<]
TUDelft

Delft University of Technology

Phantom motion of the ocean

Leakage of geometrical Doppler into geophysical motions observed with Doppler
scatterometers

O'Driscoll, Owen; Lopez-Dekker, Paco; Payez, Alexandre

DOI
10.1109/TGRS.2025.3589713

Publication date
2025

Document Version
Final published version

Published in
IEEE Transactions on Geoscience and Remote Sensing

Citation (APA)

O'Driscoll, O., Lépez-Dekker, P., & Payez, A. (2025). Phantom motion of the ocean: Leakage of geometrical
Doppler into geophysical motions observed with Doppler scatterometers. IEEE Transactions on Geoscience
and Remote Sensing, 63, Article 5917510. https://doi.org/10.1109/TGRS.2025.3589713

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TGRS.2025.3589713
https://doi.org/10.1109/TGRS.2025.3589713

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 63, 2025

5917510

Phantom Motion of the Ocean: Leakage of
Geometrical Doppler Into Geophysical Motions
Observed With Doppler Scatterometers

Owen O’Driscoll™, Paco Lépez-Dekker ™, Senior Member, IEEE, and Alexandre Payez

Abstract— The interactions among geometrical Doppler, beam
pattern, and normalized radar cross section (NRCS) result in
the unwanted coupling leakage of geometrical Doppler into
the perceived geophysical Doppler. Starting from high-resolution
synthetic aperture radar (SAR) data, we model this leakage for
synthesized real aperture radar (RAR) observations of ocean
motion. The uncertainty introduced by leakage is ~1 m . s~
Corrections proposed in this work exploit the known interactions
between beam pattern and geometric Doppler with NRCS gra-
dients retrieved from simulated low-resolution RAR to estimate
and correct for the incurred leakage, reducing the uncertainty
to ©(0.1 m - s7'). Further reduction of instantaneous leakage
may be achieved through temporal averaging, since the NRCS
gradients that cause leakage appear mostly atmosphere-induced
and decorrelate rapidly. The azimuth resolution and number of
independent samples determine a system’s sensitivity to leakage.
C-band systems are inherently prone to suffer from greater
leakage and worse corrections than their Ku- and Ka-band
counterparts. With DopSCA, the propagated effect of leakage
is only secondary compared with the pulse-pair uncertainty.
In similar systems where pulse-pair uncertainty is suppressed,
leakage will dominate instead.

Index Terms— Doppler scatterometers, DopSCA, leakage, real
aperture radars (RARs), surface currents, surface motion.

I. INTRODUCTION

HE apparent geophysical surface velocity originating

from the interplay between geometrical Doppler, radar
beam pattern, and normalized radar cross section (NRCS)
gradients is an undesired contribution to surface-current obser-
vations that often flies under the proverbial radar. This
phenomenon has primarily been studied in the context of
Doppler profilers and synthetic aperture radars (SARs), where
it is referred to as “nonuniform beam filling” [1], [2], [3], [4]
and “biased Doppler centroids (DCs),” respectively [5], [6],
[7]. Here, we will refer to it as leakage, as the geometrical
Doppler seemingly leaks into the geophysical Doppler of
interest, causing a phantom motion.
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A new generation of Doppler-targeting real aperture radar
(RAR) missions has been proposed with the objective of
mapping ocean surface motions at hitherto unattainable spa-
tial and temporal scales, such as, e.g., SKIM [8], WaCM
(rechristened as Odysea) [9], and OSCOM [10]. Such capa-
bilities, and especially their added ability to provide direct
observations of ocean surface motions at a global scale for
the very first time, are needed to complement and update the
mostly indirect contemporary view of ocean surface currents
(OSCs) derived from space-borne altimeters (made under the
assumption of large-scale geostrophic balance) and highly
localized high-resolution observations (e.g., coastal HF radars,
moorings, drifters, or sporadic campaigns, such as the recent
ESA RVL campaign over the Aghulas) [11]. SWOT [12] will
help bridge the altimetry gap, but it remains an altimeter
(albeit a large-swath interferometric one), and currents demand
complementary direct observations, in particular in the tropics
close to the equator.

The unique design of the Doppler-targeting systems deter-
mines their inherent sensitivity to leakage. For RARs such
as SKIM and Odysea, the incurred leakage is fundamentally
linked to the width of the beam footprint: a wider beam
enables more NRCS gradients to bias the geometric Doppler,
while stronger gradients further enhance this bias. With both
Odysea and SKIM operating at the Ka band, their beam
footprints are much narrower than C-band equivalent systems;
the anticipated leakage is therefore reduced. For Doppler-
Scat, the airborne counterpart of Odysea, Rodriguez et al.
[13] estimated the leakage-induced velocity errors to be
0(0.01 m-s~!), though sharp NRCS gradients will result in
more substantial errors and require correction. SAR platforms
such as Harmony receive signals from a much wider C-band
footprint [14], but the SAR-enabled azimuthal resolving power
permits correction for leakage-induced Doppler. Common cor-
rection approaches rely on empirical relations [2], [3], [7],
iterative procedures [15], a priori filtering [7], or spectral
filtering [16], [17].

Given the seemingly benign nature of leakage to these
systems, other components of the error budget justifiably take
precedence, such as measurement noise, pointing errors, and
uncorrected wave Doppler.

However, inauspicious combinations of system design
parameters will cause a subset of sensors to be particularly
prone to suffer from leakage. One of these is DopSCA: an
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Fig. 1. Overview of the leakage mechanism for a single RAR pulse. The
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geometric Doppler, caused by platform motion v, is weighted by the beam

pattern and NRCS fields, resulting in a characteristic DC, fp. Where NRCS gradients occur, the DC’s azimuthal average—here within a single azimuthal
resolution cell—becomes nonzero. Under the false assumption that the geometric Doppler is symmetric and will cancel out, this phantom signal, fp, Leakages

could erroneously be interpreted as a geophysical motion instead.

opportunistic mission design proposed under ESA’s DOP-
SCAT study for scatterometers capable of measuring ocean
surface motions [18]. This concept is being investigated as
an additional capability for the new MetOp-SG operational
C-band fan-beam scatterometer instrument: SCA. With the
requirement not to impede the original scatterometer per-
formance of SCA, DopSCA targets the estimation of ocean
surface velocities inferred from subpulse-pair phase differ-
ences [19].

However, constrained by prioritization given to the scat-
terometer mission aspect, the C-band fan-beam design—with
a large azimuthal beam footprint—is inherently sensitive to
leakage. As such, the previously unconsidered NRCS gradients
may yet irreversibly hinder the estimation of ocean surface
velocity vectors.

Thus, to assess the viability of C-band Doppler scatterom-
eters, we must quantify their sensitivity to leakage. DopSCA
will be considered as a relevant case study. First, we aim
to quantify the expected leakage using high-resolution SAR
observations. These provide us with high-resolution NRCS
gradients. Then, we assess corrections for the incurred leakage
using synthesized low-resolution scatterometer observations.

Next, we illustrate the practical implications of residuals
after correction on a limited dataset with surface current
estimates over the Aghulas. Finally, mitigation strategies are
considered with the aim of overcoming residual leakage.

Through these analyses, we intend to answer the following
questions. To what extent are Doppler scatterometers sensitive
to uncertainty introduced by leakage? Can leakage be reduced
to acceptable levels through correction? What alterations to
the instrument/observation mechanism could aid uncertainty
reduction?

II. THEORY AND METHODOLOGY
A. DC and Leakage Velocity
Following [20], the DC for a single range bin can be
expressed as follows:
f _ E fGO GZ—way (l_}p - as) . fLoS dAz
b= A fO‘() G2—way dAz

D

where v, is the platform velocity vector (considered constant
but left inside the integral for ease of notation), v, is the

spatially varying surface motion of interest, A is the radio
wavelength, op is the spatially varying NRCS, Gj.yay is the
two-way antenna gain pattern, and 7i.s is the line-of-sight
(LoS) unit vector representing the satellite viewing geometry
within the azimuthal domain represented as Az. For notational
convenience, references to azimuth coordinates are dropped.

From (1), it follows that both the geometric and geophysical
contributions of relative motion (v » and v,, Tespectively) are
weighted by the local NRCS and antenna gain. In the absence
of geophysical motion, the DC is only governed by the antenna
pattern, NRCS, and the observation geometry, as shown in
Fig. 1. Meanwhile, in the here not considered along-track
interferometry case, the platform’s velocity-induced geometric
Doppler drops out, because we observe the surface from
the same location. For pulse-pair systems, it is necessary
to explicitly estimate and remove this geometric component
instead. Assuming a simplified scenario where a perfectly
right-looking RAR system observes a uniform NRCS field
with a symmetric beam footprint, then the even weighting of
the positive and negative geometric Doppler would effectively
cancel out the integral terms corresponding to v,, yielding
only the LoS-average geophysical Doppler of interest. How-
ever, for more realistic scenarios containing along-azimuth
op gradients within the beam footprint, more weight is given
to geometric Dopplers corresponding to bright scatterers (i.e.,
with larger oy); the previously balanced geometric Doppler
weighting is now distorted. One can expect compounding
and nonzero interactions between o9 and Go.y.y and the
geometric Doppler to result in spurious and undesired Doppler
contributions that bias the DC leakage. This Phenomenon is
illustrated in Fig. 1.

The sensitivity to oy gradients is determined by the gain pat-
tern. To calculate this sensitivity analytically, we first identify
in (1) convolutions of NRCS with distinct impulse response
functions in both numerator and denominator. Assuming no
surface motion (; = 0), a stationary beam pattern and
geometric Doppler, and discarding changes in NRCS due to
changes in viewing geometry; then, (1) can be approximated
as follows:

_ 2(00* h1)

2= X o v )

)
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(Left) Relative azimuthal power spectral densities (PSDs) of high-resolution NRCS. (Right) PSD for native resolution leakage, vz, and residual

leakage after correction, €7, averaged to a 50-km ground-projected spatial resolution. Spectra are estimated along a 400-km azimuthal section and averaged
across range for each case study in Table III. Spectra of residual leakage are relative to the original leakage. The presented spectra are anecdotal but illustrate
the prevailing decreasing gradients in NRCS at smaller scales as well as the consistent behavior of (residual) leakage. The sharp cutoff in residual leakage for

wavenumbers beyond 2 x 107> m~!

is caused by the aforementioned spatial filtering. The spatial filtering is needed to reduce the speckle’s inhibitory effect

on leakage estimation. The gradual roll-off in v, traces the beam footprint’s frequency response.

with * being the convolution operator and

3)
“4)
After resolving these impulse response functions in the spatial

domain, the convolutions in (2) can conveniently be resolved
in the azimuthal wavenumber domain as follows:

_2F'(%0H)
ANFN(ZoH)

hy = G2—wayvp *F'LoS
h2 = G2-way-

I )
where F~! indicates an inverse azimuthal Fourier transform
of the product of the NRCS wavenumber domain transfer
functions, X, with the respective wavenumber domain transfer
functions H; and H,. The expression in (5) is computationally
more efficient than the convolution laden (1), with which it
differs negligibly (not shown), but it hinges on the aforemen-
tioned additional assumptions.

The Doppler resulting from leakage is converted to the
horizontal component of leakage velocity in the following
equation:

A b
VL = 5 —
2 sin(6;)
with 6; being the incidence angle. Successive pulses retrieved

at multiple range bins yields vy (¢, ) as a function of fast and
slow times, respectively.

(6)

B. Toward an Intuitive Wavenumber Interpretation, and
Motivation for Empirical Analyses

From (1) and (5), several properties of leakage can already
be deduced. Yet, the division of convolutions thwarts a conve-
nient wavenumber-domain interpretation. Aiming to that end,
we decompose op into a mean and space-varying compo-
nent [21]

oy = 0y + 0oy 7)

such that (2) becomes

_ 2 og(hy * 1 4+ hy % §0y)
" AGo(ha x 1+ hy % 80p)

fo ®)

Since the mean backscatter terms cancel, and convolutions
with an identity field yield the mean impulse response, i.e.,
hi(x) x 1 = H{(0), we can rewrite as follows:

2 H,(0) hy * 80y

fo =+ .9
A | Hy(0) + hy % 8oy H>(0) 4 hy % 509
The latter fraction can be approximated as follows:

hl*(SO'() _h]*(SOQ 1 (10)

Hy(0) + hy %80y Hr(0) 1 +x

h2 * 80’0
= an
H,(0)

Using a Taylor expansion for (1/1 + x) we can linearize,
yielding

2 H,(0) hy % 809
fo=3 Hy(0) + ha % 809 | Ha(0)
| (haxoy)  (ha#800)’
H>(0) H,(0)*

12)

This form provides insight into the effects of various mag-
nitudes of NRCS gradients. First, based on Fig. 2, leakage
will be greater for smaller wavenumbers (for the same beam
impulse response) as the power of NRCS gradients decreases
toward greater wavenumbers. Then, in the limit when only
weak gradients are present, such that

lim (hz * 80’0) = lim (l’l[ * 50’0) =0 (13)
Sop—0 Sop—0

it follows from (12) that fp o (H;(0)/H>(0)), which is the
geometric Doppler. Conversely, for nonzero NRCS gradients
things become more complicated: the geometric Doppler term
is gradually suppressed through division by h; * §op, and
the multiplication of various higher order terms with A *
oy leads to scale interactions across wavenumbers. For a
symmetric beam and geometric Doppler, such as considered
here, H,(0) = 0, leaving only the terms resulting from scale
interaction. The resulting spectra of v, approach the spectrum
of the corresponding beam pattern, see the right half of Fig. 2
where the shared and gradual roll-off occurs at the limit of the
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TABLE I

FOLLOWING PLATFORM PARAMETERS ARE ASSUMED, RESPECTIVELY,
RETRIEVED FROM: ANTENNA DIMENSIONS AND ALTITUDE [23];
ANTENNA ELEMENTS [24]; AND WAVEFORM AND DOPPLER PROD-
UCT PARAMETERS [19]

Parameter Quantity
Platform altitude 823 km
Platform velocity 6800ms—1!
Antenna height broadside 0.32m
Antenna length broadside 2.87m
Antenna elements azimuth 4
Antenna elements elevation 1
Beam footprint azimuthal truncation 80km
Ground yaw angle 0°
Boresight elevation angle 40°
Considered swath elevation angles 35° - 45°
Wavelength 5.5cm
Nr. of subpulses 2
Sub pulse bandwidth 1 MHz
Slant range resolution 150 m
Maximum total pulse length 1.15ms
Time between sub-pulses 0.115ms

Sub-pulse SNR 1
PRF at broadside 3.942 Hz!
Ground-projected Doppler product resolution 50 km

footprint’s spatial resolution. The calculation of the presented
(residual) leakage spectra will be covered later.

Despite making several simplifying assumptions, no conve-
nient expression results from the procedures described above;
to quantify fp one still needs the fields &, hy, and doy,
warranting a comprehensive approach instead.

C. Data Synthesis and Leakage Correction

Since leakage is the result of NRCS gradients, any obser-
vations of the NRCS field can be combined with a known
beam pattern and geometrical Doppler to estimate the incurred
leakage. We use the high-resolution Sentinel-1 NRCS and (1)
to approximate the true incurred leakage. It does not matter
that the Sentinel-1 NRCS has a finite resolution, as the
spatial scales most prone to leakage—those at the limit of the
scatterometer resolution—are well captured, see Fig. 2. Next,
we synthesize a coarse scatterometer-observed NRCS with
which we aim to correct for the estimated incurred leakage.
The data synthesis and correction steps are detailed in Fig. 3.

Artificial fan-beam scatterometer data is synthesized by
stitching together several Sentinel-1 frames along azimuth,
simulating a range subset of the continuous scatterometer
observations. The Sentinel-1 NRCS data (op, s1) is mapped to
the stress equivalent winds (Ujo,) using wind directions from
ERAS, and these winds are translated back to a high-resolution
DopSCA-equivalent NRCS (o0p) using the CMODS5.N geo-
physical model function [22]. This compensates for their
respective viewing geometries. The high spatial and radio-
metric resolution of o( allows it to be used as a reference
and starting point from which to estimate the much coarser
NRCS observed by DopSCA (09 sca) based on the parameters
listed in Table I. Computations are simplified by assuming
a rectilinear geometry; no squint, pitch, yaw, or roll; and
neglecting any Earth-rotation effects. Furthermore, range cell
migration is assumed to have been corrected for.

'For discretization ease, we deviate from the frequently referenced 4 Hz.
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The oy field is sampled at a uniform 75-m ground-range
spacing Axgoung to generously comply with Nyquist for
DopSCA’s 150-m slant-range resolution. In order to com-
pute 09 sca, we need to momentarily convert to a uniform
slant-range spacing Axgan, Which is equivalent to a variable
ground-range projected spacing. Spacing conversions are per-
formed with linear interpolators indicated by

Agﬁs : A-)Cground — AXglant

As%g : Axsla.m — A)Cground (14)

where the sequence of A,_ ; and A,_,, results in a variable
low-pass filtering along ground range with worse ground-range
resolution for lesser elevation angles. The variable ground-
range-projected slant-range spacing is computed as follows:

A)Cground
sin(8;)

The simulated true value of the scatterometer-observed
NRCS is computed as follows:

fﬂ (o)) G2—way dAz
f’l G2-way dAz

Axslant = (15)

00.sca = Ags (16)
which integrates the high-resolution oy within the truncated
azimuthal beam footprint at azimuthal intervals defined by the
pulse repetition frequency (PRF). The azimuthal truncation is
performed for computational reasons such that the truncated
along-azimuth coverage is a constant 40km to the front and
rear of boresight represented by 7 in the following equation:

N = Az| 140 km )

where Az refers to the entire azimuthal extent. Increasing the
truncation extent had little effect on the results. Depending on
the beam pattern, a variable azimuthal truncation should be
considered as a function of elevation angle.

The azimuthal component of G;.y,y can be approximated as
a function of antenna length L, [25]. Usually, tapered beam
patterns are used, widening the main beam and reducing side
lobes. For instance, ASCAT’s sidelobes required attenuation
in order to avoid signals reflecting from parts of the satellite
itself [26]. Azimuthal beam tapering employed in this study
increases the beamwidth of G;.y,y from 0.69° to 0.78°.

To simulate a realization of the observed NRCS, random
speckle is added to the true NRCS. We model multiplicative
speckle, S, as a unit power circular-Gaussian band-limited
random signal, and compute the observed NRCS as follows:

6o.sca = Asg(00scA - |S|2)- (18)

With multiplicative speckle added, the data are interpolated
back to a uniform 75-m ground-range spacing.

From the observed 6 sca and using (1), we compute an
estimate of the leakage velocity, ¥y sca. In the case that we
have no geophysical motions and the theoretical DC is 0, the
difference in leakage estimated from oy and &¢ sca yields the
residual leakage

€L =V — ﬁL,SCA (19)

which represents the incorrigible error introduced by leakage.
After averaging to typical scatterometer product resolutions,
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Fig. 3. Flowchart for the retrieval of estimated, incurred, and residual leakage;

starting from the high-resolution NRCS, beam pattern, and geometric Doppler.

For our symmetric beam and stationary surface, the estimated DC is the leakage.

the magnitude of residuals is in the order of O(0.1 m - s7h,
and locally up to O(1 m-s~!). The power of these residuals
is reduced at all scales with respect to the original leakage
spectra, see Fig. 2, illustrating successful leakage reduction.

D. Pulse-Pair Measurement Uncertainty

Likely, the greatest velocity uncertainty of Doppler scat-
terometers results from the pulse-pair observation mechanism.
We simulate and add this uncertainty so that it can be
quantitatively compared with leakage velocity. Making the best
estimates of pulse-pair uncertainties falls outside the scope of
this study. Since the derivation is nontrivial, it is documented
in Appendix A (with slight deviations from the literature).

Uncertainty can be reduced by averaging over independent
samples. In the particular case of DopSCA, Hoogeboom et al.
[19] used the equivalent number of independent samples
present within a 25-km slant-range window, reducing LoS
uncertainty to ~1 m-s~!. The wide spectral response of an
unweighted 25-km moving-average operation is similar to that
of a 50-km Hann low-pass filter, which we use in this study.
Approximately 2-m - s~! instantaneous pulse-pair uncertainty
can be expected at a ground-projected 50-m - s~! resolution
for the considered range of incidence angles and based on
an expected pulse-pair phase coherence of 0.39 estimated in
Appendix A.

E. Case Studies

Several sequences of Sentinel-1 observations are used to
emulate scatterometer scenes. We focus primarily on a longer
sequence of successive observations near the Azores. Metadata
for these case studies can be found in Appendix B.

In addition, we utilize a time series of observations made
over the eastern Aghulas for which a dataset of surface-current
estimates is available [11]. This dataset contains calibrated DC
anomalies (DCAs) and estimates of the wind-wave Doppler.
These are compensated to account for the differing incidence
angles between Sentinel-1 and the synthesized scatterometer.
The retrieved DCA is corrected for the estimated wind-wave
Doppler and converted to a surface current. In turn, this
current is interpolated to the 0 sca coordinates and integrated
over the beam- and backscatter-weighted footprint to the
scatterometer’s spatial resolution, yielding the OSC as would
be observed by DopSCA: uopsc.

III. RESULTS AND DISCUSSION

The analyses presented in this section intend to assess the
magnitude of uncertainty introduced by leakage velocity, our
ability to correct for this uncertainty, and the implications
of residual uncertainty on mission objectives. Results are
presented as ground-projected velocities at a 50-km spatial
resolution over the shared spatial extent.

A. Instantaneous Leakage Velocity and Correction

The Azores case study presents azimuthal NRCS gradients
at varying scales [see Fig. 4(a) and (b)]. One can identify
strong leakage in (c), wherever azimuthal inhomogeneities or
trends in NRCS are present. Prevalent in particular is the bias
of positive leakage toward the upper half of the domain.

With an RMSE of 1.20 m-s~!, the uncertainty introduced by
leakage would easily compare to the signal of strong surface
currents. Correcting for leakage improves results: the RMSE of
residual leakage in (d) drop to 0.38 m-s~! and the prevailing
leakage bias has vanished. Using the coarse, scatterometer-
observed NRCS, it is thus feasible to reduce the leakage
uncertainty to O(0.1 m-s™!).

For DopSCA, the presented instantaneous effect of leakage
would be masked by the dominant instantaneous pulse-pair
uncertainty, whose realization for this case study had an RMSE
of 2.12 m - s~!—about twice that of leakage. Nonetheless,
the combined RMSE of leakage and pulse-pair uncertainty
drops from 2.40 to 2.18 m-s~! after leakage correction. Thus,
correcting for leakage shaves of several dm - s~! worth of
errors. Systems capable of suppressing pulse-pair uncertainty
would see an increased sensitivity to leakage and may even
be dominated by it.

B. Temporal Persistence of Leakage

Residual leakage (and pulse-pair uncertainty) may be
reduced further through temporal averaging. Since leakage is
correlated with NRCS gradients, the stochastic behavior of
these gradients determines the behavior of leakage. Currents
are known to be long-lived and sources of NRCS gradients,
so they might impart their temporal persistence onto the
residual leakage. To then consider performance on a temporal
scale, we next assess the persistence of residual-leakage with
respect to a time series of surface-current observations.

The eastern Aghulas is characterized by a strong and
relatively stable OSC (see Fig. 5). The rare availability of
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Fig. 4. Case study near the Azores of five stitched Sentinel-1B acquisitions taken on November 27, 2020 at 19:39. (a) Original Sentinel-1 o9 s, (b) synthesized
scatterometer realization 6 sca where different viewing geometries with respect to Sentinel-1 results in a different equivalent ground-range coverage (azimuth
is cropped due to beam integration extending outside of o s; domain), (c) incurred leakage velocity vy, and (d) residual leakage velocity post correction €y .
RMSEs for (c) and (d) are 1.20 and 0.38 m - s~!, respectively, at a 50-km spatial resolution over their shared spatial extent.

TABLE I

VARIABILITY OF OSCS AND RESIDUAL LEAKAGE VELOCITY FOR THE
AGHULAS CASE STUDY WHEN CONSIDERING AND OMITTING THE
ADDITION OF SPECKLE TO THE SYNTHESIZED SCATTEROMETER
NRCS FOR N = 7 SAMPLES. ONLY CONSIDERING DATA
POINTS AVAILABLE ON ALL DATES. COLUMNS INDICATE
AVERAGE TEMPORAL STANDARD DEVIATION <Uuosc>’
STANDARD DEVIATION OF THE TEMPORAL AVERAGE
SURFACE CURRENT 0y;n5c)» AVERAGE TEMPO-

RAL STANDARD DEVIATION OF RESIDUAL
LEAKAGE ag,‘>, AND STANDARD DEVI-

ATION OF THE TEMPORAL AVERAGE

RESIDUAL LEAKAGE 0(,). ALL
UNITS INms™~!
(Tuosc) T (unsc) (Oey,) Tey, (oer) /VN
With speckle 0.44 0.33 0.45 0.21 0.17
No speckle 0.44 0.33 0.27 0.14 0.10

co-located and calibrated Doppler measurements over the
Aghulas enables a relative comparison of leakage velocity with
respect to the observed surface current.

To show that the OSC is persistent, we compare the mean
standard deviation of the individual OSC images and the
standard deviation of the mean. As shown in Table II, the
mean standard deviation of OSCs over the seven presented
days, (Ougs)s is 0.44 m-s~!, and the standard deviation of
the temporal mean OSC, 0(,o4), is 0.33 m-s~!. Were the time
series of OSCs uncorrelated in time, their standard deviation
would decrease by the square root of the number of samples,
in this case, a factor /7, to 0.17 m-s~!. Unlike for the OSC,
such a reduction is observed in the residual leakage velocity,
whose mean standard deviation, (o, ), is 0.45 m-s~! while the

standard deviation of the temporal mean oy, ), is 0.21 m-s~'.

The latter is much closer to the 0.17 m - s~! expected for an
uncorrelated process (following <<75L> /(N y1/2). Thus, despite
significant temporal autocorrelation in OSCs, at the considered
temporal scales, currents do not actually introduce persistent
leakage. This, therefore, enables further reductions of the
residual leakage through temporal averaging.

The lack of temporal autocorrelation in residual leakage
may be explained by two compatible hypotheses: few of
the unresolved NRCS gradients are caused by temporally
persistent currents such that they impart little of their persistent
nature onto the residuals, or leakage estimation and correction
are inhibited by the random speckle present in the synthesized
scatterometer NRCS. The first hypothesis is difficult to test
as it requires precise knowledge of what NRCS is related
to which phenomena. The second hypothesis is assessed by
omitting the addition of speckle when producing synthetic
scatterometer data. Summary results from this second analysis
over the Aghulas are also presented in Table II. In the absence
of speckle the residual leakage drops significantly from 0.45 to
0.27 m - s~!. Nonetheless, the remaining signal still behaves
as an uncorrelated random variable; the standard deviation of
the temporal mean residual leakage at 0.14 m-s~! approaches
the expected 0.10 m-s~! for an uncorrelated random variable.
It then follows that the first hypothesis is likely responsible
for the majority of the residual leakage’s lacking temporal
autocorrelation.

C. Implications to System Design

Given the above observations, we can consider what system
design parameters ought to minimize exposure to residual
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Fig. 5.

(Top) Scatterometer o sca (without the addition of speckle) at native resolution for a time series over the eastern Aghulas. (Middle) OSCs from

Sentinel-1 integrated over the scatterometer beam at 50-km spatial resolution. (Bottom) Residual leakage velocity at 50-km spatial resolution.

leakage, focusing in particular on azimuthal resolution and
the number of independent samples. The number of indepen-
dent samples determines how much spatial averaging can be
performed to reduce speckle’s inhibitory effect on corrections,
whereas the azimuthal resolution sets the sensitivity to the
range of unsampled spatial frequencies. And, as observed from
Fig. 2, smaller spatial scales contain less energy and can thus
be expected to lead to less leakage.

To illustrate the relative importance of both aspects,
we assess performances for the case studies listed in Table III
with varying antenna lengths, which directly affects the
azimuthal resolution. The number of independent samples can
be enhanced by increasing the pulse bandwidth (yielding a
greater range resolution) and PRF (yielding more samples
in azimuth). Both options are computationally expensive to
simulate. Instead, no speckle will be added for a run of
analyses to simulate the effect of a sufficient number of
independent samples capable of nullifying speckle in the limit.

These simulations, summarized in Fig. 6, corroborate results
obtained for the Aghulas case, with a marked decrease in
correction capabilities in the presence of speckle. A consistent
exponential decay is observed. Such consistency permits the
inference of performance for other Doppler scatterometers. For
instance, at the same 50-km spatial resolution, pencil-beam
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Fig. 6. Residual leakage for case studies as a function of wavelength-normal-
ized antenna lengths. Reference values are indicated for C-, Ku-, and Ka-band
systems assuming a tapered beam for a 2.87-m-long antenna. Performance for
the Azores case is highlighted with the other case studies listed in Table III
grayed out. The “no speckle” case represents the limit in residual-leakage
reduction due to spatial averaging. A greater along-azimuth extent n and
sampling is required to provide representative results outside the range of
normalized antenna lengths between 40 and 640, respectively.

scatterometers operating at Ku band with a PRF in the kilo-
hertz (kHz) range should expect a similar sensitivity to residual
leakage as the equivalent DopSCA setup with no speckle
(assuming that speckle reduction is enabled through the greater
PRF) and a three times longer antenna. These results also illus-
trate limitations of conventional C-band scatterometer designs,
as a kHz PRF may all but eliminate pulse-pair uncertainty and
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speckle, yet residual leakage will remain significant (unless
SAR processing is possible). Azimuthal resolution is thus the
key parameter to target when aiming to mitigate leakage.

Other mitigation strategies could include narrowing the
beam footprint by reducing its tapering. This lowers the
sensitivity to NRCS gradients at the expense of reduced side-
lobe suppression. Alternatively, a squinted viewing geometry
could decrease the effective geometric-Doppler gradient and
subsequent leakage. And, under highly favorable conditions,
a squinted geometry would also enable leakage cancellation
through sign reversal by combining observations from oppos-
ing squints, e.g., fore and aft. However, alterations to the
viewing geometry and beam pattern are prone to conflict with
other mission considerations.

IV. CONCLUSION

In this study, we assess the sensitivity to leakage velocity
with the aim of answering whether this source of uncertainty
could jeopardize the performance of Doppler scatterometers.
A theoretical analysis does not yield a convenient expression,
as leakage is the result of nonlinear processes. Therefore,
an empirical analysis is performed instead, using emulated
scatterometer observations.

Results indicate that, over the considered range of elevation
angles and if uncorrected, the instantaneous leakage velocity
for DopSCA-like sensors would lead to ~1-m-s~! uncertainty
in surface velocity estimates at a 50-m - s~! ground-projected
spatial resolution. After correction—which consists of esti-
mating the leakage from the observed 6 sca and the known
geometric Doppler and beam pattern—the leakage uncertainty
reduces to O(0.1 m - s~!). Sub O(0.1 m - s~') performance
is unlikely for any C-band RAR system due to the relatively
large beam footprints.

Temporal averaging effectively further reduces the instan-
taneous residual leakage through a twofold process. First,
temporal averaging reduces the speckle’s inhibiting effect
on the estimation and correction of leakage. Second,
since residual leakage experiences little autocorrelation from
potential current-NRCS interactions—which suggests that
leakage-inducing NRCS gradients are primarily caused by
imprints of the fast-decorrelating atmosphere—it too is
reduced successfully through temporal averaging. This holds
over the strong and persistent surface currents of the eastern
Aghulas, but it may not transfer to other spatiotemporal
domains or scales.

For DopSCA, leakage is a second-order effect compared
with the dominant pulse-pair uncertainty. However, where
pulse-pair uncertainty is effectively reduced by averaging over
more independent samples, this is not the case for leakage
velocity, making leakage particularly relevant for systems
where pulse-pair uncertainty is successfully suppressed.

Future missions could minimize their exposure to leakage
and its residuals by targeting adequate combinations of inde-
pendent observation samples and azimuthal resolution. When
design alterations are unfeasible due to specific constraints,
e.g., resolution tradeoffs, power requirements, and other limi-
tations, then temporal averaging remains a broadly applicable
and effective mitigation strategy.
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A. Pulse-Pair Uncertainty

We make three simplifying assumptions during the estima-
tion of pulse-pair uncertainty: the signal-to-clutter ratio (SCR)
is 1 since overlapping reflections from the first and second
pulses yield, on average, equal amounts of clutter and signal
(we ignore variations in SCR due to variations in NRCS);
we assume a Gaussian beam footprint in the coherence terms
despite assuming a tapered beam elsewhere; and we assume
clutter dominates over other noise terms such that the coher-
ence loss due to the signal-to-noise and clutter ratio (SNCR)
can be approximated in the following equation [13], [27]:

S _ SCR
S+N+C 1+4+SCR’

The platform motion during the pulse-pair interval, 7, leads
to a relative motion of the scatterers contributing to the radar
echo within a resolution cell. The resulting decorrelation is
dependent on the ratio of t, over Tp, where the latter indicates
the time it takes for the satellite to move half the length of its
antenna. Following [13], this coherence can be approximated
for a Gaussian beam footprint at broadside (mid-beam) by

(20)

YSNCR =

~ AN 21
YD & exp _(TD> 20
Tp = (ﬁkvp%)* 22)

where k is the wavenumber (= 27 A~!) and Oga 1s the 3-dB
beamwidth in the azimuth direction. For SCA, Tp will be
in the order of 0(10’1) ms, but greater than the 0.115-ms
subpulse separation time 7.

The ocean surface also decorrelates between subpulses. This
coherence loss depends on the sea state and its wave-motion
correlation time, Ty . Similar to (21), it is given by

T, 2
yrw =exp|—| —— (23)
Tw
where Ty is approximated as follows [28], [29]:
Tw ~ 3.29\U"". (24)

For reasonable wind speeds U observed with a C-band
system, Ty will be in the order of O(10') ms. This is
much greater than either 7, or Tp, making ocean surface
decorrelation a minor source of coherence loss.

We approximate the total coherence as the product of the
three components

Y X YSNR VD VTW (25)

yielding a y of approximately 0.39. Since, 1 —y % 1 we are
prevented from using the Cramer—Rao bound for pulse-pair
velocity uncertainty of [30], which is only valid in the high
coherence limit [13]. Instead, we generate pulse-pair velocity
uncertainty from the 1-look phase-difference probability den-
sity function (pdf) in the following equation [31]:

(1-v?) {(1 - ,32)% + B — arccosﬁ)}

3 (26)
27 (1 — B2)°

p() =
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TABLE III
METADATA FOR CASE STUDIES EXCLUDING THE AGHULAS

Region Platform Date/Time Product unique ID
Azores S1B 2020-11-27T19:39  A07B, BO1D, CAOS,
CEI1B, E23C
Caribbean ~ S1A 2023-11-04T23:08  5B80, 75FE, FCE5
Hawaii SIA 2020-11-06T04:23  40AB, 9158, BOE7, B3F4
Iceland S1A 2023-11-07T18:49  026F, 03F2, BSDE
Scotland S1A 2023-11-09T18:32  6DOB, B440, BAFB, CE72

where p(y) is the pdf of phase differences valid between
—m < ¢ <m and B = y cos(y). The phase-difference pdf is
converted to velocity in the following equation:

1 1
2kt sin(6;)

where the additional sine term converts vectors from LoS to
a ground-projected one. Similar to the addition of speckle,
band-limited pulse-pair uncertainty is generated at the inde-
pendent slant-range-spaced sample resolution, interpolated to
grid spacing through zero-padding in the Fourier domain,
and then interpolated back to the ground-range-projected grid
spacing.

p(op) = p(¥) 27)

B. Case Studies
See Table III.

C. Data Availability

The analyses of this study are performed using Ground
Range Detected Copernicus Sentinel-1 data 2020/2023
retrieved from ASF’s API on March 3, 2024, processed
by ESA. This data are accessed using Ifremer’s open
source xsar file reader [32]. Beam patterns were generated
using https://gitlab.tudelft.nl/drama/drama. The CMODS5.N
implementation was used from https://gitlab.tudelft.nl/drama/
stereoid. Reference wind fields needed to run CMODS.N
were retrieved through ECMWF’s ERAS5S API [33]. Cali-
brated Doppler measurements from the Aghulas campaign
were obtained from the ESA WOC Project [11]. A repos-
itory generating the results of this study is available at:
https://github.com/owenodriscoll/DopSCA _leakage
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