as the
view angles from 45°-69° can introduce
appreciable error in the measurements of LST
(Muster et al. 2015; Wan et al. 2002). Therefore,
the pixels falling in this range were processed using
the nearest neighborhood filtering technique
(kernel size 3x3) that removes pixel outliers by
substituting them with mean values of the
neighboring pixels. Cloud detection and cloud
masking are important preprocessing steps,
because a major source of error in the retrieval of
LST from thermal infrared satellite data is due to
the cloud contamination (Wan 2010). Therefore,
the detection and elimination of fully or partly
cloudy pixels is necessary pre-processing step for
the extraction of LST (Sun et al. 2005). The
composite images with less than 25% cloud cover

Altitude (m)
2660
1939
1633
2185
1729
1601

Land cover type
Forest
Built up
Built up
Built up
Built up
Agriculture

were selected for extraction of LST. However, in
case the cloud cover exceeded 25%, 8-day
composite MODIS LST images were used. The
nearest neighborhood filtering technique was used
after cloud masking. The errors in the remotely
sensed LST due to cloud cover, view angle, altitude,
snow cover etc. may accumulate up to about 3 K
(Wan and Snyder 2012). To correct for the errors
due to snow cover, MODIS 8-day 500 m spatial
resolution snow-cover data was used (Wang et al.
2008).
Step 2: During the post-processing, MODIS
LST images were re-projected to the desirable
projection (UTM WGS 1984 Zone 43North). The
study area was extracted from the MODIS scene,
which covers a larger area of 1200X1200 km. After
that, the attribute information of the image data
was built by multiplying each pixel value with the
respective scale factor (Wan 2007). The equation
used for converting pixel values (PV) into
temperature (OC) is given below:

t=(PVxO.02)-272.l5

(5)

where, t is the temperature of the pixel.
2.2.2

MODIS LST data validation

The time series of the satellite derived LST
data was validated with the observed air
temperature data (2002-2012). It is pertinent to
mention here that the MODIS LST data is actually
the temperature of land surface (skin temperature)
while as the weather stations records temperatures
at 2.5 m above the ground surface. To examine the
statistical relationship between the measured
maximum air temperature and the remotely sensed
LST from MODIS, a simple linear regression
method (R2) was employed. LST from 1 km MODIS
LST under clear sky conditions was correlated with
the observed air temperatures on weekly, monthly,
seasonal and yearly basis. The Tair daily data from
all the six stations corresponding to the satellite
derived 8-day composite LST temperature was first
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averaged for 8 days, for comparison using three
approaches to determine the correlation: 1) MODIS
LST was compared with the Tair observed data for
the exact location/pixel where the station is located.
The locations of stations were determined using
high precision GPS with an accuracy of ±1O m, 2)
the MODIS LST temperature corresponding to the
9 neighboring pixels was compared with the Tair
observed data averaged for 8 days and 3) the best
pixel among the 25 neighboring MODIS LST pixels
in the vicinity of the station was compared with the
observed 8-day averaged Tair observed data. The
best pixel out of the 25 pixels was assessed
manually in GIS by making a mesh of 25 points (as
shapefile) each centered at the centre of the pixel.
ArcMap 10.1 module, extract multi values to points
function (that extracts pixel values from multiple
rasters), was used to extract LST value of each pixel,
which was then compared with the observed data.
2.2.3 Lapse rate and snowmelt runoff

estimation
After finding good correlation between the
satellite-derived LST and observed air temperature,
ATLRwas also estimated using the MODIS-derived
LST. In GIS environment, contours from the DEM
at 1 km interval were generated at 1100 m, 2100 m,
3100 m, 4100 m and 5100 m. LST variation along 8
different altitudinal transects, located across the
Kashmir valley, was analyzed for determining
ATLR with each transect having at least three
contours. Since the mountain aspect and land
cover type have significant impact on the LST
(Blandford et al. 2008; Kirchner et al. 2013), it was
ensured that the pixels with same aspect (derived
from DEM) and land cover type were selected for
estimating the ATLR along a transect.
Snowmelt runoff estimation from the glaciated
basins is commonly based on the integrated use of
remotely
sensed
data,
DEM
and
hydro meteorological observations in a modeling
framework. Snowmelt Runoff Model (SRM) is
designed to simulate and forecast daily stream flow
in montane basins of almost any size with elevation
ranging from 305-7690 m asl, where snowmelt is a
major runoff factor (Martinec 1975). The SRM
model was run in the Lidder basin of the Kashmir
valley to simulate the usefulness of ATLR in
estimating streamflows. The overall structure of
the model is described by the following equation:
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Qn+l = [c",.an(Tn + t:..T.)S. +c",p.r~~~~~O (l-k,,+l)+Qnkn+l

(6)
where, Q=average daily discharge (m-3 s); c= runoff
coefficient for snow (index sn) and rain (index 771);
the degree-day factor, a, is stated as water
equivalent (cm C-l dv); T = number of degree-days
CCC d) which refers to the number of positive
degree days (degrees above o°C); L1T=temperature
lapse rate adjustment (OC d-); S=ratio of the snow
covered area to the total area; P=precipitation
contributing to runoff (em); A=area of the basin or
zone (kms), k=recession coefficient; n=sequence of
days during the discharge computation period and
10000/86400= conversion from em km2 d-1 to
rna s-'. T, S, and P are variables measured or
determined each day. The runoff coefficients (Cr, Cs)
take into . account an estimate of evapotranspiration, sublimation of snow and ice,
percolation to deep ground water from the basin.
The c; and C, coefficients of the Jhelum basin
encompassing Kashmir valley, based on calibration
and validation of the four years discharge data
(2007-2011), were used in the study (Sharma et a1.
2012). The model was calibrated for the
hydrological 2007-2008 and the validation of the
simulated discharge was done using the data of 3
hydrological years (2008-2011). All the observed
parameters that were input into the model were
taken as initial/ base values for the calibration and
then simulation was carried out for the next 3 years
viz., 2008-2011. This was done to check the
reliability of the calibrated values worked out for
the year 2007-2008. The recession coefficient (k)
indicates the decline of discharge in a period
without snowmelt or rainfall. Its value ranges
between 0.9 t01 for various months and was
derived from the equation:

(7)
where, m, m+1 are the sequence of days during a
true recession flow period.
Besides, the standard temperature lapse rate
of -0.006SoC rrr-, MODIS LST based ATLR was
also used to simulate snowmelt runoff. LlT and lag
time, which are characteristics for a given basin,
were taken from the literature (Sharma et a1. 2012).
The precipitation data from the Pahalgam station
was used as input for SRM. The daily mean
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and MODIS LST was within 1°C. Depending upon
the approach for comparing LST with Tair, R2 varied
between 0.88-0.92 (Figure 3). The R2 value
between the observed temperature and LST of the
exact pixel was 0.88 (Figure 3a). However, the
relationship improved to 0.883 (Figure sb) when
the LST average of 9 surrounding MODIS pixels
was compared with the observed temperature. The
R2 was highest (0.92) when the LST of the best of
the 25 neighboring pixels in the vicinity of the
station was compared with the observed
temperature (Figure 3c). Generally, it was observed
that the LST of the winter months (December,
January and February) showed weak correlations
with the observed temperature for all the stations
due to the presence of extensive snow cover over
the land surface (Table 2).
Trend analysis of the weekly, monthly,
seasonal and annual LST data from all the six
stations showed that the temperature in Kashmir
Himalaya is increasing except at Qazigund (Figure
4). It was generally found that the temperature in
winter months is increasing significantly during the
ri-year observation period. Similar trends in the
winter temperature have been reported from the
region using long-term observation data (Romshoo
et al.. 2015; Rashid et a1. 2015; Zaz and Romshoo

temperature
data was extrapolated
to the
hypsometric mean elevation of different zones
using the standard lapse rate of -0.006SoC rrr- and
the actual lapse rate determined from the MODIS
LST images. A critical temperature
value is
specified to determine whether the measured
precipitation is rain or snow and is generally above
o°C (Charbonneau 1981). The critical temperature
of 2°C was employed to distinguish snowfall and
rainfall events as it has been found reliable
elsewhere in the Himalayan basins (Aggarwal et a1.
2014). Since the basin elevation ranges from lS00
to 5274 m, the Lidder basin was subdivided into
four elevation zones. Snow depletion curves (SDC)
were interpolated from the periodical snow cover
maps to daily fractional snow cover values. The
average daily runoff (Q) was calculated by linearly

summing up the runoff contributions from each
elevation zone, which were calculated separately
before routing (Martinec et a!. 2008; Eigdir 2003).
3 Results and Discussion
3.1 MODIS-derived LST and its validation
The average difference between the observed
Table

Validation of the MODIS-derived
Average Temperature (OC)
Station
Observed
MODIS LST
Gulmarg
11.87
11.85
. Kokernag 18.5
18.2
Kupwara
20.5
19.2
Pahalgam 17.29
16.16
Qazigund
19·5
19·3
SKUAST
19.9
20.1
2
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Figure 3 Validation of the MODIS-derived Land Surface Temperature (LST) with the observed Tairdata from all the
six stations; a) with the exact pixel; b) with an average of the neighboring 5X5 pixels; and c) with the best pixel in the
neighboring 5X5 window.
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2013). The station-wise validation of
12T---------------------------------------,
the satellite-derived LST is provided in
the Table 2 and is briefly discussed
8
below.
Comparison of the satellite-derived
LST and the observed air temperature
on daily basis from 2002-2012, for the
six locations widely spread across the
o
study area, is shown in the Figure sea-f).
'A close agreement was found between
-Kupwar3
-SKUAST
the two with the R2=0.98 for Gulmarg
(Figure sa). Figure Sb shows the
20022003 2004 2005 2006 2007 2008 2009 2010 2011 2012
comparison of the satellite LST and
Figure 4 Temporal variation of the MODIS-derived Land Surface
observed air temperature for the
Temperature (LST) at six locations from 2002-2012.
Kokernag station with R2=0.97. The
comparison of the satellite-derived LST
and MODIS derived LST were found same. The
with the observed air temperature at Kupwara
correlation of the time series satellite-derived LST
(Figure sc) also suggests a close agreement with
of Qazigund (Figure se) yielded a close agreement
R2=0.97. There is an error between the observed
with R2=0.95 with the winter LST showing large
minimum temperature (0.7°C) and LST minimum
disagreement. The time series of the satellitetemperature (o°C) during the winters. Figure Sd
derived LST for the SKUAST station was compared
shows a close agreement between the observed
with the observed air temperature at SKUAST
temperature and Satellite derived LST at Pahalgam
(Figure sf) and a close agreement was found
with R2=0.95. The observed lowest temperatures
between the two with R2=0.98. The observed
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lowest winter temperature was o°C and the
corresponding MODIS LST was -1°C for the station
(Table 2) showing a weak correlation.
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3.2 Importance of ATLR for estimating
snow- and glacier-melt
3.2.1MODIS IST-based lapse rate
The altitudinal variability of LST-derived
ATLR along 6 different transacts across the
Kashmir valley (Figure 6), covering at least 3
contours (2100-5100 m) is shown in Figure 7.
Transect along Uri has a gradient from 1100-3100
m and the Pahalgam transect crosses the three
altitudinal gradients from 2100-5100 m as!. The
rest of the transects cross the attitudinal gradient
from 2100-4100 only. If and when there are more
than two places falling in the same altitudinal
transect, the temperature lapse rate variation was
shown as minimum, maximum and average
(Figure 7b, c). The analysis of the data shown in
the Figure 7 (a-d) shows that the temperature lapse
rate varies in space and time along different
16 ,-----------------------------,

-1100
~

-2100

~ -3100
-4100

-5100

z

~

~:, Kashmir Vallcy

::l

Figure 6 Location of various tem perature lapse rate
transects chosen across different altitudes from 11005100 m asl in the Kashmir valley.

transects due to the variable environmental setting
(from 0.3°C -1.2oC per 100 m) against the STLR of
0.65°C per 100 m change in altitude used
16 ,------------------------------,

(a)
12

12

8

-Min -M<lx-Mean

16 .,------------------------------,

(d)
12

-Min -Max +-Mean
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Figure 7 Altitudinal variability of LST -derived actual temperature lapse rate (ATLR) along different transacts in the
Kashmir valley (from 0.3°C -1.2°C per 100 m); a) Uri (transect 6) having gradient from 1100-3100 b) Bandipora and
Pahalgam (transect 3 and 4) having altitudinal gradients from 2100-5100 m amsl; c) Banihal and Shopian (transect 1
and 5) having altitudinal gradients from 2100-5100 m amsl; and d) Baramulla (transect 2) having the attitudinal
gradient from 2100-4100 only.
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universally. The variation in lapse rate is a function
of season, atmospheric conditions (stability of
atmospheric
column
vis-a-vis
temperature
inversion), climate and land cover (U et al. 2013).
In the Udder valley, it was found that the ATLR is
higher in the altitudinal range of 3100-<4100 m
than along the 2100-<3100 m and 4100-<5100 m
altitude gradients (Figure 8). The overall lapse rate
from 2100-<5100 m in the Udder valley is 7.1°C
krrr-, which is 0.6°C higher than the STLR. Also,
the weekly and monthly trends of the temperature
lapse rate were analyzed which showed that the
lapse rate is not uniform and varies with time and
altitudinal gradient (Figure 8). The temperature
lapse rate can go up as high as 12°C km- and can
stay as low as 3°C krrr-. Overall, the temperature
lapse rate is higher along the 3100-<4100 m
altitudinal gradient compared to the 2100-<3100 m
gradient (Table 3).
3.2.2 Temperature lapse rate and snowmelt

runoff modeling
14

-2100-<3100 m
-3100-<4100 m

14

(a)

(b)

11

The use of the STLR, in absence of the ATLR,
in modeling the glacio-hydrological processes often
leads to inaccurate stream flow estimates in the
mountainous region. In order to demonstrate the
usefulness of using the ATLR for snowmelt
estimation in the mountainous Udder catchment,
Kashmir valley, SRM was used to estimate and
compare the snowmelt runoff using the ATLR and
the STLR. Figure 9 shows comparison of the actual
hydrograph with the simulated hydrographs using
the ATLR and STLR. The overall correlation
between the measured and simulated discharge is
high indicating that the calibrated parameters
closely fit the real-world situation. However, there
are a few minor disagreements as well particularly
during 2010-2011 hydrological year. It is evident
from the results that the use of the ATLR improves
the estimation of the streamflow compared to the
estimates using the STLR. The correlation
coefficient between the observed and simulated
streamflow improved from 0.92 for STLR to 0.97
for the ATLR in Udder. However, keeping in view
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Figure 8 Temporal altitudinal variability of actual temperature lapse rate (ATLR) in Udder valley, Kashmir from
2100-5100m amsl from January to December.
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Table 3 Altitude range wise lapse rate as determined
from MODIS LST data
Altitude Range (m asl)
Month
2100-<3100
3100-<4100
4100-<5100
Jan
6·5
8-4
6-4
Feb
6
8.5
6·5
Mar
8·5
7·4
5·7
Apr
8·5
7
5·7
May
6.6
8·7
6·7
Jun
6.8
7-4
7-4
Jul
6
7-4
6·5
Aug
6·7
7·5
5·7
Sep
8
7
7
Oct
7
8·3
7·4
Nov
6.6
7
7·3
Dec
6·5
8·7
7·7
Average 6·94 (±0.46)
7·48 (±1.06)
6·99 (±0-97)
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Figure 9 Comparison of the observed hydrograph with
the two simulated hydrographs using the actual
temperature lapse rate (ATLR) and standard
temperature lapse rate (STLR).

the fact that there could be sometimes a large
difference in the STLR and ATLR as observed
elsewhere in the Kashmir valley, it is prudent to
use the satellite-derived LST for estimating the
temperature lapse rates for use in the glaciohydrological models for accurate snow-melt
estimates
in the
ungauged
mountainous
catchments. Further, there is a need to validate the
improvements reported in the glacier- and snowmelt using the ATLR in this research by using other
glacio-hydrological
models based on energy
balance or degree day approach (Arnold et al. 1996;
Braithwaite and Raper 2007; Datt et al. 2008).
3.3

Zaz and Romshoo (2013) estimated the
temperature lapse rates varying from -3.89°c krrrto 4.96°c krrr- which have high uncertainty due to
the inadequate number of observation stations
used in the estimation of the temperature lapse
rate. Similar variations in the temperature lapse
rate (-4.8°c krrr' to -7.6°c krrr-) were reported by
Tahir et al. (2011) in the Karakoram region, again
based on a few meteorological observatories.
Thayyen et a1. (2014) reported the temperature
lapse rate of -2.8°c krrri to -17.0°c km-i for the cold
arid region of Ladakh Himalaya and -1. 9°C krrr- to
-9.0°c krrri for monsoon dominated Garhwal
region in the Western Himalaya based on the few
observed temperatures along a transect. The
temperature lapse rates determined from the
MODIS LST data in this study, based on i-km
resolution data, varied between -3.0°c krrr- to
12.0°c krrr- due to the changes in the seasons,
topography, land cover and climatic setting. It is
believed that, instead of using the STLR of -6.5°c
krrr- altitudinal change, the findings would go a
long way in the operational use of the satellitederived temperature lapse rates for quantifying
various hydrological and glaciological processes in
the mountainous Himalaya.

Importance
of satellite
derived
temperature lapse rate in Himalaya

Using the temperature observations from just
4 meteorological stations in Kashmir Himalaya,

4

Conclusion

In this research, a time series of MODIS
satellite data was used for extracting the LSf which
was validated with the observed air temperature
(weekly, monthly, seasonally and yearly time scales)
from six meteorological stations in the Kashmir
Himalaya. The analysis indicated statistically
significant agreement, with R2>90%, between the
satellite-derived LST and the observed air
temperature. However, despite correction for the

snow-cover, the satellite-derived LSf showed some
errors during winters. The findings provide
confidence for the use of satellite-derived LST in
mountainous Himalaya where the understanding
and modeling of various land surface and
atmospheric processes related to hydrology,
climatology and glaciology is constrained due to
lack of adequate observed meteorological data.
However, it is important to validate the LST with
observed data from adequate number of
observatories to check its suitability for use in the
process models. Further in the data-scarce regions,
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use of the standard temperature lapse rate of 6.SoC
km= in glacio-hydrological models is often
erroneous and might significantly affect the
quantification of snow-melt and ice-melt in snowcovered and glaciated regions like Himalaya. It was
found that the ATLR varies significantly with time
and space as compared to the constant STLR.
Using the Snowmelt Runoff Model, it was observed
that the use of the ATLR improved the estimation
of streamflows (r=o.97) compared to estimates
using the STLR (r=o.92). The satellite-derived LST
has a good potential to replace the use of STLR in
various land surface and atmospheric process
models to improve the quantification of various
land and atmospheric
processes in the
mountainous regions.
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Abstract
Streamflow trend is a robust indicator of the changes in meteorological inputs at a catchment scale and
provides vital information about the seasonal and long-term storages of water in soil, snow and glaciers.
Due to the mountainous terrain of the Kashmir Himalaya, the network of meteorological observatories
is very scanty and inadequate. Therefore, the trends in the observed streamflows, temperature and
precipitation shall provide a composite indication of the impact of changing climate at the basin level.
Mann-kandall test was used to determine the trends in the annual, seasonal streamflows and
meteorological variables (temperature and precipitation) from 1980-2010. Pearson correlation test was
used to analyze the relation among the three hydro-meteorological variables. Results from the four
observation stations revealed that the Jhelum streamflows have decreased in spite of the increase in the
glacier-melt due to the rising temperature. Overall, the precipitation has marginally decreased in the
Kashmir valley during the observation period. A good correlation was observed between the winter
. precipitation (snowfall) and spring streamflows at all the observation stations. The results indicated that
the depleting streamflows in the Ihelum river is influenced by the seasonal precipitation and increasing
temperature and consequent glacier loss in the Ihelum basin. It is believed that, if, the trend continues,
the depleting streamflows will have adverse impact on the water-dependent sector like agriculture,
horticulture, and tourism in the Kashmir Himalaya.
Keywords: Streamflows, Mann-kandall, Himalaya, Ihelum
Introduction
The high mountains in the Hindu-Kush-Karakoram-Himalayan (HKKH) belt are known as the "Water
Tower of Asia" (Viviroli et al., 2007; Immerzeel et al., 2010) due to their important role in feeding a
large population of about I billion people living in the major H..KKHriver basins of the South Asia (Ives
and Messerli, 1989). The Himalayan rivers support one of the most heavily irrigated regions in the'
world in Pakistan and north India (Romshoo, 2012; Tiwari et aI., 2009). The economy of the Indus,
Ganges and Brahamputra basins is largely dependent on water resources originating in the Himalayas
for irrigation, domestic water supplies and hydropower generation (Karlin and Veizer, 2002; Archer et
al., 2010). The mountainous Himalayan Kashmir valley is drained by river Jhelum that forms one of the
important tributary of Indus River and comprises of 24 watersheds (Meraj et al., 2017). The river is fed
by combination of meltwater from glaciers, snow fields, seasonal snow packs and direct runoff from
rainfall (Romshoo et al., 2015; Murtaza and Romshoo, 2016). The water resources in the region are
vulnerable due to the changing climate and its impacts on snow and ice reserves (Brunett et al., 2005;
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Romshoo et al., 2015). Seasonal storage of water in the form of snow and ice delays the timing of runoff
due to the freezing temperatures during winters (Kaser et al., 2010) and sustains the water supplies for
various sectors for the rest of the hydrological year. Impact of climate change on hydrology and other
dependent sectors is an active area of research locally, regionally and globally during the last 5-6
decades (Romshoo et al., 2015; Rashid et al., 2015). The published data has shown that a warming
climate brings about an appreciable change in precipitation with the consequent reduction in runoff, by
affecting the available water resources, evaporation, and soil moisture, as well as increasing the risk of
flooding (Barnett, et al., 2005; Cogley, 2011; Nepal et al., 2014). The vulnerability of water resources to
climate is further exacerbated due to the burgeoning population growth. In regions where the water
supply is currently dominated by melting snow or ice, the increase in surface temperatures will have
serious consequences for the hydrological cycle. Barnett et ai. (2005) suggested that the reduction in
snowpack and the early melting of winter snow is responsible for lower flows during summer and
autumn when the demand for waters is high. Over the last century, the Himalaya has shown a stronger
warming trend than the northern hemisphere average for every season (Immerzeel et al., 2009). Studies
have suggested that a decrease of the streamflows in the Indus river is due to the increasing temperature
and decreasing snow precipitation in the higher reaches (Rees and Collins 2006; Briscoe and Qamar,
2007; Akhtar et aI., 2008; Immerzeel et al., 2009; Berthier et al., 2007; Eriksson et ai., 2009;
Bookhagen and Burbank, 2010; Sharif et al., 2012; Romshoo et al., 2017). However, the effects of
climate change on glaciers and streamflows in the Himalaya is still not clear in some areas (Archer et
al., 2010; Immerzeel et al., 2010; Bolch et al., 2012; Sharif et al., 2012). Hence the present study was
carried out in the Kashmir valley, Himalaya so as to assess the changes in the streamflow trends under
changing climate particularly the temperature and precipitation variables.
Study Area
The valley of Kashmir lies between the Greater Himalayan range in the north and the Pir Panjal range in
the south, situated between latitude 33° 55' to 34° 50' and longitude, 74° 30' to 75° 35' in India. The
location of the study area and the observation stations selected for analyses in this study are shown in
Figure 1. The total area of the 1helum basin, which encompasses the Kashmir valley, is approximately
15,836 km2 (Wadia, 1979). The river Jhelum, having a length of about 160 kms in the Kashmir valley,
originates from the karstic springs in the mountainous Pir Panjal range in the South Kashmir, traverses
through the middle of the valley and discharges out through a gorge meeting Neelum river in
Muzafarabad, Pakistan. The river is fed by 24 perennial tributaries and some of them are fed by the
glaciers, the largest among them is the Kolahoi glacier in the Lidder watershed. River Jhe1um drains
alluvial lands in the Kashmir Valley known as the lice bowl of Kashmir. The average rainfall in the
valley is highly variable, ranging from 650 mm at Srinagar to more than 1500 mm in the higher reaches
ofPahalgarn and Sonamarg areas. The average temperature ranges from 2.50C in winter to 19.8°C in
summer (Husain, 1998). The weather has a marked seasonality in temperature and precipitation,
dominated by mid latitude frontal western disturbances. The region experiences four distinct seasons:
winter (December to February), spring (March to May), summer (June to August), and autumn
(September to November). The western disturbances are most active during winter and spring and
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decrease substantially as summer progresses. Most of the Kashmir valley is not affected by summer
monsoon systems (Immerzeel et al., 2009), however monsoon rains have been observed over the
regions around Pir Panajal and even beyond during late summer. In the upper catchments (>2000 m
altitude) in valley, precipitation generally falls as snow from late autumn to early spring.
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Figure 1. Study area map of Jhelum Basin
Materials and Methods
For the purpose of analyzing the hydro-meteorological trends and interse relations, the entire Kashmir

valley was divided into four basins as shown in the Figure 1; Pahalgam-Sangam basin; Srinagar basin;
Sopore-Gulmarg basin and Baramulla-Kupwara basin.

Data used
Streamflows measurement on Jhelum river in the Kashmir valley is carried out manually using the
gauges. Streamflow measurements are usually made once daily during all the seasons'. Climatological
data, temperature and precipitation were obtained from the Indian Meteorological Department (IMD),
Pune. The time series of the hydro-meteorological data in the basin from 1980 to 2010 was analyzed for
four hydrological stations at Sangam, Srinagar, Sopore and Baramullah, and three meteorological
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stations (temperature and precipitation) at Pahalgam, Srinagar, Gulmarg and Kupwara as shown in
Figurel.
Methodology
Trend analysis of time series hydrological and meteorological data is of practical importance because of
the insights it provides about its past and future variability and is generally conducted using either a
parametric or a nonparametric test. Hydro-meteorological time series data are not characterized by
normally distributed pattern, and therefore nonparametric tests are considered more robust compared to
their parametric counterparts (Hess et al., 2001). The Mann-Kendall test (Mann, 1945; Kendall, 1975) is
one of the most widely used non-parametric tests for trend detection in hydro-meteorological time series
data (Burn, 2008; Burn et al., 2010; Khattak et al., 2011; Sharifet al., 2013). Mann-Kendall has the
advantage of the robustness against departures from any normality in data. Additionally, it is less
affected by outliers because its statistic is based on the sign of differences, and not directly on the value
of the random variables. The statistic S, as given in Eq, (1), is computed by comparing each value of the
time series with the remaining in a sequential order. Accordingly, Mann-kendall test was used for trend
analysis in this study and the correlation between the river strearnflows, precipitation and temperature
was determined using Pearson Correlation Coefficient. The significance (S) was measured at three
levels of significance; 99% (S=O.Ol), 95% (S=0.05) and 90% (S=O.l).
The test statistic Sis:
(1)
Each data value is compared with all subsequent data values. If a data value from a later time period is
higher than a data value from an earlier time period, the statistic S is incremented by 1. On the other
hand, if the data value from a later time period is lower than a data value sampled earlier, S is
decremented by 1. The net result of all such increments and decrements yields the final value of S. (Eq.
2).

+1 if (Xj - Xi) > 0

sgn(Xj - Xa
Xi and

=- {

0 if (Xj - Xi)

=0

(2)

-1 if (Xj - Xi) < 0,

Xj are the sequential data values, n is the length of the data set. For samples greater

than 10, the test is conducted using normal distribution (Helsel and Hirsch, 1992) with the
mean (E) and variance (Var) shown in Eq. (3) and Eq. (4).

E[S] = 0

(3)

Var(S) = 118 n[(n - 1)(2n + 5) - I:=l tp(tp - 1)(2tp + 5)]
where, tp is the number of ties value for the pili group and q is the number of tied group.

4

(4)
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The standardized test statistic (Zmk) is calculated in Eq. (5) by:
5-1"{
..jvar(5) 1

Zmk

5+1
.jvar(s)

if

0

S
S

>
<0

(5)

o if s = 0
Where, the value of Zmk is the Mann-Kendall test statistic that follows standard normal
distribution with mean of zero and variance of one. In a 2-sided test for determining a trend, the
null hypothesis Ho is accepted if -Zl-aJ2:S Zmk :S ZLaJ2.Where, a is the significance level that
indicates the trend strength. Trend evaluation using Mann-Kendall test relies on two important
statistical metrics- the trend significance level or the p-value, and the trend slope p, which
provides the rate of change in the variable allowing determination of the total change during the
analysis period. The presence of serial correlation in a data set can affect the outcome of the
Mann-Kendall test; the version of the trend test used herein incorporates a correction,
developed by (Yue et al., 2002). The variance of Mann-Kendall statistic S also incorporates a
correction for ties when Ri = Rj (Salas, 1993).
Pearsons Correlation Coefficient (r) measures the strength and the direction of a straight-line
relationship and was used for determining the correlation between annual and seasonal
temperature, precipitation and river streamflows. This test has been used by a number of
researchers to determine the correlation among different hydrometrological parameters Eq, (6).

(6)

Results and Discussion
The Pahalgam-Sangam basin (Figure 1) lies towards southeast of the Kashmir valley. Steep
mountain ridges characterized by deep narrow gorges are the most striking feature of the basin.
It is an important glaciated basin in the Kashmir valley known for its pristine and varied water
resources in the form of snow, glaciers, springs, streams and alpine water bodies (Murtaza and
Romshoo, 2016). There are more than 100 glaciers in the basin with the Kolahoi and Shishram
being the major glaciers in the basin covering an area of about 10.25 km2 and 8.5 km2
respectively. Most of the other glaciers in the basin are very small (less than 1 km"). These
glaciers and snow packs contribute significantly to the streamflows for drinking water and
irrigation in the valley. The basin records the lowest annual average temperature of 9°C. The
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analysis of annual temperature in the basin from 1980-2010 using Mann Kendall test shows a
very significant increase (S=O.Ol, Kandall Score=255). Whereas the annual precipitation shows
decrease but non-significant trend, kandall score=-43. The annual observed streamflow at the
Sangam station in the basin showed significant decreasing trend at 0.05 level of significance
with kandall score= -117 (Table 1 and Figure 2). The Pearson's correlation coefficient (r) test
showed a good correlation between annual streamflows and annual precipitation.
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In winter season both streamflows at the Sangam station and precipitation showed decreasing but
insignificant (NS) trend with Kandall score = -59 and -43 respectively (Figure 3a and Table 1). It is

important to mention here that the winter streamflows at the Sangam station is showing a reasonably
good correlation with the winter temperature indicating melting of glaciers even during winters. The
spring streamflows showed decreasing trend (S = 0.1, Kandall Score = -110) under decreasing
precipitation trend at 95% significance level (S = 0.05, Kandall score = -99) (Figure 3b and Table 1).
During summer season, precipitation showed increasing but insignificant trend while as streamflows
showed significant decreasing trend at 0.1 level of significance (Table 1 and Figure 3c).
The autumn temperature shows a significant increase (S = 0.05, Kandall score = 135), however, the
streamflows showed significant decreasing trend at 0.1 level of significance but precipitation showed
insignificant decreasing trend (Figure 3d). The basin shows decrease in the streamflows despite
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decrease in the overall precipitation particularly during winter and spring seasons. One reason could be
the increased snow- and ice-melt even during winter and spring seasons due to the higher temperature
and increasing trend that is also corroborated from high correlation value of winter temperature with
winter streamflows despite lower winter precipitation. It is also suggested by various researchers that
the reduction in snow packs and the melting of winter snow earlier in spring seasons in Himalaya during
the last several decades due to stronger warming trend particularly during winters (Barnett et al., 2005;
Immerzeel et al., 2009; Dar and Romsho 2012). Kaab et al. (2012) also revealed higher rates of snowand glacier-loss in the Kashmir Himalayas. The observed warming trend particularly during winter and
spring seasons along with a decrease in the observed precipitation rates will result in a shift in the timing
and quantity of streamflows in the basin.
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Table 1: Stastical analysis of precipitation, discharge and temperature for PhalgamSangam Basin
Name of
the Test

MankendaU
Test

Sreamflows at Sangam Station
Season
Kandall
Test
a=O.l
a=O.O
Score
statistic
5
Average annual -117
-1.972
1.645
1.96
-59
Winter Season
-0.986
1.645
1.96
-] .853
Spring Season
-110
1.645
1.96
Summer Season -101
-1.7
1.645
1.96
-1.785
Autumn Season -106
1.645
1.96
Precipitation at Phalgam Station
a=0.05
Kandall
Test
a=O.l
statistic
Score
Average annual -43
-0.714
1.645
1.96
Winter Season
-43
-0.714
1.645
1.96
1.645
Spring Season
-99
-2.498
1.96
Summer Season 55
0.918
1.645
1.96
Autumn Season 17
0.034
1.645
1.96
Temperature ofPhalgam Station
a=0.05
Season
Kandall
Test
a=O.l
Score
statistic
Annual average 255
4.119
1.645
1.96
Winter Season
184
3.811
1.645
1.96
Spring Season
213
3.438
1.645
1.96
Summer Season 107
1.719
1.645
1.96
1.96
Autumn Season 135
2.416
1.645
Season

Mankendall
Test

MankendaU
Test

a=O.Ol

Result

2.576
2.576
2.576
2.576
2.576

S(0.05)
NS
S(O.I)
S (0.1)
S (0.1)

a=O.Ol

Result

2.576
2.576
2.576
2.576
2.576

NS
NS
S (0.05)
NS
NS

a=0.01

Result

2.576
2.576
2.576
2.576
2.576

S (0.01)
S (0.01)
S (0.01)
S (0.1)
S (0.05)

The Srinagar basin lies in the center of the Kashmir valley (Figure 1) and is highly urbanized
basin in the valley with varied land use and land cover distribution. Climatically, the basin is
warmer due to its high urbanization with the average observed annual temperature remaining
above 19°C and the average annual observed precipitation of 760 lTIlTI. The average annual
temperature in the basin is showing an increasing trend (S=0.05, Kandall score =125). The
annual streamflows at Ram-munshibagh, Srinagar is showing an insignificant decrease while as
the annual precipitation is showing a decreasing trend at 95% significance level with S=O.05,
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Kandall score= -150 (Figure 4 and Table 2). Pearson's correlation coefficient (r) between the
annual precipitation and strearnflows was 0.55.
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The winter (Dec-Feb) temperature is showing a significant increasing trend (S=0.05, Kandall
score=125) with insignificant (NS) decreasing trend in strearnflows and significant decrease in
the winter precipitation (S=O.I, Kandall score=-89) as shown in Figure 5a and Table 2. The
spring temperature shows an increasing trend at (S=O.05, kandall score=l S'I), whereas the
spring precipitation and strearnflows shows decreasing trend as shown in Figure 5b and Table
2. The correlation coefficient (r) between the winter and spring precipitation and streamflow of
the same seasons is 0.05 and 0.16 respectively. However, the summer and autumn temperature
showing an insignificant increasing trend (NS). Whereas the summer precipitation and autumn
streamflow shows a decreasing trend at 0.1 and 0.01 significance level with kandall score of 105 (Figure 5c-d and Table 2). r was found quite good between the summer strearnflows and
summer precipitation. The autumn precipitation and temperature are showing insignificant
decreasing trend for the basin. The analysis of the hydro-meteorological data in the basin
9
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reveals that overall there is significant increase in the seasonal and annual temperatures in the
basin with significant decrease only in the spring streamflows.
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Figure 5(a-d): Seasonal trend in precipitation, discharge and temperature for Srinagar Basin.
One of the reasons for this insignificant decrease in the annual river streamflows with significant
decrease in spring streamflows is attributed to the high urbanization and decreasing precipitation in the
form of snow in winter seasons during these years (Hahn et al., 1976, Hurrel, 1996, Lu et al., 2002, Ye
et al., 2001, Raicich et al., 2003, Romshoo et al., 2015). Land use and land cover change (LUCC) has
been recognized as an important driver for environmental change at all spatial and temporal scales
(Turner et al., 1994). The type and distribution ofLULC significantly affects a number of hydrological
processes (Badar et al., 2013, Matheussen et al., 2000; Fohrer et al., 2001; Quilbe et al., 2008). Srinagar
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city is not only the largest urban center both in terms of population and areal extent in the Kashmir
valley but also the rapidly growing city among all the Himalayan urban centers (Bhat, 2002).

Table 2: Stastical analysis of precipitation, discharge and temperature for Srinagar
Basin.
Name of the
Test

Mankendall
Test

Sreamflows at Ram-Munshibagh Station
Kandall
Score
Average annual -109

Test
statistic
-1.839

1.645

1.96

2.576

NS

-39

-0.646

1.645

1.96

2.576

NS

Spring Season -43
Summer Season -81

-0.714
-1.36

1.645
1.645

1.96
1.96

2.576
2.576

Autumn Season -105

-1.768

1.645

1.96

2.576

NS
NS
S (0.01)

Season

Winter Season

a=0.1

a=0.05

a=0.01

Result

Precipitation at Srinagar Station

Mankendall
Test

Annual average -150

-l.216

1.645

l.96

2.576

S (0.05)

Winter Season -89
Spring Season -167
Summer Season -105

0.287
-1.087
-1.07

1.645

1.96

2.576

S (0.1)

1.645
1.645

1.96
1.96

2.576
2.576

S(O.Ol)
S (0.1)

2.576

NS

Autumn Season -68
Annual average
Winter Season
Mankendall
Test

125
97

0.892
1.645
1.96
Temperature at Srinagar Station
2.l08
1.394

1.645

1.96

2.576

1.645

1.96

2.576

S (0.05)
S(0.05)

Spring Season
153
Summer Season 23

2.413
0.374

1.645
1.645

1.96
1.96

2.576
2.576

S (0.05)
NS

Autumn Season 55

0.918

1.645

1.96

2.576

NS

Badar et al. (2013) studied hydrological response to land use changes in Dal catchment, a part
of the Srinagar basin and found that the changing LULC types like built-up contributed highest
to the runoff in the catchment primarily due to the increased impervious surface cover in the
catchment that impedes the infiltration of rainfall into the ground. Tali (2013) studied the
LULC changes in the Srinagar city and found that the areal extent of the city has increased by
403.3 km2 from 1901 to 2011. Unplanned urban growth in a basin leads to the poor land
management of the basin with inadequate drainage system that often leads to water logging and
flood like situations whenever rainfall occurs (Davies et al., 2008).
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The Gulmarg-Sopore basin is situated in the center of Kashmir Valley between Pir Panjal and
Great Himalayan mountain ranges (Figure 1). The basin has significant snow cover, forests
and is also famous for the Wular Lake that is one of the largest fresh water lakes in Asia (Meraj
et al., 2017). The waters from most parts of the valley are drained into the lake before
discharging from the valley through a narrow gorge near Baramullah. Thus, the analysis of the
data from the basin will provide an important information regarding the overall response of the
streamflows of the river Jhelum before it leaves the Kashmir valley. The trend analysis of the
annual precipitation data of Gulmarg station in the bash'} from 1980-2010 showed a significant
decrease (S=0.05 and Kandall score= -109) as shown in Table 3, and Figure 6. The average
annual temperature of the basin showed a significant increase (S=O.01, Kandall score=205).
The average annual streamflows showed a significant decrease (S=O.Ol)during the period.
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Figure 6: Annual trend in precipitation, discharge and temperature for Gulmarg-Sopore Basin
The seasonal analysis of the winter (Dec-Feb) and spring (March-May) precipitation and strearnflows
shows a significant decrease (S=O.OI) with significant increase in temperature (S=0.05, Figure 7a-b).
The summer precipitation showed an insignificant trend (NS) but the streamflows in summer shows
very significant decreasing trend (5=0.01, Kandall=vl o I) and the autumn streamflows and precipitation
showed a decreasing trend at 0.05 and 0.1 level of significance Kandall score= -126 and -64
respectively. (Table 3, Figure 7c-d). A high correlation was found between the annual and spring
streamflows and precipitation but a lower correlation coefficient was found between the winter
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precipitation and winter streamflow. The spring streamflows showed a good relation with the winter
precipitation and temperature respectively. While as the summer and autumn precipitation showed good
correlation with the streamflows.
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Figure 7(a-d): Seasonal trend in precipitation, discharge and temperature for GulmargSopore Basin.
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Table 3: Stastical analysis of precipitation, discharge and temperature for GulmargSopore Basin.
Streamflow at Sopore Station
Name of the
Test

Season

Test
statistic
-3.127
-3.059
-3.399
-2.719

Autumn Season

Kandall
Score
-185
-181
-201
-161
-126

Average annual

-109

-1.615

-99

Average annual
Winter Season
Mankendall Spring Season
Test
Summer Season

Mankendall
Test

Mankendall
Test

a=O.l

a=O.Ol

Result

2.576
2.576
2.576
2.576

S
S
S
S

2.576

S(0.05)

1.96

2.576

S(0.05)

Winter Season
Spring Season
Summer Season
Autumn Season

-0.153
1.645 1.96
-149
-2.515
1.645 1.96
-1.445
24
1.645 1.96
-64
-1.394
1.645 1.96
Temperature of Gulmarg Station

2.576
2.576
2.576
2.576

S(O.OI)
S (0.01)
NS
S(O.1)

Annual average

205

2.923

1.645

1.96

2.576

S (0.01)

Winter Season

236
119

2.43

1.645

1.96

2.576

S (0.05)

2.006

1.645

1.96

2.576

S (0.05)

59

0.986
2.159

1.645
1.645

1.96
1.96

2.576
2.576

NS
S (0.05)

Spring Season
Summer Season
Autumn Season

1.645
1.645
1.645
1.645

a=O.O
5
1.96
1.96
1.96
1.96

-2.123
1.645 1.96
Precipitation at Gulmarg Station

128

1.645

(0.01)
(0.01)
(0.01)
(0.01)

The Baramullah-Kupwara basin lies in the northwest of the Kashmir valley (Figure 1) as the
Jhelum drains out from the Wular Lake till it leaves the valley at Uri gorge. The streamflows
shows a significant decrease (S=0.01, Kandall score=-161) during the observation from 1980 to

2010. The annual precipitation at Kupwara showed a decreasing trend (S=0.1, kandall score=64) with a significant increasing trend observed in the annual temperature (S=O.Ol, kandall
score=173, Figure 8 and Table 4). A low correlation Coefficient was observed between the
annual strearnflows and annual precipitation.
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Figure 8: Annual trend in precipitation, discharge and temperature for
Baramullah-Kupwara Basin

Winter precipitation and streamflows showed a decreasing trend but no significant (Table 4
and Figure 9a). Precipitation showed a correlation ofr'=O.60 with temperature which showed
an increasing trend (S=O.Ol, Kandall score=173). The spring and the summer precipitation
showed a decreasing trend (S= O.Oland S=O.l) with significant increasing trend observed in the
spring (S=O.Ol) and summer temperature(S=O.05). The spring and summer streamflows
showed a decreasing but insignificant trend (Figure 9b and c). A good correlation was found
between the spring streamflows and spring precipitation. The spring streamtlows and winter
precipitation shows a good correlation coefficient (r). The summer precipitation and
strearnflows also showed a good correlation coefficient (r) from the analysis of the data. The

autumn temperature showed an increasing trend (S=O.05, Kandall score=159), precipitation a
decreasing trend (S=O.I, Kandall score= -81) and streamflows a decreasing trend (S=O.l,
Kandall score=-103, Figure 9d). A good correlation was observed between the autumn
precipitation and streamflows at Baramullah.
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Figure 9(a-d): Seasonal trend in precipitation, discharge and temperature for BaramullahKupwara Basin.
The results clearly indicate that from 1980-2010, there has been a significant increase (S=0.01 and
S=0.05) in the annual and seasonal temperatures observed in all basins of the Kashmir valley
particularly during spring and winter seasons. Analysis of the annual andseasonal precipitation data in
the basins indicated an overall decreasing trend at (S=0.05 and S=O.l). Kumar and Jain 2010; Archer et
al., 2010; Bhutiyani et al., 2007, have also noted major change in temperature and precipitation
throughout the valley. The streamflows are affected by various natural and anthropogenic factors, and
therefore showing variable trend ranging from insignificant to very significant decrease. However, the
observed streamflow at the outlet of the valley basins (Baramullah-Kupwara and Gulmarg-Sopore)
showed an overall significant decreasing trend (S=O.Ol)from 1980-2010.
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discharge

and temperature

for

Streamflow at BaramuUah Station
Name ofthe
Test

Season

Mankendall
Test

Mankendall
Test

Test
statistic

a=O.1

-2.719

1.645

a=0.05

a=O.OI
Result

1.96

2.576

Winter Season
-35
-0.578
1.645
1.96
-55
1.96
Spring Season
-0.918
1.645
Summer Season 81
l.36
1.645
1.96
1.645
Autumn Season -103
1.734
1.96
Precipitation at Kupwara Station
Average annual -64
-2.031
1.645
1.96
-95
-1.555
l.645
1.96
Winter Season
-103
-1.255
1.645
1.96
Spring Season
Summer Season -84
-1.4
1.645
1.96
Autumn Season -81
-1.127
1.645
1.96
Temperature of Kupwara Station
1.645
1.96
173
3.62
Annual average
2.43
1.645
l.96
!WinterSeason
166
1.96
Spring Season
161
3.195
1.645
1.462
1.645
1.96
Summer Season 106

2.576
~.576
2.576
2.576

1.96

Average annual
Mankendall
Test

Kandall
Score

~utumn Season

-161

159

0.68

1.645

S (0.01)
NS

NS
~S
S(O.I)

~.576
~.576
~.576
~.576
~.576

S(O.I)
~,J"S
~ (0.01)
S (0.1)
S (0.1)

~.576
~,576
~,576
~.576

S \.V.
rr. 01)~
S (0.01)
S (0.01)
S(0.05)

~.576

S(0.05)

In contrast, the urbanized and glaciated basins i,e Srinagar and Pahalgam-sangam respectively showed
an insignificant decrease in the streamflow due to the different causal factor and phenomenon discussed
above. The results show strong connections between the observed streamflows and climate changes.
Seasonally a strong connection was observed between spring stteamflows and winter snowfall
precipitation. The recent decrease in the winter precipitation as observed in this study is well
corroborated by the findings reported elsewhere inthe mountainous regions (Hahn et al., 1976, Hurrel,
1996, Lu et al., 2002, Ye et al., 2001, Raicich et al., 2003). The observed increase in the temperature
over the Kashmir valley has led to the increased glacier/snow melt in the Jhelum River which is evident
from increasing trend in the observed streamflows during spring despite decreasing precipitation in the
Pahalgam-sangam basin where there is still significant snow and glacier cover for most part of the
hydrological year. Although, urbanization is widespread throughout the valley and has defmitely
affected the hydrological processes but the effect is more pronounced in the highly urbanized Srinagar
basin where the increase in the surface runoff due to the lower infiltration over the concrete surfaces
often causes frequent inundation and water logging. Further the increase in runoff is also because of the
observed changes in the wetland hydrology in the Srinagar basin due to the siltation and loss of
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wetlands in the basin (Romshoo et al., 2018). Similar scenario has been reported by various researchers
in the basin or elsewhere (Tali et al., 2013. Badar et al., 2013, Gupta and Sen, 2008, Zaz and Romshoo,
2012).
The prevailing hydro-climatic conditions in the valley are likely to become critical under the future
plausible scenarios of climate change. The IPCC in its Assessment Report (Houghton et al., 2001) states
that the globally averaged surface temperature is projected to increase by 1.4 to 5.8oC over the period
1990 to 2100. On the basis of the recent climate model simulations, it is likely that nearly all the land
areas will warm more rapidly than the global average, particularly, those at the northern high latitudes
during the cold season.
Conclusion
The statistical analyses of the hydro-metrological data in the Kashmir valley from 1980-2010 showed an
overall significant increase in the annual temperature particularly during spring and winter seasons with
variable but overall insignificant decreasing trend observed in the annual precipitation. The changes in
the climatic conditions have made a significant impact on the seasonal and annual streamflows in river
Jhelum. The Baramullah-Kupwara and Gulmarg-Sopore basins are showing very significant decrease in
both annual and seasonal strearnflows mainly due to the decrease in the observed precipitation.
However, the Pahalgam-Sangam basin shows insignificant decrease in annual flow but an increasing
trend in the spring flows despite observed decrease in the precipitation as the flows are supplemented by
the increased contribution from the ice-melt due to the increasing temperatures in the basin. The highlyurbanized Srinagar basin also shows insignificant decrease in the annual and seasonal flow due to the
higher runoff contribution in the basin because of the increasing concrete surfaces. The decrease in the
observed streamflows with decreasing precipitation and increase in temperature will have significant
impact on the agriculture, water availability for drinking water supplies, energy generation, winter
tourism and flooding.
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Department of Earth Science
University of Kashmir
Hazratbal, Srinagar-190006, J&K
Subject: Approval of the Medium Grant (MG) for the project entitled "Integrated
System dynamical
model to design and Testing Alternative
intervention
strategies
for Effective
Remediation & Sustainable water Management for two selected river basins of Indian
Himalaya"
Sir,
I am directed to convey the approval of the Competent Authority for the above- mentioned project
at a total cost of Rs. 2,47,15,680/ - (Rupees Two crore forty seven lakh fifteen thousand six
hundred eighty only) . for a period of three years, as per the break-up given below:
Expenditure Head

1't year
(in Rs.)

2nd year
(in Rs.)

3rd year
(in Rs.)

Total
(in Rs.)

2464800.00

2464800.00

2686080.00

7615680.00

400000.00

500000.00

400000.00

1300000.00

A. Recurring

(i) Salary:- 04 JPF @ Rs.16,OOOj- + HRA
@ 8% or Minimum Rs.1,800/- per month'
for first two years and @ Rs.18,OOO/+
HRA @ 8% or Minimum RS.1,800/- per
month for 3rd
year, 03 JRF @
Rs.25,OOO/+ HRA @ 16% per month
for first two years and Rs.28,000j- +
HRA @ 16% for 3rd years, 04 Field
@
Technical
Assistant/
Assistant
Rs.10,000/- + HRA @ 8% or Minimum
Rs.1 800/- per month for three years
(ii)
Travel (Domestic):
(ii i)

Expendables/Consumables:

600000.00

700000.00

600000.00

1900000.00

(iv)

Contingency:

400000.00

400000.00

500000.00

1300000.00

Activity & Other Project Cost:
Data: IMD, satellite data, hyper spectral
images, Lab analysis (soils and water
quality), Capacity and awareness
Overhead
Institutional/
(vi)
charges
B. Non Recurring
(v)

1500000.00

Nil
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1400000.00

Nil

1400000.00

500000.00

4300000.00

500000.00

(i)

Equiprnents: Network
attached
storage of 500 TB, Software for SDM,
GIS up gradation- 4 Nos, Workstation- 4
nos, Desktop -01 nos, Laptop- 01 nos,
Rain Gauges along with calibrator gauge12 nos, Pressure based AWLR with
barometric compensators-2 nos, Double
ring infiltrometer- 3 nos, 10 m ET- A W 5
station)-2
weather
(automatic
nos,
Handheld temperature and RH sensor- 2
Handheld temperature 'and RH
nos,
sensor-2 nos, Portable air quality sensor
(SPM sensors) and up gradation and
maintenance
of existing hydro met
network in Kosi and Upper Jhelum basin
Total (A+B):

Nil

7800000.00

13164800.00
-

The Grantee Contribution should

5464800.00

Nil

7800000.00

6086080.00

24715680.00

be 10% of the project cost.

2. The approval of the project is subject to incorporation of following points:
•
•
•

•

The study should use suitable existing models (used by Nm Aayog or others) for water resource
planning in terms of drinking water supply, irrigation water supply, etc. for two watersheds.
There should be a peer-review of the findings and models in collaboration with an established
knowledge centre before it is recommended to line agencies.
PI should also consult ICAR-Water Technology Centre for modeling expertise.
The Periodic Proqress Report of the NMHS Project needs to be submitted and updated on the Online
Portal of the NMHS (http://nmhsportal.orq)
by the PI/ Project Proponent on Quarterly basis
consistently. Monitoring indicators for the project should be able to quantify the difference made on
ground.
'
Certificates should be provided that this work is not the repeat of earlier work (as a mandatory
exercise).
The roles and responsibilities of each implementing partners should be delineated properly with their
budget. The budget allocations to partners should be done in accordance with the MOEF&CC
guidelines (Max. 30% for salary, 30% for equipment and 5% contingency). The same should be
communicated to NMHS-PMU, before start of project.
The PI must also submit all the supporting data generated under the NMHS Project along with
the quarterly progress report to NMHS-PMU.
On completion of the study, a Seminar/ Conference/ Workshop should essentially be organized by
the PI/ Proponent to discuss and disseminate the findings among the experts and concerned
stakeholders.

3. The project objectives, quantifiable deliverables

,i

r---Project Objectives

II.
!

,I

I •

I"
i

I

Development, Testing and
validation of a System

r-

and monitoring indicators wil be as below:

I Quantifiable Deliverables I Monitoring
,.---"
-----I Monitoring
i. System Dynamical
models
!

I

(by integrating water

I

Dynamics Model of the Upper
Jhelum and Kosi Basins;
Projection of water budget,
forest and agro-ecosystem
under different

I

I

I
I'

i

I

baseline information to be provided by

I

i proponent:

I

I

_L
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the

budget, Crop models, socioeconomic models WRF-Iand- I •
did'
t ) f 2 I
canopy mo e an e c. or
Himalayan watersheds for
effective remediation &
i •

i

Indicators
in

comparison

to

.

No. of System Dynamics Models
tested/ customized for the Himalayan
t h d
wa ers e s;
."
No. of high resolution climate
scen~~!.9~ develo~g based on the

!

I

!

I
I
!

i
!
i

I·

environmental and social
scenarios;
i
I, • Assessment of the outcome
of alternate policy and
I
technological interventions
I
for conservation of river and
!i
associated ecosystems;
• Capacity and awareness
I building of stake holder for
!
enhanceddecision making on
i
'water management.

!SUStainable water
i
I
management;
• Developing reliable high
I resolution past climate and
I
I
future climate scenarios for
1,
the
two river basins over
I
II Indian Himalaya;
I
I • Developing a decision
! support system by
integrating SDM on GIS
I
platform.

I

I

I

i

I

I

I

I

L_

I

I

I

I
I

I

I

,

past database/sets;
prediction/ visualization based on the
data dynamics analysis;
• Outputs of Decision-support System
developed, integrating SDM on GIS
platform;

!

II • No. of Policy Guidelines and
,I Legislative Mechanisms:Prepared
I and/ or Communicated;

,

J

!

,I

___

I

,I • No. of high-resolution future scenario

I

!

• Publications and knowledge products
(Nos.).

4. Sanction of the Competent Authority is also hereby conveyed for the release of Rs. 1,31,64,800/(Rupees One crore thirty one lakh sixty four thousand eighty hundred only) towards Grantsin-Aid to Registrar, University of Kashmir, Srinagar-190006, J&K for the above NMHS MG
project for the financial year 2017-18 Plan/recurring being pt installment of grants as per break-up
below mentioned.
Expenditure Head
A. Recurring (as Above)
(i) Salary

Amount (In Rs.
2464800.00

(ii) Travel

400000.00

(iii)

600000.00

Consumables/Expendables

(iv)Contingency

400000.00

(v) Activities & Other Project Cost

1500000.00

(vi)Institutional/ Overhead charges

Nil

B. Non Recurring
(i)

Equipment

7800000.00

( as Above)

Total (In RS.)

13164800.00

5. The Grants-in-Aid will be regulated in accordance with the provisions contained in the guidelines of the
Ministry of Environment, Forest & Climate Change, New Delhi. The Grants-in-aid is also subject to
chapter 9 of the General Financial Rules, 2005, as amended from time to time, read with Government
of India's decisions incorporated there under and any other guidelines which may be issued in this
regard, and in particular to the following conditions:1.

Separate ledger is maintained for the purchasing of equipments as per the provision of GFRs.

II. Engagement of staff as per the provision of GFRs and MoEF&CC guidelines given in Appendix A. The
emoluments for the retired persons hired for the project should not exceed Rs. 30,000/consolidated (fixed) per month as stipulated in the MoEF&CC guidelines.
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III. Expenditure on items other than salary is incurred keeping in view the austerity measures issued on
the subject and GFR is followed by the Institute as well as regional office and other agencies receiving
funds.
IV. All account maintained by the concerned Organization will be subject to audit by the C&AG or internal
auditors. On termination of the project, statements of accounts duly certified by the Competent
Authority of the Organization shall be submitted and the unspent balance, if any, in the funds
sanctioned will be refunded to the G. B. Pant National Institute of Himalayan
Environment and
Sustainable Development, Kosi, Katarmal, Almora, Uttarakhand.
V.

No cash payment is made exceeding Rs. 20,000/- to anybody for any expenditure.
dues are recovered and deposited in Government Account as per law.

The taxes and

VI. 2nd lnstallment will be considered only after the expenditure of 80% of the first installment release
and on receipts of UC as per GFR format along with the Statement of Expenditure (item-wise) and
signed by the Competent Authority. The UC shall also be verified and signed by Chartered
Accountant/Finance
Officer along with cash flow statement.
VII. The UC shall be submitted along with up to date physical progress report (annual/ half yearly)
indicating progress made against each objective and quantifiable deliverables, both online and offline,
certified by the authorized person, along with data, photographs/satellite pictures, etc.
VIII.

Assets acquired wholly or substantially out of Government grants shall not be disposed of without
obtaining the prior approval of the sanctioning authority of Grants-in-aid and separate sheet should
be enclosed with details of Assets with cost.

IX.

The accounts of concerned Organization shall be audited by C&AG or by any person/agency
authorized by it on its behalf in accordance with the provisions laid down in section 14 of the C&AG
(DPe) Act, 1971 as amended from time to time.

X.

The internal audit party of the Principal Accounts Office of the Ministry
inspect the accounts whenever it is called upon to do so.

XI.

Grants-in-aid
will be spent exclusively in pursuance of the objectives for the project entitled
"Integrated System dynamical model Ito design and Testing Alternative intervention
strategies for Effective Remediation & Sustainable water Management for two selected
river basins of Indian Himalaya" as given above and for the purpose it is being sanctioned.

or Department

may also

XII. Grants-in-aid is subject to the Economy Instruction issued From time to time by the Ministry of Finance
or by the Competent Authority.
XIII. The sanction of the grant is subject to the terms and conditions given in Annexure-I and signing of
bond with NMHS-PMU in the prescribed format (Appendix B). Compliance of all conditions
mentioned in the bond and Annexure I must be ensured.
XIV. On the basis of the terms and conditions given in Annexure-I,
action is being taken up for the
drawal of the sanctioned amount of the first installment of the first year's grant during the financial
year 2017-18.
XV. The sanction of the grant is subject to the whole details with nature of work of this project under
"NMHS" clearly mentioned in the website/knowledge products of the Grantee.
XVI. A separate saving bank account is to be opened for NMHS Project as per the provision Direct
Beneficiary Account (DBA) as laid out by the Govt. of India and also facilitate the audit of accounts.
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The interest earned out of the NMHS project funds should be reported clarify
certificate.

in the utilization

XVII. The Project commissioned
under "National Mission Himalayan Studies-Medium Grant" would be for
the tenure of three years w.e.t. 01.1.2018. If the project proponent! lead agency is able to
produce the desired results after mid-term evaluation! assessment in terms of measurable and
quantifiable deliverables on the ground, the extension can be given for maximum up to 2 years.
XVIII.

The amount of Rs. 1,31,64,800/- (Rupees One crore thirty one lakh sixty four thousand
eighty hundred only) will be drawn by the Drawing and Disbursing officer, G.B. Pant National
Institute of Himalayan Environment and Sustainable Development Kosi-Katarmal, Almora (U.K) and
disbursed to Registrar, University of Kashmir, Srinagar-190006, J&K through bank by ECS.
The Grantee will open a new account in nationalized bank and send the following details to NMHS.PMU for release.
Bank name
Account noFSC Code
Account Holder

6. The amount will be debited in the Major Head 3435.03.104.11.04.31

Grant-in-Aid-General-NMHS.

7. Please send your acceptance for the terms and conditions of this Sanction Letter so that
above grant could be transferred to the Head of Implementing
Agency through Bank
transfer on designated account.

8. Please note that following documents must be submitted before the start of the project activities.
1. Quotations for the equipments to be procured.
2. Roles and responsibilities of the partners with the budget allocated to them.
3. Fair copy of Bond duly signed by authorized person of grantee (Rs. 100 stamp
paper)

Encl.: Annexure-I
Appendix- A
Appendix- B

Yours Sincerely,

"t.¥u/
(Er. ~~umar)
Director In-Charge, GBPNIHESD
Nodal Officer, NMHS-PMU

and

Copvto:
1.

2.
3.
4.
5.

6.

Registrar, University of Kashmir, Hazratbal, Srinagar-190006, J&K
Dr. Subrata Bose, Additional Director (CS-I), 2nd Floor, Vayu Wing, Indira Paryavaran Bhavan,
Ministry of Environment Forest & Climate Change, Govt. of India, Jorbagh Road, New Delhi.
PS to Director, G.B. Pant National Institute of Himalayan Environment and Sustainable
Development, Kosi-Katarmal, Almora, Uttarakhand
Finance Officer, G.B. Pant National
Institute
of Himalayan
Environment
and Sustainable
Development, Kosi-Katarmal, Almora, Uttarakhand
Principal Director of Audit, Scientific Department, AGCR Building, IP Estate, New Delhi
Guard File - NMHS.
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Bond for Implementation

of Project under

NATION/\L MISSION ON HIMALAYAN STUI2:IES (NMHS)
To be furnished by the Grantee Organisation

~~:NOVV ALL MEN BY THE TH:::St. PRESENTS THAT We, signed for and on behalf of a University

ef Kashmir

Srinagar Registered under the section 2(fJ and 12(8) of the UGC act and having its

;ffice at Srinagar

( herein after called the obligators which terms Shall unless excluded

;replJgna:~t to the context be deemed to include its successors.Permitted

t·y or,

assigns and ali

persons entitled to and capable of disposing of the assets and properties of til? otJligors} are

""
held
and

firmly bound to the Competent Authorities

l~~ational

Institution

f

of

Himalayan

Environment

of NMHSthroughNMHS-PMU,G.B
and

Sustainable

Development,
.

Pant
K05i-

Katarmal.Almora (herein after called the INMHS-PMU,GBPNIHESD', which term shall unless
.
.excluded or repugnant to the context be deemed to include his successors ane! assigns) in
:,

I,"

.

the sum of R!!.:_2.47 :..~,68Q (Rupees two Crore Forty Seven l.akhs Fifteen Thousand" Six
if.lundred

Eightv onlvland truly to be paid to the government on demand without a der0ui" for

which payment we firrnlv bind our selves by these presents

B

.

:1. SiGNED thisl0th

day of February in the year two thousand eighteen.

:~. WHEREi\S an the obligors
1()f\liU G.B Pant National

request . the competent Authorities of NMHS has as

if1:;titute

of Himalayan

Environment

Dei'

i\IMHS-

and sustainable Development

.Kosi -katarrnat, Almora Letter No,I\JMHS-2017-18 MG01/498dated
24-01-2018 (hereinafter
.
lfeferred to as the "letter of Sanction [agreed to make in favor of the obligors a grant of i:"s .. .2,
147, 151 680 (Rupees two Crcre
Forty Seven lakhs Fifteen Thousand Six Hundred Eighty
~
.
':i

only)out of which Rs.Ul, 54', 800 (Rupees One Crore Thirty One Lakhs SixIY Four Thousand
land Eight Hundred oniy) have on

been paid to the obiigors (the receipt of

sum the do hereby admit and acknowledge . } on condition

m

i+h'c> term: .:> and conditions 'nentior I\:.ed
•

~

\.

I

(J

l

•

'I~.

111~_!

t..

'In.

the
letter
of e:='r·(·
I~.
Ll
... ,.L .. .•.~ '·r'"
\..-1

.J

•••

'.-1 ••

of the obligors having agreed to

.":;0

;;fiJ

~.._.~~"'

I.l!I"I"e condition of the terms above written obligation is such that if the obligors dulv" '" PIl6/, ,

1lt1'l'·"" ••

II and comply with allthe terms and condition mentioned in the Letter of sancti~~{!}? in

~~~,<

the Annexure land Appendix A&B then the above written bond or obligation shall be ,~r?i:id,1'lfj~
and of no effect; but otherwise it shalt remain in fl.1I1 force,effect and virtue.
~""'~4f"'"
4. ~nd those presents further witness sunder:

i. The decision of the competent Authorities of r'JMHS on the question as to whether there
has been

breach or violation of any terms and conditions mentioned in the letter of

sanctions shall be final and binding on the obligors.

ii. The grantee has agreed to bear the stamp.duty, if any, chargeable Oil the presents.
. 5. in witness where Of those presents have been executed on behalf of the obligors pursuant
:?-

In the resolution No. ,". __.. _._.~

. Dat~d _:_~.,_"':::'._'

passed by the board!

~.

competent autnoritv of the obligors, on the date and year herein above written.
;:

Obligors in the I:;rr~sen(.~)

Accepted for and on behalf of

of

,U.nivers_itv

;~ With name and address

f· ~

of Kashm_i~r,,_...,_

Professor & Head
Department

of
Earth Sciences,
.
,
,

University of Kashmir, Srin:i!gar-190006

(/-z,~»4-;gr. IrfanRashidJA~5ist(1~t
.'

~

Srinrlgar,

.

;'. :., \~!y~~:'·l,.~~llIad
::

~shmlr,

Professor Departrnent

'
,
'
Dar, Assistant Professor Department o'i\Earth Sciences,

s-magar

'.'. ,'

;

Witness:,

of Earth 5ciE:[lCes r ~miversity of Kashmir,

( Name and Designa;.ion)

university of

J

.,

Office of the Dean, School of

(

Earth & Environmental Sciences
Y.?l'9t/'c?S9cW &7' R',4'~9.R·

Order
As recommended by the select ion committeo at its meeting held on 04lh December, 2018 sanction is
hereby accorded to the appointment of below named applicant as Field Assistant initially for a period
of one year w.e.f. 12th January, 2019 on the consolidated monthly salary of Rs.ll,800/- per month as
envisaged in the project entitled: "Integrated System Dynamics Modeling"
under NlVIIIS
Project: Under the Principal Investiga.tor ship of Prof Shakil :,1L Romshoo, Department of Earth Sciences.
,;>

Field Assistant:

./
•

Mr. Salim Latecf Shawl
S/o Mohammad Lateef Shawl
. R/o Srinagar.

'Vaitiiig:~
-

1., Ms.
D/o
2. Ms.
D/o

1.

Misbah Baj
Mehraj ud dill Mil' B/o Srinagar.

Sabiya Kawsar
l3ashir Aluuad l3akshi B/o Ganderbal

The appointment
Production of an
would neither be
I he ten u re he/she

of the incumbent is su bj ect to the following terms and conditions:~1ffidaviL to be execu ted before l st class Magistrate to the effect that he/she
in receipt of ally financial assistance from any institute/agency/source during
serves in the s chemc nor is em ployed in an~ Government/Semi-Government

Dep art.meut.

2. Their/his/her appointment will be governed hy t.he terms and conditions as envisaged in·the said
research project. The arrangement is co-terminus with the project.
3. Production of the original certificates/testimonials for the verification by Principal Investigator.
4·.

Only those Junior Research Fellows working under the above mentioned project can pursue the
Ph.D. Progl'ammc who have qualific(1 the r-equ'ired M.PhiI/Ph.D. Eritrance test at the time of
admission as per the UGCl'egulations 2009.

5. The selectees are required to join the project within
order.

10 days from ~at.t~V issue of this

"1D11~

(Prof. M. Sul~at)
Dean, School of Earth &
Environmental Sciences
~ Copy to:
.:.
.:.
.:.
.:.
.:.
.:.

Dean Research for information
Head, Deptt. of Earth Sciences, Kashmir University
Dy. Registrar, Development/Accounts
Principal Investigator/Co- P .Ps
Concerned
File.

..

Office of the Dean, Schobl of
Earth & Environmental Sc[~~nces
t('.?/9vc.RS9p¥ . &7

.

k"r9'~#;P9.R

Order

I .

.11

A~ recommended by the selection committee at its mee lIfg held on 06-06"2018, sanction is
hereby accorded to the appointment of below named applicants as Project Fello'ws initially for a
period of one year against the consolidated monthly salar'y' shown against each as envisaged in
the project entitled: "Integrated system dynamical model to design and testing alternative
int.crvenj.ion strategies for two selected rrver basins of Iridian Himalaya" MOEF Sponsored
rcsc.uch project under the Principal Investigator-ship
of Prof. Shakil Ahmad Romshoo,
. Dcpu rtrncnt of E)U'r1:fSciences, University of Kashmir, Srinagar.
1.

Proj'~ Fellow:Sid;ff Altaf Bakhshi
Dlo. Altaf Ahmad Bnkshi .
Rio. Rawalpora Srii1agar.

Education qualification
M.Sc. in Ceoinform atics

2.

)2Qjeet Fellow:.Iasia Bashir
Dlo. Bashir Ahamcl Mir
H/o. Shopian.

Education qualificn tion
M.Sc. in Geoinformatics

Salary
Rs.160001-P.lVI+

Eclucation qualific<) lion
M.Sc. in Geoinformatics

Salary
Rs.160001-P.M + 1800 HRA

:
-,

.~

3. ~eet Fellow:Sam-ish Mukht ar
Dlo. lVIukhtar Ahmad Shah
H/o. Hyderpora, Sgr.

Salary
. Rs.160001-P.M + 1800 HRA

1800 I-IRA

Waiting list:

./
,/

./

Peerzacla Ub.rid Amin Sio Peerzacla Mohammad Amin Rio Soura , Sgr.
Misbah Raj Dlo Mehraj ud din Mil' Rio Sgr..
~
Rizkan Malik Dllo Bashir Ahmad Malik Rio ·Bemina ~gr.

The appointment

of the incumbents is subject to the following terms and conditions:-

L Production of an affidavit to be executed before l st class Magistrate to the effect that he
would neither be in receipt of any financial assistance from any institute/agency/source
dmi;lg the tenure he/she serves in the scheme nor is employed in any c;.ovcrmnent/Serni. C ovcrnment Dep art.mon t.
2: Their appointment will be govcrned by the terms and conditions as envisaged in the said
!
research project. Thc arrangement is co-terminus with the project .

. 3:

\

Production
JJlvestigator.

of the original

ccrtificatesltestimonials

for the verification

by Principal

lJ: ')nly those Junior Research Fellows working under the above mentioned project can pursue
the Ph.D. Programme who have qualified the required lVI.PhiI/Ph.D. Entrance test at the time
of.admission as pel' the
regulations 200.9.
'

uee

NATIONAL MISSION ON HIMALAYAN STUDIES (NMHS)
G.B. Pant National Institute of Himalayan Environment and Sustainable Development
Kosi-Katarmal, Almora - 263 643, Uttarakhand, India

!

Ref.

No.: GBPNI/NMHS-2019/NSM&EW/MG-18/08.1

e

Speed post! copy bye-mail
<shakilrom@kashmiruniversity.ac.in

Date:

08-01-2019

>

To,
Dr. Shakil Ahmad Romshoo
Professor and Head
Department of Earth Sciences
University of Kashmir,Hazratbal
Srinagar Kashmir India-190006
Sub.: 2nd "National Seminar-cum-Monitoring & Evaluation (M&E) Workshop" of NMHS to be held
during 4-7 February 2019 at GBPNIHESD HQs, Kosi-Katarmal, Almora, Uttarakhand.
Dear Sir,
New Year Greetings from NMHS-PMU,

GBPNIHESD HQs

As you are aware that your project has completed substantial time period and it is the opportune time for
monitoring and evaluation of its annual progress. In this context, this is to bring to your kind notice that a
three-day "National Seminar-cum-Monitoring & Evaluation (M&E) Workshop" is now being organized
during 4-7 February 2019 at the GBPNIHESD HQs, Kosi-Katarmal. Almora. Uttarakhand. The primary
objective of the "National Seminar-cum-M&E Workshop" is to assess the past progress of the project.
monitor the direction of the present ongoing activities, and advise the future course of actions and/or midterm corrections, if any, required towards further progression of your project under the NMHS.
In view of this, the Project ProponenUPI of the project is hereby requested to ensure his/her participation in
workshop and present the Annual Progress report of his/her project before the NMHS-MLE Panel to be
chaired by the Additional Secretary, MoEF&CC. The presentation should clearly depict the rationale and
objectives of the project, annual targets and progress made against each of quantifiable deliverables. Also,
the presentation must contain the action taken on the comments/ recommendations of the MLE member(s)
on Annual Report of the project. Please bring five (5) sets/ copies of the latest Annual Progress Report along
with for evaluation by the Panel. Following the presentation, a discussion, evaluation and recommendation
round will take place under the guidance of eminent MLE Members.
The schedule of the workshop (Annexure I), presentation template (Annexure II) and other Travel & Logistic
details (Annexure III) are attached herewith for your kind information. You are requested to please make
your travel arrangements accordingly. The TNDA for attending the NMHS workshop can be claimed through
your NMHS project grant as per rule. However, the NMHS-PMU will facilitate local hospitality at Almora/
Kosi-Katarmal and the local transport from the hotel to the GBPNIHESD HQs
Please acknowledge the receipt of the letter and send your travel plan to NMHS-PMU Please free to contact
for further clarification, if any, at nmhspmu2016@gmail.com or +91-9412092090.
Thanking you and regards,
Yours Sincerely,
~~-

cc.

(Kireet Kumar)
Scientist 'G' and Nodal Officer
NMHS-PMU, GBPNIHESD
1. Dr. Subrata Bose, Director, Mountain Division, CS-I, Ministry of Environment, Forest & Climate
Change (MoEF&CC), Govt. of India, 2nd Floor, Vayu Wing, Indira Paryavaran Bhawan, Jorbagh
Road, Aliganj, New Delhi-ll0003
2. PS to Director, G.B. Pant National Institute of Himalayan Environment and Sustainable
Development (GBPNIHESD), Kosi-Katarmal, Almora, Uttarakhand-263643
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"NATIONAL MISSION ON HIMALAYAN STUDIES"
Pant National Institute of Himalayan Environment and Sustainable Development
(GBPNIHESD)
I
Kosi-Katarmal, Almora - 263643, uttarakhand, India
•

G.B.

Ref. No.:

I

NI'-lHS-2017/MG-04/480

Date: 22-12-2017

To,

Dr. K.V. Ramesh
Principal Scientist (Ac5IR)
CSIR Fourth Paradigm Institute (CSIR 4PI)
NAl Belur Campus, Bar:galore - 560 037

I

I
1

I'

I

Subject: Approval of the Medium Grant (MG) for the project entitled "Enhancement of the quality of
livelihood opportunities and resilience for the people in the Indian Himalayas, through
Design of Intervention strategies aimed at maximizing resource potential and
minimizing Risks in urban-rural ecosystem"
Sir,

I am directed to convey the approval of the Competent Authority for the abovementioned
project
I
.
Rs.2,42,42,04G.OO
(Rupees two crore fortv two lakh forty two thousand forty

at a total cost of
only) for a period

of three years, as per the break-up

given below:

. ,3rt] year

Head

Total

. :~' .. (in-R·s.)

A. Recurring
(i) Salary:01 Consultant

2332800.00
@ Rs.30,OOOj-

2332800.00

2521440.00

7187040.00

per month

fix for three years, 03 JRF @ Rs.25}000/-

+

HRA @ 8%

per month

per

month

RS.16,OOO/Rs.1,800/and

for

JPF

@
@

per month

+

@ Rs.l,800/-

year,

two

HRA @ 8%

HRA @ 8% of Minimum'

Rs.18,OOO/-

minimum

3rd

for first

+

years and @ Rs.28,OOO/-

03

I'

for first two years
HRA

'@

per month

year,03 Technical Assistant

8%
for

-

or

3rd

@ Rs.l0,OOOj-

per month fix for three years,

(ii) Travel (uomestic)

600000.00

700000.00

600000.00

1900000.00

(iii)

Contingency:

400000.00

400000,00

40'0000,00

1200000.00

(iv)

Consumables:

400000.00

300000,00

225000.00

925000.00

1900000.00

1800000.00

1800000.00

5500000.00

(v)

Activity & other project Cost:.
Data:IMD,
satellite
data
hyper
spectral
images,
socia-economic
data, Lab analysis (soils and water
quality),
Capacity
and awareness
building/workshops
Meeting
and
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Test and validate the intervention
strategies through development of a
system dynamical model to enhance
Livelihood of the selected ~irnalayan
Habitats.

i

I
iI

'

I

I
i •

To provide policy options to achieve
better quality. of life for the selected
Habitats and their prototypes in a
sustained manner.

I

/.

i,

the behavioural respo~$e I
of Himalayan
communities and speci1iC;j
ecosystem elements to I
different Socio-econo I ic '."

.

i

~o. of Decision-support
System developed for No. of
40mmercial Crops in IHR
~tates;

I

'!I

and environmental'
stresses;
,
• Developing a decision Ii:

I':

I

support system by
integrating SDM on GI,S;!
platf~rm driven by the:
observed field and
survey data related tol '
various processes and I'
phenomena for 3 mainI, I
commercial crops in 3: ;
states.

i

1/

I

n:1

__::_::....:.. .,. .__ (__------____l
2332800.00

!
60QOOO.00
,

(iii) Contingency

40QOOO.OO

(iv) Consumable

400,000.00

(v) Activities & other project cost

1900000.00
·Nil

B. Non Recurring
(i)

7030000.00

Equipment ( as Above)
Total

12662800.00

5. Tile Grants-in-Aid will be regulated in accordance with the provisions contained in the guidelines of the
Ministry of Environment, Forest & Climate Change,. New Delhi. The Grants-in-aid is also subject to
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(ii) Travel

Overhead charges

I

1'1

t

(vi) Institutional/

I

I

!

-'--:j-''---.

-+-

i

II

Ii

4. Sanction of tile Competent Authorlty is also hereby conveyed for the: release of Rs.l,25,62,800j(Rupees one crore twenty six lakh sixty two thousand eight hu.n'd~ed only) towards Grants-inAid to Director, CSIR Fourth Paradigm Institute (CS!R. 4PI),: .(F,ormerly CSIR Centre for
Mathematical Modelling and Computer Simulation C-;vii.iACS), NALI Belur Campus, Banqalcra
-560 037 for the above NMHS MG project for the financial year '2:0;1~-18 Plan/recurring being 1st
installment of grants as per break-up below mentioned.
:
A. Recurring (as A. :.:b:.::o~v..:::e.J..._
(i) Salary

j

• t\Jo. of Policy Guidelines and
~egislative Mechanisms:
prepared and/ or
C±ommunicated;
Publications and knowledge
products (Nos.).

I

,----------------.-1.

I

• No, of Baseline surveys
I rf
~e
ormed ;

i:!/.

Capacity and awareness building through
stake holder interactions and design of
viable intervention strategies for decision
making and implementation that is also
informed by the specificities of their
traditional lifestyle.

,

i

integrated System
:
Dynamical
model
to
tes't
,
.
I '

:,!,

Enhancement of human-natura' resources
management to achieve env!ronmental
.and economic benefits whilst minimizing
their carbon footprint

I

I,

• Development of

;-L-.--_; _.
, !
ialidated;
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I
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XIV. On the basis of the terms and conditions given in Annexure-I, Jction is being taken up for the
drawal of the sanctioned amount of the first installment of the first !yea(s grant during the financial
year'2017-18.
:

.

I!

'II

>N. The sanction of the grant is subject to the whole details with nature of work of this project under
. "NMHS" clearly mentioned in the website/ all knowledge products ~f ~ Ie Grantee.
.

I

XVI. A separate saving bank account is to be opened for NMHS P'roject as per the provision Direct
Beneficiary Account (DBA) as laid out by the Govt. of India and also :racilitate the audit of accounts.
The interest earned out of the NMHS project funds should be' r¢ported clarify in the utilization
ce rtlfl
I ica t e.
;.
iI

, :!

XVII. The Project commissioned under "National Mission Himalayan Studies-Medium
Grant" woulc be for
.
I I
•
tile tenure of three years w.e.t; 01.1.2018. If the project prcn:lonentl lead agency is able to
produce the ·desired results after mid-term evaluation/ assessment in terms of measurable and
quant~ble deliverables on the ground, the extension can be given fqr! maxlmum up to 2 years.
,

XVIII, The amount of Rs.l,26,f2,800/(Rupees one crore twenty.six lakh sixty two thousand
eight hundred only) will be drawn by the Drawing and Dlsburklng Officer, G.B. Pant National
Institute of Himalayan Environment and Sustainable Deveiop-ment. Kosi-Katarmal. Almora (U.K) and
dtsbursed to Director, CSIR. Fourth Paradigm Institnte (CSIR 4PI), NAL Belur Camoust
Bangalore - 560 037 through bank by. ECS. The Grantee will open a new account in nationalized
bank and send the following details to NMHS-PMU for release.
I
I .
Ban k name
. I
, ;
Account no• I
FSC Code
Account Holder

i

I

: !

6, '. The amount will be debited in the Major Head 3435.03.104.11.04.31 Grant-in-Aid-General-NMHS.
.1
'

.

i:

.

7. Please send your. acceptance for the term's and conditions !ofi this Sanction Letter so that
above grant could be transferred' to the Head of Implemenfinq
transfer on designated account.
i I:
J

I

. I

.

Agency through Bank

"

8. Please note that following documents must be submitted before the sta1· of the project activities.
1. Quotations for the equipments to be procured.
Roles and responsibilities of the partners with the budget a llo cat'e d to them.
3. Fair copy of Bond duly signed by authorized person of grantee (Rs. 100 stamp
paper)
!i
2.

Encl.;. Annexure-I

Appendix- ll..
Appenclix- B

Yours Sincerely,

(Er. Kireet Kumar)
,
-

)

Director Incharge, GBPNIHESDand
Nodal Officer, NMHS-PMU

CORy-tO:
1.
. The Director, CSIR Fourth Paradigm Institute (CSIR-~PI), NAL Belur Campus, Bangaluru
2.
Dr. Subrata Bose, Additional Director (C5-I), 2nd Floor, Vayu Wing, Indira Paryavaran Bhavan,
Ministry of Environment Forest & Climate Change, Govt. of India; Jorbaqh Road, New Delhi
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Office of the Dean, School of
Earth & Environmental Sciences
tI''?/9't1cRS9'~ &7 ~,4'~9'R

Order
As recommended by the selection committee at its meeting held on 04th December, 2018 sanction is
hereby accorded to the appointment of below named applicant as Technical Assistant initially for a
period of one year w.e.f. 12th January, 2019 on the consolidated monthly salary of Rs.ll,800/- per
month as envisaged in the project entitled: "On enhancement of the quality of livelihood
opportunities of the quality of livelihood opportunities"
under NMHS Project, Under the
Principal Investigator ship of Prof Shakil A. Romshoo, Department of Earth Sciences.

>

Technical Assistant:
../

Mr. Amir Gani Khosa

S/o Ab. Gani Khosa
R/o Srinagar.
Waiting:-

1.

Mr. Munawar Bashir Ahamd
S/o Bashir Ahmad Akhoon R/o Srinagar.

The appointment of the incumbent is subject to the following terms and conditions:1. Production of an affidavit to be executed before l st class Magistrate to the effect that he/she
would neither be in receipt of any financial assistance from any institute/agency/source during
the tenure he/she serves in the scheme nor is employed in any Government/Semi-Government
Department.
2. Their/his/her appointment will be governed by the terms and conditions as envisaged in the said
research project. The arrangement is co-terminus with the project ..
3. Production of the original cert.ificates/testimo nials for the verification by Principal Investigator.
4.

Only those Junior Research Fellows working under the above mentioned project can pursue the
Ph.D. Programme who have qualified the required M.PhillPh.D. Entrance test at the time of
admission as per the VGC regulations 2009.

5.

The selectees are required to join the project within 10 days from the datee,f issue of this
order.

~"t~

(Prof. M. Sulra;;Bhat)
Dean; School of Earth &
Environmental Sciences

Copy to:
.:.
.:.
.:.
.:.
.:.

Dean Research for information
Head, Deptt, of Earth Sciences, Kashmir University
Dy. Registrar, Development/Accounts
Principal Investigator/Co- P .I's
Concerned

.:. File.

l7--0/

,

d_ )
~

Office of the Dean,. School
of
,
,

,

Earth & Enviroillllental Sciences
tI'.?(Y't:1cRS'Y'rWfJ7 ~7'1'~Y'R

Order
As rccouuucndcd

by I.he selection corrnnit Lee al il s meeting held on 04th December, 2018 sanction is
hert'hy Cl('r.oI'Jed 1:0 the ap po iu t un-u t
hclow nuuicd applicant as Junior Project Fellows initially for a
period of' OIH' ~;('al' \1".I',f'.
121h .luu u a ry , 201<) 011 t lu- cousol ida tod mouthly salary of Rs.17,8001- 'per
ruou 1.11
<1"
ell visaged
ill 'II](~ [lI'U';('('1'
cnt it led: "lruegrated System, Dynamics Modeling" under
N/\I1HS Project. Uiuler the Priucipul .In;·(',~/.i:gil{,Or ship o.fPro.f Shnkil A. Romshoo, Deportment of Earth

or

_SciCIIl'lls.

Ms. N ahicla ALi
Dlo Ali Mohll Khan
:RIo Altalltllag.

~
:..•./

]VI:;. Iushu Shari Hila!:

U/o Mohammad

Rio

Shari Bhat
..

Sil'nagar.

Waiting:-

I.

Mf'. Mis "" h H,a,;
i<

2.

Din Mch ra] ud dill iVl ir 1{/n ~l'iJlagar.
Ms.Jralll.Ah

Dlo Ali M.ohallunad Canaic
I.

The appo in t menl
12'l'Odll(, ion of an
would ueit.her be
I hn tenure . he/she

Rio Candcrbal

of i.he iucumbcn t ili .ubject I,() the following terms and condjt.io nsraJfidavil..to
be executed before 1 t class Magi trato to t.he effect that he/she
in rcccip r 0(' aHY Iinuur ial assistance fr~nn any instit.ut.e/ageucy/source
during
scr os iii the scheme 110)' is employed ill allY Goverument/Semi-Government

Depart-III en I..
t...

:3.
4.

Their/his/her
appointment will he goverllcd by the term' and conditions as envisaged ill the said
research project. The arrangement is co-terminus with the project.
.
Production of the original ccrt ificatcs/tcst.imonials
for the verification by Principal Investigator.
Only ~hose Junior Research Fellows working under the above I~elltioned project can pursue the
Ph.D. PJ:ogramme who have ([ualiiicd the required M.Phil/Ph.D. Entrance test at the time of

admission as llet' the
S.

The sck-ct.ecs
() I'd cr.

uee regulations

are required

2009.

to join tIlt" project within

LO days from

the date of issue
~)'~

0(' i

(Prof. M. S~hat)
Dean, School of Earth &
Environmental
Sciences

-

his

,

,

.

