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Abstract. The remarkable development of China has re-
sulted in rapid urbanization (urban heat island and dry is-
land) and severe air pollution (aerosol pollution). Previous
studies demonstrate that these two factors have either sup-
pressing or promoting effects on fog, but what are the ex-
tents of their individual and combined effects? In this study,
a dense radiation fog event in eastern China in January 2017
was reproduced by the Weather Research and Forecasting
model coupled with Chemistry (WRF-Chem), and the in-
dividual and combined effects of urbanization and aerosols
on fog (indicated by liquid water content — LWC) are quan-
titatively revealed. Results show that urbanization inhibits
low-level fog, delays its formation and advances its dissi-
pation due to higher temperatures and lower saturations. In
contrast, upper-level fog could be enhanced because of the
updraught-induced vapour convergence. Aerosols promote
fog by increasing LWC, increasing droplet concentration
and decreasing droplet effective radius. Further experiments
show that the current pollution level in China could still be
below the critical aerosol concentration that suppresses fog.
Urbanization influences fog to a larger extent than aerosols
do. When urbanization and aerosol pollution are combined,
the much weaker aerosol-promoting effect is counteracted

by the stronger urbanization-suppressing effect on fog. Bud-
get analysis of LWC reveals that urban development (urban-
ization and aerosols) alters the LWC profile and fog struc-
ture mainly by modulating condensation—evaporation pro-
cess. Our results infer that urban fog will be further reduced
if urbanization keeps developing and air quality keeps dete-
riorating in the future.

1 Introduction

During the past 5 decades, China has achieved remark-
able developments, accompanied by strong anthropogenic
activities (rapid urbanization and severe air pollution). Ur-
banization and air pollution have significantly affected cli-
mate change, monsoons, air quality, fog, clouds and pre-
cipitation (e.g. Li et al., 2016, 2017). Previous studies have
linked the changes in clouds and precipitation to urbanization
and aerosols. Urbanization destabilizes the boundary layer,
which triggers strong updraughts and invigorates convection
(e.g. Rozoff et al., 2003; Shepherd, 2005). Aerosols mod-
ify the macroscopic, microphysics, thermodynamics and ra-
diative properties of clouds through complicated pathways,
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which are called aerosol-radiation and aerosol—cloud inter-
actions and have been systematically reviewed by Fan et
al. (2016), Rosenfeld et al. (2014), Tao et al. (2012), etc. Fog
can be viewed as a cloud (Leng et al., 2014) that occurs near
the surface. Land use features and aerosol properties may in-
stantly affect fog, so fog is more sensitive to anthropogenic
activities than other types of clouds (Zhu and Guo, 2016).
Previous studies have analysed the effects of urbanization
and aerosols on fog, mostly in segregated manners.

Urbanization is featured with urban heat island (UHI) and
dry island (UDI) effects. The urban surface has a lower
albedo than rural surface, which reduces the reflected solar
radiation and enhances heat storage. Urban expansion de-
creases the coverage of cropland, water bodies and forest-
land, which reduces the sources of water vapour. As a result,
urban areas commonly experience higher temperatures and
lower vapour contents. These conditions induce a lower rel-
ative humidity that is unfavourable for fog formation (Gu et
al., 2019). At the long-term scale, urban fog days are reported
to decrease significantly (e.g. Guo et al., 2016; LaDochy,
2005; Sachweh and Koepke, 1995; Shi et al., 2008; Yan et
al., 2019). Although UHI and UDI inhibit near-surface fog,
the upward motions can promote upper-level fog (Li et al.,
2011; S. Niu et al., 2010). Surface roughness and thermal
circulation cause strong updraughts (Rozoff et al., 2003),
which transfer water vapour aloft and cause the wet-island
phenomenon in the upper level (Kang et al., 2014). The fog
at that altitude may be subsequently enhanced.

Aerosols exert sophisticated impacts on fog through di-
rect (radiation) effects and indirect (microphysical) effects
(Khain and Pinsky, 2018). Aerosols attenuate shortwave ra-
diation, influencing PBL (planetary boundary layer) struc-
ture and the vertical profile of moisture and aerosols (Tie
et al., 2017, 2019), which can alter the formation and dis-
sipation condition of fog. Scattering aerosols block down-
welling solar radiation in the daytime, thus delaying the dis-
sipation and elongating the duration of fog (Shi et al., 2008;
Maalick et al., 2016). Although they increase downwelling
longwave radiation at night, scattering aerosols have negli-
gible effects on the fog formation time (Stolaki et al., 2015;
Maalick et al., 2016). The effect of absorbing aerosols like
black carbon (BC) on fog depends on its residence height.
If BC resides above the fog layer, BC causes a dome effect
(Ding et al., 2016) which blocks solar radiation and prevents
the dissipation of fog (Bott, 1991). If BC resides within the
fog layer, BC heats fog droplets and accelerates the dissipa-
tion of fog (Maalick et al., 2016). The aerosol indirect effect
on cloud is addressed as one of the most uncertain factors
in the IPCC report (IPCC, 2013). This effect on fog is also
complex and twofold, which is determined by aerosol con-
centration. Under saturation conditions, increasing aerosols
commonly result in more cloud condensation nuclei (CCN).
This promotes activation and condensation, yielding more
but smaller droplets and increasing cloud water content (Fan
et al., 2018; Rosenfeld et al., 2008). These changes have
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two kinds of positive feedback on fog (Maalick et al., 2016):
more droplets cause stronger radiative cooling at fog top and
enhance condensation (Jia et al., 2018), and smaller droplet
size inhibits sedimentation and the depletion of cloud water
(Zhang et al., 2014). However, if aerosol concentration ex-
ceeds a certain threshold, this promoting effect disappears
(Quan et al., 2011) or even turns into a suppressing effect
due to the strong vapour competition (Guo et al., 2017; Ko-
ren et al., 2008; Liu et al., 2019; Rangognio et al., 2009;
Wang et al., 2015). Additionally, large-scale aerosol pollu-
tion can change weather patterns and affect large-scale fog
formation conditions (F. Niu et al., 2010). Ding et al. (2019)
found that the dome effects of BC induce a land—sea thermal
contrast and generate a cyclonic anomaly over coastal areas.
This anomaly results in more vapour transported inland and
enhances advection—radiation fog.

Our recent observational work (Yan et al., 2019) indicated
a decreasing trend in fog days, and the inhibiting effects
of urbanization outweigh the promoting effects of aerosols
on fog during the mature urbanization stage. This study
aims to quantitatively confirm the roles of urbanization and
aerosols in a dense fog event by an online-coupled synoptic
and air quality model, the Weather Research and Forecasting
model coupled with Chemistry (WRF-Chem). This event is
radiation fog event with weak synoptic forcing (detailed in
Sect. 3.1), so the effects of urbanization and aerosols should
be obvious. Determining the quantitative extents of the ur-
banization effect, aerosol effect and their combined effect
is an interesting topic, which has rarely been studied previ-
ously to the best of our knowledge. This work is expected
to facilitate the understanding of how anthropogenic activi-
ties affect the natural environment, fog (cloud) physics and
aerosol—cloud interactions near the surface.

In this study, urbanization mainly refers to UHI and UDI
induced by anthropogenic heating and land use change with
the corresponding surface property changes (e.g. surface
albedo, surface roughness, surface flux), excluding the in-
creasing aerosol pollution caused by urban expansion. Air
pollution refers to aerosols and is indicated by anthropogenic
emissions because aerosol concentration is highly propor-
tional to emission intensity. Liquid water content (LWC) and
cloud—fog droplet number concentration (Ng) are two im-
portant parameters representing fog intensity and visibility.
Following previous studies (e.g. Ding et al., 2019; Gu et al.,
2019; Jia et al., 2018; Maalick et al., 2016; Yang et al., 2019),
we use LWC as the indicator of fog to reveal different char-
acteristics of fog in different experiments. This study is orga-
nized as follows. The data, model and methods are described
in Sect. 2. Section 3.1 overviews the fog event and provides
preliminary evidence of how urban development affects fog.
Section 3.2 evaluates the model performance. Section 3.3—
3.5 analyses the urbanization, aerosol and combined effects
on fog. Section 3.6 discusses the rationality and reliability of
the results. Section 4 concludes the findings of this study.
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2 Data, model and methods
2.1 Data

The first set of data are the hourly automatic weather sta-
tion data from the Shouxian National Climate Observatory
(8X; 32.4°N, 116.8°E; 23 m) that are used to evaluate the
model performance. SX is a rural site surrounded by vast
croplands and is approximately 30 km away from the near-
est large city, Huainan (Fig. 1b). The data include horizon-
tal visibility, temperature, relative humidity, wind direction
and speed. The second set of data are the Himawari 8 satel-
lite data that are used to represent fog area (https://www.
eorc.jaxa.jp/ptree/index.html, last access: 6 May 2020). Fog
area is mainly indicated by the albedo at three visible bands:
red (band 3, 0.64 um), green (band 2, 0.51 ym) and blue
(band 1, 0.47 um). The third set of data are the 3-hourly data
from the Meteorological Information Comprehensive Analy-
sis and Process System (MICAPS) (Li et al., 2010) that are
also used to represent the fog area. The fourth set of data
are the land use data from the Moderate Resolution Imag-
ing Spectroradiometer Land Cover Type (MCD12Q1) Ver-
sion 6 data (https://lpdaac.usgs.gov/products/mecd12q1v006,
last access: 6 May 2020) in 2017, the same year as the simu-
lation period. The data are resampled from 500 m to 30 arcsec
(approximately 1 km) and used to replace the geological data
of the WRF model.

2.2 Model configuration

The model used in this study is the WRF-Chem (V3.9.1.1)
model. It is an online-coupled mesoscale synoptic and air
quality model that considers the sophisticated interactions
among various dynamic, physical and chemical processes
(Chapman et al., 2009; Fast et al., 2006). WRF, or WRF-
Chem, has been successfully used in simulating fog events
(Jia and Guo, 2012, 2015; Jia et al., 2018) and exploring
aerosol—cloud interactions (Fan et al., 2018). Two nest do-
mains are set up (Fig. 1). The dO1 domain has a size of
217 x 223 grids and a resolution of 6 km, covering the en-
tire fog area of this event (Fig. 2a). The d02 domain has a
size of 115 x 121 grids and a resolution of 2 km, covering SX
and the adjacent areas. The land use data are replaced by
MCD12Q1 data, which represent the latest condition.

Fog simulation is highly sensitive to vertical grids (Gul-
tepe et al., 2007). A fine vertical resolution with a proper
lowest model level can better resolve turbulence, thus yield-
ing a reasonable fog structure (Yang et al., 2019). Here, 42
vertical levels are established with the first five n values of
1.000, 0.999, 0.998, 0.997 and 0.996. There are 25 levels
below the boundary layer (approximately 1500 m), and the
lowest model level is approximately 8 m.

Fog simulation is also sensitive to physical schemes (Gu
et al., 2019). Through numerous experiments, radiation,
microphysics and boundary schemes are found to signifi-
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Table 1. Summary of major parameterization schemes.

Scheme Option
Boundary layer YSU
Longwave radiation =~ RRTM
Shortwave radiation =~ New Goddard
Microphysics Morrison

Surface layer MMS similarity

Land surface Noah

Urban surface Urban canopy model

Gas phase chemistry CBMZ

Aerosol chemistry MOSAIC (four bin)

Aerosol-cloud and All turned on
aerosol-radiation

interactions

Abdul-Razzak and
Ghan (2002)

Aerosol activation

cantly influence the model performance, and the boundary
layer scheme plays a decisive role (Chaouch et al., 2017).
The radiation schemes are the RRTM (rapid radiative trans-
fer model) longwave scheme and the Goddard shortwave
scheme. The microphysical scheme is the Morrison double-
moment scheme (Morrison et al., 2005). The boundary layer
scheme is the Yonsei University (YSU) 1.5-order closure
non-local scheme, which yields better results than any other
schemes. The major schemes are listed in Table 1.

The model is driven by the highest-resolution prod-
uct (0.125°, approximately 13km) of ECMWF data
(https://apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/, last access: 6 May 2020). The an-
thropogenic emissions are derived from the Multi-
resolution Emission Inventory for China (MEIC) database
(http://www.meicmodel.org, last access: 6 May 2020). The
simulation starts on 1 January 2017 at 08:00 and ends on
3 January 2017 at 14:00, with the first 24 h as the spin-up
period (all the times here are in local time).

2.3 Sensitivity experiments

The study site is SX because only its visibility is observed
hourly and is a multiple of 1 m, which is suitable for evaluat-
ing the model performance. To investigate the effects of ur-
banization and aerosols on fog, we change the land use and
emission intensity around SX. Four experiments, i.e. u0e0,
u3e0, ule3 and u3e3, are designed. u0e0 is the base experi-
ment, with no urbanization and weak emission at SX. u3e0
is set as the urbanization condition. u0e3 is set as the pol-
luted condition. u3e3 is set as the urban development con-
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Figure 1. (a) The WRF domain overlaid with terrain height. (b) The land use distribution of domain d02. The green dot is Hefei, the capital
of Anhui Province. The white dot is Huainan. The two red dots are the SX site. The land use and emissions of the 22 km x 26 km black box

in the centre of (b) will be altered in the sensitivity experiments.
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Figure 2. The performance of the simulated fog zone at 08:00 on
3 January 2017. (a) Himawari 8 RGB composite cloud image over-
laid with the MICAPS observation sites (light red dots) at which fog
was observed (relative humidity > 90 % and VIS < 1km). (b) Sim-
ulated LWP distribution. Only LWC values below 1500 m are in-
tegrated. The blue dots are the SX site. The two dashed rectangles
in (a) are the sub-regions of interest in Fig. 3.

dition (urbanization and pollution coexist). The experiment
settings are listed in Table 2.

On the setting of the urbanized condition, we replace the
land use of SX with that of Hefei, the most urbanized city and
the capital of Anhui Province. The downtown of Hefei has
a built area of approximately 570 km?. Therefore, the 11 x
13 box centred on SX (572km?) is replaced by the urban
surface in the u3e0 and u3e3 experiments to represent the
urbanization condition.
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Figure 3. Two sub-regions (a, b) with obvious fog holes in the Hi-
mawari 8 image at 11:00 on 3 January 2017. The fog zone, which is
represented by albedo > 0.45 (at 0.64 um) and brightness tempera-
ture > 266 K (at 12.4 pm) (Di Vittorio and Emery, 2002), is marked
with cold colours (blue or cyan). The urban areas are marked with
dark blue or red. The red and white pixels surrounded or semi-
surrounded by cold colours are fog holes, and among these pixels,
the red pixels indicate the fog holes over urban areas. Some of the
cities with fog holes are marked by rectangles.

The downtown of Hefei has much higher emissions than
SX. For example, the PM>s emission rate of Hefei is
40 times higher than that of SX. To represent the polluted
condition, the emission intensity of the aforementioned box

www.atmos-chem-phys.net/20/5559/2020/
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Table 2. Settings of sensitive experiments. “N” represents no changes.

Case name  Description Underlying surface Anthropogenic emission

u0e0 Base condition N N

u3e0 Urbanization condition The 11 x 13 grid centred on SX N

is replaced by urban surface

uOe3 Polluted condition N the 11 x 13 grid centred on SX
is replaced by the emission of
Hefei downtown

u3e3 Urbanization and polluted ~ Same as u3e0 Same as u0e3

condition

Effect Description

u3e0-u0e0 Urbanization effect

u0e3-u0e0 Aerosol effect

u3e3-ulel Urbanization and aerosol effect

5563

is set to be equal to that of downtown Hefei in the u0e3 and
u3e3 experiments.

2.4 Calculating visibility

The LWC is the proxy of fog as mentioned above. Since the
LWC is not observed, and visibility (VIS) is related to LWC,
the VIS is used to assess the model performance. VIS is not
diagnosed by the model and can be parameterized by the
function of LWC, Ny or droplet effective radius (R.). Equa-
tions (1) (Kunkel, 1983) and (2) (Gultepe et al., 2006) are
two parameterization methods:

—0.88
VIS [m] = 27Lwc[gm*3] : (1)

VIS [m] = 1002(Lwc [g m—3] - Ng [cm—3])70‘6473. @)

Another parameterization method is based on the Mie theory
(Gultepe et al., 2017). VIS is inversely proportional to at-
mospheric extinction at visible wavelengths. The extinction
coefficient of cloud water (8;) is

. 3QextpaLWC

x 10°, (3
4pw Re

e [km™"]
where p, (py) is the air (water) density (in kg m—3), LWC is
in grams per kilogram (gkg™!), R, is in micrometres (um)
and Qe is the extinction efficiency, which is assumed to be
2 for cloud droplets.

The atmospheric extinction () is also largely contributed
to by aerosols (8,) and other types of hydrometeors. The
model diagnoses S, at 550 nm. No other types of hydrome-
teors occur in this fog case, so we assume = 8, + B¢. Then
VIS is determined by the Koschmieder rule (Koschmieder,
1924):

VIS[m] = 3.912/8 [km_l] % 1000.
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During the fog period (Fig. 4 shaded zone), the three meth-
ods nearly yield the same results (Fig. S1 in the Supplement),
so the last method is used to calculate the simulated VIS.

3 Results and discussions
3.1 Overview of the fog event
3.1.1 Formation condition and lifetime

From 1 to 6 January 2017, eastern China is dominated by
zonal circulation, with a weak trough, ridge, pressure gradi-
ent and atmospheric diffusion (Zhang and Ma, 2017). Un-
der this stable weather pattern, the accumulation of pollu-
tants and water vapour promotes the occurrence of fog—haze
events. From the evening of 2 January to noon of 3 January, a
dense fog event occurs in wide regions of eastern China. The
fog reaches its peak at 08:00 on 3 January, covering south-
ern Hebei, eastern Henan, western Shandong, Anhui, Jiangsu
and Shanghai (Fig. 2a). Figure 4a shows the temporal varia-
tion in visibility at SX. The fog forms at 18:00 on 2 January
and dissipates at 12:40 on 3 January. This is radiation fog
which is promoted by strong radiative cooling at night and
weak easterly water vapour transport from the northwestern
Pacific (Zhu et al., 2019).

3.1.2 Preliminary evidence of urban development
affecting fog

Lee (1987) and Sachweh and Koepke (1995) observed “fog
holes” over urban areas on satellite images. Here, the fog
hole means the low liquid water path (LWP) region within
the fog region, which is visualized as pixels with weak fog
(high visibility) or clear sky surrounded by dense fog. These
holes demonstrate that urban development (urbanization and
aerosols) has a clearing effect on fog. In this fog event, fog

Atmos. Chem. Phys., 20, 5559-5572, 2020
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Figure 4. The performance of the simulated meteorological parameters at the SX site. (a) VIS, (b) air temperature, (¢) 10 min average wind
speed and (d) relative humidity (RH). The red dotted lines represent the model results, and the black lines are the observations. The fog

period (VIS < 1 km and RH > 90 %) is shaded in light yellow.

holes are also present over urban areas in the Himawari 8
image at 11:00 on 3 January (Fig. 3). We hypothesize that
urbanization could have profound effects on fog by reducing
the LWP or advancing the dissipation of fog, and the role of
aerosols on fog is weaker than that of urbanization.

3.2 Model evaluation and simulations

The model performance is evaluated by comparing the fog
spatial coverage. Satellite cloud image and modelled LWP
(> 2gm™2) can represent the observed and simulated fog
zone, respectively (Jia et al., 2018). Figure 2 shows the Hi-
mawari 8§ visible cloud image and the simulated LWP dis-
tribution at 08:00. The light white pixels and light red dots
indicate the observed fog area. The model captures the fog in
southern Hebei, eastern Henan, western Shandong, Anhui,
Jiangsu and Shanghai well.

The model performance is also evaluated by compar-
ing the visibility and other basic parameters at the SX site
(Fig. 4). Seen from the visibility, the simulated fog forms
at 19:30, 1.5h later than the observation, and dissipates at
12:20, 30 min earlier than the observation. During the fog
period, the simulated visibility agrees well with the observa-
tion. The other parameters such as temperature, wind speed
and relative humidity are also effectively reproduced by the
model, with relative small root-mean-square errors (RM-
SEs) of 0.8 K, 0.7ms ™! and 5.9 %, respectively. Overall, the
model captures the spatial feature and temporal evolution of
the fog well.

3.3 Urbanization effects

From different sensitivity experiments (u3e0, u0e3 and
u3e3), we can deduce the extents of the separate or com-

Atmos. Chem. Phys., 20, 5559-5572, 2020

bined effects of urbanization and aerosols on fog. Figure 5
compares the LWC between u0e( and u3e0. The general re-
sults are as follows: (1) before 02:00, urbanization leads to
a decreasing LWC in all layers. Fog forms on the surface at
22:30 in u3e0, 3 h later than in uOe0. (2) After 02:00, the
LWC decreases in the low level while it increases in the up-
per level. Fog dissipates at 10:50 in u3e0, 1.5h earlier than
in u0e0. To better explain the LWC difference, its profiles are
shown in Fig. 6. At 23:00, although fog formed in u3e0, the
fog is rather weak compared with u0e0, which is caused by
the higher temperature (Fig. 6f) and lower saturation associ-
ated with UHI and UDI. At 02:00, fog develops in u3e0, but
its intensity (the value of LWC) cannot reach the same level
as that in u0e0.

An interesting phenomenon is the opposite change of
LWC in the low level and upper level after 02:00. This phe-
nomenon can be explained by the role of updraughts. The
increasing roughness length and extra warming in urban con-
ditions could trigger horizontal wind convergence (Fig. S2)
and the enhanced updraughts (Fig. 5c). The stronger up-
draughts in u3e0 affect condensation via two possible path-

ways: (1) the vertical transport of vapour (w ‘;—Z) and vertical

convergence—divergence (q %—'f) redistribute water vapour

and affect condensation or (2) the adiabatic cooling promotes
condensation. The role of the first pathway is measured by

1 d(qw) .
gg_zw). At 05:00. u3e0

shows a stronger vapour convergence above 110 m (Fig. 6h),
and the LWC increases above 130 m (Fig. 6¢). At 08:00, u3e0
shows a stronger vapour convergence above 130 m (Fig. 6i),
and the LWC increases above 170 m (Fig. 6d). Therefore, it
is possible that the adiabatic cooling and updraught-induced
vapour flux convergence increase the vapour content and pro-

vertical vapour flux divergence (

www.atmos-chem-phys.net/20/5559/2020/
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Figure 5. Time-height distribution of the LWC (g kg_l) in (a) u0e0 and (b) u3e0, and (c) is the urbanization effect (u3e0 minus uOe0) on
LWC. The two white curves in (c¢) are the LWP. The black contour lines in (c¢) are the difference of vertical velocity (cm sfl) (u3e0 minus
u0e0). Only the lines after 00:00 are shown for clarity.
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Figure 6. Profiles of the LWC (a—e), temperature (Tem) (f, g, j) and vertical vapour flux divergence (VFD) (h, i) (g h=!m—2 hPa_l) in u0e0

and u3e0 at different times.

mote condensation in the upper level, while the fog in the
low level is suppressed by the divergence of vapour flux. At
11:00, fog disappears at the ground in u3e0, likely due to
the higher temperature (Fig. 6j). In summary, the UHI, UDI
and updraughts alter the profile of LWC and reduce the LWP
most of the time (Fig. 5c), and the decreasing LWP in the
daytime can explain why fog holes occur above urban areas
(Fig. 3).

3.4 Aerosol effects

Figure 7 compares the LWC between u0e0 and u0Oe3. The
formation time, dissipation time of fog and fog top show al-

www.atmos-chem-phys.net/20/5559/2020/

most no changes. The LWC increases at almost all layers in
the polluted condition. Accordingly, the LWP also increases
(Fig. 7c). It is probable that the current pollution level of
China always promotes fog occurrence. To testify whether
ule3 is below the transition point that suppresses fog, eight
additional experiments (D10, D7.5, D5, D2.5, M2.5, M5,
M?7.5 and M10) are performed. These experiments are the
same as uQe3, except that the emissions around SX (the black
box in Fig. 1b) are multiplied (the “M” prefix) or divided (the
“D” prefix). For example, M2.5 means multiplying by 2.5;
D10 means dividing by 10.

Figure 8 compares the LWC, Ny, R. and LWP among the
nine emission-variant experiments. The variation shape of

Atmos. Chem. Phys., 20, 5559-5572, 2020
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the four parameters demonstrates that the model is able to
simulate the dual effects of aerosols. Below u0Oe3, the four
parameters monotonically vary with emission level or CCN
concentration, indicating that aerosol pollution could always
promote fog. This phenomenon is because stronger emis-
sions produce more aerosols and CCN. Under saturation con-
ditions, the larger amount of CCN boost activation and yield
a higher Ng4. The higher Ny reduces R, and inhibits autocon-
version and sedimentation (Twomey, 1977); thus, this situa-
tion decreases the depletion of fog water and increases the
LWC. This promoting effect has been confirmed by previous
model studies (e.g. Maalick et al., 2016; Stolaki et al., 2015)
and observations (e.g. Chen et al., 2012; Goren and Rosen-
feld, 2012). The CCNy; concentration of u0e3 (570 cm—3)
is lower than that of the turning point (experiment M2.5)
(1349 cm™3), possibly indicating that the current pollution
level in China (u0e3) is still located in the promoting regime
rather than the suppressing regime of fog occurrence.
Rosenfeld et al. (2008) revealed that the turning point in
convective clouds is CCNg4 = 1200 cm™3. The CCNy 4 of
u0e3 is 6023 cm™—3, which seems to suppress fog. Aerosols

Atmos. Chem. Phys., 20, 5559-5572, 2020

affect convective clouds through two competing mecha-
nisms: (1) invigorating convection by promoting vapour con-
densation and (2) suppressing convection by blocking solar
radiation and reducing surface heat flux. Under polluted con-
ditions (AOD > 0.3 or CCNo4 > 1200 cm—3), the suppress-
ing effect outweighs the invigoration effect, so the turning
point occurs (Koren et al., 2008; Rosenfeld et al., 2008).
This suppressing effect does not exist in fog because fog
commonly formed at night. Therefore, the turning point in
fog might occur later than that in convective clouds. On the
North China Plain, where air pollution is thought to be more
serious, a case study by WRF-Chem also indicates that fog
properties (e.g. LWC, Ny and LWP) increase monotonically
when emission intensity varies by 0.05-fold to 1-fold (Jia et
al., 2018).

3.5 Combined effects of urbanization and aerosols
Figure 9 compares the LWC between u0e0 and u3e3. The
u3e3-induced change is quite similar to but not the same as

the u3e0-induced change. The time-height averages of ab-
solute change of LWC induced by u3e0, u0e3 and u3e3 are

www.atmos-chem-phys.net/20/5559/2020/
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0.120, 0.019 and 0.124 gkg™', respectively. This result in-
dicates that urbanization affects fog to a larger extent than
aerosols do; when urbanization and aerosols are combined,
the effect of aerosols is indiscernible. The LWP is also signif-
icantly suppressed in the daytime, and the promoting effect
of aerosols in Fig. 7c is indiscernible in Fig. 9c. To further
explain the changes in LWC, we perform budget analysis of
the LWC to determine which physical processes are the dom-
inant contributors.

In WRE, the budget of LWC is composed of the following
items:

dqc ad a a qc
or ("ax+vay+waz)q°+<az bBL

adv

d d
+( q°> +( q°> , @)
ot micro ot cumu

where g. is LWC, and the subscripts denote advection,
boundary layer, microphysical and cumulus processes, re-
spectively.

The microphysical tendency is further decomposed into
the following items:

(%) =<31> +<3i) +(31)
ot micro ot cold ot auto ot accr

d a
+ (ﬁ> + (ﬁ) , &)
ot sedi ot cond—evap

where the subscripts denote cold-phase processes, au-
toconversion, accretion, sedimentation and condensation—
evaporation, respectively.

All the processes regarding precipitation and cold phase
(the cumu, cold, auto and accr subscripts) are not anal-
ysed because no precipitation occurs, and the temperature is
above 0 °C in the simulated fog (figure not shown). Summing
the integral of microphysical (condensation—evaporation and
sedimentation), boundary layer and advection tendencies
with respect to time is equal to LWC, so the contributions
of other physical processes can be safely ignored.

We can also infer that the extents to which the various
physical processes affect fog through the sensitivity exper-
iments (u3e0, u0e3 and u3e3). Additional aerosols weakly
influence these processes (Fig. S3, right column) and sub-
sequently result in weak LWC change (Fig. 7c). Compared
with aerosols, the urbanization effect is much more consid-
erable (Fig. S4, right column); it dominantly accounts for the
variation in physical tendencies from u0e0 to u3e3 (Fig. 10,
right column). In the u3e3 condition, urban development
(urbanization and aerosols) induces different magnitudes of
changes in different physical tendencies. The relative mag-
nitudes are 52.1 %, 38.3 % and 9.6 % for the microphysical,
boundary layer and advection processes, respectively, indi-
cating that microphysics is most susceptible to urban devel-
opment and contributes most to the LWC change. Among
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various microphysical processes, condensation—evaporation
contributes most (72.7 %) to the change in microphysi-
cal tendency (Fig. 11, right column). The above results
indicate that urban development affects the LWC mainly
by modulating the condensation—evaporation process. Since
the u3e3 condition still witnesses higher temperatures and
stronger updraughts (figure not shown), the notable variation
in condensation—evaporation tendency induced by u3e3 can
also be attributed to the predominant role of UHI, UDI and
updraughts. The mechanism has been analysed in Sect. 3.3.

3.6 Discussions

As mentioned above, urbanization influences fog to a larger
extent than aerosols do; the LWC in fog does not vary sub-
stantially with pollution level. This section discusses the ra-
tionality and reliability of our results through mechanism
analysis and observational evidence.

The sensitivity of cloud properties to aerosols depends on
aerosol concentration and saturation environment. In convec-
tive clouds with intense upward motions and high satura-
tions, the response of cloud properties to additional aerosols
is significant (“aerosol-limited regime”) (Fan et al., 2018).
However, in fog with much weaker updraughts and lower
saturations, this response could be more sensitive to vapour
content rather than aerosol concentration (“‘vapour-limited
regime”). It possibly implies that the LWC in fog varies
slightly with pollution level but considerably with the satura-
tion condition that related to urbanization. Our results reveal
that the time—height average LWC varies within the extent of
0.07 gkg~! when emission intensity varies within 2 orders of
magnitude (Fig. 8). This relative weak response of the LWC
to the pollution level is also reported by Jia et al. (2018).

In terms of observational evidence, Yan et al. (2019) re-
vealed that fog days in polluted regions of eastern China
have decreased since the 1990s. Through quantitative anal-
ysis, the promoting effects of aerosols are weakening, while
the suppressing effects of urbanization are enhancing and
dominantly cause this decrease. Sachweh and Koepke (1995)
also claimed that the hindering effects of urbanization out-
weigh the promoting effects of aerosols on fog in southern
Germany. Additionally, satellite images present discernible
fog holes above urban areas (Fig. 3) (Lee, 1987; Sachweh
and Koepke, 1995). Therefore, the above observational evi-
dence supports the model results that the promoting effect of
aerosols is counteracted by the hindering effect of urbaniza-
tion. We believe that the results can also be applied to other
large cities in China because these cities commonly witness
strong UHI, UDI and severe air pollution.

4 Conclusions

A dense radiation fog event occurred in eastern China from
2 to 3 January 2017. Satellite images show that fog holes oc-
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minus u0e0) on various items of the LWC budget. The three rows are the

tendencies (g kg_l h=1) of the microphysical, boundary layer and advection processes.

cur over urban areas, demonstrating the remarkable effects
of urbanization and air pollution on fog. Hence, the mecha-
nism is investigated by WRF-Chem. The model captures the
spatial coverage and temporal evolution of the fog well. Fur-
thermore, the separate and combined effects of urbanization
(refers to UHI and UDI) and air pollution (refers to aerosols)
on fog (indicated by the LWC) are revealed, and the extents

Atmos. Chem. Phys., 20, 5559-5572, 2020

of these effects are quantitatively determined. Results show
the following.

— Urbanization redistributes the LWC profile by the UHI,
UDI effect and updraughts. The updraughts may be
caused by surface roughness and extra warming. The
UHI and UDI suppress low-level fog, delay its forma-
tion by 3h and advance its dissipation by 1.5h. How-
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rows are the tendencies (g kg_1 h=1) of the microphysical, condensation—evaporation and sedimentation processes.

ever, the upper-level fog could be enhanced due to the
updraught-induced adiabatic cooling and vapour flux
convergence. Urbanization reduces the LWP most of the
time, and this reduction in the daytime can explain why
fog holes are present above urban areas on satellite im-
ages.

Aerosols promote fog mainly by changing microphys-
ical properties. The increasing emissions (aerosol con-
centration) produce more CCN and fog droplets, which
decrease R. and inhibits sedimentation, thus leading
to a higher LWC. Further sensitivity experiments show
that the current pollution level in China could still be
below the critical aerosol concentration that suppresses
fog. The macroscopic properties such as fog top and
lifetime remain nearly unchanged.

The role of urbanization far overweighs that of aerosols.
Therefore, when they act together, the urbanization
effect is dominant, and the aerosol effect is indis-
cernible. Budget analysis of LWC shows that increas-
ing aerosols influence various physical processes to a
lesser extent, while urbanization influences these pro-
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cesses to a larger extent, eventually leading to a sub-
stantial LWC change in the urban development condi-
tion (urbanization and aerosols). In this condition, the
comparisons among various physical processes reveal
that microphysics dominates the change in LWC, and
condensation—evaporation dominates the change in mi-
crophysical tendency. This result highlights the impor-
tance of the condensation—evaporation process in mod-
ulating the LWC profile and fog structure.

Mechanism analysis and the observational evidence
support our key finding that urbanization influences fog
to a much larger extent than aerosol pollution does.
Therefore, we believe our results are reasonable and
robust in radiation fog events without strong synoptic
forcings, and the results can also be applied to other
large cities in China due to the similar urban develop-
ment patterns. This study is expected to facilitate a bet-
ter understanding of how anthropogenic activities af-
fect the natural environment, fog (cloud) physics and
aerosol—cloud interactions near the surface. We can also
infer the future change of fog occurrence. Under the tra-
ditional urban development pattern, i.e. that in which ur-
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banization keeps developing and air quality keeps dete-
riorating, urban fog occurrence will be further reduced.
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