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Abstract The air-sea drag during typhoon landfalls is investigated for a 10 m wind speed as high as U10

� 42 m s21, based on multilevel wind measurements from a coastal tower located in the South China Sea.
The drag coefficient (CD) plotted against the typhoon wind speed is similar to that of open ocean condi-
tions; however, the CD curve shifts toward a regime of lower winds, and CD increases by a factor of approxi-
mately 0.5 relative to the open ocean. Our results indicate that the critical wind speed at which CD peaks is
approximately 24 m s21, which is 5–15 m s21 lower than that from deep water. Shoaling effects are invoked
to explain the findings. Based on our results, the proposed CD formulation, which depends on both water
depth and wind speed, is applied to a typhoon forecast model. The forecasts of typhoon track and surface
wind speed are improved. Therefore, a water-depth-dependence formulation of CD may be particularly per-
tinent for parameterizing air-sea momentum exchanges over shallow water.

1. Introduction

Air-sea momentum exchange can be separated into frictional drag due to the molecular viscosity at the air-sea
interface and the drag arising from sea-surface waves [e.g., Donelan et al., 2012]. The total stress is usually para-
meterized in terms of the drag coefficient (CD) or roughness length zo. Many measurement results conclude
that CD increases approximately linearly with wind speeds from 5 to 25 m s21 [e.g., Edson et al., 2007; Garratt,
1977; Geernaert et al., 1986; Large and Pond, 1981; Smith et al., 1992; Yelland and Taylor, 1996]; as the wind
speed continuously increases and exceeds approximately 30 m s21, the values of CD from wind-wave tanks
[Alamaro et al., 2002; Donelan et al., 2004; Takagaki et al., 2012; Troitskaya et al., 2012] and numerical wind-wave
coupled models [Liu et al., 2012; Moon et al., 2004; Mueller and Veron, 2009] level off or slightly decrease. How-
ever, most field measurements [Bell et al., 2012; Holthuijsen et al., 2012; Jarosz et al., 2007; Powell et al., 2003;
Zhao et al., 2011] reveal significant reductions in CD values. An exception reported by Black et al. [2007] showed
that the values of CD remain invariant with wind speeds above 23 m s21. Based on observational data, the criti-
cal wind speeds at which CD peaks are 23–40 m s21, as listed in Table 1. A recent numerical simulation [Liu
et al., 2012] indicates that the difference in CD values between laboratory and field results during strong winds
may be due to partially developed laboratory waves, i.e., the wave ages are lower than the natural ages.

The current knowledge of CD at extreme wind speeds has been incorporated into atmospheric and ocean-
wave models [e.g., Gopalakrishnan et al., 2011; Montgomery et al., 2010]. Compared with the common Char-
nock relationship [Charnock, 1955], newly proposed drag parameterization schemes have improved the pre-
dictions of surface wind speeds and tracks of tropical cyclones [Moon et al., 2007; Zweers et al., 2010], sea-
surface cooling [Walsh et al., 2010; Zedler et al., 2009], wave heights [Moon et al., 2008], and central pressures
in certain cases [Zweers et al., 2010]. In the coastal wave model simulating waves nearshore (SWAN) [Booij
et al., 1999], the drag coefficient formulation has lower values in high winds compared with the parameter-
ization by Wu [1982] and may affect the estimation of waves and storm surges [Zijlema et al., 2012]. With
this new CD formulation, a lower value for the bottom friction coefficient is required to improve the agree-
ment between model predictions and observations.

Air-sea momentum exchange is wave state dependent. Wave states in coastal areas are affected by depth-
induced processes, such as shoaling, refraction, and diffraction. Geernaert et al. [1986] showed that the
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shallow water CD values for wind speeds above 15 m s21 are higher than those over the open ocean and
attribute the difference to the variations in the surface wave energy spectrum. Based on measurements
over Lake Ontario, Anctil and Donelan [1996] found that the wind dependence of CD derived for shallow
water differs from that of deep water. Based on an air-flow separation model, Makin and Kudryavtsev [2002]
reproduced the increase in CD with decreasing water depth and steepening dominant waves. Gao et al.
[2009] investigated the differences in CD values over open water and shallow water for wind speeds up to
20 m s21. Toffoli et al. [2012] suggested that CD depends on the water depth and wave steepness. However,
these studies are restricted to moderate wind speeds; the performance of CD over shallow water at high
wind speeds has not been investigated. Under the high wind speed conditions during hurricanes, the oce-
anic state is complicated by strong wave breaking, the production of sea spray and a less defined interface
between the atmosphere and ocean [e.g., Holthuijsen et al., 2012; Powell et al., 2003]. Observations during
Hurricane Bonnie [Walsh et al., 2002; Wright et al., 2001] indicate that the hurricane wave fields over the
open ocean and at landfall have common features, such as wave propagation direction, but the wavelength
and wave height gradually decrease as the system approaches the shore. In addition to wave breaking
forced by wind, depth-induced breaking is an important mechanism of wave breaking in coastal water
[Holthuijsen, 2007]. More observations are necessary to resolve the influence of coastal wave processes on
air-sea momentum exchange in high wind regimes. Here, we investigate this problem using field measure-
ments in typhoon conditions from a coastal site in the South China Sea. The study attempts to illustrate the
impact of water depth on the behavior of CD from low to extreme wind conditions and to explain the varia-
tion among previous studies from the perspective of a representative wave state (significant wave) in
typhoon/hurricane scenarios.

The paper is organized as follows. Basic information and the measurements during the two selected
typhoons are described in section 2. Section 3 presents the characteristics of wind, oceanic states, and air-
sea momentum transfer over shallow water in typhoon regimes. Additionally, a new formulation of CD is
proposed as a function of both water depth and wind speed and is tested in the prediction of Typhoon
Nanmadol in 2011. Comparisons with previous studies and discussions are also presented. The conclusions
are summarized in section 4.

2. Measurements and Data Processing

The coastal observation tower (COT), shown in Figure 1a, was constructed in August 2008 by the Institute of
Marine Meteorology of the China Meteorology Administration (ITM2/CMA). The COT is located at 21.44�N,
111.39�E, in the South China Sea and is approximately 6.5 km from the coastline (see Figure 1a), where the
water depth is approximately 14 m. The COT is anchored by three huge concrete tanks on the seafloor, and
the air flow modification caused by the structure is minimal; thus, no motion correction is needed. The
mean and turbulent wind speeds at five levels are recorded by wind propeller anemometers (R. M. Young
Company, USA) and at two levels by an eddy covariance system, as shown in the photo in Figure 1b. Since
its construction, the COT has supplied reliable and continuous meteorological measurements in the air-sea
surface layer, particularly in typhoon environments. The main analyzed wind data are the 1 min mean val-
ues from the multilevel wind propeller anemometers at a sampling rate of 10 Hz. To avoid reporting the
wind gusts, the results from the 10 min mean wind data are also shown. The simultaneous turbulence
observations from the two sonic anemometers shown in Figure 1b are inevitably contaminated in extreme
typhoon conditions and are excluded from this study.

As shown in Figure 1a, two fixed buoys are deployed around the COT. A buoy with a 0.9 m diameter (Model
SBF3-1, SDIOI of China) is located at 21.43�N, 111.33�E, where the water depth is 12 m. The buoy outputs

Table 1. The Critical Wind Speed U10c and the Corresponding Water Depth/Laboratory Conditions in Different Studies

Holthuijsen
et al. [2012]

Powell
et al. [2003]

Jarosz
et al. [2007] This Study

Donelan
et al. [2004]

Troitskaya
et al. [2012]

Alamaro
et al. [2002]

U10c (m s21) 40 �34 30 24 �32 25 �24
Water depth/

laboratory
conditions

Open ocean Open ocean 69–89 m 14 m Wave tank Wave tank Wave tank
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one group of wave parameters every 3 h, which is calculated from the first 200 waves measured in the last
22 min of each 3 h period. The 10 m diameter buoy (Model FZF4-1, SDIOI of China) is located at 20.75�N,
111.66�E, where the water depth is 60 m; this buoy outputs one group of wave parameters every 0.5 h,
which is calculated from the first 200 waves sampled within the middle 20 min in each 0.5 h. The distances
from the two buoys to the COT are 6.7 and 81.9 km. The wind and wave directions are specified in the nau-
tical convention, i.e., the direction the wind or waves come from.

Based on the distance between the tropical storm center and the COT as well as the intensity of the tropical
storms when approaching the COT, Typhoon Hagupit (2008) and Typhoon Chanthu (2010) are chosen for
the analysis. The typhoons’ tracks in relation to the COT are illustrated in Figure 1a. Basic information on the
two typhoons is listed. Typhoon Hagupit was associated with a huge amount of precipitation that greatly
influenced South China, and the gale-force winds triggered storm surges with a 100 year return period
along the coast of Guangdong Province. A tide station [Fu et al., 2009] near the COT recorded a maximum
water level increment of g 5 270 cm. When Typhoon Hagupit made landfall on 24 September 2008, its cen-
ter nearly passed over the COT. The tower recorded a minimum atmospheric pressure of 956 hPa. Accord-
ing to the local meteorological station at landfall, the maximum 2 min mean wind speed reached 48 m s21

at a 10 m height, and the lowest pressure was 945 hPa. Typhoon Chanthu produced heavy rain that resulted
in the loss of life (10 people) in mainland China. The typhoon made landfall near the city of Wuchuan,
Guangdong Province, China, on 22 July 2010. According to the local meteorological station, the maximum 2
min mean wind speed at landfall was 35 m s21 at a 10 m height, and the lowest pressure was 970 hPa. The
distance between the best-track position and the COT was approximately 80 km. The COT recorded a maxi-
mum 10 min mean wind speed of 30 m s21 at a 13.4 m height. A tide station [Zhang et al., 2011] near the
COT recorded a storm surge of g 5 188 cm.

We analyzed the data from 23 to 24 September 2008, for Typhoon Hagupit and from 21 to 22 July 2010, for Typhoon
Chanthu. The profiles during the two typhoons are summarized in Figure 2 at 1 m/s intervals. For Typhoon Hagupit,
the wind data are available at 16.4, 20, and 23.4 m above the mean sea surface. For Typhoon Chanthu, the wind
data are available at 13.4, 16.4, 20, 23.4, and 31.3 m above the surface.

Figure 1. (a) Regional map and instrument locations. The coastal observation tower (COT) is denoted by inverted triangle. The red sector
denotes the analyzed wind direction. The 0.9 m diameter buoy is denoted by bold italic circle, and the 10 m diameter buoy is denoted by
crossed circle in the insert. The bathymetry (in meters) is shown for the region immediately around the tower. The blue-dashed lines in the
insert denote sections of the best-path positions of Typhoon Hagupit and Chanthu according to the CMA. (b) A photo of the coastal obser-
vation tower and the instrument setup for this study. The five levels of wind propeller anemometers (R. M. Young, model: 05106), which
are indicated by the red arrows, are 31.3, 23.4, 20.0, 16.4, and 13.4 m above mean sea level, and the two eddy covariance systems (gray
arrows) are 35.1 and 27.3 m above mean sea level.
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At high wind speeds, the atmospheric boundary layer approaches neutral stability, and the wind profile in
the surface layer follows the log-law [Stull, 1988], as described by the following equation:

Uz

u�
5

1
j

ln
z

z0

� �
; (1)

where Uz is the Reynolds-averaged horizontal wind velocity at height z above the sea surface, u�5
ffiffiffiffiffiffiffiffiffiffi
so=q

p
is

the friction velocity, so is the surface stress, and q is the air density. j is the von-Karman constant (j50:4),
and zo is the roughness length. The intercept and slope of the fitted line (on a natural-log height scale) cor-
respond to zo and u�/j, respectively. This method has been used to analyze high wind profiles obtained
with GPS dropsondes [Holthuijsen et al., 2012; Powell et al., 2003] as well as in numerous numerical and labo-
ratory simulations [e.g., Andreas, 2004; Mueller and Veron, 2009]. Here, we adopt this method to select data
and deduce the relevant parameters.

Because the measurement heights are at low levels (from 13.4 to 31.3 m above mean sea level), the profile
method is sensitive to the water-level change in stormy conditions. To calibrate the heights of the anemom-
eters, we use the water-level measurements from two neighboring tide stations [Fu et al., 2009; Zhang et al.,
2011] during the two typhoons (Hagupit and Chanthu). Section 3 illustrates the storm surges corresponding
to the selected wind data.

The data selection procedure is as follows: (1) A preparatory visual inspection is conducted according to the
observer’s in situ records and the physical rationality of the wind time series. (2) The wind data downwind
of the tower (i.e., the data with a mean wind direction between 240� and 300�) are excluded, as shown in
Figure 1a. (3) The wind profiles that do not increase with height monotonically or that have wind speeds of
less than 2 m s21 at the lowest level are eliminated. We measured some wind data that do not increase
monotonously with height, i.e., that conflict with the log-law, and we find that these data mainly correspond
to the periods when the wave speeds exceed the wind speeds and when the wind speeds are less than 2 m s21,
as shown in Figure 3c. These measurements may correspond to the momentum transfer from the ocean to the
atmosphere [Grachev and Fairall, 2001]. (4) We fit the wind profiles with equation (1) using the least squares
method and reject the profiles with large fitting errors to obtain data for near-neutral conditions. Ultimately, 289
and 1441 samples of 1 min mean wind profiles for Typhoons Hagupit and Chanthu, respectively, are used in the
analysis. As shown in Figure 2, the wind profiles from the two typhoons are compiled and separated into bins
according to the wind data at a 16.4 m height. Notably, at least four profiles are placed in high-wind bins, and
the profiles sufficiently follow the log-law. For each bin, the values of the friction velocity u� and the roughness

Figure 2. Mean typhoon wind profiles by sea-surface layer wind-speed group. The height is depicted as a log scale. The symbols denote
the bin average of the winds and measurement heights. The horizontal bars and vertical bars in blue denote the standard deviation of the
winds and the fluctuations in the measurement heights due to storm surges, respectively. The inclined lines are the lines fit by least
squares using the mean in each bin. The vertical number above each line is the number of profiles in that bin. At 16.4 m, the bin width is
1 m s21 for U16.4< 33 m s21 and 2 m s21 for 33 m s21�U16.4< 39 m s21; the winds above that speed are placed into one bin.
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length zo are determined by fit-
ting the mean profile with equa-
tion (1) using the least squares
method. The value of CD at the
10 m reference height can be
calculated via the following
relationships:

CD5
u�

U10

� �2

; (2a)

CD5
j

ln ð10=z0Þ

� �2

; (2b)

where U10 is the Reynolds-
averaged horizontal wind veloc-
ity at the reference height
(10 m above the sea surface);
the value is obtained by extrap-
olating the fitted logarithmic
profile to 10 m. Clearly, one zo

corresponds to one unique CD.
Because the two variables pro-
vide the same information, we
only analyze CD.

3. Results and
Discussion

3.1. Wave and Wind
Conditions
The oceanic states and wind
conditions prior to and during
Typhoon Hagupit’s approach are
shown in Figure 3. The 10 min
mean wind speed at a height of
16.4 m in Figure 3c ranges from
2.3 to 39.2 m s21. Prior to the
arrival of the maximum wind,
much of the wind data were
between 2 and 9 m s21. There-
fore, the COT was outside the
direct influence of the typhoon
during this period. Concurrently,

the long swells already reached the observation site, and the mean of the significant wave period T1/3 shown in
Figure 3b was 8.9 s, with a peak at 14.1 s. These long swells appeared approximately 16 h before the arrival of the
maximum wind speed, and the significant waves propagated at right angles to the local wind. The angle
between the winds and the waves increased (Figure 3d). At 02:00 on 24 September, the crossing angle reached a
maximum of 140�. With the arrival of the wind peaks, the crossing angle decreased sharply, and the wind and
waves were nearly in the same direction (Figure 3d). The maximum significant wave height H1/3 in Figure 3a
increased to 3.8 m. With the decrease in the wind speed, the wave periods gradually decreased; however, nearly
all the T1/3 values exceeded 7 s. The influence of the storm surge was highly synchronized with the maximum
wind, with a maximum water-level increment of 270 cm (Figure 3a).

Between the two peaks in the wind speed series in Figure 3c, a short calm period occurred. During this
time, the local surface pressure was minimal at 956 hPa. According to these features and the position of the

Figure 3. Time series during the passage of Typhoon Hagupit (23–24 September 2008). (a)
Significant wave heights and water-level increases due to the storm surge (the storm surge
data are extracted from the water-level measurements of a neighboring tide station [Fu
et al., 2009]), (b) significant wave period, and (c) wind speed at a height of 16.4 m and signif-
icant wave-phase speeds. The wave-phase speed corresponding to the significant wave
period is calculated according to the explicit dispersion relationship given by Fenton [1988]
with a water depth of 14 m. (d) The wind direction and wave direction and (e) the atmos-
pheric pressure. The atmospheric quantities are 10 min means, and the oceanic quantities
are 3 h means.
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COT relative to the typhoon track, we infer that the COT was within the eye of Typhoon Hagupit (i.e., an
area of calm winds) between the two wind peaks.

Similarly to Hagupit, a mixture of swell and local wind-generated sea dominated the wave state prior to the
approach of Typhoon Chanthu according to the wave period measurements. The 10 min mean wind speed
at the 16.4 m height ranged from 2.3 to 33.7 m s21. After the arrival of the maximum wind, the wind direc-
tions persisted between 120� and 140�. The mean significant wave period and height were 8.6 s and 3.8 m,
respectively. However, no reliable wave direction measurements were available during this typhoon. Uncer-
tainties exist when analyzing the relative position of the COT in this typhoon. However, considering the
characteristics of the wave height, the wave period, the wind direction and the COT’s location relative to
the typhoon track, we can infer the wave directions and the representativeness of the measurements dur-
ing the typhoon.

For the calculations in sections 3.2 and 3.3, a mean for the significant wave period T 5 9.3 s is obtained
using the wave data corresponding to the wind data selected for the two typhoons.

As noted in section 1, the wave propagation directions are similar in the open ocean and at landfall in the
vicinity of a hurricane [Walsh et al., 2002]; thus, it is reasonable to follow the procedure used for the open
ocean [Black et al., 2007] to divide the storm wave state at landfall into three regions: (1) the rear sector,
where the swell moves against the wind; (2) the right sector, where the swell travels with the wind; and (3)
the left front sector, where the swell propagates across the wind. From the above illustrations, the analysis
of the oceanic states, and the wind characteristics during Typhoons Hagupit and Chanthu, it is valid to
assume that the low wind regime (U10< 15 m s21) is in the outer edge of the typhoons, where the swell
moves across the wind; the high wind regime corresponds to the right front sector, where the swell follows
the wind and local wind-induced waves.

3.2. Friction Velocity and Drag Coefficient
The u� deduced from the wind profiles recorded during Typhoons Hagupit and Chanthu are plotted in Fig-
ure 4a as a function of U10 from 2.7 to 41.9 m s21. The friction velocity approximately increases with U10

from 2.7 to 29.3 m s21. Beyond this range, a saturation or slight decrease in u� is observed, although the
data for high winds are sparse and large uncertainties may exist. Because a data gap of 2 m s21 exists
between the wind speeds of 29.7 and 31.7 m s21, u� is assumed to reach its maximum value at approxi-
mately 30 m s21. The u� deduced from the 10 min mean wind speed is shown. The data point clusters of
the two types of u� overlap, and no significant difference exists between the two results.

Based on the U10 and CD data reported in the literature [Black et al., 2007; Edson et al., 2007; Holthuijsen
et al., 2012; Jarosz et al., 2007; Large and Pond, 1981; Wu, 1982], the corresponding u� values are deduced
(u�5C1=2

D U10). Our data are in good agreement with the calculated u� values up to approximately 10 m s21.
Beyond this wind speed, our u� values gradually and significantly exceed the calculated values up to wind
speeds of 29.3 m s21. For higher wind speeds, the few cited u� values [Holthuijsen et al., 2012; Jarosz et al.,
2007; Powell et al., 2003] somewhat coincide with our u� values within the range of 1.2–1.9 m s21, and the
predictions of the unbounded linear CD formulation [Wu, 1982] appear as outliers. Powell et al. [2003]
reported that u� increases with U10 up to 40 m s21 and then levels off. The u� values reported by Jarosz
et al. [2007] and Holthuijsen et al. [2012] are also shown to level off or slightly decrease after reaching maxi-
mum values (as shown in Figure 4a). The critical wind speeds deduced from the two papers are also approx-
imately 40 m s21; however, large uncertainties exist in our results and in the previous results; thus, whether
u� levels off or decreases under extreme wind speeds remains elusive. The behavior of u� at extreme wind
speeds is very similar to that of scatterometer measurements of normalized radar cross sections [Donnelly
et al., 1999; Hersbach et al., 2007], which were found to reach saturation at wind speeds exceeding 25 m s21.
Surface roughness dominates the microwave emissions from the ocean [Wentz, 1992]; the saturation of
normalized radar cross sections with increasing U10 values is thus associated with the saturation of the surface
roughness and surface stress.

The comparison and analysis above shows that the measured u� values over coastal shallow waters have
common and unique features relative to the published values over the deep open ocean, i.e., a good agree-
ment in low winds U10� 10 m s21, which gradually and significantly increase (10 m s21<U10� 30 m s21)
and then coincide again when 30 m s21<U10��40 m s21. However, the critical wind speeds at which u�
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reaches its maximum value
and then levels off is signifi-
cantly less than those speeds
over deeper water [Holthuijsen
et al., 2012; Jarosz et al., 2007;
Powell et al., 2003].

The dependency of CD on the
wind speed U10 is shown in
Figure 4b. For U10� 10 m s21,
the range of our CD values cov-
ers the variation in the
reported values. An apparent
discrepancy exists between our
CD and the cited values starting
at approximately 10 m s21.
Between 14 and �30 m s21,
our CD values have almost no
overlap with the cited values.
After reaching its maximum
and U10>�30 m s21, CD signif-
icantly decreases. For U10 �
40 m s21, CD reaches 1.3 3

1023. The open ocean results
[Holthuijsen et al., 2012] also
reported a significant decrease
in CD, a very low limiting value
(0.7 3 1023) as U10 increases to
approximately 60 m s21, and a
coincidence of foam streaks
and droplets at the surface.

Figure 4b also shows the CD

values from the 10 min wind
speed. Note that an evident
difference exists between the
two results for U10� 10 m s21,
and the bin mean of the 1 min
results exceeds that of the 10
min results by 75%. For U10

greater than 10 m s21, the data
point clusters of the two results
overlap and no significant dif-
ferences exist.

In Figure 4b, another remark-
able feature is noted: in high
winds, the CD curves demon-
strate a systematic shift from
the lower-right to the upper-
left in the U10-CD frame of ref-
erence. The shifts occur in the
following order: Holthuijsen

et al. [2012], Powell et al. [2003], Jarosz et al. [2007], and the present study. The shift of the CD curves implies
a change in the critical wind speed at which point the drag coefficient reaches its maximum value (denoted
by U10c hereafter). The U10c from different studies and the corresponding water depths/laboratory

Figure 4. (a) Dependence of friction velocity u� and (b) drag coefficient CD over various
water depths over the continental shelf and (c) in the open ocean on the 10 m wind speed
U10. The red open circles are the assessed values in each 1 m s21 wind speed bin according
to the lowest level wind speed; the red squares and vertical bars represent the means and 2
times the standard deviations in each 5 m s21 of U10, respectively. The corresponding gray
open circles, squares, and vertical bars are the results from the 10 min mean wind data. In
Figure 6b, the red-dashed line is produced by equation (4) with a water depth d 5 14 m.
Chronologically, the cited CD and u� (deduced from their CD and U10 relationships, except
for the case of Powell et al. [2003], where u� was directly given) results are shown: Large and
Pond [1981] for d 5 59 m (blue diamonds), Wu [1982] (black dashed line), Powell et al. [2003]
for the open ocean (black squares with bars), Edson et al. [2007] for d 5 15 m (black solid
line with open circles), Black et al. [2007] for the open ocean (black stars), Jarosz et al. [2007]
for d 5 69–89 m (right-pointing blue triangles), and Holthuijsen et al. [2012] for the open
ocean (upward-pointing black triangles). Specifically, the symbols for Powell et al. [2003] are
their results from the 10 to 150 m layer, the symbols for Jarosz et al. [2007] are for a resist-
ance coefficient of r 5 0.0505 cm s21, and the symbols for Holthuijsen et al. [2012] are from
their Figure 6a. In Figure 6c, the blue solid line is produced by equation (4) for d 5 89 m; the
black solid line is produced by equation (4) by assuming d 5 10,000 m.

Journal of Geophysical Research: Oceans 10.1002/2014JC010283

ZHAO ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 722



conditions are listed in Table 1. Depending on the selected bin width of the wind speed, some studies may
obtain large uncertainties when determining U10c. For example, Holthuijsen et al. [2012] selected a 10 m s21

wind speed bin width; thus, larger uncertainty may exist in their U10c. Despite these uncertainties, the trend
in which U10c shifts toward low values as the water depth becomes shallower is evident in Figure 4b. There-
fore, we postulate from the analysis that the water depth change will change the wind-speed dependence
of CD, and it can be considered an important modulation factor for the dependence of CD on U10.

To account for the above-described effect of water depth on the behavior of CD, we consider the following
aspects. First, previous measurements [e.g., Gao et al., 2009; Geernaert et al., 1986; Oost et al., 2001] have
shown that the CD over shallow water is higher than that over deep water at the same wind speed and
have related this phenomenon to wave state parameters, e.g., wave age. Here, we also attribute the varia-
tion in CD to the change in the wave state from the perspective of the effect of water depth on the wave
state. A significant wave is chosen as the representative wave state parameter. More details are provided in
section 3.3. Second, strong wave breaking at high winds and the presence of sea spray associated with
wave breaking are often invoked to explain the leveling off or decrease in CD with wind speed [e.g., Bye and
Wolff, 2008; Powell et al., 2003; Shtemler et al., 2010; Soloviev and Lukas, 2010]. Therefore, the variable
dependency of CD on wind speeds with different water depths may be a manifestation of the water depth
modulating the process of wave breaking. To illustrate this point, we adopt the global wave steepness [Wu
and Nepf, 2002] S (defined as the criterion for wave breaking). Although wave breaking is often perceived as
a random process [Babanin, 2009], without the loss of generality, S enables us to make preliminary quantita-
tive assessments. In shallow water, in addition to the wind-induced wave growth, the effect of shoaling
increases the wave amplitude and steepness; thus, wave breaking in high winds is the combination of
white-capping and depth-induced wave breaking. Consequently, the wind speed values at which waves
start to break in shallow water (our study) can be smaller than those over deep open water. Here, the shoal-
ing coefficient Ksh [Holthuijsen, 2007, p. 201] is adopted to calculate the dependence of S on water depth.
For the swell with a wave period of T 5 9.3 s described in section 3.1, the ratio of the steepness in water
depth d 5 14 m to that in deep water S/S1 is 1.30. Because there is no exact water depth information from
the studies of Powell et al. [2003] and Holthuijsen et al. [2012], we estimated the ratio between our wave
steepness to the theoretical value S1 obtained from above: S/S15 1.3. According to the water depth infor-
mation supplied by Ewa Jarosz (69–89 m; personal communication, 2013), the ratio of our result to that
reported by Jarosz et al. [2007] is also 1.30. According to Table 1, the ratios of the U10c reported by Holthuij-
sen et al. [2012], Powell et al. [2003], Jarosz et al. [2007], and the present study are 40, 34, 30, and 24 m s21,
respectively, and the ratios of the first three U10c values to our U10c value are 1.67, 1.42, and 1.25, respec-
tively. Accounting for the large uncertainties in both U10c [Holthuijsen et al., 2012; Powell et al., 2003] and the
breaking criteria, it may be reasonable to speculate that the change in U10c is associated with the depth-
induced wave-steepness increase. We are not suggesting that the water depth is the only contributing fac-
tor to CD, which is a function of U10. Rather, this study provides evidence that the air-sea momentum
exchange at high wind speeds might be affected by the water depth through depth-induced changes in
wave steepness. Further details are provided in the following paragraphs to formulate a water-depth-
dependent parameterization for CD.

3.3. A CD Parameterization Dependent on Water Depth and Wind Speed
The wind stress over the ocean is dependent on wave states. Numerous studies have focused on the air-sea
drag from this perspective, and many formulas have been proposed based on wave parameters. A dimen-
sional analysis yields the following:

CD5CD
U10

gz1ð Þ1=2
;

gd
U2

10
;

U10

c
; S

 !
; (3)

where z1 is a reference height above the sea surface (often 10 m), g is the gravitational acceleration, and c is
the wave speed. However, simultaneous measurements of wave age and wave steepness in hurricane/
typhoon-generating seas are not available. The studies on wave spectra in hurricane-generating seas [Ochi,
2003] show that the wave energy is highly concentrated around a modal frequency. At the growing stage
of the wave spectra, the increasing rate of the wave energy near the modal frequency is much greater than
that at any other frequency in the spectrum. Studies have shown that remotely generated swells dominate
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nearly all quadrants of a hurricane [Black et al., 2007; Walsh et al., 2002; Wright et al., 2001; Young, 2006] in
both the open ocean and the shallow coastal water at landfall. These measurements may indicate that it is
appropriate to select significant or dominant waves when modeling hurricane-induced sea states under the
assumption of infinite wind fetch and duration. With unlimited wind fetch and duration, the significant
wave height and period in deep water depend only on the local wind speed [e.g., Holthuijsen, 2007]. When
the water depth decreases and affects the waves, the significant wave height and period depend on both
the local wind speed and water depth, i.e., SMB relations (Sverdrup, Munk, and Bretschneider) [see Holthuij-
sen, 2007].

In reality, the results in Figure 4b imply that CD depends on both the water depth and wind speeds simulta-
neously. The results of Large and Pond [1981] (d 5 59 m) and Jarosz et al. [2007] (d 5 69–89 m) are similar
for intermediate depths within their common wind speed range. Similarly, the results of Black et al. [2007]
and Powell et al. [2003], both of which are based on open-ocean measurements, also tend to coincide in
their common wind speed range. Here, we attempt to fit a CD formula as a function of both water depth
and wind speed by following several steps based on the sparse data on high winds. First, a parabola is fitted
according to the data from the open-ocean results [Black et al., 2007; Holthuijsen et al., 2012; Powell et al.,
2003]:

10003CD521:85~u213:70~u20:05; (4)

where ~u5U10=Uref . Note that Uref corresponds to the wind speed at which CD is maximized and
Uref 5U10c15 34 m s21 is the critical wind speed over an infinite water depth. Considering the differences
in U10c at the different water depths noted above, we introduce the ratios of global wave steepness at dif-
ferent water depths relative to that at an infinite water depth to determine the change in Uref with water
depth:

rslope5
ka

k1a1
5

k
k1

3

ffiffiffiffiffiffiffiffi
cg1
cg

r
; (5)

where k is the wave number and a is the wave amplitude. The ratio is based on the conversion of wave
energy. Thus, the definition of Uref is as follows:

Uref 5
U10c1
rslope

: (6)

Second, the hyperbolic tangent function, which is widely utilized in the description of dependencies of signifi-
cant wave heights and periods on water depth and wind speed [Holthuijsen, 2007, pp. 247–248, and references
therein], is introduced into the formula to establish the dependence of the CD magnitude on the water depth.
However, with only the combination of a parabola and a hyperbolic tangent function, the formula and the
existing data cannot be well fitted. Thus, an exponential function is also introduced to modify the amplitude of
the fitted function. Finally, a CD formula, which depends on both wind speed and water depth, is acquired:

10003CD5max
�h

b1tanh gd
u2

c1

� �b ;
exp 2

U102urefð Þ
gd

2h i
tanh gd

u2
c1

� �b ðpð1Þ~u21pð2Þ~u1pð3ÞÞ

8><
>:

9>=
>;; (7)

where the first term corresponds to the performance of CD in very low and high wind speeds and �h is the
low threshold of the CD values in low and high winds over an infinite water depth. In low winds (U10< uref),
�h is set to 1. In high winds, �h is set to 0.65. b is fitted as 0.25.

As shown in Figure 4c, the results from Jarosz et al. [2007], which are based on intermediate water depths,
strongly agree with the prediction of this formula. If we consider the scattered data shown in Figure 4b,
then our results also agree with the formula.

Equation (7) is tested in the simulations of Typhoon Nanmadol (2011) with the Global/Regional Assimilation
and Prediction System (GRAPES) model [Chen et al., 2008] with a grid resolution 0.09�. The initial field is sup-
plied by the NCEP 0.5� 3 0.5� analysis field. The CD in the operational GRAPES is deduced from a modified
Charnock relationship [Smith, 1988], and it increases monotonically with wind speed up to 35 m s21 and
then levels off. The relationship is expressed as follows:
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The 148 h predictions of the track, maximum 10 m wind speed and central pressure are shown in Figure 5. The
track is based on the 850 hPa geopotential heights. As shown in Figure 5a, with the new parameterization, the
simulated track is improved, particularly in the Luzon Strait, where the terrain resolution is relatively high. On
average, the absolute track error is reduced by 7.6 km relative to the operational error. The maximum U10 and
central pressure with the new CD parameterization are more similar to the observations than to the operational
results; the absolute errors of the maximum U10 and central pressure are reduced by 1.6 m s21 and 4.9 hPa, on
average, respectively. However, the intensity of Nanmadol on 28 August using both of the CD parameterizations
is not consistent with the actual conditions.

4. Conclusions

Based on the observations from a coastal tower in the South China Sea during typhoon passages, this work
investigates the air-sea momentum exchange at extreme wind speeds over shallow waters. In contrast to many
studies on high winds over the open ocean, we were able to obtain data over the nearshore water, which are
potentially pertinent to studies on hurricane landfalls. By comparing our nearshore observational results with
the results of previous studies over deeper waters at high wind speeds, we confirm that the dependence of CD

on wind speed is modified by water depth. For example, relative to the results from the deep open ocean [e.g.,
Black et al., 2007; Holthuijsen et al., 2012; Powell et al., 2003] and intermediate water depths [e.g., Jarosz et al.,
2007; Large and Pond, 1981], the critical wind speed at which CD is maximized decreases by approximately 5–
15 m s21. The shoaling effect, combined with the wave conditions during a typhoon/hurricane, is invoked to
explain the above findings quantitatively. Furthermore, we calculate CD as a function of both wind speed and
water depth. Numerical tests show that the predictions are consistent with the observations; the absolute errors

Figure 5. (a) Track, (b) maximum 10 m wind speed, and (c) central pressure of Typhoon Nanmadol (2011). The three subgraphs share the
same legend: the predictions with the new CD parameterization in equation (4) are denoted by red lines with circles, the predictions with
the CD formula in equation (5) are shown as blue lines with triangles, and the observations from the China Meteorological Administration
are shown as black lines with squares.
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of the 148 h prediction of the typhoon track, the maximum 10 m wind speed and the central pressure are
reduced by 7.6 km, 1.6 m s21, and 4.9 hPa, on average, respectively, compared with an operational CD parame-
terization that assumes that CD levels off during high winds.

The findings of this study may also have implications for coastal wave and sea spray models. The CD

schemes of Wu [1982] and the recently modified version [Zijlema et al., 2012] used in the coastal wave
model SWAN [Booij et al., 1999] provide results that are dramatically different from our results. The use of
our CD scheme may avoid the underprediction of wave growth rates [Peirson and Garcia, 2008] in coastal
waters. In sea spray models [Bao et al., 2011], the critical wind speed at which the microphysics of the spray
changes is not clear, and a value of approximately 30 m s21 is somewhat arbitrarily chosen. However, our
results imply that the critical wind speed may not be constant, and it should change with the water depth.

As previous studies have extensively noted, the air-sea momentum flux is not only a function of wind speed;
it also depends on the wave state [Guan and Xie, 2004; Smith et al., 1992; Toba et al., 1990]. We account for
the effects of the sea state according to the fully developed significant waves in typhoon/hurricane scenar-
ios. Studies have shown that an asymmetric distribution of CD induced by different sea states may play a
significant role in determining the wind structure within the typhoon and may affect typhoon/hurricane
forecasts. Future work will include exploring the dependence of CD on sea states in different sectors of
typhoon/hurricanes to advance our understanding of the air-sea momentum exchange under extreme
wind conditions.
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