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Up-to-downwave asymmetry of the CFOSAT
SWIM fluctuation spectrum for wave direction

ambiguity removal
Huimin Li, Danièle Hauser, Bertrand Chapron, Frédéric Nouguier, Patricia Schippers, Biao Zhang, Jingsong Yang

and Yijun He

Abstract—The surface waves investigation and monitoring
(SWIM) aboard the China-France Oceanography Satellite
(CFOSAT), a pioneer conically scanning wave spectrometer,
was successfully launched on October 29, 2018. Its innovative
configuration composed of one nadir and 5 rotating near-nadir
beams is designed to simultaneously observe the directional
wave spectrum at global scale. In this study, we systematically
implement the spectral analysis of the radar backscattering with
the periodogram technique to obtain the fluctuation spectrum
for each azimuth direction. The two-dimensional fluctuation
spectrum of the three spectral beams (θ = 6◦,8◦,10◦) combines
all the azimuth directions within one entire rotation of 360◦. The
case study demonstrates that the wave features (peak wavelength
and direction) are roughly consistent between the estimated
fluctuation spectrum and the collocated WaveWatch III wave
slope spectrum. A marked up-to-downwave asymmetry of the
fluctuation spectrum with larger spectral level in the upwave
direction for all the three spectral beams is observed. A ratio
is defined between the fluctuation spectrum within the [0◦,180◦]
sector relative to the [180◦,360◦] sector. Statistics display that this
ratio is greater than 1 when it denotes the up-to-downave ratio
and smaller than 1 for the down-to-upwave ratio. This observed
spectrum asymmetry is linked to the asymmetric modulation
from upwind to downwind. In addition, we employs such finding
to help remove the 180◦ wave direction ambiguity from a
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practical point of view. Preliminary results of the direction
ambiguity removal displays a bias of 41.3◦, 40.6◦ and 36.7◦

for the beams, respectively. The 10◦ beam shows slightly better
performance compared to the other two beams in terms of the
bias and standard deviation. This shall lay strong basis for
the operational implementation of such algorithm to resolve the
direction ambiguity.

Index Terms—CFOSAT SWIM; Up-to-downwave asymmetry
of fluctuation spectrum; Wave direction ambiguity removal

I. INTRODUCTION

OCEAN waves are important processes in the upper ocean
to regulate the heat, momentum exchange of the air-

sea interaction [1]. Since the directional wave spectrum can
fully characterize the sea state, its observations are essential
for wave related studies. Until recently, in-situ buoys and the
coastal radars, including high-frequency radars and the X-
band marine radar have been the chief source of the wave
spectra measurements [2], [3], [4]. Yet, these techniques are
usually restricted by their limited spatial coverage. Despite
spaceborne synthetic aperture radar (SAR) has been proven
capable of measuring the winds and waves at the global scale
[5], [6], [7], however, waves along the SAR flight direction are
usually distorted and therefore cannot be well resolved [8], [9].
This nonlinear loss of information in SAR imaging limits its
widespread applications [10], [11]. An innovative technique is
therefore necessary to complement the existing manners for
accurate and comprehensive observations of directional wave
spectrum at the global scale.

Radars operating at near-nadir incidence angles rely on the
wave slope induced variations in the returned signal to observe
the ocean waves. A conically scanning antenna receives back-
satter at various azimuth angles to resolve the two-dimensional
wave field. Such concept of a wave spectrometer has been
proposed for over 30 years [12]. Its capability to observe the
directional wave spectrum was later evidenced by multiple air-
borne experiments [13], [14]. One of the two payloads aboard
the China-France Oceanography Satellite (CFOSAT), surface
wave investigation and monitoring (SWIM) is such a wave
spectrometer. SWIM is to some extent advantageous compared
to the SAR wave observations in that its measurements are
not distorted and have the potential to provide the two-
dimensional wave spectrum. The instrument characteristics as
well as the forward simulation of SWIM backscattering have
been detailed to support the mission design [15], [16]. The
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successful launch of CFOSAT marks the first ever deployment
of a conically scanning real aperture radar (RAR) in the space
[17], [18]. This shall facilitate the investigation of global ocean
waves, not only regarding the wave height, but also the wave
directional spectra to characterize the complex sea state [18].
It is expected to help advance our understanding of wind-
wave interactions at global scale [19] as well as to refine the
accuracy of numerical modeling [20], [21].

SWIM operates at Ku-band with the center radar frequency
at 13.575 GHz [16]. It has six beams with 1 nadir and 5
near-nadir incidence angles (0◦,2◦,4◦,6◦,8◦,10◦). The nadir
beam is similar to a state-of-the-art altimeter with comparable
measurement accuracy for both the significant wave height and
the wind speed [18]. The five near-nadir beams sequentially
illuminates the sea surface at different azimuth angles. Each
beam employs a chirp signal with the bandwidth of 320 MHz
for range detection along given azimuth. Spectral analysis of
the backscattering profile along the range is conducted to ob-
tain the modulation spectrum in that azimuth. Inversion of the
wave height spectrum in this azimuth direction follows. The
two-dimensional wave spectra is then accordingly constructed
by combining all azimuth directions (about 50) within one
rotation across the entire 360◦.

At such low incidence angle as SWIM does, radar backscat-
tering of the sea surface is dominated by the quasi-specular
reflection from the wave slope satisfying the specular condition
[22]. The geometrical modulation is the dominant mechanism
for the signal contrast modulation. It is due to the change of
local incidence angle provoked by the tilt of the long wave
slopes. Assuming that the mechanism is linear (true for small
slopes) and the hydrodynamic modulation is negligible, the
measured modulation spectrum is linearly related to the waves
slope spectrum via the tilt modulation transfer function (MTF)
[23]. Under the approximation of small curvature effects, the
backscattering at near-nadir incidence is proportional to the
wave slope probability density function (PDF), the tilt MTF,
the derivative of backscattering, is then related to the wave
slope PDF. Most of the simulation studies presumed the wave
slope spectrum to be Gaussian and isotropic, producing the
simulated polar-symmetric modulation spectrum [15]. How-
ever, it has been reported that the modulation spectrum derived
from the airborne observations was actually not symmetric
[12]. They speculated that this is possibly due to the non-
isotropic nature of wave slopes PDF and/or the second-order
hydrodynamic modulation. However, no statistical analysis
was presented due to the limited number of aircraft measure-
ments in that paper [12]. In the meanwhile, many studies have
disclosed that the up-downwave wave slope follows a non-
Gaussian shape based on both the sun glitter and the near-nadir
microwave radar measurements [24], [25], [26], [27]. In other
words, the derivative of wave slope PDF differs from upwave
(or upwind) to downwave (or downwind) direction. The MTF
variation relative to the wave directions might contradict with
previous results of polar-symmetric modulation spectrum. In
fact, the tilt MTF estimated based on the Global Precipitation
Mission data has demonstrated the azimuthal dependence of
MTF with larger values in the upwave (or upwind) [28].

As a matter of fact, it is the fluctuation signal that is

directly calculated from the backscattering profile rather than
the modulation signal. The former is proportional to the
latter taking into influence of both speckle noise and radar
impulse responses account [29]. These two spectra are related
through the radar impulse response spectrum as well as the
speckle noise spectrum [12], [13]. In contrast to a fixed
antenna configuration, the rotating beams of SWIM allow to
observe the sea surface at various azimuth directions. The
direct comparison of fluctuation spectrum between the upwave
and downwave direction becomes therefore feasible. In this
study, SWIM observations are collocated with the directional
wave spectra from WaveWatch III (WW3), and the dominant
direction of the WW3 spectra are used as reference in the
following analysis. The parameterizations of wave generation
and dissipation proposed in [30] are used in the WW3 model
with the wind forcing from the European Centre for Medium-
Range Weather Forecasts (ECMWF) forecast winds. This
model configuration has been demonstrated to work well for
Hs and swell partitions compared to other parameterization
packages [31]. Up-to-downwave asymmetry of the fluctuation
spectrum is documented through comparison of the values at
peak pairs with 180◦ ambiguity. Note that one of the unsolved
issue in the present SWIM data processing chain is the removal
of the wave direction ambiguity [18]. We then present the
preliminary results for removing the wave direction ambiguity
by taking advantage of this up-to-downwave asymmetry.

The rest of this paper is organized as follows. Section II
details the SWIM data included in this study as well as the
spectral analysis to obtain the fluctuation spectrum. The up-to-
downwave asymmetry of fluctuation spectrum is presented in
Section III and the preliminary results for direction ambiguity
removal is given in Section IV. Discussion and conclusion then
follow in Section IV.

TABLE I
DETAILS OF SWIM OBSERVATION SWATH Rswath AND GROUND-RANGE

RESOLUTION Lr .

INC[◦] Rswath [km] Nr Lr [m]

2 18.1 4 53.9

4 36.3 4 27.0

6 54.5 2 9.0

8 72.9 3 10.1

10 91.5 3 8.1

II. DATA AND METHOD
In this section, we first present the SWIM observations used

in this paper as well as the collocated ancillary data. The spec-
tral analysis using the periodogram method to calculate the
fluctuation spectrum for each azimuth direction then follows.

A. SWIM observations and ancillary data

SWIM is a pioneer Ku-band RAR developed based on the
concept detailed in [23]. It measures the radar backscattering
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Fig. 1. An example for acquisition pattern of (a) 6◦, (b) 8◦ and (c) 10◦ beams within two rotations of 360◦. Black curve denotes footprint of the nadir
beam. Note that the slightly varying coverage of these three incidence angles is due to their incontiguous azimuth directions at given moment. The black
arrow indicates the starting position of one entire rotation.

with 6 beams at incidence angle from 0◦ to 10◦ with the
increment of 2◦. It is deployed in the orbit at an altitude
about 519 km. Radar footprint of the near-nadir beams is about
18 km by 18 km on the ground with the original slant range
resolution of 0.47 m. The spatial resolution and observation
swaths in radius rely on the incidence angle. Details of the
ground-range resolution and the observation swath are given
in Table I. Nr in the table gives the number of averaged
range bins in the aboard processing. Since a certain number
of range bins and azimuth samples needs to be averaged on
board to reduce the downlink rate, the slant range resolution
decreases between 0.9 m and 1.9 m depending on the number
of averaged bins. More details of SWIM instrument parameters
can be referred to [16].

Each of the near-nadir beams rotates at a speed of 5.6 rpm
to cover all azimuth angles with a directional sampling about
7.5◦. It should be noted that at any given moment, the
5 near-nadir beams are not contiguous in azimuth angles
due to the mechanical constraints in the rotating plate (see
Figure 2 in [16]). The near-nadir beams of 6◦,8◦,10◦ are
dedicated to the measurements of directional wave spectra,
which are often termed as spectral beams. The other two
near-nadir beams of 2◦ and 4◦ are mainly kept to provide
the backscattering profile relative to the incidence angle. We
utilized the profile of calibrated and geocoded radar cross-
section after instrument gain and geometry compensation for
each spectral beam (θ=6◦,8◦,10◦). Such radar backscatter-
ing is annotated in the level-1A products. The modulation
spectrum calculated by the French ground segment stored
in the level-1B products are also included in this study for
comparison with our computation. All the products are avail-
able upon registration via https://www.aviso.altimetry.fr/en/
missions/current-missions/cfosat/access-to-data.html. Fig. 1
presents an example of the acquisition pattern of the nadir
and 6◦,8◦,10◦ beams within two entire rotations. In this study,
we define one rotation covering the entire 360◦ to start from
the azimuth direction closest to 270◦ clockwise from the true
North. Over one beam rotation about 10.8 s, the characteristics

of ocean waves being measured could be reasonably assumed
to remain unchanged under low to moderate wind/wave con-
ditions (about < 20m/s). Therefore, all the azimuth directions
within one rotation can then be combined to construct the
two-dimensional fluctuation spectrum. Note that the validity
of such hypothesis under tropical cyclones does not hold given
the fast evolution of wave field over the spatial coverage of
one entire rotation.

Numerous studies have demonstrated that at small incidence
angle as SWIM operates, the radar backscattering is dominated
by the quasi-specular reflection from the wave facets perpen-
dicular to the radar line-of sight [22], [32]. According to [23],
[33], the power spectrum of the modulated radar cross-section,
the modulation spectrum PM (k, φ) can then be written as

PM (k, φ) =
2π

Ly

(
cotθ − ∂lnσ0

∂θ

)2

k2F (k, φ) (1)

where Ly is a length related to the azimuthal width of the
beam footprint through [16]:

Ly =
Rβaz

2
√
2ln2

(2)

where R is the range distance and βaz the 3-dB azimuthal
bandwidth. k and φ denote the wavenumber and azimuthal
direction clockwise from the true North, respectively. θ is the
radar incidence angle. F (k, φ) is the two-dimensional wave
height spectrum and σ0 is the SWIM-received normalized
radar cross-section. As concluded in [12], the hydrodynamic
modulation and nonlinear wave-wave interactions are solely
of second-order effect and can be neglected at such near-
nadir incidence angles. The modulation spectrum is associated
with the fluctuation spectrum directly estimated from the
backscattering signal by

PF (k, φ) = PIR(k)PM (k, φ) + Psp(k) (3)

where PIR(k) is the impulse response spectrum and Psp(k)
denotes the speckle spectrum. Note that this equation is an
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approximation by assuming that the radar signal is continu-
ous and the impact of second-order noise term is negligible
[16]. As annotated, these two spectra are usually assumed
to be centro-symmetric across one rotation of 360◦ [18].
This makes the up-to-downwave contrast of the fluctuation
spectrum comparable to that of PM (k, φ). Since this paper
does not focus on inversion of the wave spectrum, up-to-
downwave asymmetry of only the fluctuation spectrum is
investigated unless otherwise stated.

In this study, we utilized the SWIM observations acquired
from 21 October to 5 November, 2019, which are processed
with the updated on-board migration compensation algorithm
[18]. The output of ocean wave spectral partitions from the
WaveWath III (WW3) hindcast is collocated to be the reference
wave direction. The original WW3 directional wave spectra are
available at the spatial resolution of 0.5◦ every 30 minutes.
The WW3 wave spectrum is composed of 24 directions and
32 frequencies in the range of 0.037 Hz to 0.7 Hz, covering
the SWIM resolved wavelength range from 70 m to 500 m.
The partitioned peak wave period and peak wave directions
are directly used here. All the collocated SWIM acquisitions
are restricted within the latitude extent of ±60◦ in order to
minimize the impact of sea ice on the WW3 wave spectrum.
Reanalysis winds from the ECMWF are also included to
examine the possible wind speed dependence of the spectral
asymmetry, which are available at a spatial resolution of
0.25◦ every 3 hours. Both WW3 and ECMWF products are
collocated with the center of each SWIM rotation in terms of
the nearest spatial and temporal distance.

Bright target removal

Segmenting

Ground range
resamplingDetrending

Periodogram
parameter

Spectral transform for
each segment

Fig. 2. Flowchart of the fluctuation spectrum estimate along each azimuth
direction. The ground range resampling spacing is set to be 5 m and the
periodogram window is 512 pixels with 256 pixels overlapping.

B. Spectral analysis

In this study, the spectral analysis for the three beams of
6◦, 8◦, 10◦ is systematically carried out with the algorithm
flowchart for the fluctuation spectrum at each azimuth given
in Fig. 2. Since targets such as ships or platforms could cause
very high backscattering signal, the pixels with σ0 larger than
99% percentile of that azimuth are replaced by the averaged
value. Radar return is presented in the slant range geometry
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Fig. 3. An example for (a) SWIM measured σ0 profile of 10◦ beam with
respect to the relative ground range distance; (b) Comparison of the obtained
fluctuation spectrum using periodogram algorithm in Fig. 2 (red curve) and
non-periodogram method (black curve) and the results annotated in SWIM
level-1B products (blue curve).

with constant slant range spacing. But the slightly varying
incidence angle from the near range to the far range results in
an irregular ground range sampling. To facilitate the following
spectral analysis, the radar signal is therefore resampled from
the constant slant range spacing to the constant ground range
spacing through the interpolation technique. Throughout this
study, the ground range resampling is set to be 5 m for
all three spectral beams. As shown in Fig. 3 (a), the radar
return overall decrease from the near range towards the far
range. We first estimate this decreasing trend with a low-
pass Gaussian smoothing along the range. The detrending
step in Fig. 2 subtracts this estimated trend from the radar
backscattering profile and outputs the signal fluctuations δσ0.
In order to reduce the noise effect, the periodogram technique
is employed. The signal fluctuations δσ0 relative to the radial
ground range is divided into segments at lengths of 512 pixels
with half overlapping. This leads to 15 segments for each
azimuth direction and one averaged spectrum is obtained in the
end. Note that this algorithm differs from that used in the level-
2 processing chain by two aspects. On one hand, this algorithm
takes advantage of the segments and periodogram to reduce
speckle noise effect. On the other hand, we use the whole
azimuthal sectors over 360◦ including the ambiguous wave
parts, rather than the standard boxes in the level-2 products
which covering only 180◦, to facilitate the following up-to-
downwave comparison.

An example of the σ0 profile along the relative ground range
distance is given in Fig. 3(a). A decreasing trend of σ0 is
evident, which is removed by the detrending step in Fig. 3 prior
to the fluctuation spectrum estimate. The fluctuation spectra
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Fig. 4. Two-dimensional fluctuation spectrum constructed from one rotation of 360◦ for the beam of (a) 6◦, (b) 8◦ and (c) 10◦. The collocated WW3 wave
slope spectrum is shown in (d) for comparison. The WW3 spectra direction corresponds to the direction that the waves travel to. The red arrow denotes the
directional sector where the signal is strong affected by the instrument noise.

obtained using different methods are shown in Fig. 3(b). The
thin black curve denotes the fluctuation spectrum calculated
directly by the Fast Fourier Transform (FFT) of the σ0 profile
without zero-padding and averaging, which is quite noisy with
high spectral signal at the low frequencies. For comparison, the
fluctuation spectrum provided in the SWIM level-1b product
is plotted as the blue curve. In this latter case, the FT was
applied on the full-length segment (limit to the window where
the signal-to-noise ratio is higher than 3 dB), and the output
spectrum is averaged over two consecutive wavenumbers. With
our periodogram method as well as the averaged spectrum
over multiple segments, the spectrum is less noisy and the
signature is more clearer. Our estimated fluctuation spectrum
is expected to provide reliable results. As such, we choose
to compute the fluctuation spectrum along range direction at
given azimuth angle using the periodogram method in the rest
of this paper unless particularly stated. Note that in calculating
the fluctuation spectrum, the resampled ground range spacing
is 5 m and the periodogram size of 512 pixel is used, resulting
in the wavenumber bin of 0.00245437 rad ·m−1.

III. UP-TO-DOWNWAVE ASYMMETRY OF
FLUCTUATION SPECTRUM

In this section, a two-dimensional fluctuation spectrum
computed using the periodogram method is first displayed and
discussed as a representative example. The up-to-downwave
asymmetry of the fluctuation spectrum between the two wave
peaks with 180◦ ambiguity is then presented from a statistical
point of view.

A. Case study

The two-dimensional fluctuation spectrum is systematically
constructed over one beam rotation of 360◦. In general,
there are approximately 50 azimuth directions within one
rotation for each beam. Examples of the obtained directional
fluctuation spectrum at positive wavenumbers are shown in
Fig. 4 for the three spectral beams of 6◦, 8◦, 10◦, respectively.
The wind speed for this particular case is about 6.0 m/s.
For each given azimuth angle, the spectral analysis of the
radar fluctuation signal returns both negative and positive

wavenumbers with symmetric magnitudes. In the construction
of 2D fluctuation spectrum combining all the azimuth angles,
only the positive wavenumber part are considered. Note that
the angular sector within ±15◦ along the track direction is
mostly contaminated by high speckle noise, which usually
conceals the actual wave signal [18]. As such, this sector is
simply masked out in the following analyses. The three beams
display quite similar spectral signatures with one dominant
wave system at wavelength around 400 m. In the quantitative
terms, the 6◦ beam has the largest spectral magnitude, while
the 10◦ is the smallest. This decreasing spectral level might
be partly associated with the impulse response function and
the more significant contribution of speckle noise at 6◦ due to
fewer data points for the fluctuation spectrum estimate.

2D fluctuation
spectrum

Find the local
peaks

Search for peak pair
with 180  ambiguity

150

rad

For each valid peak pari

Extract two spectral profile w.r.t.
wavenumber

 range to average from the
profile in [0 ,180 ]

Compare the two values of
ambiguous peaks

True peak direction with the
lower spectral level

No valid partitions

Fig. 5. Flowchart to search for the valid ambiguous peak pairs and to calculate
the average of fluctuation spectrum around the identified peaks.

The peak directions of the fluctuation spectra shown in
Fig. 4(a)-(c) are at 60◦ and 240◦ with the 180◦ ambiguity.
Since only the fluctuation spectral magnitude at positive
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Fig. 6. Demonstration of the fluctuation spectral profile at the ambiguous peaks from the case shown in Fig. 4 for (a) 6◦, (b) 8◦ and (c) 10◦ beams. The
vertical dashed lines indicate the wavenumber range over which to calculate the averaged values. The averaged spectral magnitude is annotated in the same
color with the curves. A constant for the speckle noise spectrum is reproduced based on [18] and plotted as the horizontal line in green, which is sufficiently
small in comparison to the peak spectrum.

wavenumbers is included in the two-dimensional fluctuation
spectrum, the magnitude is found smaller at the 60◦ peak
than the 240◦ peak as shown. Such contrast is more evident
for the 10◦ beam in Fig. 4(c). The collocated WW3 wave
slope spectra is shown in Fig. 4(d) to determine the true
wave direction. In general, the peak wavelength is in good
agreement with that of the fluctuation spectra for all three
spectral beams about 400 m. According to the WW3 wave
spectra, the waves propagate towards the northeast direction.
Thus, the spectral peak at 60◦ in Fig.4(a)-(c) corresponds to
the downwave part where the radar looking is in alignment
with the wave traveling direction. While the peak at 240◦

correspond to the upwave direction where the radar line-of-
sight direction is opposite to the wave propagation direction.
This case study demonstrates that the fluctuation spectra at
downwave exhibits smaller magnitude than that at the upwave
direction.

As a preparation to further statistics of the up-to-downave
spectrum contrast, the spectral peak pairs with 180◦ ambiguity
are consistently detected. Fig. 5 presents the flowchart to
search for the valid peak pairs and to compute the averaged
fluctuation spectrum over the detected peaks. In this study,
we employs the algorithm of finding local maxima in the
Python programming language to identify local peaks of the
two-dimensional fluctuation spectrum. The neighboring local
maxima are merged if their indices of wavenumber bins
are smaller than 5. The peak pairs are determined with the
wavelength difference of these two ambiguous parts smaller
than 0.0147 rad · m−1 and their direction difference within
180±30◦. For each pair, the fluctuation spectra profile relative
to the wavenumber is averaged along the line connecting one
identified peak to the coordinate origin. Fig. 6 illustrates such
extracted profiles from the fluctuation spectra shown in Fig. 4
for the three incidence angles. It is worth noting that the
fluctuation spectral magnitude near the peaks is much higher
than the speckle noise level reported in [18]. The speckle noise
spectrum is shown to be wavenumber variant and exhibits
slight variation at low wavenumber. For simplicity, we repro-
duced a speckle noise constant by averaging the speckle noise

spectrum over all the azimuth direction within the wavenumber
range of [0.01rad·m−1,rad·m−1] of the fluctuation spectrum
[18], which is plotted as the green horizontal lines in Fig. 6.
The wavenumber range over which to calculate the spectrum
average is determined by the 3-dB bandwidth of each profile.
The spectral average over the selected wavenumber bandwidth
is calculated rather than using solely the maximum values in
order to minimize the uncertainty and accordingly increase the
robustness of the proposed algorithm. This range is marked
by the vertical dashed lines in the same color with the cor-
responding curves. As shown in Fig. 6, the averaged spectral
signal around the direction of 60◦ (blue curve) is smaller than
that around 240◦. In other words, the averaged spectrum at
the downwave peak is lower in comparison to its ambiguous
counterpart. In this case, the difference of averaged profile
around the peaks within [0◦, 180◦] and within [180◦, 360◦]
is negative as it represents the difference of downwave part
relative to the upwave. Considering the magnitude of this
difference relying on the absolute value of the fluctuation
spectrum, it is not straightforward to reflect their statistical
relativity. As an alternative, we define the ratio of spectral
average over the peak φ1 in [0◦,180◦] to φ2 in [180◦,360◦],
expressed as

RTP =
〈PF (φ1)〉
〈PF (φ2)〉

, φ1 ∈ [0◦, 180◦], φ2 ∈ [180◦, 360◦] (4)

RTP is so defined that it is independent of the absolute
spectral level. < · > represents the average of PF over the
3 dB wavenumber bandwidth as shown in Fig. 6. Here it
is assumed that the peak spectral level is much higher than
the speckle noise, which holds true for wave directions away
from the track angle. RTP represents the down-to-upwave
ratio of averaged fluctuation spectrum when the true wave
direction (traveling to) is within [0◦,180◦]. While it is the
up-to-downwave ratio if the true wave direction falls within
[180◦,360◦]. The wave direction shown in Fig. 4 is about 60◦

so that the RTP denotes the down-to-upwave ratio for this
case. As demonstrated in Fig. 6, RTP varies relative to the
SWIM incidence angles, with values of 0.51 for 6◦ beam,
0.93 for 8◦ beam and 0.61 for 10◦ beam. The fact that RTP
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is smaller than one illustrates that for this selected case, the
fluctuation spectrum is smaller in the downwave direction than
in the upwave direction.

B. Statistics of fluctuation spectrum RTP
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Fluctuation spect um

Fig. 7. Box plot of RTP as defined by Eq. 4 is given regarding the identified
WW3 wave peak direction for (a) 6◦, (b) 8◦ and (c) 10◦ beams. ’N’ annotated
in each plot denotes the number of valid peak pairs. The lower and higher end
of the box are the first (25%) and the third quartile (75%), respectively. The
horizontal line within the box represents the median value. Wave direction is
relative to the true north (0◦) in clockwise rotation. The wave direction bin
is 15◦.

Though the case in Fig. 4 has manifested the up-to-
downwave asymmetry of the fluctuation spectrum, it is not yet
plausible to conclude its generality. In order to examine this
asymmetry from a statistical point of view, the two ambiguous
directions of fluctuation spectrum need to be categorized into
the relative wave directions. In this study, we associated the
identified spectral peak pairs with the WW3 wave peaks in
terms of the spectral distance, which is defined as [34]

SD =
1

60

(
|D1 −D2|+ 2× |T1 − T2|

T1 + T2
× 250

)
(5)

where D1,D2 are the detected SWIM and the WW3 peak
direction, respectively. T1 and T2 are the peak wave period in
the unit of s. By definition, SD takes the impact of both wave
period and the propagation direction into account to assess the
similarity of two peaks. The value of 2 is added to describe
errors in the wave period. While the factors of 60 and 250
are chosen to ensure that a 30◦ difference in wave direction
and 12% in wave period give a spectral distance of 1. The
peak pair is kept if either of the ambiguous peaks obtains
the spectral distance, SD, smaller than 3 relative to its WW3
counterpart. There are initially 867, 1194, 1443 peak pairs

identified based on the directional fluctuation spectrum. The
criteria of spectral distance smaller than 3 leads to 647, 855,
975 pairs of 6◦, 8◦ and 10◦ beams for the statistical analyses,
respectively. Most of the eliminated spectral peaks locate at
wavelengths longer than 600 m (not shown), which is beyond
the detection range of SWIM. This is because SWIM can only
detect ocean wave in the range of [70 m,600 m] [18] and no
peak pairs could be associated with the WW3 wave spectrum
beyond this wavelength.

To examine the fluctuation spectrum asymmetry from a
statistical point of view, the box plot of RTP as defined by
Eq.( 4) is shown in Fig. 7 relative to the collocated WW3
peak wave direction. Note that the speckle noise spectrum
constant has been subtracted from the fluctuation spectrum
to compute the RTP . As annotated in Fig. 6, the constants are
0.0105 m−4, 0.007m−4, 0.0055m−4 for the 6◦, 8◦ and 10◦,
respectively. The up-to-downwave asymmetry is prominent for
all the three spectral beams, featured by the RTP either smaller
or higher than 1 depending on the wave directions. When φ
lies in the range of [0◦,180◦], RTP characterizing the down-
to-upwave ratio is smaller than 1, which further confirms the
lower fluctuation spectra at downwave direction as observed in
the case study. While in the case of wave direction belonging
to [180◦,360◦], RTP representing the up-to-downwave ratio
is well above the horizontal line of 1 as marked by the
dashed line. In consequence, it is reasonable to conclude
that the fluctuation spectrum indeed exhibits a notable up-
to-downwave asymmetry with higher spectral levels at the
upwave direction.

Note that the distribution of RTP slightly differs among
the three spectral beams as shown in Fig. 6. Within the wave
direction range of [0◦, 180◦], the 10◦ beam shows a much
tighter distribution with its upper interquartile (75% of the
points) below the unit line. While for both 6◦ and 8◦, the
RTP spans across the horizontal line of one for a couple
of wave directions. By contrast, within the wave direction of
[180◦, 360◦], the lower interquartile (25%) of all three spectral
beams is mostly above the one line. The behavior that the
RTP spanning on both sides of the one line is expected to
introduce biases in applications based on this up-to-downwave
asymmetry. In addition, numbers of the identified peak pairs
are not the same for the three spectral beams. This is due to
the fact that one peak pair is not consistently present in the
fluctuation spectrum of the three beams. The refinement of
fluctuation spectrum estimates or improvement in the level-1
radar signal shall be devised.

We also looked into the RTP dependence on the wind
speeds, peak wavenumbers and wind directions as shown in
Fig. 8. There is no clear variation of RTP relative to wind
fields and the peak wavenumbers. The median value of RTP
for each variable bin mostly distribute around the horizontal
line of 1 as presented. In summary, we could conclude that
the up-to-downwave asymmetry of the fluctuation spectrum
is solely associated with the relative wave direction. This
lays strong basis for the following attempt to remove the
wave direction ambiguity by taking advantage of this up-to-
downwave asymmetry. It is worth noting that its independence
on other environmental conditions facilitates the resolution of
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Fig. 8. Box plot of RTP as defined by Eq. 4 shown for 6◦, 8◦ and 10◦ beams relative to the WW3 wave peak wavenumber (a,d,g), wind speed (d,e,h) and
wind direction (c,f,i), respectively. ’N’ annotated in each plot denotes the number of valid peak pairs.
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Fig. 9. Comparison of SWIM resolved wave peak direction with respect to the collocated WW3 wave peak direction for (a) 6◦, (b) 8◦ and (c) 10◦ beams.
’N’ annotated in each plot denotes the total number of valid peak pairs. Colors are the data count with directional bins of 10◦ for both axes. Result metrics
are given on the upper left corner of each plot.

the true wave direction.

IV. PRELIMINARY RESULTS OF WAVE DIRECTION
AMBIGUITY REMOVAL

The RTP in Fig. 7 illustrates that the fluctuation spectrum at
the upwave configuration is indeed larger than its ambiguous
counterpart at downwave direction. This characteristics agrees
well with the trend of tilt MTF as reported in [28] that
it has larger value in the upwave configuration. From the
practical point of view, the observed fluctuation spectrum up-
to-downwave asymmetry can be readily utilized to help resolve
the inherent 180◦ wave direction ambiguity. As presented in
Fig. 7, the downwave direction generally corresponds to the
part with lower spectral values, which will be taken as the true
wave direction (waves travelling to). This notation is consistent

with the wave direction definition of traveling to in the WW3
products.

In this section, we focus on the wave direction ambiguity
removal based on the up-to-downwave asymmetry of the
fluctuation spectra. Fig. 9 displays the identified direction com-
parison between the SWIM detection results and the collocated
WW3 wave spectra for the three spectral beams. It should
be noted that the wave slope spectrum is utilized to extract
the reference wave peaks. Since the fluctuation spectrum is
utilized to identify the spectral peaks here, the spectral peak
wavelengths might slightly differ with the reference wave
peaks derived from the WW3 wave slope spectrum due to
the impact of impulse response function and speckle noise
spectrum. Yet the potential of such proposed algorithm is
central to this study, we carried out the comparison between
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TABLE II
METRICS OF AMBIGUITY REMOVAL.

INC [◦]
Total U10<15m/s U10>15m/s

corr.
N Bias STD N Bias STD N Bias STD

6 6442 34.99◦ 37.69◦ 6195 34.28◦ 37.05◦ 247 52.83◦ 47.99◦ 0.51

8 8779 35.42◦ 38.90◦ 8543 34.94◦ 38.47◦ 236 52.84◦ 48.88◦ 0.46

10 8978 33.86◦ 39.25◦ 8798 33.40◦ 38.74◦ 180 56.40◦ 54.64◦ 0.50

these two datasets for simplicity.
As shown in Fig. 9, the extracted SWIM peak direction

is in good alignment with the reference WW3 peak direction
for all three spectral beams. Acquisitions from both ascending
pass and descending pass are included in the analyses, thus
the detected SWIM wave directions span in the entire range of
[0◦, 360◦]. It should be reminded that the direction comparison
demonstrated here is based on the spectral distance criteria of 3
for the peak-to-peak association and the angular sectors within
±15◦ relative to the track direction are masked out. The 10◦

beams in Fig. 9(c) shows relatively better performance with the
smallest direction bias of 33.86◦ and the standard deviation of
39.25◦. The 6◦ beam shows comparable biases and standard
deviation with the 8◦ beam. The better performance of 10◦

for ambiguity removal is expected due to the tight distribution
of the RTP in Fig. 7. This is consistent with the previously
reported results that the 10◦ is mostly suitable for wave
detection [18], [16]. While the correlation coefficient is sort of
low, being 0.51, 0.46 and 0.50 for 6◦, 8◦ and 10◦, respectively.
Combination of the three spectral beams is promising to
improve the wave spectral inversion.

Some outliers are yet evident, which reduces the per-
formance of the direction ambiguity removal based on the
fluctuation spectrum asymmetry (scatter plot not shown here).
For the 6◦ beam in Fig. 9(a), a cluster of outliers appears
at the position corresponding to the detected SWIM wave
direction of 210◦ and the WW3 wave direction of 150◦/60◦.
The misjudgment of SWIM results can be traced back to
the wider spread of RTP across the horizontal curve of one
around the true wave direction of 60◦ in Fig. 7. Note that
the up- and downwave observations are usually 150 km apart,
the assumption that the illuminated wave fields are consistent
throughout might not hold in some case. This shall introduce
extra errors in the ambiguity removal. In addition, the large
scatter around 0◦ and 360◦ wave direction is because of the
mask close to the track direction. The other wave directions are
much cleaner owing to the tight distribution of RTP . Similar
cluster of outliers is observed for the other two beams of 8◦

and 10◦ in Fig. 7(b) and (c) as well.
In addition, the performance of direction ambiguity removal

for two wind speed groups (separated by 15 m/s) is presented
in Table. II. By comparison, the number of data points with
the collocated wind speed higher than 15 m/s is relatively
small, accounting for only 3 5% of the total dataset. Both
the direction bias and standard deviation for the high winds
group show degraded results by approximately 20◦. As a
matter of fact, such decreasing performance is subject to a
couple of possible reasons. For example, we have assumed

that the ocean waves being measured remain unchanged over
one entire rotation of SWIM beams (about 180 km×180 km),
which might not be true under rapidly changing high winds.
Also, the capability of WW3 to accurately resolve the wave
spectrum under high winds also needs further evaluation [35].
Dedicated studies to propose new algorithm typical of high
winds are of great interests and necessity.

V. DISCUSSION AND CONCLUSION
The concept of a conical scanning real aperture radar

operating at near-nadir incidence angles has been proposed
and validated using the airborne instruments for decades. With
the successful launch of COFSAT, such observations of ocean
waves at the global scale are available for the first time ever.
Despite the constant effort to update the operational data pro-
cessing algorithms, the inherent 180◦ wave direction ambigu-
ity yet hinders some geophysical applications using the SWIM
measurements. In this paper, the up-to-downwave asymmetry
of the estimated fluctuation spectrum is first documented. It
is worth noting that the fluctuation spectrum over the angular
sector of ±15◦ relative to the track direction has been excluded
in this analysis due to the high level of speckle noise in
this direction. Outside this sector, the mean speckle noise
spectrum is subtracted for each incidence beam. The ratio of
fluctuation spectrum peaks within [0◦,180◦] to its ambiguous
counterpart within [180◦,360◦] shows distinct behavior relative
to the true wave direction. It can be summarized that the
fluctuation spectrum is significantly larger in the upwave than
in the downwave direction as shown in Fig. 7. The preliminary
results to resolve the wave direction ambiguity in terms of
this up-to-downwave asymmetry are promising with relatively
better performance of the 10◦ beam.

This documented asymmetry is consistent with the simula-
tion based on the theoretical simulations with the input of tilt
MTF and wave field. At the near-nadir incidence angles, the
linear approximation theory relates the modulation spectrum
to the wave spectrum via the so-called tilt MTF, which is
defined by the change rate of backscattering relative to the
incidence angles. Since the wave spectrum can be considered
unchanged within the footprint on each side of the SWIM
track, under the linear theory, a larger spectrum in the upwave
with respect to the downwave can only be explained by a
larger MTF in that direction. In [28], the authors analyzed the
tilt MTF from an analysis of the backscattering coefficients
provided by the Global Precipitation Mission (GPM). They
found that the tilt MTF in Ku-Band and at 10◦ incidence
is indeed 5 to 10% larger in upwind than in downwind
direction for winds between 10 and 15 m/s. Hence, according
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to the results of [28], the modulation spectrum in downwave
should be smaller than that in upwave. This agrees well
with the analyses results presented in Fig. 7. The quantitative
comparison of such asymmetry yet requires further efforts. For
example, the nonlinear range bunching is usually neglected
in the state-of-the-art SWIM simulators, which might modify
the magnitude of up-to-downwave asymmetry of the simulated
fluctuation spectrum. Other factors including the high-order
hydrodynamic modulation and the instrumental performance
needs more investigations as well. In any case, this consistent
asymmetry shall provide valuable data reference to complete
our understanding on SWIM measurement principles. Note
that the ambiguity removal in terms of the up-to-downwave
asymmetry is based on the assumption that the wave fields do
not experience significant variation within one entire rotation
of 360◦, which is roughly equivalent to 170 km×170 km
in space. Another factor to be considered for the operational
implementation is the wind-swell direction, which might result
in opposite direction bias.

In addition to the application for direction ambiguity re-
moval, the skewed fluctuation spectrum between upwave and
downwave shall be further employed to refine the wave
inversion. With the ambiguity resolved and the along-track
noise issue corrected in the latest available products, the
derived two-dimensional wave spectra shall actually help to
fully characterize the sea state conditions across the globe.
More oceanographic studies will benefit from the simultaneous
measurements of ocean waves by SWIM and wind field by the
scatterometer aboard CFOSAT. For example, the wind-wave
interaction can be possibly quantified as well as the local air-
sea interaction. Wave in the sea ice is also an promising aspect
to investigate, just to name a few.

The preliminary results of ambiguity removal by utilizing
the up-to-downwave asymmetry demonstrated in this study are
affirmative for the future operational implementation. Though,
a more thorough algorithm needs to be devised for quantifi-
cation of up-to-downwave asymmetry of wave partitions in
addition to the local peaks. The applicability of such algorithm
at relatively high winds also needs further evaluation. With
these points properly addressed, this algorithm shall greatly
help refine the wave inversion scheme as well as enhance the
usage of SWIM observations in oceanographic related studies.
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