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ABSTRACT

The structures and characteristics of the marine-atmospheric boundary layer over the South China Sea
during the passage of strong Typhoon Hagupit are analyzed in detail in this paper. The typhoon was
generated in the western Pacific Ocean, and it passed across the South China Sea, finally landfalling in
the west of Guangdong Province. The shortest distance between the typhoon center and the observation
station on Zhizi Island (10 m in height) is 8.5 km. The observation data capture the whole of processes
that occurred in the regions of the typhoon eye, two squall regions of the eye wall, and weak wind regions,
before and after the typhoon’s passage. The results show that: (a) during the strong wind (average velocity
%> 10 m s_l) period, in the atmospheric boundary layer below 110 m, @ is almost independent of height,
and vertical velocity @ is greater than 0, increasing with @ and reaching 2-4 m s™* in the squall regions;
(b) the turbulent fluctuations (frequency > 1/60 Hz) and gusty disturbances (frequency between 1/600 and
1/60 Hz) are both strong and anisotropic, but the anisotropy of the turbulent fluctuations is less strong;
(c) u can be used as the basic parameter to parameterize all the characteristics of fluctuations; and (d) the
vertical flux of horizontal momentum contributed by the average flow (@-w) is one order of magnitude larger
than those contributed by fluctuation fluxes (uw/w’ and v'w’), implying that strong wind may have seriously
disturbed the sea surface through drag force and downward transport of eddy momentum and generated
large breaking waves, leading to formation of a strongly coupled marine-atmospheric boundary layer. This
results in w > 0 in the atmosphere, and some portion of the momentum in the sea may be fed back again
to the atmosphere due to @ - w > 0.
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1. Introduction

Oceans occupy two-thirds of the world’s surface,
and the influence of air-sea interaction on weather pro-
cess and climate change is much more significant than
that of land-atmosphere interaction (Ola et al., 2005).
The disastrous weather and climate phenomena in ma-

rine areas are more severe than those in land areas.

However, due to the limitation of observational con-
ditions, it is difficult to make measurements of the
Thus, to date,

observations and studies of the marine-atmospheric

marine-atmospheric boundary layer.

boundary layer remain inadequate, especially for situ-
ations involving strong winds. Most existing work con-
cerning the marine-atmospheric boundary layer has

involved applying the results obtained in laboratory-
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based fluid dynamics experiments and atmospheric
boundary layer station observations. The laws gov-
erning the characteristics of the marine-atmospheric
boundary layer under windy conditions have not yet
been clearly revealed. Actually, strong wind occurs
much more frequently above the oceanic surface than
above the land surface. Driven by the strong wind, the
oceanic surface current and breaking waves together
with the atmospheric motion form a coupled marine-
atmospheric boundary layer, constituting a compli-
cated air-sea system.

In the past two decades, due to increased inter-
est in tropical storms, hurricanes, and their forma-
tion and evolution, as well as the significant impact
of strong winds on marine engineering and operation,
atmospheric and oceanographic scientists, along with
structural engineers, have made some important ob-
servations and analyses of strong marine winds, espe-
cially those associated with hurricanes and typhoons.
Although such observations have largely been made
on a case-by-case basis, they are still extremely valu-
able. Observations of this kind are mostly performed
by dropsonde, aircraft, Doppler radar, and so on (e.g.,
Franklin et al., 2002; Powell et al., 2003; Schroeder
and Douglas, 2003; Knupp et al., 2005; Aberson et al.,
2006; French et al., 2007; Kudryavtsev and Makin,
2007; Sanford et al., 2007; Zhang et al., 2008; Zedler
et al., 2009). Some valuable directly observed data
have also been obtained during typhoon landfalls and
when tropical cyclones passing over islands or marine
observational platforms (Sparks, 2001; Xu and Zhan,
2001; Song et al., 2005, 2010; Harper, 2008; Cao et al.,
2009; Li et al., 2010; Chen et al., 2011; Liu et al., 2011;
Peng et al., 2012; Xiao et al., 2012). In particular, the
works of Song et al. (2005, 2010) were based on strong
typhoons such as Damrey, Nuri, Chunchi, Prapiroon,
Hagupit, and so on. They focused on studying the en-
gineering problems faced by structures such as build-
ings, bridges, and wind power installations.

(2005, 2010), in

this paper we focus on the marine-atmospheric bound-

Using the data of Song et al.

ary layer characteristics, such as those concerning tur-
bulence and wind gusts, and their parameterization.

We will employ our own specially developed method,
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which has already been successfully applied to the
previous studies of the boundary layer during strong
winds related to sand storms and cold surges (Zeng,
2006; Cheng et al., 2007; Zeng et al., 2010; Cheng et
al., 2011, 2012a, b). We divide the fluctuations (or
turbulences) into two parts, one being high-frequency
turbulent fluctuation (frequency higher than 1/60 Hz),
and the other being gusty wind disturbance (frequency
between 1/600 and 1/60 Hz). The two parts have dif-
ferent structures and play different roles, such as in
the transport of heavy aerosol particles (Zeng, 2006;
Zeng et al., 2010; Cheng et al., 2012b). Meanwhile,
by comparing with strong cold-surge cases (Cheng et
al., 2014), we show that there are many common fea-
tures in the marine-atmospheric boundary layer under

strong winds.
2. Data and instruments

In China, there are many marine meteorological
observational stations in the coastal areas of Guang-
dong Province and over the islands of the South China
Sea. Certain stations play host to periods of denser
and one-off observational campaigns during the ty-
phoon season to monitor the landfalling of particular
typhoons of interest. The station on Zhizi Island is one
such station. The data used in this study were mainly
obtained from Zhizi (additional data from some other
coastal meteorological stations were also used). For a
detailed description of this station and its instruments,
readers can refer to Liu et al. (2011) and Xiao et al.
(2012). However, for convenience, a brief overview is
provided as follows.

Zhizi Island is located off the coast of Bohe,
Maoming City. The shortest offshore distance is 4.6
km, and the exposed part of the island is about 90 m
long and 40 m wide (Fig. 1). The observation tower
on Zhizi is 100 m high at 21°2723"N, 111°22'28"E,
The

surrounding water depth is 6-10 m. There are 6 sets

and the base altitude is 10 m above sea level.

of cup anemometers (NRG-Symphonie type) installed
at heights of 10, 20, 40, 60, 80, and 100 m on the tower,
and 3 sets of wind direction observation instruments
at heights of 10, 60, and 100 m. In the typhoon season
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Fig. 1. Location of Zhizi Island and trajectory of Typhoon Hagupit (after Liu et al., 2011).

from August 2008 to August 2010, there was also
one ultrasonic anemometer at 60-m height (Gill-

Windmaster Pro.; sampling frequency 10 Hz).

3. Typhoon Hagupit and its structure and

development

Typhoon Hagupit formed on 19 September 2008
in the western Pacific Ocean near the Philippines.
It moved westward and strengthened into a strong
and landed at 0645 BT 24 September
near Chen Village, Bohe, Maoming City, Guangdong
Province (Liu et al., 2011; Xiao et al., 2012). The tra-
jectory of Hagupit is shown in Fig. 1. The shortest

typhoon,

distance between the typhoon center and Zhizi station
is 8.5 km. During the typhoon’s landing, the 10-min
averaged wind speed reached force 15 (48.5 m s™1) at
Bohe meteorological station near Zhizi, and the 3-s in-
stant maximum gust reached 63.9 m s~!, as observed

at 60-m level of the Zhizi tower. The lowest surface
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pressure was 956 hPa, which lasted for 8 min (Song et
al., 2010; Liu et al., 2011; Xiao et al., 2012).

There have been many detailed analyses of the
10-min averaged velocity characteristics and turbulent
statistics of Hagupit (Song et al., 2010; Liu et al., 2011;
Xiao et al., 2012), but the goals of these studies were
to examine the typhoon’s effects on engineering struc-
tures. Based on these works, we reanalyzed the origi-
nal data with added quality control tests. The 10-min
averaged wind velocities (@, w) that we reanalyzed this
time were the same as those in the previous studies.
However, we now employ a different method in turbu-
lence decomposition to analyze the characteristics of
fluctuations, and hope to obtain some new results.

Figure 2 shows the 10-min averaged horizontal
wind speed @ recorded by the cup anemometers at 6
levels and the ultrasonic anemometer at 1 level on the
tower. Figure 2 captures the whole process of Hagupit,
as observed by Zhizi station from 0000 BT 22 to 2400
BT 27 September, including the region of the typhoon

T T
Sep 23 Sep 24

T T
Sep 25 Sep 26

Date

Fig. 2. Time series of 10-min averaged horizontal velocity @ at 6 levels by cup anemometers and 1 level by ultrasonic
anemometer on the Zhizi tower during 22-24 September 2008.
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eye, two regions of eye wall squall, and the outside
field of the typhoon before (24 September) and after
(25 September) its landing. Figure 3 shows @ and @
observed by the ultrasonic anemometer, but only for
24 September 2008.

These two figures indicate that the results of the
cup anemometers and the ultrasonic anemometer are
consistent. There are some clear characteristics in the
average flow (u, w). Firstly, in the 20-110-m layer
(above sea surface), @ is almost independent of height
(note that by adding the data of the highest velocity
from Bohe station during the typhoon’s landing, we
could conclude that @ from sea level to 110 m is the
same). Only for a very short time during the period of
strongest wind (> 35 m s~1!) is there an exception—
the difference between u at the highest two levels is
about 10 m s~!. Secondly, at the 60-m level (70 m
above the sea surface), there is upward motion (w >
0); specifically, w reaches 2-4 m s~1 at the squall wall,
and 0.5-1 m s~! in the typhoon eye region. The vari-
able w increases with %. Only for a very short time
after the typhoon’s passage is w reduced to nearly 0
m s~!. This is an important point, and why w is >
0 m s~! is to be discussed in the last section of this
paper. It should be noted that the observed w is cor-
rect, because before and after the typhoon’s passage
the difference in wind direction is about 180°, but the
observed w does not change sign, and it is unlikely
that the inclinometer has produced any error.

Figure 4 shows the pairs (@, @) and their regres-
sion. It can be seen that the accuracy of the regres-

50+
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-
|/
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Time (BT)
Fig. 3.

anemometer at 60-m level of the Zhizi tower on 24 Septem-
ber 2008.

(a) w and (b) @ obtained by the ultrasonic
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Fig. 4. Pair points (4, w) and their regression.

sion is high. Note that here @ is considered as the wind
velocity at 10 m above sea surface, as suggested in the

literature.

4. Characteristics of the turbulent fluctuations

and gusty wind disturbances

The methods by Zeng et al. (2010) and Cheng
et al. (2011, 2012a, 2014) are employed here to ana-
lyze the characteristics of fluctuations (u’, v/, w’) of
the ultrasonic anemometer data, where v’ = u — u;
v =wv,0=0; w =w—w, and u is along the down-
wind direction. The averaging interval is 10 min. We
further divide the fluctuations into two types: turbu-
lent fluctuations (usg, vy, wy) and gusty disturbances
(ug, Vg, wg). The former consists of components with
frequency > 1/60 Hz, and the latter with frequency
between 1/600 and 1/60 Hz. The variable u;(i = t, g)
is along the 10-min averaged wind direction. The data
are analyzed for the whole period, i.e., 22-27 Septem-
ber 2008, but with special attention paid to the strong
wind period (@ > 10 m s71).

Figure 5 shows the gusty disturbances ug and tur-
bulent fluctuations u; for the eye wall squall period
(0400-0500 BT 24 September 2008), as denoted by
the two vertical lines in Fig. 3. It can be seen that
the gusty disturbances and turbulent fluctuations are
all quite strong. By using @ as the abscissa, the tur-
bulence kinetic energy (FE;) and the gusty amplitude
of the horizontal component (Agy) are given in Figs.

6 and 7, respectively. Three direction components of
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Fig. 5. Gusty disturbances ug and turbulent fluctuations u¢ during 0400-0500 BT 24 September 2008.

turbulence energy (Ey,, Et,, Ftw) and three compo-
nents of gusty amplitude (Agy, Agv, Agw) are also
given in Figs. 6 and 7, where Ey = Ey,, + Fi, + Etw,
Agn = (A7, + Agv)%, and the kinetic energy of gusts
E, = Agm
the strong wind period, the anisotropy of gusty dis-

(i = u,v,w). It can be seen that during

turbances (Agy > Agv > Agw) is significant, and the
turbulent fluctuations are also anisotropic to some ex-
tent, but weaker than that of gusts. This is a common
characteristic of windy atmospheric layers, no mat-
ter if they are above the land surface (Zeng et al.,
2010; Cheng et al., 2011) or above the oceanic surface
(Cheng et al., 2014); however, during strong typhoons,
this feature is the strongest.

The equivalent period of gusts (T, another use-
ful index in practical applications) and its regression
are given in Fig. 8. The frequency of the gusty wind
disturbance is between 1/600 and 1/60 Hz. There are

different periods of gusts in the atmospheric bound-

ary layer. The equivalent period of gusts refers to the
main period of gusts by analyzing their power spectra.
Note that the points in the region with @ < 10 m s™*
are scattered due to the randomness and spontaneity
of gust occurrences during weak wind cases, but this
does not lead to a serious problem in the practical
application of the regression because gusts are weak
and present only a small influence on heat and mass

transport in such situations.

5. Friction velocity and vertical transport of

momentum

Figure 9 is the superposition of u, and w, dur-
ing 0400-0500 BT 24 September 2008. It shows very
strong coherence at most moments: ug > 0 is accom-
panied by wg < 0, and ug < 0 by wg > 0. Therefore,
the downward vertical flux of momentum, contribut-

ed by gusty disturbances, is large. The vertical flux of
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Fig. 6. Kinetic energy of turbulent fluctuation (Es) and its three components (FEy, Ety, Fiw). The regressions are also

given in solid lines.

momentum contributed by turbulent fluctuations is

also downward. The absolute values of both parts

2
g

respectively. Figures 10a and 10b show respectively

of the momentum fluxes are equal to w2, and uZ,,
the gusty friction velocity (ug.) and turbulent friction
velocity (ugx). Figures 10c and 10d also show w, (the
friction velocity in the conventional sense) and s,
where uf ~ ug, + uf, (Cheng et al., 2007), wp. is
called the average flow friction velocity, and the re-
lated momentum flux is @ - @, i.e., umy =| @- @ |2.
In the case of Hagupit, fluctuations cause downward
fluxes of momentum, but the average flow causes up-
ward flux. The upward momentum flux by the average
flow is at least one order of magnitude larger than the
downward momentum flux by fluctuations, although
the latter is very much larger than that under weak
wind conditions. It seems that the 10-min average

motion is related to the transport of momentum from

ocean to the atmosphere during the typhoon period.
Note that in strong wind situations, ug, s, Us, and
even upy, can be parameterized by «, as shown by the
high accuracy of the regressions in Fig. 10.

The sensible heat flux and latent heat flux are not
given in this paper because the heat and water vapor
exchanges between the atmosphere and the sea spray
and spume generated by breaking waves and entrained
into the atmospheric boundary layer are special sub-
jects of research, and will thus be discussed in future

work.
6. Summary and discussion

Analyses of the marine-atmospheric boundary
layer during strong Typhoon Hagupit in Septem-
ber 2008 and the windy atmospheric boundary layer
related to a cold surge in March 2012 over the South
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Fig. 10. Parameterized friction velocity. (a) Gusty friction velocity, (b) turbulent friction velocity, (c) friction velocity

in the conventional sense, and (d) average flow friction velocity.

China Sea (Cheng et al., 2014) indicate that in the
marine-atmospheric boundary layer during strong
winds, the characteristics of both the average flow
(u, w) and fluctuations (turbulences and gusts) pos-
sess many similarities but also some differences with
those during the strong wind cases over the land sur-
face (Zeng et al., 2010; Cheng et al., 2011). The major
findings of the study can be summarized as follows.
(1) In the

boundary layer, during strong wind periods associ-

low-latitude marine-atmospheric

ated with tropical storms, hurricanes, or cold surges,
the horizontal average velocity « is almost indepen-
dent of height below about 100 m, and the vertical
velocity w is greater than 0 m s=!. This is different
from land surface cases related to cold air mass out-
breaks, where « increases rapidly with height, and w
may be negative (descending cold air).

(2) During the strong wind periods, in the lower

part of the atmospheric layer, whether over the ocean
or land, gusty wind disturbances are anisotropic
and coherent, and turbulent fluctuations are also
anisotropic to some extent (with vertical kinetic en-
ergy significantly less than the horizontal one) but
with weak coherency.

(3) During strong wind periods, the energies of
gusts (Fy;) and turbulences (Ey;) (¢ = u, v, w), as well
as the corresponding friction velocities (ug. and wg.),
are all much larger than those in weak-wind situa-
tions. The vertical fluxes of momentum contributed
by gusts and turbulences are all downward. They can
be parameterized by using @ as the controlling factor
in marine boundary layer cases because of the inde-
pendence of 4 to height. However, the top height of
our observations is not sufficient for obtaining their
vertical profiles.

(4) According to our analysis of observational
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data, strong wind is accompanied by upward vertical
velocity in the marine-atmospheric boundary layer,

I when @ is > 10 m s™!, and @

and w is > 0.25 m s~
is > 1.0 m s~ when @ > 30 m s~!. This means that
the upward transport of horizontal momentum, @ - w,
is > 2.5 and > 30.0 m? s—2, respectively. These values
are at least one order of magnitude larger than the
downward fluxes due to the fluctuations (u?= 0.04 and
0.6 m? s~2, respectively). This fact is important and
should be further studied because strong wind occurs
frequently above the marine surface. Generally speak-
ing, we can imagine that strong wind (average atmo-
spheric flow) and the superimposed fluctuations drive
oceanic surface currents and generate large breaking
waves. Thus, a marine-atmosphere coupled bound-
ary layer is formed, and on the atmospheric side, the
boundary layer is different from that over the land,
and some portion of the sea momentum can be fed
back to the atmosphere from the ocean. This may be
the reason why @ is independent of height. Further-
more, the sea spray and spume droplets make special
exchanges of heat and mass transport between the
ocean and atmosphere.

From the reanalysis data of the ECMWEF, NCEP,
and GFDL (Geophysical Fluid Dynamics Laboratory),
we can see that in the middle and high latitudes w >
0 (i.e., w = dP/dt < 0) at 10 m over a broad area
of the oceanic surface when there is a mature cyclone
passing over, and @ < 0 (i.e., w > 0) occurs only in
the cold frontal region near the center of the cyclone.
If this can be confirmed by observations, it might be
true that @ > 0 at 10 m occurs very often and covers
most of the oceanic surface areas during strong winds.

Another concern is about the 10-m wind. Ac-
cording to the Beaufort scale, when the 10-m wind is
force 8 (17.2-20.7 m s71), force 10 (24.5-28.4 m s 1),
and force 12 (hurricane; 32.7-36.9 m s~1), the signif-
icant wave heights are 5.5 (usual) to 7.5 m (highest),
9.0 (usual) to 12.5 m (highest), and 14.0 (usual) to
> 16.0 m (highest), respectively. Therefore, the so-
called 10-m wind above the oceanic surface is actually
meaningless. Fortunately, @ is independent of height
in the strong wind situation.
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