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Abstract.

Space-borne synthetic aperture radar (SAR) measurements have already
been proven to be invaluable in detecting and quantifying properties of ocean
swell systems. With the improved spatial resolution, Sentinel-1 wave mode
measurements can further be extended towards shorter scale waves, i.e. within
the surface wave equilibrium range. In this study, a new parameter is derived
from filtering SAR image cross-spectra around range-traveling intermediate
wind waves (wavelengths 15-20 m). This parameter captures both the radar
cross section variability and its time evolution. Given the dependence of in-
termediate waves on local wind field, this parameter is statistically documented
to-confirm its sensitivity to both wind speed and wind direction. Compara-
ble to Doppler estimate, the signed parameter can be used to reduce the wind
direction ambiguity in the inversion of high-resolution wind fields from SAR
imagery. In addition, under complex environmental situations over a Polar
Low event, this parameter is expected to better capture the dynamics of the
surface wind. Globally, our analysis demonstrates regional and seasonal vari-
ations of this parameter, associated with those of wind/wave patterns. In par-
ticular, its directionality reveals the seasonal migration of intertropical con-
vergence zone. This parameter is valuable to various further applications, for
example, to help develop wind retrieval scheme from SAR measurements or
to map space-time variability of ocean waves at various wavelengths.

Keypoints:
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e Along-track temporal correlation analysis is performed on Sentinel-1 SAR
measurements, filtered in the range direction

e Estimated spectral properties are signed quantities associated to both
wind speed and direction

e Distinct sensitivity to wind direction can help to retrieve ocean surface
wind vector from SAR measurements

e Global mapping and analysis confirm capabilities to enforce wind and

wave climate studies
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Plain Language Summary

Our paper entitled "A new ocean SAR cross-spectral parameter: definition and direc-
tional property using the global Sentinel-1 wave mode measurements’ defines a new radar
parameter to highlight the properties of intermediate scale ocean waves (wavelength of
15m) based on high-resolution spaceborne synthetic aperture radar (SAR) images. This
new parameter is found to be a signed quantity, sensitive to both wind speed and direction.
At global scale, we use a one-year data to demonstrate the distribution and variation of
this parameter. It is found that this parameter not only provides directional information
of global winds, but exhibits distinct seasonal signatures of regional wind/wave. A case
study over a Polar Low event also proves the capability of our new parameter in carrying

surface wind information.

1. Introduction

Synthetic aperture radar (SAR) instruments are advanced imaging systems. In theory,
the azimuth resolution can be solely specified as one-half the antenna length. This re-
sults from an unambiguous tracking of the individual phase and amplitude of the return
signals during the acquisition time duration. Among active microwave sensors, SARs are
thus the only sensors capable of providing all-weather ocean surface observations at very
high-resolution to serve multi-purpose ocean studies [Apel and Gonzalez, 1983; Alpers and
Hennings, 1984; Johannessen et al., 1991; Jackson and Apel, 2004; Chapron et al., 2005;
Kudryavtsev et al., 2014]. As known, the fine-Doppler analysis becomes distorted when
observations are made over random time-varying sea surface. The SAR processing be-
comes ambiguous and pixels are mis-registered in physical space. Constructively, it helps

to possibly map orbital velocity of the underlying ocean waves [Alpers and Rufenach, 1979;
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Ardhuin et al., 2015]. But more often, unfortunately, random orbital motions shall lead
to measurable spectral cut-offs in the azimuth direction [Beal et al., 1983; Lyzenga, 1986;
Kerbaol et al., 1998]. The cut-off is proportional to the range-to-velocity ratio, O(100s),
which is systemically significant for SAR sensors aboard high altitude platforms [Lyzenga,
1986]. Therefore, the possible sea state cases in which space-borne SAR image ocean wave
spectra can be directly inverted into quantitative information are appreciably limited, to
mostly concentrate on long ocean swells (wavelength longer than 200 m) [Chapron et al.,
2001; Ardhuin et al., 2009; Collard et al., 2009] or wave propagation within the marginal
ice zone [Ardhuin et al., 2017; Stopa et al., 2018] for which short-scale random orbital
motions (waves with meters wavelength) have been strongly attenuated.

Still, the relatively long aperture time, O(1s), used to perform the SAR processing
can be uniquely exploited. Indeed, the SAR provides means to extract different ocean
surface (sub-looks), corresponding to different epochs, during the SAR acquisition time
interval. As such, a temporal correlation analysis in the along-track can be performed
between the sub-looks. Resulting time shifts must then be associated to organized and
coherent (during the acquisition time interval) line-of-sight motions. Such a property is
currently applied to efficiently eliminate incoherent speckle noise, and to help resolve the
propagation ambiguity of SAR detected swell systems, longer than the azimuth cut-off
[Engen and Johnsen, 1995; Chapron et al., 2001].

In“this paper, we extend the cross-spectral analysis to investigate the time coherence
of radar modulations at much smaller scales compared to swell wavelengths. The SAR
cross-spectra estimate has been proposed by [Engen and Johnsen, 1995] to take advantage

of the individual sub-looks that are collected at slightly different time. In particular, the
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directional wave ambiguity can be resolved as well as lowering the speckle noise. We then
define a new parameter called the MeAn Cross-Spectra (MACS) and is defined by filtering
SAR cross-spectra within the range-detected wavelengths of 15-20 m. Given the strong
dependence of these intermediate ocean waves to local wind field [Juszko et al., 1995],
MACS estimates will give insight about radar modulation associated to surface waves
within their equilibrium range. By definition, MACS is a complex number composed of
both real and imaginary components. The imaginary part of MACS (IMACS) is expected
to capture the directional signatures of intermediate waves typically corresponding to local
wind fields. The normalized quantity, IMACS, is independent of any calibration issues
compared to the normalized radar cross section [Li et al., 2018]. Analogous to Doppler
anomaly parameter [Chapron et al., 2005; Mouche et al., 2012], it may thus be used to
reduce the wind direction ambiguity in the inversion of high-resolution wind fields. In
this paper, we focus on documenting the variation of IMACS relative to wind speed and
direction. The global patterns of wind/waves through IMACS are also demonstrated using
Sentinel-1 wave mode acquisitions.

The manuscript is organized as follows. In Section 2, we describe the dataset used in
this study as well as definition of the MACS parameter. In section 3, we present the
relationship of MACS with wind field (wind speed and wind direction). Applications
of MACS in local and global scale are then demonstrated and discussed in Section 4.

Conclusion and perspectives follow in Section 5.
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2. Dataset and definitions
In this section, we describe Sentinel-1 wave mode and ancillary data used in the study.
First we give the definition of the SAR cross-spectrum and then define the MACS param-

eter.

2.1. Sentinel-1 wave mode

The Sentinel-1 (S-1) mission is a constellation of two C-band SAR sensors (S-1A and S-
1B), launched by European Space Agency (ESA) in April of 2014 and 2016, respectively.
Sentinel-1 is the latest SAR mission in Europe after ENVISAT/ASAR. Over the open
ocean, S-1 mostly operates in WaVe mode (WV) [Torres et al., 2012]. Data are publicly
available on https://scihub.copernicus.eu/. Each imagette is acquired every 100 km,
alternating between two incidence angles (WV1: 23.8 © and WV2: 36.8 °, respectively).
Compared to Envisat/ASAR capability, the size of each imagette has been increased to
20 x 20 km with a 5 m spatial resolution. WV can only be operated in single polarization
(VVor HH). In this paper, we use data acquired by S-1A from December 2016 to November
2017 at VV polarization. To document the polarization sensitivity, HH products acquired
by S-1B from 18 March to 31 June in 2017 are considered. Number of wave mode products
used are listed in Table 1. It is worth mentioning that products acquired at latitude higher
than 55° are filtered out to exclude possible sea-ice contamination.

We systematically co-locate (in time and space) surface winds from ECMWEF (European
Centre for Medium-Range Weather Forecasts) and the S-1 WV acquisitions. The ECMWF
forecast winds have spatial and temporal resolution of 0.25 ° and 3 hours, respectively.
A sub-dataset consisting of upwind/downwind (wind blowing towards/along the radar

look direction) cases is also considered. Specifically, the winds blowing towards (0°) or
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along (180°) the antenna look direction with a variation of +£10° are selected. The wind
speed is then referred to as the radial wind speed, ranging from -20 to 20 ms~!. In our
conventions, positive radial wind values denote upwind conditions (wind blowing towards
the antenna look direction, see Figure 1). The probability density function (PDF) of co-
located dataset relative to the radial wind speed is shown, top panel of Figure 1. The bin
size of radial wind speed used here is 1 ms~!. The relatively nonuniform distribution of
data points for intermediate wind speed ( around 7 ms™! ) and high wind (>15 ms™1) is
evident. As such, we adopt the processing method described in [Stopa and Mouche, 2017
to equalize this sub-dataset. If there are fewer than 100 data points within a radial wind
speed bin, all data points are kept. Otherwise, 100 data points are randomly selected from
the dataset within that radial wind speed bin. The equalized dataset is then referred to

as Data I. PDFs of Data I are plotted in bottom panel of Figure 1.

2.2. Definitions

2.2.1. Estimate of SAR image cross-spectra

The method of computing SAR image cross-spectra from the Single Look Complex
(SLC) data has been thoroughly described in [Johnsen and Collard, 2009]. A simplified
flowchart describing the processing is given in Figure 2 (a). The Sentinel-1 look-up-tables
are applied to calibrate the SLC products. Two subsequent pre-processing steps are also
performed to eliminate the signal of bright targets. The procedure 'Detrending’ removes
the low frequency (non-wave) signatures by low-pass filtering the input image [Johnsen
and Collard, 2009]. Then, each SLC imagette is split into tiles of 512 x 512 pixels. From
each tile, a Fourier transform (FFT) is performed, and the resulting azimuthal (slow-time)

spectrum is divided into three non-overlapping parts as in Figure 2 (b). The sub-look
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intensity images are obtained by applying an inverse FFT to each one of these parts.

Finally, co- and cross-spectra are defined as:

(FII™ (x)] - FI™(x)])

P (b AL) = e T ()

—dk), m,nel,23 (1)

where At = |m — n|7 is separation time between m-th and n-th sub-looks, 7 is the time
interval between two adjacent looks. In this paper, 7 = 0.27 x T, with T, being SAR
integration time. <I (m) (x)> denotes the mean intensity of the m-th look, F[-| stands for
the two-dimensional FFT operator, and the superscript * is complex conjugate. (k)
is a Dirac Delta function. The co-spectrum is obtained when m = n. Computed co-
and cross-spectra for all tiles are then averaged to reduce speckle noise, leading to one co-
spectra and possibly several cross-spectra (obtained for different values of At) for each WV
image. This averaging technique is referred to as periodogram in the flowchart. Figure 2
(c) shows a SAR image acquired by S-1A WV1 and the corresponding imaginary part of
SAR cross-spectra for At = 27 in Figure 2(d). The imaginary part has opposite signs at
the symmetric peaks, which is key to resolving the ocean waves propagation ambiguity.

2.2.2. MACS of intermediate waves

Formally, the SAR nonlinear mapping is
Tsan(®) = [ Tnan(x)o(x = X' = £(x'))dx’ (2)

with Ipapr the initial detected Real Aperture Radar (RAR) intensity. & random shifts,
and g4 the resulting SAR intensity. While this mapping is nonlinear, it still ensures the
conservation of the overall mean image intensity, i.e. [Isar()dx = [Igar(x)dx. Accord-
ingly, using a spatial smoothing along the azimuth direction should suppress undesirable

nonlinear SAR processing effects. Conveniently, this filtering is carried out in the spectral
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domain by reducing the azimuthal wavenumber domain (< 27 /600 rad-m™"). The MACS
parameter is then defined over intermediate range-detected waves, corresponding to fil-
tering the cross-spectra around range (across-track) wavelength between 15 m and 20 m.
The lower limit of range wavelength is set to be approximately three times the nominal
S-1 line-of-sight ground resolution. It ensures that modulations of interest are sufficiently
well resolved. A schematic view for this spectral filtering to extract intermediate range
waves, and to best minimize the SAR azimuthal distortion, is shown in Figure 3. The

MACS over area *A’ is:

N
MACS(k, At) Z P (ko kv, AL, (kgsy kra) € A (3)

_ 1
N 2
where N is number of points within area A. The cross-spectra can be calculated for dif-
ferent combinations of sub-looks. Throughout rest of this paper, we only use MACS de-
fined based on the SAR cross-spectra computed between two adjacent sub-looks, denoted
as MACS™. In terms of the cross-spectral transformation [Engen and Johnsen, 1995],
MACS™ carries both magnitude and phase information of radar backscatter modulations.
Neglecting the highly reduced contribution from velocity bunching, MACS describes the
intermediate ocean wave spectra weighted by the RAR Modulation Transfer Function
(MTF). MACS therefore contains information related to different imaging contributions
(hydrodynamic, tilt) for given incidence angle and polarization. In this study, we solely

concentrate on the imaginary component of MACS, denoted as IMACS™
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3. Characteristics of IMACS®)

3.1. Directional IMACS®™

IMACS® is displayed relative to radial wind speed in Figure 4. Under developed sea
states, propagation of intermediate waves should correspond with the local wind direction
[Juszko et al., 1995; Quilfen et al., 1999]. As anticipated, IMACS™") changes sign when
the wind direction reverses. Statistically, it is positive for the downwind direction and
negative for the upwind.

To first order, it is a linear function of radial wind speed, up to 10 ms~!. For WV1 in
Figure 4(a)(c), IMACS™ have nearly the same slope for upwind and downwind directions.
For WV?2 in Figure 4(b)(d), IMACS™ is more sensitive under upwind conditions than for
downwind conditions. For a given radial wind, IMACS™ decreases with the increasing
incidence angle. At given incidence angle, IMACS() obtained in HH polarization is larger
than in VV. This is expected, as the HH MTFs have generally been reported larger than
VV MTFs, expressing a larger sensitivity to the hydrodynamic and tilt modulation effects
[Alpers et al., 1981; Kudryavtsev et al., 2014]. A slight saturation of IMACS™, around
wind speed higher than 10 ms™?, is apparent for WV 1, but not for WV2.

Quite remarkably, as shown in Figure 4(a), IMACS parameters share similar charac-
teristics with the Doppler Centroid Anomaly (DCA) [Chapron et al., 2005] (see their
Figure 5). Indeed, both parameters are directly linked to the temporal evolution and
coherency of detected sea surface scatters. The DCA encompasses all detected scales, and
estimates are performed using cross-correlation between consecutive (in time) complex
signals. For IMACS; it is the coherency and time evolution of filtered reflectively modula-

tions which are captured. As such, the cross-correlation can apply between the intensity
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signals acquired at larger time differences. For IMACS, the cross-correlation will mea-
sure the coherency and time evolution of the filtered modulations of the intensity signals.
Under a two-scale scattering model decomposition (see Appendix B in [Chapron et al.,
2005], also Eq.(3) in [Johannessen et al., 2008]), such intermediate scale time evolution
contribute to the DCA parameter. To first order, both parameters, DCA and IMACS,
must be strongly linked, closely tracing the wind direction within a single SAR image. To
date, the lack of accurate satellite AOCS (Attitude and Orbital Control System) informa-
tion hampers the S-1 DCA interpretation, as the geometric DC accuracy is not sufficient.
This is not as stringent for IMACS™. A precise time or Doppler origin is not required,
as the IMACS™ can isolate the ocean scene time evolution by matching detected (and
filtered) modulations of intensity signals. Accordingly, IMACS™") can therefore be an al-
ternative to DCA measurements to help constrain the ocean surface wind vector inversion

at moderate to high spatial resolution [Mouche et al., 2012].

3.2. 'Wind direction dependency of IMACS®™

In this section, the IMACS(® dependency on wind direction is demonstrated. For
simplicity, only acquisition of WV1 at VV polarization are analyzed. Figure 5 (a) displays
the IMACS™ relative to wind direction at wind speed of 7 ms™' (dots). The mean is
marked as solid curve. It closely follows a cosine function across the entire wind direction
range. IMACS™ reaches the minimum at upwind (0°), the maximum at downwind (180°).
Again, azimuthal modulation of IMACS™ is found similar to that of DCA, as shown in
[Mouche et al., 2012]. Analogous to the DCA (see Fig.2(e) in [Mouche et al., 2012]) , a wind

retrieval algorithm combining both the NRCS and IMACS™ would greatly benefit from
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the new radar parameter, adding a constraint (directly derived from SAR measurement)
to the inverse problem.

As defined, IMACSW is defined to extract information close to the radar range direction,
precisely filtering over +27 /600 rad-m~! along the azimuth direction in Figure 3. To help
discriminate the contributions between azimuthal quadrants, IMACS™ is then further
decomposed into two parts. The part defined over [-27/600 rad - m~*,0] is denoted as
IMACSQ‘ and the other over [0,27/600 rad-m™'] is IMACS(BL‘. For wind speed at 7 ms™,
these two parameters are reported in Figure 5(a). Estimates are different, especially for
the two crosswind directions (90° and 270°). At 90°, IMACSS& (dashed line) is almost
identical to IMACS(_ll)Ll (dotted line) as well as IMACS™ (solid line). At 270°, the deviation
between IMACS&IA and IMACS(,I)A increases. Variation of their deviation A IMACS;I)
versus wind direction is accordingly quantified in Figure 5(b). Notice that A IMACSS)
exhibits distinct azimuthal modulation than IMACS™. It is close to zero at crosswind of
90° and decreases to its minimum at 270°. This contrast between two crosswinds increases
with wind speed as shown in Figure 5(c). At low wind speed (<3 ms™!), ocean wave
features are not sufficiently well resolved due to low signal-to-noise ratio. This can explain
the low contrast of A IMACS&U across wind directions at 3 ms~!. With increasing wind
speed, the contrast becomes pronounced. This distinguished wind direction dependence
can thus help resolve the wind direction ambiguities, to provide means to obtain one single
wind vector. The wind inversion scheme using A IMACS(jE1 ) is beyond scope of the present
paper. Present efforts are underway Nilsen et al. [2018], and left to further validation

efforts.
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4. Applications

4.1. IMACS®™ over a Polar Low

Statistically, Figure 4, IMACS™ parameters capture the radial wind information. Here-
after, a particular localized event is more precisely analyzed. A polar low event is chosen
as they are difficult to detect using the visual remote sensing. Microwave scatterometers,
on the other hand, are advanced but limited by the coarse resolution (12.5 km). SAR
measurements are therefore of practical use to yield high-resolution structures of the local
wind field [Furevik et al., 2015].

Figure 6(a) presents a SAR image of C-band HH Normalized Radar Cross-Section
(NRCS) over a polar low event. Data have been acquired by S-1A, in the Interfero-
metric Wide swath (IW) mode, on 29 December, 2016 at 15:03 UTC. The incidence angle
at near range is 41.2° and 45.5° at far range. The ECMWF forecast winds at 15h00
UTC are superimposed to complement the NRCS. This event was an intense meso-scale
extra tropical cyclone, quite typical over the oceans at high-latitude in cold polar areas
[Montgomery and Farrell, 1992; Smirnova et al., 2015]. In the Northern Hemisphere, the
winds rotate counterclockwise. Considering the SAR flight direction, towards the North
in this case, it corresponds to the upwind conditions (blowing towards the antenna point-
ing direction) in the northern sector, and subsequently, the downwind conditions in the
southern sector. Given the distinct up-downwind asymmetry of NRCS at this incidence
angle, a darker pattern is indeed found in the southern sector. However, at this point, it is
difficult to interpret the wind variation without use of any external ancillary information,
such-as the ECMWF wind direction. By comparison, IMACS(") parameters, mapped on

Figure 6 (b), clearly provide the first-order directional information of local winds. The
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opposite sign of IMACS™ (blue to red) well captures the reversed wind direction as in
Figure 6(a). This is further demonstrated by the averaged IMACS™) along the two tran-
sects in Figure 6(c). IMACSW at transect "T1’ and "T2’ has the same order of magnitude,
corresponding to the comparable wind speed and direction as given by ECMWEF winds.
In addition, IMACS™) magnitude is roughly consistent with that in Figure 4(b) (different
incidence angles). This indicates that the IMACS™ derived from the global analysis can
also be applied to wide swath mode. It should also be noted that over the central part
(roughly along the latitude 75°N), IMACS™ is not trustworthy, likely due to the low

signal-to-noise ratio.

4.2. Climatological analysis of IMACS®™)

As demonstrated, the IMACS®™ is complementary to the conventional NRCS mea-
surements. Free from any calibration issues, IMACS™ essentially contains information
related to the coherent time evolution of filtered radar modulations. The IMACS™ not
only captures the local wind features, but also the intermediate scale wave features. Sea-
sonal average of IMACS() is presented in Figure 7, grouped as June-July-August (JJA),
and September-October-November (SON), December-January-February (DJF), March-
April-May (MAM). S-1A WV1 acquisition from December 2016 to November 2017 over
ascending pass is considered. The white areas are due to in-sufficient number of acqui-
sitions. The regions with missing data are close to coastlines and over the northeast
Atlantic Ocean where other acquisition modes (IW and EW) are operated. The same
convention as in Figure 4 is used, the negative values correspond to the upwind direction

(wind blowing from the east to the west).
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In the tropics (30°S — 30°/N), the prevailing trade winds are blowing from east to west.
It thus corresponds to upwind conditions for S-1 ascending pass, resulting in consistently
negative IMACS™ values. The migration of the intertropical convergence zone (ITCZ)
is clearly well captured by the seasonal sign changes of IMACS™. For JJA (Figure 7(c))
and SON (Figure 7(d)), the ITCZ is located in north of the Equator, about latitude
10° N, extending to the West Pacific Ocean. For the other two seasons, the ITCZ moves
southward and is located near the Equator with reduced zonal extension.

At the mid-latitudes (30°—60°), the wind predominately blow from the west to the east,
i.e. downwind conditions. Accordingly, the positive IMACS™ are obtained. The Southern
Hemisphere extra tropics are very consistent with high magnitude of IMACS™. This is
associated to the regular storms over this area throughout the year. For the same reason,
we observe that the maximum values of IMACS( in the northwest Pacific Ocean in season
DJF (Figure 7(a)), associated with the strongest winter storms. Lack of data precludes
this feature to appear over the Atlantic Ocean. It is clear that boundaries between the
trade winds and westerlies vary with seasons: the boundary migrates southward from JJA
to DJF, consistent with the motion of ITCZ.

To further document the ITCZ migration captured by IMACS™, a regional analysis
is performed. It corresponds to the region delineated by a red rectangle in Figure 7(a),
extending over the east Pacific Ocean (2°N — 12°N in latitude and 125°W — 95°W in
longitude). Seasonal PDF of NRCS as well as IMACS(") are shown in Figure 8 (a) and
(b), respectively. From the PDF of NRCS, the maximum density corresponds with the
seasons, being around 0.1687 (linear unit). The wider PDF in DJF and MAM implies

the larger spread of local winds (i.e. more variability), but gives no further details. On
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the contrary, PDF of the IMACS™ greatly differs from JJA to DJF. The maximum
point in JJA and SON is located around +0.010, suggesting the prevailing winds to
have small zonal components. For DJF and MAM, the maximum shifts towards -0.055,
corresponding to the winds blowing from the east. The PDFs of IMACS™ have larger
spread for DJE/MAM than for JJA/SON. Given the analogy between JJA (DJF) and
SON (MAM), wind rose of the collocated ECMWTF forecast winds are displayed for JJA in
Figure 8(c) and DJF in Figure 8(d). During JJA, most of the local winds blow along the
SAR ascending flight direction, resulting in nearly zero IMACS™, Figure 8(b). For DJF,
the winds blowing from the East are predominant and have large spread. Based on this
analysis, the NRCS measurements are not sufficient to manifest the seasonal migration
of ITCZ. But, combined NRCS and IMACS™) may open new strategies to determine the
global wind/wave climatologies.

Over the Indian Ocean, there is also a distinct seasonality captured by the IMACS(™.
North of the Equator, IMACS™ is negative in DJF/MAM, positive in JJA/SON. The
sign change is to be attributed to the reversed wind direction during the monsoon season
(usually occurring from July to October). A different rate of sign changes of IMACS™) is
well captured from north to south, across the Indian Ocean. A transect at the longitude
90°E is chosen to demonstrate this seasonal pattern of IMACS™. The seasonal average of
IMACS™ and wind direction along the transect are given in Figure 9(a)(b), respectively.
During JJA (red curve) and SON (black curve), IMACS™ decreases from positive to
negative at latitude 5°S to reaches the negative maximum at 18°S. It then starts to
increase from negative to the positive maximum at 50°S. Marked features of IMACS()

during DJF (red line) and MAM (green line) are in north of the Equator. During DJF,
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IMACS®™ is first negative and then inverses its sign, becoming positive at latitude 3°N.
The sign change from positive to negative more precisely occurs at latitude 9°S. The
IMACS™ variation is consistent with the wind direction change shown by the projected
radial ECMWF winds in Figure 9(c).

This strong seasonal variation of IMACS(® is further quantified by the inter-seasonal
variability, Figure 10. It is computed as the standard deviation of seasonal average of
IMAGS™. A larger variability of IMACS™ occurs over the Northern Hemisphere. Around
40°N in Northern Hemisphere, the largest seasonal variability is estimated. In the South-
ern Hemisphere, IMACS() parameters have relatively smaller standard deviation at 50°S.
By contrast, the IMACS™ is largely variable, throughout the year, at longitude between
160°W and 130°W. The Indian monsoon region also presents a higher IMACS™ variance.
This is caused by the reversed wind directions during the monsoon season, Figure 7. By
comparison, the trade wind regions over the Pacific Ocean display much lower variability.
A band of increased variability is evident, centered at 10°N on the Pacific Ocean. It
corresponds to the wind field changes over the ITCZ, Figure 8. This band extends to the
west Pacific Ocean. Over the Indian Ocean, a zonal band of distinct standard deviation,

centered at 10°S, is also associated to the wind direction changes, Figure 9.

5. Conclusion and perspectives

In this paper, we isolate the non-distorted wavelengths of 15-20 m associated with wind
and wave motions. The larger spatial footprint and higher spatial resolution of Sentinel-1
wave mode allows us to analyze these intermediate components relative to its predecessor
ENVISAT/ASAR. We then propose a new parameter called MACS which responds to
both the wind speed and direction.
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For the upwind or downwind conditions, a signed and nearly linear variation is ob-
tained. This result bears strong similarity with the Doppler Centroid Anomaly (DCA)
sensitivity to radial wind speed (see Fig. 5b in [Chapron et al., 2005]). We expect that the
MACS captures the overall correlation between the surface wave motions and the filtered
(radar) detected contrasts, in line with a two-scale interpretation of the wave motion bias
associated to DCA measurements (see Eq. Bl in [Chapron et al., 2005], and Eq.(3) in [Jo-
hannessen et al., 2008]). Comparable to the previous developments [Mouche et al., 2012,
such dependencies are complementary to the NRCS measurements, and open for new
analysis strategies. As first anticipated and demonstrated with a Polar Low case, these
two high-resolution radar quantities, i.e., NRCS and MACS (possibly DCA when avail-
able), ishould be advantageously used to help constrain the local wind retrieval schemes
from SAR measurements. Providing improved local wind estimates will also have posi-
tive impact on SAR-wave retrieval algorithms to more precisely inform the local sea state
conditions.

Moreover, given the close dependency of MACS to the strength of the local radial
wind component, MACS may also have the potential to directly help remove the wave
bias contribution from DCA estimates. This step is essential to recover the geophysical
Doppler information solely related to ocean surface current. In that context, MACS
estimates can help bypass the need of a priori wind information (e.g. [Rouault et al.,
2010]). Such a demonstration is beyond the scope of the present paper, and will be the
focus of future studies, possibly revisiting the Envisat/ASAR mission. This can also help
to establish basis of algorithms in order to retrieve oceanic current and wind speed from

future ocean concept missions. From its definition, MACS parameter can also be refined to
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encompass bi-frequency or bi-location beam instrumental configuration, as well as highly
range resolved real aperture radar measurements [Nouguier et al., 2018; Ardhuin et al.,
2018].

Finally, as further demonstrated in the present study, global mapping and analysis
of MACS can efficiently quantify regional and seasonal wind and (intermediate) wave
properties and space-time variability. As such, this new parameter can be used to study
the wind /wave climate from a new perspective. For example, this aspect will lead to revisit
the available ten-year archive of ENVISAT/ASAR wave mode data. Given a relatively
coarser resolution (10 m) compared to Sentinel-1, the filtering operation shall certainly be
adapted, i.e. possibly down to 50 m scales. This new parameter can also be used to jointly
analyze wind and equilibrium wave range climate by considering an adaptive definition
over various wavelengths. Still, for moderate to high wind conditions, MACS parameters
will likely carry valuable information related to radial wind conditions to enhance previous
attempts [Stopa et al., 2015] to more precisely document long-term wind/wave climate

properties.
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Table 1. Number of wave mode products used.

Pol WV1 WV2
VV (S-1A 2016.12-2017.11) 350,858 350,842
VV (S-1A 2017.03-2017.06) 107,651 108,648
HH (S-1B 2017.03-2017.06) 93,915 94,671
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Figure 1. (Left) Probability density functions (PDF') of the SAR wind speeds: (Top) PDF
of collocated radial wind speed between S1A/B and ECMWF for HH and VV, WV1 and WV2,
respectively; (bottom) PDF of correspondingly equalized dataset (denoted as Data I). The wind

speed bin used here is 1 ms™!. Data with wind greater than 20 ms~! has been excluded due to

lack of enough points. Positive radial winds correspond to upwind direction.
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Figure 2. (a) Flowchart of SAR image cross-spectral processing; (b) simplified view of

individual look extraction based on Doppler bandwidth spectrum. (c¢) An example of SAR image
acquired by S-1A. Incidence angle is 23.8°. (d) The corresponding imaginary part of SAR cross-

spectra computed for At = 27. See text for details.
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Demo of intermediate radial waves
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Figure 3. A schematic view of intermediate radial waves denoted by A’ over the MACS is
estimated: The limits of wavelength used in this study is 600 m in azimuth and between 15 m
and 20 m in range. The dotted circles represent wavelengths of 100 m and 20 m from inner to

outer.
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Figure 4. IMACS® relative to the radial wind speed for (c¢) WV1; (d) WV2 based on the

equalized Data I. The color represents latitude. The solid black line marks mean curve to the

observations. Positive radial wind speeds denote upwind configuration.
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Figure 5. (a) Scatter plot of IMACS™ relative to wind direction at wind speed of 7 ms™'.
Binned average of IMACS™ (solid), IMACSS}L (dashed) and IMACS(}A (dotted) are also plotted.
(b) A IMACSY (IMACS(BL‘—IMACS(}A) at 7ms™ (c) A IMACSY relative to wind direction

for warious wind speeds. Wind direction of 0° denotes upwind.
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Figure 6. (a) NRCS representation acquired by S-1A Interferometric Wide swath (IW) on 29
December, 2016 at 15:03 UTC over a Polar Low. The ECMWF forecast winds at 15h00 UTC
are superimposed as arrows with colors denoting the wind speed. (b) IMACS®™ computed over

moving windows. (c) IMACS™ along two transects depicted by the two black lines in plot (b).
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Figure 7. Seasonal global map of IMACS(™ based on the data acquired by S-1A WV1 over
ascending pass from December 2016 to November 2017. The negative IMACS™ corresponds to
upwind direction with wind roughly blowing from the east to the west. Data are shown at bin
of 2°in both longitude and latitude. The red rectangle in the East Pacific Ocean and vertical

transect in the Indian ocean are marked as areas of interest for the following analysis.
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Figure 8. PDF of (a) the NRCS and (b) the IMACS™ over the east Equatorial Current
area (marked by red rectangle in Figure 7(a)) are presented for four seasons. The wind rose of

collocated ECMWF winds is also depicted for (c¢) season of JJA; (d) season DJF.
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Figure 9. Seasonal average of (a) IMACS(| (b) collocated ECMWF wind direction and (c)
the projected radial wind speed relative to latitude along the transect of 90°E shown as vertical
black line in Figure 7(a). Data are averaged over latitude bin of 2°. The gray arrow denotes

SAR flight direction over ascending pass. Wind convention is the same with Figure 7.
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given in Figure 7.
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