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ABSTRACT ARTICLE HISTORY
Wave-current interactions are typically neglected when retrieving Received 24 September 2024
radial velocities from synthetic aperture radar (SAR) data. In this Accepted 9 June 2025
study, the impact of spatially varying currents on wind waves and KEYWORDS

swell, and on SAR-derived radial velocity, is simulated using the Ocean surface current;
SWAN wave model and two semi-empirical Doppler models. wave-current interaction;
Simulations were conducted for two wind speeds (5and 10 m s=') SAR; wave Doppler
along with two current profiles (convergent and divergent). The

results indicate that the magnitude of variation in wave-induced

Doppler velocity (AUp) increases with the strength of the current

gradient. This is primarily attributed to the increase (decrease) in

significant wave height (H;) and the decrease (increase) in peak

period (Tp) under convergent (divergent) currents. Additionally,

convergent currents lead to larger variations in AUp. The impact of

wind speed is relatively minor. When considering only the modula-

tion of Hs, AUp exceeds 0.1 m s~' only in cases where the current

front is 1 km wide, and this threshold is surpassed only locally.

However, when both H and T, modulations are taken into account,

AUp exceeds 0.1 m s~' over approximately 10 km beyond the front.

In contrast, the swell-current interaction under the conditions simu-

lated in this study results in a negligible AUp.

1. Introduction

It is well known that spatially varying ocean surface currents affect significantly surface
waves properties Bretherton, John Raymond Garrett, and James Lighthill (1968); Miles
(1967). Waves are modulated by ocean currents via wave-current interaction, which
changes their frequency, amplitude and direction of propagation. This has been demon-
strated via numerical modelling Ardhuin et al. (2017); Bdas et al. (2020) and observations
at various spatial scales Ardhuin et al. (2017). It has been found that wave-current
interaction induces large spatial inhomogeneity of the wave field, resulting in variations
of significant wave height and steepness of up to 30 % and enhancement of wave
breaking Romero, Lenain, and Kendall Melville (2017).
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These current-induced variations of the wave field affect directly the quantities mea-
sured by remote sensing satellites. Synthetic aperture radar (SAR) offers the possibility to
observe the sea surface current with very high spatial resolution thanks to techniques
such as Doppler centroid analysis Chapron, Collard, and Ardhuin (2005); Elyouncha et al.
(2019); Martin et al. (2022) and along-track interferometry, e.g., Elyouncha et al. (2021).
SAR has been routinely providing valuable information on sea surface winds and waves
for decades. However, extracting surface currents from SAR is still challenging due to the
contribution of surface waves to the measured Doppler shift.

SAR intensity images of bright/dark quasi-linear current-induced signatures have been
reported in several papers, e.g., V. Kudryavtsev et al. (2014, 2013). Under favourable
conditions (moderate wind speed), the observed features in SAR images represent local
ocean surface roughness anomalies resulting from the interaction of waves with spatially
varying surface currents. These features are also interpreted as enhancement/suppression
of wave breaking due to wave — current interaction V. Kudryavtsev et al. (2014).

This letter focuses on the impact of ocean surface current gradients on the SAR
Doppler shift. This issue is relevant to all active microwave sensors, including Doppler
scatterometers. While significant efforts have been made to interpret radar intensity
signatures, e.g., V. Kudryavtsev et al. (2014, 2013), the effect of currents on the Doppler
signature has not been investigated yet. The extent to which this phenomenon affects
SAR Doppler measurements, and consequently, the radial velocity and surface current
speed derived from these measurements, remains unknown in terms of both magnitude
and spatial extent.

The Doppler signature of the sea surface consists of the desired total surface current
leading to an effective horizontal transport, combining geostrophic and ageostrophic
components and of an unwanted artefact known as Wave Doppler or Wind-wave Artefact
Surface Velocity (WASV) Martin et al. (2016), which is caused by a correlation between the
scatterer radar reflectivity and their motions as they are advected by the long ocean
waves Elyouncha and Romeiser (2024). Theoretical or empirical Doppler models, e.g.,
V. Kudryavtsev et al. (2023); Mouche et al. (2012); Yurovsky et al. (2019) are commonly
used to evaluate the WASV, using wind and/or wave parameters as input. The model-
calculated WASV is then simply subtracted from the total measured Doppler shift
Elyouncha et al. (2021); Martin et al. (2022). Typically, this WASV is calculated assuming
a mean sea state and does not take into account any wave-current interaction. In this
study, we evaluate the impact of wave-current interaction on the WASV in terms of
amplitude and spatial extent.

2. Background

An ocean wave field develops by responding to wind forcing, and it is influenced by the
current field and topography. The acquired energy is dissipated and redistributed over
frequencies. Its evolution in time and space is a result of the interaction between the
waves, a varying wind field, bathymetry and currents.

Waves propagating over a current are subject to a Doppler shift of their frequency. The
absolute frequency w (the radian frequency of the wave in a fixed frame of reference) is
related the relative frequency o (the radian frequency as observed in a frame of reference
moving with the current) by Miles (1967) w = 0 + k - U, where k is the wavevector of the
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wave and U is the current velocity. o is given by the dispersion relation 0> = gk tanh(kd),
where g is the gravity-induced acceleration, k is the wavenumber and d is the water
depth.

Assuming a slowly varying current, i.e., current with length and time scales larger than
the wavelength and period of the wave, and a constant depth, the rate of change of w, k and
o are given by Bretherton, John Raymond Garrett, and James Lighthill (1968); Tolman (1990)
The first equation indicates that if the current is steady, the absolute frequency w is
conserved. The second and third equations indicate that only if the current U is nonuni-
form (g—g #0), the wavenumber k and o will vary. In other words, o and k will adjust to
current variation to conserve w. Let us assume a current and a wave propagating in the
same direction. If the current gradient is positive (accelerating current), o and k will
decrease, i.e,, wave becomes longer. If the current gradient is negative (decelerating
current), o and k will increase, i.e., the wave becomes shorter.

While the wave energy E is not conserved, due the exchange of energy between the
waves and the current, the wave action E/o is conserved Bretherton, John Raymond
Garrett, and James Lighthill (1968); Miles (1967). Thus, an increase (decrease) in 0, due to
a spatial current gradient, implies an increase (decrease) in wave energy and conse-
quently in wave amplitude, since the energy is proportional to wave amplitude squared
E = Jpga®, where p is the water density and a is the wave amplitude. Therefore, if the
current gradient is positive (negative), the wave amplitude decreases (increases).
Moreover, since the wavenumber and amplitude change in the same direction, the
wave steepness will decrease (increase) with accelerating (decelerating) current.

The development and evolution of a wave field, including the wave-current interac-
tion, is fully described by the spectral wave action balance equation. In 1D, with the
current and wave propagating in the xx-direction and assuming a steady current and
wind fields, the wave action balance equation reads

O(Cy+ UN _ Sip+ Sas + S
ox n o

(1)

where N = E/o is the wave action density spectrum. Cy(= 00/0k) is the group velocity. Siy
is a source term representing the input by wind, Sy is a sink term representing the
dissipation, which is composed of three terms: whitecapping Sy, bottom friction Sy
and depth-induced breaking Sy, (Sgs = Swc + Ser + Sor); and S,y is the nonlinear wave-
wave interaction, which is composed of triads and quadruplets (S, = S¢ + Sgq). In deep
water, the four-wave interactions (quadruplets) are much more important than the three-
wave interactions (triads) (Holthuijsen 2007). Thus, in deep water, the right-hand side in
Equation (1) reduces to [Sj; + Swc + Sor + Sqdl/0.

Numerical wave models, such as SWAN, WAM and WWIII, solve the wave action balance
equation numerically to determine the evolution of the action density in space and time.
Equation (1) is a partial differential equation. Its solution requires an initial condition and
a boundary condition. Wave models offer several options for the initial wave spectrum
such as Pierson-Moskowitz (PM) Pierson and Moskowitz (1964) and JONSWAP
Hasselmann et al. (1973) models.
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3. Method

This study combines numerical wave modelling with semi-empirical electromagnetic
models. The SWAN wave model Booij, Ris, and Holthuijsen (1999); Holthuijsen (2007) is
used to simulate current-induced changes in wave height and period, while the semi-
empirical wave Doppler electromagnetic models, KaDOP Yurovsky et al. (2019) and
DPDop Fan et al. (2023); V. Kudryavtsev et al. (2023), are employed to simulate the
corresponding changes in SAR Doppler shift.

3.1. Model setup

In this study, the SWAN model is used to solve the spectral action balance equation.
The domain grid is Cartesian one-dimensional extending from x =0 to x = 200 km
with a constant grid spacing Ax =1 km and a constant depth d = 1000 m. The
selected Ax is similar to the spatial sampling of existing Sentinel-1 ocean products
Engen and Johnsen (2015) and SEASTAR mission concept Gommenginger, Christine,
Bertrand Chapron, Andy Hogg, Christian Buckingham, and Fox-Kemper (2019), and
comparable (though coarser) to the future Doppler scatterometer mission ODYSEA (5
km) Rodriguez et al. (2019).

For wind waves, the ocean is forced by the current-relative wind. The direction of
propagation of the waves is parallel to the current. The refraction effect is negligible and
thus not discussed here. The background wave spectrum is JONSWAP with the directional
distribution (cos?(6 — Bpeak)), Where 6 and B¢ are the wave direction and wave direction
at the peak of the spectrum. The wind direction is set to 270 ° (coming from the west) with
a 200 km fetch. A combination of two different front widths (L = 1 km and L = 3 km) and two
wind speeds (Uig =5 and Ujg =10 m s~'). Two scenarios are simulated, waves propagating
over a convergent current and waves propagating over a divergent current. The current is
zero from 0 to 100 km and negative (positive) for the convergent (divergent) from 100 km to
200 km with magnitude 1 m s~'. A total of eight simulations were performed. In addition,
a swell of 2 m significant wave height and 12 s period coming from the west and propagat-
ing parallel to the current is simulated. These swell parameters are representative of the
global average swell. The swell is simulated using a narrow Gaussian spectrum of 5 ° width.

Given the deep water conditions, bottom friction is negligible and is thus not activated.
Given also the large depth, the depth-induced breaking, i.e., shoaling, is also neglected. As
mentioned above, in deep and intermediate water, four-wave interactions (quadruplets)
are more important than triads Holthuijsen (2007). Thus, the triads are neglected. Finally,
the default parameterizations are applied for all other settings including wind generation,
white-capping and quadruplets.

For each scenario, two model runs are conducted: a run without current (control run,
U = 0) and a run with current (convergent or divergent). The model is run in stationary
mode, i.e., the wind and current are time independent.

3.2. Wave-induced Doppler estimation

The semi-empirical wave Doppler simulators (KaDOP and DPDop) are used to
estimate the wave-induced Doppler (WASV). These models take as inputs: the
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radar wavelength A, incidence angle 6, wind speed uj, relative wind direction ¢,
significant wave height H, and peak frequency (o,) for wind sea and swell
and returns as output the Doppler velocity Up, i.e., the Doppler frequency shift
(in Hz) converted to radial velocity (in m s='). For this study, the model is run for
Ku-band (~13.6 GHz, A,=0.022m) at 6=30°. The two quantities (H; and op) are
affected by the wave-current interaction which affects the estimated wave Doppler
velocity.

The objective of this section is to quantify the effect of wave-current interaction on the
wind wave and swell. To evaluate the effect of wave-current interaction on the wind
waves, the swell effect is deactivated in the KaDOP model, i.e., the B, (see Eq. 16 in
Yurovsky et al. (2019)) is set to zero, to get only the wind-wave contribution. To evaluate
the swell effect, the wind-wave effect is deactivated in the model, i.e., the §,,, (see Eq. 16 in
Yurovsky et al. (2019)) is set to zero, to get only the swell contribution. The DPDop model
does not distinguish between wind waves and swell.

The significant wave height Hs is estimated from the zero-moment of the wavenumber

spectrum as follows H; = 4,/mq, where m, = Jkn E(k)dk. The peak wave (radian) fre-
quency is also estimated from the wave spectrum using the zero and second moments
as follows o, = 2m//mo/m,. The peak period T, is calculated using the dispersion
relation. Alternatively, T, can me estimated by detecting the peak of the spectrum and
finding the corresponding wave number (k).

First, the background (without current) wave spectrum (E) and the modulated wave
spectrum (E) are calculated by solving the wave action balance equation using SWAN
wave model. Second, the background wave parameters H; and o, and the perturbed
wave parameters H; and 0, are estimated from the background E and the perturbed
spectra E, respectively, using Egs. 7-9. Third, the Doppler model (DOP) is called with these
parameters to estimate the background Up = DOP(8, u10, 919, Hs, 0p). The modulated Up
is calculated for two cases, by taking into account the H; modulation only, i.e,
Up = DOP(G, U10, P10, I:Is, op) and by taking into account both the H; and o, modulations
Up = DOP (8, u1q, @1, Hs, p ).

4. Results and discussion

For wind waves, only the results obtained with U;p=10m s~' and L =1km are shown

here. However, numerical results are reported for all runs in Table 1. As shown later, the
swell effect is very small to negligible. Hence, only the worst-case swell results, i.e., with L
=1 km, are reported.

Figure 1(b) illustrates the effect of current variation on the omnidirectional wind wave
spectrum. It is worth noting that the variation is not uniform over frequency. The inter-
mediate waves with frequencies between 0.2 and 0.3 hz or wavelength between approxi-
mately 20 and 50 m are the most affected, while longer and shorter waves are less or
negligibly affected. Also, the convergent current generates larger modulations than the
divergent current. Though the effect of divergent current is smaller than the convergent
current, the difference between the non-modulated (black curve) and modulated (blue
dashed curve) wave spectrum is clearly visible. The convergent current gradient
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Table 1. Maximum variation of significant wave height, steepness and wave-induced Doppler velocity
for wind waves and swell. AUy is calculated by taking into account AH, only and both AH, and AT,,.
Swell-related results are only shown for the highest divergence. A¢ is the change in steepness, where
& = ka.

Front width Divergence AUp (ms™) AUp (ms™)
(km) 1e-3(1073s7") ug (ms™) AH, (cm) Ae (w/with Hy) (w/with Hs &and Tp)
Convergent current - wind waves

3 —-0.08 5 2.57 0.0197 0.06 0.16

3 —0.08 10 10.76 0.0167 0.08 0.15

1 -0.19 5 4.41 0.026 0.10 0.23

1 -0.19 10 13.83 0.021 0.1 0.20
Convergent current - swell

1 -0.19 - 25.24 0.007 0.007 0.013
Divergent current - wind waves

3 0.08 5 -2.40 0.016 —-0.049 -0.116

3 0.08 10 -5.79 0.015 —0.044 -0.119

1 0.19 5 -3.76 0.019 -0.076 -0.138

1 0.19 10 —-8.02 0.017 —0.060 —-0.136
Divergent current - swell

1 0.19 - -18.57 0.005 —-0.004 —-0.008

Directional Wave Spectrum Wavelength (m)
0° 101

102
1.00
1.51 l"\‘ —— without current
> ,"\“,‘ ---- convergent current
@ H ---- divergent current
€ 1.01 I |‘
9 1
b 010 ©° \
270 % © .
g
205
wn
0.01
0.
?0‘1 10°
180° Frequency (Hz)
(@) (b)

Figure 1. Effect of current gradient on the wave spectrum. Left panel. (a): Directional wave spectrum
(Up = 10 m 571, @, = 270°), efth: directional variance spectral density in m? Hz~! deg~’, right
panel(b): spectrum modulation (Ujp = 10 m s~ ', front width 1 km).

compresses the waves (shorter wavelength, higher frequency) and the divergent current
dilates the waves (longer wavelength and lower frequency). Hence, the peak wavelength/
frequency shift.

Figure 2 illustrates the effect of current variation (bottom row), over the 200 km fetch,
on T, (middle row) and H; (top row) for a convergent/decelerating current (left panel,
panel a) and divergent/accelerating current (right panel, panel b). The Hs increases from
zero to about 1.5 m where it reaches fully developed sea conditions. Away from the
convergence and divergence zone, where the current gradient is zero, the curves with
(dashed red) and without current (blue) are virtually identical, i.e,, no modulation. Around
the maximum convergence, H increases and T, decreases while around the maximum
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2.0 2.0
0.0 0.0
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¢} (8]
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@ ®)

Figure 2. Effect of current gradient on Hs and T, Left panel. (a): convergent current - Ujp =10m s, L
=1 km, right panel. (b): divergent current, U;g =10 m s~', L = 1 km. Top row: Hs variation, middle row:
T, variation, bottom row: current variation and divergence.

divergence Hs decreases and T, increases. The perturbation is local and attenuates
gradually to return to equilibrium. This return to equilibrium (relaxation) takes a few
kilometers. Similar effect is observed in the swell case (not shown), with a comparable
change in Hs but a smaller change in T,. Also, the return to equilibrium is much slower
than for the wind wave case.

Figure 3 is a zoom of 30 km on each side of the front centred on x =100 km showing
the difference of H; and Up in the presence of current gradient and without current. It can
be readily noticed that up to 14 cm H;s change is reached. This change is larger in
convergent (opposing) current than divergent (following) current. If only H; is taken
into account for the WASV estimate, the calculated Up modulation reaches 10cm s’
only very locally and only for the convergent current. However, when taking into account
both Hs and T, modulations, i.e., taking into account slope modulation, the calculated Up
modulation exceeds 10 cm s~ over several kilometres. For the swell case (not shown), the
calculated Up modulation is an order of magnitude smaller than for the wind wave case.
The two Doppler models agree relatively well on the induced Doppler modulation, with
KaDOP giving a slightly higher modulation.

In summary, a series of eight simulations were conducted, combining two different
front widths (1 km and 3 km), corresponding to two different divergence values (0.08 and
0.19 x1073 s71), and two wind speeds (5 and 10 m s~'). Additionally, two simulations
were run for swell conditions with a front width of 1 km. Table 1 summarizes the results of
these simulations, showing the maximum variations in significant wave height (4H;) and
Doppler velocity (AUp) at x =100 km. As expected, the magnitude of AH; and AUp
increases with the strength of the current divergence. While wind speed has
a noticeable effect on AH;, its impact on AUp is minimal and even slightly decreases
with higher wind speeds. This might be explained as follows: It is known that Up increases
with wind speed, basically because stronger wind generates steeper waves with larger
orbital velocities. The increase of Up with wind speed is nonlinear, becoming slower at
high wind. Thus, the change in Up, i.e., AUp, is smaller at high wind than at low wind. This
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Figure 3. Effect of current gradient on SAR radial velocity. Left panel. (a): convergent current, right
panel. (b): divergent current. Ujp = 10 m s™', L = 1 km. Blue curve: Up bias by taking into account H;
modulation only. Red curve: Up bias by taking into account H, and T, modulations. The solid curves
correspond to KaDOP and the dashed curves to DPDop. The horizontal green dashed line indicates
a hypothetical 0.1 m s~ accuracy target. Only a section of 60 km centered at the front is shown.

is mainly due to the tilt and hydrodynamic modulation transfer functions, which are the
main components of the wave Doppler model, that decrease with increasing wind speed.

It is also observed that a convergent current, i.e.,, when waves propagate against the
current, results in larger AH;, and AUp than a divergent current (see Figure 3). With
a current gradient of 1T m s~', the wave bias exceeds 0.1 m s~ in only two cases, when
the current is convergent with a 1 km wide front, resulting in a divergence of 0.19x 1073
s~1, for both wind speeds tested (5 and 10 m s~ '). In these scenarios, if we seta 0.1 m s~
accuracy threshold, this limit is exceeded over approximately 3 km. When the modulation
of the wave period T, in addition to Hj, is considered in the estimation of Up, the 0.1 m s~
threshold is exceeded over a longer distance (~10 km) across all simulations. As shown in
Table 1, the AUp is negligible in the case of the simulated swell. This is primarily due to its
very low steepness (€ = ka), where k is the wavenumber and a is the wave amplitude, in
contrast to the steeper wind waves. This is consistent with theoretical predictions. The
long wave-induced Doppler velocity (Up) is the dominant contribution to the SAR wave
Doppler model. The formulation of these terms, e.g., Eq. 6 in Yurovsky et al. (2019) or
Eg. 12 and 13 in Fan et al. (2023), indicates that they are proportional to wka?. That is, at
a given incidence angle, wind speed and direction, Up increases with the wave frequency,
wave number and amplitude squared. In other words, the steeper high-frequency wind
waves will induce larger Up than the shallower low-frequency swell.

5. Conclusion

The spectral density increases in regions of current convergence and decreases in
regions of divergence, with intermediate waves (wavelengths on the order of 10
metres) being particularly sensitive to these changes. The magnitude of variation in
significant wave height (H;) and Doppler shift (Up) increases with the strength of the
current gradient. Wind speed has a smaller impact on Up compared to the influence of
the current gradient. Notably, convergent currents cause larger variations in AH; and
AUp than divergent currents. Including the period variation AT, results in higher AUp
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compared to considering Hs alone. If an accuracy threshold of 10cm s~ is set, then in

the extreme case of a 1m s~ current gradient over 1km, this threshold is exceeded
for approximately 10 km beyond the front in the down-wave direction. The current-
gradient modulation of the swell yields a AUp that is an order of magnitude smaller
than that caused by wind-waves, with the simulated AUp for swell not exceeding 1.3
cm s,

This study is based on a one-dimensional simulation, and the results and conclu-
sions are specific to this configuration. However, wind-wave propagation parallel to
the current gradient (perpendicular to the front) likely represents the worst-case
scenario for wave amplitude modulation and the resulting Doppler velocity. The
impact of current gradient and relative wind direction will be assessed in further
study. Additionally, a deep water approximation was assumed, which neglects bottom-
induced dissipation, refraction and shoaling effects. Since many SAR images are
acquired in coastal areas, these effects in shallow waters with varying depths need
to be further investigated.
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