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Abstract

:

Environmental contaminants are becoming a growing issue due to their effects on the cryosphere and their impact on the ecosystem. Mountain glaciers are receding in the HKH region and are anticipated to diminish further as black carbon (BC) concentrations rise along with other pollutants in the air, increasing global warming. Air contaminants and BC concentrations were estimated (June 2017–May 2018). An inventory of different pollutants at three glaciers in Karakoram, Hindukush, and the Himalayas has been recorded with Aeroqual 500 and TSI DRX 8533, which are as follows: ozone (28.14 ± 3.58 µg/m3), carbon dioxide (208.58 ± 31.40 µg/m3), sulfur dioxide (1.73 ± 0.33 µg/m3), nitrogen dioxide (2.84 ± 0.37 µg/m3), PM2.5 (15.90 ± 3.32 µg/m3), PM10 (28.05 ± 2.88 µg/m3), total suspended particles (76.05 ± 10.19 µg/m3), BC in river water (88.74 ± 19.16 µg/m3), glaciers (17.66 ± 0.82 µg/m3), snow/rain (57.43 ± 19.66 ng/g), and air (2.80 ± 1.20 µg/m3). BC was estimated by using DRI Model 2015, Multi-Wavelength Thermal/Optical Carbon Analyzer, in conjunction with satellite-based white-sky albedo (WSA). The average BC concentrations in the Karakoram, Himalaya, and Hindukush were 2.35 ± 0.94, 4.38 ± 1.35, and 3.32 ± 1.09 (µg/m3), whereas WSA was 0.053 ± 0.024, 0.045 ± 0.015, and 0.045 ± 0.019 (µg/m3), respectively. Regression analysis revealed the inverse relationship between WSA and BC. The resulting curves provide a better understanding of the non-empirical link between BC and WSA. Increased BC will inherit ecological consequences for the region, ultimately resulting in biodiversity loss.
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1. Introduction


The Hindukush-Karakoram-Himalaya (HKH) region is frequently called the “water towers of Asia” and are at the forefront of the change in the climate. Furthermore, from the beginning of the 1990s, global glacier loss might be as high as 70% due to anthropogenic sources [1]. Bolch et al. [2] indicated that despite the spatial differences, the loss of the HKH glacier mass appears to be related or somewhat lower than that of other glacial areas. Generally, monsoon in the southeast and westerlies in the northwest, the mass balance patterns from the southeast to the northwest of HKH are contrasted. Nevertheless, the processes affecting Himalayan glaciers are still not well known. Brown et al. [3] suggested that the variations in HKH glacial mass impacting main rivers flow in the HKH that ultimately support more than 1.3 billion inhabitants. The HKH comprises around 52,000 glaciers and covers an area of approximately 60,000 km2. The glacier altitude ranges from 2409 mean above sea level (masl). The highest seasonal snowpack in the HKH area can surpass 1.79 million km2, or 42.9% of the entire area of land [4].



The atmospheric temperature has a rise of approximately between 0.8 and 1.2 °C due to greenhouse gases [5] and the world is at the edge of reaching the threshold of hazardous climate change which implies that study of all possible agents and pollutants is crucial. Apart from long-lived gases, short-lived agents including tropospheric ozone and black carbon are also responsible for climate warming [6]. Tropospheric ozone is formed by the reaction of nitrous oxides and volatile organic compounds which are released from fossil fuels and organic chemicals, respectively [7]. The BC influence on the cryosphere has garnered a lot of interest, according to Ramanathan and Carmichael [8], BC can accelerate melting through a variety of mechanisms, including climatic warming that lower albedo due to its deposition on snow surfaces. The HKH is located close to some of the most significant sources of black carbon, and the proximity to identified transit routes makes it particularly vulnerable [9].



According to the World Resources Institute (WRI), black carbon is the second most significant climate pollutant after carbon dioxide, with total annual global emissions of 7500 Gg yr−1 (with an uncertainty range of 2000–29,000 Gg yr−1) and total annual global climate forcing of approximately 1.1 W m−2 (high uncertainty range 0.17–2.1 W m−2) [5]. Black carbon is a unique carbonaceous material that greatly absorbs forthcoming solar radiations and is produced primarily through incomplete combustion of fuels such as petroleum, biomass, coal, and biofuels. BC is extensively present in the atmosphere, including snow, rain, air, soil, and sediments [10]. BC concentration in the air is the main driver of rapid glacial retreat and major climatic radiative forcing along with the decrease in participation and rise in temperature. BC is mainly characterized by the absorbance of solar radiation and resistance to chemical modification. In the atmosphere, black carbon does not let the trapped solar energy emit back. Consequently, that raises the temperature and timing of glacial runoff. Black carbon has potentially strong impacts on snow cover and glacier melt that leads to positive climate forcing. By depositing onto the snow and ice surface, BC darkens the surface of glaciers and snowpacks by reducing their albedo [10]. However, there is a noticeable lack of field measurements concerning spatial and temporal distribution of BC on inland glaciers of HKH Pakistan with the degree of change in albedo caused by the BC that leads to the accelerated snow and glacier melt.



The complexity and susceptibility of mountain habitats to climate change are well understood [11,12]. HKH are among the mountain systems designated as “critical zones” [12,13]. Due to their high altitude and variable debris cover, alpine glaciers in the HKH are regarded to be particularly vulnerable to climate change [14]. Furthermore, climate forcing is assumed to be a direct cause of such high-altitude geodynamic systems [15,16]. To resolve these glaciological snags, it is necessary to have a fundamental understanding of the feedbacks that exist between climatic forcing and glacier response [17]. This necessitates thorough information on glacier studies and ice volumes, mass-balance gradients, regional mass-balance trends, landscape features, and pollutants such as BC in the air, which can affect albedo and regulate ablation and require consideration.



Few studies have already focused on observations and characterization of BC particles in the region. However, in HKH Pakistan [2,9,10,18,19], current concentrations of BC and albedo were yet to be estimated to find out their possible relationship. Therefore, aiming to have a better understanding of BC concentration in relation to the albedo reduction in different seasons was assumed to be important.




2. Materials and Methods


2.1. Study Site


Pakistan has some of the world’s largest and longest mid-latitude glaciers due to their numerous high mountains and ample precipitation typical of a monsoon climate. Glacierized land is estimated to occupy 15,000 km2 (or 37%) of the high mountains [20]. According to the Intergovernmental Panel on Climate Change report, glaciers in the HKH are melting rapidly [21]. Pakistan has 7253 recognized glaciers [22] and almost all of them are in Gilgit-Baltistan and Khyber Pakhtunkhwa’s northern areas. The global average mass balance of glaciers is indisputably negative [23]. The majority of Himalayan glaciers are losing mass at rates comparable to those seen elsewhere [2,24].



The sites for the current study include three mountain ranges, namely the Himalaya, Hindukush, and Karakoram ranges. These three sites were chosen to investigate black carbon concentrations in relation to solar radiation reflection (albedo) Figure 1.



The Karakoram Mountain glaciers account for roughly 3% of the total in recent times [2,23]. The Passu glacier is located south of the Batura glacier, between 36°27′ N and 36°28′ N, and 74°38′ E and 74°52′ E. It feeds the Hunza River, which flows west to east through northern Pakistan [25]. The sampling site in Passu glacier is located at 74°52′26.94″ E and 36°27′20.10″ N at the elevation of 2640 masl (Figure 1). It was discovered that a large volume of water was trapped beneath the ice near the terminus (tongue) of numerous glaciers, including the Passu glacier, which had already caused outbursts. As a result, the massive volume of water that was constantly expanding was not visible, causing catastrophic damage downstream to human lives, towns, and infrastructure [18].



The Hindukush Range stretches from the Pamir Plateau’s western boundary to the Karakoram’s western edge. Pakistan, Afghanistan, and China are all separated by it. It contains snow-covered mountains that are traversed by a number of glaciers. Noshak (7369 masl) and Tirich Mir (7690 masl) are the highest peaks in the area. The mountain range is drained into Chitral, Kunar, Punjkora, and Swat rivers [16]. The sampling site in the Meragram glacier is located at 72°22′7.56″ E and 36°15′11.94″ N at the elevation of 2345 masl (Figure 1).



The Nanga Parbat massif is the high Himalaya’s northwestern limit with the highest height variation ranging from 1030 masl in the Indus Gorge to 8126 masl at the peak of Nanga Parbat. Raikot Glacier, on Nanga Parbat’s north flank, is about 15 km long and covers 39 Km2. Through substantial fluctuations in the steepness of the glacier profile, the ice tongue drops to 3180 masl [26]. The sampling site in the Raikot glacier is located at 74°35′31.38″ E and 35°24′18.48″ N at the elevation of 2683 masl (Figure 1).




2.2. Temperature, Precipitation, and Humidity


The average temperature in Hindukush, Karakoram, and Himalaya was 9.52, 9.28, and 12.05 (°C), respectively. The highest recorded temperature was 19.71 °C in July 2017 and the lowest was 2.92 °C in January 2018 as shown in Figure 2a. The humidity of the three sites is shown in Figure 2b.



The average precipitation in Hindukush, Karakoram, and Himalaya was 19.78, 6.43 and 10.55 (mm), respectively. The maximum precipitation (60.2 mm) was observed in March 2018 at Hindukush as shown in Figure 3.




2.3. Work Methodology


To estimate the ambient BC in the atmospheric zone, real-time measurement of black carbon mass concentration was conducted for six hours, once a month from June 2017 to May 2018. Air samples were collected using a volumetric sampler at a flow rate of 35 L/min on quartz microfiber filters (WhatmanTM 1851-047 Grade QM-A Quartz Microfiber Filter for Air Sampling, Diameter 4.7 cm Filters, Pore Size: 2.2 µm) and were sent to the Institute of Tibetan Plateau Research, Chinese Academy of Sciences for analysis.



To the real-time particulate matter data directly from the air, Dust Trak DRX Aerosol Monitor 8533 was used. The outdoor metrological parameters were monitored using Kestral Weather Station while Aeroqual 500 series air quality sensor was used to monitor gas emissions including ozone (O3), carbon dioxide (CO2), sulfur dioxide (SO2), and nitrogen dioxide (NO2). The DRI Model 2015 (Multi-Wavelength Thermal/Optical Carbon Analyzer) was used to measure organic carbon (OC), elemental carbon (EC) (also known as black carbon), and temperature-separated carbon fractions on aerosol filter deposits. It has a measurement range of 0.05 to 750 µg carbon/cm2, with a minimum detection limit of 0.43 µg/cm2 for OC and 0.12 µg/cm2 for EC. The methodology of Zhang et al. [27] was adopted for the current study.




2.4. White-Sky Albedo


This study calls for the use of the WSA 16-Day L3 Global 0.05° CMG MCD43C3 Modis product, which has the best quality assurance values. MCD43C3 Collection 6 datasets, which were produced daily with a 16-day accumulation window at 0.05° spatial resolution combinations, were used to extract MODIS shortwave white-sky albedo products (0.05° resolution is approximately 5 km × 5 km on ground). Following that, MODIS Albedo data were obtained, processed, and analyzed to determine its link with black carbon.



The United States Geological Survey (USGS) Earth Explorer website (https://earthexplorer.usgs.gov, accessed on 8 July 2020) has been used to retrieve MODIS MCD43C3 albedo data. Data comprised of 365 days, starting from 1 June 2017, to 31 May 2018, in the form of hierarchical data format (HDF) files. Each HDF file is further comprised of 25 Scientific Datasets (SDS) layers among which 10 layers of BSA, 10 layers of WSA, and five layers of BRDF Albedo qualitative parameters. WSA data of only sampling dates have been processed to establish an association with BC concentrations at the sites. All the data was processed in ESRI ArcGIS software. Data processing mainly includes WSA data extraction from HDF files, clipping of data as per study area boundary, determination of WSA values from extracted data and tabular summarization along with some analysis using MS Excel.




2.5. Data Analysis


The relationship between the dependent variable and one or more independent variables is described using a linear regression model. All of the processes employed in a regression analysis, as well as the results reached, are based on the assumptions of the regression model. The centering predictor variable in the polynomial regression model is useful when there is reason to believe that the connection between two variables is curvilinear, and proposed centering as a technique of reducing multicollinearity.



The polynomial model is maintained as simple as possible in terms of the order. Arbitrary fitting of higher-order polynomials can be a major regression analysis miscalculation. A model that is consistent with data knowledge and its surroundings should be considered. It is always possible for a polynomial of order (n − 1) to pass through n locations, resulting in the discovery of a polynomial of sufficiently high degree that provides a “good fit” to the data. The k-th order polynomial model in one variable is given by


  y =  β 0  +  β 1  x +  β 2   x 2  + … +  β k   x k  + ε  











If    x j  =  x j  ,   j = 1 , 2 , 3 , … . , k   then the model is multiple linear regressions model in k explanatory variables    x 1  ,    x 2  ,   h e n  x k   . So, the linear regression model   y = X β + ε   includes the polynomial regression model. As a result, the same approaches that are used to fit a linear regression model can also be used to fit a polynomial regression model. For example:


  y =  β 0  +  β 1  x +  β 2   x 2  + ε  








or


  E  ( y )  =  β 0  +  β 1  x +  β 2   x 2  + ε  











This is a polynomial regression model with a single variable and called a second order regression model or quadratic model. The coefficients    β 1    and    β 2    denotes linear and quadratic effect parameters respectively.



Second-degree polynomial equation for regression analysis was used to establish and quantify the relationship between variables in a data set. Primary BC data and satellite WSA periodically summarized for three mountain ranges are summarized in Table 1. The resulting second-degree polynomial equations for three sampling sites at Karakoram, Himalaya, and Hindukush, along with cumulative data of BC and WSA using regression, are:



For Karakoram:


y = −0.0023x2 + 0.0116x + 0.0406



(1)







For Himalaya:


y = −0.0054x2 + 0.0408x − 0.0219



(2)







For Hindukush:


y = −0.0077x2 + 0.0541x − 0.0329



(3)







For Cumulative Data:


y = −0.0043x2 + 0.0295x + 0.0052



(4)




where x represents BC and y represents WSA in the above equations as BC has been taken as an independent variable while WSA has been taken as a dependent variable. Coefficient of determination (R2) of second order polynomial for regression are shown in the table below.




2.6. Wind Plots


For a better comprehension of BC data, it is necessary to determine wind drifts. BC in the air is a practice that varies in time and space according to how it moves, spreads, and is removed. As a result, knowledge of the procedure in various scales based on meteorological characteristics is required. The wind rose diagram provides a brief view of wind speed and path distribution at a specified location. Wind path is the representation of wind frequency using color bands interpreting wind speed ranges through a gridding polar coordinate system. Wind rose diagrams are developed to represent the wind blowing frequency from specific directions over a particular stage for three study sites (i.e., Hindukush, Karakoram, and Himalaya) for the sampling period (i.e., June 2017 to May 2018). Data for wind rose plots have been acquired from https://worldweatheronline.com, accessed on 5 August 2020 [28]. Sixteen cordial directions have been used in wind roses such as north, north east, etc., even though they have thirty-two direction sub-divisions. As per measurement of angles (in degree), north, east, south and west correspond to 0°/360°, 90°, 180° and 270° respectively. Wind rose diagrams have been developed in WR plot view software. The distance end to end of every “spoke” about the loop is directly related to the frequency of wind blow from a specific direction per unit time. Every concentric circle signifies a dissimilar frequency, originating from zero at the middle to growing at the outer. Data to generate wind-rose plots have been summarized in Table 2.



A following wind rose represents the wind blowing frequency from specific directions over a particular stage for three study sites during the sampling period (Figure 4).



In the Karakoram, the meteorological conditions were quiet to calm, and at other times the wind velocity was usually greater than 2 m/s. As the annual wind rose shows (Figure 4a), most winds occurred southwards and southwestwards. Furthermore, between sampling duration, the wind was characterized by south-west to southwards directions with average speed remains more than 2 m/s.



In the Himalayas, meteorological conditions were also quiet, and at other times the wind velocity was also more than 2 m/s. As the annual wind rose shows (Figure 4b), most winds occurred southwestwards and northeastwards with an average speed remains above 2 m/s.



In Hindukush, overall meteorological conditions were low to quiet, and at other times the wind velocity was remained around 2 m/s or lower. As the annual wind rose shows (Figure 4c), most winds occurred southwards, northeastwards, and northwards. Wind was dominated by the northward direction wind and average speed around 1.8 m/s to 2 m/s during sampling period.





3. Results


An inventory of different pollutants at three glaciers in Karakoram, Hindukush, and the Himalayas has been recorded for twelve months. The average concentration of ozone recorded in Hindukush, Karakoram, and Himalaya was 26.10 ± 3.11, 25.30 ± 3.68, and 33.03 ± 3.94 µg/m3, respectively (Table 3). The average CO2 concentration (243.03 ± 31.19 ppm) was recorded at Himalaya followed by Hindukush and Karakoram with 191.99 ± 24.64 and 190.72 ± 38.38 ppm concentrations, respectively. Sulfur dioxide followed the same trend with average concentrations 2.01 ± 0.31, 1.59 ± 0.25, and 1.58 ± 0.42 ppm for Himalaya, Hindukush, and Karakoram, respectively. Moreover, the average concentration of nitrogen dioxide was recorded at Himalaya (3.30 ± 0.35 ppm) followed by Karakoram (2.62 ± 0.49 ppm) and Hindukush (2.60 ± 0.27 ppm).



The particulate matter (PM) concentrations were also recorded at the study sites. PM2.5 average concentration recorded at the Hindukush, Karakoram, and Himalayas was 14.75 ± 2.91, 14.28 ± 3.34, and 18.68 ± 3.69 µg/m3, respectively. The average concentration of PM10 at Himalaya was 32.73 ± 2.53, followed by Hindukush (25.86 ± 2.00) and Karakoram (25.58 ± 4.11). Total suspended particles (TSP) followed the same trend with the highest concentration at the Himalayas (88.93 ± 10.20 µg/m3). At the Hindukush and Karakoram, the average concentration was 70.25 ± 8.05 and 68.96 ± 12.32 µg/m3, respectively (Table 4).



Apart from air, black carbon concentrations were also recorded in river water, glacier and snow/rain. The mean BC value at Himalaya in river water was (104 ± 24.40 µg/m3), glacier (21.80 ± 0.78 µg/m3) and snow/rain (67.84 ± 24.40 ng/g). At Hindukush, the concentrations were 82.43 ± 19.27, 15.50 ± 0.71 (µg/m3), and 53.60 ± 19.27 ng/g, respectively. The average concentrations recorded at Karakoram were 79.44 ± 13.79, 15.69 ± 0.96 (µg/m3) and 50.84 ± 15.31 ng/g, respectively (Table 5).



3.1. Black Carbon and White-Sky Albedo


According to the results presented in Table 6, the average BC concentrations with standard deviation were 2.35 ± 0.94, 3.30 ± 1.35, and 2.75 ± 1.29 (µg/m3) for Karakoram, Himalaya, and Hindukush, respectively. Moreover, as BC data was observed monthly from June 2017 to May 2018, the statistical (annual) range of BC values were 3.19, 4.52, and 4.11 which is greater than their respective averages. However, variance remained quite low for the BC concentrations of Karakoram, Himalaya, and Hindukush.



Similarly, Table 6 also summarizes the satellite-based WSA yielding WSA average values of sampling time (same as BC) with a standard deviation of 0.0534 ± 0.024, 0.0451 ± 0.015, and 0.0456 ± 0.019 for the Karakoram, Himalayas, and Hindukush, respectively. Also, in the same period i.e., from June 2017 to May 2018, variance for WSA values remains low for Karakoram, Himalaya and Hindukush. Monthly periodic observed data for BC along with respective satellite-based white-sky albedo starting from June 2017 to May 2018 is given in Table 6.



After performing all the data processing steps following monthly interpolated WSA map has been developed to represent monthly change of WSA within the study area as shown in Figure 5.



To temporally map the monthly values of BC and WSA, the following graphs have been generated to understand the temporal trend of BC and WSA as shown in Figure 5. As it is obvious from Figure 5 that BC for all three ranges remains intact while WSA shows relatively greater dispersion as compared with BC for Karakoram, Himalaya, and Hindukush. It also results that with increasing BC, WSA values decrease. However, there is no existing empirical relationship exists between BC and WSA. It is also obvious from descriptive statistics of the data (Table 6) that variance among WSA is greater than the variance in the BC.



To establish a relationship and to perform numerical analysis for WSA against the BC values, statistical technique of regression has been performed. It is to be noted that BC is considered as an independent variable while WSA is considered as dependent variable. To determine the second-degree polynomial regression curves for Karakoram, Himalaya, and Hindukush, respective values are given in Table 6. Plotting the above data, following graphs have been produced to understand the non-empirical relationship between BC and WSA for Karakoram, Himalaya and Hindukush. It is to be noted that to understand the BC-WSA relationship, the second-degree quadratic equation has been computed of BC values for all three ranges. Initial conditions in the snowpack with different BC concentrations are very similar, leading to almost indistinguishable WSA values. Hindukush showed a relatively more decreasing trend (Figure 6a) of WSA values with increasing BC, Karakoram range shows a slightly decreasing trend (Figure 6b). However, Himalaya (Figure 6c) shows an increasing trend of BC. Nevertheless, the overall trend is a decreasing trend with increasing BC (Figure 6d).




3.2. Wind Trajectories


BC concentrations were measured for a year (June 2017–May 2018) to investigate (1) the diurnal heterogeneity of BC aerosols; (2) the relative dominance of biomass and fossil fuel sources resulting in BC heterogeneity; (3) the role of long-range and mountain wind transport, and overall meteorological influences on BC pollution; and (4) to compare BC concentrations over the HKH region in Pakistan [29]. Since fine particulate matter is transported from low-lying areas by upslope mountain wind, the concentration of fine particulate matter is observed to be high [30]. Since BC aerosols are primarily restricted in this fine size area of aerosols, this up-slope transport of aerosol particles may be well associated with the up-slope transport of BC aerosols. Thus, upslope transport of BC aerosols by mountain wind is found to compensate for the study period’s low anthropogenic activity [29]. During the sampling period, the wind blowing frequency from specific directions was observed as, in Hindukush, overall meteorological conditions were low to quiet, and at other times the wind velocity remained around 2 m/s or lower, with most winds occurring southwards, northeastwards, and northwards. During the sampling period, the wind was dominated by a northerly breeze with an average speed of 1.8 m/s to 2 m/s. The meteorological conditions in the Karakoram were calm to calm, and the wind velocity was frequently greater than 2 m/s. The majority of the winds were from the south and southwest. Furthermore, the wind was characterized by south-west to southwards directions with an average speed of more than 2 m/s between sampling durations. Meteorological conditions in Himalaya were also calm, with wind speeds of more than 2 m/s at times. Most of the winds were from the southwest and north-east, with the average speeds being over 2 m/s.




3.3. Box Whisker Plot


Following Figure 7 shows box and whisker plot of BC showing inter-quartile range and other statistical parameters (as described in Table 6). According to Figure 7a, the variation between BC values was maximum in summer and minimum in summer while in the case of Aledo, variation in values were maximum in winter and minimum in spring as shown in Figure 7b.





4. Discussion


4.1. Effects of Climatic Factors


The HKH is vulnerable to climate change. Air pollutants generated inside and near the HKH magnify the impacts of greenhouse gases and accelerate cryosphere melting via black carbon and dust deposition, monsoon circulation, and rainfall distribution across Asia. There is mounting evidence that a diverse array of airborne pollutants is considerably contributing to glacial retreat while wreaking havoc on the environment’s health, ecosystem, and species. The findings provide a baseline black carbon and associated pollutants concentration that can have a negative impact on climate and air quality and are also ‘temporarily present’ in the atmosphere.



From 1951 to 2014, the air over HKH warmed at a pace of 0.2 °C per decade, with a rate of 0.5 °C per decade at elevations above 4000 m [31]. With the exception of the high-elevation Karakoram Himalayas, several locations have seen decreased snowfall and retreating glaciers during the last half-century, according to the report [3,32].



The total amount of precipitation that falls each year is unlikely to change, but climate change and dust will shorten the melting period, which typically lasts well into the summer, to a few brief spring months. Capturing all of that water in the spring will be difficult for water management, potentially leading to shortages and turmoil for species to survive.




4.2. Particulate Matter


PM 10 and PM 2.5 were not in higher concentration at HKH just a little variation in comparison at three sites. Every year, an estimated 5 billion tonnes of desert dust enter the Earth’s atmosphere. Some of it makes its way to the world’s roof, the HKH, where it warms glaciers and speeds up runoff [33]. During the spring and summer, long-distance transportation of dust particles in elevated aerosol layers is a recurring phenomenon over the Indian subcontinent. Elevated aerosol layers transfer significant volumes of dust to the snow-covered slopes of high-mountain Asia during the snow accumulation season [34]. Furthermore, above 4000 m, the influence of dust on snow darkening is larger than that of black carbon. Few data imply that dust plays a discernible role in the observed geographical heterogeneity of snowmelt and snowline trends over HKH, and they highlight an increasing contribution of dust to snowmelt as the snowline rises with warming [35].




4.3. Gases Emissions at HKH Glaciers (CO2, NO2, SO2, O3)


The HKH glaciers are melting and shrinking due to global warming caused by increased anthropogenic greenhouse gas emissions. The current concentrations for O3, CO2, SO2, NO2 were 28.14 ± 3.58, 208.58 ± 31.40, 1.73 ± 0.33, 2.84 ± 0.37, respectively, and the future scenario could increase current concentrations with the high population density near these glaciers, deforestation, and land-use changes [36]. Many HKH glaciers have retreated by 7.3 m year from 1842 to 1935, and by almost 23% annually in the following four decades [37]. The present glacier melt trends predict that the many perennial rivers that crisscross the Pakistan plain may soon become seasonal due to climate change, affecting the region’s economies. Many Asian glaciers, such as those under 4 km in length in the HKH and Tibetan Plateau, are expected to vanish or shrink by more than 60% [38]. Rai and Gurung [39] has also reported that if the Earth continues to warm at the current rate, glaciers in the Himalaya will likely vanish by 2035, if not sooner. Its current 500,000 km2 will likely fall to 100,000 km2 by 2035. The Intergovernmental Panel on Climate Change (IPCC) report [31] also predicted same that by 2100, the HKH glaciers would have lost between a third and half of their mass. Scientists warn in the literature that HKH regions is warming five to six times quicker than the rest of the world and is also impacting Asian monsoons.



The Integrated Assessment of Black Carbon and Tropospheric Ozone was published in 2011 by the UNEP and the World Meteorological Organization (WMO), and was the first attempt to look at the potential to slow global warming by reducing particle pollution (black carbon) and ozone precursors. These pollutants, which were previously thought to be just conventional air pollutants, have a short-term impact on climate change [9,40].




4.4. Black Carbon


The in-situ observations of BC concentrations in precipitation, river water, and in the air from the HKH over three glaciers were the focus of this research. Results demonstrate that average BC concentrations in the air were lower than those reported for Indian and Nepalese sites [31]. In the 2017–2018 seasons, BC in the air from the glaciers at HKH was summarized in Figure 7. The highest BC levels were observed in summer (May) and the results were consistent with Kostrykin et al. [41], while the lowest was recorded in September. It was consistently low from February to May. According to Ming et al. [42], BC concentrations can be boosted by closeness to sources as well as melting, which lowers WSA. Due to variances in BC emissions or depositions, BC concentrations in the southeastern HKH glaciers were almost equivalent to those in the Tibet Plateau (TP) but were lower than those in Tien Shan and the northern TP [43,44]. In general, BC values in the high mountains of Asia are significantly greater than as compared with northern Greenland surface snow [45], alpine [46], and arctic [47] ice cores.



The amount of black carbon in the atmosphere varies throughout the year, directly altering the absorbance of solar radiation [48]. At Passu (Karakoram), BC concentrations were calculated as 2.39 µg/m3 in winter, 3.34 µg/m3 in spring, 2.48 µg/m3 in summer, and 1.05 µg/m3 in autumn. At Raikot (Himalaya) it was 1.97 ug/m3 in winter, 4.41 µg/m3 in spring, 4.45 µg/m3 in summer, and 2.55 µg/m3 in autumn. At Meragram (Hindukush) BC values were 1.86 ug/m3 in winter, 4.24 µg/m3 in spring, 3.49 µg/m3 in summer, and 1.57 µg/m3 in autumn.



The WSA pattern at the HKH glaciers shows an increasing trend from November to January (mean albedo: 0.040), then stays relatively constant in spring (0.051) before rising again in June, July, and August (0.055) and declining in autumn (0.051).



Cloud cover can also influence how much solar radiation a planet absorbs and how much sunlight it receives on its surface. In general, more cloud cover correlates with higher albedo and reduced solar energy absorption, as seen in the summer months, although BC concentration was rather high. Cloud cover has a significant impact on the Earth’s energy budget, accounting for around half of total albedo [49,50]. Although WSA has a slightly inverse association with BC concentrations at HKH (Figure 6d), higher WSA was attributed to a larger proportion of cloud cover presence on sampling dates throughout the summer months. These BC concentrations in the air were later deposited on glacier surfaces (either on ice or snow). As the BC concentration rises, it absorbs more sunlight and diminishes WSA, causing the surface of glaciers to warm.



The findings suggest that the amount of BC in the air at HKH glaciers is likely to be lofted and then deposited, darkening the glacier surfaces, as has been observed at TP and Himalayan glaciers in the vicinity [8,51]. The results of the numerous studies are not always directly comparable due to differences in analytical methodology, sampling dates, and snow conditions. Nonetheless, these studies show a significant variety of BC concentrations across glaciers and localities. Similarly, many other studies such as Gertler et al. [52]; Kaspari et al. [49]; Ming et al. [53] observed that the average snow albedo loss induced by BC at glaciers ranged between 0.27 and 23 percent for the combined effect and were equivalent but recognized as low relevance to diminish the albedo at glaciers.



The amount of black carbon particles in the air varies with precipitation (rain and snow), which is subsequently deposited in ice, reducing snow albedo and influencing melting. Soot produced by incomplete combustion of fossil fuels, biofuels, and biomass is known as black carbon. Burning biofuels produces roughly 20%, fossil fuels produce 38%, and open biomass burning in forests and savannah produces 42% black carbon [54]. A variety of human activities, including industries, cars, biomass burning, forest fires, brick-making, and cook stoves, contribute to the pollution. When BC is released into the atmosphere as a result of these operations, it has the potential to travel vast distances (sometimes into the mountains) and settle on top of glaciers and snow. Once there, the BC lowers the snow’s light- and heat-reflective capability, causing it to melt when the temperature rises due to the absorbed heat energy. The melting of snow and glaciers is accelerated as a result. BC deposition is responsible for up to 50% of the global increase in glacier and snow melt [48].



To address these glaciological concerns, it is necessary to have a good understanding of the feedbacks between climatic forcing and glacier reactions [17]. As a result, substantial data on glacier distribution, volume, mass-balance gradations, and landscape elements impacting ablation are necessary. In the examined area, the connection between black carbon concentration and WSA was anticipated to be inverse, with an increase in existing BC increasing glacier melt. Many studies have shown that BC concentrations can reduce albedo, which can accelerate snow/ice melt and trigger albedo feedback [9,44,49,51,52,55,56,57,58]. In recent years, BC has been identified as one of the most important forcing agents driving regional climate change and general air circulation in recent years, measuring this effect is difficult due to uncertainty [52,59,60,61].



Black carbon particles are mostly derived from fossil fuels and biomass [9]. Black carbon can warm the surroundings due to its capacity to absorb sun light at certain wavelengths. Some estimates suggest that BC has a significant impact on climate, such as reductions in precipitation and positive shortwave radiative forcing in the atmosphere, as the second-strongest climate warming forcing agent after carbon dioxide [8,9,60,61,62]. Other BC particles could have large-scale environmental implications, such as melting of glaciers in the Himalayas and elsewhere [49,51,57,63]. It is likely that even a small amount of BC deposited on a glacier’s surface, whether by dry or wet processes, could reduce radiative forcing efficiency and cause glacial melt via lowering WSA.



The Hindukush, Himalayan, and Karakoram glaciers are melting at a pace of 0.3 m per year in their western parts. In the east, the retreat is three times faster than in the west [49]. According to one study, glaciers around Everest may shrink by 39% to 52% by 2050. Even if we halted global warming immediately, we would lose 20% of Asia’s glaciers [2]. Rapid glaciers and snow melt will cause natural disasters and threaten livelihoods in the mountains and downstream. Changes in hydrology, timing, and water quantity directly affect natural environments. This transformation has increased the vulnerability of wild species and communities in the region. Rapid glacier and snow melt has caused natural disasters and ecological disturbances in the mountains and downstream. The high level of biomass usage and increasing energy demands from coal-fired power plants in South Asia are increasing the quantity of BC circulating through the HKH mountain ranges and threatening to hasten glacier melt [5,19,48,52].



Several studies, including those by Gertler et al. [52] and Yasunari et al. [64] have found that rapid glacier melt may result in an increase in yearly discharge of 11.6 to 33.9 percent if white-sky albedo reduces by 2.0 to 5.2 percent as a result of BC depositions in the HKH region. This process would be accelerated further if melting exposed additional pollutants at the glacier surface or if the melt season were extended as a result of global warming or macroscale air circulations [43,65]. After examining the present BC and WSA concentrations at HKH Pakistan, we can conclude that if the BC content is doubled in future scenarios as a result of increased traffic and industrial growth along with the road infrastructure, glacier melting can accelerate dramatically. Additionally, some earlier BC research revealed that microorganisms, such as the pigmented algae that live in snow and ice, can significantly reduce reflectivity [46,66,67,68]. The relative contribution of biological activity to the darkening of glacial surfaces against inorganic dust and BC remains an unanswered subject [66]. More research on black carbon emissions from biomass burning is certainly needed, especially in light of increased automobile pollution as a result of road infrastructure, human settlements, and industrial expansion.





5. Conclusions


Increasingly, scientists are concerned about environmental pollutants’ behavior and their impacts on the cryosphere. This study examined white sky albedo, air contaminants, and black carbon concentrations. Aeroqual 500 and TSI DRX 8533 have been used to record a variety of contaminants at three glaciers in the Karakoram, Hindukush, and Himalaya regions. Black carbon was estimated using filter sampling and analyzed by DRI Model 2015, a multi-wavelength thermal/optical carbon analyzer, and satellite-based white-sky albedo (WSA) was downloaded from MODIS. The pollutant concentration at HKH was as follows: ozone (28.14 ± 3.58 µg/m3), carbon dioxide (208.58 ± 31.40 µg/m3), sulfur dioxide (1.73 ± 0.33 µg/m3), nitrogen dioxide (2.84 ± 0.37 µg/m3), PM2.5 (15.90 ± 3.32 µg/m3), PM10 (28.05 ± 2.88 µg/m3), total suspended particles (76.05 ± 10.19 µg/m3), black carbon in river water (88.74 ± 19.16 µg/m3), glaciers (17.66 ± 0.82 µg/m3), snow/rain (57.43 ± 19.66 ng/g), and air (2.80 ± 1.20 µg/m3). There were 2.35 ± 0.94 µg/m3, 4.38 ± 1.35 µg/m3, and 3.32 ± 1.09 (µg/m3) of average BC concentrations in Karakoram, the Himalayas, and Hindukush, whereas the satellite-based WSA yields on sampling date (the same as BC) were 0.053 ± 0.024, 0.045 ± 0.015, and 0.045 ± 0.019. The link between WSA and BC was studied using a regression analysis tool. A clearer comprehension of the non-empirical connection between the measured BC and satellite-based WSA is provided by the derived curves. The research findings demonstrated that exogenous pollution has the potential to significantly impact the climatic and environmental conditions in HKH. The findings of this study will be valuable for future research into the interactions of the atmosphere and cryosphere around the world. This research will help Pakistan’s HKH region by providing data and a foundation for future research. In addition to addressing the key scientific problems raised, this study recommends several future research directions.
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Figure 1. The study area of observational sites. 
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Figure 2. Comparative Temperature (a) and humidity (b) variation in Hindukush, Karakorum, and Himalaya. 
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Figure 3. Comparative precipitation variation in Hindukush, Karakorum, and Himalaya. 
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Figure 4. Wind trajectories of Karakoram (a), Himalaya (b), and (c) Hindukush. 
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Figure 5. Monthly average of white-sky albedo. 
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Figure 6. Trend resulting from regression model of BC and WSA (a) Hindukush, (b) Karakoram, (c) Himalaya, (d) cumulative graph of three mountain ranges. 
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Figure 7. Box whisker analysis for WSA (a) and (b) BC. 
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Table 1. Coefficient of determination values for three mountain ranges.






Table 1. Coefficient of determination values for three mountain ranges.





	Hindukush

(R²)
	Karakoram

(R²)
	Himalaya

(R²)
	Cumulative

(R²)





	0.5904
	0.0082
	0.5135
	0.1575
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Table 2. Wind direction at study sites.






Table 2. Wind direction at study sites.





	
Year

	
Hindukush

(Meragram)

	

	
Karakoram

(Passu)

	
Himalaya

(Raikot)




	
Wind Speed

(m/s)

	
Wind

Direction

	
Wind Speed

(m/s)

	
Wind

Direction

	
Wind Speed

(m/s)

	
Wind

Direction






	
Jun-17

	
2.50

	
NNW

	
1.39

	
NNW

	
3.33

	
ENE




	
Jul-17

	
1.66

	
WNW

	
1.11

	
NW

	
5.00

	
ENE




	
Aug-17

	
2.50

	
NNW

	
1.39

	
NE

	
3.05

	
NE




	
Sep-17

	
2.22

	
NNE

	
2.22

	
ENE

	
3.89

	
NE




	
Oct-17

	
3.89

	
SE

	
4.17

	
SSW

	
3.89

	
NE




	
Nov-17

	
1.94

	
NNE

	
3.33

	
SSW

	
3.89

	
ENE




	
Dec-17

	
2.78

	
SSE

	
5.83

	
SSW

	
3.61

	
NE




	
Jan-18

	
3.61

	
SSE

	
9.73

	
WSW

	
3.61

	
SW




	
Feb-18

	
2.22

	
ENE

	
3.61

	
SSW

	
4.17

	
SSW




	
Mar-18

	
3.33

	
NNE

	
3.05

	
SSW

	
5.00

	
SW




	
Apr-18

	
3.05

	
N

	
2.78

	
WSW

	
3.89

	
SW




	
May-18

	
1.39

	
NNE

	
2.78

	
SW

	
3.89

	
SW








Note: The directions of wind N (North), E (East), S (South), and W (West).
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Table 3. Concentration of greenhouse gases at study site.






Table 3. Concentration of greenhouse gases at study site.





	
Gases

	
Sites

	
Jun-17

	
Jul-17

	
Aug-17

	
Sep-17

	
Oct-17

	
Nov-17

	
Dec-17

	
Jan-18

	
Feb-18

	
Mar-18

	
Apr-18

	
May-18

	
Mean

	
SD






	
O3 (µg/m3)

	
Hindukush

	
24.22

	
28.84

	
31.14

	
29.99

	
28.84

	
27.68

	
24.80

	
22.49

	
21.91

	
24.22

	
23.07

	
25.95

	
26.10

	
3.11




	
Karakorum

	
23.74

	
24.51

	
25.09

	
27.89

	
26.82

	
27.68

	
21.48

	
26.99

	
24.11

	
20.59

	
20.99

	
33.74

	
25.30

	
3.68




	
Himalaya

	
30.66

	
36.50

	
39.42

	
37.96

	
36.50

	
35.04

	
31.39

	
28.47

	
27.74

	
30.66

	
29.20

	
32.85

	
33.03

	
3.94




	
CO2 ppm

	
Hindukush

	
153.40

	
216.84

	
211.07

	
149.37

	
155.13

	
213.96

	
205.31

	
206.46

	
200.11

	
195.50

	
199.54

	
197.23

	
191.99

	
24.64




	
Karakorum

	
150.33

	
184.31

	
188.65

	
138.91

	
144.27

	
213.96

	
196.11

	
247.75

	
220.13

	
166.18

	
181.58

	
256.40

	
190.72

	
38.38




	
Himalaya

	
194.18

	
274.48

	
267.18

	
189.07

	
196.37

	
270.83

	
259.88

	
261.34

	
253.31

	
247.47

	
252.58

	
249.66

	
243.03

	
31.19




	
SO2 ppm

	
Hindukush

	
1.53

	
1.28

	
1.41

	
1.27

	
1.26

	
1.72

	
1.85

	
1.99

	
1.86

	
1.70

	
1.64

	
1.56

	
1.59

	
0.25




	
Karakorum

	
1.50

	
1.09

	
1.11

	
1.19

	
1.17

	
1.72

	
1.83

	
2.39

	
2.05

	
1.45

	
1.50

	
2.03

	
1.58

	
0.42




	
Himalaya

	
1.93

	
1.62

	
1.79

	
1.61

	
1.59

	
2.18

	
2.34

	
2.52

	
2.36

	
2.15

	
2.08

	
1.98

	
2.01

	
0.31




	
NO2 ppm

	
Hindukush

	
2.68

	
2.79

	
2.43

	
2.05

	
2.18

	
2.80

	
2.83

	
2.86

	
2.84

	
2.80

	
2.46

	
2.53

	
2.60

	
0.27




	
Karakorum

	
2.63

	
2.37

	
2.42

	
1.91

	
2.03

	
2.80

	
2.79

	
3.43

	
3.13

	
2.38

	
2.24

	
3.29

	
2.62

	
0.49




	
Himalaya

	
3.39

	
3.53

	
3.07

	
2.60

	
2.76

	
3.55

	
3.58

	
3.62

	
3.60

	
3.54

	
3.12

	
3.20

	
3.30

	
0.35
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Table 4. Concentration of particulate matter at study site.
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Pollutants

	
Site

	
Jun-17

	
Jul-17

	
Aug-17

	
Sep-17

	
Oct-17

	
Nov-17

	
Dec-17

	
Jan-18

	
Feb-18

	
Mar-18

	
Apr-18

	
May-18

	
Mean

	
SD






	
PM 2.5

(µg/m3)

	
Hindukush

	
15.57

	
17.88

	
13.84

	
13.84

	
12.69

	
15.57

	
20.18

	
19.03

	
12.11

	
11.53

	
12.69

	
12.11

	
14.75

	
2.91




	
Karakorum

	
15.26

	
15.20

	
15.55

	
12.87

	
11.80

	
15.57

	
11.87

	
22.84

	
13.32

	
9.80

	
11.55

	
15.74

	
14.28

	
3.34




	
Himalaya

	
19.71

	
22.63

	
17.52

	
17.52

	
16.06

	
19.71

	
25.55

	
24.09

	
15.33

	
14.60

	
16.06

	
15.33

	
18.68

	
3.69




	
PM 10

(µg/m3)

	
Hindukush

	
23.64

	
28.84

	
25.95

	
24.22

	
23.64

	
28.26

	
28.26

	
28.26

	
24.80

	
24.22

	
25.37

	
24.80

	
25.86

	
2.00




	
Karakorum

	
23.17

	
24.51

	
25.09

	
22.53

	
21.99

	
28.26

	
24.30

	
33.91

	
27.28

	
20.59

	
23.09

	
32.24

	
25.58

	
4.11




	
Himalaya

	
29.93

	
36.50

	
32.85

	
30.66

	
29.93

	
35.77

	
35.77

	
35.77

	
31.39

	
30.66

	
32.12

	
31.39

	
32.73

	
2.53




	
TSP

(µg/m3)

	
Hindukush

	
67.84

	
80.81

	
68.84

	
65.85

	
62.85

	
75.82

	
83.81

	
81.81

	
63.85

	
61.86

	
65.85

	
63.85

	
70.25

	
8.05




	
Karakorum

	
66.49

	
68.69

	
70.31

	
61.24

	
58.45

	
75.82

	
62.58

	
98.17

	
70.24

	
52.58

	
59.92

	
83.01

	
68.96

	
12.32




	
Himalaya

	
85.88

	
102.29

	
87.14

	
83.35

	
79.56

	
95.98

	
106.08

	
103.56

	
80.83

	
78.30

	
83.35

	
80.83

	
88.93

	
10.20
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Table 5. Concentration of black carbon at study site.
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Black Carbon

	
Site

	
Jun-17

	
Jul-17

	
Aug-17

	
Sep-17

	
Oct-17

	
Nov-17

	
Dec-17

	
Jan-18

	
Feb-18

	
Mar-18

	
Apr-18

	
May-18

	
Mean

	
SD






	
BC River Water

µg/m3

	
Hindukush

	
80.46

	
83.28

	
105.84

	
90.80

	
71.41

	
75.61

	
80.23

	
61.83

	
94.90

	
118.17

	
82.09

	
44.58

	
82.43

	
19.27




	
Karakorum

	
78.85

	
70.78

	
72.45

	
84.45

	
66.41

	
75.61

	
93.00

	
74.19

	
104.39

	
100.45

	
74.70

	
57.95

	
79.44

	
13.79




	
Himalaya

	
101.84

	
105.41

	
133.98

	
114.94

	
90.39

	
95.72

	
101.55

	
78.26

	
120.13

	
149.58

	
103.91

	
56.43

	
104.34

	
24.40




	
BC Glacier

µg/m3

	
Hindukush

	
14.61

	
14.46

	
14.69

	
14.82

	
15.32

	
15.75

	
15.90

	
15.97

	
16.53

	
16.17

	
16.24

	
15.58

	
15.50

	
0.71




	
Karakorum

	
14.32

	
14.81

	
15.16

	
16.21

	
15.37

	
17.44

	
16.39

	
15.62

	
16.35

	
16.72

	
15.44

	
14.41

	
15.69

	
0.96




	
Himalaya

	
21.41

	
22.52

	
21.56

	
22.92

	
20.48

	
21.29

	
22.83

	
22.41

	
22.11

	
21.89

	
21.34

	
20.82

	
21.80

	
0.78




	
BC Snow/Rain

(ng/g) mass

	
Hindukush

	
51.62

	
54.44

	
77.01

	
61.97

	
42.57

	
46.78

	
51.39

	
32.99

	
66.07

	
89.34

	
53.25

	
15.74

	
53.60

	
19.27




	
Karakorum

	
50.59

	
46.27

	
47.36

	
57.63

	
39.59

	
46.78

	
64.74

	
39.59

	
72.67

	
75.94

	
48.46

	
20.46

	
50.84

	
15.31




	
Himalaya

	
65.34

	
68.91

	
97.48

	
78.44

	
53.89

	
59.22

	
65.05

	
41.76

	
83.63

	
113.08

	
67.41

	
19.93

	
67.84

	
24.40
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Table 6. Concentration of black carbon, WSA, and cloud cover at the study site.
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Month

	
Hindukush

(Meragram)

	
Karakoram

(Passu)

	
Himalaya

(Raikot)




	
BC µg/m3

	
WSA

	
Cloud Cover (%)

	
BC µg/m3

	
WSA *

	
Cloud Cover (%)

	
BC µg/m3

	
WSA

	
Cloud Cover (%)






	
Jun-17

	
3.32

	
0.048

	
2

	
2.35

	
0.086

	
11

	
0.054

	
0.044

	
11




	
Jul-17

	
3.18

	
0.050

	
4

	
1.84

	
0.099

	
18

	
0.067

	
0.050

	
18




	
Aug-17

	
2.32

	
0.054

	
5

	
1.55

	
0.085

	
32

	
0.067

	
0.051

	
4




	
Sep-17

	
1.85

	
0.029

	
5

	
0.99

	
0.038

	
61

	
0.037

	
0.030

	
2




	
Oct-17

	
1.29

	
0.023

	
5

	
1.10

	
0.032

	
6

	
0.028

	
0.022

	
0




	
Nov-17

	
1.04

	
0.025

	
50

	
2.71

	
0.028

	
29

	
0.029

	
0.023

	
30




	
Dec-17

	
1.77

	
0.024

	
43

	
2.14

	
0.023

	
11

	
0.027

	
0.052

	
49




	
Jan-18

	
2.31

	
0.069

	
47

	
2.18

	
0.039

	
10

	
0.039

	
0.064

	
17




	
Feb-18

	
2.34

	
0.054

	
47

	
2.53

	
0.052

	
4

	
0.066

	
0.061

	
61




	
Mar-18

	
3.76

	
0.081

	
32

	
3.14

	
0.050

	
6

	
0.055

	
0.071

	
59




	
Apr-18

	
4.71

	
0.058

	
3

	
3.53

	
0.050

	
2

	
0.035

	
0.054

	
2




	
May-18

	
5.15

	
0.032

	
17

	
4.18

	
0.059

	
43

	
0.037

	
0.034

	
29




	
Mean

	
2.752

	
0.0456

	
21.667

	
2.3531

	
0.0534

	
19.417

	
3.3018

	
0.0451

	
23.500




	
Range

	
4.109

	
0.040

	
48.000

	
3.1857

	
0.076

	
59.000

	
4.5196

	
0.058

	
61.000




	
S.D

	
1.296

	
0.019

	
20.340

	
0.9483

	
0.0246

	
18.263

	
1.3527

	
0.0157

	
22.310




	
Variance

	
1.681

	
0.0002

	
413.697

	
0.8993

	
0.0006

	
333.538

	
1.8299

	
0.0004

	
497.727




	
Maximum

	
5.146

	
0.081

	
50.000

	
4.1765

	
0.099

	
61.000

	
5.7474

	
0.067

	
61.000




	
Minimum

	
1.037

	
0.0230

	
2.000

	
0.9908

	
0.0230

	
2.000

	
1.2279

	
0.0270

	
0.000








* White-sky albedo; S.D. Standard deviation.
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