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Continuous ground-based observations of aerosols over the Himalayan region are highly beneficial in studying aerosol trends over the complex geographic terrain. This study presents the results from continuous long-term observations (2004–2016) of aerosols over a high-altitude site in the central Himalayas – Nainital, quantifying multihued aspects of black carbon (BC) and columnar aerosol optical depth (AOD). The results reveal that BC and AOD have a positive trend of 23.04 ± 3.00 ng m−3 year−1 and 0.0076 ± 0.0003 year−1, respectively. Simultaneously, a positive trend of 0.0066 ± 0.0059 year−1 is observed in the Angstrom exponent, thus indicating an increase in anthropogenic aerosols. The satellite observations covering a broader region around Nainital also depicted increasing trends in AOD (0.0042–0.0074 year−1), absorbing aerosol optical depth (0.0001 ± 0.0001 year−1) and aerosol index (0.0131 ± 0.0019 year−1), along with a slight decline in single scattering albedo (−0.0004 year−1). These results suggest that aerosols of absorbing nature might have increased over this region in recent times. Investigation of the AOD ratio, obtained from aerosol vertical profiles, revealed an increasing trend in aerosol load below 1 km. The observed trends in aerosols are found to be associated with enhanced biomass burning activity, reflected in terms of the positive trend in fire count ∼38.65 ± 5.88 year−1 over the region.
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1 INTRODUCTION
The Himalayan region comprises an important, diverse, and sensitive ecosystem, which is presently extremely vulnerable due to climate change. In this context, the impact of atmospheric aerosols on the Himalayan environment and climate is a global concern (Wester et al., 2019). The glaciers of the Hindu-Kush–Himalayan (HKH) region are the largest reservoir of freshwater supply to the millions of people living downstream (Molden et al., 2022); however, the accelerated retreating of glaciers (Singh and Kumar, 1997; Meier and Dyurgerov, 2002; Xu et al., 2016; Sharma et al., 2022) has a negative impact on this water supply (Barnett et al., 2005). This problem is further aggravated by an increase in regional warming as evidenced by an observed rise in the long-term near-surface air temperature over the region (Barnett et al., 2005; Garg et al., 2022). Recent studies have revealed the role of light-absorbing aerosols (LAA) in the observed warming (Ramanathan et al., 2007) and retreat of the glaciers in the HKH regions (Thompson et al., 2003; Barnett et al., 2005; Goes et al., 2005; Berthier et al., 2007; Ramanathan et al., 2007). The absorbing aerosols are also known to cause significant implications on snow albedo, regional hydroclimate, cloud properties, and monsoon circulation (Ackerman et al., 2000; Jacobson, 2004; Flanner et al., 2007; Flanner et al., 2009; Ming et al., 2008; Yasunari et al., 2010; Bollasina et al., 2011; Ming et al., 2012; Bond et al., 2013; Nair et al., 2013; Nair et al., 2013; Kaspari et al., 2014.; Vinoj et al., 2014; Yasunari et al., 2015; IPCC, 2021). In particular, black carbon (BC) is characterized by strong and wide absorption in the visible wavelength (Hansen et al., 1984), and its climatic impact has been well-recognized (Bond et al., 2013; Kang et al., 2020). The mass fraction of BC, although constitutes only a few percent (typically less than 10%) (Bond et al., 2013) of the atmospheric aerosols, is found to play a crucial role in the radiation budget and accelerated glacier retreats (Menon et al., 2010; Yasunari et al., 2010) over the Himalayan region. Interestingly, BC deposition has been reported to increase over the Himalayan region in recent times (Kaspari et al., 2011). The studies involving source-receptor modeling suggest that the BC deposits in the Himalayan regions originate from the highly polluted low-lying regions (Kopacz et al., 2011; Lu et al., 2012; Zhang et al., 2015) via free tropospheric transport or due to long-range transport.
To comprehensively evaluate the impact of aerosols and their sources in this region, long-term observations over distinct geographic locations of the Himalayas are extremely crucial. However, ground-based observations are very limited and scanty over the Himalayan region due to the topographic challenge and observational constraints. To fill this gap, model simulations have been used to study the aerosol sources and their transport processes over this region. Although these models provide important information on aerosol processes, yet they are shown to have significant limitations in simulating aerosol absorption over Asia (Myhre, 2013; Shindell et al., 2013), South Asia (Nair et al., 2012), and especially over the snow-covered regions of the Himalayan–Tibetan region (Qian et al., 2011; Sarangi et al., 2019). Several studies have reported an underestimation of aerosols by the chemistry transport model over the Indian region owing to an underestimation of aerosol emissions in the emission inventories (Moorthy et al., 2013). Specifically, large uncertainties in simulating BC mass concentration and its major sources are observed over the South Asian region (Lawrence and Lelieveld, 2010; Menon et al., 2010). The limited comparison of the measured BC over the Tibetan region (Qian et al., 2011), Kathmandu valley (Mues et al., 2018), Indian Himalayas (Bhardwaj et al., 2021), and Himalayan foothills location in the Indo-Gangetic Plain (IGP) region (Joshi et al., 2016) have shown that the models fail to simulate even the seasonal variation of BC over the HKH region. These significant differences have been mainly attributed to the uncertainties in the emissions, initial conditions of BC and meteorological parameters, limitations of the aerosol-chemistry scheme, coarse model resolutions, and other contributing factors. These studies thus emphasize the importance of long-term, ground-based aerosol observations in the Himalayan region.
In this context, continuous long-term (2004–2016) ground-based measurements of aerosols – BC and aerosol optical depth (AOD) – are made over a remote high-altitude site, Nainital (29.4o N, 79.5o E, 1958 m msl) in the central Himalayas. The present study utilizes these rigorous measurements simultaneously with satellite observations to understand the multihued aspects of aerosol emissions over this unique background location in the Himalayas. The decadal-scale continuous datasets are used as a primary dataset to study the inter-annual variability and long-term trends of BC and AOD. In addition, the regional picture of aerosol variation and their trends is presented at a larger domain by utilizing various satellite datasets. The aerosol vertical profiles are used to study aerosol contribution and trends within the boundary layer (below 1 km) and above 1 km. The observed aerosol abundance and their trends are then discussed against the backdrop of regional and local aerosol sources, seasonally changing air masses, and other possible contributing factors.
2 OBSERVATIONAL SITE, INSTRUMENT, AND DATABASE
2.1 Site Description and General Meteorology
Recognizing the importance of ground-based observations over the Himalayan region, the systematic and continuous observations of aerosols were initiated at the Aryabhatta Research Institute of Observational Sciences (ARIES), Nainital (29.4o N, 79.5o E, 1958 m msl) in the central Himalayas (Figure 1A). The observational site is located on a mountain top in the hilly terrain, surrounded by thick vegetation. The site is well below the snowline (Figure 1B); however, it receives occasional snowfall in winter. The high-altitude Himalayan Mountains are on the north and northeast side of the site, while on the south and southwest side, low elevated plain regions merge with the Indo-Gangetic Plain (IGP). The IGP region extends beyond the aerial distance of ∼20 km from the observational site toward the south and southwest of the site. The main town of Nainital is spread in an area of ∼11.73 km2 and is situated due north (∼2 km) of the present observation site.
[image: Figure 1]FIGURE 1 | (A) Location of the observational site ARIES, Nainital (NTL: 29.4°N; 79.5°E; 1958 m msl) in the central Himalayas. The location of country capital Delhi (DLH) is also shown. The surface elevation above the mean sea level (meter) is shown in the color scale. The Indo-Gangetic Plain (IGP) region is also shown, (B) Zoomed topography of the observation site is shown where the high-altitude Himalayas and snowline can also be seen far away, towards the north of the site.
The surface observations of meteorological parameters were made at the site using the Automatic Weather Station (Campbell Scientific Inc., Canada, and Astra Scientific, India). The seasonal and annual variation of temperature and rainfall measurements at the site during the observation period is shown in Figure 2. Hourly data were used to calculate the monthly average temperature and total rainfall. The monthly mean temperature was maximum in May–June (30°C) and minimum during February (−1.5°C). There were few events of snowfall during December–February, which were not regular in all the years. High relative humidity was observed during monsoon (mid-Jun–Aug), while winter (Dec–Feb) usually remains dry. The site receives high rainfall (Figure 2) during July–September. Other details regarding the site and prevailing meteorological conditions have been reported earlier (Pant et al., 2006; Kumar et al., 2011; Naja et al., 2016).
[image: Figure 2]FIGURE 2 | Seasonal variations in the mean temperature (°C), maximum temperature, minimum temperature, and total rainfall during the years 2005–2016 at the observational site, Nainital. Here, the hourly data are used for estimations of monthly mean temperature and total rainfall. The missing rainfall data are shown as not available (NA).
2.2 Methodology
2.2.1 Measurements of Black Carbon
Continuous measurements of black carbon (BC) mass concentrations were made using a seven-channel (370–950 nm) Aethalometer (Magee Scientific, United States). The instrument utilizes the optical measurement technique (Hansen et al., 1984) for BC measurements. In this instrument, ambient air is aspirated, which is then passed to the measurement chamber where the aerosol samples are collected onto a quartz filter paper. The optical attenuation is calculated by passing the light through the blank and the particle-laden quartz filter paper (Hansen et al., 1984). BC mass concentration data are obtained from the absorption coefficient values by utilizing the mass-specific absorption cross-section of 14625/λ (m2 g− 1) for the model of the Aethalometer used in the present study, where λ represents the wavelength (Hansen, 1996). The absorption measurements at 880 nm wavelength were used as a measure of BC in the atmosphere due to the relatively strong absorption at this wavelength compared to other species (Bodhaine, 1995) and have been used widely (Moorthy et al., 2004; Nair et al., 2007; Moorthy et al., 2009; Cheng et al., 2010; Gogoi et al., 2020). This method of BC measurement has shown agreement with other analytic techniques (Hansen et al., 1984). In our present study, the instrument was mostly set to a flow rate of 5 L per minute to aspirate the ambient air at a time resolution of 5 min. The data were then filtered and corrected for ambient temperature and pressure, as mentioned by Moorthy et al. (2004), Moorthy et al. (2007)). BC measurements from the Aethalometer were also corrected for multiple scattering in the quartz fiber matrix of the tape (also called C-factor) and another for ‘shadowing effects’, arising due to the deposition of scattering material along with BC in the filter tape, as mentioned by Weingartner et al. (2003). More details on the instrument and other technical details are the same as mentioned by Pant et al. (2006), Dumka et al. (2010), Joshi et al. (2016), Joshi et al. (2019). The sensitivity and accuracy of the Aethalometer, as reported by the manufacturer, were <100 ng m−3 and 5%, respectively (Hansen, 1996). The uncertainty in BC measurement has been reported to be 20% (Moorthy et al., 2007).
2.2.2 Measurement of Aerosol Optical Depth
Ground-based measurements of aerosol optical depth (AOD) were made using the handheld, multiband MICROTOPS-II (Solar Light Company, United States) sunphotometer. The instrument works on the principle of the Bouguer–Lambert–Beer law and provides AOD at five wavelengths: 380, 440, 500, 675, and 870 nm. MICROTOP is equipped with accurately aligned optical collimators, with a full field view of 2.5°. The instrument is also integrated with internal baffles, which eliminate internal reflections. The interference filters used in all channels, except 380 nm, have a peak wavelength precision of ±1.5 nm and a full width at half maximum (FWHM) band pass of 10 nm. The 380-nm channel has a wavelength precision of ±0.4 nm and FWHM band pass of 4 nm. The instrument was operated only when the region of sky (∼10°) around the Sun was free from clouds in order to avoid cloud contamination in the data (Pant et al., 2006). Following this, the data were collected for clear sky conditions at half-hourly intervals during the daytime, with a minimum of three consecutive observations at a time (within a short span <20 s). Out of these three successive observations, the one with minimum AOD (at 500 nm) has been used for further analysis since the minimum AOD corresponds to the maximum pointing accuracy (Morys et al., 2001; Porter et al., 2001; Ichoku, 2002).
2.2.3 Satellite-Based Observations
Supplementing the ground-based observations, we have also utilized the satellite-based observations in our study. Aerosol optical depth data from satellite-based observations of the Moderate Resolution Imaging Spectroradiometer (MODIS), on board Terra and Aqua, were used. The Dark Target Deep Blue Combined (DTB) products (Levy et al., 2013) of AOD at 550 nm from MODIS Terra (MOD) and MODIS Aqua (MYD) were used to investigate the AOD trend at a regional level (1° × 1°). Along with MODIS, AOD from the Multi-angle Imaging Spectro Radiometer (MISR) (Diner et al., 1998) aboard the Terra satellite was also used for trend estimates. The Ozone Monitoring Instrument (OMI) satellite (Torres et al., 2007) datasets were used to study the absorbing aerosols at a regional scale. The level 3 datasets of absorption AOD (AAOD) at 500 nm and UV Aerosol Index (AI) data at a spatial resolution of 1-degree were also used. The Single Scattering Albedo (SSA) data at 388 nm are studied using OMI level 3 data. Vertical profiles of aerosols were investigated utilizing Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO). The elastic backscatter observations from the satellite observations were utilized at 532 and 1,064 nm channels (Winker et al., 2009). Here, version-3, 5-km horizontal resolution data of the vertical profiles of aerosol extinction coefficients (532 nm) from CALIPSO were studied for the period 2006–2016.
2.2.4 Statistical Method of Trend Calculation
In our present study, we have estimated trends in BC and AOD following Weatherhead et al. (1998), where the annual values of the desired parameter were used. The yearly data (Yt) are modeled as follows:
[image: image]
where [image: image] is the time series of annual mean BC or AOD, t is an index used to denote the yearly data (t = 1, 2, ….T), μ is a constant representing the starting value, ω is the trend, [image: image] is the independent variable representing time in year, and [image: image] is the noise. Nt can be represented by a first-order autoregressive model
[image: image]
where [image: image] is the autocorrelation coefficient (−1 < φ < 1) between [image: image] and [image: image] and [image: image] is the random white noise. The trend estimated by using the least square fit of Yt versus t would yield ω. The standard deviation, σω, is calculated as follows:
[image: image]
where σN is the standard deviation of the noise and n is the total number of years.
The significance of the trend is then assured by considering the ratio |ω/σω|. The trend is considered significant at a 5% significance level or 95% confidence level when this ratio is above 2 (Tiao et al., 1990; Hsu et al., 2012).
3 RESULTS AND DISCUSSION
3.1 Trends in Black Carbon Mass Concentration
The long-term (2004–2016) variation in BC at Nainital (as shown in Figure 3) showed large temporal variability in the hourly, daily, and monthly scales. The hourly values of BC varied as high as ∼9,235 ng m−3 during March–May (MAM), leading to corresponding very high daily mean BC as high as ∼6,540 ng m−3. On a monthly scale, BC showed a maximum of 1,548.2 ± 928.8 ng m−3 in May and a minimum of 483.7 ± 344.1 ng m−3 in August. The annual mean BC during the period under study was found to be 1,073 ± 933 ng m−3. Detailed statistics of the data are given in Table 1. Seasonally, the mean BC during the study period was found to be maximum in spring (March–May), with BC concentration of 1,404.0 ± 793.7 ng m−3, followed by winter (December–February) ∼1,220.8 ± 829.3 ng m−3 and autumn (September–November) ∼ 1,012.9 ± 613.9 ng m−3. BC concentration during summer–monsoon (June–August) was found to be a minimum of ∼660.3 ± 507.7 ng m−3 owing to scavenging caused by extensive rainfall (Figure 2). This reduction in BC due to the arrival of monsoon at the site was also reported by Dumka et al. (2010). Enhancement in BC is observed during spring season as a result of the strong thermal convections in spring, which results in uptake and transport of BC from IGP to the site (Joshi et al., 2016; Joshi et al., 2019). These high concentrations are also a result of transportation activities due to an increase in automobiles and biomass burning activities (Dumka et al., 2010; Kumar et al., 2011). BC observations at this site are reported to have well-defined diurnal variations with a single pronounced peak during late afternoon hours, which are closely associated with the atmospheric boundary layer dynamics (Dumka et al., 2010).
[image: Figure 3]FIGURE 3 | Long-term trend in the observed surface BC mass concentration from December 2004 to December 2016 at Nainital. Here, the temporal variations in the hourly (gray), daily (light blue), and monthly (filled circle in blue) average BC are shown.
TABLE 1 | Average monthly BC during 2004–2016. The standard deviation, median, maximum, minimum, and total count are also shown.
[image: Table 1]With a view to examine the long-term trend in BC at the present site, the annual mean BC at the site is considered. The annual BC at the site shows (Figure 4A) a positive trend of 23.04 ± 3.00 ng m−3 year−1 (relative to the base year 2005) at a 95% significant level. The detailed statistics of the estimated trend in BC are provided in Table 2. The percentage enhancement in BC is found to be 2.5% year−1 (of its value in the starting year 2005). Interestingly, a close examination of the annual values of BC indicates an insignificant positive trend during 2005–2013, as against a quite prominent increasing pattern after the year 2013. This is also clearly seen in the 365 days moving average of the daily mean BC data (Supplementary Figure S1). One possible reason for the change in the pace of BC in the most recent years, especially during 2014–2016, could be the reduced amount of rainfall (annual rainfall ∼565 mm) during this period (Figure 2). The amount of precipitation during the rest of the years (2005–2013), other than the year 2008, was significantly higher (annual rainfall ∼1787 mm). During the year 2008, the rainfall data were not sufficient due to data gap for any conclusion. The statistical association between BC and rainfall for the two distinct periods of ‘2005–2013’ and ‘2014–2016’ clearly shows the effect of rainfall on the observed variability of BC over the study location. The correlation coefficient (R) is relatively higher (R = 0.60) during 2005–2013 than that during 2014–2016 (R = 0.52). Since rain amount exhibits strong seasonality, the association is further examined on a seasonal basis for the full observation period (2005–2016), as shown in Supplementary Figure S2. A clear distinction in the seasonal distribution of BC and rainfall is seen during the 2014–2016 period from that of the previous years. This is very prominent during December–February (DJF) and June–September (JJAS). As can be seen from the figure, the site receives maximum rainfall during JJAS due to the arrival of the southwest monsoon, and during this period, a very good association of BC with rainfall (R ∼ 0.51; Figure S2e) is observed, which clearly indicates that rainfall is the major dominating removal process during this season. During DJF, even though the association between BC and rainfall is statistically not significant, the substantial increase in BC against the reduction in seasonal rainfall during 2015–2016 clearly highlights the role of rainfall on BC, which, in turn, affects the annual values of BC over the observational site. Apart from the inter-annual variability of rainfall, aerosol sources and transport play a dominating role in governing the seasonal variations in BC during spring. Thus, the aerosol sources, transport processes, and removal by rainfall altogether contribute to the observed annual variation in BC at the site.
[image: Figure 4]FIGURE 4 | (A) Annual trend in BC during the years 2005–2016 along with the standard deviation (±1σ from the mean). (B) Seasonal variation in the monthly mean night-time (0,200–0,400 h) and day-time (1,400–1,600 h) BC. (C) Seasonal anomaly in monthly BC calculated for the years 2005–2016.
TABLE 2 | Trend in observed black carbon during 2005–2016. The annual average value of BC and AOD are used for trend estimations. Trend in BC is shown in ng m−3 year−1, while for AOD and AE, the trend is shown in year−1. Trends in aerosol optical depth (AOD) at 500 nm and Angstrom exponent (AE) at 440–870 nm are also shown for the years 2006–2014. The details of the trend statistics are given in the table.
[image: Table 2]In order to assess the contribution of aerosol sources and transport to the observed BC trends, aerosols trends are examined further during day-time and night-time. For this, two distinct time segments (02:00–04:00 h and 14:00–16:00 h) on each of the days are studied, which are considered representatives of night-time low and day-time high BC (Dumka et al., 2010). The contribution from the local emission sources is also evident in the BC diurnal variations at the site. The local emission sources and the aerosols from the valley region get uplifted to the site during the daytime, while most of the aerosols get subsided in the valley region during the night. The temporal variations in day-time and night-time BC (Figure 4B) show large month-to-month variation. The daytime monthly mean BC during the study period was found to be ∼1,489.2 ± 703 ng m−3, while the mean night-time BC during the study period was found to be ∼786.7 ± 394.6 ng m−3. During spring, BC shows large enhancement both in day-time and night-time; thus, the difference in day-time and night-time BC is less, indicating the influence of regional BC emission sources. The difference in day-time and night-time BC is maximum in winter, indicating the strong influence of local sources during day-time and less BC during night-time. This difference is also very less during summer–monsoon due to the scavenging by rainfall, leading to a reduction in overall BC (both day-time and night-time). The estimation of day-time and night-time BC trends revealed a greater trend of 18.84 ± 10.45 ng m−3 year−1 during day-time, as compared to night-time ∼15.29 ± 4.86 ng m−3 year−1. This could be attributed to the fact that the present site receives significant amount of aerosols from the nearby valley regions and other foothill locations during the day-time when the mixing layer depth evolves to its maximum (Joshi et al., 2016). The larger trend in the day-time BC, thus, indicates an enhancement in the transported aerosols from the nearby valley regions along with local sources.
The local and regional effects of aerosol sources are also seen from the monthly (Figure 4C)/seasonal (Figure 5) anomaly in BC, which provides insights into monthly/seasonal changes in aerosol sources from year to year during the study period. The variation in monthly/seasonal anomaly in BC reveals a positive anomaly in BC mostly during March–May (spring), along with mixed behavior during autumn/winter, while mostly negative anomaly was found during the summer–monsoon. This clearly indicates the influence of the seasonal cycle on the observed BC levels from year to year at the site. It is noted that the inter-annual anomaly in BC in winter plays an important role in determining the annual trend in BC during the study period. The positive anomaly in BC is consistent during 2014–2016 (expect that in spring –2014). These seasonal anomalies and their change from year to year are found to contribute to the annual anomaly in BC, as shown in Figure 5E. The observed annual anomaly in BC, thus, explains the observed almost stable trend in BC till the year 2013, while enhancement in years afterward is observed. The seasonal aerosol sources, their transport and seasonally changing air-masses play an important role in governing this observed variation in a seasonal anomaly in BC, which then explains the observed nature of the trend.
[image: Figure 5]FIGURE 5 | Seasonal anomaly in BC calculated from the (A) seasonal mean BC for winter (DJF), (B) spring (MAM), (C) summer–monsoon (JJA), and (D) autumn (SON). (E) Seasonal anomaly in BC is also calculated from the annual mean BC for the years 2005–2016.
We now compare the observed trend in BC at the present site with the reported trends in BC over other Indian locations. There are very few reported studies over the Indian region on the long-term trend using ground-based BC observations. Manoj et al. (2019) have reported the long-term trend in BC over the southernmost semi-urban coastal site, Trivandrum, with a decreasing trend of −75 ± 21 ng m−3 year−1 for the year 2000–2016. The BC trend over the later period 2007–2015 was also reported over the peninsular Indian region, where the trend was again found to be decreasing at a rate of −70 ± 31 ng m−3 year−1. The observed trend in BC over the present site is quite different from that reported over Trivandrum and the peninsular Indian region. Here, it is important to note that BC trends over the urban/semi-urban coastal locations in southern India can be quite different, as compared to the high-altitude locations over northern India, which are in close proximity to the highly polluted IGP region. Interestingly, the BC trend over the urban location, Varanasi, over the central IGP has been reported to show an increasing trend in BC (Srivastava et al., 2019).
The observed rise in BC at the present site is in accordance with the reported enhancement in BC deposition over the Himalayan region in recent times (Kaspari et al., 2011) and the IGP region (Srivastava et al., 2019). It is quite possible that the amount of absorbing aerosols reaching the high-altitude site of the Himalayas might have increased in recent times due to the enhanced anthropogenic sources of aerosols and their transport. In this context, several studies have also reported the transport of BC from the polluted regions to the Himalayan environment (Bonasoni et al., 2010; Decesari et al., 2010; Kopacz et al., 2011; Marinoni et al., 2010; Marinoni et al., 2013). The anthropogenic emissions of BC originating from the Indian plain region were also reported to affect the Himalayan region (Ohara et al., 2007). In a recent study by Ramachandran et al. (2020a), it was reported that BC aerosols were found to dominate the aerosol absorption (≥75%) over the IGP and the Himalayan foothill region based on AERONET data. The atmospheric mixing of BC can further enhance BC absorption, leading to higher mass absorption cross-sections for mixed BC than pure BC (Soni and Gupta, 2022). A significant influence of emissions from IGP to the nearby Himalayas was also reported by Santra et al. (2019) based on a simulation study (using GCM) in which, they reported a decrease in BC distribution due to these emissions toward 30°N at higher altitudes in the Himalayan region, while significant contribution over part of the Himalayan region due south of 30°N was observed. In addition to the effect of long-range transport of aerosols, the increasing BC concentrations, especially in recent years, could be attributed to the variation in local aerosol sources, being modulated by the local meteorological conditions at the site.
3.2 Trends in Aerosol Optical Depth
The variation in columnar abundance of aerosols provides crucial information regarding the total aerosol abundance over the region. Here, the hourly AOD values at 500 nm are used to calculate the daily and monthly mean AOD for the years 2005–2014, as shown in Figure 6A. The variations in daily mean AOD values during the observation period are found to vary from 0.02 to 0.82, while monthly mean AOD varies from 0.19 to 0.52. The seasonal values of AOD show a sharp enhancement in spring (March–May) and lower values in winter (December–February). This is also apparent from the seasonal variation in AOD calculated using 30 and 365 days moving average, as shown in Supplementary Figure S3. The multi-wavelength data of AOD were also used to examine the ‘Angstrom exponent’ (AE), a measure of aerosol size. The least-square fitting method, as mentioned by Ångström, (1964), was used to determine the AE at 440–870 nm. The average AE value during the study period was found to be ∼0.68. The monthly mean AE also shows (Figure 6A) clear seasonal variation from year to year.
[image: Figure 6]FIGURE 6 | (A) Seasonal variation in daily and monthly mean aerosol optical depth (AOD) at 500 nm wavelength and aerosol Angstrom exponent (AE) at 440–870 nm from ground-based data at Nainital during the years 2005–2014. (B) Annual trend in AOD at 500 nm during the years 2006–2014. (C) Annual trend in (AE) at 440–870 nm during the years 2006–2014.
The annual mean AOD and AE are then used to calculate the trend in AOD and AE at the site during 2006–2014. The analysis of annual mean AOD at 500 nm, as shown in Figure 6B, revealed a positive trend of 0.0076 ± 0.0003 year−1 at a 95% significance level. The detailed statistics of the estimated trend are mentioned in Table 2. The annual mean AE (440–870 nm) shown in Figure 6C also shows an increasing trend of ∼0.0066 ± 0.0059 year−1 at a 95% significance level. The positive trend in the AE indicates the enhancement of the fine mode of aerosols, which might be contributed as a result of increased anthropogenic activities over the region in recent times.
The observed AOD trend at Nainital is discussed in the context of the reported AOD trends from the ground-based observations over few other Indian sites. Moorthy et al. (2013) have utilized AOD data from various ground-based networks of observatories (Aerosol Radiative Forcing over India Network, ARFINET) over the Indian region and found that the AOD over this region has increased at a rate of 2.3% (of its value in 1985) per year. This reported rate of increase was found to be more rapid, ∼4%, in the later decade (Moorthy et al., 2013). The major factor of this enhancement was reported to be of anthropogenic origin. The AOD trends were reported at several Indian locations by Babu et al. (2013) which are compared here with the observed AOD trend at the present site as mentioned in Table 3. The reported trends are categorized as island/coastal sites and urban and rural sites and then compared. The observed trend at Nainital (∼0.0076 year−1) is lower than that observed at the other sites mentioned in Table 3. The observed trend in AOD at Port Blair in the Bay of Bengal is ∼0.0097 year−1 from its initial value of 0.29 in the year 2002. The observed annual mean at Nainital (0.149) is also lower than the reported value of 0.29 at Port Blair. The reported AOD trends at another island location, Minicoy, in the Indian Ocean, were seen slightly higher (observed trend in AOD at Minicoy is 0.0208 year−1 from its initial value of 0.22 in the year 2005) than at the present site. The reported AOD trend at other coastal sites, Trivandrum (semi-urban) and industrialized coastal location, Visakhapatnam, was reported to be ∼0.011 year−1 and ∼0.0266 year−1, respectively. AOD trends at a rural location, Dibrugarh, in Northeast India, were also higher (∼0.0135 year−1) than what is observed at the present site. The mean annual AOD observed at Dibrugarh was also quite high (0.3) as compared to that of Nainital (0.14). It is quite evident from the above mentioned comparison that the observational period for which the comparison is made and the base value of AOD against which the trends are estimated need to be carefully assessed before making any comparison in AOD trends with the other sites.
TABLE 3 | Comparison of the AOD trend observed at Nainital site with the reported trends over other Indian sites.
[image: Table 3]Aerosol trends were also reported over several Indian cities by Ramachandran et al. (2012), utilizing satellite observations of the aerosols using the MODIS data. In their study, aerosol trends were found to be different on the spatial and seasonal scale over the Indian region where most of the sites showed positive trends, while some of them also showed negative trends in AOD. Enhancement in aerosol loading was also reported in a few Indian cities, Hyderabad, Bengaluru (due to increased anthropogenic activities and urbanization), and Jaipur, where the increase in aerosol loading was reported to be as high as ∼40%. Aerosol trends were also reported at an IGP location, Kanpur, in a recent study by Ramachandran et al. (2020b), where an overall increasing trend of 0.0082 year−1 has been reported during the years 2002–2017 using AERONET data. The AOD trend of Kanpur was reported to be 0.0049 year−1 using MODIS Terra Combined Dark target and Deep Blue product and 0.0022 year−1 using MODIS Terra Deep Blue product during the same period. The reported trends in AOD using these two satellite datasets over the wider region of IGP (23°N-33°N, 70°E-90°E) were, however, reported to be lower than those at Kanpur with trend values of 0.002 year−1 and 0.0004 year−1, respectively, (from the aforesaid datasets) during the same period (Ramachandran et al., 2020b). An increase in aerosol trends was also reported for the IGP region by Jethva et al. (2019) during winter ∼0.0168 and post-monsoon ∼0.0187, associated with an increase in the agricultural fires along with the fossil fuel emissions.
3.3 Aerosol Trends Over Larger Spatial Scale: Satellite Datasets
3.3.1 Satellite Observations of Aerosol Optical Depth, Aerosol Index, Absorption Aerosol Optical Depth, and Single Scattering Albedo
With an aim to study AOD trends over a larger spatial domain surrounding the present site and extract valuable information regarding the enhancement in the anthropogenic emissions near the foothill regions, we have investigated regional AOD trends using satellite data sets. We have used spatial datasets from satellites over a 1-degree region centered at the present site. This study domain, thus, includes both the Himalayan sites (with less emissions) and some of the adjacent semi-urban sites in foothills regions in the IGP (with fresh emission sources). Here, we have used level-3 data products from MODIS Terra and MODIS Aqua for estimating annual trends in AOD. The long-term variation in regionally averaged AOD (at 550 nm) obtained from MODIS Terra and MODIS Aqua is shown in Figures 7A and B, respectively, which clearly show the inter-annual variations. The observed trend in MODIS Terra and MODIS Aqua shows an increase of 0.0063 ± 0.0004 year−1 and 0.0074 ± 0.0005 year−1, respectively, both of which show close resemblance in the observed trends. These regional trends in AOD, as mentioned in Table 4, clearly show a significant positive trend, indicating an increase in the total columnar abundance of aerosols over this region in the recent times. The AOD trend was also examined from MISR data, which also shows a positive trend 0.0042 ± 0.0005 year−1 (Figure 7C). Here, it is important to mention that the MISR data contain very less data points (maximum numbers of days for which data were available per year was 80 days out of 365 days), which could lead some uncertainty in estimating the trend from MISR data. Overall, the observed positive trends in AOD in this present study using ground data and satellite data are in agreement with the reported positive AOD trends from the satellite data of MODIS, MISR, and AERONET over the South Asian/Indian region (Moorthy et al., 2013; Li et al., 2014; Zhao et al., 2017; Ramachandran et al., 2020b).
[image: Figure 7]FIGURE 7 | Regional picture of aerosol trends over a 1 × 1° grid region, including both the Himalayan site and its adjacent foothill regions for the years 2004–2016. Trend in AOD obtained from (A) MODIS terra at 550 nm, (B) MODIS Aqua at 550 nm, and (C) MISR at 555 nm. Trends in (D) UV Aerosol Index, (E) AAOD at 500 nm, and (F) Single Scattering Albedo (SSA) at 388 nm obtained from OMI data are also shown.
TABLE 4 | Regional estimations of trends over the 1-degree grid box surrounding the present observational site, using satellite datasets for the years 2005–2016. Here, AOD observations from MODIS Aqua, MODIS Terra, and MISR are used. In addition, OMI datasets are used for AAOD and Aerosol Index and Single Scattering Albedo (SSA). CALIPSO datasets are used to calculate AOD ratios over the study domain. The data statistics of the estimated trends are also given.
[image: Table 4]The absorbing aerosols are then studied utilizing OMI level-3 datasets. The UV aerosol index is mainly known to detect the presence of UV absorbing aerosols (soot and dust). It is based on the spectral contrast method in the UV region and is calculated as the difference between the observations and model calculations of absorbing and non-absorbing spectral radiance ratios. The daily data are used to calculate the annual mean AI and AAOD, the variation of which is shown in Figures 7D and E, respectively. AI and AAOD both show a positive trend of 0.0131 ± 0.0019 year−1 and 0.0001 ± 0.0001 year−1, respectively (Table 4). This positive increase in both of these parameters confirms the regional increase in absorbing aerosols over the study domain. In addition, the SSA variation at 388 nm obtained from OMI level 3 data is also examined over the study domain and is shown in Figure 7F. The SSA is a measure of the absorption capacity of aerosols, which is related to the aerosol composition. The observed trend in SSA in our present study is found to be decreasing at a rate of −0.0004 ± 0.0002 year−1 (Table 4), which indicates the possibility that the absorbing aerosols might have increased over the region in recent times. The increase in both AAOD and AI and a simultaneous decrease in SSA are indicative of the increase in abundance of absorbing aerosols over this region.
3.3.2 Trends Using Vertical Datasets of Aerosols
Here, an attempt has been made to understand the influence of aerosols near the source regions, which are located in the foothills of the Himalayas (in IGP). The origin of major sources of aerosols is located in the adjacent foothills region due south of the present site, Nainital, which have contributions from many small-scale industries of automobiles, food and agricultural products, a paper manufacturing unit, and a small airport (Joshi et al., 2016). On the other hand, the Himalayan sites are not home to such industrial activities and do not have any major sources of aerosols. An investigation of aerosol trends over the source regions might strengthen our understanding and help us establish an association between the observed increasing trends over the Himalayan site (Nainital) to that near-source region (in foothills). Since the ground-based long-term datasets of aerosols were not available from the foothill region, we have used the satellite datasets for this study. The information regarding the aerosol source regions, which are mostly scattered in nature in the foothill’s location in the IGP regions, can be better represented by the larger spatial coverage of satellite datasets rather than point observation. As discussed earlier, the major sources of aerosols are located in the low-altitude regions (<500 m above sea level) in the foothills, as in our present case; therefore, we have made an assumption here that all the major and direct sources of aerosols are contributed within 1 km altitude. These aerosols near source regions are also indicative of anthropogenic sources due to contributions from industrial and other anthropogenic activities. Thus, the aerosol trends below 1 km altitude (as most of the aerosol sources are located in low-altitude plain regions) will be representative of aerosol sources over this region. In addition, if we assume the average mixing layer height to be ∼1 km, then these aerosols will also represent aerosols within the boundary layer, which are directly influenced by the aerosol emissions and might represent the anthropogenic influence.
We have used the vertical variations of aerosols from CALIPSO for this purpose. The vertical profile data of aerosols have been investigated for trends in AOD and AOD ratio (as mentioned in Eq. 4). The AOD ratio was also calculated near the source region (below 1 km) as follows:
[image: image]
Due to the limited repetition cycle of the satellite (as mentioned earlier), not enough data points were available for our study region of a 1-degree grid box that includes both Himalayan and foothill locations. The data collected in this region were not sufficient to capture aerosol seasonality and also have many missing data, especially in monsoon months. So, the study domain was extended to a 2-degree grid box in order to capture the complete seasonality in aerosol profiles. The seasonal variations in AOD from aerosol profiles above 1 km and below 1 km are studied for the years 2006–2016. The aerosols are seen to be mostly confined within the boundary layer, particularly in winter, while they are found to be above the boundary layer in spring. The annual and inter-annual variation in seasonal mean AOD is shown in Figure 8A.
[image: Figure 8]FIGURE 8 | (A) Seasonal variation of the aerosol optical depth (AOD) ratio as mentioned in Eq. 4 during the period 2006–2016 for spring (March–April–May), summer–monsoon (June–July–August), autumn (September–October–November), and winter (December–January–February). (B) Trend in the annual mean AOD ratio above and below 1 km. (C) Trend in AOD above and below 1 km is also shown. The error bars shown here represent standard deviation. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)–derived aerosol extinction profile has been used for AOD estimations at a 2-degree grid region around the observational site Nainital.
The observed seasonality in the AOD ratio both below 1 km and above 1 km is also shown in Figure 8A. It is observed that both AOD ratio below 1 km and AOD ratio above 1 km show significant seasonality over this region. The trends in the AOD ratio below 1 km (Figure 8B) are found to show an increasing trend of 0.0069 ± 0.0009 year−1 as against the decreasing trend in the AOD ratio above 1 km. As shown in Figure 8C, AOD below and above 1 km altitude also shows different patterns of aerosol loading over the years. During 2006–2009, the AOD above 1 km altitude shows an increasing trend, similar to the pattern of AOD below 1 km. However, AOD above 1 km almost stabilizes with a slightly decreasing trend during 2010–2015, while those below 1 km keep showing an increasing trend. This finally results in a nearly stabilized pattern of AOD beyond 2010. The trend in the overall AOD below 1 km region is found to be 0.0147 ± 0.0004 year−1. Thus, the observed variability in the pattern of columnar AOD and AI from that of the near-surface BC could be attributed to inter-annual variations in the upper-level transport of aerosols from the surrounding arid regions in the west and polluted regions of the IGP. The enhancement in AOD below the 1-km range might be due to an increase in aerosol sources in the foothill region, possibly due to increase in population density and industrial activities, thus more anthropogenic influence. The enhancement in the anthropogenic aerosol emissions over the IGP region during the last decade was also mentioned by Ramachandran et al. (2020b), in which it was highlighted that the increase/decrease in the anthropogenic aerosol emissions was mainly responsible for the seasonal trends, while no change was reported in natural aerosols over the region.
In order to understand and explain the role of aerosol vertical distribution to the observed trends of aerosol loading over the study region, we have explored the vertical profiles of the aerosol extinction coefficient at 532 nm (km−1), as shown in Supplementary Figure S4. Here, we have shown the representative profile of January and May averaged for year 2010–2011 representing winter and spring season. The aerosol extinction coefficient profile shows a high value of the aerosol extinction coefficient near ground in winter, which reduces with altitude, while in spring, the extinction coefficient is less near ground, but the build-up of aerosols is seen over the higher altitudes. This clearly explains the seasonality in observed difference in the surface variation and columnar abundance of aerosols over the region.
In addition, we have studied the role of seasonally changing air masses in the observed aerosol loading over the region, for which, we have also simulated 5-day back-air trajectories over the Nainital site at 500 n AGL and 3,000 m AGL during spring (MAM) and June–September (JJAS), as shown in Figure S5 and S6. These trajectories are calculated using NCEP/NCAR data at 2.5° × 2.5° resolution using Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; Draxler and Rolph, 2003) trajectories for MAM and JJAS for representative years 2007, 2008, 2011, 2013, and 2015. The trajectories calculated at 500 m AGL in spring shows that the air masses mostly circulate over the site and IGP region before reaching the site. The major pathways of air masses and their percentage contributions are also shown in Figures S5 and Figure S6. The air masses typically arrive from the northwestern region before reaching the site. However, there are significant inter-annual variations in air-mass pathways found in both spring and summer at 500 m AGL and 3,000 m AGL. The air-mass trajectories in MAM at both levels mostly traverse the northwestern part of India before arriving at the observational site. However, the numbers of trajectories in each of the clusters vary from year to year. For example, there is significant advection at the upper level from the Western peninsula, which then passes over the IGP during MAM-2015, while no such observation was seen in the other years. Similarly, at 500-m AGL, trajectory clusters in 2007, 2008, and 2011 are different from those of the years 2013 and 2015. Similarly, during JJAS, there are significant inter-annual variations in the air mass trajectories in both 500 and 3,000 m AGL. In addition, the different pathways of the back-air trajectories at 500 m AGL and 3,000 m AGL in different seasons might cause different variation in the vertical distribution of aerosols, causing different trends by AOD below and above 1 km. The variation in air-mass pathways is an important factor in modulating the transported aerosol components to the observational site, resulting in heterogeneous columnar distribution and their annual variability over the years.
We have also studied the role of biomass burning activities, which emit significant amount of aerosols at a regional scale over this region. The association of biomass burning activity is also investigated in the observed trends of aerosols over this region. MODIS Fire data (both Terra and Aqua) available at 1-km resolution are used for our study domain. In this study, fire data from MODIS (both Terra and Aqua) available at 1-km resolution with detection confidence greater than 80% were used in order to reject any false detection of fire. The annual mean fire count during the observational period over the study domain of 1-degree is shown in Figure 9A. It is observed that the fire count in the region of 1 by 1° shows a positive trend of ∼2.52 ± 0.71 year−1. The variation in the fire radiative power (FRP) expressed in Mega-Watts/km2 (MW/km2) (Kaufman et al., 1998), which is known to provide information on measured radiant heat output of fires, also showed a slightly positive trend (Figure 9B). Here, it is worthwhile to mention that fire activity is a large-scale phenomenon that also affects the adjacent regions. We have, therefore, examined fire counts over the 2-degree region, as shown in Figure 9C. The analysis reveals more active fires expressed in terms of fire counts over this larger spatial scale. The annual trend in fire count over this region is found to be more than 38.65 ± 5.88 year−1. The observed trend in fire count also supports the increasing trend observed in BC and AOD over the study region. This rapid increase in fire count trend indicates that the biomass burning activity in the adjacent regions has increased in recent times, which might be one of the possible causes of enhanced aerosol loading over this region and adjacent locations.
[image: Figure 9]FIGURE 9 | Variation in (A) MODIS fire count over 1×1 degree grid box region centred at the observational site Nainital (B) Variation in the Fire Radiative Power (FRP). (C) Trend in fire count over 2×2 degree region is also shown.
In addition to BC and absorbing aerosol, brown carbon (BrC) is also co-emitted during biomass burning activities. The increase in biomass burning activity over this region also indicates a possibility of an increase in brown carbon over this region. The biomass burning activity (which include residential cooking and heating, forest fires, agricultural fires, and industrial use of biomass fuel), fossil fuel combustion (mainly including industrial activities and emission from transport), and dust episodes are the main regional sources of aerosols over this region (Hegde et al., 2007; Kumar et al., 2011), while the local sources of aerosols mainly include use of biomass/biofuel (Srivastava and Naja, 2020) and vehicular emissions due to tourist activities. The drastic enhancement in the number of tourists observed in this region (Supplementary Figure S7) might also have contributed in the form of vehicular emissions on a local scale. In addition, the columnar abundance of aerosols is also affected by the inter-annual variations in the upper-level transport of aerosols from the surrounding arid regions in the west and polluted regions of the IGP. The aged transported aerosols might also be subjected to hygroscopic growth at the upper level, contributing to the increase in the aerosol loading over the region.
4 SUMMARY AND CONCLUSION
The long-term trends of black carbon (BC) and aerosol optical depth (AOD) were estimated using ground-based observations over the central Himalayan region for the first time. Aerosol trends were also investigated using satellite datasets at a larger domain for a regional picture of aerosol trends. The vertical variations of aerosols were also utilized to study aerosol contribution from the foothill regions. The important findings of this present study are mentioned as follows:
1) The long-term data of black carbon over the central Himalayan site, Nainital, were found to show a positive trend of ∼23.04 ± 3.00 ng m−3 year−1, indicating an enhancement in BC over this site.
2) The columnar loading of aerosols was also found to show an increasing trend of ∼0.0076 ± 0.0003 year−1 at Nainital. An increasing trend was also observed in the Angstrom exponent, indicating an enhancement of fine-mode aerosols and anthropogenic influence over this site.
3) The long-term trends in the aerosols near source regions in the foothill locations were also studied, which showed an increasing trend in AOD within 1 km.
4) The increasing contribution of aerosols from the source regions in the foothill locations is clearly evident in terms of trends in the AOD ratio below 1 km, which showed an increasing trend of 0.0069 ± 0.0009 year−1, indicating a clear contribution from the fresh emissions possibly of anthropogenic origin to the total columnar abundance.
5) The regional scenario of the aerosol loading and absorbing aerosols over the region encompassing the Himalayan site and the foothill region also showed enhancement in recent times. The absorbing aerosol optical depth and aerosol index showed an increasing trend. The single-scattering albedo showed a slightly decreasing trend, confirming the overall increase in the absorbing aerosols over this region.
6) The fire count data showed an increasing trend of 38.65 ± 5.88 year−1, indicating that the region has witnessed an enhancement in biomass burning activity in the recent times, which supports the observed trend in BC and AOD at Nainital and regional trends over the region.
7) A similar trend analysis should be made in impact-based studies. This study also urges the need for ground-based measurements of vertical distribution of absorbing aerosols and aerosol composition over the complex Himalayan region and the foothill region in order to accurately assess the impact of aerosols over the region.
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