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11 Abstract. Based on the high-resolution measurement of black carbon (BC) at Qomolangma (Everest) station of Chinese
12 Academy of Sciences during 15 May 2015 to 31 May 2017, we investigated the seasonal and diurnal variations of BC and its
13 potential source regions. Monthly and daily mean BC concentrations reached the highest values in the pre-monsoon season
14 which are at least one magnitude higher than the lowest values in the monsoon season. For the diurnal variation, BC
15 concentrations were significantly greater from mid-night to noon in the pre-monsoon season and showed increasing trend in
16 the afternoon in the non-monsoon seasons, implying the potential contribution from the long-range transport. In the monsoon
17 season, BC concentrations appeared two peaks in the morning and after the noon, might be affected by the local anthropogenic
18 activities. By analyzing the simulation results from the backward air-mass trajectories and the fire spots distribution from the
19 MODIS data, we found that the seasonal cycle of BC was significantly influenced by atmospheric circulation and combustion
20 intensity in the Mt. Everest region. The transport mechanisms of BC were revealed using WRF-Chem simulation during severe
21 pollution episodes. For the pollution event in the monsoon season, BC aerosols in South Asia could be uplifted and transported
22 tothe Mt. Everest region by the southward winds in the upper atmosphere. However, for the events in the pre-monsoon season,
23 BC from northern India was brought and concentrated in the southern slope of the Himalayas by the northwesterly winds in
24 the lower atmosphere and then transported across the Himalayas by the mountain-valley wind, while relatively less BC from
25 northwestern India and Central Asia could be transported to the Mt. Everest region by the westerly winds in the upper

26  atmosphere.

27 1 Introduction

28 Black Carbon (BC), from the incomplete combustion of fossil fuels or biomass burning, has drawn lots of attention due
29 toits influences on environment and human health (Anenberg et al., 2012; Bond, 2004; Ramanathan et al., 2005), and is seen
30 as an important factor that may lead to global warming besides greenhouse gases (Hansen et al., 2000; Jacobson, 2002; Bond

31 etal., 2013). BC can greatly absorb solar radiation and causes atmosphere heating (Jacobson, 2001; Ramanathan et al., 2005;
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32 Jietal, 2015). Moreover, BC as fine particles can suspend in the atmosphere for about one week and transports far away from
33 its emission sources, and be removed by dry and wet deposition (Oshima et al., 2012; Cooke et al., 2002; Jurado et al., 2008).
34 When BC deposited on snow and ice, it can significantly reduce surface albedo and accelerate glacier and snow cover melting,
35 causing the impact on regional climate, hydrology, and water resources (Ming et al., 2008; Li et al., 2018; Ramanathan and
36 Carmichael, 2008).

37 The Tibetan Plateau (TP), generally known as the “Third Pole”, is the highest plateau with a large number of glaciers and
38 snow cover (Kang et al., 2010; Lu et al., 2010; Yao et al., 2012). Even though the TP is remote region with little affected by
39 anthropogenic activities, previous observations have indicated that BC is an important contributor to the rapid shrinking of
40 glaciers over the TP via decreasing surface albedo and atmospheric warming (Xu et al., 2009; Yang et al., 2015; Yasunari et
41 al., 2010; Li et al., 2017; Zhang et al., 2017b; Qu et al., 2014; Ji, 2016; Xu et al., 2016). Moreover, previous studies have also
42 suggested that the emissions from South Asia and East Asia are the major sources of BC in the TP (Lu et al., 2012; He et al.,
43 2014; Zhang et al., 2015; Yang et al., 2018), and the high emissions from South Asia can across the Himalayas and further
44 transport to the inland of the TP (Luthi et al., 2015; Xu et al., 2014; Cong et al., 2015a; Kang et al., 2016; Wan et al., 2015).
45 Meanwhile, seasonality of BC aerosols are closely related to atmospheric circulation that helps to bring the BC aerosols across
46 the Himalayas (Cong et al., 2015a; Yang et al., 2018; Zou et al., 2008). Additionally, a large number of studies have also
47 demonstrated that the BC and dust from Central Asia and Northern Africa could also be transported to the TP (Wang et al.,
48 2016; Lu et al., 2012; Zhao et al., 2012; Wu et al., 2010; Zhang et al., 2015).

49 Mt. Everest could be regarded as the very sensitive area under the influence of BC aerosols. Previous research on
50 atmospheric BC in the Mt. Everest region was mainly based on thermal/optical analytical method, using quartz filter samples
51 (Cong et al., 2015a). However, investigating in diurnal and seasonal variations of BC still lacks in the region. Therefore, to
52  fulfill such gaps and understand the variations and sources of BC in the pristine region, there is a need for an efficient approach
53 and studies. The aethalometer can provide high-resolution and continuous real-time observation data on BC concentration
54 which is very important and necessary to better depict the characteristics of BC and its effects on the environmental change.
55 In comparison with the observation, the numerical model can better represent the atmospheric physical and chemical
56 processes. Many studies have used global climate models (GCMs) and chemical transport models (CTMs) to investigate the
57 origin and transportation of BC over the TP (Lu et al., 2012; Zhang et al., 2015; Menon et al., 2010; Kopacz et al., 2011).
58 However, due to the coarse resolution, it is difficult for the CTMs and GCMs to capture the surface details of the TP (Ji et al.,
59 2015; Gao et al., 2008). Regional climate models (RCMs) can compensate for the shortcomings of coarser global model grids
60 by the high-resolution simulations. In the recent decades, RCMs have been developed to include multiple modules and
61 atmospheric chemistry processes. Also the advanced regional climate-chemistry model, Weather Research and Forecasting
62 (WRF) model (Skamarock et al., 2005); with Chemistry (WRF-Chem), has been successfully applied for air quality research

63 inthe TP region (Yang et al., 2017; Yang et al., 2018).
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64 Here, we present real-time data of BC concentration measured by the new generation aethalometer (AE-33), from 15 May

65 2015 to 31 May 2017. The observed results are used to characterize the temporal variation and provide the solid information
66 on the possible sources and transport mechanism of BC. Combined high-resolution measurement of BC concentration and
67 WRF-Chem model, we investigated the concentration level, temporal variation, and sources of BC in the Mt. Everest region.
68 The purpose of this study is to understand the impact of trans-boundary atmospheric BC on the Mt. Everest region and depict

69 the transport pathways of BC in different spatiotemporal scales.

70 2 Materials and methods

71 2.1 Sampling site and meteorological condition

72 Mt. Everest (27.98N, 86.92E, 8844 m a.s.l.), the summit of the world, is located in the central Himalayas. The southern
73 slope of the Mt. Everest is adjacent to the Indian continent, and the climate is warm and humid under the influence of the
74 Indian summer monsoon. Conversely, the northern side is cold and dry since the warm and humid airflow cannot reach there.
75 The Qomolangma Atmospheric and Environmental Observation and Research Station (QOMS, 28.36 N, 86.95E, 4276 m
76 a.s.l.) of Chinese Academy of Sciences (Fig. 1) is located in the northern slope of the Mt. Everest, which was established for
77 the continuous monitoring of atmospheric environment (Cong et al., 2015a; Ma et al., 2011).

78 The meteorological parameters, i.e., air temperature, air pressure, humidity, wind speeds and wind direction, were
79 recorded by an automatic weather station at QOMS. Meanwhile, the precipitation data were collected by artificial measurement,
80 as shown in Fig. 2. The entire year was divided into four seasons according to the Indian monsoon transitions characteristics,
81 which includes pre-monsoon (March to May), monsoon (June to September), post-monsoon (October to November), and
82  winter (December to February) (Praveen et al., 2012; Zhang et al., 2017a). A clear seasonal cycle of temperature and humidity
83  could be observed from Fig. 2. Specifically, higher temperature was observed during the monsoon season while lower during
84  winter, with a maximum in July and a minimum in January. Humidity followed the similar trend, with higher values from late
85 July to early August and lower values from December to February. During the observation period, the wind speed increased
86 significantly from November to April. The wind direction at QOMS is affected by the local topography that with series of
87 small valleys. During the pre-monsoon season (Dry-period), the westerly and southerly winds begin to develop and play the
88 important role in atmospheric pollution circulation. However, during the monsoon season, southwesterly winds prevail and
89 bring much moisture from the Indian Ocean to the Mt. Everest region increasing the humidity and precipitation. With the
90 retreat of monsoon, southwesterly winds decrease and the popular wind direction changes to westerly and northeasterly in

91  winter with limited moisture (Fig. 2).

92 2.2 BC measurements
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93 The airborne BC concentrations at QOMS were monitored by the “Next Generation” aethalometer model AE-33 (Magee

94  Scientific Corporation, USA). The instrument was set in an indoor room with inlet installed at about 3 m above the ground

95 level and was operated at an airflow rate of 4 LPM with 1 min time resolution at QOMS.

96 AE-33 has seven fixed wavelengths (i.e., 370, 470, 520, 590, 660, 880 and 950 nm), which can acquire BC concentration

97 according to light absorption and attenuation characteristics from the different wavelengths (Hansen et al., 1984; Drinovec et

98 al., 2014). Generally, BC concentration measured at 880 nm is used as the actual BC concentration in the atmosphere, as the

99 absorption of other species of aerosols is greatly reduced in this wavelength (Sandradewi et al., 2008a; Sandradewi et al.,
100 2008b; Fialho et al., 2005; Yang et al., 2009; Drinovec et al., 2014). Compared to previous aethalometers, AE-33 uses doulspot
101 method and a real-time calculation of the “loading compensation parameter”, which can compensate for the “spot loading

102 effect” and obtain high quality BC concentration (Drinovec et al., 2014). The algorithm is as follows:

103 BC (reported)=BC(zero loading)x(1 — kATN) 1)
104  ATN=— 100 In(1/Io) 2
105 BCI1=BCx(1 — kATNI) ®)
106 BC2=BCx(1 — kATN2) ()]

107 Where, BC (reported) is the non-compensated BC concentration; BC (zero loading) is the desired ambient BC value that would
108 be obtained in the absence of any loading effect; k is the loading compensation parameter; | and lo are the light intensity of the
109 measurement spot and reference spot; ATN is the attenuation coefficient. BC component of aerosols is analyzed on two parallel
110 spots drawn from the same input stream in AE-33, but collected at different rates of accumulation. It means that we can obtain
111 different ATN but the same loading parameter k (Drinovec et al., 2014). Combining Eqg. (3) and Eq. (4), the “loading

112  compensation parameter” k and the desired value of BC compensated back to zero loading can be calculated.

113 2.3 Model simulation and datasets

114 The WRF-Chem version 3.6 was used to analyze the spatial distribution, transport mechanism, and source apportionment
115 of BC during the four observed pollution episodes. The WRF-Chem model is the expansion of WRF meteorological model
116 and considers complex physical and chemical process such as the emission and deposition, advection and diffusion, gaseous
117 and aqueous chemical transformation, and aerosol chemistry and dynamics (Grell et al., 2005). Here, the numerical
118 experiments were performed at 25 km horizontal resolution with 122 and 101 grid cell in the west-east direction and north-
119 south, respectively. The simulated domain was centered at 25N, 82.5<E and had a 30-layer structure with the top pressure of
120 50 hPa. Key physical and chemical parameterization options for the WRF-Chem modeling were according to the previous
121 study in the TP (Yang et al., 2018). The initial meteorological fields were from National Centers for Environmental Prediction
122 (NECP) reanalysis data with a horizontal resolution of 1 ©x1 <at 6-h time intervals. The anthropogenic emission inventory

123 was obtained from the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) (Zhang et al., 2009) with a
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124 resolution of 0.5°> 0.5< The biogenic emissions were from the Model of Emission of Gases and Aerosol from Nature
125 (MEGAN), and the fire emissions inventory was based on the fire inventory from NCAR (FINN) (Wiedinmyer et al., 2011).
126 Additionally, the Model for Ozone and Related chemical Tracers (MOZART, http://www.acom.ucar.edu/wrf-
127 chem/mozart.shtml) (Emmons et al., 2010) dataset were used to create improved initial and boundary conditions for BC
128 simulations during these pollution episodes.

129 Furthermore, predicting the source region of BC, we used HYSPLIT-4 model to calculate the backward trajectories of air
130 masses, and the data for calculation were from National Centers for Environmental Prediction/National Center for Atmospheric
131 Research (NCEP/NCAR) data (2.5 ©=2.5 < 17 vertical levels). The active fire product provided by Fire Information for
132 Resource Management System (FIRMS, https://firms.modaps.eosdis.nasa.gov/firemap/), was chosen to investigate the

133 biomass burning emissions over the region in different seasons.

134 3. Results and discussion
135 3.1 Temporal variations of BC

136 3.1.1 Monthly variation of BC

137 Monthly mean BC concentrations at QOMS is shown in Fig. 3a. There was a significant increase in BC concentrations in
138 winter and the highest value occurred during the pre-monsoon season (923.1 +685.8 ng/m? in April). Meanwhile, during
139 monsoon, the lower BC concentrations were recorded and the lowest value was observed in July (88.5 £29.8 ng/m®). This
140 seasonal change was consistent with the previous studies of element carbon (EC or BC) at Nepal Climate Observatory-Pyramid
141 station (NCO-P, 27.95<N, 86.82E, 5079m a.s.l.) (Fig. 3b) (Marinoni et al., 2010) and at QOMS (Fig. 3c) (Cong et al., 2015a),
142 indicating that the similar BC source between the southern and northern sides of the Himalayas. As the EC was sampled by
143  the quartz filters and detected using the thermal/optical analytical method in the previous studies, there may have been some
144  disparities in the values of EC with these of BC. The monthly variation of EC at Nam Co Monitoring and Research Station for
145  Multisphere Interactions (Nam Co station, 30.46 N, 90.59E, 4730 ma.s.l.) (Fig. 3d) (Wan et al., 2015) also showed the similar
146 variation, but the peak value of EC occurred in winter. Additionally, monthly mean EC concentrations at Nam Co station were
147  generally lower than that at QOMS, suggesting that anthropogenic activities impacts in the inland TP were weaker than that in
148 the south edge of the TP. Previous studies have demonstrated that the influence of polluted air masses from the “Atmospheric
149 Brown Clouds” over South Asia could reach to the southern foothills of the Himalayas, and the mountain-valley breeze
150 circulation carried the polluted air masses onto the TP (Luthi et al., 2015; Cong et al., 2015a; Bonasoni et al., 2008; Yang et
151 al., 2018). Therefore, the seasonal cycle of BC concentrations at QOMS was likely affected by the atmospheric circulation and

152 the emissions from South Asia, and these will be further explained in Section 3.3.

153 3.1.2 Daily variation of BC
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154 Fig. 4 shows the daily mean BC concentrations at QOMS which presents a significant seasonal pattern, with a maximum

155  during the pre-monsoon season (2772.3 ng/m?) and a minimum during the monsoon season (36.4 ng/m?). During the monsoon
156 season, BC concentration was observed to be lower than 150 ng/m?, but it gradually increased during the post-monsoon and
157 winter. The mean concentration of daily BC at QOMS was 298.8 £341.3 ng/m?, which was close to the previous result (250
158 +220 ng/m®) (Cong et al., 2015a). Such a result demonstrates that our results are consistent with the previous finding and
159 systematic sampling of aerosol is also important to obtain BC values in the region.

160 The comparison between daily mean BC concentrations (Fig. 4) and the meteorological parameters (Fig. 2) suggested
161 that the increasing humidity and precipitation during monsoon led to washout of atmospheric particles promoting the wet
162 deposition of BC. This process caused a decrease in BC concentrations during monsoon representing the background level
163  during the period. The prevailing wind direction during the monsoon period was southwesterly while in non-monsoon was
164 dominated by westerly. Therefore, the variations of BC might be linked to the influence of meteorological conditions and the
165 contribution of long-distance transport from urbanized areas to QOMS. Moreover, it cannot be ignored that there were
166 continuous high concentrations of BC above 1000 ng/m?® during 8-10 June 2015, 19-22 March 2016, 9-18 April 2016, and 11-
167 14 April 2017, indicating the heavy pollution episodes happened at QOMS during those days. The detailed analysis for these

168 pollution events is presented in Section 3.4.

169 3.1.3 Diurnal variation of BC

170 Diurnal variation characteristics can be used to analyze the impact of local meteorological process and anthropogenic
171 activities on BC concentrations at QOMS. The half-hourly mean BC concentrations are presented in Fig. 5. The diurnal BC
172  concentrations in the pre-monsoon season were significantly higher than those in other seasons, and remained high values from
173  mid-night to noon and increased gradually after the lowest value around 15:00. The similar increasing trend for BC was
174  observed in the afternoon mostly during the post-monsoon and winter periods, and highest BC concentration occurred from
175 mid-night to noon. During the monsoon season, the BC concentrations remained low values with two peaks in the morning
176 and after the noon, respectively. Previous studies have demonstrated that the local wind system in the northern slope of the Mt.
177 Everest were composed by a morning “valley wind”, a late morning-afternoon ““glacier wind” weakened by “‘valley wind”,
178 and an evening-early night “mountain wind”’(Zou et al., 2008). The QOMS is located in the s-shape valley north of the Mt.
179 Everest (Maet al., 2011). The down mountain wind or glacier wind from south developed in the afternoon and at night, which
180 provided the potential possibility for pollutants from long-distance source transported to QOMS along the valley and enable
181 the increase of BC concentrations in the non-monsoon periods. The valley wind from north in the morning, could bring the
182 short-distance emissions from local cooking or heating to QOMS. BC concentrations appeared two peaks in the morning and
183 after the noon in the monsoon season, which might be owing to the surrounding local emissions.

184 To explain the significant high values during mid-night to noon in the pre-monsoon season, the wind direction frequency
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185 at QOMS during 0:00-12:00 and 12:00-24:00 are presented in Fig. 6. During the sampling period in the pre-monsoon season,
186 W (west) winds prevailed from mid-night to noon (Fig. 6a), accounting for 18.1% of the total wind directions, followed by
187 ENE (east-northeast) winds (16.4%). It is consistent with the discussion above that there exists potential impacts on BC
188 concentrations at QOMS from long-distance human activity emissions, which can be carried by westerly winds, i.e., down
189 mountain winds (Cong et al., 2015b). Moreover, the WRF-Chem simulation results showed that, the profile of equivalent
190 potential temperature (EPT) increased with altitude and the planetary boundary layer height (PBLH) and wind speed were
191  much lower from mid-night to noon (Fig. S1), indicating a more stable atmosphere that obstructs the diffusion of BC aerosols.
192  While ESE (east-southeast) and NE (northeast) winds prevailed from noon to mid-night (Fig. 6b), accounting for 17.6% and
193 15.3% of total wind directions, respectively. Several villages are located easterly (around 5 km away) from QOMS thus lower

194 BC values might reflect the short-distance emission sources.

195 3.2 Comparison of BC concentrations with other sites in the TP

196 In order to better understand the BC loading level, we compared our results with previous studies from other locations
197 over the TP. As listed in Table 1, BC concentrations on Muztagh Ata Mountain and Qilian Mountain presented lower values,
198 which can be regarded as the background concentration level for inland Asia (Zhao et al., 2012; Cao et al., 2009). In contrast,
199 observed BC concentrations at QOMS were relatively higher than other remote locations in the TP, which has an increasing
200 trend from the southern edge of the TP to the inland TP. Such as Nam Co and Ranwu, sites are isolated from anthropogenic
201 activities with relatively clean atmospheric environments, but BC concentration at these two sites is recorded up to 130 ng/md,
202 which may be likely due to the influence of long-range transport from South Asia (Wan et al., 2015; Wang et al., 2016).
203 Compared with locations in the southern slope of the Himalayas (e.g., NCO-P and Manora Peak), the BC concentration at
204 QOMS was close to that at NCO-P, but much lower than that at Manora Peak, which is near to the polluted areas in South Asia,
205 and largely affected by anthropogenic emissions (Marinoni et al., 2010; Ram et al., 2010). It implied that combustion emissions
206 from South Asia not only can affect the lower latitudes in the vicinity, but also can be transported to the higher latitudes in the
207 Himalayas and even to the TP. However, the BC concentration at Lhasa city was higher than other remote sites in the TP, which
208 was mainly from the local vehicle emissions (Li et al., 2016). But for BC concentration at Qinghai Lake, it was higher than
209 that at the other south sites in the TP, because of the long-range transport of higher anthropogenic emissions from easterly and
210 significant input from westerly (Li et al., 2013). On the whole, the BC concentrations over the TP varies with atmospheric
211 circulation and upwind emission sources, and the high level of BC at QOMS suggest the significant influence of anthropogenic

212 emissions from South Asia.

213 3.3 Potential sources and transport mechanism of BC in different seasons

214 The seasonal variation of BC concentrations was correlated with combustion intensity of sources and atmospheric
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215 circulation. The “Atmospheric Brown Clouds” over South Asia contains large amounts of aerosol components such as the high
216 loading emissions of BC from biomass burning, which can reach the TP within a few days (Ramanathan et al., 2005; Luthi et
217 al., 2015; Ramanathan and Ramana, 2005). Previous study has quantified biomass burning source contributing to BC aerosols
218 in the Himalayas, and showed that the major fires were concentrated in March to June, besides, most vegetation fires occurred
219 in the low elevation areas in South Asia and were mainly from croplands and forests (Vadrevu et al., 2012). Therefore, we
220 further checked the biomass burning emissions in the Mt. Everest region and its vicinities using the active fire product from
221 the MODIS data at four seasons (August 2015 to April 2016) provided by the FIRMS (Fig. 7). It is clearly understood that
222  there were large numbers of active fire spots in northern and central India, also in Pakistan and Nepal in winter and the pre-
223 monsoon season, indicating that the agricultural combustion and forest fires contributed much to BC aerosols. During the
224 monsoon season, no active fire spots distributed in South Asian region, representing the low biomass burning in that period.

225 To further explore the sources and the long-range transport mechanism of BC aerosols at QOMS, we calculated the
226 frequency plots for 5-day backward trajectories arriving 1 km above the ground level (Fig. 8). During the non-monsoon seasons,
227  air masses were affected by the westerly winds. The air masses reaching the Mt. Everest region were mostly from the northwest,
228 indicating that the biomass burning emissions in Pakistan, northern Indian and Nepal could be transported to the Mt. Everest
229 region. But for the difference of combustion intensity, the high concentrations of BC were found only during the pre-monsoon
230 season. During the monsoon season, the southerly winds dominated in the Mt. Everest region and the air masses were mainly
231 from the Arabian Sea and the Bay of Bengal with lots of moisture. At this period, the precipitation in the southern side of the
232 Himalayas was above 1200 mm (Xu et al., 2014), which can improve the wet removal efficiency of BC. Moreover, the biomass
233 combustion emissions in South Asia during this period were very low. Therefore, BC concentrations at QOMS were close to
234 the background level during the monsoon season. Meanwhile, the local meteorological conditions also play a very important
235 role in the transport of pollutants across the Himalayas from South Asia. Previous studies have shown that the local wind
236 system was mainly composed by the uplift surface heating wind in the southern slope and downward glacier wind in the
237 northern slope, which facilitates the exchange of air between bottom and upside of the atmosphere, also facilitates the coupling
238 of airflow between the southern and northern slopes, which allows the pollutants from South Asia cross the Himalayas and
239 transport to the TP from valley easily (Cong et al., 2015b; Zou et al., 2008; Tripathee et al., 2017; Chen et al., 2012; Dhungel

240 etal., 2018).

241 3.4 Pollution episodes analysis by WRF-Chem modeling

242 In this section, we analyzed four pollution events with BC concentrations above 1000 ng/m? in detail, including event A
243  during 8-10 June 2015, event B during 19-22 March 2016, event C during 9-18 April 2016, and event D during 11-14 April
244 2017. Fig. 9 shows the spatial characteristic of the WRF-Chem modeled surface BC concentrations during the four pollution

245  episodes. It can be seen that, the high values of surface BC concentrations always appeared in South Asia, although the high-
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246 value centers changed in different pollution events. For event A, the most serious pollution appeared in Nepal and northern
247 India. Relatively, there were less BC nearby the Mt. Everest in event B. However, for event C, the high-value areas for BC
248  concentrations were mainly along the southern slope of the Himalayas in Nepal and in the east of India, which can result in a
249  great impact for BC concentrations in the Mt. Everest region. In event D, the high BC occurred in Nepal and some parts of
250 India.

251 The sources and transport mechanism of BC aerosols during these pollution episodes can be indicated by analyzing the
252  air flow. Fig. 10 shows the variation of BC concentrations and wind field at different altitudes in the atmosphere (850 hPa, 500
253  hPa, 200 hPa). For event A during the monsoon season, there was a cyclone in northern India at 850 hPa, which moved near-
254 surface BC aerosols upward and then transported to the Mt. Everest region by the southward winds at 500 hPa and 200 hPa.
255  For events B-D in the pre-monsoon season, northwesterly winds prevailed in South Asia at 850 hPa and brought BC from
256 northern India to the southern slope of the Himalayas, and westerly winds at 500 hPa and 200 hPa can transport relatively less
257 BC from northwestern India and Central Asia to the Mt. Everest region. Previous studies also pointed out that BC can be
258 transported across the Himalayas to the Mt. Everest region by the mountain-valley wind system (Zou et al., 2008; Cong et al.,
259 2015b; Dhungel et al., 2018). Thus, we needed to further analyze the impact of the mountain-valley wind on the transportation
260 of BC. Fig. 11 shows the vertical profile of BC concentration among the QOMS’s longitude of 86.95°E. During event A, high
261 concentrations of BC appeared in the upper atmosphere of South Asia and many BC aerosols were transported to most parts
262 of the TP (Fig. 11a), due to the large-scale transport process. However, for events B-D, high concentrations of BC occurred
263 along the southern slope of the Himalayas and BC aerosols were only transported to a few areas of the northern slope of the
264 Himalayas such as the Mt. Everest region (Fig. 11b-d), caused by the local mountain-valley wind. As shown in Fig. S2, for
265 events B-D, the mountain wind in the southern side of the Himalayas can move BC aerosols up in the daytime and the down
266 valley wind can make it fall down in the Mt. Everest region at night.

267 To sum up, we found that the transport processes of BC aerosols from South Asia to the QOMS were different as seasons
268 varying. In the monsoon season such as event A, BC aerosols were moved upward by the cyclone in the lower atmosphere and
269 were transported to QOMS by the southward winds in the upper atmosphere. However, in the pre-monsoon season such as
270 events B-D, the mountain-valley wind played an import role in the BC aerosols transported from the southern slope of the

271 Himalayas to the Mt. Everest region.

272 4. Conclusions

273 In this study, BC concentrations were measured from 15 May 2015 to 31 May 2017 at QOMS in the south edge of the TP,
274 and monthly, daily, and diurnal variation of BC concentrations were calculated to investigate the temporal characteristics and
275 potential sources of BC at QOMS. The results showed that the monthly mean BC concentrations reached the highest value in
276 the pre-monsoon season (923.1 +685.8 ng/m? in April) and the lowest value in the monsoon season (88.5 +29.8 ng/md).
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277  Average daily BC concentration was equal to 298.8 +341.3 ng/m?, with a maximum in the pre-monsoon season (2772.3 ng/m?®)
278 and a minimum in the monsoon season (36.4 ng/m3). The diurnal variation of BC concentrations in the pre-monsoon season
279 showed significant high values from mid-night to noon, and there was an increasing trend in the afternoon during the non-
280 monsoon periods, implying the potential origin of BC are from the long-range transport. BC concentrations appeared two
281 peaks in the morning and after the noon during the monsoon period, might be affected by the local anthropogenic activities.
282 The seasonal cycle of BC concentrations at QOMS was closely correlated with the variation of atmospheric circulation
283 and combustion emissions in South Asia. In the non-monsoon seasons, affected by westerly, the air masses in the Mt. Everest
284  region were largely from Pakistan, northern Indian, and Nepal, where existed high loading emissions of vegetation fires. In
285 the monsoon season, the southerly winds were dominated in the Mt. Everest region and the air masses were mainly from the
286 Arabian Sea and the Bay of Bengal. Under intense precipitation scavenging of BC and extremely low level of the combustion
287 emissions in South Asia, BC concentrations at QOMS were close to the background level in the monsoon season.

288 For four heavy pollution episodes occurred at QOMS with BC concentrations above 1000 ng/m®, we found that the
289 transport processes of BC aerosols from South Asia to the Mt. Everest region were different as seasons varying. In the monsoon
290 season (take the pollution event during 8-10 June 2015 as an example), BC aerosols were efficiently driven upward by the
291 cyclone in the lower atmosphere in South Asia and transported to the Mt. Everest region by the southward winds in the upper
292 atmosphere. However, during the pre-monsoon season (take the other three pollution events as example), the mountain-valley

293  wind played an import role in the BC aerosols cross the Himalayas and were transported to the Mt. Everest region.

294  Data availability. All data are available upon requests made to the corresponding author.
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491  Table 1. Mean BC concentrations at QOMS and compared with other remote sites.
Name Location Sample Sampling period BC or EC (ng/m?3) Reference
QOMS Southern TP AE33  May2015-Apr 2016  298.8 +3413 This paper
(28.36N, 86.95E, 4276m)
QOMS Southern TP TSP Aug 2009-Jul 2010 250 +220 Cong et al. (2015)
(28.36N, 86.95, 4276m)
Ranwu Southeast TP AE3L  Nov2012-Jun 2013 139.1 Wang et al. (2016)
(29.32N, 96.96 %, 4600m)
Lhasa Southwest TP PM10  May 2013-Mar 2014 2310 Li et al. (2016)
(29.65N, 91.03, 3642m)
Nam Co Central TP TSP Jan-Dec 2012 190 Wan et al. (2015)
(30.46N, 90.59F, 4730m)
Qilianshan Northern TP AE3L  May 2009-Mar 2011 48 Zhao et al. (2012)
(39.50N, 96.51F, 4214m)
Qinghai Lake Northeast TP PM 2.5 Jul-Aug 2010 370 Li et al. (2013)
(37.00N, 99.90E, 3200m)
Muztagh Ata Northwest TP TSP Dec 2003-Feb 2006 55 Cao et al. (2009)
(38.29N, 75.02E, 4500m)
NCO-P, Nepal Southern Himalayas PM1  Mar 2006-Feb 2008 160.5 4296.1 Marinoni et al. (2010)
(27.95°N, 86.82°E, 5079m)
Manora Peak, Central Himalayas TSP Feb 2005-Jul 2008 In the range of Ram et al. (2010)

India

(29.40°N, 79.50°E, 1950m)

140-7600
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495  Figure 1: Location of the sampling site.
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498  Figure 2: Variations of temperature, humidity, wind speed, wind direction, and precipitation at QOMS from May 2015 to May 2017.
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501 Figure 3: (a) Monthly mean BC concentrations at QOMS from May 2015 to May 2017 in this study; (b) Monthly mean EC at NCO-
502 P from March 2006 to February 2008 from Marinoni et al. (2010); (c) Monthly mean EC at QOMS from August 2009 to July 2010
503 from Cong et al. (2015); (d) Monthly mean EC at Nam Co station from January to December 2012 from Wan et al. (2015).
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506 Figure 4: Daily mean BC concentrations at QOMS during study period (the gray bars represent the continuous high values more
507 than 1000 ng/m3).
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510 Figure 5: Diurnal variation of BC concentrations (every half an hour) at QOMS during study period.
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512

513  Figure 6. Wind direction frequency at QOMS in the pre-monsoon season (a) 0:00-12:00; (b) 12:00-24:00.
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516 Figure 7. The distribution of fire spots in different seasons from August 2015 to April 2016.
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519 Figure 8. Frequency plots for 5-day back trajectories calculated by HYSPLIT model at QOMS in different seasons from August
520 2015 to April 2016.
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522

523  Figure 9. Mean BC concentration simulated by WRF-Chem model at QOMS and its vicinities: (a) event A; (b) event B; (c) event C;
524 (d)event D.
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526 Figure 10. Mean BC concentration and wind at 850 hpa, 500 hpa, and 200 hpa simulated by WRF-Chem model at QOMS and its

527 vicinities: event A (the first row); event B (the second row); event C (the third row); event D (the last row).
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530 Figure 11. Vertical profiles of mean BC concentration among the QOMS’s longitude of 86.95°E: (a) event A; (b) event B; (c) event
531 C;(d)eventD.
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