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Abstract 1 

Some recent studies revealed that Himalayan glaciers have been shrinking at an accelerated rate 2 

since the beginning of the 21st century. However the climatic causes for this shrinkage remain 3 

unclear given that surface energy balance studies are almost nonexistent in this region. In this 4 

study, a point-scale surface energy balance analysis was performed using in-situ meteorological 5 

data from the ablation zone of Chhota Shigri Glacier over two separate periods (August 2012 to 6 

February 2013 and July to October 2013) in order to understand the response of mass balance to 7 

climatic variables. Energy balance numerical modeling provides quantification of the surface 8 

energy fluxes and identification of the factors affecting glacier mass balance. The model was 9 

validated by comparing the computed and observed ablation and surface temperature data. During 10 

the summer-monsoon period, net radiation was the primary component of the surface energy 11 

balance accounting for 80% of the total heat flux followed by turbulent sensible (13%), latent (5%) 12 

and conductive (2%) heat fluxes. A striking feature of the energy balance is the positive turbulent 13 

latent heat flux, suggesting re-sublimation of moist air at the glacier surface, during the summer-14 

monsoon characterized by relatively high air temperature, high relative humidity and a continual 15 

melting surface. The impact of the Indian summer monsoon on Chhota Shigri Glacier mass balance 16 

has also been assessed. This analysis demonstrates that the intensity of snowfall events during the 17 

summer-monsoon plays a key role on surface albedo (melting is reduced in case of strong 18 

snowfalls covering the glacier area), and thus is among the most important drivers controlling the 19 

annual mass balance of the glacier. The summer-monsoon air temperature, controlling the 20 

precipitation phase (rain versus snow and thus albedo), counts, indirectly, also among the most 21 

important drivers.  22 

1 Introduction 23 

Himalayan glaciers, located on Earth’s highest mountain range, are source to numerous rivers that 24 

cater to the water needs of millions of people in Asia (e.g., Kaser et al., 2010; Immerzeel et al., 25 

2013). Recent studies have reported negative mass balances over Himalayan glaciers (e.g., Bolch 26 

et al., 2012; Kääb et al., 2012; Gardelle et al., 2013), in line with the observation that the Himalayan 27 

glaciers (22,800 km2) have been shrinking at an accelerated rate since the beginning of 21st century 28 

(Bolch et al., 2012). Glacial retreat and significant mass loss may not only cause natural hazards 29 

such as landslides and glacier lake outburst floods but also increase the specter of shrinking water 30 

resources in the long term (Thayyen and Gergan, 2010; Immerzeel et al., 2013).  31 
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Unfortunately, data on recent glacier changes in the Himalayan region are sparse and even 1 

sparser as we go back in time (Cogley, 2011; Bolch et al., 2012) and, thus, the rate at which these 2 

glaciers are changing remains poorly constrained (Vincent et al., 2013). The erroneous statement 3 

in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (Solomon 4 

et al., 2007) about the future of the Himalayan glaciers dragged the attention of the scientific 5 

community towards the behavior of these glaciers in relation to climate. However, the IPCC Fifth 6 

Assessment Report (Stocker et al., 2013) stated “Several studies of recent glacier velocity change 7 

(Azam et al., 2012; Heid and Kääb, 2012) and of the worldwide present-day sizes of accumulation 8 

areas (Bahr et al., 2009) indicate that the world’s glaciers are out of balance with the present 9 

climate and thus committed to losing considerable mass in the future, even without further changes 10 

in climate”. A reliable prediction of the responses of Himalayan glaciers towards future climatic 11 

change and their potential impacts on the regional population requires a sound understanding of 12 

the existing physical relationship between these glaciers and climate. This relationship can be 13 

addressed in detail by studying the glacier surface energy balance (hereafter SEB). 14 

Comprehensive glacier SEB studies began in the early 1950s (e.g., Hoinkes, 1953) and 15 

since then our understanding of glacier-climate relationship substantially improved. SEB studies 16 

of the world’s glaciers and ice sheets have been carried out extensively in the Alps (e.g., Klok and 17 

Oerlemans, 2002; Oerlemans and Klok, 2002), Antarctica (e.g., Favier et al., 2011; Kuipers 18 

Munneke et al., 2012), Greenland (e.g., Van den Broeke et al., 2011), and the tropics (e.g., Wagnon 19 

et al., 1999, 2001, 2003; Favier et al., 2004; Sicart et al., 2005, 2011, Nicholson et al., 2013). In 20 

the High Mountain Asia, only a few studies have been carried out mainly in Tian Shan (Li et al., 21 

2011), Qilian mountains (Sun et al., 2014), Tibetan Plateau (Fujita and Ageta, 2000; Yang et al., 22 

2011; Mölg et al., 2012; Zhang et al., 2013) and the Nepalese Himalaya (Kayastha et al., 1999; 23 

Lejeune et al., 2013). Glacier SEB studies from Indian Himalaya (covering Western as well parts 24 

of Central and Eastern Himalaya) are not yet available. Such SEB studies are crucial because 25 

glaciers across the Himalayan range have different mass balance behaviors (Gardelle et al., 2013), 26 

depending on their different climatic setup. For example, glaciers in Nepal receive almost all their 27 

annual precipitation from the Indian summer monsoon (ISM), and are summer-accumulation type 28 

glaciers (Ageta and Higuchi, 1984; Wagnon et al., 2013), while glaciers in Western Himalaya 29 

receive precipitation both from the ISM in summer and from mid-latitude westerlies (MLW) in 30 

winter (Shekhar et al., 2010). 31 
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In this paper, we present a SEB analysis for Chhota Shigri Glacier, Western Himalaya. 1 

This glacier is one of the best studied glaciers in Indian Himalaya in terms of mass balance.  The 2 

first mass balance measurement on this glacier was performed in 1987. Unfortunately, it was 3 

abandoned in 1989 and restarted in 2002 (Ramanathan, 2011). Between 2002 and 2013, annual 4 

field measurements revealed that the glacier lost mass at a rate of 0.59 ± 0.40 m w.e. a-1 5 

(Ramanathan, 2011; Azam et al., 2014). The volume change of Chhota Shigri Glacier has also 6 

been measured between 1988 and 2010 using in-situ geodetic measurements by Vincent et al. 7 

(2013), revealing a moderate mass loss over this 2 decade-period (–3.8 ± 2.0 m w.e. corresponding 8 

to –0.17 ± 0.09 m w.e. a−1). Combining the latter result with field measurements and digital 9 

elevation models differencing from satellite images, they deduced a slightly positive or near-zero 10 

mass balance between 1988 and 1999 (+1.0 ± 2.7 m w.e. corresponding to +0.09 ± 0.24 m w.e. a-11 

1). Further, Azam et al. (2014) reconstructed the annual mass balances of Chhota Shigri Glacier 12 

between 1969 and 2012 using a degree-day approach and an accumulation model fed by long-term 13 

meteorological data recorded at Bhuntar meteorological station (~50 km south of the glacier, 1092 14 

m a.s.l.) and discussed the mass balance pattern at decadal scale. They also compared the decadal 15 

time scale mass balances with meteorological variables and suggested that winter precipitation and 16 

summer temperature are almost equally important drivers controlling the mass balance pattern of 17 

this glacier. A period of steady state between 1986 and 2000 and an accelerated mass wastage after 18 

2000 were also defined.   19 

Present studies on the climate sensitivity of Western/Indian Himalayan glaciers either come 20 

from empirical analysis at decadal time scales (Azam et al., 2014) or based on basic comparison 21 

between meteorological variables and the glacier mass balance (Koul and Ganjoo, 2010), 22 

emphasizing the lack of physical understanding of the glacier-climate relationship in this region. 23 

Therefore, a detailed analysis of the SEB yet remains underway for Western/Indian Himalayan 24 

glaciers. Use of Automatic Weather Stations (AWSs) provides the opportunity to obtain long and 25 

continuous records of meteorological data and to study the seasonal and inter-annual variations in 26 

SEB at point locations (e.g., Oerlemans, 2000; Reijmer and Oerlemans, 2002; Mölg and Hardy, 27 

2004). The present study is focused on the SEB analysis of Chhota Shigri Glacier, using in-situ 28 

AWS measurements. It involves two main objectives: (1) analysis of the glacier’s 29 

micrometeorology, and (2) an analysis of the SEB components along with the change characteristic 30 
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of each component so as to give insights into the processes controlling the mass balance at point 1 

scale as well as glacier scale. 2 

2. Data and climatic settings  3 

2. 1 Study site and AWSs description 4 

Chhota Shigri Glacier (32.28 N, 77.58 E) is a valley-type, non-surging glacier located in the 5 

Chandra-Bhaga river basin of Lahaul and Spiti valley, Pir Panjal range, Western Himalaya (Fig. 6 

1). It lies ~25 km (aerial distance) from the nearest town of Manali. This glacier feeds Chandra 7 

River, one of the tributaries of the Indus River system. Chhota Shigri Glacier extends from 6263 8 

to 4050 m a.s.l. with a total length of 9 km and an area of 15.7 km2 (Wagnon et al., 2007). The 9 

main orientation is north in its ablation area, but its tributaries and accumulation areas have a 10 

variety of orientations (Fig. 1). The lower ablation area (<4500 m a.s.l.) is covered by debris 11 

representing approximately 3.4% of the total surface area (Vincent et al., 2013). The debris layer 12 

is highly heterogeneous, from silt size to big boulders exceeding several meters. The snout is well 13 

defined, lying in a narrow valley and giving birth to a single pro-glacial stream. The equilibrium 14 

line altitude (ELA) for a zero net balance is 4960 m a.s.l. (Wagnon et al., 2007).  15 

This glacier is located in the monsoon–arid transition zone and influenced by two different 16 

atmospheric circulation systems: the ISM during summer (July–September) and the Northern 17 

Hemisphere MLW during winter (January–April) (e.g., Bookhagen and Burbank, 2010). On 18 

Chhota Shigri Glacier, the hydrological year is defined from 1 October to 30 September of the 19 

following year (Wagnon et al., 2007). Since, the glacier sometimes experiences some melting even 20 

in October, it would have been more appropriate to start the hydrological year at the beginning of 21 

November. Nevertheless, for practical reasons (access to the glacier is impossible after mid-22 

October) and in view of the fact that both October and November are usually characterized by a 23 

non-significant mass balance, starting the hydrological year at the beginning of October does not 24 

change the results. 25 

Two meteorological stations (AWS1 and AWS2) have been operated on Chhota Shigri 26 

Glacier (Fig. 1). AWS1 was operated between 12 August 2012 and 4 October 2013, in the middle 27 

of ablation zone (4670 m a.s.l.) on an almost horizontal and homogeneous surface while AWS2 is 28 

located off-glacier on a Western lateral moraine (4863 m a.s.l.), functioning continuously since 18 29 

August 2009. At AWS1 and AWS2, meteorological variables are recorded as half-hourly means 30 

with a 30-sec time step, except for wind direction (half-hourly instantaneous values), and stored 31 
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in a Campbell CR1000 data logger. AWS1 is equipped with a tripod standing freely on the glacier 1 

with wooden plates at the base of its legs and sinks with the melting surface. AWS2 provides pluri-2 

annual meteorological data (from 2009 to 2013) allowing the characterization of the seasons as 3 

well as the analysis of the local climatic conditions on Chhota Shigri Glacier. Both AWS1 and 4 

AWS2 were checked and maintained every month during the summers (accessibility in winter was 5 

not possible). At the glacier base camp (3850 m a.s.l.), an all-weather precipitation gauge with a 6 

hanging weighing transducer (Geonor T-200B) has been operating continuously since 7 July 2012 7 

(Fig. 1). The Geonor sensor is suitable for both solid and liquid precipitation measurements. Table 8 

1 gives the list of meteorological variables used in this study, with the sensor specifications.  9 

2.2 Meteorological data and corrections 10 

Only AWS1 data were used for SEB calculations. During winter, the lower sensors (Tair, RH, u) 11 

were buried under heavy snowfalls on 18 January 2013, and AWS1 stopped operating completely 12 

on 11 February 2013 till 7 July 2013 when the glacier was again accessible and AWS1 could be 13 

repaired. To ensure good data quality, the period between 4 and 11 February 2013 was eliminated 14 

as this period was supposed to be influenced by near surface snow. Thus, complete data sets of 15 

263 days in two separate periods (13 August 2012 to 3 February 2013 and 8 July to 3 October 16 

2013) are available for analysis, except SR50A, for which data are also missing from 8 September 17 

to 9 October 2012. The records from AWS2 have very few data gaps (0.003%, 0.29%, and 0.07% 18 

data gaps over the 4-year period for Tair, u and WD, respectively). These gaps were filled by linear 19 

interpolation using the adjacent data. Only one long gap exists for LWI data between 18 August 20 

2009 and 22 May 2010.   21 

Radiation fluxes are directly measured in the field (Table 1) however several corrections 22 

were applied to this data before using in the SEB model. Night values of SWI and SWO were set 23 

to zero. At high elevation sites, such as Himalaya, measured SWO can be higher than SWI (2.6% 24 

of total data here) during the morning and evening time when the solar angle is low because of 25 

poor cosine response of the upward-looking radiation (SWI) sensor (Nicholson et al., 2013). 26 

Besides, as AWS1 was installed on the middle of the ablation area, the unstable glacier surface 27 

during ablation season conceivably gave rise to a phase shift by mast tilt (Giesen et al., 2009). 28 

SWO sensor mostly receives isotropic radiation and consequently is much less sensitive to 29 

measurement uncertainties of poor cosine response and mast tilt compared to SWI sensor (Van 30 

den Broeke et al., 2004). Therefore, SWI is calculated from SWO (raw) and accumulated albedo 31 
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(αacc) to avoid the impact of the phase shift because of tilting during the daily cycle of SWI and 1 

poor cosine response of the SWI sensor during the low solar angles. αacc values were computed 2 

(Eq. 1) as the ratio of accumulated SWO (raw) and SWI (raw) over a time-window of 24 hours 3 

centered on the moment of observation using the method described in Van den Broeke et al. (2004). 4 

The obvious shortcoming of the accumulated albedo method is the elimination of the clear-sky 5 

daily cycle in αacc (Van den Broeke et al., 2004).  6 

∝𝑎𝑐𝑐=
∑ 𝑆𝑊𝑂24

∑ 𝑆𝑊𝐼24
                          (1) 7 

A correction has also been applied to long-wave radiations as the air particles between the 8 

glacier surface and CNR-4 sensor radiate and influence LWI (underestimation of LWI at the 9 

surface) and LWO (overestimation). This generally occurs when Tair is higher than 0 °C during the 10 

summer-monsoon (July to September). Figure 2a reveals a linear relation between LWO and Tair 11 

above 0 oC. Measured LWO was often found substantially greater than 315.6 W m-2, which is the 12 

maximum possible value for a melting glacier surface. Therefore, a correction can be done using 13 

LWO. We adopted the method described by Giesen et al. (2014) and fitted a linear function to the 14 

median values of the additional LWO (greater than 315.6 W m-2) for all 0.5 oC Tair intervals above 15 

0 oC, assuming that the correction is zero at 0 oC. This correction was added to LWI and subtracted 16 

from LWO (Fig. 2b) when Tair was higher than 0 °C. Corrections have half-hourly values up to 22 17 

W m-2 for Tair of 11 oC. Over all half-hourly periods with Tair above 0 oC, the average correction 18 

was 6.3 W m-2.   19 

In snow- and ice-melt models, cloud cover is investigated by computing ‘cloud factors’, 20 

defined as the ratio of measured and modeled clear-sky solar radiation (Greuell et al., 1997; Klok 21 

and Oerlemans, 2002; Mölg et al., 2009). In the present study cloud factor is calculated by 22 

comparing SWI with solar radiation at the top of atmosphere (STOA) according to the Eq.: cloud 23 

factor = 1.3−1.4*(SWI/STOA) that represents a quantitative cloud cover estimate and ranges 24 

between 0 and 1. The values 1.3 (offset) and 1.4 (scale factor) were derived from a simple linear 25 

optimization process (Favier et al., 2004). The cloud factor is calculated between 11:00 and 15:00 26 

local time (LT) to avoid the shading effect of steep valley walls during morning and evening time. 27 

The theoretical value of STOA is calculated for a horizontal plane following Iqbal (1983) and 28 

considering the solar constant equal to 1368 W m-2.  29 
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2.3 Accumulation and ablation data 1 

The SR50A sensor records the accumulation of snow (decreasing the sensor distance to the 2 

surface) or the melting of ice and melting or packing of snow (increasing the sensor distance from 3 

the surface) at 4670 m a.s.l. close to AWS1 (Fig. 3). This sensor does not involve an internal 4 

temperature sensor to correct for the variations in speed of sound as a function of Tair. Without this 5 

correction the measured distance may reduce during the evening, which could be misunderstood 6 

as a snowfall event (Maussion et al., 2011). Therefore, temperature corrections for the speed of 7 

sound were applied to the sensor output using Tair recorded at the higher level. Besides, to reduce 8 

the noise, a 3-hour moving mean is applied to smooth the SR50A data. During the summer-9 

monsoon on Chhota Shigri Glacier, sporadic snowfall events and follow-up melting may occur 10 

within hours. Therefore, the surface height variations from the 3-hour smoothed SR50A data 11 

should be calculated over a time interval long enough to detect the true height changes during the 12 

snowfalls and short enough to detect a snowfall before melting begins. Given that SR50A 13 

measurements have an uncertainty of ±1 cm, an agreement was achieved with a 6-hour time step 14 

between smoothed SR50 data to extract surface changes greater than 1 cm.  15 

Point mass balance was measured from ablation stake no VI located at the same elevation 16 

and around 20 m south to AWS1. Frequent measurements, with intervals of some days to a couple 17 

of weeks, were made at stake no VI during summer expeditions. In summer 2012, 3 stake 18 

measurements with intervals of 10 to 15 days have been performed from 8 August to 21 September 19 

2012, while in summer 2013, 6 measurements with intervals of 7 to 30 days have been carried out 20 

from 8 July to 3 October 2013. By subtracting the snow accumulation assessed from SR50A 21 

measurements at AWS1 (assuming a density of 200 kg m-3 for accumulated snow), the ablation 22 

was derived corresponding to every period between two stake measurements. 23 

2.4 Climatic settings 24 

2.4.1 Characterization of the seasons 25 

In this section, the meteorological conditions on Chhota Shigri Glacier, as derived from the 26 

measurements at AWS2, are described. The Himalayan Mountains are situated in the subtropical 27 

climate zone, characterized by high annual thermal amplitude, that allows a separation into 28 

summer and winter seasons. The general circulation regime over Himalaya is controlled by the 29 

Inter-Tropical Convergence Zone (ITCZ) (Bookhagen and Burbank, 2006; 2010). Figure 4 shows 30 

the mean annual cycle of monthly Tair and RH during the four hydrological years, from 1 October 31 
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2009 to 30 September 2013, recorded at AWS2. The standard deviations (STDs) of mean monthly 1 

measurements were 7.0 oC and 13% for Tair and RH, respectively, indicating that on Chhota Shigri 2 

Glacier, Tair and RH variations are large enough to characterize pronounced seasonal regimes. A 3 

warm summer-monsoon with high relative humidity from June to September and a cold winter 4 

season, comparatively less humid, from December to March were identified. Besides, a pre-5 

monsoon from April to May and a post-monsoon from October to November could also be defined.    6 

Daily mean Tair ranges between –22.0 and +7.3 oC with a mean Tair of −6.0 oC for the 7 

studied cycle (1 October 2009 to 30 September 2013), reflecting the high altitude of the AWS2 8 

location (4863 m a.s.l.). The coldest month was January with a mean Tair of −15.8 oC and the 9 

warmest month was August with a mean Tair of 4.3 oC. Table 2 displays the mean seasonal values 10 

of all studied variables for the whole period (1 October 2009 to 30 September 2013). The summer-11 

monsoon is warm (mean Tair = 2.5 oC) and calm (mean u = 2.8 m s-1) with high humidity (mean 12 

RH = 68%), whereas the winter season is characterized with cold (mean Tair = −13.4 oC) and windy 13 

(mean u = 5.5 m s-1) conditions with relatively less humidity (mean RH = 42%). The mean annual 14 

RH is 52%. An increase (decrease) in mean monthly RH in June (October) shows the onset (end) 15 

of monsoon on Chhota Shigri Glacier. Pre-monsoon and post-monsoon seasons showed 16 

intermediate conditions for air temperature, moisture and wind speed (Table 2). Although the solar 17 

angle is at its annual maximum during the summer-monsoon, SWI is the highest during the pre-18 

monsoon with a mean value of 299 W m-2. The summer-monsoonal mean is 33 W m-2 lower than 19 

the pre-monsoonal mean because of high cloud coverage in the summer-monsoon. The 20 

comparatively low values of SWI, during the summer-monsoon, are compensated by high values 21 

of LWI (Fig. 4 and Table 2) mostly emitted from warm summer-monsoonal clouds. Post-monsoon 22 

and winter seasons are rather similar, receiving low and almost same SWI (176 and 161 W m-2, 23 

respectively) and LWI (187 and 192 W m-2, respectively). The low SWI and LWI values over 24 

these seasons are mainly related to the decreasing solar angle (for SWI), and low values of Tair, 25 

RH and cloudiness (for LWI), respectively.  26 

2.4.2 Influence of ISM and MLW 27 

The whole Himalayan range is characterized by, from west to east, the decreasing influence of the 28 

MLW and the increasing influence of the ISM (Bookhagen and Burbank, 2010), leading to distinct 29 

precipitation regimes on glaciers depending on their location. 30 
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Figure 5 shows the monthly precipitations for a complete hydrological year between 1 1 

October 2012 and 30 September 2013 at Chhota Shigri Glacier base camp (3850 m a.s.l.) (Fig. 1). 2 

Surprisingly, the months with minimum precipitation were July to November (mean value of 16 3 

mm) and those with maximum precipitation were January and February (183 and 238 mm, 4 

respectively). For ease of understanding, Wulf et al. (2010) divided the distribution of precipitation 5 

over the same region in two periods i.e. from May to October with precipitation predominantly 6 

coming from ISM and from November to April with precipitation coming from MLW. ISM 7 

contributed only 21% while MLW added 79% precipitation to the annual precipitation (976 mm) 8 

at Chhota Shigri base camp for 2012/2013 hydrological year. In Fig. 5, a comparison of 2012/2013 9 

monthly precipitation at base camp is also done with long-term (1969-2013) mean monthly 10 

precipitations at Bhuntar meteorological station, Beas basin (Fig. 1). Although this station is only 11 

about 50 km (aerial distance) from Chhota Shigri Glacier, the precipitation regime is noticeably 12 

different because ISM and MLW equally contribute to the average annual precipitation (916 mm 13 

yr-1). The different precipitation regimes in this region can be explained by the location of the 14 

orographic barrier which ranges between 4000 and 6600 m in elevation (Wulf et al., 2010). ISM, 15 

coming from Bay of Bengal in the southeast, is forced by the orographic barrier to ascend, 16 

enhancing the condensation and cloud formation (Bookhagen et al., 2005). Thus, it provides high 17 

precipitation on the windward side of the orographic barrier at Bhuntar meteorological station 18 

(51% of the annual precipitation) and low precipitations on its leeward side at Chhota Shigri 19 

Glacier (21% of annual precipitation). In contrast to the ISM, MLW moisture derived from the 20 

Mediterranean, Black, and Caspian seas is transported at higher tropospheric levels (Weiers, 21 

1995). Therefore, the winter westerlies predominantly undergo orographic capture at higher 22 

elevations in the orogenic interior providing high precipitations at Chhota Shigri Glacier (79% of 23 

annual precipitation) compared to Bhuntar meteorological station on the windward side (49% of 24 

annual precipitation). Thus, Chhota Shigri Glacier seems to be a winter-accumulation type glacier 25 

receiving most of its annual precipitation during the winter season. This precipitation comparison 26 

between glacier base camp and Bhuntar meteorological station is only restricted to 2012/2013 27 

hydrological year, when precipitation records at glacier base camp are available. Long-term 28 

precipitation data at glacier site are still required to better understand the relationship between the 29 

precipitation regimes prevalent on the southern and northern slopes of Pir Panjal Range. 30 

2.4.3 Representativeness of 2012/2013 hydrological year 31 
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Given that long-term meteorological data at the glacier are unavailable, the representativeness of 1 

the meteorological conditions prevailing during the 2012/2013 hydrological year is assessed at 2 

Bhuntar using Tair and precipitation data from the Bhuntar meteorological station. Figure 6a shows 3 

the comparison of 2012/2013 Tair with the long-term mean between 1969 and 2013 at seasonal as 4 

well as annual scales. Tair in 2012/2013 hydrological year was systematically higher for all seasons 5 

(0.5 °C, 0.5 °C and 0.6 oC in winter, pre-monsoon and summer-monsoon, respectively) except for 6 

post-monsoon when it was lower (0.4 oC) than the mean seasonal Tair over 1969-2013 period. At 7 

annual scale, 2012/2013 hydrological year was 0.4 °C warmer with Tair close to the 75th percentile 8 

of the annual mean Tair between 1969 and 2013. Figure 6b compares the precipitation observed 9 

during the 2012/2013 hydrological year with the mean over 1969-2013 period. In 2012/2013 10 

hydrological year, both ISM (May to October) and MLW (November to April) circulations brought 11 

almost equal amount (49 and 51%, respectively) of precipitation at Bhuntar meteorological station. 12 

This year the ISM precipitation was equal to the mean ISM precipitation over 1969-2013 whereas 13 

MLW precipitation was 5% higher than the mean MLW precipitation over 1969-2013 hydrological 14 

years (Fig. 6b); therefore, the annual precipitation for 2012/2013 was found slightly higher (943 15 

mm w.e.) than the mean annual precipitation (919 mm w.e.) over 1969-2013 hydrological years. 16 

In conclusion, 2012/2013 hydrological year was relatively warmer with slightly higher 17 

precipitation compared to the annual means over 1969-2013 period. Especially concerning 18 

precipitation, the 2012/2013 hydrological year can be considered as an average year.    19 

3. Methodology: SEB calculations 20 

3.1 SEB equation 21 

The meteorological data from AWS1 were used to derive the SEB at point-scale. The incoming 22 

energy at the glacier surface (Fsurface) is computed following Favier et al. (2011): 23 

SWI – SWO + LWI – [(1- ε) LWI + ε σ Ts_mod 
4] + H + LE = Fsurface     (2) 24 

where SWI, SWO and LWI are the incident short-wave, outgoing short-wave and incoming 25 

long-wave radiations, respectively and the term in square brackets is the modeled outgoing long-26 

wave radiation (LWOmod hereafter) that was deduced from Stefan-Boltzmann’s equation (ε is 27 

surface emissivity, assumed to be equal to 1 for snow and ice surfaces and σ = 5.67 10–8 W m–2 K–28 

4 is the Stefan-Boltzmann constant) using modeled surface temperature Ts_mod. H and LE are the 29 

sensible and latent turbulent heat fluxes, respectively. The heat supplied by precipitation on 30 
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glaciers is insignificant compared to the other fluxes (Oerlemans, 2001) therefore neglected here. 1 

The fluxes are assigned a positive value if directed towards the glacier surface or vice versa, except 2 

the outgoing radiation terms which are kept positive but assigned a negative sign as they are always 3 

directed away from the surface. For model validation, Ts_mod was compared to the measured surface 4 

temperature (Ts_obs) which was derived from measured LWO using the Stefan–Boltzmann equation 5 

assuming again that the surface emissivity is unity and that it cannot exceed 273.15 K (section 6 

4.3). 7 

Fsurface is the energy available at the surface. Part of the shortwave radiation is actually not 8 

available for warming/cooling or melting processes at the surface, because shortwave flux partially 9 

penetrates into the snow/ice. Hence, Fsurface is separated into two terms:  10 

Fsurface = G0 + (1 - a) SWN = G0 + SWsub   (3)  11 

where G0 is the energy excess or deficit at the surface, SWN (=SWI–SWO) is the net short 12 

wave radiation and SWsub is the shortwave radiation penetrating in the ice. In this equation, a is 13 

the fractional amount of shortwave radiation that is absorbed in the top layer of the model (at the 14 

surface). When the modeled surface temperature, Ts_mod, is 0 °C, the positive G0 values represent 15 

the energy available for surface melt (m w.e.). Otherwise, this amount is used to cool/warm the 16 

frozen surface and underlying snow/ice, depending on its sign. If the subsurface ice/snow 17 

temperature exceeds 0 °C, the corresponding energy excess is converted into melt to block Ts_mod 18 

at 0 °C, but liquid water is assumed to be retained in the ice. When negative surface heat budget 19 

occurs, the subsurface temperature stays at 0 °C until this liquid water storage refreezes, then 20 

temperature decreases. This is not the case for the surface layer where liquid water is assumed to 21 

runoff and hence not available for refreezing processes any more. Ablation is the sum of melt and 22 

sublimation (in m w.e.). 23 

3.2 Conduction into the ice/snow  24 

Considering that the energy conservation in the model is crucial, heat conduction (or conductive 25 

heat flux, G) into the ice/snow pack was also considered in the model. Assuming horizontal 26 

homogeneity, temperature distribution inside the ice is governed by the thermodynamic energy 27 

equation (Bintanja et al., 1997; Picard et al., 2009): 28 
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where t is the time, z is the coordinate normal to the surface (positive downward),  is the 2 

snow (snow = 250 kg m-3) or ice density (ice = 910 kg m-3), T(z) is the ice/snow temperature at 3 

depth z, Ks is thermal conductivity, Cp-is is specific heat capacity of ice/snow at constant pressure, 4 

which depends on temperature [Cp-is(z) = 185 + 7.037 T(z) (Dorsey, 1940)], and SWsub(z,t) = 5 

SWN(t)(1 - a) e-bz is penetrated shortwave flux at depth z. Bintanja et al. (1997) suggested that a 6 

is 0.8 for blue ice and 0.9 for snow. Below the surface, the shortwave flux decreases exponentially 7 

with a constant extinction coefficient b = 2.5 m-1 (Bintanja et al., 1997). Distinct thermal 8 

conductivities were considered for ice (Ks-ice = 2.0715 W m-1 K-1) and snow (Ks-snow). Ks-snow was 9 

computed according to Douville et al. (1995), as a function of snow density. Thermal diffusion 10 

was computed through an explicit scheme to a depth of 2 m, with a 2 cm layer resolution and a 20-11 

sec time step. Neumann limit condition was assumed at the surface (e.g., Picard et al., 2009). This 12 

boundary condition results into the following equation: 13 

 14 
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when G0 is not used to produce surface melt; otherwise the right side of this boundary 16 

condition equation is -SWsub. For initial conditions, we assumed that the ice was exposed (no snow 17 

at surface) and temperate (every layer was at 0°C) for both studied periods (in 2012 and in 2013).  18 

3.3 Turbulent fluxes 19 

3.3.1. Turbulent flux calculations  20 

The major characteristic of katabatic flow is the wind speed maximum which is dependent on 21 

glacier size, slope, temperature, surface roughness and other forcing mechanisms (Denby and 22 

Greuell, 2000). Wind speed, Tair and RH were measured at two levels (0.8 and 2.5 m) at AWS1. 23 

At AWS1 site, u at the upper level (initially at 2.5m) is always higher (99.6% of all half-hourly 24 

data) than that at the lower level (initially at 0.8m). For the turbulent heat flux calculations, the 25 

bulk method was used. Denby and Greuell (2000) showed that the bulk method gives reasonable 26 

results in the entire layer below the wind speed maximum even in katabatic wind conditions 27 
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whereas the profile method severely underestimates these fluxes. In turn, the bulk method is 1 

applied in our present study as it has already been applied in various studies where katabatic winds 2 

dominate (e.g. Klok et al., 2005; Geisen et al., 2014).  3 

The bulk method calculates the turbulent fluxes including stability correction. This method 4 

is usually used for practical purposes because it allows the estimation of the turbulent heat fluxes 5 

from one level of measurement (Arck and Scherer, 2002). In this approach, a constant gradient is 6 

assumed between the level of measurement and the surface; consequently, surface values have to 7 

be evaluated. The stability of the surface layer is described by the bulk Richardson number, Rib 8 

(Eq. 5) which relates the relative effects of buoyancy to mechanical forces (e.g., Brutsaert, 1982; 9 

Moore, 1983; Oke, 1987): 10 

𝑅𝑖𝑏 =
𝑔

(𝑇𝑎𝑖𝑟 − 𝑇𝑆_𝑚𝑜𝑑)
(𝑧 − 𝑧0𝑇)

𝑇𝑎𝑖𝑟 (
𝑢

𝑧 − 𝑧0𝑚
)

2 =
𝑔(𝑇𝑎𝑖𝑟 − 𝑇𝑠_𝑚𝑜𝑑)(𝑧 − 𝑧0𝑚)2

𝑇𝑎𝑖𝑟𝑢2(𝑧 − 𝑧0𝑇)
         (6) 11 

where z is the level of measurements. Tair and u are taken from the upper level (2.5 m) that 12 

provides a longer period for investigation. The sensor heights were extracted from SR50A records 13 

except during a data gap between 8 September and 9 October 2012. Over this period sensor heights 14 

were assumed to be constant and set as 2.5 m, this being AWS1 in free standing position. g is the 15 

acceleration of gravity (g = 9.81 m s−2). z0m and z0T are the surface roughness parameters (in m) 16 

for momentum and temperature, respectively. Assuming that local gradients of mean horizontal u, 17 

mean Tair and mean specific humidity q are equal to the finite differences between the measurement 18 

level and the surface, it is possible to give analytical expressions for the turbulent fluxes (e.g., Oke, 19 

1987): 20 

 21 

𝐻 = 𝜌
𝐶𝑃𝑘2𝑢(𝑇𝑎𝑖𝑟 − 𝑇𝑠_𝑚𝑜𝑑)

(𝐼𝑛
𝑧

𝑧0𝑚
) (𝐼𝑛

𝑧
𝑧0𝑇

)
(Ф𝑚 Фℎ)−1         (7) 22 

 23 

𝐿𝐸 = 𝜌
𝐿𝑆𝑘2𝑢(𝑞 − 𝑞𝑠)

(𝐼𝑛
𝑧

𝑧0𝑚
) (𝐼𝑛

𝑧
𝑧0𝑞

)
(Ф𝑚 Ф𝑣)−1          (8) 24 

 25 
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where ρ is the air density (in kg m−3) at 4670 m a.s.l. at AWS1 and  calculated using ideal 1 

gas equation (𝜌 =
𝑃𝑎𝑡𝑚

𝑅𝑎𝑇
, where Ra being the specific gas constant for dry air and Pair is given by the 2 

measurements and around 565 hPa). CP is the specific heat capacity for air at constant pressure (Cp 3 

= Cpd (1 + 0.84q) with Cpd = 1005 J kg−1 K−1, the specific heat capacity for dry air at constant 4 

pressure), k is the von Karman constant (k = 0.4) and Ls is the latent heat of sublimation of snow 5 

or ice (Ls = 2.834 106 J kg−1). Furthermore, q is the mean specific humidity (in g kg−1) of the air at 6 

the height z and qs is the mean specific humidity at surface. z0T and z0q are the surface roughness 7 

parameters for temperature and humidity, respectively. To compute turbulent fluxes (Eq. 7 and 8), 8 

it is assumed that the temperature is equal to Ts_mod at z0T and that the air is saturated with respect 9 

to Ts_mod at z0q. The last assumption helps to calculate surface specific humidity qs. The non-10 

dimensional stability functions for momentum (Фm), for heat (Фh) and moisture (Фv) can be 11 

expressed in terms of Rib (e.g., Favier et al., 2011):  12 

 13 

For Rib positive (stable):  (Ф𝑚 Фℎ)−1 =  (Ф𝑚 Ф𝑣)−1 = (1 − 5𝑅𝑖𝑏)2                    (9) 14 

For Rib negative (unstable):  (Ф𝑚 Фℎ)−1 = (Ф𝑚 Ф𝑣)−1 = (1 − 16𝑅𝑖𝑏)0.75             (10) 15 

The lower and upper limits of Rib were fixed at −0.40 and 0.23, respectively beyond which 16 

all turbulence is suppressed (Denby and Greuell, 2000; Favier et al., 2011). 17 

3.3.2 Roughness parameters 18 

The aerodynamic (z0m) and scalar roughness lengths (z0T and z0q) play a pivotal role in bulk method 19 

as the turbulent fluxes are very sensitive to the choice of these surface roughness lengths (e.g., 20 

Hock and Holmgren, 1996; Wagnon et al., 1999). In several studies (e.g., Wagnon et al., 1999; 21 

Favier et al., 2004), the surface roughness lengths were all taken to be equal (z0m = z0T = z0q) and 22 

used as calibration parameters. In the present study, the z0m was calculated assuming a logarithmic 23 

profile for wind speed between both the levels of measurements in neutral conditions (e.g., Moore, 24 

1983): 25 

𝑧0𝑚 = exp (
𝑢2𝑙𝑛𝑧1 − 𝑢1𝑙𝑛𝑧2

𝑢2 − 𝑢1
)             (11) 26 

 27 

where u1 and u2 are the wind velocities measured at the lower and higher levels z1 and z2, 28 

respectively. For −0.005 < Rib < 0.005 (11% of our total data set, at half-hourly time-step), it was 29 



16 
 

assumed that conditions are neutral, and half-hourly values for z0m were calculated using the Eq. 1 

(11). Half-hourly values of z0m were assessed separately for ice and snow surfaces, based on field 2 

observations (snow covered surface between 16/09/2012 and 17/01/2013 and ice-covered surface 3 

the rest of the time). The z0m was calculated as 0.016 m (with STD of 0.026 m) and 0.001 m (0.003 4 

m) for ice and snow surfaces, respectively. During the summer-monsoon, the surface is covered 5 

with hummocks and gullies and z0m is large whereas in winter, snow covers all surface 6 

irregularities and fills up the gullies (Fig. 3) providing small values of z0m. The ratio between 7 

roughness lengths (z0m/z0q and z0m/z0T) depends on the Reynolds number of the flow according to 8 

Andreas (1987) polynomials. For high Reynolds numbers (aerodynamically rough flows), the 9 

polynomials suggested by Smeets and Van den Broeke (2008) for hummocks were used. The 10 

respective mean values obtained for z0T and z0q are identical and equal to 0.004 m over rough icy 11 

surfaces, and 0.001 m over smooth snow surfaces. These values are similar to z0m values for snow-12 

smooth surfaces as already observed by Bintanja and Van den Broeke (1995) and lower for icy-13 

rough surfaces as pointed out by many authors (e.g., Andreas, 1987; Hock and Holmgren, 1996; 14 

Meesters et al., 1997). 15 

4. Results 16 

4.1 Analysis of the meteorological conditions at AWS1 17 

In order to understand the seasonal evolution of the physical processes controlling the mass 18 

balance of the glacier, different representative periods for various seasons of 60 days duration were 19 

selected for inter-seasonal comparisons, based on the meteorological conditions observed in 20 

section 2.4 and available dataset at AWS1. The selected representative periods are post-monsoon 21 

(1 October 2012 to 29 November 2012), winter (1 December 2012 to 29 January 2013) and the 22 

summer-monsoon (8 July 2013 to 5 September 2013). The same length of 60 days of each 23 

representative period was chosen for justified comparison among different seasons. Unfortunately 24 

data was not available for pre-monsoon. Measurements (Tair, RH, u and WD) recorded at the upper 25 

level sensors were used for the analysis, since the records from the lower level sensors have longer 26 

data gap because of early burial of sensors. A summary of the mean variables measured in different 27 

representative periods at AWS1 is given in Table 3. 28 

Figure 7 shows the daily averages of Tair, u, RH, LWI, LWO, SWI, SWO, STOA, cloud 29 

factor, αacc and snow falls for all three representative periods. The meteorological variables show 30 

strong seasonality and day-to-day variability. The last panels of Fig. 7 represent the daily snowfall 31 
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amounts (with a data gap between 1 and 8 October 2012) at AWS1 site extracted from SR50A 1 

data (by applying a fresh snow density of 200 kg m-3). Post-monsoon and winter periods are cold 2 

with mean Tair and Ts_obs always far below freezing point (Fig. 7 and Table 3). During post-3 

monsoon period mean u and αacc progressively increased (mean u = 4.7 m s-1 and αacc = 0.73) and 4 

reached their highest values in winter period (mean u = 4.9 m s-1 and αacc = 0.79). αacc remains 5 

almost constant in winter period showing the persistent snow cover. Snowfalls in post-monsoon 6 

period were frequent but generally very light (<10 mm w.e.), whereas winter period received a 7 

substantial amount of snow (the heaviest snowfalls were observed on 16 December 2012, and 17, 8 

18 January 2013 with 32, 44 and 80 mm w.e., respectively). These snowfall events are associated 9 

with high RH, αacc, cloud factor and LWI values. Obviously, an abrupt decrease of SWI 10 

(consequently low SWO) is noticed during snowfall events. Most of the time, due to very cold and 11 

dry high-elevation atmosphere, LWI remains very low during both the periods, with mean values 12 

of 205 and 189 W m-2 in post-monsoon and winter periods, respectively (Table 3). An analysis of 13 

Fig. 7 showed that overcast days with high cloud factor, high RH, increased LWI and decreased 14 

SWI are evident during all three representative periods.  15 

The summer-monsoon period is warm and calm with relatively high humidity (Fig. 7 and 16 

Table 3). SWI is high during the summer-monsoon period (however, the maximum SWI is 17 

expected in pre-monsoon, section 2.4.1) with a mean value of 248 W m-2 (Table 3). Most SWI 18 

(81%) is absorbed by the glacier because of the lowest values of αacc (mean value = 0.19) 19 

consequently low SWO. The low and almost constant αacc indicates that the glacier ice was exposed 20 

all the time. The surface remains almost continuously in melting condition, as shown by constantly 21 

maximal LWO values. Although the summer-monsoon period is characterized by the highest value 22 

of cloud factor (0.4), few snowfall events are observed from the SR50A at AWS1 site. Given that 23 

Tair was above freezing point, the precipitation might have occurred in the form of rain most of the 24 

time. Due to warm, humid and cloudy conditions, LWI is much higher in the summer-monsoon 25 

than during the other two studied seasons, with a mean value of 300 W m-2 (Table 3). 26 

Post-monsoon and winter periods are characterized by high wind speeds (mean u values of 27 

4.7 and 4.9 m s-1, respectively; Table 3). In the summer-monsoon period u is quite stable (STD = 28 

0.5 m s-1) and gusts at minimum strength with a mean value of 3.6 m s-1. Chhota Shigri Glacier is 29 

situated in an almost north-south oriented valley and the AWS1 site is bounded by steep valley 30 

walls to the east and west (Fig 1). The scatter plots of u with Tair and WD over all of the observation 31 
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periods at half-hourly time scale were plotted following Oerlemans (2010).  Figure 8a mostly 1 

shows a linear relationship between Tair above melting point and u at AWS1 site showing that 2 

increasing u is associated with increasing near-surface Tair, indicative of katabatic forcing, whereas 3 

Fig. 8b reveals a mean down-glacier wind (WD of 200-210o) most of the time.   4 

 Wind direction, measured at AWS1, indicates that there is a persistent down-glacier wind 5 

coming from south to southwest (200-210o) during post-monsoon and winter periods (Fig. 9). In 6 

winter, the half-hourly mean u reaches up to 10 m s-1 compared to 8 m s-1 in post-monsoon period. 7 

During both post-monsoon and winter periods the glacier surface is snow covered (with high αacc, 8 

Fig. 7) and a down-glacier wind is maintained by the negative radiation budget (section 4.2) of the 9 

snow surface which gives rise to cooling to the near-surface air, generating katabatic flow 10 

(Grisogono and Oerlemans, 2002). Further, on Chhota Shigri Glacier, in the summer-monsoon 11 

period the wind regime is quite remarkable. During the summer-monsoon, the down-glacier wind, 12 

coming from south to southwest (200-210o) is relatively weak and might be the result of katabatic 13 

forcing, which is typical for many valley glaciers (Van den Broeke, 1997). Occasionally, wind 14 

also tends to come from south-east (160 o), in the direction of a large hanging glacier (Fig. 1). The 15 

upcoming valley wind coming from north-east (50o), blowing against the down-glacier wind, is 16 

weak at the AWS1 site and appears only during the summer-monsoon periods when the down-17 

glacier wind is comparatively weak. As a cumulative result of upcoming valley and down-glacier 18 

winds, a wind from 110o is also observed.  19 

AWS1 is surrounded by steep N-S valley walls. In order to analyze the impact of synoptic 20 

scale circulation at AWS1 site, we compared the wind directions at AWS1 with those at 450 hPa 21 

pressure level obtained from High Asia Reanalysis data (HAR, Maussion et al., 2014) at hourly 22 

scale. HAR wind data is available at 10 km resolution for different pressure levels for the 2001-23 

2012 period. The pressure level of 450 hPa (equivalent to ~6350 m a.s.l.) has been chosen as 24 

representative of the synoptic circulation above the glacier (whose highest elevation is 6263 m 25 

a.s.l.). Synoptic (HAR, 450 hPa) wind comes mainly from west or south-west directions, 26 

depending on the season. Given that on its eastern side the glacier is bordered by a high N-S ridge 27 

(often above 6000 m a.s.l.), this synoptic wind may be deflected down to the valley providing 28 

winds parallel to the katabatic flow at AWS1. Therefore at AWS1 site the wind coming from south 29 

to southwest is probably the result of both katabatic and synoptic effects. 30 

4.2 Mean values of the SEB components 31 
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Mean SEB values for three representative periods are presented in Fig. 10 and are reported in Table 1 

3. The results indicate that the mean seasonal net short wave radiation (SWN) is highly variable 2 

from 29 W m-2 in winter to 202 W m-2 in the summer-monsoon (Table 3). Besides the seasonal 3 

changes in sun inclination, the main reason for the seasonal variability of SWN is the contrast in 4 

surface albedo in different periods (Table 3). Seasonal variations in net long wave radiations 5 

(LWN=LWI–LWOmod) are rather low; post-monsoon and winter periods show minimum values 6 

of LWN (mean = –69 and –54 W m-2, respectively), while the maximum was obtained for the 7 

summer-monsoon period (mean = –14 W m-2) when Ts_mod (mean = –0.2 oC) remains close to the 8 

melting point and coincides with warm and humid conditions associated with dense cloud cover 9 

leading to high values of LWI. The net radiation heat flux R (=SWN + LWN) was negative in post-10 

monsoon and winter periods, giving rise to near-surface air cooling, with mean values of –21 and 11 

–25 W m-2, respectively whereas in the summer-monsoon, it was the main heat source with a mean 12 

value of 187 W m-2. During all representative periods, the atmosphere transported heat towards 13 

the glacier surface in the form of H. The highest contribution of H (associated with the highest 14 

Ts_mod, Table 3) was in the summer-monsoon with a mean value of 31 W m-2 (Table 3). LE was 15 

continuously negative in post-monsoon and winter periods with mean values of –45 and –27 W m-16 

2, respectively. Therefore, the surface lost mass through sublimation (corresponding to respective 17 

mean daily rates of –1.4 and –0.8 mm w.e. d-1). However, in the summer-monsoon period, a sign 18 

shift in LE from negative to positive occurred. The relatively high Tair and RH (Table 3) lead to a 19 

reversal of the specific humidity gradient and therefore a positive LE for a melting valley glacier 20 

(Oerlemans, 2000). Because of this positive LE, glacier gained mass through condensation or re-21 

sublimation of moist air at the surface (Table 3). Assuming re-sublimation as the main process an 22 

amount of 0.3 mm w.e. d-1 mass gain is calculated during the summer-monsoon period. The amount 23 

of short-wave radiation penetrating below the surface (SWsub) is slightly negative during post-24 

monsoon and winter seasons while in the summer-monsoon it was highest in agreement with the 25 

highest values of SWN. When sub-surface ice layers were at 0°C, this energy amount was 26 

converted into subsurface melt occurring in the first layer of the model, leading to runoff. At daily 27 

time scale, the conductive heat flux (G) was mostly negligible except during the summer-monsoon 28 

when it was slightly positive and was responsible for a small energy gain during the night in the 29 

upper layers of the glacier, which resulted in melt when these layers were at melting point soon 30 

after the sunrise.  31 
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As a result of SEB, positive melt heat flux (Fsurface), with almost the same seasonal 1 

oscillation as SWN (Fig. 10), occurred only in the summer-monsoon period when melting 2 

conditions were prevailing all the time, leading to a mean daily melt rate of 61.3 mm w.e. d-1. 3 

During the summer-monsoon period SWN accounted for 87% of the total heat flux and was the 4 

most important heat-flux component for surface melting. R was estimated as 80% of the total heat 5 

flux that was complemented with turbulent sensible, latent and conductive heat fluxes with a share 6 

of 13%, 5% and 2%, respectively. During post-monsoon period the glacier started cooling down 7 

(mean Fsurface = –56 W m-2) with a little melting (mean daily rate of 0.6 mm w.e. d-1) occurring 8 

during the noon hours only, when occasionally Ts_mod reached 0 °C, while in winter period the 9 

glacier was too cold (the highest half hourly Ts_mod was –4.23 oC) to experience any melting (mean 10 

Fsurface = –24 W m-2). 11 

4.3 Model validation 12 

The model provides a heat transfer at half-hourly time step to the glacier superficial layers that can 13 

be turned into melt when the modeled surface temperature, Ts_mod, is at 0 °C. When the computed 14 

snow or ice temperature exceeds 0°C, the corresponding energy excess is also converted into melt. 15 

Sub-surface melt participates to runoff when it occurs in the first layer of the model. Another way 16 

to lose/gain mass is from sublimation/re-sublimation. The amount of sublimation/re-sublimation 17 

(m w.e.) was computed from calculated LE divided by the latent heat of sublimation (2.834 106 J 18 

kg-1) and the density of water (1000 kg m-3) when the half-hourly mean LE flux was 19 

negative/positive. During the summer-monsoon, glacier lost mass at a daily mean melt rate of 61.3 20 

mm w.e. d-1, while a mass gain of 0.3 mm w.e. d-1 was observed through re-sublimation (Table 3). 21 

Sublimation was negligible during the summer-monsoon.  22 

To validate the SEB model, computed ablation (melt + sublimation – re-sublimation) was 23 

compared with the ablation measured at stake no VI in the field (section 2.3). The correlation 24 

between computed ablation from the SEB Eq. and measured ablation at stake no VI is strong (r2 = 25 

0.98, n = 9 periods), indicating the robustness of the model. Although, the computed ablation is 26 

1.15 times higher than the measured one (Fig. 11a), this difference (15% overestimation) is 27 

acceptable given the overall uncertainty of 140 mm w.e. in stake ablation measurements (Thibert 28 

et al., 2008). Furthermore, surface temperatures at half-hourly time step (Ts_mod) were calculated 29 

by the model without using measured LWO (or associated surface temperatures, Ts_obs). Figure 30 

11b shows that the half-hourly Ts_obs and Ts_mod are highly correlated (r2 = 0.96), with an average 31 
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difference of 1.2 oC. This temperature difference corresponds to a mean difference of 4.6 W m−2 1 

between LWOmod and observed LWO, showing that the modeled surface heat budget is reasonably 2 

computed. Moreover, if we run the model with an additional 2-cm snow layer at the surface when 3 

measured albedo values are higher than 0.7, the mean difference between Ts_mod and to Ts_obs drops 4 

to 0.2°C, showing that this difference does not come from a bad performance of the model, but 5 

from a bad estimation of the surface state (snow or ice) and thus of precipitation during low 6 

intensity events (explaining the bi-modal scatter observed in Fig. 11b i.e. surface state correctly 7 

reproduced or not). Thus when the surface state is appropriately assessed, the model provides a 8 

good estimation of Ts_mod. In conclusion, given that the model is able to properly compute surface 9 

temperature or ablation at point-scale, we believe that it can reasonably calculate all the SEB 10 

fluxes. 11 

4.4 Mean diurnal cycle of the meteorological variables and SEB components  12 

The mean diurnal cycles of the meteorological variables and SEB components for all three 13 

representative periods are shown in Fig. 12. Mean diurnal cycles of Ts_mod (equivalent to LWOmod) 14 

and Tair showed that the glacier was in freezing conditions during post-monsoon and winter periods 15 

all the time (Fig. 12) while in the summer-monsoon, Ts_mod is always at melting point in agreement 16 

with consistently positive Tair. Occasionally, for some days, half-hourly mean Tair (not shown here) 17 

may drop below freezing point during the night in the summer-monsoon and climb above freezing 18 

point during noon hours in post-monsoon period. A wind speed maximum is observed in the 19 

afternoon hours during all the representative periods, which is consistent with Tair. This is a 20 

common phenomenon on valley glaciers, with u increasing in the afternoon (e.g., Van den Broeke, 21 

1997; Greuell and Smeets, 2001) as a consequence of an increased glacier wind due to a stronger 22 

Tair deficit in the afternoon. A wind speed minimum is observed in the morning time of post-23 

monsoon but no reason for this could be identified. 24 

For all the representative periods, R is negative at night (indicating long-wave radiative 25 

cooling of the surface) and positive during the day time. However, during the summer-monsoon 26 

period the night values of R are slightly less negative as the radiative cooling is attenuated due to 27 

enhanced RH, Tair, cloudiness, and in turn high LWI. In daytime, R is much higher during the 28 

summer-monsoon than other periods, mainly because of exposed low-albedo ice at the glacier 29 

surface enhancing the absorption of solar radiation, which is already high due to annual maximum 30 

of the solar angle. 31 
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H and LE show similar daily cycles in post-monsoon and winter periods. During the night, 1 

H remains permanently high (~50 W m-2) and starts decreasing in the morning as the surface is 2 

heated up with R (Fig. 12). This daily cycle of H is in agreement with the daily cycle of Rib, 3 

showing stable conditions almost all day long (Rib>0 except 4 hours in the middle of the afternoon 4 

in winter), with very stable conditions in the night, and moderately stable during the day or even 5 

unstable in the afternoon in winter. LE is negative in the night, decreases in the morning and shows 6 

the minimum values during early afternoon hours which are in agreement with increasing wind 7 

speed and stronger vertical gradients of specific humidity in the vicinity of the surface. During the 8 

summer-monsoon, both H and LE are positive (heat supplied to the surface) and follow a similar 9 

trend, but H attains its peak approximately 2 hours before LE. H shows a peak at ~14:00 LT with 10 

positive Tair and wind speed maximum (Fig. 12) whereas LE remains close to 0 W m-2 until noon 11 

and increases with an afternoon wind speed maximum. The stability of the surface boundary layer 12 

is not very different from that observed during the other periods, highly stable at night, but 13 

moderately stable during the day due to the occurrence of warm up-valley winds blowing over a 14 

melting surface in summer-monsoon. Thus, LE is positive during the summer-monsoon giving rise 15 

to re-sublimation in afternoon and early night hours.  16 

SWsub mirrors the daily cycle of SWN but is attenuated as part of SWN is absorbed by the 17 

surface, and part is transferred to the underlying layers, following an exponential extinction. 18 

During winter and post-monsoon, negative values of G are compensated by positive values in the 19 

afternoon (after 16:00 LT, when surface temperature begins to decrease) or early night hours, 20 

leading to insignificant values of this heat flux at daily scale. During the summer-monsoon, G is 21 

equal to zero during daytime and only positive at night when internal layers of the glacier at the 22 

melting point try to compensate the nocturnal surface cooling and thus bring energy to the surface. 23 

During post-monsoon and winter periods, in the night, Fsurface is negative, and a cold front 24 

penetrates into the superficial layers of the glacier. However, Fsurface is rather low as R is mostly 25 

compensated by H+LE except during noon hours when Fsurface switches to slightly positive values. 26 

Heat is then transferred during a few hours of the day to the ice/snow pack whose temperature 27 

rises but not enough to reach melting conditions (Ts_mod remains below 0 °C) (Fig. 12). During the 28 

summer-monsoon period, Fsurface follows the diurnal cycle of R providing energy up to 710 W m-2 29 

to the glacier surface at around 12:00 LT. This energy is consumed for melting process as the 30 

surface is melting continuously (Fig. 12). Unfortunately, the dataset does not cover the pre-31 
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monsoon. But during this season, the heat transferred to the glacier progressively increases as net 1 

short-wave radiation enhances in agreement with the rise in solar angle, as well as the decreasing 2 

surface albedo. This heat is first used to warm up the surface layers of the glacier until Ts_mod 3 

reaches 0 °C, then melting starts. 4 

5. Discussion 5 

5.1 Control of the summer-monsoon snowfalls on melting 6 

5.1.1 Comparison between 2012 and 2013 melting periods 7 

The impact of ISM has already been analyzed on Tibetan glaciers (e.g., Fujita and Ageta, 2000; 8 

Yang et al., 2011; Mölg et al., 2012 & 2014) but it is still not well understood in the Himalaya. 9 

Previously, based on a degree-day approach, Azam et al. (2014) suggested that winter precipitation 10 

and summer temperature are almost equally important drivers controlling the mass balance pattern 11 

of Chhota Shigri Glacier. Here this topic is addressed by analyzing the surface melting on Chhota 12 

Shigri Glacier with the summer-monsoon precipitations using more detailed SEB approach. Based 13 

on the available dataset, we selected the same length of the summer-monsoon period (15 August 14 

to 30 September) from 2012 and 2013 years to compare the evolution of the computed cumulative 15 

melting (Fig. 13). Given that the SR50A at AWS1 site has a data gap between 8 September to 9 16 

October 2012 and that this sensor cannot record rain events, daily precipitations, collected at 17 

glacier base camp (3850 m a.s.l.), are used in this analysis. These precipitation values are 18 

extrapolated at AWS1 assuming a zero-precipitation gradient and are considered as rain (snow) at 19 

AWS1 site when Tair at AWS1 is above (below) 1 °C (e.g., Wagnon et al., 2009). In the summer-20 

monsoon 2012, Chhota Shigri Glacier received one important snowfall of 25 mm w.e. (equivalent 21 

to 125 mm of fresh snow applying a density of 200 kg m-3) during 17-19 September. This snowfall 22 

abruptly changed the surface conditions by varying the surface albedo from 0.19 to 0.73 (Fig. 13a). 23 

Therefore, the energy Fsurface available at the glacier surface suddenly dropped from 123 W m-2 on 24 

16 September to 14 W m-2 on 17 September as shown by the sharp change in the melting rate 25 

(slope of the melting curve on Fig. 13a) associated to this specific snowfall event. The effect is 26 

also evident on Ts_mod evolution. The daily number of hours with Ts_mod > −1 oC decreased  from 27 

24 to 6 hours and remained around this value throughout, showing that melting, which was 28 

continuous before the snowfall event, is reduced to a few hours of the day. During the summer-29 

monsoon 2013, the situation was different as the snowfalls were more sporadic and never big 30 

enough to efficiently slow down the melting. Consequently, a shift in the slope in the melting curve 31 
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is not observed as was the case in mid-September 2012. Indeed, the light snowfalls, observed from 1 

13 to 16 September 2013 and from 24 to 30 September 2013, were only able to protect the glacier 2 

from high melting for some days but could not maintain a persistent snow cover as in mid-3 

September 2012. Ice was again exposed at the surface as revealed by low albedo values (~0.38) 4 

observed again a few days after the snowfalls. Mean Tair and the daily number of hours with 5 

Ts_mod > −1 oC again rose up, maintaining the high melt rates. As a consequence, at point scale, 6 

although the cumulative melting between 15 August and 30 September was very similar in 2012 7 

and 2013 (2.08 and 1.96 m w.e., respectively), the main difference comes from the distribution of 8 

the melting along the considered period. Although the melt rates in 2012 were higher than 2013 9 

during the first 31 days, an early snowfall efficiently slowed down the melting, however it was 10 

slightly less intense but more regular in 2013.  11 

In order to better quantify the albedo effect of the mid-September 2012 snow falls on the 12 

glacier melting, the model was run again assuming a constant albedo (=0.19) over the entire 2012 13 

summer period, all other meteorological variables being unchanged meanwhile (Fig. 13a). As 14 

expected, the overall melting with constant albedo is enhanced (2.44 m w.e.) with a moderate 15 

difference of 0.36 m w.e. (+17% compared to a simulation with real albedo) between 15 August 16 

and 30 September 2012, but very significant when considering only the period when the observed 17 

albedo differs from 0.19 (i.e. after 17 September 2012). Certainly, between 17 and 30 September, 18 

the computed melting using a constant albedo (0.19) is 0.48 m w.e., 4 times higher than that with 19 

the observed albedo (0.12 m w.e.). Even though Chhota Shigri Glacier is a winter-accumulation 20 

type glacier, this analysis highlights and quantifies the role of snowfall events during the summer-21 

monsoon on albedo and, in turn on melting.  22 

This effect has already been described in other parts of the world. Sicart et al. (2011) 23 

suggested that melting on Zongo Glacier, Bolivia is reduced by wet season snowfalls via the albedo 24 

effect during the melt season. In central Tibetan Plateau, Fujita and Ageta, (2000), Fujita (2008a 25 

& 2008b) and Zhang et al. (2013) indicated that the glacier surface mass balance was closely 26 

related to the summer-monsoon precipitation seasonality and phase (snow versus rain). Mölg et al. 27 

(2012) analyzed the impact of ISM on Zhadang Glacier using their fully distributed SEB/mass 28 

balance model between 2009 and 2011 and concluded that the timing of monsoon onset leaves a 29 

clear footprint on the glacier via the albedo effect. Recently Mölg et al. (2014) extended this 30 
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analysis at decadal scale and opined that the intensity of ISM onset together with MLW dynamics 1 

are important in determining the annual mass balance of Zhadang Glacier. 2 

5.1.2. Impact of the summer-monsoon snowfalls on glacier-wide mass balance 3 

In order to investigate the impact of the summer-monsoon snowfalls on glacier-wide mass balance, 4 

the annual glacier-wide mass balances between 2002 and 2013 were compared with the largest 5 

summer-monsoon daily snowfalls of the corresponding season. These snowfalls have been 6 

extrapolated using daily precipitation data from Bhuntar meteorological station (1092 m a.s.l.), 7 

assuming no precipitation gradient and applying the daily lapse rate between Bhuntar and glacier 8 

calculated by Azam et al. (2014) with the idea that if the precipitation is in the form of snow 9 

(threshold temperature equal to 1°C) at 4400 m a.s.l. (below 4400 m a.s.l. the glacier is totally 10 

debris covered), the whole glacier is covered by summer-monsoonal snow.  11 

The choice of using precipitation data from Bhuntar meteorological station to assess 12 

precipitation on the glacier might seem unfortunate at first glance because, as already discussed in 13 

section 2.4.2., both sites are separated by an orographic barrier inducing a different precipitation 14 

distribution. However, these sites are only 50 km away from each other, and we believe that 15 

meteorological conditions are not totally decoupled between the windward and the leeward side 16 

of the mountain range, especially in the case of precipitation events strong enough to cross this 17 

orographic barrier. Fortunately, Wulf et al. (2010) conducted a thorough study using the 18 

precipitation data of 80 stations from the northwest Himalaya including Chhota Shigri area and 19 

concluded that in Baspa Valley (~100 km southeast to Chhota Shigri Glacier) “The two most 20 

prominent 5-day-long erosional events account for 50% of the total 5-year suspended sediment 21 

flux and coincide with synoptic scale monsoonal rainstorms. This emphasizes the erosional impact 22 

of the ISM as the main driving force for erosion processes in the orogenic interior, despite more 23 

precipitation falling during the winter season”.   24 

 The best relationship is obtained when considering the sum of the three most important 25 

daily snowfall records of the corresponding summer-monsoon (Fig. 14). The correlation is strong 26 

(r2 = 0.88, n = 11 years) and suggests that the summer-monsoon snowfall events play a key role to 27 

control the mass balance of the glacier. Such snowfalls cover the whole glacier implying the albedo 28 

of the whole ablation area to suddenly switch from low to high values (ice to snow surfaces). 29 

Consequently, melting is abruptly reduced or even stopped at the glacier surface for several weeks 30 

or even for the rest of the ablation season that usually ends around mid-October in years without 31 
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such strong summer-monsoon snowfalls. Thus, the intensity of such summer-monsoon snowfalls 1 

is among the most important drivers controlling the annual mass balance of Chhota Shigri Glacier. 2 

Azam et al. (2014), using a degree-day approach, showed that winter precipitation and 3 

summer temperature are equally important drivers controlling the glacier-wide mass balance of 4 

Chhota Shigri Glacier. This present analysis extends this knowledge a step further, showing that 5 

the summer-monsoon snowfalls also play an important role in controlling the annual mass balance 6 

of Chhota Shigri Glacier. Indeed, the summer-monsoon air temperature is as crucial as summer 7 

precipitation mainly because it controls the amount of rain versus snow received at the glacier 8 

surface and in turn, has an important control on glacier albedo and thus on the amount of short-9 

wave radiation absorbed by the glacier surface, which is the main heat source for Himalayan 10 

glaciers. 11 

5.2 Comparison of the SEB of Chhota Shigri Glacier with that of other glaciers in the High 12 

Mountain Asia 13 

In this section some key features of the energy fluxes responsible for the ablation on glaciers in 14 

the High Mountain Asia are discussed in the light of the SEB results obtained on Chhota Shigri 15 

Glacier, as well as from some previously published studies. Table 4 shows an up-to-date 16 

compilation of SEB studies from the High Mountain Asia glaciers coming from ablation zones of 17 

different glaciers during summer ablation periods. 18 

As already highlighted on the High Mountain Asia glaciers (Yang et al., 2011; Mölg et al., 19 

2012; Zhang et al., 2013; Sun et al., 2014), the present study also showed that SWN is the largest 20 

source of energy to the glacier surface and mainly controls the temporal variability of melting, 21 

whereas LWN is the greatest energy loss, moderate during the summer-monsoon when LWOmod 22 

is almost compensated by maximum LWI due to warm, humid and cloudy atmosphere, and high 23 

during the rest of the year when LWI reaches minimum values (Fig. 10 and Table 3). SWN is 24 

inversely dependent on surface albedo. At AWS1 site on Chhota Shigri Glacier, during the 25 

summer-monsoon period, precipitation often occurs in liquid form and surface albedo is relatively 26 

constant (Fig. 7). During such conditions SWN is driven by cloud factor (Fig. 7). However when 27 

precipitation occurs in solid phase (Fig. 13), the surface albedo abruptly changes and controls the 28 

SWN and in turn, melting. Sum of SWN and LWN, R, provides >80% energy flux to the glacier 29 

surface during the summer-monsoon for all the High Mountain Asia glaciers (Table 4).  30 
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All the studied sites, described in Table 4, are on the debris free ablation area. A negative 1 

contribution (in %) is assigned to negative heat fluxes in order to have the resulting flux Fsurface 2 

equal to 100%. Sensible turbulent heat flux is always positive and provides energy to the glacier 3 

surface, complementing net radiation flux. However its contribution to R ranges from 7% on 4 

Laohugou Glacier No. 12, western Qilian, China, to the maximum of 23% on Zhadang Glacier, 5 

central Tibetan Plateau over the corresponding observation periods (Table 4). During the summer-6 

monsoon, LE is positive on Chhota Shigri Glacier due to warm and humid air at the glacier surface, 7 

giving rise to re-sublimation at the surface. This phenomenon has already been observed on AX010 8 

Glacier located in an ISM-dominated region, Central Himalaya, Nepal, where Kayastha et al. 9 

(1999) measured a positive LE between 25 May and 25 September 1978 in the ablation area. On 10 

Parlung Glacier No. 4, southeast Tibetan Plateau, however, the mean LE was slightly negative 11 

from 21 May to 8 September 2009 (Table 4), while it was continuously positive with a mean value 12 

of 8 W m-2 during the core summer-monsoon between 25 June and 21 August 2009 because of the 13 

considerably high temperature and relative humidity associated with the summer-monsoon 14 

circulation over this period (Table 2 in Yang et al., 2011). Conversely, in the central Tibetan 15 

Plateau, where dry conditions prevail, on Zhadang Glacier, LE is continuously negative at monthly 16 

scale (Mölg et al., 2012) but at daily time scale it was slightly positive during the core monsoon 17 

for a few days when the air temperature and relative humidity were the highest (Fig. 2 and 5 in 18 

Zhang et al., 2013). Sun et al. (2014) also showed that on Laohugou Glacier No. 12, Western 19 

Qilian Mountains, LE is negative throughout the summer season (1 June to 30 September 2011), 20 

and rarely becomes positive (only on 2 and 3 July). Similarly on Xixibangma Glacier, south central 21 

Tibetan Plateau, and Keqicar Glacier, southwest Tianshan, LE was found to be negative during the 22 

observation period, indicating sublimation. From the present analysis (Table 4), it can be surmised 23 

that, on the High Mountain Asia glaciers, sublimation predominates in the summer-monsoon over 24 

the ablation zone of the glaciers that are less affected by the ISM and submitted to drier conditions 25 

than those directly affected like Chhota Shigri Glacier, where LE brings a significant amount of 26 

energy at the glacier surface, in the form of re-sublimation. The conductive heat flux is most of 27 

the time negligible compared to the other terms of the SEB, even during the summer-monsoon 28 

where it slightly contributed to melt. 29 

6. Conclusion  30 
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In the Indian Himalaya where meteorological observations are short and scarce, the meteorological 1 

dataset recorded since August 2009 at 4863 m a.s.l. on a lateral moraine of Chhota Shigri Glacier 2 

(AWS2) is one of the longest ever recorded datasets at high elevation. Mean monthly 3 

meteorological conditions at AWS2 show large month-to-month variability. A warm and calm 4 

summer-monsoon with high relative humidity from June to September and a cold and windy winter 5 

season with comparatively less humidity from December to March were identified. Besides, a pre-6 

monsoon from April to May and a post-monsoon from October to November with intermediate 7 

conditions were also defined. Precipitation records at glacier base camp suggest that Chhota Shigri 8 

Glacier is a winter accumulation type glacier receiving around 80% of its annual precipitation from 9 

MLW in winter and 20% from ISM; but longer precipitation records at glacier site are still needed 10 

to confirm this feature. 11 

A physically-based energy balance experiment, using a model computing surface and sub-12 

surface heat fluxes, was carried out to understand the melting processes on Chhota Shigri Glacier 13 

based on the forcing data over two separate periods from 13 August 2012 to 3 February 2013 and 14 

from 8 July to 3 October 2013 recorded at an in-situ meteorological station (AWS1, 4670 m a.s.l.) 15 

in the ablation zone. The roughness length for momentum was calculated separately for ice and 16 

snow surfaces as 0.016 m and 0.001 m, respectively whereas roughness lengths for temperature 17 

and humidity were derived from the Reynolds number and the roughness length for momentum. 18 

Net short wave radiation was highly variable with the lowest mean value (29 W m-2) in winter to 19 

the highest (202 W m-2) in the summer-monsoon period, while net long wave radiation exerted 20 

lower seasonality with minimum values in post-monsoon and winter periods (–69 and –54 W m-2, 21 

respectively) and maximum in the summer-monsoon period (–14 W m-2). During the summer-22 

monsoon period the melting conditions with high Ts_mod (mean = –0.2 oC) coincides with warm 23 

and humid conditions, associated with intense cloud covers, leading to high values of LWI and 24 

thus high net long wave radiation is observed. Net all-wave radiation was negative in post-25 

monsoon and winter periods, indicative of radiative cooling of the glacier surface, whereas in the 26 

summer-monsoon, it was the main heat source for melting. Through the entire observation period, 27 

the atmosphere transported heat towards the glacier surface in the form of sensible heat flux. An 28 

interesting feature observed in latent heat flux evolution was it being continuously negative in 29 

post-monsoon and winter periods, indicating predominantly sublimation; while in the summer-30 

monsoon period, it switched to positive values indicating re-sublimation at the glacier surface. The 31 
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result from the SEB equation suggests that energy was available for melting in the summer-1 

monsoon period only. Net all-wave radiation was the main heat flux towards surface with 80% 2 

contribution while H, LE and G shared 13%, 5% and 2% of total heat flux, respectively.  3 

This study highlights the impact of the summer-monsoon snowfalls on glacier mass 4 

balance. Snowfall events during the summer-monsoon play an important role on melting via 5 

surface albedo. The intensity of these snowfalls during ablation period abruptly changes the 6 

surface conditions from ice to snow, slowing down the melting rates. Therefore, these snowfall 7 

events are among the most important drivers controlling the annual mass balance of Chhota Shigri 8 

Glacier. The summer-monsoon air temperature, controlling the precipitation phase (rain versus 9 

snow and thus albedo), also counts indirectly, among the most important drivers for the glacier 10 

mass balance.  11 

A comparison of the SEB measured at the ablation zone of Chhota Shigri Glacier with 12 

those of other glaciers in the High Mountain Asia shows that net short wave radiation flux is the 13 

largest energy source and mainly controls the melt energy to the glacier surface whereas net long 14 

wave radiation flux is the greatest energy loss. In the High Mountain Asia, sublimation 15 

predominates in the summer-monsoon over the ablation zone of the glaciers less affected by the 16 

ISM and submitted to drier conditions than those directly affected like Chhota Shigri Glacier, 17 

where LE brings a significant amount of energy at the glacier surface in the form of re-sublimation. 18 

The good validation of the present model (comparison between modeled and observed 19 

ablation and surface temperature data) indicates that the model is reliable enough to make robust 20 

calculations of surface energy balance. In the upcoming future, this study would be useful to 21 

calibrate spatially distributed energy- and mass-balance models at glacier as well as regional scale. 22 

These models can be used to predict the future of water supply using different climate change 23 

projections. 24 
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Table 1. Measurement specifications for AWS1 located at 4670 m a.s.l. on the mid ablation zone 7 

of Chhota Shigri Glacier, AWS2 located on a moraine at 4863 m a.s.l., and precipitation gauge 8 
installed at base camp (3850 m a.s.l.). Accumulation/Ablation at AWS1 was measured by SR50A 9 

sensor (section 2.3). Variable symbols are also given. Sensor heights indicate the initial distances 10 

to the surface (12 August 2012). 11 

Variable symbol (unit) Sensor initial height (m) stated accuracy 

AWS1     

air temperature  Tair (oC) Campbell HMP155Aa 0.8 & 2.5 ±0.1 at 0 oC  

relative humidity RH (%) Campbell HMP155Aa 0.8 & 2.5 ±1% RH at 15 oC 

wind speed u (m s-1) A100LK, Vector Inst. 0.8 & 2.5 ±0.1 m s-1 up to 10 m s-1 

wind direction WD (degree) W200P, Vector Inst. 2.5 ±2 deg  

incoming and outgoing short 

wave radiations SWI, SWO (W m-2) Kipp & Zonen CNR-4 1.8 ±10% day total 

incoming and outgoing long 

wave radiations LWI, LWO (W m-2) Kipp & Zonen CNR-4 1.8 ±10% day total 

air pressure Pair (hPa) Young 61302V 1 ±0.3 hPa 

accumulation/ablation SR50A (m) Campbell SR50Ab 1.6c ±0.01 m or 0.4% to target 

AWS2     

air temperature  Tair (oC) Campbell H3-S3-XT 1.5 ±0.1 at 0 oC  

relative humidity RH (%) Campbell H3-S3-XT 1.5 ±1.5% RH at 23 oC 

wind speed u (m s-1) Campbell 05103-10-L 3.0 ±0.3 m s-1  

incoming short wave radiation SWI (W m-2) Kipp & Zonen CNR-1 2.5 ±10% day total 

incoming  long wave radiation LWI (W m-2) Kipp & Zonen CNR-1 2.5 ±10% day total 

Precipitation (base camp) (mm) Geonor T-200B 1.7 (inlet height) ±0.6  mm 
a aspirated during daytime with RM Young 43502 radiation shields,  12 
bmounted on a separate aluminum pole drilled into the ice,  13 
 c1.6 m was initial height for SR50A sensor 14 
 15 

 16 

 17 

 18 

 19 
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Table 2. Seasonal means and annual mean (standard deviations) of Tair, RH, u and SWI over four 8 
hydrological years between 1 October 2009 and 30 September 2013 except for LWI (only three 9 

years between 1 October 2010 and 30 September 2013) at AWS2 (4863 m a.s.l.). P is the seasonal 10 
precipitation for one hydrological year between 1 October 2012 and 30 September 2013 at glacier 11 

base camp collected by the Geonor T-200B.  12 

 13 
 Winter  

(DJFM) 

Pre-monsoon  

(AM) 

Summer-monsoon  

(JJAS) 

Post-monsoon  

(ON) 

Annual 

mean 

Tair (oC) -13.4 (0.9) -5.3 (0.7) 2.5 (0.6) -7.8 (1.4) -5.8 (0.2) 

RH (%) 42 (2) 52 (2) 68 (1) 39 (6) 52 (2) 

u (m s-1) 5.5 (0.6) 3.5 (0.2) 2.8 (0.1) 4.4 (0.5) 4.1 (0.2) 

SWI (W m-2) 161 (12) 299 (34) 266 (7) 176 (18) 221 (14) 

LWI (W m-2) 192 (3) 231 (2) 289 (17) 187 (8) 230 (6) 

P (mm w.e.) 679 148 117 32 976 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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Table 3. 60-day means (standard deviations) of meteorological and SEB variables measured or 5 
computed at AWS1 (4670 m a.s.l.) on Chhota Shigri Glacier for different representative periods. 6 
The symbols for variables are described either in the text or in Table 1. SWN, LWN, and R are net 7 
short-wave, long-wave and all-wave radiations, respectively.  8 

 9 

Variable 

Post-monsoon 

(01/10/12-29/11/12) 

Winter 

(01/12/12-29/01/13) 

Summer-monsoon 

(08/07/13-05/09/13) 

Tair (oC) -8.6 (2.5) -14.8 (3.7) 3.6 (1.2) 

RH (%) 49 (12) 44 (17) 82 (5) 

u (m s-1) 4.7 (0.7) 4.9 (1.1) 3.6 (0.5) 

STOA (W m-2) 276 (39) 216 (11) 458 (25) 

SWI (W m-2) 175 (46) 130 (44) 248 (67) 

SWO (W m-2) 127 (31) 101 (32) 47 (15) 

αacc 0.73 (0.04) 0.79 (0.04) 0.19 (0.02) 

Cloud factor 0.28 (0.26) 0.29 (0.33) 0.36 (0.24) 

LWI (W m-2) 205 (23) 189 (36) 300 (20) 

LWOmod (W m-2) 274 (9) 243 (16) 315 (1) 

Ts_mod (oC) -9.7 (2.1) -17.8 (4.3) -0.2 (0.3) 

SWN (W m-2) 48 (17) 29 (13) 202 (53) 

LWN (W m-2) -69 (19) -54 (24) -14 (19) 

R (W m-2) -21 (19) -25 (15) 187 (44) 

H (W m-2) 10 (13) 28 (23) 31 (10) 

LE (W m-2) -45 (9) -27 (11) 11 (13) 

G (W m-2) 1 (1) 0 (1) 4 (5) 

SWsub (W m-2) -10 (3) -3 (2) -40 (11) 

H+LE (W m-2) -36 (11) 1 (11) 42 (21) 

Fsurface (W m-2) -56 (16) -24 (28) 233 (59) 

Precipitation (mm w.e. d-1) 0.6 (1.0) 5.0 (8.9) 0.5 (0.9) 

Snow (mm w.e. d-1) 5.3 (5.1) 6.3 (13.0) 1.4 (1.6) 

Total melting (mm w.e. d-1) 0.6 (1.7) 0.0 (0.0) 61.3 (14.9) 

Subl.(-)/re-subl.(+) (mm w.e. d-1)a -1.4 (0.3) -0.8 (0.3) 0.3 (0.4) 
a negative for sublimation, positive for re-sublimation 10 

 11 

 12 
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Table 4. Comparison of SEB components on different glaciers in the High Mountain Asia. All fluxes are in W m-2, Values in brackets 

are the % contribution of each energy flux. 
 

Glacier  

  

Altitude  

(m a.s.l.) 

Region  

(ISM dominated, Y or N) 

Period of  

observation 

R  

(W m-2) 

H  

(W m-2) 

LE  

(W m-2) 

Rest  

(W m-2) 

Fsurface  

(W m-2) 

Reference 

 

Glacier AX010 4960 central Himalaya, Nepal (Y) 25 May- 25 Sep 1978 64 (85) 8 (10) 4 (5) n/a 74 (100) Kayastha et al., 1999 

Glacier AX010 5080 central Himalaya, Nepal (Y) 25 May- 25 Sep 1978 55 (83) 8(12) 3 (5) n/a 63 (100) Kayastha et al., 1999 

Xixibangma 5700 south central TPa (N) 23 Aug- 11 Sep 1991 28 (200) 5(33) ̵ 19 (133) n/a 14(100) Aizen et al., 2002 

Parlung No. 4 4800 southeast TP (Y) 21 May- 8 Sep 2009 150 (86) 28 (16) ̵ 1 (1) ̵ 1 (1) 176 (100) Yang et al., 2011 

Zhadang  5660 central TP (N) 1 May - 30 Sep 2010 62 (103) 10 (17) ̵ 8 (13) ̵ 4 (7) 61 (100) Zhang et al., 2013 

Zhadang  5660 central TP (N) 1 May - 15 Sep 2011 27 (117) 8 (35) ̵ 10 (43) ̵ 2 (9) 23 (100) Zhang et al., 2013 

Keqicar 4265 southwest Tianshan (N) 16 June-7 Sep 2005b   63 (274) 14 (61) ̵ 54 (235) n/a 23 (100) Li et al., 2011 

Laohugou No. 12 4550 western Qilian, China (N) 1 June-30 Sep 2011 81 (108) 7 (9) ̵ 13 (17) n/a 75 (100) Sun et al., 2014 

Chhota Shigri  4670 western Himalaya, India (Y) 8 July-5 Sep 2013 187 (80) 31 (13) 11 (5) 4(2) 230 (100) Present study 
aTP = Tibetan Plateau, bwith a gap of 1 July to7 Aug 2005, n/a = not available 
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Fig. 1. Map of Chhota Shigri Glacier showing the ablation stakes (black small squares), 

accumulation sites (black big squares), AWSs (red stars) and precipitation gauge (black cross). 

The map coordinates are in the UTM43 (north) World Geodetic System 1984 (WGS84) reference 

system.  
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Fig. 2. Half-hourly values of LWO as a function of Tair, (a) before and (b) after applying the 

correction for Tair above 0 oC. The dashed lines indicate 0 oC and 315.6 W m-2, the maximum LWO 

for a melting surface.  
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Fig. 3. Photographs of AWS1 on Chhota Shigri Glacier taken on 09 October 2012 (left panel) and 

on 22 August 2013 (right panel) (: Mohd. Farooq Azam). SR50A mounted on a separate pole 

drilled into the ice, is visible to the left of AWS1. 
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Fig. 4. Mean monthly values of Tair (black dots), RH (green crosses), u (orange squares), SWI 

(grey bars) and LWI (light blue-green bars) at AWS2 (4863 m a.sl.). Tair, RH, u and SWI are the 

mean monthly values of four hydrological years between 1 October 2009 and 30 September 2013 

while LWI are the mean monthly values of three hydrological years between 1 October 2010 and 

30 September 2013. Also shown are the monthly values of Tair (black circles), RH (light green 

crosses), u (orange hollow squares), SWI (black hollow triangles) and LWI (blue hollow squares) 

used to derive the mean monthly values. 
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Fig. 5. Comparison of monthly precipitations (blue bars) at Chhota Shigri base camp for 

2012/2013 hydrological year with the mean monthly precipitations (red bars) between 1969 and 

2013 at Bhuntar meteorological station. The error bars represent the standard deviation (1σ) of the 

monthly precipitation mean.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

 

Fig. 6. Boxplots of seasonal and annual Tair (a) and precipitation (b) obtained from 44 hydrological 

years (1969 to 2013) from Bhuntar meteorological station. Boxes cover the 25th to the 75th 

percentile of each distribution with a central line as the median. The blue thick horizontal line is 

the 1969-2013 mean, red dot is the 2012/2013 hydrological year mean.  
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Fig. 7. Daily meteorological variables recorded at AWS1 (4670 m a.s.l.) as representative of post-

monsoon (1 October to 29 November 2012), winter (1 December to 29 January 2013) and summer-

monsoon (8 July to 5 September 2013) periods. Also shown (lower panel) are the snow falls 

derived from SR50A data at AWS1. 
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Fig. 8. Scatter plots showing relations between u, Tair and WD. In both panels (a and b) all the 

available measurements are shown, and every dot represents a half-hourly mean value. The inset 

in (a) highlights the relationship between u and Tair above 0 oC. The arrow in (b) indicates the 

direction of the local flow line of the glacier.   
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Fig. 9. WD and u (half-hourly means) at AWS1 for post-monsoon, winter and summer-monsoon 

representative periods. The frequency of WD is expressed as percentage over the entire 

observational period (indicated on the radial axes). 
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Fig. 10. Daily values of the surface energy fluxes at AWS1 (4670 m a.s.l.) as representative of 

post-monsoon (1 October to 29 November 2012), winter (1 December to 29 January 2013) and 

summer-monsoon (8 July to 5 September 2013) periods. SWN, LWN, H, LE, G, SWsub and Fsurface 

are the net short-wave radiation, the net long-wave radiation, the turbulent sensible and latent 

heat fluxes, the conductive heat flux, the short-wave radiation penetrating below the surface, and 

the amount of energy available at the surface, respectively. 
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Fig. 11. Comparison between ablation computed from the SEB Eq. and measured at stake no VI 

(a) during several few-day to few-week periods of 2012 and 2013 summers where field 

measurements are available. (b) Comparison between modeled half-hourly (Ts_mod) and observed 

(Ts_obs) surface temperatures over the whole simulation period. Also shown are the 1:1 line (dashed 

line) and the regression line (solid line).  
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Fig. 12. Mean diurnal cycle of meteorological and SEB variables at AWS1 (4670 m a.s.l.) as 

representative of post-monsoon (1 October to 29 November 2012), winter (1 December to 29 

January 2013) and summer-monsoon (8 July to 5 September 2013) periods.  
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Fig. 13. Comparison of computed cumulative melting (black thick line) between 15 August and 

30 September from summers 2012 (a) and 2013 (b). Also shown are the mean Tair (red open dots), 

the number of hours in a day when Ts_mod is > −1 oC (black dots), daily albedo (dark green dots) 

and the precipitations as rain/snow obtained from records at base camp (blue and green bars, 

respectively). The grey line in panel (a) is the computed cumulative melting between 15 August 

and 30 September 2012 assuming a constant surface albedo of 0.19.  
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Fig. 14 Annual glacier-wide mass balance as a function of the sum of the 3 largest summer-

monsoon daily snowfalls assessed from precipitation record from Bhuntar meteorological station 

(see text for details) between 2002 and 2013.  

 

 


