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A large number of glaciers in the Hindu-Kush Himalaya are covered with debris in the lower part of the ablation zone, which is continuously expanding due to enhanced glacier mass loss. The supraglacial debris transported over the melting glacier surface acts as an insulating barrier between the ice and atmospheric conditions and has a strong influence on the spatial distribution of surface ice melt. We conducted in-situ field measurements of point-wise ablation rate, supraglacial debris thickness, and debris temperature to examine the thermal resistivity of the debris pack and its influence on ablation over three glaciers (Bara Shigri, Batal, and Kunzam) in Chandra Basin of Western Himalaya during 2016–2017. Satellite-based supraglacial debris cover assessment shows an overall debris covered area of 15% for Chandra basin. The field data revealed that the debris thickness varied between 0.5 and 326 cm, following a spatially distributed pattern in the Chandra basin. The studied glaciers have up to 90% debris cover within the ablation area, and together represent ∼33.5% of the total debris-covered area in the basin. The supraglacial debris surface temperature and near-surface air temperature shows a significant correlation (r = > 0.88, p = < 0.05), which reflects the effective control of energy balance over the debris surface. The thermal resistivity measurements revealed low resistance (0.009 ± 0.01 m2°C W−1) under thin debris pack and high resistance (0.55 ± 0.09 m2°C W−1) under thick debris. Our study revealed that the increased thickness of supraglacial debris significantly retards the glacier ablation due to its high thermal resistivity.
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INTRODUCTION
In the Hindu Kush Himalayan (HKH) region, about 13% of the glacierized area and ∼40% of the ablation area is debris-covered (Scherler et al., 2011; Bolch et al., 2012), which is expanding annually due to accelerated glacier mass loss (Shukla and Qadir, 2016). The increased debris cover over the glaciers has a significant impact on the thermodynamics of the glaciers in the high Himalaya (Banerjee and Shankar, 2013; Rowan et al., 2020). Debris cover influences the ablation rate by regulating the heat flux from surface to glacier ice, thus influencing the glacier response to climate change (Nicholson et al., 2018). Recent studies on the impact of supraglacial debris cover on ablation have shown very contrasting results like higher melting (Pellicciotti et al., 2015; Steiner et al., 2019), no influence (Muhammad et al., 2020), and lower melting (Pratap et al., 2015; Patel et al., 2016; Sharma et al., 2016; Nicholson et al., 2018). Findings of enhanced melt have been attributed to the formation of supraglacial ponds, ice cliffs, and englacial hydrological processes (Benn et al., 2012; Fyffe et al., 2014; Buri et al., 2016). Debris cover accelerates water ponding and ice cliff (thermokarst erosion) formation over the glacier surface (Röhl, 2008) and can enhance heat transfer at the water-ice interface. However, several researchers have observed reduced melting and explained a reduction in heat transfer from thick debris (Pratap et al., 2015; Patel et al., 2016; Sharma et al., 2016; Nicholson et al., 2018). The heat transfer from debris surface to debris ice interface zone largely depends upon the thermal characteristics of the debris pack (Mihalcea et al., 2006; Lambrecht et al., 2011; Rowan et al., 2017) and atmospheric conditions (Collier et al., 2015). The thermal characteristics of the debris pack mainly depends on debris composition, its thickness, and its moisture content and is explained in terms of thermal resistance and conductivity. The thermal resistance is defined as the ratio of debris thickness and thermal conductivity of a debris layer. Thermal resistance is an important index to understand the evolution of several glaciers (Nakawo and Young, 1982; Suzuki et al., 2007; Lambrecht et al., 2011; Chand and Sharma, 2015). This index is obtained from surface temperature and heat balance within the debris layers. Since it is difficult to determine the thermal resistance of a layer of unknown material directly in the field, it was suggested that the surface temperature of the debris layer may be used for estimating the thermal resistance (Suzuki et al., 2007).
However, the thickness of a debris pack is crucial for controlling the impact of atmospheric warming and energy flux to the ice through debris (Nicholson and Benn, 2006). Sensitivity experiments have shown that an increase in debris thickness by 0.035 m can offset about 1°C of atmospheric warming (Fyffe et al., 2014), highlighting the importance of debris pack for protection of glacier ice. A thick debris pack with high moisture content effectively reduces the ablation by lowering the heat transmission by reducing the thermal diffusivity of the saturated debris layers (Juen et al., 2013; Collier et al., 2014). It is therefore imperative to investigate debris composition, moisture content and thickness, and quantify their effect on the resulting energy flux of the debris layer.
Analyzing the energy balance and ablation pattern of debris-covered glaciers has been a point of debate since 1980s’ where a simplified model was used for estimating the ablation pattern under thick debris by using thermal properties and meteorological parameters (Nakawo and Young, 1981; Nakawo and Takahashi, 1982; Nakawo and Young, 1982). Later, several researchers have modified these models by incorporating degree day factors or debris surface temperatures (Haidong et al., 2006; Mihalcea et al., 2006). The DEB-Model (Reid and Brock, 2014) and Crocus-DEB (Lejeune et al., 2013) are the only melt models that attempt a process-resolving simulation of energy fluxes at a debris-covered ice surface. Most of the studies were conducted over a smaller area and for shorter periods. Some satellite observations were also used to define the thermal resistance or characteristics of the debris-covered glaciers (Suzuki et al., 2007; Zhang et al., 2011; Foster et al., 2012; Rounce et al., 2015), which have emphasized the need for improved understanding of debris temperature and thermal properties. There are very few field data available on debris cover, thickness, and associated behavior. The debris pack surface, subsurface temperature, and thermal resistance variability are important to understand the underlying processes and debris behavior.
In this study, the thermal characteristics of supraglacial debris over three debris-covered glaciers in the Chandra basin (Western Himalaya) were examined using in-situ field observations. The surface temperature and ablation data were collected alongside debris thicknesses, at various altitudinal zones, during the period 2016-17. The thermal resistance of the debris pack was estimated using the debris cover surface temperature and ablation rate. The aim of the study is to analyze the diurnal and seasonal variability in surface temperature and thermal resistance of debris cover to understand the control of supraglacial debris on melting in the extensive debris-covered glaciers of the Western Himalaya. This type of analysis is useful for the empirical parameterisation of numerical models that may focus on predicting the ongoing and future climate changes in the HKH region.
STUDY AREA AND SELECTED GLACIERS
In this study, in-situ observations were carried out over three glaciers (Bara Shigri, Batal, and Kunzam) in the Chandra basin of Western Himalaya. It is a major sub-basin of the Indus river basin, and lies within the central crystalline axis of the PirPanjal range in Lahaul-Spiti, Himachal Pradesh, India (Figure 1). The Chandra basin has 201 glaciers (Sangewar and Shukla, 2009), spread over an area of 2,440 km2, and about 15% of glacier area is covered by debris with varying thicknesses (Figure 1). It represents a highly rugged terrain with high mountains and deeply dissected valleys (Patel et al., 2017). The basin is influenced by the Indian monsoon in summer and westerlies in winter (Bookhagen and Burbank, 2006). The Bara Shigri is the largest glacier (113.8 km2) in the basin, and is also one of the biggest glaciers in the Indian Himalaya. This glacier has an average slope of 12° and flows towards the NW direction. The Batal Glacier covers an area of 4.35 km2 with a flowing direction towards the NE and the average slope of the glacier is 15°. The Kunzam Glacier covers an area of 0.48 km2 with a mean slope of 15° and it flows towards the N. Together, these three glaciers are the major debris-covered glaciers of the Chandra basin and represent almost ∼21.1% of overall glacier area and ∼33.5% of the debris-covered glacierized region of the basin. The debris layer comprises soil, rock fragments, pebbles, cobbles and big boulders with a hummocky [Unified Soil Classification System, USCS (ASTM D2487)] glacier surface.
[image: Figure 1]FIGURE 1 | (A) Location map of Chandra basin (B) Glacierized terrain, debris cover, studied glaciers, automatic weather stations and various observational sites. The distribution of debris cover using remote sensing data (yellow shade) and in-situ debris sample points (brown dots) over the studied glaciers are marked along with thermal data logger sites installed at (a) Bara Shigri, (b) Batal, and (c) Kunzam Glaciers. (Background for inset map A is SRTM DEM and others are Sentinel 2B satellite image). 
DATA COLLECTION AND METHODOLOGY
Debris-Cover Mapping, Thickness, and Geological Characteristics
To analyze the thermal characteristics of the glacial debris over a glacierized basin, it was important to understand its spatial extent, hypsometry, thickness, and geological characteristics in the basin. The spatial extent and hypsometry were extracted by using Landsat 8 Operational Land Imager (OLI) satellite data and Advanced Spaceborne Thermal Emission and Reflection Radiometer, Global Digital Elevation Model Version 2 (ASTER GDEM V2), and the thickness and geological characteristics were explored by field observations and laboratory analysis. Detailed debris thickness measurements were carried out over the studied glaciers (Bara Shigri, Batal, and Kunzam) and additionally limited studies were undertaken over the Samudra Tapu, Sutri Dhaka, and Gepang Gath glaciers of Chandra basin (Supplementary Figure S1). The debris cover for the Chandra basin was mapped using Landsat 8 scene of the year 2016 acquired from the USGS website (https://earthexplorer.usgs.gov/). The Landsat scenes were pre-processed (atmospheric correction) converting the raw DN values to the top of atmosphere reflectance by using band multiplicative, additive rescaling factors and cosine corrections provided in the associated metadata file of the scene. Similarly, the brightness temperatures, were also converted from the thermal band (10) using band specific conversion constants (K1 and K2) from associated meta data file.
The corrected satellite datasets were used for the debris cover extraction using a semi-automated method. The semi-automated method uses band ratios (NIR, SWIR, and TIR bands) and the manually extracted glacier boundaries (Shukla et al., 2009; Alifu et al., 2015). Landsat 8 OLI scenes are 170 km by 183 km and consist of nine spectral bands (from visible through to SWIR) with a spatial resolution of 30 m (Bands 1 to 7 and 9). The spatial resolution for the panchromatic (Band 8) is 15 m, and for thermal bands (10 and 11), spatial resolution is 100 m. The ASTER GDEM V2 provides a comparable resolution, at 30 m, and with a quantified accuracy of ±2.3 m in the horizontal and ± 10 m in the vertical (Tachikawa, 2011). The manually extracted boundaries of 129 glaciers (566 km2 glacier area) from Chandra basin were used for debris extent estimation. The similar spectral response of the non-glacier surface and debris-covered glacier surface makes it difficult to delineate between the glacier and non-glacier area. In this situation, the thermal band helps to separate the periglacial and supraglacial debris (Alifu et al., 2015; Patel et al., 2017). The spectral response (i.e. reflectance) of supraglacial debris cover is low for the bands NIR, and SWIR compared to the clean ice. The hypsometry of glacier area and debris cover over the Chandra basin was extracted from the distribution of the debris cover and DEM. To accurately represent the complete debris cover of the Chandra basin, debris thickness was manually measured at more than 250 locations over the glaciers by removing the debris cover from the glacier surface to the ice-debris interface zone from 4,000 m asl to 5,000 m asl (Figure 2). There was some minor debris presence above 5,000 m asl, especially along the glacier margins, but this was not measured as the glacier flanks were visibly unstable. The big boulders and glaciers’ edges were avoided. The debris samples from the studied glaciers were also collected and analyzed for the identifying geological characteristics of the debris pack (Figures 1, 2). The debris sample/rock type sizes (Figures 2A–F) were classified based on the USCS and major minerals were identified by the petrographic study of the thin sections using a standard Petrological Microscope.
[image: Figure 2]FIGURE 2 | Field photographs of the observations on debris cover and installation of the thermal dataloggers over the debris-covered glaciers of Chandra Basin. (A) debris cover measurement over a ice cliff in Bara Shigri Glacier, (B) a big and wide (∼ 200 m long and ∼ 35 m thick) ice cliff depicting the debris -covered region and the thickness at the lower ablation zone of Bara Shigri Glacier, (C) installation of Tinytag thermal dataloggers at a fixed bamboo stake over Bara Shigri Glacier, (D) debris thickness measurement and sample collection, where the debris pack composition (boulders, cobbles, pebbles, at the upper layer while fine to coarse level sand at the lower layer) is clearly visible. (E) debris thickness measurement and sample collection over Kunzam Glacier, (F) Tinytag thermal data logger installation over Batal Glacier.
In-Situ Debris-Cover Temperature Measurements
To study the debris cover surface temperature, five thermal data loggers with sensors (Gemini Tinytag thermal data loggers model TGP 4520 and probe PB 5001) were installed over supraglacial debris along the central flowline. They were attached with bamboo stakes, and they continuously logged temperature data at 30 min intervals between September 2016 and October 2017 (Table 1). Many studies have used the same thermistor probes and dataloggers for temperature profiling for similar investigations of debris-covered glaciers in the Nepal Himalaya (Mihalcea et al., 2006; Brock et al., 2010; Nicholson and Benn, 2013; Rowan et al., 2021). The Tinytag datalogger (TGP 4520) has an accuracy of ± 0.4°C at 0°C, and two thermal probes can be connected into the logger unit. We fixed one probe at the debris surface and the second one at the debris-ice interface zone. To check the consistency of the loggers, pre-installation tests were conducted at the base camp (Himansh station, Lahaul-Spiti, Himachal Pradesh) and near the installation site over the glacier. Firstly, all the thermal data loggers were fixed within a 2 × 2 m plot for 30 min at the base camp Himansh station. Secondly, for each thermal data logger, before installation at supraglacial debris, the temperature data in the air were also checked for both the probes. In both cases, between sensor variability was less than 0.5°C. Three thermal data loggers and probes were installed over Bara Shigri, one at Batal and one at Kunzam Glacier. (Table 1; Figures 1, 2). In the Bara Shigri Glacier (5,200 m asl), both thermistor probes were at the debris surface due to thin debris (5 cm). In the Batal Glacier, during the ablation season (June 2017–September 2017), one of the probes of the Tinytag thermistor was fixed at the middle (∼30 cm) of the debris pack for subsurface temperature observations. The installed data loggers were retreived at the end of the ablation season (October 2017). One of the dataloggers (TG 4) was damaged (due to mutilation of probe wire) and malfunctioned. In addition, surface temperature (ice surface and bare ground) data were also collected from infrared sensors (Apogee SI-111) integrated at two installed Automatic Weather Stations (AWS) in this Chandra basin (Figure 1) and used for comparison and statistical analysis. The AWS data were also used for the meteorological analysis of the study area.
TABLE 1 | Details of the spatial characteristics for the thermistor data loggers, and debris samples (DS) collected from selected glaciers of the Chandra Basin.
[image: Table 1]Thermal Resistance and Debris Thickness
The energy transfer in debris layers depends on the physical properties of the debris like grain size, lithology, and water content (Collier et al., 2014). Under the assumption of uniform debris conditions, heat transfer is controlled by thermal resistance. The thermal resistance of the debris cover is defined as the ratio between surface temperature [image: image] and ablation rate in dependence of latent heat of fusion [image: image] and ice density [image: image](Nakawo and Young, 1981; 1982; Lambrecht et al., 2011):
[image: image]
where thermal resistance R was estimated for the entire period with 30 min intervals by using the recorded [image: image] and latent heat of fusion [image: image] and ablation rate [image: image]. The ablation rate [image: image] was estimated by stake observations for the study period (measurements at time t0 and t1). The ablation rate for a specific point was estimated using the direct glaciological method (Cuffey and Paterson, 2010). A network of bamboo stakes was established using a Heucke steam drill system. Twenty-three bamboo stakes were installed over the glacier surface at representative locations based on aspect, slope angle and debris cover to obtain melt rates on the glacier. The stakes heights and debris thicknesses were measured after installation and subsequently, the stakes measurements were continued throughout the ablation season (Patel et al., 2016; Sharma et al., 2016). The glacier melt rate was estimated using Eq. 2:
[image: image]
Where ht0 and ht1 are the exposed stake lengths at different periods and [image: image] represents the melt rate for a particular location. The obtained melt rates were multiplied by an ice density of 900 kg/m3 to obtain meters water equivalent (m.w.e.). Snow cover was not accounted for owing to its very limited impact in these debris-covered areas.
Meteorological Observations
Apart from the measurements made over debris-covered surfaces, Meteorological data were collected at the Himansh station (4,052 m asl) and over Sutri Dhaka Glacier (4,864 m asl) (Figure 1). The AWS of the Himansh station is installed over flat open ground (off-glacier) with NE aspect (Figure 1) while the Sutri Dhaka AWS is located over clean ice in the upper ablation zone of Sutri Dhaka Glacier. Thus the glacier ice surface temperature ([image: image]) data was obtained from the AWS located above the glacier surface at Sutri Dhaka and all meteorological datasets were taken from the AWS located at Himansh station. The Himansh station is within 4 km of Batal and Kunzam Glaciers, and approximately 18 km from Bara Shigri Glacier (Figure 1). The AWSs were equipped with (Campbell Scientific CR 1000) dataloggers and precise sensors for continuously recording (10 min intervals) meteorological variables like air temperature, humidity, wind speed, wind direction, incoming and outgoing solar radiation, precipitation, and surface temperature. The detailed description and accuracy of the sensors are provided in Table 2. These meteorological datasets for the year 2016-17 were used to represent the atmospheric conditions and also for the statistical tests with air and debris surface temperature. Figure 3 shows mean meteorological and radiation flux data for Himansh station AWS for 2016-17. The daily air temperature and surface temperature during 2016–17 fluctuated with maximum values of 14.4 and 18.7°C and a minimum values of −22.9 and −27.6°C with a mean of 2.1 and 3.1°C, respectively. Daily relative humidity varied from 16 to 94%, with a mean value of 59%. The daily mean wind speed varied between 3.4 and 9.6 ms−1 with a mean speed of 5.1 ms−1 during the study period. The net shortwave radiation varied from 42 to 322−2 Wm−2 with a mean of 181 Wm−2 for the study period. Net longwave radiation varied in summer months between −8.9 and −148 Wm−2, with an overall mean of -84 Wm−2 for study the period. A simple regression (R2) was carried out with the air temperature [image: image], debris surface temperature [image: image] at each site, ice-debris interface temperature[image: image], and bare ground temperature [image: image] to analyze the significant heat source for the supraglacial debris pack. For this analysis, the [image: image] at each debris surface temperature site was determined by applying standard lapse rate (6.5°C/km) (Supplementary Figure S2) and [image: image] was taken from the Himansh AWS data. Additionally Spearman’s rank correlation cofficient (ρ) with Nash–Sutcliffe model efficiency coefficient (NSE) were also determined to assess the significance with these non parameteric datasets.
TABLE 2 | The details of the AWS (Himansh station, Chandra Basin) sensors used in the study.
[image: Table 2][image: Figure 3]FIGURE 3 | Daily mean meteorological (temperature, RH, Wind speed, Surface temperature) and radiation (Longwave and shortwave) parameters at Himansh station AWS for 2016-17. The dotted red line indicates the trend for the selected parameters within the observation period.
RESULTS
Debris Cover Extent, Thickness, and Geological Characteristics
The semi-automated analysis of Landsat 8 data showed that a significant area (∼15% of glacier area) of the 129 glaciers from Chandra basin is debris-covered. Also, most of the debris-covered area (∼13%) lies below 5,200 m asl and only a small fraction lies above 5,200 m asl (Figures 1, 4A). Among the studied glaciers, 22.9% (26 km2) of Bara Shigri Glacier is debris-covered while 39.5% (1.72 km2) of Batal and 79.2% (0.38 km2) of Kunzam Glaciers is debris-covered. However, the ablation area of these glaciers is almost 90% debris-covered (Figure 1). The field observations over the major glaciers of the Chandra basin showed that the lower ablation zone and area near to lateral moraines of these glaciers are covered by thick debris (∼100 cm). The debris thickness over the Chandra basin glaciers was varying from 0.5 to 326 cm (Figure 5 and Supplementary Figure S1). The mean debris thickness (mean ± STD) was 48.4 ± 27.4 cm for the region below 4,400 m asl, 46.4 ± 19.5 cm at 4,400–5,000 m asl, and 1.2 ± 0.4 cm above 5,000 m asl (Figure 4B). Debris thickness followed a similar trend (thicker debris being found at lower elevations) over all the studied glaciers. The Bara Shigri Glacier showed a range of 0.5–200 cm debris thickness with a mean debris thickness of 32 ± 30 cm. The Batal Glacier had a mean debris thickness of 25 ± 25 cm, varying from 5 to 100 cm, and the Kunzam Glacier had a mean debris thickness of 51 ± 25 cm varying from 5 to 163 cm. These measurements fitted well with the summary of the debris thickness provided by Rounce et al. (2021) for world wide glaciers.
[image: Figure 4]FIGURE 4 | Distribution of the debris cover over the Chandra basin glaciers. (A) Hypsometric distribution of debris covers and glacier area. The major debris-covered glacierized region located <5,200 m asl (B) the debris thickness (mean ± SD) versus the altitude. Higher debris thickness >20 cm observed <4,700 m asl while thin debris layer >4,700 m asl.
[image: Figure 5]FIGURE 5 | Debris cover (yellow shade) and debris thickness (circles) over the Bara Shigri (A), Batal (B) and Kunzam (C) glaciers, Chandra basin, Western Himalaya (Background satellite image: Sentinel 2B). The entire ablation zone (>75%) of the studied glaciers is covered with the debris and the thick debris over the lower ablation zone.
The debris size over the glacier surfaces ranged from poorly sorted sand particles to large boulders, distributed throughout the surface and mainly concentrated along medial and lateral moraines. Based on the Unified Soil Classification System, USCS (ASTM D2487), the composition of the debris pack was similar in most locations. The surface of the debris pack was dominated by boulders, cobbles and gravels, while at the ice-debris interface zone coarse to fine sand was observed. There were much fewer large boulders and cobbles and fine sand at the higher altitudinal locations (TG2, TG5, DS 4, DS 5, and DS 7) (Table 1). Similar glacier composition (size) has been also reported for the Khumbu Glacier, Nepal Himalaya (Gibson et al., 2018). The debris samples collected from the glacier were a mixture of the different rocks and sediment. Details of the debris samples, thickness and rock types at various glaciers (including data logger points) are given at Table 1. Petrographic studies revealed that the major rock types of glacier debris are granite, sandstone, phyllite, and schist, whereas major minerals were quartz, alkali feldspar, plagioclase, mica, and clays.
Spatio-Temporal Variability in Surface Temperature of Debris
The summary of the debris surface temperature [image: image] is provided in the Table 3. The time series datasets of the debris surface temperature [image: image] including ice-surface temperature [image: image] were compared to each other and also with the estimated [image: image] for each location (Table 3). The statistical correlation analysis and efficiency test results are presented in the Table 4. The Spearman rank correlation coefficient (r) values were <0.70 for all of the observation locations (including ice surface temperaure), while the Nash–Sutcliffe efficiency coefficient (E) was poor for most locations (Table 4). The statistical analysis highlighted the significant influence of similar weather over the debris surface temperature [image: image] including ice-surface temperature [image: image]. The ice-debris interface temperature [image: image] data is not included in the analysis due to the subzero (≤0°C) temperature conditions of this interface throughout the observation period.
TABLE 3 | Spatial and seasonal debris surface temperature (Ts)variability at different altitudes of glaciers in Chandra basin, Western Himalaya.
[image: Table 3]TABLE 4 | The Spearman rank correlation coefficient (r) and Nash–Sutcliffe efficiency coefficient (E) matrix for each observation location (half hourly raw data) debris surface temperature and Ice surface temperature (4,700 m asl) timeseries.
[image: Table 4]The mean values for all the [image: image] was varying from −2.3 to −9.1°C while the mean [image: image] was −12.3 ± 8.6°C (Figure 6). Sometimes [image: image] values were found below 0°C due to snow cover over (winter season) debris. The maximum [image: image] was 25.5°C at 4,300 m asl while the minimum [image: image] was – 19.3°C at 5,200 m asl. The maximum [image: image] was within the theoretical limit (0°C) of ice surface temperature. The high correlation between all the [image: image] timeseries datasets highlighted the high periodic and seasonal similarity (Table 4) which is depicted in Figures 7A,B. The highest mean [image: image] (0.9 ± 9.4°C) was observed at 4,100 m asl (TG 3; Bara shigri) followed by 4,300 m asl (TG 1; Batal) (0.2 ± 6.7°C), 4,800 m asl (TG 5; Bara Shigri) (−4.8 ± 3.9°C), and 5,200 m asl (TG 2; Kunzam) (−6.7 ± 6.0°C), respectively (Figure 7 and Table 3).
[image: Figure 6]FIGURE 6 | The box plot distribution and variability for the surface temperature data collected at selected altitudinal debris cover locations of the studied glaciers (Bara Shigri, Batal, and Kunzam) and ice surface temperature (4,700 m asl) from the Sutri Dhaka Glacier.
[image: Figure 7]FIGURE 7 | The temporal and spatial variability of the daily mean debris surface temperature and ice surface temperature (IST) during (A) the day and (B) night at the selected locations of the Chandra basin, Western Himalaya. The daily mean day and night temperature over the debris covered location was >0°C from June to October months.
During the ablation season (May – September) the mean [image: image] at 4,300 m asl and 4,100 m asl were above 0°C while mean [image: image] was below 0°C at 5,200 and 4,800 m asl. However, the mean [image: image] during the accumulation season (October - April) at each location were below 0°C (Figure 7). The datasets were were further analyzed for summer monsoon (JJAS), post-monsoon (ON), winter (DJF), and pre-monsoon (MAM) periods. The highest mean [image: image] was 11.3°C during the summer monsoon while the lowest mean [image: image] was −12.2°C during the winter season (Table 3). The spatial and temporal variability were observed at all locations for the summer monsoon. Specifically during summer monsoon, the mean [image: image] for 4,300 and 4,100 m asl was above 0°C during both day and night, while at 4,800 and 5,200 m asl it was above 0°C during days and below 0°C during nights (Table 3; Figures 7A,B). We examined the collected [image: image] data collected from different sites to estimate the total duration with positive [image: image] to determine the ablation period. Results show that positive daily mean [image: image] were at a maximum at 4,100 m asl (180 days), followed by 4,300 m asl (175 days), 4,800 m asl (116 days), and 5,200 m asl (73 days) during the entire observation period.
Figure 7 shows the diurnal variability in [image: image] for annual, ablation, and accumulation periods. The ablation (July- September) and accumulation (October-may) periods were defined based on the reported observations for western Himalaya (Bhutiyani 2007). The data revealed that the debris pack was warm during the daytime (6:00 to 18:00 h) and the major [image: image] variability was recorded between 12:00 to 18:00 h at all the locations (Figure 8A). During the ablation season the [image: image] at 4,300 and 4,100 m asl were above 0°C throughout the day and night. However, at 4,800, and 5,200 m asl, and at the ice surface (4,700 m asl) the average [image: image] was close to 0°C only during the daytime. During the ablation season, the higher average [image: image] was 6.9 ± 1.7°C at 4,100 m asl. For the accumulation season, the average [image: image] at all locations was <0°C and the lowest was recorded at 5,200 m asl (Figure 8C).
[image: Figure 8]FIGURE 8 | Diurnal variability for the debris surface temperature during (A) annual (B) ablation, and (C) accumulation periods in Chandra basin, Western Himalaya. The mean debris surface temperature was >0°C throughout the ablation months and the peaks were observed between 12:00–16:00 Hrs.
Further analysis was undertaken to understand the relationship between surface and subsurface temperature variability at Batal Glacier. The results showed a linear reduction in the temperature from [image: image] (12.1 ± 7.6°C) to subsurface temperature ([image: image]: 7.2 ± 2.8°C) that was measured at 30 cm below the surface (Figure 9A). [image: image] showed a significant correlation (r = 0.60; n = 89; p = < 0.05) with the [image: image]. The diurnal results showed the maximum difference in [image: image] and [image: image] temperature (∼10.0°C) during daytime (06:00 to 18:00). However, during night, the temperature difference between the [image: image] and [image: image] debris layers were comparatively negligible (0.41°C) (Figure 9B).
[image: Figure 9]FIGURE 9 | Debris surface and subsurface temperature variability at the Batal Glacier (4,300 m asl), during (A) ablation season and (B) diurnal variability. There was a linear trend with the surface and sub surface temperature, and the surface temperature was higher during day time while subsurface was higher during nights.
Data from the ablation stakes showed a higher cumulative loss (−8.3 m we) over the clean ice surface (4,700 m asl) during the observational period (2016-17). Among the debris covered locations, 4,300 m asl has showed the highest loss (−1.8 m we), followed by 4,800 m asl (−1.3 m we), 4,100 m asl (−1.2 m we), and 5,200 m asl (−0.6 m we) during 2016–17 (Figure 10A). The melt rate at Batal (4,300 m asl) and Kunzam (5,200 m asl) were 0.46 cm/day and 0.18 cm/day respectively. However, the melt rates at other selected locations (Bara Shigri) were within 0.37–0.39 cm/day (Figure 10B). The altitudinal variation and debris thickness were the major factors for the observed difference in the melt rates.
[image: Figure 10]FIGURE 10 | Cumulative ablation (A) and melt rates (B) during 2016-17 at different altitudes of the selected locations of glaciers in Chandra basin, Western Himalaya. The highest ablation was observed at the 4,700 m asl while lowest ablation at 5,200 m asl. However the melt rate at the debris covered location, at 4,300 m asl it was higher and lower at 5,200 m asl.
The estimated annual thermal resistance [image: image] was highest (0.55 ± 0.1 m2°CW−1) at 4,100 m asl (Bara Shigri) and lowest [image: image] (0.009 ± 0.01 m2°CW−1) was at 5,200 m asl (Kunzam; Figure 11). Similar variability was observed during the ablation and accumulation seasons, high (0.42 ± −0.28; 0.53 ± 0.3 m2°CW−1) at 4,100 m asl and low (0.002 ± 0.01; 0.006 ± 0.02 m2°CW−1) at 5,200 m asl. The obtained datasets were close to the reported thermal resistance values for glaciers of the Nepal and Bhutan Himalaya (Suzuki et al., 2007; Zhang et al., 2011; Foster et al., 2012; Rounce et al., 2015). During the ablation season (June to October), a linear trend in the [image: image] was observed as per the increasing altitude. The observations showed the highest values (0.42 ± 0.28 m2°CW−1) at 4,100 m asl, where [image: image]varied from 1.13 to −0.004 m2°CW−1 (Table 5 and Supplementary Figure S3). The lowest [image: image] was observed at 5,200 m asl (0.002 ± 0.01 m2°CW−1), with a range from 0.01 to −0.01 m2°CW−1 (Table 5; Figure 11, and supplementary Figure S3). At 4,100 m asl, for a day (24 h) the [image: image] was 0.42 ± 0.11 m2°CW−1, with a range from 0.59 to 0.27 m2°CW−1. In day time (6:00 am - 6:00 pm) the [image: image] was 0.40 ± 0.13 m2°CW−1, with a range from 0.60 to 0.27 m2°CW−1, while during night time the [image: image] was 0.43 ± 0.09 m2°CW−1, with a range from 0.59 to 0.29 m2°CW−1.
[image: Figure 11]FIGURE 11 | Annual spatial variability of thermal resistance over the debris-covered glaciers of Chandra basin during ablation season [4,100 m asl: TG 3 (A), 4,300 m asl: TG 1 (B), 4,800 m asl: TG 4 (C), and 5,200 m asl: TG 2 (D)].
TABLE 5 | The interrelation between the altitude, thermal resistance, melt rate and debris thickness duing the ablation season (June–October).
[image: Table 5]DISCUSSION
The glacier mapping revealed that the ablation zones of most glaciers in the Chandra basin are debris-covered, and more extensively over the lower part of the ablation zones. The large debris-covered area over the ablation zones compared to the accumulation zones indicated the glacial transportation (englacial, subglacial, and supraglacial) of rocks and sediment from the higher to the lower zones, melting and glacial erosion, and hillslope processes (Banerjee and Wani, 2018). Some of the satellite observations have reported increasing debris cover over the Chandra basin glaciers and reported increasing glacier retreat as the major factor (Gaddam et al., 2016; Pratibha and Kulkarni, 2018). The increasing debris cover has also been reported for the Bhaga and Baspa river basins of the Western Himalaya (Pratibha and Kulkarni, 2018; Das and Sharma, 2019). The compositon (boulders, cobbels, gravels, and coarse to fine sand matrix) of the debris pack was also similar as per the increasing altitude for the all of the studied glacier. The debris over the Batal and Kunzam glaciers is dominantly composed of sandstone, while in Bara Shigari, only the lower portion (<4,500 m asl) is majorily dominated by sandstone while the upper portion (<5,000 m asl) is more variable, comprising quartz, biotite and schist. The major sources for the debris over the glacier catchments are rockfall and avalanche deposits from the mountain sides and physical weathering is the dominant process for the evolution of supraglacial debris (Banerjee and Shankar, 2013). This was also confirmed with the lithological analysis, where, the lithology of the debris material was found to be similar to the lithology of the surrounding mountains (Singh et al., 2017). The debris thickness and extent over the glacier surfaces are increasing annually which has shown to have potential control over the ablation rate over the glaciers. Some studies have also reported that the >50 cm thick debris can reduce the ablation by nearly 10 times compared to the clean glaciers in Chandra basin (Patel et al., 2016).
Factors Controlling the Debris Surface Temperature Over Glaciers
In the [image: image] data, seasonal and diurnal patterns were recognized at all observation locations during 2016-17. Seasonally, the [image: image] was higher during the initial period of the ablation season, and after mid-August, it started to decline. Diurnally, day time highest mean temperature (̴ 4.3°C) was observed between 12:00 pm to 3:00 pm, thereafter the [image: image] started dropping. During the observation period, the [image: image] data have showed higher positive temperature days at 4,100 m asl (180 days), followed by 4,300 m asl (175 days), 4,800 m asl (116 days), and 5,200 m asl (73 days). The reason for these fluctuations at different locations is most likely due to the differences in altitudes. Studies at the Everest region and specifically at Kumbhu Glacier, Nepal Himalaya have also reported a similar diurnal pattern, however, seasonally the dropping [image: image] has been reported after the end of June (Gibson et al., 2018; Rowan et al., 2020).
The temperature datasets ([image: image], [image: image], [image: image], and [image: image]) showed a similar trend for the entire observation period. The mean [image: image] was comparatively higher than the mean [image: image] and the significant correlation (r = 0.88; 0.84; 0.81; and 0.80 respectively; p = <0.05) with the debris surface temperature [image: image] of all observation sites revealed the strong connection between debris surface and air temperatures. Additionally, a significant correlation (r = 0.83; p = 0.05) between outgoing longwave radiation (Lup) and [image: image] supported such observations. Several studies from the Nepal Himalaya have also reported the strong control of surface temperature on air temperature variability (Foster et al., 2012; Steiner and Pellicciotti, 2016). The high correlation [Pearson (r = >0.8; p = <0.05) and Spearman rank (Table 4)] obtained between [image: image] of all locations highlighted the major control of the solar insolation on air temperature and debris surface temperature. The high correlation of daily surface temperature with all observation locations revealed the region is influenced by similar meteorological conditions. In the diurnal data, most of [image: image] observation locations showed high correlation (r = >0.8; p = <0.05), but some locations showed comparatively low correlation (<0.60; p = <0.05). The low correlation in some locations highlighted the influence of local weather and topographic (aspect, shadow) conditions.
At the Batal Glacier, the linear reduction in the [image: image] and a significant correlation between [image: image] and [image: image](r = 0.60; p = <0.05) highlights the decreasing amplitude in [image: image]. The observation showed a linear trend for the surface temperature with a lag time of 3–4 h to warm the debris surface below 30 cm (Figure 9B). The heat conduction from the surface to debris has time lags (Nicholson and Benn, 2006), which will also depend on the debris subsurface conditions. The debris subsurface conditions like moisture content, pores, and lithology play a significant role in the energy transmission and maintaining the temperature and heat conduction into the debris pack (Collier et al., 2014; Evatt et al., 2015).
The surface temperature datasets for the studied debris-covered glaciers indicated that the incoming solar radiation warms the debris surface and regulates the heat flow. The main insolation period for the debris surface warming is ablation season, especially the summer monsoon (JJAS), where the daytime (6:00 to 18:00 h) is the contributor to increasing debris surface temperature. It was also observed that the thinner debris at higher altitudes experiences enhanced warming, thus increasing the ice melt rate. Although the thicker debris surface at lower elevations is warmer, the ice beneath it undergoes less ablation.
Relationship Between Supraglacial Debris and Thermal Resistance
The measured [image: image] data showed a decreasing trend with decreasing debris thickness over all of the studied locations (Table 5; Supplementry Figure S3). The thermal resistance reduced with decreasing debris thickness and increasing altitude. Such a trend was also observed in the melt rate, which was higher beneath thin debris (Table 5). Zhang et al. (2011) reported similar results of low thermal resistance for thin debris and high thermal resistance for thick debris at southeastern Tibetan Plateau. A comparison during the 2017 ablation season highlighted that [image: image] was higher at 4,100 m asl than it was at 4,800 m asl. In our study, at 4,300 m asl [image: image] was lower than at 4,100 m asl, due to lower debris thickness and higher melt (Table 5, and Supplementry Figure S3). During the ablation season, the thermal resistance showed a significant correlation (r = > 0.70; p =< 0.5) for most of the observation sites. The spatial and seasonal variability found in the coefficient of determination for daily [image: image] highlighted the impact of the thickness and moisture content of the supraglacial debris pack. Our study highlights the strong control of debris thickness in defining the thermal resistance of supraglacial debris. Further, the higher thermal resistance of the thick supraglacial debris is found to attenuate the heat flow from debris surface to ice thus reducing the ablation.
CONCLUSION
In this study, in-situ observations of supraglacial debris cover, its thickness and thermal properties were carried out over three major debris-covered glaciers of the Chandra basin in Western Himalaya during 2016-2017. An extensive debris cover over the lower ablation zone highlighted the glacial transportation processes and observed lithology of the debris samples marked the major debris sources from surrounding mountains. The debris surface temperature data showed that significant warming of surface debris occurs during the ablation period (June to September). Observed debris surface temperature [image: image] showed a decreasing trend with altitude, and a linear relationship with sub-surface temperature. Our observations highlighted the inverse relationship of melt rate with altitude and debris thickness. The variable correlations (daily and diurnal) between the [image: image] of each observational site revealed a significant control of local meteorology on debris surface warming. The high thermal resistance [image: image] over the thick debris and lower [image: image] at thin debris highlighted the efficient control of debris thickness on the downward heat flow from the surface to the ice interface. Our study provides the first detailed characterization of supraglacial debris over glaciers of Chandra basin, which revealed that the thick supraglacial debris cover effectively controls the ablation to the glacier ice due to its high thermal resistivity. The study provides a record of debris thickness and surface temperature observations, which can be useful for debris thickness modelling and analysing the metereological control on the debris covered glaciers of HKH region.
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