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Abstract: This study is the first to use the observation data of a fog monitor, a visibility meter, and an
automatic weather station to carry out a comprehensive observation experiment from the perspective
of microphysics on a severe sea fog process in Beilun District, China, from 14 to 15 June 2021. The
results show the following: (1) Temperature is closely related to nucleation, condensation growth,
and other processes. The decrease (increase) in temperature is the main reason for the enhancement
(weakening) of nucleation and the growth of condensation (evaporation of droplets), which leads
to an increase (or decrease) in microphysical quantities, such as droplet number concentration and
liquid water content. (2) The average droplet number spectral distribution roughly conforms to
the Gamma distribution, and the spectral distribution of the fog process presents a ”multi-peak”
structure, with peak diameters of 6 µm, 12 µm, 16 µm, 24 µm, and 44 µm. Droplets with a diameter
of less than 16 µm account for 75% of the droplet size distribution. (3) During this sea fog process,
three microphysical parameters, namely, number concentration, liquid water content, and average
diameter, are all positively correlated in pairs, but the positive correlation between the number
concentration and the average diameter is weak. This shows that the condensation nucleation and
the condensation growth of droplets are the main processes in this sea fog process and that the
collision process occurs but is not the dominant process. The sea fog comprehensive observation
experiment provides an important demonstration of the microphysics research of sea fog in the
eastern coastal areas of China and provides more reference information for sea fog research and
equipment comparisons between different regions. At the same time, it also provides an essential
scientific basis for the short-term forecast of sea fog in the future and for the optimization of the
microphysical parameters of related models.

Keywords: sea fog; microphysical structure; microphysical correlation; droplet spectral distribution

1. Introduction

Sea fog is a phenomenon of the condensation of water vapor in the lower atmosphere
at sea or coastal areas. The accumulation of water droplets or ice crystals often leads
to an atmospheric horizontal visibility of less than 1 km [1]. A decrease in visibility
significantly impacts sea navigation, seaport operations in coastal areas, and even military
activities [2]. On 27 January 2012, due to heavy fog, Haikou Meilan Airport canceled
111 flights throughout the day. The fog continued until the morning of the 28th, and a
large number of passengers were stranded in the terminal hall. On 11 February 2015, a
catastrophic 106-vehicle chain collision occurred on Yeongjong Bridge (sea-crossing bridge)
in Incheon, South Korea [3]. On 27 February 2016, a Chinese Anhui-registered bulk carrier
collided with a Shandong-registered fishing vessel in the Yellow Sea, resulting in the sinking
of the fishing vessel, with eight deaths and two missing persons, and a direct economic loss
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of about CNY 1.2 million, constituting a significant water traffic accident. Relevant data
show that the accidents of ships with poor visibility have exceeded one-third of the total
number of marine traffic accidents and that they have even exceeded more than half of
the total number in areas with frequent sea fog [4–6]. Therefore, research on the formation
mechanism of sea fog and early warnings and forecasts is of great value and significance
for the meteorological safety of the sea and the coast [7].

In the past few decades, people have carried out a large number of comprehensive
observational studies of sea fog based on meteorological analyses [8–12], which has dramat-
ically improved the understanding of the evolution law and microphysical characteristics
of sea fog. At the same time, in the research process, it is also clear that there is a close
connection between the macroscopic evolution of fog and the evolution of microphysical
characteristics [13], which indicates the need for further research on fog from the per-
spective of microphysics. In this process, related studies have found that microphysical
quantities, such as droplet number concentration, the size of fog droplets, and the liquid
water content, directly affect the extinction coefficient of the atmosphere, and they are
the main factors affecting atmospheric visibility [14–16]. In addition, nucleation and con-
densation lead to an increase in the number of droplet particles in fog. Collisions cause
the droplet spectrum to widen, while gravitational sedimentation causes the spectrum to
narrow [17,18]. As the collision and coalescence processes intensify, the positive correlation
between microphysical properties tends to weaken [19]. In addition, different topographies,
ecologies, environmental conditions, and climatic backgrounds lead to apparent differences
in the microphysical structure, evolution process, and impact on the atmospheric visibility
of fog [20]. Compared with urban and mountainous areas, sea fog in coastal areas has
apparent differences. The droplet number concentration is usually lower, but the droplet
size is larger [21]. Moreover, coastal aerosols are generally sea salt, urban fine particles
include organic and black carbon, and mountain aerosols are mainly sulfate. In summary,
spectral droplet distribution, microphysical processes, and microphysical structural char-
acteristics are closely related to visibility, while various physical, dynamic, and radiation
processes occur at different time and space scales. Under the influence of different objective
conditions of regional topographic and atmospheric physical conditions, there are apparent
differences in the microphysical structure and evolution of fog, as well its generation and
dissipation [22].

Ningbo Zhoushan Port is located at the intersection of China’s north–south route and
the mouth of the Yangtze River. The cold air in spring conflicts with the warm and humid
air in the southeast of the sea, often resulting in foggy weather. It is the world’s first port to
have an annual cargo throughput of over 1 billion tons and the fastest-growing port for
container shipping (Figure 1). According to statistics, the container throughput of Meishan
Port exceeded 6.6 million TEUs in 2021, accounting for nearly one-fifth of the container
throughput of Ningbo Zhoushan Port. In May 2022, the accumulated container throughput
exceeded 811,000 twenty-foot equivalent units (TEUs), a year-on-year increase of 31.1%,
setting the highest monthly throughput record since the port opened. The management
and control data from the Zhoushan Port Dispatching Center show that the average time
of shutdown due to sea fog in the port area is 443 h each year. In years when sea fog
occurs more frequently, the shutdown time of the port exceeds 600 h. It can be seen
that sea fog has become disastrous weather and that it has the most significant impact
on port operation time. At 21:33 on 14 June 2021 (Local Time, LT), the meteorological
station of the Beilun District in Zhejiang Province issued an orange warning signal for
heavy fog. Just before this process, we installed a fog monitor in the observation area
of Meishan Port in the Beilun District, China, which can conduct a deeper study on the
microphysical process of this process. Based on this, this paper uses the observation data of
the fog monitor, the automatic weather station, and a visibility meter to conduct in-depth
research on the sea fog process in the Ningbo Meishan Port area from 14 to 15 June 2021
in order to provide a microphysical basis for the short-term forecast of sea fog and the
optimization of microphysical parameters of related models. In addition, the development



Remote Sens. 2022, 14, 5604 3 of 16

of this research work also provides more reference information for sea fog research and
equipment comparisons between different regions.
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Figure 1. Zhoushan Port during operation.

The paper is organized as follows: Section 2 introduces the study area and instru-
ments, data and methods, and the division method for each stage of the sea fog process.
Section 3 introduces the evolution of macroscopic and microscopic characteristics over time
and the correlation between microphysical properties. Section 4 presents the conclusion
and discussion.

2. Data and Methods
2.1. Study Area

The core port area of Ningbo Zhoushan Port is located between the Beilun District
of Ningbo City and the Dinghai District of Zhoushan City, and it is a long and narrow
area from east to west. In 2021, the Key Laboratory of Atmospheric Sounding of the China
Meteorological Administration (KLAS, Chengdu, China) and the Ningbo Meteorological
Network and Equipment Support Center (NBMSC, Ningbo, China) jointly carried out a sea
fog monitoring experiment in Meishan Port District, Beilun District. A distribution map of
the sea fog observation equipment, namely, the visibility meter (29.78◦N, 121.88◦E), the fog
monitor (29.74◦N, 121.9◦E), and the automatic weather station (29.76◦N, 121.9◦E), is shown
in Figure 2.
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2.2. Data and Methods

The data used in this paper comprise the observation data of the visibility meter, the
automatic weather station, and the fog monitor (Table 1). Among them, the CJY-1G forward
visibility scatterometer produced by Luoyang Kaimai Company (Luoyang, China) is a
new generation of intelligent atmospheric visibility monitoring equipment with a simple
structure, low power consumption, and strong reliability, and it can obtain visibility (V)
data. As a ground meteorological automatic observation system, the DZZ4 automatic
weather station produced by Aerospace New Weather Technology Co., Ltd. (Wuxi, China)
can collect data on temperature (T), relative humidity (RH), wind speed (WS), and other
elements. The FM-120 fog monitor is an optical instrument manufactured by DMT to
measure the particle size distribution of clouds and fog using laser forward scattering
technology (Figure 3). It can be installed on the ground or on tower buildings to study fog
conditions. The instrument uses a solid-state laser diode as the core component, and its
surface is integrated with electronic technology. The fog monitor can be applied to harsh
environments and operates in a stable and reliable manner. It can realize the continuous
observation of the microphysical data of cloud and fog processes. The diameter of the
observed particles (cloud (fog) droplets) ranges from (D) 2 to 50 µm, the sampling area is
0.24 mm2, the frequency is 1 s−1, and the speed of the exhaust port is about 15 m s−1. The
observed physical quantities mainly include the droplet number concentration (Nc), particle
number content of different diameters (n(D)), liquid water content (LWC), equivalent
diameter (ED), and median volume diameter (MVD).

Table 1. Observation equipment and related technical parameters.

Instrument Manufacturer Model Time Resolution Measured Parameters

Fog monitor DMT, US FM-120 1 s LWC, NC, ED
Visibility meter CAMA CJY-1G 1 min V

Automatic weather
station

Aerospace New
Weather Technology

Company
DZZ4 5 min T, RH, WSRemote Sens. 2022, 14, x FOR PEER REVIEW 5 of 18 
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Using the observation data of the fog monitor, we established a quantitative calculation
index for the microphysical characteristics of sea fog (Table 2). Among them, r is the droplet
radius; D is the droplet diameter; and N0, µ, and λ are the three parameters in the curve.
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Table 2. Calculation formulas of physical quantities used in the subsequent analysis.

Physical Quantity Formula

Number of droplets (Ns) Ns =
∫ ∞

0 n(r)dr
Average radius (r) r = 1

Ns

∫ ∞
0 rn(r)dr

Variance
(
σ2) σ2 = 1

Ns

∫ ∞
0 (r − r)2n(r)dr

Coefficient of Variation (CV) CV = σ
r

Gamma function (N(D)) N(D) = N0Dµexp−λD

K-order radius (mk) mk = ∑ rk n(r)
Ns

(k = 1, 2 · · ·)
Skewness (Sk) Sk =

m3−3m1m2+2m3
1

(m2−m2
1)

3/2

Kurtosis (Ku) Ku =
m4−4m1m3+6m2

1m2−3m4
1

(m2−m2
1)

2

Skewness Deviation Coefficient (Cs) Cs =
S2

k
4

Kurtosis deviation coefficient (Ck) Ck = Ku
6

In order to analyze the characteristics of the different stages of the entire sea fog
process, we divided the generation and elimination stages in this study according to the
change laws of V, NC, LWC, and r as follows [23]: (1) Gestation stage: during this stage,
visibility changes significantly, and NC and LWC increase from about 0; (2) Formation
stage: during this stage, visibility drops below 1 km, and the growth rates of the other
three characteristic parameters, such as, NC are low; (3) Development stage: during this
stage, visibility continues to decrease, and the other characteristic parameters significantly
increase; (4) Maturation stage: during this stage, visibility is maintained at a low value, and
each characteristic parameter reaches its maximum value; (5) Intermittent stage: during this
period, visibility increases to more than 1 km, and each characteristic parameter remains
at a low value; and (6) Dissipation stage: during this stage, visibility increases, and each
characteristic parameter decreases.

3. Results and Analysis
3.1. Overview of the Sea Fog

In Figure 4, we can see the evolution characteristics of visibility (V), temperature (T),
wind speed (WS), and relative humidity (RH) over time during the sea fog process. Due to
differences in time resolution, the visibility data were averaged every 5 min. It can be seen
that the entire sea fog process lasted for about 9 h, and the lowest visibility was less than
200 m. The sea fog began to form at 23:00 (LT) on 14 June and dissipated at 7:20 (LT) on
15 June. Figure 5 shows a real-time photograph of the sea fog at the port at 6:03 (LT) on
15 June 2021. The temperature varied in the range of 23 to 26 ◦C. It decreased slightly at
0:30 (LT) on the 15th, and the visibility gradually increased as the temperature increased
after 5:40 (LT). The relative humidity was always higher than 98%, and the near-saturated
state promoted the formation of fog droplets. Visibility, temperature, and wind speed all
show a trend of first oscillating down and then oscillating up; that is, they roughly have
the same trend. In the whole sea fog process, the wind speed did not exceed 2 m/s, and
the fluctuation in the ground wind speed was not obvious, indicating that advection had
little effect on the change in the microphysical structure during the fog process and that
the change in the microphysical structure was mainly related to the microphysical process
that occurs in the fog [24]. Therefore, the microphysical characteristics of this process were
analyzed below.
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3.2. Microphysical Features
3.2.1. Features of Each Stage

From the change in visibility (Figure 6), we can see that the entire sea fog presents
two types of change trends. For the convenience of analysis, we divide these into two
processes: case1 and case2. According to the method proposed in Section 2.2, case1 occurs
from 14 June 23:31 to 15 June 2:59, and case2 occurs from 15 June 3:46 to 15 June 7:20
(Table 3). Figure 6 shows the evolution characteristics of V, NC, LWC, r, and CV over time
during this sea fog process. Due to differences in time resolution, NC, LWC, and r are
averaged every minute. It can be seen that the microphysical structure changes significantly
during the whole process, and V and microphysical quantities, such as NC, show roughly
opposite trends.

Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 6. Example of the evolution of microphysical quantities. The example time is 20:55 on 14 June 
to 7:20 on 15 June. (a) V, (b) NC, (c) LWC, (d) �̅�, (e) CV. The lines in the figure represent the divisions 
of the stages. 

According to the change characteristics of the physical quantities at different devel-
opment stages in the entire sea fog process, we can preliminarily determine the following: 

In the formation stage of the case1 process, NC, LWC, 𝑟, and CV show a small oscil-
lating change, indicating that collision and coalescence at this stage are very weak. In the 
development stage of the case1 process, NC, LWC, and 𝑟 all show a relatively consistent 
increase trend, and CV shows an oscillating change characteristic, indicating that a large 
number of condensation nuclei form new droplets through nucleation and condensation 
growth in this stage. With an increase in the number concentration, the continuous colli-
sion growth process starts, large droplets collide with small droplets, and the average 

Figure 6. Example of the evolution of microphysical quantities. The example time is 20:55 on 14 June
to 7:20 on 15 June. (a) V, (b) NC, (c) LWC, (d) r, (e) CV. The lines in the figure represent the divisions
of the stages.



Remote Sens. 2022, 14, 5604 8 of 16

Table 3. Subdivide the stage of sea fog from 20:55 on 14 June to 7:20 on 15 June.

Stage Time

i Gestation stage 14 June 20:55–23:30

case1

I Formation stage 14 June 23:31–15 June 0:02

II Development stage 15 June 0:03–1:00

III Maturation and dissipation stage 15 June 1:01–2:59

ii Intermittent stage 15 June 3:00–3:45

case2
IV Formation and development stage 15 June 3:46–6:54

V Dissipation stage 15 June 6:55–7:20

According to the change characteristics of the physical quantities at different develop-
ment stages in the entire sea fog process, we can preliminarily determine the following:

In the formation stage of the case1 process, NC, LWC, r, and CV show a small oscil-
lating change, indicating that collision and coalescence at this stage are very weak. In the
development stage of the case1 process, NC, LWC, and r all show a relatively consistent
increase trend, and CV shows an oscillating change characteristic, indicating that a large
number of condensation nuclei form new droplets through nucleation and condensation
growth in this stage. With an increase in the number concentration, the continuous collision
growth process starts, large droplets collide with small droplets, and the average radius
increases. The finding of NC increasing at this stage rather than decreasing is different from
the phenomenon summarized by Liu et al., who stated that collision–coagulation leads to
an increase in large droplets and a decrease in tiny droplets [25]. In the maturation and
dissipation stages of the case1 process, V decreases to less than 200 m. NC, LWC, and r
continue to increase during the initial stage and then decrease, and NC and LWC reach
their maximum values for the whole process. CV fluctuates during the initial stage and
decreases at a later stage. The above shows that continuous collision and growth processes
still occur in the early stages and that the processes then weaken. During the formation
and development stages of the case2 process, V greatly fluctuates, during which three
brief dense fog processes occur. A larger r indicates that an inevitable collision process
occurs [26].

Temperature is closely related to nucleation, condensation growth, and other processes.
A temperature drop (increase) is the main reason for nucleation enhancement (weakening)
and condensation growth (droplet evaporation), which leads to an increase (or decrease) in
microphysical quantities, such as number concentration and liquid water content.

In Figure 6, we can see that the visibility of the case1 process remains at a low value
for a long time. To more intuitively understand the specific conditions of the microphysical
feature quantities at the different stages of the process, we count NC, LWC, and r of the
case1 process, gestation stage, and intermittent stage (Table 4). It can be seen that there are
significant differences in the microphysical parameters at the different stages of the sea fog.

In addition, regarding the change over time in the number concentration of particles
with different diameters (Figure 7), when the visibility significantly decreased, the number
of particles in each interval dramatically increased, and the droplet spectrum dramatically
expanded, but the increased range was different. The number of particles with diameters
of 3.5~6.5 µm and 14~26 µm significantly increased the most, and the maximum number
was more than 58 cm−3. A further analysis of Figure 7 shows that the number of particles
larger than 11 µm continued to increase, even more so than small particles (from 1:01 to
1:45). This is because the water vapor is sufficient at this stage, condensation nucleation and
condensation growth vigorously develop, and collision and coalescence continue to occur.
In summary, the high concentration of small droplets indicates that many condensation
nuclei are nucleated and that the water vapor condenses on the smaller condensation nuclei
and rapidly grows [27]. The high concentration of large particles indicates that the collision
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effect is strong and that the small particles aggregate into large particles. The co-increase of
large particles and small particles leads to an increase in the particle number concentration.

Table 4. Average, maximum, and minimum values of key characteristic parameters of case1 process,
gestation stage, and intermittent stage.

NC/cm−3 LWC/g m−3 ¯
r /µm

i Gestation stage 45.4931
(0.6172–143.4675)

0.0478
(1.4500 × 10−4–0.2237)

4.5474
(2.5625–6.3610)

case1

I Formation stage 55.7280
(9.5387–110.8600)

0.0587
(0.0038–0.1422)

4.8875
(3.9348–5.8897)

II Development stage 57.9825
(11.0608–124.3664)

0.0834
(0.0047–0.2786)

5.0978
(3.0656–6.7576)

III Maturation and
dissipation stage

62.1846
(0.3065–212.9253)

0.1266
(2.6704 × 10−5–0.6410)

5.8228
(3–10)

ii Intermittent stage 10.6179
(0.3075–75.9628)

0.0137
(6.9055 × 10−6–0.1350)

4.0662
(2–11)
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3.2.2. Features of the Droplet Spectrum

The spectral distribution of fog droplets is another critical parameter that reflects
the microphysical characteristics of fog. To study the differences in the microphysical
characteristics of case1 and case2 of the sea fog process in Beilun District, Figure 8 shows
the droplet spectrum distribution at each stage of the sea fog process in Beilun District
from 14 to 15 June 2021. The logarithmic coordinate is used as the ordinate to better reflect
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the difference in the spectral width of droplets and the density of large droplets at each
stage [28]. The high value of the number concentration at each stage is concentrated in the
small droplets (diameter between 4 and 6 µm), the droplet spectrum is relatively broad,
and the maximum diameter is close to 50 µm, but the number concentration is minimal.
Among them, the maximum number concentration of droplets with a diameter of 8–12 µm
is observed in the formation stage of case1 (I), the maximum number concentration of
droplets with a diameter of 15–27 µm is observed in the maturation stage of case1 (III),
and the maximum number of droplets with a diameter of 36–47 µm is observed in the
developmental stage of case1 (II).
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In the study of the microphysical laws of cloud, fog, and precipitation, almost all the
problems involve particle scale, which is the most fundamental parameter. The particle
swarm is of practical significance, and it is a combination of particle size and number
concentration. The droplet spectral distribution function needs to be represented, and the
Gamma function can be used to describe it [29–31]. In practical applications and theoretical
research, using the Gamma function to replace the exponential spectrum in order to ap-
proximate the actual spectrum is mainly carried out by employing the direct observation
method, which is rarely verified in mathematics. Liu introduced two statistical param-
eters, skewness (Sk) and kurtosis (Ku), to analyze the actual distribution characteristics
of droplet spectra and applied them to a fitting analysis of the droplet spectrum type.
When Sk = Ku = 0, the spectrum has a normal distribution; when Sk > 0, it has a positive
skewed distribution; when Sk < 0, it has a negative skewed distribution; when Ku > 0, the
spectra is leptokurtic; when Ku < 0, the spectra is platykurtic. We introduce CS (skewness
deviation coefficient) and Ck (kurtosis deviation coefficient), which give an indication of
the deviation of skewness and kurtosis from their values for the M-P distributions [32,33].
Assuming that the particle spectral distribution satisfies the Gamma function, CS = Ck,
and we can verify whether the spectral distribution satisfies the Gamma distribution by
calculating the CS = Ck of the actual spectrum. Now, we use the data from this sea fog
process to calculate CS = Ck and to draw a scatter plot (Figure 9). It can be seen in the
figure that most of the scatter points are near the straight line y = x, indicating that the
droplet spectrum distribution roughly conforms to the Gamma distribution. Comparing
the droplet spectrum distributions of the sea fog between different regions, it is obvious
that they are different from the monotonically decreasing types in Zhanjiang, Maoming,
and Qingdao. Among them, the droplet spectra in Zhanjiang and Maoming conform to
the Junge distribution [34,35], and the droplet spectra in the coastal areas of Zhoushan and
southern Fujian conform to the Deirmenjian distribution [36,37]. However, the spectral
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droplet distribution of the sea fog process in Zhanjiang from 20 to 21 March 2011 satisfies
the Gamma distribution [38].
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Figure 10 shows the average droplet spectrum of this sea fog process. As can be seen
in Figures 8 and 10, the spectral distribution of the fog process presents a “multi-peak”
structure, with peak diameters of 6 µm, 12 µm, 16 µm, 24 µm, and 44 µm. The proportion
of droplets with a diameter of less than 16 µm is 75%. It can be seen in Figure 7 that the
number concentration of particles with diameters of 6µm and 22–24 µm is the largest.
Therefore, we fit the average spectrum into two sections according to the measured data
and the Gamma distribution.

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 9. Kurtosis deviation coefficient (Ck) is a function of the skewness deviation coefficient (CS). 
The solid line is Y = X, and the dotted line represents the regression line of the whole fog event. 

Figure 10 shows the average droplet spectrum of this sea fog process. As can be seen 
in Figures 8 and 10, the spectral distribution of the fog process presents a “multi-peak” 
structure, with peak diameters of 6 μm, 12 μm, 16 μm, 24 μm, and 44 μm. The proportion 
of droplets with a diameter of less than 16 μm is 75%. It can be seen in Figure 7 that the 
number concentration of particles with diameters of 6μm and 22–24 μm is the largest. 
Therefore, we fit the average spectrum into two sections according to the measured data 
and the Gamma distribution. 

 
Figure 10. The average spectral distribution of sea fog process in Beilun district from 20:55 on 14 
June to 7:20 on 15 June 2021. 

3.2.3. Features of Correlation and Difference 
The relationships with crucial microphysical factors are discussed to further under-

stand the main microphysical processes affecting sea fog. A scatter diagram of the three 
microphysical parameters is drawn for the correlation analysis (Figure 11). Figure 11a 
shows the relationship between NC and mean diameter (𝐷) during the entire sea fog pro-
cess, and R is the correlation coefficient. The positive correlation between NC and 𝐷 of 
the whole process is weak (R = 0.3092). NC and LWC in Figure 11b have an excellent 

C K

Figure 10. The average spectral distribution of sea fog process in Beilun district from 20:55 on 14 June
to 7:20 on 15 June 2021.

3.2.3. Features of Correlation and Difference

The relationships with crucial microphysical factors are discussed to further under-
stand the main microphysical processes affecting sea fog. A scatter diagram of the three
microphysical parameters is drawn for the correlation analysis (Figure 11). Figure 11a
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shows the relationship between NC and mean diameter (D) during the entire sea fog pro-
cess, and R is the correlation coefficient. The positive correlation between NC and D of the
whole process is weak (R = 0.3092). NC and LWC in Figure 11b have an excellent positive
correlation (R = 0.8922). D in Figure 11c also has an excellent positive correlation with LWC.
Many previous cloud theories state that the growth of clouds is achieved by the activation
of small particles, the further enlargement of droplets, and the collection effect after conden-
sation [39]. The collision process causes droplets to collide and combine, and the diameter
increases while the number concentration reduces, breaking the positive correlation trend
between the number concentration and the average diameter. The three microphysical
parameters in the figure are all positively correlated, but the positive correlation between
NC and D is weak. We can conclude that this sea fog process is dominated by condensation
nucleation and the condensation growth of droplets [40] and that the collision process
occurs, but it is not the dominant process, which is consistent with the previous analysis.
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Figure 11. The correlation analysis of the two parameters in the Beilun district from 20:55 on 14 June
to 7:20 on 15 June 2021. (a) D (µm) and NC (cm−3), (b) NC (cm−3) and LWC (g m−3), (c) D (µm) and
LWC (g m−3).

There are differences in the microphysical characteristics at different stages of the sea
fog process. We analyzed the correlation between NC and D in the case1 process, gestation
stage, and intermittent stage (Figure 12). From the gestation stage to the development stage,
the correlation decreases, indicating that collision and coalescence gradually strengthen.
At the maturation and dissipation stages, the correlation becomes larger, but this does not
mean that the collision effect at this stage is weakening. It can be seen in Figure 6c that
water vapor is particularly sufficient in the early stage of this process, so the condensation
nuclei are continuously activated, while the droplets condense and grow. The continuous
regeneration of small droplets consolidates the increase in the number concentration;
thus, the correlation becomes larger. The correlation coefficient of the intermittent period
continues to increase, and the collision process weakens at this stage.
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Figure 12. Correlation analysis between D (µm) and NC (cm−3) in the case1 process, gestation stage,
and intermittent stage. (a) Gestation stage, (b) formation stage, (c) development stage, (d) maturation
and dissipation stage, (e) intermittent stage.

The generation and disappearance of fog are complex processes, and not only are they
related to the weather situation, but they are also related to the local climate background,
geographical environment, and aerosol distribution characteristics. Therefore, fog processes
across different regions, or even in the same region, often have different microphysical
quantities. At the same time, microphysical parameters can quantitatively describe the
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microphysical characteristics of sea fog [41]. Table 5 compares the average values and
variation ranges of microphysical quantities between sea fog cases in the Beilun District,
China, and other coastal areas to understand the characteristics of sea fog in the study
area. It is found that the average values of LWC in each area have little difference, but the
maximum value in the Beilun area is larger than that in the other areas, indicating that
water vapor in the Beilun area is more abundant. The r of fog in Zhoushan is relatively
large, followed by that in the Beilun area. Different observation instruments may have
caused this particular result. The particle size measurement range of the three-purpose
droplet spectrometer is 3.2–70 µm, while the range of the laser backscattering droplet
spectrometer is 2–50 µm. NC in the Beilun area is low, which is related to the large average
radius of fog droplets. The microphysical characteristics of Beilun District are analyzed in
depth below.

Table 5. Comparison of individual cases of sea fog microphysical characteristics between the Beilun
District of Ningbo City and other coastal areas in China.

Observation Location and Time NC/cm−3 LWC/g m−3 ¯
r /µm

Beilun, Zhejiang *
14–15 June 2021

41.5190
(0.3065–212.9253)

0.0645
(6.9055 × 10−6–0.6410)

5.3041
(1.7500–11)

East Island, Guangdong [38] **
20–21 March 2011

231
(147–616)

0.114
(0.001–0.594)

3.3
(1.5–6.8)

Maoming, Guangdong [42] **
16–17 March 2008

326.6
(15–422.6)

0.058
(0.010–0.102)

1.5
(1.2–2.45)

Northwest of the South China Sea [43] **
10–11 March 2017

198
(42–445)

0.116
(0.012–0.484)

2.8
(1.9–6.4)

Qingdao, Shandong [27] *
5–8 April 2017

64.4
(1–146.9)

0.057
(0.001–0.172)

4.0
(1.9–6.7)

Zhoushan, Zhejiang [36] ***
19 May 1985

35.6
(/−122)

0.13
(/−0.39)

11.45
(/)

* means that the used observation instrument is FM-120; ** means that the used observation instrument is FM-100;
*** means that the used observation instrument is a three-purpose droplet spectrometer; / indicates that there are
no data.

4. Discussion

This study fills the gap in sea fog microphysics research in the Meishan Port area
of the Beilun District. This shows that, as expected, the condensation nucleation and
the condensation growth of droplets are the main processes in this sea fog process and
that the collision process occurs but is not the dominant process. The high concentration
of small droplets indicates that many condensation nuclei are nucleated, and the water
vapor condenses on the smaller condensation nuclei and grows rapidly. The collision
process causes the droplets to collide and combine, and the diameter increases while the
number concentration reduces, breaking the positive correlation trend between the number
concentration and the average diameter.

5. Conclusions

This paper uses the observation data of a fog monitor, a visibility meter, and an
automatic weather station to analyze the sea fog process in Beilun District, China, from 14
to 15 June 2021. We discuss the evolution of the macroscopic and microscopic characteristics
of the sea fog process and the correlation between microphysical properties and their effects
on visibility. The main conclusions are as follows:

1. During the whole sea fog process, visibility has roughly the same change trend as
temperature and wind speed, and it shows roughly an opposite change trend to
microphysical quantities, such as number concentration and liquid water content.
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2. The change in the microphysical structure is mainly related to the microphysical
process of fog, and the advection has little effect on the change in the microphysical
structure. Temperature is closely related to nucleation, condensation growth, and
other processes. The decrease (increase) in temperature is the main reason for the
enhancement (weakening) of nucleation and the growth of condensation (evaporation
of droplets), which leads to an increase (or decrease) in microphysical quantities, such
as the droplet number concentration and liquid water content.

3. The average droplet spectral distribution roughly conforms to the Gamma distribution,
and the spectral distribution of the fog process presents a “multi-peak” structure,
with peak diameters of 6 µm, 12 µm, 16 µm, 24 µm, and 44 µm. A large proportion
of droplets have a diameter of less than 16 µm, accounting for 75%. Comparing
the droplet spectrum distributions of sea fog between different regions, the droplet
spectra in Zhanjiang and Maoming conform to the Junge distribution, and in the
droplet spectra in the coastal areas of Zhoushan and southern Fujian conform to the
Deirmenjian distribution. However, the spectral droplet distribution of the sea fog
process in Zhanjiang from 20 to 21 March 2011 satisfies the Gamma distribution.

4. During this sea fog process, three microphysical parameters, namely, number con-
centration, liquid water content, and average diameter, are all positively correlated
in pairs, but the positive correlation between number concentration and average
diameter is weak. This sea fog process is dominated by condensation nucleation and
the condensation growth of droplets. The collision process mainly occurs in the devel-
opment and maturation stage of the case1 process and the formation and development
stages of the case2 process, and it is weak in other stages. The number concentration
in the development and maturation stage of case1 increases rather than decreases,
which may be due to the sufficient water vapor at this stage; the development of
condensation nucleation and condensation growth is robust; collision and coalescence
continue to occur; small particles aggregate into large particles; and the number of
large particles increases. At the same time, condensation and nucleation ensure the
stability of the number concentration of small particles.

This study provides a more in-depth analysis of sea fog’s generation and dissipation
mechanisms, primarily providing more reference information for sea fog research and
equipment comparisons between different regions. However, due to limited observation
data, more observations are needed to verify the above conclusions in the future. In
addition, during this sea fog process, aerosols may affect microphysical parameters, such as
number concentration and liquid water content, but we do not discuss them here. To further
study the above issues, we will continue to conduct observations on offshore observation
platforms, increase monitoring means, and strengthen monitoring capabilities [44,45]. In
addition, we will carry out more research on numerical simulations of sea fog, conduct
a more in-depth analysis of the evolution and causes of sea fog microphysical processes,
and verify the observation results to provide a microphysical basis for the short-term
forecast of sea fog, the optimization of the microphysical parameters of related models,
and more reference information for sea fog research and equipment comparisons between
different regions.
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