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Abstract: This study presents an approach for friction velocity and aerodynamic drag coefficient re-
trieval utilizing C-band VH SAR observations from Sentinel-1. The dataset contained 14 SAR images
collected under six hurricane scenes co-analyzed with stepped frequency microwave radiometer
(SFMR) measurements. The basis for creating this approach utilizes the results proposed earlier
linking the parameters of the atmospheric boundary layer from GPS-dropsondes data to the ocean
surface emissivity from SFMR measurements. The obtained dependencies of the ocean surface emis-
sivity on surface friction velocity, aerodynamic drag coefficient, and surface wind speed are analyzed
together with the collocated SAR data leading to the new GMF valid for the retrieval of friction
velocities ranging from 0.55–1.56 m/s and drag coefficient values ranging from 0.00076–0.00232 for
all sub swaths. Within the framework of the proposed approach, dependences of the normalized
radar cross-section on the surface wind speed were also obtained and used for comparison with
existing GMFs to show that the proposed approach is valid. A good consistency was obtained
when comparing our results with H14E and MS1A. As an example the distributions of friction
velocity, drag coefficient, and surface wind speed retrieved from the Hurricane Maria SAR image
(23 September 2017) were considered.

Keywords: remote sensing; radar cross-section; C-band; drag coefficient; wind stress; geophysical
model function; cross-polarization; tropical cyclone

1. Introduction

Satellite active microwave remote sensing is one of the most reliable methods for
the monitoring of the ocean surface. Recently, the datasets obtained as a result of active
remote sensing have been widely used in the development of surface wind speed retrieval
algorithms in the marine atmospheric boundary layer (MABL), including for extreme
weather phenomena such as tropical cyclones (TCs). Scatterometers are the most popular
tools for active remote sensing and are often used to measure the neutral equivalent wind
speed and wind direction [1–6]. However, despite the ability to conduct round-the-clock
monitoring, their resolution is often insufficient in the regions with the high wind speed
gradients that are typical for TCs. In addition, their signals are significantly attenuated in
areas with high rain rates [3]. In this regard, C-band synthetic aperture radar (SAR) is used
as an alternative to study the velocity field in TCs, providing high resolution and being less
affected by precipitation [7].

The C-band geophysical model functions (GMFs) CMOD4, CMOD-IFR, CMOD5 and
CMOD5.N are widely used for wind speed retrieval using VV (vertical transmit and vertical
receive) polarization SAR datasets [1,8–12]. However, it was shown that co-polarization
backscatter demonstrates a saturation effect under extreme wind conditions, while C-band
cross-polarized ocean backscatter does not undergo saturation and can be used for wind
speeds retrieval in TCs [13,14]. As a result, a number of geophysical model functions valid
for the wind speed retrieval in hurricane conditions from the Sentinel-1 and Radarsat-2
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SAR data have been developed recently. For example, an MS1A model proposed in [15]
was constructed for hurricane wind speeds (up to 50 m/c) on the basis of Sentinel-1 EW
mode data collocated with soil moisture active passive (SMAP) measurements. This model
was shown to be consistent with the H14E GMF proposed in [16]. The first attempts to
establish an S1IW.NR GMF specifically for Sentinel-1 IW mode data to retrieve extreme
wind speeds (up to 74 m/s) were made in [17].

In addition to the neutral wind speed at 10 m height U10, one of the most important
geophysical parameters that determines air-sea exchange and drives surface waves is
tangential turbulent stress τ = ρau2

∗ (here u∗ is the wind friction velocity). It is also a
key parameter affecting the strength of tropical cyclones, as it determines the turbulent
fluctuations and associated dissipation counteracting the energy input due to the moist
enthalpy flux, so it is very important for TC intensity forecast improvement.

Turbulent stress determines the small-scale roughness of the ocean surface, which in
turn affects backscattering. Therefore, the use of remote sensing methods for its retrieval
seems more promising, and the dependence of NRCS on turbulent stress should be stronger
than it is on U10 [18,19]. The first attempts to retrieve wind tangential turbulent stress
and the associated friction velocity were made in [20–24]. Due to the fact that direct
measurements of the friction velocity often turn out to be a technically difficult task,
it is usually recalculated using wind speed, obtained from the field or remote sensing
measurements, and the parameterization (“bulk-formula”) that relates it to the neutral
equivalent wind speed through the neutral aerodynamic drag coefficient CD (here and after
we will refer to the neutral atmosphere conditions):

τ = ρaCDU2
10 (1)

The drag coefficient (together with the enthalpy exchange coefficient) is crucial in
determining a number of key parameters for tropical cyclone development simulation (such
as maximum azimuthal wind speed, the central pressure deficit, etc.). Previous observations
have shown a large uncertainty in determining the value of the drag coefficient, especially
for hurricane wind speeds. A number of studies reported a linear increase of neutral
aerodynamic drag coefficient for moderate winds [25–28], and for wind speeds larger
than 20–30 m/s a saturation of the CD on U10 dependence was observed [28–30]. Further
field [31–36] and laboratory investigations [29], ref. [37] demonstrated a peak value and
a decrease in CD with increasing wind speed. However, while extending out to extreme
wind speeds, the discrepancies in the qualitative and quantitative CD on U10 behavior and
its peak values are still very significant [36,38] (see Figure 1).

The main goal of the current study is concerned with the algorithm development for
independent retrieval of the aerodynamic drag coefficient and turbulent stress (or wind
friction velocity) directly from cross-polarized Sentinel-1 IW-mode SAR images for a wide
range of wind conditions, including hurricanes. Empirical dependences of the scattered
signal parameters on the atmospheric boundary layer characteristics mentioned above were
obtained by comparing the values of the radar normalized cross section from SAR-images
with measurements from stepped frequency microwave radiometer (SFMR) data. We use
these measurements to obtain the values of the friction velocity, aerodynamic drag, and
wind speed obtained with the empirical dependencies of ocean surface emissivity on wind
parameters proposed in [24], in the framework of the alternative approach using collocated
GPS-dropsondes and SFMR data.

The paper is organized as follows. In Section 2 we introduce the methodology and
instruments used for wind measurements and define the analyzed dataset including each
TCs category and its name, plus the time and date of SAR and SFMR data acquisition,
together with its spatio-temporal collocation details. In Section 3 we describe an approach
for the atmospheric boundary layer parameters retrieval from the SFMR data. In Section 4
we obtain the dependencies of the Sentinel-1 NRCS for VH-polarization on the 10-m wind
speed, friction velocity and aerodynamic drag coefficient as retrieved from the collocated
SFMR data using the approach from [24] and compare the wind speed obtained using the
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proposed dependencies with existing models (S1IW.NR [17], MS1A [15], H14S, H14E [16],
S-C2PO [39]). The conclusions are provided in Section 5.
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Figure 1. Dependence of the neutral aerodynamic drag coefficient on U10. The symbols correspond
to the field measurements from [28,31–36].

2. Methodology, Instruments and Datasets

To develop a method for determining the drag coefficient, turbulent stress (or associ-
ated friction velocity), and wind speed from remote sensing data, an array of SAR images
of tropical cyclones in the Atlantic basin has been considered. C-band SAR acquisitions
(with a frequency of 5.405 GHz) were performed in dual polarization (VV+VH, HH+HV)
from the European Space Agency (ESA) Sentinel-1 mission. Sentinel-1 operates in four
acquisition modes—Stripmap (SM), Interferometric Wide swath (IW), Extra-Wide swath
(EW) and Wave (WV). In the present study the IW mode was used for the analysis, and its
swath has a width of 250 km and captures 3 sub swaths. The spatial gridding of the IW
mode is 5 × 20 m. Data was acquired for incidence angles in the range 30.85◦–45.57◦. All
of the products used in the present study were obtained at SAR Level-1 GRD from the ESA
Copernicus Open Access Hub (https://scihub.copernicus.eu/ (accessed on 24 November
2021)) for 6 hurricane scenes listed in Table 1. We applied the Sentinel Application Plat-
form 8.0 (SNAP) to the SAR images in order to calibrate them and to perform thermal noise
(NESZ) removal. An example of a SAR image for one of the selected hurricanes, its track
and mean wind speed (MWS) distribution along the track is illustrated in Figure 2.

VH NRCS datasets from the Sentinel-1 Interferometric Wide swath SAR images with
the extracted noise-equivalent sigma-zero (NESZ) data were combined with the collo-
cated ocean surface emissivity from the NOAA/Hurricane Research Division’s Stepped-
Frequency Microwave Radiometer (SFMR)—an airborne instrument measuring the mi-
crowave radiation from the ocean surface. The main value that the radiometer measures at
C-band frequencies 4.55, 5.06, 5.64, 6.34, 6.96 and 7.22 GHz is the brightness temperature
of the ocean, which can be recalculated into ocean surface emissivity. The data measured
by SFMR is used in the wind speed retrieval algorithm, based on the geophysical model
function (GMF) relating surface emissivity Ew and wind speed [40]. It provides values of
surface wind speed and rain rate within TCs in real time. The spatial resolution of the
SFMR measurements is 1.5 km for a typical aircraft speed of 150 m/s, with the duration of
data acquisition for all SFMR channels of 10 s. The acquisition time of SFMR data for the
TCs is listed in Table 1. In the present study, instead of the generally accepted GMF, we
use our alternative geophysical model function relating CD (Ew), u∗ (Ew) and U10 (Ew) as
proposed in [24]. Its brief description is given in Section 3.

https://scihub.copernicus.eu/
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Ocean surface emissivity recalculated further into atmospheric parameters from SFMR
data was averaged inside segments along the flight track with a step of 2 km, while the
collocated SAR image data were averaged inside a square with a side of 2 km centered at
the middle of the corresponding 2-km segment.

Along with the dependencies of NRCS on aerodynamic drag and friction velocity, the
dependence of NRCS on wind speed U10 was also considered in order to make a comparison
with the previously constructed GMFs to make sure that the proposed approach is valid.
The results of U10 retrieval were validated using SMAP radiometric measurements. The
NASA SMAP spacecraft carries an L-band radiometer instrument having a large, 1000 km
swath width in a near-polar orbit. The SMAP L-band radiometer measures the microwave
emission (brightness temperature), which can be co-located with Sentinel-1 images, with
time differences of 3 h. SMAP data have a spatial resolution of 0.25◦ × 0.25◦. In the present
study the Level-3 (L3) soil moisture product is used, providing the surface wind speed data
with 36 km × 36 km spatial resolution for the validation of wind speeds obtained from the
Sentinel-1 images.
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Figure 2. Dataset illustration for Hurricane Maria 23 September 2017: (a) SAR image for IW mode and
VH polarization, red curve—the track of the aircraft carrying SFMR superimposed on the Sentinel-1
image, blue curve—hurricane track; (b) Hurricane Maria track with the maximum wind speed
indicated with color and selected for the analysis of the SAR image contours; (c) the distribution of
maximum wind speed values of Hurricane Maria in time (data from https://www.nhc.noaa.gov/
data/#hurdat (accessed on 1 December 2021)).

https://www.nhc.noaa.gov/data/#hurdat
https://www.nhc.noaa.gov/data/#hurdat
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Table 1. List of selected TCs, Sentinel-1 and SFMR acquisition time.

TC Name Category SAR Acquisition Time (UTC) SFMR Acquisition Time

Irma 5
2017/09/07 10:30 2017/09/07 08:55:03–18:20:14 UTC
2017/09/07 23:01
2017/09/07 23:02 2017/09/07 20:39:19–05:29:22 UTC

Maria 5
2017/09/23 10:44
2017/09/23 10:45 2017/09/23 08:52:15–15:32:11 UTC

2017/09/20 10:22 2017/09/20 01:12:01–09:17:04 UTC
2017/09/20 11:02:52–11:49:47 UTC

Dorian 5
2019/08/31 10:53 2019/08/31 09:47:23–17:33:15 UTC

2019/08/31 07:29:47–16:07:53 UTC
2019/08/30 22:46 2019/08/30 20:30:56–02:46:59 UTC

Delta 4
2020/10/08 00:07:56 2020/10/07 20:55:24–05:28:56 UTC
2020/10/08 00:07:31 2020/10/07 21:01:53–04:59:45 UTC

Larry 3 2021/09/08 09:54
2021/09/08 09:55 2021/09/08 07:49:34–14:50:44 UTC

Hermine 1 2016/09/01 23:44
2016/09/01 23:45 2016/09/01 18:53:33–00:25:50 UTC

3. Geophysical Model Function for the SFMR Data

NOAA GPS-dropsondes are widely used instruments for measuring wind speed at
a height of 10 m in tropical cyclones. In most cases a surface-adjusted wind speed is
used because of technical difficulties that arise during measurements at the surface as a
result of extreme weather conditions. One of the approaches for estimating such wind
speeds within the 150-m atmospheric layer was used in [40]. This approach is based on
the calculation of the wind speed averaged inside the lower atmosphere at a height of
150 m, while the wind speed at a height of 10 m is recalculated by multiplying the obtained
averaged value by 0.85. In [41], an evaluation of the WL150 algorithm was made with
respect to the SFMR winds. It demonstrated that wind averaging over thinner layers,
specifically 100 m, 50 m, and especially the 25 m layer, have lower biases and are more
appropriate for the retrieval of 10 m winds. It was thus concluded that winds obtained
with the WL150 algorithm recalculated into 10-m surface wind are characterized by noise
and biases. It was also emphasized in [41] that direct velocity measurements from GPS-
dropsondes are obtained from the analysis of data using positions, which, in turn, are
determined by measurements from GPS chips, information on the operation of which is
currently insufficient. Therefore, the methods used for GPS-dropsonde 10-m wind speed
retrieval require further investigation.

In the previous studies we proposed an approach to determine the wind speed at
a 10 m height, as well as the friction velocity and aerodynamic drag coefficient, exclud-
ing the use of the WL150 algorithm or direct measurements of 10-m winds from GPS-
dropsondes [24]. The measurements from SFMR were calibrated using the collocated
GPS-dropsonde measurements for TC conditions. Twenty Category 4 and 5 TCs for the
hurricane seasons 2001–2017 in the Atlantic basin were considered. The first step was
the retrieval of the marine atmospheric boundary layer dynamic parameters from the
GPS-dropsonde measurements. A generally accepted approach that is usually applied in
technical hydrodynamics for turbulent boundary layers observed in aerodynamic pipes
was considered. In the framework of this approach, airflow velocity profiles averaged over
turbulent fluctuations are used to obtain the wind parameters. Velocity profiles are as-
sumed to be self-similar and consist of a logarithmic part and a “wake” part, characterized
by the airflow adaptation to the undisturbed part [24,42]. The retrieval of the 10 m wind
speed, friction wind speed, and aerodynamic drag coefficient is performed from the wake
part. This approach provides the opportunity to avoid the use of the logarithmic part of the
boundary layer located closer to the water surface where the data are characterized by large
scatter and errors, and neutralize the effect of profile deformation due to the wave-induced
flux. To apply the self-similar laws, a statistical averaging of the GPS-dropsondes velocity
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profiles was applied. In order to do this for each individual TC, groups were constructed
from a number of wind profiles selected at approximately the same distance from the center
of each TC over the period of one day. The profiles demonstrating similar qualitative and
quantitative behavior were combined into 3 conditional datasets: corresponding to the
eye of the hurricane, to the region near the wall of the TC (10 m wind speeds were above
15 m/s), and to the outer region (10 m wind speeds were less than 15 m/s). For the further
analysis we used only the wind profiles averaged over the profile groups corresponding to
the region near the wall of the TC.

To develop an approach for the retrieval of the boundary layer parameters from the
wake part of the self-similar velocity profiles, an approximation of self-similar velocity
profiles observed in a wind channel or above a flat plate was used [24,43]:

Umax − U(z) =

{
u∗
(
− 1

κ ln(z/δ) + γ
)

; z/δ < 0.3

βu∗(1 − z/δ)2; z/δ > 0.3
(2)

here, Umax is the maximum velocity in the turbulent boundary layer, u∗ is the friction
velocity, δ is the boundary layer thickness, κ = 0.4 is the von Karman constant, and γ and β
are constants. The second-degree polynomial approximation of the “wake” part, i.e., for
z/δ > 0.3 was used to obtain the values of Umax, u∗, δ (see [24]):

U(z) = p3 + p2z + p1z2 (3)

Comparing the expression (2) with (1) gives (see [24]):

βu∗ = −
p2

2
4p1

; δ = − p2

2p1
; Umax = p3 + βu∗ (4)

The constants γ and β were obtained through the approximation of experimental data
(see [24]) using expressions (1): −1/(κβ) = 0.3474 ± 0.014 and γ/β = 0.07318 ± 0.0267.
Then, using (4), the friction velocity can be calculated, and using the obtained values of
Umax, u∗, δ the roughness parameter, the 10 m wind speed, and the aerodynamic drag
coefficient can be calculated (see [24]):

z0 = δ exp(−κUmax/u∗ + γκ)
U10 = 2.5u∗ ln(H10/z0)

CD =
(

u∗
U10

)2
= κ2

(κUmax/u∗−γκ+ln(H10/δ))2

(5)

here H10 = 10 m.
The U10 obtained within this algorithm is different from the surface wind speed Us f c

determined with the WL150 algorithm [40]. U10 and Us f c can be related with the following
expression Us f c = 1.02U10 − 2.22, and it is obvious that U10 and Us f c are highly correlated,
as the calculated correlation has a value of 0.97. This relation is fitted to the data in the
range of 15–57 m/s and does not apply equally well over this range; in particular, the
scatter of wind speed values at the lower boundary of the proposed range gives a 13%
discrepancy for the U10 and Us f c, and for the upper boundary its value is 1.8%.

The next step of the investigation reported in [24] was the construction of a method for
retrieval of the atmospheric boundary layer parameters from the ocean surface emissivity
data due to the collocation of the GPS-dropsondes and the SFMR. The value of SFMR
emissivity Ew corresponding to the GPS-dropsonde coordinates was obtained and averaged
over the chosen GPS-dropsonde groups. U10, u∗, and CD were calculated from GPS-
dropsonde data using the method proposed above and compared to the obtained Ew values.
In the present study, we have made a refinement of the retrieved atmospheric boundary
layer parameters in comparison with the results presented in [24] using an additional
verification of the friction velocity value using the constant flow part of the atmospheric
boundary layer. The updated dataset is illustrated by the small symbols in Figure 3a–c. To



Remote Sens. 2023, 15, 1985 7 of 18

construct the dependences of the averaged values of u∗, CD, and U10, on the mean Ew, the
data illustrated by the small symbols was averaged inside Ew bins (see large symbols in
Figure 3a–c); the number of bins was equal to 10 and was chosen to meet the condition
that the bins should contain a sufficient number of points for averaging—approximately 10.
The obtained dependencies have the following form:

U10 =

{
85E1/3

w , 0.0068 ≤ Ew ≤ 0.055,
223E2/3

w , 0.055 < Ew ≤ 0.1286
(6)

u∗ =

{
6.68E1/2

w , 0.0068 ≤ Ew ≤ 0.055,
1.56, 0.055 < Ew ≤ 0.1286

(7)

CD =

{
0.0062E1/3

w , 0.0068 ≤ Ew ≤ 0.055,
4.89 · 10−5E−4/3

w , 0.055 < Ew ≤ 0.1286
(8)

The dependencies on the ocean surface emissivity of the surface wind speed, wind
friction velocity, and aerodynamic drag coefficient of the ocean surface obtained from the
GPS-dropsondes using the algorithm described above are illustrated in Figure 3a–c. It can
be seen that the proposed algorithm is valid for the wind friction velocity retrieval only
for wind speeds not exceeding 32 m/s due to the effect of saturation observed within the
confidence intervals. It should be mentioned that the obtained saturation effect needs to be
further verified with a larger amount of data, so a weak dependence of friction velocity
on the emissivity cannot be excluded. The illustrated time dependencies of ocean surface
emissivity U10, u∗ and CD for Hurricane Maria are presented in Figure 3d–g. It can be seen
that the values of Ew and correspondingly the values of U10 and u∗ are greatly reduced in
the region of the hurricane eye, while at the same time the drag coefficient reduces sharply
at the hurricane wall where the largest wind velocity values are observed.

It should be mentioned that despite the fact that the dataset used to obtain the depen-
dencies (2)–(4) included measurements inside Category 4 and 5 hurricanes, at a significant
distance from the analyzed hurricanes centers, low and moderate wind speeds were also
observed (the lower limit of the analyzed velocities was 15 m/s), which are typical for
hurricanes of lower categories. In this regard, the proposed algorithm may also be used to
estimate the parameters in hurricanes of lower categories.

Below we use the dependencies (6)–(8) to obtain the values for the atmospheric
boundary layer dynamic parameters. On the basis of a comparison of these values with
the SAR data, we construct the model for the retrieval of atmospheric boundary layer
dynamic parameters (u∗, CD and U10—the last one is used as an auxiliary dependence)
from Sentinel-1 IW mode cross-pol images, which we will refer to as MADP-S1. A flowchart
diagram showing all analysis steps and their connections is shown in Figure 4.
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coefficient of the ocean surface (c), from GPS-dropsondes data on the ocean surface emissivity. The
small symbols are the results of calculations for individual statistical ensembles composed of velocity
profiles measured under approximately the same conditions; the large cyan symbols are mean values
obtained from averaging inside the Ew bins, approximations (6)–(8) of the averaged data illustrated
by the large symbols are shown in red color. The solid black line corresponds to the GMF from [40].
Time dependencies of ocean surface emissivity Ew (d), wind speed U10 (e), friction velocity u∗ (f) and
the aerodynamic drag coefficient CD (g) for Hurricane Maria from 23 September 2017.
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4. Retrieval of Atmospheric Boundary Layer Dynamic Parameters at Strong Winds
from Sentinel-1 SAR-Images

As a first step we obtained the dependence of NRCS on wind speed U10. This rela-
tionship was proposed for angles in the range of 30.85◦–45.57◦ and for wind speeds in the
range of 15–69 m/s. The construction of the dependence of NRCS on wind speed was
conditioned by the need for comparison with the previous GMFs in order to confirm the
validity of the approach for u∗ and CD retrieval proposed here.

4.1. Wind Speed Retrieval

For the construction of the dependency of NRCS on the wind speed U10, an approach
proposed in [16] was used. This approach is based on the piecewise power law function
applied to the number of selected wind speed regions. In this case, the angular dependence
of NRCS in every i-th wind speed interval is achieved, since the proposed approximation
coefficients depend on the incidence angle θ. We have used similar power dependence;
however, to ensure the continuity of the approximation, a vertical shift βi(θ) was addition-
ally used:

σ0VHi
= αi(θ)U

γi(θ)
10 + βi(θ) (9)

Thus, in order to construct a piecewise approximation, we carried out the follow-
ing procedure:

Step 1: the dataset is divided into three groups according to the three sub swaths,
Step 2: we chose a sub swath for the analysis and set the lower boundary of the first

approximation interval of wind velocity to 15 m/s in accordance with the limit of the
capabilities of our algorithm for data retrieval using SFMR, as described in Section 3,

Step 3: the default i-th approximation interval of wind velocity was chosen to be
5 m/s; within this interval the approximation of the NRCS data was performed using the
power dependence σ0VHi

= αi(θ)U
γi(θ)
10 , and then the upper boundary of the chosen wind

velocity interval was iteratively increased by 1 m/s and the approximation was made again.
This procedure was repeated until the exponent of the power approximation within the
selected interval did not change by more than 10 percent,

Step 4: in the case of a change in the power approximation exponent by more than
10 percent, we set the upper boundary of the i-th wind velocity interval (Ubi(θ)) and the
values of the coefficients αi(θ) and γi(θ),
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Step 5: the value of Ubi(θ) then becomes the new lower boundary of the (i + 1)-th
approximation interval, after which we returned to step 3 to approximate data within the (i
+ 1)-th interval. The procedure was repeated until the upper limit of the data array was
reached,

Step 6: the approximations obtained in steps 3–5 inside each wind speed interval thus
formed a piecewise GMF. The continuity of the constructed GMF was ensured by vertically
shifting each individual approximation by the value βi(θ).

The approximations were made inside each of the three sub swaths covering the
incidence angles 30.85◦–35.9◦ (sub swath 1), 35.9◦–41.3◦ (sub swath 2) and 41.3◦–45.57◦

(sub swath 3). The resulting values of αi(θ), γi(θ), βi(θ), and Ubi(θ) are listed in Table 2.

Table 2. The MADP-S1 power approximation coefficients used for the wind velocity retrieval.

Wind Speed
Interval (i)

Incidence
Angle Range αi(θ) γi(θ) βi(θ) Ubi, m/s Wind Speed

Range, m/s

1

30.85◦–35.9◦

1.42 × 10−5 1.7792 0 24 15–24
2 7.46 × 10−6 2.0281 −6.49 × 10−4 41 24–41
3 2.73 × 10−5 1.6481 8.66 × 10−4 47 41–47
4 1.67 × 10−4 1.1753 1.00 × 10−3 63.55 47–63.55

1

35.9◦–41.3◦

4.82 × 10−6 2.0931 0 22 15–22
2 3.68 × 10−7 2.9358 −1.07 × 10−4 28 22–28
3 4.13 × 10−6 2.1859 4.08 × 10−4 38 28–38
4 1.09 × 10−4 1.2577 1.50 × 10−3 44 38–44
5 5.00 × 10−5 1.4639 1.50 × 10−3 50 44–50
6 1.21 × 10−5 1.7895 3.70 × 10−3 69.68 50–69.68

1
41.3◦–45.57◦

2.66 × 10−7 3.0123 0 25 15–25
2 1.36 × 10−6 2.4821 3.18 × 10−4 45 25–35

Figure 5 shows the dependencies of the NRCS for the three incidence angle bins
corresponding to the three sub swaths outlined above. The proposed GMF is compared
to the previously reported GMFs referred to as MS1A, S1IW.NR, H14E, H14S and S-C2PO.
It can be seen that in the high-to-severe wind speed region (U10 > 30 m/s), the proposed
MADP-S1 GMF significantly underestimates the wind speed compared to H14S, while for
moderate winds MADP-S1 overestimates wind speeds compared to S-C2PO. The MADP-S1
is close to H14E and MS1A for sub swaths 1 and 2, while for sub swath 3 it demonstrates
an underestimation for U10 > 35 m/s compared to MS1A and an overestimation compared
to H14E. It may be concerned with the fact that for the first and second sub swaths the
datasets have good coverage of U10 (up to 50–60 m/s), but for the third sub swath this
data set covers only the region of wind speeds less than 35 m/s. Obviously, this is because
the selected SAR images did not contain areas with strong winds in the third sub swath
corresponding, in particular, to the wall of the hurricane.

Figure 6 shows the validation of retrievals made with the MADP-S1, H14E, MS1A, and
S1IW.NR using wind speeds measured by SMAP for the dataset from Table 3. In general,
the mean difference (bias), which is calculated as the difference between the modeled and
measured values of wind velocity, is negative for MADP-S1 and H14E, which is opposite
to the biases calculated for MS1A and S1IW.NR; this indicates the underestimation of the
modeled values. It can be seen that this underestimation predominantly appears in the
region of moderate-to-strong winds and can be corrected in the future if the data array
is expanded in the area of extremely high wind speeds. However, it should be noted
that the modeled and measured wind speeds are well correlated. Analyzing Figure 6, it
can be seen that the overall difference between the statistical parameters for MADP-S1
and H14E are quite small, except for the bias, which has a larger value for H14E. This is
apparently because in the case of data modeled using MADP-S1, the data considered in
the region of low-to-moderate wind speeds turn out to be somewhat overestimated and,
on the contrary, underestimated in the region of high wind speeds, while for the H14E
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there is only an underestimation of the simulated values with respect to the measured
ones. On the contrary, the values calculated using MS1A turn out to be overestimated in
the region of extreme winds in relation to those measured using SMAP; in addition, they
demonstrate a rather large scatter in the region of extreme wind speeds. An overestimation
for extreme winds is also demonstrated by S1IW.NR; however, the scatter of data for this
turns out to be smaller than for MS1A. Analyzing the obtained results, one can come to the
conclusion that MADP-S1 and H14E simulated values demonstrate the same trend with
wind speed, different from S1W.NR. It should be noted, however, that in the case of the
validation of retrievals made with the H14E and S1IW.NR using wind speeds measured
by SFMR from the dataset from Table 1, the situation changes to the opposite and H14E
shows a linear trend, in contrast to S1IW.NR (see Figure 6e,f). Perhaps this discrepancy is
due to different instruments for data acquisition used to create these GMFs. The question
of the influence of data source choice for the construction of the GMF on the results of
its subsequent validation requires a more detailed study in the future. It should also be
mentioned that the main weakness of the validation using the SMAP tool is due to the large
SMAP footprint size (36 × 36 km), so it is difficult to capture the extreme winds because
they fill only a modest fraction of the footprint. As a result, the maximum value of wind
speeds measured using SMAP will be lower than the maximum value of the wind speeds
measured using SFMR and used while constructing the proposed GMF.
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Table 3. List of TCs selected for validation, Sentinel-1 and SMAP acquisition time.

TC Name Category SAR Acquisition Time (UTC) SMAP Acquisition Time (UTC)

Maria 5 2017/09/21 22:45:11
2017/09/21 22:45:36 2017/09/21 22:35:00

Dorian 5
2019/09/03 11:17:21
2019/09/03 11:17:46 2019/09/03 11:39:00
2019/09/03 11:18:11

Humberto TS 2019/09/14 23:11:51 2019/09/14 22:46:00

Isaias TS 2020/08/02 23:19:38
2020/08/02 23:20:03 2020/08/02 22:59:00

Idai 3 2019/03/14 16:06:21
2019/03/14 16:06:46 2019/03/14 16:00:00
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Figure 6. The dependencies of wind speed U10 for all sub swaths on the wind speed retrieved
from the SMAP measurements: MADP-S1 (a); H14E (b); MS1A (c); S1IW.NR (d). n corresponds to
the number of data points. The dependencies of wind speed U10 for all sub swaths on the wind
speed retrieved from the SFMR measurements (on the basis of the dataset from Table 1): H14E (e);
S1IW.NR (f).

4.2. Wind Friction Velocity Retreival

For construction of the dependency of the NRCS on the friction velocity, we use power
dependence with a vertical shift similar to (9):

σ0VHi
= αi(θ)u∗

γi(θ) + βi(θ) (10)

The values of coefficients used in (9) are presented in Table 4. The boundary values of
the friction wind speed regions containing different powers are referred to as u∗bi.
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Table 4. The MADP-S1 power approximation coefficients for the friction velocity retrieval.

Friction Speed
Interval (i)

Incidence Angle
Range αi(θ) γi(θ) βi(θ) u*bi, m/s Friction Velocity

Range

1
30.85◦–35.9◦

0.0029 1.8201 0 0.8 0.55–0.8
2 0.0045 1.4522 −0.59 × 10−3 1.56 0.8–1.56

1
35.9◦–41.3◦

0.0035 1.1930 0 0.8 0.55–0.8
2 0.0041 1.8242 −0.90 × 10−4 1.3 0.8–1.3
3 0.0037 1.8815 0.45 × 10−3 1.56 1.3–1.56

1
41.3◦–45.57◦

0.0040 2.2755 0 1 0.55–1
2 0.0037 1.5973 0.38 × 10−3 1.56 1–1.56

Figure 7 illustrates the dataset for the NRCS versus the friction velocity values obtained
using expression (7). The dataset is limited with a cutoff value for u∗ equal to 1.56, which
corresponds to the NRCS value of −21.4 dB. This cutoff is obtained due to the saturation
effect observed for the dependency of ocean emissivity Ew on the friction velocity for the
values of Ew exceeding 0.055 (see expression (7)).
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the number of data points used to construct the proposed GMF.

4.3. Aerodynamic Drag Coefficient Retreival

The dependency of the NRCS on the aerodynamic drag coefficient was determined
in a similar manner to (9) and (10) (see Tables 5 and 6). The main difference was that
the approximation parameters were obtained without taking into account the sub swath
dependence, due to the lack of data for the drag coefficient. It can be seen from Figure 8
that there are two branches of the NRCS on CD dependence corresponding to different
parts of the piecewise dependency of the aerodynamic drag coefficient on the emissivity
Ew (see Figure 3c). The value of CD at which these dependencies intersect equals 0.00232,
which corresponds to the NRCS value −21.4 dB (see Figure 8). Despite the fact that the
dependence of NRCS on the aerodynamic drag coefficient is ambiguous, the CD retrieval
can be performed precisely, and in accordance with the proposed dependencies, there may
be cases when different NRCS correspond to the same values of the drag coefficient.

Table 5. The MADP-S1 power approximation coefficients for the aerodynamic drag coefficient
retrieval (NRCS with values greater than 0.0079 (−21.4 dB)).

Aerodynamic Drag
Interval (i) αi(θ) γi(θ) βi(θ) CDbi

Aerodynamic Drag
Coefficient Range

1 3.08 × 10−4 −0.5582 0 0.0015 0.00076–0.0015
2 4.76 × 10−5 −0.8489 −2.9373 × 10−4 0.00232 0.0015–0.00232
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Table 6. The MADP-S1 power approximation coefficients for the aerodynamic drag coefficient
retrieval (NRCS with the values less than 0.0079 (−21.4 dB)).

Aerodynamic Drag
Interval (i) αi(θ) γi(θ) βi(θ) CDbi

Aerodynamic Drag
Coefficient Range

1 1.48 × 100 0.9887 0 0.00150 0.00118–0.00150
2 2.94 × 104 2.4888 −3.7917 × 10−4 0.00232 0.00150–0.00232
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dependence) and 2235 (for the lower dependence).

It should be mentioned that a validation of the GMF should include the comparison
of the modeled values with the measurements. However, there are currently no reliable
data on wind friction velocity and drag coefficient, especially corresponding to extreme
wind speeds, as all the current datasets demonstrate a large scatter (see [44]). To validate
the results of CD modeling with our GMF, we used the approximations of the datasets
presented in [31–33,35,36]. On this basis, we have built a dependence of modeled drag
coefficient on CD obtained with these approximations using SMAP retrieved wind speeds
(see Figure 9b). It can be seen from Figure 9b that different datasets demonstrate different
behavior (some of them overestimate the drag coefficient and some of them underestimate
it), which again is due to the fact that in the area of extremely high winds there is a large
scatter in the datasets, and a significant uncertainty in the functional dependencies of
CD on U10.

To construct such dependencies for friction velocity in the range specified in our study,
we used the parameterizations of friction velocity on U10 from [27,28]. It can be seen
from Figure 9a that different parameterizations give different results, which indicates an
uncertainty in determining the value of friction velocity. It is obviously related to the choice
of a specific parameterization, and thus the quality of the results greatly depends on which
particular parameterization we choose from the currently existing ones.

The resulting dependences of NRCS on U10, u∗ and CD were used to retrieve the
two-dimensional distribution of aerodynamic drag, friction velocity, and wind velocity
from the SAR image of a tropical cyclone. Figure 10 contains the results of U10, u∗ and CD
retrieval from the SAR image for Hurricane Maria on 23 September 2017 using the proposed
MADP-S1 GMF. Since MADP-S1 works across a wide range of wind speeds, it allows the
retrieval of all the wind speeds in the image up to the highest values observed in the wall
area. Since the proposed GMF has limitations for the case of very low wind speeds (less
than 15 m/s) particularly observed in the region of the hurricane eye, such wind speeds
can be retrieved on the basis of generally accepted GMFs, such as CMOD5, in a similar
way as was proposed in [15]. It is seen from Figure 10b that the distribution of the friction
velocity demonstrates an increase in the area of the hurricane wall, until, at some distance
from the center of the hurricane, it finally reaches its cutoff value of 1.56, and then in a



Remote Sens. 2023, 15, 1985 15 of 18

region far from the hurricane eye it gradually decreases with distance from the hurricane
center. It should be mentioned that for the illustration of friction velocity as demonstrated
in Figure 10b,c, we use the cutoff value u∗ = 1.56 everywhere inside the area where the
NRCS becomes more than −21.4 dB (for the friction velocity) corresponding to the cutoff
values specified in Figure 7. At the same time, the drag coefficient shows an increase in
the region of the wall of the eye, and then a noticeable decrease. When moving away from
the wall of the eye, the drag coefficient increases again and reaches its maximum value of
0.00232. In the outer regions of the hurricane, the drag coefficient decreases monotonically
(see Figure 10c). The effect of the drag coefficient decrease for extreme wind speeds was
discussed in [36,38], and may be associated with a number of factors, such as the effects of
form drag [45,46], separation [29], sheltering [47], sea spray [48–50], and foam [32,51,52] on
the wind-wave momentum exchange, observed at extremely high wind speeds.
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5. Conclusions

Improving the accuracy of tangential turbulent stress and exchange coefficients re-
trieval which determine the large-scale ocean circulation is crucial in forecasting the devel-
opment of tropical cyclones. Despite the fact that conventional C-band geophysical model
functions are normally used for wind speed retrieval, the small-scale surface roughness
determining the value of microwave backscatter is related to the tangential turbulent stress
τ, which means that the dependence of NRCS on τ must be stronger than the dependence
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of NRCS on wind speed. The values of tangential turbulent stress (or associated friction
velocity) are usually obtained with bulk-formulas that have limitations concerned with the
significant uncertainties in determining the drag coefficient for strong winds. In the present
study we have made an attempt to construct a MADP-S1 GMF that makes it possible to
obtain the values of u∗ and CD from Sentinel-1 IW cross-polarized SAR images.

The first step in constructing MADP-S1 was concerned with the establishment of
average interdependencies relating ocean emissivity from SFMR and the values of U10, u∗
and CD, similar to [24]. This approach allows one to determine these three parameters from
one retrieval. The next step was the collocation of SAR images with SFMR data. The final
step was the comparison of the NRCS with the values of u∗ and CD calculated using the
developed radiometric relations. The interval for friction velocities for MADP-S1 retrieval
ranges from 0.55–1.56 m/s and the aerodynamic drag coefficient values lie in the range of
0.00076–0.00232. We also obtained the dependence of the NRCS on the wind speed U10 in
order to compare it with previous similar dependences (MS1A, S1IW.NR, H14E, H14S and
S-C2PO models) to show that the proposed approach is valid. It was shown that MADP-S1
GMF is consistent with H14E and MS1A.

It should be mentioned that as the parametrical relations between U10, u∗ and CD were
used to construct the proposed GMF through the emissivity, these parameterizations are
inherently included in the obtained dependencies of NRCS on these atmospheric boundary
layer parameters. Therefore, some features of the proposed radiometric parameterizations
are reflected in the results of calculations within the framework of the proposed GMF (such
as, for example, the aerodynamic drag coefficient reduction).

As an example, on the basis of the proposed MADP-S1 GMF, the wind speed, wind
friction velocity, and aerodynamic drag coefficient fields using the Hurricane Maria 23
September 2017 SAR image were retrieved; the results were presented in the form of two-
dimensional images. For the wall of the eye, a sharp increase in the wind speed and a
decrease in the drag coefficient were observed.

We should note that the strength of the proposed GMF is concerned with the possibility
of wind speed, drag coefficient and friction velocity retrieval from cross-polarized Sentinel-
1 IW SAR images at extremely high wind speeds (up to 69 m/s depending on the image
sub swath). At the same time, the weakness of the proposed GMF includes the low upper
limit for wind speed retrieval in the third subswath (only 35 m/s), as well as the fact that
the GMF for the drag coefficient retrieval does not contain an angular dependence. These
weaknesses can be eliminated in the future by expanding the data array.
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