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Glacier mass balance is the direct and non delayed response against the climate change and hence it is one of the essential variables require to monitor the climate system. This paper presents a brief review of the glacier mass balance status and their analysis under the changing climate in the Indian Himalayan Region (IHR). The reported results of mass balance in the region give the status of continuous negative mass balance with few exceptions for a year or two reflecting the overall negative mass balance with increasing trend in recent decades. This has coordination with continuous increasing pattern of temperature and decreasing (few not significant) pattern of precipitation. The continuous negative mass balance and rising temperature in the region clearly indicate the impact of warming in reducing the storage of snow and ice in the region with the future implication of shortage of fresh water availability in the snow-glacier fed river system. This will have further implication to the downstream communities for their livelihood.
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INTRODUCTION

In Twenty first century, climate change is one among many challenges to fight with. Rise in average temperature of earth surface is not the only issue to concern about but decreasing trend of precipitation which further affect the water cycle and ultimately affecting it's availability for drinking, agriculture, hydropower, industrial and domestic purposes, also alarms the situation. Several studies show that the increased temperature (Lemke et al., 2007; Kumar et al., 2014) and/or decreased precipitation (Bhutiyani et al., 2010) are responsible for recession of the glaciers worldwide and these glaciers melting have considerable impacts on regional as well as global scales. For example, the rise of 0.20 m during the period 1901–2010 with further increase of 0.26–0.98 m by 2100 has been noticed in global mean sea level (IPCC, 2013). Likewise, in the past, Jacob et al. (2012) estimated the sea-level rise of 1.48 ± 0.26 mm per year during the period 2003–2010 whereas Chen et al. (2013) estimated 1.80 ± 0.47 mm per year for the period 2005–2011.

The global concentration of glaciers is of about 10% of the Earth's land surface and hold ~77% of its fresh water. Major part of the glacier ice (around 96%) lies in the polar region (Dyurgerov and Meier, 2005). Other than Polar Regions, the Himalaya has the largest glacial cover (~116 × 103 km2) and termed as the “third pole” (Vohra, 1996; Dyurgerov, 2001; Scheel et al., 2011). The melt of these snow and ice provides fresh water to billions of population (Casassa et al., 2009). The Indian portion of the Himalaya (21° 57′ to 37° 05′ N and 72° 40′ to 97° 25′ E) covering an area of 0.35 × 106 km2 (Shanker and Srivastava, 2001) makes an important ecosystem in the Indian Territory. These glaciers are important source of fresh water for Indian rivers and water reservoirs. For water resources planning and management in India, it is essential to study and monitor IHR glacier and snow cover.

Glacier mass balance is a linkage between glacier dynamics and climate (Meier and Tangborn, 1961) as well as climate and mountain hydrology. It is a quantitative entity and can be defined as the resultant of net gain and loss in the glacial mass (Knight, 1999). The studies related to mass balance estimation of glacier is in wide consideration as they are useful in identifying global climate change and explaining rising sea level (Meier, 1984; Oerlemans and Fortuin, 1992; Kuhn, 1993; Dyurgerov and Meier, 1997; Gregory and Oerlemans, 1998). The estimation of change in length and area gives an indirect and delayed response to climate change (Oerlemans, 2007). Conversely, the glacier mass balance is an un-delayed and direct method to identify the impact of climate change on the glaciers (Paterson, 1994; Oerlemans, 2001; Braithwaite, 2002; Dyurgerov and Meier, 2005; Zemp et al., 2009; Cogley, 2011). The systematic and long term study of glacier mass balance can make the glaciers as a good indicator of climate variability (Kaser et al., 2006). Glacier mass balance monitoring is an important research area now-a-days as it is of wide recognition that glaciers are shrinking due to global warming and also to predict the melting rates as a response of future climate warming. In addition the understanding about Himalayan glaciers and their response to the climate change is of great importance when there is a need of an assessment of future water availability to the dependent highly dense populated area (Fountain and Tangborn, 1985; Bakalov et al., 1990; Kaser et al., 2010; Shrestha et al., 2015). Several recent ground-based (Koul and Ganjoo, 2010; Vincent et al., 2013) as well as remote-sensing based mass balance studies (Berthier et al., 2007) have been carried out over different parts of Himalaya. There are strong evidences that the climate change is causing the significant glacier mass loss, consequently, rooted the changes in hydrology and water resources of the region so a wide-range analysis of climate change, especially temperature and precipitation variability is necessary for substantiation of the fact. The present work is an attempt to analyze the mass balance of the glaciers of Indian Himalayan Region (IHR) to understand the changes and the impacts of these changes to the downstream population for better water management. In the present work more emphasis has been given to review the mass balance studies carried out through glaciological method. In first part of the study, focus has also been given to the pattern (observed or predicted) of the temperature and precipitation in different parts of the Himalayan Region.

HIMALAYAN GLACIER REGIME AND INFLUENCE OF CLIMATE CHANGE

Analysis of historical trend of temperature and precipitation data is the main step to study the climate change. These meteorological data for IHR are limited because of the difficulties in the installation of weather stations at such a high altitude and the survival of the installed weather stations in extreme weather conditions. In spite of the complexity in achieving the data many researchers have tried to gather the required meteorological data for different parts of IHR (i.e. western, central and eastern) and analyze them (Table 1). Diodato et al. (2012) have studied whole Himalayan and Tibetan Plateau region and reported that in past few decades the regions have warmed at a higher rate than the last century. They reported warming of 0.5 °C in annual average maximum temperature over a period of 1971–2005 compared to 1901–1960. In western part of Himalayas, Dash et al. (2007) conducted a study for the period of 102 years (1901–2003) and reported the rise of about 0.09 °C/decade in maximum temperature with major increase after 1972. Dimri and Dash (2012) further reported an increase of 0.23–0.43 °C per decade in air temperature across the western Himalaya by taking winter temperature for the period of 1975–2006. Kumar et al. (2014) conducted a temperature trend analysis for the period of 1985–2009 in Naradu glacier basin, western Himalaya by using the reanalysis MERRA 3 h 3-D data from “GIOVANNI” (the acronyms of Geospatial Interactive Online Visualization And aNalysis Infrastructure (Goddard Earth Sciences Data Information Services Center, 2013). The result indicated higher warming in minimum temperature than maximum temperature during analysis period of 1985–2009. This has an impact of increased melting in winter hence reduction of winter snow cover in the basin and ultimately reduction in glacial mass storage. Likewise, temperature record of North-western Indian Himalaya is also showing the warming trend of about 0.16 °C/decade in last century (1901–2000) with winter warming at a faster rate (Bhutiyani et al., 2007). In another analysis for the period of 1876–2006, Bhutiyani et al. (2010) reported an increase of 0.11 °C/decade in Northwest Indian Himalaya. Singh et al. (2008) studied maximum temperature trend in northwest Indian Himalaya and found increasing trend in all seasons except monsoon. For the period of 1901–2003, Jhajharia and Singh (2011) reported a rise of 0.2–0.8 °C/decade in average temperature, 0.1–0.9 °C/decade in maximum temperature and 0.1–0.6 °C/decade in minimum temperature. Immerzeel (2008) also reported an increase of 0.06 °C/decade during the period of 1900–2002 over Brahmaputra basin in the eastern Indian Himalaya and Tibetan Plateau. In spite of the trend analysis of the past, few studies have also concentrated on the future temperature trend over the Himalayas like Sanjay et al. (2017) and Dimri et al. (2018) assess the changes till the end of Twenty-first century. Their results are aligned with the past temperature trend and indicating the warming in ongoing century which certainly will affect negatively to the storage of the glacial mass in the Himalaya.


Table 1. Summary of Temperature Trend Studies in IHR.
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The precipitation data of the Himalayan region are more scarce than the availability of the temperature data and do not show any statistically significant trend. Due to the limitation of the observational data in Himalayas, many studies have been conducted to model the precipitation data over the Himalayan region (Sanjay et al., 2017). Himalayan glaciers have its precipitation due to two major weather systems (i) Indian Summer Monsoon (ISM) system (June-September) and (ii) the winter westerly disturbances (WD) (December to March) (Finkel et al., 2003; Yang et al., 2008; Bookhagen and Burbank, 2010; Wulf et al., 2010; Tiwaril et al., 2017). The dynamics of ISM is entrenched with the dynamics of the large-scale ocean–atmosphere interaction called as Inter-Tropical Convergence Zone (ITCZ) (Held and Hou, 1980; Goswami et al., 1984; Neelin and Held, 1987; Chou and Neelin, 2003; Schneider et al., 2014). The ITCZ occurs because of the difference in seasonal precipitation and seasonal temperature in the northern and southern hemisphere (Webster et al., 1998; Loschnigg and Webster, 2000). The input by WD snow fall plays a vital role to sustain regional snowpack, replenishing regional water resources (Pisharoty and Desai, 1956; Chitlangia, 1976; Dimri et al., 2015). The moisture of the western disturbance originates over the Mediterranean Sea (Hatwar et al., 2005) and crosses the country Iran, Afghanistan, and Pakistan before its arrival in India during the winter season. In winter months, western disturbance go to their lowest latitudes and carries moisture from Arabian Sea during its path (Mohanty et al., 1998; Kar and Rana, 2014). During its way it crosses the northern and central part of the India in a phased manner (Yadav et al., 2009) which causes the solid precipitation in the higher elevations of North-Western India and winter liquid precipitation in the plains of northern and central India. Eastern Himalayan glaciers have their precipitation during the summer season with little precipitation in winter month caused by the North-east monsoon. The amount of winter precipitation has large impact in the survival of the glacier and consequently in water management. Bhutiyani et al. (2010) analyzed three stations (northwest Indian Himalaya) precipitation data and reported a statistically significant downward trend in monsoon season during 1866–2006. The similar trend but not significant has been found by Sontakke et al. (2009) for the period of 1960–2006 over the western Indian Himalayan region. Winter precipitation which has large impact on glacier basins and associated population shows a significant decreasing trend in western Himalayan region during 1975–2006 (Dimri and Dash, 2012). Another study in Jammu and Kashmir and Uttarakhand of Himalayan region also shows the statistically significant downward trend in winter precipitation during 1901–2003 (Guhathakurta and Rajeevan, 2008).

GLACIER MASS BALANCE

Mountain glaciers are essentially connected to the population of nearby surroundings, thus changes to mountain glaciers have quicker and considerable impact on huge population compared to the variations of polar ice. Hence to know about the glacial changes in terms of length, area and volume becomes important to address the concerns of the downstream communities as well as the biodiversity of the region. There are several methods to measure the glacier mass balance that include glaciological, hydrological, geodetic, and remote sensing based methods. Among all methods, glaciological method is preferred to be the most accurate method to study the glacier mass although this method is comparatively difficult because it requires visit to tough terrain in the inclement weather condition and is costly as well. This makes the less study of the mass balance in such a large segment of the available snow and glaciers. Glaciological method is based on in-situ measurements. The change in mass between the two different dates of any particular hydrological year is measured at several positions at the glacier surface. The resultant mass gives the mass balance of that particular point when multiplied with the surface density. Glacier mass changes can be measured by measuring the exposed stakes at two different dates and depth of snow relative to a recognized stratigraphic surface (e.g., previous summer/winter surfaces). Snow density is measured by digging of snow pits down to a reference surface in accumulation area.

The study compiled by World Glacier Monitoring Service (2017) provides the most recent summary of 6,500 in situ mass balance from 450 glaciers over the globe. In Alaska, a long-term (~50 years) mass balance measurements have been reported from Gulkana and Wolverine. Another, long term observed Muir glacier, shows a mass balance of –ve 0.5 m w.e. a−1 during the 1990s and 2000s, with 4 years of positive mean balances in 1999–2000, 2000–01, 2007-08, and 2011-12. In the year 2013-14, the maritime glaciers showed a negative mass balance with −962 mm w.e. a−1 followed by more negative balance of −1,337 mm w.e. a−1 in 2014-15. The glaciers of Western North America, showed a mean annual mass balance rates of 400 mm w.e. a−1, 450 mm w.e. a−1 and almost −1000 mm w.e. a−1 during the years 1980s, 1990s, and in the 2000s respectively. In Greenland, Mittivakkat and Freya are the few glaciers for which observations are available after 2010. Both the glaciers show –ve mass balance during 1990–2000. In 2013-14, Mittivakkat showed again a negative balance (−1,200 mm w.e.), while Freya glacier showed a +ve mass balance (394 mm w.e.). In 2014-15 both glaciers had positive balances, averaging 171 mm w.e. Asia South West and East comprise the world's largest mountain range known as Himalaya, which covered a wide region from Nanga Parbat (8,126 m a.s.l.) from NW to Mancha Barwa (7,782 m a.s.l.) from SE. The variable glacier sample of the region shows the balance of −828 and −680 mm w.e. for 2013-14 and 2014-15 respectively (World Glacier Monitoring Service, 2017). Recent study of other Asian Himalayan glaciers, like Pokalde and West Changri Nup glaciers of Everest region, Nepal Himalaya also shows the negative mass balance for the year 2009-2015 (Sherpa et al., 2017). Likewise, extensive mass balance measurement record of 22 glaciers of China shows a decrease of −0.015 m w.e. per year during the period 1959–2015 (Che et al., 2017).

For Indian Himalayan glaciers, the detailed mass balance study using glaciological method has started in 1974 by Geological Survey of India (GSI). Gara glacier in Himachal Pradesh was taken for detailed studies with a view to understand the importance of mass balance inputs in various fields of developments and their interaction with climate and hydrological system.

The Geological Survey of India estimated total 9,575 glaciers in IHR (Sangewar and Shukla, 2009), out of which only 15 glaciers have been studied for glacier mass balance till now. Details of the studied glaciers of IHR have been summarized in Table 2 and their specific mean annual mass balance has been shown through Figure 1. The Gara glacier (1974/75–1981/82) and Nehnar glacier (1975/76–1983/84) have been studied for continuously 8 years. The Gara glacier showed positive mass balance for first 2 years and last 1 year and for rest 5 years it showed negative balance. Seasonal study has shown the positive mass balance in summer consecutively makes the annual mass balance positive (Raina et al., 1977; Raina, 2009). The historic data of temperature and precipitation of the same year may give clear picture behind the findings. Nehnar glacier showed negative mass balance for entire study period and ranges from −1.23 to −0.02 m w.e. (Srivastava et al., 1999). Shaune Garang is well-studied glacier and have long series (10 years) of mass balance. During the study period Shaune Garang showed positive balance in 2 years (1982–83 and 1988–89) whereas the ablation was more in comparison to accumulation in rest 8 years (Singh and Sangewar, 1989; Mukherjee and Sangewar, 1996). Another group of researchers are working on different aspects of Shaune Garang glacier including the mass balance since 2013 under the project entitled Contribution to High Asia Runoff from Ice and Snow (CHARIS) and their findings are also showing the negative mass balance (to be published). The ongoing mass balance study on Naradu glacier of Himachal Himalaya under the funding of Department of Science and Technology (DST), Govt. of India is also showing the negative mass balance in 6 (2011–17) years (under communication). In 1982–83, Gor Garang showed positive mass balance (Shankar, 2001) and three other glaciers (Nehnar, Tipra, and Changme Khangpu) showed less negative mass balance compared to the previous year (1982–83) (Gautam and Mukherjee, 1989; Sharma, 1999; Srivastava et al., 1999). Such phenomenon has been attributed by heavy winter snow fall in IHR (Raina and Srivastava, 2008). Three glaciers (Rulung, Kolahoi II, Shishram) of Ladak and Kashmir region (Dyurgerov and Meier, 2005) have only been studied for 1 year and shows negative mass balance. The measurements of mass balance of these regions are too short to infer the wide perspective of impact of climate change but there is clear evidences of influence of warming on the glacial health of the Himalayan region. In the Uttarakhand Himalaya three glaciers (Dunagiri, Dokriani and Chorabari) have been studied for 6 years and more (Geological Survey of India, 1992; Dobhal et al., 2008, 2013) and showed the negative mass balance as reported in other parts of IHR. Hamtah and Naradu glacier of western Himalayan region have been studied for 11 and 3 years respectively. Both the glaciers show negative mass balance (Koul and Ganjoo, 2010; Mishra et al., 2014; Shukla et al., 2015). The mass balance of Dokriyani glacier for the period of 6 years showed a negative trend. The observed reported reason was the less winter precipitation causes longer period exposure of the glacier surface ice for melting. The less precipitation during the winter season leads to the less input to the accumulation zone of the glacier. The mass balance data for Chhota Shigri glacier is one of the longest series available in the IHR (Wagnon et al., 2007). In IHR, till now Chhota Shigri is the only glacier for which reconstruction of the annual mass balance has been done. This reconstructed longer series mass balance data helped to create a better understanding about the glacier-climate relationship. The 43 years (1969–2012) of mass balance have been reconstructed by Azam et al. (2014) using required meteorological data from nearby Bhuntar observatory. The study showed that the specific annual mass balance is negative by 60% of the time and positive for rest of the time. The mass balance of Chhota Shigri glacier by using glaciological method (2002–2010) showed negative mass balance except for the years 2004/2005; 2008/2009; and 2009/2010 (Azam et al., 2012) with a marginal positive balance. Contrary to this, the Hamtah glacier (Chandra basin), exists in the same climatic zone, governed by the same climatic conditions and have almost same orientation (Table 2) showed negative mass balance for those years. The lower maximum elevation and the smaller accumulation area of Hamtah glacier, in comparison to the Chhota Shigri glacier, are the reported probable reason behind the difference in nature of the mass balances of the glaciers (Singh et al., 2016). In addition, thickness of the debris layer of ablation area of Hamtah glacier may play a major role in more melting of the glacier (Pratap et al., 2015). The orographic changes and the prevailing wind condition could also influence the behavior of the mass balance in the mountain region. In later year, Pandey et al. (2017) studied the topographic characteristics of both the glaciers to understand the role of topography in controlling the glacier response by using multi sensor and multi temporal remote sensing data. They reported that glacier hypsometry along with slope and aspect play an important role in glacier response. Like, more sensitivity toward the changes in the snowline due to the existence of the maximum area above the median elevation (Jiskoot et al., 2009), steeper slopes of the upper reaches of the glacier and more incoming solar radiation at the ablation zone due to very shallow slope make Hamtah glacier to melt more. In view of difficulty to access the glacier site to gather the mass balance data, Agrawal et al. (2017) used modeled data (TRMM and REMO) for the estimation of mass balance of Gangotri glacier for the period of 1985–2014. The estimated mass balance was −0.92 ± 0.36, −0.82 m w.e., and −0.98 ± 0.23 m w.e. a−1 for the period 2001–2014, 2006–2007, and 1985–2005, respectively.


Table 2. Topographic details of the glaciers of IHR having the mass balance observation through glaciological method.
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FIGURE 1. Annual specific glacier mass balance available in Indian Himalayan Region.



There is a need to estimate the mass balance of large number of glaciers to analyze the effect of climate change on the run-off of Himalayan Rivers. The glaciological method can provide the mass balance of only few glaciers as this method needs wide field investigations, and the field visits of rugged terrain of the Himalayas. For this purpose, Kulkarni et al. (2004), suggested the use of accumulation area ratio (AAR) method and developed a regression equation between AAR and mass balance.
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Where, Y is the specific mass balance in m w.e. and X is the AAR.

The relationship was developed by using field mass balance data of the two glaciers of Baspa basin (Shaune Garang and Gor Garang). These field based mass balance data were taken from different reports of Geological Survey of India (Singh and Sangewar, 1989) whereas the glacier area was estimated by using LISS-III of Indian Remote Sensing Satellite (IRS). The developed model shows 0.50 AAR for zero mass balance in comparison to the AAR 0.70 of the Alps and Rocky Mountains. By using above regression equation, Kulkarni et al. (2004) studied the mass balance of 19 glaciers of the same Baspa basin during 2001 and 2002. The study suggested that all the studied glaciers of Baspa basin have negative balance because they are losing more snow and ice mass due to melting than the accumulation of seasonal snow. By using the above equation, 43 and 38 glaciers of Warwan and Bhut basins respectively have been studied by Brahmbhatt et al. (2012). The mean specific mass balance of Warwan basin was −0.19 m w.e., −0.27 m w.e. and −0.2 m w.e. for the years 2005, 2006, and 2007 respectively while the mean mass balance of Bhut basin was 0.05 m w.e., −0.11 m w.e. and −0.19 m w.e. for the years 2005, 2006 and 2007 respectively. During the monitoring period of 3 years, the total mass loss in Warwan and Bhut basins of western Himalaya was 4.3 and 0.83 km3 respectively. Similarly, Puri and Thakur (2015) studied the Chhota Shigri glacier for the period of 1997–2010. They developed a regional model by mapping the satellite images using two different techniques i.e., NDSI and band ration. They found that the AAR ranges from 0.3 to 0.7 and mass balance ranges in between −1.38 m w.e. and 0.284 m w.e. The field based and satellite derived mass balance showed good correlation. Some other glaciers were monitored by using geodetic method which enables the monitoring of more glaciers in a region at a single time and consequently avoids costly and time consuming field studies. Geodetic method is the best method to monitor those glaciers which are large in size, and difficult to visit, hence do not permit the estimation of mass through glaciological method. The geodetic method is based on the topographic change and the elevation of glacier. In this method, estimation of volume is defined as the difference of surface elevation of glacier at two different times (Meier and Tangborn, 1965; Krimmel, 1989; Bamber and Rivera, 2007; Cogley, 2009). This method achieves mass change through volume change when the surface density at the different parts of the glacier is known (Hagen and Reeh, 2003; Kaser et al., 2003; Hubbard and Glasser, 2005). This method fails to produce annual mass balance and is only useful when there is a need to estimate region-wide long-term mass balance (Berthier et al., 2007; Gardelle et al., 2013; Vincent et al., 2013; Vijay and Braun, 2016). Several studies strongly recommended the use of geodetic method so that the method-dependent uncertainties and associated systematic errors of glaciological mass balance measurement can be reduced (Zemp et al., 2009, 2013). By using geodetic method, Kumar et al. (2017), have estimated the mass balance of the glaciers of Baspa basin for 11 years (2000–2011). Out of total 89 glaciers present in the basin, 42 glaciers (area >1 km2) were chosen for the study. An average thinning of ~50 ± 11 m and average accumulation of ~35 ± 11 m were estimated between the periods of 2000–2011. In the span of 11 years the cumulative mass balance varies between −36.9 ± 1.98 m w.e. and 6.47 ± 1.98 m w.e. An average annual mass loss of −1.09 ± 0.32 m w.e. a−1 was estimated for the entire basin. The study reported that the glaciers of Baspa basin are losing mass at higher rate compared to the glaciers of eastern and central Himalayas. Another mass balance study over Chhota Shigri glacier has been conducted by Berthier et al. (2007). They found a good agreement between the mass balance estimated through field data (−1.13 m w.e. a−1 for 2002–2004) and by using satellite data (−1 to −1.1 m w.e. a−1 for 1999–2004). In this study a comparison of digital elevation model (DEM) of 2004 to the SRTM (Shuttle Radar Topographic Mission) topography of 2000 has been done to obtain the measurements. The used 2004 DEM was derived from two SPOT5 satellite optical images which did not have any ground control points. Kääb et al. (2012) conducted a study to show the mass wastage in the eastern, central and south-western parts of the Hindu Kush and Karakoram Himalayas during the period of 2003–2008. For the study, they use satellite laser altimetry and a global elevation model. The rate of the thinning of glacial mass was maximum (0.66 ± 0.09 m a−1) in the Jammu–Kashmir region. In contrast, the Karakoram glaciers showed only a few centimeters thinning per year. During the study period specific mass balance for entire study region was −0.21 ± 0.05 m w.e. a−1 (Kääb et al., 2012).

CONCLUSION

The mass balance of Indian Himalayan glacier is showing the influence of weather parameters especially temperature and precipitation. The regional summer temperature and winter precipitation are the major glacier mass balance governing factors whereas the role of other features like slope and aspect in glacier mass change cannot be ruled out. All the reported studies indicate about the warming trend in IHR at different rate depending on the region and season but there is a need of more studies to elaborate the reason behind the warming of IHR. A small number of temperature trend related studies of different parts of IHR arises restriction to give any comment with high confidence about the highest warming part of the region. The seasonal analysis shows that the warming was consistently higher in winter over different parts of Indian Himalayas. The higher winter warming has also been noted by several researchers in Tibetan Plateau. It is difficult to find any particular precipitation trend in IHR as few studies show the statistically not significant trend. The importance of temperature and precipitation in the analysis of impacts of climate change on glaciers tempted the researchers to find the future change in the parameters through modeling however these reported projections were found to be uncertain over the Himalayan Region because of its complex orography dependent climate regime.

The ice mass of the whole world—from polar to sub-polar region are decreasing and the mass balance studies are sparsely distributed. In general, the mass balance of IHR shows the negative trend except few positive balances for a year or two on Gara, Gor Garang and Shaune Garang of Baspa Basin and Chhota Shigri glacier of Chandra Basin. The positive values of observed mass balance are not very promising in comparison to the observed negative values. The study of glacier mass balance is of great importance because of its direct relation with the changing climate but the number of glaciers studied for mass balance is very few as compared to the total number of glaciers present in IHR. Hence, there is an urgent need to increase the number of regional mass balance study for better understanding about the impacts of climate change on glaciers. The Dokriani glacier of Garhwal Himalaya has the higher correlation coefficient with the precipitation evidenced by the less amount of precipitation causing negative mass balance. During the review we found that there are only few studies which correlate the precipitation with mass balance so it is advisable to pay more attention to these kind of studies. The study about the debris cover area and its role in glacier melting has been poorly covered in IHR whereas these probable reasons of mass change is receiving wide attention world-wide. Several researchers found that the model which does not include the impact of debris cover has higher uncertainty in mass loss prediction. These studies are essential for the glaciers of IHR to understand the different behavior of two nearby glaciers (like Hamtah and Chhota Shigri) of the same region. The use of other methods to estimate the mass balance are in pace as they give competitive results to the glaciological mass balance method.
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