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Abstract One unique long‐range transport event with multiple layers of aerosol plumes was observed
over Taiwan during 29–31 March 2006. A synergy of ground‐based observation, remote sensing, and
backward trajectory simulation collectively indicated the high‐altitude (above 3 km) plume originated
from biomass burning in Southeast Asia while the midaltitude (around 0.8–2 km) plume was attributed to
dust from the Gobi Desert. Aerosol optical properties measured at a low‐altitude site were characterized of
abundant coarse mode particles and increased single scattering albedo as a function of increased
wavelength, indicating the influence from dust particles. While at a high mountain site (elevation of
~3 km), aerosol optical depth was elevated by a factor of 3–4 compared to its background value and mainly
comprised of fine particles. It was diagnosed that the high‐altitude aerosols were influenced by the
transported smoke plumes but exempted from dust. Simulation of the meteorological conditions against a
Taiwan‐wide meteorology network showed strong near surface temperature rise of more than 2° during
this long‐range transport event as well as for the vertical temperature profiles. Both dust and biomass
burning aerosol plumes via long‐range transport contributed significantly to the atmospheric warming,
resulting in strong instantaneous aerosol radiative forcing of 46.0 W/m2 in the atmosphere. A “double
dome” warming effect mechanism was proposed that both biomass burning and dust plumes above the
boundary layer could efficiently reserve the solar energy and heat the lower troposphere.

1. Introduction

Even though it has been widely recognized that aerosol has undeniable effects on climate, the understanding
of aerosol radiative forcing is still ambiguous. The Intergovernmental Panel on Climate Change Fifth
Assessment Report summarized the best estimates of radiative forcing due to aerosol from the previous
assessment reports (Myhre et al., 2013). In terms of the radiative forcing of typical aerosol components such
as sulfate and black carbon, Second Assessment Report, Third Assessment Report, AR4 (Fourth Assessment
Report), and AR5 (Fifth Assessment Report) showed relatively consistent results. As for biomass burning
aerosol, its radiative forcing was estimated to be −0.10 (−0.30 to −0.03) W/m2 in TAR, −0.05 (0.00 to
−0.10) W/m2 in AR4, and −0.09 (−0.16 to −0.03) W/m2 in AR5, respectively. While for mineral dust, its
radiative forcing was estimated to be −0.60 to +0.40 W/m2 in TAR, −0.10 (−0.30 to +0.10) W/m2 in AR4,
and −0.10 (−0.30 to +0.10) W/m2 in AR5, respectively. We can clearly see that the determined magnitudes
of radiative forcing due to biomass burning and dust aerosols were still highly uncertain even the
Intergovernmental Panel on Climate Change report has been periodically updating, indicating the climatic
effects of these two types of aerosol are subject to a very low level of scientific understanding.

One of the commonness of dust and biomass burning aerosol is their ability to absorb the sunlight. Mineral
dust has the highest absorption at the near infrared wavelengths in contrast to biomass burning and other
anthropogenic aerosols, where the absorption becomes stronger in the ultraviolet solar range region
(Dubovik et al., 2002). Although dust and biomass burning aerosol are both absorbing to a certain extent,
their respective optical properties are distinctly different. For instance, biomass burning aerosol usually
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showed very high absorption Ångström exponent (AAE) while plumes affected by dust may present negative
AAE values (Loría‐Salazar et al., 2014).

Dust and biomass burning aerosols were found having different climatic effects due to their different
microphysical properties. Based on model simulation, strongly absorbing aerosols due to biomass burn-
ing may warm and stabilize the lower troposphere and reenforce winter‐like synoptic cyclonic activities
in southern Amazonia (Zhang et al., 2009). During a field campaign in the early 2000 in northeastern
South Africa, the rising smoke plumes were able to penetrate the successive regional inversion layers
and impacted heavily on the vertical heating rate profiles with a significant surface shortwave forcing
of more than −50 W/m2 [James R. Campbell et al., 2003]. In the same campaign, the radiative effects
of biomass aerosol at top of the atmosphere could be significantly changed from negative values of
−13.0 W/m2 in clear skies to positive values of +11.5 W/m2 in the presence of clouds (Keil &
Haywood, 2003). Similarly, based on aircraft soundings in the vicinity of the California coast, the heat-
ing rate in the biomass burning layer could be enhanced (+0.8 K/day) under the presence of clouds
(Mardi et al., 2018). In the Yangtze River Delta region of China, Ding et al. (2013) demonstrated an
observation‐based air pollution‐weather interaction from an intense air pollution event from mixed agri-
cultural burning plumes with fossil fuel combustion. Surface temperature was decreased by up to 10 K
(Kelvin) and precipitation was significantly suppressed due to severe air pollution. As for Southeast
Asia, the transported smoke plumes from this region enhanced the free tropospheric warming over
the northern South China Sea (Pani et al., 2016). The water‐soluble components and black carbon in
the biomass burning plumes were the main contributors to the aerosol radiative forcing. The heating
rates due to black carbon were higher than those due to the total aerosols. In a case study of two‐layer
heavy smoke long‐range transport, enhanced aerosol radiative efficiency at both surface and lower
atmosphere were found with high atmospheric heating rate of 1.3 K/day (Pani et al., 2016).

As for dust, Noh et al. (2012) showed that dust particles had negligible effects on radiative heating. However,
Won et al. (2004) found contrasted results that the elevated dust layer may have an intrinsic self‐sustaining
mechanism, making the dust layer more stable. On a larger scale, mineral aerosols were found related to
cloud properties over North Africa and the North Atlantic, exhibiting suppressing effect on precipitation
in thin low altitude clouds and changing cloud amounts in ice phase clouds (Mahowald & Kiehl, 2003). In
the framework of Aerosol Robotic Network (AERONET), the mixed dust‐anthropogenic aerosols exhibited
higher warming efficiency in the atmosphere than either anthropogenic or dust aerosols (Tian, Zhang, Ma,
et al., 2018; Tian, Zhang, Cao, et al., 2018).

In regard of the inadequate understanding of dust and biomass burning aerosols, the mixing of these
two types of aerosols would make the physicochemical properties of the mixture more complicated
and the resulted climatic effects more unpredictable. Most studies on the mixing of dust and biomass
burning aerosols focused on Africa where dust and biomass burning emissions were both intensive.
An individual particle analysis showed efficient internally mixing of biomass burning and Saharan dust
particles (Hand et al., 2010), which would change the optical properties of ensemble particles. There was
a number of studies using the remote sensing technique such as lidar and Sun photometer. Combination
of the particle linear depolarization ratio and the lidar ratio at two wavelengths allowed a classification
of the aerosol types, including marine aerosol, Saharan dust, and a mixture of dust‐biomass burning
(Groß et al., 2011). In the framework of the Saharan Mineral Dust Experiment, multiple events of ele-
vated biomass burning layer above dust were detected and it was found that that all biomass burning
aerosol layers contained a varying fraction of large dust particles. The fraction of dust followed the
increase of the effective diameter and the absorption Ångström exponent (Weinzierl et al., 2011).
Comparison of three Saharan Mineral Dust Experiment campaigns (two in summer with dust only
and one in winter with additional biomass burning) summarized a variety of parameters for distinguish-
ing dust, smoke, and mixture of dust and smoke based on multiwavelength polarization Raman lidar
observation, including aerosol layer top height, lidar ratio, depolarization ratio, and absorption
Ångström exponent (Tesche et al., 2011). A shipborne lidar observation from the Caribbean to western
Africa observed decrease of lidar ratio in the Sahara dust layer with the contribution from fire smoke
particles (Rittmeister et al., 2017). In another shipborne lidar study, the radiative effects of aerosols
above the northern and southern Atlantic Ocean were estimated. The microphysical parameters and
mixing fraction of aerosol types were assumed for radiative transfer calculation during a mixed
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dust/smoke event over the ocean (Kanitz et al., 2013). Similarly, an airborne high‐resolution lidar mea-
surement of Saharan dust, partly mixed with biomass‐burning smoke also assumed single scattering
albedo and the asymmetry parameter, causing high uncertainties in the calculation of aerosol solar
radiative forcing (Bauer et al., 2011). Sicard et al. (2012) captured a concurrence episode of intense dust
and extremely fresh biomass burning from Africa. It was found that the mixed dust particles exhibited
even stronger absorption than smoke based on the single scattering albedo. Strong shortwave heating
rate of 2–3 K/day was calculated for both dust and smoke aerosols. In another interesting study during
the ex‐hurricane Ophelia on 15–16 October 2017, dust from the Sahara and smoke from Portuguese for-
est fires were brought to the British Isles, causing an unprecedented high aerosol optical depth (AOD)
and estimated peak concentrations of 420 ± 200 μ/gm3 for the dust and 558 ± 232 μ/gm3 for the bio-
mass burning aerosols, respectively (Osborne et al., 2019).

In Asia, dust and biomass burning events were generally separately studied and the mixing between these
two aerosol types were rarely investigated (Huang et al., 2010;Nguyen et al., 2015). In this study, a long‐range
transport episode with participation of both dust and biomass burning was observed over Taiwan. The goal of
this work is to elucidate the influence of aerosols on the perturbation of regional meteorology. The spring in
2006 was a season with both strong dust storms from the Gobi Desert (Chang et al., 2010; Kim et al., 2008;
Wang et al., 2008) and intense biomass burning activities in Southeast Asia (Fu et al., 2012). Thus, it was a
good timing for studying the long‐range transport impact of concurrent dust and biomass burning aerosols.
The structure of this paper is organized as follows. Section 2 describes the applied measurement instruments
andmethodologies. In section 3, the sources of the decoupled aerosol plumes were diagnosed. Then different
aerosol optical properties of the plumes were analyzed by taking the advantage of monitoring at ground and
high mountain sites. In section 4, the warming effect due to the intruded aerosol plumes was unveiled based
on both 3‐D numerical simulation and radiative transfer modeling. Concluding remarks are given in
section 5.

2. Methodology
2.1. Observations
2.1.1. MicroPulse Lidar Observation
Aerosol vertical profiles were retrieved by a MicroPulse Lidar (MPL) located in the National Central
University (NCU) north of Taiwan (Fig. 1c). The EPA‐NCU MPL system is maintained by Taiwan
Environmental Protection Administration and joined the NASA MPLNET network (http://mplnet.gsfc.
nasa.gov/) since 2005. The MPL is a compact and eye‐safe elastic backscatter lidar system at a single wave-
length of 527 nm. Briefly, MPL fires a short pulse of laser light into the atmosphere and measures the
returned backscattered signal. The instrument calibrations, an algorithm for processing the normalized rela-
tive backscatter product (NRB; the relative signal strength of backscatter), and associated uncertainties can
be referred by Welton et al. (2002) and Campbell et al. (2002). The vertical resolution of the MPL measure-
ment is 75 m.
2.1.2. AERONET Observation
Identification of the dominant aerosol types and mixtures is possible based on the relationship among some
key aerosol optical parameters, for example, single scattering albedo, extinction/absorption Ångström expo-
nent, and finemode aerosol fraction (Giles et al., 2012). In this study, aerosol optical properties were collected
from the AERONET by using the CIMEL sun‐sky photometer (Holben et al., 1998). Various parameters of
aerosol optical properties for the whole atmospheric column were retrieved at the wavelength of 440, 670,
870, and 1,020 nm. The Ångström exponent, single scattering albedo, aerosol size distribution, and refractive
index can be retrieved by using sky radiance almucantar measurements and direct sun measurements
(Dubovik et al., 2002).

AOD represents the extinction of solar radiation due to aerosols and could be regarded as one of the para-
meters representing aerosol burden in the atmospheric column. AOD less than 0.1 could be regarded as
clean while AOD higher than 1.0 are regarded as highly polluted. Ångström exponent (α) is a parameter that
can reflect the aerosol sizes. α > 1 indicates the dominance of fine particles mainly from anthropogenic
sources such as BC or sulfate, while α < 1 indicates the dominance of coarse particles such as mineral dust
and sea salt (Eck et al., 1999; Foyo‐Moreno et al., 2019). Single scattering albedo (SSA) is defined as the ratio
of scattering to the total extinction (scattering and absorption). As for purely scattering aerosols such as
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sulfate and nitrate, SSA is close to 1.0. While strongly absorbing aerosols (i.e., soot/black carbon) have much
lower SSA of less than 0.5 at a wide spectrum range (Wang et al., 2007).

The AERONET sites used in this study included two sites in mainland China (Fig. 3f), for example, Xianghe
(39°45′N, 116°58′E, meters above sea level: 36 m) and Taihu (31°25′N, 120°13′E, 20 m), and two sites in
Taiwan (Fig. 4a), that is, Taipei‐CWB (25°1′N, 121°30′E, 26 m), and one background high mountain site,
Lulin (23°28′N, 120°52′E, 2,868 m).
2.1.3. Auxiliary Data
PM10 concentrations (based on the beta attenuation principle) in 86 Chinese cities were derived from air pol-
lution index via the data center ofMinistry of Environmental Protection of China (http://datacenter.mee.gov.
cn/websjzx/dataproduct/resourceproduct/queryResourceList.vm?rocde=). Conversion from air pollution
index to PM10 was explicitly described in Wang et al. (2018). In addition, PM10 concentrations in some other
Asian countries can be obtained via various sources. The data of Korea can be obtained from the Korean
Meteorological Administration (http://www.kma.go.kr/eng/weather/asiandust/timeseries.jsp). The data of
Thailand can be obtained from its Pollution Control Department (http://air4thai.pcd.go.th/webV2/index.
php), and the air quality data of Japan used in this study are archived by EANET (The Acid Deposition
Monitoring Network in East Asia, https://www.eanet.asia/) upon request. Ultraviolet Aerosol Index
(UVAI) was retrieved from Ozone Monitoring Instrument. Ground‐based meteorology data of Taiwan were
from Taiwan's Environmental Protection Administration (http://www.epa.gov.tw). Meteorological sound-
ing data on UTC time of 0:00 and 12:00 at selected sites were available from http://weather.uwyo.edu/upper-
air/sounding.html website.

2.2. Simulation of Meteorological Conditions

Simulation of meteorological conditions was performed by the Weather Research and Forecasting (WRF)
model v3.4. The final analyses data set (ds083.2) with a horizontal resolution of 1.0° × 1.0° and a temporal
resolution of 6 hr from National Centers for Environmental Prediction was digested into WRF as initial
and boundary conditions. Key module settings in WRF were summarized as follows: precipitation (WRF
single‐moment 3‐class scheme), longwave radiation (RRTM), shortwave radiation (Dudhia scheme),
surface‐layer option (MM5 similarity; Monin‐Obukhov scheme), advection (Global mass‐conserving
scheme), planetary boundary layer scheme (YSU), and cumulus option (Grell). This set of parameterization
schemes had been applied for the East and Southeast Asia domain (Fu et al., 2012; Huang et al., 2013). The
model vertical layers extended from the surface to 50 mb with 34 vertical layers. The horizontal grid resolu-
tion of WRF was set as 36 × 36 km in this study. The modeling domain is shown in Figure S1 in the
supporting information.

To evaluate the model performance of the WRF simulation, the grid cell was first identified based on the
longitude and latitude of eachmeteorology station in Taiwan. Then the values of observation and simulation
were averaged at each time step and at all the extracted grid cells for comparison. The time difference
between local time in Taiwan and model is 8 hr.

The air mass backward trajectory was simulated using the Hybrid Single Particle Lagrangian Integrated
Trajectory Model. It was run online at the National Oceanic and Atmospheric Administration Air
Resource Laboratory READY website (https://ready.arl.noaa.gov/HYSPLIT_traj.php). The meteorological
input data used in the model was obtained fromNational Centers for Environmental Prediction's global data
assimilation system with a horizontal resolution of 1° × 1° and a time resolution of 3 hr.

2.3. Simulation of Aerosol Heating Rates and Radiative Forcing

Atmospheric heating rates and radiative forcing due to aerosols in the atmosphere were calculated by using a
solar radiative transfer model (CLIRAD‐SW) developed by Chou and Suarez (1999) and Chou et al. (2002).
This model considered solar radiation absorption by water vapor, O3, O2, CO2, Rayleigh scattering, and the
absorption and scattering due to aerosols. Fomin and Correa (2005) implemented new parameterizations in
CLIRAD‐SW and the version used in this study was called CLIRAD (FC05)‐SW. Vertical profiles of the aero-
sol optical parameters are required as inputs for the radiative transfer model. The vertical resolution is set as
225 m (3 times of the vertical resolution of the MPL measurement) and the calculation of aerosol radiative
forcing covered altitudes from the surface to around 7 km.
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Spectrum of aerosol was divided into eight bands from 200 to 10,000 nm in the model. The input para-
meters for calculating the aerosol radiative forcing and heating rates included wavelength dependent AOD
(i.e., including both scattering and absorption), single scattering albedo, and asymmetry factor. Since the
AERONET inversions (level 2.0) are only available at the wavelength of 440–1,020 nm, aerosol microphy-
sical properties at the other wavelengths are needed to be interpolated. As for the interpolation of AOD,
the Ångström exponent (AE) of total aerosol can be calculated via

AE440–1020 ¼ − ln AOD440=AOD1020ð Þ= ln 440=1020ð Þ; (1)

Then AOD at different wavelengths can be obtained

AODλ ¼ exp −AE440–1020× ln λ=λrefð Þð Þ*AODref ; (2)

where λ is the wavelength that the aerosol optical properties are to be interpolated. λref is 527 nm that the
MPL lidar operated on. To obtain single scattering albedo at different wavelengths, the AAE was first
derived via

AAE440−1020 ¼ − ln AAOD440=AAOD1020ð Þ= ln 440=1020ð Þ; (3)

Then AAOD at all wavelengths can be derived as similar as the interpolation of AOD above. Finally, the sin-
gle scattering albedo at all wavelengths can be calculated via

SSAλ ¼ 1–AAODλ=AODλ; (4)

As for the asymmetry factor at other wavelengths, it was derived based on the fitted power function regres-
sion curve from the AERONET inversion. In section 3.3.3, the real inputs for the model were described in
more details. The surface albedo for this study period was derived from the Moderate Resolution Imaging
Spectroradiometer 16‐day Albedo products (MCD43C3.005). The atmospheric heating rates can be calcu-
lated using the equation below:

∂T
∂t

¼ ga
Cp

¼ ΔF pð Þ
Δp

; (5)

where ∂T
∂t is the heating rate (K/day), ga is the acceleration due to gravity, cp is the specific heat capacity of air

at constant pressure (~1,006 J kg−1 K−1) and ΔF(p) is the net flux divergence of a pressure layer p.

The atmospheric heating rate (HR) due to aerosols is then given by the equation below:

HR ¼ ∂T
∂t

with aerosolsð Þ− ∂T
∂t

without aerosolsð Þ; (6)

To derive the atmospheric heating rates and radiative forcing solely due to aerosols in the atmosphere, the
simulation by inputting the required aerosol optical parameters was firstly conducted. Then a sensitivity
simulation without aerosols was conducted by setting the AOD values as zero at all altitudes. Finally, the
differences between the two simulations can derive the radiative forcing and heating rate solely due
to aerosols.

3. Results
3.1. Detection of Multilayered Aerosol Plumes From Contrasted Source Regions
3.1.1. Process Analysis of a Long‐Range Transport Event
On 29–31 March 2006, one notable particulate pollution event was detected by the EPA‐NCU MPL site in
Taiwan. Figure 1a displays the time‐height cross section of the NRB retrieved from theMPL. On the first half
day of 29March, aerosol wasmainly confined below the cloud base around 2 km. The NRB signal was almost
absent above this height, indicating negligible intruded emissions. Starting at around 11 UTC, an evident
aerosol plume commenced at altitudes around 3.7–4.4 km. This thick plume (width of ~1 km) lasted more
than 34 hr till 21 UTC on 30 March. The top height of the plume gradually decreased as a function of time.
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However, the bottom height of the plume still remained at relatively high altitudes of above 2 km, indicating
a strong invaded source from nonlocal emissions.

What was interesting and unique about this episode was that about 3 hr after the appearance of the plume
referred above, another plume penetrated between the upper layer aerosol plume and the near‐surface aero-
sol layer as shown in Figure 1a. In the early stage from 15 to 20 UTC on 29 March, only a slim aerosol plume
was detected in the middle layer. After 20 UTC, this plume expanded with thickness of more than 1 km. The
NRB data illustrated that the denser part of aerosol plume in the middle layer lasted about 12 hr from 22
UTC on 29 March to 10 UTC on 30 March. At the same time, this plume descended with height and tended
to gradually mix into the boundary layer. This was clearly observed after 16 UTC on 30 March, the dense
aerosol stripe in the middle layer almost dissipated but mixed more homogeneously as indicated by the

Figure 1. (a) MPL NRB (normalized relative backscatter, unit: counts*km2/μj*μs) at 527 nm from 29 to 31 March 2006 (Date and time are presented in the form
of UTC) at the EPA‐NCU site. (b) MPL‐derived aerosol extinction profiles averaged for 06: 59–8: 57 UTC on 30 March. The bars represent one standard deviation.
(c) The 72‐hr backward air mass trajectories starting at the NCU MPL site at three levels of 0.8, 1.9, and 3.5 km corresponding to the altitudes of the observed
extinction peaks in Figure 1b. NRB = normalized relative backscatter; MPL = MicroPulse Lidar.
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NRB signal between 16 and 21 UTC. Overall, there was a clear delineation of the upper and middle aerosol
layers from 29 to 30March while themiddle aerosol layer tended to gradually merge into the boundary layer.
From around 21 UTC on 30 March to 1 UTC on 31 March, a clear interception of both plumes was indicated
by the NRB data. This was due to the precipitation along the east and south coasts of China as observed from
the Tropical Rainfall Measuring Mission satellite (Figure S2). After that, these two aerosol plumes com-
menced again, suggesting a continuous long‐range transport from elsewhere. From 3 UTC on 31 March,
the two plumes began to mix together, which would surely modify the physiochemical properties of
transported aerosols.
3.1.2. Identification of Source Regions for Multilayered Aerosol Plumes
Vertical profiles of aerosol total extinction between 06: 59 and 8: 57 UTC on 30March were retrieved and the
average profile is shown in Figure 1b, with error bars representing one standard deviation. As expected, mul-
tiple peaks showed at different altitudes, different frommost previous studies that aerosol extinction usually
decreased with altitudes when local emissions dominated [Huang et al., 2012; S H Wang et al., 2010]. Near
the ground level, aerosol extinction anomalously increased with altitudes and peaked at around 0.7–0.8 km
with the mean value of 0.35 ± 0.11 km–1. At altitudes between 0.8 and 2.5 km, although the aerosol extinc-
tion exhibited an overall decreasing trend with altitudes, two pronounced peaks were observed at around 1.3
and 1.8 km, with values of 0.25 ± 0.075 and 0.25 ± 0.022 km−1, respectively. Above 2.5 km, the aerosol
extinction started to gradually increase again with altitudes and reached another peak at a much higher alti-
tude of around 3.3 km. Different from the peaks observed at the lower and middle levels, the aerosol plume
in the upper layer with high extinctions was evidently much thicker extending from 2.9 to 3.7 km. Mean
aerosol extinction within this altitude reached 0.23 ± 0.038 km−1, which was at the similar magnitude as
those peaks observed at the lower and middle altitudes.

To diagnose the potential source regions of the aerosol plumes at different altitudes as discussed above, 72‐hr
backward air mass trajectories at the MPL site were simulated by the Hybrid Single Particle Lagrangian
Integrated Trajectory model (Draxier & Hess, 1998; Draxler & Rolph, 2015). Backward trajectories starting
at UTC 08:00 on 30 March were computed at three levels of 0.8, 1.9, and 3.5 km (Figure 1c), corresponding
to the altitudes of the observed extinction peaks (see the link lines between Figures 1b and 1c). It was evident
that the backward trajectories at the lower andmiddle altitudes of 0.8 and 1.9 km both traced back to the arid
and semiarid regions in inner‐Mongolia of China and Mongolia where the Gobi Desert is located. Spring is
the season when Asian dust storms frequently outbroke and 2006 was a strong dust storm year, which had
been documented in previous studies [Huang, Zhuang, Lin, et al., 2010; Papayannis et al., 2007; W Wang
et al., 2008]. A climatology study of Asian dusts that passed over Taiwan in 2004 and 2005 found that the dust
layers usually resided at altitudes of 1–4 km (Chen et al., 2007). Thus, the aerosol plumes observed at the low
and middle altitudes were evidently characterized of mineral dust origin. Figure S3 depicts the spatiotem-
poral evolution of daily PM10 concentrations over mainland China, Korea and Japan during 27–30 March
2006. As visualized by the circles denoting the heavily polluted areas, on 27 and 28 March, a considerable
number of cities in the northern China exceeded PM10 concentrations of 200 μg/m

3, further spreading over
South Korea and part of Japan. On the following 2 days of 29 and 30 March, heavy pollution drifted toward
the eastern and southern China, causing elevated PM10 concentrations about 2–3 times of the previous 2
days. A clear transport pathway could be visualized as from the northern China toward the east and south
coasts, which was one of the typical transport pathways of the spring dust storm originating from the
Gobi Desert [F Tsai et al., 2008].

In contrast, backward trajectories starting at 3.5 km traced back to the Indo‐China Peninsula in Southeast
Asia, mainly from Myanmar. It is noted that the air mass trajectories originating from Myanmar remained
at high altitudes of above 3 km, far exceeding the height of boundary layer, thus precluding the possibility
from local anthropogenic emissions in Southeast Asia. A strongly seasonal dependent emission source in
Southeast Asia was biomass burning with strongest fire activities during the premonsoon dry season, gener-
ally from February to April (Tsay et al., 2013). Figure S3 overlays the spatial distribution of Fire Locating and
Modeling of Burning Emissions biomass burning carbon emissions (Reid et al., 2009) on a daily basis. Hot
spots were evident in the Indo‐China Peninsula, spreading over Myanmar, northern part of Laos, and
Thailand. Biomass burning activities were most active on 27 and 28March. Due to the presence of mountain
ranges at the east and west coast of the Southeast Asia peninsula, winds below 850 hPa were channeled
toward the north while only when biomass burning plumes were lifted to a threshold height, it can be
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transported eastward driven by the winter tropical Southeast Asian High (Lin et al., 2013). Climatology study
showed that the enhancement of the local East‐West cell/circulation by a well‐organized convergent center
over Indo‐China at 925 hPa. in March allows the uplift of biomass burning emissions to the free troposphere
(Yen et al., 2013). Figure S1 shows the mean wind fields during 27–30March simulated byWRF and it shows
strong westerlies above 1.8 km, which was consistent with the backward trajectory analysis. Overall, all the
evidences provided above indicated the upper layer aerosol plume derived from the biomass burning source
region in Southeast Asia.

Figure 2 further depicts the transport behavior of the aerosol plumes from the perspective of remote sensing.
UVAI retrieved from OzoneMonitoring Instrument is a parameter sensitive to the absorbing aerosol (Torres
et al., 2007), for example, biomass burning aerosol with enriched black carbon, andmineral dust in which the
iron oxides minerals (hematite and goethite) had pronounced absorbance at the visible spectrum (Arimoto
et al., 2002; Deaton & Balsam, 1991). Figure 2 shows higher UVAI values in both the Gobi Desert and the
northern Southeast Asia peninsular. In addition, two transport routes as similar as the backward trajectories
(Figure 1c) were reflected from the spatiotemporal variation of UVAI and eventually intersected over the
South China Sea, further corroborating the different source regions of the aerosol plumes observed by
Lidar at various altitudes.

3.2. Explicit Aerosol Microphysical Optical Properties
3.2.1. Evolution of Aerosol Optical Properties Along the Dust Transport Pathway
During the long‐range transport of Asian dust, the properties of dust should be modified due to the passing
over vast populous and industrialized areas of the eastern China as well as changes of environmental condi-
tions toward the south (e.g., higher temperature and humidity; Huang et al., 2010; Pan et al., 2017; Tobo

Figure 2. Spatiotemporal evolution of UVAI retrieved from Ozone Monitoring Instrument during 27–30 March 2006. UVAI = Ultraviolet Aerosol Index.
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et al., 2010). As shown in Figure 3f, two AERONET sites (i.e., Xianghe in the North China Plain and Taihu in
the Yangtze River Delta) located near the dust transport pathway. Based on the simulation of backward tra-
jectory, the air masses arriving at Taiwan on 30 March were traced back to the North China Plain on 26–27
March. As shown in Figure 3a, AOD at 500 nm (τ500) ranged from 0.53 to 0.86 with a mean value of 0.66 on
26 March. Ångström exponent at 440–870 nm (α440–870) at all hours were lower than 1.0, indicating the exis-
tence of considerable coarse particles. On 27March, τ500 maintained at high levels with a mean value of 0.75.
At the same time, α440–870 dropped to extremely low values of 0.08–0.12, suggesting massive inputs of
mineral dust. Compared to α440–870 of around 0.49 during a strong Asian dust event [Y. M. Noh et al.,
2012], α440–870 at Xianghe was even lower, suggesting the presence of relatively pure dust particles. As for
the almucantar inversion on 26 March (Figure 3b), SSA showed low values of less than 0.9 at 440 nm and
then increased as wavelength increased. This was a typical SSA pattern of dust as the mineral components
(mainly iron oxides) in dust were strongly absorptive at the ultraviolet wavelength.

After 1 day, the air masses travelled toward the Yangtze River Delta region on 28 March. The AERONET
Taihu site at the conjunction of southern Jiangsu province and northern Zhejiang province is a background
site. As shown in Figure 3c, τ500 was also high with the mean value of 0.51. Compared to 27 March at
Xianghe, α440–870 at Taihu increased to a range of 0.51–0.72 but still much lower than 1.0, indicating the con-
tinuous effect of long‐range transported dust. The dependence of SSA on wavelength at Taihu was as similar
as Xianghe although the aerosol there tended to be more absorptive, which should be ascribed to the less
scattering aerosols over the background site.

At the receptor site, that is, the AERONET Taipei‐CWB site, its τ500 mean on March 30 reached 0.68, even
higher than the upstream Taihu site and only slightly lower than the Xianghe site. In addition to the contri-
bution from dust to AOD, the intruded biomass burning plumes also contributed to the columnar AOD, thus
resulting in high AOD at the Taipei‐CWB site. α440–870 at Taipei‐CWB was the highest among the three sites

Figure 3. (a, c, and e) Time series of AOD at 500 nm and Ångström exponent (440–870 nm) at three AERONET sites (Xianghe, Taihu, and Taipei_CWB) on the dust
days. (b, d) The dependence of single scattering albedo on wavelengths at Xianghe and Taihu. No inversion data of almucantar measurements were available
at Taipei_CWB. (f) The 72‐hr backward air mass trajectories starting at 08 UTC, 30March 2006 and the height of 0.8 km at the NCUMPL site. The locations of three
AERONET sites are marked in the figure. AOD = aerosol optical depth; AERONET = Aerosol Robotic Network.
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in the range of 0.86–1.02. This should be partly due to the mixing of anthropogenic particles and dust during
the long‐range transport passing over the industrialized and populous areas in China [Huang, Zhuang, Li,
et al., 2010; YWang et al., 2005]. In addition, local fine particles over Taiwan and biomass burning aerosols
in the upper layer also increased the values of α440–870. As no almucantar inversion data were available on 30
March, the spectral dependence of SSA at Taipei‐CWB was not discussed here.

3.2.2. Differentiating Aerosol Optical Properties at Low and High Altitudes
There are two AERONET sites that were available for further analysis of aerosol optical properties at differ-
ent altitudes in Taiwan. As shown in Figure 4a, one site is located near the ground level (Taipei‐CWB: 26‐m
above mean sea level) and the other one is located at Mount Lulin (2,868‐m above mean sea level). Height
disparity of these two sites greatly facilitated the comparison of the invaded aerosol plumes at different alti-
tudes in this study. Figure 4b shows the scatter plot of τ500 versus its corresponding α440–870 during the epi-
sode. Aerosol properties at the high‐ and low‐altitude sites were distinctly differentiated. At the Taipei‐CWB
site, τ500 showed moderate/high values while α440–870 were relatively low and this phenomenon had been
discussed in the previous section. Figure 4c shows the mean fine and coarse τ500 of 0.41 and 0.26 at
Taipei‐CWB (23:13 UTC on 29 March to 9:29 UTC on 30 March), respectively. The fraction of coarse mode
τ500 to the total τ500 reached 39%.

At the high‐altitude Mount Lulin background site (Sheu et al., 2010), τ500 averaged 0.27 ± 0.02 (8:15–9:31
UTC on 30 March). Although much lower than the ground site, τ500 at Lulin was significantly higher than
its annual value of 0.07 [S HWang et al., 2014], corroborating the intensive impact of the upper layer plume
on this high mountain site. One multiyear (2003–2009) study also observed that PM2.5 concentrations along
with its chemical species (e.g., K+, SO4

2−, and NO3
−) were the highest in March due to the transport of

Southeast Asia smoke (Lee et al., 2011). Compared to the ground site, α440–870 at Lulin were much higher
in the range of 1.24–1.38, indicating the dominance of fine mode particles. Figure 4c shows the mean fine

Figure 4. (a) Locations of two AERONET sites (denoted by the black stars) in Taiwan. Taipei‐CWB is a near sea level site with an altitude of 26 m. Lulin is a
highmountain site with an altitude of 2,868m as visualized by the contour of terrain elevations in the figure. The EPA‐NCUMPL site (denoted by the black square)
is also marked in the figure. (b) Scatter plot of AOD at 500 nm versus its corresponding Angström exponent (α) at 440–870 nm at Taipei‐CWB and Lulin (c) Average
fine and coarse mode AOD at Taipei‐CWB (23:13 UTC on 29 March to 9:29 UTC on 30 March) and Lulin (8:15–9:31 UTC on 30 March). AOD = aerosol
optical depth; AERONET = Aerosol Robotic Network.
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and coarse τ500 of 0.24 and 0.03, resulting in a low contribution of coarse mode τ500 to the total τ500 of around
10%. Hence, it implied that Lulin was almost exempt from the dust invasion. During the same period above,
the MPL NRB signal (Figure 1a) showed that the upper height of the dust layer was around 2.4 km. During
the whole study period, the maximum upper height of the dust layer was around 2.9 km (from 23 UTC on 29
March to 2 UTC on 30 March). As the Lulin site is located above 2.8 km, this indicated the results fromMPL
and AERONET were quite consistent.
3.2.3. Extent of Long‐Range Transport
Thewhole aerosol column can be separated into three stratified layers based on the discussions above, that is,
the boundary layer which trapped the majority of local anthropogenic emissions (hereinafter called the PBL
layer), the dust layer, and the biomass burning layer. We chose a period from 2 to 19 UTC on 30March when
continuous aerosol extinction profiles were available fromMPL. As visualized in Fig. 1a, the aerosol plumes
from different sources decoupled. Thus, it was feasible to determine the top and bottom heights of each layer
at each time step according to the extinction coefficient profile where it sharply decreased or increased (Noh
et al., 2007). Figure 5a shows the time series of integrated AOD within the three layers. AOD within the PBL
layer showed a decreasing trend from 0.31 at 7 UTC to 0.03 at 12 UTC on 30March. It was noted that no peak
values of AOD were observed during the local rush hours (usually around 9–12 UTC). During the same per-
iod, AOD within the dust layer maintained at relatively high levels of over 0.2 and increased from 0.21 on 9
UTC to 0.34 on 12 UTC. The opposite trend between the PBL AOD and dust AOD probably suggested the
dilution effect of dust on the local anthropogenic aerosols. This phenomenon has been frequently observed
in Taiwan, mainland China, and elsewhere (Chuang et al., 2008; Wang et al., 2018). After 12 UTC, AOD
within the PBL gradually increased, likely due to the shallow boundary layer at night. Compared to the tem-
poral variation of PBL AOD, dust AOD fluctuated less strongly, suggesting a continuous and relatively stable
input of dust particles. As for AODwithin the biomass burning layer, it showed an evidently increasing trend
from its minimum of 0.23 at 9 UTC to the peak value of 0.56 at 19UTC. A variety of factors could be respon-
sible for this, for example, the strengthening of Southeast Asia biomass burning emissions, variable meteor-
ological conditions in the free troposphere, and aging of certain aerosol components.

Overall, biomass burning AOD averaged 0.38, contributing the largest fraction of 47% to the total AOD
(Figure 5b). Dust AOD averaged 0.27, also contributing a considerable fraction of 34% while PBL AOD
was the least of 0.15 with the contribution of 19%. In other words, AOD from non‐local sources was more
than 3 times than that from local sources during this long‐range transport event.

4. Discussions
4.1. Regional Meteorological Impacts: Warming Effect
4.1.1. Warming Near the Surface
It would be interesting to investigate what extent the intrusion of overwhelming nonlocal aerosols could
influence/modify and feedback to the regional climate since biomass burning aerosol and dust aerosol are

Figure 5. (a) Time series of integrated AOD within the three layers (i.e., the PBL layer, dust layer, and biomass burning layer) during a period from 2 to 19 UTC on
30 March (b) Contributions of PBL AOD, dust AOD, and biomass burning AOD to the total AOD. AOD = aerosol optical depth.
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both strong climate forcers with high uncertainties (Myhre et al., 2013). The WRF model was applied to
conduct a quasi‐quantitative assessment of this effect. Figure 6 compares the time series of observed and
simulated temperature at 2‐me above ground (T2) in Taiwan during 22–31 March 2006. A total of 70
ground‐based meteorological stations operated by Taiwan EPA were used against the WRF simulation
results. As shown in Figure 6, observed T2 temperature averaged at all stations and the mean simulated tem-
perature sampled at the same stations covaried relatively consistently at most time steps during 22–28

March. The mean bias (MB) of T2 (MB =
1
N

∑
N

i¼1
Cm−Co , where Cm,i and Co,i denotes the simulated and

observed T2 at site i, respectively) during 22–28 March was calculated to be −0.36 °C. This mean bias was
well within the legislated benchmark value of ±0.5 °C (Emery et al., 2001), indicating the configuration of
physical schemes used in the WRF model was representative of the investigated domain and could reason-
ably simulate the meteorological fields in terms of no significant intrusion of air pollutants. However, the
simulation tended to deviate from the observations since 29 March, which was exactly the date when inten-
sive plume intrusion occurred. T2 was significantly underestimated throughout 29–31 March, exhibiting lar-
ger discrepancies during daytime. For instance, the negative bias reached 3.20–3.85 °C during 3–8 UTC on 29
March, 3.12–3.42 °C during 3–7 UTC on 30 March, and 1.97–2.26 °C during 3–7 UTC on 31 March, respec-
tively. Overall, the mean bias during 29–31 March reached −2.19°C, much larger than the benchmark, sug-
gesting the incapability of WRF model reproducing T2 during this period. Since the model already
demonstrated its reliability of simulating the meteorology before 29 March, it should not be the model con-
figuration issues that induced this phenomenon. Hence, the likely reason was due to the influence of
intruded aerosols on modifying the regional meteorology as WRF was purely run without accounting for
the aerosol‐meteorology feedback effect. It was also found that the simulated temperature was negatively
biased more during daytime than nighttime. This further confirmed the aerosol‐meteorology effect as heat-
ing of the atmosphere was more obvious under conditions of solar radiation.
4.1.2. Warming in the Upper Layer
In addition to the observational evidence of warming near the surface, we also analyzed the possible pertur-
bation of this long‐range transport event on the vertical profile of temperature. Meteorological sounding
sites were selected mainly from Eastern and Southern China as shown in Figure 7. We compared the tem-
perature profiles measured at various sites in mainland China to the modeled results on 0:00 UTC, 29

Figure 6. (a) Comparison between hourly observed (red dotted line) and simulated (blue dotted line) temperature at 2‐m above ground (T2) averaged at 70
Taiwan EPA's meteorological stations from 22 to 31 March 2006. The average hourly values of the measurement stations in each grid cell were compared to
the simulated values of the corresponding cell grids. Mean bias of T2 between the simulation and observation are calculated for the period of 22–28 March and
29–31 March, respectively. The maximum hourly bias for the last 3 days is highlighted in the figure. (b) The locations of weather stations used for model eva-
luation. MB = mean bias.
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March when the particulate pollution was not so intense. Generally, the temperature profiles were relatively
well reproduced by the WRF simulation in regard of the magnitudes and vertical structure although the
deviation of modeled temperature from observation could be found at certain altitudes of various sounding
sites. This could be ascribed to several factors. First, the spatial resolution of 36 km of the simulationmay still
be not fine enough for reproducing the site‐based meteorology observation. On the other hand, the vertical
resolutions of sounding data varied greatly among different sounding sites and were generally coarser com-
pared to the simulation. The mismatch of the vertical resolution between observation and simulation also
partly explained the modeled bias. Overall, we reinforced that the simulation was capable of reproducing
the temperature profiles when the particulate pollution was not intense on 29 March.

As a comparison, the model simulation of temperature profiles at the Taipei‐CWB site did not perform as
well as the mainland sites (Figures 8a–8c). It was evident that the simulated temperature near the surface
was much lower than the observation, yielding a negative bias of 4.0, 3.3, and 3.9 °C at 12:00, 29 March,

Figure 7. Comparison of temperature profiles (00UTC, 29 March 2006) between observation (red line) and WRF simulation (black line) at 18 sounding sites in
Eastern and Southern China.
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00:00, 30 March, and 12:00, 30 March, respectively. This was consistent with results in section 4.3.1 that
warming near the surface was found. In addition, warming extending from near the surface to higher
altitudes were also observed with different warming extents. At 00:00, 31 March (Figure 8d), when the
aerosol plumes were intercepted by precipitation, no warming was observed at all altitudes.

We further compared the model and observation at another sounding site, Ishigaki‐jima, which is about 270‐
km east of Taiwan (Figures 8e–8h and location shown in Figure 7). At 12:00, 29 March, the discrepancy
between simulated and observed temperature mainly occurred between 1.1 and 2.2 km, exhibiting slight
warming at around 1.7–2.2km. The warming was strengthened on the next two sounding dates. At 00:00,
30March, the negative bias of simulated temperature mainly occurred at 1.4–1.9 kmwith the strongest value
of−1.6 °C at around 1.6 km.At 12:00, 30March, the vertical structure of the negative temperature biasmoved
to lower altitudes of around 0.7–1.1 kmwith the strongest warming of 3.4 °C at around 0.8 km. After 12 hr at
0:00, 31 March, no warming at all altitudes were observed As Ishigaki‐jima is a remote island over the West
Pacific with almost no anthropogenic emissions, the warming at the higher altitudes further demonstrated
the perturbation of long‐range transported aerosol on the local meteorology.

4.2. Radiative Forcing and Heating Rates Due to Transported Aerosol Plumes

A radiative transfer model CLIRAD (FC05)‐SW was applied to estimate the radiative forcing and heating
rates due to transported aerosol plumes. Since the Lidar measurement cannot retrieve the aerosol microphy-
sical properties, the essential parameters (i.e., asymmetry factor and single scattering albedo) as inputs for
the radiative transfer model were retrieved from the AERONET measurements. Due to the different

Figure 8. Comparison of temperature profiles between observation (red line) andWRF simulation (black line) at the Ishigaki‐jima and Taipei sounding sites (loca-
tions shown in Figure 8) from 12 UTC, 29 March, to 00 UTC, 31 March 2006.
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characteristics of aerosols at various altitudes, a columnar constant profile of aerosol microphysical
parameters should not be used. Instead, the aerosol microphysical parameters dependent on altitudes
were desired. In this regard, the whole extinction profiles were grouped into three categories as similar as in
section 3.2.3. The aerosol microphysical properties near the surface within the boundary layer were based on
a slightly polluted day (11 March 2006, τ500 =0.44) at the Taipei_CWB site. The aerosol microphysical
properties of the dust layer were based on the measurement at the Taihu AERONET site on 28 March,
when the dust transported from northern China was intense as discussed in section 3.2.1. The aerosol micro-
physical properties of the biomass burning layer were based on the measurement on 30 March at the Lulin
AERONET site, which was found almost exclusively impacted by the biomass burning plume. Based on the
interpolation method in section 2.3, the values of single scattering albedo and asymmetry factor at eight
wavelengths for the three aerosol categories are derived and presented in Table S1.

Figure 9a shows the instantaneous heating rates based on the aerosol extinction profiles measured by the
MPL Lidar at 06:59–08:57 UTC, 30 March and the presumed aerosol microphysical properties. Generally,
the vertical profile of aerosol heating rates varied as similar as its extinction profiles. The instantaneous
heating rate increased quickly from near the surface to 0.72 K/day at the altitude of around 700 m.
Within the dust layer at around 0.7–2.6 km, the heating rates fluctuated within 0.83–1.24K/day with
an average of 1.04K/day. Above the dust layer, the heating rates increased from 0.35 K/day at around
3 km to a peak value of 1.02 K/day at 3.9 km and then quickly decreased till almost zero above 6 km.
The peak values of heating rates in this episode were at the similar magnitudes of that of black carbon
aerosols during a haze episode in Eastern China (Li et al., 2015). The vertical structure of aerosol heating
rates clearly exhibited multiple layers of atmospheric heating due to the intruded aerosol plumes. Such
high atmospheric heating at multiple altitude levels would surely result in strengthening of the inversion
layer, leading to poor dispersal of aerosols and thus providing a positive feedback between meteorology
and aerosols.

Aerosol radiative forcing in the atmosphere are shown in Figure 9b. In addition to the overall radiative for-
cing from the whole columnar aerosols, sensitivity simulations of the aerosol radiative forcing were con-
ducted by assuming that only near surface, dust, or biomass burning aerosols existed. It was calculated
that the radiative forcing of the near surface, dust, and biomass burning aerosols in the atmosphere were

Figure 9. (a) Simulated average instantaneous heating rates due to the aerosol plumes between 06:59 and 8:57 UTC on 30 March. (b) Aerosol radiative forcing in
the atmosphere due to the aerosol within the PBL layer, dust layer, biomass burning layer, and the whole column aerosols, respectively. Error bar represents one
standard deviation.

10.1029/2018JD030241Journal of Geophysical Research: Atmospheres

HUANG ET AL. 15



13.2, 27.3, and 11.9W/m2, respectively. As a comparison, the radiative forcing of thewhole columnar aerosols
reached 46.0 W/m2, suggesting almost an aggregating heating effect from the multilayered aerosols.

4.3. Implications

A simple conceptual model is established based on this specific case study (Figure 10). The assumptions
explaining this phenomenon are as follows. When the two types of absorbing aerosols (i.e., biomass burning
and dust aerosols) are present and reside above the boundary layer, it is likely that the backscattered sunlight
by the aerosols within PBL could have been partially absorbed by the absorbing aerosols at the higher alti-
tudes. The biomass burning plume in the upper layer and dust in the middle layer seem to act as a “double
dome” constraining the thermal radiation. Given the enhanced atmospheric circulation and mixing pro-
cesses in the lower troposphere due to the heating of the upper levels as a “heat pump” (Gong et al.,
2007), the thermal energy could be redistributed and warm the surface. This partially explain the phenom-
enon that strong warming near the surface occurred due to the intrusion of biomass burning and dust aero-
sols in the high altitudes. However, to prove this assumption, more detailed characterization of the vertical
profiles of aerosol chemical components, mixing state, and microphysical optical properties is required.
Moreover, advanced aerosol‐meteorology feedback module is essential for quantifying the aerosol radiative
forcing and temperature response.

5. Conclusions

On 29–31 March 2006, one MicroPulse Lidar set up in Taiwan observed a continuous long‐range transport
event with multiple aerosol layers. The upper and middle aerosol layers decoupled in the beginning of the
event with a duration of about 18 hr. Afterward, the middle aerosol layer gradually merged into the bound-
ary layer. Backward trajectories were computed at three levels of 0.8, 1.9, and 3.5 km, corresponding to the
altitudes of the multiple observed aerosol extinction peaks. It was found that the backward trajectories at the
lower and middle altitudes of 0.8 and 1.9 km both traced back to the arid and semi‐arid regions in
inner‐Mongolia of China and Mongolia where the Gobi Desert is located, while the backward trajectories
at the high‐altitude (above 3 km) originated from Southeast Asia where biomass burning activities were
most intense in spring.

Figure 10. The conceptual model for the “double dome” warming effect mechanism.
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The aerosol microphysical optical properties were investigated at multiple AERONET sites. On the dust
transport pathway, aerosol optical depth maintained at high levels but with elevated Ångström exponent,
suggesting enhanced mixing extent of dust and anthropogenic pollutants. One near sea level and one high
mountain AERONET site differentiated the characteristics of aerosols from different sources. The near sea
level site showed high AOD but low values of Ångström exponent. Coarse particles contributed a significant
fraction of 39% to AOD, indicating strong impact from the mineral dust. In contrast, the high mountain site
(elevation of ~3 km) exhibited moderate AOD but high values of Ångström exponent as well as low contri-
bution from coarse AOD of about 10%, suggesting the dominance of biomass burning aerosols but negligible
impact from dust.

Regional meteorology was simulated byWRF and evaluated against a Taiwan‐wide surface meteorology net-
work and sounding data at multiple sites. As for the weeklong period before this long‐range transport event,
temperature was well simulated within the model evaluation benchmark of less than 0.5 °C. However, the
simulated temperature was biased low of more than 2 °C during the event, which in turn meant strong
warming near the surface due to the intrusion of aerosol plumes. We proposed a warming effect mechanism
so‐called double dome. The biomass burning and dust aerosol plumes above the boundary layer served like
two curtains by reserving the radiation reflected by the near surface aerosols. After the atmospheric circula-
tion and heat redistribution, the near ground surface could be warmed to some extent. This study elucidated
that the intensive long‐range transport of particulate matters can significantly modify the regional/local
meteorology of the receptor area.

To further assess the radiative effects at a larger geographic scale, a chemical transport modeling with the
chemistry‐meteorology two‐way feedback is desired. However, due to the highly uncertain dust and biomass
burning emissions (Dong et al., 2016; Fu et al., 2012) as well as inadequate dust heterogeneous chemistry
(e.g., in the CommunityMultiscale Air Quality model, Dong et al., 2016), credible simulation results of radia-
tive effects for this special case were not expected. Hence, in this case study, we conducted the numerical
simulation without aerosol feedback and direct comparison with observation, which should be more accu-
rate in quantifying the aerosol‐meteorology effects.
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