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coupling model GRAPES_Meso5.1/CUACE CW
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and Chunsong Lu*b

Entrainment-mixing processes of fog with the surrounding ambient air are extremely intricate and impose

significant effects on the microphysical and radiative properties of fog. However, it is difficult to utilize the

default Thompson scheme of the atmospheric chemistry model GRAPES_Meso5.1/CUACE to examine the

effects of different entrainment-mixing mechanisms on the microphysical and radiative properties of fog.

To address this issue, this scheme is modified to include homogeneous mixing degree to investigate the

effects of various entrainment-mixing processes on typical regional fog simultaneously occurring in the

Northeast China and Yangtze River Delta regions from December 31, 2016, to January 2, 2017, and from

January 6 to 8, 2017. It is revealed that inhomogeneous entrainment-mixing processes can result in

smaller fog droplet number concentration and lower liquid water path, and larger fog droplet size. These

phenomena, in turn, can lead to a decreased fog optical thickness and increased visibility. Furthermore,

the effects of inhomogeneous entrainment-mixing processes depend on fog thickness, i.e., the effects in

thin fog in the Northeast China region are more significant than those in thick fog in the Yangtze River

Delta region. This primarily occurs because the proportion of evaporated grids in thin fog is higher than

that in thick fog by 16% and 6%, respectively. These findings enhance the theoretical understanding of

entrainment-mixing processes and lay the foundation for improving model parameterization.
Environmental signicance

Entrainment-mixing processes of fog with its surrounding ambient air alter the atmospheric temperature and humidity by inuencing the microphysical
properties of fog. Homogeneous mixing degree, which can be modied to any value between 0 and 1 to represent different entertainment-mixing processes, is
introduced to the default Thompson scheme within the chemistry-atmosphere model GRAPES_Meso5.1/CUACE CW and the impacts of different entertainment-
mixing processes on regional-scale fog events in two typical regions with different meteorology backgrounds, Northeast China region and the Yangtze River
Delta region, are studied. The study examines the effects of various entrainment mixing processes on the microphysical and radiative properties of regional fog
at different depths and provides an explanation of the underlying mechanism.
1 Introduction

Covering 65–70% of the Earth, clouds play a crucial role in the
global radiation budget and atmospheric hydrological cycle.1,2

By reecting solar radiation to space and trapping longwave
radiation in the Earth-atmosphere system, clouds signicantly
affect the energy balance of the Earth-atmosphere system.3–6

Additionally, extreme weather events are closely connected to
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microphysical processes in clouds.7–10 Therefore, it is highly
necessary to investigate cloud microphysics and associated
radiative effects in depth. The entrainment-mixing process is
one of the cloud microphysical processes with high uncertainty.
In this process, unsaturated environmental air is entrained into
clouds, and the environmental air and clouds are mixed,
causing cloud droplets to evaporate. entrainment-mixing
processes can impose signicant effects on the microphysical
and radiative properties of clouds,11–24 which in turn can inu-
ence warm rain initiation,25,26 cloud–climate feedbacks,12,27 and
aerosol indirect effects.28–32 Fog is essentially a type of near-
surface cloud. The microphysical properties, radiative proper-
ties, and key quantity visibility (Vis) are also inuenced by the
entrainment-mixing processes caused by boundary layer
turbulence during the fog lifecycle.
Environ. Sci.: Atmos., 2024, 4, 387–407 | 387
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However, very little research has been conducted focusing on
the entrainment-mixing processes in fog. Telford and Chai
utilized aircra observational data and found that the turbu-
lence in fog is weak.33 They observed that fog droplets are
entrained and diluted, resulting in nearly constant fog droplet
sizes but signicant changes in the fog droplet number
concentrations. Wu et al. analyzed near-surface observational
data and found that extremely inhomogeneous entrainment-
mixing processes dominate at the mature stage of fog, while
homogeneous entrainment-mixing processes prevail at the
dissipation stage.34 In terms of simulation, Yang and Gao
considered entrainment near the fog top, which improved the
simulation process and yielded closer results to the
observations.27

The most frequently accepted notions regarding
entrainment-mixing processes are homogeneous and inhomo-
geneous entertainment-mixing processes.35,36 In homogeneous
entertainment-mixing processes, turbulence is strong, and the
mixing of cloud droplets with environmental air occurs faster
than the evaporation of cloud droplets. As a result, all the cloud/
fog droplets evaporate simultaneously, while the cloud/fog
droplet number remains constant. In extremely inhomoge-
neous entertainment-mixing processes, turbulence is weak, and
evaporation occurs faster than mixing, leading to the complete
evaporation of cloud/fog droplets close to the surrounding air,
while the sizes of other cloud/fog droplets remain unchanged.
Inhomogeneous entertainment-mixing processes lie between
these two extreme cases. Several studies have indicated the
dominance of homogeneous entrainment-mixing processes in
clouds,37,38 while others have shown that extremely inhomoge-
neous entrainment-mixing processes dominate.39–42 Addition-
ally, studies have shown that entrainment-mixing processes can
occur somewhere in the middle.15,43 The dominant
entrainment-mixing processes in clouds are related to the cloud
type, development stage, location in the clouds, and other
factors.

Numerous studies have been conducted utilizing observa-
tional data to study entrainment-mixing processes. Lu et al.
discovered that in shallow cumulus clouds, entrainment-mixing
processes become increasingly inhomogeneous with increasing
timescale.44 Gao et al. further found that entrainment-mixing
processes become increasingly homogeneous or inhomoge-
neous with increasing aircra sampling scale in stratocumulus
clouds.45 Desai et al. focused on warm marine stratocumulus
clouds and found that entrainment-mixing processes are largely
inhomogeneous near the cloud top and homogeneous near the
cloud base.46 Yum et al. and Yeom et al. found that inhomoge-
neous mixing dominates near the cloud top, while homoge-
neous mixing is stronger at lower altitudes due to vertical
circulation mixing.47,48 Moreover, Yeom et al. found that the
clouds are locally inhomogeneous but globally homogeneous
entrainment mixing, by injecting dry air with different
temperatures and ow rates in the Pi cloud chamber.49

In addition to observational studies, modeling studies have
been conducted. Xu et al. found that inhomogeneous
entrainment-mixing processes dominate in stratocumulus
clouds, especially against the background of high aerosol
388 | Environ. Sci.: Atmos., 2024, 4, 387–407
number concentrations, while homogeneous entrainment-
mixing processes dominate in cumulus clouds. Moreover,
both stratocumulus and cumulus clouds exhibit higher
entrainment-mixing inhomogeneity at the mature stage than at
the dissipation stage.50 Furthermore, Kumar et al. conducted
numerous relevant studies through direct numerical simula-
tions (DNS) and found that Dam Kohler number, the ratio of the
mixing time to the evaporation time, can well describe the
evolution of entrainment-mixing processes; the probability
density function of supersaturation at cloud droplet locations
initially exhibits high negative skewness and the droplet size
distribution broadens signicantly.51,52 Additionally, they found
that inhomogeneous mixing becomes increasingly signicant
with increasing domain size.53 Grabowski adopted a cloud-
resolving model and found that, assuming homogeneous mix-
ing, the amount of solar energy reaching the surface in the
pristine cloud case matches that in the polluted cloud case with
extremely inhomogeneous mixing.54 Lasher-Trapp et al. used
a three-dimensional cloud model coupled with a Lagrangian
microphysical parcel model and found that with increasing
degree of inhomogeneity of the entrainment-mixing processes,
the cloud number concentrations decrease, and the cloud
droplet scale increases.55 Tölle and Krueger employed the
EMPM model and found that the cloud droplet spectrum
broadens during entrainment-mixing processes.56

Despite the extensive studies of the entrainment-mixing
processes and mechanisms in cloud/fog, our understanding
of their effects on cloud/fog microphysical and radiative prop-
erties remains incomplete. To address this gap, we modify the
default Thompson scheme by introducing homogeneous mix-
ing degree (j) to investigate the effects of various entrainment-
mixing processes on cloud/fog. The remainder of this paper is
organized as follows: in Section 2, the GRAPES_Meso5.1/CUACE
atmospheric chemical coupling model, Thompson cloud
microphysical scheme, entrainment-mixing parameterization,
data used, and simulation cases are described in detail. Model
evaluation, the effects of different entrainment-mixing
processes and physical mechanisms are presented and exam-
ined in Section 3. Conclusions are outlined in Section 4.

2 Model and methods
2.1 GRAPES_Meso5.1/CUACE model

The GRAPES_Meso5.1/CUACE atmospheric chemical coupling
model was established by online integration of the updated
version GRAPES_Meso5.1 with the CUACE atmospheric chem-
ical module.57,58 The GRAPES_Meso model, developed by Chen
and Shen,59 includes a fully compressible nonhydrostatic model
core and a physical parameterization package.60 The dynamic
framework is used to simulate large-scale horizontal and
vertical transport, as well as diffusion processes for all gases and
aerosols.61 The physical parameterization package covers clouds
and precipitation processes, boundary layer processes, land
surface processes, and radiative transfer processes.62 The
CUACE module incorporates an emission inventory system,
CAM aerosol module, regional acid deposition model (RADM2),
and gas-particle transformation-related processes.63,64 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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anthropogenic emission data for the input model are obtained
from the Multiresolution Emission Inventory for China (MEIC)
developed by Tsinghua University in December 2016.65 This
inventory provides monthly gridded 0.1° × 0.1° emission data,
considering the electricity, industry, civil, transportation, and
agriculture sectors, and it is assigned 32 types of emission
species corresponding to the CUACE chemical system. Aer key
meteorological parameters, such as temperature, humidity,
wind velocity, and atmospheric pressure, which are obtained
from the GRAPES_Meso5.1 model, are entered along with
emission data into the CUACE module, real-time information
on the aerosol number concentrations, aerosol component, and
aerosol droplet scale is obtained. These data are subsequently
fed back into the dynamic framework of the GRAPES_Meso5.1
model. By utilizing the cloud microphysical schemes and the
radiation schemes of the GRAPES_Meso5.1 model, the micro-
physical and radiative properties of hydrometeors, as well as the
radiative budget of the Earth-atmosphere system, can be ob-
tained. This allows for the realization of two-way chemistry-
weather feedback.

This model has been extensively applied in research related
to dust,66,67 haze/fog, and visibility (Vis) simulation.57,58,68–71

Additionally, it has been applied to evaluate various cloud
microphysical schemes by simulating cloud microphysical
properties and precipitation. Moreover, it has been used to
investigate the effects of the cloud condensation nuclei
concentrations on cloud microphysical and radiative proper-
ties.72,73 Zhang et al. replaced the assumed aerosol number
concentrations in the Thompson scheme in the
GRAPES_Meso5.1/CUACE model with the real-time simulated
aerosol number concentrations simulated by the CUACE
module.70 They investigated real-time aerosol–cloud interac-
tions, with a particular focus on regions experiencing high
aerosol pollution levels.

The physical parameterization schemes selected in this
study include the rapid radiative transfer model (RRTM) long-
wave radiation scheme,74 the Goddard shortwave radiation
scheme,75 the Noah land surface scheme,76 the Mellor–Yamada–
Janjic (MYJ) Monin–Obukhov surface layer scheme, the Mellor–
Yamada–Janjic (MYJ) turbulent kinetic energy (TKE) boundary
layer scheme,77 the KF-eta cumulus convection scheme,78 and
the Thompson cloud microphysics scheme.79
2.2 Thompson cloud microphysics scheme

The Thompson bulk cloud microphysical parameterization
scheme is designed to treat ve separate water species: cloud
water, cloud ice, rain, snow, and a hybrid graupel–hail category.
Previous versions of this scheme entailed the use of a single
moment (mixing ratios) for the prediction of certain water
species (cloud water, snow, and graupel) while utilizing double
moments (mixing ratios and number concentrations) for the
prediction of cloud ice and rain. The recent version of the
scheme incorporates the activation of aerosols as cloud
condensation nuclei and ice nuclei.80 Furthermore, Zhang et al.
replaced the assumed aerosol number concentrations in this
updated Thompson scheme with the real-time simulated
© 2024 The Author(s). Published by the Royal Society of Chemistry
aerosol number concentrations simulated by the CUACE
module.70 This modication allows for real-time activation of
aerosols.

2.3 Introduction of entrainment-mixing parameterization

The role of the entrainment-mixing processes in microphysical
schemes is generally expressed as follows:81

Nc ¼ Nc0

�
qc

qco

�a

(1)

where Nc0 and Nc are the cloud droplet number concentrations
before and aer entertainment-mixing, respectively, where qc0
and qc are the cloud water mixing ratios before and aer
entrainment-mixing, respectively. The parameter a can be
expressed as:82

a = 1 − j (2)

where j is the homogenousmixing degree. The parameter j can
be set to any value between 0 (extremely inhomogeneous
entrainment-mixing process) and 1 (homogeneous
entrainment-mixing process) to represent the degree of homo-
geneity of the subgrid entrainment-mixing processes. Since the
initial Thompson scheme did not include j, it is difficult to
describe the entrainment-mixing processes for different
entrainment-mixing degrees. This parameterization is intro-
duced into the Thompson scheme.

2.4 Data

Hourly observational data, including relative humidity (RH) and
Vis, are provided by China's national surface stations of the
China Meteorological Administration. Daily liquid water path
(LWP) and cloud/fog optical thickness (C/FOT) data are derived
from the combined Aqua and Terra Moderate Resolution
Imaging Spectroradiometer (MODIS) Cloud Properties product
with a spatial resolution of 1° (https://
ladsweb.modaps.eosdis.nasa.gov/search/order/1/
MCD06COSP_D3_MODIS—62; last access: 26 June 2023). The
nal analysis (FNL) data of the National Centers for
Environmental Prediction (temporal resolution: 6 h; spatial
resolution: 0.25°) are used as the initial elds and boundary
conditions of the model.

2.5 Fog cases and experimental design

2.5.1 Fog cases. Fog frequently occurs in coastal and urban
regions in autumn and winter. From the end of December 2016
to the rst ten days of January 2017, the 500 hPa height eld in
the northern region of China was primarily controlled by a weak
high-pressure ridge with weak cold air activity and steady
atmospheric stratication. Due to the high humidity and
aerosol concentrations near the surface, there was signicant
hygroscopic growth of atmospheric particles. Simultaneously,
the low height of the mixed layer prevented the vertical diffu-
sion of water vapor, causing water vapor accumulation near the
surface, resulting in the simultaneous formation of regional fog
in the Northeast China and Yangtze River Delta regions. The
Environ. Sci.: Atmos., 2024, 4, 387–407 | 389
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two events that occurred from December 31, 2016, to January 2,
2017, and from January 6 to 8, 2017, exhibited the greatest scope
of impact and a longer duration. The fog events during these
Fig. 1 Observed visibility (Vis, left column) and relative humidity (RH, rig
green rectangles indicate the Northeast China and Yangtze River Delta r

390 | Environ. Sci.: Atmos., 2024, 4, 387–407
two periods are named Case 2 and Case 1, respectively. Based on
Vis and RH data from national surface stations in China, in
Case 1, fog occurred in the Northeast China region from 07:00
ht column) at China's national surface stations in Case 1 (the red and
egions, respectively).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UTC on January 6, 2017, to 06:00 UTC on January 8, 2017.
Meanwhile, fog persisted throughout this period in the Yangtze
River Delta region. In Case 2, fog occurred in the Yangtze River
Delta region from 11:00 UTC on December 31, 2016, to 06:00
UTC on January 2, 2017. Additionally, fog occurred earlier in the
Northeast China region than in the Yangtze River Delta region
and dissipated at 06:00 UTC on January 2, 2017.

The majority of eastern China is included in the model
simulation region, which spans from 100–135°E and 20–50°N,
with a horizontal resolution of 0.1°, 49 vertical layers, and
a model top height of approximately 31 km. The latitude and
longitude ranges for the study regions are as follows: 42–46°N,
122.5–127.5°E for the Northeast China region, and 29–34°N,
116–122°E for the Yangtze River Delta region.

Fig. 1 shows the observed Vis and RH from China's national
surface stations in Case 1. The red and green rectangles indicate
the Northeast China and Yangtze River Delta regions, respec-
tively. As shown in Fig. 1, the Vis values in the Northeast China
region were generally greater than 7 km, and the RH values
remained less than 65% at 07:00 UTC on January 6. By 12:00
UTC on January 7, the RH values increased, resulting in
a decrease in Vis values across most regions. The Vis values
decreased below 4 km, with the RH values exceeding 80%, and
some stations even recorded Vis values lower than 1 km and RH
values higher than 90%, indicating a gradual fog thickening
during this period. By 6:00 UTC on January 8, the fog had
gradually dissipated with decreasing RH and increasing Vis.
Fig. 2, which is a true color satellite cloud map from the NASA
Worldview website (https://worldview.earthdata.nasa.gov/),
along with Fig. 1, reveal the presence of fog in the Northeast
China region and surface fog accompanied by clouds in the
sky in the Yangtze River Delta region on January 7. For
simplicity, both regions are referred to as cloud/fog without
further clarication. Fig. 3 shows the observed Vis and RH from
China's national surface stations in Case 2. At 08:00 UTC on
Fig. 2 True color satellite cloud map from the NASA Worldview
website on 7 January 2017 (the red and green rectangles indicate the
Northeast China and Yangtze River Delta regions, respectively).

© 2024 The Author(s). Published by the Royal Society of Chemistry
December 31, the Vis values in most parts of the Yangtze River
Delta region were greater than 6 km, with RH values less than
65%. However, over time, Vis started to gradually decrease, and
RH increased. By 12:00 UTC on January 1, several central areas
in the Yangtze River Delta region exhibited Vis values less than 1
km, with the RH values exceeding 90%. However, by 6:00 UTC
on January 2, the fog had gradually dissipated. In comparison,
fog occurred earlier in the Northeast China region than in the
Yangtze River Delta region. During the period from 11:00 UTC
on December 31 to 12:00 UTC on January 1, some southwestern
parts of the Northeast China region exhibited Vis values less
than 1 km, and the RH values consistently exceeded 90%.
However, by 6:00 on January 2, the Vis values in most areas
exceeded 10 km, the RH values were less than 65%, and the fog
had gradually dissipated. The entire simulation period ranges
from December 31, 2016, to January 8, 2017. The simulation
period in Case 1 ranges from January 6 to 8, 2017. To compare
the fog in the two regions consistently, January 7 is selected as
the study period in Case 1. In Case 2, the simulation period
ranges from December 31, 2016, to January 2, 2017. The same
treatment as that in Case 1 is used: to compare the fog in the
two regions consistently, January 1, 2017, is selected as the
study period in Case 2. The surface station observational data of
RH and Vis is utilized to determine the occurrence of fog during
the study period.

The parameter j can be set to any value between 0 and 1 to
represent the degree of homogeneity of the subgrid
entrainment-mixing processes. Here, j is set to 1 (homoge-
neous entrainment-mixing processes), 0.5, and 0 (extremely
inhomogeneous entrainment-mixing processes) to explore the
effects of various entrainment-mixing processes on the micro-
physical and radiative properties of cloud/fog, as well as to
compare the microphysical and radiative properties of cloud/
fog in the Northeast China and Yangtze River Delta regions
with different j values.

3 Results
3.1 Model evaluation

The entire simulation period (ranging from December 31, 2016,
to January 8, 2017) is chosen for model evaluation. Fig. 4 shows
the horizontal distributions of the mean LWP, RH, and Vis for
both the observed and simulated over the entire simulated
period. In Fig. 4 a1 and a2, the simulated LWP is close to the
observations in the Yangtze River Delta and Northeast China
regions, respectively. However, the simulations in the north-
eastern region of the Northeast China region yield lower values
than the observations. Additionally, Fig. 4b1 and b2 show that
the simulated RH in both regions is similar to the observed RH.
Regarding Vis, Fig. 4c1 and c2 reveal that there is a high degree
of consistency between the observed and simulated Vis data in
terms of the spatial distribution and variation.

To comprehensively evaluate the model simulation results, it
is necessary to compare the observed and simulated Vis, RH,
and LWP data from the perspectives of the temporal variation
and statistics. Fig. 5 shows the time series of the simulated and
observed Vis and RH in Changchun and Nanjing over the entire
Environ. Sci.: Atmos., 2024, 4, 387–407 | 391
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Fig. 3 Observed visibility (Vis, left column) and relative humidity (RH, right column) at China's national surface stations in Case 2 (the red and
green rectangles indicate the Northeast China and Yangtze River Delta regions, respectively).
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simulation period, as well as the time series of LWP in the two
regions. The simulated and observed Vis, RH, and LWP values
show good agreement.
392 | Environ. Sci.: Atmos., 2024, 4, 387–407
The root mean square error (RMSE) and normalized mean
bias (NMB) between the observed and simulated Vis, RH, and
LWP with different j throughout the entire simulated period in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the observations (left column) and simulations (right column) of themean liquid water path (LWP; a), relative humidity (RH;
b) and visibility (Vis; c) over the entire simulated period (the red and green rectangles indicate the Northeast China and Yangtze River Delta
regions, respectively).
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the various cities and regions are provided in Table 1. In
Changchun, the RMSE for Vis is approximately 5.4 km at j = 1,
0.5, and 0, with the RMSE for RH reaching approximately 27 at j
© 2024 The Author(s). Published by the Royal Society of Chemistry
= 1, 21 at j = 0.5, and 0. The NMB for Vis is approximately
−0.23 at j = 1, 0.5, and 0, while the NMB for RH reaching
approximately 0.29 at j = 1, 0.21 at j = 0.5, and 0. When j = 1
Environ. Sci.: Atmos., 2024, 4, 387–407 | 393
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Fig. 5 Time series of the simulated and observed visibility (Vis) relative humidity (RH), and liquid water path (LWP) over the entire simulated period
in both regions and typical representative cities of the region: Changchun, and Nanjing.
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and 0.5, the simulated Vis and RH values in Changchun align
more closely with the observed values. In Nanjing, the RMSE for
Vis is approximately 2.6 km at j = 1, 0.5, and 0, and the RMSE
for RH is approximately 9.4 at j = 1, 9.5 at j = 0.5, and 0. The
NMB for Vis and RH are approximately 0.60 and 0.06 at j = 1,
394 | Environ. Sci.: Atmos., 2024, 4, 387–407
0.5, and 0, respectively. Table 1 shows that the model reason-
ably simulates Vis and RH in the typical representative cities of
Changchun and Nanjing. There is no signicant difference
between the observed and the simulated values for Vis and RH
with different j in Changchun and Nanjing. Furthermore, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparisons between the simulations at homogeneous
mixing degrees (j) = 1, 0.5, and 0 and corresponding observations
over the entire simulated period in the various cities and regions for the
mean visibility (Vis), relative humidity (RH), and liquid water path (LWP)a

Cities/regions j RMSE NMB

Changchun Vis (km) 1 5.39 −0.23
0.5 5.42 −0.24
0 5.40 −0.23

RH (%) 1 27.2 0.29
0.5 21.3 0.21
0 21.4 0.21

Nanjing Vis (km) 1 2.64 0.59
0.5 2.62 0.60
0 2.64 0.59

RH (%) 1 9.41 0.06
0.5 9.50 0.06
0 9.52 0.06

Northeast China region LWP (g m−2) 1 14.6 −0.35
0.5 15.6 −0.37
0 16.9 −0.39

Yangtze River Delta region BAT (g m−2) 1 72.6 −0.30
0.5 74.5 −0.31
0 76.7 −0.32

a RMSE, root mean square error; NMB, normalized mean bias.
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model provides reasonably accurate simulations of LWP in the
Northeast China and Yangtze River Delta regions, although it
underestimates the LWP relative to the observations. When j =

1, the simulated LWP values in both regions align more closely
with the observed LWP values. It is difficult to nd a denitive j
that satises all the observed data. The reasons behind these
results must be investigated further throughmore research, and
it is necessary to implement the entertainment-mixing param-
eterization for real-time calculation of j, as did in Xu et al.50.

3.2 Effects of different entrainment-mixing processes on the
cloud/fog microphysical and radiative properties

Fig. 6 shows the horizontal distributions of the daily mean
cloud/fog droplet number concentration (Nc/f), cloud/fog
droplet effective radius (re), and cloud/fog water mixing ratio
(qc) at j = 1, as well as the differences between j = 0.5, 0, and 1
in Case 1. Grid points with Nc/f and qc greater than 1 cm−3 and
0.01 g kg−1, respectively, are dened as cloudy/foggy areas.83

The cloud/fog distribution in the Northeast China region is
smaller than that in the Yangtze River Delta region. The Yangtze
River Delta region exhibits larger Nc/f and qc values than the
Northeast China region as a whole. In contrast to the Northeast
China region, where the maximum Nc/f does not exceed 600
cm−3, the maximum Nc/f exceeds 600 cm−3 in the Yangtze River
Delta region and even reaches approximately 800 cm−3. Both
regions exhibit qc values less than 0.3 g kg−1. Additionally, there
is no signicant difference in the magnitude of re between the
two regions.

The variations in Nc/f and re with j change are consistent
with the anticipated outcomes: compared to homogeneous
entrainment-mixing processes, inhomogeneous entrainment-
mixing processes result in smaller Nc/f and larger cloud/fog
droplet size. More details are given in Section 3.3.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 shows the vertical proles of the daily mean Nc/f, qc,
and re at j= 1, along with the vertical proles of the differences
between j= 0.5, 0, and 1 in Case 1. The cloud/fog in the Yangtze
River Delta region is thicker than those in the Northeast China
region. Regarding all the cloud/fog heights in the Northeast
China region, the highest values of Nc/f, qc, and re are 536.1
cm−3, 0.23 g kg−1, and 5.95 mm, respectively. The maximum
values of Nc/f, qc, and re for all cloud/fog heights in the Yangtze
River Delta region are higher than those in the Northeast China
region, at 781.5 cm−3, 0.30 g kg−1, and 6.85 mm, respectively. In
Fig. 8, the vertical proles of the daily meanNc/f, qc, and re at j=

1, as well as the vertical proles of the differences between j =

0.5, 0, and 1 in Case 2, are shown. Similar to Case 1, the cloud/
fog in the Yangtze River Delta region is thicker than those in the
Northeast China region. The largest values of Nc/f, qc, and re for
all clouds/fog heights are 702.7 cm−3, 0.22 g kg−1, and 5.49 mm,
respectively, in the Northeast China region, while the maximum
values reach 603.5 cm−3, 0.48 g kg−1, and 6.57 mm, respectively,
in the Yangtze River Delta region.

Consistent with the ndings shown in Fig. 6–8 show that the
presence of inhomogeneous entrainment-mixing processes
leads to smaller Nc/f and qc and generally larger re than those in
the presence of homogeneous entrainment-mixing processes.
This observation aligns with the ndings of Lasher-Trapp et al.,
who studied the effects of different entrainment-mixing
processes using a three-dimensional cloud model coupled
with a Lagrangian microphysical parcel model.55 For more
inhomogeneous entrainment-mixing processes, Nc/f decreased,
allowing the remaining droplets to grow faster. The vertical
proles in Fig. 7 and 8 directly demonstrate that the effects of
the entrainment-mixing processes cover the entire cloud/fog
layer.

In addition to the effects of entrainment-mixing processes
on Nc/f and re, Fig. 9 shows the horizontal distributions of the
simulated daily mean LWP and C/FOT at j = 1, 0.5, and 0, as
well as the corresponding observations in Case 1. Fig. 10 shows
the probability density distribution functions of the simulated
daily mean LWP and C/FOT at j = 1, 0.5, and 0 in Case 1. As
shown in Fig. 7 and 9, the cloud/fog in the Yangtze River Delta
region is more extensively dispersed (both vertically and hori-
zontally) than those in the Northeast China region, resulting in
larger LWP and C/FOT for the cloud/fog in this region (Fig. 10).
The LWP is calculated as follows:

LWP ¼
ðH
0

raqcðzÞdz (3)

where ra is the air density, H is the cloud thickness. The C/FOT
is estimated with:

C=FOT ¼ 3

2

1

rW

ðH
0

raqcðzÞ
re

dz (4)

where rw is the water density. Compared with homogeneous
entrainment-mixing processes, inhomogeneous entrainment-
mixing processes lead to smaller LWP and larger re. Conse-
quently, inhomogeneous entrainment-mixing processes result
in the smaller C/FOT calculated from eqn (4). Fig. 9 shows that
both in the Northeast China and Yangtze River Delta regions,
Environ. Sci.: Atmos., 2024, 4, 387–407 | 395
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Fig. 6 Horizontal distributions of the simulated daily mean cloud/fog droplet number concentration (Nc/f), cloud/fog droplet effective radius (re),
and cloud/fog water mixing ratio (qc) at homogeneous mixing degrees (j) = 1, as well as the differences between j = 0.5, 0, and 1 in Case 1
(panels a, b, and c show the Northeast China region; panels d, e, and f show the Yangtze River Delta region).
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Fig. 7 Vertical profiles of the simulated daily mean cloud/fog droplet number concentration (Nc/f), cloud/fog droplet effective radius (re), and
cloud/fog water mixing ratio (qc) at homogeneous mixing degrees (j) = 1, and vertical profiles of the differences between j = 0.5, 0, and 1 in
Case 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2024, 4, 387–407 | 397
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Fig. 8 Vertical profiles of the simulated daily mean cloud/fog droplet number concentration (Nc/f), cloud/fog droplet effective radius (re), and
cloud/fog water mixing ratio (qc) at homogeneous mixing degrees (j) = 1, and vertical profiles of the differences between j = 0.5, 0, and 1 in
Case 2.
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Fig. 9 Horizontal distributions of the simulated daily mean liquid water path (LWP) and cloud/fog optical thickness (C/FOT) at homogeneous
mixing degrees (j)= 1, 0.5, and 0, as well as the corresponding observations in Case 1 (the red and green rectangles indicate the Northeast China
and Yangtze River Delta regions, respectively).

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2024, 4, 387–407 | 399
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Fig. 10 Probability density distribution functions of the simulated daily mean liquid water path LWP and cloud/fog optical thickness (C/FOT) at
homogeneous mixing degrees (j) = 1, 0.5, and 0 in Case 1.
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the simulated C/FOT values are larger than the observed values.
When j = 0, the simulated C/FOT values in both regions match
the observed C/FOT values more closely. The changes in key
quantities, including Nc/f, LWP, re, and C/FOT, exhibit similar-
ities to those identied in previous studies. For example, Xu
et al. found that, compared with homogeneous entrainment-
mixing processes, inhomogeneous entrainment-mixing
processes result in smaller Nc/f and LWP, and larger re,
thereby leading to reduced C/FOT in cumulus clouds and stra-
tocumulus clouds.50

Vis is a crucial parameter of atmospheric transmittance and
serves as a key indicator of the fog intensity. The forecasting
methods for Vis can be categorized into two groups: humidity
diagnostic methods and fog microphysical characteristics
diagnostic methods.84 Entrainment-mixing processes signi-
cantly affect Vis by inuencing the microphysical properties of
fog. Additionally, in contrast to humidity diagnostic methods,
fog microphysical characteristics diagnostic methods are more
widely utilized and offer higher accuracy in predicting low-Vis
events. Therefore, in this study, the Vis equation proposed by
400 | Environ. Sci.: Atmos., 2024, 4, 387–407
Rui et al. is employed to investigate the effects of entrainment-
mixing processes on Vis:85

Vis ¼ fc
�
Nc=f

�
�
LWC�Nc=f

�fdðNc=fÞ (5)

8>>>>>>>><
>>>>>>>>:

LWC\0:1 g m�3

8<
:

fc
�
Nc=f

� ¼ �2:22Nc=f
�0:373 þ 1:264

fd
�
Nc=f

� ¼ �0:6936Nc=f
0:046 � 1:492

LWC$ 0:1 g m�3

8<
:

fc
�
Nc=f

� ¼ 33:68Nc=f
0:0098 � 34:13

fd
�
Nc=f

� ¼ �0:000165Nc=f
0:8686 þ 0:7385

(6)

where LWC is the liquid water content (g m−3) and fc and fd are
Nc/f functions.

Table 2 shows the daily simulated and observed regional
mean Vis in the surface fog area of the Northeast China region
and Yangtze River Delta regions with different j values for both
cases. Vis is inversely correlated with Nc/f and LWC. As
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Daily simulated and observed regional mean visibility (Vis)
with homogenous mixing degrees (j) = 1 0.5, and 0 in the surface fog
area of the Northeast China and Yangtze River Delta regions for both
cases

Northeast China
region

Yangtze River Delta
region

Case l j 1 0.5 0 1 0.5 0
Vis (km) 0.162 0.226 0.237 0.171 0.280 0.310
Obs-Vis (km) 0.678 0.613

Case 2 j 1 0.5 0 1 0.5 0
Vis (km) 0.380 0.397 0.414 0.187 0.188 0.189
Obs-Vis (km) 0.717 0.618
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previously discussed, there exists a positive correlation between
j and these variables. Consequently, Vis increases with
decreasing j in both cases. In Case 1, the Northeast China
region experiences an increase from 0.162 to 0.237 km, while
the Yangtze River Delta region experiences an increase from
0.171 to 0.310 km. In Case 2, the Northeast China region
experiences an increase from 0.380 to 0.414 km, while the
Yangtze River Delta region experiences a slight increase from
0.187 to 0.189 km. The corresponding observed Vis values in the
Northeast China region and Yangtze River Delta regions are
0.678 and 0.613 km, respectively, in Case 1, while in Case 2, they
are 0.717 and 0.618 km, respectively. Obviously, the difference
between the simulated and observed Vis value is large in both
cases. Studies show that accurate Vis modeling, especially for
low Vis (as low as <3 km, even <1 km), is very complicated and
faces serious challenges, and the lower the Vis, the worse the
model results.58,69,86 The Vis differences between the observation
(∼0.6 km) and the simulation (0.2–0.3 km) here are still
reasonable considering the current modeling level of such
extreme low Vis.87
3.3 Dependence of the effects on the cloud/fog depth

Table 3 provides the daily simulated regional mean cloud/fog
key quantities with different j values for both cases. This
provides valuable insights into the overall cloud/fog situation as
Table 3 Daily simulated regional mean values of the cloud/fog key qua
cases, including the cloud/fog droplet number concentration (Nc/f), cloud
effective radius (re), and cloud/fog optical thickness (C/FOT)

Northeast China region

Case l j 1 0.5
Nc/f (cm

−3) 235.5 201.9
qc (g kg−1) 0.151 0.146
LWP (g m−2) 57.34 54.87
re (mm) 3.19 3.30
C/FOT 20.66 19.35

Case 2 j 1 0.5
Nc/f (cm

−3) 449.6 416.2
qc (g kg−1) 0.146 0.144
LWP (g m−2) 39.03 38.24
re (mm) 3.97 4.21
C/FOT 14.22 13.55

© 2024 The Author(s). Published by the Royal Society of Chemistry
well as the impact of various entrainment-mixing processes on
the microphysical and radiative properties of cloud/fog in these
regions. In addition, Fig. 11 shows the relative changes (inho-
mogeneous entrainment-mixing processes compared to homo-
geneous entrainment-mixing processes) in the daily simulated
regional mean cloud/fog key quantities in both cases.

Inhomogeneous entrainment-mixing processes lead to
smaller Nc/f, LWP, and C/FOT and larger re in both regions in
both cases. Compared to those in Case 1, where j = 1, Nc/f,
LWP, and C/FOT decrease by 33.6 (40.4) cm−3, 2.5 (5.0) g m−2,
and 1.3 (2.4), respectively, and re increases by 0.11 (0.20) mm for
j = 0.5 (0) in the Northeast China region. Correspondingly, in
the Yangtze River Delta region, Nc/f, LWP, and C/FOT decrease
by 38.3 (52.4) cm−3, 2.7 (8.2) g m−2, and 2.9 (5.1), respectively,
and re increases by 0.15 (0.21) mm for j = 0.5 (j = 0) compared
to j = 1. The relative differences in Case 1 are also assessed
using percentages. In the Northeast China region, Nc/f, LWP,
and C/FOT decrease by 14.3% (17.1%), 4.3% (8.8%), and 6.3%
(11.4%), respectively, whereas re increases by 3.4% (6.3%) at j=

0.5 (j= 0) compared to j= 1. In the Yangtze River Delta region,
Nc/f, LWP, and C/FOT decrease by 9.4% (12.9%), 0.7% (2.0%),
and 2.4% (4.2%), respectively, whereas re increase by 3.1%
(4.3%) at j = 0.5 (j = 0) compared to j = 1. The relative
changes in the cloud/fog key quantities in the Northeast China
region are greater than those in the Yangtze River Delta region.
Therefore, inhomogeneous entrainment-mixing processes
impose more signicant effects on the cloud/fog key quantities
in the Northeast China region than in the Yangtze River Delta
region in Case 1. Fig. 7 shows that the cloud/fog in the northeast
China region are thinner than those in the Yangtze River Delta
region, which suggests that inhomogeneous entrainment-
mixing processes exert more signicant effects on thin cloud/
fog than on thick cloud/fog. According to Table 3 and Fig. 11,
the same conclusion can also be reached in Case 2. The reasons
for this difference are described below.

Based on the spatial distribution of liquid water (horizon-
tally and vertically) in the two regions depicted in Fig. 6 and 7
for Case 1, there is a decrease in qc/f as the entertainment-
mixing processes transition from homogeneous to
ntities with homogeneous mixing degrees (j) = 1 0.5, and 0 for both
/fog water mixing ratio (qc), liquid water path (LWP), cloud/fog droplet

Yangtze River Delta region

0 1 0.5 0
195.1 406.7 368.4 354.3

0.143 0.190 0.186 0.182
52.29 399.9 397.2 391.7
3.39 4.83 4.98 5.04

18.30 121.8 118.9 116.7
0 1 0.5 0

393.2 365.1 348.0 336.2
0.141 0.140 0.139 0.138

37.36 61.30 60.98 60.58
4.32 3.93 4.05 4.10

13.06 24.34 24.23 23.88
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Fig. 11 Relative changes in the daily simulated regional mean cloud/fog key quantities in the Northeast China region (left column) and the
Yangtze River Delta region (right column) in Case 1 (a1 and b1) and Case 2 (a2 and b2) with homogeneous mixing degrees (j) = 0.5 and
0 compared to j = 1, including the cloud/fog droplet number concentration (Nc/f), cloud/fog water mixing ratio (qc), liquid water path (LWP),
cloud/fog droplet effective radius (re), and cloud/fog optical thickness (C/FOT).
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inhomogeneous. This phenomenon can be attributed to the fact
that when the entrainment-mixing processes in the clouds
transition from homogeneous mixing to inhomogeneous mix-
ing, the sizes of cloud/fog droplets increase. Consequently, the
collision efficiency between cloud/fog droplets and other
hydrometeor particles such as snow, graupel, and raindrops is
also enhanced, and the mixing ratios of these hydrometeors in
cloud/fog increase at the same time. In Case 1, for j = 1 and 0,
the sum of the mixing ratios of snow, graupel, and raindrops in
the Northeast China region is 0.00228, and 0.00234 g kg−1,
respectively; the values are 0.0695 and 0.0714 g kg−1 in the
Yangtze River Delta region.

3.4 Mechanisms underlying the dependence on cloud/fog
depth

The proportions of evaporated grids in both regions are
provided in Table 4 for both cases. The depth of cloud/fog
variation between the two regions is observed, shedding light
on the mechanisms of the effects of inhomogeneous
entrainment-mixing processes on cloud/fog at different depths.
In the inhomogeneous entrainment-mixing processes, 60% of
402 | Environ. Sci.: Atmos., 2024, 4, 387–407
the cloud/fog evaporated grids in the Northeast China region is
inundated at j = 0.5 and 59% at j = 0 in Case 1, 51% at j = 0.5
and 50% at j = 0 in Case 2; these proportions are signicantly
greater than those in the Yangtze River Delta region (44% at j=

0.5 and 43% at j = 0 in Case 1; 45% at j = 0.5 and 44% at j =

0 in Case 2). This indicates that a higher portion of cloud/fog is
affected by inhomogeneous entrainment-mixing processes in
the Northeast China region than in the Yangtze River Delta
region, and the relative changes (inhomogeneous entrainment-
mixing processes compared to homogeneous entrainment-
mixing processes) in cloud/fog key quantities are greater in
the Northeast China region than in the Yangtze River Delta
region for both cases. Consequently, the effects of inhomoge-
neous entrainment-mixing processes on cloud/fog key quanti-
ties are more signicant in the Northeast China region than
that of homogeneous entrainment-mixing processes in both
cases. Physically, entrainment-mixing processes mainly occur
near the cloud/fog top and lateral boundary; in the case of thin
cloud/fog, entrainment of environmental air can affect cloud/
fog more signicantly.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Proportions of evaporated grids in the Northeast China and Yangtze River Delta regions with different homogenous mixing degrees (j)
for both cases

Northeast China region Yangtze River Delta region

Case l Proportion of evaporated grids [j = 0.5] 60% 44%
Proportion of evaporated grids [j = 0] 59% 43%

Case 2 Proportion of evaporated grids [j = 0.5] 51% 45%
Proportion of evaporated grids [j = 0] 50% 44%
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4 Conclusions

The microphysical and radiative properties of cloud/fog signif-
icantly affect precipitation, radiative transfer, and even the
energy budget of the Earth-atmosphere system. The
entrainment-mixing processes between cloud/fog and ambient
air can alter the microphysical properties of the cloud/fog,
impacting their radiative properties.

However, it is difficult to utilize the default Thompson
scheme of the atmospheric chemistry model GRAPES_Meso5.1/
CUACE to examine the effects of different entrainment-mixing
mechanisms on the microphysical and radiative properties of
cloud/fog. In this study, this scheme is modied to include
homogeneous mixing degree (j) to investigate the effects of
various entrainment-mixing processes on the microphysical
and radiative properties of cloud/fog. These cloud/fog proper-
ties include the cloud/fog droplet number concentration (Nc/f),
liquid water path (LWP), cloud/fog droplet effective radius (re),
visibility (Vis), and cloud/fog optical thickness (C/FOT).

The different homogeneous mixing degrees (j) represent
various entrainment-mixing processes, indicating the homo-
geneity degree of the subgrid entrainment-mixing processes. In
this study, the homogenous mixing degree (j) is set to 1, 0.5, or
0, representing homogeneous entrainment-mixing processes,
inhomogeneous entrainment-mixing processes, or extremely
inhomogeneous entrainment-mixing processes, respectively.
The purpose of this study is to investigate the effects of these
various entrainment-mixing processes on the microphysical
and radiative properties of regional fog that simultaneously
occurred in the Northeast China and Yangtze River Delta
regions from December 31, 2016, to January 2, 2017, and from
January 6 to 8, 2017.

Compared to homogeneous entrainment-mixing processes
(j = 1), inhomogeneous entrainment-mixing processes (j < 1)
result in lower smaller cloud/fog droplet number concentration
(Nc/f), liquid water path (LWP), and larger cloud/fog droplet
effective radius (re). Consequently, this results in reduced cloud/
fog optical thickness (C/FOT) and increased visibility (Vis) for
cloud/fog in both regions.

Furthermore, compared with those in the Yangtze River
Delta region, the inhomogeneous entrainment-mixing
processes exert more signicant effects in the Northeast
China region on the relative changes in the cloud/fog droplet
number concentration (Nc/f), liquid water path (LWP), cloud/fog
droplet effective radius (re), and cloud/fog optical thickness (C/
FOT). The thickness of cloud/fog in the Northeast China region
is smaller than that in the Yangtze River Delta region, so
© 2024 The Author(s). Published by the Royal Society of Chemistry
inhomogeneous entrainment-mixing processes impose more
signicant effects on thinner cloud/fog than on thicker cloud/
fog. This difference occurs because the proportion of evapo-
rated grids in the cloud/fog in the Northeast China region is
higher than that in the Yangtze River Delta region. At homo-
geneous mixing degrees (j) of 0.5 and 0, the proportions of
evaporated grids in the Northeast China region are 51% and
50%, respectively, during the previous period, 60% and 59%,
respectively, during the following period. In comparison, the
proportions of evaporated grids in the Yangtze River Delta
region are 44% and 43%, respectively, during the previous
period, and 45% and 44%, respectively, during the following
period. This results inmore cloud/fog droplets evaporates in the
Northeast China region. In conclusion, the effects of inhomo-
geneous entrainment-mixing processes are more signicant in
thin cloud/fog in the Northeast China region than in thick
cloud/fog in the Yangtze River Delta region.
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