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Abstract— The Wave-Induced Doppler velocity (WIDV) arising from correlated modulations
of sea surface velocity and its normalized radar cross-section (NRCS) is evaluated from Ka-band
radar measurements taken from the Black Sea research platform. The WIDV measurements are
compared to the WIDV simulations using an empirical Ka-band Modulation Transfer Function
(MTF) and wind wave spectrum parameterization zeroed at frequencies below the observed peak
frequency to account for fetch-limited waves typical of the Black Sea. Given a good agreement
between measured and simulated WIDV, we extrapolate the WIDV onto the open ocean con-
ditions by using the fully developed wave spectrum. Simulated open ocean WIDV depends on
incidence angle, azimuth, radar polarization, and wind speed. The WIDV magnitude has a peak
at small incidence angles (0 = 20°), with downwind magnitude larger than upwind magnitude.
At larger 6, the WIDV decreases. The wind speed dependence of WIDV is explained by two
competing factors, MTF decrease with the wind and peak wave orbital velocity amplification
with the wind. The typical magnitude of WIDV is 3 to 8 times larger than either Bragg wave
phase velocity or wind drift velocity for winds between 5m/s and 15m/s. Thus, the WIDV is
important for the sea surface currents retrieval from satellite Doppler radar measurements.

1. INTRODUCTION

Doppler shifts of microwave radar backscattering from the sea surface allow for high-resolution
measurements of ocean currents from aircrafts or satellites [1]. Future Doppler scatterometer mis-
sions [2, 3| are planned to operate in the Ka-band in order to achieve a better measurement accuracy.
Although Doppler signatures of ocean backscatter have been studied both theoretically [4-6] and
experimentally [7-9], the mean Doppler shift in the Ka-band is not well documented yet.

Doppler frequency shift, or corresponding Doppler Velocity (DV), results from a combination of
i) surface currents, ii) inherent scatterer movements, and iii) orbital wave motions. The first term
is the target term that needs to be determined from observations. The second term depends on the
particular backscattering mechanism and can be estimated theoretically, e.g., Bragg wave phase
speed for the resonant backscattering, mirror point velocity for specular reflections [10]. The third
term is a Wave-Induced Doppler velocity (WIDV) that occurs due to correlated modulations of
local sea surface velocity and Normalized Radar Cross-Section (NRCS) [11]. Proper description of
the WIDV is principal for the extracting of the surface currents from measured DV. Assuming that
local velocities are determined by the wave orbital velocity only, the WIDV estimation requires the
knowledge of NRCS modulation characteristics.

Radar Modulation Transfer Function (MTF), which relates surface wave parameters with radar
signal modulations, has been studied intensively in order to understand the mean NRCS and
the imaging mechanism of waves resolved by radars [12-14]. In the present study, the WIDV is
estimated using an empirical Ka-band MTF [15]. We compare these estimates with multi-year
Ka-band radar observations from a research platform in the Black Sea. For open ocean conditions,
Ka-band WIDV is estimated using a theoretical model of the wind wave spectrum.

2. THEORY

Assuming that sea surface can be represented as an ensemble of incoherent scatterers advected by
currents and waves longer than scatterer size, long waves (LW) hereinafter, and assuming that the
surface current and scatterer velocity is constant within the radar footprint, the spatial mean of
the line-of-sight Doppler Velocity (DV) can be written as [11],

v=([ve + Vs +00/7] ki) /[, (1)

2299



2017 Progress In Electromagnetics Research Symposium — Fall (PIERS — FALL), Singapore, 19-22 November

where v, is the surface current (drift) vector, v is the inherent scatterer velocity vector, k; is the
radar wave vector, u’ is orbital velocity vector, ¢ = @ + ¢ is the sea surface NRCS, represented as
the sum of mean level and variation, round brackets (-) denote dot product.

For the sake of simplicity, we consider a unidirectional wave spectrum with LW co-aligned with
the wind direction. In this case (1) transforms to,

v = vcsinfcos p. + vssinf + |G|o’u /7, (2)
G = cos¢sinf + icosf (3)

where ¢. is the radar-to-current azimuth angle, ¢ is the radar-to-wind(wave) azimuth angle, 6 is
the incidence angle, G is the geometrical coefficient projecting wave orbital velocity vector onto the
radar wave vector direction.

The last term in (2) is the Wave-Induced DV (WIDV). It can be obtained by subtracting the
first two terms (surface current and scatterer velocity) from the total measured DV,

WIDV = |G|o’u/ /& = v — v, sin 6 cos ¢, — vg sin 6. (4)

The surface current, v, is measured either directly (by video tracking) or as a combination of
10 m depth “background” current and wind shear in the upper 10 m.

The scatterer velocity, v, depends on the backscattering mechanism. At moderate incidence
angles, 8 > 30°, the scatterers are Bragg wave patches moving at the Bragg wave phase speed,

Chr = (g/kbr + f}/kbr)l/27 (5)

where ky, = 2k, sin 6 is the Bragg wave number, g is the gravity acceleration, ~ is the surface tension
coefficient. By replacing the inherent scatter velocity by the resonant Bragg speed component
only, one disregards the velocity component associated with wave breaking scattering, which is
increasingly important at larger incidence angles (see [10] for more details). Note also, that wave
breaking effect is included in our empirical MTF, which is based on observations.

At small incidence angles, 8 < 30°, specular reflections from patches normal to the line-of-
sight direction contribute as well. The size of these patches should be greater than at least a few
radar wave lengths. The mean velocity of these scatterers is the mean phase velocity of carrying
waves [10,16], weighted by their spectral density and radar cross-section of mirror points. The
phase speed of wind waves is higher than ~ 23 cm/s, which is close to Bragg wave phase speed
for Ka-band, 23cm/s < ¢p, < 35cm/s, at 3° < 6 < 90°. Thus, we use Bragg wave phase velocity
as the lower limit for mean specular point velocity and suppose that vs = ¢y, for all incidence
angles. Note, this assumption may somewhat underestimate vs at small 8, and thus overestimate
the WIDV (4) for small incidence angles.

On the other hand, the WIDV can be retrieved from LW spectrum, if the Modulation Transfer
Function (MTF) is known. By definition, the MTF relates NRCS variations, ¢/, with LW slopes,

¢,

O./

M = ?Cv (6)

Expanding variations of NRCS, ¢/, and orbital velocity, «/, into a Fourier series of LW slope,
¢, and assuming that M is independent of LW frequency, the WIDV is expressed via the third
moment of LW elevation spectrum [1, 3]

WIDV = g_lRe{G*M/w?’S(w)dw}, (7)

where w is the LW radial frequency, and S(w) is the LW elevation spectrum.

The WIDV is estimated using the empirical Ka-band MTF [15] and the wind wave spectrum
proposed in [17] and further developed in [18,19] by Kudryavtsev et al., the KMC spectrum here-
inafter.

3. EXPERIMENT

Field measurements were conducted in 2009-2015 from the Black Sea research platform using a Ka-
band real aperture continuous wave radar operating at VV and HH polarizations (calibration details
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are given in [20]). The radar footprint size of a few meters allowed to resolve energy containing
wind waves (peak wavelength =&~ 40 m). Empirical MTF was estimated from observed ¢’ and using
DV as a proxy for wave elevations [15].

In-phase and quadrature components of radar backscattering at VV and HH polarizations are
transformed into instantaneous NRSC, o(t), and DV, v(t) [21]. Assuming that spatial and temporal
mean values are equivalent, the mean DV (2) is computed from temporal records of o and v,

(8)

where the overbar stands for temporal averaging.

The wind drift shear in the upper 10 m column is estimated from synchronous measurements of
10m current, vig, and surface current (estimated from bubble video tracking). It has been found
that the current in the upper 10 m accounts for almost the entire wind drift, is directed along the
wind, U, and proportional to its speed, v, = vig + 0.023U (Fig. 1).
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Figure 1: Wind drift measured from bubble video tracking versus wind drift simulated from a linear combi-
nation of background 10 m depth current and wind speed, v, = vio + 0.023U.

4. RESULTS

4.1. Measured WIDV

The measured WIDV, estimated from (4), depends on the incidence angle (Fig. 2) and azimuth
(Fig. 3). At moderate 30° < 6 < 50°, its magnitude is of the same order as the line-of-sight Bragg
wave phase velocity. It peaks at § ~ 20° reaching about +0.5m/s in the upwind and downwind
directions (Fig. 2). HH WIDV is generally stronger in magnitude than that at VV polarization.
At large 6 > 60°, HH WIDV grows rapidly up to 0.7-0.9m/s in the upwind direction (Fig. 2b),
while in the crosswind direction it vanishes at both polarizations. The azimuth dependence is more
pronounced at HH polarization (Fig. 3).

4.2. Measurements vs Simulations

The measured WIDV (4) is compared to the simulated WIDV (7) using the KMC spectrum model as
an input. The KMC spectrum includes the high frequency part (Fig. 4) that adequately reproduces
optical measurements [19]. The low frequency part of KMC spectrum is adopted from an empirical
spectrum proposed in [22]. The total spectrum is tuned to be consistent with the sea surface mean
squared slope [23]. To match KMC spectra with observed fetch-limited Black Sea wave spectra,
the KMC spectrum is truncated at f < f,, where f}, is the measured wave peak frequency.
Although measured and simulated WIDV agree well (Fig. 5), some deviations are evident. In
particular, “cyan-to-yellow” points corresponding to simulated WIDV in the crosswind direction
are offset (Figs. 5(a), 5(b)). For the sake of simplicity, we assume a sharp transition of Bragg
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Figure 2: Measured line-of-sight Doppler velocity (DV) versus incidence angle, 6, for (a) VV and (b) HH
polarization. Transparent empty circles are total measured DV, filled circles are Wave-Induced DV estimated
from (4). Black solid line is the line-of-sight Bragg wave phase velocity, cp, sin 6.
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Figure 3: Measured Wave-Induced DV estimated from (4) versus radar-to-wave azimuth for (a) VV and (b)
HH polarization.

wave phase velocity from +cp to —cp, in this direction, which is subtracted from measured DV to
estimate WIDV (4). Such sharp transition is the case for an isotropic Bragg wave azimuth spectrum
but is not the case for a finite width angular spectrum.

At large incidence angles, § = 70°, and HH polarization, the simulated upwind WIDV is under-
estimated by a factor of ~ 2 (Figs. 5(c), 5(d)). This indicates a contribution from breaking waves
that are not accounted for in the WIDV estimate (4) and suggests the mean line-of-sight NRCS
weighted breaker velocity of 0.3-0.5m/s. At lower incidence angles, the wave breaking contribution
decreases and the measured DV can be explained without wave breaking contribution.

4.3. Open ocean Simulation

Further, we attempt extrapolate the results obtained in fetch-limited conditions typical of the Black
Sea to the open ocean conditions. Such estimates are obtained using the KMC spectrum in (7)
without the low frequency truncation.

The sea surface spectrum has the universal frequency dependence, S ~ f~°, and level in the
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Figure 4: The omni-directional elevation spectrum, S(f), simulated using KMC model [17].
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Figure 5: Scatter diagram of measured WIDV and WIDV simulated using KMC spectrum [17] for ((a), (c))
VV and ((b), (d)) HH polarization. Color scale corresponds to ((a), (b)) azimuth and ((c),(d)) incidence
angle.

equilibrium range (Fig. 4) [24], thus the contribution of wave components to WIDV is inversely
proportional to f~2. The cumulative contribution of waves having frequencies lower than F,

_ Jo P*S(haf
o rs(af’

in Fig. 6 reveals that more than 90% of the WIDV is produced by waves with f < 2Hz (wavelength
> 40 cm). This means that WIDV is generally governed by the energy containing waves.
Simulated WIDV (Fig. 7) has a similar incidence angle, azimuth, and polarization dependences
as those observed in the Black Sea (Fig. 2). With increasing wind speed, the WIDV grows in
magnitude at small § < 30°, but decreases at larger 6 > 30°. Wind dependence of WIDV is
controlled by the following two factors. MTF magnitude (7), and thus the WIDV, decreases with
increasing wind speed [15]. But, the wave peak amplitude increases (faster orbital velocities) at
higher winds, thus increasing the WIDV. The balance between the two factors controls the WIDV.
In the crosswind direction, the WIDV has a small negative magnitude of 0.2m/s, which results
from the specific MTF behavior observed in our Ka-band platform measurements [15,20]. The
NRCS peak appears to be shifted towards the rear (windward) slope of tilting wave. In the crosswind
direction, the line-of-sight velocity is produced by the vertical component of orbital velocity and is

q(F) 9)
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Figure 6: Cumulative contribution of wave frequency range (0 < f < F') to WIDV calculated using (9) for
various winds.

equal in magnitude but opposite in sign on rear and forward slopes of tilting wave. But the rear
slopes contribution dominates due to larger NRCS that leads to negative DV. For the same reason,
the downwind WIDYV is somewhat higher in magnitude than the upwind WIDV.

At given wind, the WIDV magnitude maximizes at 6 =~ 20°, where MTF magnitude also maxi-
mizes. Generally, HH WIDV is higher than VV WIDV. The difference between the two grows with
wind speed and reaches 15-20cm/s at U = 15m/s.

As can be deducted from comparisons with Bragg wave phase velocity and expected wind drift
(Fig. 7), the WIDV plays the crucial role at low incidence angles. At § = 20° and 5 < U < 15m/s,
it is 3-8 times larger than either Bragg or surface current contributions. At larger 6 > 50°, the
relative role of WIDV component decreases, but it is still of the same order as Bragg and surface
current components.
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Figure 7: Wave-Induced DV versus incidence angle simulated for fully developed sea from KMC spectrum
model [17] for wind speed (a) U = 5m/s, (b) U = 10m/s, and (¢) U = 15m/s.

5. SUMMARY

The paper presents an analysis of the sea surface Doppler velocity (DV) component arising due to
the wave-induced correlation between local sea surface velocity and cross-section (referred to as the
Wave-Induced Doppler Velocity, WIDV). The work is inspired by the growing interest in satellite
Doppler measurements and prospects of retrieval of mesoscale ocean surface currents [2, 3.

From platform-based dual co-polarized Ka-band Doppler radar measurements of mean NRCS-
weighted DV, we estimate the WIDV by subtracting the observed surface currents and the theo-
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retical mean scatterer velocity (Bragg wave phase velocity). For fetch-limited wave state typical of
the Black Sea, it is found that WIDV peaks at small incidence angles, 6 = 20°, with the magnitude
of about 0.3-0.5m/s. At high incidence angles, § ~ 70°, HH WIDV grows up to 0.8m/s in the
upwind direction.

Observed WIDYV is compared to simulations that employ the empirical Ka-band radar Modula-
tion Transfer Function (MTF) [15] and the Kudryavtsev et al. wind wave spectrum [17] truncated
at f < fp with the peak frequency, f,, taken from wave gauge spectra. The agreement between
the two WIDV is reasonable, except in the crosswind direction or at high incidence angles and
HH polarization. In the crosswind direction, we attribute the deviation to the simplified azimuth
dependence of Bragg phase velocity that sharply changes from +cp,,. to —cpr. At large incidence
angles and HH polarization, the wave breaking contribution should be accounted for.

Using the wind wave spectrum model [17] for fully developed sea, we extrapolate WIDV esti-
mates into open ocean conditions. We found than about 90% of WIDV comes from the equilibrium
range waves and longer (wave length > 40 cm). Resulting WIDV peaks at 6 ~ 20° and its mag-
nitude is 3 to 8 times larger than the contribution from either Bragg phase velocity or wind drift.
The WIDV wind dependence is governed by the balance between the magnitude of wave orbital
velocity, which grows with the wind, and the magnitude of MTF, which decreases with the wind.

The WIDV is apparently important to separate the surface current from the total DV. Its
relative impact is stronger at small incidence angles, where wave-induced variations of NRCS are
stronger. It seems that using larger incidence angles is preferable for more accurate surface current
retrieval while the strong sensitivity of DV to wave parameters at small incidence angles can be
used to improve the ocean wave retrievals.
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