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Abstract: The paper is devoted to the problem of estimating marine current velocity from microwave
radar data, one of the important tasks of sea remote sensing. We present some results of simultaneous
measurements of radar scatterers velocities and sea current and wind velocities. Radar scatterers
velocities were measured using a dual-polarized (VV/HH) Doppler radar operating in S/C/X bands.
The experiments were carried out in the coastal zone of the Black Sea at moderate incidence angles
(30-70 degrees). It was obtained that the subsurface current velocity (current in the upper layer of
ten centimeters) retrieved from the Bragg component of the radar return can be used to estimate
changes in marine current (a part of the sea current that is not related to the wind) at constant wind
speed. The subsurface current velocity is found as a vector sum of the current velocity measured at a
depth of 1 m and the wind component equal to 1-3% of the wind speed. Possibilities of estimating
the current velocity from VV/HH/PD data are analyzed.

Keywords: three-band microwave co-polarized Doppler radar; microwaves scatterers at VV; HH
polarizations; Bragg scatterers; subsurface current; marine current; wind drift

1. Introduction

Oceanic currents have an impact on the Earth’s climate and weather not only over
the ocean but also over the whole planet [1]. Direct measurements of the sea current
velocities, such as those using buoy stations, are highly accurate, but spatially limited.
Thus, retrieval of the sea current velocities from microwave radar return data becomes
one of the important tasks of remote sensing (see, e.g., [2-8] and the literature cited there).
Radars are all-weather instruments that are mounted on the seashores, on ships, and on
aerospace carriers; it provides information about the sea surface over a large water area,
in particular current velocities, if Doppler radars are involved. However, the problem
is that the Doppler radar does not measure the velocity of sea currents, but the velocity
of microwave scatterers on the surface. So, the problem of mechanisms of microwave
backscattering becomes important, a sufficient solution of which has not been found for
many decades (see, e.g., [9-13]). Most often, it is assumed that the scatterers of EM waves at
moderate incidence angles are Bragg waves, whose length is related to the radar wavelength
and the incidence angle of radiation [10]. However, recent studies, in particular those using
dual co-polarized radars (see, e.g., [14-16]), show that this is not generally the case. The
radar return from the sea surface at VV and HH polarizations is the sum of the Bragg and
non-Bragg components; the latter is associated with strong breaking of the long waves
(white caps) [13] and non-linear structures on the decimeter wave profile [15,16]. Hence,
the weighted average scatterer velocity is a combination of the velocities of these two types
of scatterers, and it is determined by their relative contribution.
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It is well known that velocity of the microwave’s scatterers is composed of the “intrin-
sic” velocity, e.g., the velocity of Bragg waves, and the velocity of the subsurface current,
which in turn is determined by speed of marine current (not related to the wind) and wind
drift. One way of characterization of the scatterer’s velocity is based on determining the
center of gravity of the Doppler spectrum (centroid, Doppler shift) [5,6]. Since the wave
spectrum is determined over some finite time, an additional “modulation component” in
the Doppler shift (MC, in [17,18]—wave component) can appear due to modulation of the
radar return by long surface waves (see, e.g., [19]). MC is determined by a modulation
transfer factor [19], amplitudes of the long surface waves, observational conditions, and
the time and space scales of the Doppler spectrum analysis. Some studies (see, e.g., [18,19])
show that MC can be comparable to the orbital velocities of long waves. In [2,18], an esti-
mate was made for quasi-nadir observations as applied to satellite observations; however,
the velocities obtained from different polarizations were not compared with the subsurface
current velocities. Wind drift according to numerous studies (see, e.g., [20-23]) is about of
2-3% of wind speed; depending on wind fetch, wind speed, etc., wind drift in the upper
layer can reach almost full development in a few minutes [24]. As shown in [2], wind drift
can be as high as 15% of wind speed. Measuring of sea currents presents some challenges.
Current sensors (e.g., acoustic Doppler current profilers) measure sea currents from a
certain depth, usually greater than 1 m. As for the marine current velocity, the answer to
the question of at what depth the wind effect on the sea current can be neglected, and at
what depth the measured current can be considered as the “marine current”, is not clear
by now.

The paper is devoted to a problem of evaluation of the marine current velocity from
microwave radar data. The paper is organized as follows. Section 1 gives a brief review of
scientific background of the problem. Section 2 describes our field experiments, including a
description of the Doppler dual, VV and HH, co-polarized radar operating in S-, C-, and X-
bands. Section 3 includes a theoretical background and a description of the data processing
procedure, with an evaluation of the modulation component for our experiment. Section 4
contains some results of our field experiments on the scatterer’s velocity measurements.
In Section 5, we discuss some possibilities to retrieve the subsurface current velocity from
data obtained for the polarization difference and at VV and HH polarizations and analyze
a contribution of the marine current and the wind drift to the subsurface current velocity.
Conclusions are given in Section 6.

2. Apparatus and Experiment

The experiments were carried out from an oceanographic platform of the Marine
Hydrophysical Institute RAS located in 500 m from offshore in the coastal zone of the
Black Sea (See, [11,17]). The water depth under the platform is about 30 m. Wind speed
and direction were measured with an ultrasonic anemometer mounted at 25 m. The wind
speeds ranged from 3 to 9 m/s. An acoustic Doppler current profiler (ADCP WorkHorse
Monitor 1200 kHz, Teledyne RD Instruments Inc., Poway, CA, USA) was lowered from the
seaside of the platform at a distance of 15-20 m from the studied radar area.

The Doppler X-/C-/S-band radar, operating at two co-polarizations on receiving and
transmitting, was designed and manufactured in IAP RAS some years ago. It was mounted
at a height of 14 m at the seaside of the platform. The radar has one round antenna for all
bands with a diameter of 1 m. The observations were made towards the sea in approxi-
mately upwind and upstream direction (£20 degrees). The incidence angle varied within
30-70 degrees. The X-/C-/S-band radar is a pulse coherent system that simultaneously
measures the backscatter intensity and the scatterer velocity at two polarizations (VV and
HH). The pulses in each band are emitted and received in pairs at VV and HH polarizations.
A lag between pulse transmissions at different polarizations is 10-5 s; a pulse emitted at one
polarization is received before a pulse at the other polarization is emitted. The frequency of
the pair of the pulses is 512 Hz. The number of pulse pairs is normally 256; thus, time series
duration for subsequent processing is 0.5 s. So, it can be considered that the measurements
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in one band at two polarizations occur simultaneously. The Doppler X-/C-/S-band radar
has a receive pulse gating system; gating time is 5 ns. After formation of the time series for
all bands, some time is reserved on the signal processing, which includes a calculation of
the Doppler spectrum using Fourier procedure, intensity of the radar return as an integral
of the spectrum, and the scatterer’s velocity as a center of gravity of the spectrum (centroid).
Thus, the sampling frequency of the intensity and the Doppler shift is about 0.3 Hz, which
is comparable with the long wind waves frequency at wind velocities of 5-7 m/s.

3. Theoretical Background and Data Processing

We used a composite model (see, e.g., [13,25]) to analyze the radar signals. Ac-
cording to this model, the microwave scattering is composed of Bragg and non-Bragg
(non-polarized) components; the difference between the radar signals at VV and HH po-
larizations (the polarization difference PD or Bragg component) is determined only by
the Bragg scattering mechanism and is proportional to the wave spectrum at the Bragg
wavenumber. Since the radar simultaneously registers the backscattered intensity (oyy,
oyp) and scatterer’s velocities (Uyy, Uppy), the velocity of the Bragg scatterer was retrieved
as follows:

Uyyoyy — UHHOHH
Upp = )
(ovv — 0Hn)
The average velocity was determined by averaging over the time series of the “instan-

taneous” scatterer’s velocities. Note that the polarization ratio PR = oyy/oyy can vary

2
from 1 to about R(#) value, (R(0) = 5;’ V((Z% is the ratio of Fresnel coefficients [10], 6 is the
HH

incidence angle); so, in some cases, the values of the polarization difference (cyy — ogy)
can be small (or close to zero) and the velocities determined by (1) tend to be infinite. Such
cases were filtered out when calculating the averaged velocity of the scatterers. The number
of such filtered cases increases with a decrease in the incidence angle. It imposes some
restrictions on our use of the composite model at incidence angles of less than 40%. This is
due to the fact that as the incidence angle decreases, the relative contribution of non-Bragg
backscattering increases, the relative contribution of Bragg scattering decreases, and the
error becomes comparable to PD values.

The “instantaneous” Doppler shift f, calculated over an interval much shorter than
the characteristic periods of the long wind waves, is determined by the intrinsic speed of

— —
the scatterers Vs, the speed of the subsurface current V. (both speeds direct horizontally),

5
and orbital velocities of the long surface waves U, as follows [9]:
o — —
2nf = Zk,(VSC—i—VC—i—UO,b(t)) 2)

where k; is the wavenumber of an incident electromagnetic wave.
After averaging over times much longer than the period of the long waves, the Doppler
shift one obtains:

— — — —

where kj, = 2k, sin 6 is the Bragg wavenumber and 6 is the incidence angle.

So, if intrinsic velocity of the scatterers is known, one can obtain the subsurface current
velocity from the measured averaged instantaneous Doppler shift. However, really the
Doppler spectrum is averaged over some finite time, which leads to an additional term
related to the radar return modulation over the long waves (MC).

Let us estimate the MC for the upwind observation in the case when it can be assumed
that the length of the main modulating wave with a frequency (2 is much larger than the size
of the illuminated area. If the horizontal component of orbital velocities of the long wave is
U(t) = Vyyp - cos(Qt), then the vertical componentis W(t) = V,,;, - sin(Q¢), and the variable
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component of the Doppler shift has the form f = 2k, U, (t) = 2k, U, cos(Qf — 6). So,
the Doppler shift averaged over At is:

AL
o (Vackuy o+ Veky 2 Unhy - sin(—Qt +60)) (14 m(kyy, Q) - 52 - cos(C — ) )
_ . t
fAt - 271. t+At u (4)
J (1 + m(kpy, Q) - =g - cos(Qt — lP))dt
t
where m(kp,, )) and —modulus and phase of the modulation transfer function (MTF),
which characterizes the variations of the radar return over the long wave, and C = (/K is
a phase velocity of the long wave. After averaging fa; over time much longer than a period
of the long waves, MC is equal to:
t+At u
[ 2 Uypky - sin(—Qt + 6) (1 + m(kp,, Q) =gt - cos(Q + l/J))dt
o Vsckbr + Vckhr o 1 t
Af—<fAt > _T7E< FLAE >t (5)

i (1 + m(kp,, Q) Ugb -cos(Q) — 1/)))dt
t

where brackets < ... >; mean averaging. On a clean surface, the MTF is determined by tilt
modulation, wind growth rate [26], and hydrodynamic modulation. For full developed
waves, the first and the last mechanisms dominate (see, e.g., [19]). The modulation coeffi-
cients for the Bragg backscattering are given in [2,19,27,28]. As mentioned above, within the
framework of the used model, the polarization difference is determined only by the Bragg
scattering; therefore, an estimation of MC will be performed for the polarization difference.
It is difficult to estimate MC at VV and HH polarizations, since the backscattering at VV
and HH polarizations is not purely Bragg, and the mechanism of non-Bragg backscattering
is not well understood.

At low wind speeds, the illuminated area becomes comparable to the length of the
modulating wave, which can be interpreted as an increase in the averaging time Af,¢. We
will estimate the effective time as At, = At + L/C, where L is a size of the illuminated
area in the observation direction or a length of one strobe on the surface. Figure 1a shows
the dependence of the MC recalculated into the horizontal velocity AV = 27tAf /kp, on an
incidence angle of radiation for appropriate wind speeds of 5 and 10 m/s. It can be seen
that the MC value for a wind speed of 5 m/s exceeds the corresponding value for 10 m/s.
The latter is because a period of the long waves becomes shorter as the wind decreases, and
the illuminated area becomes comparable in size to the long wavelength. Figure 1b shows
the dependence of the MC on wind speed for an incidence angle of 60 degrees. It can be
seen that the MC in our case increases with decreasing wind speed and actually reaches

. . u2 . . .
its maximum value fy; = % - =g cos(F — 6 + ) when the size of the illuminated

area becomes comparable to the wavelength. At high wind speeds, when the size of the
illuminated area becomes small compared to the long wavelength, the MC becomes small.

Since the sampling rate of the radar data is comparable to the frequency of the long
wind wave, we can assume that the row radar data values are independent. The confidence

interval for the scatterers velocities can be estimated as @ ~ 4/ Qia’%, where Ugb, is
a variance of the orbital velocity in the long wave, ¢? is a variance of the wave height
determined mainly by the long waves, and 7 is the number of the independent samples.
Such estimation gives us the confidence interval of about 5 cm/s for an analysis time of
about 10 min for a wind speed of 8-10 m/s.
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Figure 1. (a) MC vs. incidence angle (PD). Black curves are S-band, red—C-band, blue—X-band,
dashed curves are 10 m/s, solid curves are 5 m/s. (b) MC vs. wind speed. Black curves are S-band,
red are C-band, and blue are X-band. Incidence angle is 60 degrees.

4. Results

Two groups of case studies are presented below. In the first case study, a dependence
of scatterer’s velocities at incidence angles of about 60 degrees were investigated with a
falling wind. In the second case study, the scatterer’s velocities at different incidence angles
with approximately constant wind were investigated. In addition, a large data base was
accumulated for many series of our experiments on the relationship between scatterer’s
velocities and wind speed for incidence angles of 60 degrees for different (uncontrolled)
subsurface current velocities.

4.1. Scatterer” Velocities with a Falling Wind

Figure 2 shows the scheme of our first case study (Figure 2a), the current velocity
profiles measured by the ADCP (Figure 2b), time series of ADCP current (Figure 2¢,d), wind
(Figure 2e,f), and the horizontal projections of the scattering velocities at VV (Figure 2g)
and HH (Figure 2h) polarizations.

A 14—_
N 127
Current g 10
w % .
= > 6
A 4.
2 -
Observation 0 —
\ . 8 12 16 20 24
Wind ADCP current velocity, cm/s

(b)

Figure 2. Cont.
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Figure 2. Case study 4.1. (a) Schematic representation. (b) The ADCP current velocity profiles in the
beginning (black), middle (red), and end (blue) of the case study. (c) The ADCP current velocity and
(d) direction at depths of 1 m (black curve), 4 m (red curve), and 10 m (blue curve). (e) The wind
velocity and (f) direction. (g) The scatterer’ velocities at VV and (h) HH polarizations. Black symbols
correspond to S-band, red—C-band, blue—X-band.

One can see in Figure 2e,f that the wind speed decreases throughout the case study
and the wind direction changes slightly (95 to 115 degrees), remaining close to the radar
direction (90 degrees). Figure 2¢,d show that in the first half of the case study, the ADCP
current velocity at a depth of 1-4 m (the current did not change in depth) rises from 15 to
25m/s, and the current direction remains nearly constant, about 20 degrees to the radar
direction. In the second half of the case study, the current speed at a depth of 1 m varies
between 25 and 15 m/s, and the current at a depth of 4 m has a lag behind the current
at a depth of 1 m. The same effect is demonstrated in Figure 2b. At the beginning of
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ADCP current velocity, cm/s

Wind velocity, m/s

VV scatterers velocity, cm/s

the experiment, the velocity in the upper layer of about 1-5 m is practically unchanged,
apparently due to sustained wind drift (wind speed was 8-10 m/s during the previous
day), and at greater depths, it decreases slowly. At the end of the experiment, when the
wind had already been decreasing for several hours, the current decreased at lower depths.
Figure 2g,h show that the scatterer’s velocity at HH polarization is greater than that at
VV polarization. The scatterer’s velocities are greater for longer electromagnetic wave.

4.2. Scatterer’s Velocities with a Constant Wind

In the case study, measurements of the scatterer’s velocities were carried out at dif-
ferent incidence angles (30-70 degrees). Figure 3 shows time series of current velocities
and directions (Figure 3a,b) (at depth of 1 m (black curve), 4 m (red curve), and 10 m (blue
curve)), of wind (Figure 3c,d), and of the horizontal projections of the scatterers velocities
at VV (Figure 3e) and HH (Figure 3f) polarizations on an incidence angle.
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Figure 3. Case study 4.2. (a) The velocity and (b) direction of ADCP current at depths of 1 m
(black curve), 4 m (red curve), and 10 m (blue curve). (c) The wind speed and (d) direction. The
scatterer’s velocity for the radar return at VV (e) 0-150 min, (g) 150-300 min and HH (f) 0-150 min,
(h) 150-300 min polarizations. Black dots are S-band, red—C-band, blue—X-band.

Figure 3c,d show that the wind speed (about 9 m/s) changes weakly during the
experiment, and the angle between the direction of observation and the wind changes
from 30 degrees to 20 degrees. The current in the upper layer (1-4 m) did not change
in depth and direction. At greater depths, the speed decreased, and the current had a
constant lag in direction. The current velocity in the upper layer in the first half of the
experiment is less (approximately by 10 cm/s) than in the second half of the experiment;
the direction of the current changes slightly, amounting to approximately 20-30 degrees to
the observation direction.

As in experiment 4.1, the radar scatterer’s velocities increase with the radar wave-
lengths; the velocity of HH scatterers is greater than that of VV scatterers. The horizontal
projection of the scatterer velocities weakly depends on the incidence angle of radiation.
A small change in the sea current velocity at the beginning and end of the experiment is
poorly visible, possibly due to a measurement error. It can be seen that the difference in
the scatterer’s velocities at VV and HH polarizations increases with an incidence angle,
which is due to the fact that at large incidence angles, the main scattering mechanism at
VV polarization is the Bragg mechanism, and at HH polarization—non-Bragg mechanism
(backscattering due long waves). At smaller incidence angles, the non-Bragg component
significantly contributes to backscattering at both VV and HH polarizations.

Another case study on measurement of the scatterer’s velocity at two polarizations at
different incidence angles is described and investigated in detail in [29]; the experiment
was performed in weak winds, in the absence of strong wave breaking. Here, the same
conclusions were drawn as for experiment 4.2.

Scatter plots of the scatterer’s velocities at VV and HH polarizations and the wind
velocities are presented in Figure 4. The experiments were carried out approximately
against the wind and current (30 degrees from the direction of observation) at incidence
angles of about 60 degrees. The data correspond to different series of experiments.

In Figure 4, it can be seen that the scatterer’s velocity both at VV, and HH polarizations
increases with wind speed. A sharp increase in the HH scatterers’” speed is observed at
wind speeds of 6-7 m/s, the latter is explained by the appearance of strong wave breaking
associated with surface long fast waves which significantly contribute to scattering at HH
polarization. The large scatter of the velocities, in our opinion, is due to different sea
current velocities.
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Figure 4. (a) The scatterer velocities at VV and (b) HH polarizations vs. the wind velocity. Black
symbols—S-band, red—C-band, blue—X-band.

5. Discussion
5.1. Relation between Changes in ADCP Current Velocity and Subsurface Current Velocity
Retrieved from the Polarization Difference

Let us discuss whether it is possible to detect any change in sea current velocity
when analyzing the subsurface (SS) current velocity reconstructed from the polarization
difference (i.e., in our model from the velocities of Bragg scatterers). Note that the ADCP
measures the sea current velocity in depths of 1-15 m, while the depth at which the current
significantly affects the Bragg wave propagation is comparable to the wavelength (i.e., is
on the order of tens of cm). Thus, the ADCP does not measure the current, which we define
as the subsurface one. Considering that the subsurface current is a vector sum of the sea
current velocity and the wind drift velocity, let us see how the change in sea current reflects
in the subsurface velocity.

Remember that the polarization difference (PD) is determined only by the Bragg
scattering mechanism, i.e., the Bragg waves with wavenumber kj,. Let us assume that the
wind waves are mostly free, i.e., propagate with velocities Vy, = \/g/ky, +0/p - kpy, g is
the acceleration of gravity, ¢ is the surface tension at the air-water interface, and p is the
water density. The MC for the PD was estimated as shown in Section 3 and removed from
the obtained PD value. Figure 5a shows time series of the SS current velocities (case study
in 4.1). Figure 5b shows SS current velocities for different values of the sea current velocity
ata depth of 1 m.

*o0
SS current velocity, cm/s
[\S}

W
1

(=)

T T T T 5+——F—"T——T—T1T—"

60 120 180 240 300 360 420 14 16 18 20 22 24 26

Time, min ADCEP current velocity, cm/s

(a) (b)

Figure 5. (a) Time series of the subsurface current velocities. (b) Subsurface current velocity vs. ADCP
current velocity at a depth of 1 m. Case study 4.1. Black dots—S-band, red—C-band, blue—X-band.
Solid symbols-wind speed 7-3 m/s; open symbols-8-9 m/s.
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As illustrated in Figure 5a, the SS current velocities obtained from radar data are
almost identical for three radar bands within the confidence interval. This is because the
sea current varies slightly on scales of ten centimeters from the surface where the sea
current affects the propagation of the Bragg waves. Figure 5b shows a scatter plot of
the SS current velocities and sea velocities at a depth of 1 m. Solid symbols in Figure 5
correspond to wind speeds of 7-3 m/s, and open symbols to 8-9 m/s. The straight lines
in Figure 5b Vpp — Vsc = a1 - Vapcp + &y are the line dependences of the SS velocity on
the ADCP velocity for wind speeds of 3-7 m/s; the coefficient «; is 1.2, 0.95, and 1.1 for S-,
C-, and X-band, respectively. The closeness of the coefficient a1 to unity indicates a strong
correlation between the SS current obtained from the radar data and the sea current.

A scatter plot of the SS current velocity and sea current for case study 4.2 is presented
in Figure 6. The coefficient a1 is 0.9, 0.8, and 0.7 for S-, C-, and X-band, respectively. Thus,
Figures 5b and 6 demonstrate that the variations in the sea current velocity in the upper
layer can be detected from the change in the Bragg scatterer’s velocity (the velocity of the
PD difference scatterers) at a constant (slightly varying) wind speed.

w)
E 2
540 ¢ ¢
g
2 LR
£ 20
=
3
n
wn
0 T T T T T 1
15 20 25 30

ADCEP current velocity, cm/s

Figure 6. Subsurface current velocity vs. ADCP current velocity at a depth of 1 m. Case study 4.2.
Black symbols—S-band, red—C-band, blue—X-band.

Figure 7 illustrates the relationship between the SS current velocity and the wind
speeds, in which the incidence angles were about of 60 degrees (data from Figure 4). Here,
one can see the strong dependence of the subsurface current velocity on wind speed.
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Figure 7. Subsurface current velocities vs. wind speeds (from Figure 4). Black symbols—S-band,
red—C-band, blue—X-band.

Thus, it can be concluded that the SS current velocity retrieved from microwave radar
data strongly depends on the wind speed. However, the SS current can be used to estimate
the change of current velocity in the upper layer at a constant wind speed.
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5.2. A Problem of Estimating the Marine Current Speed from the Subsurface Current Velocity

However, the assessment of absolute values of the marine current velocity from the
value of the SS current velocity still remains problematic. In a number of works (see,
e.g., [2,20] and references therein), it is proposed to consider the current on the sea surface
as a vector sum of a “marine” current (independent of wind) velocity and wind component
as fixed percentage of wind speed. The problem is that nobody knows at what depth the
current becomes independent of the wind and we can consider it a marine current. If
the current changes with depth, we must take the different values of wave components
for different depths (where we consider the current to be marine) to obtain the measured
velocity value in the upper layer (i.e., SS current velocity). Let us introduce wind deposit
(WD), which we define as a difference between the SS current velocity (Vpp — V4,) and
ADCP velocity Vapcp (i-e., wind component), divided by the wind speed.

WD = (Vpp — Viyr — Vapce) / Vawind (6)

Note that if V4pcp is a velocity of “marine” current, then WD - V,,;,,; is equal to wind
drift velocity in the upper layer. Figure 8 shows the WD for the case study 4.1. Here, the
ADCP velocity was measured at depths of 1 m, 4 m, and 10 m. We are interested in depths
down to 10 m, as we believe that at greater depths, the seabed affects the current.
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Figure 8. Case study 4.1. WD vs. wind speed (minus the current speed at depths of (a) 1 m, (b) 4 m,
and (c) 10 m). Black symbols—S-band, red—C-band, blue—X-band.

Since the ADCP current speed decreases with depth, one can expect that the WD
increases with the depth at which the ADCP current is measured, as can be seen in Figure 8.
The current at a depth of 1 m (see, Figure 2b) is not the “marine” one for both moderate
and low wind. Here, WD is 1-2%, i.e., the wind component is linearly dependent on the
wind velocity. At a depth of 4 m, the WD is strongly dependent on wind speed; it increases
significantly at low speeds, remaining almost constant at higher speeds. The effect can be
due to the fact that in weak wind, the current at a depth of 1 m is closer to the “marine”
current, while for moderate wind, the sea current is not the “marine” one (here, WD is
constant). However, it can be also due to the fact that in a falling wind, the SS current
corresponds to the higher wind values than those obtained at the same time as the current
was measured. At moderate wind speeds (at the beginning of the case study), the wind
current corresponded to the simultaneously measured wind speed (remember that the
winds have been consistently moderate all day). So, to estimate correctly the current speed
in the upper layer from the SS current velocity, some additional information about the wind
(prehistory) is needed. It can be seen that the WD for moderate wind speeds is of the order
of or less than 2%, whatever depth of the “marine” current we choose. Figure 9 shows the
WD for case study 4.2.; some data from [29] for a wind speed of 5-6 m/s are also presented
here. In both cases, before and during the experiments, the wind was steady. It can be seen
that the WD values vary within the same limits 1-3%. However, to determine the value



Water 2023, 15, 1153

12 0f 15

of current velocity at other depths, it is necessary to know the features of wave drift and
sea current formation, which is not considered in the paper. So, the problem of choosing
the depth at which the current velocity can be considered as the “marine” one remains
unresolved. From our study, one can conclude that the depth is determined, among other
things, by the wind speed and its stability (fetch, profile). It should be recognized that the
study of the formation of sea currents is beyond the scope of this paper.
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Figure 9. WD in the case study 4.2. vs. ADCP current velocity (minus current velocity at a depth of
1 m). Black/green symbols—S-band, red /violet—C-band, blue/orange—X-band, diamonds—case
study 4.2, circles—[29].

Let us see what WD will be if we do not take into account sea current at all. Figure 10
shows the WD values for the data from Figure 4. It can be seen that the WD decreases
with wind speed. The latter is due to the fact that the term V4pcp/ Viying in (6) decreases.
The data in Figure 10 allow us to perform a very rough estimate of the SS current speed
at moderate current speeds only from the wind speed in the coastal zone of the Black Sea.
Note that these results have, of course, “regional” character.
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Figure 10. Ratio of subsurface current velocity to wind velocity (data from Figure 4). Black symbols—
S-band, red—C-band, blue—X-band.

Figure 11 demonstrates the SS current velocity, retrieved from data at VV and HH polar-
izations and from the polarization difference at moderate incidence angles (60-70 degrees),
as functions on a wind speed. In all cases, we assumed that the radar scatterers were
the free Bragg waves. The straight lines are the average velocities in the S-band. Open
symbols are our experimental data. It can be seen that the difference in the subsurface
current velocities determined from the VV polarization and from the PD does not exceed
20 cm/s, while the difference in the SS current velocities obtained from the HH polarization
data and from PD is up to 50-60 cm/s. The latter is explained by the fact that scatterers
at HH and VV polarizations are wind waves with longer wavelength than the Bragg one,
propagating with higher speeds [12,13]. So, to determine the SS velocity from data at VV
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and HH polarizations, it is necessary to subtract other velocities of scatterers. It is worth
noting that non-Bragg scattering is poorly understood by now and more research is needed.
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Figure 11. The velocities of VV/HH/Bragg scatterers and subsurface current velocity deter-
mined from VV/HH/PD vs. wind velocity. Black symbols—S-band, red—C-band, blue—X-band,
circles—HH, diamonds—VYV, triangle—PD.

Note that since the SS current velocities obtained from the VV/HH/PD data are dif-
ferent, and in some cases significantly different, estimates of the values of current velocities
from data at the VV/HH polarizations are problematic. However, the variations of current
velocities can be detected using data of a radar operating at one (VV or HH) polarization.

6. Conclusions

Simultaneous measurements of microwave scatterers’ velocities using a dual-polarized
Doppler radar operating in the S-, C-, and X-bands, as well as measurements of sea
current and wind speed, were carried out. The velocity of the scatterers was obtained
as a centroid of the Doppler spectrum. Measurements were made at incidence angles
of 30-70 degrees and wind speed of 3-9 m/s in approximately upwind and downwind
directions in the coastal zone of the Black Sea. The subsurface current velocity, determined
from a polarization difference (the Bragg scatterer’s velocity), is analyzed with wind and
sea current variations.

It is shown that variations in the upper sea current velocity can be detected from
changes in the subsurface current velocity retrieved from radar data at constant wind speed.

The subsurface current velocity (current in a layer of a few dm) obtained from the
polarization difference is equal to a vector sum of the current velocity measured by ADCP
at a depth of 1 m and the wind component equal to 1-3% of the wind speed. We found
that the ratio of the wind component at a certain depth to the wind speed increases with
depth and decreases with wind speed. This is due to the fact that the current velocity
below the surface decreases with depth, and it decreases faster in weak winds than in
moderate winds.

The results obtained in the study can be used to model marine currents in the upper
layer (e.g., to predict the spread of contaminants at the sea surface) and to estimate marine
current variations.
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