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Abstract

In this study, an air quality model WRF-Chem (Weather Research and Forecasting
Chemical) was used to simulate meteorological conditions and surface black carbon
(BC) concentrations in the western China from June 2016 to May 2017, given
emissions from various sources in Asia. Comparison between simulations and
measurements in western China showed that the model can capture the key spatial and
temporal features of meteorological elements and surface BC concentrations. The
modeling framework was then used to quantify the relative contributions of different
emission sectors to BC concentrations via sensitivity experiments. Our results show
that the residential emission sector presented the largest contribution in western China.
The second largest contributor for the highly populated mega-cities (HM) region
including Sichuan and Guanzhong basins, and for the remote background (RB) region
covering the central part of the Tibetan Plateau (TP), was the industrial sector and the
transportation sector, respectively. Power plants and open biomass burning sources
played minor roles in the regional BC concentration. The seasonality of BC
concentrations showed higher values in winter, mainly due to the residential winter
heating under conditions of lower precipitation scavenging and poor boundary layer
mixing. A further evaluation of emission control strategies shows that a 50%
reduction of residential emissions caused annual mean surface BC concentrations in
the RB and HM regions to decrease by 36.2% and 36.7%, respectively. In contrast, a

50% reduction in industrial emissions or transportation emissions led to less than 12%



decreases in both regions. The 50% reduction of transportation emissions caused BC
concentrations to decrease by 9.2% in the RB region, larger than the 5.9% decrease
caused by a 50% reduction of industrial emissions. Transportation emissions were
responsible for more BC pollution than industrial emissions for the RB region, in
contrast to the highly-industrialized HM region. Therefore, more attention should be
paid to transportation emissions when designing control strategies for air pollution
over the TP. The results from this work provide useful information for local
governments to prepare and implement air pollution guidelines in western China.

Keywords: black carbon, emission sources in Asia, Tibetan Plateau, highly populated

region, control strategies.



1. Introduction

Black carbon (BC), also known as elemental carbon, is produced by incomplete
combustion of carbonaceous material, mainly fossil fuels (e.g., diesel, coal) and
biomass (e.g., biofuel, agricultural and forest fires). BC has a potential to warm the
atmosphere and cool the surface by absorbing solar radiation (Ramanathan et al.,
2007), and furthermore modify atmospheric circulation pattern (Lau et al., 2010;
Bond et al., 2013). When deposited on snow/ice surface, it can also reduce the albedo
(Hansen et al., 2004; Flanner et al., 2007; Ji et al., 2016a, b) and enhance the glacier
melt (Kang et al., 2016; Chen et al., 2015; Li et al., 2018; Zhang et al., 2017). The
fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC)
indicates that BC from biofuel and fossil fuel led to a direct radiative forcing of
around +0.4 W m (Boucher et al., 2013). In addition to its impact on the climate
system, BC can also adversely affect air quality because of its contribution to regional
haze and poor visibility (Cao et al., 2012). Furthermore, BC is a strong absorbent of
various toxic chemicals and can cause deleterious impacts on human health (Dachs et
al., 2000; Anenberg et al., 2012). Therefore, reduction of BC emission can lead to the
dual benefits of combating global warming and improving human health.

Many efforts have been made to estimate BC emissions in China. Streets et al.
(2000) concluded that China’s BC emissions for the year 2000 were 1.05 Tg. Using a
technology-based approach, Lei et al. (2011) developed an inventory of anthropogenic
emissions in China for 1990-2005 which indicates no significant trends of BC until

2000, but an increase after 2000 with the peaks of BC (1.51 Tg) in 2005. By a series



of improved methodologies, Zhang et al. (2009) estimated China’s anthropogenic BC
emission to be 1.8 Tg in the year 2006. Later on, Lu et al. (2011) developed a new
inventory of BC emission for China from the period of 1996~2010, inferring an
increase in BC emissions by 46 % from 1.27 Tg in the year 2000 to 1.85 Tg in the
year 2010. In general, the annual mean BC emissions in China continuously increased
in the first decade of the 21% century.

Previous studies have assessed the regional and seasonal variation of the BC
sources in China, mainly based on emission inventory data. The MIX emission
inventory shows that residential sectors contributed to more than 60% of annual total
BC emission due to abounding home heating in Northern China (Li et al., 2017b).
Meanwhile, in southern China, industrial sources dominated from spring to autumn,
contributing to around 50% of annual total BC emission in Yangtze River Delta region
(Zhang et al., 2009; Li et al., 2015). The transportation sector played the most
important role for BC emission (65%) in the Pearl River Delta region, as calculated
from a high-resolution regional BC emission inventory (Zheng et al., 2012). However,
there are limited studies on model-based characterizations of source contributions to
BC in China. Chemical transport models can reveal the relationship between the
emission sources and ambient concentrations, and provide assessment of control
strategies.

Relatively few studies on BC source apportionment have been reported in
western China. Using source-diagnostic A**C/8*3C isotopic ratios from several sites

mainly located in southern TP, Li et al. (2016a) found almost equal contributions to



BC aerosol from fossil fuel (46+11%) and biomass (54+11%) combustion. However,
owing to the harsh environment of western China, which has resulted in limited
access for fieldwork, and a sparsity of fixed instrumental stations, observational
records are too poor to enable detailed, quantitative studies of the spatial and temporal
trends of BC in the TP. The Advanced Weather Research and Forecasting
(WRF-ARW) model (Skamarock et al., 2005) with Chemistry (WRF-Chem), is a
regional chemistry model that has been used to quantify the contributions of different
emission sources to BC concentration in western China. One such study examined
total BC concentrations in the highly populated mega-cities of the Guanzhong basin,
western China from May 2013 to April 2014, and found that residential sources
contributed the most to BC concentration, followed by industrial and transportation
sectors (Li et al., 2016b). Model-based emission source characterizations of BC
concentrations in the more remote regions of western China like the TP are still scarce.
To the best of our knowledge, this is the first study using the WRF-Chem model to
preform source apportion of BC and assess emission control strategies for BC over
the TP.

In this study, one year of WRF-Chem simulation was conducted covering the
period from June 2016 to May 2017. Furthermore, we calculated the sectoral
contributions to BC concentrations and assessed the corresponding emission sources
and control strategies in western China. Four main anthropogenic emission sectors
(residential, industrial, power generation and transportation), as well as open biomass

combustion source, were considered here. This work also aims to provide a baseline



to formulate control strategies of the atmospheric pollutants for policy makers.
2. Model and data
2.1. WRF-Chem model and experimental setup

The regional climate-chemistry model WRF-Chem is an online
three-dimensional, Eulerian chemical transport model that considers complex physical
and chemical processes, such as the dry and wet depositions, transport (advection,
convective, and diffusion), gaseous and aqueous chemical transformation, aerosol
chemistry and dynamics (Grell et al., 2005). It simulates gas-phase chemical and
aerosol-microphysical processes on-line with the meteorological field and has been
successfully used in air quality studies in China (Wang et al., 2014; Gao et al., 2015;
Yang et al., 2017a, 2018). The WRF-Chem model used in this study was version 3.6.1.
The Yonsei University (YSU) planetary boundary layer scheme was used, which uses
counter-gradient terms to represent fluxes and considers the entrainment effect
(Schaefer, 1990). The Morrison 2-moment microphysical parameterization (Morrison
et al., 2007), the RRTMG longwave and shortwave radiation scheme (Zhao et al.,
2011), and the Noah land surface (Chen and Dudhia, 2001) were utilized in this study.
Based on our previous sensitivity experiments using chemical schemes (Yang et al.,
2017b), the chemistry parameterization options were the Carbon Bond Mechanism
Version Z (CBMZ; Zaveri and Peters, 1999) for gas-phase chemistry and the Model
for Simulating Aerosol Interactions and Chemistry (MOSAIC; Zaveri et al., 2008) for
aerosol reactions scheme.

As shown in Table 1, the original BC emission in the model was unchanged in



the base experiment. We conducted other five sensitivity experiments (S1, S2, S3, S4,
and S5) by turning off each emission sectors (residential, industry, transportation,
power and open biomass burning) in turn. The contribution of each emission sector to
total BC concentrations can be estimated as the difference between the base and the
specific sensitivity experiment. Additionally, we performed other three sensitivity
experiments to assess emission control strategies to reduce BC pollution, by reducing
industry, transportation BC emission sources to 50% successively. The WRF-Chem
simulations in this study were performed at two nested computational domains. On a
Mercator map (Fig. 1), the coarse domain (d01) contained 81 x 65 grid points with a
75-km spatial resolution, while the nested domain (d02) consisted of 147 x 112 grid
points with a 25-km spatial resolution. The d02 domain covered large parts of western
China, centered at 39°N, 92°E, and had 30 vertical layers with a model top pressure of
50 hPa. The National Centers for Environmental Prediction final analysis data (NCEP
FNL), with a horizontal resolution of 1° x 1° at 6-h time intervals, provided initial and
boundary conditions for the meteorological fields. The simulation was conducted for a
period of one year, from May 2016 to May 2017. The first month of the simulation
was considered as the model spin-up time and not analyzed.

To contrast the regional difference of the sectoral contributions to BC
concentrations, we categorized the inner part of the TP as the remote background (RB)
region with the blue box in Fig. 1, and categorized eastern Sichuan, Chongging and
southern Shaanxi as the high population and mega-cities (HM) region with the red

box in Fig.1.



2.2. Emissions

The anthropogenic emissions were based on the multi-resolution emission
inventory for China (MEIC, Li et al., 2017b) for the year 2010, and included
residential, industry, transportation, power, as well as agriculture (only for NHs)
sources. The total annual anthropogenic BC emission calculated by the MEIC for Asia
was 1.186 Mg/month, including 0.695 Mg/month from residential sources, 0.297
Mg/month from industry, 0.194 Mg/month from transportation, and 0.002 Mg/month
from power generation, as presented in Fig. S1. Greenhouse gas emissions (e.g. COy,
CH,, and N,O) were derived from the Reanalysis of the TROpospheric chemical
composition (RETRO, http://retro.enes.org/index.shtml) with 0.5° x 0.5° resolution.
The sea salt and volcanic ash emissions in the study domain were interpolated from a
global emissions dataset (Freitas et al., 2011). The fire emissions inventory was based
on the Fire INventory from NCAR (FINN) (Wiedinmyer et al., 2010). This inventory
provides high spatial (1 km x 1 km) and temporal (daily) resolutions for emission
estimation and includes agricultural fires, wildfire, and prescribed burning sources.
The BC emission flux from the fire inventory in western China (domain d02) was
much lower than that from the other anthropogenic emission sources (Fig. S2).
2.3. Data

In this study, a total of 273 national weather stations from the China
Meteorological Data Network (CMDN, http://data.cma.cn) were used to evaluate the
simulated surface temperature, precipitation, and surface wind. Fig. 1 represents the

locations of these weather stations with black dots. Simulated surface air temperature



and wind fields at 500 hPa were validated against the ERA-Interim reanalysis data
produced by the European Centre for Medium-Range Weather Forecasts (ECMWF,
Dee et al. 2011, http://apps.ecmwf.int), with a resolution of 0.25°. Simulated
precipitation was verified against precipitation from the Climate Research Unit (CRU,
Mitchell and Jones, 2005, http://crudata.uea.ac.uk/cru), with a resolution of 0.5°. The
identification of black carbon over the study area was based on the outputs from a
chemical transport model MOZART (Model for OZone and Related chemical Tracers,
http://www.acom.ucar.edu/wrf-chem/mozart.shtml, ~ Emmons et al., 2010).
Additionally, the near-surface BC concentrations at 7 sites from previous studies were
incorporated for the validation of model performance. In this study, Xi’an, Lanzhou,
and Urumgqi are urban sites with highly populated areas. The other four sites are
located in the remote areas of the TP.
3. Results and discussions
3.1. Model evaluation
3.1.1. Meteorology

This section compares the 2-m temperature (T2), precipitation, and wind at 500
hPa from the base simulation with the ERA-Interim dataset. WRF-Chem reproduced
the spatial and temporal variation in T2 well against the ERA-Interim dataset (Fig. 2).
The simulated surface air temperature was high as 12 °C in the TP during summer and
as low as -12 °C during winter. Warmer regions surrounding the TP such as the east of
Sichuan province and the south of Xinjiang province had surface air temperatures

exceeding 24 °C during summer.



Fig. 3 shows the reanalysis and simulated mean wind at 500 hPa in summer and
winter. The WRF-Chem mean wind fields were consistent with the ERA-Interim
mean wind fields. During summer, southwesterly winds prevailed across the
Himalayas, and westerly wind dominated north of 40°N (Fig. 3a and Fig. 3c). Strong
westerly winds prevailed over the study area in winter (Fig. 3b and Fig. 3d). Fig. 4
shows the gridded observation and simulated precipitation in summer and winter.
Precipitation in summer was much greater than that in winter for both the observation
and simulation. WRF-Chem precipitation realistically represented the position of the
rain band in summer. The relatively low precipitation values in Xinjiang and high
values in southern TP were also well reproduced (Fig. 4a and Fig. 4c). Furthermore, in
comparison with the CRU dataset (Fig. 4c and Fig. 4d), the WRF-Chem simulation
showed more subtle orographic pattern such as high precipitation along the Tianshan
Mountains and the Himalayas. Such a result is due to the fact that the CRU
precipitation was interpolated from meteorological stations that were concentrated in
the valleys and experienced lower precipitation than mountainous locations, which led
to a large underestimation of precipitation in unpopulated mountainous regions (Ji et
al., 2015).

To quantitatively evaluate the simulation precision for surface meteorological
elements over western China, the meteorological data of the 273 national stations
were used. Fig. S3 shows the comparisons between the measured and simulated T2,
2-m relative humidity (RH2), and surface wind speed (U10) with box plots in summer

and winter, respectively. The model showed higher T2 in summer (mean bias (MB)



was equal to 2.2 °C), but lower T2 in winter (MB=—1.5 °C). Conversely, the model
showed lower RH2 in summer (MB=—6.1 %) and slightly higher RH2 in winter
(MB=1.9 %). U10 was not simulated as well as T2 and RH2. The mean of correlation
coefficients in summer and winter were equal to 0. 87, 0.73, and 0.51 for T2, RH2 and
U10, respectively. The statistics between the observations and simulations are
presented in Supplementary Table S1.
3.1.2. BC concentration

Fig. 5 shows surface BC concentrations from the WRF-Chem simulation (Fig. 5a
and Fig. 5b) and MOZART (Fig. 5¢c and Fig. 5d) in summer and winter. Both
WRF-Chem and MOZART results indicated that the BC concentration in summer was
lower than that in winter. This is because the weather condition in summer was
favorable to dilute and diffuse air pollutants, including smallest pressure, largest
boundary layer height and largest precipitation (Fig. S4). In summer, BC was
concentrated in the Sichuan and Guanzhong basins, which are located to the east of
the TP. BC concentrations in Xinjiang province were not as high as in Sichuan
province, but higher than those over the TP. In winter, a center of intense BC
concentration appeared in the Sichuan Basin, which was caused by the high emission
of this region and the meteorological conditions which were not conducive to
diffusing air pollution (Che et al., 2009). As shown in Fig. S5, there was a significant
seasonal variation of BC from the MEIC emission inventory with higher values in
winter (Fig. S5b) compared with in summer (Fig. S5a), due to greater energy demand

such as the fossil-fuel and biofuel usage for residential winter heating. The



comparison between WRF-Chem and MOZART showed that WRF-Chem captured
the overall spatial and seasonal patterns of BC aerosol concentrations in western
China.

We further summarized surface BC concentrations from 12 sites to evaluate the
model simulations in western China (Table 2). Our results showed that atmospheric
BC concentrations were lower in the remote areas of the TP. At Namco, Lhasa and
Qomalangma, surface BC concentrations were less than 0.5 pg m . High BC
concentrations appeared over the urban sites in highly populated regions (Xi an,
Lanzhou, and Urumagi), at more than 10 times greater than that in the TP. Furthermore,
BC concentrations were higher on TP’s edge (e.g., Lachugou and Qinghai Lake) than
that in the inland TP (e.g., Beiluhe), due to enriched by the proximity to sources. The
WRF-Chem model well represented the spatial variation at these sites. In addition, the
seasonal variation of BC concentration at Qomalangma was well reproduced by the
model (Fig. S6), with R equal to 0.74. Both the simulation and observation showed
high BC concentrations in the non-monsoon season and low values in the monsoon
season.

3.2. Contributions to BC concentrations from different sources

The model performance indicates that this modeling framework is appropriate
for quantifying the relative roles of various BC sources. Moreover, in consideration of
large differences in simulated BC concentrations between the HM region (5.48 ug m™
in summer, 7.16 ug min winter) and the RB region (0.09 ug m~in summer, 0.15 ug

m™ in winter), we investigated the differences in the contribution of individual



emission sectors to BC concentrations in these two typical regions.
3.2.1. Spatial distribution of BC concentrations from different sources

Fig. 6 presents the spatial distribution of the annual average modeled BC
concentrations from total emission and from each individual source. Low
concentrations of annual mean total BC concentrations appeared over the TP, northern
Gansu province, and most of Xinjiang province, while high concentrations occurred
in the Sichuan and Guanzhong basins (Fig. 6a). From Table 3, the annual mean BC
concentrations in the RB region was only 0.12 pg m™, but the corresponding values
reached 6.31 ug m™ in the HM region.

Among the sectorial contributions to total BC concentrations, the residential
contribution was significantly higher than those of other emission sources (Fig. 7). As
shown in Fig. 7a, the residential contribution to the annual mean BC concentration
was larger than 50 %, especially in the RB region where it exceeds 70 % (with a mean
of 71.2 % listed in Table 2). The larger residential contribution in the RB region was
due to local emissions as well as long-distance transport. As shown in supplement Fig.
S6, residential sources from South Asia contributed significantly to BC concentrations
over the TP. Due to the low level of economic development, industrial and
transportation sources only contributed 0.013 pg m™ (11.3 %) and 0.022 pg m?
(17.4 %) to the total BC concentration there.

The residential contribution to the annual mean BC concentration in the HM
region was 68.6%. Due to the more developed industry and busy transportation in the

HM region, the spatial distribution of BC concentration from industry (1.42 pg m™)



and transportation (0.56 pg m™) showed higher values than in the TP region, with the
contribution ratios of 22.5% and 9% to the total BC concentration. Transportation was
the next largest BC source in the RB region. Although the BC concentration from
transportation was much lower in the RB region (0.022 pg m™) than that in the HM
region (0.56 pug m> ), its average contribution ratio to the total surface BC
concentration was higher in the RB region (17.4%) than that in the HM region (9%).
In northern Xinjiang, the industrial source contribution reached 50% to the annual
mean BC concentration in some parts (Fig. 7b), which was higher contribution than
that in the HM region with highly populated urban mega-cities. The larger relative
contribution of industry in northern Xingjiang was because of the relatively smaller
influence of residential emissions there compared to residential emissions in the HM
region as shown in Fig. 7a. Power generation played a minor role in the annual
average BC concentration (Fig. 7d and Fig. 7e), with the mean contribution rate less
than 0.1 % in both the RB and HM regions. Compared with very little BC (0.03%)
from open biomass burning in the HM region, 2.1% surface BC emission were from
open fire in the TP. The results above describing sectorial contributions to annual
mean BC concentrations in the HM and RB regions are summarized in Table 3.

Fig. 8 shows the sectorial contributions to modeled annual mean BC at seven
typical sites in western China. For the sites in remote areas, the residential
contribution rate reached 75.9% and 87.3% at Namco and Qomolangma sites,
respectively. Previous studies have found that BC aerosol in the southern TP (such as

at Qomolangma) was mainly influenced by long-distance transport from South Asia



(Yang et al., 2017b). Where, residential emission sources were prevalent, including
open combustion of garbage and crop residues, brick kilns and household
cooking/heating with firewood, and the burning of animal dung and coal briquettes
(Li et al., 2016a). Therefore, the residential sector in South Asia was an important
source of BC for the TP (Fig. S7). At the urban sites of Xi’an, Lanzhou, Lhasa, and
Urumgqi, residential emissions contributed 68.7 %, 69.8%, 63.5%, and 46.4%,
respectively. The next largest contributor to BC concentration at the urban sites was
the industrial source. Our result is consistent with that of a previous modeling study at
Xi’an city (Li et al., 2016c), which pointed out that residential emission contributed
the most to BC concentrations there, followed by industrial and transportation sources.
However, for Lhasa city, the transportation sector’s contribution to total BC
concentration was 9.8% larger than the industry source. The transportation source
showed a larger influence to surface BC concentration at Namco (14.6%) than that at
Qomolangma (5.5%), because transportation was more developed at Namco.
3.2.2. Seasonal variation of BC concentrations from different sources and its
relationship with meteorological parameters

The WRF-Chem simulation results indicated that total BC concentrations over
western China were significantly lower in summer (Fig. 5a) than that in winter (Fig.
5b). As shown in Table 3, the total BC concentration during winter was nearly
doubled that of during summer in the RB region. The seasonal variation of total BC
concentration in the HM region was relatively smaller, with the value equal to 5.48 ug

m™ in summer and 7.1 pg m™ in winter, an increase of 30.7%.



The simulated BC concentrations from each individual sector during summer and
winter are presented in Fig. 9 and Fig. 11, respectively, with the corresponding
proportions to the total BC concentrations presented in Fig. 10 and Fig. 12. It can be
seen that BC concentrations from various emission sectors were all lower in summer
(Fig. 9) than that in winter (Fig. 11). For example, for the residential sector, lower BC
concentrations appeared in both the RB and HM regions during summer (Fig. 9a),
compared with that during winter (Fig. 11a). However, there was remarkable seasonal
variation in the relative contribution of different emission sources to the total BC. In
the RB region, the industrial and transportation sectors showed a larger relative
contribution to the total BC in summer (Fig. 10b and Fig. 10c) compared to in winter
(Fig. 12b and Fig. 12c), but the residential sector showed smaller contribution in
summer compared to winter (Fig. 10a). Specifically, as shown in Table 3, the largest
difference of BC concentrations between summer and winter was from the residential
emission source (0.068 pg m™®) in the RB region, followed by the transportation
(0.002 pg m™®) and the industrial (0.011ug m™) sources. In terms of relative
contribution to the change of total BC concentrations, these values were 9.0%, -5.8%,
and -3.2%. In the HM region, the differences in BC concentration between summer
and winter in residential, industry, and transportation sources were 1.14 pg m=, 0.44
g m3 and 0.21 pg m?>. Although considerably larger in absolute value than
concentration change in the RB region, the corresponding changes in relative
contributions to total BC concentrations were less than 1.0% (-0.3 %, 0.9 %, and 0.8 %

for residential, industrial, and transportation sources, respectively). We also calculated



proportional contribution of each individual sector to the total BC concentrations in
spring (Fig. S8) and autumn (Fig. S9) seasons. Over the TP in both seasons, the
residential sector remained the largest contributor to BC concentrations and the
transportation sector also displayed higher influence in BC than the industrial sector.

Finally, we calculated the contributions of various sectors to the seasonal
variation (from summer to winter) of total BC, where a sector’s contribution is equal
to the proportion of that sector’s BC change in the total BC change. The results
showed that the residential, industrial, transportation sectors explain 84.0%, 2.5%, and
13.6% of BC seasonal variation in the RB region, and 63.6 %, 24.6 %, and 11.7 % of
BC seasonal variation in the HM region (Fig. S10). It indicated that the seasonal
variation of the total BC concentration was mainly affected by the residential
emission sector. The industrial sector contributed much more to the BC seasonal
variation in the HM region (24.6%) than that in the RB region (2.5%). Compared with
the residential and industrial emission sources, the influence of transportation sector
was relatively low (11.7 %) in the HM region. However, the contribution from the
transportation sector (13.6%) to BC seasonal variation in the RB region was much
larger than the industrial sector (2.5%).

In summary, the residential sector was an impact factor causing increased BC
concentrations in winter in western China, such as the fossil-fuel and biofuel usage for
residential winter heating. Further, we analyze the impact of meteorological
conditions on BC concentrations seasonal variation. Fig. 13 compares the daily

variation of simulated BC concentrations with various meteorological factors



averaged in western China. The results indicated that the high BC concentrations in
winter showed a consistency with lower boundary layer height, relatively weaker
winds, less precipitation and lower temperature, which can further exacerbate air
pollution due to less precipitation wet scavenging, and poor diffusion and diluted
conditions.
3.3 Evaluation of emission control strategies to reduce BC pollution

In the above section, we evaluated the contribution of individual sectors to
surface BC concentrations in western China, and further compared the differences
between the HM and the RB regions. Here, we will assess the emission control
strategies to reduce BC pollution by analyzing three sensitivity experiments, where
residential, industry, transportation BC emission sources were reduced by 50%
successively. As shown in Fig. 14, a 50% reduction of the residential emissions
caused 36.2% and 36.7% respective decreases in the annual mean surface BC
concentration of the RB or HM regions. The decrease ratios of surface BC
concentration reached the largest in winter (37.1% in the RB region and 38.6% in the
HM region). However, a 50% reduction of industrial or transportation emissions only
caused less than 12% decrease in the annual mean surface BC concentration of the RB
or HM regions. This result again indicated that the residential sector was the largest
emission source in western China. Similar to other highly industrialized regions (e.g.
in Northern China; Li et al., 2017b), a 50% reduction of industrial emission caused
the second largest decrease (10.9%) of BC concentration in the HM region. However,

a 50% reduction of transportation emissions led to a 9.2% decrease in BC



concentration in the RB region, larger than the 5.9% decrease caused by a 50%
reduction of the industrial emissions. Therefore, unlike in the HM region with highly
populated mega-cities, policy makers should pay more attention to transportation
emissions when designing control strategies for BC pollution in the RB region over
the TP.

4. Conclusion

In this first source apportionment and emission control assessment study for
western China including the TP using the WRF-Chem model, we used the
WRF-Chem version 3.6.1 to simulate surface black carbon (BC) concentrations over
western China from June 2016 to May 2017, in order to quantify the contribution of
individual emission sources to BC concentrations in that region. First, we evaluated
WRF-Chem’s performance in simulating meteorological elements and surface BC
concentrations, by comparing simulations against gridded and in situ observations.
Then, we quantitatively assessed the spatial and temporal characteristics of BC
concentrations from each individual source, and compared the sectoral contributions
to the simulated BC concentrations between the urban (HM) and background (RB)
regions.

It was found that the WRF-Chem model captured the main spatial and temporal
features of meteorological elements and surface BC concentrations in western China,
adding confidence to the apportionment of the sources of BC. Simulated results
clearly indicated that the residential sector was the largest contributor to the annual

BC concentrations in western China. The next largest BC sources for the HM (mean



contribution ratio of 22.5 %) and the RB region (mean contribution ratio of 17.4 %)
were the industrial sector and the transportation sector respectively. Emissions from
power plants (less than 0.1%) and open biomass burning sources (less than 19%)
played minor roles in the total BC concentration. Clear seasonality in the BC
concentration of the study region was observed, with total BC concentrations lower in
summer than in winter. In terms of relative contribution, the seasonal variation of BC
contributions was greater in the RB region than in the HM region, mainly affected by
residential emissions which explain 84 % and 63.6 % of the BC concentration change
in the RB and HM regions, respectively. Additionally, lower boundary layer height,
weaker winds, less precipitation and lower temperature in winter can further
exacerbate air pollution due to less precipitation wet scavenging, as well as poor
diffusion and diluted conditions.

An evaluation of emission control strategies suggested that a 50% reduction of
the residential emissions resulted in a 36.2% or 36.7% decrease in the annual mean
surface BC concentrations in the RB or HM region, respectively. The decrease ratio of
BC concentration was highest in winter, being 37.1% in the RB region and 38.6% in
the HM region. A 50% reduction in industry or transportation emissions only led to
less than 12% decreases in the BC concentrations in either the RB or HM region.
Unlike in highly industrialized region, a 50% reduction of the transportation
emissions led to a 9.2% decrease in the BC concentration in the RB region, larger
than that caused by a 50% reduction of the industrial emissions. More attention should

be paid to transportation emissions when designing control strategies for air pollution



over the TP. The results from this work provide useful information for local
governments to prepare and implement air pollution guidelines in western China.
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Fig. 1 WRF-Chem modeling domains, topographic field (m) and regional divisions.
Fig. 2 Mean T2 (°C) in summer (a, ¢) and winter (b, d) from the WRF-Chem
simulation (a, b) and the ERA-Interim (c, d) respectively.

Fig. 3 Mean wind speed at 500 hPa (m s™) in summer (a,c) and winter (b,d) from the
WRF-Chem simulation (a,b) and the ERA-Interim (c,d) respectively.

Fig. 4 Cumulative precipitation (mm) in summer (a,c) and winter (b,d) from the
WRF-Chem simulation (a,b) and the CRU (c,d) respectively.

Fig. 5 Surface BC concentration (g m ) in summer (a,c) and winter (b,d) from the
WRF-Chem simulation (a,b) and the MOZART results (c,d) respectively.

Fig. 6 Annual mean simulated BC concentration (g m™2) from total source and each
individual source: (a) total source, (b) residential, (c) industry, (d) transportation, (e)
power, and (f) open fire.

Fig. 7 Contribution ratios (%) from each individual source to the annual mean
simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,
and (e) open fire.

Fig. 8 Source contributions to the annual mean modeled BC concentration at seven
sites in western China. Pie charts present the relative contributions of residential
source (blue), industry (red), transportation (green), power (purple), and open biomass
burning (orange).

Fig.9 Average summer BC concentration (ug m°) from total source and each

individual source: (a) residential, (b) industry, (c) transportation, (d) power, and (e)



open fire.

Fig. 10 Contribution ratios (%) from each individual source to the summer mean
simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,
and (e) open fire.

Fig. 11 Average winter BC concentration (ug m®) from total source and each
individual source: (a) residential, (b) industry, (c) transportation, (d) power, and (e)
open fire.

Fig. 12 Contribution ratios (%) from each individual source to the winter mean
simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,
and (e) open fire.

Fig. 13 Variations of simulated BC concentrations, boundary layer height (PBLH),
surface wind speed (V), precipitation and 2-m temperature (T2) averaged in western
China form June 2016 to May 2017.

Fig. 14 Decreased ratios of surface BC concentration in RB (a) and HM (b) regions

after a 50% reduction of various anthropogenic sources.



Table 1 Experimental design.

Experiment name

Emissions

Baseline

S1

S2

S3

S4

S5

No emissions are turned off.

Residential emission sector is turned off.
Industry emission sector is turned off.
Transport emission sector is turned off.
Power plant emission sector is turned off.

Open fire emission sector is turned off
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Table 2 Observed and simulated surface BC concentration (pg m>).



Name Location m.a.s.l Time (LT)  Observatio Simulation

(m) n
Xi'an 34.23°N 350 2013.5- 8.7 11.8 Li et al. (2016c)
108.9°E 2014.4
Lanzhou 36.03°N 1520 2010.9- 7.58 4,51 Li et al.(2014)
103.5°E 2011.8
Wulumuqgi  43.82°N 1074 2009.11- 6.15 1.94 Liu et al.(2013)
87.62°E 2010.2
Lhasa 29.65°N, 3640 2013,3-12 0.6 0.19 Li et al. (2015)
91.03°E
Namco 30.77°N 4730 2012,1-12 0.19 0.10 Wan et al
(2015)
90.98°E
Beiluhe 34.85°N 4600 2013,1-6 0.49 0.26 Wang et
al.(2016)
92.94°E
Qinghai 36.97°N 3300 2012,1-12 0.84 0.58 Zhao et
Lake al.(2015)
99.90°E
Laohugou  39.50°N 4214 2009,5- 0.48 0.24 Zhao et
al.(2010)

96.51°E 2011,3



Tienshan

Muztagh

Ata

Qomalang

ma

Yulong

43.10°N

86.82°E

38.29°N

75.02°E

28.36°N

86.95°E

27.1°N

100.25°E

4130

4500

4276

3054

2004,7-

2005,7

2003,12-

2006,12

2016,6-

2017,5

2016.6-

2016,12

0.4

0.06

0.28

1.54

0.17

0.11

0.18

1.01

Xu et al.(2012)

Cao et al.(2009)

Niu et al.(2018)




RB HM

Summer Winter Annual Summer Winter Annual
Residential 0.055(65.4  0.123(74.4  0.09(71.2%) 3.78(68.9%) 4.92(68.6%) 4.34(68.6%)

%) %)

Table 3 Mean simulated surface BC concentrations (ug m™) from different emission
sources and relative contribution (%) to the total BC concentrations in RB and HM

regions, respectively.



Industry

Transportatio

Total

0.013(14.9
%)
0.016(19.6
%)

0.084

0.015(9.1%)

0.027(16.4
%)

0.165

0.015(11.3 1.21(22.1%) 1.65(23%)  1.42(22.5%)
%)
0.022(17.4  0.48(8.8%) 0.69(9.6%) 0.56(9.0%)
%)

0.129 5.48 717 6.31

*Power plant and open fire contribute very little to the regional mean BC

concentrations. Thus their contributions are not presented here.
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20N
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Fig. 1 WRF-Chem modeling domains, topographic field (m) and regional divisions.
The national weather stations from the CMDN were noted by black dots. The blue
box represented the remote background region RB includes the inner of the TP, and
the red box denoted the high population and mega-cities region HM includes eastern

Sichuan, Chongging and southern Shaanxi.
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Fig. 2 Mean T2 (°C) in summer (a, ¢) and winter (b, d) from the WRF-Chem

simulation (a, b) and the ERA-Interim (c, d) respectively.
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Fig. 3 Mean wind speed at 500 hPa (m s™) in summer (a,c) and winter (b,d) from the

WRF-Chem simulation (a,b) and the ERA-Interim (c,d) respectively.
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Fig. 4 Cumulative precipitation (mm) in summer (a,c) and winter (b,d) from the

WREF-Chem simulation (a,b) and the CRU (c,d) respectively.
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(a) WRF-Chem, summer, surface BC (b) WRF-Chem, winter, surface BC
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Fig. 5 Surface BC concentration (g m ) in summer (a,c) and winter (b,d) from the

WRF-Chem simulation (a,b) and the MOZART results (c,d) respectively.
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(a) total BC, annual mean
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Fig. 6 Annual mean simulated BC concentration (ig m™2) from total source and each
individual source: (a) total source, (b) residential, (c) industry, (d) transportation, (e)

power, and (f) open fire.
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Fig. 7 Contribution ratios (%) from each individual source to the annual mean

simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,

and (e) open fire.
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Fig. 8 Source contributions to the annual mean modeled BC concentration at seven



sites in western China. Pie charts present the relative contributions of residential
source (blue), industry (red), transportation (green), power (purple), and open biomass

burning (orange).
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Fig. 9 Average summer BC concentration (ug m°) from total source and each
individual source: (a) residential, (b) industry, (c) transportation, (d) power, and (e)

open fire.
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Fig. 10 Contribution ratios (%) from each individual source to the summer mean



simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,

and (e) open fire.
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Fig. 11 Average winter BC concentration (ug m) from total source and each
individual source: (a) residential, (b) industry, (c) transportation, (d) power, and (e)

open fire.



(a) residential contribution, winter (b) industrial contribution, winter

Sl L N

o .

35°N

30°N ————— , : q,! 30°N
. A

75°E 80°E 85°E 90°E 95°E 100°E 105°E 110°E 75°E 80°E 85°E 90°E 95°E 100°E 105°E 10°E

(c) transportion contribution, winter (d) power contribution, winter

on dy at A S ey
40°N E 40°N
35°N 35°N
30°N

30°N

75°E 80°E 85°E 90°E 95°E 100°E 105°E 110°E 75°E B80°E 85°E 90°E 95°E 100°E 105°E 110°E
(e) open fire contribution, winter

45°N
40°N

35°N

30°N

10 20 30 40 50 60 70 80 90

Fig. 12 Contribution ratios (%) from each individual source to the winter mean

simulated BC concentrations: (a) residential, (b) industry, (c) transportation, (d) power,



and (e) open fire.
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Fig. 13 Variations of simulated BC concentrations, boundary layer height (PBLH),
surface wind speed (V), precipitation and 2-m temperature (T2) averaged in western

China form June 2016 to May 2017.
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after a 50% reduction of various anthropogenic sources.
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Highlights
e The residential emission sector presented the largest contribution to the annual
mean BC concentrations.
e Increased BC concentrations in winter were resulted from residential winter
heating and poor diffusion and diluted conditions
e Except for residential emission, the transportion sources also should be paid

attention when designing control strategies for air pollution over the TP



