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Abstract. East China experiences extensive crop residue
burnings in fields during harvest season. The direct radia-
tive effect (DRE) of carbonaceous aerosols from crop residue
burning in June 2013 in East China was investigated us-
ing the Weather Research and Forecasting Model coupled
with Chemistry (WRF-Chem). Absorption of organic aerosol
(OA) in the presence of brown carbon was considered us-
ing the parameterization of Saleh et al. (2014), in which
the imaginary part of the OA refractive index is a function
of wavelength and the ratio of black carbon (BC) and OA.
The carbonaceous emissions from crop fires were estimated
using the Moderate Resolution Imaging Spectroradiometer
(MODIS) fire radiative power (FRP) product with a localized
crop-burning-sourced BC-to-organic carbon (OC) ratio emis-
sion ratio of 0.27. Evaluation of the model results with in situ
measurements of particulate matter with aerodynamic diam-
eter less than 2.5 µm (PM2.5) chemical composition, MODIS
aerosol optical depth (AOD) detections and meteorological
observations showed that this model was able to reproduce
the magnitude, spatial variation and optical characteristics
of carbonaceous aerosol pollution. The observed BC and
OC peak concentrations at the site in Suixi, Anhui province,
during the 2013 wheat burning season reached 55.3 µg m−3

and 157.9 µg m−3. WRF-Chem simulations reproduced these
trends with a correlation coefficient of 0.74, estimating that
crop residue burning contributed 86 and 90 % of peak BC
and OC, respectively. The simulated hourly DRE from crop

residue burning at the top of atmosphere (TOA) reached a
maximum of +22.66 W m−2 at the Suixi site. On average,
the simulations showed that the crop residue burning intro-
duced a net positive DRE of +0.14 W m−2 at TOA through-
out East China, with BC from this source as the main heating
contributor (+0.79 W m−2). The OA DRE from crop burning
(−0.22 W m−2) was a combined effect of the positive DRE
of absorption (+0.21 W m−2) and a stronger negative DRE
of scattering (−0.43 W m−2). Sensitivity tests showed that
the DRE of OA absorption strongly depended on the imag-
inary part of the OA refractive index, the BC-to-OA emis-
sion ratio from crop residue burning and the assumed mixing
state of the aerosol, whereby the volume mixing treatment
resulted in a higher positive DRE compared to the core–shell
treatment. The BC mixing state and associated absorption en-
hancement during BC aging processes will be investigated in
detail in future research.

1 Introduction

Carbonaceous aerosols emitted from biomass burning con-
tributes 42 and 74 % of global black carbon (BC) and organic
carbon (OC) emissions, respectively (Bond et al., 2004),
playing an important role in the radiation budget system
(Chung et al., 2012; Hobbs et al., 1997; Jacobson, 2014). The
Intergovernmental Panel on Climate Change (IPCC) Fifth
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Assessment Report estimated that BC from biomass burn-
ing introduced a global mean direct radiative forcing (DRF)
of approximately +0.2 (+0.03 to +0.4) W m−2, while that
of organic aerosol (OA) from biomass burning was about the
same magnitude with the opposite sign (Bond et al., 2013;
Stocker, 2014). DRF is a measure of the change in direct ra-
diative effect (DRE) relative to preindustrial conditions, de-
fined as prior to the year 1750 AD by the IPCC. Precise com-
puting of short-term DRE caused by carbonaceous aerosols
is essential to accurate estimation of aerosol DRF and avoids
the large uncertainties in estimations of preindustrial car-
bonaceous aerosol emissions (Bond et al., 2013). DRE could
also be a more exhaustive gauge for comparisons between
models and observations (Heald et al., 2014).

As a large agricultural country, China emits approxi-
mately 30–97 Gg BC and 100–463 Gg OC annually from
crop residue burning in fields (Lu et al., 2011; Zhang et al.,
2008; Huang et al., 2012; Zhou et al., 2017). During the sum-
mer harvest season, the contribution of crop residue burning
to the total BC and OC emissions can be as high as 16 and
18 % in the winter wheat production regions of East China
(Anhui, Jiangsu, Henan and Shandong provinces), respec-
tively. Nonagricultural biomass burnings have a negligible
contribution on BC and OC emissions during these periods
(Song et al., 2009, 2010). Emission estimates for crop residue
burning emissions can be derived from public provincial sta-
tistical data (Zhou et al., 2017), satellite burned area products
(Song et al., 2010) and fire radiative power (FRP) from active
fire products (Liu et al., 2015). The commonly used burned
area products (e.g. MODIS MCD45A1) generally miss large
quantities of field crop residue burnings due to their small
size, and the emission estimation method depends on mul-
tiple parameters. FRP data shows relatively effective detec-
tion of small fires, and the corresponding emission estimation
methods use fewer parameters, which further reduces the po-
tential uncertainties in the estimates (Liu et al., 2015). To
our knowledge, only one study has focused on the DRE of
carbonaceous aerosol from crop-burning sources over China
(Li et al., 2016), which only calculated BC DRE using the
offline GEOS-Chem model, and used underestimated and
coarse open biomass burning emissions (Lu et al., 2011). It
is therefore important to better understand the impact of this
significant source of carbonaceous aerosol on regional cli-
mate in China.

The co-emission of BC with other aerosol components
such as OA, nitrates and sulfates results in multiple mixing
states, complex morphology and different optical and radia-
tive effects. For biomass burning, rather than homogeneous
or external mixing, the morphology of BC cores coated by
these co-emitted aerosol species is regarded as more realistic
and supported by recent observations and modelling results
(Liu et al., 2017; Bauer et al., 2013; Schwarz et al., 2008).
This core–shell treatment was believed to amplify BC’s ab-
sorption through focusing more photons as a lens by a factor
of 1.5–2.0 (assuming the shell non-absorbing) than the ex-

ternal mixing state (Bond et al., 2006; Schnaiter et al., 2005;
Q. Wang et al., 2014), and thus affecting the BC DRE (Ja-
cobson, 2001).

Aside from the well-established radiative absorption of
BC, which is primarily emitted from imperfect combus-
tion sources (Chang et al., 1982), other co-emitted organic
carbonaceous aerosol have been found to have an absorp-
tive component closely linked to biomass burning (Kirch-
stetter et al., 2004; Lack et al., 2012). These are com-
monly called brown carbon aerosol (Andreae, 1995) and con-
tribute a global positive mean radiative forcing of +0.1 to
+0.25 W m−2 by absorption (Feng et al., 2013). OA radiation
absorption is characterized by a strong dependence on wave-
length, increasing sharply from shortwave-visible to ultravi-
olet ranges (Andreae and Gelencsér, 2006; Bond, 2001). The
light absorption of OA from different sources is also highly
variable. For biomass burning, the temperature of the com-
bustion process, moisture content and fuel type can be fac-
tors, complicating the treatment of OA absorption in models
(Laskin et al., 2015). Therefore, studies which use constant
optical parameters of OA absorption for climate forcing cal-
culations have significant associated uncertainties (Feng et
al., 2013; X. Wang et al., 2014). Recently, Saleh et al. (2014)
proposed that the absorptivity of OA from biomass burning,
both fresh and aged, could be parameterized as a function
of the BC-to-OA ratio. This parameterization has been used
to simulate the DRE of OA absorption from biomass or bio-
fuel burning emissions globally in several studies (Kodros et
al., 2015, 2016; Saleh et al., 2015). More recent research has
suggested that the increased absorption of biomass burning
aerosol particles, interpreted by Saleh et al. (2014) as being
due to OA absorptivity, could be interpreted as enhanced BC
absorption from the mixing state of the aerosol (Liu et al.,
2017). However, we will be using the theoretical framework
that Saleh et al. (2014) provide for this paper.

The offline models used in the previous studies investi-
gating warming due to OA absorption (e.g. GEOS-Chem)
probably have induced errors from the inconsistencies in
space, time and physical parameterizations between the sep-
arated atmospheric, meteorological and chemical transport
components. These errors could be circumvented in online
models by integrating the chemical modelling into the me-
teorology simulation. Online models, such as the Weather
Research and Forecasting Model coupled with Chemistry
(WRF-Chem; Fast et al., 2006; Grell et al., 2005), could pro-
vide further insight into aerosol–cloud–radiation feedbacks,
which are crucial for understanding climate change (Zhang,
2008) but ignored in offline models. WRF-Chem contains the
physics to simulate the aerosol DRE but needs extra radia-
tion diagnostics to distinguish the DRE from other aerosol–
radiation–cloud interactions. Both Huang et al. (2015) and
Zhao et al. (2013) calculated the aerosol DRE in WRF-
Chem by performing calculations of aerosol optical proper-
ties and radiative transfer multiple times with and without
one aerosol component and its associated water. Following
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Ghan et al. (2012), Archer-Nicholls et al. (2016) calculated
the DRE due to biomass burning aerosols in WRF-Chem
by using double calls to the radiation driver to derive extra
diagnostic variables with the refractive index of all aerosol
species set to zero.

In this study, the DRE of carbonaceous aerosol from crop
residue burning in East China was quantified using the on-
line Weather Research and Forecasting Model coupled with
Chemistry, using high-resolution carbonaceous aerosol emis-
sions from crop fires calculated using a fire radiative power
method (Liu et al., 2015). Sensitivity to OA absorptivity,
and its variation with wavelength and BC-to-OA ratio, were
tested using the Saleh et al. (2014) parameterization. Simu-
lations were conducted for the harvest season in June 2013.

2 Methods and data

2.1 Model configuration

The online coupled meteorology–chemistry model, WRF-
Chem version 3.6.1, was used for this study (Grell et al.,
2005). Double-nested domains centred at 36.5◦ N, 115.52◦ E
were set with the coarse domain divided into 51× 59 grid
cells of 75 km horizontal resolution and the fine domain di-
vided into 48× 63 grid cells of 25 km resolution (Fig. 1).
The 25 vertical layers from the ground level to the top
pressure level of 50 hPa were used for both domains. The
global atmospheric reanalysis data ERA-Interim produced
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF) was used as the initial meteorological field
and boundary conditions with 3-hourly surface parameters
and 6-hourly upper-air parameters (Dee et al., 2011). The
meteorology fields were initialized at the start of each model
run, which covered 36 h with the first 12 h as a spinup. The
total simulation time covered the entire month of June, start-
ing from 26 May to minimize the impact from initial con-
ditions, to cover the local harvest season of the main crop
(wheat). The physical parameterizations and domain settings
used are summarized in Table 1.

For gas-phase chemistry, we chose the Model for Ozone
and Related chemical Tracers version 4 (MOZART-4) mech-
anism (Emmons et al., 2010), extended with clearer aro-
matic compounds and monoterpenes treatments (Knote et
al., 2014). The aerosol processes, such as coagulation and
thermodynamic equilibrium, were treated using the Model
for Simulating Aerosol Interactions and Chemistry (MO-
SAIC) scheme (Zaveri et al., 2008), in which four dis-
crete size bins were distinguished by dry physical parti-
cle diameters (0.039–0.156, 0.156–0.625, 0.625–2.5, and
2.5–10.0 µm). Following Knote et al. (2015), we used
the volatility basis set (VBS) scheme to better represent
SOA formation through the oxidation of multiple biogenic
and anthropogenic volatile organic compounds and subse-
quent gas–aerosol partitioning of semi-/intermediate volatil-

Figure 1. Double-nested Weather Research and Forecasting Model
(WRF) modelling domains and topographic field (m); the sampling
site (Suixi) is indicated by the red dot.

Table 1. WRF-Chem configuration options and settings.

Configuration options

Radiation RRTMG short- and longwave
Cumulus parameterization New Grell scheme (G3)
Land surface Noah
Microphysics Lin et al. (1983)
Photolysis Fast-J
Gas chemistry MOZART-4
Aerosol chemistry MOSAIC
Boundary layer Yonsei University

Domain settings

Horizontal grid 52× 60 (coarse) ; 49× 64 (fine)
Grid spacing 75 km× 75 km (coarse);

25 km× 25 km (fine)
Vertical layers 25
Projection Lambert conformal conic

ity organic compounds (SVOC/IVOC). Direct emissions of
SVOC/IVOC were not considered in this scheme.

To distinguish the aerosol effect on radiation budget
directly by absorbing and scattering from other aerosol–
radiation–cloud interactions, we added diagnostic calls to the
radiation driver, following Archer-Nicholls et al. (2016) and
Ghan et al. (2012). “Clean-sky” diagnostic variables (e.g.
SWcln), defined as what the net radiative fluxes at the top
and bottom of the atmosphere would be if there were no
aerosol in the column, were calculated by calling the radi-
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ation driver with the complex refractive index of all aerosol
species set to zero. Thus, the clean-sky variables include the
radiation scattering and absorbing effects of clouds but ig-
nore all aerosol radiation scattering and absorption. The DRE
of all the aerosol species (ADRE) at the top of atmosphere
(TOA) can be diagnosed by the difference of all-sky (includ-
ing all the aerosol–radiation–cloud interactions) and clean-
sky shortwave irradiances at TOA:

ADRE=
(

SW↓TOA−SW↑TOA

)
−

(
SW↓TOA,cln−SW↑TOA,cln

)
, (1)

where SW↓TOA and SW↑TOA represent the shortwave radia-
tion fluxes in the down and up direction at TOA, respec-
tively. The DRE estimates of crop residue burning and the re-
lated carbonaceous aerosols were then determined from the
ADRE differences between scenarios (further explained in
Sect. 2.4). Taking advantage of the multiple scattering ca-
pability, and taking computational speed and accuracy into
consideration, the rapid radiative transfer model (RRTMG;
Mlawer et al., 1997) was selected to simulate shortwave flux
change.

Aerosol optical properties, including absorption efficiency,
scattering efficiency and the asymmetry parameter, are nec-
essary for aerosol radiative transfer calculations. In this
study, these three parameters were computed by the core–
shell Mie theory for each bin (Ackerman and Toon, 1981)
and then determined by summation over all size bins (Fast et
al., 2006). The spherical core–shell configuration calculates
aerosol optical properties by assuming the BC core is coated
with a homogeneously mixed shell of other species. For each
bin, the complex refractive index of the shell was derived
by volume averaging that of all non-BC species (Barnard et
al., 2010). By default, the imaginary refractive index of OA
in WRF-Chem is zero. In this study, we adopted the Saleh
et al. (2014) parameterization to calculate the OA absorptiv-
ity, based on smog chamber experiments for both fresh and
chemically aged emissions from globally important fuels to
characterize the effective absorptivity of organic aerosols as a
function of the ratio of BC to OA. This parameterization has
previously been incorporated into the 3-D global chemical
transport model GEOS-Chem to calculate global direct ra-
diative effect of carbonaceous aerosols emitted from biomass
and biofuel burning (Saleh et al., 2015; Kodros et al., 2015,
2016). According to the parameterization, the imaginary part
of OA’s refractive index, kOA, can be estimated from the ratio
of BC to OA from biomass burning as follows:

kOA,550 = 0.016log10

(
BC
OA

)
+ 0.04, (2)

ω =
0.21(

BC
OA + 0.07

) , (3)

kOA = kOA,550

(
550
λ

)ω
, (4)

where kOA,550 is the imaginary part of OA’s refractive index
at a wavelength (λ) of 550 nm and ω is the wavelength de-
pendence of kOA.

2.2 Emission inventory

The crop residue burning emissions were derived based on
a fire radiative power method (Liu et al., 2015), which re-
duces uncertainties and captures more crop fires than the
MODIS (Moderate Resolution Imaging Spectroradiometer)
burned area products (Roy et al., 2008). The daily emissions
product based on the FRP method has a 1 km horizontal res-
olution. The crop-burning-sourced BC and OC emissions in
this study were 4.3 and 15.9 Gg during the month of June,
2013, close to those in GFEDv4.1 data in June of 2013 (2.7
and 8.4 Gg for BC and OC, respectively; Randerson et al.,
2012) and the results derived from agricultural statistics data
in June of 2006 (6.7 and 20.7 Gg for BC and OC, respec-
tively; Huang et al., 2012). The diurnal allocation of the
emissions was based on previous household surveys (Fig. S1,
more detail could be found in the Supplement).

The BC and OC emission factors from crop fires in this
study (0.54 and 1.98 g kg−1, respectively) were set specifi-
cally for winter wheat residue burning in East China. It was
averaged using published emission factors calculated from
winter wheat combustion experiments in the field and lab-
oratory (Hays et al., 2005; Li et al., 2007; Dhammapala et
al., 2007; Turn et al., 1997). The BC-to-OC ratio from crop
burning was 0.27, falling within the range of 0.20–0.32 ob-
served during harvest seasons in East China (Li et al., 2014;
Yamaji et al., 2010; Yang et al., 2008). Note that when in-
putted into WRF-Chem, the OA emissions were calculated
by multiplying OC emissions by a factor of 1.4 to account
for the associated hydrogen and oxygen mass making up to-
tal OA. The simulated primary and secondary OC concentra-
tions were calculated by dividing the simulated OA fields by
factors of 1.4 and 1.8, respectively (Gilardoni et al., 2009).

The Multi-resolution Emission Inventory for China
(MEIC, see http://www.meicmodel.org/dataset-meic.html)
database was applied for China, and the Mosaic Asian
Anthropogenic Emission Inventory (MIX, see http://www.
meicmodel.org/dataset-mix.html) database (Li et al., 2017)
was applied for the surrounding countries, providing power
plant, industrial, residential, and vehicle emissions. Biogenic
emissions were calculated online using MEGAN (Model of
Emissions and Gases from Nature; Guenther, 2006), and dust
emissions were not included in our study.

2.3 In situ measurements and other data

Particulate matter with aerodynamic diameter below 2.5 µm
(PM2.5) chemical components were sampled and analysed
from 30 May to 27 June 2013 at the site (33◦54′37′′ N, 116◦

45′46′′ E) in Suixi, Anhui province, China, a location close to
vast stretches of wheat fields, the nearest of which was only
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1 km away. There were two sampling periods each day: from
approximately 07:40 (GMT+8.0) to 18:00 and from 18:40 to
07:00 the next morning. BC and OA were measured using a
thermal/optical carbon analyzer (Sunset Laboratory, Tigard,
OR, USA) with quartz fiber filters. More complete detail on
sampling and analysis can be found in Li et al. (2014).

The MODIS Level-2 Atmospheric Aerosol Product
(04_L2) data (Collection 6), at a 1 km daily resolution for
June 2013, was used to evaluate the aerosol optical depth
(AOD) simulations, with the Deep Blue algorithms (Hsu et
al., 2006) integrated with the existing MODIS algorithm to
retrieve AOD over the entire land area, including both dark
and bright surfaces.

2.4 Numerical Experiments

Six parallel simulations were conducted to investigate the
DRE of carbonaceous aerosols from crop residue burning
as well as the OA absorption (Table 2). The BASE simula-
tion included all emissions, assumed BC cores were coated
by shells of all other well-mixed aerosol species for opti-
cal calculations and parameterized the OA absorption based
on Saleh et al. (2014). The crop residue burning DRE was
estimated by diagnosing the ADRE difference between the
BASE and nCB runs. To further compute the DRE from BC
and OA from crop residue burning, we conducted two more
parallel simulations without the corresponding BC and OA
emissions (i.e. nBCCB and nOACB, respectively). Since the
parameterization of Saleh et al. (2014) was applicable for the
OA from biomass burning, the DRE calculation of OA ab-
sorption from crop residue burning (DREOACB_ABS) should
exclude the absorption of OA from other sources. To evalu-
ate the impact of radiatively absorbing OA, two simulations
(nOAABS and nOACB_nOAABS) were conducted with the
imaginary part of the OA refractive index set to zero. Thus,
the direct radiative effect of absorbing OA from crop residue
burning (DREOACB_ABS) was given by

DREOACB_ABS = (ADREBASE−ADREnOAABS)

− (ADREnOACB−ADREnOACB_nOAABS). (5)

3 Results and discussion

3.1 Model evaluation

The meteorological fields from the BASE simulation were
evaluated by comparison with temperature and relative hu-
midity at 2 m above ground surface (T2 and RH2, respec-
tively) and wind speed and direction at 10 m above ground
(WS10 and WD10) measurements from 221 matched land-
based stations in East China. Statistical indices (Table 3), in-
cluding mean bias (MB), root-mean-square error (RMSE),
fractional bias (FB), fractional error (FE) and index of agree-
ment (IOA), indicated that the model well-simulated both

temporal variations and spatial distributions of the four me-
teorological fields. The model well-reproduced the T2 and
RH2, with IOAs of 0.92 and 0.87, respectively. The statis-
tical indices of T2 had a slightly better coincidences than
those of RH2, with the RMSE of RH2 reaching 13.93. There
was a small underestimation (−0.69 %) of RH2, while WS10
was slightly overestimated (0.99 m s−1). At three typical sites
(Fuyang, Yanzhou and Xuzhou) corresponding to the three
main districts affected by crop fire (mentioned below), the
model captured the general temporal trends of T2 and RH2,
although the RH2 was slightly underestimated (Fig. S2),
which might have led to small differences in certain aerosol
physical properties (Chapman et al., 2009; Xia et al., 2007).
In general, the simulation results were comparable to the me-
teorological observations.

The temporal variation of fire counts detected by MODIS
in East China in June 2013 is shown in Fig. 2a. Approx-
imately 97 % of the fire counts occurred from 1–21 June,
while the fire counts decreased to < 200 per day thereafter.
Throughout the rest of this study, we focus on the summer
harvest period from 1–21 June. The areas of intense burn-
ing moved from inland to coastland and from the south to
the north over time in three phases, corresponding to the har-
vest time regulation and tied to the summer air temperature
differences between the marine and continental climate, and
low and high latitude. The districts most affected by crop
residue fires were the southeastern Henan and central Anhui
provinces from 1–8 June, the northern Anhui province from
9–16 June, and the northern Jiangsu and eastern Shandong
provinces from 17–21 June (Fig. 2b).

As shown in previous studies (Yang et al., 2008; Li et al.,
2014), crop residue burning led to the deterioration of local
air quality, particularly affecting carbonaceous aerosol sur-
face concentrations. At the Suixi site, BC and OC surface
concentration observations fluctuated smoothly with values
< 10 and 20 µg m−3 in early June, respectively, and then be-
gan to increase on the night of 12 June, reaching peaks
on the nights of 13–15 June with mean values of 55.3 and
157.9 µg m−3, respectively (Fig. 3a and b). The peak value
of observed OC was about three times that of observed BC,
close to the BC-to-OC ratio of crop residue burning emis-
sions used in the model (0.27, in Sect. 2.2), indicating that
the dominant source of carbonaceous aerosols pollution was
local biomass burning. WRF-Chem well-reproduced the car-
bonaceous aerosols concentrations fluctuating trends (Fig. 3a
and b), with a correlation coefficient of 0.74 (Fig. 3c and
d). The comparison between BASE and nCB scenarios re-
vealed that crop residue burning contributed 86 and 90 % to
the BC and OC concentrations respectively during the high-
est peaks (13–15 June). Our simulated carbonaceous aerosol
contributions from crop burning (74.7 % for BC and 81.2 %
for OA) at the Suixi site from 12–17 June were consistent
with the positive matrix factorization results (74.5 % for BC
and 75.8 % for OA) measured during the same period (Li et
al., 2014). Over East China, the simulated crop residue burn-
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Table 2. Descriptions of the main simulations.

Simulation Emission inventory BC-to-OC ratio OA absorptivity Mixing state

BASE Comprehensive 0.27 Saleh et al. (2014) Core–shell
nCB No crop residue burning emissions 0.27 Saleh et al. (2014) Core–shell
nBCCB No BC emissions from crop residue burning 0.27 Saleh et al. (2014) Core–shell
nOACB No OA emissions from crop residue burning 0.27 Saleh et al. (2014) Core–shell
nOAABS Comprehensive 0.27 None Core–shell
nOACB_nOAABS No OA emissions from crop residue burning 0.27 None Core–shell

Table 3. Statistical analyses of the simulated meteorological variables versus the ground observations. MB, mean bias; RMSE, root-mean-
square error; FB, fractional bias; FE, fractional error; IOA, index of agreement.

Index MBa RMSEb FBc FEd IOAe

2 m temperature (◦) 0.26 2.72 0.01 0.09 0.92
2 m relative humidity (%) −0.69 13.93 −0.02 0.16 0.87
10 m wind speed (m s−1) 0.99 2.01 0.45 0.65 0.61
10 m wind direction (◦) 7.32 56.03

a MB= 1
N

N∑
1
(sim− obs). b RMSE=

√
N∑
1
(sim− obs)2/N .

c FB= 2
√
(simi − obsi )/(simi + obsi )/N . d FE=

√
|simi − obsi |/(simi + obsi )2/N

e IOA= 1− N×RMSE2
N∑
i=1

(
∣∣obsi−obs

∣∣+|simi−obs)2
, where the term sim and obs refer to the simulated and

observed meteorological values, respectively, and N represents the number of data pairs.

ing contribution to the total OC mass concentration of 37.6 %
was also in agreement with the previous observed range of
24–67.5 % from sites in the same district (Fu et al., 2012;
Li et al., 2014). The time variations of ammonium, sulfate
and nitrate in PM2.5 were also well-reproduced and had more
fluctuation than that of carbonaceous aerosols, indicating a
weaker correlation with the crop fires (Fig. S3).

The Suixi site was almost unaffected by the intensive fire
counts in southeastern Henan and central Anhui from 1–
8 June, owing to the prevailing southeast wind, which in-
stead transported the pollutants to Henan, Shanxi and the
southern Hebei province (Fig. 4a). The peak values of car-
bonaceous aerosols at the Suixi site were centralized around
12–16 June, corresponding to the high fire counts in northern
Anhui during this period (Fig. 2). Most of the North China
Plain witnessed more than 15 µg m−3 BC and 30 µg m−3OC
due to the local crop residue burning as well as the pollutants
carried by the south wind. After 17 June, the main burning
area moved east to the northern part of the Jiangsu province,
impacting Shandong province whilst having less influence in
Suixi. The main body of carbonaceous aerosol pollution dur-
ing the summer harvest moved from south to north and from
inland to coastal areas (Fig. 4), corresponding to the shifts
in fire count distribution. Carbonaceous aerosol surface con-
centrations increased rapidly in the evening at around 19:00–
20:00 (GMT+8.0) and reached peak values at dawn (05:00–
06:00, GMT+8.0), due to the relatively looser management

of crop burning and weaker boundary layer mixing at night-
time. After sunrise, the concentrations gradually decreased
as the fires slowly extinguished and the surface inversion
coupled to layers aloft enhanced vertical mixing (Cao et al.,
2009).

The 550 nm AOD detected by MODIS was well-
reproduced by WRF-Chem (Fig. 5a and b), showing high
values (above 1) in the North China Plain and Jinagsu, con-
sistent with the MODIS agricultural fire counts distribution
during the summer harvest in Fig. 2. Higher AODs in megac-
ities, including Beijing, Shanghai and Tianjin, might be at-
tributable to the increased sulfate and ammonium concentra-
tions and scattering in summer (Huang et al., 2015). We cal-
culated the AOD at 550 nm from that at 400 and 600 nm us-
ing the ångström exponent, as aerosol optical properties were
computed only at four wavelengths in the model (Nordmann
et al., 2014). The MODIS AOD data around 23 sites were
matched with the simulated AOD by hour, showing a nor-
malized mean deviation of −16.1 % and a correlation coeffi-
cient (R) of 0.52 (Fig. S4). This small underestimation might
be partly caused by the underestimation of the summer RH
(Yoon and Kim, 2006). Several studies have also noted that
the MODIS retrieval AOD showed high bias compared with
ground-based measurements such as the Aerosol Robotic
Network (AERONET) data (Huang et al., 2015; Myhre et
al., 2009; Zhao et al., 2013).
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Table 4. The DRE differences (W m−2) between the cases at TOA during the summer harvest (1–21 June) in 2013.

BASE – nCB BASE – nBCCB BASE – nOACB (BASE – nOAABS) – (nOACB – nOACB_nOAABS)

+0.14 W m−2
+0.79 W m−2

−0.22 W m−2
+0.21 W m−2

Figure 2. (a) Time series of the fire counts detected by the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) in East China
in June 2013. (b) Spatial distribution of MODIS agricultural fire
counts in East China in June 2013. The green, red and blue dots
represent the location of fire counts detected in 1–8, 9–16 and 17–
21 June, respectively.

Aerosol absorption optical depth (AAOD) is defined as the
AOD multiplied by the solar absorption potential (i.e. 1 –
single scattering albedo), giving a measure of the radiation
absorbed by aerosol in the column. Similar patterns can be
seen between the spatial distribution of 550 nm AAOD and
the carbonaceous aerosols concentration during the summer
harvest (Fig. 5c and d), especially at the corner of Henan,
Anhui, Jiangsu and Shandong provinces. Because of the rel-
atively short atmospheric lifetimes of BC and OA, the high-
est surface concentrations and high AAOD could be found
close to the regions where crop burning was taking place

Figure 3. Time series of the observed (dots) and simulated (line)
(a) black carbon (BC) and (b) organic carbon (OC) mass concen-
trations (µg m−3) at the Suixi site. Scatterplots of simulated (c) BC
and (d) OC mass concentrations (µg m−3) and the corresponding
observed values. NMB and R represent normalized mean bias and
correlation coefficient, respectively.

(Bond et al., 2013; Laskin et al., 2015; Zhuang et al., 2011).
It is worth noting that we treat all-source OA as absorbing
aerosol, thus artificially amplifying the AAOD from anthro-
pogenically emitted OA, particularly around the megacities
of Beijing and Tianjin. Additionally, the core–shell mixing
assumption might also lead to higher AAOD in contrast to
the externally mixing assumption due to absorption enhance-
ment of BC-contained particles in these megacities (Liu et
al., 2017).

3.2 Direct radiative effect of crop residue burning

Calculated as the ADRE difference between the BASE and
nCB simulations, a mean positive DRE of+0.14 W m−2 was
introduced by crop residue burning at TOA in East China
during the summer harvest (Table 4). This is higher than pre-
vious cooling-to-neutral DRE estimations of open biomass
burning (Abel et al., 2005; Archer-Nicholls et al., 2016;
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Figure 4. Spatial distributions of (a) carbonaceous aerosols mass concentration (µg m−3) at the lowest model level (∼ 20 m) and (b) its
contribution from crop residue burning (%) in the three typical hours (06:00, GMT+8.0) during the summer harvest (1–21 June) in June
2013. The location of the sampling site (Suixi) is indicated by the black dot. The arrows represent the surface (∼ 20 m) wind fields.

Sakaeda et al., 2011; Chung et al., 2012; Myhre et al., 2013),
which might be attributed to the incorporation of the OA ab-
sorptivity scheme of Saleh et al. (2014) in this study (Kodros
et al., 2015, 2016; Saleh et al., 2015). The spatial distribu-
tion of crop residue burning DRE (Fig. 6a) shows similar
patterns to that of the mean carbonaceous aerosols concen-
tration, providing further evidences that the carbonaceous
aerosols emitted from crop residue burning were the domi-
nant contributors to the DRE. Positive DRE values mainly
appeared in the North China Plain, and higher ones (more
than 0.5 W m−2) were in eastern Henan, southwestern Shan-
dong, northern Jiangsu and northern Anhui provinces. At the
Suixi site, the hourly DRE at TOA from crop residue burn-
ing reached a peak of +22.66 W m−2 at 13:00 on 15 June
(GMT+8.0).

The DRE of BC from crop residue burning was calcu-
lated to be +0.79 W m−2 at TOA during the summer har-
vest based on the difference between the BASE and nBCCB
simulations. This is higher than the DRE estimation from
biomass-burning-sourced BC (+0.1 to +0.5 W m−2) in East
China for the summer of 2010 by Li et al. (2016), which
used an offline model with a coarse resolution. The emis-
sion inventories they used might have also underestimated
BC emissions from open biomass burning, especially during
the harvest season or in the burning zone, due to the tradi-
tional estimation methods and spatial allocation rules (Lu et

al., 2011). Moreover, the external mixing state that they used
would lead to lower and less accurate DRE estimations in
contrast to the core–shell treatment (Jacobson, 2001). After
dividing the DRE of BC from crop residue burning by the
corresponding source contribution to the BC mass concen-
tration (17.6 %), our all-source BC DRE estimate at TOA for
the summer harvest of +4.5 W m−2 was lower than the na-
tional all-sky averaged anthropogenic BC DRE for the sum-
mer of 2006 (+5 W m−2; Huang et al., 2015) and BC DRE in
East China for the summer of 2008 (+5 to +15 W m−2; Gao
et al., 2014). It was worth noting that these previous stud-
ies adopted the volume mixing treatment, which would over-
estimate the BC DRE. Further, the neglect of crop residue
burning emissions in Gao et al. (2014) might cause an under-
estimation. Normalized DRE, defined by Boucher and An-
derson (1995) (and first used in Feichter et al., 1997) as the
ratio of the forcing to the aerosol mass burden, was calcu-
lated to isolate the differences in the aerosol column bur-
den from the differences in all other model processes that
lead to carbonaceous aerosols radiative forcing (Bond et al.,
2013). Our calculated normalized DRE with respect to the
BC burden from crop residue burning was +941.33 W g−1,
within the existing estimated global normalized DRF ranges
of +870 to +2730 W g−1 (Bond et al., 2013; Ramanathan
and Carmichael, 2008; Schulz et al., 2006). Figure 6b illus-
trates that the high values of BC DRE (above +2.0 W m−2)
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Figure 5. Spatial distribution of mean (a) 550 nm aerosol opti-
cal depth observations from MODIS, (b) 550 nm aerosol optical
depth from WRF-Chem, (c) mean absorption aerosol optical depth
from WRF-Chem and (d) mean carbonaceous aerosol concentration
(µg m−3) at the lowest model level (∼ 20 m) during the summer har-
vest (1–21 June). BASE run is shown.

during the summer harvest mainly appeared in the western
Shandong province, the Tianjin municipality, eastern Henan
province, northern Anhui and northern Jiangsu provinces,
similar to the spatial features of > 20 µg m−3 carbonaceous
aerosol mass concentration (Fig. 5d). The hotspot was in
the north of the intensive-crop-fire-affected area (Fig. 2b),
as the dominant southeastern wind in June transported car-
bonaceous aerosol to the north (Sect. 3.1). With the carbona-
ceous aerosols mass concentration exceeding 30 µg m−3, the
junction of Anhui, Shandong, Henan and Hebei provinces
witnessed the highest BC DRE in our domain of over
+3.0 W m−2. The local DRE in the crop residue burning dis-
tricts during intense burning periods were higher than spa-
tiotemporally averaged estimates. Taking the Suixi site as an
example, the hourly DRE of crop-residue-burning-sourced
BC reached +63.40 W m−2 on 15 June.

Figure 6. Spatial distribution of simulated direct radiative effect
(DRE) introduced by (a) all aerosol from crop residue burning and
(b) BC from crop-burning, (c) OA from crop burning and (d) the
absorbing component of OA from crop-burning emissions, calcu-
lated from WRF-Chem simulations during the summer harvest (1–
21 June).

By subtracting the ADRE at TOA of nOACB from that
of BASE, we obtained an OA DRE from crop residue burn-
ing of −0.22 W m−2 in East China during the summer har-
vest. The normalized DRE of OA from crop residue burn-
ing, −11.46 W g−1, was of smaller magnitude than existing
estimates of −24 to −198 W g−1 (Bond et al., 2013; Ra-
manathan and Carmichael, 2008; Schulz et al., 2006). This
positive discrepancy can be attributed to the consideration
of OA absorptivity in this study. The positive DRE of OA
absorption from crop residue burning was calculated to be
+0.21 W m−2 according to the ADRE comparison among
BASE, nOACB, nOAABS and nOACB_nOAABS scenarios
(Sect. 2.4), in contrast to the negative DRE (−0.43 W m−2)

of OA scattering. The DRE of OA absorption during the sum-
mer harvest in East China in our study was within the global
annual mean DRE ranges of OA absorption, of +0.04 to
+0.57 W m−2 (Feng et al., 2013; Saleh et al., 2015; Q. Wang
et al., 2014), and higher than the estimates in East Asia for
the spring of 2011, of +0.1 to +0.2 W m−2 (Park et al.,
2010). Feng et al. (2013) estimated an upper limit of annual
mean DRE of OA absorption to be +0.25 to +0.5 W m−2
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in East China. The DRE of OA absorption from crop residue
burning accounted for 21 % of the corresponding DRE of car-
bonaceous aerosols absorption, comparable to the previous
OA absorption contribution estimation of 20 % derived from
AERONET observations at 550 nm (Chung et al., 2012), in-
dicating that OA played an important role in radiation ab-
sorption during the summer harvest in East China.

Figure 6c and d show a negative DRE of OA
(<−0.2 W m−2) and a positive DRE of OA absorption
(> 0.2 W m−2) over the North China Plain, respectively. Like
the spatiotemporally averaged estimates of OA DRE and its
absorbing part (−0.22 and +0.21 W m−2, respectively), the
OA DREs in most grid cells have equal magnitude to the
corresponding DRE of its absorption but show an opposite
sign. This implies that the negative DRE of OA scattering is
roughly double the positive DRE of OA absorption in magni-
tude. The consideration of OA absorption therefore reduced
the negative OA DRE estimates from crop burning by half.

3.3 Uncertainty

The DRE of carbonaceous aerosols was strongly dependent
on the optical properties, the uncertainties of which came
from various factors, including complex refractive indices,
mixing state and the morphologies of the particles. Since
this study was the first to attempt to use the OA absorptivity
parameterization of Saleh et al. (2014) in an online model,
sensitivity experiments were conducted to investigate the re-
sponse of the DRE of OA absorption to the changes in the
imaginary part of OA’s refractive index (kOA) and the BC-
to-OC emission ratio from crop residue burning. With kOA
raised by 50 %, the DRE of OA absorption from this source
increased to +0.27 W m−2 (Table S2), 29 % higher than that
(+0.21 W m−2) from default simulations. When the BC-to-
OA ratio was altered to 0.18 (Li et al., 2007) and 0.42 (Hays
et al., 2005) by changing the BC emission factor from crop
residue burning alone with that of OA constant, the DRE of
OA absorption was estimated to be+0.33 and+0.13 W m−2

(Supplement Table S2), respectively. These results indicated
that the kOA and the BC-to-OC emission ratio were criti-
cal for estimating DRE of OA absorption and efforts are
still needed to update the BC-to-OC ratio to observations in
China. More details about the sensitivity tests are presented
in Table S1.

The sensitivity of BC mixing state to crop residue burn-
ing DRE was also tested by changing the standard core–shell
mixing rule to a volume mixing rule. In the volume mixing
treatment, crop residue burning was simulated to produce
a mean DRE of +0.23 W m−2 during the summer harvest
(Table S2), which was 64 % higher than the crop burning
DRE in default runs (+0.14 W m−2). The single-distribution
core–shell assumption was believed to be a better approxi-
mation of BC DRE (Jacobson, 2001; Bauer et al., 2013; Liu
et al., 2017), and more coated particles have been observed in
biomass burning aerosol (Schwarz et al., 2008), so the widely

used volume mixing assumption could introduce a discrep-
ancy in DRE. In reality, carbonaceous aerosol mixing con-
ditions are much more various and complicated in time and
space than that described in a core–shell approach. For exam-
ple, Peng et al. (2016) recently reported that BC morphology
varied from fractal particles to compact particles during at-
mospheric aging, and BC in the two distinct stages revealed
quite different absorption characteristics and climatic effects.
Recent study has indicated that the absorption enhancement
of BC is determined by the mass ratio of non-BC to BC
species in the aerosol as an alternative interpretation to ab-
sorption by OA (Liu et al., 2017). If such a setup were used
instead of the Saleh et al. (2014) parameterization, it could
change the magnitude and distribution of the predicted ef-
fects. Therefore, the invariant core–shell assumption during
aging that we applied might overestimate the DRE of freshly
emitted BC. Matsui et al. (2013) also showed that without
detailed treatment of mixing state for BC aging processes in
the model, the calculated aerosol radiation absorption could
be overestimated by 30–40 % in the boundary layer. Hence, it
should be very important to consider the variation of mixing
state for calculating optical and radiative effects of biomass
burning aerosols. The spherical core–shell assumption might
also amplify the absorption in cases in which the BC core po-
sition is non-central (Adachi et al., 2010). Variations in mois-
ture and temperature conditions also complicate the mixing
state of carbonaceous aerosols and the light absorptivity of
OA (Liu et al., 2013; Zhang et al., 2013). Moreover, the lack
of consideration of atmospheric processing of OA, such as
photobleaching (Laskin et al., 2015), and the potential addi-
tion of nitrate groups (Jacobson, 1999) lead to further uncer-
tainties.

The high-resolution emission inventory based on the
MODIS FRP used here may add uncertainties to the car-
bonaceous aerosol mass concentrations due to uncertain-
ties arising from the MODIS detection resolution, FRP val-
ues and the per-fire-pixel fire radiative energy calculating
method (Liu et al., 2015). The VBS scheme in this study
ignored SOA evolved from semi-/intermediate volatility or-
ganic compounds and likely underestimates SOA concentra-
tion.

4 Conclusion

The DRE of carbonaceous aerosols from crop residue burn-
ing in June 2013 in Eastern China was investigated using
WRF-Chem. The OA effective absorptivity parameterization
proposed by Saleh et al. (2014) was used. The carbonaceous
aerosol emissions from crop fires were estimated based on
MODIS FRP products, using a localized BC-to-OC ratio
from crop burning of 0.27. In situ observations conducted in
Suixi, Anhui province, during the study period were utilized
to evaluate the simulation. The WRF-Chem results captured
the variation of carbonaceous aerosol concentrations, show-
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ing peak pollution during the period from 13–15 June. The
BC and OC peak concentrations reached 55.3 and 157.9 µg
m−3, of which crop residue burning contributed 86 and 90 %,
respectively, as derived from analysing coincident model out-
put. The simulation results also reproduced the temperature
and relative humidity from ground-based observations and
MODIS-detected AODs, although there was a slight overes-
timation of wind speed. During the summer harvest in East
China (1–21 June), similar patterns were found among sim-
ulated AAOD, fire counts detected by MODIS and carbona-
ceous aerosols concentrations, with higher values in the junc-
tion of Shandong, Henan, Anhui and Jiangsu provinces, con-
firming that the crop residue burning was the dominant cause
for the high AAOD.

The hourly estimated DRE from crop residue burning at
TOA reached a maximum of+22.66 W m−2 at the Suixi site.
On average, during the harvest period, crop residue burn-
ing introduced a positive DRE of +0.14 W m−2 throughout
East China, which was higher than the cooling-to-neutral
DRE estimates of open biomass burning in previous studies.
BC was the leading absorptive component in crop-residue-
burning-sourced aerosols and introduced an averaged DRE
of+0.79 W m−2, while OA from crop burning brought about
a net negative DRE (−0.22 W m−2) at TOA. The negative
DRE of OA scattering (−0.43 W m−2)was roughly twice the
magnitude of positive DRE of OA. The consideration of OA
absorption therefore reduced the negative OA DRE estimates
from crop burning by half, making the net DRE estimates of
crop residue burning more positive. Higher absolute values
of BC DRE (>+2.0 W m−2) and OA DRE (<−0.2 W m−2)

from crop residue burning during the harvest season were
mainly concentrated in the North China Plain, following a
similar spatial distribution to the modelled AAOD. Sensitiv-
ity tests showed that the DRE of OA absorption strongly de-
pended on the absorptivity and BC-to-OA ratio from crop
residue burning and that using volume mixing treatment re-
sults in a higher positive DRE compared to the core–shell
treatment. Several uncertainties remain regarding the esti-
mated DRE in this study, due to the mixing state and mor-
phology of the particles, burning conditions and emission in-
ventory. Aerosol–radiation interactions due to carbonaceous
aerosol from crop residue burning in the summer harvest
might bring further effects on planetary boundary layer me-
teorology, turbulent kinetic energy, clouds and precipitation
(Liu et al., 2016; Huang et al., 2016; Wilcox et al., 2016).
Continued investigation of the mixing manner and ratio of
biomass burning aerosol, their morphology and optical prop-
erties, their variation during the atmospheric aging processes,
and their further impacts on clouds, transport and regional
climate is still required. The BC mixing state and associated
absorption enhancement based on coating thickness from BC
aging processes will be treated in detail in future studies.

Data availability. The MODIS Level-2 Atmospheric
Aerosol Product (04_L2) data can be accessed
from https://modis-atmos.gsfc.nasa.gov/MOD04_L2/
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2015). The ERA-Interim data can be accessed from
http://www.ecmwf.int/en/research/climate-reanalysis/era-interim
(ECMWF, 2011). Other data used in this study are available from
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