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Abstract 

 Understanding past glaciation and deglaciation is vital for assessing present-day glacier 

dynamics and response to climate change. We focus on reconstructing past glacier 

fluctuations in Lahaul, north-west India, a region located between arid Ladakh and the humid 

the Pir-Panjal range. We focus specifically on six glaciers in the Miyar and Thirot catchments 

of varying size, aspect, and debris cover. To reconstruct past terminus fluctuations of these 

glaciers, we used repeat terrestrial photography and historical archives as data sets 

and mapped the terminus positions and latero-terminal moraines in the field along 

with glacier terminus mapping from high to medium resolution satellite images (e.g. Corona, 

Hexagon, Landsat and LISS IV). Results show that since the LIA, all the studied glaciers have 

experienced terminus retreat and area loss, with average values 

of 1.46km and 0.9km2 respectively. Precipitation data shows a statistically significant 

decreasing trend during the last century with increasing trend in annual average maximum 

(Tmax) and minimum (Tmin) temperature. This warming trend is more statistically significant 

for Tmin. Although total ice loss at the six studied glaciers is considerable (5.48km2), this varies 



both spatially (i.e., from glacier to glacier) and temporally. We attribute this variability to 

topographic controls such as glacier hypsometry and another non-climatic factor i.e. varying 

degree of debris cover. 
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1. Introduction 

The Himalaya host the largest concentration of glaciers 

outside the polar regions and is considered as the water tower of south Asia (Immerzeel et al. 

2010; Bolch et al. 2012). Most Himalayan glaciers have undergone continuous retreat and 

mass loss since the middle of the nineteenth century (Mayewski and Jeschke, 1979; Raina, 

2009) and the rate of ice-loss during the 2000-2016 period was found to 

be double that in the 1975-2000 period (Maurer et al. 2019). This pattern of ice loss shows 

the accelerated impact of global warming due to the industrial revolution which is considered 

the reason for the termination of the Little Ice Age (LIA) (Vincent et al. 2005; Sedláček and 

Mysak 2009; Painter et al. 2013). The term LIA is used to refer to the most recent period of 

widespread climatic cooling, that typically occurred between 1400 and 1700 C.E., with 

greatest cooling over the extra-tropical Northern Hemisphere (Mann et al. 2009; Rowan 

2017). Since glaciers in the Himalaya are influenced by two moisture sources, i.e., the Indian 

Summer Monsoon (ISM) and mid-latitude westerlies, their growth and decay vary spatially 

and temporally, producing intra-regional differences. This makes glacier fluctuations 

asynchronous between different parts of the Himalaya and when compared to other parts of 

the globe (Benn and Owen 1998). Therefore, timings of peak cooling and glacial maxima in 

the Himalaya during the LIA period also show intra-regional differences. Based on pollen 

data from Naychhudwari Bog in Himachal Pradesh, Chauhan (2006) analysed 

climate fluctuations during the last millennium, and found that from 1550 C.E. 

onwards, glaciers advanced as a result of a cold but dry climate, suggesting that temperature, 

rather than precipitation, controlled glacier behaviour. Rowan (2017) synthesized the 



geochronology in the region and reported that glaciers in the Himalaya advanced during the 

late Holocene around 900 C.E. (based on 41 dates) and during the LIA between 1300 and 

1600 C.E. (based on 25 dates). Geochemical analysis of sediments from Badanital lake 

(Garhwal Himalaya) by Kotlia and Joshi (2013) reveals evidence for comparatively warm 

conditions during 1080-1560 C.E. and cooler temperatures during 1560-1840 C.E.. This 

supports the idea of a relatively late LIA in the Western Himalaya, terminating during themid-

19th century. Recently, based on 635 years of reconstructed precipitation records (1383-2017) 

from tree rings, Singh et al. (2021) constrained the LIA between 1650-1850 in the western 

Himalayas. 14C dates of archaeological sites from the same area also suggest a late LIA (Saini 

et al., 2019). Therefore, we take ~1850 to represent the LIA termination in our study. 

Evidence of glacial advance during the LIA is often preserved in the form of fresh, sharp 

crested moraines, located within a few kilometres of present glacier termini (Sharma and 

Owen, 1996; Barnard et al., 2004; Owen et al., 2002, 1997, 1996; Scherler et al., 

2010). Chand et al. (2017) reconstructed the fluctuations of Bara Shigri Glacier (in 

the Lahaul Himalaya, Figure 1) since the LIA maximum using a multi data integrated 

approach (MDIA) and revealed that at the LIA maximum the glacier extended 2.9 km beyond 

its present terminus position. However, terminus fluctuations vary from one glacier 

to another as dictated by various factors, including glacier geometry and hypsometry (Barr 

and Lovell 2014). Understanding post-LIA glacier retreat in the Himalaya is further 

complicated by the use of heterogeneous datasets. For example, there are various inventories 

of Himalayan glaciers viz. RGI (Randolph Glacier Inventory), but these differ in their estimates 

of total glacier number and glacier surface area (GLIMS, 2005; Pfeffer et al., 2014). With this 

backdrop, we map the present dimensions of all glaciers (109) in the Miyar-Thirot catchments 

(MTC) and undertake a detailed investigation of the post-LIA fluctuations of six of these (valley 

glaciers from the Lahaul Himalaya). Five of these glaciers 

(Miyar, Pimu, Menthosa, Tharang, and Uldhampu) lie within the Miyar basin, and one 

(Neelkanth) lies within the Thirot Nala sub-basin of Chandrabhaga ('Nala' is used for 

stream). According to the Geological Survey of India (GSI), there are eight glacierized fifth 



order basins, viz. Kalnai, Marusudag, Bhut, Saichu, South Chenab, Miyar, Bhaga and 

Chandra in the Chenab, which is a fourth order basin (Special publication no. 63, 

2001). Thirot Nala, a sixth order basin, is a tributary of Chandrabhaga and joins it at 

village Thirot (Figure 1). The purpose of this study is to contribute to an improved 

understanding of overall long-term glacial and climatic fluctuations in this region over the last 

century. 

2. Regional Setting 

Located in the western Indian Himalaya, Lahaul is a major glaciated area, and the 

source region of River Chenab (Figure 1), which is known as Chandrabhaga in Lahaul. This 

region is in a transitional zone between the humid monsoonal south and arid north. The Pir-

Panjal Range, to the south, largely restricts the north-eastward passage of monsoon 

rains, leaving Lahaul as a semi-arid region, influenced mostly by mid-latitude 

westerlies, commonly known as western disturbances. These westerlies typically result 

in precipitation, mainly snowfall, between December and April. The temperature reaches a 

maximum of 27.8°C in July and a minimum of -13.1°C in January. The mean annual air 

temperature (MAAT) is 7.6°C at the Keylong station (~ 3200 m a.s.l) with mean annual 

precipitation of 669.9 mm (Kaul and Thornton 2014). Mean annual rainfall from 1974 to 2005 

was 241.5 mm and snowfall was 466.2 mm for another Indian meteorological 

department (IMD) station at Tandi (Rawat et al. 2009). Moreover, the IMD precipitation 

gridded data for the nearest grid that is within the Miyar Basin 

shows mean annual precipitation of 1270.7 mm during the past century (1901 to 

2019) which is higher than at the Keylong and Tandi stations. 

The study area represents a cross-section through the southern border of the High 

Himalayan Crystalline Zone (HHCZ) that crops-out as a large-scale dome structure (called 

the Gianbul dome) along the Miyar Valley-Gianbul Valley transect (Pognante et al. 1990; 

Vannay and Steck 1995; Robyr et al. 2002). The geological structure of the area is reflected 

in the drainage pattern, with igneous and high-grade metamorphic rock structure controlling 

drainage evolution, frequency and density. Smaller tributaries join main streams at an angle 



of nearly 90˚ and form a trellised drainage pattern indicating strong geological control (Deswal 

et al. 2017). 

The geochronology of former glaciation in the Miyar basin has been constrained 

previously using optically stimulated luminescence (OSL) and relative dating (Deswal et al. 

2017). The oldest stage (MR-I) of glaciation/ice-advance in the basin has not 

been directly dated, but is inferred to be equivalent to the Chandra stage of Lahaul (Owen et 

al. 1996). A second stage (KH-II) has been chronologically constrained to 10-6 ka BP (OSL 

ages), making it equivalent to the early Holocene enhanced precipitation phase (Sarkar et al. 

2000; Chakraborty et al. 2006). A recent glacial advance, named the Menthosa advance (M-

III), is inferred to be equivalent to the LIA. The Chandra stage, represented by broad glacial 

trough and strath terraces, has not been dated in previous studies although it considerably 

predates Batal stage which was constrained with OSL dates of 43.4ka ±10.3ka BP (Owen et 

al. 1997) and later constrained in Zanskar Range to be ~78.0ka±12.3ka BP (Taylor and 

Mitchell 2000).(Table 4). Topographic maps are however highly useful if available for the 

glacier inventories prior to the satellite era, such as those used to prepare a glacial inventory 

in northern Norway (Weber et al., 2020).  
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4.2 Pimu Glacier 

Pimu glacier occupies the right bank tributary valley of the trunk Miyar valley with a 

northern aspect except at its terminus where it turns towards the north-east. It has 

two basins joining ~1 km upstream from the terminus, which lies at 4572 m a.s.l., and the 

base of the headwall altitude is 5163 m a.s.l. The contemporary ELA lies 

at 5090 m a.s.l. Pimu is a comparatively small glacier with a length of 4.7 km measured along 

the centreline of left basin and has a surface area of 5.52 km2 comprising mainly clean ice and 

a small portion (~10%) of debris covered ice. A LIA lateral moraine (identified based 

on its sharp crested morphology) lies ~2.2 km from the contemporary 

terminus (Figure 5) indicating a recession rate of 13 m a-1 since 1850 and an area loss of 1.13 



km2 (Table 2). The LIA position is also well represented in the 1871 GTS map (Figure 

2a). Between 1971 and 2019, the glacier retreated ~349 m, corresponding to an average 

retreat rate of 7.3m a-1 with an area loss of 123.52±2.64 m2(Table 3& 4). The rate of retreat 

was greatest between 1980 and 2002 (10.5m a-1) and appears to have slowed (to ~5.6 m a-

1) more recently (Figure 5). This comparatively slow recent retreat rate potentially explains 

why field photographs show very little evidence of changing terminus configuration over 

recent years (Figure 5a & b). 

4.3 Menthosa Glacier 

Menthosa is another major glacier with a south-easterly aspect and has a surface area 

of 5.81 km2 (~25% of which is debris covered), and a centreline length of 4.3 km. Its 

contemporary terminus lies at 4400 m a.s.l. and the base of the headwall altitude is 5340 

m a.s.l., while the contemporary ELA lies at 5180 m a.s.l. Since the LIA, Menthosa has 

retreated ~1.6 km (9.5 m a-1) and experienced an area loss of 0.66 km2 (Table 2). Its LIA 

extent is marked by a set of  sharp crested moraines free of vegetation or lichens (Figure 6a 

& b) that contrast with older (early Holocene) moraines near Urgos village (Deswal et al. 2017; 

Prakash et al. 2019) that are mapped in Figure 6e. The glacier boundary is slightly 

exaggerated in the 1871 GTS map (Figure 2a) and shows the terminus in an advanced 

position relative to the 1850 LIA moraine position, based on geomorphology (Figure 6e). 

Between 1850 and 1965 the glacier retreated ~1235 m, corresponding to an average retreat 

rate of 10.7 m a-1. Between 1965 and 2002, this retreat rate slowed to 5.1 m a-1, as the glacier 

retreated ~366 m (Figure 6, Table 3), but accelerated to 7.3 m a-1 between 2002 and 2013 

(Figure 3). A similar rate of retreat (5.9±0.4 m a-1) between 1965-2016 has been reported in a 

recent study (Prakash et al. 2021). The most recent retreat phase (between 2013 and 2019) 

was the most rapid of all (i.e., ~16 m a-1). This rapid recent retreat in clearly demonstrated in 

field photographs of the glacier terminus, captured in 2006 and 2016 (Figure 6 a & b). Overall 

loss of frontal area between 1965 to 2019 stands at 104.91 m2 (Table 4). 



Fluctuations of Menthosa glacier have created a spectacular assemblage of 

landforms. Similar to Pimu glacier, there are two basins of the Menthosa glacier. Left 

basin joins the major right-side basin from such an angle that there formed a long narrow 

deglaciated valley between the valley wall and the left lateral moraine of the glacier. Such 

valleys are commonly called ablation valleys as they exist along the ablation zone of the 

glacier. Benn and Evans, (2014) have referred such valleys as valley side depressions as 

they formed due to the deposition of debris along the valley wall. (Figure 6e).Within the 

ablation valley, there are three successive terminal moraines that are not dated with absolute 

ages but are most likely older than the LIA, given their stability and vegetation growth (Figure 

6d). These terminal moraines are likely to have been deposited by small glaciers that are 

presently restricted to their respective cirques.  

 

4.4 Tharang Glacier 

Tharang glacier lies in a left bank tributary valley with a north-west aspect. It has a total 

length of 4.3 km and surface area of 5.37 km2, with negligible debris cover. Its terminus 

altitude is 4507 m a.s.l. and the headwall altitude is 5636 m a.s.l., with a contemporary ELA at 

5500 m a.s.l. Tharang Nala (stream) joins the river Miyar after flowing for 4.2 km 

from Tharang glacier’s terminus. At the confluence of the Tharang and Miyar streams, an 

impressive sequence of end moraines (Figure 7c) deposited during the early 

Holocene are dated to 8-6 ka OSL ages (Deswal et al. 2017). The LIA extent 

of Tharang glacier is well preserved by sharp crested lateral moraines (Figure 2d and Figure 

7a & b) and the 1871 terminus position is visible in the GTS map (Figure 2a). A former 

tributary glacier mapped in Figure 7c is shown to be joined to Tharang glacier in the GTS map 

of Figure 2a. At the Holocene end-moraine complex of Tharang glacier, there is 

also archaeological evidence that suggests human habitation within/upon these 

moraines during the 1300-1700 CE period (Saini et al. 2019). This indicates that 1300-

1700 was a warmer period, constraining the LIA to the 19th century in this part of the 



Himalayas. Since the LIA, Tharang glacier has retreated ~2.3 km, at an average rate of ~14.2 

m a-1. Between 1971 and 2002, the glacier retreated 145 m, averaging 4.7 m a-1 (Table 3). 

Between 2002 and 2013, the rate of recession increased dramatically, to 29.4 m a-1 (total 

retreat of 323 m), before slowing again, to 3.2 m a-1 (total retreat of 19 m) between 2013 and 

2019 (Figure 3). Overall area loss between 1971 and 2019 stands at 212.11±4.83 m2 (Table 

4). a 

4.5 Uldhampu Glacier 

Uldhampu glacier lies in adjoining basin of Tharang with a similar north-west aspect and a 

length of 6 km with a surface area of 5.86 km2 (~41% of which is debris covered). Its terminus 

altitude is 4530 m a.s.l. and the base of the headwall lies at 5055 m a.s.l., while the 

contemporary ELA lies at 4990 m a.s.l. It has retreated ~1.1 km (6.5 m a-1) and experienced 

an area loss of 0.77 km2 since the LIA (Table 2). Between 1971 and 2019, 

retreating Uldhampu glacier has vacated an area of 245.36±3.78 m2 (Table 4). Between 1971 

and 2002, the glacier experienced rapid retreat (16.2 m a-1) but slowed considerably between 

2002 and 2013 (1.7 m a-1), before accelerating slightly (to 4.0 m a-1) between 2013 and 

2019 (Table 3, Figure 3). This comparatively limited retreat in recent decades is illustrated 

in the geomorphological map (Figure 8b).     

4.6 Neelkanth Glacier 

 Neelkanth glacier is the main trunk glacier in the Thirot Nala catchment, a tributary 

of the Chandrabhaga River adjoining the Miyar catchment. This glacier is 7.2 km in 

length along the centreline and has a surface area of 6.27 km2 (~33% of which is debris 

covered). Its contemporary terminus lies at 4300 m a.s.l. and the base of the headwall is 

5613 m a.s.l. with an ELA at 4940 m a.s.l. There is a moraine dammed lake between a lateral 

moraine and right-side valley wall at an elevation of 4500 m a.s.l. Detailed geomorphology 

and lake bathymetry is discussed in Deswal et al. (2020). There is a relationship between lake 

dam stability and recession of the glacier, as the receding glacier may cause instability to the 

dam and eventually trigger a lake outburst. This glacier was not mapped correctly in the GTS 



map of 1871 (Figure 2a), so former glacier extents rely on the geomorphological record. In 

the glacier fore-field, there is an unambiguous sequence of Early Holocene and LIA moraines 

(Figure 9a & b). Since the LIA, the glacier has retreated ~1.3 km from these moraines, 

corresponding to an average retreat rate of 7.4 m a-1. Over recent years, this retreat rate has 

remained reasonably constant. For example, for the 1989-2002, 2002-2013, and 2013-2019 

periods the average retreat rate was 9.3 m a-1, 4.1 m a-1, and 9.1 m a-1, respectively (Table 3, 

Figure 3). 

5. Discussion  

All six glaciers investigated in this study show evidence for continual terminus retreat and 

surface lowering since the LIA. This pattern is consistent with many other areas of the 

Himalaya and elsewhere globally (Mayewski and Jeschke 1979; Dobhal et al. 2004; Kulkarni 

et al. 2005; Granshaw and Fountain 2006; Kulkarni et al. 2006; Kulkarni et al. 2007; Bolch et 

al. 2008; Raina 2009; Bhambri et al. 2011; Schmidt, S. and Nusser 2012; Bolch et al. 2012; 

Pan et al. 2012; Chand and Sharma 2015a; Racoviteanu et al. 2015; Cook et al. 2016; Chand 

et al. 2017; Das and Sharma 2019). However, despite this overall trend, there is also evidence 

for inter-glacier and temporal variability in the retreat rates of the six glaciers considered 

here. Much of the variability in overall retreat rates since the LIA (ranging from 5.3 to 13.6 m 

a-1) likely results from differences in topography, local climate, andlacier hypsometry. The 

temporal variability in retreat rates may also reflect these local controls, since there are notable 

differences between glaciers. For example, since 1965, some (e.g., Pimu and Uldhampu) 

show a general reduction in retreat rates towards the present (Figure 3). Others 

(e.g., Miyar, Tharang, and Neelkanth) show variability, but no clear temporal trend in retreat 

rates, while Menthosa glacier shows evidence for increasing retreat rates towards the 

present (Figure 3). Despite these differences between glaciers, overall there is some (minor) 

evidence for slowing retreat rates towards the present. For example, between the LIA and 

2019, the mean retreat rate for all six glaciers is 9.3 m a-1. In the past two decades, this rate 

has slowed slightly, i.e., 9.2 m a-1 between 2002 and 2013, and 8.4 m a-1 between 2013 and 



2019. These overall retreat rates are slightly slower than observed in some other studies. 

For instance, Samudari tapu glacier in the Lahaul Himalaya (Figure 1) has a reported retreat 

rate of 15.5 m a-1 (a total distance of 588 m) between 1963 and 2001 (Shukla et al. 

2009). However, particularly slow retreat rates have been reported in other studies in the 

region. For example, North of the present study area, in the Kang-Yatze massif of 

Zanskar, Schmidt and Nusser, (2012) reported average retreat rates of  3 m a-1 between 

1969 and 2010. Similarly, south of our study area, in the Ravi basin, Chand and Sharma 

(2015a) reported slower retreat rates (4.7 ± 4.1%) based on Corona and other high resolution 

data sets during the past four decades (i.e. 1971-2010/13). 

5.1 Climatic controls on recent glacier retreat patterns 

 IMD gridded data based inter-annual climate trends were analysed using z statistics, 

linear regression, and the Theil Sen’s method. A positive z-statistic value indicates an 

increasing trend in precipitation, whereas a negative z-statistic value indicates a decreasing 

trend. The annual precipitation (Pavg) for the nearest cell of IMD gridded data shows 

a significant decreasing trend since 1900, with some cyclic drifts. Figure 10 shows the rainfall 

anomaly index and the five-year moving average which gives a representation of the temporal 

changes in precipitation. The IMD gridded precipitation data shows a statistically significant 

decreasing (z = -4.43 and p value <0.01) trend in overall precipitation in this region and 

particularly from the1960s onwards. The Pettitt’s test also identifies the change point for 

annual precipitation in 1959, which is statistically significant at a 95 percent confidence 

level. Precipitation trends also show seasonal differences for instance, the monsoonal (JJA) 

(z = -4.55 and p value = 0.0000054) and post-monsoonal (SON) (z = -1.95 and p value = 0.05) 

precipitation show statistically significant decreasing trends since 1951. Analysis of variability 

in precipitation patterns using coefficient of variation (CV) for 1901–2019 for the upper Chenab 

basin shows annual precipitation variability (Figure 11b). The variation is higher for 

the Miyar basin when compared to the Bhaga and Chandra basins of the upper Chenab. 

Regions with higher annual variability in precipitation are more susceptible to floods and 



droughts (Pandey and Ramasastri 2002; Turkes, 1996). The rainfall anomaly index 

shows a continuous drought (during all seasons) since the 1960s for the IMD gridded dataset 

within the Miyar basin. Such conditions are likely to have limited glacial accumulation, and 

thereby promoted glacier retreat during this period. This may (at least partly) explain glacier 

retreat rates during the past half-century in the basin. The annual average maximum (Tmax) 

and minimum (Tmin) temperature for the nearest grid cell of the IMD data show significant 

warming trends during the past half-century (1951-2019), with some cyclic patterns. This 

warming trend is more statistically significant for Tmin(z = 2.45 and p value = 0.014). The Sen’s 

slope estimator further supports these findings and suggests an Tmin increase of 0.51 ̊ C at the 

rate of 0.008˚C a-1 from 1951 to 2019. The post-monsoon period and winter months 

show a statistically significant increasing average Tminof 0.84 ˚C and 0.51 ˚C respectively from 

1951 to 2019. Tmax also shows an increase of 0.34 ˚C at a rate of 0.005 ˚C a-1 from 1951 to 

2019, and similar trends are observed for all seasons except the monsoon which 

shows a statistically insignificant decreasing trend of 0.05 ˚C at a rate of 0.001 ˚C a-1 from 

1951 to 2019. Overall, the IMD gridded dataset shows a decreasing precipitation trend for the 

past century (1901–2019), whereas annual temperature shows an increasing trend, which is 

slightly more notable for Tmin then Tmax and during winter months as compared to other 

seasons. Based on IMD gridded data, Bhutiyani (2016) reveals that the warming trend in 

winter has led to a declining snowfall contribution to total precipitation. Thus, it seems that the 

reported decrease in snowfall and overall precipitation coupled with the observed increasing 

temperature trends are probably the main drivers of observed changes in glacier extent in the 

present study over recent decades. 

5.2 Topographic factors 

In addition to the moisture supply, mountain glaciers are also controlled by topography 

and valley geometry that makes their response to climate change very complex, resulting into 

variation in ELAs from one glacier to the other (Owen and Benn 2005). Therefore, 

reconstruction of palaeo ELAs based on former glacier extents is problematic in high altitude 



environments such as the Himalaya (Owen et al. 2005; Kleman et al. 2006; Thomas 2013; 

Barr and Lovell 2014). The ELA is largely controlled by the local climate, the inter-glacier 

variation of terminus fluctuation is however mainly determined by the topography. The use of 

hypsometric curves (area in relation to elevation) has widely been used to infer glacier regimes 

and their response time to climate change (Furbish and Andrews 1984; Oerlemans 1989; 

Raper and Braithwaite 2009; McGrath et al. 2017). Raper and Braithwaite, (2006) argued that 

median altitude of the glacier (which divide the glacier in two equal halves) coincide with 

the mid elevation of the glacier and the ELA for steady-state glaciers (when the glacier is in 

equilibrium) and the area-altitude distribution plots are triangular and symmetrical about the 

ELA (Figure 11). Area-altitude distribution of the studied glaciers show the effect of valley 

geometry and factors viz. debris cover on the terminus position as the plots are asymmetric 

(Figure 12). Pimu and Tharang glaciers with lowest debris cover among all studied glaciers 

(10.3% and 0 respectively), are tending towards symmetrical area-altitude plots and are bound 

to be retreated further at terminus. All other glaciers with significant debris cover (Table 2) are 

showing asymmetric plots which is an indication that debris cover in ablation zones is 

protecting these glaciers from rapid retreat due to the insulating effect. Patel et al. (2018) also 

highlighted similar results regarding the effect of debris cover on glacier retreat in 

the Miyar basin. The slow retreat due to debris cover is however, resulting into glacier thinning 

ever since the termination of LIA which is conspicuous from the LIA moraines (Figure 2 c & 

d) as reported from other regions also (Bolch et al. 2008; Pratap et al. 2015). Glacier size is 

another important factor, along with debris cover, that is responsible for varying terminus 

fluctuations. Miyar, the largest glacier (Table 2) among all studied glaciers has 

recorded the lowest linear retreat (0.9km) of the terminus with the largest area 

vacated (1.14km2). 

Further, the difference between the median elevation of the glacier (Zmed) and the 

midpoint elevation or the half range of the glacier (Zmid) shows the effect of valley geometry on 

the distribution of glacier area across the altitudinal range (Table 5, Figure 11). The 



Hypsometric Index (HI) is one such method which highlights the valley geometry and HI of the 

studied glaciers (Table 5) and this has been calculated using the method of McGrath et 

al., (2017):  

where Hmax and Hmin are the maximum and minimum glacier elevations above sea level 

while Hmed is median elevation of the glacier. Mcgrath et al., (2017) further added that if 

0˂HI˂1 then HI=-1/HI and grouped the glaciers into very top heavy (˂-1.5), top heavy (-

1.5˂HI˂-1.2), equidimensional (-1.2 ˂HI˂1.2), bottom heavy (1.2˂HI˂1.5) and very bottom-

heavy glaciers (˃1.5). The Miyar glacier with HI of -1.0 is categorized as equidimensional with 

a little difference between Zmid and Zmed while the Tharang glacier is found to be very top 

heavy with HI of -1.7 (Table 5). All other glaciers fall under the category of very bottom-

heavy meaning thereby these glaciers occupy less area above mid-elevation (Table 5). The 

significance of HI method lies in its simplicity and explicability in determining the role of 

valley geometry. 

The control of valley geometry over the glacier ice distribution across the altitudinal 

range and the fluctuation at the terminus is also conspicuous when we look at the LIA positions 

of the studied glaciers in relation to the early Holocene moraine positions. The early Holocene 

positions of Menthosa, Tharang and Uldhampu glaciers are extended up to ~4km from the 

respective LIA positions (Figures 6, 7 & 8 respectively). Notably all these glaciers have ~17° 

of average slope (Table 5). Interestingly, the Neelkanth glacier with a similar slope almost 

approached its Holocene position during the LIA (Figure 9). Similarly, Miyar glacier with a 

gentle average slope of 12.2° (Table 5) terminated just 0.5km before its Holocene position 

(Figure 4). Therefore, valley geometry and various glacier characteristics viz. debris cover, 

slope, aspect etc. play an important role in determining the inter-glacier variation in a region.   

6. Conclusions 



 Little Ice Age (LIA) glacier advance in the western Himalayas has been linked to a 18th century 

cooling episode that terminated ~1850 C.E. The present study provides a reconstruction of 

post LIA glacier fluctuations in the semi-arid Lahaul Himalaya region of north-west India, 

where precipitation is dominated by mid latitude westerlies. A multi-data integrative analysis 

(MDIA) technique was implemented, which includes the use of repeat terrestrial photographs, 

historical archives, mapping from high to medium spatial resolution satellite images (Corona, 

Hexagon, Landsat and LISS IV) and field-based monitoring and verification. Six glaciers were 

studied, each from the Miyar and Thirot catchments (MTC) of the Lahaul Himalaya. These 

glaciers vary in size, aspect, and debris cover (among other characteristics), and are found to 

have experienced continuous terminus retreat and area loss since the LIA. The extent of 

terminus retreat and surface area loss between the LIA and 2019 is 0.9 km (Miyar Glacier),2.3 

km (Tharang Glacier), 0.66 km2 (Menthosa Glacier) and 1.14 km2 (Miyar Glacier). There is no 

consistent (inter-glacier) temporal pattern in glacier retreat rates, though some show evidence 

of accelerated retreat rates over recent years. This temporal and inter-glacier variability in the 

extent and rate of glacier retreat is likely driven by the combined influence of climate (air 

temperature and precipitation) and topography. 
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Table 1: Specification of satellite data used in the study. 

Sensor Type Scene ID Acquisition 

Date 

Spatial 

Resolution 

(m × m) 

Corona Forward DS1024-1023DF102 24/09/1965 3 

Corona Aft DS1115-2282DA065 28/09/1971 3 

Corona Aft DS1115-2282DA064 28/09/1971 3 

KH-9 Hexagon DZB1216-500361L008001 16/09/1980 7-8 

Landsat 5 TM p147r37_5t19891009  09/10/1989 30 

Landsat 7 

ETM+ 

LE71470372011271PFS00 28/09/2002 15, 30 

Aster GDEM ASTGDEMV2_0N32E076 17/10/2011 30 

Aster GDEM ASTGDEMV2_0N33E076 17/10/2011 30 

IRS LISS IV 142673731 23/10/2013 5.6 

Landsat 8 

ETM+ 

LC81470372019285LGN00 12/10/2019 15,30 

Table 2: Characteristics of glaciers analyzed in detail in this study. 

Id. 

no. 

Name of 

glacier 

Terminus 

altitude 

(m a.s.l.) 

Length 

(km) 

Size 

(km2) 

ELA 

(m a.s.l.) 

Debris 

cover 

(%) 

Retreat 

since 

LIA 

(km) 

Frontal 

area 

loss 

(km2) 

since 

LIA 

Retreat 

Rate (m 

a-1) since 

LIA 

1. Miyar 4012 25.8 88.86 5500 19.5 0.9 1.14 5.3 

2. Pimu 4572 4.7 5.52 5090 10.3 2.2 1.13 13 

3. Menthosa 4400 4.3 5.81 5180 24.6 1.6 0.66 9.4 

4. Tharang 4507 4.3 5.37 5500 0.0 2.3 1.03 13.6 

5. Uldhampu 4530 6 4.86 4990 41.3 1.1 0.77 6.5 

6. Neelkanth 4300 7.2 6.27 4940 32.8 1.3 0.75 7.6 

 Table 3: Records of terminus retreat (since 1965) for the six valley glaciers selected for detailed investigation in 

this study, based on Corona, Hexagon, landsat TM, ETM+ and LISS IV satellite images. For each glacier, the total 

ftp://ftp.glcf.umd.edu/glcf/Landsat/WRS2/p147/r037/p147r37_5t19891009.TM-EarthSat-Orthorectified/p147r37_5t19891009.met


terminus retreat (m), and annual average rate of terminus retreat (m a-1) are recorded for various time periods 

(dictated by the availability of satellite images). Empty cells denote 'data not available'. For each glacier, the total 

terminus recession over the period of observation (which varies from glacier-to-glacier) is shown in bold. 
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Table 4: Records of area loss since 1965 for the six valley glaciers selected for detailed investigation in this 

study. For each glacier, the total area loss over the period of observation (which varies from glacier-to-glacier) is 

shown in bold. 
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Table 5: topographical details of studied glaciers based on RGI dataset. Zmin, Zmax, Zmed and Zmid are the minimum, 

maximum, median and mid-point elevation of the glaciers respectively. HI is the hypsometric index. 

Glacier Area Zmin Zmax Zmed Zmid Slope Aspect HI 

Miyar 77.618 4017 6236 5142 5126 12.2 204 -1.0 

Pimu 5.054 4640 5494 4956 5067 10.9 7 1.7 

Menthosa 4.485 4416 6293 4979 5354 17.2 99 2.3 

Tharang 6.004 4255 5939 5328 5097 17.9 320 -1.7 

Uldhampu 4.672 4524 5895 4905 5209 17.0 322 2.5 

Neelkanth 6.394 4267 5982 4749 5124 17.1 19 2.5 

 

 
Figure 1: Location map of the study area in the western Himalaya showing the glaciers of the 
region (RGI V6.0). Studied glaciers are shown in yellow and are numbered as: 1: Miyar, 
2: Pimu, 3: Menthosa, 4: Tharang, 5: Uldhampu, and 6: Neelkanth. Rectangle on the left side 
covers the MTC and shows the location of figure 2(b). ASTER GDEM is used in the 
background to highlight relief. 



 

Figure 2: (a) Great trigonometric Survey (GTS) map of 1871 showing the glaciers investigated 
in this study. Neelkanth glacier (id. 6) is not identifiable in the map. (b) Latero-terminal 
moraines of studied glaciers (1-6) pertaining to early Holocene (EH) advance and the Little Ice 
Age (LIA) are shown on ASTER GDEM. (c) & (d) are photographic records of sharp crested 
LIA lateral moraines of Menthosa & Tharang glaciers (id. 3 & 4) respectively. 



 

Figure 3: Terminus retreat patterns for the six valley glaciers selected for detailed analysis in 
this study. (a) Cumulative retreat. (b) Average retreat rates for different time intervals 
(determined by the availability of satellite imagery). 

 

Figure 4: Photographs of Miyar glacier terminus in (a) 1971 (received thankfully from V.K. 
Raina, Former Deputy Director, Geological Survey of India) and (b) 2014. Visual comparison 
of DF (debris flow fan) marked by red arrow, shows the recession of the terminus (marked by 
orange dashed line). (c) Comparative positions of LIA lateral moraines, Holocene end 
moraine and terminus positions are shown on a field photograph from 2010. (d) Detailed 



geomorphological map of Miyar glacier forefield highlighting the relative position of the 
terminus through the satellite era and latero-terminal moraines pertaining to LIA and Holocene 
advances.   

 

Figure 5: The terminus of Pimu glacier, showing little change between(a) 2008, and (b) 
2014. (c) Glacier boundaries during different years and latero-terminal moraines of LIA and 
the Holocene are shown on the geomorphological map. 



 

Figure 6: (a) Field photograph from October 2006 and (b) June 2016. The dashed polygon 
highlights the frontal area loss during this10-year period. Yellow dashed lines mark the LIA 
lateral moraines. (c) Photograph showing geomorphological settings of accumulation zone 
with tributary glacier and LIA moraine marked with yellow dashed line. Human figure is in red 
circle for scale(d) Photograph from little down valley side showing the ablation valley with 
successive older moraines possibly pertaining to the Holocene. (e) Geomorphological 
map of the Menthosa glacier surroundings highlighting the LIA and Holocene moraines and 
terminus positions through satellite era. 



 

Figure 7: Photographs of Tharang glacier forefield in (a) June 2008 and (b) June 
2016. Yellow dashed lines show the LIA lateral moraines. The terminus of the glacier is 
marked with a orange dashed line, showing change in 8 years. (c) Geomorphological map 
showing the terminus positions, LIA lateral moraines and the Holocene end-moraine complex. 
(d) Field photograph of the Tharang glacier terminus highlighting the steep slope of the frontal 
area. See authors in the red circle for spatial scale. 



 

Figure 8: Uldhampu glacier forefield. (a) Field photograph of June 2015 showing the glacier 
terminus, earlier positions of terminus, LIA lateral Moraine (LM) and LIA end moraine 
(EM). (b) Geomorphological map illustrating the retreat of Uldhampu glacier’s terminus 
between 1971 and 2019 and the latero-terminal moraines from LIA and the Holocene 
advances. 



 

Figure 9: (a) Frontal area of Neelkanth glacier, looking down valley. Moraines belonging to an 
early Holocene phase and the LIA are marked with dashed lines. (b) Geomorphological map 
highlighting the peculiarity of this glacier as the LIA advance has nearly approximated the 
Holocene advance. The terminus position through different periods has also been shown in 
the map. 



 

Figure 10: (a) Annual precipitation trend and rainfall anomaly index for the nearest grid cell of 
the IMD datasets located within the Miyar basin. (b) Interpolated annual variability of 
precipitation (% CV) during 1901 to 2019. (c) and (d) show temperature anomalies and trends 
for Tmin and Tmax, respectively, for the available single grid cell within the Chenab basin from 
1951-2019. 



 

Figure 11: Area-Altitude distribution of a hypothetical steady-state glacier. Note that the mid-
point altitude, median altitude and the ELA coincide at the same altitude (adapted and modified 
from Raper and Braithwaite, 2009). ELA0 is the initial ELA and ELA1 is the ELA after climate 
perturbation. Similarly, R0/2 is initial half range while R1/2 is half range after climate 
perturbation. 



 

Figure 12: Area-Altitude distribution of the studied glaciers show deviation from ideal steady-
state glacier. 

 


