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Various regional climatic factors influence glacier mass balance and thus control the water budget of the Himalayan rivers. However, the scarcity of observational data hinders a detailed understanding of the processes governing glacier mass balances in the Himalaya. Here we analyze the mass balance of the Sutri Dhaka Glacier, a debris-free glacier in the Chandra basin (western Himalaya) combining field observations and a physically based model to understand the drivers of mass balance variability. The modeled energy flux showed that net shortwave radiation contributed 56% to the total surface energy fluxes, followed by net longwave radiation (27%), sensible heat (8%), latent heat (5%), and ground heat flux (4%). However, over the ablation zone, inward fluxes account for most of the total heat flux, resulting in strong summertime melting. The model estimated glacier mass balance was −1.09 ± 0.31 and −0.62 ± 0.19 m w.e. during 2015/16 and 2016/17, which matches well with the in situ glaciological mass balance of −1.16 ± 0.33 and −0.67 ± 0.33 m w.e., respectively. A sensitivity analysis demonstrates that the mass balance of the glacier is affected by both air temperature (−0.21 m w.e. a−1 °C−1) and precipitation (0.19 m w.e. a−1 (10%)−1) changes. Our study suggests that, the mass balance of the Sutri Dhaka Glacier is less sensitive to changes in the partitioning of precipitation into snow and rain because the majority of precipitation falls as snow during the winter when the temperature is well below 0°C.
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1 INTRODUCTION
The glaciers in the Hindu Kush Himalayan region are the largest reservoir of snow and ice mass outside the polar regions and play a crucial role in supplying meltwater to the major rivers of southwest Asia, which sustain the livelihoods of nearly 1.9 billion people in the downstream region (Dyurgerov and Meier, 2005; Immerzeel et al., 2010; Bolch et al., 2012). Meltwater from the Himalayan glaciers is an important source of water to major rivers, such as Indus, Ganges, and Brahmaputra, especially during the summer months. However, the magnitude of runoff from the Himalayan glaciers is expected to vary in a changing climate, affecting downstream water supply, especially for dry seasons or years (Pritchard, 2019). Among the major basins, the Indus basin in the western Himalaya is the most dependent on snow and glacier melt, with nearly 62% of the total annual discharge contributed by snow and glacier melt, whereas this fraction is significantly less in the Ganges (20%) and Brahmaputra (25%) basins in the central and eastern Himalaya, respectively (Lutz et al., 2014). Thus, glaciers will have a dominant role in the water budget of the Indus River under future climate change scenarios.
Several studies have demonstrated the substantial loss of glacier ice mass, resulting in the rapid retreat of the Himalayan glaciers in the recent decades (Kulkarni et al., 2007; Bolch et al., 2012; Brun et al., 2017; Kumar et al., 2019; Shean et al., 2020). On a regional scale (western, central, and eastern Himalaya), the glaciers have shown enhanced thinning during the past decade except for the Karakoram and adjacent regions (Kääb et al., 2012; Gardelle et al., 2013; Farinotti et al., 2020). However, due to the remoteness and high-altitude terrain of Himalayan glaciers, in situ hydrometeorological measurements are limited to very few glaciers (Pratap et al., 2016; Azam et al., 2018; Kumar et al., 2018; Azam et al., 2019; WGMS, 2019). Thus, the relationship between atmospheric forcing and glacier mass change in the Himalaya is poorly understood. Therefore, it is essential to understand the response of glaciers to atmospheric forcing using hydrometeorological observations and numerical models. Although an empirical temperature index model (Hock, 2003) is convenient for modeling glacier mass balance using air temperature ([image: image]) and precipitation, this simple model does not track the energy fluxes. The energy balance model approach, which considers different energy fluxes interacting with glaciers, is considered to be very effective for simulating the distributed mass balance of glaciers and are also valuable for detailed sensitivity studies of glacier mass balance (Oerlemans and Reichert, 2000; De Woul and Hock, 2005; Li et al., 2019).
Within the Himalaya, the Western Disturbance (WD) and the Indian Summer Monsoon (ISM) are the dominant sources of precipitation and significantly affect the mass balance of the glaciers (Shekhar et al., 2010; Azam et al., 2014a). While WD plays a dominant role in determining glacier behavior in the western Himalaya, the ISM plays more important role in the central and eastern Himalaya. The WDs mainly contributes to the winter precipitation events in the upper Indus Basin, which are driven by the approaching extra-tropical, synoptic-scale disturbances (Dimri et al., 2015; Jean-Philippe et al., 2021). One of the major sub-basins of the upper Indus basin is the Chandra basin, which lies in the transition zone of WD and ISM (Bookhagen and Burbank, 2006). Since the Chandra River is passing through a semi-arid zone, its water budget is highly sensitive to the melting of snow and glaciers. With the recent increases in extreme events of precipitation and increasing temperature, the Chandra basin provides an ideal testbed to understand the status and climate sensitivity of glaciers from western Himalaya.
To understand the spatio-temporal variability in surface energy and mass balance, it is important to undertake integrated studies using in situ measurements and by employing energy balance models that can simulate the distributed mass balance. Towards this, we examine the Sutri Dhaka Glacier from the upper Chandra basin, a relatively large (∼20 km2) and debris-free glacier, during two contrasting meteorological years using field data and a well-constrained physically based COupled Snowpack and Ice surface energy and MAss balance model (COSIMA) (Huintjes et al., 2015). The model is forced with meteorological data obtained from an on-glacier Automatic Weather Station (AWS). We calibrate the model with meteorological and glaciological data from point locations and then use the model to simulate the mass balance for the entire glacier. This study allows us to assess the mass balance sensitivity of the Sutri Dhaka Glacier to different atmospheric variables and investigate the importance of snow-to-rain conversion during warmer years in amplifying the temperature sensitivity of the mass balance.
2 STUDY AREA
The Chandra basin has 201 glaciers, covering an area of 703.6 km2, having large differences in size, surface characteristics, and orientation/aspect (Sangewar and Shukla, 2009). Many glaciers of the upper Chandra basin have different aspect/orientation and may experience differences in the energy budget, especially the net shortwave radiation (Patel et al., 2021). The Sutri Dhaka Glacier is the third largest glacier of the upper Chandra basin (Figure 1). It covers an area of ∼20 km2, with a length of ∼10.7 km along a north-east orientation. It is a debris-free glacier with only 5% of the ablation area covered with thin debris (Sharma et al., 2016). The glacier elevation ranges from 4,500 m a.s.l. at the snout to 6,000 m a.s.l. at the bergschrunds with an average slope of ∼10° (Pratap et al., 2019). This glacier is a part of the long-term monitoring project by the National Centre for Polar and Ocean Research (NCPOR) since 2013, and meteorological observations started in 2015.
[image: Figure 1]FIGURE 1 | Location map (A) of the study region in the western Himalaya, (B) the Chandra basin, and (C) the Sutri Dhaka Glacier (yellow outline) with the location of two AWS (white stars) located at Abc (4,864 m a.s.l.) and Hbc (4,052 m a.s.l.). The red dots represent the ablation stakes installed, and the blue dots are accumulation pit locations.
The study region lies in the ISM-WD transition zone and the climate is dominated by relatively long winters (November–March). The glacier is located in the northern limit of the ISM and also experiences a leeward effect, therefore less amount of annual precipitation occurs during the ISM (June–September), while a significant amount of precipitation occurs in the form of snowfall during the winter as a result of active WDs (Singh et al., 2019). Furthermore, the balance year on the Sutri Dhaka Glacier is defined as 1st October to 30th September, following the approach at nearby Chhota Shigri Glacier (Wagnon et al., 2007).
3 DATA COLLECTION AND METHODOLOGY
3.1 Field measurements and data processing
3.1.1 Meteorological data
Two AWS systems (Campbell Scientific) have been operating at the Sutri Dhaka Glacier catchment since October 2015 (Figure 1C). One AWS is situated on the glacier surface in the upper ablation zone at Advance base camp (Abc, 4,864 m a.s.l.), while the other is located on the open ground in the same catchment at the HIMANSH base camp (Hbc, 4,052 m a.s.l.) (Figure 1C, Figures 2A,B). The distance between Abc and Hbc is 8 km, with an altitudinal difference of 812 m. The details of the AWS sensors are listed in Table 1 including their accuracy and measurement range. The data are stored by the dataloggers at every 10-min interval.
[image: Figure 2]FIGURE 2 | Field photos of the AWSs (A) fixed on the glacier surface at Abc (4,864 m a.s.l.) and (B) installed on the open ground at Hbc (4,052 m a.s.l.). Locations of these AWSs are marked in Figure 1.
TABLE 1 | List of hydrometeorological variables measured at the AWSs used in the study.
[image: Table 1]There was a data gap during the 2017 summer, as the AWS at Abc stopped functioning from 25th to 30th June owing to a power cut. The data gap in [image: image] and relative humidity at Abc were filled with linearly extrapolated data from the station Hbc using a lapse rate (Table 2 and Figure 3). Additionally, hourly net shortwave ([image: image]) radiation, net longwave ([image: image]) radiation, wind speed, and albedo data were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) at the nearest surface grid points of Abc and used to fill the data gap using bias correction. Due to the malfunctioning of the precipitation sensor at Abc, only Hbc precipitation data were used for analysis. Furthermore, air pressure data at an hourly resolution were obtained from the ERA5 for the nearest surface level at the two-point location of Abc. It was corrected from the ERA5 pixel elevation to the on-glacier site Abc using the air pressure lapse rate. Cloud cover for the study region was estimated based on [image: image] and [image: image] following the procedure by Van Den Broeke et al. (2006), which calculates a quantitative cloud cover fraction estimate ranging between 0 and 1.
TABLE 2 | The mean annual altitudinal gradient/lapse rates calculated from Abc, Hbc and ERA5 for extrapolation of data.
[image: Table 2][image: Figure 3]FIGURE 3 | Observed daily mean values of (A) air temperature ([image: image]) (°C), (B) surface temperature ([image: image]) (°C), (C) relative humidity ([image: image]) (%), (D) wind speed (m s−1), (E) incoming shortwave ([image: image]) radiation (Wm−2), (F) incoming longwave ([image: image]) radiation (Wm−2), (G) albedo, and (H) total precipitation (mm) over the Sutri Dhaka Glacier at the site Abc for study period from October 2015 to September 2017. The gray-shaded areas indicate the interval when meteorological variables (A–G) at the Abc site were estimated using the Hbc and ERA5 data. Dashed line in (E) indicates Top of the Atmosphere (TOA) solar irradiance.
The mean annual lapse rates were calculated with the observed meteorological data obtained from Abc, Hbc, and ERA5 data (Table 2). The monthly [image: image] lapse rate of the catchment ranges from −0.0003 to −0.0065°C m−1, with a mean of −0.0042°C m−1. The monthly relative humidity lapse rate varied from 0.009 to 0.016% m−1 (mean 0.012% m−1). The monthly air pressure gradient calculated from grid points of ERA5 data nearest to the two AWS, ranged from −0.026 to −0.049 hPa m−1 (mean −0.034 hPa m−1). For the observation period from 4th October 2015 to 15th September 2017, at all stake points, we calibrate the estimated mass balance using various precipitation gradient values and use the lowest root mean square error (RMSE) between modeled and measured mass balance. The precipitation gradient is derived from the model calibration process. The precipitation gradient value used in the study is 0.12% m−1 (Supplementary Figure S1).
A digital elevation model (DEM) with a spatial resolution of 30 m obtained from the ASTER GDEM V2 from Earth Remote Sensing Data Analysis Centre (ERSDAC) (Tachikawa, 2011) was resampled bilinearly to a 45 m grid resolution. Based on the gradient (precipitation and air pressure) and lapse rate ([image: image] and relative humidity), we extrapolated the meteorological data at the grid points of the resampled 45 m DEM to obtain distributed surface energy and mass balance of the Sutri Dhaka Glacier (Table 2).
3.1.2 Glaciological surface mass balance and uncertainty
The surface mass balance of the Sutri Dhaka Glacier was measured using the in situ glaciological method following established methodologies (Østrem and Brugman, 1991; Cogley et al., 2011). The annual ablation and accumulation measurements were performed at the end of the ablation season (i.e., end of September). Ablation was measured using a network of stakes, and accumulation was measured through excavating snow pits or snow coring (Kovacs Mark II) at various locations on the glacier (Figure 1C). A network of 30–35 ablation stakes was drilled into the ice over the glacier surface along with different altitudinal zones for both study years (Figure 1C). These stakes were measured throughout the summer season for ablation estimation using exposed stake heights. Ice density for the ablation zone was considered to be 870 kg m−3 (±25 kg m−3, n = 10), and the snow density of 490 kg m−3 (±30 kg m−3, n = 8), which was measured in the field at the end of ablation season (Pratap et al., 2019). The accumulation zone of the glacier for glaciological measurement was accessible up to ∼5,700 m a.s.l. To estimate the total accumulation, snow density, snow water equivalent, and depth measurements were extrapolated for the entire accumulation area. Mass balance was calculated using the sum of accumulation and ablation, and integrated over the entire glacier surface area. The glacier-wide average annual mass balance is calculated using:
[image: image]
where [image: image] is glacier-wide average annual mass balance, [image: image] is the mass balance of the altitudinal range, [image: image] is the area of corresponding ablation or accumulation altitudinal range, and [image: image] is the total area of the glacier.
The potential annual mass balance uncertainties in the in situ observations are related to: 1) the uncertainties in ablation estimates related to stake height measurements and ice density; 2) the uncertainties in accumulation observations of snow depth and snow density; and 3) the uncertainty related to the extrapolation of point measurements of corresponding altitudinal bands and the entire glacier (Thibert et al., 2008). The uncertainties in stake height measurements could be due to the mean height difference. Although we chose a representative surface in its vicinity to install the stakes, the variability associated with the surface morphological changes (e.g., meltwater channels, boulders, and avalanches) cannot be evaluated. Rather we exclude those stakes with such uncertainties from the final calculation. Therefore, the propagated uncertainty associated with extrapolation of the ablation was ±0.19 m w.e. a−1. Furthermore, we calculated the uncertainty in accumulation measurements following the approach by Kenzhebaev et al. (2017): 1) the uncertainties in snow density were estimated as ±30 kg m−3 for calculation of the accumulation; 2) we used 0.22 m w.e. (100 m)−1 as the accumulation gradient measured at the Chhota Shigri Glacier (Azam et al., 2016) to approximate a linear increase in accumulation; and 3) for the two uppermost altitude bins, an inverse gradient is adopted. The uncertainty in accumulation measurements (±0.28 m w.e. a−1) was calculated using the mean of standard deviations obtained using the methods described above. Taking all of the errors into account, an overall uncertainty in observed mass balance at the Sutri Dhaka Glacier was calculated as ±0.33 m w.e. a−1. This is well within the estimated uncertainties of the glaciological methods ranging from ±0.27 to ±0.53 m w.e. for various Himalayan glaciers (Azam et al., 2012; Wagnon et al., 2013; Sunako et al., 2019; Mandal et al., 2020; Soheb et al., 2020).
3.2 Model
3.2.1 Surface energy balance model
To simulate the distributed surface energy and mass balance, we used the COSIMA model, which is an open source physically based energy balance model for high mountain glaciers. COSIMA 1D model is a point energy and mass balance model for one-dimensional use at a single location. Meanwhile, COSIMA 2D model is a two-dimensional model for spatially distributed surface energy and mass balance studies. The parameterization of subsurface energy and mass fluxes within COSIMA is directly coupled to the surface processes, as in other widely used surface energy and mass balance studies (Klok and Oerlemans, 2002; Hock and Holmgren, 2005; Pellicciotti et al., 2009). The COSIMA model includes several modules that solve the heat equation and calculate surface temperature and energy balance, meltwater percolation, refreezing, and densification (Huintjes et al., 2015). It explicitly calculates the percolation of meltwater and the refreezing process within the snowpack, taking into account the latent heat flux release and resulting subsurface melt, as well as the effects on subsurface temperature, snow density, and the ground heat flux. Furthermore, COSIMA can effectively estimate the mass balance by explicitly calculating the effects of radiation, aging, and albedo changes on the snow surface, vertical heat transport in the snow, densification of snow with depth, and liquid water retention (Huintjes et al., 2015). In addition to the full energy balance on the surface, adding snowpack to the multi-layer vertical dimension of the model enables an explicit simulation of vertical heat diffusion, percolation of liquid water from melting and rain, the refreezing of liquid water and internal accumulation, and a realistic representation of firn densification due to overloading and refreezing (Huintjes et al., 2015; Singh et al., 2018).
The model is forced by meteorological data, including [image: image], relative humidity, total precipitation, wind speed, air pressure, incoming shortwave radiation, and cloud cover fraction. In this study, hourly data of meteorological variables along with the resampled 45 m DEM were used to derive the spatial distribution of surface energy and mass balance of the Sutri Dhaka Glacier. The total energy flux at the glacier surface is calculated within the COSIMA model (Oerlemans, 2001; Huintjes et al., 2015), as follows:
[image: image]
where [image: image] is the total heat flux, [image: image] is incoming shortwave radiation, [image: image] is the surface albedo, [image: image] is incoming longwave radiation, [image: image] is outgoing longwave radiation, [image: image] is turbulent sensible heat flux, [image: image] is turbulent latent heat flux, and [image: image] is ground heat flux. Heat flux from liquid precipitation is negligible and hence neglected in the model (Huintjes et al., 2015). All energy fluxes are expressed in Wm−2, and are defined as positive when it is towards the surface of the glacier and negative when away from the surface. The resulting flux [image: image] leads to surface melt energy ([image: image] only when the surface temperature is at the melting point (0°C).
We separately calculated the [image: image], following the approach by Huintjes et al. (2015). First, a solar radiation model by Kumar et al. (1997) was used to compute clear-sky and diffuse incoming shortwave radiation ([image: image]) without considering the cloud effect at Abc with no shading. The cloud effect of the [image: image] was corrected with incoming shortwave radiation data of Abc to determine the correction factor, which is further used in the study to spatially derive [image: image]. The modeled [image: image] and [image: image] were estimated using the Stefan–Boltzmann law (Klok and Oerlemans, 2002). The turbulent heat fluxes [image: image] and [image: image] are calculated using the bulk aerodynamic method with correction of stability (Oerlemans, 2001). The bulk transfer coefficients for [image: image] and [image: image] depend on instrument height ([image: image]), and surface roughness length ([image: image]). The [image: image] changes depending on time from fresh to aged snow (Mölg and Scherer, 2012). The [image: image] increases linearly from 0.24 mm for fresh snow (Gromke et al., 2011) to 4 mm for aged snow (Brock et al., 2006), whereas [image: image] is assumed to be 1.7 mm for the snow-free surface (Cullen et al., 2007). The [image: image] consists of fluxes due to heat conduction and penetrating shortwave radiation ([image: image]). The [image: image] remains negative because it only transfers energy from the glacier surface into the snow or ice. At each DEM pixel, the glacier surface characteristics are controlled by surface temperature and albedo, which were determined in COSIMA at each time step and changed linearly over time from fresh to aged snow.
The parameterization of surface albedo (α) follows the scheme of Oerlemans and Knap (1998), where α is determined as a function of snowfall frequency and snow depth:
[image: image]
[image: image]
The free parameters of the surface albedo scheme are determined according to Mölg and Scherer (2012) and measurements at Abc between 2015 and 2017. The values are: fresh snow albedo ([image: image]) = 0.9, firn albedo ([image: image]) = 0.55, and ice albedo ([image: image]) = 0.2. However, [image: image] is the time since the last snowfall, t* is constant (6 days) for the effect of aging on snow albedo, h is the snow depth, and d* is a constant (8 cm) for the effect of snow depth on albedo.
The COSIMA subsurface model uses a vertical layer structure that consists of layers with an equal thickness of 0.2 m. The temperature, density, and depth are characterized by each subsurface ice layer. The initial temperature profile was interpolated linearly between [image: image] and surface temperature. In each time step, the surface temperature profile is calculated from the thermodynamic heat equation (Huintjes et al., 2015). Initial snow depth is set to zero with the start of the balance year (i.e., 1st October). Thus, the subsurface density profile is initialized with a constant glacier ice density of 870 kg m−3 and a snow density of 490 kg m−3 based on field observations (Pratap et al., 2019). The values for site-specific constants within the COSIMA model are adopted from Klok and Oerlemans (2002) and Huintjes et al. (2015) for simulations at the Sutri Dhaka Glacier.
3.2.2 Sensitivity experiments
To assess climate sensitivity in this study, we perturbed the meteorological variables according to climatic factors and associated simulations (Yang et al., 2011; Yang et al., 2013; Sun et al., 2018; Zhu et al., 2018; Li et al., 2019). We performed sensitivity experiments for mass balance by changing the assumed value for one input parameter at a time, leaving all other parameters unchanged. The ranges of he perturbation were ±1°C for [image: image], ±10% for relative humidity, ±50  Wm-2 for [image: image], ±10% for total precipitation, and ±1 m s−1 for wind speed throughout the period.
3.2.3 Model uncertainty assessment using Monte Carlo simulations
Estimating uncertainty in complex models based on analytical solutions is extremely difficult when the set of uncertain variables is large and nonlinear effects exist. Therefore, the model uncertainty was estimated using the Monte Carlo simulations (Van Der Veen, 2002). The model uncertainty was estimated based on repeated modeling of the mass balance at all observed point locations on the Sutri Dhaka Glacier. A model run was repeated 100 times in the Monte Carlo simulation, in which the normally distributed model parameters and threshold were varied by 10% and the input variables were randomly varied within their uncertainty ranges to estimate the final uncertainty (Machguth et al., 2008). The mass balance uncertainty of 100 simulations was evaluated using standard deviation. We found that the difference between the observed and the modeled mass balance is within the range of uncertainty of 100 simulations (Supplementary Figure S2). The overall uncertainty of modeled mass balance was ±25%.
4 RESULTS
4.1 Meteorological conditions at the Sutri Dhaka catchment
The meteorological data for the two balance years (2015/16 and 2016/17) obtained from the on-glacier site Abc are shown in Figure 3. Over the study period, daily [image: image] varied from 10.0 to −22.4°C (Figure 3A). The mean values were −4.6 and −4.4°C for the balance years 2015/16 and 2016/17, respectively. However, the daily surface temperature varied from 0 to −31.9°C with the mean values of -11.0 (2015/16) and −9.6°C (2016/17) (Figure 3B). The daily mean [image: image] was above 0°C between early June and the end of September. The data shows that January was the coldest month and August was the warmest month in this glacierized basin, in agreement with other studies on nearby glaciers (Azam et al., 2014a). During the summer, surface temperature remains close to the melting point in agreement with consistently positive [image: image] (Figures 3A,B). Daily relative humidity varied from 4 to 92%, with mean values of 56% (±16%) (Figure 3C). The area was characterized by a warm summer with high relative humidity from June to September and a cold winter season, which is comparatively less humid, from December to February. The daily mean wind speed varied between 1.2 and 8.5 m s−1 with a mean speed of 3.6 m s−1 (±1 m s−1) (Figure 3D). The observed wind direction during the study period was mostly downslope, with a maximum speed of 13.5 m s−1, suggesting predominately katabatic flow with modest strength over the glacier. The winter period was characterized by high wind speed with larger variability (±1.2 m s−1), whereas the wind speed in the summer was comparatively less varied (±0.5 m s−1) (Figure 3D). The mean daily values of [image: image] varied from 84 to 403 Wm-2 in summer and 30 to 385 Wm-2 in winter for both the balance years (Figure 3E). The annual mean was 248 and 223 Wm-2 for the balance years 2015/16 and 2016/17, respectively (Figure 3E). Summers are characterized with intense solar heating, whereas winters are associated with cold, dry, and windy conditions due to low Sun elevation and strong westerlies. The variation of [image: image] in the summer was 178–324 Wm-2, and in the winter, it was 112–306 Wm-2 for both the balance years (Figure 3F). The annual mean was 223 Wm-2 and 227 Wm-2 for the balance year 2015/16 and 2016/17, respectively (Figure 3F). During the summer, higher [image: image] can be associated with cloudy days, whereas during the winter its variability is higher, which can be due to significant fluctuation in cloud conditions. At the on-glacier site Abc, albedo ranges between 0.20 and 0.98, with a mean value of 0.35 (2015/16) and 0.41 (2016/17) (Figure 3G). The Abc location exhibited a higher mean albedo in winter (0.74) than in summer (0.31), due to the contrasting surface conditions of fresh snow versus glacier ice, respectively. The annual precipitation was 567 and 710 mm for the balance years 2015/16 and 2016/17, respectively. In both the balance years (2015/16, 2016/17), higher precipitation occurred during the winter (60%, 80%, respectively) than the summer (40%, 20%, respectively) (Figure 3H).
4.2 Model calibration
The COSIMA 1D model was used to assess the efficiency at several sites where calculations were done for one grid point, providing a quick and efficient technique to test the model performance. Initially, a set of observed hourly meteorological data were used as input data to run the COSIMA 1D model at the Abc site (Figure 1C) for the period from 4th October 2015 to 15th September 2017. Furthermore, the 1D model results were evaluated against the observed surface temperature, [image: image], and albedo. Within the model, the initial temperature profile was simulated linearly between air and surface temperature; correspondingly, the surface roughness is determined based on fresh snow, aged snow, and ice (Mölg and Scherer, 2012). The approach of Oerlemans and Knap (1998) is used for the parameterization and initial conditions of the surface albedo, as shown in Eq. 4. These estimated variables (surface temperature, [image: image], and albedo) obtained from the 1D model were compared with the observed Abc data. We found a strong correlation between the modeled and observed Abc data for surface temperature (r = 0.96; n = 712, mean absolute error=1.15°C), [image: image] (r = 0.92; n = 712, mean absolute error=20.59 Wm-2), and albedo (r = 0.89; n = 712, mean absolute error=0.09) for the period from 4th October 2015 to 15th September 2017 (Figure 4).
[image: Figure 4]FIGURE 4 | Observed (black) and modeled (red) daily mean values of (A) surface temperature ([image: image]) (°C), (B) net longwave ([image: image]) radiation (Wm−2), and (C) albedo with their correlation coefficient at the Abc site for the Sutri Dhaka Glacier from October 2015 to September 2017.
The observed mass balance for the nearest ablation stake (∼5 m from Abc site, 4,863 m a.s.l.) was −4.30 ± 0.33 and −3.59 ± 0.33 m w.e. and the calibrated modeled surface mass balance at Abc site was −3.98 ± 0.99 and −3.34 ± 0.84 m w.e. for the balance year 2015/16 and 2016/17, respectively. Furthermore, we plotted the observed annual balances (point-wise) with the modeled annual balance at the corresponding grid location (Figure 5). The coefficient of determination (R2) between the simulation and the measurement for the surface mass balance was 0.97 (RMSE=0.38 m w.e.) for 2015/16 and 0.98 (RMSE=0.58 m w.e.) for 2016/17, respectively (Figure 5). The modeled (observed) annual mass balance gradient between 4,500 and 5,500 m a.s.l. was 0.8 (0.87) m w.e. (100 m)−1 and 0.79 (0.9) m w.e. (100 m)−1 for the balance year 2015/16 and 2016/17, respectively. Overall, the model has an excellent ability to simulate the mass balance processes of the Sutri Dhaka Glacier and performed well for the study period from 4th October 2015 to 15th September 2017.
[image: Figure 5]FIGURE 5 | Comparison of observed and modeled mass balance (m w.e.) at the Sutri Dhaka Glacier for two contrasting meteorological years: (A) 2015/16 and (B) 2016/17.
4.3 Surface energy balance
4.3.1 Distributed surface energy balance
The simulated spatial variability of [image: image] and [image: image], the turbulent heat fluxes ([image: image] and [image: image]), albedo and [image: image] averaged over two balance years (2015/16 and 2016/17) are shown in Figure 6. The results obtained by the COSIMA 2D model show that mean [image: image] ranges from 20 to 200 Wm-2 (Figure 6A) and varies with altitude, where the [image: image] decreases as the mean albedo increases (Figures 6A,B). The mean [image: image] flux varied from −120 to −70 Wm-2 and decreased with the altitude (Figure 6C). The turbulent heat fluxes of [image: image] and [image: image] both showed maximum values over the lower ablation zone (Figures 6D,E). High values at the lower parts and decreasing values with increasing altitude can be explained by the temperature gradient against elevation. The modeled longwave radiation and turbulent heat fluxes depend mainly on [image: image] and relative humidity as a function of altitude (Klok and Oerlemans, 2002; Mölg et al., 2009). Simulated [image: image] heat flux is mainly a function of surface temperature and topographic characteristics; therefore, it is lowest in the accumulation area (Figure 6F), where the surface temperature is minimum.
[image: Figure 6]FIGURE 6 | Spatial distribution of modeled mean surface energy fluxes for the Sutri Dhaka Glacier over two balance years 2015/16 to 2016/17. (A) Net shortwave ([image: image]) radiation, (B) albedo, (C) net longwave ([image: image]) radiation, (D) sensible heat flux ([image: image]), (E) latent heat flux ([image: image]), and (F) ground heat flux ([image: image]).
4.3.2 Seasonal and annual contribution of energy fluxes
We demarcated the accumulation and ablation area of the glacier based on the observed mean equilibrium line altitude (ELA) (5,300 m a.s.l.). The contribution of the energy fluxes was separately estimated for accumulation, ablation, and glacier-wide zone based on the simulation (Figure 7: Supplementary Figure S3). In the accumulation and ablation zones, surface energy exchanges happen due to distinct climatic characteristics (Wu et al., 2016).
[image: Figure 7]FIGURE 7 | The monthly mean surface energy fluxes for the (A) ablation zone (below 5,300 m a.s.l.), (B) accumulation zone (above 5,300 m a.s.l.), and (C) glacier-wide region of the Sutri Dhaka Glacier.
In the accumulation zone, the mean energy fluxes during the winter (2015/16 and 2016/17) were predominantly governed by outward [image: image] (Figure 7). The outward flux contribution was higher than the inward flux, which suggested that the cooling effect was dominant. However, it was primarily contributed by inward [image: image] and outward [image: image] during the summer (Figure 7). The total energy increased the temperature of the snowpack; however, the available energy only marginally exceeded the cold content of the snowpack. Throughout the study period, in the accumulation zone, higher contributions of outward [image: image] and [image: image] heat flux suggests that there was maximum cooling effect. In the ablation zone of the glacier, during the winter (2015/16 and 2016/17), the mean energy fluxes were primarily contributed by inward [image: image] and outward [image: image], whereas the summers showed dominant contribution by inward [image: image] (Figure 7). The [image: image], accounted for 77% of the total heat flux during the summer, resulting in strong summertime melting in the ablation zone of the Sutri Dhaka Glacier.
The glacier-wide mean annual energy flux showed that [image: image] accounted for 56% of the total surface energy fluxes, followed by [image: image] (27%), [image: image] (8%), [image: image] (5%), and [image: image] (4%) (Supplementary Figure S3 and Table 3). The winter budget of [image: image] was mainly determined by albedo, which remains very high as the glacier surface is covered by snow (winter time mean albedo ∼0.74), and this leads to low [image: image] (Figures 3G, Figures 8). Therefore, the available surface energy ([image: image]) was significantly less during the winter and this part of the energy source ([image: image] was compensated collectively by the energy sink of [image: image], the turbulent heat fluxes ([image: image] + [image: image]), and [image: image]. During the summer, [image: image] was the largest source of energy to the glacier surface and mainly controlled the temporal variability of surface melt, as a result, [image: image] followed the same oscillation trend as [image: image] (Figure 8). The contribution of [image: image] ([image: image]) was slightly high (less); that is, 7% more in the 2015/16 balance year than in 2016/17. As a result, summertime melting is more intense, with [image: image] contributing more in 2015/16 than in 2016/17 (Table 4). During the summer, clear-sky days with high air and surface temperature gradients were advantageous for [image: image] to heat the glacial surface, resulting in strong summertime melting of the Sutri Dhaka Glacier (Figure 8). The negative [image: image] values (Figure 8) suggest that the only mass loss during the winter was in the form of sublimation. The estimated mass loss due to sublimation, results in a daily mean rate of 0.0013 m w.e. d−1. However, during the summer, [image: image] was positive due to high [image: image] and relative humidity associated with the summer-monsoon circulation, giving rise to deposition at the glacier surface (Figures 3A,C, Figure 8). Such phenomena have also been reported at the Chhota Shigri Glacier (western Himalaya) and AX010 Glacier (central Himalaya) (Kayastha et al., 1999; Azam et al., 2014b). The energy released from condensation leads to positive [image: image] increasing surface melting during the summer (Oerlemans, 2000; Giesen et al., 2009). A negative value for [image: image] suggests an increase of the subsurface cold content during the winter, whereas a positive [image: image] heat flux implies a decreasing cold content in the summer (Figure 8).
TABLE 3 | Comparison of the characteristics and mean annual surface energy fluxes (Wm−2) for various Himalayan glaciers. Values in square brackets are the % contribution of each energy fluxes.
[image: Table 3][image: Figure 8]FIGURE 8 | Modeled daily mean values of surface energy fluxes at the Sutri Dhaka Glacier from October 2015 to September 2017. [image: image] is net shortwave radiation, [image: image] is net longwave radiation, [image: image] is sensible heat flux, [image: image] is latent heat flux, [image: image] is ground heat flux, and [image: image] is the available melt energy flux.
TABLE 4 | The modeled seasonal and annual mass balance (m w.e.), as well as the observed annual mass balance (m w.e.), modeled (observed) equilibrium line altitude (ELA; m a.s.l.), and accumulation area ratio (AAR) of the Sutri Dhaka Glacier.
[image: Table 4]A comparison of surface energy balance of the Sutri Dhaka Glacier depicting similarities (and important differences) with other Himalayan glaciers is shown in Table 3. As previously observed for Himalayan glaciers (Yang et al., 2011; Zhang et al., 2013; Azam et al., 2014b; Singh et al., 2018; Patel et al., 2021), the current study also revealed that [image: image] is the predominant source of energy to the glacier surface and primarily determines the temporal variability of melting (Table 3). However, [image: image] is the largest energy sink that is substantially influenced by cloudy conditions. It is moderate during the summer, when [image: image] is nearly compensated by maximum [image: image], due to the warm, humid, and cloudy environment, which decreases energy loss at the surface; and high during the winter, when [image: image] is at its lowest.
4.4 Surface mass balance
The modeled distributed surface mass balance values of the Sutri Dhaka Glacier revealed significant seasonal and interannual variability, with high positive values during the winter and stronger snow/ice mass loss during the summer (Table 4). The modeled glacier-wide annual balances were -1.09 ± 0.31 and -0.62 ± 0.19 m w.e. during 2015/16 and 2016/17, respectively (Figure 9 and Table 4). The values matched well with the observed values of −1.16 ± 0.33 and −0.67 ± 0.33 m w.e. during 2015/16 and 2016/17, respectively (Table 4). The ice loss was higher in the lower ablation zone and decreased with an increase in altitude. The modeled mean annual mass balance for two balance years was −0.86 ± 0.21 m w.e. a−1, which was similar to the mass balance reported by Sharma et al. (2020) based on the field results (−0.82 ± 0.17 m w.e. a−1 for 2013–2017). Our findings are also consistent with the study of Patel et al. (2021), who estimated an annual mass balance of −0.74 ± 0.1 m w.e. a−1 for the Sutri Dhaka Glacier during 2013–2019. However, our estimated mass balance is more negative than the Chhota Shigri Glacier that has a value of −0.46 ± 0.40 m w.e. a−1 for the period 2002–2019 (Mandal et al., 2020). The estimated geodetic mass balance for the Chandra basin is −0.68 ± 0.15 and −0.65 ± 0.43 m w.e. a−1 for the periods 1999–2011 and 2000–2012, respectively (Gardelle et al., 2013; Vijay and Braun, 2016), which is close to our estimate.
[image: Figure 9]FIGURE 9 | Spatial distribution of modeled annual mass balance at the Sutri Dhaka Glacier for the balance years (A) 2015/16 and (B) 2016/17. The black line indicates the equilibrium line altitude (ELA).
The modeled (observed) ELA was 5,368 ± 10 (5,398 ± 55) m a.s.l. and 5,291 ± 12 (5,295 ± 69) m a.s.l. during the year 2015/16 and 2016/17, respectively (Figure 9 and Table 4). The observed and model ELA of the Sutri Dhaka Glacier was higher than the observed ELA of Chhota Shigri Glacier (i.e., 5,047 ± 104 m a.s.l.) (Mandal et al., 2020).
4.5 Contrasting climatic variables as drivers for glacier mass balance
Among the climate variables, summer [image: image] was slightly higher (3.8°C) for 2015/16 than 2016/17 (3.3°C) (Table 5). Precipitation amount differed considerably between 2015/16 and 2016/17 at the Sutri Dhaka Glacier, with winter precipitation varying between 387 and 548 mm, respectively. It was similar in summer for both years (181 mm in 2015/16 and 162 mm in 2016/17) (Table 5). As a result, annual precipitation was substantially less (567 mm) during 2015/16 compared to 2016/17 (710 mm) (Table 5). Our study revealed that due to a substantially low snow accumulation the preceding winter, an early melt occurred (at a rate of ∼0.009 m w.e. day−1) during 2015/16 (from 5th March 2016), which was about 35 days in advance compared to 2016/17 (from 9th April 2017). This led to an enhanced melting of glacier ice in 2015/16, due to an early exposure of glacier ice. Therefore, two distinct annual mass balance results were observed for the two balance years (Table 4). The resulting spatially distributed annual mass balance for the period 2015/16 and 2016/17 are shown in Figure 9.
TABLE 5 | Mean seasonal and annual meteorological variables and energy fluxes over the Sutri Dhaka Glacier, for study period from October 2015 to September 2017.
[image: Table 5]To explore the impact of seasonality and type of precipitation in controlling the annual mass balance of the Sutri Dhaka Glacier, we examined the precipitation rates and partition for the balance years 2015/16 and 2016/17. The modeled daily mean precipitation rates were 13.19 and 17.91 mm w.e. d−1 during 2015/16 and 2016/17, respectively. During the winter, the mean daily rates of snowfall (rainfall) were 16.01 (0.00) and 23.76 (0.00) mm w.e. d−1 for 2015/16 and 2016/17, respectively. In comparison, during the summer, the mean daily rates of snowfall (rainfall) were 3.31 (2.73) and 4.06 (2.26) mm w.e. d−1 for 2015/16 and 2016/17, respectively. Therefore, the nearly 33% increase in winter snowfall, slightly enhanced summer snowfall and slightly reduced rainfall during 2016/17 led to reduced glacier melt compared to 2015/16.
5 DISCUSSION
5.1 Sensitivity of glacier mass balance to climatic conditions
The climatic sensitivity of mass balance for the Sutri Dhaka Glacier was estimated using climatic variables and related simulations (Table 6). The model results suggest a decrease of mean annual mass balance of −0.25 m w.e. (29%) over an increase of 1°C in the [image: image], whereas an increase of 0.15 m w.e. (17%) in the mean annual mass balance over a decrease in [image: image] by 1°C. With a 10% increase in precipitation, the mean annual mass balance was increased by 0.21 m w.e. (24%), whereas it decreased by −0.17 m w.e. (20%) with a decrease of precipitation by 10% for the Sutri Dhaka Glacier. Therefore, the mass balance sensitivity for [image: image] and precipitation change for the Sutri Dhaka Glacier was −0.21 m w.e. a−1 °C−1 and 0.19 m w.e. a−1 (10%)−1, respectively. With the increase in temperature, the melt seasons will be longer and thus the warming scenario will have increased mass balance sensitivity. Furthermore, the refreezing decreases as the temperature increases, which promotes further melting and as a result the glaciers can become more sensitive as the temperature keeps rising. However, if the temperature drops, there will be more refreezing conditions, and the glacier mass balance sensitivity will be reduced as compared to the rise in temperature. An increase in precipitation directly increases the snow accumulation, thus increasing the surface albedo, which results in higher glacier mass balance sensitivity (Mölg et al., 2009). The amount of melt energy during the summer period, seasonal precipitation, and characteristics of surface topography may thus account for the difference in the mass balance sensitivity.
TABLE 6 | Sensitivities of Sutri Dhaka Glacier mass balance to air temperature ([image: image]), precipitation ([image: image]), relative humidity ([image: image]), incoming shortwave radiations ([image: image]), and wind speed ([image: image]).
[image: Table 6]A comparison with other glaciers in the region indicated that the mass balance sensitivity to [image: image] for the Sutri Dhaka Glacier is significantly lower than that of the Chhota Shigri glacier (−0.52 m w.e. a−1°C−1) (Azam et al., 2014a) and is closer to that Stok glacier in Ladakh region (−0.32 m w.e. a−1°C−1) (Soheb et al., 2020). Similarly, mass balance sensitivity of precipitation was consistent with Stok Glacier (0.12 m w.e. a−1 (10%)−1) (Soheb et al., 2020). The mass balance sensitivity for relative humidity, [image: image] and wind speed change for the Sutri Dhaka Glacier was −0.10 m w.e. a−1 (10%)−1, −0.09 m w.e. a−1 (50 Wm−2)−1, and -0.005 m w.e. a−1 (m s−1)−1, respectively. This is similar to Urumqi River Glacier No.1 in the Tien Shan, where a change in relative humidity by ±10%, reduced the glacier mass balance by 9% and increased by 8%, whereas a change in [image: image] by ±50 Wm-2 decreased the glacier mass balance by 10% and increased by 8% (Che et al., 2019).
The temperature variability not only controls that of the melt but also influences the partitioning of the precipitation into snow or rain. The latter process has a potentially strong impact on the energy balance due to an associated albedo feedback. Following Cullen and Conway (2015), we investigated the role of the snow-to-rain partitioning on the mass balance of the Sutri Dhaka Glacier by considering the frequency distribution of daily mean [image: image] on the days with non-zero precipitation. The distribution of [image: image] during periods of precipitation resulted in a bimodal distribution (Figure 10). There was a broad peak in the range −21°C to −5°C, which suggests that 60% of the precipitation events occurred on winter days with temperatures less than −5°C. In contrast, the summer peak is associated with ISM (−3 to 5°C). Due to these differences, the snow-to-rain ratio is only weakly dependent on the temperature on the Sutri Dhaka Glacier with a 4% decline in snowfall for a 1°C rise in [image: image]. Consequently, the [image: image] sensitivity of mass balance on the Sutri Dhaka Glacier is about ∼6 times smaller than that on the Halji Glacier in the central Himalaya (−1.43 m w.e. a−1°C−1) (Arndt et al., 2021). Therefore, if all other factors remain the same, western Himalayan glaciers such as the Sutri Dhaka Glacier are likely to have a weaker mass balance response to temperature variability, and change than their central and eastern Himalayan counterparts (Fujita, 2008; Kumar et al., 2019). However, because our study consists of only two years of data, its representativeness for understanding future changes requires extended observations and additional analysis.
[image: Figure 10]FIGURE 10 | Distribution of air temperature ([image: image]) when total precipitation was >0 on the Sutri Dhaka Glacier (site Abc).
5.2 Implications and future perspectives
The current approach employing a well-constrained energy balance model demonstrates its ability to realistically simulate the distributed surface energy and mass balance of the Sutri Dhaka Glacier in the western Himalaya. Given that the model output corresponded well with the field measurements for two contrasting meteorological years, it supports the robustness of the model for its extended application for other Himalayan glaciers. Recent studies showed that most of the glaciers in the Hindu Kush Himalaya region are losing volume and mass due to increasing temperature caused by climate change (Immerzeel et al., 2010; Kraaijenbrink et al., 2017; Hock et al., 2019). Our study revealed that the glaciers in the Chandra basin of western Himalaya are highly sensitive to variations in precipitation and [image: image], compared to other meteorological variables (Table 6). However, the sensitivity of Sutri Dhaka Glacier mass balance for precipitation partitioning (snow-to-rain) to changes in [image: image] is low because the majority of precipitation occurs as snowfall during the cold winters. Several areas in the Hindu Kush Himalayan region have exhibited declining trends in snowfall in recent decades and future projections using multi-model ensembles also suggest a significant decrease in snowfall in several regions in the future in the Himalaya (Lutz et al., 2014; Sabin et al., 2020; Azam et al., 2021). Future projection studies also indicate that increasing temperature and decreasing solid precipitation will result in increased liquid precipitation, and extreme rainfall events may become more frequent and intense during the ablation seasons in the Hindu Kush Himalayan region (Lutz et al., 2014; Panday et al., 2015; Sanjay et al., 2017; Hock et al., 2019). An increase in liquid precipitation during the ablation season would result in increased total annual runoff that would enhance the glacier ice melt, favoring glacier mass loss and retreat (Bookhagen and Burbank, 2010; Lutz et al., 2014; Krishnan et al., 2019; Tawde et al., 2019; Azam et al., 2021). Although our study suggests that the Sutri Dhaka Glacier currently receives most of its precipitation during the cold winters, any future change in ISM and WD in a changing climate scenario can adversely impact the precipitation amount/phase and glacier mass balance in the region.
The present study is limited in extent, and therefore has some limitations. The differences in observed and modeled mass balance in the lower ablation area could be attributed to local factors such as the deposition of more dust at the beginning of the melt season, the presence of cryoconite holes, and debris cover. Due to these local factors, the lower ablation area may experience lower albedo and enhance the absorption of shortwave radiation, leading to higher melting than predicted. Observations of surface characteristics are required to impact the albedo parameterization of these processes in glacier models to minimize uncertainty in simulations (Collier et al., 2015; Soncini et al., 2017; Buri and Pellicciotti, 2018). The uncertainty of distributed meteorological variables is difficult to describe for glaciers due to local factors and micro-meteorological impacts (Shaw et al., 2021). Furthermore, other warm-air processes, such as the nonlinear effect of katabatic winds, impact of debris, and valley heating, may affect the lower ablation area of glaciers (Shea and Moore, 2010; Ayala et al., 2015; Shaw et al., 2021). Due to the variability of these effects, the melt rate is diverse and complex over the lower ablation area. Long-term datasets are required to examine the variability and implications of meteorological forcing during highly varying climatic conditions across different glaciers. Such long-term observations, integrated with climate model output, will be necessary for developing and validating glaciological and meteorological models for the Himalayan region. This would allow researchers to investigate the impact of ongoing and future climate variability on glaciers and hydrology.
6 CONCLUSION
We derived the distributed surface energy and mass balance of the Sutri Dhaka Glacier in the western Himalaya using a physically based model (COSIMA) in response to atmospheric forcing, and compared the results with glaciological mass balance observations during two contrasting meteorological years. First, we simulated surface energy and mass balance at the observed point location and calibrated it with the stakes-based glaciological mass balance data. The simulated surface albedo, incoming longwave radiation, and surface temperature using the model corresponded well with the observed values. Comparison of model output with the in situ observations suggests that the model performed well, and is therefore reliable for simulating distributed surface energy and mass balance. Seasonal variations in energy fluxes were dominated by changes in [image: image] and [image: image] fluxes, which significantly governed the mass balance of the Sutri Dhaka Glacier. The model-derived mean annual mass balances of −1.09 ± 0.31 and −0.62 ± 0.19 m w.e. for 2015/16 and 2016/17 are similar to the measured values of −1.16 ± 0.33 and −0.67 ± 0.33 m w.e., respectively. The sensitivity analysis shows that the mass balance of the Sutri Dhaka Glacier is affected by air temperature (−0.21 m w.e. a−1 °C−1) and precipitation (0.19 m w.e. a−1 (10%)−1) changes. The present study suggests that the partitioning of precipitation into snow and rain is less sensitive to temperature changes for glacier mass balance because most precipitation falls as snow during the cold winters in the western Himalaya. Our study provides an opportunity for improved prediction of the surface mass balance of western Himalayan glaciers in a future climate change scenario.
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