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Abstract: This study investigated surface layer turbulence characteristics and parameters using 20 Hz
eddy covariance data collected from five heights with winds up to 42.27 m s−1 when Super Typhoon
Maria (2018) made landfall. The dependence of these parameters including eddy diffusivities for
momentum (Km) and heat (Kt), vertical mixing length (Lm), and strain rate (S) on wind speed (un),
height, and radii was examined. The results show that momentum fluxes (τ), turbulent kinetic energy
(TKE), and Km had a parabolic dependence on un at all five heights outside three times the RMW,
the maximum of Km and S increased from the surface to a maximum value at a height of 50 m, and
then decreased with greater heights. However, Km and S were nearly constant with wind and height
within two to three times the RMW from the TC center before landfall. Our results also found the
|τ|, TKE, and Km were larger than over oceanic areas at any given wind, and Km was about one to
two orders of magnitude bigger than Kt. The turbulence characteristic and parameters’ change with
height and radii from the TC center should be accounted for in sub-grid scale physical processes of
momentum fluxes in numerical TC models.

Keywords: turbulent momentum flux; tropical cyclones boundary layer; eddy diffusivity of momen-
tum; eddy diffusivity of heat; vertical mixing length

1. Introduction

Turbulent mixing within the planetary boundary layer (PBL) of tropical cyclones (TCs)
controls the radial and vertical distribution of momentum and enthalpy, consequently,
changes the structure and intensity of TCs [1–4]. A better understanding of turbulent
mixing would improve the accuracy of TC intensity forecasts [5]. Key parameters in PBL
parameterizations are the eddy diffusivities of momentum (Km) and heat (Kt). These
describe turbulent mixing and related fluxes in terms of the vertical gradient of the mean
quantities, which control the feedbacks involving momentum, moisture, and heat between
the surface and atmosphere. Numerical and observational studies have sought to constrain
the turbulent mixing parameterizations in a numerical weather prediction (NWP) model
for forecasting both TC track and intensification events over the ocean [6–16]. For example,
Nolan et al. [17], Kepert [18], and Zhang et al. [19] found that improved estimations of the
eddy diffusivity coefficient in the hurricane boundary layer are beneficial for hurricane
prediction over the ocean. Gopalakrishnan et al. [20] reported that the value of Km controls
the intensity of inflow in the boundary layer of TCs, and its parameterization leads to
diverse solutions, based on analysis of dropwindsonde observations. More observations
are required to improve simulations of hurricane or TC structure, path, and intensity.

Previous observation studies investigating the relationship between the vertical eddy
diffusivities (VED) and wind speed (un) are limited to improving the turbulent mixing param-
eterization for TC forecasting. Based on aircraft observations during the Coupled Boundary
Layer Air–Sea Transfer experiment [21], Zhang and Drennan [5] and Zhang et al. [18] esti-
mated Km as a function of un at an altitude of 450–500 m over the ocean. Zhao et al. [22]
identified a decreasing trend in Km values in high wind conditions (>40 m s−1) at heights of
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500–670 m, using aircraft observations in five hurricanes. Katz and Zhu [23] used observa-
tional data to evaluate surface layer flux parameterizations. Based on flux tower observations,
Tang et al. [24] concluded that Km values in a hurricane PBL are greater when the wind
is blowing from inland than the ocean at un of up to ~30 m s−1 during typhoon landfall.
Zhao et al. [25] analyzed mean wind profiles by a 350-m height flux tower during a typhoon
landfall with un up to ~33 m s–1.

However, due to the difficulties in obtaining turbulence data during extreme typhoon
conditions [24], previous studies have been mostly limited to low and moderate wind
conditions, or in the PBL at >100 m height over the ocean [21–23]. Moreover, changes in
surface conditions induce the boundary layer of TCs to differ significantly moving from the
oceans to land [11,26]. The abrupt change in Km values at high wind conditions (>30 m s−1)
has rarely been documented during hurricane landfall. In addition, the variations in Kt
are unclear, especially at heights of <400 m during high-wind conditions [5]. In theoretical
and numerical models, it is typically assumed that the value of Kt is equal to that of Km,
or it is calculated using Prandtl and Schmidt numbers. However, Zhang and Drennan [5]
found the Kt is much smaller than Km, based on ocean observational data obtained from
the coupled boundary layer air–sea transfer hurricane experiment [26].

In order to fill the knowledge gap of the lower atmospheric boundary layer characteris-
tics and the vertical profile of the VED at high wind conditions (>30 m s−1) in the inner-core
region, this study focused on the turbulent mixing process with un up to severe typhoon
category (42.27 m s−1) at heights of <200 m in the boundary layer during Super Typhoon
Maria’s landfall, using high-frequency data (20 Hz) collected from multi-level flux observa-
tions on two flux towers. Although there remain difficulties in applying the method over
tall, heterogeneous canopies, sloping surfaces, and as extreme typhoon conditions change
rapidly making it difficult for an instrument and data system to survive [22,27], these data,
after strict quality screening, are useful to constrain the key physical processes [28,29]. This
paper is organized as follows: The data and processing methods are introduced in Sec-
tion 2. Section 3 provides an analysis of the results and a comparison with previous studies.
Finally, the conclusions and discussion for future research are presented in Section 4.

2. Material and Methods
2.1. Review of Typhoon Maria

Super Typhoon Maria (2018) was the eighth typhoon to form in the Northwest Pacific
Ocean in 2018. Figure 1 shows the track of the typhoon relative to the location of the two
eddy covariance (EC) flux towers, and also the temporal changes in its track and intensity
using data from the Shanghai Typhoon Institute of China Meteorological Administration
(http://www.typhoon.org.cn/, accessed on 1 January 2022) [30]. After a short period of
gradual intensification on 6 July, Typhoon Maria made landfall over Lianjiang County,
Fujian Province, China, at 0850 local standard time (LST), 11 July 2018, when the maximum
wind speed was ~38 m s−1. The location of landfall was ~68 km from the two observation
towers. The towers at this time were located in the inner core region of the circulation, with
the radius of maximum wind (RMW) at this time being ~60 km [31]. A maximum 10 min
average un of 42.27 m s−1 was observed at 50 m height on the higher observation tower
(110 m above the ground, or 170 m above sea level altitude (a.s.l)). After landfall, Typhoon
Maria continued its track northward and weakened rapidly.

http://www.typhoon.org.cn/
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observation tower at the top of the hill, which is referred to as the higher tower in this study. The 

CAST anemometers on the higher tower are 50 m above the ground (170 m above sea level). 
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Figure 1. Track of Typhoon Maria and the location, exposure, and instruments on the two eddy
covariance flux towers. The coastal observation towers are marked by the yellow arrow. (a) Photo-
graph of the coastal observation tower approximately 10 m from the coastline (Figure 1a), which is
referred to as the lower tower in this study. The CAST anemometers on the lower tower are 10, 30, 50,
and 70 m above the ground (60, 80, 100, and 120 m above sea level). (b) Photograph of the coastal
observation tower at the top of the hill, which is referred to as the higher tower in this study. The
CAST anemometers on the higher tower are 50 m above the ground (170 m above sea level).

2.2. Observational Data and Analysis Method

The observation site was located on the coastline at Sansha, Fujian Province, China,
and comprised two EC flux towers. The one meteorology tower (26◦55′30′′ N, 120◦13′46′′ E,
60 m above a.s.l.) was approximately 10 m from the coastline (Figure 1a) and is referred
to as the low tower. The other meteorology tower (26◦55′25′′ N, 120◦13′54′′ E,120 m a.s.l.)
was deployed at the top of the island (Figure 1b) and is referred to as the high tower. Each
tower was equipped with four three-dimensional (3-D) ultrasonic anemometers (Campbell
Scientific, Inc., Logan, UT, USA), with 1.5 m cantilever brackets at 10, 30, 50, and 70 m
above the ground. The underlying surface of the two towers is grass that is <0.1 m in height.
In this study, the data analyzed were collected from these two EC flux towers during the
passage of Typhoon Maria (1808).

2.2.1. Eddy Covariance Method

The turbulent momentum flux τ (N m−2) was calculated using the direct eddy covari-
ance (EC) method as follows:

τ = ρ
(
−w′u′i− w′v′j

)
(1)

where ρ (kg m−3) is the air density, and u′(m s−1), v′ (m s−1), and w′(m s−1) are the along-
wind (i), cross-wind (j), and vertical components of the wind fluctuations. The overbar
indicates Reynolds averaging.

The turbulent kinetic energy (TKE) can be expressed as follows:

TKE =
1
2

(
u′

2
+ v′

2
+ w′

2
)

(2)
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In the surface layer, the surface wind stress can be related to the surface frictional
velocity u* by the standard K theory [32], and Km is usually parameterized as

Km = ku∗zΦm (3)

where Φ is the stability function that is calculated using the Monin–Obukhov length L and
the following equation:

Φm = ln

[(
1 + x

2

)2(1 + x
2

)]
− 2arctan(x) +

π

2
(4)

x =
(

1− 16
z
L

)1/4
(5)

For the EC method, the Monin–Obukhov length scale is calculated as follows:

L = − u3
∗Tv

kgT′vw′
(6)

where T0 is the mean temperature at the reference height z, g is gravitational acceleration, k
is the von Karman constant, and T′vw′ is the flux of the virtual potential temperature at the
observational height z.

The non-dimensional standard deviations of the three-dimensional wind velocity can
be written as:

ϕα(ζ) =
σα

|θ∗|
(7)

where α (= u, v, and w) denotes the longitudinal, lateral, and vertical velocity components,
respectively, σu , σv and σw are the standard deviations (σ ) of u, v, and w, respectively.

Based on the standard K theory, the strain rate (S) and vertical mixing length (Lm)
were estimated as follows:

S =

√
(

∂u
∂z

)
2
+ (

∂v
∂z

)
2

(8)

l =

√
Km

S
(9)

where the overbar expresses the average over the length [33].

2.2.2. Data Processing and Quality Control

The data pre-processing mainly involved outlier removal, tilt correction, coordinate
rotation corrections, and linear detrending [28]. Schmid et al. [33] proposed a method
to examine the power spectra of turbulent fluctuations and this method was used in the
present study, as follows.

(1) Spikes in the datasets were removed using the criterion X(h) < (X − 4σ ) or
X(h) > (X + 4σ ), where X(h) denotes the original data, X is the mean over the averaging
interval, and σ is the standard deviation [34].

(2) The calculation of VED was omitted when the corresponding u* was < 0.01 m s−1. No
gap filling was used.

(3) Based on the coastline features near the measurement site, the onshore wind direction
varied from 52.5◦ to 227.5◦, and the offshore wind direction varied from 272.5◦ to 5◦.
The wind data from the back of the three-dimensional sonic anemometer measure-
ments of the lower tower (249–269◦) and higher tower (68–88◦) were removed due to
the turbulent eddies generated by the towers.
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(4) Averaging period: A cumulative frequency curve (ogive) can be used to understand
the turbulent stationarity and its spatial scale, which is then typically used to deter-
mine the appropriate time period required to calculate the turbulent flux [34].

Ogw,x( f0) =
∫ f0

∞
Cow,x( f )d f (10)

where x (= u, v, and T) denotes the along-wind (u) and cross-wind (v) components,
and ultrasonic virtual temperature (T), respectively, Coaw( f ) is the cospectrum of w′u′,
w′v′, and w′T′ at frequency f . As we can see, for the ogive curves of w′u′, w′v’, and
w′T′ shown in Figure 2a, the ogive curves of the w′u′, w′v′, and w′T′ approached
a constant value at an averaging period of 5 min when it converged towards 0.005
Hz. Therefore, an averaging period more than 5 min is suitable for calculating the
turbulent flux and can represent the total flux. Hence, we chose 10 min for the
averaging period to calculate the moment and heat flux.
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Figure 2. (a) Cumulative frequency curves (ogive) of the vertical velocity w with the along−wind
u and cross−wind v components. The cospectra densities of the vertical velocity (w) with the
along-wind (u) and cross-wind (v) components and ultrasonic virtual temperature (T) at (b) 10 m,
(c) 30 m, (d) 50 m, (e) 70 m, and (f) 110 m. Ten-minute averaged data are for Typhoon Maria (2018) from
0000 local standard time (LST) 10 July to 0000 LST 12 July 2018.

(5) A turbulence (co)spectrum check.

According to the Kolmogorov theory for the inertial subrange [35], a turbulence
(co)spectrum of the slope check has been used for turbulence data quality control in
previous studies, such as Zhang et al. [10,11], Fortuniak et al. [36], Zhao et al. [21], and the
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one-dimensional spectrum Si(n), of any wind component, i = (u, v, w), normalized by the
squared friction velocity u2

∗, can be expressed in the form

nSi(n)
u2∗

=
αi

(2πk)
2
3

ϕ2/3
ε (ζ) f−2/3 = αi ϕ

2/3
ε (ζ) f−2/3 (11)

where n is the natural frequency, f is the non-dimensional frequency, αi = (αu, αv, αw) are
universal Kolmogorov inertial subrange constants and κ is the von Kármán constant, ϕε(ζ)
is the non-dimensional dissipation rate of TKE (ε). The ϕ(ε) is a function of the stability
parameter, ζ = z/L, where L is the Obukhov length. The velocity spectra normalized by
ϕ2/3

ε and u2
∗, are presented in Figure 3. Our neutral limits from the stable side included

the spectra from the narrow stability band 0 < ζ < 1.2 (similarly, in the unstable limit) as
compared to the relatively wide band (0 < ζ < 0.1) used by Kaimal et al. [37]. In the inertial
subrange, the spectra slopes of the horizontal wind speed (u) ranged from −0.61 to −0.65;
they follow the −2/3 slope quite well.
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Figure 3. Normalized logarithmic along-wind spectrum plotted against the non-dimensional fre-
quency, f = n(z)/u at (a) 10 m, (b) 30 m, (c) 50 m, (d) 70 m, and (e) 110 m. Short red solid lines indicate
the along-wind spectrum of slopes for the inertial subrange. Twenty hertz raw data were for Typhoon
Maria (2018) from 0000 local standard time (LST) 10 July to 0000 LST 12 July 2018.
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Cospectra analyses of the measured turbulent fluctuations are a useful tool for testing
the reliability of flux data. Figure 2b–f shows examples of cospectra (nCoxw(n)/u2

∗) of
the longitudinal (u), lateral (v), and ultrasonic virtual temperature (T) averaged from data
collected at five heights over three days during the landfall of Typhoon Maria. Previous
studies indicated that the empirical cospectra are not as well formed as the empirical
spectral functions [36]. So positive values of nCoxw(n)/u2

∗ for 0.1 < f < 5 were used to fit
the power function to the cospectrum in the inertial subrange, and the −4/3 line is plotted
by green line in each panel for the convenience of comparison with the ideal situation.
In the inertial sub-range, the cospectra slopes of the horizontal wind speed (u, v) and T
ranged from 0.78 to 1.29, and a majority of the three cospectra was close to the ideal slope
of –4/3, especially for the longitudinal wind components. The sharp of the three cospectra
trends rolled-off at f = 0.01 Hz at each height. However, the slopes deviated from the –4/3
slope more obviously with height. In addition, some low-frequency and high-frequency
data deviated from the –4/3 slope on a log-log scale (Figure 2). Ortiz-Suslow et al. [38]
and Dorman et al. [39] found that there may be natural deviations in the inertial subrange
bandwidth and spectral slope from Kolmogorov’s turbulence that occur within ±20%
caused by mechanical wind–wave interactions. Compared with the classical 4/3 ratio in
the inertial subrange at a homogenous flat surface reported by Kaimal et al. [37] for the
Kansas experiment, the sensor noise rising at the high-frequency may be due to the high
wind and high wet environment of the typhoon. It may also generate larger-scale eddies
during typhoon landfall due to the effect of flow field shear on the turbulence spectrum in
the coast process [39].

Verification of the Monin–Obukhov Similarity (MOST) during typhoon landfall: The
variations in the normalized standard deviations of turbulence with the dimensionless
stability parameter (ζ = z/L) have been widely used to evaluate the applicability of the
MOST in a series of previous studies [34,35]. According to MOST, any scaled statistics
of turbulence at reference height z are universal functions of the dimensionless stability
parameter, z is the observation height and L is the Obukhov length scale (see Equation (6)).

Figures 4–6 show plots of the ϕu, ϕv, and ϕw versus z/L with the left panels
(Figures 4, 5 and 6a–e) representing unstable (z/L < 0) conditions and the right pan-
els (Figures 4, 5 and 6f–j) representing stable (z/L > 0) conditions at five heights
during Typhoon Maria’s landfall. The blank dashed lines are exponential fitting lines
correspond to ϕα. Note that, irrespective of whether the conditions were stable or un-
stable, σu/u∗, σv/v∗, and σw/w∗ exhibited an obvious relationship with z/L, and this is
consistent with classical Monin–Obukhov z-less scaling [35]. It is evident that the data
collected in the coastal region during the typhoon period were generally in agreement
with previous studies that follow the canonical MOST predictions during the non-typhoon
period [40,41]. From the perspective of stability, the exponential fitting lines of unstable
layers and stable layers were consistent with the –1/3 power law, whereas the formation
of stable layers followed the polynomial fitting law from observations at the Downs site.
However, our observations during the typhoon period showed a larger scatter of individ-
ual data points as compared with the results measured from the North Carolina coastal
zone[40]. Additionally, σw/w∗ showed somewhat greater scatter than σu/u∗. The larger
scatter of data and poor correspondence of σw/w∗ with the classical MOST theory may
possibly be related to non-local mixing in the complexity of the coastal terrain and typhoon
conditions; the shear production rate exceeded the buoyant production rate in the high
wind condition. The heights of 10 and 110 m exhibited the smallest and greatest deviation
from the MOST theory, respectively.
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Figure 4. Plots of the normalized standard deviations of the longitudinal wind velocity com-
ponents (σu/u∗) in log-log scales versus the stability parameter (z/L) under unstable (or CBL,
<0,) and stable (or UBL, ζ > 0) stratification conditions for the 10-min-averaged onshore data col-
lected during Typhoon Maria’s landfall (10–12 July 2018). The black dashed lines correspond to
ϕu(ζ) = 1.1(10− 1.56ζ )1/3 for ζ < 0 and ϕu(ζ) = (1 + 1ζ )1/3 for ζ > 0 (Kaimal and Finnigan [39]).
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Figure 5. Plots of the normalized standard deviations of the lateral wind velocity components (σv/u∗)
in log−log scales versus the stability parameter (z/L) under unstable (or CBL, <0,) and stable (or
UBL, ζ > 0) stratification conditions for the 10-min-averaged onshore data collected during Typhoon
Maria’s landfall (10–12 July 2018). The black dashed lines correspond to ϕv(ζ) = 0.8(10− 3.5ζ )1/3

for ζ < 0 and ϕv(ζ) = 1.7(1 + 0.7ζ )1/3 for ζ > 0 (Kaimal and Finnigan [39]).
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Figure 6. Plots of the normalized standard deviations of the longitudinal wind velocity com-
ponents (σw/u∗) in log–log scales versus the stability parameter (z/L) under unstable (or CBL,
<0,) and stable (or UBL, ζ > 0) stratification conditions for the 10-min averaged onshore data col-
lected during Typhoon Maria’s landfall (10–12 July 2018). The black dashed lines correspond to
ϕw(ζ) = 0.54(10− 4.24ζ )1/3 for ζ < 0 and ϕw(ζ) = (1 + 1ζ )1/3 for ζ > 0 (Kaimal and Finnigan [39]).

3. Results and Discussion
3.1. General Meteorological Conditions
3.1.1. Wind Characteristics during the Observation Period

Figure 7 shows 10-min averaged wind directions and speeds from the five heights
during Typhoon Maria’s landfall. Unfortunately, due to the lack of measurement data from
the high tower, there was no wind information from a height of 110 m after landfall. It still
can be seen that the wind directions at the five heights exhibited a significant daily cycle
from northwest in the daytime (offshore) to northeast in the nighttime (onshore) related to
the land–sea breeze. In addition, the wind direction at a height of 110 m on the high tower
was slightly different from that of the low tower, which is likely due to the topography. For
the wind speeds, compared with the annual 10-min mean un of 5–10 m s−1, a maximum
10-min mean un of 42.27 m s−1 was observed in the front right quadrant of the typhoon at
a height of 110 m on the high tower as Typhoon Maria passed through the towers. The un
became higher and peaked before and after the typhoon passed. With increasing height,
the first peaks from the offshore wind direction before the typhoon passed had a un of 16.57,
19.05, 22.26, 29.61, and 21.28 m s−1. The second peaks from the onshore wind direction
after the typhoon passed had a un of 36.51, 36.79, 39.06, 39.67, and 42.27 m s−1 (Table 1).
In addition, the offshore wind direction changed from approximately southeasterly to
southwesterly at the first peak, and from approximately southeasterly to southwesterly
during the second peak. This made it possible to conduct wind-direction-dependent
analysis of the wind characteristics of this strong typhoon.
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Figure 7. Temporal changes in the 10-min averaged wind speed (un) and wind direction (WD)
obtained from the sonic anemometers on the five heights [(a) 110 m, (b) 70 m, (c) 50 m, (d) 30 m, and
(e) 10 m of the two towers during Typhoon Maria (2018). Section A is the time period before typhoon
landfall on 11 July and Section B is the time period after typhoon landfall.

Table 1. Maximum 10-min mean wind speed and directions during Typhoon Maria in 2018.

First Peak Second Peak

Onshore (52.5–227.5◦) Offshore (272–5◦)

Instrument
Height (m)

Wind Speed
(m s−1)

Wind Direction
(◦)

Wind Speed
(m s−1)

Wind
Direction (◦)

10 16.57 300.22 36.51 48.28
30 19.05 316.41 36.79 51.17
50 22.26 234.08 39.06 47.72
70 29.61 243.53 39.67 42.17

110 21.28 329.92 42.27 54.50

3.1.2. Meteorological Conditions

To better depict the meteorological conditions during the observation period, Figure 8a
shows a time-series of the 10-min averaged TKE values, 1-h averaged air pressure from the
Sansha meteorological observatory (located near the EC flux towers), precipitation during
landfall (Figure 8b), distance from the typhoon center to the tower during the period 0000
LST 10 July to 0000 LST 12 July, and radar reflectivities (dBz) at Z = 2 km from 0200 to
1200 LST 11 July 2018 obtained by the Ningde weather radar before and after landfall of
Typhoon Maria.
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Figure 8. (a) Time-series of the 10-min averaged wind speed and (b) turbulent kinetic energy (TKE),
(c) air pressure of the typhoon center and precipitation during landfall, and (d) distance of the
typhoon center to the tower and radar reflectivities (dBz) observed nearby flux towers from 10 to 12
July (distance data are from http://www.typhoon.gov.cn/, accessed on 1 January 2020).

Section A is the period prior to typhoon landfall and section B is the period after
typhoon landfall. Typhoon Maria passed over the observation towers at about 0850 LST
11 July 2018 (Figure 8c). The smallest distance between the observation towers and the
center of Typhoon Maria was about the RMW (60 km: Figure 8c). The 10-min averaged
TKE on the lower tower increased as Typhoon Maria approached and reached a maximum
value of 102.6 m2 s−2 at a 50 m height on the lower tower ahead of landfall, and then
decreased rapidly. This may indicate that the inner core of the typhoon increased the local
values of the TKE. The 10-min averaged TKE on the high tower exhibited an opposite trend
from 0600 to 0800 LST 11 July 2018 before landfall, and the 1-h averaged TKE on the high
tower was smaller than on the lower tower during the 3 h (from 0600 to 0800 LST 11 July)
(Figure 8a). The main reason for the difference is that the vertical turbulent component
(w′) decreased abruptly during this 3 h. It is possible that the momentum transport was
weak during the period, and the momentum fluxes (τ) were highly correlated with the
TKE. This also implies that the momentum transport was closely related to the turbulent
intensity. The air pressure at the Sansha meteorological observatory, which is ~1 km from
the towers, began to decrease as Typhoon Maria approached, and the air pressure dropped
to its lowest value (968 hPa) at this time when the minimum distance between the towers
and typhoon center was ~60 km at 0800 LST 11 July 2018.

3.2. Variations in Momentum Fluxes and Turbulent Kinetic Energy with wind Speed at Each Height

Momentum fluxes obtained by the EC method are plotted as a function of un at the
five measurement levels (10, 30, 50, 70, and 110 m) on the two towers during Typhoon
Maria (Figure 9a). |τ| values at all heights exhibited a clear parabolic trend with un,
and at low-moderate un (<30 m s−1), |τ| initially increased up to 22 m s−1, at which
point |τ| was 11 m−1 s−2, then slowly decreased with un increasing further (>30 m s−1).
Moreover, the values of |τ| in the un range of 15–30 m s−1 was higher than previous

http://www.typhoon.gov.cn/
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observational results from oceanic and inland regions [19,22]. For example, |τ| obtained
in this study was five times larger than that at sea at heights of 420–500 m obtained using
aircraft observations [22]. Previous studies have mostly attributed this to surface roughness
over an island, which is greater than that over the open ocean [22].
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Figure 9. Plots of the (a) momentum flux and (b) turbulent kinetic energy at the five height levels
during Typhoon Maria. Plots of the (c) momentum fluxes and (d) turbulent kinetic energy as a
function of wind speeds at the five heights during landfall of Typhoon Maria. The blue line with the
red circles is the bin median average at 5 m s−1 intervals of un from the observations. The yellow line
with red circle is the bin mean average at 5 m s−1 intervals of un from the observations.

At higher wind speeds (>30 m s−1), |τ| decreased with increasing un, this phe-
nomenon is similar to results from some previous studies, which found that |τ| or TKE no
longer increase significantly at high wind speed [38–40]. However, this result is inconsistent
with the previous observational study by Zhao et al. [42], who found |τ| increased with
increasing un to 60 m s−1 over the ocean.

Furthermore, |τ| peak values varied with height. With increasing height, |τ| peaked
at 24.1, 39.0, 40.6, 24.2, and 20.5 m−1 s−2, and the corresponding un at the |τ| peaks were
12.5, 14.6, 22.1, 32.4, and 37.6 m s−1, respectively. The maximum |τ| value occurred at
50 m height (40.6 m−1 s−2), and then decreased with height above 50 m.

The variations in TKE against un at the five measurement levels are shown in Figure 9b.
In general, the TKE varied similarly to the momentum flux, because the TKE is generated
by wind turbulence and the momentum flux is generated from the wind flow. As such, the
TKE was highly correlated with |τ| as shown by Equations (1) and (2). The TKE increased
significantly at low and moderate wind speeds (<22 m s−1) and slightly decreased at
higher wind speeds. In addition, the maximum TKE values also varied with height. With
increasing height, the TKE peaked at 24.1, 39.0, 40.6, 24.2, and 20.5 m−2 s−2, and the
corresponding un values at the TKE peaks were 10.0, 16.7, 22.3, 28.6, and 38.0 m s−1,
respectively. The maximum TKE peaked at 50 m height with a value of ~100 m2 s−2. The
result showed that the TKE and |τ| peaks increased with height from 10 to 50 m, and then
decreased at greater heights with the corresponding wind speeds increasing continue.



Atmosphere 2022, 13, 982 13 of 20

3.3. Variations in Momentum Fluxes and Turbulent Kinetic Energy with Distance from TC Center

Although both |τ| and TKE exhibited parabolic trends with increasing un at all five
heights (Figure 9c,d), these relationships changed with distance from the TC center. The
|τ| and TKE variations with un are plotted as a function of the distance to the TC center
normalized by the RMW in Figure 10a,b. All data were classified into seven categories
according to the TC radius normalized to the RMW. The first and second categories are at
distance outside five times the RMW(5 RMW) from the TC center before and after typhoon
landfall, respectively; The third and fourth categories are from the region between the three
and five times RMW (3–5 RMW) before and after typhoon landfall, respectively; The fifth
and sixth categories are from the region between the two and three times RMW (2–3 RMW)
before and after typhoon landfall, respectively; the seventh category is from the region near
the RMW. At larger radii (outside 3 times RMW), both |τ| and TKE increased significantly
with increasing un at <15 m s−1. With the approach of the typhoon (within three times
RMW), both |τ| and TKE increased slowly with increasing un. Most of |τ| and TKE data
were concentrated in the region of two to three times the RMW before the typhoon landfall,
and the |τ| and TKE values were 60 m−1 s−2 and 10 m−2 s−2, respectively, which were
five to ten times larger than that in the 2–3 RMW region after typhoon landfall. In the case
of the TKE, when the un was >15 m s−1 in the region of 2–3 RMW before typhoon landfall,
the TKE values no longer changed significantly as the un further increased. This shows
that the TKE was basically constant with height in the 2–3 RMW region before the typhoon
landfall, due to adequate vertical turbulent mixing in the surface layer. The constant of
TKE with height may reflect that the constant surface layer exists in the 2–3 RMW region
before the typhoon landfall. Near the eyewall region at high wind speeds, the |τ| and TKE
values decreased slightly with increasing un. The values were smaller than those in the
region of 2–3 RMW prior to typhoon landing at similar wind speeds, whereas five times
higher than those in the outer typhoon core regions.
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Figure 10. Plots of the (a) momentum fluxes and (b) turbulent kinetic energy versus wind speed as a
function of the TC radius normalized by the maximum wind speed radius (RMW). The data were
classified into seven categories according to the TC radius normalized by RMW. Histograms of the
(c) turbulent kinetic energy and (d) momentum fluxes. Each color represents the seven categories
defined by the TC radius normalized to RMW.
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3.4. Vertical Diffusion Transport of Momentum

Figure 11a shows the bin-averaged Km values estimated using the eddy covariance
method as a function of un at all levels during landfall of Typhoon Maria. Seven wind
speed bins of 5 m s−1 were chosen, ranging up to 45 m s−1.
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Figure 11. Vertical eddy diffusivity of momentum (Km) as a function of wind speed (un). The blue line
with the red circles is the bin median averaged Km at 5 m s−1 intervals of un from the observations.
The yellow line with the red circles is the bin mean averaged Km at 5 m s−1 intervals of un from the
observations (a). The data were classified into seven categories according to their distance from the
typhoon center (b).

It was expected that Km would increase gradually with increasing un at <30 m s−1,
and then decrease slightly with un up to 40 m s−1. Km increased again when the un was
>40 m s−1, but at a lower increasing rate than at < 30 m s−1. The spatial patterns and mag-
nitude of the coastal variations in Km values with un are similar to the aircraft observation
results of Zhao et al. [22]. The slope of increasing Km with un at <30 m s−1 is similar to the
results of Zhang and Drenman [5], Tang et al. [24], and Zhao et al. [25]. The decreasing Km
at wind speeds of >30 m s−1 is different from the observational results of hurricane eye-
walls at 500 m altitude from Zhang et al. [19], which shows that Km consistently increases
with increasing un to >40 m s−1. The coastal Km values obtained in the present study
reached uniform values at a slower un (28 m s−1) than in the studies of Zhang et al. [19] and
Zhao et al. [22] over oceanic regions and Tang et al. [24] over inland areas. This may be
due to the larger momentum flux and lower altitude of the present study conditions. The
presented observational data support the findings of Zhang and Zhu [11] and suggest that
different boundary layer parameterizations should be used for vertical eddy diffusivity
over land and oceanic regions in TC simulations and forecasts.

Km values tended to increase with un outside three RMW, but were less dependent on
un near the eyewall region (Figure 11b). The higher values of Km were concentrated in the
region of 2–3 RMW before typhoon landfall, with an almost constant (100 m−2 s−1) high
wind speed of 20.0–42.5 m s−1. This indicates that the bulk parameters should be different
over different regions when modeling the typhoon PBL.
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3.5. Vertical Eddy Diffusivity of the Sensible Heat Flux

Figure 12a shows the bin-averaged Kt values estimated by the EC method as a function
of un at the five height levels during the landfall of Typhoon Maria. The different colored
symbols represent different regions of Typhoon Maria (Figure 12b).

Atmosphere 2022, 13, x FOR PEER REVIEW 15 of 21 
 

 

observations (a). The data were classified into seven categories according to their distance from the 

typhoon center (b). 

3.5. Vertical Eddy Diffusivity of the Sensible Heat Flux 

Figure 12a shows the bin-averaged Kt values estimated by the EC method as a func-

tion of un at the five height levels during the landfall of Typhoon Maria. The different 

colored symbols represent different regions of Typhoon Maria (Figure 12b). 

 

Figure 12. Vertical eddy diffusivity of heat (Kt) as a function of wind speed (un). The blue line with 

red circles is the bin median average Kt at 5 m s–1 intervals of un from the observations. The yellow 

line with the red circle represents the bin mean averaged Kt with 5 m s−1 interval of un from the 

observations (a). The data were classified into seven categories according to their distance from the 

typhoon center (b). 

In general, Kt decreased with increasing mean un from 5 to 45 m s−1, and most of Kt 

following the trend were from the region before typhoon landfall. The decreasing trend 

was opposite to the trend for Km at moderate un. Most Kt values were <100 m2 s−1, with a 

small number of large values of Kt (>100 m2 s–1) in the region outside 5 RMW before ty-

phoon landfall (Figure 12b). From the median line of Kt, all values of Kt were <12 m2 s–1 

(Figure 12a). Kt was about one to two orders of magnitude smaller than Km, possibly be-

cause large and small eddies usually transport the sensible heat flux in opposite direc-

tions. 

The variations in Kt with un were different between outside 3 RMW and 1–3 RMW. 

Kt values showed a clear decrease with increasing wind speed located in the 1–3 RMW, 

but Kt exhibited little dependence on un outside 3 RMW (Figure 12b). Kt from the region 

outside 3 RMW was 10 times larger than that from the inner core region. 

3.6. Variation in Vertical Mixing Length 

Lm in models needs to be parameterized by observations [20], and it can be directly 

estimated from the eddy covariance data using Equation (8). The relationship between Lm 

and un exhibited segmented trends (Figure 13a). At weak and moderate wind speeds (<20 

m s–1), there was a weak dependence of Lm on wind speed at each level, due to a large 

scatter during weak winds outside 5 RMW (Figure 13b). It is consistent with the result of 

Tang et al. [24], who showed a weak dependence of Lm on the wind speed over land and 

Figure 12. Vertical eddy diffusivity of heat (Kt) as a function of wind speed (un). The blue line with
red circles is the bin median average Kt at 5 m s−1 intervals of un from the observations. The yellow
line with the red circle represents the bin mean averaged Kt with 5 m s−1 interval of un from the
observations (a). The data were classified into seven categories according to their distance from the
typhoon center (b).

In general, Kt decreased with increasing mean un from 5 to 45 m s−1, and most of Kt
following the trend were from the region before typhoon landfall. The decreasing trend was
opposite to the trend for Km at moderate un. Most Kt values were <100 m2 s−1, with a small
number of large values of Kt (>100 m2 s−1) in the region outside 5 RMW before typhoon
landfall (Figure 12b). From the median line of Kt, all values of Kt were <12 m2 s−1 (Figure 12a).
Kt was about one to two orders of magnitude smaller than Km, possibly because large and
small eddies usually transport the sensible heat flux in opposite directions.

The variations in Kt with un were different between outside 3 RMW and 1–3 RMW. Kt
values showed a clear decrease with increasing wind speed located in the 1–3 RMW, but Kt
exhibited little dependence on un outside 3 RMW (Figure 12b). Kt from the region outside
3 RMW was 10 times larger than that from the inner core region.

3.6. Variation in Vertical Mixing Length

Lm in models needs to be parameterized by observations [20], and it can be directly
estimated from the eddy covariance data using Equation (8). The relationship between
Lm and un exhibited segmented trends (Figure 13a). At weak and moderate wind speeds
(<20 m s−1), there was a weak dependence of Lm on wind speed at each level, due to a
large scatter during weak winds outside 5 RMW (Figure 13b). It is consistent with the
result of Tang et al. [24], who showed a weak dependence of Lm on the wind speed over
land and Zhang et al. [19] using aircraft observations over the ocean. While, at high wind
speeds (>30 m s−1) in the region of 1–3 RMW before typhoon landfall, Lm increased with
un and then began to decrease at >38 m s−1. This indicates that a single PBL scheme with a
constant mixing length is inappropriate for hurricane conditions.
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Figure 13. (a) Vertical mixing length (Lm) as a function of wind speed (un). The data were classified
into seven categories according to their distance from the typhoon center. (b) The blue line with the
red circles is the bin median average Kt at 5 m s−1 intervals of un from the observations. The green
line with red circles is the bin mean average Kt at 5 m s−1 intervals of un from the observations.

3.7. Variations in the Strain Ratio

The strain ratio (S) as a function of un with the bin averaged mean and median lines of S
are shown in Figure 14a. Meanwhile, the S at different layer with un is shown in Figure 14b.
Overall, it is evident from Figure 14a that S exhibited a parabolic trend with increasing wind
speed from 30 m 70 m heights, while S always increased with increasing un at 110 m height,
especially when wind speed exceeded 30 m s−1. The present study was similar to the previous
study from Tang et al. [24] when wind speed below 30 m s−1 under 100 m height. The present
study also presented the trend under higher wind up to 110 m height.
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Figure 14. (a) S as a function of un during landfall of Typhoon Maria. The blue line with the red
circles is the bin median average S at 5 m s−1 intervals of un from the observations. The yellow line
with red circles is the bin mean average S at 5 m s−1 intervals of un from the observations. (b) Strain
rate (S) at four heights plotted versus wind speed (un) during landfall of Typhoon Maria. The strain
rate was calculated using Equation (7).
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Furthermore, when increasing the height from 30 m to 110 m, S peaked at 0.22, 0.51,
0.38, and 0.21 s−1 with the corresponding wind speeds being 24.8, 27.0, 22.3, 33.2, and
41.3 m s−1, respectively. This indicates that the maximum of S increased with increasing
altitude below a height of 50 m, and then decreased at heights above 50 m. The bin-averaged
values of S was 0.035, 0.066, 0.036, and 0.091 s−1 from 30 m to 110 m, respectively. However,
as Zhao et al. [25] found S decreased with height up to about 100 m using 356 m tower using
landfall, it calls for more observation to be carried out to validate the S trend with altitude.

4. Conclusions and Discussion

Previous studies have focused mainly on TCs over open ocean areas, and few stud-
ies have investigated turbulent mixing processes in the high un over the land. In this
study, high-frequency wind data were examined using eddy–covariance and flux–gradient
methods, which were observed at multiple heights (10–110 m) on the two flux towers in
a coastal zone. Small-scale turbulence characteristics were analyzed at high wind speeds
of up to 42.5 m s−1 in the near-surface layer of Super Typhoon Maria. The focus was on
investigating the characteristics of the turbulent vertical transport and key parameters
(|τ|, TKE, VED, Lm, and S) under high wind speeds (>30 m s−1) at five heights. The main
conclusions are as follows:

|τ|, TKE, Km, and S increased with increasing un under low and moderate wind
conditions, and these decreased with increasing un at high wind speeds (>30 m s−1). The
saturated wind speed threshold for the change of |τ|, TKE, and S were about 23 m s−1

when regressed from the medium numbers. Furthermore, our results also imply that
the saturated wind speed for the change of τ, TKE, and Km increased with height. The
maximum of Km and S increased from the surface to a maximum value at a height of 50 m,
and then decreased with greater heights. Additionally, at any given un, |τ|, TKE, and Km
were larger than over oceanic areas, and Km was about one to two orders of magnitude
bigger than Kt, which may be attributable to differences in surface roughness.

Furthermore, the variations of turbulent parameters with radius in landfalling TC
were also analyzed. The |τ|, TKE, and Km values increased with increasing un outside 3
RMW from the TC center but decreased slowly with increasing un located near 1–3 RMW
from the TC center. High |τ|, TKE, and Km were basically constant with height at high
un of 20.0–42.5 m s−1 within 2–3 RMW from the TC center before typhoon landfall, which
indicated turbulent mixing fully suggesting nearly constant flux layers. As compared with
Km, Kt with about one to two orders of magnitude smaller than Km showed a clear decrease
with increasing wind speed at 1–3 RMW, but little dependence on wind speed outside 3
RMW from the TC center.

The spatial variations in Lm values with un were different outside 3 RMW and within
1–3 RMW from the TC center. In the region of 1–3 RMW before typhoon landfall, Lm
increased with un and then began to decrease when un exceeded 38 m s−1. With increasing
height from 30 m to 130 m, S peaked at 0.22, 0.51, 0.38, and 0.21 with the corresponding
wind speeds being 24.8, 27.0, 22.3, 33.2, and 41.3 m s−1, respectively. The relationships
between |τ|, TKE, Km, Lm, and un changed with height and radii from the TC center should
be accounted for in sub-grid scale physical processes of momentum fluxes in numerical
TC models. It will provide guidance for advance the PBL schemes in improving hurricane
intensity forecasts on landfalling and their evolution, especially over land.

In our observation, the analyses showed that the magnitudes of the eddy diffusivity
for sensible heat flux was much smaller than those for momentum, the shapes of the vertical
distributions of the eddy diffusivities were increasing from the surface to a maximum value,
then decreasing with height in the surface layer. The results were consistent with those of
Zhang et al. [13] above 500 m height by the CBLAST results, however, it was different from
that in earlier theoretical and numerical models. It is typically assumed that the value of
Kt is equal to that of Km, or it is calculated using Prandtl and Schmidt numbers (Pr) [42].
In future research, in addition to the momentum flux, more observational data of the heat
and moisture fluxes in high winds need to be analyzed, to evaluate the characteristic of Pr
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to advance our understanding of the air–sea momentum and latent heat exchange under
extreme wind conditions [43–48].

Although the EC technique is still the most reliable direct method, clearly, turbu-
lence observations are still too limited in the high-wind boundary layer at this point. The
vertical variation in Km with un was also consistent with those of Tang et al. [24] using
eddy-covariance methods and Zhao et al. [22] using air-craft observation. However, the
magnitude was much smaller than that reported by using sodium radar measurements [49].
The TKE was almost constant at a distance of 2–3 times the RMW before landfall, while the
TKE increased with decreasing distance to the typhoon center found in the meteorology
radar from Shi et al. [50] before Typhoon Maria’s landfall. There still needs to be more
turbulence observations and to couple the remotely sensed results to verify the process
under extreme wind conditions.
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