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Abstract. The paper deals with experimental
determination of the wind-driven wave spectrum
by using the remote method of high-resolution
coherent radar sensing of the water surface.
The method is applied to the conditions of the
fetch-limited wind wave growth, which is typical
for enclosed waters and the sea nearshore,
where the dominant wavelength is of the order
of ten meters. The experiments were performed
using a coherent X-band panoramic digital radar
operating with the horizontal polarization for
transmission and reception. The paper considers
an algorithm used to form velocity images of the
water surface from the data of coherent radar
sensing on the basis of the phase angle
difference method. The paper shows the
possibility to recover wind wave spectra from
the data on the Doppler shift of microwave
radio waves. A theoretical justification and an
experimental verification of the method
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are provided. Appearance of the third harmonic
of the wind waves recovered from the radar
sensing data of the spatio-temporal spectra of
Doppler velocities is demonstrated for the first
time. The functions that relate to the wave el-
evation spectra and the Doppler velocity spectra
are determined. It is shown that the linear free-
surface wave approximation is valid for the re-
construction of wave spectra. The temporal and
spatial omnidirectional wave spectra obtained in
the experiment are described well by the power
model functions using the exponent factor of −4
and −5/2, respectively. The presented results
may be used for studies of interaction between
the harmonics of wind waves with the bottom to-
pography, wave-current interaction, diagnostic of
non-homogeneous currents, and other hydrophys-
ical processes.

Introduction

The idea of using panoramic radar, for example, ma-
rine radar, to determine the kinematic characteristics
of wind waves is hugely attractive, primarily due to the
simplicity of measurements, and such evident advan-



tages of radar sensing as all-weather and day-and-night
operation. The methods of extracting the period and
direction of the waves from the radar data are well-
developed [Young et al., 1985]. However, the estima-
tion of the wave spectrum is difficult due to the complex
physical features of the modulation transfer function
[Ermakov et al., 2014]. The possibility of measuring
the wave height based on the data on the backscatter-
ing intensity has been studied in a number of papers,
e.g., in [Dankert et al., 2005]. Those papers empha-
size the necessity of experimental determination of the
wave height as a function of the signal-to-noise ratio
[Ivonin et al., 2011]. In contrast to the backscattering
intensity, the Doppler frequency shift of the reflected
radio wave is associated with the radial velocity of the
scattering elements. The variable component of the
Doppler shift is determined by the orbital velocities of
the wind waves. This is the principle underlying oper-
ation of a radar device used to determine wave heights
[Rosenberg et al., 1973]. Studies of Doppler charac-
teristics of microwave radio waves scattering were de-
scribed in a large number of papers, both theoretical
and experimental, starting from the 1960s. Currently,
the main model used to explain the features of the
Doppler spectra is the two-scale scattering model [Bass



and Fuks, 1972]. The possibility of determining the
wave height using coherent radar data at a low grazing
angle was studied in [Carrasco et al., 2017; Lyzenga
et al., 2010]. Those works used the approximation of
linear free-surface waves to find a relation between the
wave height and its orbital velocity measured with a
Doppler radar. The numerical modeling described in
[Nwogu and Lyzenga, 2010] supports the possible de-
termination of the wave height based on the radar mea-
surements of the Doppler velocity.

The purpose of this work is to study the possibility
of remote radar measurement of spatio-temporal spec-
tra of wind waves for the meter and decameter ranges.
In well-known papers [Lyzenga et al., 2010] that used
the data from pulse radar, the spatial resolution was
10 m, while in [Plant and Farquharson, 2012], it was
7.5 m. Thus, the spatial spectra of radar images were
limited to a wave number of 0.3–0.4 rad/m. This is
not sufficient for analysis of the wave spectra in the
fetch-limited conditions, e.g., in the coastal zone and
in enclosed water bodies. A significant extension in
the range of the measured wavelengths became possi-
ble due to a high spatial resolution of the radar used
(less than 1 m) and coherence of the radiation. In
this work, field experiments were performed on a Sta-



tionary Oceanographic Platform (SOP) of the Black
Sea Hydrophysical Test Site of the Russian Academy
of Sciences in the coastal area of the Black Sea near
Katsiveli. During the experiments, velocity radar im-
ages of wavy water surface were obtained and used for
spectrum processing. Comparative analysis of the tem-
poral and spatial spectra of wind waves, which were
determined based on the data obtained with high spa-
tial resolution coherent radar and a contact wave gauge
(string wave recorder), was carried out. It has been
shown that the wave spectra reconstructed from veloc-
ity radar images correlate with the data of roughness
contact measurements, both qualitatively and quanti-
tatively.

Theoretical Background

Let us consider the problem of propagation of linear
free-surface waves and obtain an expression that relates
the spectra of the measured Doppler velocities to the
spectra of the wave height [Nekrasov and Pelinovskiy
(eds.), 1992]. For linear deep-water waves propagat-
ing along the x axis (kh � 1), the potential may be
expressed as



ϕ(x , t) =
g

ω
η0 sin(ωt − kx + α)

where η0 is the wave amplitude, and ω and k are the
frequency and wave number, respectively.

Then, the expression for the horizontal component
of velocity has the form

u(x , t) =
∂ϕ

∂x
=

gk

ω
η0 cos(ωt − kx + α)

while that for the wave amplitude is

η(x , t) =
1

g

∂ϕ

∂t
= η0 cos(ωt − kx + α)

The relation between the wave elevation spectrum and
the horizontal velocity spectrum is determined by the
following expression:

Sη(k ,ω) =
( ω
gk

)2
Su(k ,ω) (1)

The horizontal component of velocity at the sea sur-
face may be determined by measuring the Doppler ve-
locity of the reflecting elements, which may be written
as

ud(x , t,ϑ) =



(uxbr (x) + u(x , t) + uxc (x)) cosϑ sin θ

where ϑ is the azimuth angle of sensing with respect
to the wave propagation direction, coinciding with the
x axis, uxc is the component of the current velocity in
the direction of the wave propagation, uxbr is the phase
velocity of the scattering (Bragg) wave

uxbr =

√
gλ

4π sin θ
+

2πσ

ρλ
sin θ

λ is the wavelength of the radar, θ is the incidence
angle, σ is the surface tension coefficient, and ρ is the
water density. The time-averaged Doppler velocity is

ud(x ,ϑ)
T

=

(uxbr (x) + u(x , t) + uxc (x))
T

cosϑ sin θ ≈

(uxbr (x) + uxc ) cosϑ sin θ

because uxbr and uxc are time-independent values and

u(x , t)
T ≈ 0. Then, it is possible to use (1) to relate

the spectrum of the measured Doppler velocities and



the wave elevation spectrum with the following linear
equation:

Sη(k ,ω) =
( ω

gk cosϑ sin θ

)2
Sũd (k ,ω) (2)

where

ũd(x , t,ϑ) = ud(x , t,ϑ)− ud(x ,ϑ)
T

Experiment and Data Analysis

To check the theoretical conclusions for the fetch-limited
conditions, a field experiment was carried out. A co-
herent X-band radar system operating with the HH
polarization mode was used as a source of the radar
data. The radar was installed at a height of 16 m
above sea level, and the range of the incident angles
θ was from 40◦ to 88.2◦(Figure 1). The wind velocity,
air temperature, pressure, humidity of the near-surface
atmospheric layer were measured using a Vantage Pro2
Weather Station (Davis InstrumentsTM) installed at a
height of 26 m (2 in Figure 1). The marine current
velocity at depths from 1 to 25 m with a step of 0.5
m were obtained according to the data of the acous-
tic Doppler current profiler (ADCP WorkHorse Monitor
1200 kHz, RDITM), which was hung out on the cables
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from the middle deck (3 in Figure 1). The ADCP was
oriented vertically down and was sunk to a depth of 0.3
m. The surface elevation was measured with a string
wave gauge installed at the SOP (4 in Figure 1).

This coherent radar (MicranTM) operated in a chirp
modulation mode with a modulation bandwidth of ∆f =
191 MHz and an emitted radio power of 1 W. The range
resolution was

∆r =
c

2∆f
= 0.79 m,

the azimuth resolution was

∆ϑ =
aπR

360

where a = 1◦ is the angular resolution (the antenna
length was 2 m), and R was the distance from the
resolution element on the sea surface. Thus, for vir-
tually all conditions of sea disturbance, the condition
Λ > 2∆r holds, where Λ is the length of the domi-
nant wave, but the condition Λ > 2∆ϑ holds for R
being less than 500 meters. The received beat signal
(the difference between the reflected and emitted chirp
signals) was subjected to a Fourier transform, which re-
sulted in the vector Q(r ,ϑ) consisting of the amplitude
A and phase ϕ of the reflected radar signal at distances



of up to 500 m with a step of 0.79 m. Two spatial-
scanning modes were used: lateral and circular. When
the radar operated in the lateral mode, a sequential set
of vectors Q(r ,ϑ0, t) = A(r ,ϑ0, t)e iϕ(r ,ϑ0,t) was ob-
tained with the time interval τ = 3.5 ms between them
at a fixed position of the antenna azimuth angle ϑ0.
By fixing the distance r = r0 and applying the Fourier
transform to N elements Q(r0, τ : τ : Nτ ,ϑ0), we
may obtain the Doppler spectra D(f ) of the reflected
radar signal at the distance r0. Numerical simulation
of the radar sensing for such a problem statement was
given in [Toporkov and Sletten, 2017]. For a rotating
antenna, there is a periodic scanning of the environ-
ment Q(r ,ϑ, nrTr ) with the antenna rotation period
Tr , where nr is the number of rotations.

Let us consider the algorithm used to determine
Doppler velocities based on the data of coherent radar
sensing as described in [Pereslegin and Sinitsyn, 2011].
For the kth vector, we have the phase value

ϕk(r ,ϑ0) = ϕ0(r ,ϑ0)− 2πf ϑd (r ,ϑ0)τk .

Then, on the condition of sensing the same area, the
difference between the two phases of the neighboring
vectors is calculated as



∆ϕ = arg(Q(k)× Q∗(k + 1) =

arg
(
A2(r ,ϑ0)e−i2πf

ϑ
d (r ,ϑ0)τ

)
= 2πf ϑd (r ,ϑ0)τ .

Using the ratio

f ϑd =
2ud
λ

sin θ

and the equation for the phase difference ∆ϕ, the
Doppler velocity may be written as

ud =
∆ϕλ

4πτ sin θ
.

According to the method described in [Pereslegin
and Sinitsyn, 2011], the sensitivity to velocity fluctua-
tions is determined as

(ud)sens =
q0

∂(∆ϕ)
∂(ud)

√
N

,

where q0 > 1 is the threshold coefficient, N is the num-
ber of independent samples of the signal at a given site,
and [∂(∆ϕ)]/[∂(ud)] is the steepness of the character-
istic, which is equal to

∂(∆ϕ)

∂(ud)
=

4πτ sin θ

λ
≈ 1.4 rad s/m



for the parameters of the radar used.
In the lateral scanning mode, brightness- and

velocity-based (A(r ,ϑ0, t) and ud(r ,ϑ0, t), respec-
tively) radar images of the water surface may be ob-
tained in a distance-time system of coordinates (DTI,
distance-time image) (see Figure 2). These images
were obtained when scanning upwind in an experiment
conducted at a wind velocity of 10 m/s. A wave struc-
ture of the image shows a variation in the slope of
the stripes relative to the x axis, which is explained by
various propagation velocities of the wind-driven wave
harmonics.

Statistics of the Doppler velocity distribution ud(r ,ϑ0, t)
should correspond to the wind wave height distribu-
tion function, which is a Gaussian function in the lin-
ear approximation under consideration [Nekrasov and
Pelinovskiy (eds.), 1992]. Figure 3 shows the Doppler
velocity distribution functions for various distances (in-
cident angles) shown in Figure 2b. There is an increase
in the average value of the distribution function and
a broadening with a growing incident angle, which is
explained by shadowing of some areas of the water sur-
face with crests of the waves at low grazing angles.
However, this trend may be eliminated by subtracting
the time average for each distance. The dashed line



Figure 2. Brightness (a) and velocity (b) radar images of
the water surface, obtained in the upwind lateral scanning
mode.



Figure 3. Probability distribution function of the
Doppler velocities (solid lines) and its approximation with
a Gaussian (dashed line) for three incident angles: 1 – 75◦,
2 – 85.8◦, 3 – 87.6◦.

in Figure 3 shows an approximation of the distribution
functions with a Gaussian. For incident angles being
not too close to the grazing one (curve 1 in Figure 3),
we may conclude that the statistics of distribution of
the Doppler velocities is normal.



Spectral processing of the velocity DTI after sub-
tracting the time-averaged Doppler velocity for each
distance gives a spatio-temporal wave spectrum (2)
The boundary value of the wave number is determined
as kN = π/∆r ≈ 4 rad/m, which corresponds to the
wave frequency in deep water −ω(kN) =

√
gkN ≈

6.2 rad/s. Figure 4 shows the result of the spatio-
temporal wave spectrum reconstruction using this ap-
proach and employing the data on the Doppler veloci-
ties given in Figure 2b.

The areas of energy localization are prominent in
the reconstructed wave spectrum. The main share of
the energy is concentrated near the dispersion curve
ω =
√
gk +kuc , where uc is the velocity of the current

at the surface being equal to 0.3 m/s (dashed line 1
in Figure 4b), and the n-fold harmonics nk , nω, where
n = 2 (dashed line 2 in Figure 4b) and n = 3 (dashed
line 3 in Figure 4b) [Slunyaev and Sergeeva, 2012].
There are also prominent oncoming waves ω =

√
gk −

kuc (dashed line −1 in Figure 4b) and the energy area
corresponding to the group structure of the wind waves
(0 in Figure 4b).

The spatio-temporal wave spectrum from the coher-
ent radar data may also be determined in the case
of all-round observation of the environment [Trizna,



Figure 4. Reconstructed spatio-temporal wave spec-
trum (a) and theoretical dispersion curves superimposed
on the recovered wave spectrum (b).



2011]. The ratio between the antenna rotation pe-
riod Tr and the pulse repetition period τ determines
N , which is a number of the necessary averaged inde-
pendent measurements of the Doppler velocity in the
resolution element on the wavy surface. Under circular
scanning conditions, the amplitude A(r ,ϑ, nrTr ) and
velocity ud(r ,ϑ, nrTr ) radar images are obtained. As a
result of spectral processing of ud(r ,ϑ, nrTr ), we get
the spatio-temporal wave spectrum Sη(k ,ω,ϑ) with a
boundary wave number, kN ≈ 4 rad/m, while the lim-
iting frequency for the maximum rotation speed of the
antenna is Tr ≈ 2.5 s, ωN = π/Tr ≈ 1.2 rad/s which is
significantly smaller than the frequency value for grav-
ity waves on the water surface at kN . This processing,
however, is justified for long waves. In [Nwogu and
Lyzenga, 2010], the authors reconstruct the elevation
of the sea surface from measurements of the Doppler
velocities with a rotating antenna in the circular scan
mode. In this paper, we consider spectral processing of
the velocity image for a single rotation of the antenna.
The field of the Doppler velocities ud(x , y), interpo-
lated to a uniform grid is shown in Figure 5a. The
wind speed in this experiment was 12 m/s. The recon-
structed two-dimensional wave spectrum determined as



Figure 5. Field of Doppler velocities (a) and recon-
structed two-dimensional wave spectrum (b).



Sη(kx , ky ) =
1

g
√

k2
x + k2

y

Sud (kx , ky )

is shown in Figure 5b.
The surface elevation was measured with a string

wave gauge installed at the SOP (4 in Figure 1), in par-
allel with the radar observations. The resistive string
wave gauge consisted of a three-channel, analogue pro-
cessing scheme and an analog-to-digital converter con-
nected to a computer. Each channel of the wave gauge
included a pair of strings (the string material is cantal
A1, string thickness is 0.4 mm) spread by 5 mm, sep-
arate channels of the transmitter were spread to the
corners of an equilateral triangle with a side of 20 cm.
The wave gauge was calibrated by raising and low-
ering the gauge to a predefined height and plotting
the voltage-height transmission curve. The calibration
curve was used for recalculation of the measured volt-
ages to wave heights with subsequent plotting of the
wind wave spectra. The quantitative comparison be-
tween the height spectra of the waves obtained by the
contact method and those obtained remotely is given
in Figure 6. The frequency spectrum of wind waves
was determined based on the coherent radar data as
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the average in the Doppler velocities ensemble for the
angles being not too close to the grazing one and cor-
responding to curve 1 in Figure 3:

Sη(ω) =
1

N

N∑
i=1

( 1

ω cosϑ0 sin θi

)2
Sũd (ω, θi)

(solid line in Figure 6a). In the same figure, there
is also a height spectrum of the wind wave obtained
basing on the wave gauge data (dotted line) and the
JONSWAP model spectra with f −5 (dot-dash line) and
f −4 (points) power dependences from paper [Battjes et
al., 1987]. There is a nice agreement of the remotely
measured spectra with the JONSWAP model spectrum
f −4. A comparison of the omnidirectional wave spec-
trum obtained from the spectrum of Doppler veloci-
ties is shown in Figure 6b. Then, the wave spectrum
recovered from the coherent radar data (solid line in
Figure 6b) will be determined as

Sη(k) =
1

k

1

g
√

k2
x + k2

y

Sud (kx , ky ),



where

Sud (k ,ϑ) =
1

k
Sud (kx , ky ).

The spatial spectrum

S(k) = S(ω)
dω

dk
≈ 1

2
S(ω)

√
g

k

(dotted line in Figure 6b) was obtained based on the
wave gauge data [Hwang et al., 2010].

As it is evident from Figure 6b, there is sufficiently
good qualitative and quantitative agreement between
the wave spectra obtained with different methods and
the model JONSWAP-k−5/2 spectrum (dotted), ob-
tained by calculation from JONSWAP-f −4. Note the
difference between the spectral peaks of the spatial
wave spectra (Figure 6b). This can be explained by
the influence of the current which was not taken into
account during the spatial spectrum calculation (the
dotted line in Figure 6b).

Conclusions

The temporal spectrum of wind waves is easy to mea-
sure according to a wave gauge or buoy. However, the



use of Doppler velocity DTI of the water surface makes
it possible to calculate not only the temporal spectrum,
but also the spatio-temporal (ω − k) wave spectrum.
This method provides more detailed information about
the wave field than the one-point measurements. The
contact measurements of the spatial spectrum of the
wind waves require the use of a system of sensors, which
are synchronized in time and are separated in space and
which measure the elevation of the rough surface. A
relatively long recording time is required to collect the
data for spectrum calculation. The spatial panorama
of the Doppler velocities of the water surface is recon-
structed in one turn of the coherent radar antenna and
can be used to calculate the wave elevation spectrum.
The results of this work show the possibility of recon-
structing of the wave spectra based on the coherent
radar measurements.

Let us briefly formulate the main results of this pa-
per:

• a linear theoretical relation between the Doppler
velocity derived from the coherent radar measure-
ments and the wave elevation spectrum was ob-
tained for the meter/decameter wave range;

• a possibility of reconstructing the spatio-temporal



wave spectra from radar data on the Doppler ve-
locities was demonstrated in a field experiment.
A comparison was made of the recovered spectra
against those measured by a wave gauge and those
obtained by a model calculation within the JON-
SWAP; a good agreement between experimental
and theoretical data is shown;

• limitations of the proposed approach have been de-
fined; they are related to shadowing of some areas
of the wavy water surface by crests of wind waves,
which are especially pronounced, when the incident
angles are θ > 85◦. It should also be noted that
breaking of the crest leads to a higher Doppler ve-
locity as compared with linear theory predictions.
Thus, it might lead to overestimation of wave am-
plitude values under high wind speed conditions.
These limitations may be partially overcome by us-
ing a vertically-polarized radar.

The obtained results may be useful for remote mea-
surements of not only wind waves and swells (if the
wind speed is higher than a certain boundary value).
The results can be also useful for solution of scientific
and practical problems about the wave spectrum trans-
formation at the sea shelf, detection of non-homogene-



ous currents and other near-surface processes. Spatio-
temporal spectra may be used in the evaluation of the
wind wave energy distribution and in the studies of har-
monic interactions.
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