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ABSTRACT

Substantial biomass burning (BB) activities in Indochina during March and April of each year generate aerosols that are
transported via westerly winds to southern China. These BB aerosols have both radiative (direct and semi-direct) and indirect
effects on the climate. This study evaluates impacts of BB in Indochina during April 2013 on atmospheric conditions in southern
China using WRF-Chem sensitivity simulations. We show that the atmosphere becomes drier and hotter under the aerosol
radiative effect in southern China, while the changes linked to the indirect effect are opposite. The former (the latter) rises
(reduces) surface temperature 0.13°C (0.19°C) and decrease (increase) water vapor mixing ratios 0.23 g kg™ (0.40 g kg™)
at 700 hPa. Atmospheric responses to aerosols in turn affect aerosol dissipation. Specifically, BB aerosols absorb solar
radiation and heat the local atmosphere, which inhibits the formation of clouds (reducing low-level cloud about 7%) related
to the aerosol semi-direct effect. Less cloud enhances surface solar radiation flux and temperature. Otherwise, northeasterly
winds linked to radiative effect suppress water vapor transport. In this case, precipitation reduces 1.09 mm day™!, diminishing
wet removal and westward transport of aerosols. Under the indirect effect, greater cloud coverage is formed, which reduces
surface solar radiation flux and increases local latent heat release. This extra heating promotes air convection and diffusion
of pollution. Regional mean precipitation increases 0.49 mm d!, facilitating wet pollution removal. Under indirect effect,
aerosol extinction coefficient reduces 0.011 km™' at 2-km height over southern China. However, it increases around
0.002 km™" at 3-km height over southernmost China related to radiative effect. Therefore, atmospheric changes linked to
indirect effect play a greater role in removing pollutants from the atmosphere than radiative effect over southern China.
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INTRODUCTION

Biomass burning (BB) occurs in both natural and
anthropogenic fires, such as forest or prairie fires, as well as
burning of wood and agricultural waste to clear land, manage
forests, and generate residential heating (Jacobson, 2012;
Reid et al., 2013; Chen et al., 2016). Therefore, emissions
from BB have characteristics of both natural and anthropogenic
sources. In Asia, considerable BB occurs on the Indochina
Peninsula, as well as in India, Russia, eastern Siberia, and
on the Mongolian Plateau (Hao ef al., 1994). A review of the
Seven Southeast Asian Studies (7-SEAS) program by Reid
et al. (2013) indicated that there was substantial BB on the
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Indochina Peninsula in drier seasons, related to agriculture
being the dominant economic sector of Indochina. Typically,
BB begins in the southernmost part of Indochina (Cambodia)
in late December or early January, when the winter monsoon
arrives. It propagates northward, peaking in March or April.
With the onset of summer monsoons in early May, BB is
discontinued until the following dry season. The annual
variability of BB in Indochina reflects changes in the fuels’
degree of dryness (Giglio ez al., 2006a; Reid et al., 2013; Lin
etal.,2014).

BB mainly emits gases, such as carbon dioxide (CO»),
carbon monoxide (CO), and oxynitrides (NOy), as well as
aerosol particles, such as black carbon (BC) and organic
carbon (OC) (Jacobson and Mark, 2012; Wang et al., 2015;
Chen et al., 2016). Generally, BB emissions from Indochina
are transported over the Tenasserim Hills and Annamite
Range via deep convection, then transported by westerly
winds in the middle-low troposphere to southern China (south
of the Nanling Mountains) and the Pacific Ocean (Carmichael



2708

et al.,2003; Fu et al., 2012). Usually, these emissions enter
China at heights of 850—700 hPa (Lin et al., 2014; Li et al.,
2017). Sometimes, BB emissions from southern Indochina
make their way to the South China Sea (SCS), traversing the
large open plains of the Mekong River and Delta. In addition,
there is a strong vertical wind shear over the northern SCS,
with northeasterly winds occurring within the planetary
boundary layer and strong westerly winds within the lower
troposphere. The northeasterly winds bring pollution from the
Pearl River Delta via the Beibu Gulf into northern Vietnam.
Meanwhile, the westerly winds transport BB emissions into
northern areas of the SCS and southern China (Reid et al.,
2013; Lin et al., 2014). In the month of March, most BB
aerosols are concentrated in southeast Asia and southern China.
However, their influence could extend to the Yangtze River
Delta region during the month of April (Fu et al., 2012).
BB aerosols include absorbing aerosols, like BC, which
absorb solar shortwave radiation, heating the local atmosphere
and inhibiting cloud formation (Ackerman et al., 2000; Lau
et al., 2006; Meehl et al., 2006; Wu et al., 2011a, b; Ding et
al., 2016); this produces the “semi-direct effect” (Hansen et
al., 1997). Scattering aerosols, like OC and sulfates, scatter
solar radiation and prevent it from reaching the ground via
the “aerosol direct effect” (Charlson et al., 1992; Wang et
al.,2007; Zhang et al., 2008, 2009; Wu ef al., 2011a, b; Pani
et al.,2018). Under this effect, both ground and near-surface
atmospheric temperatures decrease. For simplicity, we use
the ‘aerosol radiative effect’ to represent the overall impacts
of both aerosol direct and semi-direct effects in this article.
Typically, aerosols alter the atmospheric temperature lapse
rate, stabilize the local atmosphere, and aggravate pollution
(Zhang et al., 2008, 2009; Wu et al., 2011b; Ge et al., 2014,
Ding et al., 2016). As Ding et al. (2016) stated, atmospheric
BC aerosols have a “dome effect”, with strong absorption of
solar radiation, surface cooling and atmospheric heating
within the lowest 1-2 km of the atmosphere. According to
their results, this dome effect limits the development of the
planetary boundary layer and increases urban pollution.
Zhang et al. (2009) found that BB aerosols over the Amazon
reduced the surface solar flux, while strong aerosol heat
absorption stabilized the lower troposphere, producing
anomalous wind divergence over the southern Amazon and
anomalous air convergence over the upwind area. Ge et al.
(2014) showed that smoke particles within and above low-
level clouds produce a positive forcing at the top of the
atmosphere, while smoke radiative extinction decreases land
surface temperature. According to their results, the BB aerosol
semi-direct effect is important during the daytime because it
increases atmospheric stability and reduces cloud cover.
BB aerosols also can serve as cloud condensation nuclei
(CCN) or ice nuclei (IN), affecting cloud microphysics and
overall cloud albedo, which is described as the “first aerosol
indirect effect” (Twomey, 1977). Finally, BB aerosols acting
as CCN can alter precipitation rates, as well as the coverage
and lifetime of clouds, which is described as the “second
aerosol indirect effect” (Albrecht, 1989; Daniel et al., 2008).
In general, BB aerosols acting as CCN induce increases in
the cloud droplet number but decreases in the cloud droplet
size and effective radius. Subsequently, the autoconversion
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process decelerates, suppressing precipitation (Ackerman et
al., 2000; Tao et al., 2012; Lee et al., 2014). Wu et al.
(2011a, b) simulated the impacts of BB in South America
during the dry season. They showed that marked reductions
in cloud coverage and precipitation occurred at noon but
increased again overnight. In this case, the aerosol radiative
effect produced greater changes in atmospheric conditions
than the counteracting aerosol indirect effect.

Diverse spatial gradients in BB aerosols over their source
and downwind areas have variable influences on radiant flux
and atmospheric circulation (Menon ef al., 2002; Kim et al.,
2006; Lee et al., 2015). Johnson et al. (2010) showed that
the aerosol semi-direct effect on clouds and radiative forcing
varied with different aerosol vertical distributions. Therefore,
the aerosol effects are diverse over the BB source and
downwind areas, especially over heterogeneous terrain.

An IPCC Special Report on the impacts of global warming
of 1.5°C above pre-industrial levels states that increases of
less than or equal to 1.5°C would avert more ecological
damage than warming by 2°C, including less sea level rise,
less Arctic sea-ice melt and lower levels of coral reef
extinction (IPCC, 2018). Reducing carbon emissions is one
of the main pathways to achieve this outcome. As one of the
important carbon emission sources, biomass burning not only
affects local atmospheric conditions, but also their downwind
areas. Southeast Asia, as the main biomass burning region
worldwide, has a great impact on global warming. Meanwhile,
Southeast Asia has been identified as one of the most
vulnerable regions of the world to climate change (IPCC,
2007). Several field experiments in East Asia and Southeast
Asia have investigated aerosols and trace gases, as well as
their climatic effects, including TRACE-P (TRAnsport and
Chemical Evolution over the Pacific), ACE-Asia (Aerosol
Characterization Experiments in Asia), Project Atmospheric
Brown Cloud (ABC), and the 7-SEAS (Huebert et al., 2003;
Jacob et al., 2003; Spencer et al., 2008; Reid et al., 2013).
TRACE-P was designed to study the effect of east Asian
atmospheric pollutant emissions on the northwest Pacific
Ocean (Jacob et al., 2003). The Project ABC was created to
monitor changes in aerosols and cloud properties over Indo
Asian and Pacific regions to better understand the influence
of rising air pollution on regional and global environments
(Spencer et al., 2008). The 7-SEAS, involving seven regional
science partners (Indonesia, Malaysia, Philippines, Singapore,
Taiwan, Thailand and Vietnam), was designed to understand
the aerosol chemical, optical and physical properties in
Southeast Asia (Reid ef al.,2013; Lin et al., 2014). Lin et al.
(2014) reviewed remote sensing observations, modeling,
and regional field studies focused on the 7-SEAS study area.

Many previous studies have shown that BB aerosols affect
cloud microphysics processes and the radiation balance,
altering atmospheric conditions and precipitation patterns.
Relatively few studies have quantitatively studied BB aerosol
radiative and indirect effects on the regional atmospheric
circulation over Indochina. Thus, we used the Weather
Research and Forecasting model, coupled with Chemistry
(WRF-Chem, version 3.5.1), to study the impacts of BB on
the Indochina Peninsula under spring atmospheric conditions
over Indochina and southern China, related to both aerosol
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radiative and indirect effects. We carried out an initial case
study using data for April 2013. This study provides a strong
foundation for future research on the impacts of BB on
climate in southern China.

DATA AND METHODS

Model and Design of Numerical Experiment

The online version of the WRF-Chem model was used to
study atmospheric conditions for April 2013; it can simulate
transport, mixing, and chemical transformation of trace gases
and aerosols simultaneously (Grell et al., 2005). Major
physical schemes of the model include the Grell-Devenyi
ensemble cumulus parameterization scheme (Grell and
Dévényi, 2002), the Lin microphysics scheme (Lin et al.,
1983), the Rapid Radiative Transfer Model for Global Climate
Models shortwave/longwave radiation scheme (Mlawer et
al., 1997; lacono et al., 2000), the Yonsei University planetary
boundary layer scheme (Hong et al., 2006), and the Noah
land-surface module (Chen and Dudhia, 2001; Ek et al.,
2003). The chemical mechanism used is based on the Regional
Acid Deposition Model version 2 (Chang et al., 1987),
coupled with the Modal Aerosol Dynamics Model for Europe
and Secondary Organic Aerosol Model (MADE/SORGAM)
(Ackerman et al., 1998; Schell et al., 2001). The MADE/
SORGAM simulates all major aerosol components, including
sulfate, nitrate, ammonium, BC, OC, sodium, chloride,
mineral dust, and water content.

The model domain of this case study (Fig. 1) covers most
of China, Indochina, the Philippines, the Bay of Bengal, the
SCS, and the northwestern Pacific Ocean. The horizontal
resolution is 45 km, with 139 x 100 grid points. Given that
we were most interested in Indochina and southern China,
we selected the subregion, defined by 3—40°N and 80—140°E
to analyze in detail (shown by the black rectangle outlined
in Fig. 1). In addition, we defined the region from 21°N to
27°N and from 107°E to 117°E, as representative of southern
China (shown by the black dashed box in Fig. 1). The initial
and boundary conditions were interpolated using the US
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National Center for Environmental Prediction Final Reanalysis
Data (http://dss.ucar.edu/datasets/ds083.2). We selected
data for April 2013 because it is just before the Asian
tropical summer monsoon onset. At this time, southwesterly
winds are stronger than in March. Meanwhile, BB has not
yet ceased in Indochina, because the summer monsoon onset
is in May. In addition to the control experiment (CTL),
incorporating both aerosol radiative and indirect effects
simultaneously, two sensitivity experiments explored radiative
and indirect effects individually. The no-aerosol-radiative-
effect (NORA) experiment turned off radiative feedback
from aerosols in the radiation scheme, producing neither
direct nor semi-direct effects; while the no-aerosol-indirect-
effect (NOIND) experiment turned off chemistry and
microphysical interactions between aerosols and clouds.
Therefore, the BB aerosol radiative effect includes both
direct and semi-direct effects, estimated using the difference
between CTL and NORA model results. Similarly, the CTL
minus NOIND model results estimated the aerosol indirect
effect within the region.

Biomass Burning Emissions Data

We used the Global Fire Assimilation System (GFAS
v1.0) for BB emission data, made available through the
Monitoring Atmospheric Composition and Climate-Interim
Implementation II project of the European Center for
Medium-Range Weather Forecasts (Giglio et al., 2006b;
Kaiser et al., 2012). GFAS v1.0 calculates BB emissions by
assimilating fire radiative power observations from the
MODerate-resolution Imaging Spectroradiometer (MODIS)
instruments onboard the Terra and Aqua satellites. The
system corrects for gaps in observations (mostly related to
cloud cover) and filters out spurious observations linked to
volcanoes, gas flares, and industrial activities. The combustion
rate is calculated using land cover-specific conversion factors.
Wildfire emission factors for 40 gas-phase and aerosol trace
species were compiled from a literature survey, providing
values for BC, OC, CO, and several other relevant species.
Daily emissions were calculated on a global 0.5° x 0.5° grid

140°E

Fig. 1. The model domain and terrain height (m) used for the study region of southern China defined by 21-27°N and 107—

117°E (shown as the black dashed box).
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from 2003 to the present (Flemming, 2012; Andela et al.,
2013; Kaiser et al., 2013). BC levels from GFAS v1.0 data
were used to represent BB emissions in this study.

RESULTS AND DISCUSSION

Biomass-burning Emissions

Generally, BB emissions from Indochina increase from
December, then peak in March or April, and subsequently
decrease rapidly with the onset of the summer monsoon. By
May, there are few BB emissions. During the rainy season,
no BB emissions occur on the Indochina Peninsula.

Figs. 2(a)-2(d) shows monthly average BB emissions of
BC, OC, CO, and particulate matter having less than 2.5-um
diameter (PM,s) from GFAS data for April 2013. There
were more aerosols and trace gases over northern Indochina
than other Southeast Asia, with northern Laos having the
highest levels (BC: 0.05 ug m2 s7!; OC: 0.25 ug m2 s7';
CO: 1.5 pgm?s7!; and PMys: 0.5 pg m2 s7'). Myanmar and
Vietnam had slightly lower BB aerosol concentrations than
Laos, with BC values of 0.02 ng m2 s™.. Less BB occurred
in China and India than in Indochina during April 2013.

Model Evaluation

Reanalysis (Figs. 3(a) and 3(c)) and simulated CTL
experiment (Figs. 3(b) and 3(d)) monthly averaged
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geopotential height and wind field data are shown at 850 hPa
(panels (a) and (b)) and 200 hPa (panels (c) and (d)) for April
2013. The reanalysis data were obtained from ERA-Interim.

At 850 hPa, there was an anticyclonic circulation in the
reanalysis wind field over east India. Strong westerly winds
occurring north of the anticyclonic circulation were displaced
eastwards but were blocked by the Tibetan Plateau. This
forced some of the air mass to flow southward to the Bay of
Bengal, while some flowed eastwards around the Tibetan
Plateau and formed cyclonic shear over northern Indochina,
generating strong southwesterly winds over southern China.
In other instances, the subtropical high over the SCS produced
strong southwesterly winds over southern China. Because
the southwesterly wind regime over northern Indochina
coincides with its major BB emission period (Fig. 2), abundant
BB aerosols are transported to southern China (Fig. 4(a)).

Meanwhile, at heights of 200 hPa, the area north of 15°N
was dominated by westerly winds, related to strong westerly
jets over the area around 30°N. In contrast, an easterly wind
regime occurred across almost all tropical regions. The
Pacific subtropical high, located east of the Philippines,
produced southwesterly winds over both Indochina and
southern China.

Although the model had enhanced northwesterly flow at
850 hPa over northern China and reduced easterly flow over
the tropical Pacific Ocean compared with measured values,
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Fig. 2. Monthly averaged biomass burning emissions (ug m 2 s!) of black carbon (BC), organic carbon (OC), carbon
monoxide (CO), and particulate matter less than 2.5 pm in diameter (PM,s) from the Global Fire Assimilation System
(GFAS v1.0) for April 2013.
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(b)CTL 850hPa
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Fig. 3. Reanalysis and simulated monthly average geopotential height (contours, gpm) and wind field (arrows, m s7!) at

heights of 850 hPa and 200 hPa for April 2013.

it was able to reproduce the major atmospheric circulation
patterns and geopotential height over Indochina and southern
China for April 2013.

Analysis
The Vertical Distribution of PM:.s

The results of the CTL experiment are shown in Fig. 4
along a monthly-averaged vertical cross section of (a) PMa s
aerosol dry mass (shading, ng m~) and atmospheric zonal-
vertical circulation (arrows) and (b) liquid water content (LWC;
shading, mg kg™); meridional averaging was performed from
20°N to 30°N. Based on the atmospheric circulation described
in Fig. 4(a) and model results of the previous section,
aerosols ascended via updrafts over the mountains in northern
Indochina, and then traveled via tropospheric westerly winds to
southern China and northern Pacific Ocean regions. There
were substantial concentrations of PM> s aerosols over northern
Indochina, with concentrations of more than 50 ug m= near the
surface (~2-km height); however, these aerosol concentrations
decreased with height. In contrast, aerosol concentrations
first increased and then decreased with height over southern
China, with the maximum concentration occurring at ~2-km

height. Therefore, the location of the maximum concentration
of BB aerosols (~12 ug m™>) was consistent with the peak
LWC (Fig. 4(b)), which included both cloud water and
rainwater at around 2-km height over northern Indochina
and southern China. Furthermore, because the planetary
boundary layer had a prevailing easterly wind, in contrast to
the tropospheric westerly wind, less smoke pollution was
transported from Indochina to southern China within the
planetary boundary layer.

Biomass-burning Aerosol Effects on Clouds

The model results for low-level cloud fractions of CTL
minus NORA and CTL minus NOIND are shown in
Figs. 5(a) and 5(b). These distributions show changes of
monthly average low-level cloud fractions related to the
aerosol radiative and indirect effects, respectively. The BB
aerosol radiative effect reduced low-level clouds (around
7%) over southern China, as well as over relatively high-
altitude areas of Indochina, such as the Annamite Range and
the Tenasserim Hills (Fig. 5(a)). This reflects the coincidence
of higher concentrations of BB aerosols (Fig. 4(a)) and
warm cloud droplets (Fig. 4(b)) at around 2-km height. In
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such cases, BB aerosols absorbed abundant solar radiation
and heated the local atmosphere, vaporizing cloud droplets
related to the aerosol semi-direct effect. Evaporation of
cloud droplets reduced the LWC, as seen in Fig. 6(a) (black
solid line), in southern China. Meanwhile, evaporation
cooling caused latent heating to become negative in Fig. 6(c)
(black solid line). This variation in BB aerosols and cloud
droplets is similar to the results of Lee et al. (2015),
describing the influence of spatial gradients of BB aerosols
on mesoscale circulations and clouds in the Amazon.
Compared with low-level BB emissions, the BB emissions
at around 1.5-km height formed less cloud over the source
region. In addition, low-level cloud formation was enhanced
in low-altitude areas of southwestern Indochina. This increase
in low-level cloud was related to the coincidence of the
maximum aerosol concentration over southwestern Indochina
being below 1-km height, to the higher humidity (see the
change of water vapor mixing ratio at 700 hPa in Fig. 7(a))
and to changes in atmospheric circulation.

Related to the aerosol indirect effect, BB aerosols acting
as CCN increased the number of cloud droplets and cloud
cover (Fig. 5(b)) over most of Indochina and southern China
(increasing low-level cloud 10%). However, there was less
cloud over northern Indochina, likely related to reduced
moisture (Fig. 7(b)).

Biomass-burning Aerosol Effects on Surface Thermal
Fields

The model results for shortwave downward radiation at
the surface (SWDOWN) of CTL minus NORA and CTL
minus NOIND are shown in Figs. 8(a) and 8(b). Clouds play
an important role within the earth-atmosphere radiation
budget. In particular, warm liquid clouds have a great effect
on the SWDOWN (Rieland and Stuhlmann, 1993; Matus, et
al., 2017). Generally, the variation observed for low-level
clouds having high LWC was opposite to that of the
SWDOWN, according to Figs. 5 and 8. The BB aerosol
radiative effect reduced the SWDOWN by nearly 20 W m2
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over Indochina (Fig. 8(a)), which is equivalent to the
magnitude reported in the study of Lee et al. (2014). Firstly,
this decrease was related to the increase of low-level clouds
in southwestern Indochina that reflected more solar radiation.
Secondly, given the substantial concentrations of aerosols
over northern Indochina, their direct scattering of the solar
radiation decreased the SWDOWN. Thus, despite the reduction
in clouds, the aerosol direct effect played the major role of
altering the SWDOWN and surface temperature over northern
Indochina. In contrast, the SWDOWN increased by almost
9 W m2 over southern areas of the Yangtze River in China
(increasing the southern China regional mean by 8.97 W m2)
and ~3 W m™ over the Annamite Range. This was mainly
because less low-level cloud allowed more solar radiation to
reach the surface. The reduction in low-level clouds related

to aerosol heat absorption contributed more to this change in
the SWDOWN over southern China than the aerosol direct
effect.

Focusing on the BB aerosol indirect effect, Fig. 8(b) shows
that the SWDOWN was reduced over central and southern
Indochina (by ~25 W m2) as well as southern China (reducing
the regional mean by 27.46 W m2), consistent with the
increase in low-level clouds (Fig. 5(b)).

Next, we studied how surface temperature varied related
to aerosol radiative and indirect effects (Fig. 9). The model
results for surface temperature of CTL minus NORA and
CTL minus NOIND are shown in Figs. 9(a) and 9(b). Under
the influence of the aerosol radiative effect, the surface
temperature variation was consistent with the spatial changes
of the SWDOWN, with temperature reductions of ~0.6°C
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Fig. 8. Model results for shortwave downward radiation at the surface (SWDOWN, W m2) for (a) the control (CTL) minus
the no-aerosol-radiative-effect (NORA) and (b) the CTL minus the no-aerosol-indirect-effect (NOIND), representing the

aerosol radiative and indirect effects, respectively.
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Fig. 9. Model results for surface temperature (°C) for (a) the control (CTL) minus the no-aerosol-radiative-effect (NORA)
and (b) the CTL minus the no-aerosol-indirect-effect (NOIND), representing the aerosol radiative and indirect effects,

respectively.

over most of Indochina but rising temperature over southern
China (a regional mean increase of 0.13°C) and southeastern
Indochina (an increase of about 0.1°C).

The BB aerosol indirect effect cooled the near-surface
atmosphere over southern China (reducing the regional mean
by 0.19°C) and most of Indochina (Fig. 9(b)). This cooling
mainly occurred over valleys and plains in Indochina, linked
to changes in the SWDOWN. Surface temperature increased
slightly in coastal regions of southern China, most likely
because of warm air advection in the lower troposphere
(Fig. 10(b)). Likewise, surface temperature rose slightly
over the Annamite Range, Tenasserim Hills, and Hengduan
Mountains, coincident with an increase in sensible heat (not
shown).

Generally, the variation in surface temperature and
SWDOWN related to the aerosol radiative and indirect
effects had similar magnitudes. Clearly, the aerosol semi-
direct effect played a major role, altering cloud character and

changing solar radiation and heat flux values.

Biomass-burning Aerosol Effects on Circulation in the
Lower Troposphere and Precipitation

The model results for geopotential height and wind fields
(at 850 hPa) of CTL minus NORA and CTL minus NOIND
are shown in Figs. 10(a) and 10(b). Results show that
geopotential height decreased to form an anomalous
cyclonic circulation over southern Indochina in Fig. 10(a),
related to the BB aerosol radiative effect. This is attributed
to convection promoted by surface warming of southeastern
Indochina (Fig. 9(a)). Combined with topographic-related
updrafts of the Annamite Range and Tenasserim Hills, less
air remained in the lower troposphere, causing the pressure
to reduce and the air to converge to form an anomalous
cyclonic circulation over southern Indochina. This cyclonic
circulation enhanced updrafts (not shown) and induced more
cloud formation (Fig. 5(a)). The northeasterly winds over
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southern China weakened the southwesterly winds (Fig. 3(b)),
inhibiting westward transport of aerosols and water vapor to
southern China.

The aerosol indirect effect on the geopotential height and
wind fields shown in Fig. 10(b) is similar to that of the
aerosol radiative effect shown in Fig. 10(a) over southern
Indochina. Perhaps the uplift of the mountains played an
important role in changing the wind field, unrelated to either
aerosol radiative or indirect effects. In Fig. 10(b), an increase
in cloud droplets plus topographic lifting induced more
precipitation (Fig. 11(b)) and latent heating (not shown),
which in turn fueled convection. Thus, the air pressure fell,
forming cyclonic circulation in the lower troposphere over
southern Indochina. Less change to the wind field occurred
over southern China.

Temperature and wind field anomalies greatly affected
atmospheric and water circulation patterns. Model results
for water vapor mixing ratios and precipitation of CTL minus
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NORA and CTL minus NOIND are shown in Fig. 7 and 11.
The aerosol radiative effect on precipitation in Fig. 11(a)
shows that the mean monthly precipitation increased over
most of the plains in southern Indochina, related to more
clouds and higher moisture content (Fig. 7(a)), as well as
stronger air convergence patterns (Fig. 10(a)). However, there
was less rain over northeastern Indochina, Yunnan Province,
and southern China (resulting in a regional mean reduction
in precipitation of 1.09 mm d~! in southern China). The cloud
decrease related to the aerosol semi-direct effect was one of
the main reasons for these reductions. In addition, there was
lower water vapor content (with water vapor mixing ratios
decreased 0.23 g kg! inFig. 7(a)) related to the northeasterly
wind regime (Fig. 10(a)) in the lower troposphere of southern
China, inhibiting transport of moist air to southern China.
Related to the aerosol indirect effect, BB aerosols acting
as CCN increased cloud droplet number concentrations and
reduced the cloud droplet effective radius, which decelerated
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Fig. 10. Model results for geopotential height (shading, gpm) and wind field (arrows, m s™') at a height of 850 hPa for (a) the
control (CTL) minus the no-aerosol-radiative-effect (NORA) and (b) the CTL minus the no-aerosol-indirect-effect (NOIND),
representing the aerosol radiative and indirect effects, respectively.
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Fig. 11. Model results for precipitation (mm day ") for (a) the control (CTL) minus the no-aerosol-radiative-effect (NORA)
and (b) the CTL minus the no-aerosol-indirect-effect (NOIND), representing the aerosol radiative and indirect effects,

respectively.
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the autoconversion of cloud water into rain, reducing
precipitation. Precipitation was reduced over middle reaches
of the Yangtze River (Fig. 11(b)), with greater reductions in
rainwater than in cloud water (not shown). Water vapor
decreases (Fig. 7(b)) in this region also severely inhibited
rain formation. Aerosols clearly effect orographic cloud and
precipitation formation (Daniel et al., 2007; Fan et al., 2014;
Xiao et al., 2014, 2015). The updrafts and convergence
related to local mountains likely caused warm and moist air
to ascend, facilitating extension and development of clouds,
and promoting coalescence of cloud droplets to form rain.
Under the aerosol indirect effect, updrafts were enhanced
(not shown), which induced strong versus slight increases in
precipitation over southern Indochina (~4 mm d') and
Guangxi Province (increasing the southern China regional
mean precipitation by 0.49 mm d™), respectively. These areas
are both located on the windward slopes of mountains. Finally,
Fig. 11(b) shows that less precipitation occurred over northern
Indochina because of less moisture in the air (Fig. 7(b)).

Biomass-burning Aerosol Effects on Vertical Profiles of
Selected Meteorological Variables

The change in mean monthly temperature as vertical
profiles over southern China is shown in Fig. 12(a) for the
black box region of Fig. 5. The solid line represents the
variation caused by the aerosol radiative effect, while the
dashed one represents the aerosol indirect effect. There was
only a small change in temperature in the lower and middle
troposphere of southern China related to the aerosol radiative
effect. This is likely because of opposing impacts of the
aerosol semi-direct effect and microphysical latent heating,
producing balanced heating and cooling effects. Although
there was an increase in temperature within the planetary
boundary layer over southern China, this layer was too thin
to promote convection. Coupled with the reduction in clouds,
this led to less latent heat release (solid line in Fig. 6(c)) and
weaker convection, producing an atmosphere that was more
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stable and induced descending airflow (solid line in Fig. 12(b)).
Under these conditions, pollution did not diffuse efficiently.
However, under the aerosol indirect effect shown in
Fig. 12(a) (dashed line), air temperature decreased by about
0.20°C at around 0.5-km height but increased by about 0.3°C
at heights of 1.5-13 km, with maxima occurring at 3 km (by
~0.16°C) and 11 km (by ~0.38°C). These temperature maxima
correspond to maxima in the LWC (dashed line in Fig. 6(a)),
as well as the ice water content (IWC; dashed line in
Fig. 6(b)). This is related to the formation of more clouds and
microphysical latent heat release (dashed line in Fig. 6(c)).

The change in vertical velocity (as vertical profiles) over
southern China is shown in Fig. 12(b) for the black box
region of Fig. 5. The aerosol radiative effect produced a
descending flow anomaly in southern China within the 1—
12-km layer, indicating that aerosols were not diffused but
remained longer in the region, in turn potentially inducing
further descent of air parcels. The aerosol indirect effect
caused ascent within the troposphere of southern China,
with a maximal vertical velocity increase of ~4.1 mm s! at
around 10-km height. In this situation, aerosols dissipated
more quickly. Generally, the ascent of air resulted in more
precipitation, which enhanced removal of pollution.

As discussed earlier, Fig. 6 shows vertical profiles of
(a) LWC (mg kg™), (b) IWC (mg kg ") and (c) microphysical
latent heating (K day ). The aerosol radiative effect decreased
the LWC and IWC by about 8 and 1.9 mg kg™!, respectively.
It also reduced microphysical latent heat release, because
both localized atmospheric warming and air descent led to
evaporation of clouds. In contrast, the aerosol indirect effect
increased the LWC and IWC by about 14 and 1.1 mg kg™,
and increased the latent heat release. Overall, the reduction
in the LWC related to the radiative effect was less than the
increase related to the indirect effect, while the change in
IWC showed the reverse trend. Overall, BB aerosols increased
the formation of warm clouds but decreased the formation
of ice clouds.
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Fig. 12. Control (CTL) minus the no-aerosol-radiative-effect (NORA) model results representing the aerosol radiative effect
as a black solid line and the CTL minus the no-aerosol-indirect-effect (NOIND) model results representing the aerosol
indirect effect as a dashed line on regionally averaged monthly average vertical profiles of (a) temperature (°C) and (b)
vertical velocity (w, mm s™') in southern China (defined by 21-27°N and 107-117°E).
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Clearly, the atmospheric conditions resulting from aerosol
effects feedback on aerosol dissipation. Under the aerosol
indirect effect, the aerosol extinction coefficient was reduced
by around 0.011 km™! at 2-km height (not shown). However,
it increased around 0.002 km™ at 3-km height over
southernmost China related to radiative effect (not shown).
Hence, atmospheric responses to the indirect effect in turn
enabled aerosols to dissipate more readily over southern
China than those related to the aerosol radiative effect.

CONCLUSIONS

In April 2013, there were abundant BB emissions from
Indochina, far more than from other areas of Southeast Asia.
Northern Laos had the highest BB emission levels
(averaging 0.05 ug m2 s7! for BC and 0.25 pg m2 s for
OC). Myanmar and Vietnam had slightly lower levels than
Laos, with emissions of 0.02 pg m™2 s™! for BC. These
aerosols ascended via updrafts over local mountains in
northern Indochina and traveled via tropospheric westerly
winds to southern China and northern Pacific Ocean regions,
having both radiative (direct and semi-direct) and indirect
effects on the climate of Indochina and southern China.

1). Given the diverse BB aerosol spatial gradients, they
had different and variable climate effects over southern
China and Indochina, related to the radiative direct effect.

The maximum aerosol concentrations were below a 1-km
height over plains and valleys in Indochina. In these areas,
aerosols were not concentrated enough to inhibit the
formation of clouds related to heat absorption. Therefore,
aerosols reduced the SWDOWN and surface temperature
via the aerosol direct effect.

However, the aerosol semi-direct effect played an
important role in southern China and over high-altitude
areas of Indochina, such as the Annamite Range and the
Tenasserim Hills, where aerosols had maximal concentrations
at ~2-km height, coincident with conditions for warm cloud
formation. Under this effect, aerosols absorbed solar radiation
and evaporated cloud droplets, reducing LWC, IWC, and
cloud cover. Less cloud cover (decrease by 7%) and water
vapor (decrease by 0.23 g kg™) also reduced precipitation
over southern China (by 1.09 mm day™!) and northern
Indochina, reducing wet deposition of aerosols. In addition,
less cloud increased the SWDOWN by 8.97 W m, making
surface temperature rise by 0.13°C in southern China.
Therefore, the occurrence of less cloud contributed more to
changing the solar radiation flux at the surface than the
aerosol direct effect over southern China. Overall, the
atmosphere becomes drier and hotter under the aerosol
radiative effect in southern China.

2). Under the indirect aerosol effect, BB aerosols acting
as CCN induced more cloud droplets and cloud cover over
most of southern China, decreasing the SWDOWN by
27.46 W m, and surface temperature by 0.19°C. Both the
LWC and IWC increased markedly, releasing latent heat and
promoting convection. Thus, pollution was diffused via
ascending air. The precipitation decreased in middle reaches
of the Yangtze River but increased over Guangxi Province.
Overall, regional mean precipitation increased by 0.49 mm d!
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over southern China. Therefore, the atmosphere becomes
moister (with water vapor mixing ratios increase of 0.40 g kg™)
and colder under the aerosol indirect effect in southern
China, just opposite to the changes related to radiative effect.

3). In general, atmospheric responses to indirect effect in
turn enable aerosols to dissipate more readily over southern
China than those related to their radiative effect. The aerosol
extinction coefficient was reduced by around 0.011 km™ at
2-km height in southern China as a result of increased
precipitation in Guangxi Province and ascent of air parcels
over southern China related to the aerosol indirect effect.
However, as a result of this reduced precipitation, extra
descending air and northeasterly winds over southern China,
linked to the radiative effect, inhibited the wet deposition,
diffusion, and westward transport of aerosols. As a result, the
aerosol extinction coefficient increased around 0.002 km™' at
3-km height over southernmost China. Therefore, the aerosol
indirect effect played a bigger role in removing BB aerosols
from the atmosphere than the radiative effect. Under solely
aerosol radiative effect, BB particles would remain longer in
the air.

This paper considers climate impacts related to BB
aerosols, investigating the aerosol radiative effect and
indirect effect separately. According to the above conclusions,
the atmospheric conditions in southern China resulting from
BB aerosols from distant Indochina should be considered
when accounting for climatic change or other meteorological
variation over southern China. Given that this study reviewed
one month of BB emissions, our results lack universality.
Ideally, we need to simulate longer periods using diverse
atmospheric chemical models in future studies.
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