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Abstract The Pan-Third Pole contains the largest number of glaciers outside the polar region that plays a
crucial role in atmospheric circulation and the hydrological cycle. However, this pristine region has undergone
rapid change through complex interactions including the black carbon (BC) enhanced warming effect and
glacier melting. Study shows, Weather Research and Forecasting coupled with Chemistry (WRF-Chem)
simulation is able to capture distinctive seasonal variability of BC. The result from our sensitivity experiments
revealed that South Asia (SA; 60.7%) and East Asia (EA; 32.9%) contributed more toward the Tibetan Plateau
(TP). Our analysis on aerosol-boundary feedback interaction revealed BC expand planetary boundary layer
height by 5.0% and 4.8% over SA and EA, respectively, which facilitates BC dispersion and transportation.
Whereas, we also found that under the influence of different wind regimes the significant BC transport flux
aloft over the TP and the upper troposphere and lower stratosphere. Additionally, mountain-valley channel and
synoptic and local meteorological processes also facilitated BC transport to the TP. This study also evaluated
the effect of BC on direct radiative forcing and calculated subsequent temperature changes. A strong dimming
effect of BC corroborated with the following negative surface temperature changes. However, enhanced BC
concentration during winter and spring caused the increase in temperature over the TP. Here, the WRF-Chem
model, synergy on aerosol-boundary feedback, BC transport flux, and source-receptor methods confirmed

the significant BC contribution and transportation, and notable BC-induced warming over TP. Such trans-
Himalayan BC transport and associated warming could grim glacier melt and water availability in the region.

1. Introduction

The Pan-Third Pole (PTP) region is home to 3 billion people that provides ecological and cryospheric services
and plays a crucial role in the global climate system (Bolch et al., 2012; Immerzeel et al., 2010; Jin et al., 2005;
Kang et al., 2019; Viviroli et al., 2007; Yao et al., 2019; Yuan et al., 2018). However, the growing body of
evidence suggests this relatively pristine region has undergone a rapid change in recent years (Chen et al., 2013;
Kang et al., 2010; Yao et al., 2019). Previous meteorological records (Huang & Ma, 2016; You et al., 2013),
reanalysis data sets (Frauenfeld et al., 2005), modeling works (Ma et al., 2017; Zhu et al., 2013), and elevation-de-
pendent warming studies (Du et al., 2019; You et al., 2020) have manifested unprecedented warming over the PTP
that is highly stressed out in this climatically sensitive region. Atmospheric brown cloud is considered as a potent
agent that further amplify the warming trend in Asia (Bonasoni et al., 2010; Nakajima et al., 2007; Ramanathan
& Carmichael, 2008), which is mainly composed of black carbon (BC). BC has been argued as the second strong-
est anthropogenic source of global warming and climate change next to CO, (Bond et al., 2013; Gustafsson &
Ramanathan, 2016; Hansen et al., 2000; Jacobson, 2001). As noted by Xu et al. (2016), the BC-induced warming
rate over the Himalayas and Tibetan Plateau (HTP) is twice the global average. Moreover, it is well-known that
the depositional BC on snow and glacier surface melt can be accelerated through an albedo feedback mechanism
(Flanner et al., 2009; Ji, 2016; Kang et al., 2019, 2020; Ming et al., 2008; Wiscombe & Grams, 1976).

Asia's two biggest growing economies countries, China and India, are contributing high emissions of anthro-
pogenic aerosols to the atmosphere in recent decades, deteriorating environmental air quality, and threatening
human heath (Davidson et al., 2005; Kang et al., 2019; Ravishankara et al., 2020). Despite being located remotely,
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the BC concentrations in the Tibetan Plateau (TP) are notable that could be facilitated by long-range transport
from neighboring regions (Chen et al., 2018; Kaspari et al., 2014; Kopacz et al., 2011; Liithi et al., 2015; Ming
et al., 2008). According to Zhang et al. (2015) and Zhao et al. (2021), the local anthropogenic BC emission from
the TP holds a small proportion in comparison with external influences. Thus, it is worthy to explore more about
non-local BC contribution and transport mechanism over the TP. So far, different modeling approaches such as
tracer-tagging (Kumar et al., 2015; Zhang et al., 2015), adjoint (Kopacz et al., 2011), backward-trajectory (Lu
et al., 2012; Liithi et al., 2015), and emission perturbation (Han et al., 2020; Yang et al., 2018) have been used to
simulate source and transportation of BC over the TP. As noted by Zhang et al. (2015) and Han et al. (2020), the
backward-trajectory method performed well on source regions close to the receptor on a short timescale, but this
approach has limitations in determining contributions of BC to receptor far from source in the middle and upper
troposphere. Similarly, the adjoint method provides a global distribution of emission that directly contributes to
BC concentration at receptor locations, thus, results are not sourced attribution but the source-receptor sensitivity
(Zhang et al., 2015). In this study, we applied an emission perturbation approach followed by Han et al. (2020)
and Yang et al. (2018). This method enables to estimate BC contributions from source to receptor region by turn-
ing off BC emissions from particular source region.

To our knowledge, most of the previous studies are focused in Central Asia (CA), South Asia (SA), and North-East
China (Kulkarni et al., 2015; Kumar et al., 2015; Sarangi et al., 2019; Yang et al., 2018; Zhang et al., 2017; Zhang,
Chen et al., 2020; Zhao et al., 2013). However, it remains unclear about the underlying mechanism involved in a
complex interplay of aerosol-boundary layer interaction, vertical and horizontal BC transport flux, and BC trans-
portation to the TP from the PTP subregion and radiative perturbation. Owing to its unique geographic location
(complex highland bounded by two major polluted countries), the PTP makes an ideal place to study the contri-
bution, transport mechanism, and associated radiative impact of BC. Over this region, the role of BC has been
a topic of high interest from the atmosphere-cryosphere point of view. However, inadequate representation of
long-term BC observation data over the region is further deemed by harsh environmental conditions. Therefore,
to overcome such disparity, the modeling framework could be an asset for extending the current understanding for
the quantitative assessment of BC contribution and transport mechanism to TP and associate discernible role on
climate. To assess this, we trained and deployed the Weather Research and Forecasting coupled with Chemistry
(WRF-Chem) model. The rest of the paper follows the model description and set up in Section 2, the result and
discussion in Section 3, and the conclusion in Section 4.

2. Methods
2.1. WRF-Chem Model

In this study, the state-of-the-art mesoscale community model (Skamarock et al., 2005) coupled with the chem-
istry module WRF-Chem (version 3.6; Grell et al., 2005) was used to investigate the spatio-temporal variation,
contribution, transportation, and radiative perturbation of BC over the PTP for the year 2017. This Eulerian
chemical transport model enables to process emission, advection, deposition, chemical transformation of aqueous
and gaseous, and aerosol chemistry and dynamics (Grell et al., 2005). An aerosol chemistry module, Goddard
Chemistry Aerosol Radiation Transport (GOCART; Ginoux et al., 2001) is embedded with the Model for Simu-
lating Aerosol Interactions and Chemistry (MOSAIC) aerosol model (Zaveri et al., 2008) within the WRF-Chem
framework by Zhao et al. (2010). The GOCART produces output for seven bulk aerosol species that include BC
(BC1, BC2), organic carbon (OC1, OC2), particulate matter (PM, 5, PM,;), and sulphate. Spherical shape and
major aerosol species (i.e., BC, OC, SO,2~, NO,~, NH,", sea salt, and mineral dust) were considered within
the model framework. The Carbon Bond Mechanism (CBMZ; Zaveri & Peters, 1999) was implemented into
WREF-Chem by Fast et al. (2006), which offers the complex treatments of aerosol radiative properties and photol-
ysis rates. This model has been widely used for the assessment and prediction of air quality, weather forecast,
atmosphere-cryospheric interaction, and aerosol interaction with radiation and atmosphere (Ding et al., 2019;
Feng et al., 2016; Kumar et al., 2015; Ukhov et al., 2020). Particularly, over complex terrain, the performance of
the WRF-Chem model is known to have large uncertainty. However, previous studies carried out on such terrain
for the systematic evaluation with fine resolution of the model were found to reproduce within acceptable bias
range (Karki et al., 2017; Mues et al., 2018; Norris et al., 2020; Sarangi et al., 2019; Zhang, Zhao, et al., 2020).
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Table 1

Key Parameterization Schemes Adopted in the WRF-Chem Simulation
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Figure 1. Sketch map for the Pan-Third Pole region terrain and its surrounding areas. The magenta circular dots represents
meteorological stations. The red dot (size represents concentrations) in the upper left corner shows measured black carbon
(BC) concentration during the simulation period. The yellow dashed line distinguishes identical subregions.

2.2. Model Set up and Experiment Design

WRF-Chem domain was configured covering the PTP region (as shown in Figure 1) at 30-km horizontal reso-
lution with grid cell spacing 150 X 208 (45°E—120°E, 05°N—55°N). The domain centered at 35°N, 82°E, and
stretched up to 40 vertical sigma levels from the surface to the top of the level (50 hPa). Initial meteorological
fields and lateral boundary conditions were fed from the National Center for Environmental Prediction final anal-
ysis (NCEP/FNL) data archived at 1° horizontal resolution, which provided every 6-hr temporal intervals. The
initial and boundary conditions of aerosol-chemistry were calculated using mozbc utility tool based on the output
of Model for Ozone and Related Chemical Tracers (MOZART; Emmons et al., 2010). The simulation run period
started from 1st January—31st December 2017, where the early week of January was allowed to model spin-up.
The physical parameters were chosen based on the previous work by Yang et al. (2018) and You et al. (2012)
where they proved the model's ability to reproduce well under consideration of such parameterization over the TP
region. As summarized in Table 1, the following detailed parameterization modules were included in our mode-
ling framework. The revised MM5 (Paulson, 1970) and unified Noah (Chen
& Dudhia, 2001; Ek et al., 2003) schemes are chosen to represent the surface
and land interactions. The Rapid Radiative Transfer Model (RRTMG) for
both shortwave and longwave is used for the aerosol direct radiative effects

Scheme (Tacono et al., 2008; Mlawer et al., 1997). The Morrison-2-moment is used

Parameterization

Surface layer Revised MMS5
Land surface Unified Noah
Radiative transfer (SW) RRTMG
Radiative transfer (LW) RRTMG
Boundary layer Yonsei University (YSU)
Cumulus option Grell 3D
Microphysics Morrison 2-moment

Dust emissions GOCART

Aerosol chemistry GOCART/RACM

Note. RACM, Regional Atmospheric Chemistry Mechanism; RRTMG,
Rapid Radiative Transfer Model; GOCART, Goddard Chemistry Aerosol
Radiation Transport.

for the treatment of the microphysics process (Gustafson et al., 2007). The
Yonsei University (YSU) scheme was selected to describe the planetary
boundary layer, whereas Grell 3D ensemble scheme (Grell et al., 1994)
reproduces cloud and precipitation processes.

To understand the contribution and climate response to the direct effect of
BC, we designed five sets of experiments. It should be noted that the direct
effect of BC as climatic response and contribution from surrounding to the
TP presented here is the difference between the control experiment and the
associated sensitive experiment, which are zonally averaged. One control and
five sensitive experiments were carried out to investigate anthropogenic BC
impacts from the subregional level to the TP. In five sensitive experiments,
anthropogenic BC emission flux was turned off (set as zero) while it was
included in the control experiment. The details of the experimental design
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Table 2
Experimental Setup

Case Description

Control Anthropogenic black carbon (BC) included throughout the entire domain
All_noBC Anthropogenic BC not included throughout the entire domain
CAME BC set to zero for Central Asia and Middle East “CAME” domain
SA BC set to zero for South Asia “SA” domain

EA BC set to zero for East Asia “EA” domain

NA BC set to zero for North Asia “NA” domain

are given in Table 2. Further, to assess the contribution and radiative impact of BC, the difference between
control and sensitivity experiments was evaluated on a seasonal basis. Additionally, we have used a control and
sensitivity experiment (All_noBC) to understand the synergetic effect of aerosol-boundary layer interaction. The
BC-induced planetary boundary layer height (PBLH) changes are the difference between control and sensitivity
experiments.

2.3. HYSPLIT Model

To provide evidence for the long-range transport of BC, the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model was initialized at 100-m above sea level for the 6-hr interval (UTC, 00:00, 06:00, 12:00,
and 18:00). Considering atmospheric BC's life span of about 7 days, the model was forced to run for 168 hr
using the Global Data Assimilation System (GDAS, 1° spatial resolution) gridded meteorological reanalysis data
set for backward trajectories generation for the year 2017. The potential source contribution function (PSCF)
was used for the computation of the potential source contribution factor based on BC observation data from
the Qomolongma station for Environmental Observational and Research (QOMS, 28.36°N, 86.95°E, 4,275 m
a.s.]) site which is located on the northern slope of Mt. Everest. To avoid the possible uncertainty, rain-bearing
trajectories were sorted out (Cross, 2015). Here, we used a Gaussian filter and continuous weighting function to
smooth out the results.

v log(max(N))

where, WE; = weighted function for Nj; trajectories and N = total number of trajectories.

2.4. Emission, Meteorological Observation, and Reanalysis Data Set

The gridded anthropogenic emissions data set was taken from the updated emissions inventory Emission Data-
base for Global Atmospheric Research and Hemisphere Transport of Air Pollution (EDGAR-HTAP, v2.2; Jans-
sens-Maenhout et al., 2015). EDGAR-HTAP emission data set has been compiled using regional emissions
grid maps for BC, OC, PM, ., PM,,, CO, CH,, SO,, NO,, NH,, and non-methane volatile organic compounds
(NMVOC), which further reports monthly emission data from different emission sectors like residential, industry,
power, agriculture, ground transport, aviation, and shipping at a 0.1° X 0.1° spatial resolution. For Asia, emission
inventory data from the Emissions Database for Global Atmospheric Research (EDGAR, v4.3) was used to fill
the data gap in the Model Inter-comparison Study for Asia (MICS-Asia III). It should be noted that, due to incom-
plete reporting and large uncertainties of land-use and forest-related biomass burning emissions, EDGAR-HTAP
does not deliver these emissions thus, as suggested by Janssens-Maenhout et al. (2012) we used the data set from
fire emission inventory NCAR (FINN, v1; Wiedinmyer et al., 2011). The biogenic emissions data set was derived
from the Model of Emission of Gases and Aerosol from Nature (MEGAN; Guenther et al., 2006).

The daily average meteorological parameters such as temperature, relative humidity (RH), and wind speed were
obtained from the weather underground portal (https://www.wunderground.com/). As shown in Figure 2, the
parameters were retrieved for Beijing (39.86°N, 116.28°E), Chengdu (30.58°N, 103.92°E), New-Delhi (28.59°N,
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Figure 2. Time series of observed and simulated temperature, relative humidity, and wind speed for the year 2017. For identical stations, the solid and dashed lines
represents observations and simulation data, respectively. From left to right, different bar colors respectively shows the winter, spring, summer, and autumn seasons.

77.26°E), Karachi (24.87°N, 67.11°E), and Andizhan (40.66°N, 72.26°E) whereas for Langtang (28.23°N,
85.61°E), the data were obtained from a regional database system (ICIMOD, 2016).

Here, we examined the spatial variation of temperature, precipitation, and wind for the whole domain by assert-
ing the climate reanalysis data set. The gridded near-surface temperature was obtained from Climate Research
Unit (CRU, http://www.cru.uea.ac.uk/data). Other than this, we used the fifth generation of the European Centre
for Medium-Range Weather Forecasts (ECMWF-ERAS) atmospheric reanalysis products for the assessment of
wind profile and temperature. ERAS reanalysis products (gridded at 0.25° X 0.25°) are derived applying bias
and sequential elevation correction methods (Cucchi et al., 2020; Weedon et al., 2014). In addition to this, we
also used wind data from National Centers for Environmental Predictions (NCEP) reanalysis (https://psl.noaa.
gov/data/). We retrieved temperature and precipitation (at surface level) and wind (at 500 hPa) from Copernicus
Climate Change Service (C3S, https://cds.climate.copernicus.eu). The daily-accumulated precipitation product,
Tropical Rainfall Measuring Mission (TRMM) was generated from three hourly TRMM Multi-Satellite Precip-
itation Analysis TMPA (3B42). We extracted TRMM data product (Level-3, version-7) from Goddard Earth
Sciences Data and Information Services Center (GES DISC, https://disc.gsfc.nasa.gov/) which has a spatial reso-
lution of 0.25° x 0.25°.

2.5. BC Transport Flux Calculation

The horizontal and vertical transport of pollutants accumulation and dispersion depend on different meteor-
ological fields, of which wind regime plays a crucial role. A similar approach of calculation of sensible heat
(Stull, 1988), BC transport flux can be calculated by relating the fluctuation between wind field and BC mass
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Table 3
Comparison of Statistical Score Summary of Meteorological Parameters in Observation Sites With Model Output

Temperature Relative humidity Wind speed

Sites RMSE MB R SD RMSE MB R SD RMSE MB R SD

Beijing 421 349 098 1147 421 -10.75 071 22.03 2.36 -1.55 042 196
Chengdu 3.56 250 094 7.32 17.61 942 0.18 13.20 2.48 -1.81 0.54 1.61
Langtang 3.47 -2.68 092 559 3028 2030 0.64 20.82 4.47 -297 024 344
New Delhi 5.64 433 086 6.13 2507 -17.15 0.15 12.34 2.21 1.00 032 134
Karachi 4.44 3.66 0.85 405 3028 -25.87 0.71 2237 3.07 -2.09 050 248
Andizhan 7.34 3.06 0.78 7.83 2435 991 032 14.01 2.37 -1.59 028 1.50

Note. RMSE, root mean square error; MB, mean bias; SD, standard deviation.

concentrations from surface to different layer of atmosphere. Here, we have calculated BC transport flux using a
similar approach used by Yuan et al. (2019) and Joshi et al. (2021). The BC transport flux (TF, ) can be obtained
as follows:

TF,. = BC; X w;

where BC, and w, represent the BC mass concentrations and wind components in each model layer.

2.6. Model Evaluation Metrics

We examined the skill of model performance utilizing observation and reanalysis data set against model output.
Point-based propagation was assessed for the meteorological parameters (temperature, RH, and wind speed).
Meteorological parameters play an important role in air quality; therefore, we focused on the evaluation of these
parameters using in-situ observation and reanalysis data sets. In addition, to examine distribution patterns at the
synoptic scale, we used near-surface and reanalysis data sets for temperature, wind, and precipitation. The statis-
tical metrics used to assess the model performance are root mean square error (RMSE; Equation 1), mean bias
(MB; Equation 2), and Pearson correlation coefficient (R; Equation 3).

ZiN=| (Mi —Oi)2 (1)

RMSE =
N

_ 1 N ! ' 2
MB=_ 3 (Mi-0) @

R = 1 N Mi —m Oi —0 (3)

N-1 i=1 oM 0o
Here, the metrics calculated, with N, M,, O,, m, o, 6,;, and 6, are the number of observation and model data,
model value, observed value, model mean, observed mean, and standard deviation model/observed, respectively.

3. Results and Discussion
3.1. Meteorology

The comparison of simulated annual mean temperature, RH, and wind speed with concurrent observed data
for the selected stations is listed in Table 3. For all stations, the temperature was reproduced well by the model
(R = 0.78-0.98) compared to its performance on RH and wind speed. A yearlong temperature MB exhibited
positive bias in five locations except for Langtang where cold bias (MB = —2.68) was found. Although, RH
underestimation in Beijing (MB = —10.75), Langtang (MB = —20.30), Karachi (MB = —25.87), and New Delhi
(MB = —17.15), relatively good correlation values of 0.71, 0.64, and 0.71 were found in sites. The wind speed
has an essential impact on pollution transport with low speeds favoring the accumulation of pollutants in source
proximity, whereas higher speeds lead to pollution dispersion. The wind speed over all the stations was under-
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Figure 3. Spatial distribution of mean surface air temperature from Weather Research and Forecasting coupled with Chemistry (WRF-Chem), Climate Research Unit
(CRU), and ERA5 for monsoon and non-monsoon seasons.

estimated with MB up to —2.97 m s~!. The RMSE values of Beijing (2.36 m s~'), Chengdu (2.48 m s~!), New
Delhi (2.21 m s7!), and Andizhan (2.37 m s~!) are close to the benchmark value of 2 m s~! as proposed by Emery
et al. (2001) whereas, in the case of Langtang, MB, RMSE, and standard deviation (SD) are twice as higher
than other locations. We also compared model results with reanalysis data sets such as temperature (Figure 3),
precipitation (Figure 4), and wind field (Figure 5). Zonally averaged statistical metrics in Table 4 and Figure S1
in Supporting Information S1 indicated that temperature reproduced better than precipitation which is further
proved statistically. Strong correlation coefficient (R, = monsoon, R, = non-monsoon) for temperature were
found with WRF-CRU (R, = 0.82, R = 0.96) and WRF-ERAS (R = 0.90, R = 0.93) than precipitation

RAIET AL.

7 of 26

858917 SUOLULLIOD AR 3cfed! [dde aU) Aq pauLBAOB 82 SBILE YO ‘38N J0 S3|NI 0} Aeiq1T 8UIUO A1 UO (SUONIPU0D-pUB-SWSIL0 A8 | Im AReiq 1 U1 juo//:SANY) SUONIPUOD Pue Swid | 8y} 89S *[£202/80/60] U0 Afeiqi auliuo A8|Im * ge uosindold 1or BseN - ey UsaNINl AQ 2//SE0ArT202/620T 0T/10p/Lod Aa i Akeiq i putjuosqndnBe//sdny woaj pepeojumod ‘9 ‘2202 ‘96686912



AP~ .
I Journal of Geophysical Research: Atmospheres 10.1029/2021JD035772
Monsoon [May-Sep] Non-monsoon [Oct-April]
40°NE e - | Ae v ] E

25°N

WRF-Chem

10°N

o di 2
4 3\ - _______-- g
(P

40°N X

25°N

TRMM

10°N

40°N &

25°N

ERAS

10°N

7\
\

\
P

."" i ! i \ A / I ! ! \
45°E 60°E 75°E 90°E 105°E 120°E 45°E 60°E 75°E 90°E 105°E 120°E
0 500 1000 1500 2000 2500 3000

Total Precipitation [mm]

Figure 4. Spatial distribution of total precipitation between monsoon and non-monsoon seasons from Weather Research and Forecasting coupled with Chemistry
(WRF-Chem), Tropical Rainfall Measuring Mission (TRMM), and ERAS.

WRF-TRMM (R = 0.80, R = 0.63) and WRF-ERAS5 (R, = 0.30, R = 0.40). In contrast to temperature,
modeled precipitation has relatively high MB than reanalysis data sets.

WREF-Chem captured seasonal wind profile reasonably well with NCEP and ERAS at 500 hPa (Figure 5). Except
for the summer monsoon, a stronger signal of westerly (20-40°N) air masses was found directed toward East
China (EC). In the 90-120°E longitudinal section, north prevailing wind directed toward EC at high wind speed
that is potentially due to the Siberian high effect. A clear picture of air mass convergent was captured well over
Arabian Peninsula (AP) during summer, however, the strong northward air movement from the Bay of Bengal
(BOB), cyclonic activities could not be captured well by the model simulation which possibly led by coarser
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Figure 5. Seasonal variation of wind field (ms~') at 500 hPa from Weather Research and Forecasting (WRF) simulation, ERA35, and National Center for Environmental
Prediction (NCEP) data. The reference vector used in the map is of magnitude 5 m/s. Color-coded data in the background of the figure represents the wind speed.

resolution of the model. At a given pressure height, stronger and weak wind speeds were observed during the

winter and summer seasons, respectively. In comparison with WRF-Chem and ERAS, NCEP overestimates the

wind speed as this data set has a coarser spatial resolution (2.5° X 2.5°). The zonal average seasonal correlation

between model and reanalysis was found in the range of 0.64—0.94 indicating the model's capability to reproduce

in an acceptable range. However, inaccurate representation of wind field is predominant over mountainous terrain
(Mar et al., 2016; Mues et al., 2018; Zhang et al., 2013, 2016), which could potentially be caused by orographic
variation, mesoscale mountain-valley circulation, rapid fluctuation on the diurnal cycle of southerly (upslope)
and northerly (downslope) winds (Norris et al., 2020; Ueno et al., 2008; Whiteman, 2000).

53111)5 :verage Statistical Metrics Inter-Comparison Between WRF-Chem, CRU, ERAS, and TRMM for Temperature and
Precipitation
Monsoon Non-monsoon
Detail RMSE | MB R, SD,, RMSE, MB,, R, SD,,
Temperature =~ WRF-CRU 4.40 -246  0.82 6.25 4.45 1.21 0.96 10.77
WRF-ERAS 9.43 232 0.90 3.09 19.43 1224 0.93 4.55
Precipitation =~ WRF-TRMM 276.53 —186.21 0.80 312.25 285.11 —180.20  0.63  208.13
WRF-ERAS 444.79 307.31 0.30 87.90 248.99 120.87  0.40 47.60

Note. RMSE, root mean square error; MB, mean bias; SD, standard deviation; WRF, Weather Research and Forecasting;
CRU, Climate Research Unit; TRMM, Tropical Rainfall Measuring Mission.

RAIET AL.

9 of 26

85U0|7 SUOWWOD 8A 81D Bcedljdde auy Aq pausenof 81e 9ol WO 8Sn JO'Sa|NJ 04 Afeig1 BUIIUO AB|IM UO (SUOTIPUOD-pLIR-SLLLIBY D" A8 | 1M ARe1q 1 BUI UO//SANY) SUORIPUOD PUe SWS | 84} 89S *[£202/80/60] U0 Aeiqi8ulluo AB|IM * ge uosindoid 1er eseN - Y UsdNIN AQ 222Se0ArT202/620T OT/10p/wod A8 | im Aeiq puliuo sqndnBe/sdiy woiy papeojumoqd ‘9 ‘2202 ‘96686912



A~y .
M\I Journal of Geophysical Research: Atmospheres 10.1029/2021JD035772

ADVANCING EARTH
AND SPACE SCIENCE

40°NT=: IRy
v ™
(AN I 7

NN A T
SRrrtatd
e 7

25°N|.

10°N

25°N|.

A AR -, =@= Beijing
1oN|RT 5777 2244 A &z =@ Chengdu |
£y =L L p ; =@= Changde
N g ' X @ Zhengzhou
New-Delhi
=@= Kolkata

3 ; S, : as ; ol Lo
45°E 60°E 75°E 90°E 105°E 120E  45°E 60°E 75°E 90°E 105°E 120°E

=3

Figure 6. Distribution of simulated seasonal mean surface black carbon (BC) concentrations (ug m~>) from the control
simulation. The mean horizontal wind (U and V) is plotted at 500 hPa. The different colors represent the identical locations as
given in legend.

We have provided more statistical metrics in Figure S6 in Supporting Information S1. Spatial precipitation
patterns for monsoon and non-monsoon seasons (Figure 4) indicate that the model reproduced well as compared
with TRMM and ERAS. In the left column of Figure 4, the synoptic monsoon was seen active, with maximum
total precipitation (>2,000 mm) received over parts of Myanmar, Bhutan, Bangladesh, and Nepal. The onset of
the monsoon from BOB spreads over the Indo-Gangetic Plain (IGP) region, reaching up to Pakistan in the west
and southeast China in the east. In addition, from the Arabian Sea branch, the monsoon arrived mostly in the
southern part of India. The gradual withdrawal process removes the precipitation, which can be seen in the right
column of Figure 4.

Compared with observation and reanalysis data sets, the simulation biases could be owing to numerous potential
reasons such as complex mountain terrain, elevation gradient, lapse rate, moisture processes, overestimation of
snowfall, radiative surface heating, as well as cooling feedback (Immerzeel et al., 2014; Kattel et al., 2013). Previ-
ous studies indicated that satellite products (Derin & Yilmaz, 2014; Sun et al., 2018) and model simulation (Karki
et al., 2017; Mues et al., 2018) have difficulties in reproducing precipitation in areas with complex topography.
Precipitation overestimation was reported over SA (Kumar et al., 2012; Rana et al., 2015) and China (Zhao &
Yatagai, 2014). Other than local dynamics, overestimation/underestimation could be attributed due to excessive
moisture transport flux and precipitation of water from the BOB and the western North Pacific (Raju et al., 2015;
Shah & Mishra, 2016).

3.2. Spatio-Temporal Distribution of Surface BC Concentration

Figure 6 shows the spatio-temporal distribution of mean surface BC concentration in the year 2017. In general,
the magnitude of simulated BC appeared to be close to the strength of the emission source with higher values
in the major polluted region. The higher BC concentrations are identified in and around megacities like Beijing,
Chengdu, Changde, Zhengzhou, Dhaka, Kolkata, New Delhi, and Lahore. Whereas, model results show less
amount of BC over relatively remote regions of the TP, North Asia (NA), and Central Asia and Middle East
(CAME) where anthropogenic influence remains less. In the present study, the anthropogenic BC loading within
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Table 5
Comparison of Measured and Simulated Atmospheric BC Concentration (ug m=) at Different Stations During 2017
Sites Location Period Model (Mean + SD) Measured (Mean + SD) Mean ratio
Beijing 39.80°N, 116.47°E 2017 5.866 + 4.059 7.350* 1.253
Chengdu 30.65°N, 104.04°E 2017 7.375 + 4.098 7.210* 0.978
Changde 29.17°N, 111.71°E 2017 4.115 +2.141 2.340* 0.569
Guilin 25.32°N, 110.30°E 2017 1.984 + 0.751 3.140* 1.582
Lhasa 29.67°N, 91.13°E 2017 0.206 + 0.117 3.100* 15.038
Lushan 29.57°N, 115.99°E 2017 2.514 + 1.369 0.430* 0.171
Nanning 22.82°N, 108.35°E 2017 2.541 + 1.376 2.000* 0.787
Tazhong 39.00°N, 83.67°E 2017 0.047 + 0.028 0.700* 14.903
Zhengzhou  34.78°N, 113.68°E 2017 7.017 + 3.765 4.880° 0.695
Akdala 47.12°N, 87.97°E 2017 0.112 + 0.053 0.450* 4.035
Urumqi 43.21°N, 87.12°E Aug 2016-Jul 2017 0.191 + 0.113 0.520b 2.720
Astore 35.21°N, 74.48°E 20162017 0.321 +0.142 2.100 + 0.700¢ 6.534
Sost 35.52°N, 74.25°E 20162017 0.190 + 0.096 1.400 + 1.100¢ 7.382
Gilgit 36.41°N, 74.49°E 20162017 0.308 + 0.127 2.400 + 0.600¢ 7.801
QOMS 28.36°N, 86.95°E  May 2015-May 2017 0.441 +0.237 0.299 + 0.341¢ 0.677
Langtang 28.21°N, 85.61°E  Oct 2016—May 2017 0.799 + 0.337 0.482 + 0.273¢ 0.602
New Delhi 28.58°N, 77.20°E  Jan, 2016-Dec 2018 11.488 +5.788 13.575 + 8.401° 1.182
Kolkata 22.65°N, 88.45°E Jan 2016-Dec 2018 12.728 + 5.846 12.082 + 6.850° 0.949
Bhuj 23.23°N, 69.66°E Jan 2016-Dec 2018 0.582 + 0.294 2.021 + 1.471F 3.471
Port Blair 11.66°N, 92.71°E Jan 2016-Dec 2018 0.132 + 0.107 2.506 + 1.030f 19.050
Pune 18.53°N, 73.85°E Jan 2016-Dec 2018 4.162 +2.053 6.955 + 6.436° 1.671
Nagpur 21.10°N, 79.05°E Jan 2016-Dec 2018 3.345 + 1.487 4.493 + 2.579" 1.343
Ranchi 23.31°N, 85.31°E Jan 2016-Dec 2018 5.518 +2.328 4.416 +2.202f 0.800
3Guo et al., 2020. *Zhang, Zhao, et al., 2020. “Zeb et al., 2020. ‘Chen et al., 2018. °Rai et al., 2019. fKumar et al., 2020.
the domain shows distinct seasonality with minimum and maximum during summer and winter seasons respec-
tively, which is similar to previous studies (Adhikary et al., 2007; Kumar et al., 2012; Yang et al., 2018).
During winter, pronounced BC concentrations (reaching as high as 8 pg m=3) spotted along the IGP region
extending from Lahore, Delhi, Kanpur, and Varanasi to the Kolkata region are likely due to intense biomass
burning (Figure S2 in Supporting Information S1). Additionally, shallow wintertime PBLH suppressed the verti-
cal diffusion thereby trapping BC near the surface (Pan et al., 2015). Whereas, in China, higher demand for
residential heating and carryover effect of industrial production at the end of the year leads to higher BC emis-
sions during winter (Lu et al., 2011). Distinctive westerly winds at 500 hPa prevailed in the 20°—40°N latitudinal
section in winter, where the highest BC mass concentrations were also observed which is probably due to low
wind speeds and dynamic circulation patterns. During spring and summer, the higher concentrations over IGP
are marked in two identical locations namely Kolkata and Lahore. Compared with other seasons, summer has
low BC concentration throughout the entire domain as the onset of monsoon facilitates the wet removal process.
According to Bates et al. (2006), the aerosol removal process plays an important role in the seasonal distribution
and is a significant cause of uncertainty in model predictions. In Figure 4, high precipitation over SA and East
Asia (EA) during monsoon season results in less BC concentration due to wet scavenging by precipitation. In
autumn, a post-monsoonal transition period, during which monsoon retreats and wind direction shifts, both favors
an increase in BC concentration.
For comparison, the mean and standard deviation of measured and model BC concentration from 23 sites are
provided in Table 5, showing higher BC concentrations in urban than background sites. The simulated BC
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Figure 7. Time series of simulated (black) and observed (orange) black carbon (BC) at the Qomolangma Station (QOMS)
for the period of January—September 2017. Gray and blue colors show BC mean values orders in (+15%) intervals. Vertical
shaded gray color indicates an episodic event observed during the spring season.

concentrations exhibit high value in Kolkata (12.728 + 5.846 ug m~>) and New Delhi (11.488 + 5.788 ug m~3)
followed by Chengdu (7.375 + 4.098 ug m~3) and Beijing (5.866 + 4.059 pg m~>). In contrast, relatively low
surface BC concentration was found in the remote sites, such as Tazhong (0.047 + 0.028 ug m~3), Port Blair
(0.132 + 0.107 pg m~3), Lhasa (0.206 + 0.117 pg m~3), Gilgit (0.308 + 0.127 pg m~3), QOMS (0.441 + 0.237 pg
m~3), and Langtang (0.799 + 0.337 ug m~). Figure 7 shows the simulated and observed daily mean BC concen-
trations at the QOMS site. During the simulated period, the observed and simulated daily mean data at the QOMS
site were 0.307 + 0.257 ug m~3 and 0.286 + 0.179 ug m~3, respectively. These values are close to earlier findings
0f 0.250 + 0.220 ug m=3 (Cong et al., 2015) and 0.299 + 0.341 pg m~3 (Chen et al., 2018). At the QOMS site, BC
seasonality was evident with the lowest and highest concentration during monsoon (0.128 + 0.101 ug m~3) and
spring (0.431 + 0.385 pug m~3), respectively. However, the model was overestimated by the magnitude of 4 during
the monsoon season. In contrast, during pollution events in spring, the modeled BC concentrations were under-
estimated by a factor of ~2. The discrepancy found here could be caused by numerous factors such as emission
inventories, topography, model resolution, and parameterizations schemes. The results from relatively coarser
resolution could not adequately represent the special local events (biomass burning) and wet removal process that
ultimately led to cause in model biases. In our study, the correlation coefficient between the model and observed
BC at QOMS site was found to be 0.30, whereas Gul et al. (2021) study from Himalaya (Yala glacier; 4,900 m
a.s.]) also found the correlation coefficient in a close similarity (0.32). As shown in Table 5, the model underesti-
mated the BC concentration in most of the locations. The Port Blair, being far from the emission source, the high
mean ratio value indicated the model underestimation and raised the concern on the model's ability to reproduce
in the background region. Similarly, Pan et al. (2015) also found significant BC underestimation in Port Blair
where the model captured only about 10%—38% of the observed values. Even with fine resolution, a study from
Mues et al. (2018) shows strong underestimation by the model in Kathmandu, Nepal. It is noteworthy to mention
that BC underestimation by chemical transport model has been a common problem in the IGP region (Joshi
etal., 2016), EA (Gao et al., 2014), SA (Kumar et al., 2015; Nair et al., 2012), and TP (Ji, 2016). Such discrepancy
in the model could originate from different uncertainties such as inadequate representations of emissions data,
model resolution, representation of planetary boundary layer height, and general features of geography (Alvarado
et al., 2018; Kumar et al., 2015; Pan et al., 2015). However, by comparing our results with the available observa-
tion data and the model simulation from previous studies, WRF-Chem can deliver with good agreement in repro-
ducing seasonal, spatial variation, and magnitude in the surface BC concentration within the specified domain.
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Figure 8. Spatial distribution of anthropogenic black carbon (BC) concentration (ug m~>) emitted from East Asia (EA), South Asia (SA), North Asia (NA), and Central

Asia and Middle East (CAME) on a seasonal basis.

3.3. BC Source Region and Transport Mechanism to the TP
3.3.1. Regional BC Contribution to TP

In this study, sensitivity analysis was carried out to quantify the contribution of anthropogenic BC to the TP from
the surrounding subregion. For this, we analyzed the concentration and contribution of anthropogenic BC from
different source regions of the domain as a part of the experimental design in Table 2. The results presented in

Figure 8 are the product of the control minus sensitivity experiments, which clearly show a strong dependence of

BC concentration with both seasonality and locality. The seasonal relative contribution from each neighboring
region to the whole domain and toward TP is presented in Figure 9. During the simulation period, fractional BC
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Figure 9. Relative seasonal and total black carbon contribution (%) to the whole domain from the surrounding subregion (First row) and toward Tibetan Plateau (TP)

(second row). Different colors represent the different regions as given in the legend.
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Figure 10. Spatial distribution of percentage contribution of anthropogenic BC from subregions. Row and column represent seasons and region respectively.

contributions concerning the whole domain from SA, EA, CAME, and NA are found to be 43.5%, 42.4%, 9.6%,
and 4.6%, respectively. Of the total BC emissions, SA contributed higher than EA, however, in terms of BC
contribution to TP, the contribution from SA (60.7%) is found to be twice that from EA (32.9%). As described in
Lu et al. (2012), the smaller contribution from EA could be associated with the geography where high BC flux
areas including eastern and central China are mostly downwind of the TP, and only the EA summer monsoon can
effectively bring aerosol from EA to the TP. Especially, during the dry period, that is, winter (70.0%) and spring
(72.3%) seasons, the stronger SA contribution to TP is evident. This may be modulated by the extensive biomass
burning over the period in that region (Figure S2 in Supporting Information S1). During the summer monsoon,
BC contribution from SA significantly dropped (almost by about 30%) partly due to efficient wet removal of
BC by precipitation (Figure 4) and decreased forest fire events (Figure S2 in Supporting Information S1). Addi-
tionally, atmospheric circulation could have also played a vital role where the predominant south-westerly wind
changes the direction as wind speed weaken (Figure 5) which ultimately inhibits the BC transport from SA. The
contribution from EA peaks high (55.4%) during summer (EA contribution remains <30% in the rest of the
seasons). Such seasonality in fractional contribution from SA to the TP is also stated by Zhang et al. (2015) and
Han et al. (2020). In addition, Yang et al. (2018) also suggested the same, but it is worth mentioning here that this
study included October—April and May—September as non-monsoon and monsoon seasons, respectively.

From a regional perspective, SA and EA observe high BC concentration (Figure 8) which propagated higher
contribution from these regions (Figure 9). In terms of affected areas over TP, BC outbreak from SA influences
largely than any other neighboring region (Figure 10). This could be due to the proximity of geographic location
and circulation patterns under prevailing south-westerlies conditions. Additionally, Han et al. (2020) found that
the strong biomass burning in SA greatly enhanced surface BC concentrations in the TP. Thus, it may be associ-
ated with the biomass burning activities over the SA region that could affect to a larger extent.
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The TP region remains relatively clean throughout the year, with only 10% (Zhang et al., 2015) and 13.5% (Zhao
et al., 2021) of BC being contributed from local emissions over the HTP. Inferring to this, a large portion of BC
invades into TP from distance sources that need to be accounted for. Present study findings suggest that surface
BC in the TP is mainly originated from SA and EA. Kumar et al. (2012) study showed that anthropogenic emis-
sions substantially influence (up to 60%—96%) of the total BC loading over SA that was further proven by an
evidence-based previous study based on the Aerosol Robotic Network (AERONET) and the Moderate Resolution
Imaging Spectroradiometer (MODIS) fire count data (Ramachandran et al., 2020; Xu et al., 2018). A large portion
of anthropogenic BC comes from agricultural waste burning emissions over SA (Xu et al., 2018). Whereas, over
the Himalayas, Li et al. (2016) found that 54% and 46% BC contributions were from biomass and fossil fuel
combustion, respectively. Over CA, Kulkarni et al. (2015) revealed averaged BC concentration was about 0.1 pg
m~3, with peak values (~1 ug m~>) in the winter. A study performed by Xu et al. (2018) shows the BC concen-
trations range from 0.1 to 5 ug m~3 along the foothills of the Himalayas. Comparatively, the BC contribution
(from SA) to the TP is in general agreement with previous findings by Lu et al. (2012) (67%), Zhang et al. (2015)
(50%), and Yang et al. (2018) (61.3%). Although EA contribution is comparable with Han et al. (2020) (35%),
noticeable differences were found from other previous studies, by Lu et al. (2012) (17%), by Zhang et al. (2015)
(19%), and by Yang et al. (2018) (<10%). Such discrepancies could be caused by the definition of geographic
boundary to TP and subregion, circulation pattern, and the methods adopted to calculate relative contribution to
TP from respective subregion.

3.3.2. Columnar BC, Transport Flux, and Mechanism

BC at atmospheric vertical regime allows us to better understand columnar BC mass concentration and trans-
port mechanism involved within the atmospheric layer. To gain insight into the topographic effect on transport
mechanism, we presented vertical BC distribution from sensitive analysis (Figure 11) along with terrain height.
Considering the topographic effect on BC transport, we took transect in such a manner where the two most
polluted IGP and EC regions fall in-between. In this study, columnar profile exhibits BC injected to the higher
elevation where the presence of BC was found to be up to an elevation of about 6-km over SA and EA, which is
similar to previous finding (Yuan, Wan, et al., 2020; Zhang et al., 2015, 2017; Zhang, Zhao, et al., 2020; Zhao
et al., 2017). However, the overall picture illustrated in Figure 11 confirms the topographic barrier effect on BC
distribution where the higher BC concentration (1.4-2 ugm™3) is confined in the valley-type topography within
a 2-km altitudinal distance from the surface. The previous studies on the natural barrier effect by towering the
Himalayas from the southern flank of TP and EC are understandable. Zhao et al. (2017) found that the significant
enhancement of BC transport with the reduction of the Himalayas altitude under the influence of the convergent
airflows condition significantly increased BC over southeastern TP. Whereas, Zhang et al. (2017) suggested that
due to the presence of high altitude cut-off low system, pollutant enhanced to TP by a factor of 6. Similarly, Gong
et al. (2019) and Zhang, Zhao, et al. (2020) found that the mountain valley system increased the transport flux
by three times and 50%, respectively. Our study shows the higher BC contribution to TP (Figure 9) and larger
affected area (Figure 10) from SA and EA regions. Despite the fact of the wet removal process, BC was found
to be uplifted in the higher atmospheric column that could be modulated by the deep convection process when
hit by the summer monsoon over the SA (Figure 11, summer). The high BC distribution was experienced in the
latitudinal cross section of 20°-27°E and 31°~112°E in the southern and eastern slope of TP. During summer,
a distinct feature of vertical dispersion occurred over SA and EC that could be governed by a monsoonal activ-
ity and deep convection process, which could form a critical pathway to TP that permits BC to enter from the
surface to the upper layers. Thus, it can be inferred that the role of monsoonal activity is not only limited to the
wet removal process but also plays a vital role in opening the window for the vertical dispersion of pollutant.
Singh et al. (2020) study on dynamical forcing in vertical BC transportation also showed that the persistent BC
layer observed at the free troposphere layer resulted from uplifted BC during the convective period from SA. As
explained by Yuan, Chen, et al. (2020), high BC over the east slope of TP resulted from the weakness of westerly
winds over the northern TP, eastward movement of EA major trough, and dominant westerly wind over southern
TP. Such a circulation pattern along with trans-Himalaya transport through mountain-valley conduits systems
(Khumbu valley, Dudh Koshi basin, Kali Gandaki, Langtang valley, Chumbi valley, and Yarlung Tsangpo Grand
Canyon), through which BC could have made way up to the TP (Dhungel et al., 2018; Yuan, Wan, et al., 2020;
Zhang, Zhao, et al., 2020).

Further, we have quantified the BC transport flux along height-cross section. We have investigated on the BC
flux distribution under different wind regimes, and calculated BC flux taking into consideration of different
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Figure 11. Cross-section of regional columnar black carbon mass concentration. The filled gray color indicates terrain height (topography) and the yellow line denotes
seasonal planetary boundary layer height. In the left upper corner, a straight yellow line shows the starting and ends of a cross section.

wind fields in Figure 12 (a-meridional, b-vertical, and c-wind speed). The predominant southwesterly meridional
wind system favor BC aloft at a significant rate (2-3 ug m=2 s~') over SA due to high meridional wind (6 m s~';
Figure 12a). In Figure 12b, we found the vertical wind played an important role on BC transport to the TP. It
shows that the deep convection transport is influenced by vertical wind where elevated transport flux is dominant
over SA and EA regions. Moreover, BC flux can be seen over the HTP region in the range from 0.015 to 0.025 pg
m~2 s~!, Similarly, Figure 12¢ exhibits wind speed-induced BC flux. Despite high BC flux located over SA and
EA, a significant BC flux over HTP and beyond might have due to the fact of updraft effect. Figures 12a—12c
shows BC transported to the upper troposphere and lower stratosphere (UTLS) that could potentially be driven
by deep stratospheric intrusion under the strong wind speed. Thus, we suggested that the different wind regime
has an essential impact on the horizontal and vertical transport of pollutants as the fate of short-lived pollutants
like BC accumulation and dispersion. Here, different BC flux rates resulted vary with each wind component thus,
it calls for the consideration of these wind fields while evaluating aerosol transport and calculation of transport
flux.

As the columnar distribution of BC also depends on the variation of the PBLH profile. Hence, here we provide
a dynamic evolution of the cross-sectional PBLH profile that shows a clear seasonal variation (Figure 11 yellow
line). In winter and autumn, shallow PBLH over SA and part of the IGP region (20°-27°E) suppresses ventila-
tion thereby trapping the lower atmospheric BC within ~1-km. On contrary, during spring and summer, PBLH
was found to expand, which is likely due to the underlying surface warming process thereafter initiating thermal
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Figure 12. Height-Cross-sectional black carbon transport flux calculated along the line (as shown in yellow solid line in Figure 12) with meridional (a), vertical (b)

wind component, and wind speed (c).

instability that later strengthens PBLH and facilitates vertical diffusion. To provide additional evidence on a
complex interplay of aerosol-boundary layer interaction, we have analyzed the zonal mean PBLH change caused
by aerosol change by compared with the control and sensitivity experiments (Figure 13). In particular, we show-
case the synergy between BC and associated mechanisms in modifying PBLH. Figure 13 illustrates that the
higher PBLH in control than sensitivity experiments implying to this BC further enhance in PBLH development.
Our finding showed that BC expand PBLH by 5.0% and 4.8% over SA and EA regions, respectively. Such PBLH
increment is comparable with Wang et al. (2018) (4%—6%), however, higher than Slater et al. (2021) (0.26%).
On contrary to these findings, Ding et al. (2016) suggested BC could decrease the PBLH, though this study only
shows the effect of BC at and above PBLH top. Supporting this, Slater et al. (2021) stated that BC high above the
PBLH has little impact on PBLH development. Whereas, Wang et al. (2018) stated that near surface BC tends to
promote the PBLH development thus in our case as well maximum BC concentrations limited within near surface
(<1 km) that could potentially facilitated growth of PBLH. Unlike other aerosols species, BC at surface absorbs
the downwelling radiations, which increase turbulent kinetic energy that led to PBLH expansion thereby facili-
tates BC dissipation through promoting atmospheric buoyant turbulence. However, it is noteworthy to mention
that BC concentrations, vertical profile of BC, mixing state, and underlying land surface play a crucial role on
PBLH change in association of aerosol-boundary layer interaction (Slater et al., 2021).

As stated by Huang et al. (2020), BC could play an important role in aerosol-boundary layer interaction which
consequently intensifies lower atmospheric pollution. The effect of BC on the PBLH is very sensitive (Ding
et al., 2016), thus we have explicitly elucidated the complex interplay of aerosol-boundary layer interaction
that is inherently connected to air pollution by modulating through accumulation, dispersion, turbulent mixing,
efficient dilution, as well as transportation process (Wang et al., 2018; Zhao et al., 2020). Thus, under the given
circumstances, we speculate that, apart from elevation-dependent and mountain valleys transport, the presence
of BC at the vertical regime and transport toward the TP may also depend on convective transport mechanism
(Bian et al., 2020), circulation mode (Yuan, Chen, et al., 2020), and meridional flow (Xu et al., 2014). In addi-
tion to this, we emphasize taking into consideration of aerosol-boundary layer interaction while analyzing the
above-mentioned process. The driving force for BC transport from the neighboring region to TP is discussed in
detail in the following section.

3.3.3. Footprint Analysis: A Source-Receptor Examination at QOMS Site

Tracing potential sources of air parcels further aid in identifying the source of BC. In doing so, here we present a
case study on footprint analysis at the QOMS site (Figure 14 and Figure 15). The pollutant enrichment at the back-
ground site like the HTP is linked with the long-range transport (Gabrielli et al., 2020; Han et al., 2020; Kopacz
et al., 2011), thus here we further provide evidence on potential sources and long-range transport mechanism at
QOMS site. In Figure 14, the majority of air masses arriving at the QOMS site are from a long-range and higher
elevation, suggesting prevailing westerlies throughout all seasons except monsoon which is also supported by
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Figure 13. Zonal mean aerosol induced planetary boundary layer height (PBLH) changed for control and sensitivity experiment (a), latitudinal (blue line) and
longitudinal (red line) BC-induced PBLH change (b), same as Figure 11 but with annual mean BC concentrations where purple, black, and orange line indicates PBLH
for control, sensitivity, and due to BC. In upper panel (a) and (b), the solid line shows change in zonal mean (APBLH) whereas identical shadowed part indicated +1c.
The shaded gray color indicates the PBLH anomaly from control and sensitivity experiment (a), due to BC over South Asia (SA) and East Asia (EA) (b), and terrain
height (c). The inset area in left and right represents the SA and EA regions.

Figure 5. From cluster analysis, it can be seen that a large portion of air masses received from the CAME region
during winter and spring. However, during monsoon and autumn, the strong SA monsoon and the post-monsoon
effect are vivid as the higher density air masses arriving at QOMS are from a relatively lower elevation that
mainly originated from the BOB as each of the seasons accounts for about 90% and 80% of air masses. Especially
during monsoon, such bulk number of air masses could aloft BC from lower to higher elevations through convec-
tion process and mountain-valley ventilation channel and further transport horizontally to TP.

The QOMS site is known to have been influenced by a significant contribution from long-range transport (Chen
et al., 2018; Pokharel et al., 2019). To explore the connection between an episodic event (Figure 7) and the poten-
tial source of BC transport pathways, here we quantified the contribution fraction and frequency of occurrence
through PSCF analysis. From Figure 15, our results suggested that the high fraction of BC contributed from
CAME and SA region. The footprint of strong long-range transport can be seen during winter and spring, which
traced back to the Middle East, Central Asia, Afghanistan, Pakistan, Nepal, and IGP region. Interestingly, it was
found that the fractional contribution of BC at the QOMS site is reduced by half during monsoon and autumn
than in the winter and spring seasons. This could be possibly linked with the wet removal process, this phenom-
enon further was proved by Figure 4, where higher precipitation was seen during monsoon than that during the
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Figure 14. Seven days backward trajectories of air masses (upper panel) and clusters (lower panel) generated by the HYSPLIT model at the QOMS site during the
simulation period. Dark circular gray color indicates receiving (QOMS) site. The pressure height (hPa) is shown by color-coding.
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site.
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non-monsoon season. The BC concentration during an episodic event is maximum than the average background
concentration, reflecting the possibilities of import from a distance source.

As shown in Figure 15 (spring), this pollution event might have occurred due to the long-range transport. The
polar plot (Figure S3 in Supporting Information S1) shows that up to 40% of BC received at the QOMS site comes
from the west and southwest during winter and spring, while during monsoon and autumn season, the contribu-
tion from the west comes down to 20%—30%. Apparently, during the monsoon, a small contribution from east
and southeast was also observed at the QOMS site, this could have brought by the Southeast Asian circulation
pattern (Figure 5). This finding is in agreement with the previous studies (Bianchi et al., 2021; Liithi et al., 2015),
thus, we conclude that the significant BC contribution to TP (at the QOMS) site is driven by long-range transport
mechanism making way along cross-mountain pathways through mountain-valley channel system.

3.4. BC Radiative Forcing and Response in Temperature

Depending upon the place and process, BC concentration may vary, thereby causing radiative perturbation. We
calculated Radiative Forcing (RF) and temperature change from BC's direct effect. Figure 16 illustrates the direct
RF pattern, showing more negative surface RF (up to —8 Wm~2) over EA. Of which, the strongest negative RF
occurred over the high BC loading region like Northeast China and Chengdu, implying BC cooling effect at the
surface. Over this region, RF distribution is in line with the previous studies (Gao et al., 2014; Yang et al., 2018;
Zhao et al., 2014). Whereas, over TP and Himalayas, BC-induced forcing is in the range of —1 to 2 W m~2, which
is consistent with previous studies (Ji, 2016; Yang et al., 2018). The positive value of the radiative effect signifies
warming due to BC. In addition, He et al. (2014) found the surface dimming effect due to BC (—4.7 Wm~2) over
TP. Similarly, the Himalayas as background condition, Marcq et al. (2010) found surface RF of about —1.5 Wm2,
but the notable difference also observed based on the season and underlying surface. In contrast, despite high BC
over SA, less negative surface RF might be due to several factors like the underlying surface regime, cloud adjust-
ment effect, sensible heat (SH), and latent heat (LH). Zhang, Chen, et al. (2020) explicitly stated that BC-induced

direct RF varies under the meteorological influence and different climate regions.

As argued by Song et al. (2019), a decrease in LH and SH fluxes compensates for surface radiative cooling,
leading to a drop in surface temperature. Both the LH and SH (Figure S4 in Supporting Information S1) are
more negative over EA than SA, thus it can be inferred that the effect of LH and SH will, in turn, reflect upon
different surface RF over SA and EA. Ghosh et al. (2020) stated that BC-induced radiative perturbation is only
responsible for 10%-20% of surface cooling over the IGP region. Our model simulation result shows more nega-
tive BC-induced temperature change is concentrated over EA, coincident with maximum negative surface RF.
Similarly, over SA, the temperature change is positive, indicating a warming effect due to high BC concentration,
LH, and SH. Over SA, high and low BC-induced temperature change occurred during winter and monsoon, as
this monsoon sees maximum and minimum BC concentration, respectively. The previous studies by Ji (2016)
(0.1-1.5°C), Yang et al. (2018) (0.08°C), and Xu et al. (2016) (1.3°C) found significant BC-induced warming
effects over the TP region. Similarly, over the Himalayan range, Ménégoz et al. (2014) found BC-induced local-
ized warming between 0.05 and 0.3°C. Compared with these studies, our finding also shows a similar pattern
with the highest BC-induced temperature change during spring (0.15°C). However, the maximum annual mean
temperature change goes up to 0.06°C (Figure S4 in Supporting Information S1). In addition to this, BC-induced
temperature change profile (Figure 16, third column) shows seasonal latitudinal and longitudinal mean tempera-
ture change ranges from —0.1 to 0.1°C. Both latitudinal and longitudinal means shows more warming trend over
the TP region especially during winter, spring, and autumn. The significant BC-induced warming over the TP is
a matter of high interest. The notable warming feature of BC response particularly over the TP and Himalayas
cannot be neglected as these regions provide tangible cryospheric services, and play an important role in driving
hydrological and atmospheric cycle, and environmental processes.

4. Conclusions

In this study, we employed the WRF-Chem model for the quantitative assessment of atmospheric BC concen-
tration, contribution, aerosol-boundary layer interaction, BC transport flux, and transportation over PTP. Taking
advantage of available reanalysis products and observation data, first we validated the model performance,
then investigated spatiotemporal/columnar distribution and transportation of BC, examined synergy between
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Figure 16. Seasonal-spatial distribution of surface radiative forcing (left column) and corresponding seasonal surface temperature change (middle column), and cross-
sectional change in mean temperature (third column). In the third column, solid gray and blue line indicates the zonal mean (control-sensitivity) temperature change
throughout longitude and latitude cross section, respectively. Similarly, shaded identical light pink, and light blue colors show +1c denoted by shaded area.

aerosol-boundary layer feedback, calculated BC transport flux, analyzed source-receptor analysis, and assessed
BC-induced direct RF and temperature change. We found a distinctive seasonal BC pattern with winter and spring
high, and monsoon and autumn low. The BC concentration appears to be closely related to the strength of the
emission source with higher values reaching up to 8 ug m~ in identical hotspot regions (i.e., IGP, Chengdu, and
EC). An efficient vertical transport up to 6-km was observed, which was more noticeable during the summer
monsoon season over SA. However, the higher density of columnar BC was limited to 2-km in winter. Investiga-
tion on BC transport flux results showed that the significant BC flux enters into the upper troposphere and lower
stratosphere (UTLS), which is mainly driven by the deep stratospheric intrusion process under the influence of
strong wind speed that is dominant over SA and EA. BC transport flux over the TP was estimated in the range
of 0.5-1.5 pg m~2s7!, 0.01-0.025 pg m~2s~!, and 1-3 pg m~2s7!, respectively, driven by meridional, vertical
wind field, and wind speed. Interestingly, our results on aerosol-boundary feedback interaction showed that BC
expanded PBLH by 5.0% and 4.8% over SA and EA, respectively, which could eventually facilitates BC disper-
sion and transportation.
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We also quantified the BC contribution from subregion to TP by conducting sensitivity analysis. Dominant BC to
TP mainly originated from SA (60.7%), about twice EA (32.9%). Despite high BC over EA, the influence of BC
on TP is subdued by circulation pattern, as TP is located in the upwind of EA. Seasonally, except for the summer
monsoon, the contribution from SA sees high attribution in the range of 40.1%-72.3%, followed by EA, ranging
from 21.5% to 55.4%. In contrast, only a small portion (<10%) of BC was contributed from NA and CAME
regions. This could be due to geographic location, meteorological influence, and BC emission itself.

The results from footprint analysis at a typical TP site proved the long-range transport from the west and south-
west source regions. Interestingly, the fractional contribution of BC at the QOMS site is reduced by half during
wet seasons in comparison to dry seasons. Depending on the subregion underlying surface, BC-induced radiative
perturbation shows a strong diming effect over EA (—8 Wm™2), which further corroborates with temperature
change. Over TP, BC-induced warming was found to be maximum during high BC loading seasons, reaching
high during spring (0.15°C). However, the annual mean BC-induced temperature change goes up to 0.06°C. Such
temperature change is a matter of concern from the atmosphere-cryosphere point of view that needs to take into
consideration in future perspectives. Thus, we conclude by noting that the trained model delivers satisfactory
results in the regional context. However, we acknowledge the potential reasons for the bias issued in our study.
It includes resolution of the model and meteorological forcing, parametrization scheme (PBL and land surface),
detail feedback mechanism, and emission data. Given this, our study warrants further investigation.
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