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Wind observations from amulti-level observation tower are used to estimate the dissipative
heating (DH) in three landfalling typhoons. The observations reveal the presence of a stress
internal boundary layer (IBL) in the typhoon circulations. The integrated DH values increase
with increasing wind speed above the IBL. The integrated DH calculated with the turbulent
spectra method increases more rapidly with increasing wind speed than that estimated
with the theoretical method. However, the integrated DH estimated using the theoretical
method is significantly smaller than that calculated with the turbulent spectra method
because dissipative rates with the turbulent spectra method are much larger above
the IBL.
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INTRODUCTION

In the presence of friction, viscous dissipation of kinetic energy comes about through molecular
processes, and frictional dissipation is expected to furnish tropical cyclones (TCs) with
thermodynamic energy. However, in early theoretical frameworks and numerical simulations
regarding TC development, the role of dissipative heating (DH) was regularly neglected. For
instance, the effect of DH was not considered within the Carnot heat engine mechanism for
TCs (Emanuel, 1986).

Recently, an increasing body of studies has documented the importance of DH to TC intensity in
numerical modeling. Bister and Emanuel (1998) conducted idealized numerical experiments using a
nonhydrostatic model to show that, when DH was included, the maximum surface wind speed of
TCs increased by 25%, and the central minimum pressure dropped by 40%. Other numerical
experiments also indicated that DH has a significant influence on the intensity and structure of TCs
(Zhang and Altshuler, 1999; Jin et al., 2007; Cheng et al., 2012), and they showed consistent
amplification of maximum TC intensity with the inclusion of DH. However, Kieu (2015) believed
that about 10–30% of the work done by friction would be transferred to the ocean surface waves and
ocean mixing layer. Therefore, the hypothesis of Bister and Emanuel (BE) that all the work done by
friction is converted into dissipative heating within the boundary layer is likely unreasonable, and the
magnitude of DH within the atmospheric boundary layer tended to be overestimated. In addition,
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the inclusion of DH tends to make the surface sensible heat flux
less positive, which results in a subtle reduction of maximum
wind velocity of TCs (Edwards, 2019).

Several studies have estimated DH values based on a variety of
observations. For example, Zhang (2010) reckoned the
magnitude of DH in the boundary layer in North Atlantic
hurricanes using in situ aircraft observations. He found that
the DH values estimated with the product of the cubic of the
surface wind speed and the drag coefficient, as utilized in BE,
significantly exceed the DH values computed by integrating the
dissipation rate (i.e., the turbulent spectra method). Zhang et al.
(2011) further estimated the DH during TC landfalls using data
from portable weather stations, indicating a significant
overestimation of DH by the BE method. Ming and Zhang
(2018) employed observations from two towers to compare
DH evaluations of landfalling typhoons moving over different
underlying surfaces. They also found that the surface-layer theory
(namely BE method) overestimated the magnitude of DH in
contrast to the spectra method. Additionally, the overestimation
of DH by the BE method tended to be less over land than over
shallow waters.

It is noted that the limited observational studies mainly
directly estimated DH within TCs at different near-surface
heights. For instance, Zhang (2010) and Zhang et al. (2011)
investigated DH at z = 10 m over water and land, respectively. By
contrast, Ming and Zhang (2018) compared DH in TCs at two
close observational heights (i.e., 60 and 70 m) in two towers, one
located offshore and the other located on the land near the
coastline. For landfalling TCs, when the TC boundary layer is
advected over a boundary with varying surface conditions, the
near-surface portion of the flow profile significantly changes. The
region of the boundary layer adjacent to the surface influenced by
these changes, named the internal boundary layer (IBL), can
develop (Garratt, 1990; Garratt, 1992). Several studies have
documented DH characteristics within the TC IBL (Zhang
et al., 2011). However, an unsettled question is what DH
properties in landfalling TCs are above the IBL. To address
this question, we will estimate integrated DH during typhoon

landfalls above the IBL in this study, using observations from a
multi-level observation tower. In section 2, the data and analysis
methods used will be briefly introduced. Then, the results will be
presented in section 3, and the main findings will be summarized
in the last section.

DATA AND ANALYSIS METHODS

Typhoons Lionrock, Fanapi, and Megi
In the current study, the DH of TCs Lionrock, Fanapi, and Megi
in 2010 will be estimated during their landfalls in China.
According to the China Meteorological Administration best-
track data (Ying et al., 2014), Lionrock formed in the eastern
South China Sea, followed by poleward movement and then a
cyclonic meandering in the track (Figure 1). It made landfall at
Zhangpu, Fujian Province, around 2300 UTC 1 September 2010,
with a minimum central pressure of 990 hPa. Super Typhoon
Fanapi formed on 16 September 2010, approximately 920 km
southeast of Taiwan Island. Afterward, it tracked northwestward,
followed by a cyclonic turning. Fanapi made its first landfall at
Hualien, Taiwan, around 0100 UTC 19 September 2010, before
which it had attained a minimum central pressure of 935 hPa.
Continuously Moving westward, Fanapi made its second landfall
at Zhangpu, Fujian Province, near 2300 UTC 19 September
(Figure 1), with an observed maximum surface wind of
35 m s−1. Super Typhoon Megi was the most intense TC in the
world in 2010, forming on 13 October 2010, approximately
410 km southwest of Guam. It persistently moved
northwestward to the east of the Philippines after genesis.
Whereafter, Megi progressed west-southwestward and
intensified with a minimum central pressure of 895 hPa before
making its first landfall at the northeast coast of Luzon Island near
0300 UTC 18 October. As Megi entered the east South China Sea,
its track sharply turned northward (Figure 1). Around 0500 UTC
23 October, this typhoon made its second landfall at Zhangpu,
Fujian Province (Figure 1). Because the three TCs made landfall
in the vicinity of Zhangpu, Fujian Province, in the 2010 typhoon

FIGURE 1 | (A) Tracks of Lionrock (green curve), Fanapi (blue curve), and Megi (purple curve). Dots show the storm center positions every 6 h, with the minimum
central pressure indicated with colors. The time analyzed is the time encompassed between the two short crosses on each track. The site of the observational tower is
indicated by the black triangle. An enlarged view of the tower position is also present in the upper-left corne. (B) The ground environment surrounding the tower, with the
light green sector symbol marking the tower location.
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season, we have a decent chance to evaluate the DH traits
associated with the TC landfalls using observations from the
same tower.

Wind Data From the Tower Observations
The data used in this study are obtained from a multi-level
weather tower placed in Chihu Town, Zhangpu, Fujian
Province, China, at the 24.036°N latitude and 117.897°E
longitude (Figure 1A). The minimal distance of the tower
from the coastline is about 150 m (Figure 2B), and it lies
29 m above sea level. The surface around the tower is mainly
rubble soil with scattered shrubs. WindMaster Pro 3D supersonic
anemometers manufactured by British Gill are fitted at 27-, 43-,
60-, and 82-m heights. Correspondingly, the tower’s four
observational heights are 56, 72, 89, and 111 m above sea
level. The sampling frequency for the three-dimensional wind

speed is 20 Hz. Quality control for the three-dimensional wind
fields is conducted using a spectral analysis method following
Zhang et al. (2009) and Ming and Zhang (2018). This data has
been utilized to examine the near-surface turbulent cascade
features (Tang et al., 2015) and vertical eddy diffusivity and
mixing length in the TC boundary layer (Tang et al., 2018).

In this study, we put the spotlight on the wind observations of
Lionrock from 1600 UTC 1 September to 0600 on 2 September,
Fanapi from 1200 UTC 19 September to 1200 UTC 20 September,
and Megi from 0200 UTC 20 October to 1400 UTC 23 October
2010 (Figure 1A). These periods are chosen when the horizontal
wind velocities averaged in 10 min are above 10 m s−1 at the four
observational heights. Figure 2A shows that the 10-min averaged
wind velocities of Typhoon Lionrock gradually increased as the
system approached the tower, peaking around 0630 UTC 2
September 2010 and followed by a gradual decrease in speed.

FIGURE 2 | Time series of the 10-min averages of wind velocity observed with the tower in Typhoon (A) Lionrock from 11 to 14 UTC 2 September, (B) Fanapi from
20 UTC 19 to 20 UTC 20 September, and (C)Megi from 10 UTC 20 to 22 UTC 23 October 2010. The blue, orange, green, and red curves represent the averaged wind
speed at z = 56, 72, 89, and 111 m, respectively.
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Similar wind speed evolution was observed in Typhoon Fanapi,
with the maximum averaged wind speed occurring when the TC
center neared the tower around 1500 UTC 20 September 2010
(Figure 2B). The maximum wind speed observed by the tower
was greater than 30 m s−1 in Typhoon Megi near 1100 UTC 23
October 2010 (Figure 2C), and it rapidly weakened afterward due
to the proximity of the eye.

An IBL can appear in an area of horizontal advection across a
discontinuity in varying surface properties (Deaves, 1981;
Garratt, 1990). In particular, the IBL should continue to
deepen until its depth has adjusted to the underlying surface,
dependent on the surface roughness (Savelyev and Taylor, 2015).
IBL development was frequently observed at landfalls of TCs,
particularly in the land-water transition (Powell, 1982; Knupp
et al., 2006; Hirth et al., 2012). Regardless of mesoscale effects,
neutral static stability is widely considered to dominate the TC
boundary layer (Kepert, 2012), and the velocity IBL height (hVIBL)
can be estimated as

hVIBL � cZR(X

ZR
)

0.8

, (1)

where ZR denotes the roughness length, c is a stability
constant generally valued at 0.28 for a statistically neutral
environment (Simiu and Scanlan, 1996; Wood, 1982), and X
indicates the downstream distance. As indicated in Fang et al.
(2018), a ZR value of 0.05 m is selected for the surface featured
by rubble soil with scattered shrubs, and a maximum land
fetch is about 400 m for onshore winds. Thus, a hVIBL value
approximates to be 18.56 m at this land fetch. Moreover, prior
studies have revealed that the stress IBL height (hSIBL)

approximately doubles hVIBL (Rao et al., 1974; Garratt,
1990). Correspondingly, hSIBL is ~37.1 m near the tower
(Fang et al., 2018), implying that the surface likely has a
striking effect on the local stress above the first observational
height but below the second height of the tower. Therefore,
given the stress IBL, we limit our focus to the DH properties
from the second to the fourth levels that lie in a constant
flux layer.

Figures 3A–C show the wind speed spectra of three-
dimensional wind speeds at z = 72 m for one good flux run
in Typhoon Fanapi, which is displayed in the log-log plots of
frequency. The spectrum patterns conform to the -5/3 slope of
Kolmogorov (1941) power law. Correspondingly, the
cospectra and cumulative summations of cospectra of the
flux run are shown in Figures 2D,E, respectively. A good
flux run approaches a constant value in both high and low
frequencies, which represents stationarity. Such a scenario
can be confirmed by the flatness near the high- and low-
frequency tails from 0.001 to 10 Hz in Figure 2E. Lastly, 106,
116, and 111 good flux runs are validated at the 72-, 89-,
and 111-m observational heights, respectively, for the
three TCs.

Estimation Methods for Dissipative Heating
As noted in the introduction, two methods have usually been
used to estimate DH values associated with TCs. One is
proposed by Bister and Emanuel (1998), hereafter referred
to as the BE method. In the BE method, DH is estimated by
calculating the momentum flux and drag coefficient.
According to the eddy correlation method, the momentum
flux (τ̂) is defined as:

FIGURE 3 | (A–C) Plots of the power spectra for the three-dimensional wind velocities at z = 72 m from a good flux run of Typhoon Fanapi. The orange lines
represent the -5/3 slope. Plots of the (D) cospectra and (E) cumulative summations of cospectra of along-wind momentum flux from this good flux run.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8339944

Zhou et al. Dissipative Heating in Tropical Cyclones

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


τ̂ � ρ( − w′u′̂i − w′v′ĵ), (2)

where u’, v’, and w’ represent the turbulent fluctuations of
longitudinal, lateral, and vertical components of wind speed,
and the overbar represents 10-min averaging. ρ is the air
density. The momentum flux magnitude in the surface layer
can be calculated as follows:

τ � ρup2 � ρCdU
2, (3)

where up represents the friction velocity, U is the average
horizontal wind speed at the given height, and Cd is the drag
coefficient. Therefore, the friction velocity can be defined as

u* � (|τ̂|
ρ
)

1/2

. (4)

Additionally, shear production is assumed to balance
dissipation as heat in a weak wind environment (Businger and
Businger, 2001). Based on the Monin-Obukhov similarity theory
(Monin and Obukhov, 1954), shear production can be estimated
using up. The dissipation term (ε) can, therefore, be computed by

ε � up3

κz
, (5)

where κ is the Von Kármán constant and equals 0.4.
In the absence of an IBL, DH can be calculated by vertically

integrating the dissipation rate and can be expressed by

DH � ρ�εZ1 � ρ
up3

κ
ln(Z1

ZR
), (6)

where Z1 is the observational height and the overbar represents
the average value.

However, given the stress IBL in the tower site, it is difficult to
directly apply Eq. 6 to calculate DH at the observational levels
because when the up values within the IBL exceed approximately
0.4 m s−1 they are much larger than those above the IBL (Fang

et al., 2018). Therefore, the ε magnitudes estimated by Eq. 5 are
significantly larger at z = 56 m than at the upper levels (Figures
4A,B). Nevertheless, we can estimate the integrated DH between
two levels (for example, at Z1 and Z2) above the stress IBL but in
the surface layer as follows:

ρ
up3

κ
ln(Z2

Z1
) � ρup2U(Z2) − ρup2U(Z1), (7)

if ε decreases linearly with height. Here, based on the Monin-
Obukhov similarity theory, the difference in wind speed (U)
between the two layers is

U(Z2) − U(Z1) � up

κ
ln(Z2

Z1
). (8)

Figure 4B shows that the mean ε value regarding the sets of
concurrent good runs at all the heights indeed decreases with
height approximately in a linear manner. Thus, Eq. 7 may be
applied herein to assess the integrated DH within the constant
flux layer.

The other method for the DH estimation is to directly estimate
the dissipation rate of turbulence by spectral analysis and
vertically integrating the dissipation rate. According to Zhang
(2010) and Ming and Zhang (2018), ε can be estimated from the
spectral density of the longitudinal velocity whose spectra show a
f−5/3 power law, and given by

ε � α−3/2
u

2πf
U

[fSuu(f)]3/2, (9)

where αu is the one-dimensional Kolmogorov constant, being
generally equal to 0.5 (Sreenivasan, 1995), Suu is the power
spectral density of horizontal wind speed, and f is the
frequency. Note that using the direct method involves
satisfying an assumption that ε is constant with height.
Figures 4A,B show the ε properties calculated by Eq. 9 for all
the good run samples and the simultaneous samples at the four
observations levels, respectively. The ε values are statistically
significantly larger at the first observational level (z = 56 m)

FIGURE 4 | Boxplots of the dissipative rates at the four observational levels using (A) all the good runs and (B) good runs coexisting at all the levels at a given time
[with the lower and upper quartiles as the lower and upper limits of the box, respectively; the median (line in the box); the mean (triangles), and outliers (black circles)]. Blue
and red colors indicate the BE and turbulent spectra methods, respectively.
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than at upper levels (Figures 4A,B). Additionally, there are no
significant differences in the εmagnitude between the three levels
above (at the 95% confidence level based on the permutation test).
This result further suggests that the first observational level
resides likely within the IBL. Therefore, based on the turbulent
spectra method, the integrated DH between two levels above the
stress IBL but within the surface layer can be given by

ρ∫Z2

Z1

εdz � ρ�ε(Z2 − Z1), (10)

with ε being estimated by Eq. 9. Furthermore, Figure 4 also shows
that the mean ε values calculated by the theoretical method are
less than those directly estimated by the turbulent spectra method
at each level.

As noted in previous studies, there are apparent differences in
the BE and turbulent spectra methods for estimating the DH
value. The former assumes that frictionally dissipated kinetic
energy is wholly converted to heat, while the latter directly
measures DH considering the turbulent flow characteristics.

RESULTS

As introduced above, the DH estimation with the BE method first
involves the computation of friction velocity and the drag

coefficient. Figure 5A portrays the friction velocities measured
from the tower observations versus mean wind speed. We can see
that the bin-averaged friction velocities tend to linearly increase
with wind speed when the wind speed is lower than 25 m s−1,
whereas those at z = 54, 89, and 111 m level off at wind speeds of
25 m s−1 (Figure 5A). This result is slightly smaller than that in
Zhao et al. (2015), which indicated that the wind speed threshold
for friction velocity level-off was between 26 and 30 m s−1.

Figure 5B shows the drag coefficient as a function of wind
speed at different levels. Not surprisingly, at the lowest level (z
= 56 m), the drag coefficient values are the largest when the
wind velocity is smaller than 25 m s−1. The averaged drag
coefficient values range between 0.001 and 0.0015, close to
prior results over shallow water (Zhao et al., 2015; Ming and
Zhang, 2018). Previous studies indicated that the magnitude
of the drag coefficient tended to increase with increasing wind
speed when the speed was lower than the critical value (Powell
et al., 2003; Jarosz et al., 2007; Holthuijsen et al., 2012).
However, such a tendency is not captured at z = 56 m,
likely because of the limited samples at lower wind speed
(Figure 5B). The drag coefficient values go down as the
altitude rises (e.g., z = 72 and 89 m). At these two levels,
the drag coefficients increase with increasing wind speed. In
particular, the estimated drag coefficient value at z = 89 m
turns to lower when the wind speed exceeds 25 m s−1,
indicative of saturation of the drag coefficient.

FIGURE 5 | Plots of (A) the friction velocity, (B) drag coefficients, and (C) dissipative rates estimated with the BE method and (D) turbulent spectra method as a
function of the mean wind speed. The blue, orange, green, and red solid lines with error bars indicate the bin-averaged values of the two variables at z = 56, 72, 89, and
111 m, respectively. The error bars represent the 95% confidence interval.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8339946

Zhou et al. Dissipative Heating in Tropical Cyclones

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Figure 5C depicts the dissipative rates estimated by Eq. 5 as a
function of the mean wind speed. The dissipative rates estimated
by the theoretical method tend to increase with increasing wind
speed as the wind velocity is smaller than 25 m s−1, consistent
with the finding in Zhang (2010). According to Eq. 5, the
dissipative rate is predicted to be a smaller magnitude at a
higher level. This pattern can be reflected by the bin-averaged
values in Figure 5C, except at z = 89 and 111 m with the wind
velocity around 10 m s−1. In contrast, the dissipative rates directly
estimated by the turbulent spectra method are indicated in
Figure 5D. At the levels above the stress IBL, the differences
in the mean dissipative rates are minimal when the wind speed is
less than 20 m s−1, and they subtly increase when the wind speed
exceeds 20 m s−1. Nevertheless, the variation of the dissipative
rates with height seems smaller than implied in the BE approach.

In addition, a comparison of Figures 5C,D further suggests that
the mean dissipative rates estimated by shear production are
smaller at relatively high wind speeds than those estimated by the
turbulent spectra method, which is also revealed in Figure 4 and
previous findings over ocean conditions (Zhang, 2010). It is
worth noting that the mean directly-measured dissipative rates
at z = 56 m are 2–3 times those at the upper levels (Figure 5D),
indicating that the stress within IBL indeed greatly reinforces the
local dissipation.

The DH integrated between two levels above the stress IBL,
calculated by the two methods mentioned above as a function of
mean wind speed, is depicted in Figure 6. Note that the samples
with good runs simultaneously identified at both levels are
analyzed. The integrated DH values tend to increase with

FIGURE 6 | Plots of the DH integrated between (A) 72 and 89 m, (B) 89
and 111 m, and (C) 72 and 111 m by the BE method (diagonal-cross
symbols) and turbulent spectra method (solid dots) as a function of the mean
wind speed. The green, orange, and blue colors indicate the results
regarding Lionrock, Fanapi, and Megi, respectively. Note that the samples
with good runs simultaneously identified at both levels are used.

FIGURE 7 | Comparisons between the DH integrated between (A) 72
and 89 m, (B) 89 and 111 m, and (C) 72 and 111 mby the BEmethod and the
turbulent spectra method. The black dashed lines represent the 1:1 ratio, and
the solid green lines represent the least-squares best fit. The relationship
equations and coefficients of determination are also shown. Note that the
samples with good runs simultaneously identified at both levels are used.
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increasing wind velocities. However, when the wind speed is less
than 15 m s−1, the integrated DH increases much slower with
increasing wind speed. The integrated DH estimated by the BE
method tends to be constant when the wind speed is less than
15 m s−1 (Figures 6A–C). When the wind speed is more than
15 m s−1, the integrated DH values significantly increase. Notably,
the integrated DH estimated by the turbulent spectra method
increases much more rapidly with increasing wind speed than
those estimated by the BE method. As a result, the integrated DH
values produced by the two methods gradually bifurcate each
other when the wind velocity is larger than 20 m s−1, particularly
between z = 72 and 111 m (Figure 6C).

Figure 7 further compares the integrated DH values estimated
with the BE method versus the turbulent spectra method for the
good flux runs. In detail, most integrated DH values estimated
with the turbulent spectra method are larger than those estimated
with the BE method (Figures 7A–C), with the integrated DH
estimated with the BE method approximating 1/4–1/3 of the DH
estimated with the turbulent spectra method within the constant
flux layer.

The integrated DH properties above the IBL are further
quantified with the bin-averaged values in Table 1. As noted
above, the integrated DH estimated with the BE method is much
smaller than that estimated with the turbulent spectra method
above the stress IBL. The integrated DH values estimated with
both methods increase with increasing wind speed, and not
surprisingly, they also increase with layer depth for each wind
speed bin. Table 1 indicates that the integrated DH calculated
with the turbulent spectra method grows much more rapidly with
increasing wind speed than that calculated with the theoretical
method. For instance, the mean DH values integrated between z =
89 and 111 mwith the turbulent spectra method (BEmethod) rise
dramatically from 0.39 (0.15) to 1.02 (0.40) Wm−2 for the wind
speed bin increasing from 20 to 25 m s−1.

As pointed out in previous studies, the BE method that
assumes all the work done by friction converted into DH
within the TC boundary layer overestimates DH magnitude
(Zhang, 2010; Zhang et al., 2011; Ming and Zhang, 2018). As
a result, during TC landfalls, the IBL DH estimated using the BE
formula is much larger (even larger than an order of magnitude)
than that estimated using the turbulent spectra method (Zhang
et al., 2011). In the current study, DH properties within the stress
IBL cannot be estimated due to the limited observations within
the IBL. Nevertheless, the multi-level observations from the

coastal tower furnish an opportunity to document the DH
properties integrated between levels above the stress IBL.
Unlike the DH within the IBL, the integrated DH based on
the turbulent spectra method is significantly larger than that
estimated based on the BE method.

SUMMARY

In this paper, wind observations collected from a multi-level
observation tower near the coast are used to estimate the DH
properties above the IBL during the landfalls of three typhoons.
The main interest is quantifying the vertically integrated DH in
landfalling TC conditions. In addition, the integrated DH
estimations based on the BE method and turbulent spectra
method are also made for comparison.

The results demonstrate that, above the stress IBL, the
integrated DH values estimated with the BE method and the
turbulent spectra method increase with increasing wind speed.
Additionally, the integrated DH calculated with the turbulent
spectra method rises more rapidly with increasing wind speed
than that estimated with the BE method. However, the integrated
DH calculated with the BE method is much smaller than that
calculated with the turbulent spectra method, although DH
overestimation based on the BE method has been widely
recognized. The larger integrated DH with the turbulent
spectra method than the BE method is mainly related to
greater dissipative rates estimated using the former above the IBL.

An implication of the tower-based observational study results
here is assessing the numerically modeled DH and surface layer
height in landfalling TC circulation, which may contribute to
improvements in surface layer schemes in numerical modeling of
TCs. However, one of the limitations of the present study is that
the wind speed observed here is under severe tropical storm force.
In a region close to the water, how the complex surface state can
modulate the vertical variation of DH above the IBL requires
further dedicated investigation.
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TABLE 1 | The bin-averaged integrated DH values (W m−2) estimated with the turbulent spectra method and the BE method, with the standard deviations included in
parentheses.

Method Layer Range Wind Speed Bins

10 m s−1 15 m s−1 20 m s−1 25 m s−1 30 m s−1

The BE method 72–89 m 0.04 (0.01) 0.06 (0.01) 0.17 (0.01) 0.41 (0.03)
89–111 m 0.04 (0.01) 0.14 (0.06) 0.15 (0.01) 0.40 (0.03) 0.34 (0.01)
79–111 m 0.11 (0.01) 0.28 (0.25) 0.37 (0.03) 0.86 (0.10) 0.60 (0.09)

The turbulent spectra method 72–89 m 0.13 (0.04) 0.18 (0.01) 0.40 (0.04) 0.92 (0.03)
89–111 m 0.14 (0.01) 0.19 (0.02) 0.39 (0.04) 1.02 (0.04) 1.38 (0.10)
72–111 m 0.37 (0.09) 0.37 (0.04) 0.81 (0.27) 2.06 (0.11) 3.41 (0.85)
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