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Interactions between aerosols and meteorology have received increasing

attention in recent decades. Through interactions with radiation, aerosols

involve in thermodynamic processes and cause cloud adjustment, referred

to as the direct and semi-direct effects respectively. They also involve in cloud

microphysical processes by severing as cloud condensation nuclei or ice nuclei,

referred to as indirect effect. Aerosol direct effect is found to potentially

exacerbate air quality by stabilizing the planetary boundary layer (PBL).

However, their impacts through the interaction with clouds, including semi-

direct and indirect effect remain unclear. In this study, we conducted model

simulations to evaluate the direct, semi-direct and indirect effects of aerosols in

PBL structure and surface PM2.5 concentration during three heavy haze events

under overcast conditions. Overall, the aerosol-PBL feedback results in a 22%–

36% decrease of PBL height and 5%–28% increase of PM2.5 concentration. The

indirect effect always has the largest impact on PBL and PM2.5 pollution,

accounting for 59%–84% of the changes. The semi-direct effect is the

weakest on average, although it can exceed the direct effect at certain times

and locations. Black carbon aerosols play the vital role in both the direct and

semi-direct effects. Our findings promote the understanding of heavy haze

formation, and highlight the dominant role of aerosol-cloud interaction in the

feedback process of aerosols to PBL structure and air quality.
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Introduction

Rapid industrialization and urbanization in China have been accompanied by

frequent occurrence of heavy haze in the past decade (Chandran Govindaraju and

Tang, 2013; Li et al., 2016). High intensity of anthropogenic emissions (Chan and

Yao 2008; Huang et al., 2014a), fast formation of secondary aerosols (Huang et al., 2014b;
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Huang et al., 2021), as well as unfavorable meteorological

conditions are identified as the main causes of aerosol

pollution (Wu et al., 2013; Miao et al., 2017; Shu et al., 2017;

Zhang et a., 2018a; Ning et al., 2018). Specifically, as air pollutants

emitted from the ground are generally located within the

planetary boundary layer, the structure and process of the

PBL are critical in the formation of pollution events (Li et al.,

2017; Miao and Liu, 2019; Miao et al., 2021).

Aerosol pollutions, on the other hand, interact with the

atmosphere via complex mechanisms, which include the

direct, semi-direct and indirect effect (IPCC, 2013). These

interactions could in turn alter PBL height and structure, and

thus inducing feedbacks to the surface pollutions. By scattering

and/or absorbing radiation, aerosol direct effect may lead to

cooling at surface and warming aloft in the daytime, which

suppresses the development of PBL (Ding et al., 2013; Wilcox

et al., 2016; Zhong et al., 2019; Su et al., 2020). This further

induces a positive feedback to air pollution through the

accumulation of primary pollutants as well as the acceleration

of secondary aerosols formation (Petäjä et al., 2016; Tie et al.,

2017; Liu et al., 2018a; Miao et al., 2019). More specifically, black

carbon (BC) has been identified as the key component in

exacerbation of air quality, due to its strong light absorption

and radiative heating effect (Bond et al., 2013; Wang et al., 2013;

Ding et al., 2016; Wang et al., 2018; Liu et al., 2019). Previous

studies have estimated that magnitude of surface PM2.5

concentration enhancement through aerosol direct effect vary

from a few percent to around 30% throughout severe haze events

over Northern China (Wang et al., 2014a; Wang et al., 2014b;

Wang et al., 2015; Wu et al., 2019; Li et al., 2020; Wang et al.,

2021). However, these studies mainly focus on the direct effect

under clear sky conditions. There is still lack of investigation of

the semi-direct and indirect effect when there are clouds.

Over Southern China, heavy pollution and clouds frequently

coexist during the winter season (King et al., 2013; Song et al.,

2017; Ye et al., 2018), which involves active interaction between

aerosols and clouds. It is therefore crucial to evaluate the

feedbacks of aerosols to PBL and surface pollution under

cloudy conditions. Previous studies have revealed that BC may

heat the cloud layer and promote cloud evaporation (semi-direct

effect; Hansen et al., 1997; Ackerman et al., 2000; Koch and Del

Genio, 2010). The reduction of cloud cover can increase the

shortwave flux reaching the surface, which may offset or even

dominate over the direct effect (Forkel et al., 2012; Liu et al.,

2018b). Given its opposite impact through direct and semi-direct

effect, it is intriguing to know whether BC will enhance or reduce

pollution under cloudy conditions. In addition, Zhao et al. (2017)

also pointed out the critical role of indirect effect in aerosol-PBL

feedback, which increases cloud droplet number concentration

(CDNC) and liquid water path (LWP), decreases net shortwave

flux at surface and suppresses the development of PBL, therefore

resulting in an up to 25% enhancement of aerosol concentration.

Although considerable efforts have been made to quantify

aerosol feedbacks, the relative effect of aerosol-cloud interaction

to the direct effect remain uncertain as previous studies give

different estimates (Zhang et al., 2015; Gao et al., 2015; Gao et al.,

2016; Zhang et al., 2017; Zhang et al., 2018b; Gao et al., 2020).

Moreover, few studies have investigated the mechanism of

aerosol semi-direct effect on PBL and surface pollution, or

quantified its contribution. However, it is necessary to isolate

the direct and semi-direct effect as their impact on PBL become

much more complex when they coexist. In light of the above

discussion, here we aim to evaluate the individual contribution of

aerosol direct, semi-direct as well as indirect effects to PBL

structure and surface pollution during haze events under

cloudy conditions, and to identify the dominant effect.

Methods

Model configurations

In this study, we use Weather Research and Forecasting model

coupled to Chemistry (WRF-Chem) (Grell et al., 2005) to investigate

aerosol effects during the typical haze events in three megacities in

China characterized with high cloud fraction. This model fully

couples meteorology with chemistry, which simulates aerosol

radiative effect (including direct and semi-direct effect) as well as

indirect effect.We conduct the simulationwith three nested domains.

The horizontal resolutions are 30 km, 6 km, and 3 km for domain 1

(outmost), domain 2 (middle), and domain 3 (innermost),

respectively. The outermost domain 1 covers most parts of China.

While the innermost nested domain 3 covers the studied city,

including Shanghai, Wuhan and Zhengzhou respectively, with

130 × 130 grid cells (Figure 1). The vertical grids include

47 layers from the surface to 100 hPa with denser layers within

the PBL. Meteorological initial and lateral boundary conditions are

obtained from the National Centers for Environmental Prediction’s

Final Analysis data at 1-degree horizontal resolution and 6-h

temporal intervals. Four dimensional data assimilation (FDDA) is

utilized during the model spin up period, which lasted for 3 days.

Surface and radiosondes observational weather data are also

assimilated in the simulations using WRF OBSGRID program,

which significantly improves the simulated cloud properties. Note

that all the assimilation is turned off in the innermost domain

throughout the experiment to allow full aerosol-cloud-radiation

interactions. Anthropogenic emissions in China are obtained from

the Multi-resolution Emission Inventory for China (MEIC) (Liu

et al., 2016). Daily biomass burning emissions in 2016 at spatial

resolution of 1 km are obtained from the Fire Inventory fromNCAR

version-1.5 (FINNV1.5) (Wiedinmyer et al., 2011). Biogenic

emissions are calculated online in WRF-Chem using the MEGAN

algorithm version 2 (Guenther et al., 2006). Dust emissions follows

Shao. (2001).
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The Carbon-Bond Mechanism version Z (CBM-Z) gas-phase

chemistry mechanism (Zaveri and Peters, 1999) as well as the

Model for Simulating Aerosol Interactions and Chemistry

(MOSAIC 4-bins) aerosol module (Zaveri et al., 2008) are

employed in the model. For aerosol radiative effect, aerosol

optical properties are calculated based on the Mie theory

assuming internally mixing of chemical compositions (Barnard

et al., 2010), and passed to RRTMG radiation scheme (Iacono et al.,

2008). For aerosol indirect effect, aerosol activations are

parameterized with the scheme of Abdul-Razzak and Ghan

(2002). CDNC derived according to the aerosol activations is

passed to the RRTMG radiation and Lin microphysics scheme

(Lin et al., 1983), to affect the optical properties of cloud and the

collision and coalescence rates of cloud droplets to form raindrops,

respectively. In addition, we increase the lower limit of the PBL

mixing coefficient for aerosols and gases in order to improve

model representation of vertical distribution as well as diurnal

variation of PM2.5 concentration, following Du et al. (2020). Main

physical and chemical parametrizations adopted in this study are

as summarized in Supplementary Table S1.

To achieve better representativeness, we adopt an

ensemble approach in our simulation of Shanghai case. The

initial ensemble is generated with the three-dimensional

variational data assimilation system of the WRF (WRF-

3DVAR) (Barker et al., 2004) using cv5 option.

Perturbation standard deviations generated based on model

error covariance are approximately 1 K for the potential

temperature, 1 g/kg for the water vapor mixing ratio, 0.5 m/

s for the horizontal wind components and 0.2 hPa for the

pressure. Perturbations are added to the initial field of the base

simulation (first member) in the innermost domain to form a

total of 10 ensemble members in our study. Our method in

generating ensemble initials using WRF-3DVAR follows

Barker (2005) and Meng and Zhang. (2008).

Isolating the direct and semi-direct effect

In particular, we develop a novel scheme, as shown in

Figure 2, to separate the direct and semi-direct effect of

aerosols. A set of three model experiments are designed:

without aerosol radiative feedback (ExpA), with aerosols

radiative feedback (ExpC), and an intermediate experiment

(ExpB). Among them, the differences between ExpA and

ExpC represent total aerosol radiative effect. While in

ExpB, cloud properties are imported from ExpA and

aerosol optical properties are imported from ExpC, which

are the key procedures to isolate the direct and semi-direct

effect. As can be seen, the only differences between ExpA and

ExpB are the aerosol optical properties, which represent

direct effect. The only differences between ExpB and ExpC

are the cloud properties, which represent semi-direct effect.

Similar framework in isolating direct effect and cloud

response has been adopted in previous studies, in which

aerosol optical properties and clouds are imported into

multiple diagnostic radiation routines, in order to separate

the radiative forcing by these effects (Liu et al., 2018b; Ghan

et al., 2012). In our study, aerosol optical properties and

clouds are imported into the meteorology chemistry model

WRF-Chem to force the simulation, so that we can not only

evaluate changes of radiative flux from radiation module,

such as net shortwave flux at surface shown in this study, but

also evaluate changes of PBL structure and surface PM2.5

concentration due to direct or semi-direct effect.

More specifically, our experiments are conducted in two

steps. In step one, ExpA and ExpC are conducted without and

with aerosol radiative feedback, respectively, during which

aerosol optical properties and cloud properties are exported

and saved. In step two, we perform ExpB with cloud properties

imported from ExpA and aerosol optical properties imported

FIGURE 1
TheWRF-Chemmodeling domain for the case of (A) Shanghai, (B)Wuhan, and (C) Zhengzhou. The outmost region represents domain 1, while
the black rectangle in the middle represents domain 2, and the innermost black rectangle represents domain 3.
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from ExpC. We also re-run ExpA and ExpC with cloud and

aerosol optical properties imported from their respective

output from step one. All model settings are the same in

three experiments except for the imported variables during

step two.

Our imported variables of aerosol optical properties

include shortwave aerosol optical depth, single-scattering

albedo, and asymmetry factor at all four wavelengths, as

well as longwave aerosol optical depth at all sixteen

wavelengths in WRF-Chem. Our imported variables of

cloud properties consist of number concentrations of cloud

droplet as well as mixing ratios of water vapor and five

hydrometeors, including cloud droplets, cloud ice, rain,

snow and graupel. Note that microphysics latent heat is

also imported, since it is entirely dependent on cloud

properties (neglecting the influence of temperature change

on specific heat of vaporization, which is about 0.1% per

degree centigrade at 10°C). Three-dimensional cloud

properties are imported at an interval of 36 s, which is

three times the integration time step, and aerosol optical

properties are imported at an interval of 5 min, shorter

than the interval between radiation module calls. To reduce

the error induced by the time interval of data input, temporal

resolutions of the imported data are set sufficiently high, as

described above. These data require large computer storage.

Therefore, our experiment runs are shorter than 1 day due to

the limited storage.

Scenario design

Table 1 shows the scenarios in our study, and their

corresponding experiments in the above framework are shown

in Figure 2. For isolating the direct and semi-direct effects by all

aerosols, ExpC represents the BASE300 scenario where all

aerosols radiative feedback is turned on. ExpA represents the

AeroRadoff scenario, in which aerosol radiative effect is turned

off (i.e., aerosol optical depth are set to zero), and the

intermediate ExpB represents the AeroRadoff_int scenario.

Therefore, direct and semi-direct effect by all aerosol species

can be calculated as AeroRadoff_int minus AeroRadoff and

BASE300 minus AeroRadoff_int, respectively. For isolating the

direct and semi-direct effects by BC, ExpC also represents the

BASE300 scenario, while ExpA represents the AeroRadexBC

scenario, in which only BC radiative effect is turned off

(i.e., mass, volume and number concentrations of BC are set

to zero in theMie-scattering module), and the intermediate ExpB

represents the AeroRadexBC_int scenario. Therefore, direct and

semi-direct effect by BC can be calculated as AeroRadexBC_int

minus AeroRadexBC and BASE300 minus AeroRadexBC_int,

respectively. Note that CDNC is fixed at 300 cm−3 in all five

scenarios for the evaluation of aerosol radiative effect, including

BASE300, AeroRadoff, AeroRadexBC, AeroRadoff_int and

AeroRadexBC_int, in order to fix the indirect effect.

Indirect effect is calculated based on BASEprogn and

CDNC20 scenarios in which different settings of cloud droplet

number concentration (CDNC) are adopted, following Zhao et al.

(2017) and Zhang et al. (2018b). The first one is conducted with

prognostic CDNC, which represents indirect effect in actual

polluted conditions. While the second one is conducted with

prescribed spatially uniform CDNC of 20 cm−3, which

represents indirect effect in clean conditions. Aerosol radiative

feedback is turned off (aerosol optical depth are set to zero) in the

above two scenarios in order to fix aerosol radiative effect. Total

aerosol effect (including direct, semi-direct and indirect effect) is

calculated based on the difference between BASEreal and

CDNC20 scenarios. The BASEreal scenario is conducted with

prognostic CDNC and aerosol radiative feedback.

FIGURE 2
Schematic illustration of the experiment design in isolating aerosol direct and semi-direct effect using WRF-Chem. ExpA is conducted without
aerosol feedback, ExpC is conducted with aerosol feedback. While in ExpB, cloud properties are imported from ExpA and aerosol optical properties
are imported fromExpC. Therefore, the only differences between ExpA and ExpB are the aerosol optical properties, which represent the direct effect.
The only differences between ExpB and ExpC are the cloud properties, which represent the semi-direct effect.
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Process analysis scheme

From the original WRF-Chem model output variables, it is

difficult to quantify the contribution of each detailed physical

process. This brings obstacles to the analysis of how aerosols

affect changes of temperature and water vapor. Therefore in our

process analysis scheme, the temperature or water vapor change is

decomposed into contributions of individual physical process. To be

more specific, we first decouple the air masses andmap factors from

the tendencies of each physical process in the original Runge-Kutta

3rd order scheme, and then integrate these tendencies over time

separately, so that they can be directly compared with the total

change of variables, including temperature and water vapor. Since

during each integration time step in the original WRF-Chem, the

change of temperature or water vapor mixing ratio is calculated as

the sum of each individual physical process, therefore total change of

model temperature or water vapor integrated over time is equal to

the sum of our integrated tendencies from each physical process.

Note that interaction between different processes may be possible

but is not considered in the model. Detailed analysis are given in

Section 3.3

Results

Model evaluations

We selected three cases in this study, including the case of

Shanghai on 19 Nov 2016, case of Wuhan on 4 Jan 2016 and case

of Zhengzhou on 12 Feb 2016. All three cases are characterized by

high cloud cover and heavy pollution. The model performances

are evaluated against the Level 2 Cloud product from the

Moderate Resolution Imaging Spectroradiometer (MODIS) on

the Aqua satellite, radiosondes as well as in-situ observations of

meteorological factors and PM2.5 concentration (Figure 3;

Supplementary Figures S1−S3). Note that for the case of

Shanghai, observations are compared to model simulation of

the first ensemble member, since all other ensemble members are

perturbed based on it. We can see from Supplementary Figure S1

that all three cases are characterized with heavy pollution and

high cloud fraction, yet with different amounts of LWP. From 7:

00 to 17:00 LT, mean LWP in the base simulation (BASEreal)

over the box region of Figures 3D–F are 128.1, 186.4 and 304.0 g/

m2, respectively. Simulated mean PM2.5 concentrations

corresponding to in-situ sites are 120.3, 186.9 and 197.8 μg/

m3, respectively (Figures 3G–I). It can be seen that the model

simulations capture the mean PM2.5 concentration as well as the

spatial distribution of clouds very well. Note that most previous

model experiments of aerosol effects have substantially

underestimated the cloud fraction and LWP over China in

winter, by more than 30 and 50%, respectively. This has been

a common problem in chemical transport models (Chen et al.,

2015; Cai et al., 2016; Liu et al., 2016; Zhao et al., 2017), which can

result in considerable underestimation of semi-direct and

indirect effects in aerosol-PBL feedbacks. To address this

problem, we assimilated the radiosonde observational dataset

in the simulations (see Section 2.1), which significantly improves

the simulated cloud properties.

Quantifying the aerosol effects

In all three cases characterized by heavy pollution and high

cloud fraction, aerosol total effect (BASEreal minus CDNC10)

results in significant decrease in surface net shortwave flux and

PBL height in the daytime (from 7:00 to 17:00 LT), which greatly

enhances PM2.5 pollution. Over the box regions of Shanghai,

Wuhan and Zhengzhou (Figures 3D–F), decrease of net

shortwave flux due to aerosol total effect are −106.9 ± 25.7

(−48.4 ± 11.7%), −96.6 (−62.2%) and −49.6 W/m2 (−60.5%),

respectively. Decreases of PBL height due to aerosol total effect

are −187.1 ± 53.0 (−30.3 ± 8.6%), −129.4 (−35.8%) and −78.3 m

(−21.5%), which increase surface PM2.5 concentration by +24.3 ±

10.4 (+27.0 ± 11.6%), +12.0 (+7.9%) and +8.5 μg/m3 (+4.5%),

TABLE 1 Scenarios for modeling aerosol effects, and their corresponding experiment in the framework of isolating aerosol direct and semi-direct
effect illustrated in Figure 2. The first five scenarios, including BASE300, AeroRadoff, AeroRadexBC, AeroRadoff_int, and AeroRadexBC_int, are
designed to evaluate the direct and semi-direct effect. BASEprogn and CDNC20 scenarios are designed to evaluate the indirect effect. Total aerosol
effect is calculated based on the difference between BASEreal and CDNC20 scenarios.

Scenario name Scenario description Experiment

BASE300 With prescribed CDNC of 300 cm−3, with aerosol radiative feedback ExpC

AeroRadoff The same as BASE300 except that aerosol radiative feedback is turned off ExpA

AeroRadexBC The same as BASE300 except that BC radiative feedback is turned off ExpA

AeroRadoff_int Intermediate scenario between BASE300 and AeroRadoff ExpB

AeroRadexBC_int Intermediate scenario between BASE300 and AeroRadexBC ExpB

BASEprogn With prognostic CDNC, without aerosol radiative feedback —

CDNC20 With prescribed CDNC of 20 cm−3, without aerosol radiative feedback —

BASEreal With prognostic CDNC and aerosol radiative feedback —

Frontiers in Environmental Science frontiersin.org05

Xiong et al. 10.3389/fenvs.2022.1002412

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002412


respectively (Figures 4A–C, Supplementary Figures S4A−C,

S7A−C). This considerable enhancement of PM2.5 pollution

highlights the importance of aerosol-PBL feedback under

cloudy conditions.

Wemainly discuss the case of Shanghai in the following main

body part, while the detailed results of the other two cases are

shown in the Supplementary Material (Supplementary Figures

S4−S9). To bemore specific, the direct effect is evaluated from the

AeroRadoff_int and AeroRadoff scenarios (Figures 4D–F). This

effect reduces net shortwave flux at surface and PBL height

by −31.0 ± 12.6 W/m2 (−14.0 ± 5.7%) and −61.1 ± 27.0 m

(−9.9 ± 4.4%), respectively, leading to an increase of PM2.5

concentration by 5.9 ± 2.1 μg/m3 (+6.6 ± 2.3%), averaged over

the box region in Shanghai. The aerosol semi-direct effect is

determined based on the BASE300 and AeroRadoff_int

scenarios, which is generally opposite to and weaker than the

direct effect on average according to Figures 4G–I. Over the box

region in Shanghai, aerosol semi-direct effect changes surface net

shortwave flux, PBL height and PM2.5 concentration by +0.7 ±

5.7 W/m2 (+0.3 ± 2.7%), +10.4 ± 9.3 m (+1.7 ± 1.5%) and −0.14 ±

1.1 μg/m3 (−0.15 ± 1.2%), respectively. However, note from

Supplementary Figures S7F,I that magnitude of semi-direct

effect exceed the direct effect locally in the case of Wuhan at

34.0°N, 112.4°E. Furthermore, it can be seen from Figures 4J–L

that the indirect effect (BASEprogn minus CDNC20)

dramatically alters net shortwave flux at surface and PBL

height by −82.5 ± 32.9 W/m2 (−37.3 ± 14.9%) and −140.8 ±

69.1 m (−22.8 ± 11.2%), respectively, thereby increasing PM2.5

FIGURE 3
Evaluation of model performance. Left, middle and right column represents the cases of Shanghai (2016.11.19), Wuhan (2016.01.04) and
Zhengzhou (2016.02.12), respectively. (A–C) Spatial distribution of corrected reflectance (true color) of MODIS/AQUA projected onto the simulation
domain. Black dots, circles as well as pentagrams mark the locations of the in-situ measurements for PM2.5 concentrations and meteorological
factors, as well as radiosondes observations, respectively. (D–F) Spatial distribution of simulated cloud optical depth (COD) at 14:00LT. (G–I)
Time series of simulated and observed PM2.5 concentrations at ground stations.
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concentration by 18.5 ± 9.9 μg/m3 (+20.6 ± 11.1%) over the box

region of Shanghai, largely exceeding the changes induced by the

direct and semi-direct effect. It is also noted that the spatial

pattern of aerosol total effect is closely related to that of the

indirect effect. Therefore, indirect effect plays the dominant role

in decreasing surface net shortwave flux and PBL height, as well

as in increasing PM2.5 concentration in the Shanghai Case.

Figure 5 compares the time series of ensemble mean and

standard deviation of aerosol effects over the box region of

Shanghai. The indirect effect, scaled by a factor of 0.5 in this

figure, again turns out to be the dominant effect on surface

shortwave flux, PBL height and PM2.5 concentration, which also

has the largest spread. Direct effect by all aerosol species has

greater impact and uncertainty than the semi-direct effect on the

whole, and their signs are generally opposite. Still, magnitude of

semi-direct effect can exceed direct effect at certain times. For

example, magnitude of PM2.5 concentration change due to semi-

direct effect (−3.6 μg/m3; −3.9%) exceeded the direct effect

(+3.2 μg/m3; +3.5%) at 10:00 LT in ensemble member 10

(figure not shown).

Because BC is previously indicated as an important

contributor of aerosol radiative effect (e.g., Bond et al., 2013;

FIGURE 4
Spatial distribution of ensemble mean aerosol effect on net shortwave flux at surface (left column), PBL height, (middle column),
PM2.5 concentration (right column) in the Shanghai Case, averaged from 7:00 to 17:00 LT. (A–C) The total effect, calculated as BASEreal minus
CDNC20. (D–F) The direct effect, calculated as AeroRadoff_int minus AeroRadoff. (G–I) The semi-direct effect, calculated as BASE300 minus
AeroRadoff_int. (J–L) The indirect effect, calculated as BASEprogn minus CDNC20. Stilted grids indicate significant differences at the 5%
significance level. The box regions in the city center are used for calculating mean values in the horizontal direction.
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Wang et al., 2013; Ding et al., 2016), we separately examine the

radiative effect of BC by switching its radiative feedback on

and off in BASE300 and AeroRadexBC scenarios, respectively.

Similarly, the differences between AeroRadexBC_int and

AeroRadexBC scenarios represent BC’s direct effect, and

the differences between the BASE300 and

AeroRadexBC_int scenarios represent its semi-direct effect.

Although mass concentration of BC only accounts for about

5% of PM2.5, its direct effect on net shortwave flux at surface,

PBL height and PM2.5 concentration reaches ~30% of all

aerosol species (Figure 5). Its semi-direct effect is also

roughly equal to that of all aerosol species, indicating that

BC played the dominant role in semi-direct effect, which is in

accordance with Fan et al. (2008). We also notice that semi-

direct effect by BC is generally opposite to its direct effect. It is

noted that although semi-direct by BC is weaker than its direct

effect on surface net shortwave flux, PBL height as well as

PM2.5 concentration on average, the spreads of its semi-direct

effect are greater than its direct effect. Ensemble mean

magnitude of increase of PBL height by BC semi-direct

effect (+25.6 m; +2.6%) even exceeded the decrease by its

direct effect (−13.2 m; −1.3%) at 14:00 LT. The reduction of

PM2.5 concentration due to BC semi-direct exceeded its direct

effect at 14:00 LT in ensembles 1, 2 and 6 (figure not shown).

The time for the maximum ensemble mean reduction of

PM2.5 concentration due to the semi-direct effect is 14:00 LT for

BC (−1.4 μg/m3; −2.0%) as well as all aerosol species (−1.0 μg/m3;

−1.4%), which roughly correspond to the time for the maximum

increase of PBL height, but is an hour after the maximum

increase of surface shortwave flux. The cause of this delay is

that surface shortwave flux largely determines the growth rate of

PBL (Stull, 1988), while the height of PBL is determined by its

integral.

The direct and semi-direct effect of BC as well as all aerosol

species, together with the indirect effect in all three cases, are

compared in Figure 6. The indirect effect, scaled by a factor of 0.5,

has the largest impact on average among all aerosol effects,

highlighting its dominant role under cloudy scenes (increasing

PM2.5 concentration by +3% ~ +21%). Direct effect exhibits the

second largest impact on average, increasing PM2.5 concentration

by +1% ~ +7% (+1% ~ +2%) due to all aerosol species (only BC).

Both direct and indirect effects reduce surface shortwave flux,

suppress the development of the PBL and enhance PM2.5

pollution. The semi-direct effect shows the least impact in

these cases, which either decreases or slightly increases PM2.5

concentration by −0.2% ~ +0.02% (−0.3% ~ −0.07%) for all

aerosol species (BC only), caused by the complex responses of

clouds with either decreased or slightly increased LWP.

Analyzing aerosol-PBL feedback through
semi-direct effect

Next, we examine detailed changes of the physical processes

caused by the semi-direct effect, which refers to the impact of

cloud response to aerosol-radiation interactions on PBL structure

and PM2.5 concentration. Two key questions are: 1) How aerosol-

radiation interactions affect the cloud? 2) How cloud response

affects PBL structure and PM2.5 concentration? We give a special

emphasize on BC, since in the last section we have demonstrated

that BC dominates in the semi-direct effect. The time-height

cross section of the variables related to BC and cloud in Shanghai

FIGURE 5
Time series of ensemble mean aerosol effect on (A) net shortwave flux at surface, (B) PBL height and (C) PM2.5 concentration in the Shanghai
case, averaged over the box regionmarked in Figure 3D. Shaded areas represent ensemble standard deviations. Note that indirect effect is scaled by a
factor of 0.5 in this figure.
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case are analyzed in Figure 7. For the base simulation (BASE300),

clouds reside below 1,000 m near the PBL top in the morning and

extend to about 2,000 m in the afternoon (Figure 7A). On the

other hand, BC aerosols are mostly located within the PBL, with

only a small portion above its top (Figure 7D). Due to the

radiative effect of BC, cloud fraction reduced in the morning

(before 13:00 LT) but increased in the afternoon (after 14:00 LT)

(Figure 7B). This pattern corresponds to the change of RH,

caused by the rise of temperature in the morning and increase of

water vapor in the afternoon (Figures 7C,E,F).

We further use the process analysis scheme described in

Section 2.4 to investigate the underlying causes of temperature

and water vapor change. Figure 8A shows the temperature

change due to the radiative effect of BC. Figures 8B–F shows

the contribution of each detailed physical process, the sum of

which is equal to the total temperature change. We can see that

the increase in temperature above the PBL is mainly caused by

shortwave heating of BC, which leads to the reduction of cloud

fraction in the morning. On the other hand, change of water

vapor mixing ratio is also isolated in Figure 9, showing that the

FIGURE 6
Bar plot of aerosol effect in cases of Shanghai (left column), Wuhan (middle column) and Zhengzhou (right column). (A–C) Aerosol effect on net
shortwave flux at surface. (D–F) Aerosol effect on PBL height. (G–I) Aerosol effect on surface PM2.5 concentration. All variables are averaged from 7:
00 to 17:00 LT over the box regions marked in Figure 3. For the case of Shanghai, bars and error bars represent ensemble means and standard
deviations, respectively. Note that the indirect effect is scaled by a factor of 0.5 in this figure.
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change of advection results in the increase of water vapor above

the PBL, which serves to increase cloud fraction in the afternoon.

Cloud responses could further influence PBL structure and

PM2.5 concentration. In the morning, the reduction of cloud

fraction gives rise to the increase of surface shortwave flux,

together with latent heat cooling near PBL top (Figure 5A,

Figure 8D), both of which promoted the development of PBL

and reduced PM2.5 concentration (Figures 5B,C). However, the

FIGURE 7
Time series of ensemblemean vertical distributions (time-height section) of variables in the Shanghai case, averaged over the box region shown
in Figure 3D. (A) Simulated cloud fraction. (D) Simulated BC concentration. (B,C,E,F) Change of simulated cloud fraction, relative humidity,
temperature and water vapor mixing ratio caused by BC radiative effect, respectively. Black solid lines represent PBL height in the simulation with BC
radiative feedback (BASE300). Blue crosses represent PBL height in the simulation with aerosol radiative feedback except BC. (AeroRadexBC).
Stilted grids indicate significant differences at the 5% significance level.

FIGURE 8
Process analysis of ensemble mean temperature change by BC radiative effect in time-height section in the Shanghai case, averaged over the
box region shown in Figure 3D. (A) Simulated temperature change. (B–F) Simulated accumulated temperature change due to advection, PBL scheme
(including surface heat flux and vertical turbulent mixing), microphysics process, shortwave heating and longwave heating, respectively. The sum of
each individual process (B–F) equals to the total temperature change in (A). Black solid lines represent PBL height in the simulation with aerosol
radiative feedback (BASE300). Blue crosses represent PBL height in the simulation with aerosol radiative feedback except BC. (AeroRadexBC). Stilted
grids indicate significant differences at the 5% significance level.
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increase of cloud fraction in the afternoon induces a decrease of

surface shortwave flux, which inhibits the further development of

PBL and enhances PM2.5 pollution (Figure 5). The opposite

impact of semi-direct effect in the morning and afternoon, as

described above, weakens the magnitude of its average impact

throughout daytime (from 7:00 LT to 17:00 LT), which also

partly explains why influences of semi-direct effect are small on

average (Figure 6).

Analyzing aerosol-PBL feedback through
the indirect effect

Previous studies showed that the indirect effect could

increase CDNC in warm clouds, which subsequently

suppresses precipitation and increases LWP (Twomey, 1977;

Albrecht, 1989). Both increased CDNC and LWP could result

in a dramatic increase of COD, far exceeding the change caused

by the aerosol radiative effect (Figure 10). This increased COD

decreases net shortwave flux at surface, suppresses the

development of the PBL and consequently enhances PM2.5

pollution. Furthermore, increased LWP and reduced

precipitation could promote cloud chemistry and weaken wet

scavenging of pollutant particles, both contributing to the growth

of PM2.5 concentration. To evaluate the effect of these processes,

we turn off cloud processing of aerosols (including cloud

chemistry and wet scavenging) in the BASEprogn and

CDNC20 scenarios and compare the differences. Without

cloud processing of aerosols, mean changes of net shortwave

flux at surface, PBL height and PM2.5 concentration induced by

the indirect effect are −79.7 ± 33.4 W/m2 (−36.1 ±

15.1%), −137.4 ± 71.0 m (−22.2 ± 11.5%) and +9.0 ± 6.0 μg/

m3 (+10.1 ± 6.7%), respectively. This increase in PM2.5 is much

lower than that with cloud processing of aerosols (Section 3.2),

indicating the important role of the latter process. Although large

uncertainties in cloud processing of aerosols with model

simulations exist (Gong et al., 2011; Lu and Fung, 2018),

simulated indirect effect without this process is still larger

than direct and semi-direct effect, which further confirmed

the dominant role of indirect effect on PBL structure and

PM2.5 pollution.

Conclusion and discussions

In this study, we investigate the relative contributions of

direct, semi-direct and indirect effects of aerosols in PBL-aerosol

interaction under cloudy skies. We develop a new method to

FIGURE 9
Process analysis of ensemble mean water vapor change by BC radiative effect in time-height section in the Shanghai case, averaged over the
box region shown in Figure 3D. (A) Simulated water vapor change. (B–D) Simulated accumulated water vapor change due to advection, PBL scheme
(including surface evaporation and vertical turbulent mixing) and microphysics process, respectively. The sum of each individual process (B–D)
equals to the total temperature change in (A). Black solid lines represent PBL height in the simulation with aerosol radiative feedback (BASE300).
Blue crosses represent PBL height in the simulation with aerosol radiative feedback except BC. (AeroRadexBC). Stilted grids indicate significant
differences at the 5% significance level.
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isolate the direct and semi-direct effect of aerosols in WRF-

Chem, and compare their impacts with the indirect effect. Three

haze events characterized with high cloud cover but different

amounts of LWP are investigated. Our results show that the

indirect effect have the dominant impact, which substantially

increases COD, decreases surface net shortwave flux and PBL

height and increases PM2.5 concentration by as much as +3% ~

+21%. Enhanced cloud chemistry and weakened wet scavenging

due to the indirect effect also elevate PM2.5 pollution level. Direct

effect generally shows the second largest impact, which also

decreases surface shortwave flux and PBL height, thereby

increasing PM2.5 concentration by +1% ~ +7%. Semi-direct

effect has the least impact on average, but can still exceed

direct effect at certain times and locations, which alters PBL

structure through changes of COD and latent heat release and

changes PM2.5 concentration by −0.2% ~ +0.02%. In addition, we

found that BC’s direct effect is about 30% of all aerosols

(changing PM2.5 concentration by +1% ~ +2%), and its semi-

direct effect is roughly equal to that of all aerosols (changing

PM2.5 concentration by −0.3% ~ −0.07%), indicating its unique

role in aerosol radiative feedbacks.

Our study suggests that the impacts of aerosols through

clouds, especially the indirect effect, play the dominant role in

their feedback processes to PBL structure and air quality under

FIGURE 10
Spatial distribution of ensemble mean aerosol effect on accumulated precipitation (left column), liquid water path, (middle column), cloud
optical depth (right column) in the Shanghai Case, averaged from 7:00 to 17:00 LT. (A–C) The total effect. (D–F) The semi-direct effect by all aerosol
species. (G–I) The semi-direct effect by BC only. (J–L) The indirect effect. Stilted grids indicate significant differences at the 5% significance level. The
box regions in the city center are used for calculating mean values in the horizontal direction.
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cloudy conditions. Note that most previous studies may

substantially underestimate the indirect effect due to the

underestimation of cloud fraction and LWP (see Section

3.1). Short-term aerosol indirect effect on surface pollution

under persistent cloud cover were not compared to direct

effect in these studies, so that the dominant role of aerosol-

cloud interaction has not been pointed out. Some studies also

showed that semi-direct effect could dominate over the

indirect effect. However, these studies mainly focused on

cloud fraction, convective available potential energy

(CAPE) or precipitation (Ackerman et al., 2000; Koren

et al., 2008; Rosenfeld et al., 2008; Fan et al., 2015),

whereas in terms of the change of PBL structure and PM2.5

pollution, COD should be considered as a more influential

factor, because change in COD is directly associated with the

surface shortwave flux change which drives the development

of PBL. Other studies also showed different results from ours

that semi-direct effect may either dominate over or be

overtaken by the direct effect through long-term model

experiments (Forkel et al., 2012; Zhang et al., 2018b). These

discrepancies may be attributed to differences in the temporal

and spatial modeling scales, average cloud cover during the

experiments, aerosol species and their vertical distributions.

Therefore, further research on the sensitivity of PBL-aerosol

interaction to different BC fractions, aerosol and cloud

vertical distributions, as well as different cloud cover

conditions is needed for more generalized conclusions. So

far, the interactions between aerosols and clouds still

represent the largest uncertainty in climate models. More

observational studies are also needed to verify and to

evaluate these aerosol feedbacks.
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