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Abstract The aerosol-cloud interaction (ACI) and aerosol-radiation interaction (ARI) have notable
influences on clouds, but their effects on fog are rarely analyzed before. Previous studies indicate that fog
frequency in East China has been decreasing, and we further reveal that fog duration increases during
1960-2010. We hypothesize that this trend is related to the increase of aerosol pollution and perform
WRF-Chem simulations to study the ARI and ACI effects. Results show that ACI significantly advances
fog formation, delays fog dissipation, and increases fog duration by about 1 h in a case study, while ARI
has negligible effect. The more but smaller fog droplets produced in polluted conditions significantly
inhibit droplet sedimentation and reduce solar radiation, therefore provide favorable conditions for the
duration of fog. Under extremely polluted conditions, ACI effect also far overweighs ARI effect. To shorten
the duration of dense fog, our findings suggest the necessity for mitigating emissions.

Plain Language Summary Aerosols, the suspensions of solid or liquid particles in the air,
affect clouds through aerosol-cloud interaction (ACI) and aerosol-radiation interaction (ARI). The ARI
refers to that aerosols affect the meteorological conditions in clouds by scattering and absorbing radiation.
The ACI refers to that clouds form on aerosols if aerosols absorb sufficient water vapor. Fog is a kind of
near-surface cloud. The ARI and ACI could have both notable influences on fog, but their effects are rarely
analyzed before. Previous studies indicate that fog frequency in East China has been decreasing, and in
this study we further reveal that fog duration increases during 1960-2010. We hypothesize that this trend
is related to the increase of aerosol pollution and perform numerical simulations to study the ARI and ACI
effects. Results show that ACI significantly advances fog formation, delays fog dissipation, and increases
fog duration by about 1 h in the case study, while ARI has negligible effect. The ACI can significantly
inhibit fog droplet sedimentation and reduce solar radiation, therefore provide favorable conditions for the
duration of fog. Our findings suggest that reducing emissions could shorten fog duration and mitigate the
hazards of fog.

1. Introduction

The intensive anthropogenic emissions and high aerosol loading in East China have profound impacts on
clouds and precipitations (Gu et al., 2006; J. Guo et al., 2019; Z. Li et al., 2016; Wu et al., 2016). The com-
plex interaction between aerosols and clouds has attracted worldwide attention since the late 1980s (Z. Li
et al., 2019). Aerosols affect clouds through aerosol-radiation interactions (ARIs) and aerosol-cloud inter-
actions (ACIs) (Fan et al., 2016; IPCC, 2013). Many studies have revealed that the impacts of ARI and ACI
on clouds are remarkable and diverse, contingent on cloud types, aerosol properties, and meteorological
conditions (e.g., Gu et al., 2017; Koren et al., 2008; Z. Li et al., 2011; Rosenfeld et al., 2008). Fog can be
viewed as a kind of cloud that resides near the surface (Zhu & Guo, 2016). The high concentration and no-
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table diurnal variation of surface aerosols could complicate the effect on fog, so it is an interesting topic to
study the impacts of the ARI and ACI effects on fog.

The ARI could remarkably influence planetary boundary layer (PBL) thermodynamic structure by perturb-
ing radiation transfer, which was named as aerosol dome effect by A. J. Ding et al. (2016) and reviewed by
Z. Li et al. (2017). Aerosols can block the solar radiation reaching the ground, reduce surface heat flux, and
cool the near-surface air (A. J. Ding et al., 2013; Z. Li et al., 2007); black carbon especially can effectively
trap more solar radiation and heat the upper PBL (Bond et al., 2013). Such surface cooling and upper-level
heating effects stabilize stratification and weaken turbulent mixing, which decreases PBL height and leads
to the accumulation of moisture and pollutants (Huang et al., 2020). The increased humidity and aerosols
can further enhance pollution and suppress PBL by a positive feedback (Tie et al., 2017). The ARI may also
alter the formation and dissipation conditions of fog through similar processes. Bott (1991) found that the
abundant absorbing aerosols in urban areas can delay fog dissipation by reducing downwelling solar radia-
tion and decreasing near-surface temperature.

The ACI is one of the most challenging and complicated processes in understanding the mystery of clouds.
Under saturated condition and constant liquid water content (LWC), additional aerosols produce more but
smaller droplets, leading to larger cloud albedo and optical depth (Twomey, 1977). As a result, fog in pol-
luted conditions can block more solar radiation reaching the ground and inhibit dissipation. Additionally,
the decreased droplet size slows down autoconversion and sedimentation rates, which can increase the res-
idence time of cloud water (Albrecht, 1989) and favor the maintenance of fog. Many modeling studies have
confirmed that increasing aerosols could promote fog, with higher LWC, more fog droplets, higher liquid
water path (LWP), and longer persistence (e.g., Jia et al., 2018; Maalick et al., 2016; Stolaki et al., 2015; Yan
et al., 2020).

Long-term variation of fog frequency and fog lifetime are both important climatic characteristics of fog.
Previous studies have revealed that long-term fog frequency in East China is decreasing (e.g., Y. Ding &
Liu, 2014; Fu et al., 2014; T. Guo et al., ; Yan et al., 2019). However, few studies have revealed the trend in fog
lifetime and investigated the effects of aerosols on fog lifetime (features of formation, development, dissipa-
tion, and duration). In this study, we first reveal the long-term variation in fog duration and its relation with
the increase of aerosol pollution. Since ARI and ACI effects cannot be separated in observational data, we
further disentangle and quantify these two factors by online-coupled WRF-Chem simulations. Investigating
the individual contributions of ARI and ACI will help us to better understand the evolution of fog events,
enrich the knowledge of ACIs, and provide clues to mitigate the hazard of fog weather.

2. Data and Model Configuration

Along-term (1960-2010) manually recorded fog data are used to analyze the variation of fog duration (Deng
et al., 2015; Shi et al., 2008). It includes the formation and dissipation times of each fog event with accuracy
in minutes. The same data set is used in this study, which includes 9 stations in Anhui Province and 10
stations in Jiangsu Province, China (Figure 1 and Table S1). In our analysis, two consecutive fog events are
recognized as one event if the time difference between current fog formation and previous fog dissipation
is less than 1 h (Shi et al., 2008). In the second part, the modeling study, a 3-hourly temperature, dew point,
and visibility data from the Meteorological Information Comprehensive Analysis and Process System (Y. Li
et al., 2010) are used to evaluate model performance of meteorological fields and fog characteristics. The
hourly PM, 5 concentration data from China National Environmental Monitoring Center are also used to
evaluate model performance of PM, .

To investigate the mechanism of how ARI and ACI affect fog duration, the WRF-Chem (V3.9.1.1), an on-
line-coupled model, is used to simulate a long-lasting fog event occurred in East China from December
31, 2016 to January 4, 2017. This model is widely used to assess aerosol direct (or ARI) and indirect effects
(or ACI). A brief description of aerosol processes and aerosol effects (AEs) is in Text S1, and the detailed
descriptions can also be found in Chapman et al. (2009) and Fast et al. (2006). One domain is set with the
size of 139 x 145 grids and 9-km resolution (Figure 1), which covers the entire region of this fog event. The
vertical levels are refined to 42 levels and nine of them are under 100 m. The grid analysis nudging and
observation nudging are turned on (Borge et al., 2008), which can greatly improve the model performance
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Figure 1. The model domain with the locations of 19 stations (center panel). The blue square is Huangshan, a background station. The surrounding panels are
the decadal variation of fog duration (min) with error bars representing the 25% and 75% percentile. The upper left texts are the linear trends of fog duration
with the meanings explained in Section 3, and the insignificant (¢ = 0.05) trends are colored by gray. The province names are marked.

of fog. Detailed physical and chemical schemes are listed in Table S2. The input of meteorological field is
ECMWEF (0.125°) reanalysis, and the anthropogenic inventory is Multiresolution Emission Inventory for
China (MEIC) (M. Li et al., 2014). No biomass burning, sea salt, or dust emission are used, because their
emissions or concentrations are relatively low during the simulation period. The simulation starts at 08:00
LST on December 28, 2016 and ends at 08:00 LST on January 4, 2017, and the first 3 days is used as the spin-
up period. All the times in this study are local standard time (LST or UTC + 8).

To isolate ARI and ACI from total AE, three sensitive experiments, A0, A1DEO, and Al are conducted
(Table S3), following the design by Fan et al. (2015) and Zhong et al. (2015). Al and A1DEQ represent the
current polluted condition that uses the original MEIC inventory. A1 is the base condition that includes full
AE, while A1DEO excludes the ARI effect in Al by setting aerosol optical depth (AOD) as zero in radiation
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transfer schemes. A0 represents the clean condition in which the emission intensity is multiplied by 0.05
(Jia et al., 2018), and the ARI effect in A0 can be safely ignored (Fan et al., 2015). Therefore, the effects of
ARI, ACI, and AE can be quantified by the differences of A1 - AIDEO, A1DEO - A0, and Al - A0, respec-
tively. In this study, the simulated fog is defined by the LWC > 0.01 g/kg within the PBL (Kunkel, 1984),
equivalent to the horizontal visibility less than about 1.0 km. Fog over ocean or water body are not consid-
ered in the study.

3. Aerosols Increase Fog Duration: Observational Evidence

A few studies have revealed the decadal variation of fog duration (Deng et al., 2015; Shi et al., 2008), because
the temporal resolution of long-term observational data is normally 6 h, which cannot accurately identify
the starting and ending time of fog events. Fortunately, the high temporal resolution of the manually record-
ed data in Section 2 allows the study of fog duration. Our previous study found that fog frequency in East
China was decreasing (Yan et al., 2019), and in this study we find that fog duration increases significantly
(e = 0.05) at 17 out of 19 stations during 1960-2010 (Figure 1). For example, at HS station, the 50-year-aver-
age fog duration is 336 min, and the increasing trend is 11 min (3.3%) every 10 years Deng et al. (2015) and
Shi et al. (2008) also reported the similar increasing trends in Anhui Province. The change in fog duration
is affected by climate change, urbanization, and aerosol pollution (Yan et al., 2019). To exclude the role of
climate change, we compare background and nonbackground stations. HS is selected as the background
station in East China (J. Gao et al., 2017). Since it is located at a relatively high altitude (1,836 m), HS can
represent the regional climate background and clean conditions.

The increased fog duration at HS may be resulted from climate change and increasing aerosols in regional
background. Both HS and other stations in East China show decreasing trends in wind speed that favors
fog maintenance (Niu et al., 2010; J. Zhang et al., 2017), and the humidity-corrected visibility at HS de-
creases generally from 1960 to 2010 (Jiang et al., 2014). At other 18 stations where air pollution is more
serious, the increase in fog duration (on average 25 min/10 years, 13.8%) is more obvious than that at HS
(11 min/10 years, 3.3%). Among the 18 stations, two provincial capitals, NJ and HF are picked out to further
support the AE on fog duration. NJ and HF are usually more polluted than other stations, and the increase
in fog duration is even stronger (32 min/10 years, 14.9%). Based on previous studies, we speculate that there
is a strong correlation between the increase of aerosols and the increase of fog duration and hypothesize
that ARI and ACI both promote fog duration. In observational data, the relative contributions of ARI and
ACI cannot be quantitatively separated, so we will perform the investigation by using the WRF-Chem sim-
ulations in the following section.

4. The Respective Effects of ARI and ACI: Model Simulations

An extreme fog event lasted from December 31, 2016 to January 4, 2017 in East China (N. Zhang & Ma, 2017),
covering vast areas of Hebei, Henan, Shandong, Anhui, Jiangsu, Hubei provinces. Temperature and dew
point are two vital meteorological factors related to fog. By evaluating the performance of control experi-
ment (Al), it is found that the root mean square errors for temperature and dew point are 1.7 K and 1.2 K,
respectively (Figures S1(b) and S1(d)). The time series of domain-averaged temperature and dew point are
well reproduced by the simulation, and the correlation coefficients of them are both 0.98 (Figures S1(a) and
S1(c)). The Al experiment also simulates the variation of PM, s reasonably well, with the correlation coef-
ficient of 0.77 (Figure S2). Figures 2(a)-2(d) evaluate the performance of simulated fog spatial distribution.
At 08:00 on January 1, the simulation underestimates the fog in northern Jiangsu and western Shandong.
At 08:00 on January 2 and 3, the simulated fog area agrees well with the observation. At 08:00 on January
4, the simulation overestimates the fog in Anhui. In general, the A1 experiment (control run) well captures
the temperature, water vapor fields, and the fog spatial distributions.

By comparing the three experiments, we first examine the general effects of ARI and ACI in terms of do-
main-averaged fog features (Figures 2(e)-2(h)). As shown in Figures 2(e) and 2(f), there are four fog events
in this case study. In the average of the four subevents, the fog duration of control experiment (A1) is
6.16 h. The ARI slightly influences LWC, fog area, and fog duration, and the change in fog duration is only
3 min. On the other hand, ACI substantially increases LWC, expands fog area, and extends fog duration by
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Figure 2. (a-d) The distribution of observed and simulated fog. The observed fog (red points) is represented by the MICAPS stations with horizontal visibility
<1.0 km and relative humidity >90%. The simulated fog (shaded color) is represented by LWC > 0.01 g/kg in control experiment. (e, f) The domain-averaged
time series of LWC and fog area ratio for experiments A0, A1, and A1DEQ. (g) Left part, four-event-mean fog durations of the three experiments, and right part,
the change of fog duration induced by ACI, ARI, and AE with min/max tick, median (orange line), and average (green triangle). (h) The zoom-in time series of
LWC (solid) and fog area ratio (dashed) for the third event that will be analyzed in the next. MICAPS, Meteorological Information Comprehensive Analysis and
Process System; LWC, liquid water content; ACI, aerosol-cloud interaction; ARI, aerosol-radiation interaction; AE, aerosol effect.

66 min. The total AE causes a 69 min (23%) increase in fog duration, which is similar to the value (57 min;
14%) revealed by Jia et al. (2018). The impact of aerosols on fog or cloud depends on aerosol concentration
and water vapor content (Chen et al., 2012). To examine ACI and ARI effects under different moisture and
pollution conditions, Table S4 compares ACI and ARI-induced change in fog duration over urban, rural,
polluted, and clean regions. It is found that fog durations in both urban and rural regions are significantly
increased owing to ACI. The ACI-induced increase in fog duration in polluted regions (90 min) is twice
more than that in clean regions (43 min). In contrast, the influence of ARI on fog duration is limited to

9 min (insignificant under a = 0.05). Therefore, the promoting effect of aerosols on fog duration is mainly
contributed by ACI.

To explore the mechanisms of ARI and ACI, we analyze the third fog event (13:00 January 2 to 14:00 Jan-
uary 3) in more detail, because this event is well simulated and has the highest intensity. According to the
temporal variation (Figure 2(h)), we roughly divide this event into formation stage (13:00-21:00), develop-
ing stage (21:00-08:00), and dissipation stage (08:00-14:00) in the following analysis.

Figure 3 shows the impact of aerosols on the coverage of fog and time series of downwelling solar radiation,
temperature, and relative humidity (RH) for the three experiments during the formation stage. At 13:00
LST, the previous fog event nearly dissipates entirely in all three experiments. By 20:00 LST, fog develops
in all the experiments, while fog areas are larger under polluted conditions (A1DEO and A1l). Therefore, we
can conclude that ACI advances fog formation, while ARI has nonobvious effect. To explain the ACI effect,
we perform some detail diagnoses within the area as shown in the black box of Figure 3. At 13:00 LST, the
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Figure 3. Fog distributions for experiments A0, A1DEQ, and Al at two typical times during formation stage (a-f). The shaded color represents LWC. (g-i) The
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humidity (RH2) within the black box in (a)-(f). LWC, liquid water content; ARI, aerosol-radiation interaction; ACI, aerosol-cloud interaction; LWP, liquid

water path.

upper-level fog in A1DEO does not disappear (up to ~160 m), leading to an increase in LWP and a significant
reduction in solar radiation (185 W/m?) at the surface (Figure 3(g)). Therefore, ACI results in lower temper-
ature (maximum 2.8 K reduction) and higher RH (maximum 12 % increase) (Figures 3(h) and 3(i)), which
promote aerosol activation and fog formation. However, the maximum changes in solar radiation (+20 W/
m?), temperature (4+0.5 K), and RH (-3.5%) induced by ARI are not comparable to that by ACI. It indicates
that the ARI effect is outweighed by ACI effect when fog is present. The change in solar radiation by ARI is
positive, which may be because that the LWP in Al experiment is lower than that in A1DEO (Figure 3(g)).

During the development stage, the differences of fog characteristics among the three experiments are main-
ly reflected by LWC (Figure 2(h)). The LWC differences can be explained by the comparisons among fog
microphysical parameters (Figure S3). Overall, the ACI effect is dominant over the ARI effect. In polluted
conditions (Al and A1DEO), the cloud condensation nuclei (CCN) is approximately 1 order of magnitude
higher than that in clean condition (A0). The abundant CCN promotes activation under the saturation envi-
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depth; AOD, aerosol optical depth; ACI, aerosol-cloud interaction; ARI, aerosol-radiation interaction.

ronment and increases fog droplets from less than 50 cm™ to higher than 100 cm™. As a result, the increased
water vapor competition in condensation growth causes a smaller droplet radius and decreases sedimen-
tation velocity. It can increase the residue time of fog droplets, thus promote fog maintenance and lead to
a higher LWC. Promoting effects of ACI on fog under higher aerosol concentration have been revealed by
many studies (e.g., Jia et al., 2018; Maalick et al., 2016; Stolaki et al., 2015). Before sunrise (08:00), the mi-
crophysical effects of ACI can also prolong fog duration and enlarge fog area (Figures 2(h) and Figure 4(a)
vs. 4(b)). After sunrise, the larger cloud optical depth (COD) induced by ACI can delay fog dissipation by
substantially reducing solar radiation, which will be discussed next.

Figure 4 shows the impact of aerosols on the coverage of fog during the dissipation stage. At 08:00 LST, the
clean condition (AO experiment) underestimates fog area, while the A1DEO experiment with ACI effect
could rightly simulate the fog area, which increases the hit rate (Zhou & Du, 2010) from 41% (AO) to 63%
(A1DED). At 09:00 LST, fog dissipates fast in A0 but slowly in A1 and A1DEO. The delayed dissipation due to
ACI can be explained by the influences of AOD and COD on solar radiation, because solar radiative heating
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lies at the root of fog dissipation. Under polluted conditions, ACI and ARI can yield larger COD and AOD,
respectively. Since fog droplets have much stronger extinction ability than aerosols, the increase in COD is
approximately 1 order of magnitude higher than that in AOD (Figure 4(g)). Accordingly, the larger COD can
block more solar radiation reaching the ground. The ACI (ARI) causes a reduction of 20-60 (0-20) W/m?
in solar radiation and a 5-20 (0-10) W/m? reduction in sensible heat flux (Figures 4(h) and 4(i)). Therefore,
it is ACI that significantly blocks solar radiation and decreases sensible heat flux, leading to the delayed
dissipation and longer lifetime of fog. Maalick et al. (2016) and Stolaki et al. (2015) also found that ACI can
notably prevent fog dissipation.

Previous studies demonstrate that ARI is the decisive factor in affecting PBL structure and air quality under
severe pollution episodes (e.g., Y. Gao et al., 2015; Huang et al., 2020). To evaluate if ACI effect on fog also
overweighs ARI effect under a more polluted condition, we conduct two extra experiments, A3 and A3DED,
which represent the extremely polluted condition (Table S3). The average fog duration in A0, A3DEO,
and A3 are 5.10, 6.51, and 6.92 h, respectively, indicating that the change in fog duration induced by ACI
(A3DEO - A0), ARI (A3 - A3DEO), and AE (A3 - A0) is 85, 24, and 109 min, respectively (Figure S4). Despite
the significant ARI effect under the extremely polluted condition (¢ = 0.05), the time increase led by ACI
is still overwhelming, which is about 3 times more than that of ARI. Although this is just a case study of a
few fog events, the results suggest that ACI could outweigh ARI in fog events under different moisture and
pollution conditions in general (Figure 2, Table S4, and Figure S4).

5. Conclusion and Implications

Previous studies demonstrate that the long-term fog frequency has been decreasing in East China. This
study further reveals that aerosols significantly increase fog duration in East China with 50-year manually
recorded fog data. Furthermore, the contributions of ARI and ACI effects are quantitatively studied with
WRF-Chem simulations of an extreme fog event (December 31, 2016 to January 4, 2017).

It is found that the control experiment well reproduces this fog event. Sensitive experiments show that ACI
significantly increases LWC and fog area and also increases fog duration by 66 min, while ARI increases
fog duration by 3 min only. ARI and ACI play different roles in fog spatial distributions during formation,
development, and dissipation stages. During the formation stage, ACI advances fog formation, while ARI
effect is insignificant. During the development stage, ACI significantly increases fog droplet concentra-
tion, decreases droplet radius, and inhibits sedimentation that favors the maintenance of fog. During the
dissipation stage, increasing aerosols yield larger COD and AOD. The increase in COD is approximately 1
order of magnitude higher than that in AOD, so ACI blocks more solar radiation than ARI and remarkably
delays fog dissipation. Further experiments support that ACI effect could also outweigh ARI effect under
extremely polluted conditions.

The aerosol impact on fog lifetime has not been intensively studied before. We find the long-term observa-
tional evidence of aerosols promoting fog duration and demonstrate the mechanisms of ARI and ACI effects
on fog lifetime with numerical simulations. In this case study, ACI seems to be the dominant influencing
factor on fog, and ARI has a minor effect. Therefore, we suggest paying more attention to ACI-related phys-
ical processes when studying aerosol-fog interactions. We also suggest applying more stringent emission
control to all types of aerosols in order to reduce the hazards of fog and improve air quality. In the future,
more numerical simulations are needed to study the observed trend of fog lifetime in different seasons and
under different weather systems.

Data Availability Statement

The numerical calculations in this paper have been done on the supercomputing system in the Supercom-
puting Center of Nanjing University of Information Science & Technology. The ECMWF reanalysis data
are obtained from https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/. The PM2.5 obser-
vational data are downloaded from https://www.aqistudy.cn/. The fog observational data are released on
https://github.com/jstzysq/GRLdata. The MEIC inventory is from http://www.meicmodel.org/. The WRF-
Chem model is available on https://github.com/NCAR/WRFV3.
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