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Abstract
studies of such turbulence are typically limited to observations with ultrasonic anemometers less than

Atmospheric turbulence plays a vital role in the formation and dissipation of fog. However,

100 m above ground. Thus, the turbulence characteristics of upper fog layers are poorly known. In this
paper, we present 4-layers of data, measured by ultrasonic anemometers on a wind tower about 400 m
above the sea surface; we use these data to characterize atmospheric turbulence atop a heavy sea fog. Large
differences in turbulence during the sea fog episode were recorded. Results showed that the kinetic energy,
momentum flux, and sensible heat flux of turbulence increased rapidly during the onset of fog. After onset,
high turbulence was observed within the uppermost fog layer. As long as this turbulence did not exceed a
critical threshold, it was crucial to enhancing the cooling rate, and maintaining the fog. Vertical momentum
flux and sensible heat flux generated by this turbulence weakened wind speed and decreased air temperature
during the fog. Towards the end of the fog episode, the vertical distribution of sensible heat flux reversed,
contributing to a downward momentum flux in all upper layers. Spatial and temporal scales of the turbulence
eddy were greater before and after the fog, than during the fog episode. Turbulence energy was greatest in
upper levels, around 430 m and 450 m above mean sea level (AMSL), than in lower levels of the fog (390 m
and 410 m AMSL); turbulence energy peaked along the mean wind direction. Our results show that the
status of turbulence was complicated within the fog; turbulence caused fluxes of momentum and sensible
heat atop the fog layer, affecting the underlying fog by decreasing or increasing average wind speed, as well
as promoting or demoting air temperature stratification.

Keyword: ultrasonic anemometers; turbulence characteristics; momentum flux; sensible heat flux; variation
in sea fog

1 INTRODUCTION

Fog can be a disastrous weather phenomenon,
occurring in the atmospheric boundary layer. Fog is
categorized as radiation fog or advection fog, over
land or sea, respectively. Many physical factors affect
formation and dissipation of fog, including stable
atmospheric stratification, air saturation, wind speed,
air-sea temperature difference, and turbulence
intensity, as summarized by Zhang and Bao (2008)
and Ren and Zhang (2011). Atmospheric turbulence
within the boundary layer is crucial for the exchange
of material and energy, important for developing and
dissipating fog (Duynkerke, 1999; Zhang et al., 2005).
Previous studies of turbulence in fog focused on
indoor experiments and numerical simulations

because of inadequate field devices. Bott et al. (1990),
Nakanishi (2000), and Huang et al. (2010) found that
turbulent transport was important for the occurrence
and dissipation of radiation fog through numerical
simulation, later verified by Zhou and Ferrier (2008)
using a theoretical analysis. Zhou and Ferrier (2008)
showed that radiation fog occurs and persists only
when turbulence intensity is below a threshold value;
the thicker the fog, the larger this threshold value. If
the turbulence intensity exceeds the threshold, then
the fog dissipates. Turbulence has also been
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investigated in sea fog. Zhang et al. (2010) found that
air temperature inversion and strong turbulence are
conducive to the development of a sea fog of a certain
thickness.

In recent years, the use of ultrasonic anemometers
with high temporal data resolution has greatly assisted
the study of atmospheric turbulence in sea fog. Wu et
al. (2010, 2011) studied advection fog using ultrasonic
anemometer data collected on a 40-m tower in
Beijing. They found that the spectral energy density
of turbulence was high in frequency during fog
formation, but low in frequency before and after the
fog. Although the average kinetic energy was
relatively small during the fog, turbulence increased
and the direction of turbulent energy transport became
vertical. Thus, the average kinetic energy and
turbulent kinetic energy increased abnormally before
fog formation, signaling the beginning of advection
fog. Numerical results by Li (2011) showed that the
height of fog depends on the intensity of turbulence;
the stronger the turbulence, the higher the top of the
sea fog. In addition, the intensity of turbulence in the
boundary layer is related to vertical wind shear and
air temperature stratification; the larger the vertical
wind shear, the stronger the turbulence. However, an
inversion of air temperature can neutralize turbulence
after the sea fog forms.

Previous field studies were limited by the height of
ultrasonic anemometers, typically less than 100 m
above ground and well within the constant flux layer,
where the vertical turbulence fluxes of momentum
and heat are invariable in layers of different heights.
In addition, most field observations were conducted
over land, rarely over sea. Since sea fog is typically
300400 m thick (Zhou, 1981), much thicker than
over land, few studies have looked at turbulence in
the upper layers of sea fog. In this study, we use data
from ultrasonic anemometers on a wind tower atop a
mountain on Yushan Island about 14 km off the coast
of north Fujian Province, South China. We studied
atmospheric turbulence between 390-450 m above
ground during a heavy sea fog event. We evaluate the
relationship between turbulence and formation/
dissipation of sea fog, and characterize the turbulent
structure of sea fog at its upper boundary.

2 OBSERVATION

We analyzed turbulence data measured by ultrasonic
anemometers installed on a wind tower on Yushan
Island (26°57'N, 120°21'E), 14 km from the coast of
north Fujian Province, China. The wind tower base is
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at 355 m AMSL; it has four ultrasonic anemometers
installed at heights of 35, 55, 75, and 95 m, i.e., 390,
410, 430, and 450 m AMSL, respectively.

The WindMaster 3-D ultrasonic anemometer (Gill
Instruments Ltd., UK) consists of three pairs of
ultrasonic transmitters and receivers, perpendicular to
each other. Thus, the ultrasonic anemometer can
measure 3-D wind speed and air temperature at very
high frequency; its temporal resolution is 0.05 s, with
resolution to £0.01 m/s for wind speed, +0.1 for wind
direction, and £0.1°C for air temperature. In addition
to reviewing the automatic validation codes generated
by the anemometer, we carried out additional data
quality control after Chen et al. (2000); some data
were discarded for intervals with unstable power
supply or other unknown reasons. The revised dataset
was completed using linear interpolation.

Visibility and other meteorological data are from
Xiapu Weather Station, located near the coast, about
23 km from the observation tower. Since terrain is
relatively flat between Xiapu Weather Station and the
seashore, and the tower is close to the island coast,
terrain has a very small influence on the local sea fog.

A sea fog event covering the whole coast of
northern occurred in this area from 02:00 BT (Beijing
Time) to 11:00 BT on March 21, 2011. Table 1 lists
relevant atmospheric parameters recorded at Xiapu
Weather Station. FY-2E satellite remote sensing
images were used to validate the consistency of fog
evolution and fog homogeneity at and Xiapu Weather
Station. Satellite images, as well as surface-air
element analyses showed that both locations were in
the same fog region during this period.

Although, local atmospheric visibility was good
from 20:00 to 23:00 on March 20, fog occurred from
early morning to noon on March 21, causing visibility
to reduce to 1.0 to 2.0 km. Lowest visibility was
700 m from 8:00 to 12:00 on March 21. Visibility
returned from 14:00 pm on March 21. The variation
in visibility measured at the weather station is
consistent with changes in grayscale on satellite
images. S-SE winds at 2—6 m/s prevailed during the
fog episode, i.e., airflow was from the ocean for coast
orientated SW-NE.

Before the fog appeared, air temperature in the
lower atmosphere (up to 2 km altitude) decreased
steadily with altitude, i.e., there was no inversion
layer; the 3°C difference between air and dew point
temperature indicated unsaturated air conditions
(Fig.1). At 08:00 on March 21, an inversion layer
developed from 300 to 800 m altitude during the fog
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Table 1 Relevant atmospheric parameters recorded at Xiapu Weather Station from 20:00 BT (Time) on March 20 to 17:00

BT on March 21, 2011

Time 20:00/20 23:00/20 02:00/21
Visibility (km) 9.0 9.0 1.0
Wind speed (m/s) 4 4 2
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Fig.1 GPS sounding profiles at Xiapu Weather Station
Profiles recorded at (a) 20:00 on March 20; (b) 08:00 on March 21; and (c) 20:00 on March 21. Solid line is air temperature; dotted line is dew point

temperature.

episode; the difference between air and dew point
temperature was below 1.5°C, indicating nearly
saturated air conditions. At 20:00 on March 21, after
the fog dissipated, air temperature below 800 m
decreased slightly with altitude, while the boundary
layer of the lower atmosphere became unstable, and
the inversion height rose to 850 m.

Temperature measured on the wind tower at Yushan
Island showed changes consistent with changes to
atmospheric stability described above.

The time series of 2-min average air temperatures
at 390 m and 450 m AMSL show that on March 20,
from 20:00 to 23:00, average temperature at 390 m
height was 0.48°C higher than that at 450 m, simply
reflecting a decrease in air temperature with altitude
(Fig.2). From 23:00 on March 20 until 10:00 on
March 21, temperature decreased consistently in
these two layers, but more slowly at 450 m, causing
an inversion in the temperature structure. Notably,
visibility also decreased during this period. From
10:00 to 18:00 on March 21, temperature continued to
decrease slowly in the both layers, but more slowly at
390 m, dissipating the inversion layer during the later
stage of the fog episode. Overall, temperature
stratification observed near the top of the fog layer by

the ultrasonic anemometers was consistent with
sounding data from Xiapu Weather Station.

The time series of 2-min average wind speeds at
390 m and 450 m altitude show that from 20:00 to
22:00 on March 20, before fog formation, wind
velocity was only 1-4 m/s (Fig.3). After 23:00, as fog
appeared, wind velocity increased rapidly to 8—10 m/s,
but no obvious vertical shear existed between layers.
Before the fog dissipated on March 21, both wind
speed and its vertical shear component increased.

3 CHARACTERISTICS OF TURBULENCE

To analyze turbulence characteristics of wind, the
x-axis is assigned as the average wind direction, and
turbulent fluctuation values are determined using
average wind speed.

The turbulent fluctuation values for wind can be
expressed as:

u'"=ucosf+vsind-U, (1)
v'=-usinf+vcoso, 2)
w=w—W, 3)

where U and W are the average wind speed and
vertical speed over 30-min; @ is the rotation angle;
and u', v/, and w'are turbulent fluctuation values along
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Fig.2 a. two-min-average air temperature at 390 m (dot) and 450 m (solid) above the sea surface; b. two-min-average air
temperature difference between 390 m and 450 m above the sea surface

The triangles indicate the beginning and end of the fog episode.
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Fig.3 Two-min-average wind speed at 390 m (dotted line) and 450 m (solid line) above the sea surface

three perpendicular directions.
3.1 Turbulent kinetic energy
The total turbulent kinetic energy (TKE) can be

expressed as E=u”tv”+w” which comprises a
horizontal TKE component E,=u"+v” and a vertical
one E=w". Time series of 2-min average E values for
all four anemometer heights are shown from 20:00 on
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Fig.4 Two-min-average E values at 390 m, 410 m, 430 m, and 450 m AMSL from 20:00 on March 20 until 18:00 on March 21

March 20 to 18:00 on March 21 (Fig.4).

From 20:00 to 23:00 on March 20, before fog
formation, the total TKE was small in all layers,
consistent with low wind speed. At fog onset, the total
TKE increased obviously in all layers. For example, at
a height of 390 m it increased from 0.5 to 2.5 m?/s?, and
at 450 m from 0.3 to 2.0 m*s%. Our measurements of
TKE indicate it decreased vertically within the sea fog.
Nakanishi’s large eddy simulation revealed similar
features for TKE in radiation fog (Nakanishi, 2000).

Here, we determine the critical TKE parameter Ec.
As a first step, we require the critical turbulent
exchange coefficient K¢ for deep fog. Proposed by
Zhou and Ferrier (2008), it defines the upper limit of
turbulence intensity that a persisting fog can
withstand:

Ke=1.41[afC) H*". )

In our study, the gravitational settling parameter
0=0.062; =1.02 when 7=20°C and P=1 000 mb; C,
(degree per hour) is the cooling rate, equal to 0.5/3 600
(calculated from Fig.2a, where temperature at 450 m

decreased by 5°C in about 10 h); and H is the fog
depth, taken here to be 450 m. These parameter values
give Kc=39.6 m%s, which is high compared with K¢
values for mature stage radiation fog of around 1.0—
2.0 (Zhou and Ferrier, 2008). The main reason for
such a high Kc value is that the sea fog was 10 times
higher than regular ground fog.

The second step converts the Kc value to a “critical
TKE” or Ec, using the relationship Kc¢=0.25LxEc"?
(Musson-Genon, 1987), where L is a scale length
related to the mixing length in fog, estimated with
1/L=1/(0.35z)+1/4 (Blackadar, 1962). Here, z is height
and 4 is a layer range above the ground. For this sea
fog episode, both z and A4 can be estimated by fog
depth H (~450 m), giving L=0.26H. Thus, Ec=[Kc/
(0.06H)]? or about 2.2 m*/s?. This TKE value is much
larger than for typical radiation fog (around 0.1 m?/s?)
(see Fig.6; Nakanishi, 2000).

Although the TKE remained high in upper levels of
the fog bank during the fog episode, from 08:00 to
11:00 on March 21 and coincident with lowest
visibility, the TKE weakened in lower levels (390 m
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Fig.5 a. vertical turbulent momentum flux in 2-min averages at four levels: 390, 410 , 430 and 450 m above sea surface; b
gradient of vertical turbulent momentum flux in 2-min averages between heights of 410 and 430 m

and 410 m), while it remained high in the upper levels. critical Ec of 3.1 m*s? was calculated for fog recede.
When the fog began to dissipate, after 14:00 on March Our study suggests that a moderate TKE favors
21, TKE increased again in all layers. We calculated a sustaining the fog, but if TKE increases, the fog
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recedes. In addition, the TKE is anisotropic, with the
largest component along downwind direction,
followed by crosswind and vertical directions.

3.2 Turbulent momentum flux

The vertical turbulent momentum flux () can be
expressed as:

Flp, =u'w+vw (5)

where p, is air density, and u', v, and w'are the turbulence
fluctuations along three perpendicular directions. A
positive F/p, indicates upward transport of momentum,
while a negative one means downward transport.
Generally, the value of »'w' is larger than ' .

Figure 5 shows the temporal evolution of the
vertical turbulent momentum flux in 2-min averages
for the four heights monitored.
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Obviously, from 20:00 to 23:00 on March 20, the
turbulent momentum flux was close to zero in all four
layers, while visibility was good. During the onset
and mature stages of the fog, the moment fluxes at
390 and 410 m were mostly negative, indicating
downward transport. While in uppermost layers, there
was positive-negative alternation, with no obvious
net contribution to flux.

The contribution of the wvertical turbulent
momentum flux to the mean flow can be expressed as
(Stull, 1991):

ou  o(wu')

ot 0z ©

where u is the wind speed in two minutes, ¢ is the time
and z is the vertical coordinate. According to Eq.6, the
curves in Fig.5a, b show that the turbulent momentum
flux increased with altitude from 23:00 on March 20
a(wu'

>0, or 8_u<0
z ot

for levels at 410 m and 430 m, then the distribution of
turbulent momentum flux was conducive to lowering
average wind speed in these layers, balancing the
positive contribution to momentum transport from
mean air flow from the uppermost layers. Therefore,
the average wind speed during this period was
relatively stable (Fig.3).

From 12:00 to 18:00 on March 21, the momentum
fluxes at 390 and 410 m remained negative; the
momentum fluxes in upper layers also became
negative, Thus, the momentum flux in all layers was
downwards, with kinetic energy moving steadily
from upper to lower layers, maintaining relatively
large wind speeds near the top of the fog. This vertical
distribution of turbulent momentum flux favored the
rapid increase in average wind speed in these layers

(Fig.3).

3.3 Turbulent sensible heat flux

to 12:00 on March 21. Since

The turbulent sensible heat flux (F}) can be
expressed as:

Fy/ p,Co=TW , (7)

where 7" is the turbulent pulsation of air temperature,
C, is the specific heat at constant pressure. The
sensible heat transport is upwards, if 7' is positive,
or downwards, if negative.

Figure 6 shows the temporal evolution of the
vertical turbulent sensible heat flux in 2-min averages
at four heights.

Before fog onset, turbulent sensible heat flux was
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close to zero in all layers. During fog, from 23:00 on
March 20 to 09:00 on March 21, sensible heat flux
was mostly negative in the lower layers at 390 and
410 m, indicating downward transport of sensible
heat. Net fluxes were not obvious in the uppermost
layer at 450 m, when the inversion layer was present
at this height. Thus, sensible heat flux transport took
place along the gradient of mean temperature.

The contribution from sensible heat flux associated
with vertical turbulence to the mean temperature
variation can be described by the following equation
(Stull, 1991):

T _ o(w'T")

) 8
ot 0z ®

Figure 6a, b shows that heat flux increased with
altitude during fog, from 23:00 on March 20 to 09:00
on March 21. In other words, when §7/d¢<0 , heat
flux results in cooling. Hence, the mean temperature
decreased gradually in this period (Fig.2).

After 09:00 on March 21, positive sensible heat
flux occurred in the uppermost layers from 430 to
450 m, expanding to the lower layers after 13:00.
Hence, upward sensible heat flux occurred in all
layers during this time, causing the inversion layer to
vanish. Thus, turbulent sensible heat flux was along
the temperature gradient in this period. From Eq.7,
vertical movement of sensible heat flux decreases the
mean air temperature because the upward sensible
heat flux in the upper layer was greater than that for
the underlying layers. This type of vertical distribution
of heat flux implies that more heat was stored in the
upper layers than in the lower layers, prompting the
disappearance of the inversion layer (Fig.2).

3.4 Spatial and temporal scales of turbulence

Integrated spatial and temporal scales of turbulence
reflect the average size and average life expectancy of
eddies. A method involving the autocorrelation
function (Flay and Stevenson, 1984) is used to
calculate the turbulence integral scales:

L:VTRX(r)dT, )

T:TRx(r)dr, (10)

where V' is the average wind speed over 30 min, x(?) is
the turbulence time series from the ultrasonic
anemometers, L is the spatial scale of turbulence, and
T is the temporal scale of turbulence. Hence, R (7) is
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Fig.7 Hourly average spatial scale series along u (a) and
w (b) directions at heights of 390 m (solid line) and
450 m (dashed line)

the autocorrelation function of x(¢), giving:
R(D=E[(x()x(+7)]/S.2, )

where S,? is the variance of the time series of turbulent
fluctuation. Figures 7 and 8 show the hourly average
spatial and temporal scale time series for u’ and w’
from Eq.1 and Eq.3 at heights 390 and 450 m,
respectively.

The spatial and temporal scales of turbulence
fluctuation in the downwind direction are clearly
greater than those in the vertical direction (Figs.7 and
8). The spatial scales range from tens to hundreds of
meters along the downwind direction, with temporal
scales from a few to tens of seconds. While the spatial
scales along the vertical direction are from a few to
tens of meters, with temporal scales of a few seconds.
Notably, the spatial and temporal scales of turbulence
in lateral directions were smaller than for the
downwind direction, but larger than for the vertical
direction. The spatial and temporal scales were larger
before fog onset and after fog dissipation than during
the fog episode. Figures 7 and 8 also show that in
most cases, spatial and temporal scales in the
downwind direction were slightly larger in the
uppermost layers.

4 SUMMARY

Previous observational studies of turbulence effects
on fog focused on near-ground levels, leading to a
lack of information on the turbulence characteristics
near the top of the fog. We present a diagnostic
analysis with very high frequency observation data
for a sea fog, focused on the turbulence characteristics
at heights around 400 m AMSL. We described changes
to upper layer turbulence as the fog developed and
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Fig.8 Hourly average temporal scale series along u (a)
and w (b) direction in 390 m (solid lines) and 450 m
(dashed lines)

subsided. We found that turbulence near the top of the
fog layer showed some similarity to near-ground
layers studied by other researchers. The TKE varied
frequently during the fog episode. A rapid increase in
total TKE took place prior to the onset of fog; while
during its maintenance stage, turbulence remained at
levels necessary for cooling. This “dual-role” of
turbulence, dissipating and generating droplets,
appears to be unique to sea fogs, differing markedly
from its “solo-role” in radiation fogs, where it
dissipates the fog deck. In radiation fog, radiation
cooling is only one source of liquid water generation.
In contrast, we found that a steady high turbulence
level, not exceeding its critical threshold Ec, was
crucial for continuous generation of liquid water
droplets inside the sea fog. However, the sea fog
dissipated, when TKE continued to increase.
Accordingly, we determined two thresholds for TKE,
important for developing and dissipating sea fog,
respectively. These thresholds varied with height
because TKE also varied with height. In addition,
TKE was anisotropic with its largest component in
the downwind direction, followed by lateral and
vertical directions.

Turbulence also influenced the average atmospheric
conditions during sea fog, affecting its evolution. The
average wind speed and air temperature were both
changed by the vertical distribution of momentum
flux and sensible heat flux. We showed that the
vertical distribution of momentum and sensible heat
fluxes contributed to reduction in mean wind speed
and cooling during the onset of fog. The vertical
distribution of sensible heat flux caused the
temperature inversion to disappear, just before fog
dissipation. During this time, the momentum flux
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increased, with downward transport in all upper
layers, resulting in an increase in mean wind speed at
lower layers, further favoring fog dissipation.

Further analysis showed that the spatial and
temporal scales of turbulence fluctuation varied as the
fog evolved. The average spatial scale of turbulence
was largest with the longest lifespan during the
dissipation stage, followed by stages before, and
during the fog episode. The spatial and temporal
scales of turbulence were largest in the downwind
direction, followed by lateral and vertical directions.
The spatial and temporal scales were slightly larger in
uppermost layers.

This work highlights the effects of turbulence near
the top of a sea fog. However, the process of sea fog
formation, development, and dissipation is a very
complicated, related not only to the complex interplay
of external factors, such as meso-scale airflow, solar
radiation heating, etc., but also to internal factors, such
as turbulence, fog the depth, and the vertical distribution
of liquid water content, etc. More studies are clearly
needed to understand the dynamics of sea fog.
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