
Understanding dynamics of Himalayan glaciers: scope and challenges of remote sensing 

S. R. Bajracharya*; S. B. Maharjan, F. Shrestha 

 

International Centre for Integrated Mountain Development (ICIMOD), GPO Box 3226 Kathmandu, Nepal, 

samjwal.bajracharya@icimod.org; sudan.maharjan@icimod.org; finu.shrestha@icimod.

 

 

KEY WORDS: Remote-sensing, Glacier, Decadal change, Geodetic mass balance 

 

 

ABSTRACT: 

 

A remote-sensing based consistent semi-automated glacier mapping methodology with minimum manual intervention has 

been developed at ICIMOD. Using this methodology the glaciers of Hindu Kush Himalayan region were mapped in 2011 and 

continuously used for glacier mapping and monitoring in the region. These data were freely available to download from 

ICIMOD portal and GLIMS database. These comprehensive glacier information are the only data which is being used for 

research and development projects for countries like Bhutan, Nepal and Pakistan. Recently decadal glacier change from 1980 

to 2010 of Nepal and Bhutan were published to understand the glacier change in the Himalaya. The decadal change assessment 

will be continued in other basins of HKH region to understand the glacier change. Due to rugged terrain, remote access, and 

logistic hindrance field verification is a challenging task and can be limited only in selected glaciers. Geodetic mass balance 

study in the selected glaciers like in Yala of Langtang basin and Rikha Samba of Hidden valley are on progress complement 

to field validation. High resolution images, lack of hydro-meteorological stations near to the glacier and limited competent 

manpower are another hindrance in the study of glacier change of the HKH region. 

 

 

1. INTRODUCTION 

The Hindu Kush Himalayan (HKH) region do stand-in as 

a fresh water tower of south Asia due to reside of high 

concentration of snow and glaciers at the watershed. The 

melt of snow and glaciers from these water towers feeding 

the ten largest river systems in Asia, on which over 1.3 

billion peoples are dependent. The Himalayan glaciers had 

retreated remarkably in the past two decades (Bajracharya 

et al., 2007, 2014a, b; Fujita et al., 2001) and area loss 

rates have accelerated in recent decades due to climate 

change (Bajracharya et al., 2009; Bolch et al., 2012). 

Although it is still ambiguous which climatic parameter is 

playing a key role in the glaciers retreat, the current glacier 

retreat in the Himalayas is due to the combined effect of 

reduced precipitation and warmer temperature (Ren et al., 

2006).  

 

Many of the glaciers in the Himalaya are indeed retreating 

faster, especially at the lower elevations, indicating a fear 

in scarcity of water in coming years. Glacier retreat often 

lead to the formation of glacial lakes, the expansion of 

existing glacial lakes, and the potential for glacial lake 

outburst floods (GLOFs). A number of catastrophic 

GLOFs have already been reported from this region 

(Bajracharya et al., 2007). The glacial dynamics, the status 

of glaciers and glaciers change in recent decades should 

be known in advance from the reliable sources. Landsat 

images are one of the effective source for obtaining 

preliminary information about glaciers in relatively 

unexplored area. The bigger concern in the HKH region 

however is the lack of long term information on glaciers 

at the regional level for any kind of credible assessment.   

 

Remote sensing methods are more convenient methods to 

monitor and measure changes in glaciers. In an effort to  

 

assess glacier data around the globe and analyze its 

change,  glacier inventories for most parts of the world 

have been ingested into the Global Land Ice 

Measurements from Space (GLIMS) database (Raup et 

al., 2007) and Randolph Glacier Inventory v:3.0 (Pfeffer 

et al., 2013) however the mapping source date had a wide 

temporal range. ICIMOD 2011 (Bajracharya and 

Shrestha, 2011) and Bolch et al., (2012) (Brahmaputra, 

Himachal and others new data added) mapped the glaciers 

of Hindu Kush Himalayan region. The recent revisit of 

glacier inventory was based on the satellites images of 

2005±3 years which is an important milestone to 

understand the glacier dynamics in the region. In addition 

decadal glacier change from the 1980’s to 2010 of Nepal 

and Bhutan (Bajracharya and others 2014a, b) helped to 

understand the trend of glacier change in the decades from 

~1980 to 2010 in the eastern Himalaya (Nepal and 

Bhutan). This paper describes the understanding and 

behavior of ice dynamics through time and challenges 

faced in remote sensing technologies for monitoring 

glaciers. 

 

2. STUDY AREA AND DATA 

 

2.1. Study area  

 

The HKH region convers the mountain of Hindu Kush, 

Karakoram and Himalaya that extends about 3600km 

from 15.95º to 39.31º N latitude and 60.85º to 105.04º E 

longitude, encompassing an area of about 4.2 million 

square kilometers (Bajracharya et al., 2011) and it expands 

across all or part of the eight countries including 

Afghanistan, Bangladesh, Bhutan, China, India, 

Myanmar, Nepal, and Pakistan (Bajracharya and Shrestha, 

2011). There are high concentrations of snow and glaciers  
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Figure 1. Distribution of glacier area percentage (0.2 degree grid) in the Hindu Kush Himalaya.  

 

in the HKH region. Meltwater from snow and glaciers 

feeds the ten largest river systems in Asia: the Amu Darya, 

Indus, Ganges, Brahmaputra, Irrawaddy, Salween, 

Mekong, Yangtze, Yellow and Tarim river (Immerzeel et 

al., 2010; Kaser et al., 2010). This study also focused on 

three regions for decadal glacier analysis: Shyok valley, a 

part of Karakoram which covers the eastern part of the 

Upper Indus basin, Wakhan Corridor located on the 

northern side of Hindu Kush, Nepal and Bhutan in the 

eastern Himalaya 

 

2.2. Data 

 

About 200 Landsat 7-ETM+ (L1G) scenes (Global Land 

Cover Facility (GLCF: http://www.landcover.org) used to 

map the glaciated area of the HKH region. Landsat images 

were obtained from the United States Geological Survey 

(USGS). Ninety meter resolution SRTM DEM were used 

to derive the attribute data for each glacier. The images of 

Landsat 5-MSS, Landsat 7, and Landsat 7-ETM+ were 

acquired for the decadal glacier change analysis of 

Wakhan Corridor in Hindu Kush, Shyok basin in 

Karakoram and Nepal, Bhutan in Himalayas. We analyzed 

the glacier changes for 3 periods: 1980-1990, 1990-200 

and 2000-2010 for this regions. 

 

3. METHODS 

 

The glacier mapping from automated multispectral 

classification of optical satellite data in combination with 

a digital elevation model (DEM) is a well-established 

procedure adopted by many scientists (Frey and Paul, 

2012; Bhambri and Bolch, 2009; Bolch et al., 2010; Paul 

and Kaab, 2005; Paul and Andreassen, 2009; Racoviteanu 

et al., 2009). These methods satisfactorily delineates the 

clean ice glacier but thermal bands are found useful for the 

debris-covered glaciers (Racoviteanu and Williams, 2012; 

Ranzi et al., 2004). The data used in this study are derived 

from a semi-automatic methodology with the approach of 

an object based image classification (OBIC) separately to 

map clean-ice (CI) and debris-covered (DC) glaciers 

(Bajracharya and Shrestha, 2011). Using this 

methodology the glaciers of Hindu Kush Himalayan 

region were mapped based on the homogeneous source 

data, short temporal, single method and by small group. 

 

4. ACCURACY 

 

The delineated glacier boundaries were affected by 

various types of obscurities, and maximum offset of the 

boundary was assigned to each type of obscurity, which  

could not be greater than half of the image resolution (i.e. 

±15m in TM and ETM+ and ±40m in MSS). Hence, the 

uncertainties of the glacier area were estimated by 

variation of each glacier area from glacier polygon 

(depending on projection parameter) and area calculated 

on pixel base (depends on image resolution). The pixel 

based area are calculated as product of total no of pixel 

bounded by the glacier boundary and the image resolution. 

 

𝑅𝑀𝑆𝐸 = √
∑ (a𝑖 − â𝑖)

2𝑛
𝑖=1

𝑛
 

Whereas, a𝑖= Area of glacier from glacier polygon and 

â𝑖= Area of glacier calculated on pixel base. 

The uncertainty of glacier areas in the present study varies 

from 3.4, 2.5, 2.4 and 2.5 percent for the year's ~1980, 

1990, 2000 and 2010 respectively. These mapping 

uncertainties are within the range of previous estimates of 

about 3% (Bolch et al., 2010; Frey et al., 2012; Paul et al., 

2002).  

 
5. RESULTS 

 

5.1. Status of glaciers in the Hindu Kush Himalaya 

 

In total, 54,252 glaciers were mapped within the HKH 

region with a total area of 60,054 km2 and estimated ice 

reserves of 6,127 km3. This reveals that only 1.4% of the 

HKH region is glaciated; the total ice reserves are roughly 

equal to three times the annual precipitation  (Bookhagen 

and Burbank, 2006; Immerzeel et al., 2010) . There is a  
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large variation between river basins hence the largest 

contribution of total glacier areas are found in the Indus, 

Brahmaputra, and Ganges basins respectively (Table 1).  

 

The largest glaciated area concentration in the HKH was 

found at elevations between 5,000 and 6,000 masl i.e. the 

proportion of glacier area located at these elevations was 

60% of the total area, though the glaciers were found 

highest at elevation 8,806 masl in the Ganga basin and 

lowest at 2,409 masl in the Indus basin. The glaciers below 

5,700 masl are noticed to be sensitive to changing climate 

unless covered by thick debris (Bajracharya et al., 2014b). 

 

5.2. Decadal glacier change from 1980’s to 2010 in 

selected basins of the HKH region 

 

Over the 30 years from the 1980’s to 2010, the glaciers of 

the Wakhan corridor, Hindu Kush are relatively stable 

however some showed a slight reduction in glacier area, 

which was most prominent at the glacier tongues 

(Bajracharya et al., 2014). The glaciers in the Shyok basin 

of Karakoram showed shrinkage during 1980s while in 

later periods remained static or advanced in glacier tongue 

however observation showed some losses in glacier area 

at steeper slope.   

 

The glaciers in the Himalaya are retreating faster than 

those in the Hindu Kush and Karakoram, with losses of 

area of 5 to 55% in 30 years. The Himalayan basins like 

Imja valley in Nepal and Lunana region in Bhutan showed 

similar trends, with the highest losses of glacier area 

observed in the periods 1980–90 and 2000–2010 

respectively. The decadal glacier change from 1980 to 

2010 shows 24% and 23% glacier area loss in Nepal and 

Bhutan respectively (Bajracharya et al. 2014a,b)(Table 2). 

Even high loss of about 38% were reported on glaciers 

<1km2 in Himachal Himalaya from 1962 to 2004 

(Kulkarni et al., 2007). 

 

6. DISCUSSION 

 

We found notable differences and change in the glacier 

area in Hindu Kush, Karakoram and Himalaya regions. 

Comparison of glaciers area showed that retreat rate was 

remarkably higher in the Himalayan glaciers than those in 

the Hindu Kush and Karakoram, with losses of area by 5 

to 55% over 30 years. On other hand, glaciers in 

Karakoram basin in recent decade shows the evidence of 

slight but significant gain in glacier mass in the terminus 

region. Previous studies also support the fact in 

advancement of glacier area in Karakoram basin (Gardelle 

et al., 2012, Bhambri et al., 2013). In Hindu Kush, all four 

decades data indicate that glaciers are losing mass. Recent 

studies also indicated that most of the glaciers in Hindu 

Kush have retreated and lost mass between 1976 and 2003 

(Haritashya et al., 2009) and between 1976 and 2007 

(Sarikaya et al., 2012). 

 

A total of 54,252 individual glaciers were identified with 

an overall area of 60,054 km2 and an estimated 6,127 km3 

of ice reserves. The distribution of glaciers are found at 

8800 to 2400 masl in the HKH region, but over 60% of the 

total glacier area is located at elevation 5000–6000  masl 

(Figure 2). The glaciated regions are mostly at the remote 

area with rugged terrain and lack of logistic facilities and 

harsh climatic condition. Field mapping of glaciers are 

possible only in the limited glaciers with lot of resources 

in terms of time and cost. In the context of vast glacier area 

and rapid melting of glaciers the remote sensing tools and 

techniques have proved to be the most appropriate for 

mapping and monitoring of glaciers in the HKH region. 

Moreover, inventory of four decades (1980 to 2010) 

glacier data and its change analysis in some basins of 

HKH region has become only possible with the advent of 

remote sensing technology.  

 

A remote-sensing based consistent semi-automated 

glacier mapping methodology with minimum manual 

intervention has been developed at ICIMOD. Using this 

methodology the glaciers of Hindu Kush Himalayan 

region were mapped based on the homogeneous source 

data, short temporal, single method and by small group in 

2011. These glacier data were the most reliable for the 

glacier monitoring. The glacier outline were delineated 

from low snow and cloud-free images. However, the 

freely downloadable images rarely meet the ideal 

requirements, hence for decadal analysis images were 

used nearby years rather than the exact required year. The 

suitability of a particular images depends on the 

presence/absence of seasonal snow, cloud cover and the 

date of acquisition. The images for ~1980 had a smaller 

choice and somewhat more snow cover than those from 

the other years. The presence of snow, and the resultant 

loss in the clarity of glacier boundaries, have contributed 

somewhat increase in glacier area especially for ~1980 to 

1990.  

Basins 
Number of 

glaciers 

Area of glaciers (km2) Estimated ice 

reserves (km3) 

Elevation (masl) 

Total Average Highest Lowest 

Amu Darya 3,277 2,566 0.78 162.6 7,213 3,131 

Indus 18,495 21,193 1.15 2696.1 8,566 2,409 

Ganges 7,963 9,012 1.13 793.5 8,806 3,273 

Brahmaputra 11,497 14,020 1.22 1302.6 8,331 2,435 

Irrawaddy 133 35 0.27 1.3 4,256 5,695 

Salween 2,113 1,352 0.64 87.7 6,471 3,786 

Mekong 482 235 0.49 10.7 6,361 2,891 

Yangtze 1,661 1,660 1 121.4 6,270 2,972 

Yellow 189 137 0.73 9.2 5,710 4,151 

Tarim 1,091 2,310 2.12 378.6 6,462 3,940 

Interior  7,351 7,535 1.02 563.1 6,609 3,994 

HKH 54,252 60,054 1.11 6126.9 8,806 2,409 

Table 1. Status of glaciers of HKH region based on the landsat images of 2005±3 years 
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a) Nepal b) Bhutan 

Figure 2. The 100m area-elevation distribution of glaciers of Nepal and Bhutan in 2010 

 

6.1. Debris cover 

 

The most difficult part in remote sensing is to map the 

debris cover glaciers. However the debris cover glacier 

mapped by using manual or automatic from multispectral 

and/or thermal bands still not verified in the field. Difficult 

to interpret the debris covered glacier, whether under the 

debris are ice mass or not even ice are dead ice or dynamic. 

The decadal glacier change mapping has shown increase 

of debris-covered glacier from 1990 to 2000. The 

increased debris-covered glacier area during four periods 

also confirmed the melting of clean-ice glaciers. However 

the debris-covered glaciers with lake at snout showed 

faster recession due to the expansion of lakes or formation 

of supraglacial lakes, best example reflected in the Lunana 

region of Bhutan and Imja Lake of Nepal.  

 

A thick debris layer has a strong insulating effect and sub-

debris melt rates can be a factor of 5 to 10 lower than for 

CI glaciers (Hagg et al., 2008; Mihalcea et al., 2006). A 

total of 32,000 km2 of the glacier area was categorized as 

either DC or CI (glaciers within China were not 

differentiated). Of this, 9.7% overall was classified as DC, 

and 9.3%, 11.1%, and 12.6% of the differentiated area in 

the Indus, Brahmaputra, and Ganges basins, respectively. 

DC glaciers are mostly found at the frontal part of valley 

glaciers and have an average slope of 12; much less steep 

than CI glaciers, which have an average slope of 25 

(Bajracharya and Shrestha, 2011; Bolch et al., 2012). 

 

6.2. Elevation 

 

The distribution of area altitude have provided insight into 

glacier interaction within different elevation zone. The 

glaciers that extend to low elevations showed distinct 

change in glacier size. Especially debris-covered glaciers 

with lake which showed rapid melting rates in ice mass 

indicating the expansion and formation of lakes. Similarly 

the glaciers near median elevation shrank noticeably with 

decadal scale revealing the melting in surface area. 

However the glaciers at the higher elevation doesn’t 

change as significantly as those at lower elevation.  

 

The glaciers below 5800 masl to Nepal and 5400 masl to 

Bhutan are particularly sensitive to climate change unless 

they are covered by thick debris (Figure 2) (Bajracharya 

et al., 2014a). The threshold value to HKH region is 5700 

masl, the Indus, Ganges, and Brahmaputra basins have 

79%, 60%, and 77% of their total glacier area, 

respectively, below this critical elevation. Clean ice 

glaciers at low altitude and small glaciers are the most 

sensitive glaciers to climate change in the HKH region. 

 

6.3. Volume estimates 

 

Estimations of ice volumes in the Himalayas are highly 

uncertain and range from ~2300 km3 to ~6500 km3 (Bolch 

et al., 2012).Various approaches have been proposed to 

estimate glacier volumes for the HKH region, such as 

volume–area (V–A) relations (e.g., Chen and Ohmura, 

1990; Bahr et al., 1997), slope-dependent ice thickness 

estimations (Haeberli and Hoelzle, 1995), and more 

recently, a variety of spatially distributed ice-thickness 

models (e.g., Clarke et al., 2009; Farinotti et al., 2009; 

Linsbauer et al., 2009; Huss and Farinotti, 2012; Li et al., 

2012; McNabb et al., 2012;  Van Pelt et al., 2013). The 

total volume estimates from area-related relations are 

larger than those from other approaches (Frey et al., 2013). 

Available volume estimates for the HKH region indicate 

large differences even due to the inconsistent delineations 

of glaciers. The estimation of volume is depending upon 

the approaches and glacier outline.  

 

 

Elevation(masl) 

Year Decade 

1980 1990 2000 2010 90-80 00-90 10--00 10--80 

Glacier area (km2) Glacier area change (km2) 

Nepal 

<5800 3514.4 3064.3 2821.3 2575.6 -450.1 -243 -245.7 -938.8 

≥5800 1653.9 1442 1389.6 1326.8 -211.9 -52.4 -62.8 -327.1 

Total 5168.3 4506.3 4210.9 3902.4 -662 -295.4 -308.5 -1265.9 

Bhutan 

≤5600 659.6 592.5 544.5 507 -67.1 -48 -37.5 -152.6 

> 5600 178 148 143.5 134.8 -30 -4.5 -8.7 -43.2 

Total 837.6 740.7 688.2 642.1 -96.9 -52.5 -46.1 -195.5 

Table 2. Decadal glacier area change at below and above 5800 masl in Nepal and 5600 masl in Bhutan from 1980 to 2010 
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a) Lunana region, Bhutan

b) Imja valley, Nepal 

Figure 3. Decadal outline of glaciera from 1980s, 1990, 

2000 and 2010. Glacier retreated mostly from the 

elevation less than 5800 at the steeper slope and in the lake 

area. 

 

6.4. Geodetic mass balance 

 

Estimation of changes in the total mass of a glacier by 

geodetic requires the difference in elevation between two 

DEMs. This difference is averaged over the entire glacier 

surface to obtain the mean change in height and thus 

volume. This method has been applied in some parts of 

HKH region based on historical topography maps and 

DEMs derived from SPOT imagery (Berthier et al., 2007; 

Gardelle et al., 2013), declassified Hexagon stereo 

imagery (Maurer 2013), Cartosat-1, ASTER ((Pieczonka 

et. al., 2011). Recent study reported that there was a slight 

mass gain or balanced mass budget of glaciers in the 

central Karakoram while moderate mass losses in the 

eastern and central Himalaya (Gardelle et al., 2013; Kaab 

et al., 2012). There are also some constraints and 

uncertainties associated with elevation data that arise 

mainly from orientation errors, surface type properties 

uneven climatic condition, poor contrast in snow covered 

and shadow areas and the inaccurate identification of 

corresponding features in the stereo models.. 

 

7. CHALLENGES 

 

Delineation of glaciers from full atomization are still a 

challenging tasks for researcher. Even standard algorithm 

fails to provide meaningful comparisons between multi-

temporal analyses of the same region. Multispectral 

techniques show somehow promising result for 

delineating the boundaries of clean-ice glaciers (Paul et 

al., 2002) however debris covered glaciers require the use 

of digital elevation model (DEM) or topographic 

information for accurate delineation. Many of remotely 

sensed data are freely available or at low cost, however, 

the freely downloadable images rarely meet the ideal 

requirements due to snow and cloud cover (narrow 

window) and short season. Acquiring cloud-free satellite 

imagery is still challenging. DEMs derived from SPOT5, 

ASTER, CORONA or ALOS PRISM can be used in mass 

balance studies however these images are very expensive 

and using them requires specialized skill and tools. The 

Landsat 7-ETM+ images after 2003 June onward suffer 

from a scan line corrector (SLC) failure. The total loss of 

image data has been estimated to be approximately 22 

percent over any given scene. In addition, the resolution 

of the Landsat multispectral scanner (MSS) image may 

not be adequate to identify smaller glaciers. 

 

Assumption of constant snow and ice thickness and 

density in the glacier as there is no any research on snow 

thickness and density of ice in the Himalayan. Ground 

penetrating radar (GPR) is good modern technology to 

analysis the snow and ice thickness and density in the 

glacier which is also not in practice in the Himalayan 

terrain. There will be high uncertainties in remote sensing 

generated data unless the data were rectified from the field 

validation. Collecting ground controls points in the 

remote, rugged and steep terrain of the Himalaya is very 

difficult, time consuming and expensive.  

 

Lidar is another promising remote sensing tool for 

measuring glacier variations and landscape modifications 

as it has an ability to acquire high resolution 3D surface 

data (Avian et al., 2007). Nevertheless, due to costly 

instrument and requirement of specialized skill and tools 

for data processing, it has not been applied in the 

Himalayas. But, both - airborne (ALS) and Terrestrial 

(TLS) Lidar can be found applied in the Alps for 

glaciological applications at early 2000’s (Avian et al., 

2007; Geist et al., 2003; Bauer et al., 2003).  

 

8. CONCLUSIONS 

 

The glacier area is rapidly changing in the Himalayas. In 

recent decade, remote sensing technology has made 

tremendous scope in understanding and mapping of ice 

dynamics. For most part, where field measurements of 

glaciers are often not a viable option, the use of remote 

sensing techniques ensure to generate consistent data at 

the global scale. It can be used for inventory, mapping and 

long term monitoring to make a more complete 

assessment in terms of water resources, hazard prediction 

and detection. The Landsat data provides an ideal tool to 

understand the status and changes on glaciers at least for 

last 30 years in the HKH region. For precise glacier 

variation and landscape modification high resolution 

images with 3d capability and modern technology should 

be used at least at the important basins for availability of 

water resources, glacial hazard, and climate change 

impact study.   
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