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Disappearance of mountain glaciers and formation/expansion of glacial lakes are among the most distinguishable and dynamic impacts of climate warming in the Himalayas. The present research focuses on the identification of potential sites for future lake formation in the 65 selected study glaciers of Chandra basin located in the western Himalayas. The study adopted stress-driven, physics-based GlabTop2_IITB model to obtain the ice-thickness distribution, which was then used to extract the bedrock topography. Based on the overdeepenings determined from the derived glacier bed topographies, a total of 350 potential future glacial lakes (PFGLs) were identified, and a detailed high-resolution database of these lakes was generated. The identified PFGLs were found to occupy an area of 49.56 km2, corresponding to 8.4% of the current total area of the 65 study glaciers (591 km2). The total storage volume of these PFGLs was estimated as 1.08 ± 0.16 km3. In our study region, 20 PFGLs were identified as potentially hazardous in the event of glacial lake outburst flood occurrence, and their combined storage volume was found to be more than 106 m3, which calls for continuous monitoring of the glaciers in this region.
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INTRODUCTION

The Hindu Kush Himalaya (HKH) region covering a glacierized area of about 40,000 km2 (Bolch et al., 2012) is a huge source of freshwater to the major river systems in Asia. During the twentieth century, the temperature trend profiles of the northwest and western Himalayan regions of HKH have already shown significant warming (Bhutiyani et al., 2007; Dash et al., 2007). The annual mean temperature over the whole HKH region increased at a rate of 0.21 ± 0.08°C/decade with the maximum warming of 0.26 ± 0.09°C/decade localized over the western Himalayas (Gautam et al., 2010). In the recent decades, owing to increasing climatic warming, glaciers in many parts of the Himalayan region are thinning and retreating at high rates (Bolch et al., 2012). These changes could influence the development of unstable future glacial lakes at different locations of a glacier (Quincey et al., 2007; Frey et al., 2010).

Several studies covering various parts of the globe, including the HKH region, have attempted to detect and monitor the existing glacial lakes using remote sensing techniques (e.g., Huggel et al., 2002; Kääb et al., 2005; Quincey et al., 2007; Allen et al., 2009; Gardelle et al., 2011; Jain et al., 2012; Li and Sheng, 2012; Raj et al., 2012; Xin et al., 2012; Worni et al., 2013; Zhang et al., 2015; Nie et al., 2017) as well as through field investigations (e.g., Richardson and Reynolds, 2000; Haeberli et al., 2001). These studies have provided a critical database of existing glacial lakes. However, under the present climatic warming scenario, knowledge of potential sites of future lake formation is also essential to government agencies for preparing mitigation policies. The glacial lake outburst flood (GLOF) events originating from such proglacial lakes could be hazardous to the population and infrastructure situated in the valleys below (e.g., Vuichard and Zimmermann, 1987; Xu, 1988; Das et al., 2015; Allen et al., 2016a, b).

Among the currently available studies on identification of potential sites of future glacial lakes in any region, a detailed inventory of glacial lakes was first compiled by Reynolds (2000) for Bhutan, in the context of developing hydropower stations. Using a set of topographic maps as well as panchromatic and color SPOT images of the entire Bhutan, the study explored the formation of existing lakes on debris-covered glaciers and also provided insights into location of future lakes. In this study, a 2° slope gradient was identified as the critical threshold for formation of large supraglacial lakes on the debris-covered glaciers under negative mass balance condition in the Himalayas.

Quincey et al. (2007) identified the sites of supracglacial lake formation in the Nepali and Tibetan glaciers having a history of catastrophic outburst floods. These sites were determined based on a combined analysis of glacier surface velocity obtained from ERS-1/2 satellite data and slope gradient extracted from SPOT-5 high-resolution digital elevation model (DEM). The study highlighted that low flow velocity regions mainly constitute the potential sites for supraglacial lake formation. Further, the study found a strong correlation between glacier surface gradients below 2° and presence of large supraglacial lakes, which agrees with the conclusions of Reynolds (2000).

To date, only limited studies (Frey et al., 2010; Allen et al., 2016a; Linsbauer et al., 2016; Zhang et al., 2019) are available for detecting sites of potential future lake formation based on models and methods using remote sensing inputs. Among them, Frey et al. (2010) presented a three-level strategy for identifying the overdeepened parts of a glacier bed and thereby the sites of potential future lake formation. The first two levels of strategies are for preliminary and qualitative identification. The third level is for quantitative estimation of glacier bed topography using modeled ice-thickness distribution. This strategy was demonstrated for the Swiss Alps using high-quality DEM and historical maps, and the overdeepenings were identified based on ice thickness obtained from the Shallow-Ice Approximation (SIA)–based GlabTop model proposed by Linsbauer et al. (2009).

Linsbauer et al. (2016) investigated the formation of potential future lakes in the HKH region by modeling the bed topographies of about 28,000 glaciers (covering 40,775 km2) and producing DEMs “without glaciers.” These DEMs were produced using GlabTop2 model (Frey et al., 2014), wherein the labor-intensive manual digitization of flow lines was replaced with a fully automated process. The study identified about 16,000 overdeepenings that together account for about 5% of the current glacierized area and estimated the total volume of future lakes as 120 km3. Further, the study underlined the difficulties in accurately estimating the shape of overdeepenings due to limitations in model parameterizations and input data. However, the future appearance and location of these overdeepenings under the condition of continued glacier retreat were stated to be robust. Though this study provided information on the potential future lakes in the HKH region, the results were not validated.

Allen et al. (2016a) studied the current and future potential for GLOF across the Indian Himalayan state of Himachal Pradesh, and analyzed the flood impact on downstream areas and the societal vulnerability to GLOF disasters. The existing glacial lakes in the area were identified using Landsat 8 imagery, while the future glacial lakes expected to form due to glacier retreat were modeled using GlabTop2. However, the coarser resolution ASTER GDEM (30 m) and non-optimal model parameterization adopted in the study caused high uncertainty in glacier ice-thickness estimates and the corresponding bed topographies.

More recently, Zhang et al. (2019) conducted a study in the Poiqu River basin of the central Himalayas to identify the sites where new lakes might emerge and existing lakes could expand with projected glacial recession, following Linsbauer et al. (2016). In this study, ice thickness was modeled using the original version of the GlabTop model developed by Linsbauer et al. (2012), with the high-resolution TanDEM-X DEM as input. However, no glacier-specific model parameterization was implemented in the GlabTop model.

Among the studies discussed earlier (Frey et al., 2010; Allen et al., 2016a; Linsbauer et al., 2016), none except Zhang et al. (2019) has used a high-resolution DEM in GlabTop-based ice-thickness modeling. Further, glacier-wise shape factor parameterization has never been implemented in the modeling. Such shortcomings in these studies could give rise to higher uncertainties in the modeled glacier ice-thickness distribution and bed topographies, as reported in Ramsankaran et al. (2018). Moreover, to date, the robustness of the methods adopted for identifying overdeepening sites of future lake development and expansion of existing lakes in the Himalayas has not been validated.

In view of the aforementioned, the present research aims to provide a comprehensive, basin-scale, high-resolution database on potential future glacial lake sites in 65 selected glaciers of Chandra basin in the western Himalayas using high-resolution glacier bed topography. Here, the bedrock topography of each study glacier was extracted from our earlier study (Pandit and Ramsankaran, 2020), where the GlabTop2_IITB ice-thickness model was implemented with a high-resolution TanDEM-X DEM and glacier-specific optimal model parameterization. The western Himalayan region was specifically chosen as it has been experiencing more warming as compared with other HKH regions in recent decades (Gautam et al., 2010), and hence, requires more attention in the context of future lake formation under changing climate.



STUDY AREA

This study was performed over 65 selected glaciers of Chandra basin located in the Lahaul-Spiti valley of Himachal Pradesh, India. The location map of Chandra basin is shown in Figure 1. In this research, glaciers less than 0.5 km2 were not considered because smaller glaciers are generally associated with large uncertainties in area estimates due to difficulty in glacier outline delineation. Chandra basin has a total area of 2381 km2 (Pandey et al., 2017) and ranges from 2400 to 6400 m a.s.l. The glaciers in this basin feed the Chandra River, a major tributary of the Chenab river system. The basin falls in the monsoon-arid transition zone and is alternately influenced by Indian Summer Monsoon during summer and mid-latitude westerlies during winter (Wagnon et al., 2007; Bookhagen and Burbank, 2010). High wet precipitation is recorded in the summer season (July–September) whereas winter season (November–February) experiences a significant amount of solid precipitation due to the influence of the westerlies (Sharma et al., 2013). This area is characterized by relatively cold temperatures (mean annual temperature of about 9°C) and heavy and dry snowfall (mean snowfall of about 5000 mm/year) with strong wind action (Sharma and Ganju, 2000; Negi et al., 2013).
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FIGURE 1. Map of the study area showing locations of the 65 study glaciers in Chandra river basin, Lahaul-Spiti valley, Himachal Pradesh, India. The background image is TDX DEM (10 m resolution) generated using SAR interferometry technique.




DATASET DESCRIPTION

A brief description of the datasets used in this research such as the satellite remote sensing data and in situ data is provided in the following subsections.


Glacier Boundary

For this research, the boundaries of all 65 study glaciers (>0.5 km2) were obtained from Randolph Glacier Inventory (RGI 6.0)1. Because these boundary shapefiles belong to the year 2002, minor corrections were made using high-resolution Google Earth and Landsat-8 images of the years 2014 and 2015.



Elevation From TanDEM-X and SRTM

For the present research, high-resolution TerraSAR-X Add-on for Digital Elevation Measurements (TanDEM-X) satellite data was used for DEM generation. This raw satellite dataset was obtained under the science proposal XTI_GLAC7043 project. Specifications of each scene are given in Table 1.


TABLE 1. Details about the TDX data used for DEM generation.
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Using the SAR interferometry technique available in SARScape software, a 10 × 10 m resolution DEM (referred as TDX DEM) was generated for all 65 study glaciers (Figure 1). The DEM generation process adopted here is the same as in Pandit et al. (2014), which involves interferogram generation, adaptive filter and coherence generation, phase unwrapping, and phase-to-height conversion. The overall root mean square error obtained in TDX DEM for the Chhota Shigri Glacier was 7.41 m (Ramsankaran et al., 2018) by comparing with differential global positioning system elevation measurements. For more details about the validation exercise, readers can refer to Ramsankaran et al. (2018).



Other Datasets

For validating and analyzing the results on future glacial lake outcomes based on past data, two datasets of the year 2000 pertaining to Gepang Gath and Samudra Tapu Glaciers were used for ice-thickness modeling and bottom topography extraction. They were (1) the 30 m C-band Shuttle Radar Topography Mission (SRTM) DEM of February 2000 (obtained from USGS Earth Explorer) and (2) the digitized glacier boundary (extracted using high-resolution Google Earth and Landsat-7 data of October 15, 2000; path 147 and row 37). Likewise, to estimate long-term average equilibrium line altitude (ELA) for these two glaciers, we adopted the approach given by Chandrasekharan et al. (2018). For this purpose, appropriate images, i.e., only cloud-free images, in the ablation season to the beginning of accumulation season (mid-June to mid-October) from the Landsat series, Sentinel, and Indian Remote Sensing Satellite (IRS) series archives between 1989 and 2018 were considered.




METHODOLOGY

The sites of potential future lake formation can be identified by detecting overdeepenings in a glacier bed. Figures 2A,B illustrates the formation of glacial lakes at a location due to glacier melt. Glaciers with a considerable amount of erosive power (due to steep slopes) form large depressions in the bed as shown in Figure 2A. In the future, when the glacier disappears (as shown in Figure 2B), such overdeepened parts of the glacier bed will be exposed and filled with meltwater (Figure 2B) as well as with some morainic materials, thus forming a proglacial lake (Boulton, 1967; Clague and Evans, 1994). GLOF events may be triggered in these proglacial lakes due to external factors such as ice avalanches, rockfall, heavy rainfall, and cloud burst.
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FIGURE 2. (A) Illustration of a glacier with an overdeepening formed due to glacier flow. (B) Glacier disappearance and formation of the future glacial lake.


In this study, for deriving bed topography profiles of the 65 selected study glaciers, we adopted the ice-thickness distribution obtained by Pandit and Ramsankaran (2020), which was estimated using the GlabTop2_IITB version model (referred to as the GlabTop2 model in Ramsankaran et al., 2018). The GlabTop2_IITB model is fully automated and requires only DEM, slope, and glacier outlines as model inputs. It is an independent implementation of the original GlabTop2 model with minor modifications as reported in Pandit and Ramsankaran (2020). This model is fundamentally based on the physical concept of SIA wherein glacier-specific basal shear stress is estimated from glacier elevation range following Haeberli and Hoelzle (1995) and then related with glacier slope and thickness. Ramsankaran et al. (2018) reported that shape factor is the only sensitive parameter in the GlabTop2_IITB model and recommended adopting glacier-specific shape factors. For estimating the near-optimal shape factor of a particular glacier, a new self-calibration approach was introduced by Ramsankaran et al. (2018), which is independent of ground observations of ice thickness. For implementing this approach, the model was allowed to run multiple times by varying shape factor values ranging between 0.6 and 0.9 (at an interval of 0.01) using TDX DEM as input. Based on the 31 obtained ice-thickness simulations, spatially distributed average ice thickness was calculated. Subsequently, the shape factors for different cross-sections located at various contours were estimated using Eq. 1 as follows. This equation was adopted from Nye (1965), where f is defined as a function of glacier width (w) and average ice thickness (hc) at the intersect of the central flow line and the transverse cross-section under consideration.
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Then based on the shape factor thus derived at each cross-section, the glacier-wide average shape factor (considered as near-optimal shape factor) was calculated by simple averaging. Further details of the implementation and validation of the GlabTop2_IITB model along with the near-optimal shape factor estimation method carried out for Chhota Shigri Glacier can be obtained from our previous study (Ramsankaran et al., 2018).

Using this optimal-model parameterization approach, GlabTop2_IITB model was implemented to estimate ice-thickness distribution of the 65 study glaciers in Pandit and Ramsankaran (2020). Based on the estimated ice thickness and available DEMs, the glacier bed topographies of all study glaciers were derived, and quantitative information such as area, volume, maximum depth, and mean depth of the potential future lakes were determined. The depth distribution of the identified potential future glacial lakes (PFGLs) was extracted from the respective glacier bed topography assuming the overdeepenings to be filled with water.



UNCERTAINTY ANALYSIS

In this study, the uncertainty in future lake volume was estimated using Eq. 2. Here, V is the volume of a glacier, ΔV is the uncertainty in the volume, A is glacier area, ΔA is the uncertainty in glacier area, hf is the thickness of the glacier at specific f, and Δhf is the uncertainty in the estimated ice thickness/depth of overdeepenings.
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Uncertainty in the ice thickness is retrieved from Ramsankaran et al. (2018). Because the future lake depth was extracted by differencing the ice thickness and surface elevation, the same uncertainty of ± 14% was assumed in the depth of overdeepenings neglecting the thickness of deposited materials. When lake area was extracted, often a few pixels are found disconnected from the main lake. These pixels were considered as uncertainty in the lake identification, which corresponds to almost 5% of the total area of the lakes.

It is important to note that many other processes can induce uncertainty in volume estimations of potential future lakes, such as, for instance, deposit of materials in the overdeepenings. However, as quantifying the amount of material getting deposited at the bottom of future lakes is difficult, the associated uncertainty was not considered in the analysis.



RESULTS AND DISCUSSION

This section is divided into four subsections. The first subsection discusses the sites of PFGLs identified in the Gepang Gath Glacier. The second subsection deals with the qualitative validation exercise undertaken to determine whether the formation/expansion of lakes in the Gepang Gath Glacier at present could have been anticipated in the past. The third subsection reports the sites of potential future lakes in the Samudra Tapu Glacier. The final subsection provides a comprehensive database of PFGLs identified in all 65 study glaciers of Chandra basin. To facilitate easier identification, each glacial lake was uniquely labeled in the format “xx_lake_yy,” where xx and yy represent glacier ID and lake number, respectively. The location of all study glaciers is provided in Supplementary Table A1.


Potential Future Lake Sites in the Gepang Gath Glacier

Figures 3A–C illustrates the modeled surface and bed topographic profiles along the central flow line of the right tributary, left tributary, and the main trunk (Figure 3D) of the Gepang Gath Glacier. These results clearly show the overdeepenings on the glacier bed surface. In Figure 3C, a relatively large overdeepening is observed in the bed topography of the glacier until 4000 m from the snout between the surface elevations 4100 and 4300 m a.s.l. This observed overdeepening may combine with the proglacial lake present adjacent to the glacier snout and give rise to a larger proglacial lake in the future, if the current glacier retreat trend persists. Note that these overdeepenings are observed at different elevations in the left/right tributaries and the main trunk of the glacier. Distinct overdeepenings are observed at the surface elevation of about 4400 and 4600 m a.s.l. for the right tributary (Figure 3A). On the other hand, for the left tributary, overdeepening is observed at around 4400 m a.s.l. (Figure 3B). All the overdeepenings observed are below the long-term average ELA of the Gepang Gath Glacier, which is at around a surface elevation of 4700 m a.s.l. It shall be noted that the glacier region above the ELA is smaller in area and steeper than other regions, thus preventing the formation of overdeepenings on the glacier bed.


[image: image]

FIGURE 3. Glacier surface and bed topographic profiles of the Gepang Gath Glacier along the central flowline of (A) right tributary, (B) left tributary, (C) the main trunk, and (D) glacier boundary demarcated with left and right trunk of the glacier. The location of confluence of all three parts of the glacier (i.e., A–C) is between 4200 and 4300 m a.s.l.


Figure 4 illustrates the spatial distribution of the sites identified as potential future glacier lakes (PFGLs). In total, seven PFGL sites situated at different elevations ranging from 4100 to 4700 m a.s.l. were identified in the Gepang Gath Glacier (Table 2).
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FIGURE 4. Spatial distribution of the potential sites for future lake formation in the Gepang Gath Glacier obtained based on TDX DEM.



TABLE 2. Physical attributes of the identified potential sites of future lake formation in the Gepang Gath Glacier.
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The area of these PFGLs range from 0.01 to 1.46 km2, and their storage volume vary between 0.11 and 51 × 106 m3. Out of these seven PFGLs, only GG_lake_1 would be formed at the main trunk while the others would be formed at the glacier tributaries. In terms of both area and volume, GG_lake_1 would be the largest and GG_lake_5 would be the smallest. The identified PFGLs in the Gepang Gath Glacier would occupy a total area of 2.04 km2, which constitutes 18.61% of the existing glacier area. The combined lake storage volume was estimated as 60.96 ± 8.0 × 106 m3, which is 6% of the existing glacier volume (1.08 km3) as obtained from the GlabTop2_IITB model simulations.

Currently, the Gepang Gath Glacier has one proglacial lake of around 0.8 km2 lying between the surface elevation of 4050 and 4100 m a.s.l. (Figure 4). Between 1971 and 2004, this proglacial lake had expanded from 0.1 to 0.8 km2 (Patel et al., 2017). Over the past 10 years, the glacier behind the proglacial lake has retreated by a distance of 300 m, and the lake may further expand in the future (Worni et al., 2013). As per our estimates, the lake would continue to grow in the face of continuous glacier retreat until it eventually attains the combined size of the current glacial lake and the PFGL GG_lake_1 to create a bigger proglacial lake (referred as Combined PFGL GG_lake_1) with an area of 2.06 km2. Similar conclusions regarding the expansion of existing proglacial lake of the Gepang Gath Glacier were also drawn by Allen et al. (2016a) in which the future overdeepenings were identified using the GlabTop2 model (Frey et al., 2014).

It is important to highlight that the present moraine dammed proglacial lake at the Gepang Gath Glacier (Randhawa et al., 2005) could expand in the future due to the calving of glacier ice (Thakuri et al., 2016). Such continuous calving activities at the massive glacier tongue could possibly trigger the dam breach process (Benn and Evans, 2010; Iturrizaga, 2011; Worni et al., 2013). Therefore, if collapsed, even the existing Gepang Gath proglacial lake has a high damage potential (Patel et al., 2017). Further, when the existing proglacial lake and PFGL GG_lake_1 combine, the resultant larger proglacial lake would present an even higher damage potential in terms of GLOF.



Validation Exercise on Anticipation of Current Glacial Lake Extent Using Historical Data

In view of the difficulty in validating the predictions of future conditions, an attempt was made to know whether the formation/expansion glacier lake in the present state could have been anticipated in the past using historical data. A similar exercise was conducted by Frey et al. (2010) on the Swiss Alps where the three-level approach was applied to historical data to allow a comparison with the present situation. In this study, we considered the Gepang Gath Glacier, where a proglacial lake had formed during in the 1970s (Prakash and Nagarajan, 2018). The bed topography of Gepang Gath Glacier was derived from the ice-thickness distribution obtained from the GlabTop2_IITB model simulations based on the glacier boundary of the year 2000 and the archived historical DEM (i.e., SRTM 30 m) captured during February 2000. Later, the extracted glacier bed topography was used to identify the overdeepenings.

Figures 5A–C illustrates the change in the extent of Gepang Gath Glacier between the years 2000 and 2017. Because the exercise was performed for identifying the extent of present glacier lakes using historical data, only the PFGL predicted near the snout location is shown in Figure 5A. Based on the analysis performed using the data of the year 2000, the modeled PFGL (blue region in Figure 5A) would have been the extension of the proglacial lake existing in the year 2000 (cross-hatch region in Figure 5A).
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FIGURE 5. (A) Gepang Gath Glacier boundary in the year 2000 and 2017. Blue region shows the extent of potential future glacial lake observed from the year 2000 data. (B) Proglacial lake in the year 2000 (Image Source: Landsat 7—15 Oct 2000) and (C) proglacial lake in the year 2017 (Image Source: Landsat 8—16 June 2017).


In 2017, a segment of the PFGL (the region between the red and black glacier boundaries in Figure 5A) identified based on the data for the year 2000 had emerged, and would be expanding further due to glacier retreat and calving process, as mentioned by Thakuri et al. (2016). It is clearly visible that within a span of 17 years, a large glaciated area has been vacated and turned into a proglacial lake, as predicted in the present study (Figures 5B,C). Overall, this exercise proves that the obtained overdeepenings at glacier bed topography aid predicting PFGL sites, and thus the approach could be reliably applied to the rest of the study glaciers. However, because of the unavailability of in situ lake bathymetric data, it is not possible to directly compare the modeled results with the lake bottom topography for validation. Therefore, the discussion mainly focuses on the extent to which the existing proglacial lake would expand in the face of continuous glacier retreat.



Potential Future Lake Sites in the Samudra Tapu Glacier

Figures 6A,B shows the overdeepenings at different elevations in both the right and left trunks (Figure 6C) of the Samudra Tapu Glacier. For this glacier, most overdeepenings are observed below the long-term average ELA of 5200 m a.s.l. However, a few overdeepenings are also observed close to or above the ELA. Based on the spatial distribution of all the observed overdeepenings, a total of 26 PFGLs were identified in this glacier (Table 3). The area of these PFGLs range from 0.03 to 1.21 km2 and their storage volume vary between 0.18 and 40 (× 106) m3. Out of the 26 PFGLs, 12 would appear at the main trunk while the remaining 14 would be formed at the tributaries (Figure 7A). In terms of lake area and volume, ST_lake_1 will be the largest while ST_lake_10 will be the smallest. The total area of PFGLs in the Samudra Tapu Glacier was estimated as 7.91 km2, which represents 8% of the existing glacier area. The total storage volume of the PFGLs was calculated as 225 ± 30 × 106 m3, which is equivalent to 2.4% of the current glacier volume.
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FIGURE 6. Glacier surface and bed topographic profiles along the central flow line of (A) right and (B) left trunk of the Samudra Tapu Glacier. (C) Glacier boundary demarcated with left and right trunk of the glacier. The location of confluence (blue arrow) of the right and left trunks of the glacier is about 4600 m a.s.l.



TABLE 3. Physical attributes of the identified potential sites of future lake formation in the Samudra Tapu Glacier.
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FIGURE 7. (A) Potential sites for future lake formation in the Samudra Tapu Glacier. Background image: standard FCC of Landsat 8 image acquired on 17 March 2017. (B) Enlarged image of the existing proglacial lake at the Samudra Tapu Glacier (Image source: Google Earth, Sep 2019).


The proglacial lake currently existing at the snout is shown in Figure 7B. Between the years 2000 and 2017, no significant variation in the proglacial lake area was detected, unlike the case of Gepang Gath Glacier lake. Between 1971 and 2014, the area of this lake had increased from 0.2 to 1.2 km2 (Patel et al., 2017), and its area in 2017 was calculated as 1.26 km2. In the future, this proglacial lake (Figure 7B) would expand further in the face of continuous glacier retreat to attain an area of 2.47 km2 (referred to as Combined PFGL ST_lake_1). As per the results of the present study, this combined lake is expected between the surface elevation ranges of 4160 and 4350 m a.s.l., and would have a large discharge potential in case of a lake outburst.



Potential Future Lake Sites in all the Study Glaciers of the Chandra Basin

As in the cases of Gepang Gath and Samudra Tapu Glacier, the extracted overdeepenings were analyzed to identify PFGL sites for the remaining 63 study glaciers in Chandra basin. Figure 8 shows the location and depth variations of the identified PFGL for all 65 study glaciers.
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FIGURE 8. Potential sites for future glacial lake formation in all 65 study glaciers of the Chandra basin.


Based on the modeled PFGL distribution, glacier-wise future lake information such as total lake area, total lake volume, and the number of future lakes are compiled in Figure 9 (see the Supplementary Table A1 for the location of glaciers). From Figure 9, it was found that 360 PFGLs would emerge in this region. These PFGLs were estimated to occupy an area of 49.56 km2, which corresponds to 8.4% of the total area of all 65 study glaciers currently (591 km2). The total storage volume of these PFGLs was assessed as 1.08 ± 0.15 km3.
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FIGURE 9. Glacier-wise number, total area, and volume of PFGLs in all 65 study glaciers. Information associated with each bar is arranged as [number of lakes, total lake area (km2), total lake volume (km3)] Table 5 provides the area and storage volume of the largest PFGL in each elevation zone. Such elevation-based knowledge of lakes would greatly benefit the policymakers and disaster management authorities in preparing mitigation policies well in advance. In the context of GLOF hazards associated with future lake development, the authorities can devise strategies to continuously monitor the locations of PFGLs, especially in Gepang Gath, Bada Shigri, G41, and G6 Glaciers (Table 5).


Out of 360 PFGLs, 203 lakes (56%) were found to have an area less than 0.1 km2 (“small size”), 154 PFGLs to have an area between 0.1 and 1 km2 (“medium size”), and only three to have an area more than 1 km2 (“large size”). The total volume of the PFGLs falling in small, medium, and large size categories was estimated as 0.10, 0.86, and 0.12 km3, respectively. This indicates that the medium-size lakes would combinedly hold almost 80% of the total storage volume of all PFGLs. The analysis also showed that 65% of the lakes would be formed in the main trunk of the glaciers while the remaining would be at the glacier tributaries.

Bada Shigri, the largest of all 65 study glaciers, was observed to contain 85 PFGLs, the most for any glacier in this region. Samudra Tapu was ranked second with 26 PFGLs. The total storage volume of the Bada Shigri and Samudra Tapu glacial lakes was calculated to be 239 and 225 × 106 m3, respectively. Apart from these two glaciers, only four would have PFGLs with a total storage volume between 50 and 100 × 106 m3, while 46 would have PFGLs with a total storage volume below 50 × 106 m3. The remaining 13 glaciers did not show any sign of overdeepenings and thus indicated no future lake development. These 13 glaciers are generally smaller in size with an area ranging from 1 to 4 km2. Ashraf et al. (2012), which studied the GLOF hazards in the Hindukush, Karakoram, and Himalayan Ranges of Pakistan, suggested that the valley lakes larger than 0.1 km2 are potentially dangerous. Accordingly, in our study region, 20 PFGLs were identified as potentially hazardous in the event of GLOF occurrence, and their combined storage volume was found to be more than 0.001 km3. The formation of these future lakes would also accelerate the ice calving process. There are many examples of serious GLOF disasters caused by smaller lakes too. For instance, the Kedarnath disaster in the year 2013 originated from a lake with a volume less than 0.5 × 106 m3 (Das et al., 2015; Allen et al., 2016b).

A maximum depth of around 156 m was observed for the future lake identified in Samudra Tapu Glacier. Almost 70% of the identified PFGLs would have a maximum depth lower than 50 m, whereas the rest would have a maximum depth ranging from 50 to 156 m. The mean depth of all 65 study glaciers would vary between 1.5 and 51 m.

To investigate the elevation-wise distribution, the identified PFGLs were grouped into different elevation zones having an interval of 500 m, based on the current surface elevation levels (Table 4). Hypsometric analysis revealed that the elevation zone 5000–5500 m a.s.l. would consist of the highest number of PFGLs (208), which would totally occupy an area of 26.81 km2 (i.e., 54.09% of combined area of all PFGLs). Also, the total storage volume of PFGLs in this elevation zone was estimated as 0.57 km3 (i.e., 52.29% of the combined volume of all PFGLs). On the other hand, only one PFGL would be formed at the elevation zone 3500–4000 m a.s.l. Further, among the 65 study glaciers, 35 would have future proglacial lakes at their current snout locations, mostly in the elevation zones 4500–5000 and 5000–5500 m a.s.l.


TABLE 4. Elevation zone-wise potential future glacial lake information for all the 65 study glaciers.

[image: Table 4]

TABLE 5. Elevation zone-wise largest potential future glacial lake information based on their area and storage volume.

[image: Table 5]
The ice-thickness estimates used for extracting glacier bed topographies in this study are associated with relatively low uncertainty (Ramsankaran et al., 2018) compared with previous studies such as Frey et al. (2014) and Linsbauer et al. (2016). This lower uncertainty was achieved through optimal parameterization of Glabtop2_IITB model and use of high-resolution TDX DEM, as reported in Ramsankaran et al. (2018) and Pandit and Ramsankaran (2020). Hence, the spatial and dimensional characteristics/attributes of the PFGLs reported could be considered reliable.




CONCLUSION

In the present research, a detailed high-resolution database of 360 potential future glacial lakes (with a total area and volume of 49.56 km2 and 1.08 km3, respectively) was developed for 65 glaciers in Chandra basin, located in western Himalayas. The location of the lakes was determined based on the overdeepenings identified in the glacier bed topographies derived using an optimally parameterized GlabTop2_IITB model. With the use of high-resolution bed topographic information, the study captured the PFGLs having an area greater than 0.005 km2. The developed database includes the lakes’ geographical distribution across the elevation zones, mean depth, maximum depth, location, its area, and volume. This information shall greatly benefit the policymakers, disaster management officials, and local administrative officials in preparing mitigation policies against GLOF events in the future.
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Lake ID Elevation zone Lake area Lake volume Lake maximum Lake mean Lake location*
(ma.s.l) (km?) (x 10° m?) depth (m) depth (m)

GG_lake_1 (GG1) 4100-4300 1.46 51 107 35 MT (at snout)

GG_lake_2 (GG2) 43004450 0.21 5.10 64 24 T

GG_lake_3 (GG3) 4300-4400 0.05 1.50 66 27 T

GG_lake_4 (GG4) 4350-4450 0.14 1.60 31 12 T

GG_lake_5 (GGB) 4450-4450 0.01 0.11 21 7 T

GG_lake_6 (GG6) 4500-4600 0.02 0.15 21 7.5 T

GG_lake_7 (GG7) 4600-4700 0.15 1.50 38 10 T

Total 2.04 60.96 + 8.0

*MT, main trunk; T, tributary.
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Lake ID Elevation zone Lake area Lake volume Lake maximum Lake mean Lake location*
(km?) (x 108 m3) depth (m) depth (m)
ST_lake_1 (ST1) 4150-4350 1.21 40 162 39 MT (at snout)
ST_lake_2 (ST2) 4400-4500 1.10 30 83 31 MT
ST_lake_3 (ST3) 4500-4600 0.44 9.20 48 21 MT
ST_lake_4 (ST4) 5150-5300 0.13 3.50 57 26 T
ST_lake_5 (ST5) 5100-5150 0.06 0.79 30 13 T
ST_lake_6 (ST6) 5000-5050 0.06 0.56 26 9 T
ST_lake_7 (ST7) 5200-5350 0.29 8.20 78 28 T
ST_lake_8 (ST8) 5400-5500 0.49 23 156 47 T
ST_lake_9 (ST9) 5250-5350 0.07 1.30 45 17 T
ST_lake_10 (ST10) 5200-5250 0.03 0.18 15 5 T
ST_lake_11 (ST11) 5200-5250 0.16 3.80 56 23 MT
ST_lake_12 (ST12) 5250-5350 0.11 2 48 17 MT
ST_lake_13 (ST13) 5350-5450 0.14 3 51 21 T
ST_lake_14 (ST14) 5200-5250 0.04 0.39 25 8 T
ST_lake_15 (ST15) 5300-5450 0.55 25 106 46 MT
ST_lake_16 (ST16) 5200-5300 0.21 5 68 23 MT
ST_lake_17 (ST17) 5000-5150 0.81 18 59 23 MT
ST_lake_18 (ST18) 4800-4850 0.21 2.30 27 11 MT
ST_lake_19 (ST19) 4700-4800 0.50 17 110 35 MT
ST_lake_20 (ST20) 4650-4700 0.22 4 49 18 MT
ST_lake_21 (ST21) 5300-5400 0.12 1.70 47 14 T
ST_lake_22 (ST22) 5200-5300 0.27 11 105 44 T
ST_lake_23 (ST23) 5100-5200 0.19 4.30 59 22 T
ST_lake_24 (ST24) 5250-5300 0.20 7.10 86 35 MT
ST_lake_25 (ST25) 4600-4650 0.21 2.80 35 13 T
ST_lake_26 (ST26) 4950-5000 0.07 1.10 42 15 T
Total 791 22852 20

*MT, main trunk; T, tributary.
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Sample number Study area Date of acquisition Polarization Normal baseline (m) Pass Incidence angle (°)

1 Scene 1 27 Oct 2013 HH 182.66 Descending 34.39
2 Scene 2 27 Oct 2013 HH 182.72 Descending 34.56
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