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Abstract This study integrates data from regional model simulations, reanalysis data set, radiosonde
observations, lidar measurements, and satellite products to evaluate the direct radiative forcing effect of
biomass burning and dust over East Asia. During March and April, we ﬁnd an overall cooling effect of the
dust of −5 to −9 W/m2. Biomass burning aerosols from Peninsular Southeast Asia exhibit a warming effect of
5–10 W/m2 over the source area, lower than that over the downwind area of 10–20 W/m2 because of
signiﬁcantly higher cloud coverage in South China. Dust and biomass burning aerosols are found to cool the
near surface layer (0–1 km) by −0.5 and −0.3 K, respectively, and warm the upper air (1–5 km) by +0.1 and
+0.2 K, respectively. In Taipei, simultaneous presences of dust and biomass burning lead to cooling of
near‐surface air by −1.5 K and warming of upper air by +1 K.
Plain Language Summary Biomass burning and dust are the largest natural emission sources of
atmospheric aerosol. However, no solid consensus exists regarding whether biomass burning or dust
contributes to a net warming or cooling effect. This study integrates data from regional climate model
simulations, reanalysis data, radiosonde observations, lidar measurements, and satellite products to evaluate
the climate effects of biomass burning and dust at a regional scale over East Asia. We ﬁnd prominent
warming effects by biomass burning in Peninsular Southeast Asia, which is more signiﬁcant over the
downwind area in South China than over the emission source area. Dust exhibits cooling effects, with a few
exceptions over areas covered by semipersistent snow or ice. We also reveal that under conditions in which
both biomass burning and dust aerosols are present, they exhibit an overall slight warming effect.
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1. Introduction
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Biomass burning and wind‐blown dust are the two most important natural emission sources of atmospheric
aerosol, which directly alters the radiative forcing (RF) budget and indirectly affects the atmospheric energy
balance through interactions with clouds. However, the climate effects of these aerosol sources are poorly
constrained, and it is still uncertain whether biomass burning has a net warming or cooling effect on global
climate. The Intergovernmental Panel on Climate Change has reported the global mean RF of biomass burning aerosol as −0.2 W/m2 in its Third Assessment Report, +0.03 ± 0.12 W/m2 in its Fourth Assessment
Report, and effectively 0 (−0.2–+0.2 W/m2) in its Fifth Assessment Report (AR5). Quantiﬁcation of biomass
burning climate effects suffers from uncertainties in emission factors, identiﬁcation of small ﬁres, ﬁre plume
injection height, and optical properties. Biomass burning emits various types of aerosols with opposing radiative effects, such as strongly warming aerosols like black carbon (BC) and strongly cooling aerosols like sulfate. Field measurements indicate that biomass burning aerosol mass contributions of different types of
burning activities can vary by a factor of 2 for black carbon and a factor of 10 for inorganic aerosol (Akagi
et al., 2011). Some pilot studies have investigated the impact of biomass burning on regional climate, but most
of these research efforts have focused on South America (Kaufman & Koren, 2006; Koren et al., 2008) and
Africa (Haywood et al., 2003; Keil & Haywood, 2003; Wilcox, 2012), while East Asia is less studied and documented. Additionally, although biomass burning injection height is usually limited to within the boundary
layer (Reid et al., 2009), studies over Peninsular Southeast Asia (PSEA) suggested that aerosols in this region
could be uplifted into the free troposphere above stratocumulus clouds (Dong & Fu, 2015b; Hsu et al., 2003).
Therefore, the subsequent absorbing aerosol above clouds in PSEA may exhibit different RF effects as compared to biomass burning aerosol elsewhere (N. H. Lin et al., 2013; Tsay et al., 2013, 2016).
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Knowledge of the climate effects of dust is comparatively well developed (Gu et al., 2006, 2016), but no solid
consensus regarding these effects has been established due to substantial diversity in estimations of atmospheric dust loading and size distribution. Multimodel comparisons reveal that simulated dust PM10, surface
concentration, and aerosol optical depth (AOD) vary by factors of 5, 10, and 2, respectively (Huneeus et al.,
2011), due to variations in emission and size distribution schemes. Fourth Assessment Report reported the
net RF of dust falls between −0.3 and +0.1 W/m2 (Forster & Taylor, 2006) but also indicated that top‐of‐
atmosphere dust may exhibit an extremely strong instantaneous shortwave direct radiative effect (DRE) of
up to −130 W/m2 over the West African coast (Haywood et al., 2003; Hsu et al., 2000). AR5 reported the
RF of dust as −0.14 ± 0.11 W/m2, suggesting an overall cooling effect. However, a recent study suggests current models substantially overestimate the ﬁne (<2 μm) fraction of dust particles and reports observation
constrained model estimated dust DRE between −0.48 and +0.2 W/m2, which suggests a potential net warming effect of dust (Kok et al., 2017). Furthermore, AR5 categorizes the understanding of dust loading as “low
conﬁdence” due to substantial diversity in estimated future changes, ranging from 300% increase
(Woodward et al., 2005) to 60% decrease (Mahowald et al., 2006) from current status.
This study employs the Weather Research and Forecasting/Community Multiscale Air Quality (WRF/
CMAQ) modeling system, satellite products, and radiosonde observations to estimate the DRE of biomass
burning and dust over East Asia and investigates their combined impact under coexist aerosol conditions
for the ﬁrst time. The integrated analysis demonstrates the surface cooling and upper air warming effects
of biomass burning and dust aerosols and reveals the urgent need to improve cloud simulation in regional
modeling systems to more accurately estimate aerosol climate impacts.

2. Methods
CMAQ v5.0.1 and the WRF v3.4 were applied in this study in a two‐way mode with the Rapid Radiative
Transfer Model for global circulation model (GCM) to estimate aerosol RF (Wong et al., 2012), which include
the representation of direct effect only (Appel et al., 2017; Gan et al., 2015). We applied the Global Fire
Emission Database v4.1s (van der Werf et al., 2017) for biomass burning emission and the improved wind‐
blown dust scheme with source‐dependent mineralogical distribution mechanism (Dong et al., 2016) implemented in the two‐way mode WRF/CMAQ model for dust emission; detailed discussions of the emission
inputs and model mechanisms are reported in Dong et al. (2016). Simulations were conducted over ﬁve consecutive years from 2006 through 2010 for March and April to account for the PSEA biomass burning season
and East Asia spring dust storms. Scenarios with and without biomass burning and scenarios with and without wind‐blown dust were simulated to isolate the impacts of each aerosol source. The change of upward
shortwave radiation ﬂux at top of atmosphere between them was used to represent the aerosol DRE
(Heald et al., 2014). Multiple satellite products are utilized to evaluate WRF/CMAQ simulated shortwave
radiation ﬂux and temperature and relative humidity at eight vertical layers from 1,000 to 500 hPa, as shown
in the supporting information (Figures S1–S5 and Tables S1–S4) for which no obvious systematic bias or signiﬁcant uncertainties are identiﬁed.
Huang et al. (2018) used the bias between reanalysis data and sounding data as an indicator to demonstrate
the impact of intensive anthropogenic aerosol on temperature proﬁle at Beijing. In this study, we also adopt
this method to probe into the inﬂuences of dust and biomass burning aerosol. We derive the bias between
sounding observations and reanalysis data during episodes with and without the presence of dust and biomass burning, respectively, and calculate the HD‐Index (Huang et al., 2018) as
m

HD−Index ¼

n
∑i¼1 jΔTi j ∑j¼1 ΔTj
;
þ
m
n

where n and m are the numbers of pressure layers where aerosols exhibit dimming and warming effects,
respectively, and ΔTi and ΔTj are the temperature bias between observation and reanalysis data, respectively.
Since reanalysis products usually do not consider the aerosol feedback, the bias during excess aerosol episodes
should be signiﬁcantly larger than the bias during episodes without excessive aerosol loading. This method
allows a prompt investigation of long‐term aerosol climate effect with archived reanalysis and observation
data, but it shall be noted that the HD‐Index has no physical meaning. In addition, reanalysis data are subject
to the same uncertainties inherent in the source model, so the bias between observations and reanalysis data

DONG ET AL.

11,491

Geophysical Research Letters

10.1029/2019GL083894

depicts the overall discrepancies and cannot be completely attributed to the aerosol feedback. In this study,
the air temperature proﬁles are collected from the Integrated Global Radiosonde Archive (IGRA) of sounding
measurements provided by the National Climate Data Center (NCDC) and reanalysis data is collected from
the ERA‐Interim dataset provided by the European Centre for Medium‐Range Weather Forecasts
(ECMWF). It shall be noticed that WRF/CMAQ only includes the direct and semidirect effects, while indirect
effect were probed with the HD‐Index method since the reanalysis data considered neither of them.

3. Results and Discussion
3.1. Impact of Biomass Burning on Regional Climate
Impacts of PSEA biomass burning aerosol on RF and air temperature are presented in Figure 1. As seen in
Figure 1a, WRF/CMAQ simulations suggest that biomass burning aerosol within the surface layer is mostly
limited to the ﬁre source regions. However, as evident in Figure 1b, biomass burning PM2.5 in the 800 hPa
upper air layer is comparable between the source region and downwind areas over South China. Figure 1c
shows that biomass burning DRE is as high as 25 W/m2 over North Vietnam and South China but less than
15 W/m2 over ﬁre source countries in PSEA (outlined in red) and follows a pattern more similar to aerosol
concentration in the upper air rather than that at the surface layer. The Moderate Resolution Imaging
Spectroradiometer (MODIS) cloud fraction shown in Figure 1d suggests that South China experiences more
cloud cover where uplifted above cloud biomass burning aerosol can signiﬁcantly change the DRE. For
example, with high biomass burning PM2.5 concentration and low cloud fraction (<40%) over Myanmar,
aerosol‐induced DRE is only 5 W/m2 because most underlying area is land surface. In contrast, PM2.5 is comparatively lower over North Vietnam and the Guangxi Province of China, but cloud fraction in these areas
are more than 90%, thus the above cloud aerosol‐induced DRE is ~20 W/m2. Simulations suggest that air
temperature at 2 m (T2) is reduced by up to −1 K in PSEA, and the upper air temperature is increased by
up to +0.2 K in North Vietnam and South China, as shown in Figures 1e and 1f, respectively. Our modeling
estimations are consistent with recent measurement studies (Pani et al., 2016; Tsay et al., 2016).
Figure 1e suggests that surface cooling greatest over PSEA, while Figure 1f indicates upper air warming is
more prominent in South China. Therefore, we categorize the IGRA observations as west (sites locations
<105°E) and east (sites locations ≥105°E) to represent the PSEA and South China, respectively, and compare
the bias between IGRA and ERA in these two areas. Locations of the west and east sites are indicated in
Figure 1e by triangles and upside down triangles, respectively, and data averaged at the west and east sites
are presented in Figures 1g–1j with solid and dash lines, respectively. We use BIAS to refer the temperature
bias between IGRA and ERA, and Sim.ΔT to denote the temperature difference between simulations with
and without biomass burning emission. Due to the persistent burning activities in boreal spring over
PSEA, March and April are used to represent the biomass burning episode (BIOB, indicated by green lines
in Figures 1g and 1f), and the remaining months (January and February, and May–December) are used to
represent the non‐biomass burning episode (NON‐BIOB, indicated by gray lines in Figures 1g, 1i, and 1j).
Sim.ΔT is calculated for BIOB, and BIAS is calculated for both BIOB and NON‐BIOB.
As shown in Figure 1g, BIAS at the west sites during BIOB is −0.5 K lower than that during NON‐BIOB
between approximately 1,000 to 975 hPa and +0.2 K higher at 925 hPa. At the east sites, BIAS for BIOB is
also lower near the surface and higher in the upper air (850–775 hPa) than BIAS for the NON‐BIOB. This
episode‐dependent BIAS reveals the surface cooling and upper air warming effect of biomass burning aerosol. As presented in Figure 1h. Sim.ΔT exhibits a pattern that is generally consistent with BIAS. Sim.ΔT
shows a cooling effect (−0.25 K) at 600 hPa over the west sites probably due to the modulation of latent heat
ﬂux (Wu et al., 2011). Sim.ΔT also shows a warming effect (+0.25 K) at 750 hPa over the east sites with no
signiﬁcant corresponding BIAS. The modeling system is self‐consistent as it predicts excessive biomass burning aerosol between 750 and 600 hPa, as shown in Figure 1i. The simulated biomass burning aerosol has been
thoroughly evaluated for surface concentrations, AOD, and vertical distribution, which suggests reasonable
model performance (Dong & Fu, 2015a). In probing further into the inconsistency between BIAS and
Sim.ΔT, we ﬁnd it may be attributed to the discrepancy of cloud simulation. The two‐way mode WRF/
CMAQ system simulates the direct effect of aerosol only, while the indirect effect affecting cloud condensation nuclei (CCN) or ice nuclei is not represented. In addition, the WRF/CMAQ model underestimates cloud
fraction by 12% and cloud top height by 35% (spatial distributions and evaluation statistics of simulated cloud
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Figure 1. Weather Research and Forecasting/Community Multiscale Air Quality‐simulated biomass burning PM2.5 concentration at the (a) surface layer and
(b) 800‐hPa layer; (c) simulated biomass burning direct radiative effect (DRE; Peninsular Southeast Asia countries are outlined in red to indicate the regime of
biomass burning emission); (d) cloud fraction from Moderate Resolution Imaging Spectroradiometer (MODIS); simulated biomass burning aerosol‐induced temperature change at (e) 2‐m height and (f) 800‐hPa height; (g) BIAS (temperature bias between Integrated Global Radiosonde Archive [IGRA] observation and
European Centre for Medium‐Range Weather Forecasts Re‐Analysis [ERA] data set, solid line for the west and dash line for the east sites); (h) simulated temperature change due to biomass burning at IGRA sites; (i) simulated total PM2.5 and biomass burning PM2.5 at IGRA sites; (j) MODIS cloud top frequency at IGRA
sites. TOA = top of atmosphere.

cover are presented in Figure S4 and Table S4, respectively). As shown in Figure 1j, frequency of cloud top
height derived from MODIS (MOD08) shows a drastic increase at 750 hPa over both west and east sites,
which is consistent with pilot studies reporting the persistent stratocumulus cloud deck below 2,000 m
(700–800 hPa) in this area (C. Y. Lin et al., 2014; Wood, 2012). Consequently, although WRF/CMAQ may
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properly simulate the aerosol concentration and distribution, the signiﬁcant underestimations of both cloud
top height and cloud fraction induces large discrepancies for simulated biomass burning aerosol DRE above
750 hPa.
3.2. Impact of Dust on Regional Climate
DRE of dust are summarized in Figure 2. Dust substantially increases surface PM10 by more than 400 μg/m3
over Tibet, Talamakan, and the Gobi Desert and also increases the upper air PM10 in North China as shown
in Figures 2a and 2b. In general, East Asia dust exhibits a cooling effect with DRE as low as −9.5 W/m2 over
Mongolia, North China, South Korea, and Japan as demonstrated in Figure 2c. Figure 2d shows that some
areas exhibit positive dust DRE, such as along the north and east boundaries of Tibet Plateau where the
MODIS snow and ice product (MOD10CM) indicates the surface is covered by semipersistent snow or ice.
Suspended dust above the underlying snow or ice reduces the surface albedo, resulting in a subsequent
warming effect. Figures 2e and 2f show the spatial distributions of dust‐induced temperature changes at
the surface and 700 hPa, respectively. T2 is reduced by −0.5 K near the desert and downwind areas.
Elevated dust slightly warms the upper air at 700 hPa by less than +0.2 K, which is in agreement with on‐site
measurement studies (Clarke et al., 2004; Huebert et al., 2003; Mikami et al., 2006; Shi et al., 2005).
East Asia dust storms usually last for a couple days and may occur in any month of the year (Shao & Dong,
2006). We applied daily average model simulated surface PM10 to identify the episode with signiﬁcant dust
impact (DUST) and without signiﬁcant dust (NON‐DUST). At each of the dust‐affected IGRA sites (marked
by red circles in Figure 2e), days are categorized as DUST if the daily average dust contributed surface PM10 is
larger than or equal to 5 μg/m3 (we also tried 3 and 10 μg/m3 as the threshold and found no noticeable difference for BIAS calculation), the remaining days within the simulation period are categorized as NON‐
DUST. As presented in Figure 2g, BIAS during DUST episodes is larger than that of NON‐DUST at 975
and 900 hPa and less than that of NON‐DUST at 800–700 hPa, indicating the surface cooling and upper
air warming of dust over East Asia. We deﬁne the BIAS difference between DUST and NON‐DUST to represent the “observed” dust aerosol impact, Obs.ΔT, for comparison with the simulated dust impact, Sim.ΔT, as
shown in Figure 2h. The model suggests that dust particles result in cooling that decreases in magnitude
from −0.8 K at the surface to 750 hPa where the upper air is warmed by +0.1 K. Obs.ΔT exhibits a similar
warming effect in the upper air but with a cooling effect occurring at a lower altitude (1,000–850 hPa) and
smaller in magnitude (−0.3 K at the surface).
Driven by frontal systems, East Asia dust storms are apparently closely related with cloud cover. As shown in
Figure 2j, cloud top frequency during DUST episodes increase more sharply at 775–750 hPa than during
NON‐DUST episodes. We also ﬁnd an interesting positive correlation (R2 = 0.56) between Obs.ΔT and cloud
top frequency for DUST episode. At 925 hPa, Obs.ΔT is +0.1 K warmer, and cloud frequency is greater than
at 975 and 900 hPa. In contrast, Obs.ΔT is larger in magnitude, but cooling, at 975 and 900 hPa, and cloud top
frequency is lower. Figures 2h, 2i, and 2j imply that mixing with fresh hydrophobic dust particles may darken
additional clouds at 925 hPa and lead to subsequent warming, while dust particles at 975 and 900 hPa result
in cooling by increased scattering due to less cloud cover.
3.3. Correlation Between Aerosol, Temperature Bias, and Cloud Properties
Dry matter (DM) emission from PSEA is used to indicate biomass burning emission intensity. The HD‐Index
for biomass burning was derived from BIAS between 1,000 to 750 hPa for the west and east IGRA sites,
respectively. Since WRF/CMAQ simulated direct effect only, we examined the correlation between DM
emission and HD‐Index to probe into the overall climate effects of biomass burning aerosol as shown in
Figures 3a and 3b.
Daily DM emissions and HD‐Index are analyzed from 2003 to 2015 and exhibit correlations at the west and
east IGRA sites of 0.56 and 0.25, respectively, revealing a prominent direct impact of biomass burning aerosol
over the ﬁre source countries in PSEA but not over downwind areas in South China. We examined the correlation between DM emission and BIAS at altitudes below 600 hPa for each of the east sites but found no
signiﬁcant (>0.3) correlations. Although Figure 1g demonstrates that BIAS for BIOB is obviously different
from that of NON‐BIOB at the east sites, the low correlation between DM emission and HD‐Index suggests
that the role of biomass burning aerosol may be more complex than simply altering the RF budget and changing air temperature, such as serving CCN and affecting cloud properties. For the east sites, Figure 1j shows
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Figure 2. Weather Research and Forecasting/Community Multiscale Air Quality‐simulated dust PM10 concentration at (a) surface and (b) 700 hPa; (c) simulated
dust direct radiative effect (DRE); (d) snow coverage from Moderate Resolution Imaging Spectroradiometer (MODIS); simulated dust‐induced temperature
change at (e) 2 m and (f) 700 hPa; (g) BIAS (site locations indicated in Figure 2e); (h) simulated temperature change due to dust at Integrated Global Radiosonde
Archive (IGRA) sites; (i) simulated total PM10 and dust PM10 at IGRA sites; (j) MODIS cloud top frequency at IGRA sites. TOA = top of atmosphere.

substantially lower cloud top frequency at altitudes below 850 hPa and higher cloud top frequency above
750 hPa during for BIOB. Biomass burning introduces excess ﬁne‐size particles into the upper air,
especially over South China, which may change CCN or ice droplets and subsequently affect cloud
activities (Jiang et al., 2018; Wu et al., 2012, 2015; Zhao, Jiang et al., 2018; Zhao, Gu et al., 2018). However,
we ﬁnd no noticeable correlation (>0.1) between DM emission and cloud properties (i.e., cloud top
temperature, cloud effective radius, cloud top pressure, and cloud optical depth) either for 2003–2015.
Since the correlation coefﬁcient only depicts the monotonic relationship between variables, we
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Figure 3. Scatter plots of Peninsular Southeast Asia (PSEA) biomass burning dry matter emission versus HD‐Index for
BIOB at the (a) west and (b) east Integrated Global Radiosonde Archive sites; (c) scatter plot of PM10 concentration versus HD‐Index for DUST.

recommend that a more comprehensive statistical analysis might be helpful in future research to explore the
indirect climate effects of biomass burning aerosol over South China.
As shown in Figure 3c, HD‐Index for dust was calculated with BIAS below 700‐hPa altitude and compared
with the simulated surface PM10 concentration, used to indicate the dust intensity, revealing a correlation of
0.51, indicating the important direct effect of dust aerosol. We also examined the relationship between simulated PM10 and cloud properties but ﬁnd no noticeable (>0.1) correlation.
3.4. DRE of Dust and Biomass Burning Under Coexist Condition
Biomass burning aerosols and dust can both be present over the southeast coast of China in boreal spring
(Dong et al., 2018). In this section, we examine the overall DRE change resulting from the simultaneous presence of both biomass burning and dust aerosols, which to our knowledge has never been investigated.
The majority of biomass burning plumes from PSEA usually remain within 2–5 km above the surface in
Taiwan. During occasional dust storms originating from the Taklamakan or Gobi deserts, biomass burning
plumes could be pushed down to ~1.5 km and mix with dust, driven by large scale subsidence (Dong et al.,
2018). Figure 4a presents BIAS at Taipei (24.97°N, 121.18°E) with IGRA and ERA data analyzed from 2005
through 2012 for the coexistence of biomass and dust aerosols (Coexist), biomass burning only (Biob), and
other (Other) episodes, respectively (detailed episodes descriptions are found in supplemental Text S5 and
Table S5). Coexist exhibits substantially larger negative BIAS at the surface layer and larger positive BIAS
at 775 hPa compared with Biob. The surface cooling and upper air warming effects are both signiﬁcantly
intensiﬁed under the Coexist condition compared to the effects of pure biomass burning aerosol, shown in
Figure 1g, and pure dust, shown in Figure 2g. The vertical proﬁles of BIAS are generally consistent with
the normalized relative backscatter (NRB) coefﬁcient shown in Figure 4b. NRB measurements are collected
with the NASA Micro‐Pulse Lidar system, and the data are analyzed for the same period and episodes.
Figure 4b clearly demonstrates that from the surface to 4 km (~600 hPa) Coexist aerosol concentrations
are substantially higher than those during the other two episodes. Figure 4c shows the relationship between
HD‐Index calculated with BIAS from 900 to 600 hPa (layers below 900‐hPa altitude are excluded to ﬁlter out
the inﬂuence of local anthropogenic aerosol) and NRB averaged over 1–4 km. The correlations between HD‐
Index and NRB are 0.55, 0.18, and 0.13 for Coexist, Biob, and Other, respectively, suggesting the prominent
direct effect of dust and biomass burning under the coexist condition. The low correlation coefﬁcient for Biob
at Taipei suggests biomass burning aerosol may play a more complex role than directly altering air temperature after long‐range transport, which is consistent with the result discussed regarding Figure 3b.
As shown in Figure 4d, we also calculate the aerosol direct radiative efﬁciency Eτ (Yu et al., 2006) as the aerosol‐induced change in DRE divided by the aerosol‐induced change in AOD. Biomass burning shows higher
warming efﬁciency over the PSEA ﬁre emission source region (west IGRA sites) than over the downwind
region in South China (east IGRA sites). Eτ was estimated for clear sky only due to the availability of
MODIS AOD product. Decreases of dust and biomass burning during the long‐range transport shall be
due to the calculation of shortwave ﬂux by Rapid Radiative Transfer Model for global circulation models
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Figure 4. (a) BIAS, (b) normalized relative backscatter (NRB), and (c) scatter plots of HD‐Index and NRB at Taipei. Gray, green, and blue lines and circles represent
the Other, Biob, and Coexist episodes, respectively. Solid diamonds in (c) represent the averages of each episodes. (d) Aerosol radiative efﬁciency for biomass
burning at the west (green box with horizontal lines) and east (green box with vertical lines) Integrated Global Radiosonde Archive sites, at Taipei (green box with
diagonal lines), for dust at the North China Integrated Global Radiosonde Archive sites (solid orange), at Taipei (orange box with diagonal lines), and for the coexist
condition at Taipei.

for 0.2–12.2 μm, but AOD was for 0.55 μm; thus, the deposition of coarse particles affected calculation of DRE
but had little impact on AOD. At Taipei, biomass burning Eτ is decreased by 75% during the long‐range
transport from PSEA. Dust shows a stronger cooling effect over North China, and dust Eτ is decreased by
50% during transport to Taipei. Under the coexist condition, the combined effect of biomass burning and
dust aerosols is a slight net warming effect with positive Eτ value.

4. Summary
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We applied the WRF/CMAQ model to estimate the direct effect of dust and biomass burning aerosols over
East Asia. We ﬁnd dominant cooling effects of dust over Mongolia, North China, South Korea, and Japan,
with a few exceptions around the Tibet Plateau due to the semipersistent snow or ice land cover. Biomass
burning is found to have a warming effect of 5–10 W/m2 in PSEA and 10–20 W/m2 in South China, indicating a more signiﬁcant impact over the downwind area than over the ﬁre source area. Dust and biomass burning are found to cool the near surface air and warm the upper air where excess aerosols are found, as
demonstrated by both simulations and the bias between reanalysis data and observations. It shall be noticed
that the aerosol DRE reported in this study represent the assessment for March and April only. The correlations between HD‐Index and aerosol intensities become signiﬁcantly smaller over long‐range transport areas
for both dust and biomass burning, suggesting that HD‐Index may not be able to inform the aerosol effect for
remote downwind areas. The net direct forcing effect of dust and biomass burning aerosols under coexisting
conditions is examined for the ﬁrst time at Taipei. Compared to pure dust or biomass burning aerosol, the
surface cooling and upper air warming effect are both intensiﬁed under the coexist condition with a slight
overall warming effect. By investigating the aerosol direct radiative efﬁciencies for dust and biomass burning
in the near source regions (i.e., North China and PSEA) and downwind regions (i.e., South China and
Taipei), we also ﬁnd these efﬁciencies decrease in magnitude with long‐range transport. The results of this
study provide a baseline assessment of the direct effect and impact of biomass burning and dust aerosols
on regional climate over East Asia and suggests the need for future research to reevaluate their impacts on
regional climate over cloudy areas. The inconsistency between model simulation and the HD‐Index method
also implies an urgent need to improve the simulation of cloud cover within regional climate modeling.
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