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Abstract: The goal of the paper is to reveal discrepancies of turbulent variables over different surfaces
(sea, island, land) based on the measurements taken on three towers during (including before and
after) seven typhoon episodes from 2008 to 2018. The atmospheric stability, turbulent spectrum,
friction velocity, turbulent kinetic energy, dissipative heating, and gust factor are examined. The
similar turbulent characteristics over sea and on the island reinforce the previous conclusion that the
turbulent measurements on the island mainly represent the sea surface. The turbulent characteristics
over sea and on land are very different due to the different underlying surface roughness. The
unstable (stable) condition dominates on the sea (land) surface. Turbulent spectra both over sea
and on land follow the canonical Kolmogorov’s power law with the −5/3 slope. The cospectra on
land are more peaked than those over sea. All of the friction velocity, turbulent kinetic energy, and
dissipative heating increase with increasing 10 m wind speed, and those on land are much larger
than those over sea. The distributions of gust factors widen and shift to higher on land than those
over sea. The distributions of gust factors at heights of 10 m and 40 m are biased to higher values
than those at heights of 160 m and 320 m on land.

Keywords: underlying surface; typhoon; atmospheric stability; turbulent spectra; turbulent kinetic
energy; dissipative heating; gust factor

1. Introduction

Turbulence fluctuations in the atmospheric surface layer have a significant effect on
various applications including wind loads; aviation; design codes for bridges, buildings,
and electrical transmission lines; and resuspension models for deposited particles [1,2]. It
is well known that the structure of atmospheric turbulence in the surface layer is closely
related to surface roughness. There are different processes of turbulent exchanges on
different underlying surfaces. Compared with the sea surface, the land surface is more
rough, heterogeneous, and complex [3,4].

Some previous studies compared turbulent variables over different surfaces, such as
atmospheric stability, spectra, gust factor, etc. They showed that the marine air below 50 m is in
mostly unstable and neutral conditions [5,6]. The gust factor is sensitive to surface roughness
and turbulent intensity [1,7]. The power spectra in the region of the inertial subrange with
decay of−5/3 appears over lakes and forest [4]. During hurricanes, the power spectra over
sea were higher than those on open land and cospectral values over the two surfaces were
comparable. The values of power spectra and cospectra are comparable for different wind
speeds [8]. In general, up to now, there is still a lack of understanding of discrepancies and the
underlying mechanism of turbulent characteristics over different underlying surfaces due to a
lack of direct turbulent measurements during typhoons [4,9,10].

Many studies have evaluated the applicability of Monin–Obukhov similarity the-
ory (MOST) [11] in an offshore, onshore, or land environment [12,13], and a detailed
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re-evaluation is beyond the scope here. This study focuses on the comparison of turbulent
characteristics in different environments rather than assessing the applicability of MOST
or adjusting the fitting parameters of functions. The purpose of this work is to reveal the
turbulence characteristics on different underlying surfaces (land, island, and sea surface)
during (including before and after) typhoons. Atmospheric stability, turbulent spectra,
friction velocity, turbulent kinetic energy, dissipative heating, and gust factor are compared
here. For brevity, during (including before and after) typhoons is hereafter referred to as
during typhoons.

The 10 Hz high-frequency turbulent measurements were collected during seven ty-
phoons. Five typhoon events (Nockten in 2011, Nesat in 2011, Rammasun in 2014, Hato in
2017, and Mangkhut in 2018) were collected at an offshore tower (Figure 1a), two typhoon
events (Hagupit in 2008 and Chanthu in 2010) were collected at a tower on an island
(Figure 1b), and two typhoon events (Hato in 2017 and Mangkhut in 2018) were collected
at a tower on land (Figure 1b). Due to the practical difficulties of instrumenting the sea
surface in typhoon conditions, the data during typhoons were very deficient, and differ-
ent typhoon events were captured on different observational towers. Because this study
mainly focuses on the turbulence characteristics with wind speed on different surfaces,
rather than the impact of typhoon structure on turbulence characteristics, we infer that
the different typhoon events on the different surfaces have no significant impact on the
results. Sections 2 and 3 present the experimental setup and characteristics of the typhoons,
respectively. Sections 4 and 5 introduce the methodology and data processing, respectively.
Section 6 shows the results. Discussions and conclusions are summarized in Section 7.
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Figure 1. The snapshots of (a) the tower over sea, (b) the tower on island, and (c) the tower on land.

2. Experimental Setup

The three orthogonal wind components at a frequency of 10 Hz were collected at three
research towers during seven typhoons from 2008 to 2018. Figure 1 shows the snapshots of
the three towers. Their locations are shown in Figure 2. The tower over sea and the tower
on the island stand along the shore-normal line in the South China Sea, 6.5 km and 4.5 km
offshore, respectively. The distance between them is 2 km. They are 291 km away from the
tower on land, which is about 10 km away from the nearest southwest coastline.

The tower over sea in Figure 1a is a 25 m high steel tower on an integrated marine
meteorological observation platform in the South China Sea. The platform is about 11 m
above the mean sea level (msl). It is operated by the Guangzhou Institute of Tropical and
Marine Meteorology, China Meteorology Administration (CMA) [14]. The tower stands
at a water depth of 15 m in the South China Sea (21.45◦ N, 111.37◦ E), and is 6.5 km away
from the nearest northwest coastline. The Gill Windmaster Pro three-dimensional ultrasonic
anemometers are installed on 2.0 m booms to the east of the tower facing the seaward
direction at 27.3 m and 35.1 m above msl. The RM Young/05106 wind sensors are mounted
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on 2 m booms on five different planes (13.4 m, 16.4 m, 20.0 m, 23.4 m, and 31.3 m above msl)
with a sampling frequency of 1 min. The 10 Hz three orthogonal wind components were
collected at a height of 35.1 m during Typhoons Nockten (2011) and Nesat (2011) and at a
height of 27.3 m during Typhoons Rammasun (2014), Hato (2017) and Mangkhut (2018).

The tower on the island shown in Figure 1b is a 100 m high meteorological observation
tower with a guyed structure. It was operated by the Guangdong Climate Centre. The
tower stands on a small island named Zhizai (21.45◦ N, 111.37◦ E), and is 4.5 km away
from the nearest northwest coastline. The island area above the water is approximately
90 m × 40 m and is covered with sand and sparse weeds. The tower is about 10 m above
msl [15]. The Gill Windmaster Pro three-dimensional ultrasonic anemometers are deployed
on 2.5 m booms to the east of the tower facing the seaward direction, at a height of 60 m
during Typhoon Hagupit (2008) and 40 m during Typhoon Chanthu (2010). The NRG #40
wind sensors are deployed on 2.5 m booms on six levels (10.0 m, 20.0 m, 40.0 m, 60.0 m,
80.0 m, and 100.0 m above msl) with a sampling frequency of 1 min.

The tower on land shown in Figure 1c is a 356 m high meteorological observation
tower with a hollow steel structure. It was constructed in 2016 and is operated by the
Meteorological Bureau of Shenzhen Municipality. The tower stands in the Tiegang Reservoir
Water Reserve in Shenzhen, China (22.65◦ N, 113.90◦ E), and is about 10 km away from
the nearest southwest coastline. The topography and terrain map around the tower as
shown in Figure 2 in Luo et al. [16] illustrates that the underlying surface around the tower
is relatively smoother than nearby suburban/forest areas. To its north and east, there is
mostly cropland or water within 1–2 km and farther away are 10–30 m low-rise buildings,
mixed with forest areas. To its south and west, there are mainly woods and lakes within
5 km. The four three-dimensional ultrasonic anemometers (denoted as CSAT3, Campbell
Scientific Inc., Logan, UT, USA) are mounted at the northern end of 3.8 m north-south
overhanging beams at four different planes (10, 40, 160, and 320 m above ground level).
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Figure 2. The tracks of the typhoons along with the locations of the three observation towers. The red
upward-pointing triangle denotes the tower over sea corresponding to Figure 1a, the blue downward-
pointing triangle denotes the tower on the island corresponding to Figure 1b, and the red square denotes
the tower on land corresponding to Figure 1c. The distance between the tower over sea and the tower
on the island is about 2 km, so their signs largely overlap each other. The black circles show the distance
to the towers of 100 km. The different color lines mark the different typhoon categories. Super strong
typhoon is larger than 51 m s−1, and then 41.4~51 m s−1, 32.7~41.4 m s−1, and 24.5~32.7 m s−1 follow.
The typhoon track and typhoon intensity data are from the website http://tcdata.typhoon.org.cn/
(accessed on 1 August 2022) [17].
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3. Characteristics of the Typhoons

Figure 2 shows the seven typhoon tracks along with the locations of the three obser-
vation towers. Detailed information on the typhoons is listed in Table 1. Only the super
strong Typhoon Hato (2017) and the strong Typhoon Mangkhut (2018) tracked between the
tower on land and the tower over sea and were recorded simultaneously at the two towers
on land and over sea.

Table 1. Information of the data during the seven typhoon events.

Typhoon Time Period

The Closest Distance
to the Tower at

Sea/the Tower on
Land (km)

Central
Pressure

(hPa)

Tower over Sea Tower on Island Tower on Land

Instrument
Height (m)

Max u10
(m s−1)

Instrument
Height (m)

Max u10
(m s−1)

Instrument
Height (m)

Max u10
(m s−1)

Hagupit 23−24 September 2008 0 940 × × 60 23.8 × ×
Chanthu 21−23 July 2010 65 970 × × 40 32.1 × ×
Nockten 29−30 July 2011 220 980 35.1 18.7 × × × ×

Nesat 29−30 September 2011 195 950 35.1 25.7 × × × ×
Rammasun 18−19 July 2014 160 910 27.3 23.4 × × × ×

Hato 22–25 August 2017 137/95 935 27.3 15.1 × × 10, 40, 160, 320 11.1
Mangkhut 15−18 September 2018 63/134 945 27.3 21.7 × × 10, 40, 160, 320 10.7

×: no data are available.

Typhoon Hato underwent a rapid intensification over the shallow water in the South
China Sea before making landfall. Typhoon Mangkhut was already a super typhoon over
the Pacific Ocean and retained the category until the day after landfall. Typhoon Mangkhut
had a wider circulation and larger wind footprint than Typhoon Hato. Figures 3 and 4
show 10 min average wind speed time series and distances to the towers of Typhoons Hato
and Mangkhut, respectively. The wind speeds recorded at different heights on the tower
over sea are in good agreement and continuity. The wind speeds recorded on the tower on
land increase with height. Due to the influence of rainfall, the recorded available quality-
controlled maximum 10 min average wind speed at a height of 10 m (u10) is only 11.1 m s−1

and 10.7 m s−1 on the tower on land during Typhoon Hato and Typhoon Mangkhut,
respectively, though the distance of their center to the tower on land is only 95 km and
134 km, respectively.
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Figure 3. The raw 10 min average wind speed (WS) and the distance of the typhoon center to the tower
(data obtained from the website http://tadata.typhoon.org.cn/) (accessed on 1 August 2022) [17]
during Typhoon Hato. (top) The WS observations derived from the sonic anemometer (SA) and the
standard wind gauges (WG) at the tower over sea and (bottom) the data derived from the sonic
anemometers (SA) at the tower on land.

http://tadata.typhoon.org.cn/
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Figure 4. The same as Figure 3 except for that during Typhoon Mangkhut.

A detailed description of the other five typhoons (Hagupit, Chanthu, Nesat, Nockten,
and Rammasun) can be found in Bi et al. [18]. Their 10 min wind speed time series, as shown
in Figure 3 in Bi et al. [18], also had good agreement and continuity. The strong Typhoon
Hagupit moved almost directly over the tower on the island and had the maximum
recorded 10 min average wind speed of 47 m s−1 at a height of 60 m. The other four
typhoons passed to the south of the towers. Typhoons Hagupit and Chanthu were recorded
at the tower on the island. Typhoons Nockten, Nesat, and Rammasun were recorded at
the tower over sea. Due to the high-frequency data being sensitive to rainfall and other
sampling uncertainties, the highest u10 of 32 m s−1 from quality-controlled high-frequency
data were recorded during Typhoon Chanthu instead of the other stronger typhoons.

4. Methodology
4.1. Atmospheric Stability Parameter

Based on the Monin-Obukhov similarity theory [11,19], atmospheric stability can be
characterized by the inverse of Monin-Obukhov length (L).

L = − u3
∗θ0

gkw′θ′v
(1)

where g denotes the gravitational acceleration, w′θ′v indicates the flux of virtual potential
temperature, and θ0 indicates the mean potential temperature.

The dimensionless height ζ = z/L is used as an atmospheric stability parameter,
where ζ < 0 denotes unstable, ζ > 0 is stable, and ζ ≈ 0 is neutral conditions.

4.2. Friction Velocity (u∗)

Based on the eddy covariance method, the u∗ is defined by [20]:

u∗ =
((

u′w′
)2

+
(

v′w′
)2

)1/4

(2)

where u′, v′, and w′ indicate turbulent fluctuations of three wind components. The overbar
denotes Reynolds averaging.
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4.3. Turbulent Kinetic Energy (TKE)

Based on the high-frequency turbulent observations, the TKE is calculated by [20]:

TKE =
1
2

(
u′2 + v′2 + w′2

)
(3)

4.4. Dissipative Heating (DH)

According to the method proposed by Bister and Emanuel [21], the DH is calculated
by the following formula:

DH = ρCDu3 (4)

where ρ is the air density.
Similarly, to have a comparison between those from different measurement heights,

the 10 m DH is estimated by:
DH = ρCD10u3

10 (5)

4.5. Gust Factor (GFu)

Gust factor is a ratio of gust to average wind speed [22]:

GFu(τ, T) =
umax,τ

uT
(6)

where gust umax,τ indicates the largest τ-averaged wind speed with T minutes. uT is the
T minutes average wind speed. The WMO recommends that the gust is defined as the
maximum 3 s average during a 10 min sampling period [23]. So τ = 3 s and T = 10 min are
applied here.

5. Data Processing and Quality Control

The sonic anemometer measurements are processed by using the same method re-
ported in Bi et al. [18]. Spike detection and removal are similar to that of Hojstrup [24].
Based on the Ogive method [25], the 10 min average is judged to be an optimal averaging
period for calculating turbulent fluxes [18]. According to the comparison between double
rotation and planar-fit rotation, the double coordinate rotation is selected for eliminating
the instrument tilt errors [26,27]. In order to ensure the data quality, the 10 min average
wind speeds yielded from the sonic anemometers are compared with those recorded from
the slow response sensors mounted at the same towers, and sonic anemometer measure-
ments with a difference of >5% are discarded in further analysis. In order to minimize the
influence of flow distortion by the tower, the data over sea and on the island with wind
directions between 240◦ and 300◦ are excluded, and the data on land with wind directions
between 150◦ and 210◦ are excluded. Additionally, Bi et al. [18] have demonstrated by
footprint analysis that the sonic anemometer measurements from the tower over sea and
on the island are not influenced by either the island or the shore.

6. Results
6.1. Atmospheric Stability

Atmospheric stability is the state of the atmosphere related to either promoting or
suppressing vertical air motion. Essentially, unstable atmospheres tend to promote vertical
updrafts and stable atmospheres tend to suppress vertical updrafts. It is a crucial variable
in surface layer parameterization in numerical weather prediction models, and is also
important for cloud formation and precipitation, wind energy generation, atmosphere
turbulence intensity, dilution of air pollutants, etc. Figure 5 shows the percentage of
occurrence of the dimensionless stability parameter (ζ) over sea, on the island, and on
land; here, the stability classification is according to the definition classes for ζ shown in
Table 2 [28].



Atmosphere 2022, 13, 1827 7 of 13

Atmosphere 2022, 13, x FOR PEER REVIEW 8 of 15 
 

 

land; here, the stability classification is according to the definition classes for ζ shown in 
Table 2 [28]. 

 
Figure 5. The percentage of occurrence of the dimensionless stability parameter ζ = z/L (a) at the 
tower over sea, (b) at the tower on the island, and (c) at the tower on land. The value of z/L  < −1 
indicates extremely unstable; −1 < 𝑧/𝐿 < −0.6, very unstable; −0.6 < 𝑧/𝐿 < −0.2, unstable; −0.2 < 𝑧/𝐿 
< −0.02, weakly unstable; −0.02 < 𝑧/𝐿 < 0.02, nearly neutral; 0.02 < 𝑧/𝐿 < 0.2, weakly stable; 0.2 < 𝑧/𝐿 < 0.6, stable; 0.6 < 𝑧/𝐿 < 1, very stable; 𝑧/𝐿 > 1, extremely stable.  

Table 2. Stability classification method same as Sorbjan and Grachev [28]. 

Stability Class 𝛇 Stability Class 𝛇 Stability Class 𝛇 
extremely unstable ζ < −1 weakly unstable −0.2 < ζ < −0.02 stable 0.2 < ζ < 0.6 

very unstable −1 < ζ < −0.6 nearly neutral −0.02 < ζ < 0.02 very stable 0.6 < ζ < 1 
unstable −0.6 < ζ < −0.2 weakly stable 0.02 < ζ < 0.2 extremely stable ζ > 1 

Figure 5 illustrates that the unstable condition dominates on the ocean surface, the 
proportions of unstable and stable conditions are nearly the same on the island surface, 
and the stable condition dominates on the land surface. The proportions of near-neutral 
conditions of 6.4~7.0% are close on the three surfaces. The unstable conditions are 72.7%, 
41.4%, and 23.0% on the ocean, on the island, and on the land surface, respectively. The 
stable conditions are 20.3%, 51.9%, and 70.6% on the ocean, on the island, and on the land 
surface, respectively. The total percentage of occurrence of extremely unstable and ex-
tremely stable conditions on the land surface is 13.9%, which is significantly greater than 
that of 3.9% and 2.4% on the ocean and island surfaces. Our measurements fit well with 
those previously reported [5,6]. They showed that the marine air below 50 m is mostly in 
an unstable condition compared to the stability above, inferring the presence of an internal 
marine boundary layer. Additionally, it is expected that the stable conditions over off-
shore tower are mainly coming from the land. 

6.2. Spectra Analysis 
Atmospheric energy spectrum means the distribution of atmospheric energy with 

frequency. Energy spectrum analysis can intuitively reflect the composition scale of en-
ergy. Figure 6 and Figure 7 show the consecutive 1 h average power spectrum and cospec-
tra of the along-wind velocity during typhoons, respectively. The black line and the ma-
genta line stand for the results over sea and on the island, respectively. Other color lines 
denote the results at different heights on land. The measurements over sea, on the island, 
and on land (40 m) with similar wind speed are selected. Those at different heights on 
land use the same time period measurements. 

Fr
eq

ue
nc

y 
of

 O
cc

ur
re

nc
e 

(%
)

Figure 5. The percentage of occurrence of the dimensionless stability parameter ζ = z/L (a) at
the tower over sea, (b) at the tower on the island, and (c) at the tower on land. The value of
z/L < −1 indicates extremely unstable; −1 < z/L < −0.6, very unstable; −0.6 < z/L < −0.2, unstable;
−0.2 < z/L < −0.02, weakly unstable; −0.02 < z/L < 0.02, nearly neutral; 0.02 < z/L < 0.2, weakly
stable; 0.2 < z/L < 0.6, stable; 0.6 < z/L < 1, very stable; z/L > 1, extremely stable.

Table 2. Stability classification method same as Sorbjan and Grachev [28].

Stability Class ζ Stability Class ζ Stability Class ζ

extremely unstable ζ < −1 weakly unstable −0.2 < ζ < −0.02 stable 0.2 < ζ < 0.6
very unstable −1 < ζ < −0.6 nearly neutral −0.02 < ζ < 0.02 very stable 0.6 < ζ < 1

unstable −0.6 < ζ < −0.2 weakly stable 0.02 < ζ < 0.2 extremely stable ζ > 1

Figure 5 illustrates that the unstable condition dominates on the ocean surface, the
proportions of unstable and stable conditions are nearly the same on the island surface,
and the stable condition dominates on the land surface. The proportions of near-neutral
conditions of 6.4~7.0% are close on the three surfaces. The unstable conditions are 72.7%,
41.4%, and 23.0% on the ocean, on the island, and on the land surface, respectively. The
stable conditions are 20.3%, 51.9%, and 70.6% on the ocean, on the island, and on the
land surface, respectively. The total percentage of occurrence of extremely unstable and
extremely stable conditions on the land surface is 13.9%, which is significantly greater than
that of 3.9% and 2.4% on the ocean and island surfaces. Our measurements fit well with
those previously reported [5,6]. They showed that the marine air below 50 m is mostly in
an unstable condition compared to the stability above, inferring the presence of an internal
marine boundary layer. Additionally, it is expected that the stable conditions over offshore
tower are mainly coming from the land.

6.2. Spectra Analysis

Atmospheric energy spectrum means the distribution of atmospheric energy with
frequency. Energy spectrum analysis can intuitively reflect the composition scale of energy.
Figures 6 and 7 show the consecutive 1 h average power spectrum and cospectra of the
along-wind velocity during typhoons, respectively. The black line and the magenta line
stand for the results over sea and on the island, respectively. Other color lines denote the
results at different heights on land. The measurements over sea, on the island, and on land
(40 m) with similar wind speed are selected. Those at different heights on land use the
same time period measurements.
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Figure 6. The power spectral density of the along-wind velocity during typhoons. The different color
lines represent the measurements in different environments. The yellow, green, red, and blue lines
show the measurements collected at the tower on land at 8:00 on 23 August 2017 during Typhoon
Hato. The magenta line stands for the measurements collected at the tower on the island at 14:00 on
21 July 2017 during Typhoon Chanthu. The black line shows the measurements collected at the tower
over sea at 23:00 on 28 September 2011 during Typhoon Nesat. The black lines are the 5/3 slope.
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Figures 6 and 7 show the very similar shape of the power spectral and cospectral
density of the along-wind velocity over sea and on the island. Those spectral shapes
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at different heights on land also show almost overlapping curves. That means that the
different wind speeds (different observation heights) do not affect the distribution shape
of the spectrum. Figure 6 confirms the robust canonical shape of Kolmogorov’s power
law with the −5/3 slope, and the inertial subrange at high frequency can be resolved. The
turbulent energy on land is considerably higher than those over sea (island). Figure 7 shows
that the cospectra on land are more peaked than those over sea (island) in low frequency,
in accord with previous results reported [4,8].

Note, the spectra and cospectra of cross-wind velocity and vertical-wind velocity are
also plotted and the similar characteristics are depicted (not shown).

6.3. Friction Velocity, Turbulent Kinetic Energy, and Dissipative Heating

Bi et al. [18] have demonstrated that the relationships between turbulent variables
(friction velocity) and wind speed do not exhibit a systematic variation with heights. So,
we combined the observations at different heights and performed a composite analysis on
the tower over sea and those on the tower on the island, respectively.

Friction velocity (u∗) is a key turbulence parameter to represent the overturning
velocity of energy-containing eddies. Figure 8 shows u∗ as a function of u10. Figure 8 depicts
that u∗ increases with increasing u10 whether over sea, on the island, or on land. The values
of u∗ collected on both the tower over sea and the tower on the island have similar patterns.
The increasing rate of u∗ over sea (island) slows down when u10 > 18 m s−1. The values of
u∗ collected at different heights on land have similar patterns. The values of u∗ on land are
much larger than those over sea. The cyan right-pointing triangle symbols are previous
measurements on the Donghai island. The tower is 2.3 km inland from the coast line and
is surrounded by farmland, woodland, and residential areas [29]. The measurements on
the Donghai island are higher (lower) than those over sea (on land). This shows that u∗ is
higher on rougher surfaces.
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Figure 8. The values of the friction velocity (u∗) as a function of u10 during typhoon events. The
symbols and bars represent the median values and interquartile ranges, respectively. The u10 bin size
is 5 m s−1. The red pentagram symbols denote the observations from the tower over sea. The black
up-pointing triangle symbols denote the observations from the tower on island. Other color symbols
show the observations from the tower on land at different heights. Moreover, the cyan right-pointing
triangles shown for comparison represent the data points reported in Ming and Zhang [29].

Turbulent kinetic energy (TKE) is a measure of turbulence intensity. It explains the
generation, maintenance, and dissipation of turbulence. Figure 9 shows the TKE as a
function of u10. Figure 9 depicts that TKE increases with increasing u10 whether over sea,
on the island, or on land. The values of TKE collected on both the tower over sea and
the tower on the island have similar patterns. The values of TKE collected at different
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heights on land have similar patterns. The major difference between those over sea (island)
and those on land is the increasing rate of TKE with u10. The TKE derived from the land
increases quickly. When u10 < 10 m s−1, the values of TKE over sea (island) are really small,
far less than those on land. Similar to u∗, the measurements of TKE on the Donghai island
are higher (lower) than those over sea (on land). This shows that the TKE is higher on
rougher surfaces.

Atmosphere 2022, 13, x FOR PEER REVIEW 11 of 15 
 

 

Turbulent kinetic energy (𝑇𝐾𝐸) is a measure of turbulence intensity. It explains the 
generation, maintenance, and dissipation of turbulence. Figure 9 shows the 𝑇𝐾𝐸  as a 
function of 𝑢 . Figure 9 depicts that 𝑇𝐾𝐸 increases with increasing 𝑢  whether over 
sea, on the island, or on land. The values of 𝑇𝐾𝐸 collected on both the tower over sea and 
the tower on the island have similar patterns. The values of 𝑇𝐾𝐸 collected at different 
heights on land have similar patterns. The major difference between those over sea (island) 
and those on land is the increasing rate of 𝑇𝐾𝐸 with 𝑢 . The 𝑇𝐾𝐸 derived from the land 
increases quickly. When 𝑢  < 10 m s−1, the values of 𝑇𝐾𝐸 over sea (island) are really 
small, far less than those on land. Similar to 𝑢∗, the measurements of 𝑇𝐾𝐸 on the Don-
ghai island are higher (lower) than those over sea (on land). This shows that the 𝑇𝐾𝐸 is 
higher on rougher surfaces. 

 
Figure 9. The same as Figure 8 except for the turbulent kinetic energy (𝑇𝐾𝐸) as a function of 𝑢 . 

Dissipative heating (𝐷𝐻) is an important source of energy for typhoon development 
and intensification [21]. Most of the energy is dissipated through the molecular process in 
the air–sea (air–land) interaction, while a small part of the energy is returned to the at-
mosphere through dissipative heating. Figure 10 shows 𝐷𝐻 as a function of 𝑢 . Figure 
10 depicts that the 𝐷𝐻 increases with 𝑢  in much the same manner as the turbulent ki-
netic energy (𝑇𝐾𝐸). The values of 𝐷𝐻 increase with increasing 𝑢  and those on land are 
much larger than those over sea (island). The values of 𝐷𝐻 at the heights of 160 m and 
320 m are obviously larger than those at the heights of 10 m and 40 m on land. Figure 10 
shows that 𝐷𝐻 is up to 40 W m−2 over sea (island) when 𝑢  ≈ 30 m s−1 and 𝐷𝐻 is up to 
30 W m−2 on land when 𝑢  ≈ 10 m s−1. The result over sea is actually consistent with pre-
vious studies [30]. Similar to 𝑢∗ and 𝑇𝐾𝐸, the measurements of 𝐷𝐻 on the Donghai is-
land are higher (lower) than those over sea (on land). This shows that the 𝐷𝐻 is higher 
on rougher surfaces. 

TK
E 

(m
2 s−

2 )

Figure 9. The same as Figure 8 except for the turbulent kinetic energy (TKE) as a function of u10.

Dissipative heating (DH) is an important source of energy for typhoon development
and intensification [21]. Most of the energy is dissipated through the molecular process in the
air–sea (air–land) interaction, while a small part of the energy is returned to the atmosphere
through dissipative heating. Figure 10 shows DH as a function of u10. Figure 10 depicts that
the DH increases with u10 in much the same manner as the turbulent kinetic energy (TKE).
The values of DH increase with increasing u10 and those on land are much larger than those
over sea (island). The values of DH at the heights of 160 m and 320 m are obviously larger than
those at the heights of 10 m and 40 m on land. Figure 10 shows that DH is up to 40 W m−2 over
sea (island) when u10 ≈ 30 m s−1 and DH is up to 30 W m−2 on land when u10 ≈ 10 m s−1.
The result over sea is actually consistent with previous studies [30]. Similar to u∗ and TKE, the
measurements of DH on the Donghai island are higher (lower) than those over sea (on land).
This shows that the DH is higher on rougher surfaces.
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Figure 10. The same as Figure 8 except for the dissipative heating (DH) as a function of 10 m wind
speed (u10).
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6.4. Gust Factor

Gust is the instantaneous wind speed, which is higher with larger fluctuations com-
pared with the average wind speed. It is closely related to wind energy applications,
aviation security, as well as damage to buildings and forests, etc. [23]. As described above,
gust factor establishes the relationship between gust and average wind speed. Figure 11
shows the distribution probability of GFu. Previous studies have shown that gust factor is
sensitive to surface roughness and turbulent intensity [1,7]. Figure 11 shows that the width
of the distributions of GFu over sea and on the island are similar. The distribution shapes
of GFu on different underlying surfaces and at different heights on land are very different.
The distributions widen and shift higher on land. The distributions at heights of 10 m and
40 m are biased to higher values than those at heights of 160 m and 320 m on land. The
heights of 160 m and 320 m are above the surface layer.
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time T = 10 min.

7. Conclusions and Discussions

Based on the 10 Hz high-frequency turbulent measurements collected over different
underlying surfaces during seven typhoons, atmospheric stability, turbulent spectrum,
friction velocity, turbulent kinetic energy, dissipative heating, and gust factor are compared
here. The towers over sea and on the island are placed in areas of 15 m and 10 m water
depths along a shore-normal line, 6.5 km and 4.5 km offshore, respectively. The tower on
land stands in a reservoir 10 km away from the coastline and is about 290 km away from
the towers over sea (island). The turbulent variables studied here show a similar shape
over sea and on the island. The size of the island is really small and observation heights
are 40 m and 60 m, which makes the fetch of measurements mainly coming from the sea
surface. Actually, the footprint analysis in our previous work also supports this inference
that the measurements of turbulence during typhoons on the island mainly represent the
sea surface [18]. The turbulent variables at 160 m and 320 m are different from those at
10 m and 40 m on land. This is probably because 160 m and 320 m are above the surface
layer, so different turbulent characteristics shown there.

The turbulent characteristics are very different over sea and on land because of the
different underlying surface roughness; land surface is rougher than sea surface. The
turbulent variables on land are larger than those over sea at the same wind speed. The
unstable condition dominates on the ocean surface, the proportions of unstable and stable
conditions are nearly the same on the island surface, and the stable condition dominates on
the land surface. This is similar to previous results [5,6] and reveals a little influence of the
island on the measurements on the island still exists; spectral analysis confirms the robust
canonical shape of Kolmogorov’s power law with the−5/3 slope, and the inertial subrange
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at high frequency can be resolved. The turbulent energy on land is considerably higher
than that over sea. The cospectra on land are more peaked than those over sea; all of the
friction velocity, turbulent kinetic energy, and dissipative heating increase with increasing
10 m wind speed and those on land are much larger than those over sea. The distributions
of gust factors widen and shift higher on land than those over sea. The distributions of
gust factors at heights of 10 m and 40 m are biased to higher values than those at heights of
160 m and 320 m on land.

Although still limited, the results reveal some discrepancies of turbulent characteristics
over sea and on land during typhoons. More measurements and analysis are needed to
confirm the findings.
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