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Abstract—This article describes the first step toward the de-
velopment of the geophysical model function (GMF) for the
retrieval of wind speed and wind stress in hurricanes, based
on developing a relation between the cross-polarized satellite
SAR data from Sentinel-1 and winds/stress observed from col-
located NOAA GPS-dropsondes data. Field measurements and
remote sensing data for tropical cyclones in the Atlantic Ocean
were analyzed. Using the data measured by GPS-dropsondes, av-
erage wind velocity profiles were obtained, while the parameters
of the wind boundary layer (drag coefficient and friction velocity)
were restored from the “wake” part of the velocity profiles using the
self-similarity property. The self-similarity of the velocity profile
“defect” in the boundary layer, known from the fluid dynamics, was
used to retrieve the parameters of the atmospheric boundary layer
(the surface wind velocity, drag coefficient, and friction velocity)
from the dropsonde wind velocity profiles in ten major hurricanes.
Based on the processing of the measurements in the hurricanes
Irma 2017/09/07 and Maria 2017/09/21 and 2017/09/23 at a time
close to the time of acquisition of the Sentinel-1 images, the depen-
dencies of the cross-polarized normalized radar cross section on
the wind speed and wind friction velocity were obtained and used
for constructing the GMFs.

Index Terms—C-band, cross polarization, geophysical
measurements, geophysics, hurricane, image analysis, radar
cross sections, remote sensing, wind speed.

I. INTRODUCTION

ACTIVE microwave remote sensing by the satellite-borne
instruments is the most important state-of-the-art method
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of operational monitoring of the oceanic and atmospheric geo-
physical parameters. The main instruments for active microwave
sensing of near-surface ocean winds are side-view radars (scat-
terometers), used to measure the signal backscattered from the
sea surface [5], [10], [11], [16], [17], [19], [22], [24] in order
to retrieve the wind speed and direction [10], [19] and the sea
surface state. Their advantages are related to the possibility of
all-weather 24-h global monitoring of the atmosphere and ocean
state.

The first works on the use of active microwave methods
for wind tangential turbulent stress, or wind friction velocity,
retrieval have been presented recently (see, for example, [4],
[13], [20], Liu, Tang, 2016). This approach seems preferable,
since the small-scale roughness prescribing the magnitude of the
backscattered signal is mainly related to the turbulent wind stress
[13], and the dependence of the NRCS on the turbulent stress
turns out to be stronger than on the wind speed (see, Jones and
Schroeder, 1978, Weissman et al. 1994). Current turbulent stress
retrieval algorithms use empirical geophysical model functions
(GMFs) that associate NRCS with 10-m wind speed [7] and bulk
formulas that relate wind speed U10 to the drag coefficient CD.
The dependence CD (U10) saturates at high wind speeds (>20
m/s, [6]) and is characterized by a peaking dependence [9], [14]
during extreme wind conditions (>35 m/s).

Another problem of turbulent stress retrieval at strong winds
is associated with the saturation of the scattered copolarized
microwave signal at wind speeds exceeding 20 m/s [3], [21],
[27]. Recently, a method has been proposed for solving this
problem based on the cross-polarized scattered microwave sig-
nal reception. In this case, on the base of the field wind speed data
analysis and water surface microwave SAR data, it was shown
that the NRCS is sensitive to wind speed at high wind speeds
[21], [25], [27]. Similar ground-based measurements of NRCS
and turbulent surface stress do not exist. The present work is
the first attempt to fill the existing gap. This article presents the
first results of studies on the development of the dependency of
NRCS on turbulent wind stress (or friction velocity) based on
combined Sentinel-1 SAR data and field measurements of wind
velocity profiles obtained by NOAA GPS-dropsondes in a wide
range of weather conditions, including extremes. Friction veloc-
ity can be retrieved from the averaged over statistical ensemble
wind velocity profiles using the Monin–Obukhov similarity (the
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profiling method). However, the profiling method cannot be
directly applied to available GPS-dropsonde measurements for
two reasons. The dominant one is extremely high measurement
errors in the vicinity of the water surface. In addition, there is the
problem of correct composition of the statistical ensemble for av-
eraging [15]. In this article, we propose an approach to determine
the law of resistance based on the approach successfully used in
technical fluid dynamics to describe turbulent boundary layers
over flat plates and tubes [8]. The method is concerned with the
self-similarity of the velocity defect [see (1)] in the boundary
layer, which makes it possible to retrieve the parameters of
the boundary layer (friction velocity and the roughness height)
from the measurements in the so-called “wake” part (the part
where velocity dependence on height is parabolic and located
above the logarithmic part), far from the surface. The advantage
of this approach is the ability to use measurements of the air
velocity profile at the distance from the surface, where there is a
significantly larger amount of data. In addition, the deformation
of the velocity profile due to wave momentum flux decreases
with the distance from the surface (see, e.g., Kandaurov et al.
2014). This approach, applied to wind velocity profiles obtained
from NOAA GPS-dropsonde data, is described in Section II.
Section III discusses the algorithm for analyzing data from a
Sentinel-1 satellite-based SAR measurement system to collo-
cate GPS-dropsondes data available at the NOAA Hurricane
Research Mission website1 with remote sensing data. Section
IV is devoted to the retrieval of the dependence of NRCS on
turbulent wind stress (or friction velocity) based on a collocation
of field data with available satellite data.

II. STATISTICAL ANALYSIS OF DATA FROM NOAA
GPS-DROPSONDES

The self-similar laws for velocity profiles in the turbulent
boundary layer are applicable only to values averaged over a
statistical ensemble. According to [15], the result of averaging
is sensitive to the choice of a statistical ensemble. In the present
study, a statistical ensemble comprises the wind velocity profiles
measured under approximately the same conditions. It means
that the velocity profiles were selected in a certain hurricane,
at a certain day. The statistical ensemble was then formed
from dropsondes that were closely spaced over a distance of
approximately 10 km and demonstrating a similar dependence
of wind speed on height.

Ten storms, categories 4 and 5 during 2003–2017 and dur-
ing the Atlantic hurricane seasons, were selected for statistical
analysis. The location of the GPS-dropsondes was related to
the current position of the storm center according to the track
data of the NOAA Hurricane Research Mission. The statistical
ensembles of the velocity profiles are presented visually in the
form of 3-D set of U (R, z) curves in Fig. 1, where the members
of the statistical ensembles are naturally combined into separate
groups. We considered only the statistical ensembles of the
profiles, where the wind speed at the upper boundary of the
boundary layer exceeded 20 m/s (profiles marked in green in

1[Online]. Available: http://www.aoml.noaa.gov/hrd/data_sub/hurr.html

Fig. 1. 3-D illustrations. The axes, respectively, show the distance from the
center of the hurricane (obtained by comparing the measurement data of the
coordinates of the NOAA GPS-dropsondes and the coordinates of the hurricane’s
track at the moment of the dropsondes fall), wind speed, and altitude measured
by the GPS sensor falling probe. Dataset for Hurricane Maria 2017/09/24.

Fig. 2. (a) Example of a wind speed profile averaged over profile groups
for the Hurricane Irma 2017/09/07. (b) Airflow velocity profiles measured in
the aerodynamic flume at different wind speeds over the waves in self-similar
variables. The solid line is logarithmic approximation. (Troitskaya et al. 2012.)

Fig. 1). The group of profiles measured in the hurricane eye (the
red curves in Fig. 1) and at a considerable distance from the
center of the hurricane with velocities at the upper boundary of
the boundary layer less than 20 m/s (the blue curves in Fig. 1)
were taken into consideration. As a result, the averaged wind
velocity profiles were obtained [see Fig. 2(a)].

The planetary boundary layer in a storm, can to some extent,
be treated as the flow in a channel, where the role of the upper lid
is played by the capping inversion above the convective layer.
In the turbulent boundary layers typical for the aerodynamic
channels, three regions at different distances from the surface
can be specified [see Fig. 2(b)]—the layer of constant fluxes with
the logarithmic velocity profile and the “wake” part (parabolic
dependence) (see [8]). The scale of the third viscous sublayer
located near the surface is several orders of magnitude less
compared to the layers specified above, so it was not taken into
account. According to [26], the constant flux layer thickness
is ∼0.3δ, where δ is the thickness of the turbulent boundary
layer. In the storm boundary layer, the “wake” part is located
above the layer of constant fluxes, where the boundary layer
flow is adjusted to the geostrophic flow. The thickness of the
planetary boundary layer in a storm is usually about 1000 m
[see, e.g., Fig. 2(a)], which gives for the upper boundary of the
layer of constant turbulent flux a thickness of ∼300 m. In the

http://www.aoml.noaa.gov/hrd/data_sub/hurr.html
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Fig. 3. Wind speed profiles in (a) dimensional variables and (b) self-similar
variables. The red curve is an approximation by (5) with parameters determined
by the least squares method.

case of the waved water surface, the layer of constant fluxes
contains the subregion where momentum is transferred from
the airflow to wave disturbances at the water surface. In this
subregion, the turbulent momentum flux changes with height
and the velocity profile declines from logarithmic dependence,
but the sum of the turbulent and wave momentum flux remains
constant (Kandaurov et al. 2014). According to Makin et al.
1995, the scale of this region is about λ/10. In hurricanes of
categories 4 and 5, the lengths of the wind waves are 400–500 m,
which gives the lower boundary of the layer of constant turbulent
flux lengths of 40–50 m. Thus, the logarithmic approximation of
the velocity profile is valid only in the narrow range of heights
and the traditional profiling method for determining dynamic
wind speed and roughness parameter based on the logarith-
mic approximation of velocity profiles can be applied only to
the limited amount of the data measured by GPS-dropsondes.
Moreover, wind speed values measured near the water surface
demonstrate large errors concerned with hurricane conditions.
These problems can be solved if one uses data obtained at a large
distance from the underlying surface. A similar approach was
applied for measuring friction velocity in the wind-wave flume
[18]. The self-similarity property of the velocity defect profile
was used [8]

Umax − U (z)

u∗
= F

(z
δ

)
(1)

where Umax is the maximum velocity in the turbulent boundary
layer and u∗ is the friction velocity. According to [8], for a
nongradient turbulent boundary layer on a flat plate or in a wind
channel, the following approximation of the self-similar velocity
profile is valid:

Umax − U (z) =

{
u∗

(− 1
κ ln (z/δ) + γ

)
; z/δ < 0.3

βu∗(1− z/δ)2; z/δ > 0.3.
(2)

where κ = 0.4 is the Karman constant.
Here, this approach is applied to retrieve the parameters of

the atmospheric boundary layer in a hurricane. First, the self-
similarity of wind velocity profiles was verified for the atmo-
spheric boundary layer of a storm. The airflow velocity profiles
averaged over the selected ensembles were approximated by (2).
The data obtained below 40 m were eliminated. Fig. 3 shows

Fig. 4. Azimuth averaged dependences of (a) aerodynamic drag coefficient
CD and (b) dynamic wind speed u∗ on U10. The blue curve corresponds to the
approximation of the obtained values at confidence intervals.

the velocity profiles in the boundary layer expressed in physical
variables U(z) and z and in the self-similar variables Umax−U(z)

βu∗
and z

δ . Obviously, the velocity profiles expressed in self-similar
variables have much smaller spread than the initial ones and
they are grouped around one curve. Approximation of the data
in Fig. 3(b) by (2) gives−1/(κβ) = 0.309 and γ/β = 0.123.

Given the self-similarity of the airflow velocity profile, it is
possible to obtain the parameters of the logarithmic boundary
layer from measurements in the wake part of the turbulent
boundary layer. The parameters of the logarithmic boundary
layer are calculated by (2) for z/δ < 0.3 as follows:

U (z) =
u∗
κ

ln (z/z0) , z0 = δ exp

(
−κUmax/u∗ +

γ

β
κ

)
.

(3)
The expression for the aerodynamic drag coefficient then

follows from (2)

CD =
κ2

(κUmax/u∗ − ακ+ ln (H10/δ))
2 (4)

where H10 is height 10 m above the sea level.
The dependencies of the drag coefficient and friction velocity

on wind speed obtained in this way are shown in Fig. 4.
It should be noted that here we obtained the azimuth averaged

values similar to those obtained by [9] and [14]. Similarly, at
U10 > 30 m/s, the drag coefficient decreases with the wind
speed increase. It should be emphasized that the proposed mod-
ified profiling method for determining the parameters of the
atmospheric boundary layer enables the use of data measured
at a large distance from the underlying surface. This makes it
possible to utilize a much larger amount of data than within the
traditional profiling method which is applicable only to the lim-
ited dataset acquired near the water surface where measurements
have a large error. This approach makes it possible to reduce
the number of wind velocity profiles necessary for averaging
and retrieving the parameters of the atmospheric boundary layer
(in particular, u∗) from data acquired in a certain hurricane at
a certain time. Then, the wind velocity profiles measured at a
time close to the time of acquisition of satellite SAR data can be
used for calibration not only by the wind velocity, but also by the
friction velocity. This makes it possible in prospect to construct
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the novel geophysical model function (u∗-GMF), namely, NRCS
via the friction velocity of the wind flow.

III. SENTINEL-1 SATELLITE REMOTE SENSING DATA ANALYSIS

The above results were used to develop the u∗-GMF
based on using the collocated remote sensing data from the
Sentinel-1 satellite and field measurements obtained from GPS-
dropsondes. We used the data acquired by C-SAR radar of
the satellite Sentinel-1 (European Space Agency) operating at
a frequency of 5.405 GHz. The interferometric wide swath
mode was analyzed for images acquired during the hurricane
season 2017 (from June 1, 2017 to November 30, 2017) over
the Atlantic Ocean at VH cross polarization. The analysis of the
SAR data showed that the records of the hurricane eye were ac-
quired only for three hurricanes: Irma [2017/09/03–2017/09/10,
Category 5 (SSHS)], Maria [2017/09/18–2017/09/27, Cate-
gory 5 (SSHS)], and Jose [2017/09/09–2017/09/20, Category 4
(SSHS)]. It should be noted that in contrast to the Earl hurricane
(2010), for which special ground measurements were carried
out,2 the special collocated measurements for these hurricanes
were absent. Investigation of the possibility of collocation of
the SAR data and the NOAA GPS-dropsondes for the hurricane
season 2017 in the Atlantic Ocean showed that the data can only
be collocated for the hurricanes Irma (2017/09/07) and Maria
(2017/09/21 and 2017/09/23), since the image of the hurricane
eye and measurements from GPS-dropsondes were the closest
in time and space.

For each image, we analyzed the array of measurement data
from GPS-dropsondes collocated with it in time and space.
It should be noted, however, that the GPS-dropsondes were
launched for a rather long period (6–10 h), not always coinciding
exactly with the time of the image acquisition. Therefore, we
assume that there is a certain period of time during a full-fledged
cyclone for which some of its characteristics can be consid-
ered quasi-stationary. To verify this assumption, we analyzed
the dynamic characteristics of hurricanes—minimum sea level
pressure (MSLP) and maximum surface wind speed (MWS) (see
Fig. 5). It can be seen that during the launch of GPS-dropsondes,
these characteristics change slightly. It makes possible the collo-
cation of satellite data and the data from GPS-dropsondes during
this period.

In this regard, an array of data from GPS-dropsondes,
launched 36 h before and after the time the image, was se-
lected for analysis, while conserving of the hurricane dynamic
characteristics was controlled. The GPS-dropsonde data was
collected and arrays were divided into groups constructed from
closely spaced GPS-dropsondes. Within each of these groups,
the profiles measured by GPS-dropsondes were averaged. From
the averaged profiles, the values of the wind friction velocity
and the 10-m wind speed were obtained based on the procedure
described above.

Preprocessing of the selected satellite images in the special-
ized software SNAP3 included calibration and thermal noise and

2[Online]. Available: http://www.aoml.noaa.gov/hrd/Storm_pages/earl2010/
sfmr.html

3[Online]. Available: https://step.esa.int/main/toolboxes/snap/

Fig. 5. Time dependence of MSLP for (a) Maria, (c) Irma and MWS for (b)
Maria and (d) Irma. Red circles indicate the launch time of GPS-dropsondes.

Fig. 6. Illustration of closely launched dropsonde groups. Radar image of the
C-band from the satellite Sentinel-1 (2017/09/21); NRCS appears as the bright-
ness characteristic. The analysis was conducted during the period 2017/09/20–
2017/09/22.

speckle noise removal. It should be noted, however, that signif-
icant fluctuations of the NRCS in each image were associated
with the presence of surface waves. To reduce these fluctuations,
the NRCS were averaged linearly over the square area 2× 2 km2

with the centers in the points with the coordinates of the launched
GPS-dropsondes. Afterward, we found the NRCS averaged over
the ensemble of these points and then it was conversed to dB.
Examples of such ensembles are shown in Fig. 6 inside red
ellipses.

The NRCS values versus the parameters of the atmospheric
boundary layer (the 10-m wind speed, wind friction velocity) are
shown in Fig. 7(a) and (b). For comparison, we used an array
of data obtained on cross polarization in a wide range of wind
speeds by Hwang et al. [11]. In [20], the authors used data from
[11] to retrieve the dependence of the NRCS on u∗. Obviously,
Fig. 7(a) shows that the present datasets are in agreement with
the dependence from [11] and extend it to higher wind speed.

At the same time, it is seen from Fig. 7(b) that the dependence
of NRCS on u∗ becomes ambiguous for u∗ ≈ 2 m/s. An analysis
of dependency [u∗on U10, see Fig. 7(c)] and GPS-dropsondes

http://www.aoml.noaa.gov/hrd/Storm_pages/earl2010/sfmr.html
https://step.esa.int/main/toolboxes/snap/
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Fig. 7. NRCS dependency on (a) U10 and (b) u∗, and (c) u∗ dependency on
U10 in hurricanes Maria and Irma, obtained on the basis of collocated satellite
data and measurement results from NOAA GPS-dropsondes analysis. (a) and
(b) Red symbols indicate the NRCS obtained according to the data from [11] and
[20]. (c) Red symbols show functional dependencies from [9] and [20]. Green
and blue symbols show data obtained from left and right sector of hurricane,
respectively. Yellow symbols indicate data from GPS-dropsondes fallen far from
the hurricane center. (d) Illustration of sectoral distribution of data in hurricanes
Maria and Irma, where red arrow shows the direction of hurricanes’ motion.

distribution [see Fig. 7(d)] showed that the data corresponding to
different branches of the dependence belong to GPS-dropsondes
fallen in left and right sectors of the hurricanes. It should be noted
that for data obtained far from the center of the hurricane (yellow
symbols in Fig. 7), where wind speeds are low, the sectoral
dependence is not so obvious.

IV. CONCLUSION

This article describes the first step toward the development of
GMF for retrieval of wind speed and wind stress in hurricanes

based on calibration of the cross-polarized satellite SAR data
from Sentinel-1 by the collocated NOAA GPS-dropsondes data.
The self-similarity of the velocity profile “defect” in the bound-
ary layer, known from the fluid dynamics, was used to retrieve the
parameters of the atmospheric boundary layer (the surface wind
velocity and the wind friction velocity) from the GPS-dropsonde
wind velocity profiles in ten major hurricanes. The advantage of
this approach is the ability to use measurements of the velocity
profile at a distance from the surface, which enhance the data en-
semble and reduce the measuring errors. In addition, a procedure
was proposed for selecting a statistical ensemble for averaging
the GPS-dropsondes data as groups of wind velocity profiles
measured under similar conditions. On the basis of the proposed
approach, the parameters of the boundary layer (friction velocity
and roughness height) were restored for the hurricanes of the
Atlantic Basin in the period from 2003 to 2017. A procedure for
collocation of the GPS-dropsondes data and the Sentinel-1 cross-
polarized SAR data acquisition was suggested, based on the
assumption that the shape of the hurricane remains unchanged
during the time of field measurements. Based on preliminary
data processing, the dependencies of the cross-polarized NRCS
on the wind speed U10 and wind friction velocity u∗ were
obtained. The dependence on U10 is in agreement with the
dependence from [11] and is extended to higher wind speed. The
NRCS dependence on u∗ is ambiguous apparently due to depen-
dency ofu∗ on the sector of the hurricane. The found peculiarities
are the subject of further investigation. First of all, further studies
with the better statistics of the data are needed for constructing
GMF for retrieving u∗ from the remote sensing data.
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