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In High Mountain Asia (HMA), rising temperatures and retreating glaciers are leading to the formation of new glacial lakes and the expansion of existing ones. The sudden release of water from such lakes can lead to devastating glacial lake outburst floods (GLOF) threatening people and infrastructure for many kilometers downstream. Therefore, information on future glacial lakes, e.g., their location, area and volume as well as the timing of their development, is vital for sustainable development of settlements and infrastructures. In this study, we present comprehensive estimates for future glacial lake development in HMA with unprecedented temporal resolution. We rely on an ensemble of fifteen global climate models using the newest CMIP6 data and employ a set of four Shared Socioeconomic Pathway (SSP) scenarios. With the Open Global Glacier Model (OGGM), we use a modeling framework that explicitly simulates glacier dynamics in order to model glacier change until 2100 and estimate the formation period for each of the 2,700 largest future glacial lakes (>0.1 km2) in HMA. We estimate the glacial lake area in the entire region to grow by 474 ± 121 km2 for SSP126 and 833 ± 148 km2 for SSP585. Following recent estimates of currently existing glacial lakes (>0.1 km2), this would constitute an increase in lake area of ∼120–∼210% in 2100 compared to 2018. The lake volume is expected to increase by 22.8 ± 6.7 km3 for SSP126 and 39.7 ± 7.7 km3 for SSP585. This range includes a drastic tenfold increase in lake volume, from estimated 3.9 km3 in 2018 to 43.6 ± 7.7 km3 in 2100. However, there is a considerable spread between total and relative increase in glacial lake area and volume for different sub-regions of High Mountain Asia. As both, lake area and lake volume, could to lead to an increase in GLOF risk, the results emphasize the urgent need for more localized, in-depth studies at especially vulnerable locations in order to enable local communities to adapt to emerging challenges, to implement risk minimization measures, and to improve sustainable development in High Mountain Asia.
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1 INTRODUCTION
As a result of climate change, temperatures are rising globally causing glacial melting in nearly all glaciated regions of the world (Hugonnet et al., 2021). The acceleration of this phenomenon is especially visible in High Mountain Asia (HMA) (Lee et al., 2021), where glaciers are estimated to lose 29%–67% of their ice mass until 2100 (Rounce et al., 2020). As glaciers recede, one of the most apparent and dynamic impacts is the further growth of existing glacial lakes (Zhang et al., 2019; Shugar et al., 2020; Wang et al., 2020) and the formation of new glacial lakes (Haeberli and Weingartner, 2020; Zheng et al., 2021). This, too, is particularly evident in HMA. In this region, research has shown a substantially more negative mass balance for lake-terminating glaciers compared to land-terminating glaciers (King et al., 2019; Watson et al., 2020) and the world’s fastest long-term ice loss acceleration (Lee et al., 2021). Moreover, if the initial lake growth decouples from climate, glacial lakes can cause even more rapid melting due to their development at the termini of downwasting glaciers (Bolch et al., 2012; Trüssel et al., 2013).
On the one hand, glacial lakes can offer opportunities for use with regard to tourism, hydropower production or water supply (Haeberli et al., 2016; Farinotti et al., 2019b). On the other hand, they can substantially increase the hazard and risk potential for people and infrastructures downstream. This is especially the case for lakes dammed by abandoned moraines that are particularly prone to outbursts caused by rock or ice fall, internal erosion by piping or overflowing waves (Veh et al., 2020). The sudden discharge of water following a dam failure can develop into a catastrophic debris flow with ranges of over 100 km (Allen et al., 2016). Therefore, glacial lake outburst floods (GLOF) are among the most dangerous natural hazards in high mountain areas where they pose an enormous threat to people and infrastructures (Mohanty and Maiti, 2021). Particularly in HMA, these floods have had the highest death toll worldwide (Carrivick and Tweed, 2016). Therefore, hydrological and glaciological information on glacial lakes, e.g., their location, area and volume, the stability of their moraine dams and the surrounding slopes as well as the timeframe of their development, is crucial for hazard and risk assessments. These in turn are necessary for the installment of early warning systems and the employment of risk reduction measures (Haeberli et al., 2016; Veh et al., 2020).
So far, research has been concentrated primarily on mapping currently existing glacial lakes and quantifying lake development over the last decades. While Shugar et al. (2020) provided information on glacial lake growth on a global scale, several studies investigated parts of HMA (Zhang et al., 2019; Li et al., 2020; Wang et al., 2020; Chen et al., 2021). Other research concentrated on assessing the hazard potential of existing glacial lakes at a local (Lala et al., 2018; Sattar et al., 2021) or regional scale (Rounce et al., 2017; Veh et al., 2020). Otto et al. (2021) have evaluated the performance of ice-thickness models for the estimation of future lakes in Austria. Their study shows that the amount of subglacial overdeepenings alone may lead to an overestimation of the potential for future glacial lakes because overdeepenings may fill up with sediment rather than water. Some research has been conducted on the locations and morphological characteristics of future glacial lakes and their hazard potentials in parts of HMA (Allen et al., 2016; Linsbauer et al., 2016) as well as the entire region (Furian et al., 2021). Zheng et al. (2021) have provided a GLOF-risk analysis and a two-step overview on the timeframe of potential glacial lake development in 2050 and 2100. They employed data from phase 5 of the Coupled Model Intercomparison Project (CMIP5) and three Representative Concentration Pathway (RCP) scenarios in their work.
With this study, we provide a detailed analysis of future glacial lake development in HMA until the year 2100 with unprecedented temporal resolution. In order to be able to determine the timeframe of exposure of subglacial overdeepenings, we use a high-resolution glacier-by-glacier modeling approach. We employ 15 global climate models (GCM), each belonging to phase 6 of the Coupled Model Intercomparison Project (CMIP6) (Eyring et al., 2016; Balaji et al., 2018). To estimate glacier development following different future climate projections, we apply the Open Global Glacier Model (OGGM; Maussion et al., 2019), an open-source numerical model framework able to explicitly simulate glacier mass balance and glacier dynamics. To our knowledge, this study is the first to use an ice dynamical flowline model to study future glacial lakes. This approach increases the computation time and adds complexity to the model. However, it improves the representation of the ice flow and enables the localization of the glacier front, which is necessary for studying lake evolution at such a high spatial resolution. To account for different future socio-economic and political environments, we rely on an ensemble of four pathways from the new set of Shared Socioeconomic Pathway (SSP) scenarios, the successors to the previous RCP scenarios (Meinshausen et al., 2020).
Based on these projections, OGGM models the glaciers’ mass balance and, most importantly, estimates the position of the glaciers’ termini at a given point in time. We combine this information with recently published data on the location and morphology of subglacial bedrock overdeepenings (Furian et al., 2021). These overdeepenings, after becoming ice free, could potentially fill up with precipitation and melt water forming future glacial lakes. With this data, we are able to assign a time of formation to each future lake and, thus, provide a comprehensive temporally resolved transient overview on potential changes to overall glacial lake area and volume in HMA until 2100. While an in-depth analysis of potential moraine features would be beneficial to more accurately determine the potential retention volume of future glacial lakes (Haritashya et al., 2018), it is beyond the scope of this study. Instead, we combine the results with information about each future lake’s predisposition for mass-movement impacts that could trigger a GLOF (provided by Furian et al., 2021) in a synoptic analysis to identify potentially dangerous glacial lakes that are to form in the near future. This study presents a comprehensive overview on spatial and temporal future lake developments in HMA until 2100. The results form the basis for more localized approaches to further investigate locations at which a timely formation of potentially hazardous glacial lakes is likely to occur.
2 STUDY AREA
According to the Randolph Glacier Inventory, version 6.0 (RGI v6), there are 95,536 glaciers in HMA covering an area of 97,605 km2 (RGI Consortium, 2017) which makes HMA the most heavily glaciated region outside of the Arctic and Antarctica (Brun et al., 2017). This multitude of glaciers allows the formation of numerous new and possibly dangerous glacial lakes (Shugar et al., 2020). At the same time, settlement density in HMA is expected to increase following the continued expansion of infrastructure into higher mountain ranges for, e.g., tourism, agriculture or hydropower (GAPHAZ, 2017). The RGI divides the glaciers of HMA into three subregions: Central Asia (zone 13), Southwest Asia (zone 14) and Southeast Asia (zone 15) (Pfeffer et al., 2014). While these zones work very well for global analyses, we additionally employ a more detailed dataset by Loibl (2020) based on glacier regions by the Global Terrestrial Network for Glaciers (GTN-G, 2017). This updated dataset more closely follows the main valleys instead of national borders to better separate orographic units and, thus, facilitate regional glaciological and climatological analyses. Figure 1 shows the distribution of glaciers, current and future glacial lakes in the different regions of HMA.
[image: Figure 1]FIGURE 1 | Overview of the study area with current glacial lakes (>0.05 km2, blue areas) by Shugar et al. (2020) and future glacial lakes (>0.1 km2, red areas) by Furian et al. (2021). Glacier regions (in orange) are taken from Loibl (2020) and international (disputed) borders are part of the World Bank Official Boundaries dataset (World Bank, 2020). For better visibility, glacial lakes are not depicted to scale.
Regarding its precipitation regime, HMA can be roughly separated into two regions. The northwestern part, including the western Himalaya, the Hindu Kush and Pamir, Karakoram and Tien Shan, receives about two thirds of its annual precipitation from mid-latitude cyclones of the westerlies. In the southern and eastern parts of the Himalaya, the Indian and East Asian summer monsoons provide approximately 80% of the annual precipitation (Bothe et al., 2012; Maussion et al., 2014). Depending on the chosen climate change scenario, annual mean precipitation over HMA is expected to increase by 4%–14% until 2100 with even stronger changes for the northern parts and especially in the Tien Shan (Huang et al., 2014; Jiang et al., 2020). Regarding HMA’s glaciers, the total annual glacier mass change was estimated to be –19.0 ± 2.5 Gt. yr−1 by Shean et al. (2020) for the period between 2000 and 2018. For the period from 2015 to 2019, the annual mass change rate is already estimated to be much higher at –30.2 ± 10.9 Gt. yr−1 (Hugonnet et al., 2021). Continued glacial wastage could lead to a loss in ice mass of up to 87% by 2100 (Kraaijenbrink et al., 2017; Hock et al., 2019a) which would expose many subglacial overdeepenings that could develop into lakes.
Regarding currently existing glacial lakes, a number of datasets are available covering the entire HMA region. In these datasets, estimates about the number of currently existing glacial lakes range from ∼15,000 lakes (Chen et al., 2021) to ∼26,600 lakes (Zheng et al., 2021), covering an area of 1,600 and 1,970 km2, respectively. While employing a minimum lake area threshold of 0.05 km2, Shugar et al. (2020) identify ∼2,200 lakes (1,123 of them larger than 0.1 km2). This underlines the fact that most glacial lakes are comparably small and, thus, more sensitive to climate change (Zhang et al., 2015). Regardless of the amount of identified lakes, all studies agree on the ongoing expansion of lake area, especially at the approximately 700 currently existing proglacial lakes, which have increased in area by 50% in the last 30 years (King et al., 2019; Tsutaki et al., 2019). Despite numerous challenges in modeling lake-glacier interactions (Carrivick et al., 2020), proglacial lakes play a significant role in assessing the formation of future glacial lakes because of their large influence on future glacier development (King et al., 2019). As previous studies have shown, a multitude of new proglacial lakes can be expected to develop in HMA over the next decades (Furian et al., 2021; Zheng et al., 2021). This expansion will further accelerate glacier retreat due to positive feedback loops between increased ablation at the terminus, lowered effective pressure, rising ice velocity and longitudinal strain (Carrivick and Tweed, 2013; King et al., 2018; King et al., 2019; Sutherland et al., 2020). As a result of a complete glacial retreat, a maximum of ∼25,000 new subglacial overdeepenings with a volume of ∼100 km3 could become exposed in HMA, covering an area of ∼2,700 km2 and potentially developing into glacial lakes (Furian et al., 2021).
3 DATA AND METHODS
3.1 Input Data
To model the temporal evolution of potential future glacial lakes, we rely on several datasets. We use the RGI v6, a globally nearly complete inventory of glaciers containing information on, e.g., area, type, elevation, slope, length, and aspect of most glaciers for glacier outlines (RGI Consortium, 2017). The inventory of future glacial lakes in HMA by Furian et al. (2021) provides information on the morphology and impact hazard of subglacial overdeepenings, i.e., potential future lakes. For more information on the development of this dataset, we refer to the original publication (Furian et al., 2021). In short, this dataset was generated by subtracting glacier ice thickness (Farinotti et al., 2019a) from the ALOS World 3D 30 m digital surface model and analyzing the morphology of the resulting subglacial overdeepenings and the hazard potential of their surrounding slopes. The dataset contains information on the potential depth, surface area, and volume of potential lakes, inter alia. Due to its format, this dataset offers the possibility to use the morphological characteristics of each subglacial overdeepening to investigate when it will be partially or fully exposed. This way, we can determine not only when a lake may form completely, but also at what time partial lake formation may occur beforehand. This is especially important for large, elongated proglacial lakes, as their formation can extend over several decades.
Additionally, the dataset provides an assessment of the mass-movement impact predisposition for 2,700 potential future lakes with an individual lake area >0.1 km2, indicating possible GLOF hazard hotspots. Regarding the potential total future glacial lake area and volume in HMA, these lakes would account for ∼60% of the area (1,623 ± 515 km2) and ∼70% of the volume (72.6 ± 23 km3) (Furian et al., 2021). Lying beneath a total of 670 glaciers, these 2,700 potential future lakes comprise mainly the large, often proglacial, lakes in lower altitudes that could develop in the nearer future. Regionally, these lakes would then pose a major threat to infrastructure and settlements due to their large volume and close proximity.
We rely on an ensemble of 15 GCMs to model glacier evolution through 2100. The ensemble is obtained from the latest generation of climate models (CMIP6, Eyring et al., 2016) Klicken oder tippen Sie hier, um Text einzugeben. and was the largest ensemble we could retrieve at the date of acquisition (2021). Supplementary Table S1 comprises a full list of the GCMs including their availability for each of the four SSPs used in this study. We use for every GCM different climate scenarios, each following a different development path of human society on the basis of the SSP scenarios (Meinshausen et al., 2020). With our selection of scenarios, we follow the ScenarioMIP-agreement for CMIP6 (O’Neill et al., 2016) and employ four individual scenarios: SSP126, SSP245, SSP370 and SSP585. Each denotation indicates the basic pathway (e.g., SSP1, SSP2) as well as the additional radiative forcing that would be achieved in 2100. For example, SSP126 indicates the development into an increasingly sustainable world (SSP1) with an additional radiative forcing of 2.6 W/m2 in the year 2100. SSP126 is an improved version of the previously used CMIP5 scenario RCP2.6 and was designed to simulate a development in accordance with the 2°C target. On the other hand, SSP585 signifies the upper boundary of scenarios and describes a fossil-fueled world with high technological progress (SSP5) and an additional radiative forcing of 8.5 W/m2 in 2100. It can be described as an update of the CMIP5 scenario RCP8.5, combined with economic and social reasoning for its emission pathway and land use changes (Kriegler et al., 2014; Riahi et al., 2017).
3.2 Glacier Modeling
Based on the projected climate forcing, OGGM v1.4.0 (Maussion et al., 2021) was used to simulate the future mass balances and geometries of 670 individual glaciers in HMA with at least one large subglacial overdeepening according to data by Furian et al. (2021). OGGM is a state-of-the-art large-scale glacier modeling framework able to simulate glacier ice dynamics. For a detailed description of OGGM, we refer to Maussion et al. (2019) and the extensive documentation available online. In short, OGGM uses RGI v6 glacier outlines and topographical data and employs a geometrical routing algorithm to calculate glacier centerlines (Kienholz et al., 2014). Glacier “flowlines” are obtained from the centerlines using a previously specified grid spacing. In our case, we set the grid resolution to 100 m as a compromise between a preferably high resolution needed for the location of the glacier front and the large computational costs and uncertainties inherent to high resolution modeling. The geometrical widths at each grid point are then corrected with the catchment area along each flowline resulting in a close agreement between the flowlines and the actual altitude-area distribution of the glacier.
The mass balance model of OGGM is based on a modified version of the temperature index model by Marzeion et al. (2012). It simulates the historical glacier mass balance using monthly climate data interpolated to the location of the glacier, altitude-corrected at each grid point. In an updated version to Maussion et al. (2019), the mass-balance model now relies on the ERA5 atmospheric reanalysis as the reference climate (Hersbach et al., 2020) instead of CRU (Harris and Jones, 2013). The GCMs are bias-corrected for each glacier using a “delta method” (e.g., Zekollari et al., 2019) applied to the reference period 1979–2014 which signifies the largest overlap between the historical GCM simulations and ERA5. The mass-balance model is tuned to match the regional mass-balance estimates from Hugonnet et al. (2021). Similarly, OGGM’s ice thickness inversion module is tuned to match the regional ice volume estimates of Farinotti et al. (2019a).
In this study, OGGM is first used to simulate the historical mass balance and glacier geometry evolution starting at the last valid date of the RGI v6 glacier outline (ranging from 1998 to 2013) up to the year 2019 using ERA5 as forcing. Following previously selected projection scenarios, OGGM’s dynamical flowline model then simulates annual advances and retreats of glaciers until the year 2100 with a depth-integrated shallow ice approximation model (SIA) (e.g., Hutter, 1981, 1983; Oerlemans, 1997) using the physics of ice flow (Cuffey and Paterson, 2010; Jarosch et al., 2013). In order to avoid small numerical fluctuations at the terminus, OGGM computes the main flowline length using a minimum ice thickness threshold of 1 m. Model outputs include files for the different main and contributory flowlines of every glacier in HMA as well as data files providing information on, e.g., glacier volume, area, ice thickness near the terminus, and main flowline length (see Data Availability Statement).
3.3 Lake Formation
Of the annual OGGM data, we selected a decadal resolution for the lake formation analyses, therefore our time series starts in 2030 and ends 7 decades later in 2100. The decadal resolution is a considerable improvement compared to the temporal resolution of the study by Zheng et al. (2021), who modeled glacial lake development at only two time steps: 2050 and 2100. With the output of OGGM, we can identify the position of the terminus for each glacier every decade. While this resolution does not allow us to determine the exact timing of the detachment of the retreating glaciers from the proglacial lakes, the information about the terminus location enables us to spatially relate glacier fronts to the subglacial depressions. Thus, we can identify partially or fully exposed overdeepenings in the bedrock that could fill up with precipitation and meltwater. Using GIS software (ESRI, 2019), we intersect the glacier flowlines produced by OGGM with the spatial data on potential future glacial lakes larger than 0.1 km2 (Furian et al., 2021). The threshold of 0.1 km2 was chosen because 1) larger lakes are more likely to actually form and are subject to lower uncertainties (Haeberli et al., 2013) and 2) these 2,700 lakes represent about two-thirds of the area and volume of all 25,000 potential glacial lakes (Furian et al., 2021). This means that the remaining thousands of smaller lakes would have a lower probability of developing, but at the same time would increase the computational cost several fold. Therefore, this threshold value serves as a compromise between the highest possible resolution and a manageable computation time.
At decadal intervals and using the glacier’s respective main flowline length, we investigate glacier retreat and subsequent exposure of bedrock overdeepenings. We approximate the shape of the terminus by creating a line perpendicular to the smoothed last 250 m of flowline (Gabrisch, 2011). Due to this generalization, we avoid artifacts in the terminus orientation due to small changes in direction of the main flowline. Finally, we investigate whether a subglacial overdeepening is intersected by the terminus line and calculate the exposed part of the overdeepening as a proxy for a partially formed proglacial lake. To account for increased frontal ablation from such a proglacial lake, we take into consideration the ice thickness of the glacier tongue. If the ice thickness at the terminus is smaller than the depth of the underlying overdeepening, i.e., if the glacier tongue lies completely inside the bedrock overdeepening, it can be assumed that water stored in the overdeepening would greatly increase glacial retreat (King et al., 2019). In this case, we create a new terminus line at the next grid point up the glacier’s main flowline and repeat the previous steps. If the elevation of the glacier terminus is greater than the surface elevation of any of the remaining overdeepenings in the glacier bed, those overdeepenings are considered to be fully exposed. With the terminus retreating to higher elevations over time, more and more overdeepenings will become partially or fully exposed and can fill up with precipitation and meltwater.
3.4 Uncertainty Assessment and Data Quality
In general, research into future glacial lakes is subject to considerable uncertainties, which in this case are mainly determined by four factors: 1) the CMIP6 models and the SSP scenario data, 2) the OGGM model runs, 3) the dataset of future glacial lakes by Furian et al. (2021), and 4) the glacier front approximation. Consistent with current large-scale glacier modeling and climate-impact studies (e.g., Marzeion et al., 2020; Rounce et al., 2020), the uncertainty range quantified in this study is based on the GCM and SSP scenarios. GCM uncertainty is expected to play a large role in the coming decades, while scenario uncertainty, which is comparatively small at the beginning, increases over time and accounts for the larger share of the overall uncertainty towards the end of the 21st century (Marzeion et al., 2020). To account for other effects, which are difficult to quantify and are described further below, we have taken the pragmatic approach to inflate the uncertainty range by 10%. This number is arbitrarily chosen, but in our opinion provides a reasonable approximation of the total uncertainty.
CMIP6 performance varies over the different parts of HMA (Guo et al., 2021). In general, CMIP6 models show a systematic cold bias over the Tibetan Plateau, underestimating observed temperatures (You et al., 2021). However, since several of our models (e.g., EC-Earth3-Veg, MPI-ESM1-2-HR, CAMS-CSM1-0) simulate temperature over the entire HMA very well (Zhu and Yang, 2020), and due to the bias correction performed by OGGM, this is not expected to have a significant impact on the results. Among our ensemble are some of the best rated models for simulating precipitation over HMA: CESM and CESM-WACCM proved to be some of the best models for the entire region, while EC-Earth3, EC-Earth3-Veg, GFDL-ESM4 and FGOALS-f3-L were ranked among the best suited models for the southern and southwestern parts of the Himalayan arc (Guo et al., 2021). EC-Earth3 and EC-Earth3-Veg also outperform other models in simulating precipitation extremes (Dong and Dong, 2021). Following these model performance estimates, we expect our model ensemble to fairly well represent temperature and precipitation over HMA. As can be seen in Supplementary Figures S1, S2, model runs using EC-Earth3 and EC-Earth3-Veg data result in comparably high values for glacial lake area and volume. However, due to the overall comparably high-performance rating for both the EC-Earth3 and the EC-Earth3-Veg model, we refrain from excluding their results.
Uncertainties in glacier models are expected to be largest in the first half of the century with respect to uncertainties related to GCMs and climate scenarios (Maussion et al., 2021). For OGGM, the mass balance estimates can be assumed to be reasonable due to the large-scale application over HMA (Farinotti et al., 2017; Maussion et al., 2019). However, processes affecting ice thickness introduce uncertainties. Although the employed parameters are a good compromise for large-scale applications (Maussion et al., 2019), they may lead to overestimated ice volume (Farinotti et al., 2019a). Debris cover on glaciers, which considerably influences glacier mass balance (Rounce et al., 2021), is often investigated at a local scale (Anderson and Anderson, 2018; Rowan et al., 2021) and has only recently been incorporated into a global glacier model (GloGEM, Compagno et al., 2021). Because debris cover can both accelerate and reduce ice loss, we cannot comment at this point on the extent to which debris cover will influence glacial lake formation in HMA in the 21st century. While the comparatively high grid resolution of the flowlines allows for a better estimation of the terminus position, it may in some cases lead to numerical errors during the glacier modeling. In our case, 5% of all glaciers could not be modeled, resulting in an underestimation of glacial lake area and volume increases. For some glaciers, spin-up problems complicate the first few years of the modeling process which can lead to initial glacier growth that is not to be expected in reality. Thus, the OGGM results up to the year 2030 are, in some cases, to be viewed as conservative. In our study, we only consider glacier length changes relative to the RGI outlines, which are assumed to be well constrained. Length changes are a result of past climate and ice-dynamical processes, the latter being very poorly constrained due to the lack of observational data, and the high level of parameterization in OGGM.
Some additional uncertainty regarding the extent of the glacier retreat originates from proglacial lakes, which play a significant role for glacier mass loss in HMA (Brun et al., 2017; King et al., 2019). Studies (ours included) predict the development of more proglacial lakes during the 21st century (Furian et al., 2021; Zheng et al., 2021) and show that nearly all of the larger glaciers in HMA will either have new proglacial lakes formed in the future or have the already existing proglacial lakes enlarged. However, the feedback loop between a proglacial lake and glacier melt is not currently represented by OGGM (or any large-scale model). This suggests that ablation at the glacier terminus may be underestimated for many of the larger glaciers, which in turn may indicate that lake development may be happening at an even faster pace than presented here.
The future glacial lakes dataset by Furian et al. (2021) is based on ice thickness estimates, which themselves are subject to considerable uncertainties (Farinotti et al., 2017). However, ice thickness models generally are robust in detecting the location and estimating the shape of subglacial overdeepenings (Linsbauer et al., 2012; Linsbauer et al., 2016). Drawing conclusions about future lakes actually forming from overdeepenings is difficult, but appears to be more consistent for valley glaciers (Otto et al., 2021). For our study, valley glaciers are indeed more important, as we concentrate on large future lakes that develop mostly beneath those glaciers. Nevertheless, future lake area and volume depend on dam composition and geometry as well as the existence of an outlet channel—all of which can hardly be determined for future glacial lakes (Furian et al., 2021; Zheng et al., 2021). For this reason, it is unclear how many of the potential lakes studied here will actually develop. Possibly, the results of this study represent an upper limit with respect to the number, area and volume of glacial lakes. The applied method to estimate glacier terminus morphology is very basic as it represents the glacier front as a straight line perpendicular to the general orientation of the main flowline. Therefore, the morphologies are a rough approximation of the potential future reality. However, they enable identifying partially developed glacial lakes and assessing their area and volume as well. In calculating the glacier front, we use the main flowline and follow Zheng et al. (2021) in assuming that all other parts of the glacier lower than the glacier front have completely melted. While this is presumably a valid assumption for many glaciers, there could also be glaciers where tributary glacier branches or dead-ice remnants at the same altitude melt less rapidly due to local valley morphology and debris cover. For example, this could imply that, on the one hand, some of the smaller lakes in side valleys could possibly form later than modeled. On the other hand, the remaining ice from tributary valleys could also dam up new lakes made up of meltwater from the main glacier.
4 RESULTS
4.1 General Findings
Using a 15-GCM ensemble and four different SSP scenarios, we simulate the development of 670 glaciers in HMA during the 21st century. In the bedrock of these glaciers, a total of 2,700 subglacial overdeepenings could potentially develop into glacial lakes with an individual surface area larger than 0.1 km2. Figure 2 provides an overview of the results. Our results show an increase in the number of glacial lakes by the end of the 21st century for the entire HMA region. This is accompanied by an increase in both glacial lake area and glacial lake volume in the coming decades which confirms the results of previous studies (e.g., Shugar et al., 2020; Zheng et al., 2021). For the sake of clarity, individual model runs are not shown. Instead, each bold colored line represents the mean of the results from the 15-GCM ensemble. The standard deviation of the GCMs is shown as the 1-sigma uncertainty range by the shaded areas. For more information on the individual results of all GCMs under each SSP scenario, see Supplementary Figures S1, S2.
[image: Figure 2]FIGURE 2 | Overview of the development of (A) the number of glacial lakes (>0.1 km2) in HMA, (B) their volume, and (C) their area under four SSP scenarios until 2100. Main colored lines represent the mean of an ensemble run of 15 CMIP6 GCMs, while the shaded areas indicate the increasing ensemble standard deviation over time. The dashed black lines indicate the state of glacial lakes (>0.1 km2) in 2018, using estimates by Shugar et al. (2020): 1,123 glacial lakes with 3.9 km3 of volume and 402 km2 of area.
In Figure 2, we include results of Shugar et al. (2020) as a benchmark, representing the state of glacial lakes in HMA in 2018 (indicated by the dashed black lines). In their study, they use a threshold of 0.05 km2 and identify ∼2,200 existing lakes (476 km2, 4.6 km3). To allow meaningful comparisons, we filtered their results using our threshold of 0.1 km2, which leaves 1,123 glacial lakes with an area of 402 km2. Since in this dataset lake volume is given only as an HMA-wide value and does not appear on a glacier-by-glacier basis, we must resort to estimates in this regard. Calculations using empirical relationships between lake area and volume (Evans, 1986; Huggel et al., 2002) yield unrealistically high values for lake volume. Therefore, and although we are aware that it is a simplistic approach, the rule of three seems a feasible way to estimate the volume of the remaining 1,123 lakes at 3.9 km3. To the filtered results of Shugar et al. (2020), we add the increases in number, area, and volume of glacial lakes modeled in this study. Thus, Figure 2 displays our results for the future evolution of glacial lakes in context with the current situation in HMA. For each SSP scenario, Figure 2 shows a continuous increase of the number of exposed overdeepenings, i.e., potential glacial lakes and, related to this, an increase in glacial lake volume and area. Glacial lakes (>0.1 km2) show an increase of between 68% (SSP126) and 126% (SSP585) in 2100, considering the 1,123 glacial lakes (>0.1 km2) existing in 2018 modeled by Shugar et al. (2020). Differences between individual scenarios only become apparent after 2050 due to the consistent increase of ∼33% by 2050 under all SSPs (Table 1).
TABLE 1 | Increase in the number of glacial lakes (>0.1 km2) in HMA under four SSP scenarios, represented by a 15-GCM ensemble mean.
[image: Table 1]When comparing lake area to lake volume in Figure 2, the difference in the magnitude of the increase is most noticeable. Following the SSP585 scenario, glacial lake area in HMA could almost triple by the year 2100. In the same period, however, glacial lake volume could show a tenfold increase. This difference between area and volume is also evident in the other scenarios, albeit in a somewhat weakened form. As for the spread inherent in the model ensemble, an increasing standard deviation is evident over the decades. This is more pronounced for the lake volume, which also shows a less linear increase over the decades compared to lake area. In Table 2, the absolute and relative increases in lake area and volume are listed for each SSP scenario. Until the mid-21st century, most GCMs agree in simulating the increase in glacial lake area and volume (for more details see also Supplementary Figures S1, S2). Further, up to this point, the results for the first three SSP scenarios (SSP126, SSP245 and SSP370) are nearly identical, and the values for SSP585 are also only slightly higher.
TABLE 2 | Increases in lake volume and area in HMA during the 21st century for lakes >0.1 km2.
[image: Table 2]In the second half of the 21st century, however, the differences become more pronounced. According to the SSP126 scenario, HMA could gain 474 ± 121 km2 of additional glacial lake area and 22.8 ± 6.7 km3 of additional lake volume by 2100 from lakes >0.1 km2. This means that even with stringent climate policies, HMA could experience an increase of ∼120% in glacial lake area and up to almost 600% in glacial lake volume in 2100 compared to 2018. Extrapolating the past and current global development into the future using the “Middle of the Road” scenario SSP245, glacial lake area could increase by ∼150% and glacial lake volume by ∼750% until 2100. In the SSP370 scenario of increasing global competition and decreasing environmental awareness, glacial lake area could increase by ∼170% and glacial lake volume by ∼820% until 2100. Under a continuously fossil-fueled environment in the SSP585 scenario, HMA could see an increase of more than 200% in glacial lake area (833 ± 148 km2) and of ∼1,000% in glacial lake volume (39.7 ± 7.7 km3) until 2100.
4.2 Regional Differences
4.2.1 Glacial Lake Volume
When considering the distribution of future glacial lakes in HMA, the heterogeneity of this region becomes apparent. Figure 3 illustrates these spatial contrasts in terms of glacial lake volume. In this figure, the increase in lake volume as a function of the four SSP scenarios is shown as a bar graph for selected regions in HMA. The different coloring and shading of the bar diagrams highlights the spatial and temporal heterogeneity of the glacial lake development in HMA. In order to represent the temporal development of the future glacial lakes during the 21st century as accurately as possible while maintaining clarity, three points in time were chosen: 2040, 2070, and 2100. A numerical representation with higher temporal resolution for all sub-regions of HMA can be found in Supplementary Tables S2A–H.
[image: Figure 3]FIGURE 3 | Glacial lake volume increase in HMA under four SSP scenarios up to three points in time during the 21st century. SSP scenarios are color-coded, years are indicated by different dashes. Regions with <0.1 km3 of additional lake volume in 2100 (SSP585) are excluded for reasons of clarity.
For most regions, the increase in glacial lake volume shows only minor differences when comparing the four SSP scenarios. In the Central Karakoram and the Tien Shan, however, the difference between the lower scenarios and the SSP585 scenario is more striking. In the southeastern parts of HMA, the increase in lake volume is considerable (1 km3 in Nyainqentanglha East and 2 km3 in Kangri Garpo in 2100), but there is almost no difference between the individual SSP scenarios. Further, the development of future glacial lakes in these regions appears to be occurring primarily in the first half of the 21st century. Moving west, the regions of Bhutan (2.9 km3) and Mahalangur (2.2 km3), as well as the Nun-Kun (1.7 km3) and the western parts of the Kun Lun (1.1 km3) show an increase in glacial lake volume of roughly the same order of magnitude. Here, however, the differences between the SSP scenarios are more clearly visible and the increase in volume is centered on the second half of the century. For large parts of the Tibetan Plateau, only a negligible increase in glacial lake volume is expected in the 21st century. In the northern and northwestern parts of HMA, the Tien Shan (3.9 km3) and the Pamir (2.6 km3) show a substantial increase in glacial lake volume, with visible increments from SSP126 to SSP585. Finally, the Central Karakoram region shows a disproportionately larger increase in glacial lake volume. Even under the moderate SSP126 scenario, lake volume in the Central Karakoram region increases by 0.7 km3 until 2040, to almost double in the following 10 years to 1.3 km3 in 2050. According to our modeling, an increase of 3.1 km3 can be expected in 2070 and by 2100, the increase could have reached 7.7 km3. With higher SSP scenarios, the modeled increases in glacial lake volume are also higher, and may reach 11.8 km3 for the SSP585 in 2100.
4.2.2 Glacial Lake Area
The close connection between glacial lake area and volume has been previously studied (Cook and Quincey, 2015; Veh et al., 2020). Therefore, it is not surprising that the spatial pattern of glacial lake area increases during the 21st century strongly resembles that of glacial lake volume. Figure 4 shows the spatial distribution of the modeled lake area increases in HMA for the four SSP scenarios. The previously described pattern prevails: in the southeastern Himalaya (especially in Nyainqentanglha East and Kangri Garpo), the increase in glacial lake area mostly happens in the next 50 years. Further, in these regions, it seems to make little difference whether a low- or high-emission scenario is used as the basis for the modeling. Moving westward along the Himalayan arc, in most regions the increase in glacial lake area in the 21st century is less than 25 km2, even under the SSP585 scenario. On the Tibetan Plateau, the increase is very small under all scenarios. Similar to lake volume, the Central Karakoram region is also a hotspot in the growth of glacial lake area. Our results indicate a potential increase in lake area of 16 km2 in the next 20 years, regardless of the SSP scenario. For later decades, the changes are increasingly linked to the chosen scenario. In 2070, glacial lake area in this area could grow between 58 km2 (SSP126) and 86 km2 (SSP585). Towards the end of the century, the increase in glacial lake area then ranges between 120 km2 (SSP126) and 200 km2 (SSP585).
[image: Figure 4]FIGURE 4 | Increase of glacial lake area in HMA under four SSP scenarios up to three points in time during the 21st century. SSP scenarios are color-coded, years are indicated by different dashes. Regions with <5 km2 of lake area increase in 2100 (SSP585) are excluded for reasons of clarity.
4.3 Relation to Current Glacial Lakes
Compared to the spatial pattern of absolute increase in glacial lake area and volume, the spatial distribution in relative terms stands out even more. To illustrate this pattern, we again use the results of Shugar et al. (2020) as a baseline, which provide a good representation of the current status of major glacial lakes in Central Asia. Given the amount of current large glacial lakes in the southern and southeastern regions of HMA, the relative increase in glacial lake area in these regions is comparatively small. Nevertheless, it is substantial, with an increase of, for example, ∼50% in Bhutan, ∼70% in Nyainqentanglha or 110% in Mahalangur (following the SSP585). On the other hand, the Central Karakoram could see an increase in glacial lake area of >5,000%, even under a comparably sustainable scenario (SSP126). With a more fossil-fueled scenario (SSP585), the increase could rise to ∼8,500% in 2100. In some of the other regions, while the relative increase may still be significant, this is mostly due to the relatively small lake area in 2018 (e.g., in the Northern Hindu Kush, the Central Kun Lun or Inner Tibet). For a more detailed view at the absolute and relative increase in lake area per region, see Supplementary Table S3.
Our results indicate a potential for the emergence of about 400 additional future proglacial lakes in 2100 (Figure 5). About 16% (69 lakes) of the potential future proglacial lakes found by our model ensemble were already either fully or partially developed in 2018, according to glacial lake data from Shugar et al. (2020). In most cases, these lakes represent the area increase of already existing proglacial lakes due to glacial retreat. In some cases, this indicates a considerable glacier retreat since the date of recording of the RGI glacier outlines. In Supplementary Figure 3, we chose four lakes to represent (A) realistic estimates as well as (B) overestimations and (C, D) underestimations of potential lake area. The majority of the already (partially) developed proglacial lakes are located in the southern and southeastern part of the Himalaya (Mahalangur, Nyainqentanglha E and Kangri Garpo), while there are much fewer in the still heavily glaciated areas of Karakoram, Pamir and Tien Shan.
[image: Figure 5]FIGURE 5 | Future proglacial lakes (n = 415) in 2100. Stars (n = 69) indicate locations where modeled proglacial lakes are already forming, according to the comparison of our data with Shugar et al. (2020).
5 DISCUSSION
5.1 Development of Glacial Lake Area and Volume
The modeled increase in glacial lake area and volume may indicate an increasing potential for the touristic or infrastructural use of glacial lakes on the one hand, but it also shows the possibility of an increase in the risk of GLOF events (Farinotti et al., 2019b; Zheng et al., 2021). Under all SSP scenarios, although with increasing intensity under the higher scenarios, communities in many regions of HMA will have to face the ongoing expansion of existing glacial lakes as well as the formation of numerous new and unmonitored ones during the next decades. Increasing precipitation over Central Asia (Jiang et al., 2020) will provide additional surface runoff to fill exposed subglacial overdeepenings, while increasingly frequent extreme precipitation events (Zhang et al., 2020) could damage moraine walls and lead to an increase in rock slides or rock falls triggering GLOFs. As glacial melt continues, in most cases the first lakes to enlarge or form will be the proglacial lakes. Some of those lakes could coalesce with already existing lakes forming even bigger and potentially more hazardous glacial lakes. Based on previous assessments of future glacial lakes (Allen et al., 2016; Furian et al., 2021), the hazard potential of these lakes can be estimated as the predisposition of the lakes to mass-movement impacts that could trigger a displacement wave capable of producing a GLOF event. Unfortunately, although the large proglacial lakes are often located at lower altitudes and thus surrounded by less steep slopes, their size makes them highly susceptible to mass-movement impacts from rock or ice falls. At the same time, their often-large volume and their relative proximity to infrastructure and settlements can lead to devastating floods in case of a GLOF. Thus, they were generally ranked as the most hazardous future glacial lakes in a previous study by Furian et al. (2021), Klicken oder tippen Sie hier, um Text einzugeben. By combining their hazard classification with the modeled timeframe of lake development, we can draw conclusions about the potential impact predisposition of those lakes that will emerge in the coming decades. The results suggest that the proglacial lakes that will form first are simultaneously assigned a high hazard category in terms of impact predisposition. The defining spatial feature appears to be the gradient between the current GLOF hotspots in the southeastern Himalaya mountains and the modeled potential future GLOF hotspot of the Central Karakoram (Furian et al., 2021; Zheng et al., 2021). While the southwestern regions already have a high number of glacial lakes, large glacial lakes in the Karakoram are still relatively sparse due to the comparatively high glaciation (Veh et al., 2020).
5.1.1 Southeastern Regions
The current hotspot of glacial lake development and, relatedly, the hotspot of GLOF events mostly comprises the regions of Mahalangur and Bhutan in the central Himalayas and Nyainqentanglha E and Kangri Garpo in the east (Veh et al., 2019). In these parts of HMA, due to high ablation rates over the last decades, most glacial lakes have developed at the terminus of glaciers, accelerating the melting processes even further (Gardelle et al., 2011). As can be seen in Figure 6, the influence of the chosen pathway scenario on the lake development varies from region to region. In Mahalangur and Bhutan, while there will be substantial increases in glacial lake volume and area even when following the lower SSP126 scenario, a higher SSP scenario also means larger lakes and a higher lake volume. This indicates that the high potential for deglaciation and subsequent lake formation is not exploited with lower SSP scenarios. Following SSP126, in 2100, Mahalangur will see an increase in glacial lake area by 21 km2 and in volume by 1.3 km3. In Bhutan, lake area could increase by 9 km2 and lake volume by 0.5 km3. Under higher scenarios, more and larger lakes form until these numbers would approximately double in Mahalangur (38 km2 and 2.2 km3) and increase even more in Bhutan (25 km2 and 2.9 km3), if the global climate changes more in line with SSP585.
[image: Figure 6]FIGURE 6 | Glacial lake formation under four SSP scenarios in the southwestern part of HMA. The three timesteps (2040, 2070, and 2100) indicating the development throughout the 21st century are indicated by three overlying circles, and with circle size and blue color scale, lake size and lake volume are described.
In the results, we have shown that the ratio of future lake area to future lake volume is different in these two regions than in most of HMA. The relatively high volume with a comparatively small area indicates that mainly deeper lakes could form here. On the one hand, smaller lake areas could indicate a decreased predisposition to mass-movement impacts. On the other hand, it can be assumed that these lakes silt up less quickly and their large retention volume could pose a greater threat in the event of a GLOF. Thus, these results indicate a significant challenge to the rural communities of these regions. While those communities contribute to climate change only to a very small extent, they will nevertheless suffer disproportionately from its impacts (Reyer et al., 2017). Our results show that it makes quite a difference to these regions which (and how serious) global efforts to mitigate climate change are. In many regions of the southeastern HMA, adaptive strategies to meet future challenges in agriculture and hydropower are implemented (Ahmed et al., 2019; Chhogyel et al., 2020). However, such measures will be complicated by two factors: 1) Uncertainties about the SSP-dependent future lake development will further fragment and complicate the already incoherent adaptation efforts in these regions (Ahmed et al., 2019). 2) The comparatively small changes in lake area before 2040, especially in Bhutan, could reduce the urgency of adaptation measures. However, the large increase in lake area and volume after 2040 will make a delayed implementation of these measures more difficult.
As can be seen in Figures 3, 4, in other parts of the southeastern HMA (most noticeably in Nyainqentanglha E and Kangri Garpo, and somewhat less pronounced in Dhaulagiri, Rolwaling, and Kangchenjunga), the differences between the respective SSP scenarios regarding the increase in glacial lake area and volume are marginal. Because of the very negative glacier mass balance in these regions (Brun et al., 2017), it appears that the SSP126 scenario would be enough to melt the remaining glaciers sufficiently to exhaust the potential for further glacial lake development. Thus, under higher SSP scenarios, there would be very little further lake growth possible. This means that—at least in this respect—it would be irrelevant for the population of these regions which pathway the global climate would follow in the 21st century. This may provide some much-needed certainty about future lake development. Without the need to compare the respective current climatic situation with different SSP scenarios in order to then derive potential lake development, local communities can plan and strategize for the future with greater certainty. Consequently, upcoming more regionally or locally oriented studies may instead concentrate on detailed hazard assessment of the future lakes and support communities in this way.
While in most regions the development of glacial lakes will be more or less continuous throughout the 21st century, the Tibetan region of Kangri Garpo stands out in terms of the temporal aspect of lake development. Here, according to our modeling, almost half of the future lake development in the 21st century will be already completed by 2040. This would represent an increase in glacial lake area of nearly 20 km2 and glacial lake volume of ∼1 km3 over the next 20 years. The second half of the increase is likely to be completed before 2070. Thus, communities in Kangri Garpo could see an increase in glacial lake area of up to 42 km2 and in lake volume of 2 km3 over the next 50 years, regardless of the SSP scenario. According to the region’s glacial lake area in the Hi-MAG database by Chen et al. (2021) in 2017, this would indicate an increase of 20% in lake area until 2040, and of almost 50% in the next 50 years. Especially in this region, there is an imminent need for regional studies into future glacial lakes and the associated potentials and risks, as such a prompt change in the periglacial landscape would pose significant challenges for this remote region with its few rural communities.
5.1.2 Northern and Northwestern Regions
The northern and northwestern regions of HMA (i.e., the Pamir, Tien Shan, and the Karakoram) are currently still heavily glaciated, at least compared to the southeastern part of HMA (Brun et al., 2017). Over the last decades, melt water and precipitation has mostly accumulated in the form of numerous small supraglacial lakes, although larger proglacial lakes are starting to develop (Gardelle et al., 2011; King et al., 2019). However, because the period of glacier ice increase has passed here as well and the mass balances of most glaciers are becoming increasingly negative (Brun et al., 2017), lake formation can potentially occur on a much larger scale. Our results show that mountain ranges in this region have an enormous potential for the formation of large glacial lakes, even under a comparably mitigated global warming scenario (Figure 7). This means that due to the later formation of lakes, there are no areas where the lake formation is decoupled from the SSP scenarios, like it is the case in Bhutan and Mahalangur. In all of this part of HMA, the chosen pathway scenario plays a prominent role for the future development of glacial lakes.
[image: Figure 7]FIGURE 7 | Glacial lake formation under four SSP scenarios in northwestern HMA. The three timesteps (2040, 2070 and 2100) indicating the development throughout the 21st century are indicated by three overlying circles.
In the central Tien Shan, glacial lake area would increase by ∼22 km2 under the SSP126 scenario or by 44 km2 under the SSP585 scenario, and lake volume would increase by ∼1 km3 (SSP126) or almost 4 km3 (SSP585), respectively. The conditions in the northern Pamir are similar ranging from 37 km2 to 1.8 km3 (SSP126) up to 60 km2 and 2.6 km3 (SSP585). In both regions, changes in temperature and precipitation patterns under higher SSP scenarios would exacerbate the lake formation processes. In both regions, lake formation can be expected to occur mainly between 2040 and 2070. The communities of these mountain ranges are already disadvantaged due to their remoteness, the poor infrastructure, and the difficult access (Xenarios et al., 2019). Thus, added environmental pressure would only aggravate the situation, if adaptation initiatives and policies are not implemented in a timely manner. Our results can serve as a basis for further research that should investigate potentially threatening future lakes and subsequently develop strategies to improve the vulnerability status of the related communities. In the Kun Lun region, especially in its western parts, a majority of glaciers are still maintaining a positive mass balance (Brun et al., 2017). This is reflected by our results, as under all SSP scenarios, substantial lake formation does not start before 2040. After that, accelerated glacial retreat can be expected which could lead to the formation of a number of glacial lakes due to the comparatively high glaciation. Thus, in this region, communities have the rare opportunity to develop adaptation concepts and implement strategies before the problem starts to fully evolve.
The region of the central Karakoram is transitioning from a positive to a negative overall mass balance as the so-called “Karakoram Anomaly” is shifting eastward towards the Kun Lun (Brun et al., 2017). Nevertheless, due to the high remaining glacier ice extent, lake formation could increase drastically even under the SSP126 scenario with additional 120 km2 of glacial lake area and 7.7 km3 of glacial lake volume or 202 km2 and 11.8 km3 under the SSP585 scenario. Thus, our modeling supports the result of Zheng et al. (2021) that the Karakoram is the hotspot of future glacial lake development in HMA and, thus, also a potential future GLOF hotspot. The current glacier response to global warming in this area is a combination of ice thinning and rapid ice advance, leading to an increase in glacier surges (Bazai et al., 2021). As surge events lead to a higher probability of glacial lakes forming behind unstable ice dams (Hewitt and Liu, 2010), GLOF are among the predominant natural hazards in this region (Ashraf et al., 2021). The high number of future proglacial lakes (see also Figure 5) underscores this as a progressive trend. The large amount of surging glaciers would imply that future glacial lakes in the Karakoram are at a higher risk of creating GLOFs than in other parts of HMA, especially if lakes are located at the terminus (Bazai et al., 2022). Many studies report GLOFs produced by glacier surges (e.g., Round et al., 2017; Hock et al., 2019b; Yin et al., 2019; Khan et al., 2021). Both surge events and GLOFs are closely coupled with the climate evolution over a time-span of several decades. Studies indicate that, while there is currently no clear increasing trend of the number of GLOFs, both glacier surges and GLOFs are predicted to become more frequent in the next decades (Harrison et al., 2018; Bazai et al., 2021).
Due to the sparse population density of the Karakoram, is it possible that a significant part of the increase in lake area and volume does not impact any community, infrastructure or agricultural land. However, the few and sparse communities that are under threat are highly vulnerable when they are affected. Our results show that lake formation is occurring increasingly rapidly during the 21st century, making the next years until 2040 crucial for the development and implementation of adaptation strategies. So far, climate change adaptation measures have had hardly any effect on this region (Ahmed et al., 2019), in part due to the ongoing Siachen conflict (Baghel and Nüsser, 2015). Detailed information on potentially threatening glacial lakes is key to assess and realize the adaptive capacity of local communities. Therefore, we underline the urgent need for more in-depth regional studies at sites of future lake formation close to populated areas in the central Karakoram.
5.2 Debris Cover Analyses
The decrease in mountain glaciers in the coming decades will be accompanied by a proportional increase in debris-covered glaciers (Herreid and Pellicciotti, 2020). Debris on the surface of glaciers can accelerate or reduce surface ablation, influence the development of glacial lakes and increase the probability of GLOFs (Shugar et al., 2020; Lee et al., 2021; Rounce et al., 2021). Nevertheless, the exact implications of debris cover have not yet been fully explored. A broader understanding of the interplay of debris cover and lake development as well as glacier-related hazards is needed (Harrison et al., 2018; Racoviteanu et al., 2021). Still, with recent information on the distribution of supraglacial debris cover (Rounce et al., 2021), we can provide preliminary indications of a possible interplay between debris cover and future lake development. In Figure 8, the distribution of supraglacial debris cover at locations of potential future glacial lakes is depicted exemplary for the region of Mahalangur (A) as well as in an overview map for entire HMA (B). Following Rounce et al. (2021), we classify supraglacial debris as “thin” (orange areas) and “thick” (red areas). Thin covers of debris (<5 cm) enhance melting processes beneath the layer, while thicker covers can reduce sub-debris melt by up to 90% (Rounce et al., 2021). Figure 8A shows that as expected, most glacier tongues are heavily covered in debris while only small patches further up the glacier are covered with thin layers of debris (Anderson and Anderson, 2018). Besides Mahalangur, this relatively thick cover of debris can also be found in Rolwaling and Kangchenjunga as well as certain parts of the Pamir and Karakoram ranges (Figure 8B). Since glacier melt is likely to be altered accordingly, this will also have an impact on the formation of lakes. On the one hand, the reduced melt under thick debris covers may also mean a delay in lake formation at the glacier terminus. On the other hand, due to the inverted ablation gradient close to the glacier front, this phenomenon may cause melt water from stronger melt further up on the glacier to accumulate behind the developing ice walls near the terminus. In this way, particularly unstable proglacial lakes could form, which would pose a particular flood hazard for settlements and infrastructure downstream.
[image: Figure 8]FIGURE 8 | Glacier debris cover in Mahalangur at the potential locations of future lakes (A) and the mean debris thickness over lake locations in entire HMA (B). The small black rectangle in B indicates the extent of (A). The debris cover dataset is provided by Rounce et al. (2021), although some regions in (B) are excluded due to insufficient debris cover data (hatched areas).
On a large scale, the results show that especially in the aforementioned regions, a majority of large future lakes have the potential to develop in environments with an abundance of supraglacial debris which could increase the GLOF risk at these locations. This is all the more problematic because a large number of proglacial lakes have already started to form in Mahalangur and adjacent regions in recent years, which were not expected to develop until the near future (see Figure 5). This suggests that reduced sub-debris melt does not necessarily inhibit proglacial lake development, but, on the contrary, increased melt in higher parts of the glacier may facilitate accelerated proglacial lake formation. Thick layers of debris can also be found on many glaciers in other regions of the Himalayan arc as well as in the Central Karakoram and the Tien Shan. Clearly, the uncertainty associated with increased debris cover on glacier tongues complicates the interpretation of the results for local communities. Therefore, we emphasize the need to consider debris cover in upcoming studies on glacial lake development in HMA. Generally, without regionally or even locally focused and contextualized studies in such regions, it will be difficult to identify potentially threatening proglacial lakes and develop potential mitigation measures (Racoviteanu et al., 2021). We provide examples of such an approach in the following section.
5.3 Case Examples
Although the exact current morphological and hydrological situation for most of the glacial lakes in HMA is unknown, a large number of studies exist that focus on the currently most dangerous lakes in this region, for example Merzbacher Lake (Shangguan et al., 2017), Lower Barun Lake (Sattar et al., 2021), Imja Tsho (Lala et al., 2018) as well as Tsho Rolpa or Thulagi (Bajracharya et al., 2020). With our results, it is possible to provide an outlook into a potential future for these dangerous lakes depending on different SSP scenarios. This allows us to demonstrate how different climate trends would differently affect glacial lakes that are already classified as hazardous. Indeed, this may serve as a first indication toward possible adaptation strategies. In all cases, we use lake volume and size as a first-order metric for assessing hazard potential. Larger volumes directly influence the potential magnitude of a GLOF event, while larger areas can indicate a higher mass-movement impact predisposition of the lake. For the visualization of lake evolution over time, we use the results of the OGGM run based on the CESM2-WACCM model since this GCM well reproduces the mean of the model ensemble. However, since the simulated exposed lake area is highly dependent on the chosen GCM, picking a single specific model run implies that the results are initial approximations only.
Figure 9 shows the development of a very large proglacial lake directly behind today’s Lake Merzbacher, a regularly outbursting glacial lake in the central Tien Shan mountains. Under the SSP126 scenario, this lake could slowly develop throughout the entire 21st century. It would form over a length of ∼7 km having a surface area of ∼6 km2 and a volume of about 0.5 km3 in 2100. This could increase the hazard potential of the regularly occurring GLOF events at this site (Wortmann et al., 2014). With higher SSP scenarios, the proglacial lake would start to grow even faster and extend further up the valley. Under scenario SSP585, the lake formation accelerates towards the end of the century. The lake would be fully formed already in 2090, extending over more than 20 km with an area of 16 km2 and a volume of 1.5 km3. According to the results of Furian et al. (2021), rock or ice avalanches from over 50 km2 of surrounding slopes could then hit the lake directly and trigger displacement waves, which could significantly increase both the frequency and magnitude of GLOF events. On the one hand, the mostly thick supraglacial debris cover suggests that the timing of lake formation may tend to be shifted toward the end of the century. On the other hand, numerous supraglacial lakes, especially in the first kilometers of the glacier, already indicate the formation of such lakes (Benn et al., 2012).
[image: Figure 9]FIGURE 9 | Development of a future proglacial extension of Merzbacher Lake under different SSP scenarios until 2100. Lake extent based on CESM2-WACCM modeling, debris cover data by Rounce et al. (2021).
The Tsho Rolpa in the Tama River basin in Nepal is one of the most dangerous glacial lakes in HMA, since, as of 2020, over 140,000 people would be affected in the event of a GLOF (Bajracharya et al., 2020). Although the water level was lowered in 2000, the hazard potential remains high due to a steep and thin moraine and rapid glacier retreat. At this location, the lake expansion has the potential to take place much more rapidly than at Lake Merzbacher (Figure 10). Under SSP126, SSP245 and SSP370, the current lake could be grown about 1 km by 2030, thus enlarging the existing lake by about 50%. Ten years later, in all three scenarios, the lake may be fully formed with a length of about 2 km and an additional volume of 0.01 km3. Under the SSP585, this could already have happened before 2030. It is also worth mentioning a second larger lake further up on the glacier, which may begin to develop in the second half of the century and could grow to about 3 km2, with a volume of 0.08 km3. There, the thin debris (<5 cm) could enhance ablation and lead to an inverted ablation gradient. This would decrease the time needed for the second lake to develop while simultaneously increasing the probability for a GLOF event at the lower lake. These results can serve as a basis for evaluating whether the measures taken to lower the GLOF risk will be sufficient for the future or whether research into the development of further strategies is needed.
[image: Figure 10]FIGURE 10 | Potential extension of Tsho Rolpa and formation of a second lake further up the glacier under different SSP scenarios until 2100. Lake extent based on CESM2-WACCM modeling, debris cover data by Rounce et al. (2021).
At the Lower Barun glacial lake in Nepal, risk mitigation measures are planned following the examples at Tsho Rolpa and Imja Lake (Bajracharya et al., 2020). For this fast-growing and very deep lake, our results show that even under SSP126 the glacial lake could grow by about 50% by mid-century, increasing its area by 1 km2 and its volume by 0.1 km3 (Figure 11). For all other scenarios, the lake could be fully formed (2 km2, 0.15 km3) by 2090 (SSP245), 2070 (SSP370) or even by 2060 (SSP585), respectively. The thin debris cover on the glacier could further accelerate this process. Since several settlements and both existing and planned hydropower plants would be exposed to a GLOF at this location, regular monitoring at Lower Barun Lake is recommended to survey the continuing lake formation. Our results add the necessary temporal component to previous studies assessing the GLOF hazard at Lower Barun Lake (Maskey et al., 2020; Sattar et al., 2021) and can help identify a timeframe for the necessary development and implementation of mitigation measures.
[image: Figure 11]FIGURE 11 | Potential extension of Lower Barun glacial lake under different SSP scenarios until 2100. Lake extent based on CESM2-WACCM modeling, debris cover data by Rounce et al. (2021).
6 CONCLUSION
In this paper, we use the current generation of CMIP6 climate model outputs under the new SSP scenarios to simulate the development of glacial lakes in HMA until 2100 using the glacier evolution model OGGM. We investigate 2,700 of the largest potential future lakes (>0.1 km2) and estimate the increase in glacial lake area in HMA to be 474 ± 121 km2 for SSP126 or 833 ± 148 km2 for SSP585. This would imply an increase in lake area of ∼120–∼210% in 2100 compared to 2018. Glacial lake volume is expected to increase by 22.8 ± 6.1 km3 (SSP126) or 39.7 ± 7.7 km3 (SSP585), which indicates a potential increase between ∼585 and ∼1,000%. For both parameters, there is a considerable spread between total and relative increase among the different regions of HMA. We identify a northwest-southeast gradient of lake development in HMA. In southeastern regions, lake formation or lake expansion is imminent for several dangerous glacial lakes which will pose major challenges for the local communities. Only in Bhutan and the Mahalangur region, different SSP scenarios have a significant influence on future lake development. There, values for lake area and volume nearly double between SSP126 and SSP585. In most other regions in the southern and southeastern HMA, lake development has decoupled from climate, so that the different SSP scenarios have hardly any influence on the rate of future lake development. In northern and northeastern regions (i.e., the Pamir, Karakoram and Tien Shan), lake formation may occur on a much larger scale, albeit later in the 21st century and with significant differences among the individual SSP scenarios.
Using the results of this study, follow-up research could increase the temporal resolution to investigate the detachment of glacial lakes from the terminus. Further, a hindcast simulation (e.g., 1980–2020) could be performed, which would be an interesting method to discuss uncertainties in modeled glacial lake development. However, the increase in the number of glacial lakes alone is not a sufficient predictor for GLOF risk. Therefore, we emphasize the urgent need for more localized approaches that use our results as a starting point for identifying potentially hazardous lakes and that consider the multiple parameters that influence lake formation and GLOF hazard (e.g., debris cover, stability of surrounding slopes). For local communities to develop mitigation strategies, the research focus of those studies needs to shift from the subcontinental scale to a mesoscale or even localized approach to model individual sites in greater detail also considering societal and economical predispositions.
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Supplementary Figure 1 | Individual results of 15 CMIP6 GCMs on the development of glacial lake area in HMA under different SSP scenarios. The dashed lines represent the state of HMA’s glacier lakes (>1 km2) in 2018, following Shugar et al. (2020).
Supplementary Figure 2 | Individual results of 15 CMIP6 GCMs on the development of glacial lake volume in HMA under different SSP scenarios. The dashed lines represent the state of HMA’s glacier lakes (>1 km2) in 2018, following Shugar et al. (2020).
Supplementary Figure 3 | Examples of the coherence between modeled glacial lakes and lakes existing in 2018 according to Shugar et al. (2020). Depicted are (A) a potentially realistic estimate of the future lake development in 2030 and 2050, (B) a potential overestimation of lake area in 2030, as well as a small (C) and a large (D) underestimation of potential lake area.
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