
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ta

m
m

ik
uu

ta
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

0.
6.

20
26

 1
2.

14
.3

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Impact of mixing
aState Key Laboratory of Earth System Nume

of Atmospheric Physics, Chinese Academy of

hzw@mail.iap.ac.cn
bCollege of Earth and Planetary Sciences, U

Beijing 100049, China
cState Key Laboratory of Atmospheric Environ

of Atmospheric Physics, Chinese Academy of
dDepartment of Atmospheric Sciences, Yunn

Cite this: Environ. Sci.: Atmos., 2026, 6,
310

Received 29th September 2025
Accepted 20th December 2025

DOI: 10.1039/d5ea00126a

rsc.li/esatmospheres

310 | Environ. Sci.: Atmos., 2026, 6, 3
states on aerosol radiative effects
and feedback during winter haze episodes over the
North China Plain

Jing Wang, ab Zhiwei Han, *ab Yunfei Wu, c Jiawei Li a

and Yuanyuan Zheng d

An online-coupled regional climate-chemistry-aerosol model (RIEMS-Chem) was developed and applied

to investigate the impact of the aerosol mixing state on aerosol-radiation-meteorology feedback during

the winter haze episode of 8–13 February 2020 over the North China Plain (NCP). Model validation

demonstrates the overall good ability of the model in reproducing the meteorological variables, PM2.5

and its components, and aerosol optical properties. Aerosol optical depth (AOD) and single scattering

albedo (SSA) simulated with the Maxwell-Garnett mixing assumption are closest to the AERONET

observations, whereas external mixing tends to predict lower AOD and higher SSA, in contrast to core–

shell mixing and homogeneous mixing, which predict lower SSA. The direct radiative effects (DREs)

under various aerosol mixing states differ largely, with the percentage differences of 24% and 40% and

a factor of three at the top of the atmosphere (TOA), at the surface and in the atmosphere, respectively,

averaged over the haze episode. The sensitivity of the aerosol optical properties and DRE to the black

carbon size distribution, coating fraction, and hygroscopic growth under Maxwell-Garnett mixing is also

investigated, showing the remarkable effect of hygroscopic growth. During the most severe haze day in

Beijing, the changes in air temperature and relative humidity at 2 m (T2, RH2) and wind speed at 10 m

(WS10) induced by aerosol radiative feedback vary by −1.2–1.4 °C, 5.5–6.2%, and −0.28–0.37 m s−1,

respectively, and the feedback-induced increase in PM2.5 concentration varies considerably from 40.3 mg

m−3 to 57.6 mg m−3 across different mixing states. The radiative feedback leads to an increase in PM2.5

concentration by 25%, 30%, 30% and 36% under external mixing, Maxwell-Garnett mixing, core–shell

mixing and homogeneous mixing states, respectively. It is noteworthy that the aerosol mixing state not

only affects the magnitude but also the direction of near-surface air temperature change, depending on

the relative magnitude of aerosol-induced atmospheric heating and DRE-induced cooling. The strongest

atmospheric heating rate (AHR) under homogeneous mixing leads to an increase in T2 and planetary

boundary layer height (PBLH) in portions of southern NCP, which tends to reduce the PM2.5

concentration. This study demonstrates the important role of radiative feedback in exacerbating air

pollution and the significant impacts of aerosol mixing state on DRE, AHR and radiative feedback during

the haze episode.
Environmental signicance

Aerosol radiative feedback exerts signicant effects on meteorology and the near-surface PM2.5 concentration during haze events. Aerosol mixing state is
supposed to be an essential factor affecting aerosol radiative effects and feedback but poorly understood and estimated at present. Our results reveal large
differences in the magnitude of aerosol direct radiative effects across different mixing states, which lead to diverse feedback effects on meteorology and PM2.5
concentrations. These results will be useful for understanding and predicting air pollution and climate change at both regional and global scales.
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1. Introduction

Aerosols can affect radiation transfer and clouds through direct,
indirect and semi-direct effects.1–3 The changes in radiation and
cloud properties may in turn provide feedback to meteorology
and physical processes (advection/diffusion and depositions)
and further alter chemical reactions of gas and aerosols, which
© 2026 The Author(s). Published by the Royal Society of Chemistry
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are highly dependent on temperature, relative humidity, and
cloud properties. The above-mentioned aerosol-radiation-
cloud-meteorology interaction is very complex and remains
one of the least understood mechanisms in air quality and
climate research.4–6

To explore the underlying mechanism of the abrupt increase
in PM2.5 concentrations during haze episodes, a number of
studies have investigated the role of aerosol radiative feedback
in haze formation,7–20 all of which indicated a positive radiative
feedback to increasing PM2.5 concentration. However, there
were large differences in the magnitude of the feedback effect
among model results (with a few percent increase to approxi-
mately 40% increase in near-surface PM2.5 concentration),
which could be related to potential differences in the predic-
tions of meteorological elds, aerosol chemical component
levels, and treatments of aerosol mixing states and hygroscopic
growth, among which the mixing states of aerosols are consid-
ered to be one of the most important factors greatly affecting
aerosol optical and radiative properties.21–23 A number of
observational studies were conducted for the NCP, which
revealed the sources, properties, evolution processes of black
carbon (BC) and the mixing state of BC with other anthropo-
genic aerosols.24–28 Several aerosol mixing states were assumed
in previous studies to estimate the aerosol feedback on partic-
ulate pollution. Wang et al.8 performed simulations using the
NAQPMSmodel and showed that the feedbackmay enhance the
PM2.5 levels by 10–30% during the severe haze events in January
2013 in the North China Plain (NCP), with the assumption of
external mixing. Wu et al.17 indicated that aerosol radiative
effects contributed 12–20% of the near-surface PM2.5 concen-
tration during a heavy haze episode in NCP in winter 2015 by
using a homogeneous internal mixing assumption in WRF-
Chem. Qiu et al.12 estimated the percentage change in PM2.5

concentration due to feedback ranging from 8% to approxi-
mately 50%, increasing with PM2.5 levels during the haze events
on 21–27 February 2014, with a core–shell internal mixing
assumption in WRF-Chem. Despite the differences in the study
periods, meteorology and emissions, the various treatments of
the aerosol mixing state in the above-mentioned studies are
considered to be one of the key factors determining the large
difference in the feedback-induced PM2.5 changes; however,
thus far, there are very limited studies on the impact of different
aerosol mixing states on the radiative feedback effects on PM2.5

and meteorology.
In addition, the majority of previous studies only performed

model validation for AOD, which just represents a column-
integrated aerosol extinction. The lack of model validation for
single scattering albedo (SSA), which is a key parameter deter-
mining the relative magnitude of aerosol absorption and scat-
tering ability, reduces the reliability of the predicted aerosol
radiative effects, and thus feedback.

In the past two decades, haze pollution has been one of the
most important environmental issues in China with the
continuous growth of the economy and urbanization, which
was the most serious in January 2013. Thus, to tackle air
pollution, the Chinese government launched a series of air
pollution control strategies, which evidently reduced the
© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration of ne particulates.29 However, despite the
successful improvement in air quality in China, sporadic haze
events still occurred in NCP in winter, even during the COVID-
19 epidemic in February 2020, when a haze event occurred in
Beijing with the maximum hourly PM2.5 concentration
exceeding 260 mg m−3. The occurrence of this haze episode was
mainly attributed to poor meteorological conditions, while the
reduction in anthropogenic emissions due to COVID-19 lock-
down led to a slight decrease in PM2.5 concentration.30

In this study, the RIEMS-Chemmodel was applied to explore
the aerosol-radiation-meteorology interaction and feedback
during the haze episode of 8–13 February 2020, to estimate the
aerosol direct radiative effects (DRE), and to our knowledge, for
the rst time to quantify the aerosol radiative feedback on
meteorology and near-surface PM2.5 concentration under
different aerosol mixing states. The results from this study will
provide new insights into the aerosol-radiation-meteorology
feedback mechanism related to aerosol mixing states, which
is currently one of the most important sources of uncertainties
in air quality and climate predictions.

2. Model and data
2.1 Model description

This study utilizes an online-coupled regional climate-
chemistry-aerosol model, RIEMS-Chem, developed based on
the Regional Integrated Earth Modeling System (RIEMS), which
is introduced in detail by Fu et al.31 and Wang et al.32 A series of
atmospheric chemistry and aerosol processes have been incor-
porated into RIEMS to establish RIEMS-Chem.18,33–35 The
schemes for the advection and diffusion of chemical species are
identical to that for water vapor. An updated Carbon Bond
mechanism (CB-IV)36 is used to represent gas-phase chemical
processes, with the photolysis rate calculated using the tropo-
spheric Ultraviolet-Visible (TUV) radiation model.37 Thermody-
namic equilibrium between gases and particles is treated by
ISORROPIA II.38 A two-product model39 is applied to calculate
secondary organic aerosol (SOA) concentration with updated
aromatic compound yields. Uptake and chemical reactions of
anthropogenic gas precursors, e.g., sulfur dioxide, and nitrogen
dioxide on the surfaces of mineral dust, sea salt and hydrated
anthropogenic aerosols are represented by the approaches re-
ported by Li and Han40 and Li et al.,41,42 respectively. Dry depo-
sition and below-cloud scavenging of aerosols is parameterized
using the same schemes as Han et al.43

RIEMS-Chem accounts for major anthropogenic and natural
aerosols, i.e., sulfate, nitrate, ammonium, black carbon (BC),
primary organic aerosol (POA), secondary organic aerosol (SOA),
mineral dust, and sea salt. The size distribution of the different
types of aerosols is prescribed mainly based on the OPAC
database.44 Field measurements in Beijing are also used to
characterize the size distribution of BC, which show that the
mass peak diameter is approximately 210 nm with a lognormal
distribution.26 The size distributions of mineral dust and sea
salt are classied into ve bins, i.e., 0.1–1.0, 1.0–2.0, 2.0–4.0,
4.0–8.0, and 8.0–20.0 mm. Dust deation and sea salt generation
are parameterized following the approaches reported by Han
Environ. Sci.: Atmos., 2026, 6, 310–323 | 311
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Fig. 1 The study domain with topography (m). Markers are observa-
tion sites (black crosses denote the observational sites for meteoro-
logical variables; blue circles denote the observational sites for PM2.5

concentration; blue square denotes the tower monitoring site of IAP
for PM2.5 chemical components; and red triangles denote the AERO-
NET sites).
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et al.43 and Gong et al.45 Aerosol hygroscopic growth is treated by
kappa (k) parameterization,46 with the wet radius of aerosols
calculated using the Kohler theory. The k values for inorganic
salts, BC, POA, SOA, dust, and sea salts are set to 0.65, 0, 0.1, 0.2,
0.01, and 0.98, respectively, according to previous studies. In
this study, mineral dust and sea salt are assumed to be exter-
nally mixed with anthropogenic aerosols, while anthropogenic
aerosols are assumed to be mixed with each other in four ways,
external mixing, Maxwell-Garnett internal mixing, core–shell
internal mixing, and homogeneous internal mixing. External
mixing denotes that aerosols keep their own properties while
mixing with each other, and the optical properties of total
aerosols are the sum of their of individual aerosols. Maxwell-
Garnett mixing is based on an equivalent medium theory that
assumes a coated sphere on a randomly distributed core, where
the refractive index of the mixed aerosols is calculated using the
Maxwell-Garnett mixing rule.47,48 Core–shell mixing represents
a coated sphere on a concentric core. The optical properties of
core–shell mixing aerosols are calculated using an improved
Mie program49 with complex refractive indices and volume
ratios of core and shell. Homogeneous mixing means aerosols
mix with each other homogeneously, with the refractive index of
the mixture calculated using a volume-weighted average
approach. In the Maxwell-Garnett and core–shell mixing states,
BC is treated as the core, while inorganic aerosols and SOA are
taken as the shell.

RIEMS-Chem has been applied to explore a number of
environmental issues regarding air pollution, aerosol processes,
and aerosol-radiation-cloud-weather/climate interactions over
East Asia.18,19,33–35,50–59
2.2 Model conguration and numerical experiments

RIEMS-Chem has a horizontal resolution of 60 km and 16 layers
in the vertical on a lambert projection. The center of the study
domain is located at 110°E and 35°N. The study period is from
27 January to 18 February 2020, covering the haze episode of 8–
13 February, during which the observed maximum hourly PM2.5

concentration exceeded 260 mg m−3. The rst ve days are taken
as spin-up time. The study domain is shown in Fig. 1, along with
the topography and locations of the observational sites.

To quantify the impacts of different aerosol mixing states on
aerosol radiative effects and feedback, a series of numerical
experiments is designed. The rst experiment assumes external
mixing (denoted as EXT) of anthropogenic aerosols; the second
adopts Maxwell-Garnett internal mixing (denoted as M-G); the
third considers core–shell internal mixing (denoted as C–S); and
the fourth represents homogeneous internal mixing (denoted
as HOM). In each case, the direct radiative effect (DRE) is esti-
mated based on the difference between two radiation calls with
and without anthropogenic aerosols (i.e. calling twice in the
radiation module in one simulation). The feedback effect
induced by DRE on meteorological variables and PM2.5

concentration is estimated by comparing two simulations with
and without aerosol radiative effects (CASE0). In the above-
mentioned sensitivity simulations, the initial and boundary
meteorological elds, emissions and boundary conditions are
312 | Environ. Sci.: Atmos., 2026, 6, 310–323
the same. The 1.0° × 1.0°, 6-hourly initial and boundary
meteorological conditions are derived from the nal reanalysis
data (FNL) from the National Centers for Environmental
Prediction (NOAA/NCEP, https://rda.ucar.edu/datasets/
d083002/). MOZART-4 (Model for Ozone and Related Chem-
ical Tracers, http://www.acd.ucar.edu/wrfchem/mozart.html)
provides 6-hourly boundary conditions of chemical species.
Indirect radiation effects are not considered in this study due
to the limited precipitation and cloud cover during the haze
episode, as shown in Fig. S1.
2.3 Emissions and observations

The monthly mean anthropogenic emissions in China are
derived from MEIC (http://meicmodel.org/). Biomass burning
and biogenic VOC emissions are derived from GFEDv4
(https://www.globalredata.org/) and GEIA (http://
www.geiacenter.org/), respectively.

Hourly meteorological observations, including 2 m air
temperature (T2), 2 m relative humidity (RH2), and 10 m wind
speed (WS10), are derived from the National Centers for Envi-
ronmental Information (NOAA/NCEI, https://
www.ncei.noaa.gov/). Hourly PM2.5 observations are derived
from the China National Environmental Monitoring Centre
(http://www.cnemc.cn/). PM2.5 component measurements were
conducted at the tower branch of the Institute of Atmospheric
Physics, Chinese Academy of Sciences (39°580N, 116°220E) in
Beijing. Ground measurements of aerosol optical depth (AOD)
and single scattering albedo (SSA) at the Beijing-RADI and
Xianghe sites are derived from AERONET (https://
aeronet.gsfc.nasa.gov/). The Beijing-RADI site (40°000N, 116°
240E) is located in downtown Beijing, while the Xianghe site
(39°480N, 117°000E) is in the suburb area of Hebei province,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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about 60 km southeast of Beijing downtown. Daily satellite-
derived AOD and precipitation data are obtained from MODIS
(https://ladsweb.modaps.eosdis.nasa.gov/) and GPM (https://
gpm.nasa.gov/), respectively.
3. Results
3.1 Model validation with observations

3.1.1 Meteorological variables. Table S1 shows the model
performance statistics for meteorological variables in the six
megacities in NCP during the study period. The overall model
performance is generally good, with the correlation coefficients
(R) of 0.89, 0.63, and 0.69 for T2, WS10, and RH2, and the
normalized mean biases (NMB) of 0.3%, 7.1%, and 19.8%,
respectively. WS10 is somewhat overestimated in Jinan and
Taiyuan, while RH2 is overestimated by approximately 30% in
Shijiazhuang and Taiyuan. The model reproduces the meteo-
rological variables quite well in Beijing and Tianjin, with NMBs
of 0.5–0.6%, −4.9–6.8% and 8.7–11.4% for T2, WS10 and RH2,
respectively.

3.1.2 PM2.5 concentration and aerosol components. Table
1 presents the model performance statistics for near-surface
hourly PM2.5 concentrations in the six cities in NCP. The
model generally reproduces the PM2.5 distribution and vari-
ability, with the overall R and NMB being 0.69% and 4%,
respectively, for all cities. The model performs better in Beijing,
Zhengzhou and Shijiazhuang, with R of 0.55 to 0.88, and NMB
of−14% to 12%, whereas the model bias in Taiyuan is relatively
large, which could be due to the potential uncertainties in
emission inventories and meteorological predictions.

Fig. 2 presents the observed and model simulated hourly
concentrations of PM2.5 and its chemical components in Beijing
during the study period. The model reproduces quite well the
temporal variations and magnitudes of PM2.5 components from
1 to 18 February, 2020, including the increase in PM2.5 and its
components during the haze episode from 8 to 13 February. The
OC concentration is underpredicted, especially during the haze
episode, which could be due to the exclusion of some precur-
sors, e.g., semi-volatile and intermediate-volatile organic
compounds and limitation in understanding multiphase SOA
formation processes. Table 2 presents the model performance
statistics for the PM2.5 components in Beijing, which exhibits
Table 1 Model performance statistics for hourly PM2.5 concentrations (in
from 1 to 18 February 2020 (unit: mg m−3)

Cities Long name Location

PM

Ob

BJ Beijing 116.4°E, 40.0°N 67.
TJ Tianjin 117.3°E, 39.1°N 62.
SJZ Shijiazhuang 114.5°E, 38.0°N 84.
ZZ Zhengzhou 113.7°E, 34.8°N 61.
TY Taiyuan 112.5°E, 37.9°N 66.
JN Jinan 117.0°E, 36.6°N 57.
ALL 66.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the generally good ability of the model, with R of 0.80–0.91 and
NMB < 24%.

3.1.3 Aerosol optical depth (AOD) and single scattering
albedo (SSA). Fig. S2 shows the model-simulated and MODIS
retrieved average AOD at 550 nm at 10:30 LST during the haze
episode of 8–13 February 2020. The model generally reproduces
the distribution pattern of AOD over NCP, with higher values in
the areas around Beijing and Tianjin, and the southeastern
portions of the domain. The model tends to predict higher AOD
than observations in the southern parts of NCP, which could be
due to the overpredictions of the relative humidity (Table S1)
and PM2.5 concentrations (Table 1) in those regions.

Fig. 3 presents the measured and simulated daily mean AOD
and SSA at 550 nm at the Beijing-RADI and Xianghe sites during
the study period in the four cases. The model reasonably
reproduces the day-to-day variation of AOD and SSA, with an
increase in the PM2.5 concentration during the growth stage of
the haze episode of 8–13 February at both sites (there is no
observational data at Xianghe on 13 and 14 February), despite
some underpredictions at Beijing-RADI. It is noteworthy that
the simulated AOD in the four sensitivity cases is close to each
other, except for an apparent underprediction in the EXT case,
whereas the simulated SSA differs largely among them. The SSA
in the EXT case is the highest among the four cases, which
means the least absorption, followed by SSA in the M-G and C–S
cases, and SSA in the HOM case is the lowest, which means the
strongest absorption. It is clearly seen that during the haze
episode of 9–12 February, the simulated SSA in M-G agrees best
with the observations among the mixing cases, whereas EXT
and C–S/HOM tend to overpredict and underpredict SSA,
respectively. Previous observational analyses24,25 reported that
anthropogenic aerosols during haze periods in Beijing favored
core–shell mixing over homogeneous mixing. The under-
prediction of SSA in the C–S case compared to the AERONET
measurements in this study is consistent with some previous
studies, e.g., Fierce et al.60 indicated that a concentric core–shell
approximation generally overestimated the eld observation of
BC absorption. This could explain why theM-G-simulated SSA is
the closest to observations because the absorption under M-G
mixing is smaller than that with concentric core–shell mixing
(in the visible band) due to the weaker lensing effect on
a randomly distributed core (lensing effect refers to the coating
the M-G case) in the six major cities over NCP during the study period

2.5

s Sim R MB NMB

5 75.2 0.88 7.7 11.5%
5 85.0 0.86 22.5 36.0%
6 72.7 0.65 −12.0 −14.1%
5 60.3 0.55 −1.2 −1.9%
2 42.2 0.48 −24.0 −36.3%
0 73.5 0.70 16.5 28.9%
6 68.1 0.69 1.6 4.0%
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Fig. 2 The observed andmodel-simulated (from the M-G case) hourly concentrations of PM2.5 and its chemical components in Beijing from 1 to
18 February, 2020 (unit: mg m−3).

Table 2 Model performance statistics for hourly PM2.5 component
concentrations (in the M-G case) in Beijing during the study period
from 1 to 18 February 2020 (unit: mg m−3)

Component Obs Sim R MB NMB

SO4
2- 13.6 11.6 0.81 −2.03 −14.9%

NO3
− 20.8 21.2 0.91 0.36 1.7%

NH4
+ 12.2 9.4 0.89 −2.80 −23.0%

BC 2.3 2.2 0.87 −0.04 −1.9%
OC 21.7 16.7 0.80 −5.06 −23.3%
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substances around BC, which can act as a lens to focus more
light on the core and enhance absorption of aerosols).61–63

Table 3 presents the model performance statistics for AOD
and SSA at 550 nm in the four sensitivity cases at the two sites.
In general, the model reproduces the day-to-day AOD variation
quite well in the four cases, with R of around 0.8; however, the
predicted AOD is approximately 20% lower than the observation
in the EXT case, whereas the NMBs for AOD are less than 2% in
the other cases, with the least bias in the M-G case. It is note-
worthy that SSA is overpredicted (1.7%) and underpredicted
(−2.3%) in the EXT and HOM cases, respectively, which means
that the absorption ability of aerosols is underestimated and
overestimated, respectively, whereas the biases in the M-G and
C–S cases are very close (0.5%) and smaller than that in the
other cases. R for SSA in the HOM case is apparently lower than
those in the other cases. The larger biases in AOD and SSA in the
314 | Environ. Sci.: Atmos., 2026, 6, 310–323
EXT and HOM cases suggest that these two mixing states could
not represent the actual mixing state of aerosols in the atmo-
sphere during the study period. In all, the assumption of core–
shell-type internal mixing (including M-G mixing, which is also
a core–shell type with the position of the core unxed) leads to
better agreement between the model simulations and observa-
tions, and the simulated SSA in the M-G case agrees better with
observations than that in the C–S case, especially during the
haze episode, with respect to the comparison on 9–12 at Beijing-
RADI (Fig. 3c).
3.2 Aerosol direct radiative effects under various aerosol
mixing states

Because the cloud amount and precipitation were relatively low
during the study period (as well as during the haze episode),
only the aerosol direct radiative effect and feedback are di-
scussed in this study. Fig. 4 shows the period-mean DRE at the
top of the atmosphere (TOA), at the surface (SUF), and in the
atmosphere (ATM, TOA minus SUF) over NCP during the haze
episode of 8–13 February 2020, in the four sensitivity cases. It
clearly shows that anthropogenic aerosols induced a negative
DRE at TOA and at the surface, and a positive DRE in the
atmosphere with stronger magnitudes over the areas from
Beijing and Tianjin to the southern parts of the domain in all
cases. It is found that the DREs in these cases are consistent
with each other in distribution pattern, but differ largely in
magnitude. The HOM case exhibits the maximum DRE at the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Model-simulated (with the fourmixing states) and observed daily mean AOD (a and b) and SSA (c and d) at 550 nm at Beijing-RADI (a and c)
and Xianghe (b and d) from 1 to 18 February, 2020.
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surface and in the atmosphere, followed by the C–S and M-G
cases, whereas the EXT case exhibits the minimum DRE.

DRE at TOA in the HOM case is the weakest among the cases
due to the maximum positive DRE in the atmosphere, which
means more solar radiation is absorbed in the atmosphere, and
less radiation is reected back to space. In terms of domain
average, the DREs at TOA vary from −8.2 W m−2 (EXT) to
−6.6Wm−2 (HOM), whichmeans that the DRE-induced cooling
of the surface-atmosphere can differ by 24% across the four
mixing states over the NCP region. At the surface, the DRE
(−15.5 W m−2) in the HOM case is the maximum among the
cases, followed by that in the M-G and C–S cases, and the
minimum is in the EXT case. The percentage difference in DRE
at the surface among these cases is 40%, which is larger than
that at TOA. The largest difference in DRE among the cases
occurs in the atmosphere, varying from 2.9 W m−2 (EXT) to
8.9Wm−2 (HOM), and demonstrating that the radiative heating
Table 3 Model performance statistics for daily mean AOD and SSA in the
from 1 to 18 February 2020

Mixing states

AOD

Obs Sim R MB N

EXT 0.49 0.39 0.81 −0.10 −
M-G 0.49 0.49 0.81 0.00
C–S 0.49 0.48 0.81 −0.01 −
HOM 0.49 0.49 0.82 0.00 −

© 2026 The Author(s). Published by the Royal Society of Chemistry
in the atmosphere in the HOM case is approximately three-
times that in the EXT case. The above-mentioned model
results demonstrate that the mixing states of aerosols can result
in large differences in the magnitude of DRE, with the
maximum DRE difference in the atmosphere, and this could
result in large differences in the aerosol radiative feedback on
the meteorology and particulate matter levels, which will be
discussed in the next section.
3.3 The effect of size distribution, coating fraction and
hygroscopic growth on AOD, SSA and DRE

Aerosol optical properties can be affected by a series of physical
and environmental factors. Based on the M-G experiment
(showing the best agreement with observations), three addi-
tional sensitivity tests were conducted to explore the effect of BC
size, coating fraction and hygroscopic growth on aerosol optical
properties and DRE. In the M-G case, the typical BC size is set to
four cases at the Beijing-RADI and Xianghe sites during the study period

SSA (%)

MB Obs Sim R MB NMB

19.5% 94.6 96.2 0.40 1.57 1.7%
0.0% 94.6 95.1 0.36 0.52 0.6%
1.7% 94.6 94.2 0.36 −0.43 −0.5%
0.3% 94.6 92.4 0.28 −2.19 −2.3%
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Fig. 4 Model-simulated period-mean DREs at TOA (a–d), at the surface (e–h), and in the atmosphere (i–l) during the haze episode on 8–13
February 2020, in the four sensitivity cases regarding various mixing states. The numbers in the upper-right corner of each panel represent the
domain average values (unit: W m−2).
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0.2 mm according to observational analysis in winter in Bei-
jing.26 Wu et al.64 analyzed the variation in BC size distribution
during 2013–2019 in Beijing, and revealed a decreasing trend in
BC size under emission control, and thus in TEST1, a typical BC
size of 0.16 mm is assumed. In the M-G case, it assumes that all
the scattering aerosols (sulfate, nitrate, and SOA) coat BC;
however, Wu et al.25 indicated that approximately 70% of aero-
sols are core–shell mixing on BC during haze episodes, and thus
in TEST2, we assume 70% scattering aerosols coated on BC,
with the remaining mixing externally. In TEST3, it is assumed
that hygroscopic growth is not considered. Fig. S3 shows the
simulated AOD (including total AOD, scattering and absorbing
AOD) and SSA during the study period in Beijing-RADI (corre-
sponding to Fig. 3a and c, respectively) in the M-G and the three
test cases. Compared with M-G, the scattering and absorption
316 | Environ. Sci.: Atmos., 2026, 6, 310–323
coefficients both decrease in TEST1, leading to a decrease in
total AOD; however, the decrease in scattering is larger than that
in absorption, resulting in a decrease in SSA. In TEST2, while
30% of scattering aerosols do not coat BC, retaining their own
properties as external mixing, the absorption decreases due to
the thinner shell and weaker lensing effect, and the scattering
coefficient also decreases due to the smaller sizes of both the
core–shell and external mixed aerosols, with their combined
effect leading to a decrease in AOD. Meanwhile, the decrease in
absorption is larger than that in scattering, leading to an
increase in SSA. In TEST3 ignoring hygroscopic growth, scat-
tering decreases largely due to the decrease in size, while
absorption also decreases due to the thinner shell and weaker
lensing effect, which cause an apparent decrease in AOD;
because the decrease in scattering is much larger than that in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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absorption, SSA decreases considerably compared to the M-G
case. It is noted that the changes in AOD and SSA in TEST3
are larger than that in TEST1 and TEST2, indicating the
signicance of hygroscopic growth in determining aerosol
optical properties.

Correspondingly, Fig. S4 shows the simulated DRE in the M-
G and the three test cases. In general, the DREs in the three test
cases are all weaker than that in the M-G case. Compared with
M-G, TEST3 shows an evident decrease in DRE by approximately
39%, 31% and 18% at TOA, at the surface and in the atmo-
sphere, respectively, which is larger than the DRE decrease in
the other two cases.
3.4 Aerosol radiative feedback on meteorology and PM2.5

levels under various mixing states

Fig. 5 presents the model-simulated period-mean radiative
feedback-induced changes in T2, RH2, WS10, planetary
boundary layer height (PBLH), and near-surface PM2.5 concen-
tration in the four sensitivity cases during the haze episode of 8–
13 February. It is clearly seen that the spatial distributions of the
changes induced by aerosol radiative feedback are alike among
these cases and the aerosol DRE induces negative changes in
T2, WS10, and PBLH, and positive changes in RH2 and PM2.5

concentration.
Generally, it is noted that the stronger DRE, the greater the

decrease in T2 due to the larger reduction in shortwave radia-
tion at the surface. The maximum T2 decrease in the domain
ranges from 0.66 °C in EXT to 0.86 °C in HOM (numbers in the
upper-le corners of each panel), which is about 0.2 °C differ-
ence among the cases. The maximum increase and decrease in
RH2 and WS10 in the domain range from 5% to 5.6%, and 0.16
to 0.22 m s−1, respectively, in the four cases. In response to the
above-mentioned changes, PBLH decreases by 75.8 m and 94.3
m in EXT and HOM, respectively, differing by approximately 19
m among the four cases. The meteorological changes induced
by aerosol DRE feedback on PM2.5 concentration through both
physical and chemical processes.18 It is noteworthy that the
maximum increase in near-surface PM2.5 concentration in the
domain varies from 21.2 mg m−3 in EXT to 29 mg m−3 in HOM,
indicating that different aerosol mixing states can cause
approximately 8 mg m−3 difference in near-surface PM2.5

concentration on average during the 6-day haze episode.
Compared to CASE0 (without considering aerosol radiative
feedback), the maximum percentage increase in PM2.5 concen-
tration in the domain due to the radiative feedback varies from
13% (EXT) to 18% (HOM) averaged over the 6-day haze episode.

In terms of domain average (numbers in the upper-right
corners of each panel in Fig. 5), the difference in the radiative
feedback-inducedmeteorological and PM2.5 changes among the
cases is smaller compared with the difference in the maximum
changes in the domain. It is noteworthy that the magnitude of
meteorological changes is not the largest in HOM, e.g., the
domain-average decrease in T2 in HOM (−0.25 °C) is slightly
lower than that in other cases, which is caused by the slight T2
increase in some parts of the southern domain (northern Anhui
Province) (Fig. 5p), partly offsetting the T2 decrease in most
© 2026 The Author(s). Published by the Royal Society of Chemistry
areas of the domain. The slight increase in T2 in the above-
mentioned areas could be attributed to atmospheric short-
wave heating near the surface. Fig. 6 presents the spatial
distribution of the atmospheric heating rate (AHR) induced by
aerosols (compared with CASE0) in the rst model layer in the
four cases. It clearly shows a high AHR over the regions of
higher PM2.5 concentrations (Fig. S5d) due to the aerosol
absorption of solar radiation. The strongest AHR appears in
HOM (Fig. 6d), with the domain-average value of 1.0 K per day,
which is about three-times (two times) the values in the EXT and
M-G/C–S cases (0.3 K per day and 0.5 K per day, respectively).
Fig. S6 shows the vertical proles of AHR changes induced by
aerosols at the cross section of 40°N in the four cases. It is
remarkable that AHR is highest in the areas around Beijing, and
generally decreases with altitude because anthropogenic aero-
sols are mainly concentrated near the surface and conned in
the boundary layer. It is noted that AHR is largest in HOM
(Fig. S6d), and the height to which AHR affects is also the
highest (approximately 1000 m) among the cases. The near-
surface air temperature is affected by both the DRE-induced
cooling and AHR-induced warming. The strong AHR in HOM
dominates over the cooling effect, leading to a slight T2 increase
in parts of the southern domain (Fig. 5p), while this is not the
case under the other mixing states due to the weaker aerosol
absorption and AHR. As a result, PBLH increases in parts of the
southern domain of T2 increasing (Fig. 5s). However, despite
the fact that an increase in PBLH tends to reduce the PM2.5

levels in these areas due to the enhanced vertical diffusivity, the
PM2.5 concentration still slightly increases by radiative feedback
(Fig. 5t), which can be attributed to the transport effect of
enhanced inorganic aerosols by thermodynamic and heteroge-
neous chemical reactions with increasing RH (Fig. 5q) from the
surrounding areas.

To further explore the extent to which the aerosol mixing
states affect the radiative feedback, Table 4 presents the model-
simulated (in the four sensitivity cases) daytime mean radiative
feedback-induced changes in PM2.5 and meteorological vari-
ables in the vicinity of Beijing on 12 February, 2020, when the
PM2.5 concentration reached the maximum value during the
haze episode. It is noteworthy that the changes in T2, RH2,
WS10 induced by the radiative feedback vary by −1.2–1.4 °C,
5.5–6.2%, and −0.28–0.37 m s−1 in these cases, respectively,
which are larger inmagnitude than themaximum change in the
domain in terms of period-mean. As discussed before, the HOM
case does not display a stronger feedback effect on T2 and RH2
than the other cases due to complex interplay between radiative
cooling and atmospheric heating. Themagnitude of wind speed
decrease is consistent with the magnitude of DRE in the four
cases. The PBLH decreases in the four cases, with the largest
decrease in HOM (181 m), followed by M-G and C–S, and the
minimum in EXT (161 m), consistent with the magnitude of
DRE in these cases as well. The magnitude of PM2.5 increase
generally follows that of the PBLH decrease in the four cases. It
is impressive that the feedback-induced PM2.5 increase varies
considerably from the minimum of 40.3 mg m−3 to the
maximum of 57.6 mg m−3, in EXT and HOM, respectively, with
about 17 mg m−3 difference among the cases. The M-G and C–S
Environ. Sci.: Atmos., 2026, 6, 310–323 | 317
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Fig. 5 Model-simulated period-mean radiative feedback-induced changes in T2 (a, f, k, p), RH2 (b, g, l, q), WS10 (c, h, m, r), PBLH (d, i, n, s), and
PM2.5 concentration (e, j, o, t) during the haze episode on 8–13 February 2020, in the four sensitivity cases. The numbers in the upper-left and
upper-right corners of each panel represent the maximum values in the domain and the domain average values, respectively (units, T2: °C, RH2:
%, WS10: m s−1, PBLH: m, and PM2.5: mg m−3).
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cases produce a similar magnitude of PM2.5 increase of around
48 mg m−3. With respect to PM2.5 concentration in CASE0, the
radiative feedback causes a PM2.5 increase by 25%, 30%, 30%
and 36% in EXT, M-G, C–S and HOM, respectively, which on one
hand demonstrates the importance of the radiative feedback in
enhancing the PM2.5 concentration during the haze episode,
and on the other hand indicates the important impact of
aerosol mixing states on the feedback effect, which may lead to
approximately 11% difference in the feedback-induced PM2.5

increase. It is worth emphasizing that the changes in PM2.5
318 | Environ. Sci.: Atmos., 2026, 6, 310–323
concentration are affected by the feedback-induced changes in
both meteorological and chemical processes. As mentioned
above, RH increased in all cases due to the air temperature
decrease or water vapor increase by advection, both of which
may enhance the chemical production of inorganic aerosols
(through thermodynamic equilibrium and heterogeneous
chemical processes), also contributing to the increase in PM2.5

concentration besides the effect of PBLH decrease.
The comparison between the 6-day haze episode and the

heaviest haze day also exhibits that the difference in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Model-simulated period-mean aerosol-induced atmospheric hearting rate (AHR, K per day) changes in the first model layer in the four
cases (a) EXT, (b) M-G, (c) C–S, and (d) HOM during the haze episode on 8–13 February 2020. The numbers in the upper-left and upper-right
corners of each panel represent the maximum and average values in the domain, respectively.

Table 4 Model-simulated T2 (°C), RH2 (%), WS10 (m s−1), PBLH (m),
and PM2.5 concentration (mgm−3) in CASE0 and the feedback-induced
meteorological and PM2.5 changes in the four cases in the vicinity of
Beijing (39.6°N, 116.6°E), averaged over the daytime period (10:00–
17:00) on 12 February 2020

Case T2 RH2 WS10 PBLH PM2.5

CASE0 10.2 67.9 1.6 678.0 160.9
EXT −1.3 5.9 −0.28 −160.8 40.3
M-G −1.4 6.2 −0.31 −176.8 48.1
C–S −1.3 6.2 −0.32 −178.0 48.4
HOM −1.2 5.5 −0.37 −181.0 57.6

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ta

m
m

ik
uu

ta
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

0.
6.

20
26

 1
2.

14
.3

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
feedback-induced PM2.5 increase among the cases tends to
increase with pollution severity (or PM2.5 levels), which suggests
that the impact of the aerosol mixing state on the radiative
feedback effect will be even stronger during more serious air
pollution events (including haze events from both anthropo-
genic origins and natural origins, e.g., wild re and dust storm).
© 2026 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

The aerosol direct radiative effects and feedback on meteo-
rology and near-surface PM2.5 concentration under various
aerosol mixing states during the haze episode of 8–13 February
2020 were investigated by applying an online-coupled regional
climate-chemistry-aerosol model (RIEMS-Chem). Four sensi-
tivity cases with different aerosol mixing state assumptions and
treatments, namely external mixing, Maxwell-Garnett internal
mixing, core–shell internal mixing, and homogeneous internal
mixing, are employed to explore the impact of mixing states on
aerosol radiative feedback. Model validation against observa-
tions demonstrates the overall good ability of the model in
simulating the meteorological variables, PM2.5 and its compo-
nents, and optical properties. The simulated AOD with the four
mixing states except external mixing is close to each other, while
the EXT case underpredicts AOD by about 20%. The simulated
SSA differs largely, with the highest SSA in the EXT case, fol-
lowed by the M-G and C–S cases, and the HOM case yields the
Environ. Sci.: Atmos., 2026, 6, 310–323 | 319
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lowest SSA. The simulated SSA with the core–shell-type internal
mixing (including M-G and C–S mixing) agrees better with
observations than that with the EXT and HOM mixing. The
sensitivity of aerosol optical properties and DRE to the black
carbon size distribution and coating fraction, and hygroscopic
growth under Maxwell-Garnett mixing are also investigated,
showing the remarkable effect of hygroscopic growth.

Anthropogenic aerosols induce stronger radiative effects
from Beijing and Tianjin to the southern parts of NCP in all
cases. The DREs in the four cases are consistent with each other
in distribution pattern, but differ largely in magnitude. During
the haze episode of 8–13 February, in terms of domain average,
the percentage differences in DRE at TOA and at the surface
among the cases are 24% and 40%, respectively, while the
largest DRE difference occurs in the atmosphere.

Aerosol DRE induces negative changes in T2, WS10, and
PBLH, and positive changes in RH2 and PM2.5 concentration.
Averaged over the 6-day haze episode, the maximum decrease in
T2 andWS10, and the maximum increase in RH2 in the domain
range from 0.66 °C to 0.86 °C, 0.16 to 0.22 m s−1, and 5% to
5.6% in the four cases, and the PBLH decrease and PM2.5

increase differ by approximately 19 m and 8 mg m−3 in these
cases, respectively. Although surface cooling/warming tends to
reduce/increase PBLH and favor/against pollutant accumula-
tion, lower temperature and higher RH enhance the chemical
formation of inorganic aerosols, and thus increase the PM2.5

concentrations. It is noteworthy that the radiative feedback
does not cause consistent surface cooling in the entire domain
in all the mixing cases. In the HOM case, T2 and PBLH increase
in portions of southern NCP due to the strongest aerosol-
induced AHR among the cases, which dominates over the
DRE-induced surface cooling, and this tends to reduce the near
surface PM2.5 concentrations.

During the severest haze day, the changes in T2, RH2, and
WS10 induced by the feedback vary by −1.2–1.4 °C, 5.5–6.2%,
and−0.28–0.37 m s−1 in these cases, respectively, in the vicinity
of Beijing. It is noteworthy that the feedback-induced PM2.5

increase differs by approximately 17 mg m−3 among the four
mixing states. The radiative feedback results in an increase in
PM2.5 concentration by 25%, 30%, 30% and 36% in EXT, M-G,
C–S and HOM relative to CASE0, respectively, demonstrating
the importance of radiative feedback in enhancing the PM2.5

level and the large difference in the feedback-induced PM2.5

increase across the mixing states during the haze episode.
Although this study demonstrates the signicant impact of

aerosol mixing states on aerosol optical and radiative proper-
ties, and thus on the radiative feedback on meteorology and
PM2.5 concentrations, it is still subject to some limitations. (1)
The model underpredicts the organic aerosol concentration by
approximately 20%, which could somewhat underestimate the
magnitude of aerosol radiative feedback and mixing state
impact. (2) The assumption for each mixing state is applied for
the entire study period, but in reality, the mixing state varies
during aging processes from clean to polluted conditions. (3)
This study focuses on a haze episode in winter when cloud and
precipitation are limited, and thus the aerosol indirect effect
and its relation with the mixing states were not investigated. It
320 | Environ. Sci.: Atmos., 2026, 6, 310–323
is expected that the aerosol mixing state evolution along with air
quality processing, the potential impacts of aerosol mixing
states on CCN, cloud droplet activation, and aerosol indirect
radiative effects will continue to be explored together with more
laboratory and eld observations, and model development in
the future.
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