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Abstract: Low clouds play a key role in the Earth-atmosphere energy balance and influence ag-
ricultural production and solar-power generation. Smoke aloft has been found to enhance marine
stratocumulus over the Southeast Atlantic in austral spring through aerosol-cloud interactions,
but its role in regions with strong human activities and complex monsoon circulation remains un-
clear. Here we show that biomass burning aerosols aloft strongly increase the low-cloud cover-
age over both land and ocean in subtropical southeastern Asia. The degree of this enhancement
and its spatial extent are comparable to that in the Southeast Atlantic, even though biomass burn-
ing emissions in Southeast Asia are only one-third of those in Southern Africa. Our results indi-
cate that a coupling of aerosol-cloud-boundary-layer feedback with the monsoon is the main rea-
son for the strong semi-direct effect and enhanced low-cloud formation in Asia.

One Sentence Summary:

Smoke aloft strongly enhances low-cloud formation in southeastern Asia by an aerosol-cloud-
boundary-layer feedback coupled with the monsoon circulation.

Main Text:

Low clouds, including stratocumulus, cumulus, and stratus, cover about 30% of the globe
and play important roles in the Earth system because of their strong influence on the planetary
albedo and the energy balance of the Earth (7, 2). By reducing solar radiation reaching the sur-
face, persistent low clouds over land have negative impacts on agricultural production and solar-
power generation (3, 4). Therefore, understanding the factors governing low cloud cover is not
only critical for regional weather forecasting and global climate prediction (3, 5-7) but also im-
portant for their socioeconomic effects. Modeling studies have suggested that absorbing aerosols
from sources like biomass burning (BB) can enhance the formation and evolution of low clouds,
especially over the Southeast Atlantic and adjacent parts of Africa (Atlantic-Africa) in austral
spring (8-11). However, in East Asia, a region that combines high population density, high social
and economic relevance (fig. S1), and high levels of air pollution driving aerosol-climate interac-
tions (12-14), a quantitative understanding of these effects on low clouds (fig. S2) is still miss-
ing, especially from a climatological perspective. By analyzing 16-year satellite observational
and meteorological reanalysis data together with numerical modeling results, we find that the ef-
ficiency of low-cloud enhancement by the smoke aloft is particularly strong in Asia, with the low
cloud fraction increasing by a factor of three more than that in the Southeast Atlantic. The ampli-
fied aerosol-cloud interactions are mainly caused by the smoke’s coupling with planetary bound-
ary layer (PBL) feedbacks and the Asian winter monsoon.

We adopted an observation minus model reanalysis (denoted as OMR) approach, combining
MODIS satellite observational data with ECMWF (European Centre for Medium-Range Weather
Forecast) Interim Re-Analysis (ERA-Interim) data (Sects. S1-S3 in Supplementary Materials).
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Since the ERA-Interim model does not explicitly consider the effects of aerosols (75), the differ-
ence between observations and models reflects the impact of un-resolved processes, such as aer-
osol-cloud interactions (Sect. S1) (12, 16). Figures 1A and 1B show the 16-year averaged OMR
difference in cloud fraction during the BB seasons in southeastern Asia (March) and Atlantic-
Africa (August), two typical regions of the globe with strong BB and cloud-induced outgoing
short-wave radiation (figs. S3-S4). The high OMR values are mostly distributed along the coastal
region and the oceanic area off southern China and the Atlantic off southwestern Africa (as
marked by blue boxes in fig. S5, A and B), covering areas over 3000x1000 km?. The cloud-top
pressure (figs. SSE and S5F) shows that the clouds in these areas are mostly low clouds. Alt-
hough BB emission in southeastern Asia in March is only ~30% of that in southern Africa in Au-
gust (S4, fig. S4B and table S4), the cloud cover in the main transport pathways of the smoke
shows a similar enhancement (over 30%) in both cases (Figs. 1A and 1B, and fig. S5), suggest-
ing a much stronger aerosol effect on low cloud formation in southeastern Asia.

The stronger aerosol effect in southeastern Asia is not only evident from the climatological
average but is also resolved at different tempo-spatial scales. As shown in Fig. 1C and fig. S6,
the inter-annual variability of OMRs follows that of the aerosol optical depth (AOD), BB emis-
sions, and CO column density in the middle troposphere, with a better correlation in Asia than in
Africa. At the seasonal scale, a synchronized increase of cloud fraction in the region downwind
of the BB sources (fig. S5C) corresponds to the BB emission peak in March (fig. S7). Such posi-
tive correlations also hold for the monthly- and daily averaged data (Fig. 1D), as well as at the
synoptic scale (fig. S8), in Asia. The averaged vertical distribution of CALIPSO aerosol extinc-
tion and cloud occurrence for high and low AOD years also suggest a stronger vertical linkage of
smoke aloft and low-cloud enhancement below in Asia (Figs. 2A and 2B) than in the Atlantic-
Africa region (fig. S9 and fig. S10). In Asia, the low-cloud enhancement is mainly located be-
neath the plume transport altitude around 3 km (Fig. 2 and fig. S11) (17), with cloud top heights
of approximately 2.5 km above sea level over the lee side of the plateau, i.e., the Beibu Bay (Fig.
2A), and cloud top heights of approximately 1.5 km above the flatlands and ocean, i.e., the Tai-
wan Strait (Fig. 2B), a region with very strong low-cloud enhancement (Fig. 1A). In the Africa-
Atlantic region, the signal of low-cloud enhancement at the interannual scale is, in contrast,
much weaker (figs. S10, S6) in terms of both cloud fraction and cloud thickness.

Over the Beibu Bay, a strong increase in cloud occurrence (50-60%) exists between the alti-
tudes of 1 and 2 km in high BB pollution years (Fig. 2A). In this region, the low-cloud enhance-
ment exists not only over ocean but also over land areas (Fig. 1A), which is also one of the dis-
tinctive features in subtropical Asia in contrast to Atlantic-Africa (fig. S12). In the latter region
(Fig. 1B), low clouds are enhanced over the Atlantic but reduced on the African continent, with
coastal lines as a clear border between the two distinct effects, which have been well documented
in previous modelling studies and satellite observations (3,/0-11,18-20). The enhancement over
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ocean has been attributed to the semi-direct effect of absorbing aerosols from BB above the ma-
rine stratocumulus (9, 21). The reduction of cloudiness over land can be explained by the aerosol
absorption cloud fraction feedback (AFF) proposed by Koren et al. (22), where surface cooling
reduces moisture fluxes and the upper level warming reduces the relative humidity in the cloud
layer. This raises the questions: What causes the different response over the land regions be-
tween Africa and Asia, and how is this connected to the mechanisms of low-cloud amplification
in subtropical Asia?

To understand these underlying mechanisms, we performed numerical simulations with the
WRF-Chem model (Weather Research and Forecasting model coupled with Chemistry) for
March of four high-AOD years (2004, 2007, 2010 and 2014) and four low-AOD years (2001,
2003, 2005, 2011) in subtropical Asia, as identified in Fig. 1C. (detailed modeling configurations
are given in Sect. S5 and tables S1-S3). The difference in cloud fractions between simulations
with and without BB emissions is calculated and then compared with the results from OMRs.
Our model simulations successfully reproduce the aerosol-cloud interactions in Asia for both the
horizontal distribution (Fig. 3A) and vertical cross-section (Fig. 3B). Note that, besides the BB
emissions, we also tested the influence of other sources (e.g., fossil fuel combustion emissions)
and of aerosol-cloud interaction. The fossil fuel sources and the aerosol-cloud interaction have
negligible effects on the cloud cover, confirming the dominant role of BB smoke’s radiative ef-
fect on the low-cloud enhancement in subtropical Asia (see fig. S13).

As shown in Fig. 3B, a substantial heating by absorbing aerosols like BC (on average more
than 1.0 K difference between the runs with BB on/off) (23-25) exists in the area downwind
(about 1000 km away) of the BB source region, accompanied by a significant cooling at lower
altitudes, particularly over the land area on the lee side of the plateau (Fig. 3B). Accordingly, the
liquid water contents below the elevated plume, i.e., between the altitudes of 0.5 and 2 km, are
significantly enhanced in the dimming region and are transported further upwards by the con-
verging circulations of the monsoon and then eastward by the upper level westerlies, resulting in
a substantial enhancement in cloud (over 60%) between the altitudes of 1 and 2 km in the down-
wind region (Fig. 3B). In contrast, for the low-AOD years, with less influence of the BB emis-
sions from Southeast Asia, the enhancement of cloud in subtropical Asia is very weak (Figs. 3C-
3D).

The key role of aerosol-cloud-PBL feedbacks in the strong response over the land area bor-
dering Beibu Bay can be clearly demonstrated by the simulation and detailed analyses of a typi-
cal case on 13 March 2004. On that day, the upper-air warming reached about 5 K and the sur-
face cooling reached about 10 K at Nanning in Guangxi, China (fig. S14A). The simulations with
Aerosol Radiation Interaction (ARI) on/off clearly demonstrate substantial low-cloud enhance-
ment by the smoke, showing excellent agreement of the diurnal cycle of low clouds in the ARI-
on case compared to both satellite and ground-based observations (fig. S14B). A statistical anal-
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ysis of the 8 highest and 8 lowest ARI cases (according to OMR surface air temperature) in Nan-
ning during March 2004 suggests a significant difference in the air temperature profile caused by
the aerosol-cloud-PBL interaction (fig. S15). The WRF-Chem simulations show a substantial
low cloud enhancement by the smoke aloft, especially in the afternoon of the days with higher
ARI (fig. S14, C and D).

The key to explaining the amplification of low-cloud enhancement in subtropical Asia is the
mechanism by which the moisture within the middle and upper PBL in the ARI-induced dim-
ming region over land is maintained. Over the Amazon (22), the BB smoke causes a decreased
cloud amount over land due to the reduced moisture fluxes associated with surface cooling and
reduced relative humidity of the cloud layer. In contrast, in subtropical Asia, the Asian winter
monsoon drives an overall clockwise large-scale circulation along the coastal waters in spring
(fig. S1B), which brings large amounts of water vapor from the ocean into the dimming region
on the lee side of the plateau with intense BB activities (Sect. S6, fig. S16C). The air masses be-
come saturated in the middle and upper PBL by ARI-induced cooling (Fig. 3B, fig. S14C), caus-
ing enhanced low cloud over land, which extends over both land and the oceanic area downwind.
Here, the radiative heating of smoke above the clouds creates a strong inversion that is conducive
to the formation of extensive shallow clouds below it, which are maintained by radiative cooling
over land associated with the transport of water vapor by the monsoon circulation (Fig. 4). This
mechanism for Asia is different from the traditional understanding of the aerosol-cloud feedback
caused by the semi-direct effect of smoke over the southeast Atlantic, where the moisture out-
flow from the continent is primarily above the low cloud layer (/7,26) (fig. S17). It is a syner-
getic effect of aerosol-cloud-PBL feedbacks and the large-scale monsoon circulation. The semi-
direct effect of smoke aerosols above clouds, the large-scale upper-PBL strong inversion, a sub-
stantial dimming within the land PBL, together with the transport of water vapor by the monsoon
circulation amplify the low-cloud enhancement over the land and the downwind ocean area in
subtropical southeastern Asia (Fig. 4), resulting in a much more efficient low cloud enhancement
than in the Africa case (fig. S17).

Our results demonstrate that aerosol-radiation interaction dominates the springtime low-
cloud enhancement in southeastern Asia. The coupling of above-cloud heating and surface dim-
ming manifests itself in the climatology of OMR air temperature bias for high AOD days in
spring (fig. S18). Given that low clouds substantially influence radiation transfer, the large-scale
low-cloud enhancement documented here will strongly influence the regional climate and
weather conditions (27-30). In subtropical Asia, the region with significant low-cloud enhance-
ment (i.e., with OMR values > 25% in Fig. 1A) covers a land area of about half a million km?
with a population greater than 270 million. Given the direct impacts the clouds over land have on
human activities such as solar-energy generation and agricultural production, the mechanism re-
ported here is important for sustainability in this large and important region and needs to be in-
cluded in future forecast and assessment models.
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Fig. 1. Observation minus Reanalysis (OMR) difference in cloud fraction and its relation-
ship to aerosol optical depth. OMR differences in cloud fraction together with 925 hPa wind
fields in (A) March in Asia and (B) August in Africa, respectively, during 2000-2015. (C) Time
series of monthly-averaged OMR difference of low clouds (with MODIS cloud amount as the
observation) and MODIS AOD for Asia in March (the region for averaging are denoted in fig.
S1A). (D) Low-cloud enhancement as a function of AOD in subtropical southeastern Asia in
March during 2000-2015. Note: The gray dots in Figs. 1A and 1B show satellite-detected fire
counts. The blue boxes labeled a and b in Fig. 1A define regions with the highest OMR values
for further analysis in Fig. 2. In Fig. 1D, gray dots show daily regional results and the whisker-
box plot gives the statistics of daily data with different AOD bins. The daytime cloud enhance-
ment between the 10™ and 90™ percentiles are marked as the gray shading, and monthly results

are color-coded with marker size indicating BB emission in the source region.
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Fig. 2. Relationship between smoke and cloud occurrences measured by the CALIPSO sat-
ellite instruments. Averaged vertical profile of Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) smoke extinction and cloud occurrence in the three years with
highest and lowest smoke aloft during 2007-2015 for (A) Baibu Bay (2010, 2012, 2014 as high
years compared to 2008, 2009, 2011) and (B) Taiwan Strait (2007, 2010, 2015 as high years
compared to 2008, 2012, 2013). Region definitions are given in Fig.1A. The highest and the low-
est three years were classified according to the column smoke extinction between 2 and 5 km,
excluding years with inconsistent AOD and extremely high smoke aerosol concentrations in the
cloud.
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Fig. 3. Synergetic effect of smoke-cloud-PBL feedback coupling with the monsoon circula-
tion in subtropical southeastern Asia elucidated by WRF-Chem simulations. (A) Monthly
averaged difference of low cloud fraction plotted with 925 hPa winds in March of high AOD
years (2004, 2007, 2010 and 2014). (B) Vertical cross-section of BC concentration, cloud en-
hancement and air temperature difference along the coastal region (17°N — 23°N) for the runs
with BB on/off in March of 2004, 2007, 2010 and 2014. (C) and (D) Same as Figs. 3AB but for
low AOD years (2001, 2003, 2005, 2011). Note: The results are calculated from the difference
between the experiments EXP_FAR and EXP_exAR. Gray isolines in Figs. 3Aand 3C show to-
pography (Unit: km) and black dots mark the grids passing a T-test.
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Fig. 4. Mechanism of smoke-cloud-PBL feedback coupling with the monsoon in subtropical
southeastern Asia. The shaded gray color indicates the biomass-burning plume. The red color
along the plume shows shortwave heating by absorbing aerosols like BC above the clouds.
Shaded blue color on the lee side of the plateau indicates the strong dimming caused by aerosol-
cloud-PBL interactions over land.
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Materials and Methods

S1 Observation Minus Reanalysis method

The Observation Minus Reanalysis (OMR) approach, based on the assumption that the dif-
ference between observations and models reflects the impact of un-resolved processes, is a well-
established method in atmospheric science to study anthropogenic impacts on meteorology (/-4).
Data assimilation in global reanalysis models usually tends to exclude observations with a bias
over a certain threshold (5). It means that these real biases, which result from missing physical or
chemical processes in the model, have been mis-considered as observational errors and discarded
during the data assimilation procedure for the reanalysis data (/). Therefore, investigation of the
difference between observation and reanalysis provides a chance to study specific processes, es-
pecially in a certain region. For example, Kalnay et al. (2003) and Zhao et al. (2014) used it to
study the impact of urbanization on climate change (2, 4); Ding et al. (2013) and Huang et al.
(2018) adopted this method to examine the impact of air pollution on lower tropospheric air tem-
perature for episodes and climatological statistics in the polluted eastern China (/, 6). All these
works have demonstrated that the OMR method is well suited to identify the effects from un-

resolved human impacts on the lower tropospheric air temperature.

In this study, we applied the OMR method in cloud fraction analysis to locate the “hot spots”
of typical regions with cloud influenced by biomass burning, i.e. Southeastern Asia and Atlantic-
Africa, for further mechanism diagnoses and discussions. By using MODIS satellite retrievals as
“observation” and ERA-Interim as “reanalysis”, we quantified cloud biases and compared it with
aerosols in the two regions. We found that the patterns of OMR cloud bias can be well reproduced
by the online-coupled model simulations. Through the detailed analyses of model simulation and
observations, it turns out that the dominant mechanism is a synergistic effect of the semi-direct
radiative forcing and boundary layer dynamical process coupled with the monsoon circulation over
the coastal region, rather than indirect effects of aerosols from biomass burning source or fossil
fuel combustion. This newly resolved mechanism is directly related to the impact of light-absorb-
ing aerosols on air temperature (both surface and vertical profile), which has been documented to
be well resolved by the OMR method (/-4, 6). Thus, our results in this study further demonstrate
the great potential of this method for the cloud analysis in regions with changes in cloud properties
that are mainly dominated by aerosol-radiation interactions, i.e. with clouds influenced mainly by

temperature stratification.

S2 Satellite data

MODIS AOD, cloud and fire detection: The moderate resolution Imaging Spectrometer

(MODIS) Satellite retrievals provide monitoring for land, ocean, and atmospheric research (7),

14



EarthArXiv Preprint Ding et al., 2020

which were extensively used in numerical simulation, model evaluations and data analysis in this
study. The MODIS aerosol product monitors the ambient aerosol over the oceans globally and
over a portion of the continents. The Level-3 MODIS atmosphere daily product MODOS, which
contains observational information on aerosol optical thickness globally, was utilized to illustrate
spatial patterns and temporal variations of aerosol pollution in this work (8). MODOS also incor-
porates MODIS cloud observations with a 1x1 degree grid resolution, such as cloud optical and
physical parameters. Here, the spatial distribution of cloud and its properties like top pressure and
coverage were used in the data analysis. To determine the locations and time of wild fires, we used
the MODIS (Moderate Resolution Imaging Spectroradiometer) Thermal Anomalies/Fire daily L3
Global Product (MOD/MYD14A1), which provides fire identification by examining the brightness

temperature relative to neighbouring pixels (9, 10).

CALIPSO: The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite was launched in 2006 and makes continuous measurements of the Earth's
atmosphere thereafter. The primary instrument onboard the CALIPSO is the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), a two-wavelength polarization Lidar. Since 2006, CA-
LIOP has been collecting almost continuously high-resolution (333 m in the horizontal and 30 m
in the vertical in low and middle troposphere) profiles of the attenuated backscatter by aerosols
and clouds at visible and near-infrared wavelengths along with polarized backscatter in the visible
channel. Spatial averaging over different scales is taken to improve signal-to-noise-ratio for relia-
ble aerosol retrieval (/7). In this work, we used CALIPSO aerosol and cloud measurements in the
Level 3 Aerosol Profile Monthly Product to get vertical distributions of smoke extinction and cloud
during the biomass-burning season. Smoke extinction at 532 nm is directly provided by CALIPSO
aerosol product. To get a better idea of the vertical profile of cloud frequency, we calculated cloud
occurrence, which is defined as the ratio of samples with cloud detection to all samples, for each

grid in these two biomass-burning regions.

OMI AAI: The Dutch-Finnish Ozone Monitoring Instrument (OMI) is a UV/Vis imaging
spectrometer that measures the upwelling radiance at the top of the atmosphere from the Earth’s
atmosphere in three spectral channels between 264 and 504 nm (/2). The Absorbing Aerosol Index
(AAI) is a measure of the spectral slope of the atmospheric backscattered radiance in the UV as
compared to the spectral slope of a pure molecular atmosphere described by Rayleigh scattering.
Positive values of the residue denote the presence of UV absorbing particles. Although the AAI
does not represent one single aerosol property but rather depends on several properties, its ad-
vantage is that it can detect aerosols over a wide variety of scenes, including bright surfaces and
clouds. The AAI is a powerful method for tracking aerosol plumes in satellite measurements, and

it has been employed in various studies of the transport of aerosol plumes. In this study we used
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the OMI scientific data products of the AAI to describe the interannual variability of aerosol pol-

lution in the two biomass-burning regions.

S3 Observational and reanalysis data

Ground and Radiosonde data: In order to validate the model performance in simulating the
meteorological fields like air temperature and cloud cover, several relevant observations were in-
troduced here. Hourly surface meteorological observations, including near-surface air temperature
and cloud observations, were obtained from Integrated Surface Hourly (ISH) Data archived at the
National Climatic Data Center (NCDC, available at https://www.ncdc.noaa.gov/isd). It is com-
posed of worldwide surface weather observations from over 20,000 globally distributed stations.
The Integrated Global Radiosonde Archive (IGRA) contains radiosonde and pilot balloon obser-
vations globally, which provides vertical temperature profiles. Both ISH and IGRA data are ac-
cessible at the NCAR Research Data Archive (http://rda.ucar.edw/).

ERA-Interim Reanalysis: Air temperature profiles and cloud distribution from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-In-
terim) were obtained to compare with the regional simulations and corresponding observations (35).
The ERA-Interim data assimilation system used to produce ERA-Interim is based on the 2006
release of the ECMWF’s Integrated Forecast System (IFS). ERA-Interim has assimilated multiple
measurements through a four-dimensional variational data assimilation system in 12-hourly anal-
ysis cycles(/3). However, prior state estimates from the forecast model determine how much of
the observational information can be retained and lead to a large drop between the total number of
available data and the number of data passed to the assimilation. In fact, only less than 50% of
total radiosonde measurements are assimilated in the ERA-Interim dataset (/4). Accordingly, dis-
parities between atmospheric radiosonde observations and ERA-Interim reanalysis data could
somehow reflect the effects induced by pollution statistically. In our previous study, we have used
the difference in air temperature to investigate the impact due to aerosol pollution in North China,
which has been proven to characterize reasonably well the modified temperature stratification
caused by light-absorbing aerosols (/5). Here, a similar method was applied to identify effect of

biomass burning aerosols on low cloud formation.

S4 Emission inventories

Emissions from biomass burning: The Global Fire Emissions Database, Version 4.1
(GFED4s) provides monthly burned area and fire carbon emissions all around the globe during the
time period from 1997 to 2015. It is based on an updated version of van der Werf et al. (2010) with

16



EarthArXiv Preprint Ding et al., 2020

burned area from Giglio et al. (2013) boosted by small fire burned area (/6, /7). The spatial reso-
lution of the global emission is 0.25 degrees, and the temporal resolution is monthly.

Other emission inventories: Both fire emission and anthropogenic emissions were included
for the regional WRF-Chem modeling in the present work. Typical anthropogenic emissions were
obtained from the MIX database that can be accessed publicly from the website http://www.meic-
model.org/dataset-mix (/8). MIX emissions sources were classified into five sectors: power plants,

residential combustion, industrial process, on-road mobile sources, and agricultural activities. This
database covered most of major air pollutants, such as SO, NOx, CO, volatile organic compounds
(VOCs), NH3, particulate matter (PM), BC, and OC. The biogenic VOCs and NO emissions were
calculated online using the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
(19). More than 20 biogenic species, including isoprene, monoterpenes (e.g., a-pinene and B-pi-

nene) and sesquiterpenes, were considered and then included in the photochemistry calculation.

S5 WRF-Chem modeling

The numerical simulations in this study were conducted using WRF-Chem, which is an
online-coupled three-dimensional, Eulerian chemical transport model considering complex phys-
ical and chemical processes, such as emission and deposition of pollutants, advection and diffusion,
gaseous and aqueous chemical transformation, aerosol chemistry and dynamics (20). The model
has been widely used to evaluate aerosol-radiation interactions (2/). In the present work, WRF-
Chem version 3.6.1 was employed. Key physical parameterization options for the model are listed
in Table S1. For the aerosol scheme, the CBMZ (Carbon-Bond Mechanism version Z) photochem-
ical mechanism and MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) aerosol
model were applied (22, 23). Aerosols were assumed to be spherical particles. The size distribution
was divided into four discrete size bins defined by their lower and upper dry particle diameters
(0.039-0.156, 0.156-0.625, 0.625-2.5, and 2.5-10.0 um). Aerosols in each size bin were assumed
to be internally mixed and their optical properties were computed as a function of wavelength
based on Mie theory and volume averaged refractive indices (24, 25).

The model domains with a 50 km % 50 km grid resolution, covers Southeast Asia and Atlan-
tic/Africa. There were 30 vertical layers from the ground level to the top pressure of 50 hPa. The
simulation was conducted for the entire month of March 2004 and August 2010, the strongest BB
and low-cloud enhancement months in the past decade for subtropical Asia and Atlantic-Africa,
respectively. Each run covered 48 hours with the first 24 hours as model spin-up time and the last
24-hour results used for the final analysis. The initial and boundary conditions of meteorological
fields were updated from the 6-hour NCEP (National Centers for Environmental Prediction) global

final analysis (FNL) data with a 1°x 1° spatial resolution. The initial and boundary conditions of
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chemistry were MOZART-4 results acquired from the National Center for Atmospheric Research
(NCAR). The chemical outputs from the preceding run were used as the initial conditions for the
next. A similar modeling configuration and settings have been successfully adopted in our previous
works and have shown good performance on reproduction of aerosol-radiation interactions (26,
27).

To determine the locations and time of biomass burning and the consequent pollutant emis-
sions, the Quick Fire Emission Dataset (QFED) was introduced to characterize spatiotemporal
allocations and emission intensity of biomass burning emissions (28). The QFED biomass burning
emissions are calculated using the FRP (top-down) approach and comprise emissions for several
species, including carbon monoxide (CO), volatile organic compounds (VOC), carbon dioxide
(CO»), sulfur dioxide (SO.), organic carbon (OC), black carbon (BC) and fine particular matter
(PM25). It was input into the “Characterising Brazilian biomass burning emissions using WRF-
Chem with MOSAIC sectional aerosol” (3BEM) module to derive daily varied emission rates from
biomass burning (29).

Six parallel numerical experiments were performed to investigate the impacts of biomass-
burning plumes on cloud over the South China sea, with the first four and the last two aiming at
the effects of aerosol radiative interaction (ARI) and aerosol-cloud interaction (ACI) on clouds,
respectively: 1) a regular simulation without any aerosol feedback (EXP_exAR), in which radia-
tion transfer was not influenced by atmospheric aerosols, 2) a simulation with the full aerosol
feedback (EXP_FAR), in which optical properties of aerosol were calculated at each time step and
then coupled with the radiative transfer model for both short- and long-wave radiation, 3) an ex-
periment with the aerosol feedback but only including anthropogenic emissions (EXP_AAR), in
which biomass-burning emissions were subtracted and 4) an experiment that only accounted for
the effects of aerosol scattering by eliminating the imaginary part of aerosols (EXP_SAR), 5) a
simulation including the effect of ACI from both biomass burning and anthropogenic sources
(EXP_FAC), and 6) a simulation only considering the ACI caused by anthropogenic sources
(EXP_AAC). For the Atlantic-Africa region, another two parallel numerical experiments were
performed to investigate the ARI of smoke on cloud: 1) a simulation without any aerosol feedback
(EXP_exAR AA) and 2) a simulation considering BB aerosol effects on radiation transfer
(EXP_FAR_AA). The anthropogenic sources in Africa are ignored because they are much smaller
in comparison to biomass burning. The model simulated cloud fraction data need to be converted
to two-dimensional so as to compare model data with satellite data. The maximum and random
method is used to calculate the overall cloud fraction when there is more than one level of cloud

in the vertical, which method assumes that clouds have plane-parallel geometry and internal ho-
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mogeneity. It has maximum overlap between clouds in adjacent levels and random overlap be-
tween groups of clouds separated by one or more clear layers. This method is consistent with a

statistical analysis of observed cloud distributions and is widely used (30, 31).

S6 Lagrangian Modeling

The transport and dispersion simulations were made using a Lagrangian dispersion model,
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed in the
Air Resource Laboratory of the National Oceanic and Atmospheric Administration (Stein et al.,
2016). The model calculates the position of particles by mean wind and a turbulent transport com-
ponent after they are released at the source point for forward simulation or receptor for backward
run. In this work, the LPDM simulations followed the method developed by Ding et al. (2013).
Briefly, the model was used to conduct hourly forward or backward particle dispersion simulations.
In each simulation, particles were released at the site and tracked backward in time for a 7-day
period. The hourly position of each particle was calculated using a 3-D particle, i.e. horizontal and
vertical, method. The air concentrations were calculated according to the particle number distribu-
tion. We calculated the air concentration at a specific layer (for example 3 km altitude or 100 m
altitude), which represents the distribution of the surface probability or residence time of the sim-

ulated air mass. We used the WRF-Chem simulated meteorological data to run the LPDM model.



EarthArXiv Preprint Ding et al., 2020

370
360
350
340
330
320
310
300
290
280
270

AOD
Geopotential height (m)

s < N
2 S L £
C 90E 120E

BC emission (kg km? month)

T T T T T 1 T T I
90°E 95°E  100°E 105°E 110°E 115°E 120°E 125°E 90°E 95°E  100°E 105°E 110°E 115°E 120°E 125°E

Fig. S1 Distribution of MODIS AOD and BC emissions in East Asia. (A) 2000-2015 averaged
MODIS AOD for non-spring months (all months except March and April). (B) 2000-2015 aver-
aged geopotential height and wind field at 975 hPa. BC emission intensities from (C) anthropo-
genic activities and (D) biomass burning in March. Anthropogenic sources derived from MIX
emission inventory, and biomass burning sources were calculated online by the 3BEM module
embedded in the WRF-Chem model. Note: the dashed box in fig.S1A shows the region where
times series of monthly averaged OMR difference of low clouds with AOD are made (fig.1C).
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Fig. S2. Satellite images showing low cloud cases in southeastern Asia in BB seasons. MODIS
true color corrected reflectance images on (A) 12 March 2004, (B) 26 March 2004, (C) 29 March
2009, (D) 9 March 2014, (E) 22 March 2015, and (F) 19 March 2016. (Source: NASA
WORLDVIEW https://worldview.earthdata.nasa.gov/).
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Fig. S3. Outgoing shortwave radiation and biomass burning activities. Distribution of out-
going SW radiation and biomass burning (A) in North Hemisphere in March and (B) in South
Hemisphere in August during 2000-2015. Note that biomass burning activities are shown as grey
dots based on the MODIS burned area product (MOD/MYD14A1).
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Fig. S4. Biomass burning carbon emission and its seasonal patterns in main BB regions in
the world. (A) Global distribution of annual averaged carbon emission from biomass burning,
(B) Monthly variation of carbon emission from four typical biomass burning regions: Southeast
Asia, North Africa, South Africa and Amazon.
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Fig. S5. Distribution of the OMR difference in cloud fraction and the cloud top pressure
with region definition. Observation minus Reanalysis (OMR) differences in cloud fraction over-
laid by 700-hPa wind (A) in March in Asia and (B) in August in Africa, respectively, during
2000-2015. Averaged AOD overlaid by 925-hPa wind during 2000-2015 (C) in March in Asia
and (D) in August in Africa, respectively. (E-F) Cloud top pressure corresponding to Fig. S5A
and S5B. Note: Blue boxes in figs. SSA and S5B mark the geographical regions given in Fig. 2,
A and B, and fig. S10, A and B. Dashed lines in figs. SSC and S5D define the downwind BB re-
gion for Asia and Atlantic-Africa (Fig. 1C, figs. S7).
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Fig. S6. Inter-annual variations of aerosols and low cloud enhancements in Asia and Africa. Time series of
monthly averaged OMR difference of low clouds and various aerosol indices (MODIS AOD, OMI absorption aerosol
index (AAI) and CALPSO column smoke extinction) and column CO between 500-800 hPa in the Modern-Era Ret-
rospective analysis for Research and Applications version 2 (MERRA-2) reanalysis for (A) Asia in March and (B)
Africa in August during 2000-2015. All data except BB emissions are averaged for low-cloud enhancement regions
given in fig. S1A and fig. S5D. (Note: Correlation coefficients between low cloud bias and AOD are 0.78 and 0.37

in Asia and Africa, respectively).
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Fig. S7. Seasonal variations of cloud, radiation and precipitation and BB emission in the source and downwind
regions. Averaged seasonal profiles of (A) BB emission, radiation at the top of atmosphere and precipitation rate in
BB source regions of Southeast Asia and (B) cloud fraction, cloud top pressure and precipitation rate at Nanning
station downwind the BB source region during 2000-2015. Source: GFED4 for BB emission, TRMM 3B43 for pre-
cipitation and MODIS MODO8 for cloud.
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Fig. S8. AOD and OMR difference in cloud fraction under specific typical weather pattern of low clouds in

subtropical southern Asia. (A) Averaged 850 hPa geopotential height for 80 selected high low-cloud days with same

weather pattern identified using Kirchhofer weather typing approach, which considers correlation of geopotential
heights at 850 hPa between different days (32). Averaged AOD distributions for (B) the highest 25% and (C) the
lowest 25% AOD days, respectively. Averaged OMR cloud fraction bias for (D) the highest 25% and (E) the lowest

25% AOD days.
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Fig. S9. CALIPSO vertical distribution of smoke extinction and cloud occurrence. Averaged

vertical cross-section of smoke extinction and cloud occurrence in (A) subtropical eastern Asia
(17°N — 23°N) in March, and (B) Atlantic-Africa region (11°S — 23°S) in August during 2007-
2015.
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Fig. S10. CALIPSO vertical distribution of smoke extinction and cloud occurrence in the

Africa-Atlantic region. Averaged vertical profile of smoke extinction and cloud occurrence in the
three highest and lowest upper-level smoke plume years during 2007-2015 for (A) Atlantic Ocean
(2007, 2008, 2009 as high year compared with 2012, 2013, 2014), and (B) coastal west Central
Africa in the south (2010, 2011, 2014 vs. 2009, 2012, 2013), respectively. Region definitions are
given in fig.S5B. The highest and lowest three years were classified according to the column
smoke extinction between 2-5 km, excluding years with inconsistent AOD and extremely high
smoke aerosols in the cloud.
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Fig.S11 Lagrangian dispersion modeling for main BB regions in South East Asia. (A) Aver-
aged carbon emission from BB in March (Data from GFED4 emission inventory). (B) Averaged
Lagrangian forward dispersion plume at 3 km altitude from 5 main BB burning regions marked
as black dots (Modeling methods are given in SM).
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Fig. S12. Biomass burning induced aerosol, clouds and air temperature changes in central
Africa. (A) Monthly averaged difference of low cloud fraction for WRF-Chem simulations with
fire on/off in Africa in August 2010. Averaged vertical cross-section of BC plumes, relative in-
crease of cloud water and air temperature change by aerosol-cloud feedback along the belts of
smoke-induced low cloud enhancement between latitudes of (B) 8°S —18°S and (C) 4°S —8°S in
Africa in August 2010. Note: Results are from the difference between the experiments
EXP FAR AA and EXP _exAR AA (Table S4) and BC concentrations are from EXP_FAR AA.
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Fig. S13. Roles of different emission sources and interaction processes on cloud fraction in
Southeastern Asia. (A) Monthly averaged difference of low-cloud fraction (EXP_FAC -
EXP_AAC) contributed by aerosol-cloud interaction from biomass burning in Southeast Asia in
March 2004. (B) Vertical distribution of BC and cloud enhancement along the coastal region
(17°N — 23°N) corresponding to A. (C) same as fig. SI3A but for aerosol-radiation interaction
from fossil fuel combustion sources (EXP_AAR — EXP_exAR). (D) same as fig. S13B but corre-
sponding to fig. S13C.
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Fig. S14. Vertical structure and diurnal evolution of BC, air temperature, and clouds for
typical episodes elucidated by WRF-Chem simulations. (A) Vertical distribution of BC and
air temperature in different modeling scenarios over Nanning on 13 March 2004. Note that Aero-
sol Radiation Interaction (ARI), w/o ARI, Scattering ARI and ECMWF indicate simulations
with/without aerosol feedback, only accounting for feedback due to scattering aerosol, and the
ECMWEF reanalysis, respectively. (B) Diurnal cycle of cloud distributions from the runs with
ARI on/off on 13 March 2004, compared with satellite- and ground-based observations. Diurnal
cycle of averaged cloud difference and BC concentration for the (C) 8 highest and (D) 8 lowest
aerosol-PBL feedback days in Nanning during March 2004. The dashed lines represent the air
temperature difference with/without aerosol feedback (Red for heating and blue for dimming),
and the aerosol-PBL feedback days were classified using the OMR difference in surface air tem-

perature at Nanning.
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Fig. S15. Comparison of modeling and observational air temperature and clouds at ground

station Nanning and Beibu Bay in March 2004. (A) Map showing the topography and location

of Nanning, Wuzhou and Beibu Bay. (B) Same as (A) but showing the true-color-corrected re-

flectance images of 13 March 2004. Vertical distribution of BC concentration and air tempera-

ture from radiosonde measurements and different modeling scenarios for the 8 highest (C) and 8
lowest (D) aerosol-PBL interaction days at Nanning. (E-F) Same as figs. S15C and S15D but

over the ocean in Beibu Bay.
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Fig. S16. Air mass origins for smoke and cloud along the BB plumes calculated by Lagran-
gian dispersion model. (A) averaged vertical cross-section of cloud difference and BC along the
coastal line (17°N — 23°N) for the experiment EXP_FAR and EXP_exAR in March 2004 in Asia.
Lagrangian dispersion modeling results shows air mass source regions for (B) Point a, (C) Point
b, (D) Point c, and (E) Point d. Note: Method of LPDM are given in S6.

35



EarthArXiv Preprint Ding et al., 2020

Fig. S17. Schematic figure showing mechanism of smoke - low cloud interaction in the Atlan-
tic-Africa region. The shaded gray color indicates the BB plume. The red color along the plume
shows shortwave heating by absorbing aerosols like BC. Shaded blue in the lee side of the plateau
indicates dimming caused by aerosol-cloud-PBL interaction.
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Fig. S18. Comparison of vertical profiles of OMR air temperature bias with/without influ-
ence from biomass burning. (A) Vertical profile of OMR air temperature for days with air masses
at the altitude of 3 km influenced by biomass burning at Nanning and Wuzhou in Southwest China.
(B) Same as (A) but for air masses less influenced by biomass burning. Note: 72-hr back trajecto-
ries at the altitude of 3 km, calculated using HYSPLIT, are used to classify the influence from
biomass burning in Southeast Asia. The 50 days with highest/lowest AOD are selected in the sta-
tistics here.
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Table S1. Model configuration options and settings

Domain setting

Region Asia Africa
Horizontal grid 90 x 170 140 x 210
Grid spacing 50 km x 50 km 50 km x 50 km
Vertical layers 30 eta levels 30 eta levels
Center point 105 °E, 25 °N 13 °E, 15 °S
Map projection Lambert Mercator

Paramerization configuration

Long-wave radiation RRTMG
Short-wave radiation RRTMG
Cumulus parameterization Grell-Deveny
Land-surface Noah
PBL MYIJ
Microphysics Lin et al.
Photolysis Fast-J
Gas chemistry CBMZ
Aerosol chemistry MOSAIC
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Table S2. Emission inventories utilized in the WRF-Chem simulations

Emission source categories Dataset
Anthropogenic activities MIX Asian emission inventory
Biogenic emissions online caculated by MEGAN

) ] o caculated by 3BEM using burned area and thermal
Biomass burning emission )
anomalies dataset

Table S3. WRF-Chem parallel numerical experiment designs

Emissions aerosols’ radiative effect
. ' Aerosol cloud
t : -
xperiments Fossil fuel biomass ) ) interaction
) ) scattering  absorption
combustion  burning
EXP_exAR \ N x x x
EXP_FAR V \/ V V X
ARI -
EXP
EXP_AAR \ x \ \ x
EXP_SAR \ \ \ x x
EXP_FAC V V V V V
ACI -
EXP
EXP AAC \ x \ \ \
Africa-  EXP exAR AA x v x x x
Atlantic
ACI
EXP FAR AA X X
EXP FAR V V V
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Table S4. Averaged carbon emission from biomass burning for four typical regions with

intensive savanna and forest fires during 2000-2015.

Domain® Period Carbon emission (g C m* month)
Domainl —Center Africa Nov.-Dec. 18.48
Domain2 —Southern Africa Jul.-Aug. 28.53
Domain3 —This study Mar.-Apr. 8.90
Domain4 —South America Aug.-Sep. 13.10

2Domain 1-4 are marked in fig. S4.
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