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Abstract

We analyzed the variations in the mean wind field, turbulence, and turbulent flux at the landfall sites of three typhoons using

observational data obtained from an offshore monitoring platform. These variations were different for onshore and offshore

winds. The turbulent fluctuation intensity and friction velocity increased with wind speed both before and after landfall.

However, the turbulent flow decreased with increasing wind speed during landfall. The relationships between the friction

velocity and drag coefficient and the wind speed were affected by whether the typhoon makes landfall, and the relative position

of the landfall site of the typhoon and the observation site.
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Abstract 12 

We analyzed the variations in the mean wind field, turbulence, and turbulent flux at the 13 

landfall sites of three typhoons using observational data obtained from an offshore 14 

monitoring platform. These variations were different for onshore and offshore winds. 15 

The turbulent fluctuation intensity and friction velocity increased with wind speed both 16 

before and after landfall. However, the turbulent flow decreased with increasing wind 17 

speed during landfall. The relationships between the friction velocity and drag 18 

coefficient and the wind speed were affected by whether the typhoon makes landfall, 19 

and the relative position of the landfall site of the typhoon and the observation site. 20 

Plain Language Summary 21 

Winds blowing across the surface of the sea cause waves, which, in turn, affect the 22 

wind flow. This interaction has been well defined at low wind speeds, but has not 23 

previously been studied for strong winds such as typhoons. We found that this 24 

interaction is related to landfall site of the typhoon and may be different from the 25 

interaction at low wind speeds. By analyzing the turbulent data get from the costal 26 

platform during typhoons, an interesting phenomenon was observed. The 27 

relationships between the turbulence fluctuation intensity, the friction velocities, the 28 

drag coefficients and wind speed at 10 m height are not completely distinguished by 29 

the wind direction such as onshore wind and offshore wind, but by the process of 30 

before, during and after landfall of the typhoon. 31 

1 Introduction 32 

The momentum flux of the air-sea interface—namely, the sea surface wind 33 

stress—is the main force driving the circulation and waves in the upper ocean. In 34 

general, the sea surface wind stress can be parameterized by the drag coefficient Cd or 35 

the aerodynamic roughness length z0 in. Therefore, the study of sea surface wind stress 36 
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becomes into the study of Cd or z0 under neutral conditions. For land atmospheric 37 

boundary layer, corresponding to theoretical research on the boundary layer between 38 

the land and the atmosphere is relatively mature. The two forms of wind profile—the 39 

power law and logarithmic forms—are based on the underlying surface (roughness 40 

elements) of the land-atmosphere boundary layer. The aerodynamic roughness is 41 

determined in a similar way and there is a relationship between these two parameters; 42 

importantly, the underlying land surface does not change when the wind speed changes. 43 

The marine atmospheric boundary layer is different. The roughness elements (e.g., 44 

waves, sea sprays) on the underlying surface are strongly influenced by the wind and 45 

change according to the wind speed. These waves cause fluctuations in the sea surface 46 

and the air flow close to the surface also fluctuates, causing a wave-generated Reynolds 47 

stress, which will affect the wind stress of the sea surface. Sea sprays accelerate to the 48 

local wind speed when they thrown into the air. When these droplets then crash back 49 

into the sea, they transfer their momentum to the sea surface as a surface stress 50 

(Andreas, 2004). Thus, the factors affecting the aerodynamic roughness of the sea 51 

surface are therefore complex because they not only vary with the wind speed, but are 52 

also affected by the waves on the underlying surface. 53 

Much research has been carried out on the sea surface wind stress (Donelan, 54 

1990; Drennan et al., 2003; Geernaert, 1987; Johnson et al., 1998; Lange et al., 2004; 55 

Smith et al., 1992; Stewart, 1974; Toba et al., 1990; Wu, 1980; Yelland & Taylor, 1996; 56 

Taylor & Yelland, 2001). However, most of these studies were limited to low wind 57 

speeds and coarse air-sea interactions. The relationship between Cd or z0 and the 10 m 58 

wind speed, wave age, wave steepness, velocity, relative direction of wind waves, and 59 

swell have all been studied under these conditions (Donelan et al., 1993; Garratt, 1977; 60 

Large & Pond, 1981; Smith, 1988; Taylor & Yelland, 2001; Vickery & Skerlj, 2000). It 61 

is always difficult for the air-sea interface flux calculation under strong wind condition 62 

and the block formula used has large errors at high wind speeds. The momentum 63 

exchange for strong winds is calculated by the drag coefficient, which is dependent on 64 

the sea state. Cd is used as a function of the wind speed to parameterize the surface 65 

stress, but there have been few observations for the open ocean with wind speeds >20 m 66 

s
−1

 at a height of 10 m. 67 

The increase in the bulk transfer coefficients for heat (CH) and moisture (CE) 68 

with wind speed is also uncertain. The TOGA-COARE block algorithm, which is 69 

considered to be the most accurate method of flux parameterization, is only currently 70 

applicable when the wind speed is <15 m s
−1

. When the wind speed is >15 m s
−1

, the Cd 71 

values of COARE 3.0 and the National Center for Environmental Prediction are 72 

different from the observed values. Andreas & Decosmo (1999) analyzed sensible and 73 

latent heat data from the HEXOS (Humidity Exchange over the Sea) program and 74 

showed that the surface latent heat flux was significantly underestimated when the 75 

wind speed reached 20 m s
−1

, which could be extended to 15 m s
−1

 after considering the 76 

effect of ocean droplets. 77 

The study of the air-sea flux at high wind speeds has developed greatly in recent 78 

years with improvements in detection methods. Ishizaki (1983) analyzed the typhoon 79 



wind velocity, wind profile exponent, and turbulence intensity and found that the power 80 

law exponent and turbulence intensity decreased with increasing wind speed. 81 

High-resolution wind profile measurements are now possible as a result of the 82 

development of the Global Positioning System dropwindsonde (Hock and Franklin, 83 

1999). Powell et al. (2003) analyzed a large number of wind speed profiles measured by 84 

a falling GPS dropwindsonde in tropical cyclones and showed that the mean wind 85 

speed increases logarithmically with height in the lowest 200 m, reaching a maximum 86 

near 500 m and decreasing gradually up to a height of 3 km. The drag coefficient 87 

decreases with increasing wind speed when the wind speed is >33 m s
−1

 and the sea 88 

surface roughness also decreases with an increase in wind speed at high wind speeds. 89 

This may be due to the existence of a layer of foam formed by breaking waves and wind 90 

shear on the sea surface at high wind speeds. 91 

Gao et al. (2000) calculated the aerodynamic roughness and neutral drag 92 

coefficient under different sea surface conditions based on observed data for 93 

atmospheric turbulence near the surface of the Subi Reff in 1994. Cao et al. (2009) 94 

studied Typhoon Maemi and found that the turbulence intensity of the easterly wind 95 

was greater than that of the westerly wind. In addition, the turbulence intensity of the 96 

onshore wind was greater than that of the offshore wind with the same wind speed at the 97 

same location. Song et al. (2016) analyzed three typhoons (Haguit, Nesat, and 98 

Rammasun), the core regions of which passed across six towers. They examined the 99 

structural evolution of the typhoon wind profiles and found the impact of different 100 

surface roughness values on the wind profile exponent. There are also studies on the 101 

characteristics of Typhoon Hagupit based on aircraft observations over the sea surface 102 

(Harper et al., 2008; Sparks, 2003; Sparks & Huang, 2001). 103 

Zhao et al. (2015) investigated the air-sea drag coefficient during typhoon 104 

landfalls based on multilevel wind measurements from a coastal tower located in the 105 

South China Sea. They found that the plot of Cd against the wind speed of the typhoon 106 

is similar to that of open ocean conditions. However, the Cd curve shifts toward a 107 

regime of lower winds and increases by a factor of about 0.5 relative to the open ocean. 108 

These findings were explained by shoaling effects. A formula for Cd dependent on 109 

water depth may be particularly pertinent for parameterizing air-sea momentum 110 

exchanges over shallow water. Tamura et al. (2007) found that the wind shear of 111 

inland stations at different distances from the coastline is different during an onshore 112 

wind, and the wind shear of stations closer to the coast is smaller. Fang et al. (2018) 113 

studied the effects of wind direction on variations in friction velocity with wind speed 114 

under moderate (≥9 m/s) to strong (≥22 m/s) onshore wind conditions using 20-Hz 115 

ultrasonic wind data from a coastal tower at three different heights. They pointed out 116 

that wind direction have an important effect on the variations in friction velocity with 117 

U10. However, their observation points are on the land side. In the case of strong wind, 118 

how small the wind shear is at the observation points on the sea, and how the friction 119 

velocity changes with the wind direction? We used data obtained from the tower on a 120 

platform about 6.5 km from the coast in the South China Sea during typhoon landfalls 121 

and analyzed the relationships between the turbulence fluctuation intensity, friction 122 

velocities, drag coefficients, and wind speed at 10 m height. We found that the wind 123 



profile is almost unchanged, but the relationships are not only related to wind direction 124 

but also different before, during, and after landfall of the typhoon. 125 

 126 

2 Site and equipment 127 

The Bohe Maoming Integrated Observation Platform for Marine Meteorology 128 

is located 6.5 km offshore in the South China Sea at (21° 26 24" N, 111° 23' 26" E) (Bi 129 

et al., 2015) in a water depth of 15 m. The observation platform is located about 11 m 130 

above average sea level. The upper part of the platform is a 25-m high steel tower. The 131 

wind speed sensor (model RM young/05106), temperature and humidity sensor (model 132 

HMP45C) are installed on 2-m booms at five different heights (13, 16, 19, 23, and 31 m 133 

above sea level). The sampling frequency is every 1 min. Gill Windmaster Pro 134 

ultrasonic anemometers are installed on booms 27 and 35 m above the sea surface and 135 

the sampling frequency is 10 Hz (Zhao et al., 2013). Figure 1 shows the location of the 136 

Bohe offshore platform and the observation tower on the platform. The instruments are 137 

installed on the east side of the tower, facing the sea, to minimize the impact of the 138 

tower body on the wind flow. 139 

 140 

Figure 1. Location of the observation platform at Bohe.  141 

3 Data and methods 142 

We analyzed three typhoons that made landfall in Guangdong. Typhoon Koppu 143 

formed on the sea surface in the northern Philippines in the early morning of 13 144 

September 2009. It strengthened to a severe tropical storm at 1000 h (Beijing time) on 145 

14 September and then to a typhoon at 1700 h. The typhoon made landfall in Taishan, 146 

Guangdong (21.8° N, 112.4° E) at 0700 h on 15 September. It then weakened to a 147 

severe tropical storm at 1000 h, a tropical storm at 1400 h, and a tropical depression at 148 

2300 h. Typhoon Chanthu formed on 19 July 2010 and strengthened to a typhoon at 149 

1700 h on 21 July. It made landfall in Wuchuan, Guangdong (21.3° N, 110.8° E) at 150 

1345 h on 22 July and weakened to a strong tropical storm at 1900 h. It weakened to a 151 

tropical storm and then a tropical depression in western Guangxi at 1700 h on 23 152 

September. Typhoon Hato formed over the northwest Pacific Ocean at 1400 h on 20 153 

August 2017 and strengthened to a severe tropical storm at 0800 h on 22 August and 154 

then to a typhoon at 1500 h. It intensified to a strong typhoon at 0700 on 23 August, 155 

N 

Observation Platform 

5 km 



with the strongest winds reaching 48 m s
−1

 at about 1250 h. It made landfall at Zhuhai 156 

(22° N, 113.2° E) as a strong typhoon (level 14, 45 m s
−1

) and then weakened to a 157 

tropical depression at 1400 h on 24 August. 158 

 159 

Figure 2. Paths of Typhoons Hato, Koppu, and Chanthu. 160 

We carried out quality control procedures on the ultrasonic wind temperature 161 

data, taking into account the harsh observational conditions of high temperatures, high 162 

salinity, high humidity, and high wind speeds during the passage of the typhoon over 163 

the ocean, the location of the observation platform 6.5 km offshore and the limited 164 

power supply during the typhoon. These procedures included removing data that were 165 

significantly inconsistent with the statistical characteristics, exceeded variable 166 

thresholds, or had no physical significance. We eliminated outliers and random 167 

pulsations and carried out tests for amplitude resolution, stiffness, high-order statistical 168 

(Vickers & Mahrt, 1997) and stationarity (Foken & Wichura, 1996). 169 

According to the measuring range of the instrument, the wind speed thresholds 170 

were [−65 m s
−1

, 65 m s
−1

] and the temperature thresholds were [−40℃, 70℃]. 171 

Excluding the random pulses caused by the condensation of water vapor on the sensor 172 

and considering that there are many asymmetries in the probability density distribution 173 

of atmospheric turbulence (Quan et al., 2007), we used a non-Gaussian distribution (Ma 174 

& Hu, 2004) to protect the original data and took the confidence interval as 5—that is, 175 

random pulsation outside the interval [−5, +5]. 176 

When the resolution of the amplitude of a sequence is too small to capture 177 

turbulent fluctuation, this leads to the appearance of a stepped time sequence. The low 178 

resolution may also be related to the abnormal operation of the instrument or the data 179 

processing system. When the position of zero in the probability density function of a 180 

sequence is >70%, the resolution of the amplitude of the sequence is considered to be 181 

too low and fails the amplitude resolution test. 182 

Problems with the ultrasound probe and data recording system may result in 183 

minimal changes in the data for a continuous period of time, resulting in a stiff value. 184 

When the difference between adjacent points is less than a certain threshold, then this is 185 

considered to be a stiff value. The threshold can be selected as the width of the bin of 186 



the probability density function of the time series. The number of bins is usually taken 187 

to be 100 and the width of the bin is [max(x)−min(x)]/100, where x is the data point to 188 

be tested. The time for each stiffness test is 10 min. 189 

If the high-order statistical moments of the data are abnormally large or small 190 

compared with the Gaussian distribution, then this may mean that there is a problem 191 

with the instrument and the data recording system. We calculated the skewness S and 192 

kurtosis K of the data, which are defined as follows: 193 
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,                             (1) 194 

where  is the sample variance and  is the sample average. The sequence is considered 195 

to have failed the high-order statistical moment test when the absolute value of S is >2, 196 

the value of K is >8, or the value of K is <1. 197 

Stationarity occurs when various statistical characteristics of the turbulence 198 

field do not change with time. Almost all statistical theories of turbulence are based on 199 

the assumption of the stationarity of the turbulence field. The actual atmospheric 200 

turbulence field is affected by diurnal changes or weather systems and therefore, 201 

strictly speaking, it does not have the characteristics of stability. However, if we take a 202 

shorter observation time, then the atmospheric turbulence can be approximately 203 

regarded as stable. The data to be tested can be divided into M segments (M is generally 204 

selected as 4–8 and the default value is 6) and the covariance of each segment is 205 

calculated separately: 206 

1 1
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where N is the number of data points in each segment and x and w can be either two 208 

different sequences or the same sequence. The former is used to test the stationarity 209 

between fluxes (e.g., x is temperature and w is the vertical wind speed) and the latter is 210 

used to test the stationarity of the sequence itself. If we find the arithmetic mean of the 211 

M covariance, we obtain 212 

1
( )i

i

x w x w
M

     .                    (3) 213 

We then calculate the covariance of the data to be tested before segmentation: 214 

1 1
( )

1
o j j j j

j j j

x w x w x w
MN NM

 
    

  
   .              (4) 215 

If 
( )

30%
( )

o

o

x w x w

x w

   


 
, then the data are considered to be unstable and fail the 216 

stationarity test. 217 



After quality control, the wind speed direction is rotated to the mean wind 218 

direction so that ur in the rotated coordinate system represents the wind speed in the 219 

downwind direction, vr represents the wind speed perpendicular to the downwind 220 

direction, and wr is the vertical wind speed. For convenience, (u, v, w) are used to refer 221 

to the wind speed component (ur, vr, wr) after rotation.  222 

We analyzed the time series of meteorological elements (t)f  such as the wind 223 

speed ( , , )u v w . In general, (t)f can be divided into two parts: the low-frequency signal 224 

(t)f and the pulsation value superimposed on the low-frequency signal (t)f  : 225 

(t) (t) (t)f f f   ,                      (5) 226 

where (t)f is the so-called “base flow” or “average flow” with a period >10 min, and 227 

(t)f   is the turbulent fluctuation, which is turbulent fluctuation with a period <10 min. 228 

For the turbulence kinetic energy, friction velocity and drag coefficient, 229 

 230 

𝐸′ = 𝐴′
2
≡

𝑢‘
2̅̅ ̅̅
+𝑣‘

2̅̅ ̅̅
+𝑤‘2̅̅ ̅̅ ̅

2
,                (6) 231 

   
1/2

2 2
2

*u u w v w     
  

,               (7) 232 

𝑢∗
2 = 𝐶𝑑�̅�

2,                       (8) 233 

where A' is the intensity of the disturbance. 234 

4 Characteristics of the boundary layer during typhoons 235 

Research on wind profiles over land has shown that the profile of typhoons in 236 

the surface layer can be described quantitatively by a logarithmic law. By contrast, 237 

Cheng et al. (2014) analyzed the observational data for Typhoon Hagupit and found 238 

that the near-surface typhoon wind speed was no longer a logarithmic profile over the 239 

sea. The wind speed in each layer from 10 to 100 m is roughly equal. We found that the 240 

change in the wind direction during the landfall of Typhoons Koppu, Chanthu, and 241 

Hato had an important influence on the vertical distribution of the wind speed. Unlike 242 

Typhoon Hagupit, the wind profile of Typhoon Koppu clearly shows shear before and 243 

after landfall (Figure 4b and red circle part in Figure 5b). This is because the winds 244 

were blowing from the land (Figure 6b and Figure 7) and were therefore affected by the 245 

land boundary layer and had a relatively large shear. By contrast, Typhoon Chanthu 246 

made landfall on the south side of the observational point (Figure 3) and the winds were 247 

almost always blowing from the sea (Figure 6c and Figure 7). The wind shear was the 248 



same as Typhoon Hagupit. The changes in wind speed at different heights were small 249 

and there was no obvious wind shear especially the wind speed is < 15m s
−1

 (Figure 4c, 250 

Figure 5c).  251 

Typhoon Hato was similar to Typhoon Koppu and made landfall on the north 252 

side of the observation point (Figure 3). Like Typhoon Koppu, the wind blew from the 253 

land before and after landfall (Figure 6a and Figure 7) and the wind shear was greater 254 

than that of the onshore wind over sea (Figure 4d and Figure 5a). Therefore the wind 255 

profile of a typhoon that makes landfall is divided into two types. When landfall occurs 256 

on the north side of the observation point, it is an offshore wind and the wind speed may 257 

be sheared (e.g., Typhoons Koppu and Hato). By contrast, when landfall is on the south 258 

side of the observation point, the wind blows from the sea and the wind shear is small 259 

(e.g., Typhoons Chanthu and Hagupit). 260 

The typhoons made landfall at a certain distance from the observation position 261 

(Figure 3). Typhoons Hato and Koppu made landfall on the northeastern side of the 262 

offshore platform. After landfall, the center of the wind continued to move to the 263 

observation position, the wind speed continued to increase, and the wind direction 264 

began to rotate by 360 after landfall. During landfall, the wind speeds were the same in 265 

all layers and Typhoons Hato and Koppu had a large wind speed gradient in the eyewall 266 

area. At this time, the wind was affected by the underlying surface of the land and the 267 

wind speed shear was large (Figure 5a, b). The wind direction of Typhoons Koppu and 268 

Hato was offshore before landfall and the wind direction rotated counterclockwise after 269 

landfall and became an onshore wind after <228° (Figure 6a, b). Typhoon Chanthu 270 

made landfall on the southwestern side of the offshore platform. The wind direction 271 

was always onshore so the wind shear was small (Figure 5c and Figure 6c). 272 

273 

Figure 3. Location of typhoon landfall sites. 274 



275 

 276 

Figure 4. Typhoon 10-min mean wind profiles. (a) Typhoon Hagupit, 22–26 277 

September 2008; (b) Typhoon Koppu, 13–17 September 2009; (c) Typhoon 278 

Chanthu, 20–24 July 2010; and (d) Typhoon Hato, 21–25 August 2017. 279 

280 

 281 

(a) 

(b) 

(a) (b) 

(c) (d) 



  282 
Figure 5. Time series of the 10-min averaged horizontal velocity at five levels 283 

measured by cup anemometers on the platform. (a) Typhoon Hato, 21–25 284 

August 2017; (b) Typhoon Koppu, 13–17 September 2009; and (c) Typhoon 285 

Chanthu, 20–24 July 2010.  286 

   287 

 288 

 289 
Figure 6. Time series of the wind direction of Typhoon. (a) Typhoon Hato, 21–25 290 

August 2017; (b) Typhoon Koppu, 13–17 September 2009; and (c) Typhoon Chanthu, 291 

20–24 July 2010 292 

(c) 

(a) 

(b) 

(c) 



 293 

 294 

 295 

Figure 7. Wind speed roses of Typhoons Hato (left), Koppu (center), and Chanthu 296 

(right). 297 

5 Turbulence and flux characteristics during the typhoon period 298 

In strong winds, u* and U10 are generally considered to a linear relationship. 299 

Foreman and Emeis (2010), Andreas et al. (2012), Edson et al. (2013) reported a 300 

linear coefficient form 0.051 to 0.062 in the linear regression. For offshore 301 

observation points, the properties of the underlying surface (roughness) can be 302 

considered as anisotropic under strong winds, and the variation relationship of 303 

turbulence statistics with wind speed varies with the incoming direction. Analysis 304 

shows that, in the case of sea breeze, its slope 0.052 (Figure 11c) agrees with the 305 

studies of Foreman and Emeis (2010), Andreas et al. (2012), And Edson et al. (2013). 306 

However, the change of turbulence statistics with wind speed depends not only on the 307 

direction of incoming wind but also on where the typhoon made landfall.   308 

The relationship between the intensity of the turbulence fluctuation (standard 309 

deviation) and the wind speed of Typhoon Koppu was analyzed by the onshore and 310 

offshore winds before, during, and after landfall. We found that the intensity of the 311 

turbulence fluctuation showed a clear bifurcation with the change in wind speed. The 312 

onshore and offshore winds do not completely match the bifurcation (Figure 8a). If they 313 

are distinguished by before, during, and after landfall, with the time of landfall defined 314 

as two hours before and after landfall, then the bifurcation of the turbulence fluctuation 315 

intensity with wind speed matches well with that before and after landfall. The diagonal 316 

line connecting the two branches corresponds to the time of landfall (Figure 8b). 317 

Therefore the intensity of the turbulence fluctuation changed from A to B before 318 

Typhoon Koppu made landfall and the intensity of the turbulence fluctuation changed 319 

42° Observation Platform 



from B to C when it made landfall. The wind speed decreased after landfall and the 320 

intensity of the turbulence fluctuation returned from C to A. 321 

Further more, gusts and turbulence are different in strong winds. 322 

High-frequency turbulence is nearly isotropic, whereas gust disturbance has an 323 

anisotropic coherent structure. As typhoons are strong winds, we used the method of 324 

decomposition and analyzed the wind speed for strong wind (Zeng et al., 2010). Based 325 

on this, we subdivided f  into two parts: turbulent fluctuation with a period of <1 min326 

(t)tf  and gust disturbances with a period >1 min and <10 min (t)gf .We therefore 327 

divided (t)f  into three parts according to the period (frequency) by Fourier 328 

expansion:  329 

(t) (t) (t) (t)g tf f f f   ,                   (9) 330 

where (t)f is the so-called “base flow” or “average flow” with a period >10 min. The 331 

turbulence kinetic energy can be decomposed into two parts: g tE E E   , where gE  332 

is the energy of the gust disturbance and tE is the energy of the turbulent fluctuation.  333 

For the friction velocity and drag coefficient, 334 

   
1/2

2 2
2

g g g g gu u w v w
  
  

， 335 

   
1/2

2 2
2

t t t t tu u w v w
  
                         (10) 336 

where (t)gu , (t)gv , (t)tu , and (t)tv are the gust disturbance and turbulence fluctuations 337 

along and perpendicular to the mean wind direction. 338 

𝑢𝑔∗
2 = 𝐶𝑑𝑔�̅�

2, 339 

𝑢𝑡∗
2 = 𝐶𝑑𝑡�̅�

2,                          (11) 340 

where g represents the gust and t is the turbulence. 341 

The intensity of the gust disturbance was also bifurcated (Figure 8d). The 342 

scatter points at each moment in the gust disturbance graph are more scattered as a 343 

result of the influence of the underlying surface and thermal disturbance. The turbulent 344 

friction velocity is similar to the turbulence fluctuation intensity, but the turbulent 345 

friction velocity after landfall is relatively messy and then enters the lower branch of 346 

the bifurcation as the wind speed decreases (Figure 9a). If the turbulent friction velocity 347 

after landfall is distinguished by offshore and onshore winds, then the friction velocity 348 

of a typhoon is chaotic when it makes landfall during an offshore wind and appears 349 

more regular during an onshore wind (Figure 9b). Unlike the intensity of turbulent 350 

fluctuation, this law only depends on whether a typhoon makes landfall; the law for the 351 

turbulent friction velocity is more complex. 352 



353 

     354 

Figure 8. Fluctuation intensity and wind speed relationship of Typhoon Koppu during 355 

an offshore wind at 27 m on 13–17 September 2009: (a) total intensity during land 356 

wind and sea wind; (b) total intensity before, during and after landing; (c) turbulent 357 

fluctuation intensity; and (d) gust disturbance intensity. 358 

(a) (b) 

(c) (d) 

A 

B 

C 
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    361 

Figure 9. Friction velocity and wind speed relationship of Typhoon Koppu before and 362 

after landfall. (a) Turbulence friction velocity. (b) Turbulence friction velocity, which 363 

changes with the onshore and offshore wind speeds after landfall. (c) Gust friction 364 

velocity. (d) Total friction velocity. 365 

Figure 10 shows the turbulent disturbance intensity-wind speed time series of 366 

Typhoon Chanthu. Unlike Typhoon Koppu, the turbulence intensity scatter points 367 

move along a curve, as do the gust disturbance intensity, turbulent friction velocity, 368 

gust friction velocity, and friction velocity. The gust disturbance scatter points are also 369 

relatively scattered (Figure 10c). These differences from Typhoon Koppu can be 370 

explained by the fact that the observation point for Typhoon Chanthu is on the north 371 

side of the landing point and the flow is almost an onshore wind both before and after 372 

landfall (Figure 6c and Figure 7). 373 

Typhoon Hato is the same as Typhoon Koppu. The observation point is on the 374 

south side of the landfall site. The intensity of the turbulence fluctuation, gust 375 

disturbance intensity, and gust friction velocity are similar to those of Typhoon Koppu. 376 

They show bifurcations and the branches correspond to before, during, and after 377 

landfall (Figures 12). The turbulent friction velocity, gust friction velocity, and total 378 

friction velocity are similar to those of Typhoon Koppu. The turbulent friction velocity 379 

is scattered in the offshore wind after landfall and the scattering point of the onshore 380 

wind is more regular (Figure 13). 381 

 382 
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 384 

 385 
Figure 10.  Fluctuation intensity and wind speed relationship at 27 m for Typhoon 386 

Chanthu before and after landfall on 20–24 July 2010: (a) total intensity; (b) turbulent 387 

fluctuation intensity; (c) gust disturbance intensity; 388 

 389 

(a) 

(b) 

(c) 



  390 

 391 

 392 

Figure 11. Friction velocity and wind speed relationship at 27 m for Typhoon Chanthu 393 

before and after landfall on 20–24 July 2010: (a) Turbulence friction velocity. (b) Gust 394 

friction velocity. (c) Total friction velocity. 395 
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 398 

Figure 12. Fluctuation intensity and wind speed relationship at 27 m for Typhoon Hato 399 

before and after landfall on 22–25 August 2017: (a) total intensity; (b) turbulent 400 

fluctuation intensity; (c) gust disturbance intensity; 401 

(a) 

(b) 

(c) 
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   403 

Figure 13. Friction velocity and wind speed of Typhoon Hato before and after landfall. 404 

(a) Turbulence friction velocity. (b) Turbulence friction velocity, which changes with 405 

the onshore and offshore wind speeds after landfall. (c) Gust friction velocity. (d) Total 406 

friction velocity. 407 

The turbulence fluctuation intensity, gust disturbance intensity, and friction 408 

velocity of a typhoon making landfall are therefore divided into two categories: 409 

typhoons that make landfall on the north side of the observation point and typhoons that 410 

make landfall on the south side of the observation point. For typhoons in the first 411 

category, the disturbance intensity moves along a triangle on the disturbance 412 

intensity-wind speed graph. The three sides correspond to before, during, and after 413 

landfall. The friction velocity is more complex. Before landfall, it moves along one 414 

branch and moves from one branch to the other during landfall. After landfall it is 415 

scattered in the offshore wind and, after the wind direction changes to an onshore wind, 416 

the friction velocity enters the lower branch on the friction velocity-wind speed graph. 417 

By contrast, for typhoons that make landfall on the south side of the observation point, 418 

almost all the wind comes from the sea and the gust-turbulence disturbance intensity 419 

and friction velocity move along a curve on the corresponding wind speed graph. 420 

6 Discussion and conclusions 421 

The turbulence fluctuation intensity of Typhoons Koppu and Hato have 422 

different curves before and after landfall. By contrast, the turbulence fluctuation 423 

intensity of Typhoon Chanthu is the same both before and after landfall and is similar to 424 

(a) (b) 

(c) (d) 



that of Typhoons Koppu and Hato after landfall (Figure 14b). This means that, although 425 

the underlying surfaces are different, the relationship between the turbulent fluctuation 426 

intensity and the wind speed is the same. This shows that the relationship between the 427 

turbulent fluctuation and the wind speed depends not only on the nature of the 428 

underlying surface, but also on whether the typhoon has made landfall. Figure 14d 429 

shows that the turbulent friction velocities of Typhoons Koppu, Hato, and Chanthu 430 

increase with wind speed after landfall. 431 

  432 

  433 

Figure 14. Turbulent fluctuation intensity–wind speed relationship (a) before and (b) 434 

after landfall and the friction velocity–wind speed relationship (c) before and (d) after 435 

landfall. 436 

The time series of the wind speed, friction velocity, drag coefficient, and 437 

temperature difference of Typhoon Koppu (Figure 15) show that the friction velocity 438 

and drag coefficient change as the wind speed changes before and after the typhoon 439 

makes landfall. The friction velocity and drag coefficient decrease with increasing wind 440 

speed during landfall, but increase with increasing of wind speed before and after 441 

landfall. The figure also shows the temperature difference between the upper and lower 442 

layers. The temperature of the lower layer is higher than the temperature of the upper 443 

layer during the whole period of the typhoon, and the boundary layer is weakly unstable. 444 

The disturbance intensity and friction velocity vary with the wind speed. The points on 445 

the turbulence fluctuation graph are concentrated, whereas the points on the gust 446 

disturbance graph are more scattered and disordered (Figures 8–13). This may be 447 

because low-frequency gusts are easily affected by the terrain and heat. For example, 448 

(a) (b) 

(c) (d) 



the disturbance of the temperature difference in Figure 15 causes the disturbance in Cdg. 449 

This kind of disturbance in Cdg (a deviation from the average value) is shown as the 450 

point dispersion of the gust friction velocity on the friction velocity-wind speed map.  451 

452 

Figure 15. (a) Wind speed, (b) friction velocity, (c) drag coefficient and (d) 453 

temperature difference before and after landfall of Typhoon Koppu on 13–17 454 

September 2009. 455 

We studied the effect of the relative positions of where the typhoon made 456 

landfall and the observation point and the change in the wind direction and position on 457 

the mean wind, turbulence fluctuation intensity, and friction velocity in the typhoon 458 

boundary layer. We discuss the regularity of the spatial distribution of these variables 459 

and the evolution of their spatial distribution over time. 460 

Before the typhoon made landfall (Figure 16a), observation point A 461 

experienced an onshore wind. The wind speeds in the surface layer were roughly equal. 462 

Point A over the sea was similar. The observation point B experienced an offshore 463 

wind and the wind profile changed from the logarithmic profile of the offshore wind to 464 

the inner boundary layer of the ocean, so shear sometimes occurred at point B. There 465 

was clearly shear at point B on land. The turbulence fluctuation intensity of points A 466 

and Achanged with the wind speed in accordance with the relationship for turbulence 467 

over the sea surface, which is the lower branch of the bifurcation. The turbulence 468 

fluctuation intensity of point B changed with the wind speed in the upper branch of the 469 

bifurcation. The frictional velocity was the same as the turbulence fluctuation intensity. 470 

When the typhoons made landfall (Figure 16b), points A and A recorded 471 

onshore winds and the wind speeds in the surface layer were roughly equal. Point B was 472 

an offshore wind, affected by the land, and the near-surface wind speed at point B 473 

(a) 

(c) 

(d) 

(b) 



sometimes showed shear. The turbulent fluctuation intensity at points A and A 474 

continued in the lower branch, whereas the turbulent fluctuation intensity of B changed 475 

from the upper branch (before landfall) to the lower branch (after landfall). The friction 476 

velocity was similar. 477 

After the typhoons had made landfall (Figure 16c and 16d), the observation 478 

points A and A recorded onshore winds and the wind speeds in the surface layer were 479 

roughly equal. The wind speed in the surface layer at point B sometimes showed shear 480 

of the offshore wind (Figure 16c) and at another times indicated an onshore wind 481 

(Figure 16d). At points A and A, the turbulent fluctuation intensity stayed within the 482 

lower branch. The change in the turbulence fluctuation intensity at point B with wind 483 

speed was in the lower branch of the bifurcation and the variation in the turbulence 484 

fluctuation intensity with wind speed was the same whether the wind was offshore or 485 

onshore. At points A and A, the friction velocity changed with the wind speed and 486 

stayed in the lower branch. At point B, the change in the friction velocity with wind 487 

speed was more complex. At landfall, the friction velocity changed with the wind speed 488 

from the upper to the lower branch and the change in the friction velocity with the wind 489 

speed appeared chaotic. At this time, the wind was offshore. If the typhoon center 490 

continued to penetrate the land, the offshore wind became an onshore wind at point B 491 

(Figure 16d) and the friction velocity was concentrated and entered the lower branch. 492 

 493 
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Figure 16. Schematic diagrams of the typhoons (a) before landfall, (b) at landfall, and 498 

(c) after landfall with offshore and onshore winds at the observation station and (d) 499 

after landfall with an onshore wind at the observation station. 500 

By studying the mean field and turbulence in the boundary layer during typhoon 501 

landfall using data from a platform 6.5 km offshore, we found that: 502 

1. The wind profile of the offshore wind is different from the wind profile of the 503 

onshore wind. Sometimes there is obvious shear in the offshore wind, whereas the 504 

onshore wind has almost no shear. 505 

2. For typhoons making landfall on the northeast side of the observation point, 506 

the relationship between the turbulence fluctuation intensity and wind speed diverged 507 

as a result of the influence of the landfall site. The typhoons making landfall on the 508 

southwestern side of the observation point were onshore before and after landfall and 509 

moved along a curve. 510 

3. The friction velocity and drag coefficient follow similar rules, but lack in 511 

regularity during offshore winds after landfall. 512 

4. The turbulence intensity, friction velocity, and drag coefficient decrease 513 

during landfall with increasing wind speed. 514 

5. After landfall, Typhoon Chanthu experienced onshore winds, whereas 515 

Typhoons Koppu and Hato sometimes experienced offshore winds and sometimes 516 

onshore winds, although the turbulence fluctuation intensity all conformed to the same 517 

curve. 518 
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