
1. Introduction
Turbulent processes in tropical cyclones (TCs) theoretically depend on their intensity (e.g., 
Emanuel,  1995,  1997,  2012; Montgomery & Smith,  2014). Horizontal diffusion largely regulates the maxi-
mum intensity, intensification rate, and structure of a storm (Bryan, 2012; Bryan & Rotunno, 2009; Romdhani 
et al., 2022; Zhang & Marks, 2015; Zhang et al., 2018). Vertical diffusion, especially in the hurricane boundary 
layer (HBL), is also a key process for TC intensity and structure variations (e.g., Foster, 2009; Gopalakrishnan 
et  al.,  2013; Li et  al.,  2023; Ma et  al.,  2018; Rotunno & Bryan,  2012; Zhang et  al.,  2020). Different types 
of planetary boundary layer (PBL) schemes with various methods for vertical diffusion parameterizations also 
produce storms with different intensities and structures in numerical simulations (e.g., Braun & Tao, 2000; Chen 
et al., 2021; Kepert, 2012; Nolan et al., 2009; Smith & Thomsen, 2010; Zhu et al., 2014).

Analyses of retrospective forecasts of TCs by the operational Hurricane Weather and Research Forecasting 
(HWRF) model established that the setup of the vertical diffusion in the PBL scheme significantly influences 
storm size, inflow angle, kinematic PBL heights, and distribution of deep convection close to the eyewall region 
(Zhang et al., 2015). Other HWRF simulations suggested that vertical diffusion also affects convective activities 
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and storm size in the outer core region (Bu et al., 2017). These structural differences resulted in different intensity 
forecasts. For instance, the skill of HWRF forecasts of rapidly intensifying storms varied with the magnitude 
of the vertical eddy viscosity in the PBL scheme (J. A. Zhang et al., 2017). Decreasing vertical eddy viscosity 
following observational guidance resulted in faster intensification of a TC and improved the intensity forecasts 
in HWRF. When the eddy viscosity is smaller in HWRF, the simulated TC has a smaller size, stronger inflow, 
larger supergradient wind, larger PBL convergence, and stronger and more symmetric deep convection, which is 
consistent with observed characteristics (Bu et al., 2017; Wang et al., 2018; Zhang & Rogers, 2019). The vertical 
diffusion parameterization also affected the structural evolution of landfalling TCs in HWRF simulations (Zhang 
& Pu, 2017; F. Zhang et al., 2017). Specifically, based on sensitivity numerical simulations, F. Zhang et al. (2017) 
found that strong vertical mixing over land (compared to over the ocean) has a positive impact on numerical 
simulations of hurricanes over land, with improved track, intensity, synoptic flow, and precipitation simulations.

Despite the important role of turbulent diffusion in TC simulations and forecasts, direct observations of turbu-
lent properties are mainly limited to the PBL of the outer core region and near the top of the inflow layer of the 
eyewall region (Zhang, Marks, et al., 2011; Zhang et al., 2009). Observational estimates of both vertical and 
horizontal diffusion in the eyewall region have been reported only by a handful of studies. Analyses of 1 Hz 
flight-level wind data collected by a research aircraft at ∼500 m altitude in two intense hurricanes showed that 
the vertical eddy viscosity increases with the wind speed (Zhang, Marks, et al., 2011). Observational estimation 
of the vertical eddy viscosity near the top of the inflow layer of several typhoons confirmed the increasing trend 
of the eddy viscosity with wind speed (Zhao et al., 2020). Based on high-frequency (40 Hz) aircraft observations 
at different vertical levels in the PBL of the TC outer core region (R = 100–150 km), Zhang and Drennan (2012) 
estimated the vertical eddy diffusivities for momentum, heat and moisture. They found that the eddy diffusivities 
increased with height up to the top of the thermodynamic mixed layer before decreasing with height to the top 
of the inflow layer. Note that recent unmanned aerial vehicle observations collected momentum flux data in the 
TC boundary layer (TCBL) that may provide additional information for turbulent diffusion in the future (Cione 
et al., 2020).

The turbulent structure is often different between surface layer and the outer PBL above the surface layer. Multi-
level towers with fast-response wind sensors provided observations of the vertical eddy viscosity and mixing 
length below 85 m altitude during landfalls of three typhoons (Tang et al., 2018), showing that the vertical eddy 
viscosity weakly increased with the wind speed at all measurement levels. Of note, other studies documented 
observed momentum flux, drag coefficient, and dissipative heating in the near-surface layer of landfalling TCs 
(e.g., Ming & Zhang, 2018; Zhang, Zhu, et al., 2011), despite no assessment of turbulent diffusion.

The present study aims to investigate the characteristics of turbulent momentum transfer over different types of 
underlying surfaces in the PBL of landfalling TCs with a focus on examining the behavior of the eddy viscos-
ity. For the first time, the eddy viscosity will be examined for surface wind speeds >30 m s −1 in the lower PBL 
(<100 m) of TCs under the contrast of ocean to land. The objective of this study is to compare the characteristics 
of turbulence parameters such as momentum flux, turbulent kinetic energy (TKE), dissipation rate, and eddy 
viscosity over land and coastal ocean to identify differences in the TCBL turbulence structure over surfaces with 
different roughness lengths.

2. Data and Analysis Method
High-frequency (10 Hz) wind data were collected by two towers during the landfalls of Typhoon Hagupit (2008) 
and Typhoon Chanthu (2010). Figures 1a and 1b show the storm tracks and tower locations. Details of the life 
cycles of the two typhoons are provided in Ming and Zhang (2018).

Tower 1 was located at 111.374°E, 21.439°N on the Zhizai Island which is separated from the mainland and is 
surrounded by shallow water (Figure 1c), so it is regarded as ocean in this study. The island has an above-water 
area of approximately 90 m × 40 m and is covered by sand and sparse weeds. On the other hand, Tower2 was 
installed close to farmland and residential areas (Figure 1d), which is regarded as land. The surface roughness 
length of two towers is calculated and documented by Ming and Zhang (2018, see their Figure 8), confirming that 
the surface roughness length at the location of Tower2 is much larger than that of Tower1. Fast response (10 Hz) 
sensors for 3D wind velocity and virtual temperature measurements were installed at 60 m height on Tower1 
and at 70 m height on Tower2. The conventional observation systems for total wind speed measurements with a 
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sample rate of 10 min were installed at 10, 20, 40, 60, 80, and 100 m on Tower1 and at 10, 30, 50, 70, and 100 m 
on Tower2. Note that the conventional systems failed at 60 and 80 m in Hagupit and at 50 and 70 m in Chanthu 
during the TC landfall periods.

The 10-min wind speeds during the periods of interest in the two typhoons are shown in Figure 2. The storm 
center of Typhoon Hagupit (2008) was close to Tower1 at 22 UTC on September 23 when the minimum wind 
speed of ∼10 m  s −1 was captured. The observed maximum wind speed at 100 m height by Tower1 reached 
∼50 m s −1 in Typhoon Hagupit when the eyewall passed by the tower (Figure 2a).

The wind speeds at three levels of Tower2 increased with time to a maximum of ∼35 m s −1 at 100 m height when 
the eyewall of Typhoon Chanthu was closest to the tower and then generally decreased with time after the storm 
moved inland (Figure 2b). Both towers observed the general increasing trend of the wind speed with height at a 
given time. Due to the large roughness, the difference of wind speed at different levels is higher in the Typhoon 
Chanthu than that in the Typhoon Hagupit.

Figure 1. Plots of the locations of (a) Tower 1 with the track of Typhoon Hagupit (2008) and (b) Tower 2 with the track of 
Typhoon Chanthu (2010). Plots of the underlying surface conditions around (c) Tower 1 and (d) Tower 2. The blue and red 
colors represent the period we focused on during the two typhoons.

Figure 2. Timeseries of the 10-min wind speed at several levels in (a) Typhoon Hagupit (2008) from 16:00 UTC 23 
September to 00:00 UTC 24 September 2008 (10 m, 20 m, 40 m, and 100 m, unit: m s −1) measured by Tower1 and (b) 
Typhoon Chanthu (2010) from 22:00 UTC 21 July to 10:00 UTC 22 July 2010 measured by Tower2 (10 m, 30 m, and 100 m, 
unit: m s −1).
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The procedures of data processing and quality control followed those in Ming and Zhang (2018). The momentum 
flux is calculated using the standard eddy correlation method in the form of

⃖⃑𝜏𝜏 = −𝜌𝜌
(

𝑢𝑢′𝑤𝑤′⃑𝑖𝑖 + 𝑣𝑣′𝑤𝑤′ ⃖⃑𝑗𝑗
)

, (1)

where ρ, u, v, and w represent the air density, along-wind, cross-wind, and vertical components of the 
three-dimensional wind velocities, respectively. The prime in Equation 1 represents the turbulent fluctuation of a 
variable, and the overbar represents time averaging over a 10 min period.

In a first-order closure PBL scheme, the momentum flux is usually calculated using the vertical eddy viscosity 
(K) and the strain rates as follows

| ⃖⃗𝜏𝜏| = 𝜌𝜌𝜌𝜌

[

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

+

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2
]1∕2

, (2)

where z is the height. The direct method for eddy viscosity estimation is to follow Equation 2 using both the flux 
and strain rates, which gives the following form

𝐾𝐾 =
| ⃖⃗𝜏𝜏|

𝜌𝜌

[

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

+

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2
]−1∕2

. (3)

The turbulent kinetic energy (TKE, e) is calculated using the turbulent fluctuations as

𝑒𝑒 =
1

2

(

𝑢𝑢′2 + 𝑣𝑣′2 +𝑤𝑤′2

)

. (4)

In the surface layer, the vertical eddy viscosity can be derived using the surface friction velocity (u*) and height 
(z) following the Monin-Obukhov similarity theory (MOST), which has the following form

𝐾𝐾1 = 𝑢𝑢∗𝜅𝜅𝜅𝜅∕𝜙𝜙𝜙 (5)

where κ = 0.4, ϕ is the stability function, and u* is defined as

𝑢𝑢∗ =

(

| ⃖⃗𝜏𝜏|

𝜌𝜌

)

1

2

. (6)

Following Donelan (1990), ϕ is a function of the Obukhov length (L) in the form of

𝜙𝜙 =

(

1 − 17
𝑧𝑧

𝐿𝐿

)−
1

4
; when

𝑧𝑧

𝐿𝐿
< 0, (7)

𝜙𝜙 = 1 + 5.4
𝑧𝑧

𝐿𝐿
; when

𝑧𝑧

𝐿𝐿
> 0. (8)

L is defined as

𝐿𝐿 =
−𝑢𝑢3

∗
𝑇𝑇𝑣𝑣

𝜅𝜅𝜅𝜅𝑇𝑇 ′

𝑣𝑣𝑤𝑤′

, (9)

where Tv stands for the virtual temperature, which is measured by the sonic anemometers. The method in Equa-
tion 5 is referred to as the theoretical method of determining K1 hereafter.

In a TKE-type PBL scheme (Holt & Raman, 1988), the effective vertical eddy viscosity (K1) is usually parame-
terized using the TKE and dissipation rate (ε) in the form of

𝐾𝐾2 = 𝑐𝑐1
𝑒𝑒2

𝜀𝜀
, (10)

where c1  =  0.03–0.06 depending on the version of the TKE schemes (Beljaars et  al.,  1987; Detering & 
Etling, 1985). The method following Equation 10 for eddy viscosity calculation is referred to as the TKE method 
hereafter. The dissipation rate can be directly determined using the wind velocity spectrum in the form of
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𝜀𝜀 = 𝛼𝛼
−
3

2

𝑢𝑢

2𝜋𝜋𝜋𝜋

𝑈𝑈
[𝜋𝜋𝑓𝑓𝑢𝑢𝑢𝑢(𝜋𝜋 )]

3

2 , (11)

where αu = 0.5 following Sreenivasan (1995), which is the non-dimensional Kolmogorov constant, U is the mean 
wind speed, f is the frequency and S is the power spectral density. Note that we removed few samples that slightly 
diverge from the Kolmogorov's −5/3 law so that our estimations for the dissipation rate hold. These deviations 
are perhaps due to the unsteady mesoscale forcing that makes the turbulent flow inhomogeneous and anisotropic.

Furthermore, we quantify the random error (R) in the flux calculation following Zhang and Montgomery (2012). 
This error is because a flux run is a finite sample of random processes. The random error is defined as:

𝑅𝑅 =

(

𝜎𝜎𝐹𝐹

𝐹𝐹

)

∕

√

𝑁𝑁𝑁 (12)

where σF and 𝐴𝐴 𝐹𝐹  are the standard deviation and mean of the fluxes and N is 
the total number of the flux runs. The random error is found to be 15.57% 
for Hagupit and 6.69% for Chanthu, which are much smaller than the aircraft 
observations of Zhang and Montgomery (2012).

3. Data Analysis Results
The momentum flux and strain rate are plotted as a function of the mean wind 
speed in Figures 3a and 3b, respectively, for both storms. Both the momen-
tum flux and strain rate show an increasing trend with the mean wind speed. 
However, the magnitudes of these two parameters are much larger in Typhoon 
Chanthu than in Typhoon Hagupit at the same wind speed. Based on the bin 
(5 m s −1) averaged value, the rate of increase of these two parameters with 
wind speed is larger in Typhoon Chanthu than in Typhoon Hagupit as indi-
cated by the slope difference in the lines that connected the averaged values. 
This result indicates that the momentum transport and wind shear are larger 
over rougher surfaces in Typhoon Chanthu than over smoother surfaces in 
Typhoon Hagupit (c.f., Figure  1). Note that as mentioned in the method's 
section, we excluded a few samples (gray symbols in Figure 3), which did 
not follow −5/3 law in the inertial subrange of the energy spectrum, from our 
calculations. Radar reflectivity observations showed that such periods were 
associated with intense rainfall activity in the principal rainbands.

Figure 4 displays the relationship between the vertical eddy diffusivity esti-
mated using the direct method (K) and wind speed for the two TCs. It is 

Figure 3. Plots of (a) momentum flux and (b) strain rate as a function of the mean wind speed at 60 m height in Typhoon 
Hagupit (2008, blue) and at 70 m height in Typhoon Chanthu (2010, red). The solid lines show the bin-averaged momentum 
flux and strain rate, and the error bars represent the 95% confidence interval. The gray markers stand for the data that are 
excluded from the eddy diffusivity calculations according to spectra analysis.

Figure 4. Plots of the vertical eddy diffusivity as a function of the mean wind 
speed using the direct method (K) at 60 m height in Typhoon Hagupit (2008, 
blue) and at 70 m height in Typhoon Chanthu (2010, red). The solid lines show 
the bin-averaged vertical eddy diffusivity estimated from the method, and the 
error bars represent the 95% confidence interval. The gray markers stand for 
the data that are excluded from the eddy diffusivity calculations according to 
spectra analysis.
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evident that the eddy diffusivity generally increases with the mean wind 
speed in both storms. In Typhoon Chanthu, K levels off at wind speeds of 
∼25 m  s −1 up to ∼35 m  s −1 and then increases at higher wind speeds. In 
Typhoon Hagupit, however, K continuously increases with the wind speed 
up to 33 m s −1 before leveling off. This level-off trend and different behav-
iors of K in these two cases need to be revisited when more observations are 
available.

At a given wind speed when there are observations in both storms, K is statis-
tically significantly larger in Typhoon Chanthu than in Typhoon Hagupit. 
This result confirms that the strength of vertical turbulent mixing, as indi-
cated by the eddy diffusivity, is larger over land where the surface roughness 
is larger than over the ocean (see Figure 8 of Ming & Zhang, 2018).

The vertical eddy diffusivity estimated using the theoretical method (K1) also 
shows a general increasing trend with the wind speed for both TCs (Figure 5). 
The level-off and re-increasing trend of K1 in Typhoon Hagupit is captured as 
that of K. It is evident that K1 is larger in Typhoon Chanthu than in Typhoon 
Hagupit at a given wind speed in a similar manner as the direct calculation of 
K. The difference in K1 between the two storms is larger than that in K at a 

given wind speed. The reason for this different behavior of K1 will be discussed later. According to Equation 5, 
K1 is related to the surface friction velocity, height and stability function. Because the height is fixed and the 
stability function is close to 1, K1 mainly depends on the surface friction velocity (u*). Using the log-law, we can 
estimate the ratio of u*,land/u*,ocean = ln(z/z0, ocean)/ln(z/z0, land) ∼2 assuming typical values of z0,ocean = 10 −4 m and 
z0,land = 0.1 m, which are the mean values of the surface roughness length from Tower1 and Tower2, respectively 
following Ming and Zhang (2018). As can be seen from Figure 5, K1,land/K1,ocean has approximately a similar 
ratio. Since the surface friction velocity is the square root of the momentum flux, it is expected to see a similar 
behavior of K1 as K.

The TKE and dissipation rate as a function of the mean wind speed are shown in Figure 6. As expected, the TKE 
generally increases with the wind speed in both TCs in a similar manner as the momentum flux. The TKE is 
much larger in Typhoon Chanthu than in Typhoon Hagupit at the same wind speed (Figure 6a), indicating that the 
turbulence intensity is larger over land than over ocean under the same surface wind regime.

The dissipation rate also increases with the wind speed in both cases (Figure 6b), which is the same as the result 
of Ming and Zhang (2018). The rate of increase of the dissipation rate with wind speed is much larger under high 
wind conditions (>25 m s −1) than at lower wind speeds. The dissipation rate is larger in Typhoon Chanthu than 
in Typhoon Hagupit at the same wind speed (Figure 6b), suggesting that the rougher land surfaces cause larger 
dissipation due to larger surface friction than ocean surfaces.

Figure 5. The same as Figure 4 but for the surface friction velocity method (K1).

Figure 6. Plots of (a) TKE and (b) dissipation rate as a function of the mean wind speed in at 60 m height Typhoon Hagupit 
(2008, blue) and at 70 m height in Typhoon Chanthu (2010, red). The solid lines show the bin-averaged momentum flux and 
strain rate, and the error bars represent the 95% confidence interval. The gray markers stand for the data that are excluded 
from the eddy diffusivity calculations according to spectra analysis.
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Using the TKE method, K2 is very small in Typhoon Chanthu when the scal-
ing coefficient c1 = 0.03–0.006 from the TKE schemes compared to K from 
the direct method (not shown). Thus, the vertical eddy diffusivity estimated 
by the direct method is treated as the true value, and the c1 is calculated with 
the TKE and dissipation rate in both TCs. Note that the mean value of c1 in 
two storms with all data used in the calculation is treated as the scaling coef-
ficient in the TKE method (i.e., for K2 calculation).

Figure 7 shows the relationship between c1 and wind speed in the two storms. 
The small correlation coefficients indicate that c1 and wind speed are gener-
ally independent of each other and thus c1 is not a function of wind speed. 
The mean value of c1 in Typhoon Chanthu (0.133) is much larger than that 
in Typhoon Hagupit (0.048). This result suggests that the constant c1 used in 
the TKE method (Equation 10) may be different over land versus over ocean. 
Figure 7 indicates that c1 in Equation 10 is not a universal coefficient and c1 
in the TKE method should be treated as a different value when the underlying 
surface is different. Over the ocean, c1 should be 0.02–0.12. However, c1 should 
be 0.05–0.4 when the underlying surface is land based on the backward calcula-
tion of this coefficient using K from the direct flux method. The difference in c1 
between land and ocean is due to different influences of surface roughness types 
on TKE and dissipation rate. As a result, c1 increases with the surface roughness.

The vertical eddy diffusivity estimated using the TKE method (K2) using the 
mean values of the observed c1 for each storm based on Figure 7 is shown in 

Figure 8 as a function of wind speed. K2 also generally increases with the mean wind speed in both TCs. The vari-
ation pattern of K2 with wind speed is very similar to that of K and K1 in both storms. The degree of enhancement 
of the dissipation rate by increasing the surface roughness is larger than that of the TKE relative to the values over 
a smooth surface, so that the ratio of TKE and dissipation rate that governs the magnitude of K2 becomes much 
smaller when the surface roughness is large.

The scatter distribution comparing the vertical eddy diffusivity between the direct and theoretical methods 
from the two typhoons is shown in Figure  9. The total least-square-best fit gave the regression relationship 
between K and K1. K1 = 0.6902 K + 9.0794 with a correlation coefficient of 0.87 for Typhoon Hagupit, and 
K1 = 0.5692 K + 12.5078 with a correlation coefficient of 0.85 for Typhoon Chanthu. Furthermore, the regres-
sion relationship between K and K1 using all data of both storms is K1 = 0.9823 K + 3.3942 with a correlation 
coefficient of 0.92. Since the theoretical method is based on surface layer similarity theory, the measurement 

height is assumed to be within surface layer depth. The Monin-Obukhov 
similarity theory holds in both cases according to observed logarithmic wind 
profiles (Ming & Zhang, 2018).

The scatter plot in Figure 10 compares the vertical eddy diffusivity estimated 
using the direct and TKE methods. Interestingly, K2 is mostly larger than K in 
both TCs. The regression equations based on the total least square best fit are 
K2 = 0.5853 K + 4.1505 for Typhoon Hagupit, and K2 = 0.8422 K + 10.8522 
for Typhoon Chanthu, respectively. The regression relationship between K and 
K2 using all data of the two storms is K2 = 0.6023 K + 11.3942. Furthermore, 
the correlation coefficient is 0.354 for Typhoon Hagupit, and 0.521 for Typhoon 
Chanthu, respectively. Note that the correlation coefficient is improved from 
∼0.06 to ∼0.5 using the corrected c1 for both storms. However, the correlation 
coefficient between K2 and K is still smaller than that of K1 versus K. This 
result suggests that the TKE method produces larger variance in the eddy diffu-
sivity estimates than the theoretical method in the TC surface layer.

4. Discussion and Conclusions
Based on the high-frequency wind data collected by multiple-level towers, 
turbulent parameters such as momentum flux, strain rate, TKE, dissipation 

Figure 7. Plots of the constant c1 in the TKE method as a function of the 
mean wind speed in Typhoon Hagupit (2008, blue) and Typhoon Chanthu 
(2010, red). The red and blue solid lines represent the least-square-best fit 
in Chanthu and Hagupit, respectively. The gray markers stand for the data 
that are excluded from the eddy diffusivity calculations according to spectra 
analysis.

Figure 8. The same as Figure 4, but for TKE method (K2) using the mean c1 
for each storm from Figure 7.
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rate and vertical eddy diffusivity are examined during two TC landfalls. The 
results show that all these considered parameters have a general increasing 
trend with the wind speed. The magnitudes of these turbulent properties 
based on direct turbulence and wind observations are much larger over land 
than over the coastal ocean for a given wind speed.

As mentioned earlier, vertical eddy diffusivity plays a vital role in hurri-
cane forecasts and simulations (e.g., Gopalakrishnan et  al.,  2013; Zhang 
et al., 2015; F. Zhang et al., 2017; J. A. Zhang et al., 2017; Zhang & Pu, 2017). 
Our result suggests that the vertical eddy diffusivity has different character-
istics over different roughness under the same surface wind speeds. All three 
methods show that the vertical eddy diffusivity is larger over land than over 
ocean. This result is consistent with observations of eddy diffusivity over 
land comparing estimates from onshore versus offshore (Tang et al., 2018), 
as well as numerical simulations of landfalling TCs (Zhang & Pu, 2017; F. 
Zhang et al., 2017; Momen et al., 2021).

The difference in vertical eddy diffusivity with different underlying surfaces 
in the boundary layer scheme should be considered in TC models. To show 
the significance of the surface roughness impacts on hurricane dynamics, we 
modified the vertical mixing strength within the NCEP HWRF system. We 
carried out a control run with the default HWRF and another simulation by 
multiplying a factor of 1.89 based on the tower observations to the vertical eddy 
diffusivity in the PBL scheme over land. Details of the model setup are shown 
in Supporting Information S1 (Text S1). Results of a sensitivity experiment that 
test the effects of the modified eddy diffusivity on the structure and intensity 

of Hurricane Dennis (2015) are also shown in S1. Enhancement of the vertical eddy diffusivity overland in HWRF 
led to improvements in the track and intensity of Hurricane Dennis (Figure S1 in Supporting Information S1). 
Increasing the vertical eddy diffusivity induces smaller boundary layer inflow, smaller convergence, smaller agra-
dient force, and less radial advection of absolute angular momentum at the eyewall region, which in turn weakens 
the storm more rapidly than in the unmodified case (Figures S2 and S3 in Supporting Information S1). This chain 

of the physical processes and TC intensity change due to the change of vertical 
eddy diffusivity is consistent with previous studies (e.g., Zhang et al., 2015).

All three methods show that the vertical eddy diffusivity increases with 
the wind speed, which agrees with previous studies (e.g., Tang et al., 2018; 
Zhang & Drennan, 2012; Zhang, Marks, et al., 2011). The degree of change 
of the vertical eddy diffusivity with the wind speed is different when the 
underlying surface roughness is different. When the roughness is larger, the 
vertical eddy diffusivity more quickly increases with the wind speed. Hence, 
the roughness length is suggested to be considered as an additional variable 
in any vertical eddy diffusivity parameterization.

The vertical eddy diffusivity directly estimated using the momentum flux and 
strain rate is compared to that estimated using the friction velocity and height 
based on the Monin-Obukhov similarity theory (MOST). Our result shows that 
the eddy diffusivity based on the direct method is comparable to that based on 
MOST over both ocean and land. Our results agree with Tang et al. (2108). 
Note that Dropsonde and Doppler radar observations in Hurricane Irene (2011) 
showed that the boundary layer jet is deeper over land (Alford et al., 2020) than 
over ocean, implying that the surfaced layer is deeper over land. Since we only 
have one layer flux data, this hypothesis could not be verified using our data. 
Future work is recommended to collect multilevel flux observations to explore 
the evolution of surface layer depth from ocean to land in TCs.

Our results also show the different scaling coefficients should be used in the 
TKE method for parameterizing the vertical eddy diffusivity over ocean and 

Figure 9. Comparisons of vertical eddy diffusivity estimated by the direct 
method and the surface friction velocity method in (a) Typhoon Hagupit 
(2008, blue) and (b) Typhoon Chanthu (2010, red). The gray markers 
stand for the data that are excluded from the eddy diffusivity calculations 
according to spectra analysis. The blue and red solid lines represent the total 
least-square-best fits for Hagupit and Chanthu, respectively. The black dashed 
lines represent a ratio of 1:1, and the black solid lines represent the total 
least-square-best fit using all data (blue, red, and gray).

Figure 10. Comparisons of vertical eddy diffusivity estimated by the direct 
method and the TKE method in (a) Typhoon Hagupit (2008, blue) and (b) 
Typhoon Chanthu (2010, red). The gray markers stand for the data that are 
excluded from the eddy diffusivity calculations according to spectra analysis. 
The blue and red solid lines represent the total least-square-best fits for 
Hagupit and Chanthu, respectively. The black dashed lines represent a ratio of 
1:1, and the black solid lines represent the total least-square-best fit using all 
data (blue, red, and gray).
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land. In fact, we showed that the surface roughness affects the vertical eddy diffusion estimation based on TKE. 
The TKE method with observation-based scaling coefficients improved the correlation with the direct method. 
More observations are needed to further understand how other types of surfaces than those in this study affect 
turbulent mixing during TC landfalls. The underlying mechanisms for turbulence generation and dissipation 
may be explored using high-resolution large eddy simulations that resolve turbulent eddies (e.g., Li et al., 2021; 
Momen et al., 2021). The uniqueness of the data set used in this study is that the observation heights are suffi-
ciently low so that the eddy diffusivities are reasonably well predicted by MOST. Our results suggested that the 
tower data are either in the MOST layer or in the matching layer between the inner (MOST layer) and outer (main 
portion) PBL solutions. Scaling the TKE closures for the MOST/matching layer to converge into the MOST 
scaling will potentially improve the TKE schemes. Future work will focus on finding a condition on the scaling 
parameter (c1) in the TKE closure, and hence an improved model for it, that extends into the outer PBL using 
field observations.

Data Availability Statement
The observed data used in this paper are available on https://box.nju.edu.cn/d/dcbefdd2bcd24446b350/ with a 
password of datajgr for downloading the data. The hurricane field experiment data can be accessed through 
https://www.aoml.noaa.gov/hrd/data_sub/hurr.html. Access to other public datasets used in this study is described 
in Ming and Zhang (2018) that can be obtained from https://doi.org/10.1029/2017JD028076.
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