
1.  Introduction
Tropical cyclone (TC) is one of the severe natural disasters. Accurate forecasts for TC track and intensity are of 
great significance for the security of human life and property all over the world. The air-sea momentum flux, 
or the surface wind stress, is one of the key scientific questions in the research of ocean and atmosphere, and its 
accuracy of calculation affects the improvement of numerical models. It is a key factor affecting TC strength, 
which is crucial to accurately represent it in TC models (Bell et al., 2012; Moon et al., 2004; Sanford et al., 2011).

According to the bulk formula, the wind stress is calculated using the drag coefficient 𝐴𝐴 𝐴𝐴D and the wind speed 𝐴𝐴 𝐴𝐴10 
in the form

𝜏𝜏 = 𝜌𝜌𝑎𝑎𝐶𝐶D𝑈𝑈
2

10
� (1)

where, 𝐴𝐴 𝐴𝐴𝑎𝑎 is air density. Previous observations suggested that 𝐴𝐴 𝐴𝐴D increases linearly with 𝐴𝐴 𝐴𝐴10 when the wind speed 
is in the range of 5–20 m/s (Edson et al., 2013; Fairall et  al., 2003; Large & Pond, 1981). However, at high 
wind speeds, Powell et  al.  (2003) found that the 𝐴𝐴 𝐴𝐴D over the ocean was saturated at 𝐴𝐴 𝐴𝐴10 ≈ 33  m/s, and then 
the 𝐴𝐴 𝐴𝐴D attenuated with the wind speed. Since then, several studies based on laboratory experiments (Donelan 
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et al., 2004; Takagaki et al., 2016), field observations (French et al., 2007; 
Hsu et al., 2017; Jarosz et al., 2007; Potter et al., 2015; Zhao et al., 2015), and 
numerical simulations (Chen, Ginis, & Hara, 2020; Moon et al., 2004; Reichl 
et al., 2014) confirmed the saturation and the consequent attenuation of 𝐴𝐴 𝐴𝐴D , 
although the critical wind speeds 𝐴𝐴 𝐴𝐴10𝑐𝑐 for the saturation were quite differ-
ent. Holthuijsen et al. (2012) found that the 𝐴𝐴 𝐴𝐴10𝑐𝑐 was ∼40 m/s based on the 
wind profiles measured by GPS drop-sondes. Bi et al. (2015) found a much 
smaller 𝐴𝐴 𝐴𝐴10𝑐𝑐 of ∼18 m/s based on turbulent flux data collected on an offshore 
platform. It is assumed that the difference in 𝐴𝐴 𝐴𝐴10𝑐𝑐 is attributed to different 
water depths, surface wave features, sea spray, and observation methods, etc. 
(French et al., 2007; Jarosz et al., 2007; Powell et al., 2003; Zhao et al., 2015). 
High wind speeds are frequently induced by TCs, which at the same time 
cause complex sea state (Holthuijsen et al., 2012; Liu et al., 2017).

Black et  al.  (2007) analyzed 12 Scanning Radar Altimeter (SRA) spectra 
within ∼80 km from the center of Hurricane Ivan (2004) and found that both 
the wave height and wavelength in the right front side of hurricane track 
were greater than those in the right rear side. Liu et al. (2017) investigated 
the spatial distribution of significant wave height during TCs through anal-
yses of SRA images, showing that the right side of the TC track had larger 

wave height and rougher sea surface than the left side. These indicated an asymmetric wave state during TCs. 
The asymmetric wave fields during TCs may cause an asymmetric drag coefficient (Chen, Ginis, & Hara, 2020; 
Holthuijsen et al., 2012). Holthuijsen et al., 2012 analyzed the wind profiles collected by GPS drop sondes to 
show that the 𝐴𝐴 𝐴𝐴D value attenuates at ∼2 × 10 −3 in the right-front side of TCs, however, it levels off with a value 
of ∼5 × 10 −3 in the left front side. Additionally, the 𝐴𝐴 𝐴𝐴D values in the right front side are larger (smaller) than 
those in the left front side when the wind speed is less (greater) than 30 m/s. The authors attributed these to the 
different wave field in different sides of TCs. However, their 𝐴𝐴 𝐴𝐴D was estimated using the profile method which 
had large uncertainty. Chen, Ginis, and Hara (2020) also simulated the asymmetric 𝐴𝐴 𝐴𝐴D distribution, however, with 
no observational support.

The spatial distribution of the wind stress along the TC trajectory may lead to the spatial difference of TC intensity 
(Emanuel, 1995). Therefore, an improved knowledge on the spatial characteristics of the wind stress during TCs 
is required for better intensity forecasting (Reichl et al., 2014). While the aforementioned studies have provided 
certain knowledge on the complicated phenomena of 𝐴𝐴 𝐴𝐴D at high wind speeds, particularly during TCs, the spatial 
distribution of 𝐴𝐴 𝐴𝐴D on the periphery of a TC has not been well understood due to the lack of high-frequency field 
observations. In this study, the asymmetric characteristic of 𝐴𝐴 𝐴𝐴D in the right front and the right rear sides of a 
TC is investigated based on the momentum fluxes observed on a coastal tower in the northern South China Sea 
(SCS) during Typhoon Mujigae in 2015. This paper is organized as follows. Section 2 describes the experiment, 
platform and instrument, data and analysis method. Data analysis results and relevant discussions are presented 
in Section 3. This is followed by the conclusion section.

2.  Data and Analysis Methods
2.1.  Experiment and Method

The surface momentum fluxes were obtained from August 27th to October 6th in 2015 on the BoHe observa-
tional tower (BHOT, 21°26.5′N, 111°23.5′E) in the northern SCS. BHOT is located approximately 6.5 km from 
the coastline (Figure 1). The mean water depth is 16 m at the location of the tower. Where, the eddy covariance 
system was used to measure the fluxes. The system was installed at the end of a horizontal steel pipe that was 
2.5 m long. The height of the covariance system was 17 m. This system consisted of a CSAT3A three-dimensional 
ultrasonic anemometer, a EC150 CO2 and H2O open-path gas analyzer and other sensors manufactured by Camp-
bell Scientific, Inc.. The wind data measured by the ultrasonic anemometer with a sampling frequency of 10 Hz 
was used to analyze. The CSAT3A ultrasonic anemometer measures wind speed range from 0 to 60 m/s. Its 
measurement precision is 1 mm/s for the horizontal wind speed and 0.5 mm/s for the vertical wind speed. More 
detailed information of BHOT and the eddy covariance system can be referred to Chen et al. (2018, 2019), Chen, 
Qiao, et al. (2020).

Figure 1.  The best track of Typhoon Mujigae from China Meteorological 
Administration Tropical Cyclone Data Center; Each colored dot on the track 
marks tropical cyclone location every 1 hr from 12:00 a.m. on October 3rd to 
12:00 a.m. on October 5th. The colors represent the maximum wind speed. 
BoHe observational tower's location is denoted by the red triangle.
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The amplitude of wind stress 𝐴𝐴 𝐴𝐴 can be calculated using the eddy covariance method as

𝜏𝜏 = 𝜌𝜌𝑎𝑎

√
⟨𝑢𝑢′𝑤𝑤′⟩2 + ⟨𝑣𝑣′𝑤𝑤′⟩2 = 𝜌𝜌𝑎𝑎𝑢𝑢

2

∗
� (2)

where, 𝐴𝐴 𝐴𝐴
′ , 𝐴𝐴 𝐴𝐴

′ , and 𝐴𝐴 𝐴𝐴
′ are the zonal, meridional and vertical velocity fluctuations, respectively; 𝐴𝐴 𝐴𝐴∗ is the friction 

velocity; 𝐴𝐴 ⟨ ⟩ represents the Reynolds average. One hour was chosen for the Reynolds average. Quality control was 
made and the nonstationary motions from 1-hr turbulence data were removed following the method as in Chen 
et al. (2018). The wind profile under neutral condition follows the log-law

�(�) = �∗
�
ln �
�0� (3)

where, 𝐴𝐴 𝐴𝐴 (𝑧𝑧) is the mean wind speed at the height z, 𝐴𝐴 𝐴𝐴 = 0.4 is the von Kármán constant, 𝐴𝐴 𝐴𝐴0 is the aerodynamic 
roughness length. In current situation, z = 17 m above the mean sea surface. Based on Equations 2 and 3, the wind 
speed at the typical height of 10 m 𝐴𝐴 𝐴𝐴10 is

�10 = �(�) − �∗
�
ln �
10� (4)

then, the drag coefficient 𝐴𝐴 𝐴𝐴D can be estimated through Equation 1.

2.2.  Data and Analysis

In this study, the momentum fluxes observed during Typhoon Mujigae (2015) were used to estimate the drag 
coefficient and analyze its spatial distribution. Due to the lack of surface wave observations, the ERA5 reanalysis 
data were used to qualitatively present the wave field during the observational period and explain the possible 
linkage to the behavior of the drag coefficient with wave characteristics. Before that, ERA5 was compared with 
the surface wave datasets during Typhoon Rammasun (2014) to verify whether ERA5 can be used to qualitatively 
determine the wave situation at BHOT site.

Typhoon Mujigae formed to the east of the Philippines on October 1st before gradually intensifying over the SCS. 
It reached its maximum intensity of ∼50 m/s at ∼10:00 a.m. on October 4th. The BHOT recorded the maximum 
wind speed of ∼30 m/s at 9:00 a.m. All the time in this study referred to Beijing Time (UTC+8). Mujigae made 
landfall at Zhanjiang of Guangdong and gradually weakened after. BHOT was located on the right side of Muji-
gae during the TC passage (Figure 1). Our study focused on the period from 12:00 a.m. on October 3rd to 12:00 
a.m. on October 5th when the typhoon passed by the BHOT.

The wind speed and direction, the air and sea surface skin temperature, and the distance and azimuth from BHOT 
to the typhoon center during this focused period were presented in Figure 2. Notably, the azimuth of BHOT was 
relative to the moving direction of TC at each time, and the sea surface skin temperature was measured by a 
precision infrared radiometer mounted on the tower at roughly the same height as eddy covariance system. The 
distance from BHOT to the TC center gradually decreased from 460 km at 12:00 a.m. on October 3rd, and the 
minimum was about 72 km at 11:00 a.m. on October 4th, then the TC gradually moved away from the BHOT 
(Figure 2c). At around 11:00 a.m., BHOT located in the near field of Mujigae according to the distinguished 
method proposed by Holthuijsen et al. (2012). However, the wind speed was not the maximum at 11:00 a.m., the 
maximum wind speed with ∼29 m/s appeared at 9:00 a.m., and the wind speed changed little from 9:00 to 11:00 
a.m. (Figure 2a). The azimuth of BHOT relative to the moving direction of TC was greater than zero during the 
selected period. At 11:00 a.m., BHOT nearly located in the east of TC, and then shifted from the right front quad-
rant to the right rear quadrant of TC. Meanwhile, the wind direction changed from north-northeast to southeast 
(Figure 2a). The sea surface skin temperature was generally slightly greater than air temperature, however, the 
maximum difference was ∼1°C (Figure 2b). Additionally, the Rib was calculated based on the bulk Richardson 
number (Rib) method (Sharana et al., 2005). Rib generally ranged from 0.01 to −0.04, which indicated that the 
atmospheric stratification was nearly neutral (Bi et al., 2005).

Typhoon Rammasun passed through the observation site during the ocean turbulence experiment from 13 to 21 
July 2014 (Ma et al., 2020; Qiao et al., 2016), and the maximum wind speed of ∼25 m/s was recorded. During this 
experiment, a bottom-mounted acoustic wave buoy (acoustic wave and current profiler, AWAC, Nortek, 1 MHz) 
was used to observe the surface wave. The wave height, period and direction were recorded by the wave buoy at 
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a time interval of 30 min. The sampling frequency of the wave buoy was set to 2 Hz. The precision is less than 
1% of the measurement range for wave height, it is 2° for wave direction. The range of wave period is 0.5–100 s. 
The resolution is 1 cm for wave height and 0.1° for direction. The wave buoy was overturned by the typhoon after 
9:30 on July 18th, the direction and period information of surface waves became invalid. Fortunately, the pres-
sure sensors of wave buoy recorded the wave height information. More details can be found in Qiao et al. (2016) 
and Ma et al. (2020). In the current study, the significant wave height, the peak wave period, and the mean wave 
direction were used to analyze and validate the fifth generation ECMWF reanalysis product (ERA5 reanalysis).

The ERA5 reanalysis product consists of atmospheric, ocean-wave and land-surface quantities from 1950 to pres-
ent. This data set has the resolution of 0.25° for the reanalysis, including the hourly output on both pressure and 
single levels. More information can be accessible in the Climate Data Store website. The hourly product on single 
level was used in this study. According to the latitude and longitude of BHOT, the ERA5 data in latitude and 
longitude range from 20° to 21.5°N and 111° to 112.5°E were selected to interpolate to BHOT site using a cubic 
spline interpolation method. During Typhoon Mujigae, the wind speed and direction, the mean wave direction 
and peak wave phase speed were used to study the wave situation and its potential linkage to the drag coefficient. 
During Typhoon Rammasun, the wind and wave products were used to compare with observations.

3.  Results and Discussions
3.1.  Comparison Between ERA5 and Observations

Observations of the wind speed, wind direction and surface wave elements during Typhoon Rammasun at the 
BHOT site were used to verify the ERA5 reanalysis, as shown in Figure 3. The correlation coefficients for wind 
speed, wind direction, significant wave height, wave direction and peak wave period between ERA5 and observa-
tions were 0.96, 0.91, 0.90, 0.97, and 0.78, respectively, all of which were statistically significant at a confidence 
level of 95%. The differences were negligible for 𝐴𝐴 𝐴𝐴10 , since the root mean square error (RMSE) was 0.1 m/s. The 
time tendency of wind speed was basically the same between ERA5 and observations. The maximum wind speed 
in ERA5 was smaller than that in observations by ∼4 m/s (Figure 3a), probably due to the limited resolution of 
ERA5. The wind direction from ERA5 had a systematic bias of 20° against the observations. While the wave 
directions deviated from the observations with a RMSE of 25° (Figure 3b). The significant wave heights from 

Figure 2.  Time series of wind speed 𝐴𝐴 𝐴𝐴10 and wind direction (a), and the air and sea surface skin temperatures (b) recoded at 
BoHe observational tower (BHOT) site, and the distance and the azimuth from BHOT site to typhoon center (c) during the 
focused period during Typhoon Mujigae. The black and gray dotted lines represent 𝐴𝐴 𝐴𝐴10 and wind direction in (a), and air and 
sea surface skin temperature in (b), and distance and azimuth in (c), respectively.
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ERA5 were larger than the observations and the RMSE was 1.3 m (Figure 3c). The overestimation of wave height 
from ERA5 was also reported by Kumar et al. (2020). The differences in the peak wave period between ERA5 
and observations were small. The RMSE was 0.3 s (Figure 3d). Although there were some differences between 
ERA5 and observations, the shifting trend of ERA5 was quite similar to that of observations for both wind and 
wave. The above comparisons indicated a reasonable agreement between ERA5 and observations. Many previous 
studies analyzed the reliability of ERA5 against observations and concluded that the ERA5 can resolve the TC 
induced winds and waves (Bian et al., 2021; Dullaart et al., 2020; Kumar et al., 2020).

Next, the wind between ERA5 and observations during Typhoon Mujigae were compared. Because ERA5 did 
not provide the best track of TC, we determined the TC center at each moment through the wind field data from 
ERA5, and then provided the best track. Figure 4a showed the 10 m wind speed from ERA5. The first step was to 
determine the maximum wind speed and then find the location of the minimum wind speed near the maximum, 
which was defined as the TC center. Figure 4b compared the track of Mujigae derived from ERA5 and the best 
track, showing good agreement. The comparison of wind speed and direction during Mujigae were basically 
consistent with those during Rammasun. Both wind speed and direction in ERA5 captured the time variation 
as in observations. The differences in wind speed were small (<2 m/s) during the interested period except the 
maximum wind was not captured by ERA5 (Figure 5a). Therefore, the wave direction from ERA5 was used to 
quantitively describe the wave situations during Mujigae. In the right front quadrant of the TC (before 11:00 a.m. 
on October 4th), the deviations between wave direction and wind direction were mostly in the range of 45°–90°. 
From 7:00 a.m. to 11:00 a.m. the direction difference gradually decreased to approximately 30°. With the north-
westward movement of the TC, the BHOT shifted from the right front to the right rear quadrant of the TC 
where the wave was nearly aligned with the wind direction (Figure 5b). Following the definition of Holthuijsen 
et al. (2012), the wave state was categorized as cross swell in the right front quadrant and as following swell or 

Figure 3.  Comparisons between ERA5 reanalysis data and observations for the wind speed (a), and wind and mean wave 
direction (b), and significant wave height 𝐴𝐴 𝐴𝐴𝑠𝑠 (c), and peak wave period 𝐴𝐴 𝐴𝐴𝑝𝑝 (d) during Typhoon Rammasun in 2014. The black 
and gray lines with circle or triangle refer to the observation and ERA5, respectively. The red dashed line represents the 
end time of wave direction and wave period. The standard error bars (gray plus) of ERA5 are shown in the plots. Here, the 
standard deviation is calculated from 16 grid points of ERA5 near the observational site.
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wind sea in the right rear quadrant of Typhoon Mujigae, which was similar to 
the results of Holthuijsen et al. (2012) and Liu et al. (2017).

3.2.  Relationship Between Drag Coefficient and Wind Speed

The relationship between 𝐴𝐴 𝐴𝐴D and the wind speed 𝐴𝐴 𝐴𝐴10 for all data was shown in 
Figure 6. The black line presented the mean 𝐴𝐴 𝐴𝐴D with 𝐴𝐴 𝐴𝐴10 interval of 3 m/s and 
the error bars (Figure 6). It was evident that 𝐴𝐴 𝐴𝐴D decreased with the increase of 

𝐴𝐴 𝐴𝐴10 at low wind speeds (𝐴𝐴 𝐴𝐴10 < 5m∕s ), and then increased with 𝐴𝐴 𝐴𝐴10 at moder-
ate wind speeds (𝐴𝐴 𝐴m∕s < 𝑈𝑈10 < 20m∕s ). When the wind speed approached 
20 m/s, the mean drag coefficient reached a peak value (𝐴𝐴 𝐴𝐴𝐷𝐷 ≈ 3 × 10

−3 ) and 
then decreased with the further increase of wind speed. The minimum and 
maximum values of 𝐴𝐴 𝐴𝐴D were approximately 2 𝐴𝐴 ×  10 −3 and 4 𝐴𝐴 ×  10 −3 at this 
critical wind speed for 𝐴𝐴 𝐴𝐴D saturation.

Figure  7a presented the comparison of 𝐴𝐴 𝐴𝐴D between our observations and 
previous studies. Only the mean values of 𝐴𝐴 𝐴𝐴D were shown, the error bars were 
absent. The symbols shown in Figure 7a represent the average over a certain 
wind speed interval, such as 3 m/s in our study. The critical wind speeds 𝐴𝐴 𝐴𝐴10𝑐𝑐 
for 𝐴𝐴 𝐴𝐴D saturation from different observational locations with 𝐴𝐴 𝐴𝐴D observed or 
estimated using various approaches were summarized in Figure 7b, which 
was for statistical characteristics of 𝐴𝐴 𝐴𝐴D at high wind speeds in different water 
depths. Here, we grouped 𝐴𝐴 𝐴𝐴10𝑐𝑐 into three groups: coastal region, continental 
shelf and open ocean based on the water depths. The variation of 𝐴𝐴 𝐴𝐴D with 
wind speed recorded on BHOT was consistent with that of previous stud-
ies at low to moderate wind speeds (3–18 m/s) (Vickers et al., 2013; Zhao 
et al., 2015).

Figure 4.  The wind field of ERA5 at 23:00 on October 3rd (a) and the best 
track of Typhoon Mujigae (b). The blue dots represent the tropical cyclone 
(TC) center derived from the wind field of ERA5 in (b). The location with 
minimum wind speed in the black circle in (a) is defined as the TC center, and 
the track points with clear TC center after TC entering the South China Sea 
are shown in (b).

Figure 5.  Comparisons between ERA5 reanalysis data and observations for the wind speed (a) and wind direction (b) 
at selected period during Typhoon Mujigae. The black and gray lines with circles refer to the observation and ERA5, 
respectively. In (b), the wave direction from the ERA5 reanalysis is also shown (gray triangle).
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For coastal regions, the observed 𝐴𝐴 𝐴𝐴D values during Typhoon Mujigae were 
similar to those observed over the Pacific coast ocean presented by Vickers 
et al. (2013), including the overall variation with wind speed and the 𝐴𝐴 𝐴𝐴10𝑐𝑐 of 
approximately 20  m/s (Figures  7a and  7b). Furthermore, our results were 
compared with estimates in two other typhoons given by Bi et  al.  (2015) 
and Zhao et al. (2015). Our 𝐴𝐴 𝐴𝐴10𝑐𝑐 (∼20 m/s) was larger than that (∼18 m/s) 
presented in Bi et al. (2015), but was smaller than that (∼24 m/s) of Zhao 
et  al.  (2015). Bi et  al.  (2015) used the same method as ours, while Zhao 
et al. (2015) used the wind profile method to estimate 𝐴𝐴 𝐴𝐴D . The high wind data 
used by Bi et al. (2015) was mainly from the Typhoon Nesat in 2011, which 
was further away from the BHOT site than Typhoon Mujigae. This probably 
brought slight difference of 𝐴𝐴 𝐴𝐴10𝑐𝑐 against ours. The difference with the result 
of Zhao et al.  (2015) was probably caused by different methods and wave 
states.

Despite of different observing strategies and analysis methods, 𝐴𝐴 𝐴𝐴10𝑐𝑐 is statistically significantly different between 
coastal region and open ocean. The mean 𝐴𝐴 𝐴𝐴10𝑐𝑐 is ∼20 m/s over coastal regions, while it is ∼30 m/s over open 
oceans. This difference might be associated with different wave state under various water depths. In shallow 
water, the surface waves are more likely to be broken such that the sea spray coverage increases. The enhanced 
spray stress would in turn reduce the drag coefficient (Andreas, 2004). Besides, the wind waves decay faster 
in shallow water due to the wave breaking and the bottom friction effect. Under this situation, the wind stress 
varies with the wind speed in a significantly different way relative to that over the deep water (Chen, Ginis, & 
Hara, 2020; Takagaki et al., 2016). Xu and Yu (2021) simulated the variations of drag coefficient with water 
depth by considering the effects of water depth on the wind wave and the sea spray using an atmospheric wave 

Figure 6.  The variation of drag coefficient 𝐴𝐴 𝐴𝐴𝐷𝐷 with wind speed 𝐴𝐴 𝐴𝐴10 during the 
observational period. The rectangle represents the mean value of 𝐴𝐴 𝐴𝐴D with wind 
speed bin size of 3 m/s. Standard error bars are also shown.

Figure 7.  The relationship between mean drag coefficient 𝐴𝐴 𝐴𝐴𝐷𝐷 and wind speed 𝐴𝐴 𝐴𝐴10 (a) for observations during Typhoon 
Mujigae (black solid line with rectangle). Previous observational results are also shown to compare with our result. In (a), 
solid lines, dotted lines, and dashed lines represent coastal region, continental shelf and open ocean, respectively. The critical 
wind speed 𝐴𝐴 𝐴𝐴10𝑐𝑐 for 𝐴𝐴 𝐴𝐴D saturation given by different investigations are shown in (b). In both plots, different symbols in lines 
represent different data collection or process methods. Rectangle, circle and triangle represent eddy covariance, bottom-up 
momentum balance and semi-logarithmic wind profile method, respectively.
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boundary layer model. Although their simulated 𝐴𝐴 𝐴𝐴10𝑐𝑐 is slightly larger than our observations in the similar water 
depths, the difference of 𝐴𝐴 𝐴𝐴10𝑐𝑐 in different water depths is consistent with our statistical result.

3.3.  Spatial Distribution of Drag Coefficient

Three sub-periods (Periods of A, B, and C in Figure 8a, hereafter, P-A, P-B, P-C) according to the wind speed 
variation with time were used to investigate the spatial distribution of the drag coefficient. P-A and P-C repre-
sented the time periods when the wind speeds were less than 20 m/s in the rising and falling stage of wind speed, 
respectively. P-B represented the time periods when the wind speeds were greater than 20 m/s. The drag coeffi-
cient 𝐴𝐴 𝐴𝐴D in P-A was much lower than that in P-C, with an average of 𝐴𝐴 𝐴𝐴𝐴 × 10

−3 in P-A and 𝐴𝐴 𝐴𝐴𝐴 × 10
−3 in P-C. Both 

periods had basically the same wind speed range (10 m/s < 𝐴𝐴 𝐴𝐴10  < 20 m/s), however, observations during these two 
periods were at two different quadrants of the TC, P-A represented the right front quadrant and P-C represented 
the right rear quadrant (Figures 8b and 8d). During P-B, the wind speed exceeded 20 m/s, and 𝐴𝐴 𝐴𝐴D decreased with 
the increase of wind speed. However, its value before 11:00 a.m. on October 4th was less than that after this time. 
At 11:00 a.m., the typhoon center was closest to the platform (Figure 2c), and BHOT was nearly in the east to the 
motion direction of TC (Figure 8c), however, 𝐴𝐴 𝐴𝐴D had a minimum value of ∼1.4 × 10−3 at this time when the wind 
speed was ∼28 m/s. Mujigae continued to move northwest and was further away from BHOT. At 15:00 a.m., 𝐴𝐴 𝐴𝐴D 
increased to the maximum, ∼4 × 10−3 when the wind speed was ∼20 m/s. The behavior of 𝐴𝐴 𝐴𝐴D during P-B indi-
cated that the 𝐴𝐴 𝐴𝐴D varied significantly with the azimuthal location relative to the TC center.

Figure 9 showed the behaviors of observed 𝐴𝐴 𝐴𝐴10 and 𝐴𝐴 𝐴𝐴D , the wave off wind angle 𝐴𝐴 𝐴𝐴 and the wave age (𝐴𝐴 𝐴𝐴𝑝𝑝∕𝑈𝑈10 cos(𝜃𝜃) , 
where 𝐴𝐴 𝐴𝐴𝑝𝑝 is the peak wave phase speed) derived from ERA5 in the motion-relative quadrants. Although the wind 
speeds were symmetric at a given radius in the right rear and right front quadrants (Figure 9a), the drag coefficient 

𝐴𝐴 𝐴𝐴D presented an asymmetry in these two quadrants (Figure 9b). 𝐴𝐴 𝐴𝐴D in the right rear quadrant was much larger than 
that in the right front quadrant, which was similar to the results derived from the wind profiles in the rear and 
right front quadrants over the open ocean reported by Holthuijsen et al. (2012). However, the differences from our 
study were that their wind speeds were greater than 20 m/s and they did not present the spatial distribution of 𝐴𝐴 𝐴𝐴D . 
The different behaviors of 𝐴𝐴 𝐴𝐴D between the two quadrants studied here were possibly dependent on the difference 
in wave state (Figures 9c and 9d).

In the right front quadrant of TC, swells generated by the TC cross the local wind-wave. Under this situation, the 
energy of wind-wave is probably reduced by swells (Chen, Ginis, & Hara, 2020; García-Nava et al., 2012). Since 

Figure 8.  Time series of the drag coefficient 𝐴𝐴 𝐴𝐴D (black line with circle) and 𝐴𝐴 𝐴𝐴10 (gray line) during the focused periods (a). 
Periods A, B, and C represent the period when 𝐴𝐴 𝐴𝐴10 increases from approximately 10 m/s to 20 m/s before typhoon, and 
that when 𝐴𝐴 𝐴𝐴10 is greater than 20 m/s during typhoon, and that when 𝐴𝐴 𝐴𝐴10 decreases from approximately 20 m/s to 10 m/s, 
respectively. The blue and red arrows indicate the downward and upward trend of 𝐴𝐴 𝐴𝐴D during Period B. Plots (b, c, and d) 
present the BoHe observational tower's (BHOT's) location in different quadrants of typhoon at a specific time during Periods 
A, B, and C, which shows the shift in the typhoon quadrant for the BHOT site.
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wind-wave supports most of the total wind stress, the reduced wind-wave is likely responsible for the lower 𝐴𝐴 𝐴𝐴D in 
the right front quadrant. The laboratory results of Takagaki et al. (2016) also showed that the attenuation of the 
wind-wave spectrum can lead to the saturation of 𝐴𝐴 𝐴𝐴D . In the right rear quadrant of the TC during landfall, the wave 
direction was generally aligned with the wind direction (Figures 5b and 9c). The long fetch allowed for the devel-
opment of wind-wave, which in turn enhanced 𝐴𝐴 𝐴𝐴D . Chen, Ginis, and Hara (2020) attributed this enhancement to 
the shoaling wave effect. Furthermore, the wave age in the right front quadrant was larger than that in the right 
rear quadrant, which was another factor that affects the wind stress. Drennan et al. (2003) showed that the  larger 
wave age causes smaller 𝐴𝐴 𝐴𝐴D (see their Figure 10), which supported our finding. The sea spray also affects the 
wind stress magnitude (Andreas, 2004; Holthuijsen et al., 2012; Zhao et al., 2006). Sea spray typically reduces 
the drag coefficient at high wind speeds. However, evaluation of sea spray effect on the drag coefficient is beyond 
the scope of this study because of no information on sea spray. This study focused on the wave effects using the 
ERA5 reanalysis to qualitatively determine the wave field which had limitations in TC conditions. Further work 
requires specially designed field experiment to collect flux and wave observations in TCs to verify the findings 
in this study.

Figure 9.  The distributions of wind speed 𝐴𝐴 𝐴𝐴10 (a) and drag coefficient 𝐴𝐴 𝐴𝐴𝐷𝐷 (b) from observations, and the distributions of the 
angle between wind and wave direction (c), and the wave age (d) from ERA5 reanalysis in the motion-relative quadrants. The 
black arrows in all plots represent the moving direction of tropical cyclone (TC) and the gray arrows represent the rotation 
direction of TC. RF and RR represent the right front and right rear quadrants. The circle from inside to outside refers to 
the distance from the typhoon center, from 0 to 400 km with interval of 100 km. The colored dots in all plots represent the 
location of observational site relative to the typhoon center.
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4.  Conclusions
The momentum flux over the coastal region during Typhoon Mujigae in 2015 was measured on an offshore plat-
form in the northern SCS. Results showed that the characteristic of 𝐴𝐴 𝐴𝐴D in the right front and right rear quadrants of 
the TC is quite different, 𝐴𝐴 𝐴𝐴D in the latter is much larger than that in the former. At higher wind speeds than 20 m/s, 

𝐴𝐴 𝐴𝐴D had a minimum value when the observational site was closest to the typhoon center. After the landfall time, 𝐴𝐴 𝐴𝐴D 
reached its maximum. This result suggested that the 𝐴𝐴 𝐴𝐴D varies significantly with the location/distance relative to 
the typhoon center. The variations of wave state in different quadrants of the TC may lead to the enhancement or 
reduction of 𝐴𝐴 𝐴𝐴D at the same wind speed. Additionally, observations confirmed the drag coefficient 𝐴𝐴 𝐴𝐴D over coastal 
region reached a peak value at the wind speed of approximately 20 m/s and then decayed with the wind speed. 
This critical wind speed for 𝐴𝐴 𝐴𝐴D saturation was much lower than that (∼30 m/s) over the open ocean.

Due to the lack of the surface wave observations, the wave elements from ERA5 reanalysis were used to estimate 
the wave field during the passage of Mujigae. Although ERA5 shows a good agreement with observations at 
BHOT site, field experiments with collocated flux, wave and sea spray observations in TCs are needed to further 
understand the asymmetric behavior of the drag coefficient and its relationship to the sea state and sea spray 
distribution. Results provided the first direct observations of the asymmetry of drag coefficient in the right front 
and right rear quadrants of a TC over the coastal region. The uniform drag coefficients in different quadrants may 
cause the TC model to overestimate and underestimate the typhoon intensity in the right rear and right front quad-
rants, which may be one of the potential reasons for the bottleneck on typhoon intensity forecasting. Therefore, 
this asymmetry should be considered in TC forecast models.

Data Availability Statement
ERA5 data can be found in https://doi.org/10.24381/cds.adbb2d47. Data used in this study can be accessible in 
https://doi.org/10.17632/sj776jbk7m.3.
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