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Abstract

:

Glaciers in the Upper Indus Basin (UIB) in Pakistan are the major source of water, irrigation, and power production for downstream regions. Global warming has induced a substantial impact on these glaciers. In the present study, Landsat images were utilized to evaluate the glaciers for the period from 1990–2020 in the Central Karakoram National Park (CKNP) region to further correlate with climate parameters. The results reveal that glaciers are retreating and the highest (2.33 km2) and lowest (0.18 km2) recession rates were observed for Biafo and Khurdopin glaciers, respectively. However, a minor advancement has also been observed for the period from 1990–2001. More than 80% of glacier recession was recorded between 2009–2020 because mean summer temperature increased at both Skardu and Gilgit meteorological stations, while precipitation decreased at both stations from 2005–2020. The increase in mean summer temperature and decrease in winter precipitation resulted in glacial retreat, which will lead to water scarcity in the future as well as affect the agriculture sector and hydropower production in downstream areas of the Indus River basin.
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1. Introduction


The third-largest ice reserve outside the polar regions is made through the largest mountain glacier chain (Hindu-Kush, Karakoram, and Himalaya: HKH) which is the source of water for 1.3 billion people (20% world’s population) in the HKH region [1,2] however, global warming has had a substantial impact on glaciers in the region. In the last two decades, glaciers in the Himalayan region retreated extensively [3], although it is still unclear which climatic variable is playing a significant role in glacier retreat. Glaciers are considered the prime source of climate change indicators [4]. The climate of the HKH region varies greatly and depends on two different climate regimes in which westerlies influence the northern and western parts while southern and eastern parts are influenced by monsoon [5]. The largest rivers of Asia, including Brahmaputra, Indus, and the Ganges, are fed by these high mountain glaciers [2]. Glaciers in the HKH region are called the water tower of Asia [6]. These water towers are very important for irrigation, human consumption, and hydropower production [7,8] in the downstream region. The mighty Indus river also receives 80 percent of its water from these glaciers [9].



According to an Intergovernmental panel on climate change (IPCC) (2013) report, the global temperature has increased by 0.85 °C since 1980, and it is expected to reach 3.7 °C by the end of this century. Sabin et al. (2020) [10] reported that the mean annual temperature of the HKH region is showing a fast warming trend since the mid-20th century. Krishnan et al. (2019) [11] noticed that the mean temperature of the HKH region increased at a rate of 0.104 °C/decade during the period from 1901–2014. Fowler and Archer (2006) [8] also examined that precipitation or snowfall has reduced in the winter, and the mean temperature of the Upper Indus Basin (UIB) region has increased in the summer. Sun et al. (2017) [12] revealed that cold events have decreased and warm events have increased significantly over the HKH region. The same authors observed that warm nights have increased and cold days have decreased significantly since 1990. Thus, this increasing temperature has been affecting the water tower in the UIB more rapidly than in any other part of the world. On the contrary, in the literature, we have also observed that Karakoram glaciers seem stable or have positive mass balance [13] when most of the glaciers in the world are retreating. Hence, this behavior is usually known as a Karakoram anomaly [14]. The anomalous behavior of Karakoram glaciers is due to their response to atmospheric circulation and intensity of the westerly jet [15] or the advantage of supra-glacial debris, which can reduce the melting rate [16]. Precipitation in the Karakoram region comes from mid-latitude westerlies in the winter and spring seasons; therefore, it works as an accumulation period for glaciers [17].



Globally, glaciers are retreating and this issue has attracted many research groups to address the correlation between global climate change and the cryosphere. Various studies have concluded that glaciers are retreating globally due to climate change. Shafique et al. (2018) [18] concluded that Batura, Gulkin, Passu, and Gulmit glaciers are retreating over time. The authors also concluded that debris-free glaciers are more prone to climate change compared to debris-covered glaciers. Additionally, Imran and Ahmad (2021) [1] concluded that the Khurdopin glacier surges every 20 years, and 0.69 and 0.63 km2 surges were observed in 2000 and 2017, respectively. The authors also observed the 1–4 °C increase in minimum and maximum winter temperature. Mazhar et al. (2020) [19] concluded that the Hispar glacier is retreating at a rate of 1.67 km2/year and, due to warmer temperatures, the glaciers are retreating rather than accumulating. Chowdhury et al. (2021) [20] studied glacier change in the eastern Himalayan region using multi-sensor datasets (Hexagon, Landsat, and Sentinel-2A, Stockholm, Sweden) for the period from 1975–2018. The authors revealed that overall, 17.9 km2 of glacier area retreated in the studied period. The authors observed that in the 21st century, the glaciers are retreating much faster compared to the 20th century. Debnath et al. (2019) [21] conducted a detailed study in Changme Khangpu Basin in the Eastern Himalaya region for the period from 1975–2016. Authors delineated 81 galciers in the region and found that 20% of the glacier area has been lost from the region in the studied period. Kehrwald et al. (2008) [22] concluded that the Naimona Nyi glacier in Tibet has not received any ice accumulation since the mid-19th century. The same authors also reported that in the last 50 years, 80% of glaciers in Western China experienced retreating phenomena. Thus, it is a dire need to monitor glaciers over this time period to analyze the impact of climate change.



For glacier investigation, field campaigns are labor-intensive, expensive, dangerous, and time-consuming due to the remoteness, rugged terrain, and hazardous region that make it difficult to monitor continuously [23]. On the other hand, on-screen, manual digitization of satellite images along with field observation is the most efficient and accurate method but it is also labor-intensive and time-consuming. Alternatively, remote sensing (RS) is a valuable tool for ice and glacier mapping [1,18,23,24]. Through RS, these glaciers can be monitored at regular intervals and it helps to provide a clear picture of glaciers with multitemporal and multispectral data. Therefore, various RS-based indices for ice and snow distribution have been developed to use with multispectral image bands, i.e., normalized difference snow index (NDSI) [24], normalized difference water index (NDWI) [25], normalized difference debris index (NDDI) [26], normalized difference principal component snow index (NDPCSI) [27], and normalized difference snow thermal index (NDSTI) [28]. Among these indices, NDSI has been used in many studies to efficiently detect ice in satellite images because of its satisfactory results with detection in mountain shadows [19,28,29]. Shafique et al. (2018) [18] applied multitemporal Landsat images for glacier mapping using NDSI and compared the results with high-resolution Worldview-2 data and found a 98.57% accuracy in glacier delineation. Burns and Nolin (2014) [30] compared the band ratio with the NDSI method and found that NDSI works best in the detection of ice in the shadowed region. However, the index is too sensitive to debris-covered glaciers to differentiate it from clean ice [10,29]; therefore, to overcome this problem, Paul et al. (2004) [31] used the slope threshold method and, recently, Debnath et al. (2019) [21] successfully near-accurately delineated clean ice and debris-covered glaciers in Sikkim Himalaya with the help of band ratio and composites maps of LST, slope, and NDSI.



Pandey et al. (2018) [32] visually interpreted the Pindari glacier and its snout position and digitized it using multitemporal Landsat images. Bajracharya et al. (2014) [3] evaluated the glacier changes in Bhutan with object-based image classification assisted by manual editing. Imran and Ahmad (2021) [1] studied the Khurdopin glacier using the normalized snow difference index (NSDI), NDWI, and land use/land cover (LULC) and correlated it with climatic variables. However, in the present study, we investigated the Central Karakoram National Park (CKNP) glaciers (Khurdopin, Biafo, Hispar, Panmah, and Virjerab) (Figure 1). The purpose of selecting the glaciers in the CKNP region is that more than 40% of the area inside the CKNP region is covered by glaciers, and 30% of Pakistan’s Karakoram glaciers are in the CKNP region. To investigate the melting ice in the CKNP region, we used NDSI and the slope threshold method for the temporal period from 1990 to 2020 using Landsat satellite data, and we also estimated the changes within glaciers (ice and debris) and correlate them to precipitation and temperature.



Study Area


The HKH region is spread over 2000 km in length from west to east and hosts about 40,000 km2 of ice bodies. In this study, we investigated the heavily glacierized CKNP region in Karakoram, Northern Pakistan (Figure 1). The CKNP region spreads over 13,000 km2 and it was formed in 2009, with more than 40% of the area covered by glaciers. ICIMOD 2013 revealed more than 700 glaciers in the CKNP region with an area of 4632 km2, which is 30% of the total glaciers in the Karakoram range of Pakistan. The CKNP hosts some of the largest Karakoram glaciers, i.e., Biafo, Panmah, and Baltoro. Glaciers in the CKNP region show variations in type, geometry, size, and surface condition (clean ice and debris-covered ice) [7,33]. The area belongs to Hunza and Shigar basins. The annual runoff of these basins is based on glaciers and snowmelt because they are at high elevations [33]. The study area generally depends on two climatic regimes: westerlies in winter and monsoons in summer. With the transitional position of the mighty Nanga Parbat (northwestern Himalaya range) in between, the monsoon wind interrupts a little precipitation and the western disturbance brings heavy precipitation to the Karakoram region [34]. Consequently, the CKNP region is usually affected by winter precipitation [5]. According to Bocchiola and Diolaiuti (2013), three climatic regions belong to Northern Pakistan and the CKNP region is included in the Northwest Karakoram climate. In this region, the average winter and irregular spring and summer rainfall increases from 150–500 mm at 1500–3000 m above mean sea level (MSL) to more than 1700 mm at 5500 MSL, and winter precipitation nourishes the glacier of the HKH region [7].





2. Materials and Methods


The flow diagram of this study is presented in Figure 2, describing the various methods used to achieve the objective of this study. The Landsat data was downloaded from the United States Geological Survey USGS (Available online: https://earthexplorer.usgs.gov/ (accessed on 25 July 2021)) for the glacier inventory. We have extracted topographic parameters from ASTER GDEM. All the acquired satellite images were projected to the WGS (World Geodetic System) 1984 UTM (Universal Transverse Mercator) Zone 43N and the atmospheric correction was performed in the preprocessing step of the methodology using GIS. Later, the processed Landsat bands were used to apply the NDSI and slope threshold method for the glacier inventory; in addition, the area was separately calculated for each year to estimate the pattern of ice distribution. Glacier shapefiles obtained from the Randolph Glacier Inventory (RGI version 6) were used to mask the area of glaciers (Figure 1) [35]. The rainfall and temperature data from 1990 to 2020 for Skardu and Gilgit meteorological stations were obtained from the Pakistan Meteorological Department (PMD). Rainfall was considered for the winter season while temperature was considered for the summer season. Eventually, the maps and graphs were prepared from the extracted information.



2.1. Satellite Imagery


To evaluate the cryosphere temporal changes in the CKNP region, we used Landsat. Landsat data is freely available and easily accessible. The multispectral Landsat has a long archive of satellite images that can be retrieved from the archive of the (USGS) (Available online: https://earthexplorer.usgs.gov/ (25 July 2021)). For the accuracy assessment of the NDSI-classified glacier inventory, we purchased SPOT 7 images from Apollo Mapping Services.



2.1.1. SPOT


SPOT 7 orthorectified images were obtained for two different sites (Figure 3) within the study area to ascertain the accuracy of the glacier inventory obtained from the Landsat satellite because Landsat has 30 m of moderate resolution data. SPOT 6 and 7 satellites are the extension of the SPOT mission and launched successfully on 9 September 2012 and 7 June 2014. Both satellites have a spatial resolution of 1.5 m, pan-sharpened, and 6 m multispectral with a 60 × 60 km wide area image. SPOT images have also successfully been used for glacial studies in previous work [36,37].




2.1.2. Landsat


Series of Landsat images are freely available at 30 m spatial and 16 days temporal resolution, respectively, which makes it an ideal choice for temporal cryosphere studies [38]. The satellite images were acquired for the month of August with the least cloud cover over the study area, which gives us a synoptic view of the study area from 1990 to 2020. (Table 1). The advantageous characteristic of Landsat images from Earth Explorer is that they are already in Level 1T format, thus there is no need for geo-reference and ortho-rectification. The detail of a scene, date of acquisition, sensor name, cloud cover, and spatial resolution of the images are presented in Table 1. The acquired satellite images are projected to WGS 1984 UTM Zone 43N. Burns and Nolin (2014) [30] stated that without atmospheric correction of satellite images, an erroneous calculation of debris-free glacier area are created. Thus, the satellite images were corrected atmospherically and topographically in QGIS using a semi-automatic classification tool (Figure 4). The digital numbers (DN) of the images were converted to the top of the atmosphere radiance (TOA) after radiometric correction.





2.2. Digital Elevation Model (DEM)


In this study, high-resolution ASTER DEM (30 m resolution) was used and we downloaded version 2 of ASTER DEM from USGS (Available online: https://earthexplorer.usgs.gov/ (accessed on 29 July 2021)) to estimate the spatial distribution of glaciers in the CKNP region according to elevation. To do this, we tried to identify the relationship between altitude and glacier changes, which is provenly appropriate for compiling the glacier topographic parameters [39]. The data was used to extract topographical parameters (aspect and elevation) to study glaciers.




2.3. NDSI Calculation


NDSI was proposed by Hall et al. (1995) [24] and has been used efficiently and frequently in many studies for glacial mass mapping [1,19,24,29,40] It has been widely applied to the snow cover of mountainous regions due to its satisfactory results with detection in mountain shadows [27]. NDSI (Equation (1)) was chosen for this study to identify the snow cover by dividing the difference between the Green (Band 2 in L5 and L7, Band 3 in L8) and short-wave infrared bands (SWIR) (Band 5 in L5 and L7, Band 6 in L8). The NDSI value ranges from −1 to +1. Equation 1 was used to identify the snow cover. Various threshold values were used, e.g., ≥0.42, ≥0.5, and ≥0.6, to accurately identify the snow distribution. Thus, in this study, a trial-and-error method [41] was used with an image classification tool in GIS, all of these values were tested, and the results were analyzed using the 1D histogram to evaluate the impact on snow cover mapping of shadowed areas. Eventually, the threshold of ≥0.40 was selected [24]. The same threshold value is reasonably proved in other studies [28,42,43]


  NDSI =     Green   0.53   −   SWIR   1.65       Green   0.53   +   SWIR   1.65        



(1)







NDSI is effective to map the clean ice or glaciers but it creates erroneous results when it is applied to the debris-covered glacier due to its high spatial heterogeneity of the debris cover, which may mix ice and debris cover in optical imagery [31]. If the pixel is dominated by debris in spectral characteristics of imagery, it does not detect ice. In this case, manual delineation is usually possible but sometimes in-depth manual delineation is also not possible. Instead, a semi-automatic method that syndicates multispectral classification with a digital elevation model (slope) is useful for delineating clean ice and debris-covered glaciers [31]. Snow-accumulated areas in the Karakorum range are at a steep slope; however, debris cover is at a gentle slope (<8°) [16]. We used a terrain slope threshold of ≤12° [18] in this study. Eventually, the glacier inventory was prepared by merging the NDSI-delineated and terrain-threshold-delineated boundaries.




2.4. Climatic Data


In this study, we assessed the impact of climate conditions on glacier dynamics. The temperature and precipitation data of Skardu and Gilgit meteorological stations were acquired from the Pakistan Meteorological Department (PMD) for the period from 1990–2020. Temperature was considered for the summer season (May–September) because glacier balance is a difference between accumulation and melting which, is usually known as remaining snow. We only used mean summer temperature in this study. Precipitation was considered for the winter season (Nov–Feb) because snowfall occurs in winter. The mean summer temperature (°C) and mean winter precipitation (mm) data were analyzed with glacier inventory for the corresponding year, i.e., 1990, 2001, 2009, and 2020. We also correlated the clean ice with climatic data (temperature and precipitation) to see the relationship of ice with temperature and precipitation.





3. Results


3.1. Spatio-Temporal Changes in Glacier


The glaciers selected in this study (Khurdopin, Biafo, Hispar, Panmah, and Virjerab) show a retreating trend from 1990–2020 (Figure 5, Figure 6 and Figure 7). The study results reveal that the ice had a decreasing trend from 1990–2020 for all glaciers; however, the debris-covered area consistently increased with time (Figure 5). These decreasing and increasing trends of ice and debris, respectively, can be easily observed in Figure 7a–d. The sub-images in Figure 7 show the enlarged view of circled areas for clear temporal changes. In Figure 8a–d, we understand that the glacier recession rate greatly depends on the weather condition.



The glacier area increased in 2001, which may be due to the increased precipitation observed at the Gilgit meteorological station from 1990–2004 (Figure 8c). However, glaciers started retreating after 2001 and the glacier retreat rate between 2001 to 2009 for Panmah, Hispar, Khurdopin, Virjerab, and Biafo was 7.93, 7.93, 8.08, 2.94, and 15.84 km2 with 0.99, 0.99, 1.01, 0.36, and 1.98 km2/year, respectively (Figure 5). An approximate 80–97% retreat rate was observed in the period from 2009–2020 for all glaciers [20,21] (Figure 5, Figure 6 and Figure 7).



The areal distribution of ice significantly decreased; however, the debris cover area increased from 1990–2020 (Figure 5). The glacier snout variation was not observed because all glaciers are debris-covered, which is why it was difficult to observe it. However, it may be possible with high-resolution satellite images. Throughout the study period, the snout position of all glaciers was consistent due to a layer of debris; nevertheless, the area of ice inside the glacier melted.




3.2. Glacier’s Inventory Accuracy Assessment


The Landsat-derived glacier inventory was evaluated with high-resolution SPOT 7 (1.5 m spatial resolution). An example of NDSI-classified ice and debris-covered ice patches is shown below in Figure 9a–h with referenced high-resolution image patches (Figure 9a”–h”). It can easily be seen that Landsat-derived NDSI-classified patches are in positive agreement with the high-resolution images that indicate the accuracy of Landsat and NDSI.



This observation also confirms that the 0.40 threshold performs very well, which is consistent with a previous study [44]. However, a recent study conducted by Tong et al. (2020) [40] concluded that the NDSI threshold is sensitive to snow depth, and seasonal and elevation changes. The same author also revealed that the NDSI threshold range between 0.2–0.4 results in somewhat similar mapping accuracy at various snow depths. The author suggested that seasonally and elevation-affected accuracy can be overcome by using a 0.2 NDSI threshold value, which can increase to 3–10% accuracy for the months of January–March above 900 MSL.



We also calibrated the Landsat-derived NDSI images using high-resolution SPOT 7 images as shown in Figure 10. We converted the NDSI-classified images from raster to vector, overlaid the polygons on the satellite image, and inspected the NDSI outlines with the ones drawn on the SPOT 7 satellite images. We found very little difference between them, which is visible in Figure 10, and the difference between areas is also shown in Table 2 below. Thus, NDSI-derived glacier boundaries are acceptable, which is also found in other studies [18,30].




3.3. Climatic Factors and Glacier Changes


To understand the relationship between climate factors and glacier changes, we used winter precipitation and summer temperature. Precipitation and temperature data for 31 years (1990–2020) were taken from the Pakistan Meteorological Department (PMD) (see Figure 1 for the location of meteorological stations). The climate pattern was estimated to build its relationship with glacier dynamics. The trend of mean summer temperature and mean winter precipitation was evaluated for Skardu and Gilgit meteorological stations, as both meteorological stations lie within the vicinity of the CKNP region. Linear regression analysis was performed using Microsoft Excel for the linear trend and the Mann–Kendall (MK) test was also used for trend estimation with a 95% significance level [45].



The MK trend test revealed that there was no significant trend in mean summer temperature and mean winter precipitation of Gilgit and Skardu stations; nonetheless, a mix of increasing and decreasing trends were observed in the precipitation and temperature data of Skardu and Gilgit meteorological stations. It was observed that precipitation at Gilgit and Skardu station increased by (0.22 mm/year) and decreased by (−1.40 mm/year), respectively, from 1990–2004. In the same period, the temperature at Gilgit and Skardu stations have a decreasing trend (−0.083 and −0.04 °C/year, respectively) (Table 3). Therefore, we can say that by observing the conditions of temperature and precipitation from 1990–2004, the clean ice area increased in 2001 because the temperature decreased at both stations while precipitation increased at Gilgit meteorological station. Linear regression analysis was also applied to both climatic variables and we observed that precipitation decreased at the Skardu meteorological station by −1.14 mm/year in the winter season from 1990–2004; on the contrary, for the same period, the rainfall at the Gilgit meteorological station showed an increasing trend of 0.03 mm/year (Figure 8c and Table 3). In addition, the linear regression results for mean summer temperature revealed a decreasing trend at both Skardu and Gilgit meteorological stations (−0.029 and −0.07 °C/year, respectively) (Figure 8a and Table 3).



It was observed during analysis that about 80% of the glacier retreat was found during the period from 2009–2020 (Figure 7c,d), which is the highest of the total studied period. To clarify the pattern of the glacier recession, the MK test and linear regression methods were also applied for the specified period to reveal the trend. So, it was observed that rainfall at both (Skardu and Gilgit) meteorological stations showed a decreasing trend with values of −0.86 mm/year and −4.89 mm/year, respectively, which is in line with the linear regression trend of the precipitation for both Skardu and Gilgit meteorological stations, with −0.79 mm/year and −4.39 mm/year in the winter season during 2005–2020, respectively (Figure 8d and Table 3). The mean winter precipitation decreased rapidly compared to the previous period (1990–2004). In addition, the MK test was also applied to the mean summer temperature of both Skardu and Gilgit meteorological stations and results reveal that the temperature increased at a rate of 0.006 °C/year and 0.06 °C/year, respectively. Similar results were also observed in linear regression analysis (Figure 8b and Table 3).



We further applied the Pearson correlation coefficient test to clean ice, temperature, and precipitation data (Table 4). It was noted that clean ice and temperature have a negative correlation for all glaciers but the correlation was not statistically significant; meanwhile, it was observed that precipitation and clean ice have a direct relationship. Therefore, we can say from these observations that snow accumulation happens in the winter season due to snowfall while snow melting in the summer season occurs due to a high summer temperature (Table 4).



To evaluate the impact of climate variables (temperature and precipitation) on the glacier area, the glaciers were correlated with the impact of temperature and precipitation (Figure 11). It was observed that, with an increase in temperature, the area of the glacier retreated while increasing precipitation can nourish the snow and accumulate more snow. Therefore, we can see in Figure 11 that when the temperature decreased and precipitation increased, the glacier area increased in the year of 2001. However, as the temperature started rising again and precipitation fell, the glacier area continuously decreased between 2009 and 2020. That is why it was observed that around 80% of the glacier area retreated during the period from 2009–2020 (Figure 11a–e).




3.4. Area-Altitude Distribution


It was necessary to observe the glacier’s area change distribution on elevation classes to understand the relationship between mountain elevation and ice distribution since the topographic parameter is responsible for glacier movement [39]. The glaciers of the CKNP region were mapped at elevation ranges from 3500 to 7745 MSL. More than 85% of the ice is distributed at the elevation range from 4500–6000 MSL (Figure 12 and Table 5). We observed that ice area decreased from 1990–2020 at the elevation ranges of 4500–5000, 5000–5500, and 5500–6000 at a rate of 65.90%, 15.78%, and 2.09%, respectively (Table 5).



Thus, this observation specifies that the ice area at a moderate to high elevation loses more area. The highest change in the ice is observed for the elevation level of less than 4500 MSL for the period from 2009–2020 (60.96%) followed by 4500–5000 MSL (15.43%) (Table 5). Moreover, supra-glacial lakes have been observed at an elevation level of less than 4500 MSL, which is related to a change in debris-covered ice and clean ice (Figure 13). However, no massive loss of ice area was found from 2000 through 2020 for the elevation level greater than 5500 MSL (Table 5).



In this study, we observed that the northeast-facing slope lost maximum ice (26.04 km2) during the period from 1990–2020, followed by the south (24.94 km2) and southwest (21.72 km2), and relatively minimum was lost in the north (12.62 km2), followed by the west (16.07 km2) (Figure 14a). On the contrary, the minimum amount of debris-covered ice increased on the north slope (12.5 km2), followed by the west (15.9 km2), and the highest was observed for the northeast slope (25.8 km2), followed by the south (24.8 km2) and southwest (21.6 km2) (Figure 14b).





4. Discussion


In the present study, we have evaluated the spatio-temporal distribution of the CKNP glaciers in the province of Gilgit Baltistan (GB), with the availability of archived Landsat spatio-temporal images. We found that the satellite data show clear phenomena of glacier changes from the period from 1990–2020 and revealed that it has been continually retreating. The findings of this study are comparable to some of the previous studies in the same region (Table 6) and around the globe, i.e., the Baltoro glacier in the HKH region [42], Tista basin, Sikkim Himalaya [20], Alps region [43,46], Hunza valley [18], and Alaska region [47].



The IPCC (2013) report perceived that the global temperature increased at a rate of 0.85 °C since 1980 and may reach 3.7 °C by end of the 21st century. Pepin et al. (2015) [49] revealed that a mountain’s surface temperature is increasing more rapidly than the global average temperature. Correspondingly, the temperature of northern Pakistan will rise by 0.76 °C/decade for the period from 2011–2050 [50] and Raza et al. (2016) [51] also revealed the variation in day and night temperature. The authors also observed a positive change in the daily mean temperature of GB, which is in line with this study. This study revealed the decrease in precipitation and the increase in mean summer temperature for the reference years ultimately leading to melting of glaciers, which is consistent with the observation of Shafique et al. (2018) [18] for Hunza between 1977–2014.



In this study, area-altitude distribution provided perception into the interaction of the glaciers with various elevation zones. Notably, it was observed that almost 75% of the area on the valley floor is covered by debris-covered ice, which increased in the later years, and the observed increase due to the melting of ice results in the exposure of debris-covered ice [3]. In addition, it was apparent that more than 85% of ice lies in the elevation range of 4500–6000 MSL. However, over time, the area of ice has decreased in the same elevation range except for the year 2009. The changing pattern of ice area was observed due to the changes in precipitation for the particular year. It is to be noted that other studies by Minora et al. (2013 and 2016) [52,53] and Hussain et al. (2019) [54] found similar results compared to the present study. The melting of glaciers has a vast impact on water resources as it leads to water scarcity. Climate variables (temperature and precipitation) are the significant driving factors to disturbing the behavior of glaciers [20]. The present study provides a baseline investigation of glacier health for the last three decades that is useful for observing and predicting the future glacier dynamics and their interaction with climate.




5. Conclusions


In this study, a comprehensive picture of glaciers was drawn for the temporal period from 1990–2020 (31 years) in the CKNP region using ASTER DEM, and multi-temporal Landsat images with climate data were used to evaluate glacier dynamics. The remote sensing-based NDSI index and the DEM-based slope threshold method were used to delineate the clean ice and debris-covered ice, respectively. It was observed that the rate of glaciers varies spatially and temporally. It spatially varies because of the ice thickness and distribution of debris-covered glaciers; on the other hand, it temporally varies due to variations in climatic variables. Some of the significant findings of this study include:




	
The glacier retreat in the CKNP region from 1990–2020 for Panmah, Hispar, Khurdopin, Virjerab, and Biafo was 46.05, 52.91, 5.63, 11.57, and 72.27 km2 with 1.48, 1.70, 0.18, 0.37, and 2.33 km2/year, respectively.



	
The higher recession rate observed for the Biafo glacier is 2.33 km2/year, which is followed by Hispar (1.70 km2) and Panmah with a rate of 1.48 km2/year. The Khurdopin and Panmah glaciers have retreated 5.63 km2 and 11.57 km2 in the last 31 years (1990–2020).



	
From 1990–2001, the glaciers showed a minor advancing trend with 0.33, 0.62, 0.63, 0.12, and 0.82 km2/year for Panmah, Hispar, Khurdopin, Virjerab, and Biafo, respectively, due to increased precipitation at Gilgit station, and the temperature dropped at both stations.



	
In the studied time, almost 80% of the retreating trend was found between 2009–2020. This is possibly due to the dramatic decrease in precipitation of both Skardu and Gilgit meteorological stations with −0.79 mm/year and −4.39 mm/year, respectively, for the period from 2005–2020. In addition, it was also observed that the mean summer temperature increased at both stations at a rate of 0.03 °C/year and 0.053 °C/year, respectively.



	
The rate of glacier area retreat varies in different elevation zones: glaciers are receding at the elevation level of 4500−6000 m; however, the debris-covered ice at low elevation is advancing.



	
More than 75% of the area at the elevation level below 4000 MSL is covered by debris-covered ice.



	
Supra-glacial lakes have been observed below the elevation of 4500 MSL.



	
NDSI, thermal band, and Landsat satellite are very useful to estimate the spatio-temporal ice distribution.








A comprehensive evaluation of glaciers needs to be studied to better understand the state of glaciers. Future studies on regional climate prediction and its relationship with glaciers should be carried out to predict the glacier recession rate because meltwater from these glaciers is of great significance to the downstream region and the amount of water reduction and changes in glaciers can lead to water scarcity. Therefore, studies on glacier dynamics, water resource management, and hydrological planning can play a significant role in water security.
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Figure 1. Location map of the Central Karakoram National Park (CKNP) in Gilgit Baltistan. Glacier boundaries are shown on ASTER 30-m GDEM. The red color boundary inside the encircled area shows the studied area and green dots show the location of Gilgit and Skardu meteorological stations in Gilgit Baltistan. 
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Figure 2. Flowchart of the study. 
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Figure 3. SPOT 7 satellite images with 1.5 m spatial resolution. 
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Figure 4. Landsat 8 OLI image with false color composite (a,b) before atmospheric correction and (c,d) after atmospheric correction. The image also shows much less cloud cover over the study area. 
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Figure 5. Glacier area changes from 1990–2020. (a) Biafo, (b) Hispar, (c) Khurdopin, (d) Panmah, and (e) Virjerab. 
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Figure 6. (a) Glacier area change for the periods from 1990–2001, 2001–2009, and 2009–2020. (b) Overall change from 1990–2020. 
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Figure 7. Glacier inventory of Central Karakoram National Park (CKNP) overlaid on ASTER 30-m DEM; (a) 1990, (b) 2001, (c) 2009, and (d) 2020. The yellow color shows debris-covered ice and the blue color shows clean ice. Encircled areas show the temporal variations in ice and debris-covered ice from 1990–2020 at various spots. 
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Figure 8. Climate variable (temperature and precipitation) time series; (a) temperature from 1990–2004, (b) temperature from 2005–2020, (c) precipitation from 1990–2004, and (d) precipitation from 2005–2020. 
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Figure 9. The images show the accuracy of NDSI compared to SPOT 7 high-resolution images; (a–h) NDSI classified patches from Landsat data, with blue color showing clean ice and yellow color showing debris-covered ice; (a”–h”) SPOT 7 high-resolution patches of the same area, with darker color showing the debris-covered ice and white color showing clean ice. 
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Figure 10. Comparison of images derived from Landsat 8 and SPOT 7 showing debris-covered ice and clean ice outlines at various spots. The black line shows outlines derived from SPOT 7 and the red line shows outlines derived from Landsat 8. S7: SPOT 7, L8: Landsat 8, Overlay: S7 + L8. 
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Figure 11. Correlation of glacier area with temperature and precipitation; (a) Biafo, (b) Hispar, (c) Khurdopin, (d), Panmah, (e) Virjerab. The vertical axis on the left-hand side show glacier area (km2) while the right-hand side of the graph shows temperature (°C) and precipitation (mm). 
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Figure 12. Distribution of ice and debris on different elevations. 
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Figure 13. Supra-glacial lakes with debris-covered ice and clean ice from high-resolution Google Earth image, 2020. Red circles show supra-glacial lakes. 
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Figure 14. Debris and ice distribution on slope aspects (km2); (a) area covered by ice and (b) area covered by debris at different slope aspects for the years 1990, 2001, 2009, and 2020. 
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Table 1. Remote sensing data was used for glacier mapping in this study.
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	S. No
	Acquisition Date
	Sensor
	Satellite
	Spatial Resolution (m)
	Cloud Cover





	1
	7 August 1990
	Thematic Mapper (TM)
	Landsat 5
	30
	<10%



	2
	29 August 2001
	Enhanced thematic mapper plus (ETM+)
	Landsat 7
	30
	10%



	3
	26 August 2009
	Thematic Mapper (TM)
	Landsat 5
	30
	<10%



	4
	25 August 2020
	Operational land imager and thermal infrared sensor (OLI-TIRS)
	Landsat 8
	30
	<10%



	5
	7 August 2020
	
	SPOT 7
	1.5 m (Pan-sharpen)

6 m Multispectral
	5%



	6
	November 2013
	
	ASTER GDEM
	30 m
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Table 2. Comparison between debris-covered ice and clean ice boundaries obtained from SPOT 7 and Landsat 8.
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	SPOT 7 (km2)
	Landsat 8 (km2)
	Difference (km2)
	Accuracy (%)





	Site 1
	1.68
	1.45
	0.23
	86.31



	Site 2
	0.42
	0.69
	−0.27
	60.87



	Site 3
	0.06
	0.07
	−0.01
	85.71



	Site 4
	0.08
	0.07
	0.01
	87.50



	Site 5
	0.04
	0.05
	−0.01
	80.00



	Site 6
	0.066
	0.062
	0.004
	93.95
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Table 3. MK trend test (95% significance) and linear regression of winter precipitation and mean summer temperature from 1990–2004 and 2005–2020.
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Time Series

	
Linear Regression 1990–2004

	
MK Test 1990–2004

	
Linear Regression 2005–2020

	
MK Test 2005–2020






	
Precipitation (mm/year)




	
Skardu

	
−1.14

	
−1.40

	
-0.79

	
−0.86




	
Gilgit

	
0.03

	
0.22

	
−4.39

	
−4.89




	
Temperature (°C/year)




	
Skardu

	
−0.029

	
−0.04

	
0.03

	
0.006




	
Gilgit

	
−0.07

	
−0.083

	
0.053

	
0.06
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Table 4. Pearson correlation of clean ice with temperature and precipitation.
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	Temperature
	Precipitation





	Clean Ice Panmah
	−0.935
	0.802



	Clean Ice Hispar
	−0.915
	0.773



	Clean Ice Khurdopin
	−0.846
	0.835



	Clean Ice Virjerab
	−0.953
	0.836



	Clean Ice Biafo
	−0.940
	0.813
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Table 5. Glacier area and changes at different elevation zones in different years (1990–2020).
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Altitude

	
Glacier Area (km2)

	
Glacier Area Loss %






	
MSL

	
1990

	
2001

	
2009

	
2020

	
1990–2001

	
2001–2009

	
2009–2020




	
<4500

	
107.52

	
121.51

	
94.53

	
36.90

	
13.01 (+)

	
22.20 (−)

	
60.96 (−)




	
5000

	
301.29

	
299.93

	
300.06

	
253.76

	
0.45 (−)

	
0.04 (+)

	
15.43 (−)




	
5500

	
408.3

	
397.08

	
406.18

	
399.77

	
2.74 (−)

	
2.20 (+)

	
1.57 (−)




	
>5500

	
214.34

	
205.54

	
212.20

	
210.62

	
4.1 (−)

	
3.24 (+)

	
0.74 (−)




	
Total

	
1031.46

	
1024.06

	
1012.97

	
901.06

	
0.71 (−)

	
1.08 (−)

	
11.04 (−)








Note: The plus and minus signs represent increasing and decreasing mass balance.
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Table 6. Comparison of the glaciers studied in this research with previous studies.
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Glaciers

	
Period

	
Present Study

	
Previous Studies

	
References




	
Rate (%)

	
Rate (%)

	
Coverage km2

	






	
Panmah

	

	
1.48

	

	

	




	
Hispar

	
1990–2018

	
1.7

	
1.35

	
245

	
Mazhar et al. 2020 [19]




	
1977–2014

	
0.17

	
398

	
Shafique et al. 2018 [18]




	
Virjerab

	

	
0.37

	

	

	




	
Biafo

	
1990–2000

	
2.33

	
0.7

	

	
Gilany and Iqbal 2016 [48]




	
Khurdopin

	

	
0.18
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