ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 28, NO. 6, 2011, 1377-1389

Characteristics of the Boundary Layer Structure
of Sea Fog on the Coast of Southern China

HUANG Huijun"? (¥#%%), LIU Hongnian*' (X|£L4E), JIANG Weimei® (¥ 4EHH),
HUANG Jian? (¥ i), and MAO Weikang? (EffiJ)

LSchool of Atmospheric Sciences, Nanjing University, Nanjing 210093
2Key Open Laboratory for Tropical Monsoon and Joint Open Laboratory of Marine Meteorology,
Guangzhou Institute of Tropical and Marine Meteorology,

China Meteorological Administration, Guangzhou 510080
(Received 4 November 2010; revised 27 January 2011)

ABSTRACT

Using boundary layer data with regard to sea fog observed at the Science Experiment Base for Marine
Meteorology at Bohe, Guangdong Province, the structure of the atmospheric boundary layer and the charac-
teristics of the tops of the fog and the clouds were analyzed. In addition, the effects of advection, radiation,
and turbulence during sea fog were also investigated. According to the stability definition of saturated, wet
air, the gradient of the potential pseudo-equivalent temperature equal to zero was defined as the thermal
turbulence interface. There is evidence to suggest that two layers of turbulence exist in sea fog. Thermal
turbulence produced by long-wave radiation is prevalent above the thermal turbulence interface, whereas
mechanical turbulence aroused by wind shear is predominant below the interface. The height of the thermal
turbulence interface was observed between 180 m and 380 m. Three important factors are closely related to
the development of the top of the sea fog: (1) the horizontal advection of the water vapor, (2) the long-wave
radiation of the fog top, and (3) the movement of the vertical turbulence. Formation, development, and
dissipation are the three possible phases of the evolution of the boundary-layer structure during the sea fog
season. In addition, the thermal turbulence interface is the most significant turbulence interface during the
formation and development periods; it is maintained after sea fog rises into the stratus layer.
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Introduction

by thermal buoyancy and the resultant lifting; (3) air

Sea fog is water vapor condensation that is ob-
served in the marine boundary layer; it is influenced
by processes in the boundary layer such as turbulence
exchange, radiation, and entrainment. The various
physical mechanisms that have been thought to be re-
sponsible for fog formation and its maintenance at sea
are the following (Lewis et al., 2004): (1) air brought
to saturation by contact with cold sea surface temper-
atures (SSTs; i.e., advection fog where eddy diffusion
is the key mechanism); (2) air brought to saturation

*Corresponding author: LIU Hongnian, liuhn@nju.edu.cn

brought to saturation by radiative cooling in a shallow
surface layer, linking maintenance of the fog layer to
radiative cooling at the top of the layer; and (4) air
brought to saturation by evaporation when cold air
streams over water of a much higher temperature.
Advection fog occurs over a large range of locations
around the world; it has been shown to occur in the
western North Pacific, the North Atlantic, and on the
western and eastern coasts of North America, among
other locations. The sea fog season on the coast of
southern China mainly extends from January to April;
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sea fog in this area is mainly advection fog (Zhang,
1982; Wang, 1983; Zhou and Liu, 1986; Lewis et al.,
2004; Gultepe et al., 2007). Research on advection fog
indicates a complex relationship between fog forma-
tion and the effects of advection, radiation, and turbu-
lence. The development and maintenance of advection
fog have different physical mechanisms and processes,
indicating that a diversity of the atmospheric and ma-
rine conditions exists in the different areas where this
type of fog occurs.

In general, advection fog has a close relationship
to strong, warm advection, which helps to maintain a
surface-based inversion and prevents the warm, moist
air mass below the inversion from diffusing into the
air above it. These conditions are suitable for contin-
uous cooling by some physical mechanisms, which re-
sults in fog formation (Pilié et al., 1979; Wang, 1983).
However, a numerical simulation by Hu et al. (2006)
demonstrated that turbulence and radiation are the
main effects of sea fog formation. In contrast, advec-
tion was not shown to have a direct effect on the for-
mation of fog. Taylor (1917) and later Rodhe (1962)
established that turbulent heat exchange aroused by
wind shear is the key mechanism for the cooling and
saturation of the air during the advection process of a
warm air mass. Pepper and Lee (1975) showed that
the vertical development of advection fog is closely re-
lated to the intensity of the wind shear. Hu et al.
(2006) have argued that the cooling effect aroused by
wind shear turbulence only occurs at the initial phase
of fog formation and that it occurs at a low level. The
work of Gao et al. (2007) indicates that a thermal in-
ternal boundary layer (TIBL) gradually forms at the
base of the strong sea surface-based inversion, and
that the mechanical turbulence caused by the wind
shear results in the moistening of the air and in the
transportation of the heat from the air to the sea.
Huang et al. (2010b) stated that wind shear turbu-
lence results in (1) a transfer of heat from the air to
the SST, (2) a decrease in air temperature, and (3) an
increase in air moisture near the sea surface, leading
to fog development and maintenance. A great deal of
research has been performed concerning the other as-
pects of fog formation that are affected by radiative
cooling. Petterssen (1938) confirmed the role of ra-
diation in the formation and maintenance of sea fog.
Lamb (1943) indicated that the loss of heat from the
top of the fog results from radiation, which favors fog
development. Pilié et al. (1979), Noonkester (1979),
Leipper (1994), and Koracin et al. (2001) have indi-
cated that, on the western coast of North America,
radiative cooling from the top of the fog plays an im-
portant role in fog development through the lowering
of stratus clouds. In contrast, Telford and Chai (1984,
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1993) reported that radiative cooling from the top of
the fog has no effect on fog development. Huang et al.
(2010b) reported that heat transfer by radiative cool-
ing from the top of the fog occurs in the same direction
as the mechanical turbulence transfer by wind shear,
but that it results in fog dissipation by warming the
air mass and reducing its moisture level.

More investigation of the atmospheric boundary
layer is needed where sea fog occurs to determine the
additional effects of advection, radiation, and turbu-
lence. Correlative, notable field programs have been
conducted, such as experiments off of the coast of Cal-
ifornia (CALSPAN) in the 1970s (Pilié et al., 1979),
the Cooperative Experiment in West Coast Oceanog-
raphy and Meteorology in 1976 (CEWCOM’76), and
the Project Haar (Findlater et al., 1989). Since 2006,
the Guangzhou Institute of Tropical and Marine and
Meteorology (ITMM) of the China Meteorological Ad-
ministration has supported several studies on sea fog
using instruments such as tethered balloons. These
studies have led to several interesting results, such as
the characteristics of the turbulent heat exchange (Qu
et al., 2008; Huang et al., 2010b).

From March to April of 2010, the ITMM per-
formed observations again on the atmospheric bound-
ary layer of sea fog at the Science Experiment Base for
Marine Meteorology at Bohe, Guangdong Province.
In addition, the study used many instruments [e.g.,
Vaisala global positioning system (GPS) soundings].
The present study mainly investigated the structure
of the atmospheric boundary layer and the character-
istics of the fog and the cloud tops in the advection
fog process. In addition, the effects of advection, radi-
ation, and turbulence on sea fog were also examined.
The present paper is organized as follows: section 2
describes the data and the observations. Section 3
describes the main process of the sea fog on 1 and
2 April 2010. Section 4 analyses the characteristics
of the boundary layer structure of the sea fog on the
coast of southern China. Section 5 presents the main
conclusions of the article.

2. Materials

2.1 Site and instruments

The observation site was the same as the one used
in 2007 and 2008 (Huang et al., 2009, 2010a), which
was located on the Science Experiment Base for Ma-
rine Meteorology at Bohe, Guangdong Province (Fig.
1). The Vaisala GPS sounding system, for which the
balloon was discharged at a flat 15 m above sea level,
and the FM-100 model fog monitor droplet collector
(Droplet Measurement Technologies, Inc.), which was
located on the observation platform 19 m above sea



NO. 6 HUANG ET AL. 1379

1011.0° 1111.2(’ 1111.4° 111.6°E event were collected from 1800 LST 1 April to 0800
21.75 LST 2 April 2010. The exact observation times were
N Yangxi as follows: 1800, 2000, and 2200 LST 1 April, and
Dianbai County 0000, 0200, 0500, and 0800 LST 2 April. To achieve
a series of uniform data, the GPS data were interpo-
21.55° 1 lated in the vertical direction with a 10-m interval,
Hw and they were also interpolated for time to include
%ohe Harbor the data such as 0400 LST and 0600 LST 2 April.
o Obsgrvational Site Consequently, eight sets of GPS sounding data (2-h
21.35° time interval and a 10-m vertical resolution) during
. the intense sea fog event were used in the analyses. A
South China Sea similar treatment and analysis was also conducted on

the weaker sea fog events of 5 and 6 April 2010.

21.15° 2.3 Other data

Fig. 1. Observational site location. The FM-100 model fog monitor droplet collector
was used in a manner similar to that of Huang et
level, were used for these experiments. al. (2010a), and the fog droplet size distribution used
in this study included data that were averaged over
2.2 The Vaisala GPS sounding data 1-min intervals. The liquid water content was calcu-

lated from the fog droplet size distribution. The atmo-
spheric horizontal visibility data were calculated from
the liquid water content in 1-min intervals, using the
experience formula that was obtained during by Huang
et al. (2009). The calculation of the backward trajec-
tory of airflow used the NCEP/NCAR (National Cen-
ters for Environmental Prediction/National Center for
Atmospheric Research) reanalysis archive. SSTs were
obtained from the NCEP marine modeling and analy-
sis branch operational products.

The air pressure, temperature, relative humidity,
wind direction, and wind speed were measured using
the GPS sounding system. A total of 55 valid GPS
data were collected during the observations of sea fog
in 2010, and three relatively intact processes of the sea
fog were selected for the present study. Of these three
processes, two had relatively short durations of 3—4
h and occurred during the early morning. Only the
conditions that occurred on 1 and 2 April quickly de-
veloped sea fog that was maintained for a longer period
of time. As a result, this more intense sea fog event
was selected for atmospheric boundary layer analyses.
In addition, two weak sea fog events that occurred on
the 5 and 6 April 2010 were also analyzed.

The GPS soundings (2—8 intervals, vertical resolu- The surface weather chart (Fig, 2) shows the pe-
tion of 4-10 m) related to the more intense sea fog riod of time during which the sea fog was maintained

3. General processes of sea fog

3.1 Synoptic background
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Fig. 2. Surface weather chart (from Hong Kong Observatory). (a) 2000 LST 1 April 2010; (b)
0500 LST 2 April 2010. (Isobaric chart, H is the center of anticyclone, L is the center of cyclone.
Temperatures (°C) of several main cities are presented.
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Fig. 3. The distribution of sea surface temperatures
(SSTs) and airflow trajectory. The contours denote the
daily average of SST (°C) on 1 April; the dot-lines denote
the 48-h backward trajectory of airflow at 1800 LST 1
April at 10-m, 300-m, 600-m, 1000-m, and 1500-m height.

(from 1800 LST 1 April to 1100 LST 2 April) and
the period of time during which the cold front moved
away from Lingnan mountain in a southeasterly direc-
tion. The southwestern edge of a weak anticyclone on
the sea was located on the coast of southern China,
in which there was an easterly surface wind. Advec-
tion fog forms easily when the warm, moist air mass
moves toward the shore across the cold sea surface;
the low pressure gradient leads to the formation and
maintenance of sea fog. The sea fog dissipated as the
cold front passed over the coast. In conclusion, the
weather conditions that lead to the formation of sea
fog are typical on the coast of southern China (Zhang,
1982).

The distribution of SST and the airflow trajectory
(Fig. 3) are represented by the daily average of SST
and the 48-h backward trajectory of airflow on 1 April.
Figure 3 illustrates that lower air involved in the sea
fog event moved from the area north of the South
China Sea before its path ended at Bohe. As lower
air moved along this trajectory, the underlying ocean
temperature changed from ~27°C to 21°C.

3.2 Variable characteristics of the basic me-
teorological elements in low level atmo-
sphere

As shown in Fig. 4a (GPS sounding data), the
wind direction was southeasterly near the ground;
however, the direction was southwesterly above 1500
m. The wind direction had a clockwise rotation, in-
dicating that the observation station was located near
warm advection transport. As shown in Figs. 4b-—
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d, extreme values of wind speed, temperature, and
specific humidity occurred at ~100-400 m above the
ground. These figures show that warm, moist advec-
tion transportation occurred ~100—400 m above the
ground during sea fog development (from ~0000 to
0500 LST 2 April). According to the graph showing
the relative humidity (Fig. 4e), the sea fog was > 600
m above the ground at all times, which indicates that
this was a strong sea fog event. The height of the top
of the sea fog was changing at all times, a characteris-
tic that will be discussed later in this paper.

As a result of the variability of the surface liquid
water content and visibility (Fig. 5), while the warm
moist advection transportation strengthened, the sur-
face liquid water content had a sudden, corresponding
increase, and the visibility decreased rapidly. When
the warm, moist advection transportation weakened
between 0500 and 0700 LST, the surface liquid water
content rapidly decreased. In addition, visibility in-
creased, showing an inverse relationship with the sur-
face liquid water content. These phenomena indicate
that the process of warm, moist advection transporta-
tion plays an important role in the variability of the
surface liquid water content and visibility in sea fog
events.

4. Characteristics of the boundary layer
structure of sea fog on the coast of South-
ern China

4.1 Ewolution of the height of the thermal tur-
bulence interface in sea fog

Fog is a condensation phenomenon in the atmo-
spheric boundary layer that occurs when the atmo-
sphere is saturated with moisture. In this saturated,
moist atmosphere, the elevated air parcel is subjected
to wet adiabatic change. The criterion of stabil-
ity in the saturated, moist atmosphere has been de-
scribed as follows: 90s./0z < 0 for potential instability
(0se is the potential pseudo-equivalent temperature),
00s./0z = 0 for neutral stability, and 06s./0z > 0 for
potential stability. According to the characteristics of
a saturated, moist atmosphere, the height of the po-
tential pseudo-equivalent temperature that equals zero
(00se/0z = 0) is defined as the height of the thermal
turbulence interface. The potential instability layer
exists above the interface, and thermal turbulence de-
velops easily. However, below the interface is the po-
tential stability layer, and thermal turbulence is un-
likely to develop. The height of the thermal turbulence
interface is between 180 m and 350 m in the process,
and its evolution characteristics are shown in Fig. 6.
It was observed that when the warm, moist advection
transportation strengthened, the height of the thermal
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turbulence interface correspondingly increased. When
the process of the warm, moist advection transporta-

tion weakened, the height
ings indicate that the wa

also decreased. These find-
rm, moist advection trans-

portation also plays an important role in the height of
the thermal turbulence interface of sea fog.
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4.2 Characteristics of the basic turbulence

structure in sea fog

To investigate the structural characteristics of the
meteorological factors below the thermal turbulence
interface, we calculated the average value of several of
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Fig. 6. Evolution of the height of the thermal turbulence
interface.

these factors from eight time periods of GPS data (Fig.
7). To find the average, first we interpolated the value
of the meteorological factors below the thermal turbu-
lence interface into dimensionless height, with z/h for
each time period (z is the real height, h is the height
of the thermal turbulence interface), then we averaged
the meteorological factors at the same dimensionless
height, with z/h from eight time periods of GPS data.

Figure 7 illustrates that, below the thermal turbu-
lence interface, the elevation of the height was accom-
panied by a gradual elevation in the 65 and ¢ (specific
humidity). The wind direction exhibited a gradual
transfer from the east near the surface to the south
in upper level. The wind speed reached its maximum
value below the interface.

The wet Richardson number (Riy,) was defined as
the ratio of the thermal turbulence energy to the me-
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chanical turbulence energy in the saturated moist at-
mosphere; the formula is as follows (Liu et al., 2005):

2
Rip = _iaese/ (a_v) (1)
O Oz 0z

Where g is the acceleration due to gravity, and V is
wind vector. Using Eq. (1), we found that two factors
are associated with the development of turbulence de-
velopment. One of these factors is the thermal stability
parameter (1/(0se)(00s/0z), which indicates that the
more unstable the atmospheric stratification, the more
likely thermal turbulence is to develop. The other is
the vertical wind shear parameter (0V /9z), which in-
dicates that the stronger the vertical wind shear, the
more likely mechanical turbulence is to develop. When
Riy = 0, which indicates that the thermal turbulence
energy is equal to zero, the air is in the neutral state.
When Riy, < 0 (which indicates that the thermal and
mechanical factors are all increasing the likelihood of
turbulence), turbulence will definitely develop. When
Riy > 0, the thermal factor results in the weakening of
the thermal turbulence; however, the mechanical fac-
tor increases the likelihood of mechanical turbulence.
According to the Riy, profile, the Ri,, value is always
greater than zero (Ri,, > 0) below the thermal tur-
bulence interface, which indicates that the turbulence
is mainly produced by the prevalent mechanical factor
(Zhao, 2006).

The meteorological element profiles of the lower at-
mosphere for each time period during the sea fog pe-
riod are shown in Fig. 8. The Riy, profiles of each
time period (only the values of —10 < Riy, < 10 are
shown) indicate that the wet Richardson number was
less than zero (Riy < 0) beyond the thermal turbu-
lence interface, which indicates that the thermal tur-
bulence predominated above the interface. On the con-
trary, the wet Richardson number was larger than zero
(Rim > 0) below the interface, which means mechani-
cal turbulence was predominant below the interface.

Similar findings resulted from using the 6 pro-
file in the saturated, moist atmosphere (Fig. 8, the
Ose profile in the unsaturated, moist atmosphere is for
reference only). Here, 90s./0z > 0 below the ther-
mal turbulence interface, indicating that this layer is
potentially stable. However, 06./0z < 0 above the
interface, indicating potential instability. As a whole,
the two atmospheric stratifications in the saturated,
moist air of sea fog had different properties, namely
potential stability and instability.

In addition, there were different 6, profiles be-
tween the sea fog above the thermal turbulence inter-
face and the clouds below the cloud boundary layer.
The value of 6, is approximately constant for the
clouds below the cloud boundary layer (Deardorft,
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1980; Stage and Businger, 1981; Stull, 1988). Nev-
ertheless, the value of A mainly decreases with the
height above the interface in the sea fog, indicating
that this layer is potentially unstable.

4.3 Fvolution characteristics of the tops of
the fog and the clouds during sea fog

According to the observation data at all time
points, the tops of the fog and the clouds appeared
to change. In this study, the evolution of characteris-
tics of the tops of fog and clouds during selected sea fog
events were analyzed in combination with the variable
characteristics of the meteorological elements of each
time period. [The surface sea fog dissipated to mist
when the relative humidity was < 98% (RH < 98%)
during the observation period; therefore, we defined
the relative humidity as equal to 98% (RH = 98%) for
the top (or base) of the sea fog and clouds in Fig. 8.]

At 1800 LST 1 April, sea fog formed (Fig. 8a).
Opaque stratocumulus (Sc OP) and fog were present
in the lower atmosphere at the same time and were
separated from one another. The wind direction was
southeasterly in the fog, whereas the wind direction
was southwesterly in the stratocumulus (Sc), indicat-
ing that different sources of water vapor transportation
were present in the fog and in the Sc.

At 2000 LST 1 April (Fig. 8b), the Sc OP gradually
dissipated. The height of the top of the fog was lower
than in the former time point, but the mixing move-
ments were more uniform in the fog, and the value of
fse was approximately constant.

From 2000 to 2200 LST, the sea fog rapidly de-
veloped (Fig. 8c). When the warm, moist advection
transportation became stronger, the thermal turbu-
lence produced by the long-wave radiation at the top
of the fog resulted in the rapid upward development of
sea fog. The height of the fog top increased from 730 m

to 1180 m. At the fog top during this time period, an
evident inversion and a significant change in the wind
direction occurred. At the same time, the wind speed
reached its minimum value and rapidly increased. In
addition, the relative humidity at the top of the fog
rapidly decreased.

At 0000 LST 2 April, the fog top height increased
to 1340 m (Fig. 8d). The height of the fog top was
higher than the base of the inversion, indicating that
the sea fog developed rapidly. In the fog layer from
the fog top to 200 m below the top, the effect of the
long-wave radiation of the fog top and the entrainment
process resulted in the value of s, becoming nearly
constant and in very little change in the wind direc-
tion. In contrast, the value of 05, decreased below this
fog layer. A possible reason for this phenomenon is
that, although the sea fog developed rapidly upward,
the turbulence mixing was not strong enough to sup-
port the development of the fog layer; therefore, ver-
tical mixing was insufficient throughout the fog layer.
However, the turbulence mixing still led to a slight
change of the wind direction and wind speed in the
sea fog.

At 0200 LST 2 April (Fig. 8e), although the sea
fog developed continually and reached a height of 1530
m, the amount of the water vapor was insufficient to
maintain the saturated status in the fog layer, and
dry air entered the sea fog layer as a result of atmo-
spheric entrainment, resulting in a relatively dry layer
(between 850 m and 1060 m) in the fog. The sea fog
evolved into two layers at this time: the upper layer
turned into a stratus (St) layer, and the value of 6 for
this stratus layer became nearly constant as a result
of the thorough turbulence mixing.

At 0400 LST (Fig. 8f), a large, relatively dry layer
(between 670 m and 1030 m) occurred, indicating that
the water vapor transported by advection was gradu-
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Fig. 8. Meteorological element profiles of the low level atmosphere during sea fog on 1 and 2 April
2010. (1) Height of thermal turbulence interface, (2) top of the fog, (3) base of the cloud, (4) top
of the cloud. T=temperature (K), 6sc = potential pseudo-equivalent temperature (K), Rim = wet
Richardson number, Wd = wind direction (°), Ws=wind speed (m
(%), H
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ally decreasing. Both the upper stratus and the nether
fog were weakening during this time. This trend con-
tinued at 0600 LST (Fig. 8g); the thickness of the up-
per stratus was thinning; and the nether fog top was
falling. Above the fog top, an isothermal layer was
present, and the value of 6. decreased in the vertical
upward direction. At 0800 LST (Fig. 8h), the amount
of water vapor transported by advection was continu-
ally decreasing; the upper stratus gradually dissipated;
and the nether fog top continued to fall. Notably, the
turbulence mixing was still acting in the sea fog; there-
fore, the wind direction became uniform and the wind
speed changed very little in the vertical direction at
0800 LST.

These phenomena allow us to make several conclu-
sions. First, the emergence of sea fog is always accom-
panied by low clouds on the coast of southern China.
Furthermore, low clouds (like stratus) can be formed
by a division of layers in the sea fog. In addition, there
is a close relationship between the tops of the fog and
clouds and the inversion layer. This inversion layer (or
isothermal layer) usually corresponds to the tops of the
fog and the clouds. Second, two-layer turbulence is a
structural characteristic of sea fog. These two layers
are composed of the thermal turbulence produced by
long-wave radiation above the thermal turbulence in-
terface and the mechanical turbulence caused by the
wind shear below the interface. Third, three important
factors have a close relationship with the development
of the sea fog top on the coast of Southern China:
the horizontal advection of the water vapor, the long-
wave radiation of the fog top, and the vertical turbu-
lence mixing. As a result of long-wave radiation and
the ample transportation of water vapor, fog develops
rapidly in the upward direction. Conversely, if the in-
crease in the elevation of the fog top is too rapid, or if
the amount of the transportation of the water vapor
decreases, the fog layer is divided by the turbulence

(a) — Liquid water
content
° Visibility

0.12 7
.0.10 -
2
go08
20.06
2 0.04
-1

0.02

0.00

04-05 04-05 04-05 04-05 04-05 04-05
06:00 08:00 10:00 12:00 14:00 16:00

Time (LST)

o

O=NOARAGOO~N®RWW=
Vis (Km)

HUANG ET AL.

1385

and entrainment, resulting in a decrease of the height
of the fog top.

4.4 Characteristics of the boundary layer
structure of other weak processes of sea

fog

Two weak process of sea fog occurred at dawn on 5
and 6 April 2010. The variability of the surface liquid
water content and visibility over these two days (Fig.
9) resulted in a duration of the sea fog from 0600 to
1100 LST 5 April, and a duration from 0600 to 0800
LST 6 April. The peak values of the surface liquid
water content of the two weak processes of the sea fog
events were smaller than those of the former, stronger
events of 1 and 2 April. After the dissipation of the sea
fog on the ground, the surface visibility increased as a
result of the mist condition; the sea fog rose into the
stratus; and the base of the cloud remained ~20-50 m
from the ground.

To analyze the characteristics of the boundary
layer structure of weaker sea fog events, the 0800 time
points on 5 and 6 April were selected to represent the
characteristics of the boundary layer structure during
the presence of the sea fog (Figs. 10a and c), and
the time points of 1200 LST 5 April and 1100 LST 6
April were selected to represent the characteristics of
the sea fog elevation into the stratus (Figs. 10b and
d). Figures 10a and c show that, during the weak sea
fog event, the profiles of the meteorological elements in
the boundary layer were similar to those of the strong
sea fog event. The heights of the thermal turbulence
interface at 0800 LST 5 and 6 April were 380 m and
300 m, respectively. For the former process, the ob-
served height of the thermal turbulence interface was
between 180 m and 380 m. Figures 10b and d show
that, when the surface sea fog dissipated into the mist
and the sea fog elevated into the stratus, the height
of the thermal turbulence interface depicted a stable
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Fig. 9. Variability of the surface liquid water content and the visibility on (a) 5 April and (b) 6 April.
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Fig. 10. Meteorological element profiles of the low level atmosphere during sea fog on 5 and 6 April 2010.
(a) 0800 LST 5 April; (b) 1200 LST 5 April; (c) 0800 LST 6 April; (d) 1100 LST 6 April.

stratification status of the cloud boundary layer. At
this point, the sea fog dissipated as a result of the ther-
mal turbulence and the dry air entrainment above the
thermal turbulence interface, and the top of the stra-
tus was slightly higher than the height of the interface
commonly. However, the potential stability was main-
tained in the saturated moist air below the interface.
Under the influence of the rise in the SSTs near the
coast, the sea fog near the sea surface was elevated
into the stratus layer.

Similar characteristics about the thermal turbu-
lence interface existed at the other time points when
the sea fog was elevated into the stratus layer. Fur-
thermore, there were no characteristics of the top of
the stratus that were lower than the thermal turbu-
lence interface (figures omitted). The height of the
thermal turbulence interface depicts the basic char-
acteristic of the stable stratification of the low-level
atmosphere before and after sea fog.

4.5 FEvolution characteristics of the boundary
layer structure of sea fog

As a result of the analysis of the characteristics of
the boundary layer structure during weak and strong

sea fog events, we have come to several conclusions
concerning the evolution characteristics of the bound-
ary layer structure during sea fog season on the coast
of Southern China. The main three possible phases
are as follows (Fig. 11).

The first phase is the formation of the sea fog (Fig.
11a). As a result of the transportation of the strong,
warm, moist advection, an inversion formed near the
sea surface. Next, the stratus formed along with the
formation of the thermal turbulence interface. Accom-
panied by an increase in the air temperature and an
accumulation of water vapor near the thermal turbu-
lence interface, the structure of the potential insta-
bility strengthened above the interface and combined
with the cooling of the long-wave radiation of the fog
top. The sea fog continuously developed upward be-
cause of the resulting thermal turbulence. In contrast,
the structure of the potential stability also strength-
ened below the interface; the sea fog developed toward
the sea surface because of the mechanical turbulence
produced by the wind shear and because of a cool-
ing effect by the sea surface. As a result, the sea fog
formed.

The second phase is the development of the sea
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Fig. 11. Evolution characteristics of the boundary layer structure of sea fog. (a) Phase 1:
formation; (b) Phase 2: development; (c¢) Phase 3: dissipation.

fog (Fig. 11b). The strong, warm, moist advection
transported continuously during this phase. Above
the interface, the sea fog grew upward as a result of
the thermal turbulence, and the fog top grew higher
and higher. At this point in time, if the height of the
fog top elevated too quickly, the sea fog layer might
be split by the entrainment, due to the shortage of
the total water vapor transported by the warm moist
advection. Below the interface, the saturated warm
moist air was also transported toward the sea surface
as a result of the mechanical turbulence produced by
the wind shear, causing the sea fog near the sea surface
to be thicker and causing visibility to decrease.

The third phase is the dissipation of the sea fog
(Fig. 11c). As a result of the weakening of the trans-
portation of the warm, moist advection, the sea fog
gradually elevated into the stratus. Above the inter-
face, as a result of the shortage of water vapor, the
sea fog slowly dissipated with the help of the turbu-
lence and entrainment, and the stratus top was a lit-
tle higher than the height of the interface. Below the
interface, as a result of the short-wave radiation, the
SSTs increased near the coast, and the sea fog rose into
the stratus. Notably, during sea fog season, especially
between two sea fog events, the boundary layer struc-
ture with the stratus layer above the ground often ex-

isted. Because of the weak, warm, moist advection, the
thermal turbulence interface was maintained. At the
same time, the saturated moist air below the interface
had potential stability; therefore, the stratus layer also
remained. When some favorable meteorological condi-
tions in existence (such as the occurrence of a strong
warm moist advection or a decrease in the coastland
air temperature near the sea surface at dawn), the sea
fog will develop base on the stratus layer. This phe-
nomenon has been observed in many sea fog processes.

In view of the present analysis, the thermal turbu-
lence interface has been shown to play an important
role in the three possible phases of the evolution of the
boundary layer structure in the sea fog season of the
coast of southern China. This interface is significant
during the formation and development of sea fog. In
addition, after sea fog has been elevated into the stra-
tus layer, this interface is the factor that maintains the
layer.

5. Conclusion

The boundary layer observation data during sea
fog events were collected at the Science Experiment
Base for Marine Meteorology at Bohe, Guangdong
Province. First, the structure of the atmospheric
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boundary layer in advection fog was investigated. Sec-
ond, the variable characteristics of the fog and cloud
top were analyzed, along with the effects of advection,
radiation, and turbulence during sea fog. Third, the
significance of the thermal turbulence interface was re-
vealed, and the three possible phases of the evolution
process of the boundary layer structure of sea fog were
also discussed. The main results are as follows:

(1) According to the stability definition of satu-
rated wet air, two properties of atmospheric strati-
fication, potential stability and potential instability,
have been revealed in the saturated wet air of sea fog.
Consequently, the gradient of the potential pseudo-
equivalent temperature was equal to zero (00s./0z =
0) and was defined as the thermal turbulence interface.

(2) During the advection fog period, a warm, moist
advection process existed at a height between 100 m
and 400 m. As the warm, moist advection process was
enhanced or weakened, two aspects were influenced:
one aspect was the magnitude of the liquid water con-
tent in the sea fog near the surface. When the ad-
vection process was enhanced, the surface liquid water
content increased and the visibility decreased. In con-
trast, when the advection process weakened, the sur-
face liquid water content decreased and visibility in-
creased. Another aspect was the height of the thermal
turbulence interface in the sea fog. When the advec-
tion process was enhanced, the height of the thermal
turbulence interface increased; it decreased if the ad-
vection process weakened.

(3) On the coast of southern China, the emergence
of sea fog was always accompanied by a low cloud
layer. Furthermore, sometimes the formation of this
low cloud layer was a result of the layered division of
the sea fog into two parts. In addition, a close re-
lationship exists between the tops of the fog and the
clouds and the inversion layer: The inversion layer (or
the isothermal layer) usually corresponds to the tops
of the fog and the clouds.

(4) Two layers of turbulence were shown to exist in
the sea fog. The thermal turbulence produced by the
long-wave radiation was prevalent above the thermal
turbulence interface, and the mechanical turbulence
aroused by the wind shear was predominant below the
interface. The height of the thermal turbulence inter-
face was observed between 180 m and 380 m.

(5) Three important factors have a close relation-
ship with the development of the sea fog top on the
coast of southern China: the horizontal advection of
the water vapor, the long-wave radiation of the fog
top, and the vertical turbulence mixing. As a result
of long-wave radiation and the ample transportation
of water vapor, fog developed in the upward direc-
tion. However, if the elevation of the fog top increased
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too quickly or if the transportation of water vapor de-
creased, the fog layer was divided by the turbulence
and entrainment, resulting in a decrease in the height
of the fog top.

(6) Formation, development, and dissipation are
the three possible phases of the evolution of the bound-
ary layer structure during sea fog events on the coast
of southern China. The thermal turbulence interface
was shown to play an important role in these phases.
The interface is significant during the formation and
the development of sea fog. Also, after sea fog has
been elevated into the stratus layer, this interface is
the main factor that maintains the layer.

In this study, the structure of the atmospheric
boundary layer in advection fog was studied, and the
importance of the thermal turbulence interface was re-
vealed. In addition, the effects of advection, radiation,
and turbulence during sea fog have also been discussed,
as has the relationship between the sea fog and the
stratus. However, these results need to be confirmed
using a dynamical model that adequately accounts for
the processes of turbulence and radiation and the in-
teraction between the sea fog and the stratus. This
will be the next step in our continuing research.
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