
Introduction

For mapping the glaciers ice on a global scale for 
hazard management and glacier flow, a number of 
optical satellites are operated for covering Earth’s 
surface globally. The glacier velocity is a function of 
bed deformation, glacier sliding, and ice deformation 
sliding [1-5]. In cryosphere, glacier velocity plays 

a vital role because it’s all about the mass balance 
because by glacier movement the mass gathered at top 
is shifted downwards [3, 6]. The mechanism of debris 
transfer can be easily determined by glacier velocity  
[1, 7-8], which dictates the glacier’s bear capacity [9] 
and stability condition for hazard monitoring [6, 10]. 
The status of glaciers’ fitness can be estimated through 
glacier velocity on regular basis [3, 7, 9, 11]. Similarly,  
the dynamic behavior of Himalayan debris-covered 
glaciers is well determined by the glacier velocity instead 
of mass balance data (because of limited availability) 
[1, 7, 12]. It is relatively simple to find glacier velocity 
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Abstract

World’s largest glaciers lie in Hindu Kush Himalayan (HKH) outside polar region, are the source 
of fresh water which accommodates the needs of millions of people living downstream. Impact 
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this region to cater the impacts of global warming and climate change.
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from remote sensing data rather the physical survey 
and instrument [3]. For last few decades, the change 
in Himalayan glaciers has been under discussion [13-
16], however, some studies explored extensive retreat 
and shrinkage of glaciers during the last century [7, 
17]. In the Himalayas, the deceleration of glaciers  
has been reported due to down mass wasting [1, 3,  
18-20]. However, some authors understanding about the 
glacier movement is limited because of sparse glacier 
velocity measurements [3, 4, 7, 11]. It was reported that 
94% of glacier velocity variations are controlled by ice 
thickness change at the regional level [3].

Multiple methods are available to monitor and 
measure the surface glacier velocities like SAR 
feature tracking technique [21-22], interferometry of 
SAR imagery [23-24], and cross-correlation of optical 
imagery [12, 25-27]. Many studies are conducted 
using SAR datasets as well as optical data. InSAR and 
DInSAR techniques are commonly used, while dealing 
with SAR datasets for estimation of glacier velocity 
[28] but it has few limitations for highly complex 
terrains like Hindu Kush and Himalayan regions [29]. 
High accuracy and few centimeters per year precision 
can be achieved with these feature tracking methods 
that required better coherence between the image pairs, 
which is sometimes difficult to find because of changing 
glacier features [30-31]. Hence, velocity derived from 
interferometry technique may be illustrative for short-
term observations and it is difficult to extrapolate in 
terms of annual velocity [30]. Cross-correlation of 
optical imagery is similar to offset tracking of SAR 
by using coherence or intensity of SAR images [32-
33]. Feature tracking method of SAR is more suitable 
for estimating glacier velocities for long periods as 
compared to the interferometry technique [34]. In 
recent decades, the optical image correlation technique 
for measuring displacement of features in earth and 
geological science has been widely used. In the feature 
tracking method, two images are correlated to measure 
displacement and one image is treated as a master image 
whereas the other is a slave [11, 35]. In this technique, a 
matrix is selected on the master image with some center 
and the same window is dug out from the slave image 
and both are compared using similar function. The 
same scenario is applied to the whole image to measure 
the displacement of pixels by interpolation [26]. Till 
1980, feature tracking was carried out manually for two 
images of different times, which was time taking and 
less accurate. The accuracy and detail of measurement 
depend on the precision of two co-registered images 
and the resolution of the sensor [12, 36]. First 
automated cryospheric feature tracking was carried out 
by [37], based on normalized cross-correlation (NCC) 
algorithms with more accurate results. The comparison 
method can be based on underlying features or an 
area. The first type (NCC) mined out features in pre-
processing phase from the image whereas in the later 
method image quantities are compared. For cryospheric 
studies, the correlation window size is significant. 

Mostly large window size is recommended to cater all 
the differences in digital numbers (DN) and filter out 
noise. In case of a small window size, the size should 
be very small so that distortions within the window can 
be ignored. The correlation window size differs for the 
glacier to glacier subject to glacier aspect and contrast.

Some researchers around the globe observed the 
thinning and retreat of some glaciers existing in the 
HKH region and the glaciers in Upper Indus Basin 
(UIB) are also experiencing changes and shrinking 
[14, 20, 38-40]. The mean maximum temperature 
of northern areas increased from 1989 to 2018 [41].  
The air temperature in the Liddar valley has also 
increased during 1962-2010. Some regions of the 
Himalayas are warming at a higher rate [42]. While 
inspecting temperature variations in the Himalayas, 
[43] informed a increase of 1.6ºC from 1901 to 2002. 
According to [44], due to a rise in temperature the 
process of glacier melting increases. [45] also stated  
a firm increase in temperatures (maximum and 
minimum) at two meteorological stations near the 
Hispar glacier. Due to climate change and global 
warming, Pakistan is facing a rise in temperature of 
0.76ºC over the last 40 years, and on the other hand 
this increase in temperature was significantly higher 
i.e., 1.5ºC during the same period in high altitude 
mountainous regions [46]. A rise in temperature 25.82ºC 
to 26.74ºC from 1988 to 2017 observed for Mansehra 
[47]. The current study is intended to measure the 
variation of glaciers velocity in Hunza Basin using 
advance geospatial techniques on Landsat 8 time series 
data. No such study has been conducted so far on the 
upper Indus basin (UIB) to measure the variation of 
glaciers velocity using adopted techniques. This study 
is very important to monitor the glaciers health and 
assess the variation of glaciers velocity with respect to 
changing climate in Pakistan. Recent mighty floods in 
northern regions caused a lot of damage and devastated 
the country economy badly. Studied glaciers in this 
study also contributed to a larger extent in causing 
these floods. Therefore, it becomes a need of the hour 
that behavior and impact of climate on these glaciers 
must be examined in a careful way in order to mitigate 
such challenges in future. The policy makers, food 
security (FAO), water regulating and power generating 
authorities like International Water Management 
Institute (IWMI), Pakistan Meteorological Department 
(PMD) and Water and Power Development Authority 
(WAPDA). Novelty is so far no such study has been 
conducted in Pakistan where this advanced technique 
has been practiced. Some studies have conducted in 
this region used traditional and obsolete methods which 
involve huge resources and time.

Materials and Methods  

The study was carried out on Hunza basin, which 
lies in Hindu Kush-Himalaya (HKH) region and is one 
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of the sub-basins of the Upper Indus Basin (Fig. 1). The 
spatial extent of Hunza basin ranges between 35º55′ 
to 37º06′N latitudes, 74º03′ to 75º49′E longitudes and 
covers an area of about 13,559 km2 with an average 
elevation of 4,655 m. Hunza basin is unique because 
of a large number of high elevated glaciers including, 
Batura, Hispar, Khurdopin, Momhil, Mulungutti, 
Virjerab and Yazgil.

The main source of data was Landsat 8 (OLI) 
obtained from USGS website (http://earthexplorer.
usgs.gov/). Digital Elevation Model (DEM) with a 
spatial resolution of 30 m was downloaded from  
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.
htm. All images having minimum cloud cover (i.e., 
<10%) were downloaded for 2013-2020 (Table 1), 

preprocessed and projected into WGS84 and UTM zone 
43 projection, using ENVI, Erdas Imagine and ArcGIS.

There are about 20 meteorological stations 
in the upper Indus basin, functioned by Pakistan 
meteorological department (PMD) and Water and 
Power Development Authority (WAPDA). For the 
current study, daily minimum temperature, maximum 
temperature and precipitation data were obtained 
from following stations Khunjerab, Ziarat and Naltar 
operated by WAPDA (Table 2).

For the correlation of optical images, different 
techniques have been applied and developed like 
normalized cross-correlation [48-49], phase correlation 
[50], least-squares [51], and orientation correlation 
(CCF-O) [52]. It has been stated that phase correlation 

Fig. 1. Location Map of Hunza Basin.

Table 1. List of Input Datasets Used for Current Study.

Objective Platform & Sensor Spatial Resolution Date of acquisition

Surface Ice Velocity Landsat 8- OLI 15 m 2013-10-09

Surface Ice Velocity Landsat 8- OLI 15 m 2014-07-24

Surface Ice Velocity Landsat 8- OLI 15 m 2015-09-13

Surface Ice Velocity Landsat 8- OLI 15 m 2016-10-01

Surface Ice Velocity Landsat 8- OLI 15 m 2017-08-01

Surface Ice Velocity Landsat 8- OLI 15 m 2018-08-04

Surface Ice Velocity Landsat 8- OLI 15 m 2019-09-24

Surface Ice Velocity Landsat 8- OLI 15 m 2020-04-19

Slope, Aspect SRTM DEM-v3 30 m 2000-02-30
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and orientation correlation exist in COSI-Corr are 
comparatively more vigorous methods for monitoring 
glacier velocities on global scale [11]. For this purpose, 
there are few open-source software available like 
IMGRAFT, IMCORR, CIAS, COSI-Corr, etc. But, the 
tool which performed better was COSI-Corr [53] with 
some add-on advantages like pre and post-processing 
[54]. In this study for measuring glacier velocity, COSI-
Corr tool (ENVI software module) was used with more 
precise co-registration, sub-pixel correlation, and ortho-
rectification of optical images. The cross-correlation 
algorithm is the foundation of feature tracking which 
figures out the highest correlation offsets on temporal 
satellite datasets. One image is treated as a master and 
the other as a slave for comparison where correlation 
is the grade of similarity. The equation for cross-
correlation is:

 (1)

Where f(x,y) and g(x,y) are the pixel values in 
correlation windows of two images, offsets between two 
windows are denoted by u and v, f̅  and  g̅ (u,v) are the 
average pixel values of correlation windows. The size of 
correlating window is large enough to cater all potential 
changes in terms of displacement [55]. According to the 
literature, the size of window should be at least twice 
than the projected displacements. To get accurate results, 
the filed base knowledge of displacement size should be 
known for appropriate adjustment of values which in 
the current scenario are not available. The “Correlation” 
function compares both images and generates a relative 
displacement map. There are two images one for pre-
event and the other for post-event. The first image 
has been treated as a master or reference image and 
the other as a slave image where displacements can 
be measured as compared to the reference one. This 
produces output in three bands: (1) displacement in the 
East-West direction (2) displacement in the North-South 
direction and (3) signal-to-noise ratio (SNR) resulting 
in a displacement field. The signal-to-noise ratio is used 
to measure the quality of correlation between the pair 
of two images. While processing, the small errors at 
each stage lead to a higher error of final output [12, 56] 
but these can be minimized by using built-in filtering 
algorithms of COSI-Corr [54].

Two options were there for calculating the 
correlation of images in ENVI software: i.e., frequential 

domain and the other is the statistical domain.  
The results obtained from the frequential correlation 
are much more precise than the other one because it 
is based on Fourier operations [54]. The frequency 
correlation is sensitive to noise therefore, it is suggested 
for image pair with fine spatial resolution. On the other 
hand, statistical correlation is coarser and the value of 
the absolute correlation coefficient is maximum. Thus, 
recommended for the correlation of noisy image pairs. 
In the present study, the frequency correlation method 
was used which requires several initial parameters: 
window size, step size, robustness iteration and mask 
threshold.

To get better results both images were geo-
referenced and mapped to the same projection having  
a finer spatial resolution for correlation i.e., 
panchromatic. According to [57], the resolution of 
data is directly proportional to glacier velocity feature 
extraction. Based on different experimental studies, 
a window size of 64 x 32 pixels and 128 x 32 pixels 
showed good results for slow-moving ice [12].  
Here, the window size of 128 x 32 pixels and step  
size of 16 x 16 pixels have been selected. To get 
better accuracy of correlation results and reduce the 
impact of noise, the frequency mask threshold of 0.9 
and robustness iteration of 2 was set. For calculation 
of velocity, both displacement layers (north-south 
and east-west) were exported as separate files and 
filtered low SNR values to minimize the noise of the 
surrounding. The resolution of resultant displacement 
vector is determined by the 16 x 16 pixels step 
size. The result is then normalized to 365 days 
(i.e., a year) to get displacement in meters per year,  
and uncertainty factor is also incorporated (Fig. 2).

Limited studies were conducted while using  
cross-correlation of images from Landsat on the 
displacement error field sources [56-58]. It was 
comprehensively reported that velocity/ displacement 
field errors of Landsat 8 were caused mainly by satellite 
artifacts, wavelength orbital error, topographic artifacts, 
temporal decorrelation noises, and attitude jitter 
distortions [56]. These errors can be removed by using  
a longer period between pairs of images. The accuracy 
of final velocity products was estimated by the quality  
of the dataset used which depends on gradient, 
direction, and magnitude [12]. The off- glacier  
observed velocities error was calculated by the formula 
[49]:

                  (2)

Table 2. Meteorological Data of Hunza Basin Stations from 1995-2018.

Stations Elevation m.a.s.l Tmax ºC Tmin ºC Ts ºC Tw ºC P mm/yr

Khunjerab 4730 -0.88 -10.97 6.43 -13.44 202.21

Ziarat 3699 6.56 -2.65 9.46 -4.06 228.59

Naltar 2810 10.01 1.403 13.78 -1.01 648.89
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using the COSI-CORR tool of ENVI software, applied 
on Landsat 8 (OLI) panchromatic images during  
2013-2020, and were tabulated in Table 1. Glacial 
behavior is affected by varying precipitation and 
temperature. Results revealed that during 2016, all 
glaciers show a decreasing velocity trend except for 
the Batura glacier, while the Yagzil glacier surged 
with the highest velocity of 103.21 myr-1 during 2019. 
However, the Hispar glacier advanced with the least 
velocity of 3.62 myr-1 in 2018. All the glaciers of 
Hunza Basin except Batura showed decreasing velocity  
pattern in 2016. Maximum decreasing velocity  
(59.74 myr-1) was noticed against the Momhil glacier in 
2016, while minimum (5.19 myr-1) for Batura glacier in 
2018. Maximum average annual velocity was observed 
against Yazgil glacier (50.55 myr-1), whereas minimum 
average annual velocity against Hispar glacier  
(30.25 myr-1) was observed. The glacier velocity other 
than the maximum value is characterized by gradual 
changes in the slope. In addition to climatic factors, it is 
also controlled by topographic factors.

Results revealed that glacier velocity of Batura 
glacier rises from 2014 to 2015, then decreases till 
2018 and in 2019 glacier velocity increased by 20.66%.  
The fluctuating trend of the Batura glacier indicates that 
its annual-mean velocity was reported with a decreasing 
value at a rate of 16.67% per annum with an average 
annual velocity of 42.60 myr-1.The glacier velocity is 
maximum at 3,340 m.a.s.l. which gradually decreases 
downward (Fig. 3).

Fig. 4 shows that the velocity of Hispar glacier has 
also been increasing from 2014 to 2015, followed by 
decreasing and increasing trend, the glacier velocity 

In current study, 1000 random points were derived, 
which shows mean displacement of <5 m for the stable 
terrain (Online resource). 

Results

The resultant annual-mean glacier velocities of 
seven major glaciers of Hunza Basin were measured 

Fig. 2. Detailed Methodology flow diagram.

Fig. 3. Batura Glacier Velocity Trend.
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again increased in 2019. Whereas, annual-mean velocity 
variational pattern is sinusoidal, with peak value  
77.40 myr-1 in 2017, while minimum (46.27 myr-1) in 
2016. The varying trend of Hispar glacier indicates that 
its annual-mean velocity has been increasing at a rate 
of 12.30% per annum with an average annual velocity 
of 45.68 myr-1. The glacier velocity is maximum above 
3,500 m a.s.l. which gradually decreases downward.

Fig. 5 represents the velocity distribution of 
Khurdopin glacier. The glacier velocity increases from 
2014 to 2015, then decreases in 2016 and increases till 
2019. The annual-mean velocity variational pattern 
is sinusoidal, with a peak value (93.36 myr-1) in 2019, 
while minimum (39.39 myr-1) in 2016. The changing 
pattern of Khurdopin glacier indicated that annual-
mean velocity has been increasing at a rate of 11.87% 

Fig. 4. Hispar Glacier Velocity Trend.

Fig. 5. Khurdopin Glacier Velocity Trend.
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per annum during with an average annual velocity of 
49.11 myr-1.

For Momhil glacier, overall glacier movement 
increased with the maximum value varying from  
59.74 myr-1to 85.88 myr-1. The observed annual-
mean velocity variational pattern was sinusoidal, with 
peak value (85.88 myr-1) in 2019, while minimum 
(59.74 myr-1) in 2016. The Momhil glacier altering 
behaviour indicated that the annual-mean velocity 

has been increasing at a rate of 14.04% per annum 
with an average annual velocity of 55.13 myr-1. The 
glacier velocity is maximum above 3,500 m.a.s.l which 
gradually decreases downstream (Fig. 6).

Fig. 7 shows that the velocity of Mulungutti glacier 
has also been increasing from 2014 to 2015, 2017 and 
2019. The annual-mean velocity variational pattern 
is sinusoidal, with a peak value (97.54 myr-1) in 2019, 
while minimum (59.41 myr-1) in 2016. The fluctuating 

Fig. 6. Momhil Glacier Velocity Trend.

Fig. 7. Mulungutti Glacier Velocity Trend.
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pattern of Mulungutti glacier indicates that its annual-
mean velocity has been increasing at a rate of 12.66% 
per annum during the study year with an average 
annual velocity of 61.86 myr-1.

Fig. 8 shows the velocity distribution of Virjerab 
glacier. The velocity significantly increases from  
24.62 myr-1 to 84.89 myr-1. The irregular trend of 
Virjerab glacier indicates that its annual-mean velocity 

has been increasing at a rate of 13.63% per annum 
during the study year with an average annual velocity 
of 57.00 myr-1. The glacier velocity is maximum above 
5,000 m.a.s.l. which gradually decreases downward.

For Yazgil glacier, overall glacier velocity increased 
with the maximum value changing from 42.83 myr-

to 103.21 myr-1 (Fig. 9). The peak in glacier velocity 
occurred at approximately 5,000 m.a.s.l. The annual-

Fig. 8. Virjerab Glacier Velocity Trend.

Fig. 9. Yazgil glacier Velocity Trend.
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mean velocity variational pattern is sinusoidal, with 
a peak value (103.21 myr-1) in 2019, while minimum 
(42.83 myr-1) in 2016. The varying behaviour of Yazgil 
glacier reflected that its annual-mean velocity has been 
increased at a rate of 11.93% per annum with an average 
annual velocity of 64.83 myr-1.

Cumulative results of major glaciers of Hunza Basin 
are summarized in Table 2 and their fluctuating trend 
from 2013-2020 is shown in Fig. 10. Whereas, the 
cumulative surface velocity map of these glaciers is 
shown in Fig. 11.

Discussions

In this research the variation of glaciers velocity has 
been investigated in the Hunza basin (Batura, Hispar, 
Khurdopin, Momhil, Mulungutti, Virjerab and Yazgil) 
using Landsat multitemporal panchromatic images 
from 2013 to 2020. Results of this research have been 
found consistent with following studies: [59] reported 
the increasing surface velocity of Pasu glacier from 
1993-2019. Due to negative mass balance of Maritime 
glacier of Kangri Karpo mountains decreased during 
1988-2017 [60]. A study was conducted to monitor the 
glacier velocity variation over recent decades from six 
regions using satellite imagery, and show that due to 

negative mass balance their velocities decreased [11]. 
The consistent slowdown of 9 out of 11 glaciers with 
ice thinning in High Mountain Asia was observed [3]. 
Analysis to assess the change in glacier at regional scale 
permits to discover the effect of climate forcing on 
glaciers usually it has been found that seasonal changes. 
[61] reported the reduction of glacier thickness and 
slow down of 18 central Himalayan glaciers of India. 
Studies also showed that the average mass balance 
of ice caps and glaciers globally are negative, mainly  
the glaciers of central Himalaya with negative values 
[62-63]. The Results of the study are in line with  
the glacier velocities and positive mass balance as 
examined by [3]. [64] measured the stability of Batura 
glacier using Karakoram Anomaly in 2017. The surface 
velocities of seven major glaciers in Hunza basin 
are heterogeneous because it depends on altitude, 
slope, mass balance, sensitive to temperature and size 
of glacier [3-4, 61, 65]. Past studies have revealed 
that, glaciers flow much faster when melting occurs  
in summer with strong spatial and temporal variations 
[66-68]. Moreover it has been observed that the 
conflicting difference between eastern and western 
parts of the Himalaya, representing heterogeneous 
change in melting and accumulation under diverse 
climatic regimes. Change in velocity is small during 
winter.

Table 3. Annual-mean glacier velocities (myr-1) in Hunza Basin during 2014 – 2019.

Year Batura 
Glacier

Hispar 
Glacier

Khurdopin 
Glacier

Momhil 
Glacier

Mulungutti 
Glacier

Virjerab 
Glacier Yazgil Glacier

2014 56.14 11.03 31.43 23.80 37.34 24.62 35.16

2015 98.26 63.79 65.00 55.89 58.44 60.69 68.23

2016 66.32 46.27 39.39 59.74 59.41 49.92 42.83

2017 15.84 77.40 87.24 80.00 89.90 84.89 101.25

2018 5.19 3.62 38.23 25.47 28.54 24.05 38.27

2019 13.85 71.94 93.36 85.88 97.54 97.81 103.21

Average 
Velocity 42.60 45.68 59.11 55.13 61.86 57.00 64.83

Fig. 10. Glacier Velocity during 2014-2020.
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The glaciers of study area are relatively stable 
as compared to other regions of the globe whereas 
the behavior of glaciers below 5000 m.a.s.l. changes 
significantly. These results were also validated indirectly 
from the water discharge data of glaciers provided by 
WAPDA and PMD. It was evident from Fig. 11 that the 
glacier velocity is highest along the main stream from 
the terminus which gradually decreases with elevation 
for accumulation area and increases with elevation for 
ablation area.  Advance Geospatial techniques are found 
quite helpful in achieving the desired results in line and 
consistent with following studies [69-95] for assessing 
the variation of glaciers velocity. As an outcome of this 
research decision makers will be in a better position 
to devise a plan for food security, water regulating 
and power generating authorities keeping in mind  
the climate change and global warming. Meanwhile 
no in-situ data available yet for monitoring glacier 
health and their properties for current basin, however 
uncertainties should not be overlooked because of the 
varying behavior of glaciers due to local dynamics of 
the basin which may not be identified using remote 
sensing data only.

Conclusions

In the current study, the glacier velocity was 
successfully investigated by COSI-CORR method on 
panchromatic Landsat-8 (OLI) imagery. This research 

analyzed the patterns of individual glacier and found 
that glacier velocity exhibits heterogeneity at different 
temporal and spatial scales which varied for the low 
elevation regions with slightly higher velocity. This 
was validated indirectly from river discharge data and 
as well as from past literature. The extension COSI-
CORR is freely available for scientific community.  
It is more efficient for determining minor displacement 
movements using feature tracking on high resolution 
data. This study shows that COSI-CORR method can 
be used on high resolution panchromatic imagery data 
to determine the glacier movements with respect to 
static or non-glacial objects for assessing the variation 
of glaciers velocity. The glacier velocities exhibited 
prominent differences regionally. The glacier velocity 
increases beyond 5000 m a.s.l. approximately which 
gradually decreases onwards which is evident spatially 
from the figures of individual glacier velocities. Due 
to different topographic features like slope, aspect and 
elevation of these glaciers, the velocity varies. The 
present study determined that for glacial retreating 
one of the main factors is warmer temperature, as 
temperature increases the glaciers melt more rapidly 
than progression. Besides, changing climate is also 
impacting the ice reserves globally. The glacier velocity 
may have short-term and long-term implications. 
Glacier velocity is the sum of ice deformation and 
basal sliding. Hence the current study hereby proposed 
consistent checking of climatic impacts in terms of 
glacier dynamics and their possible hazards.

Fig. 11. Stack velocity of the seven major glaciers in Hunza Basin from 2013-2020.
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