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Abstract

:

Snow and ice melting in the Upper Indus Basin (UIB) is crucial for regional water availability for mountainous communities. We analyzed glacier changes in the Astak catchment, UIB, from 2000 to 2020 using remote sensing techniques based on optical satellite images from Landsat and ASTER digital elevation models. We used a surface feature-tracking technique to estimate glacier velocity. To assess the impact of climate variations, we examined temperature and precipitation anomalies using ERA5 Land climate data. Over the past two decades, the Astak catchment experienced a slight decrease in glacier area (−1.8 km2) and the overall specific mass balance was −0.02 ± 0.1 m w.e. a−1. The most negative mass balance of −0.09 ± 0.06 m w.e. a−1 occurred at elevations between 2810 to 3220 m a.s.l., with a lesser rate of −0.015 ± 0.12 m w.e. a−1 above 5500 m a.s.l. This variation in glacier mass balance can be attributed to temperature and precipitation gradients, as well as debris cover. Recent glacier mass loss can be linked to seasonal temperature anomalies at higher elevations during winter and autumn. Given the reliance of mountain populations on glacier melt, seasonal temperature trends can disturb water security and the well-being of dependent communities.
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1. Introduction


The economy centered around agriculture in Pakistan relies significantly on the water supply through the Indus Basin irrigation system, and the upstream mountainous regions largely depend on snow and ice melt [1]. These snow and ice masses are in the region that is likely to be affected by climate change, but to what extent is yet to be determined [2]. The connection between climate change, snow/glacier melt, and associated hazards is well-established and substantiated by robust scientific evidence [3]. Recent studies highlighted the negative net mass balance in High Mountain Asia with an acceleration in recent decades [4]. However, some regional anomalies do exist such as the Karakoram and Pamir regions; therefore, there is a need for more localized studies to improve our understanding of ongoing glacier dynamics and melt characteristics [5]. Several studies have shown that the changes in the glacier mass budget are expected to have a significant impact on the water availability and the increasing number of cryosphere-associated hazards in the region [6,7,8,9]. Glacial Lake Outburst Floods (GLOFs) are the most reported hazards in recent years in the region and possess a high potential for devastating impacts and can inflict substantial damage, leading to extensive loss [10,11].



Despite the scarcity of in-situ measurements of glacier mass balance in the Karakoram region, remote sensing datasets and numerical models have been reliable sources to develop a better understanding of spatial and temporal variations [4,12]. Remotely sensed glacier elevation change refers to the extent of glacier mass balance, which is influenced by the interplay of energy and mass exchanges between the glacier surface and the atmosphere [13,14,15]. These exchanges are influenced by climatic factors and glacier surface properties [16]. The critical factors influencing glacier response to climate change also include the distribution of supraglacial debris thickness. The elevation-based distribution of supra-glacial debris plays a crucial role in determining the rate of glacier melt [17].



The glacier in Central Karakoram displays a situation of general stability, known as the ‘Karakoram Anomaly’, meanwhile a negative net mass balance was reported for the glacier in the HKH region between 2000 and 2016 [14]. A recent study based on laser altimetry and gravimetry estimated a mass balance of (−0.1 ± 0.1 m w.e. a−1) for the period of 2003 to 2019 in the Karakoram region [18], and Fan, et al. [19] estimated a balance from 2000 to 2021. Recent research indicates that anomalous glacier mass balance has likely extended to the adjacent West Kunlun Mountains and Pamir region [20,21]. The specific mass balance measured on HKH glaciers over 2003–2008 was less negative than the global average for glaciers and ice caps outside Greenland and Antarctica of around −0.75 m a−1 [2]. Because of the wide range of contrasting climatic conditions from east to west of the Himalayan range, variability in glacier response within the region is large [2]. Azam, et al. [22] estimated balance mass budgets (0.00 to 0.11 m w.e. a−1) for the Karakoram glaciers since the 1970s, and a more sensitive glacier response to changes in temperature compared to precipitation unlike the central and eastern Himalayas was also reported [23,24]. However, recent studies suggest that regional glacier changes are significantly affected by variations in precipitation [25]. The amount of precipitation in the glacial region required to sustain the existing glacier mass must be greater than the precipitation recorded at valley-based stations and from satellite-derived products [25,26]. Increases in winter temperature and decreasing summer temperature with an increasing number of wet days have been acknowledged [23,27,28]. A slight positive surface mass balance (0.12 ± 0.14 m w.e. a−1) was estimated for Central Karakoram, and eastern Karakoram glaciers displayed a slight negative value (−0.24 ± 0.12 m w.e. a−1) [20]. The surface mass balances of the surge- and non-surge-type glaciers were not statistically different [20]. Zhou, et al. [29] estimated a slight negative mean annual surface mass balance (−0.11 m w.e. a−1) for the entire Karakoram region from 1973 to 2000.



Glacier velocity plays significant role in glacier dynamics by regulating the glacier mass, and climate change can influence the variation in glacier velocity [30]. Understanding the variability of the glacial velocity is viable in comprehending the response of glaciers to climate change and provides information on the probable effects on the glacial hazards as a number of glaciers in the region are known to surge and produce GLOFs [31,32,33]. The once stable and slow-moving glaciers have now become unstable, leading to a series of glacial hazards such as glacial lake outbursts, glacier surges, glacial collapses, and glacial debris flows [34]. Glacier velocity helps in estimating the potential damages associated with glacial movements [35].



The accelerated glacier mass loss in recent decades is expected to reduce the glacier cover in the region. Manual delineation of glacier boundaries in remotely sensed images has been regarded as a precise approach for mapping glacier area change over time [36]. Landsat images from various periods, especially during the melting season, can be utilized to delineate glacier areas. It is essential to select images with minimal snow cover and cloud cover for accurate mapping [37]. Our understanding of the coverage and characteristics of High Mountain Asia remains limited. To calculate glacial length, flow velocities, and area change accurately, precise outlines of glacier extent are necessary [38].



The status of glaciers is primarily influenced by the precipitation and temperature profiles. Additionally, factors such as topographic shading and debris cover play dominant roles in determining glacier mass change [39]. Approximately 10% of the total glacier area in High Mountain Asia is covered by a debris layer. In certain regions like Karakoram and the Himalayas, the ablation zone has extended to around 40% [40]. The Karakoram and Himalayan glaciers, situated in high-altitude regions, are mainly of the valley type, with many covered in debris. The challenging terrain and harsh weather conditions have posed limitations on field-based studies. However, these gaps are being addressed through the use of remote sensing-based satellite data, which allow for studying the glacier parameters effectively [41]. Debris-free glaciers exhibit greater sensitivity to both topographic and atmospheric factors compared to glaciers covered in debris. The application of the Normalized Difference Snow Index (NDSI) on Landsat images facilitated the manual mapping of a debris-covered glacier area [36].



In this study, we analyzed glacier change in the Astak catchment located in the southern Karakoram region, Upper Indus Basin, Gilgit-Baltistan. We investigated glacier mass balance using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Digital Elevation Model (DEM) from 2000 to 2020. Elevation change was estimated using the geodetic method. The glacier area change was estimated using Landsat images from 2000 to 2020, and we also analyzed the change in debris cover and clean ice area changes. Landsat image selection was done carefully, ensuring minimal cloud cover and snow cover when selecting images from the ablation season. Mean temperature, precipitation, and climate anomalies were estimated using ERA5 Land climate data. The velocity of the glacier was estimated using a feature-tracking technique (in Co-registration of Optically Sensed Images and Correlation software) using Landsat images from 2000 to 2020.




2. Study Area


The Astak catchment (35.65°N, 74.90°E to 35.85°N, 75.15°E) is geographically located in the southern Karakoram region, Upper Indus Basin, Pakistan (Figure 1). The geographical location of the Astak catchment within the High Mountain Asia subregion is highlighted in Figure S8. The catchment covers an area of 531.97 km2, with glaciers occupying 163.75 km2 of the basin. The elevation range of glaciers within the catchment varies from 2800 to 7397 m above sea level (m a.s.l.). The catchment is covered by both clean ice and debris-covered glaciers. The largest glacier in the catchment is Kutiah Lungma Glacier, with an area of 51 km2 and measuring 18.5 km in length. In addition to the main glacier, Kutiah Lungma, there are several other smaller glaciers present in the catchment. Goropah Glacier measures 8.7 km in length, and Tuklah Glacier spans 4.8 km in length. The catchment area under discussion has received relatively little attention, although earlier research has documented both the Kutiah Lungma Glacier surge and the subsequent outburst of an ice dam lake in 1953; minor damages to the nearby villages were reported resulting from these events [42,43]. In 1953, Kutiah Lungma Glacier surged 12 km within a span of two months (March to early May), advancing at a rate of 113 m per day [42]. The debris flow event in the Tuklah village in August 1999 damaged the road, water channels, potable water supply, and houses in lower Tuklah (Gamba Tuklah). In 2020, the debris flow in the Rejing village damaged agricultural land. In 2023, the debris flowed towards infrastructure and the residential area, causing severe damage to the infrastructure and the agricultural land. In addition, the debris flow in the Goropah village also damaged the agricultural land and roads.




3. Materials and Methods


3.1. Climate Data and Analysis


Monthly mean temperature and precipitation as well as temperature and precipitation anomalies for the Astak catchment over the period of 2000 to 2020 were extracted from the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) global climate and weather reanalysis v5 (ERA5) data. ERA5 Land climate data is a comprehensive global reanalysis gridded dataset derived from the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) with a temporal uncertainty of 3 h and 60 km horizontal resolution [44]. The ERA5 Land reanalysis dataset is obtained by combining physics-based model data with observations from around the world [45]. The uncertainties are lower for recent periods than earlier periods, with an increase in the number of in-situ observation stations and enhanced computational capacity in recent decades. This combination of data sources ensures the ERA5 Land dataset is complete and consistent, allowing the analysis of temperature and precipitation variations. The reanalysis process involved a comprehensive integration of model data and observations worldwide, resulting in a consistent dataset. From this dataset, we extracted temperature and precipitation data for the Astak catchment from the period spanning 1990 to 2020. We used air temperature at 2 m above the land surface (in degrees Celsius (°C)) and total precipitation (mm) for the same period (1990 to 2020). The precipitation data include the accumulated amount of liquid and frozen water, such as rain and snow that falls on the Earth’s surface, while excluding phenomena like fog, dew, or moisture that evaporates before reaching the Earth’s surface.




3.2. Mapping Glacier Area Change


For the estimation of glacier area change, we selected optical satellite images with 30 m spatial resolution from Landsat 4, 5, 7, and 8 for the period of 2000 to 2020 with a temporal resolution of 5 years. Each image was carefully selected to ensure minimal cloud and snow cover during the ablation season. Based on the climate setting of the study area, minimum snow cover is expected to be low during the summer season [46]. We estimated the glacier area change by supervised classification of Landsat images using opensource software, QGIS 3.4.1., followed by post manual digitization of glacier boundaries in the corresponding Landsat image. Post manual delineation of remotely sensed images is regarded as the precise technique for mapping glaciers [36]. Debris cover and clean ice change for the study period were also delineated and analyzed. The supervised classification with the Maximum Likelihood Classifier (MLC) was employed with a suitable number of observed training points to classify debris cover and clean ice. We selected training points from various locations on the glacier, including both clean glacier areas and debris-covered regions, to capture the maximum spectral variation in both classes. To remove the misclassified land features, they were manually excluded during the post manual digitization of the supervised classification results. The method employed in this study has been widely adopted in previous study [47,48]. Details of satellite images used for the estimation of glacier area change are provided in Table S1.




3.3. Estimation of Glacier Surface Elevation Change (SEC)


The geodetic technique, widely employed in prior research, was utilized to estimate the surface elevation change of each glacier [29,49,50]. We adopted the void-free SRTM DEM as our reference dataset. To complement this, ASTER DEMs with a spatial resolution of 30 m were employed. Details of the ASTER DEMs used to estimate glacier elevation change in this study are provided in Table S2. These ASTER DEMs were co-registered with the reference SRTM DEM, using the method developed by [51,52]. The outliers in SEC were identified by a robust regression method [53]. Due to the absence of ground control points for DEM generation, we calculated the Surface Elevation Change (SEC) relative to the reference DEM. After acquiring remote sensing images, we delineated the boundaries of both clean and debris-covered glaciers. These glacier boundaries were then applied to the Digital Elevation Models (DEMs) with a buffer of 150 m, allowing us to estimate the Surface Elevation Change (SEC) of the glaciers. We applied penetration depth corrections for clean ice and subsequently computed the Surface Elevation Change (SEC) separately for the clean and debris-covered parts of the glaciers. Estimating snow and ice penetration depths is challenging due to density variations. To address this issue, we applied the penetration depth correction method introduced by [51] for the Himalayas and upper Indus basin. This correction accounts for density variations and yields a value of 3.4 m for the C-band in SRTM DEM, which is elevation-dependent. By analyzing the temporal and spatial variations of the Surface Elevation Change (SEC), we aimed to identify any potential influence of glacier SEC on glacial hazards. We used a mean glacier density value of 850 kg/m3 [54]. This value is commonly employed in glacier mass balance studies in the region [18].




3.4. Estimation of Glacier Velocity


Monitoring mountain glacier velocity serves as a valuable approach to detecting environmental changes and understanding the dynamics of glaciers [55]. In order to assess potential changes in glacier surface velocity between 2000 and 2020, we calculated annual glacier velocities by using feature-tracking techniques on optical satellite images. Details of the Landsat images used for the estimation of glacier surface velocity are given in Table S3. We utilized optical satellite images with a resolution of 30 m. Image-to-image correlation was employed to derive surface velocities, and the processing was performed using Co-registration of Optically Sensed Images and Correlation software, a widely-used tool in glacier surface velocity estimation in previous studies [56].



The correlation involves a two-step procedure: initially operating at a multipixel level, it utilizes the correlation matrix of the images to ascertain the shift between them. Subsequently, the second step functions at a subpixel scale, employing phase correlation to estimate the slope difference based on the Fourier shift theorem. Through the implementation of surface feature tracking, the displacement of the surface feature was computed, co-registered, and correlated. According to [57], the estimated glacier displacement accuracy using the adopted feature-tracking method is reported to be approximately a quarter of a pixel. To estimate velocities, we utilized high-resolution orthorectified Landsat images with minimal cloud and snow cover, ensuring a temporal resolution of ≤1 year.



For optimizing the accuracy of estimated velocities, we employed initial and final statistical correlation windows of 64 × 64 pixels, employing a frequency correlation engine along with X and Y step values of 2 for Landsat MSS and Landsat 5 images with a spatial resolution of 30 m. In the case of Landsat 7 and 8 images, correlation windows of 64 × 64 pixels and 32 × 32 pixels were used, and a mask threshold of 0.9 was applied for noise reduction. The surface velocity was calculated based on the resulting north–south and east–west displacements. To eliminate noise and anomalies from the resultant velocities, a nonlinear mean filter was utilized.





4. Results


4.1. Glacier Area Changes


The glacier area in the Astak catchment has slightly reduced and can be observed in Figure 2 and Figure 3, and most of the changes are observed towards the terminus of all glaciers. The total changes in the glacier area of the catchment are estimated to be approximately −1.08 km2 from 2000 to 2020. During this period, the terminus boundary of Kutiah Lungma Glacier remains unchanged, while the terminus areas of Goropah and Tuklah Glaciers have slightly decreased. Kutiah Lungma Glacier has undergone an area change of −0.5 km2. Similarly, Goropah Glacier has experienced an area change of −0.32 km2 during the same period. Tuklah Glacier area has reduced by −0.24 km2, also presented in Figure 2.



The proportion of debris-covered ice to clean glacier ice has experienced variations over the study period. In the year 2000, this proportion was 35 km2 of debris-covered ice to 70 km2 of clean glacier ice. All of the glaciers in the catchment are debris covered towards the lower terminus; the debris-covered part of the glaciers extends up to the elevation of 5800 m a.s.l., with heavy cover towards the terminus. The debris-covered and clean glacier ice proportion during 2020 compared to 2000 increased by 2.4 km2. This increase in the debris-covered part of glacier ice can be attributed to the change in surface characteristics caused either by the melting of snow and ice or the enhanced accumulation of sediments derived from avalanches, rockfall, and landslides. Temporal variations in glacier area change for the catchment are shown in Figure S7.




4.2. Glacier Mass Balance in the Catchment


Glaciers in the Astak catchment are experiencing negative mass balance. We estimated a negative mass balance of −0.02 ± 0.1 m w.e. a−1 with a mean surface elevation change of −0.02 ± 0.1 m a−1 from the year 2000 to 2020. Glacier elevation change for the entire catchment is shown in the Figure 4 and Figure 5 along with the altitudinal variations in glacier mass balance. Specifically, between 2810 and 3220 m a.s.l., the glaciers experience the most negative mass balance of −0.1 ± 0.05 m w.e. a−1. In the lower elevations between 3675 and 3830 m a.s.l., we estimated a negative mass balance of −0.03 ± 0.10 m w.e. a−1, which can be attributed to the higher temperatures at lower elevations. Altitudinally, glaciers in the catchment show varying glacier mass balances depending on the range of elevation and surface characteristics. As 53% of the catchment area is located above 4500 m a.s.l., which hosts 72% of the glacier area and the glacier area debris covers up to ~5500 m a.s.l., a glacier between 3835 to 5105 m a.s.l. exhibits a slightly positive mass balance of 0.04 ± 0.08 m w.e. a−1. This slightly positive mass balance in this elevation bin is consistent throughout the study period from 2000 to 2020 (Figure 4i,j). In the narrow elevation band of 5110 to 5330 m a.s.l., the glaciers experience a slight loss in mass, with a value of −0.005 ± 0.12 m w.e. a−1. Above the elevation of 5500 m a.s.l., glaciers in the catchment show a consistent positive mass balance of 0.036 ± 0.16 m w.e. a−1. The positive mass gain is prominent above 6000 m a.s.l., i.e., 0.2162 ± 0.0243 m w.e. a−1. Based on the obtained results throughout the study period, the equilibrium line for altitude remains relatively stable, ranging between 5000 and 5300 m a.s.l.



Temporally, glaciers in the catchment do not show any significant variations; however, smaller glaciers show more negative mass balance compared to the large glaciers. The largest glacier in the catchment, Kutiah Lungma Glacier, exhibits a slightly negative mass balance of −0.01 ± 0.07 m w.e. a−1, corresponding to a surface elevation change of −0.015 ± 0.08 m a−1 during the period from 2000 to 2010. In the subsequent time frame of 2010 to 2020, the glacier mass balance is more notably negative compared to the earlier period from 2000 to 2009, measuring −0.012 ± 0.056 m w.e. a−1 and −0.015 ± 0.07 m w.e. a−1, respectively. The equilibrium line altitude for the years 2000 to 2010 was recorded at 5000 to 5300 m a.s.l., while for the period 2010 to 2020, it was approximately 3166 to 3168 m a.s.l. as shown in Figure S2.



Conversely, Goropah Glacier experienced slightly more negative mass balance compared to the Kutiah Lungma Glacier surface elevation changes, i.e., −0.013 ± 0.06 m w.e. a−1 and −0.015 ± 0.07 m a−1, respectively, between 2000 and 2010. In the subsequent period from 2010 to 2020, the glacier mass balance decreased slightly, −0.01 ± 0.04 m w.e. a−1. The equilibrium line altitude for Goropah Glacier between 2000 to 2010 was situated between 5000 and 5200 m a.s.l., and for the period 2010 to 2020, it moved up to 5400 m a.s.l. as shown in Figure S3.



Tuklah Glacier demonstrated a negative mass balance of −0.03 ± 0.05 m w.e. a−1 with surface elevation change between −1.04 ± 0.5 m a−1 and 2.0 m a−1 from 2000 to 2010. Over the subsequent period of 2010 to 2020, the glacier mass balance became slightly more negative, measuring −0.1 ± 0.04 m w.e. a−1, which corresponds to the surface elevation change of −0.08 ± 0.04 m a−1. The equilibrium line altitude (ELA) during 2000 to 2010 was recorded at 4200 to 4500 m a.s.l., whereas for the period 2010 to 2020, ELA fluctuated between 4300 to 4500 m a.s.l., as shown in Figure S4.




4.3. Glacier Velocity


The mean annual velocity of glaciers in the catchment range is between 74 m a−1 for Kutiah Lungma Glacier and 12 m a−1 for Tuklah glacier. Kutiah Lungma Glacier, with a total length of 19 km, shows the maximum velocity between 2 and 8 km from the glacier terminus. The mean annual velocity of Kutiah Lungma Glacier fluctuated between 45 and 80 m a−1 (Figure 6a,b). Progressing further upstream, between 9.82 and 18.72 km, the mean annual velocity ranges from 5 to 20 m a−1. The highest mean velocity is observed for the period of 2000 to 2008, reaching approximately 37 m a−1. The elevation zone between 4000 to 5600 m a.s.l. hosts most of the glacier area, and the mean annual velocity of the glaciers is higher (55 to 80 m a−1) in this elevation bin as shown in Figure 6b. The velocity of Kutiah Lungma-B Glacier adjacent to Kutiah Lungma Glacier, spanning a total length of about 8 km, varies across the glacier upstream. Within 0 to 0.37 km from the terminus, the velocity ranges from 3 to 8 m a−1. Notably, the highest velocity is observed up to 5 km from the glacier terminus, ranging from 32 to 50 m a−1. Ascending to higher altitudes at 5 to 7 km from the terminus, the velocity falls within the range of 2 to 25 m a−1.



The maximum annual velocity of the glacier during the years 2000 to 2012 falls within the range of 16 to 20 m a−1. In the subsequent years from 2000 to 2020, the mean velocity ranges from 5 to 14 m a−1 (Figure S7). Variations in the mean annual velocity of Goropah Glacier, with a total length of 7.9 km, are observed at range of 0 to 1.9 km from the terminus, and the velocity fluctuates between 1.4 and 18 m a−1. Remarkably, the glacier attains its maximum velocity within a distance of 2.2 to 5.4 km from the glacier terminus (Figure S6), with a range of 20 to 50 m a−1. Between the distances of 5.4 to 7.6, the glacier velocity ranges from 2 to 10 m a−1. The highest average velocity is documented during the years 2000 to 2008, falling within the range of 20 to 25 m a−1. Throughout the remaining years within the 2000 to 2020 period, the mean velocity fluctuates between 4 and 17 m a−1 (Figure S6). Tuklah Glacier, with a length of 6 km, exhibits varying surface velocities with a range of 2 to 15 m a−1. The highest surface velocity is observed between 1.7 and 3.3 km from the glacier terminus, ranging from 10 to 18 m a−1. In the upper part of the glacier between 3.7 and 4.5 km from the terminus, the velocity varies from 1.2 to 10 m a−1. The peak mean annual velocity of the glacier is observed during the years 2000 to 2009, within the range of 5 to 10 m a−1, compared to the mean annual surface velocity of 2 to 8 m a−1 during 2000 to 2020. The variation in the Tuklah Glacier’s velocity is shown in Figure S7.




4.4. Climate Change Anomalies


The estimated mean annual temperature for the catchment from 2000 to 2022 remained at 11.7 °C, and the mean annual temperature over the glacier area was estimated to be about −5.8 °C. The highest mean annual temperature was observed during 2009, reaching approximately 12.3 °C in the catchment, while the lowest in 2003 and 2011 was at around 10.5 °C. From 2000 to 2022, the mean annual temperature remained between 10 °C and 12 °C for the catchment. From 2000 to 2009, the temperature remained at 11.58 °C in the catchment and over the glacier area, about −5.61 °C. During 2015 to 2020, we observed an increasing mean annual temperature in the catchment (11.71 °C) and also over the glaciated regions of the catchment (−5.03 °C). Based on the reanalysis climate data from ERA5 Land, we estimated a mean annual temperature anomaly of +0.2 °C to −0.08 °C and precipitation anomaly of −0.8 mm to +0.3 mm in the catchment from 2000 to 2020 compared to the baseline period of 1990 to 2000 (Figure 7). The seasonal temperature anomalies in the catchment show a warming trend during summer and autumn months but a slightly decreasing trend during spring and winter months. During the winter and spring months, we estimated temperature anomalies between 0 °C and 0.25 °C, whereas for summer and autumn, the temperature anomaly was estimated up to 0.50 °C. The precipitation anomalies in the catchment rival the declining precipitation during winter and spring months. The decreasing precipitation during the spring months is more prominent compared to that during winter months (Figure 7e,f).



Across the span of 2000 to 2020, a precipitation anomaly in the catchment is very low, also shown in Figure 7e–h. Based on seasonal precipitation anomalies from 2000 to 2020 compared to the baseline period, the catchment experiences slightly higher precipitation during winter and autumn seasons with slightly higher during the autumn season. Precipitation is in a decline during the spring season, but the changes are not statistically significant.





5. Discussion


Ongoing changes in climatic conditions are expected to have severe consequences on the snow and ice melt characteristics, which ultimately affect the seasonal water availability and the effects of cryospheric hazards in the Hindu Kush Himalaya region [58]. Snow and ice masses in the high mountains of northern Pakistan contribute significantly to streamflow [59,60]. The agriculture-oriented economy associated with the tributaries of the upper Indus Basin irrigation system largely depends on the upstream snow and ice reserves for water availability [1].



Meanwhile, a negative net mass balance has been reported for the High Mountain Asia glaciers between 2000 and 2016 [14]. Some regional anomalies exist, and future cryospheric change is still unknown and needs more localized studies to evaluate glacier dynamics and melt characteristics [2,26]. In the current study, we estimated that the glacier in the Astak catchment are experiencing negative mass balance, which in turn leads to reduced snow and ice reserves. The estimated mass balance of −0.02 ± 0.1 m w.e. a−1 is less negative compared to the regional mass loss in extended High Mountain Asia. Our estimated less negative mass balance for the Astak catchment is consistent with the previous studies in the region. Because of the wide range of contrasting climatic conditions from east to west of the Himalayan range, variability in glacier mass balance within the region is large. Based on the climate data analysis in the current study, the seasonal increasing temperature and expansion of higher temperatures to higher elevations reported in previous studies [61] can be attributed to the negative glacier mass balance in the study area. Changes in the temperature induced by climate change could have significant impacts on the glacier mass balance in the region due to the glacier response in the study area, located in the Karakoram region, which is more sensitive to changes in temperature compared to precipitation, unlike the Central and eastern Himalayas, which was also reported in [23,24]. Increases in winter temperature and decreasing summer temperatures with increasing numbers of wet days have been acknowledged [23,28]. Less negative surface mass balance is estimated for the Central Karakoram and eastern Karakoram glaciers during the first decade of the 21st century (−0.24 ± 0.12 m w.e. a−1) [20]. However, the surface mass balances of the surge- and non-surge-type glaciers were not reported to be statistically different [20]. Zhou, Li and Li [29] estimated a slight negative mean annual surface mass balance (−0.11 m w.e. a−1) for the entire Karakoram region from 1973 to 2000.



Our analysis of glacier mass balance is in agreement with the previous estimates supporting the hypothetical anomalous mass balance behavior, the so-called ‘Karakoram Anomaly’ of positive glacier mass balances [5]. However, we found a slightly reduced glacier area in the catchment that is more visible in the lower elevations towards the terminus of glaciers (Figure 2 and Figure 3). The temperature anomalies show a slightly increasing temperature range in the lower elevations that is more prominent during summer and autumn seasons (Figure 7), which may lead to a reduced glacier area in lower elevations of the catchment. Meanwhile, the reduction in the glacier area is not significant, i.e., −1.08 km2 from 2000 to 2020. Glaciers in the study maintained the surface velocity with no significant variation during the study period of 2000 to 2020. Kutiah Lungma Glacier in the Astak catchment has been reported to surge in the past [32]; however, we did not find anomalies in the glacier surface velocity during the study period, and the glacier has not been reported to surge during the study periods in previous regional studies. In the past two decades, the region has shown balanced to slightly positive glacier budgets and an increase in glacier velocity [21]. The dynamic adjustments with a stable or advancing terminus in response to a positive mass balance are also reported in the region [62]. Dehecq, et al. [63] reported a sustained slowdown of the glacier velocity in regions of ice thinning in HMA, while the Karakoram and West Kunlun regions have experienced slightly accelerated glacier flow despite having stable or thickening glaciers. The slightly positive mass budgets in parts of the Karakoram region are also indirectly confirmed by long-term trends in glacier velocities from 2000–2016. Regional averages for the Karakoram region are on the order of +3.6 ± 1.2% per decade [21]. However, interpreting single glacier-specific velocity variations is challenging due to large seasonal and interannual variabilities induced by various factors such as ice deformation, basal sliding, and variations in flow induced by changes in the glacier ice thermal regime. We observed an increasing trend in the mean annual velocity of Kutiah Lungma Glacier from 2000 to 2020.



Changes in glacier melt and permafrost thaw characteristics play a vital role in the occurrence of disasters in mountainous regions [8,64]. Especially, the regions where human activities often intersect with the mountain cryosphere are at increasing risk, and such occurrences are common in the Hindu Kush Himalaya region [65]. In general, during rain storms, snow/ice melt above a critical discharge threshold, and runoff from low-permeability surfaces mobilizes loose sediments downslope into debris flows [66]. The occurrence and re-occurrence of debris flows in mountainous catchments depend on different factors; these include the presence of and changes in permafrost and glacial moraines and the accumulation of loose sediments on steep slopes [67]. Moraines adjacent to retreating glaciers and the degradation of permafrost in the glaciated region can also serve as significant sources of sediments for debris flows [8]. Future changes in climatic conditions may also potentially affect the glacier flow regime and mass balance. Recent regional studies based on both in-situ measurements and remotely sensed results highlighted the acceleration in glacier mass loss and increasing temperature regimes. The increasing summer and autumn temperatures prolong glacier ablation and can contribute to a more negative glacier mass balance. The enhanced glacier melt in the study area presents a threat to the downstream population, as the majority of the population in the study area settled along the streams from the glacier upstream (Figure 8). The catchment has previously experienced glacial lake outburst floods, erosion, and extreme stream flow (Figure 8c–e). Local authorities reported that the floods during the summer seasons of 1998, 1999, and 2020 caused extensive damages to the infrastructure and agricultural land. The locations of the affected region are highlighted in Figure 8. Similarly, regions along the Himalayas are experiencing glacier-originated disasters [9]. Model projections suggest increasing temperature and significant variations in future climatic conditions, which are expected to have an impact of the glacier melt characteristics [58,68]. Changes in the glacier mass budget and variations in stream flow in the Astak catchment are expected to significantly influence the water availability and cryospheric hazards in the catchment.




6. Conclusions


Based on the estimates of the current study from 2000 to 2020, glacier mass balance in the catchment is slightly negative. However, the glaciers in the catchment maintained a less negative mass balance compared to the glacier mass balance reported in other regions of High Mountain Asia. The glacier area was reduced by only 1.8 km2 during 2000 to 2020 in the catchment, which is only 1% of the total glacier area. We found an enhanced glacier mass loss/negative mass balance during recent years after 2010–2020 compared to 2000–2009, which can be attributed to the increasing temperature and change in precipitation patterns. Increasing seasonal temperature trends during summer and autumn seasons are expected to expand the length of the ablation period, which in turn enhances the glacier mass loss in the catchment. The expanded length of glacier ablation can reduce the accumulation and remove snow and firn from glacier surfaces at higher elevations. We also reported a slightly shifting equilibrium line for altitude that corresponds to the enhanced ablation during summer and autumn seasons. The negative glacier mass balance is also reflected in terms of the glacier area change, which is more dominant at lower elevations towards the glacier terminus. The debris cover and clean ice ratio of the glaciers was approximately the same for the years 2000 and 2020; however, we observed a slight change in between. The estimated glacier velocity over the study period did not show any significant change. Based on the results of the current study, the glaciers have been able to maintain a less negative mass balance, the change in glacier melt characteristics induced by varying climatic conditions could enhance glacier melt, and future changes in climate could turn the less negative mass balance to a negative one. The enhanced glacier mass loss in the catchment poses significant GLOF hazards to the adjacent downstream population along the stream.
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Figure 1. (a) The Astak catchment location with red dot in northern Pakistan. (b) The boundary of the study area (Astak catchment) is highlighted with the black line, and glaciers in the catchment are highlighted with a blue color; the stream network is shown with a blue line. Major glaciers in the Astak catchment are highlighted in panel (b). 
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Figure 2. Altitudinal variations in glacier area change for clean glacier ice are shown in panel (a) and for debris cover, in panel (b). Total glacier area during 2020 is highlighted with a blue line. The total change from 2000 to 2020 is highlighted with a black line in panel (b). 
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Figure 3. Glacier area changes in the Astak catchment from 2000 to 2020. Area changes in the terminus of the glacier are highlighted in the panels (a–c) for Kutiah Lungma Glacier, Tuklah Glacier, and Goropah Glacier, respectively. 
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Figure 4. Variation in glacier mass balance for all the glaciers in the Astak catchment. Subplots in the first column show the spatially distributed glacier mass balance, and the second column shows altitudinal variations in glacier mass balance for each time period from 2000 to 2020. (a,c,e,g) show glacier mass balance for the periods of 2000–2004, 2005–2009, 2010–2014, and 2015–2020, respectively. The color variation corresponds to the color bar in each subplot. (b,d,f,h) altitudinal variations in glacier mass balance, with the shaded area in each subplot indicating the range of error. (i,j) Mean annual mass balance and altitudinal variations in mean annual mass balance from 2000–2020, respectively. 
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Figure 5. (a) Variation in glacier mass elevation change (m) corresponds to the color bar for all the glaciers in the Astak catchment. (b) Altitudinal variations in glacier mass balance (m w.e. a−1). 
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Figure 6. (a) Variations in mean annual surface velocity of Kutiah Lungma Glacier from 2000 to 2020. Distance from the terminus of the glacier is shown on the horizontal x-axis. (b) Variation in mean glacier surface velocity from 2000 to 2020 is shown as the brown line over the corresponding glacier area, with 200 m internal elevation bins shown with blue bars. The range of error in the estimated velocity is highlighted with the brown shaded line. 
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Figure 7. Seasonal temperature and precipitation anomalies for the Astak catchment from 2000 to 2020 compared to the baseline period from 1990 to 2000. (a–d) Temperature anomalies for winter, spring, summer, and autumn months and (e–h) precipitation anomalies for the winter, spring, summer, and autumn months. The boundary of the Astak catchment is shown in black, and glacier boundaries are shown in blue. 
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Figure 8. (a) Areas affected by a flood that originated from glaciers are highlighted with red and black dotted lines, and the settlements of the Astak catchment are shown by the yellow line. (b) Settlements in the Astak catchment are located along the stream from glaciers. (c) Location of the area affected by a previous flood from the Tuklah Glacier catchment during 1999 is highlighted with the red line. (d) Area affected by a flood from the upstream glacier during 1998 is highlighted with the red line. (e) Flood-affected areas during a recent flood in 2020 are highlighted with the red dotted line. 
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