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Abstract: Sea fog can lead to inland fog on the southern China coast, affecting visibility on land. To better
understand how such fog influences inland visibility, we observed two sea-fog cases at three sites (over sea,
at coast, and inland) and analyzed the results here. Our analysis suggests four factors may be key: (1) The
synoptic pattern is the decisive factor determining whether fog forms inland. First, sea fog and low clouds
form when the synoptic pattern involves warm, moist air moving from a warmer sea-surface temperature
(SST) region to a colder SST region near the coast. Then, inland fog tends to occur under this low-cloud
background with relatively large horizontal-vapor transport. A greater horizontal-vapor transport results
in denser fog with higher liquid-water content. Conversely, a strong horizontal advection of temperature
with less horizontal-vapor transport can hinder inland-fog formation. (2) Local cooling (including ground
radiative cooling) helps promote inland fog formation. (3) Fog formation requires low wind speed and
small turbulent kinetic energy (TKE). The small TKE helps the vapor accumulate close to the surface and
maintain the local cooling effect. (4) Fog formation is promoted by having the energy flux downward at
night with the land surface cooling the atmosphere as well as having lower soil temperature and higher
soil humidity.
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1. Introduction

Sea fog severely influences marine navigation as well as activities in harbors and coastal airports
around the world [1-4]. This fog can drift inland. For example, Lamb (1943) [5] found that the sea
fog (haar) of Scotland can move inland during the day if insolation is weak. He also noted that this
inland fog tends to clear during the day and thicken at night. Leipper (1994) [6] found that coastal
fog on the U.S. West Coast forms with an unusually strong inversion below 400 m, but stratus forms,
instead, if the inversion is relatively weak and the inversion height is above 400 m. Thus, a strong
inversion inland is needed for sea fog to persist inland. More recently, Koracin et al. (2005) [7] found
the cloud—fog transition to be determined by a combination of synoptic and boundary-layer processes,
with the dissipation of sea fog being a consequence of a complex interplay between advection, synoptic
evolution, and development of local circulations.

Compared to sea-fog formation, inland-fog formation involves different physical processes.
Petterssen (1939) [8], and later Jiusto (1981) [9], argued that the three most important formation
processes are the cooling of air, the addition of water vapor, and the mixing of moist air parcels of
different temperatures. Duynkerke (1991) [10] describes the importance of more specific processes;
in particular, the cooling of moist air by radiation flux, the vertical mixing of heat and moisture,
horizontal and vertical wind, heat and moisture transport in soil, advection, and topographic effects.
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Bergot and Guedalia (1994) [11] argued that the local atmospheric cooling is critical for fog to form at
night. Duynkerke (1999) [12] examined the effect of long-wave radiation on the structure of the clear,
stable boundary layer as well as the relationship between radiative cooling near the surface and the
top of the boundary layer together with its impact on the heat-flux profile. He thought it is necessary
to further quantify the relative importance of radiative cooling and turbulence for the formation of fog.
Zhou and Ferrier (2008) [13] pointed out that the small turbulence intensity inside a fog will help it
persist. Steeneveld et al. (2010) [14] found the observed long-wave radiative heating to be minimal at
the evening transition, and they argued that the total radiative-heating rate appears to be controlled by
the upward long-wave flux divergence at night. Sun et al. (2017) [15] analyzed two sea-fog cases over
the Yellow Sea to determine their influence on the coastal area. They argued that large-scale transport
and boundary-layer structure are critical. However, their work lacks micrometeorological observations,
and thus cannot determine the small-scale aspects of the mechanism. Overall, the mechanism of the
sea-fog influence on inland visibility needs to be better understood.

On the southern China coast, inland fog associated with sea fog is difficult to predict during the
sea-fog season (from January to May [16]). In some cases, extensive fog exists inland during a sea-fog
event, but not always. Moreover, sometimes the inland fog that occurs with sea fog is patchy, adding
to the forecast difficulty [17,18]. To address coastal-weather issues such as this, the Institute of Tropical
and Marine Meteorology (ITMM) established the Marine Meteorological Science Experiment Base
(MMSEB) at Bohe, Maoming in 2007. Then, in 2008, the Integrated Observation Platform for Marine
Meteorology (IOPMM) was set up over sea and began acquiring many observation datasets of sea
fog [19]. Based on these data, ITMM investigated the formation mechanism, the microphysics structure,
and the characteristics of the boundary layer during sea fog [20-22]. Here, we use observations of two
sea-fog cases at three sites (over sea, at coast, and inland) to better understand how sea fog influences
inland visibility on the southern China coast.

2. Observational Sites and Data

2.1. Observational Sites and Data

We used observational data from three sites: site A on the coast, site B over sea, and site C inland.
See Figure 1 for their locations. These three sites are the same as those in our previous study [23]. Site A
is the MMSEB and operated by the Institute of Tropical Marine and Meteorology (ITMM) (Figure 1a).
Site B is the IOPMM. Site C is the Dianbai National Climate Observatory (DNCO) (Figure 1b). Figure 1b
shows the distances between the three sites and to the coastal line.

The land-atmosphere and air-sea surface data come from instruments mounted at three sites.
We collect data on two sea-fog cases in March 2017. The observation system over land and sea
(i.e., sites C, B) both include an instrument tower equipped with gradient- and flux-observation
systems (Figure 1c,d), whereas we released a GPS sonde at coast (site A). Inland, the iron tower is
10 m high, with instruments to measure fluxes at the top. Other instruments include an automatic
meteorological station, radiometers, and instruments to measure ground temperature and humidity,
skin temperature, and soil heat flux (Figure 1c,d; Table 1).

The sea site lies above ~15 m of water, and the regular triangle platform is about 11 m above sea
level. The instruments, listed in Table 1, and observational procedures are the same as before [23],
except the present study does not have sea-temperature measurements. See Reference [23] for more
details about the IOPMM.
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Figure 1. Observational site locations and close views. (a) Observational site A location (gray cross) on
the southern China coast. (b) The coastal site A is the Marine Meteorological Science Experiment Base
(MMSEB) (21.45° N, 111.32° E, 7.0 m MSL), the oversea site B is the Integrated Observation Platform
for Marine Meteorology (IOPMM) (21.44° N, 111.39° E, operated by MMSEB), and the inland site C is
the Dianbai National Climate Observatory (DNCO) (21.55° N, 110.99° E, 31.6 m MSL). Distances from
different locations and from coastal lines (from Google Earth). (c) Close view of oversea site B(IOPMM);
the upper-right corner of the image is the mounting position of the Gill Windmaster Pro and Li-cor
7500A instruments at the 23.4 m level (main photo courtesy of Weikang Mao on 27 June 2014). (d) Close
view of inland site C (DNCO); the upper-right corner of the image is the mounting position of the Gill
Windmaster Pro and Li-cor 7500A instruments at the 10 m level (main photo courtesy of Weikang Mao

on 20 January 2017).
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Table 1. The observation sites, instruments, and data.
i i Nominal Heigh
Mlnstrument TVyp.e (]ﬁ Make and Model Observation Sites and Nominal Height(s)
easurement Variables MMSEB (A) IOPMM (B) DNCO (O)
Ultrasonic Anemometer, UK. Gill Windmaster Pro; USA N o
Infrared CO2/H,0 Analyzers LI-COR LI-7500A 23:4 m MSL 10m AGL
GPS Sonde Finland Vaisala RS-92 7 m MSL e —_—
. Netherlands Kipp and Zonen
Radiometer CMP22/CGR4; CNR_4 1.5m AGL 12 m MSL 1.5m AGL
Gradients of Wind, USA RM. Young 05106; Finland 13.4,16.4,20.0, 10 m AGL
Temperature, and Humidity Vaisala HMP45d 27.3 m MSL m
Pressure USA Setra Setraceram CS100 e 13 m MSL 1.5m AGL
Rain gauge USA Campbell TB4 —_— 12 m MSL 1.5m AGL
Ground Temperature USA Campbell 109SS; Campbell -5, —10, —20, -5, —10, —20,
and Humidity CS616 —40 cm AGL —40 cm AGL
Skin Temperature USA Campbell IRR-P —_— 8 m MSL 1.5m AGL
Soil Heat-Flux Plate USA Campbell HFP01SC —_— —_— —5cm AGL
Auto Meteorological Station China Guangdong Observation
(six variables) Center, WP3103 15 m AGL 15 m AGL
Visibility USA Belfort Model 6000 1.5m AGL o —
Liquid-Water Content USA DMT Model FM-120 1.5m AGL e S—
Datalogger USA Campbell Scientific CR3000 7 m MSL 13 m MSL 1.5m AGL

* MSL: mean sea level. ** AGL: above-ground level.

During each sea-fog period, we launched a GPS Vaisala RS-92 sonde about every 3 h from the
coastal site. The first period, hereafter case 1, ran from 0900 LST Mar 10 to 0500 LST Mar 11, the second,
case 2, from 1200 LST Mar 30 to 1100 LST Mar 31. In total, 12 GPS sondes were released during the
two events. As in our previous study [23], processing of the GPS sonde data and calculation of the
equivalent potential temperature (6,) follows that in Reference [24].

We used ultrasonic anemometers and infrared CO,/H,O analyzers at the inland and oversea
sites. We calculated the turbulence flux and turbulent kinetic energy (TKE) with EddyPro 6.0 software
over time intervals of 30 min. The software uses the Foken et al. method [25] to run quality-control
tests of the fluxes as shown in Table 2. See our previous study [23] for more details.

Table 2. Overall quality flags of the EddyPro 6.2 software used in the turbulence analyses.

RNcov (%) * ITCo (%) ** QA/QCFlag DataQuality This Study
<30 <30 0 High q0
<100 <100 1 Moderate ql
>100 >100 2 Low q2

* RNcov is used to evaluate the steady state of turbulence. ** ITCo is used to evaluate the integral turbulence
characteristic. More information is available in Reference [25].

2.2. Satellite Data

We used the Himawari-8 satellite data to determine fog and cloud extent near the southern
China coast. Himawari-8 is the 8th Himawari geostationary weather satellite operated by the Japan
Meteorological Agency, entering operational service on 7 July 2015. Himawari-8 provides 16-channel
imagery, including visible- and infrared-band scanning of the Asia-Pacific region [26]. We used
hourly imagery with 0.05° horizontal resolution, which was freely obtained from Kochi University
(http:/ /weather.is.kochi-u.ac.jp /wiki/archive).

Daytime-sea-fog retrieval mainly includes (1) cloud and clear detection based on the visible
channel; (2) sea-fog and other cloud detection based on both the temperature difference between the
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cloud top and sea surface [27], as well as the standard deviation in the thermal infrared channel [28];
and (3) night-time sea-fog detection that mainly relies on the dual-channel difference test [28,29].

2.3. Other Data

The sea-surface temperature data come from the real-time global (RTG) data from the National
Center for Environmental Prediction (NCEP) [30] and the NCEP Global Analysis on 1° x 1°
grid-spacing datasets from the National Center for Environmental Prediction/National Weather
Service/NOAA /U.S. Department of Commerce (2000). Backward-airflow trajectories come from our
use of the HYSPLIT trajectory model and reanalysis data from the Global Data Assimilation System
(GDAS) [31]. See Huang et al. [22] for more details.

3. Synoptic Backgrounds and Influence on Inland Visibility of the Two Cases

Both sea-fog cases were warm-advection fog. Warm-advection fog is the most common sea fog
on the southern China coast. With this fog, the surface-air temperature (SAT) usually exceeds the
sea-surface temperature (SST). Warm-advection fog forms by the lowering of an existing cloud base,
and its growth is mainly driven by the advection of warm moist air [22]. We examine these cases to
better understand how sea fog influences inland visibility. For the analysis periods of both sea fog
cases at the three sites, see Table 3.

Table 3. Measurement goals and analysis periods (LST) at the three observation sites for both cases of

sea fog.
Observation Site Goal Case 1 Case 2
Coast Boundary layer structure 0900, 1600, 2000, 2300 LST 10 March; 0200, 1200, 2000, 2300 LST 30 March; 0200, 0800,
(GPS sonde release times) 0500 LST 11 March 1100 LST 31 March
Oversea Turbulence near the sea surface 0800 LST 10 March-1400 LST 11 March 0800 LST 30 March-1400 LST 31 March
Inland Turbulence near the land surface 0800 LST 10 March-1400 LST 11 March 0800 LST 30 March-1400 LST 31 March

In case 1, at 1400 LST 10 March, which was before the fog formed over sea, mainly a southern wind
prevailed, transporting warm, moist air to the observational site. However, a dry, strong northeast
wind dominated at the Taiwan Strait, preventing fog formation there (Figure 2a). By 0200 LST 11 March,
sea fog had formed, the wind was southeastern and nearly along the isobars, but was still bringing
warm, moist air to the observational site. Meanwhile, the dry northeast wind at the Taiwan Strait
remained strong (Figure 2c). At 1400 LST 11 March, this dry northeast wind extended over the north
of the South China Sea, dissipating the fog (Figure 2e).

In case 2, the synoptic pattern differed because the sea fog encountered a cold front.
First, at 1400 LST 30 March, a southeastern wind brought warm, moist air to the southern China
coast, causing fog to form over the sea (Figure 2b). Then, at 0200 LST 31 March, a cold front appeared
at the south side of the Nanling Mountains (110-116° E, 24-26.5° N). At the same time, the warm,
moist wind kept on blowing towards the observational site, further developing the sea fog (Figure 2d).
Later, at 1400 LST 31 March, the cold front moved across the coastline, resulting in the dissipation of
the sea fog (Figure 2f).
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Figure 2. Wind vectors (m s~!), water-vapor mixing ratio (shaded, g kg™!), and air pressure at
sea-surface level (hPa). (a) 1400 LST March 10. (b) 1400 LST Mar 30. (c) 0200 LST Mar 11. (d) 0200 LST
31 March (with cold-front location). (e) 1400 LST March 11. (f) 1400 LST 31 March (From the FNL on
1° x 1° grid spacing datasets.). “A” is the coastal site.

In both cases, coastal visibility was hazardous near coastal site A (Figure 3a,b). The retrieved
satellite data indicate more extensive sea fog near site A in case 1 than in case 2 (Figure 3c—f). Case 1 also
appeared to have more inland fog than case 2. At the inland site C (DNCO), fog occured in case 1 with
visibility of 0.1 km, but not in case 2 (Figure 4a,b). The aim was to determine the cause of this difference.



Atmosphere 2018, 9, 344 7 of 18

24N
@) §
22N

24N
(b) &
22N

20N 20N

18N 18N

16N 16N g :
& - O o TN
106E_108E_110E 112E 114E 116E 118E 120E  106E 108

(d)
22N

24N
(©)
22N
20N 20N

18N 18N

16N

i
106E 108E 110E 112E 114E 116E 118E 120E

e e m—] [ e m—]
land sea cloud fog land sea cloud og

24N
©)

22N

24N

(f)
22N
20N 20N
18N 18N

16N & 16N 8

106E 108E 110E 112E 114E 116E 118E 120E 106E 108E 110E 112E 114E 116E 118E 120E

Figure 3. Visible cloud image from Himawari-8 and retrieval of the fog-cloud based on the
Himawari-8 data of case 1 (left column) and case 2 (right column). (a) 1600 LST 10. (b) 1600 LST
30 March. (c) 0200 LST 11 March. (d) 0200 LST 31 March. (e) 0900 LST 11 March. (f) 0900 LST 31 March
(A is the coastal site.).
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Figure 4. Fog and light-fog visibilities (km) at various inland and coastal stations during the two sea-fog
periods. (a) Case 1. (b) Case 2. The “+” is inland site C (DNCO). Red denotes fog; black is light fog.

Consider the relative humidities (RH). In case 1, fog was reported inland when the visibility
was about 1.0 km and RH = 96.5%. So, we used RH = 96.5% as the RH criterion for inland fog.
However, the sensors at the oversea site experienced greater aging effects (due to greater sea-salt
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erosion and longer time before maintenance or replacement), and, by the same procedure, we found
that RH = 95% gave the same criterion for fog over the sea. By this measure, the fog over the sea
occurred from 1600 LST 10 March to 0900 LST 11 March, and from 2300 LST 10 March to 0800 LST
11 March at inland in case 1 (Figure 5a). Before the fog occurred, the inland region was overcast.
An observer at site C noted dense fog at 0200 and 0500 LST 11 March at inland (Table 4). Applying the
same criteria to case 2, we determined that fog occurred from 0430 LST 30 March to 1130 LST 31 March
over sea, while no fog occurred inland (Figure 5b). The RH briefly exceeded 96.5% after 0800 LST
31 March, but it was due to a small rain. We will later discuss this event. The weather during case 2 was
also cloudy inland, with a light fog at night. However, no fog formed and the lowest visibility was
3.2 km at 0500 LST 31 March (Table 4).

—RH(over sea ——RH(inland) —RH(over sea RH(inland)
(a) ( y T VIS(inland) (b) ( U VIS(inland)
100 30 100 -
95
§ 90
<85
80
75
s
70 1 1 ~—_ —— O 70 L 1 1 I | O
10/08 10/14 10/20 11/02 11/08 11/14 30/08 30/14 30/20 31/02 31/08 3114
Time(LST) Time(LST)

Figure 5. Relative humidity over sea and inland, and visibility inland. (a) Case 1. (b) Case 2. RH is
relative humidity, VIS is visibility. The green line indicates the sea-fog period defined as RH > 95%
over sea, the grey shading indicates inland fog defined as RH > 96.5%.

Table 4. Weather observations inland (site C) during the sea-fog events.

Before the Sea Fog Sea-Fog Period After Sea Fog

D d time (LST) 1400 LST 1700 LST 2000 LST  2300LST  0200LST 0500 LST 0800 LST 1100 LST

ay and time March 10 March 10 March10 March10 March1l March11  March 11 March 11

Case 1 Cloud * 300,7/7 1000, 10/8 1000, 8/8 -9/- -9/- -9/- 1000, 8/8 1000, 8/8
Visibility (km) 9.0 9.0 6.0 1.1 0.1 0.1 1.6 8.0

Weather phenomena Cloudy Overcast Light fog  Light fog Fog Fog Light fog Overcast

Day and time (LST) 1700 LST 2000 LST 2300 LST 0200 LST 0500 LST 0800 LST 1100 LST 1400 LST

y March 30 March 30 March30 March31 March31 March31 March 31 March 31

Case 2 Cloud 300,7/7 300, 6/6 -,9/- -9/- -9/- 1000,8/8  300,7/7 300,7/7
Visibility (km) 20.0 12.0 7.0 11.0 3.2 35 30.0 30.0

Weather phenomena  Cloudy Cloudy Light fog ~ Overcast  Lightfog Lightfog  Cloudy Cloudy

* The upper number is cloud-base height (m), the lower fraction is total cloud cover/low-cloud amount (10/10; using
a scale of 1 to 10; 10~ means larger than 9.5, but less than 10; 0 means less than 0.5); “-” indicates no observation.
All symbols follow the specifications for surface meteorological observations of China.

4. Advection and Boundary-Layer Characteristics

In fog season, warm, moist air that advects from the warmer SST area south of the 23 °C isotherm
and mixes with air in the colder SST region near the coast always results in fog and low clouds.
To examine these processes, we calculated the 48 h backward trajectories of airflow to the inland site
for both cases at 20 m, 100 m, and 300 m heights. The surface air in both cases came from the warmer
SST areas, but different locations. For case 1, Figure 6a shows the air origin to be the northern area of
the South China Sea, and, for case 2, Figure 6b shows the origin to be the Bashi Channel (Luzon Strait).
The figure also shows that the colder SST region around the southern China coast in case 1 is larger
than that in case 2, which helps to create more extensive fog in case 1.
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Figure 6. Airflow trajectories to inland site C with background of daily average sea-surface
temperatures (°C). (a) Sea-surface temperature (SST) on March 10. Dotted lines denote 48 h backward
trajectories of airflow at 20 m, 100 m, and 300 m heights from 0200 LST 11 March. (b) Same as (a),
except SST on 30 March and trajectories from 0200 LST 31 March. SSTs are from real-time global data

on 0.083° x 0.083° grid-spacing datasets.

We calculated the horizontal advection of temperature to show the warm advection characteristics
using the NCEP Global Analysis on 1° x 1° grid-spacing datasets. Results in Figure 7 show that for
case 1, the warm advection moved mostly towards the Beibu Gulf and the west Guangdong area,
whereas for case 2, it spread over nearly the whole southern China coast. Surprisingly, given the
observed visibilities, the warm advection moved into the inland area more in case 2 than in case 1.
To help understand this finding, we examined the average values of three 6 h time periods: for case 1,
starting at 2000 LST 10 March, 0200 LST 11 March, and 0800 LST 11 March; for case 2, from 2000 LST
30 March, 0200 LST 31 March, and 0800 LST 31 March. The region is 20°-21° N, 111°-112° E. For case 1,
the values are 0.31 x 104 K s~ ! at 1000 hPa and 0.23 x 10~* K s~ ! at 975 hPa. For case 2, the values
are 0.21 x 1074 K s~ ! at 1000 hPa and 0.32 x 10~* K s~! at 975 hPa (Figure 7a-d). To calculate the
horizontal advection of vapor, we used the same datasets. The resulting vapor advection in Figure 8
has a similar pattern as the temperature advection. However, the average values over the same time
and region give, for case 1, the values 0.35 x 10~* g kg~! s~! at 1000 hPa and 0.22 x 10~* g kg~ s~!
at 975 hPa, which are much larger than the case 2 values of 0.15 x 104 g kg’1 s~ 1 at 1000 hPa and
0.07 x 10~* g kg~! s~ at 975 hPa. Thus, there is more vapor advection to site C in case 1 than in case 2.
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Figure 7. Time-average horizontal advection of temperature (10~* K s71) and wind vectors (m s~1).
Left column (a,c) is case 1, from 2000 LST Mar 10 to 0800 LST March 11. Right column (b,d) is case 2,
from 2000 LST Mar 30 to 0800 LST March 31. Top row (a,b) is at 1000 hPa. Bottom row (c,d) is 975 hPa.
The red line is the zero line for the sign of advection. (A is the coastal site).
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The GPS sondes at the coast site (MMSEB) depicted the boundary-layer structures during both
fog cases. The data are plotted in Figure 9. The wind vectors of both cases mostly showed a consistent,
but relatively weak, southern or eastern wind at the lower level, and a stronger western wind at the
upper level. Both cases showed a warm layer below about 400 m. Considering the humidity, we used
RH = 98% to define the cloud edge (appropriate for GPS sonde data [21]). As such, the figure shows
that both fog cases formed by the lowering of the cloud base. The RH in case 2 also shows the fog
transitioning back into stratus again. Case 1 had the observed highest fog top of about 1310 m at
0500 LST 11 March, whereas case 2 reached the slightly lower top of 910 m at 0200 LST 31 March.

2600
2400-
2200
2000
1800-
1600-
1400-
1200-
10001 7
800 7
600
400-
200 N

Height(m)

oA 1 2] -
10/0 30/11 30/14 30/17 30/20 30/23 31/02 31/05 31/08 31/11
Time(LST) Time(LST)

Figure 9. Soundings at the coastal site during the two sea-fog cases. The red line is air temperature,
the shading is relative humidity, and the vector is horizontal wind. (a) Case 1. (b) Case 2. Scales for RH
(%) and wind (m s~1) are at right.

Consider now the fog structures at the time of highest fog top. From the potential equivalent
temperatures (Figure 10), we found that the thermal-turbulence interface (where % = 0) occurred
at a height of about 290 m in case 1 and about 170 m in case 2. In both cases, the profiles
of potential equivalent temperature above the thermal-turbulence interface are nearly constant,
meaning that the layers were well-mixed. This result agrees with that reported in References [21,22].
Overall, the boundary-layer structure in case 1 shows stronger warm and moist advection, which is
more suitable for the development of sea fog, and also resulted in a higher fog top than that in case 2

(Figure 10a,b).
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Figure 10. Boundary-layer structure at the time of the highest fog top of each fog case. (a) 0500 LST 11 March
2017 of case 1. (b) 0200 LST 31 March 2017 of case 2. Horizontal lines: 1 = height of the thermal-turbulence
interface (determined as %—% = 0); 2 = top of the fog (determined as RH = 98%, the same as 3 and 4),
3 = cloud base, 4 = cloud top. Symbols: T = temperature (K), 8, = potential equivalent temperature (K),
g = mixing ratio (kg kg_l), Wd = wind direction (°), Ws = wind speed (m s71), RH = relative humidity (%),
and height = AGL (m).



Atmosphere 2018, 9, 344 12 of 18

5. Differences of Meteorological Variables

We now focus on the main meteorological variables and turbulent kinetic energies, considering
differences between those at sea and inland.

In case 1, the average temperature at the inland site was hotter than that at the oversea site (by
2.5 °C from 0800 to 2000 LST 10 March), with a maximum difference around 1400 on 10 March 2017
(Figure 11a). Later, from about 1500 that day, the inland site cooled by about 3.3 °C until the inland fog
formed at 2300 LST 10 March. This cooling was due to cold advection to the inland site.

For case 2, the average inland temperature was also hotter than that over sea (by 3.3 °C from
0800 to 2000 LST 30 March), with a maximum difference during daytime at about 1600 LST 30 March.
However, the cooling effect was not as strong in this case, with temperature dropping slowly by only
2.4 °C by the next morning at 0800 LST 31 March (Figure 11b). As with case 1, the cooling effect was
consistent with the horizontal advection of temperature shown in Figure 7. But in this case, warm
advection prevailed all the time at the inland site, hindering the radiative-cooling effect. In general,
this case also has much less temperature variation over sea than that in case 1.

Consider now the wind prior and during the sea fog in case 1. Figure 11c shows that before the fog
formed, the wind direction changed from northeast to southeast at about 1500 LST 10 March over sea,
with fog forming one hour later. After the fog formed, the wind direction returned to northeast, but was
steadier in direction. Meanwhile, the wind speed was low before the fog forms, but gradually increased
after the fog forms.

Compared to the sea-fog event, the inland fog in case 1 showed a different wind pattern. The wind
speed became very low when the fog first formed, making the wind direction erratic (though mainly
southeast). Later, the wind speed increases by about 2 m s~!, and the wind direction changed from
northeast to east (Figure 11c).

For case 2, the wind direction was relatively steady over sea and at inland, being east over sea
and southeast at inland. The wind speeds at both sites decrease gradually, but do not become as low
as that for case 1 (Figure 11d).

TKE is an important quantity to qualify the turbulence intensity [32]. In case 1, the TKE remained
small over the sea before, after, and during the fog. Inland, the TKE was also small before the inland
fog formed (Figure 11e). The small TKE agrees with Zhou and Ferrier’s finding [13] that a weak
turbulence intensity helps to maintain fog. This case also had a little drizzle inland and over sea
(Figure 11g), suggesting times of dense fog [33]. Thus, three factors may contribute the formation of
the inland fog in this case: quick temperature decrease, low wind speed, and small TKE.

For case 2, the TKE was relative high inland, indicating that the boundary-layer condition is
not suitable for fog there (Figure 11f). Nevertheless, the inland site had both drizzle and significant
precipitation from 0540 to 1050 LST 31 March (Figure 11h). This precipitation indicates that the case
was influenced by a cloud and frontal system, and the precipitation also resulted in a short period of
high RH values inland (Figure 5b). Over sea also showed two brief periods of drizzle (Figure 11h).
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Figure 11. Meteorological parameters and turbulence characteristics of case 1 (left column) and case 2
(right column) over sea and inland. (a,b) T10m = air temperature at 10 m AGL, T13.4m = air temperature
at 13.4 m MSL. (c,d) WD, WS; (e f) TKE; (g h) rainfall = the rainfall in an hour. The green line indicates
the sea-fog period, the grey shading indicates the inland-fog period.

6. Differences of Land—-Atmosphere and Air-Sea Exchange between the Two Cases

Here, we assume energy conservation to analyze the energy fluxes at the surface. Specifically, we use
Ry = H+LE+ Hg 1)

where Ry is the net radiation, H and LE are the sensible- and latent-heat fluxes to or from the air,
and Hg is the ground heat flux to or from the submedium. We use the sign convention that all the
radiative fluxes directed toward the surface are positive, while other (nonradiative) energy fluxes
directed away from the surface are positive, and vice versa [34].

Now consider the sensible- and latent-heat fluxes. The sensible-heat flux is negative on average
during the sea-fog period (case 1 average = —5.1 W m~2, case 2 = —2.9 W m~2), meaning that the
atmosphere transfers sensible heat to the sea (Figure 12a,b). However, the latent-heat fluxes during the
sea-fog period differed between the two cases (Figure 12¢,d), being positive in case 1 (average value
0.63 W m~2), but negative in case 2 (average value —3.86 W m~2).
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Figure 12. Sensible- and latent-heat fluxes over sea (23.4 m MSL). (a) Case 1, sensible. (b) Case 2,
sensible. (c) Case 1, latent. (d) Case 2, latent. Dots are the flux values, averaged over 30 min.
Missing data are either out of range or doubtful. Colors mark the quality flags of the fluxes, with
q0 = green (see labels at top) the highest quality, q2 = red the lowest (see Table 2 for details). The green
line indicates the sea-fog period, the grey shading indicates the inland-fog period.

The latent-heat flux is positive on average during the warm sea fog of case 1, which does not
agree with our previous study [22]. Of the two cases, case 1 also had the more variable latent-heat
flux and a higher liquid-water content (LWC) (Figure 13). In general, a large liquid-water content will
contaminate the window of the instrument of model LI-7500A, resulting in unreliable data and thus
an unreliable latent-heat flux. The larger sea-fog LWC is also consistent with the vapor advection in
case 1 being larger than that in case 2 (Figure 8). This discrepancy with our previous study may have
arisen from the large LWC in the fog of case 1.

(a) 0.30 (b)
0.30 '
0.25 0.25
"v;o.zo % 020
20.15 20.15
o 4
E 0.10 E 0.10
0.05 0.05
0.00 0.00
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Time (LST) Time (LST)

Figure 13. Observed liquid-water content (LWC) at coast site A (MMSEB) of the two sea-fog cases
(Plotted are 1 min averages of 1 s data). (a) Case 1. (b) Case 2.

Both the sensible- and latent-heat fluxes inland differ between the two cases. For better
comparison, we focused on the flux data mainly during the nighttime (from 2000 to 0630 LST). At night,
the sensible-heat flux is negative, meaning the atmosphere transfers heat to the ground, but the value
for case 2 at —4.4 W m~2 (average) greatly exceeds that of case 1 at —0.7 W m~2 (Figure 14a,b).
Meanwhile, the latent-heat flux for case 1 is negative at —1.4 W m~2 (average), sharply contrasting
with case 2 at a positive 5.5 W m 2 (Figure 14c,d). Thus, the total heat flux was negative in case 1,
but positive in case 2. A negative total heat flux means that the ground kept cooling the atmosphere.
Thus, the negative flux helped to sustain inland fog in case 1, but the positive flux hindered the fog in
case 2.
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Figure 14. Sensible- and latent-heat fluxes inland (10 m AGL). (a) Case 1, sensible. (b) Case 2, sensible.
(c) Case 1, latent. (d) Case 2, latent. Averaging interval for the fluxes is 30 min. Missing data are either
out of range or doubtful. Markings are the same as those in Figure 12.

Soil temperatures also differ between the two cases. For case 1, the soil temperature was always
lower than the 10 m atmospheric temperature. Within the soil, at night the temperature at a depth
of 5 cm was always higher than that at the 10 cm depth (Figure 15a). Thus, the soil heat flux was
downward in case 1 (Figure 15c), which corresponds to the heat flux being downward. That is, the land
surface was cooling the atmosphere during the night.

For case 2, the relation between 10 m atmospheric temperature and soil temperature is more
complicated. In the afternoon, the temperature at the 5 cm soil depth was higher than that at 10 m
AGL. But, during the night, the soil temperature at 5 cm depth was just slightly less than that at 10 cm
depth (Figure 15b), meaning that the soil heat flux was slightly upward (Figure 15d). The soil heat flux
being upward agrees well with the total heat flux being upward.

Net radiation Ry, the net shortwave plus long-wave flux, had a maximum negative value at
the evening transition (Figure 15¢,d), in agreement with the study of Steeneveld [14]. Case 1 had a
smaller peak negative value than case 2 due to case 1 having a greater low-cloud amount at these
times (Table 4). Thus, case 2 had greater ground radiation cooling at night, causing the temperature at
5 cm depth to go below that at 10 cm. In case 2, because the land temperature was higher than the
air temperature in the afternoon, the larger negative value of net radiation also drove rapid decrease
in temperature at the 5 cm depth (Figure 15b). Moreover, the soil volumetric water content (VWC)
at 5 cm depth in case 1 was larger than that in case 2. A soil-humidity condition with larger VWC
indicates a greater rate of evaporation from the surface, which is more favorable to fog formation
because it increases the moisture in the air as well as further cooling the air via the absorption of latent
heat by the ground. Thus, This condition then helped promote fog in case 1 more than that in case 2
(Figure 15e,f).
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Figure 15. Land-atmosphere exchange characteristics at the inland site C. (a,b) Air (10 m AGL) and
soil temperatures (5 and 10 cm depths) for cases 1 (left) and 2 (right). (c,d) Soil heat flux (Hg, positive
downward) and net radiation (Ry, positive downward) for both cases. (e f) Soil volumetric water
content (VWC) at 5 cm depth for both cases. The green line indicates the sea-fog period, the grey
shading indicates the inland-fog period.

7. Discussion and Conclusions

We compared two sea-fog cases on the southern China coast, one also occurring with inland fog,
the other without. The data came from an oversea site, a coastal site, and an inland site. For these two
cases, we found the following;:

(1) In both cases, the synoptic conditions involved warm, moist air from a warmer SST region
advecting to a colder SST area at the coast, forming sea fog. But, the inland fog case had larger
horizontal advection of water vapor over the land and about 80% low-cloud coverage.

(2) The surrounding boundary layer was important. Both sea-fog cases had low wind speeds and a
small TKE. The small TKE allowed the vapor to accumulate close to the surface and maintain the
local cooling effect, eventually producing fog.

(3) Both cases had radiative cooling of the ground, but the inland fog case had a downward energy
flux at night, with the land surface cooling the atmosphere. The non-fog case had the opposite
flux. The fog case also had lower soil temperature and higher soil humidity.

Although both sea fogs transported vapor inland over an extensive span of coast, inland fog
formed only in some areas. This nonuniformity of the fog might due to nonuniformities in surface
conditions such as local cooling and boundary-layer conditions.

This study analyzed how sea fog can influence inland-fog formation with the aim of determining
the relationship between the two fogs. In addition to the large-scale influence from sea fog, local
conditions are critical to inland-fog formation. This finding suggests that forecasters should pay
more attention to the local meteorological conditions and the soil conditions under such a synoptic
background. These results are based on just two cases, and thus should be evaluated against more
cases, but the results may be helpful for coastal forecasters.
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