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Abstract: Landsat satellite images were used to map
and monitor the snow-covered areas of four glaciers
with different aspects (Passu: 36.473°N, 74.766°E;
Momhil: 36.394°N, 75.085°E; Trivor: 36.249°N,
74.968°E; and Kunyang: 36.083°N, 75.288°E) in the
upper Indus basin, northern Pakistan, from 1990-
2014. The snow-covered areas of the selected glaciers
were identified and classified using supervised and
rule-based image analysis techniques in three
different seasons. Accuracy assessment of the
classified images indicated that the supervised
classification technique performed slightly better than
the rule-based technique. Snow-covered areas on the
selected glaciers were generally reduced during the
study period but at different rates. Glaciers reached
maximum areal snow coverage in winter and pre-
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monsoon seasons and minimum areal snow coverage
in monsoon seasons, with the lowest snow-covered
area occurring in August and September. The snow-
covered area on Passu glacier decreased by 24.50%,
3.15% and 11.25% in the pre-monsoon, monsoon and
post-monsoon seasons, respectively. Similarly, the
other three glaciers showed notable decreases in
snow-covered area during the pre- and post-monsoon
seasons; however, no clear changes were observed
during monsoon seasons. During pre-monsoon
seasons, the  eastward-facing  glacier lost
comparatively more snow-covered area than the
westward-facing glacier. The average seasonal glacier
surface temperature calculated from the Landsat
thermal band showed negative correlations of -0.67, -
0.89, -0.75 and -0.77 with the average seasonal snow-
covered areas of the Passu, Momhil, Trivor and
Kunyang glaciers, respectively, during pre-monsoon
seasons. Similarly, the air temperature collected from
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a nearby meteorological station showed an increasing
trend, indicating that the snow-covered area
reduction in the region was largely due to climate
warming,.

Keywords: Snow-covered area; Glacier; Global
warming; Classification technique; Northern Pakistan

Introduction

The Himalayas—Karakoram—Hindu-Kush
(HKH) region hosts multiple extended glaciers
(Kaab et al. 2012). The Karakoram Range, situated
in the upper Indus basin, has an extensive
formation of glaciers due to its high altitude
(Young et al. 1990). The eastern and northwestern
Himalayas are seasonally snow covered; however,
the snow-cover extent of the central Himalayas is
relatively limited (Ménégoz et al. 2013b). Glaciers
located in this region are an important source of
freshwater for China, Pakistan, Nepal and India.
Glaciers are also good indicators of climate change,
and a minor climate variation, such as temperature
change, can produce a rapid glacial response (IPCC
2013; Rabatel et al. 2013). The snow-covered area
on a glacier affects water balance determination
and radiation, which are important components in
climate studies and the hydrological cycle (Stieglitz
et al. 2001).

The extent, thickness and melt rate of snow-
covered areas depend on geographical location,
elevation, season, solar irradiance, and
atmospheric  pollutant  concentrations and
deposition on the snow surface (Kopacz et al. 2011;
Ménégoz et al. 2014). In the Himalayas region, the
largest snow extent occurs in the elevation zone
between 3000 and 6000 m (Maskey et al. 2011).
Glaciers in many parts of the world, such as those
in the tropical Andes, are currently retreating,
similar to those in Polar Regions (Bradley et al.
2006; IPCC 2013; Rabatel et al. 2013). Glacier
shrinkage has also been prevailing over the Third
Pole region (e.g., Kang et al. 2010; Kaab et al. 2012;
Bolch et al. 2012; Neckel et al. 2014; Kang et al.
2015). Negative mass balance was also confirmed
from in situ stake observations during the last
decade for the Tibetan Plateau and Urumqi glacier
no. 1 of the Tianshan Mountains (Zhang et al.
2014). Snow deposition and loss are primarily
controlled by the atmospheric condition and state
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of the land surface. Anthropogenic pollutants, such
as black carbon deposited on snow, were found to
shorten the snow cover season in the Northern
Hemisphere (Ménégoz et al. 2013a). In the central
Himalayas, it was estimated that the deposition of
atmospheric pollution on snow could reduce the
snow cover season at the rate of 8 days per year. It
was also observed that depositions of black carbon
on snow contribute significantly to the decrease in
snow cover extent (Dery et al. 2007). Regional
temperature variation, solar energy flux and
precipitation are the main factors that affect a
glacier’s mass balance (Ribstein et al. 1998). It is
expected that the present retreating behavior of
glaciers will continue in the future (Oerlemans et al.
1998; Shi et al. 2000). Similarly, it has been found
that both snow melt and snowfall were strongly
influenced by even minor temperature increases
(US EPA CCD Snow and Ice).

Satellite images are an important source of
data for glaciological investigation and mapping,
particularly in remote mountain regions (Rango
et al. 1985). Freely available global Landsat data
have been widely used for glacier snow-covered
area mapping (Williams et al. 1997). Images of
multi-spectral satellites, such as ASTER-Terra
(Advanced Spaceborne Thermal Emission and
Reflection Radiometer), Landsat TM (Thematic
Mapper) and ETM+ (Enhanced TM Plus), HRV
(High Resolution Visible), and SPOT (Satellite
Pour I'Observation de la Terre), have been widely
used for regional-scale change assessment and
determination of glacier extent at a specific point in
time (e.g., Paul et al. 2004; Racoviteanu et al. 2008;
Bolch et al. 2010). In addition, time series satellite
images have been used to determine snow-covered
area and glacier extent at a specific point (Paul et al.
2004; Racoviteanu et al. 2008; Bolch et al. 2010).
Freely available satellite data could be effectively
used using an appropriate image -classification
technique to estimate precise glacier changes.
There are many techniques available for separating
various land covers (Rees et al. 2006). We select
two frequently wused techniques, namely,
supervised and rule (or knowledge)-based image
classification techniques (Muhammad et al. 2013).
Both methods are useful and precise in terms of
manual digitization (Paul et al. 2013), but
supervised-based classification provides more
consistent results and is useful for small-scale



studies (Muhammad et al. 2013).

Surface air temperature and precipitation are
two important meteorological parameters for
snow-covered area reduction in the region. Heavy
rainfall occurred in the study region during
summer monsoon seasons (Mooley et al. 1987).
Monsoon precipitation amplified rainfall events
due to the influence of topography (Barros et al.
2006). The distribution of ground precipitation
was influenced by the size and shape of the
mountains in the region. The thermodynamic effect
was also a contributing factor of the heavy

precipitation events in northern Pakistan (Lau et al.

2012). During the last century, the northwestern
Himalayan region warmed at a significantly higher
rate than the global average (Bhutiyani et al. 2007).
In this study, four glaciers of different aspects
located in the Hunza basin of the upper Indus river
basin were selected to investigate snow-covered
area changes in different seasons from 1990-2014.
A suitable classification method for snow-covered
area mapping was identified. The snow-covered
area was identified and separated using the
supervised classification technique. The aim of this
work was to understand the changes in snow-
covered area on four selected glaciers in the
Karakoram region and relate these changes to
changes in climate for the period 1990-2014.

1 Study Region and Datasets

High mountain ranges, including the
Himalayas, Karakoram and Hindu-Kush, are
located in northern Pakistan and host numerous
glaciers. According to the estimation of the
International Centre for Integrated Mountain
Development (ICIMOD), there are 5218 glaciers
located in northern Pakistan. This study analyzed
the seasonal snow-covered area on four glaciers
(Passu, Momhil, Trivor and Kunyang), as shown in

Table 1 Attributes of selected glaciers in northern Pakistan.

Glacier {)‘Zilﬁi/sre;tvtrmage Location

Passu 149/035 36.473°N 74.766°E
Momibhil 149/035 36.394°N 75.085°E
Trivor 149/035 36.249°N 74.968°E
Kunyang 149/035 36.083°N 75.288°E
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Table 1. The selected glaciers are located in the
Karakoram Range in the upper Indus basin of the
Hunza valley, northern Pakistan (Figure 1). The
glaciers outlines were extracted by classification
method and not extracted by existing glacier
outlines, that were further modified using Global
Positioning System (GPS) data collected in the field.
Further, with the help of Digital Elevation Model
(DEM) and Google Earth, the glaciers outlines were
improved. One objective of the study was to
determine the role of glacier aspect in snow-
covered area reduction. These four glaciers have
aspects in four different directions, and the authors
were familiar with in situ observations of glaciers
located in this region with respect to the climatic
conditions and snow-covered area fluctuations;
therefore, these four glaciers were selected for the
analysis. The total area of selected glaciers was
approximately 300 km2,

Landsat TM and ETM+ (Enhanced TM Plus)
images were used for snow-cover mapping during
1990-2014. After May 2003, there was a scan line
problem with ETM+ images, preventing their use
for image analysis. Therefore, data before May
2003 were used from this sensor. During 1990 and
1991, no cloud-free satellite image was available for
the study region. Most of the images were covered
by clouds, especially during winter; however, only
cloud-free images were used excluding the winter
season that could make the results uncertain for
this study. A total of 99 Landsat images (49 images
from 1990 to 2003 and 50 images from 2011 to
2014) were downloaded and processed for snow-
covered area calculation. All the acquired images
were divided between two periods (early and late)
and among three seasons, namely, pre-monsoon
(April to June), monsoon (July to September) and
post-monsoon (October to December). Images
acquired from 1990-2003 were in the early period,
and images acquired from 2011-2014 were in the
late period. The pre-monsoon and monsoon

Aspect Area Elevati(?n (m a.s.l.)*
(km?2) max/min/mean
East 96+3 7286/2716/5112
North 51 7178/3049/4955
West 53 7145/3532/5196
South 93 7703/3078/472

Note: * Maximum, minimum and mean elevation of glaciers were taken from a glacier inventory of the Himalayas

region.
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seasons had more cloud-free images than the post-
monsoon seasons. Totals of 49 and 50 cloud-free
images were processed for the early and late period,
respectively, as shown in Table 2. Meteorological
stations around the study area were sparse. Daily
temperature and precipitation data of the past 32
years were collected from a meteorological station
(Gilgit pilot balloon observatory, 35°55' N, 74°20' E,
1460 m a.s.l.) located in the Gilgit region of
northern Pakistan. There  were three
meteorological stations in the surrounding regions
of the study area, namely, Naltar (36.29°N, 74.12°E,
2858 m a.s.l.), Ziarat (36.73°N, 74.62°, 3669 m
a.s.l.), and Khunjerab (36.83°N, 75.40°E, 4730 m
a.s.l.), operated by the Pakistan Water and Power
Development Authority (WAPDA). Data from these

three stations were limited, and therefore,
precipitation and temperature data of the Gilgit
74°30'40" E 74°45'0" E 75°0'0" E
36°30'0" N e =

36°10'30" N{=

- & €1
oordinate System: GCS WGS 1984
Datum: WGS 1984

Units: Degree
0 16,000 48,000 64.000
-—— meter

observatory were used. Significant correlations
were found for mean, minimum and maximum
temperature trends among the three stations of the
Hunza basin and Gilgit station (Tahir et al. 2011).
Before 1960, there were large gaps in the data
(Sheikh et al. 2009); hence, only data after 1980
were used in this study. The temperature data
collected from the Landsat thermal band were also
used. Digital Number (DN) values of the sensor
were converted into radiance values specific to the
individual scene, and then the radiance values were
converted into temperature by using the following
formula:

K2
T =

K1
In(75 +1)
where T is the temperature in Kelvin, K1 and K2
are the band-specific thermal conversion constants
and LA is the top of atmosphere
spectral radiance.

2 Methods

2.1 Image classification

Five basic steps (data
acquisition, pre-processing,
image classification, accuracy
assessment of classified image
and snow-covered area
calculation) were applied for
extracting and calculating
snow-covered areas. After the
acquisition of Landsat images,
some initial processing (pre-

Passu glacier .
asst glacter processing), such as layer
Mombil glacier . .
- _ stacking, atmospheric
Trivor glacier . ..
correction (convert digital

Kunyang glacier

Figure 1 Study area map of the selected four glaciers.

Table 2 Number of images downloaded for each selected glacier during the

numbers to radiance and then
convert radiance to reflectance)
and sub-setting on each of the

study period Landsat scenes, was performed

Season  Eatly period (1990 to 2003) Late period (2011 to 2014) (Liang et al. 2001). The
Passu Momhil Trivor Kunyang Passu Momhil Trivor Kunyang acquired images were stacked

;Vinter © i © @ i 1 Y 1 as single layers. The DN values

re- N

monsoon 5 5 5 5 5 5 5 _Of the 1@ages were converted

Monsoon 4 4 4 4 4 4 4 3 into radiance values and then

Post- atmospherically corrected to
3 3 3 3 3 3 3 3 .

monsoon remove atmospheric effects.
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During the sub-setting process, individual glaciers
were extracted from the Landsat scene through
their shapefiles. To classify snow-covered areas
from soil and rocks, supervised classification and
knowledge-based techniques were wused. In
supervised classification, spectral signatures of
snow were developed from specified locations on
the image. These specified locations were given the
generic name 'training sites'. This procedure was
conducted using a vector layer containing training
polygons. Training samples were selected by visual
interpretation in the false-color composite
displayed images and used as an input with the
maximum likelihood classifier for extraction of
debris-covered and snow-covered areas. The
spectral signatures of snow and rocks/mud taken
on Kunyang glacier are shown in Figure 2.
Selection of training polygons, creation of
signature files for snow-covered areas and
classification were the three basic steps of
supervised classification. First, multiple polygons
of various sizes were created for snow-covered
areas to ensure that the software had sufficient
information for creating spectral signatures. These
signatures were used by the computer software to
classify the selected images for snow-covered areas.
In contrast, the knowledge-based or ruled-based
method classified the images based on spectral
ranges and predefined rules. The ranges were

75“4;19" E 75"7;13" E

75°939"E  75°1]'54" E
: 75°70"E
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selected in visible and near infrared bands because
snow is highly reflective in the visible part and
highly absorptive in the near infrared or shortwave
infrared part of the spectrum. In addition to the
above criteria, Normalized Difference Snow Indices
(NDSIs) were used as input to the knowledge-
based classification method to map the snow-
covered areas. Depending on snow age and season,
the NDSI threshold value used for snow ranged
between 0.4 and 0.55.

NDSI = Visible — Near Infrared
"~ Visible + Near Infrared

Previously, NDSI has been used for snow-
covered mapping through various sensors
(Dankers et al. 2004; Sirguey et al. 2008; Nagler
et al. 2008). Each classified image was analyzed in
terms of accuracy; if an image had erroneous
output, then the classification process was repeated
again. Misclassified areas of the image were
manually edited. Although digitization and manual
editing of classified images are time consuming,
this method is the most accurate for glacier
mapping (Albert et al. 2002). The results of the two
classification techniques were assessed in terms of
accuracy (Section 2.2). Snow-covered areas were
identified through supervised classification, and
output maps were generated. The methodology
flowchart is shown in Figure 3.

75°80" E 75°9'0" E
|

™

~36°15'0" N

- T"36°14'30" N

36°10'31" N 36°13'3" N 36°1522"N 36°1726"N

. e . — 7570"E
T5°4'19"E  75°7'I3"E  75°9'39"E  75°11'S4"E

Snow
B Rocks/mud

36°14'0" N
75°9'0" E

75°8'0" E

Figure 2 Training polygons and signatures of snow and rocks on Kunyang glacier (dotted line on right side indicate

signatures).
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Figure 3 Methodology flow chart of satellite image
acquisition, processing steps and image classification
accuracy. (* Each classified image was analyzed in terms
of accuracy; if an image had erroneous output, then the
classification process was repeated.)

Table 3 Evaluation of the supervised classification
based on an error matrix

Classified Reference data Row Correctly
data Snow Debris Water total classified
Snow 142 12 6 160 88.7%
Debris 2 148 10 160 92.5%
Water 6 3 151 160 94.3%

Column total 150 163 167 480

2.2 Accuracy assessment

The accuracy assessments reflect the
difference between the classified image and the
reference image. The accuracy of the classification
was assessed by comparing the classified image
with the reference image, which reflected the true
land cover. Our interpreted image made with the
help of ground truth information, higher-
resolution satellite images, and maps derived from

aerial photography was used as the reference image.

Separate reference images (reference and classified
images were from the same season) were used for
each season. Manual editing after classification
reduced the mismatch and increased the accuracy.
It was not practical to test every pixel in the

2018

classified image; therefore, representative samples
of points of known class values (snow sample
points) were used for the comparison. Forty
reference points per glacier (160 reference points
for four glaciers) were randomly selected from the
reference image and then compared with the
classified image. The data points were selected
randomly using ENVI software, and no human bias
was involved in the process. A table in the form of
an error matrix was generated by comparison of
the selected pixels in a classified and reference
image. Rows and columns of the matrix contain
pixels that permit the calculation of the overall
accuracy of the classification. Agreement and
disagreement were summarized in the cells of the
error matrix during the comparison. The overall
accuracy of the classified map was determined by
dividing the total correct pixels (sum of the major
diagonal) by the total number of pixels in the error
matrix (N), as shown in Table 3. Supervised
classification was relatively more effective than
knowledge-based classification in detecting glacier
changes, with 92% and 85% overall accuracy,
respectively. Therefore, the snow-covered areas of
all glaciers were calculated by using the supervised
classification technique.

3 Results and Discussion

3.1 Snow-covered area changes on selected
glaciers

Averaged seasonal snow-covered areas on
selected glaciers during early and late periods are
shown in Figure 4. Cloud-free images were limited
especially during the winter season therefore, to
avoid uncertainty in the results we removed the
limited cloud free winter data. Information on the
acquired images during late and early periods is
provided in Table 4. Cloudy conditions inhibit
incoming short wave radiation, whereas increased
albedo due to fresh snowfall results in less energy
available for snow melt (Archer et al. 2003). The
maximum snow-covered area was found during the
pre-monsoon seasons; however, the minimum
snow-covered area was observed in the monsoon
season. Precipitation in the form of snow during
the pre-monsoon seasons, and snow starts melting
quickly in the monsoon season due to the higher



temperature and the
precipitation difference
between the pre-monsoon and
monsoon seasons. The snow-
covered areas in the monsoon
season are generally found at
altitudes greater than 3000 m
(Maskey et al. 2011). The
average snow-covered area in
the early period of the monsoon
season was approximately 61.2,
31.8, 37.9 and 52.7 km2 on the
Passu, Mombhil, Trivor and
Kunyang glaciers, respectively.
The average snow-covered area
in the late period of the
monsoon was almost the same
as in the early period of the
monsoon. The minimal snow-
covered area during the early
and late periods of the monsoon
season may be due to the
relatively high temperature and
clear sky during this season.
Based on the total area
occupied by each glacier, the
largest snow-covered area was
observed on Passu glacier and
the smallest was on Momibhil
glacier (Figure 4).

3.1.1 Intra seasonal and

period wise snow-
covered area changes

The maximum intra-
seasonal snow-covered area
change was observed on the
Kunyang glacier, ie., a
reduction from 27.9 km2 to 13.8
km?2 from the pre-monsoon to
monsoon season of the early
and late periods, respectively.
During the monsoon to post-
monsoon season, the Kunyang
glacier gained 17.4 km2 in
snow-covered area in the early
period and 6.8 km?2 in snow-
covered area during the late
period. Similarly, the minimal
intra-seasonal =~ snow-covered
area change observed in the

90

i
f=]

Snow covered area (km?)
[=))
[=]

Bl
(=]

|
\

Pre-monsoon

70 N

Early period

Monsoon

Post-monsoon
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Late period
Passu glacier = [——]
Mombhil glacier
Kunyang glacier (==
Trivor glacier [

Monsoon

Pre-monsoon

Post-monsoon

Figure 4 Seasonal comparison of snow-covered area for selected glaciers
during early (1990-2003) and late periods (2011-2014).

Table 4 Information of the images acquired during late and early periods

Season

Winter

Pre-monsoon

Monsoon

Post-monsoon

Period
Early
Late

Early

Late

Early

Late

Early

Late

Date

5% Feb 1999
20th Jan 2014
10th April 2002
13th April 2003
26t Apr 1999
29th Apr 2003
9t May 1999
27th April 2011
2nd May 2013
18t May 2013
29th May 2011
6th Jun 2014
231 Jul 1999
13th Aug 1998
16t Aug 1999
16t Aug 2002
215t Jul 2013
24t July 2014
17 Aug 2011
7th Sep 2013
03" Oct 2002
15t Nov 1998
19t Nov 1998
09t Oct 2013
25th Oct 2013
26 Nov 20123

Subset glaciers

Mombil

Passu, Mumbhil and Trivor

Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil and Trivor

Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu, Momhil, Trivor and Kunyang
Passu, Mombhil, Trivor and Kunyang
Passu. Momhil. Trivor and Kunvang

2019
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Table 5 Snow covered area (km2) on selected glaciers during three seasons (***** = image not available)

Season Date Passu glacier
May-1998 81.831
Apr-1999 81.677
Apr-2003 80.859
Pre-monsoon Miy—zon 61.981
May-2013 67.563
Jun-2014 62.843
Aug-1998 57.080
OCt-1998 RXXKF
Aug-1999 59.859
Sep-2000 65.420
Monsoon Sep-2001 63.760
Aug-2002 58.316
Aug-2011 58.230
Sep-2013 59.088
Jul-2014 59.103
Oct-1992 76.444
Post-monsoon Sl Gie 7
Nov-2002 70.171
Oct-2013 60.427

Momhil glacier may be the result of less occupied
area compared to the other three glaciers. There
was more snow area change in the early period
than in the late period. The early period was long
(1990 to 2003) compared to the late period (2011
to 2014), as shown in Table 2. An abrupt decrease
and increase of snow-covered areas were observed
during the early period. Comparatively smooth
changing behavior was observed during the late
period.

3.1.2 Time series plots of snow-covered area

A time-series of snow-covered area in different
seasons of the Passu glacier is shown in the third
column of Table 5. The average snow-covered area
during the pre-monsoon season was approximately
82.42 km? and 62.25 km?2 for the early and late
periods, respectively.

The average snow-covered area for the Passu
glacier in the monsoon season was approximately
61 km2. No apparent change in snow-covered area
was observed during the monsoon season. In the
post-monsoon season, the snow-covered area of
the Passu glacier was reduced by approximately
11.25%.

A time-series of snow-covered area changes in
different seasons of the Mombhil glacier is shown in
the fourth column of Table 5. The total snow-
covered area of the Momhil glacier was less than
that of the Passu glacier; however, a similar trend
in snow-covered area changes was observed

2020

Mombil glacier Trivor glacier Kunyang glacier
40.807 41.611 76.619
40.807 51.856 82.855
41.728 49.807 75.809
33.049 39.993 61.882
31.804 43.912 68.724
32.735 44.617 65.948
29.705 37.004 51.989
38.288 46.790 56.017
31.506 36.699 53.388
KKK KX KK KK* HRKX¥*
KK KKK KK KKK KK KK*
31.005 38.657 55.261
33.591 39.231 e
20.843 36.424 52.724
30.147 37.062 53.197
KKK KK* KKK KK* HRKX¥*
KKK KX KKK KX KK KX¥*
39.585 46.414 69.748
33.677 40.906 59.843

between these two glaciers. Similar trends in snow-
covered area changes were also observed in the
remaining two glaciers, Trivor and Kunyang,
during the study period.

3.1.3 Snow-covered area mapping

Snow-covered area maps for the selected
glaciers in the pre-monsoon season are shown in
Figure 5. During the snow-covered mapping
process, images of the same months were selected
from the late and early periods. Visual observations
and mathematical analysis indicated a clear
reduction in snow area from the early to late period
during the pre-monsoon season. The reduction in
snow area was more visible at the terminus of each
glacier. In the case of Passu glacier, the early period
snow-covered area was 82.42 km2 and late period
snow-covered area was 62.25 kmz2, indicating a
24.50% loss during the study period. Similarly, the
area lost for the Mombhil, Trivor and Kunyang
glaciers was 21.4%, 10.2% and 16.4%, respectively
(Figure 4 and Figure 5).

3.2 Seasonal averaged snow-covered area
reduction

The average snow-covered area differences
between the early and late periods are plotted and
shown in Figure 6. The smallest snow cover
changes were observed during the monsoon season,
and larger changes were observed during the pre-



monsoon season. In the case of Passu glacier, the
snow-covered area reduction was approximately 24
kmz2, 11 km2 and 3 km?2 for the pre-monsoon, post-
monsoon and monsoon seasons, respectively. After
Passu glacier, Momhil glacier (facing north) lost

the second largest snow-covered area, i.e., snow area
Early period Late period
A 1 36°31'0"N
| 36%24'0"N
74°42'0" E 74°48'0" E T4°42'0" E 74°48'0" E
C 4 36°200"N
- 36°15'0" N
74°54'0" E 75°%0'0" E T4°540" E 75%0'0" E
D -1 36°18'0"N
4 36°9'0"N
75%'0" E 75°12'0" E 75°%'0" E 75°120"E
-1 36°30'0" N
B
- 36°20'0"N
75°0'0" E 75°12'0" E 75°0'0" E 75°12'0"E
B snow covered area 0 16.000 48,000 64,000 %
B Rocks/mud/sand L= meter

Figure 5 Snow-covered area maps during early (1990-2003) and late
(2011-2014) periods of the pre-monsoon season (A = Passu, B = Mombhil,
C = Trivor and D = Kunyang).

25

20

Snow area lost (%)
=

W Passu glacier

B Mombhil glacier

I Trivor glacier

B Kunyang glacier

Pre-monsoon

Monsoon

Post-monsoon

Figure 6 Snow-covered area lost, during the study period in the three
seasons (slight gain on Kunyang glacier during the monsoon season).
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approximately 21.8 km2, 14.75 km? and 3.4 km?2 in
the pre-monsoon, post-monsoon and monsoon
seasons, respectively. A similar snow-covered area
reduction trend was
remaining two glaciers, Trivor and Kunyang. This

also observed on the

reduction behavior may be due to
increasing temperatures in the pre-
monsoon season and decreasing
temperatures in the monsoon season
in the region (temperature trends are
shown in Figure 7 and Figure 8).
During the post-monsoon season, the
snow-covered area lost by the selected
glaciers was almost the same, i.e.,
approximately 12.25 + 1 km2. Kunyang
glacier during the monsoon season
showed slight increases in snow-
covered area.

During the pre- and post-
monsoon seasons, there was a clear
snow cover reduction on selected
glaciers, but in the monsoon season,
the snow area was slightly reduced for
three glaciers, namely, Passu, Mombhil
and Trivor; however, the snow area for
Kunyang glacier was slightly increased.

3.3 Impact of glacier aspect

The slope and aspect can change
the incoming shortwave radiation with
respect to changes in the zenith angle.
It was a common observation that
snowfall reached a maximum at a
particular glacier aspect depending on
the wind direction at the time of
snowfall. The glaciers also have very
different morphologies. Different
surrounding topographies likely have
large impacts on the volume of
accumulated snow, the duration for
which the surface is in direct sunlight,
and other factors. Therefore, these
factors should be considered because

they lead to quite different
environmental conditions.
Geographically, these glaciers are

located close to each other (Figure 1),
and it was assumed that they were
exposed to almost the same
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Figure 8 Seasonal averages of daily maximum temperature and daily average temperature near the study region.

environmental conditions. The only difference was
the aspect of each glacier, which was the primary
cause of the different melting rates during the same
seasons. According to Young et al. 1990, the
direction of annual precipitation was from the
northwest, which may affect the glaciers facing east
and south more than those facing north and west.

3.4 Seasonal impact

In the pre-monsoon season, the glacier facing
east (“Passu”) lost the largest snow-covered area,
whereas Trivor glacier, facing west, lost the least
area of snow cover during the study period. This
effect may be due to the maximum solar flux on
glaciers facing east versus those facing west.

2022

Momihil and Trivor glaciers had approximately the
same area (Table 1); however, due to differences in
their aspect, they exhibited differences in snow
area reduction in the same season (Figure 6). For
example, Momhil glacier showed a greater
reduction in snow-covered area in the pre-
monsoon season than in the post-monsoon season;
however, Trivor glacier lost more snow area in the
post-monsoon season than in the pre-monsoon
season (Figure 6). Similarly, in the monsoon
season, Momhil glacier experienced maximum
reduction and Trivor glacier experienced minimum
reduction in snow-covered area, whereas on
Kunyang glacier, snow-covered area increased.
Intra-seasonal snow-covered area variation rates
were the greatest for Kunyang glacier and least for



Momihil glacier (Figure 4).

3.5 Temperature trend

Various model-based results indicate an
increasing temperatures trends in the region (Ali
et al. 2015). IPCC (2007) also reported that rainfall
and temperature were likely to increase along with
river flow in this region. These climatic changes
may have caused the higher rate of snow melt. The
possible reasons for the increasing snow melt in
the region may be temperature and precipitation in
the future (Ali et al. 2015). Similarly an increasing
trend in pre-monsoon temperature may cause a
decrease in snow-covered area in this season.
Archer et al. (2003) found that summer runoff in
this region was highly correlated with the summer
mean temperature, which was an indication of the
high snow melt in this season. Furthermore, it was
reported that a 1°C increase in average summer
temperature can result in a 15% to 16% increase in
summer runoff (Archer et al. 2003).

3.5.1 Annual temperature

The annual average of daily maximum and
daily average temperatures calculated from the
Pakistan Meteorological Department (PMD) is
shown in Figure 7. The light green line shows the
annual average of daily temperature and the blue
line shows the annual average of daily maximum
temperature in the Gilgit region of northern
Pakistan. The R2 values for annual averages of
maximum daily temperatures and annual averages
of daily temperatures were 0.252 and 0.220,
respectively (Figure 7). Although temperature was
not highly correlated with time, visual
interpretation suggests an increasing trend both in
annual average daily maximum temperatures and
daily average temperatures.

3.5.2 Seasonal temperature

The snow-covered area on selected glaciers
was correlated with the air temperature data. The
Pearson correlation between average seasonal
temperature and average seasonal snow-covered
area showed negative correlations of -0.78, -0.66, -
0.39, and -0.65 for Passu, Momhil, Trivor and
Kunyang glaciers, respectively, indicating that
snow-covered area was decreasing with increasing
temperature during the pre-monsoon season. A
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similar negative correlation was observed for the
Passu and Mombhil glaciers during the monsoon
season. Seasonal snow cover data during the post-
monsoon was too limited for correlation analysis.
Seasonal averages of daily maximum temperature
and daily average temperature were calculated for
three seasons for the period 1980-2013 (Figure 8).

The R2 values for seasonal averages of daily
average temperatures showed high correlation with
time. In the case of daily average temperatures, the
R2 values for the winter, pre-monsoon, monsoon
and post-monsoon seasons were 0.84, 0.44, 0.62
and 0.61, respectively. An increasing trend was
observed in average daily maximum temperature
and daily temperature during the winter and pre-
monsoon seasons; however, there was a decreasing
trend during the monsoon season.

The decreasing trend of temperature during
the monsoon season does not support the snow-
covered area increase in the study area, as is shown
in the winter season. This discrepancy suggests
that other meteorological parameters, such as
precipitation and the concentration of pollutants
deposited on the snow surface, play an important
roles in the dynamics of snow-covered area.

3.5.3 Landsat based glacier surface
temperature

Seasonal averages of glacier surface
temperature collected from the Landsat satellite
during pre-monsoon, monsoon and post-monsoon
seasons of the early and late period are shown in
Figure 9. Glacier surface temperature was
calculated from the same image from which snow-
covered area was calculated. An increasing trend in
glacier surface temperature was observed from the
early to late period. The correlations between this
average seasonal temperature and average seasonal
snow-covered area during the early and late
periods were -0.67, -0.89, -0.75 and -0.77 for Passu,
Mombhil, Trivor and Kunyang glaciers, respectively,
which was clear evidence that the snow-covered
area in the region was decreasing with increasing
temperature.

Glacier surface temperature variation on
Mombhil glacier during 1990-2003 and 2011-2014 is
shown in Figure 10. The temperature was higher at
the terminus than in the upper portions of the
glaciers. The debris-covered area near the terminus
absorbs solar radiation, whereas in the high-
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area may be increasing with increasing
precipitation during the pre-monsoon season. A
similar positive relationship was observed for
Passu and Momhil glaciers during the monsoon
season. One possible reason for this weak

satellite.
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Figure 10 Surface temperature variation of Momhil glacier, extracted from Landsate

correlation may be the altitude difference among
the locations of precipitation observation stations
and the selected glaciers. The stations are located
at lower elevations, whereas the snow-covered
areas were mapped at higher elevations. The
maximum precipitation in the Karakoram Range
mostly occurred in the elevation zones higher than
3500 m (Hewitt et al. 1986). Estimations of the
precipitation rates in this region also differed



L]

J. Mt. Sci. (2017) 14(10): 2013-2027

widely from one observation to
another (Palazzi et al. 2013).
Other possible reasons may be
systematic errors in precipitation
gauging due to wind (Sevruk et al.

1989).

Precipitation (mm)

b
4 Conclusion 0.5

Snow-covered area change
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Pre-monsoon  —#—
Post-monsoon —*—
Monsoon

X

different aspects in three different
seasons during the period 1990-
2014. The glaciers are located
around the main stream of the Indus River in
northern Pakistan. The aim of this research was to
map the seasonal snow-covered area of selected
glaciers during the study period and to find a
suitable image classification method to separate
the snow-covered area from other land covers. The
findings of the research can be summarized as
follows:

The supervised image classification method is
time consuming but relatively effective and
provides more consistent results than the
knowledge-based image classification method in
terms of detecting glacier changes. Accuracy
assessment of classified images showed 92% and
85% overall accuracy for the supervised and
knowledge-based methods, respectively.

Seasonal snow-covered area maps of the early
and late periods showed that the greatest snow-
covered area was lost during the pre-monsoon
season. The cause of the increased snow area
reduction in the pre-monsoon season was due to
the relatively large surface temperature difference
between the early pre-monsoon and late pre-
monsoon periods. During the early pre-monsoon
season, the amount of fresh snow was largest and
then gradually decreased in the late pre-monsoon
season. Fresh snow has a maximum albedo,
whereas aged snow has a relatively lower albedo
and absorbs more solar radiation, thereby
accelerating melting and snow-covered area
reduction. Therefore, in the late pre-monsoon
season, aged snow absorbed more solar radiation,
leading to rapid melting. Similarly, a minimal
snow-covered area was reduced during the
monsoon season due to the low surface

DAY

was monitored for glaciers with 1980 1985

T T T
1990 1995 2000 2005 2010 2015

Year

Figure 11 Seasonal average of daily precipitation during four seasons.

temperature difference between the early and late
period monsoon. Therefore, it can be concluded
that the greatest reduction in snow-covered area
occurred in the pre-monsoon seasons and the
lowest snow-covered areal reduction occurred in
the monsoon seasons.

The glaciers facing east, north and south lost
the most snow-covered area during the pre-
monsoon season, and the glacier facing west lost
the least snow-covered area during this season.
Passu glacier (facing east) lost the largest amount
of snow-covered area in the pre-monsoon season
during the study period. In the monsoon season,
Kunyang glacier (facing south) was advancing, and
the other three glaciers, facing north, east and west,
showed slight decreases in snow-covered area.
Similarly, Passu glacier showed greater snow area
reduction than Momhil glacier during the pre-
monsoon season, but during the monsoon and
post-monsoon seasons, Momhil glacier lost more
snow area than Passu glacier. The melt rates of
snow-covered area on the selected glaciers were
different in the same season due to differences in
aspect because the four glaciers were exposed to
the same environmental conditions.

The snow-covered area maps for the early and
late pre-monsoon season indicated that the snow-
covered area was melted from the terminus of the
glacier, that is, the low elevation (ablation) zones,
mainly due to the relatively high glacier surface
temperature at the terminus. The presence of
debris near the terminus reduced the albedo,
resulting in accelerated melting due to greater
absorption of solar radiation. The snow-covered
area in the accumulation zones was relatively
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constant throughout the study period due the low
surface temperature. Precipitation in the form of
snow also increased the albedo and reduced the
melting rate at the high-elevation zones.

The average daily maximum and daily mean
temperatures in the winter and pre-monsoon
seasons showed an increasing trend during the
study period. Satellite-derived glacier surface
temperature also showed an increasing trend during
all seasons of the study period. Similarly, the
negative correlation between seasonal mean
temperature and seasonal snow-covered area
indicated that the snow-covered area reduction was
mainly due to increasing temperature. Past research
has shown that snow-covered area was increasing in
this region and global warming was not affecting
glaciers located at high altitudes (Tahir et al. 2011);
however, in our study, snow-covered area was
decreasing on selected glaciers in all seasons except
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