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Abstract—The surface wave investigation and monitoring
(SWIM) instrument, onboard China and France Oceanography
Satellite (CFOSAT), is a Ku-band real-aperture radar, with six
beams that illuminate the ocean surface at near-nadir incidences
ranging from 0° to 10°. In this study, we investigate the effect of
rain on the normalized radar cross section (NRCS) measured by
SWIM under both tropical cyclone (TC) and non-TC conditions.
Rain primarily attenuates the radar backscatter from the ocean
surface. Under non-TC conditions, when wind speeds are below
21 m/s, the NRCS reduction is small (<1 dB) during light
to moderate rain (<5 mm/h), but becomes very significant
(>4-5 dB) under heavy rain (>15 mm/h) conditions. The impact
of rain generally decreases as wind speed increases, especially
at the smallest incidence angle. At low wind speeds, the NRCS
reduction is also sensitive to the incidence angle. Based on a
simplified model and the differing sensitivities of NRCS to surface
roughness at two near-nadir incidence angles, we find that rain
also influences the surface signal at incidence angles below 10°,
in addition to the dominant effect of atmospheric attenuation,
which leads to a consistent NRCS reduction across all wind
speeds and incidence angles. Specifically, it contributes positively
to NRCS at wind speeds above 7 m/s and negatively at lower
wind speeds. This behavior is attributed to increased surface
roughness from splashes and ring waves at low wind speeds,
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and to decreased roughness due to wave damping at moderate
and high wind speeds. In TC environments, the NRCS tends to
saturate under light to moderate rain rates (<5 mm/h) when wind
speeds exceed approximately 35 m/s. In contrast, under heavy
rain (>15 mm/h) conditions, the NRCS continues to decrease as
wind speed increases. In both TC and non-TC conditions, beyond
atmospheric attenuation, the impact of rain on surface roughness
must be considered to fully explain the observed NRCS variations
with wind and rain rate.

Index Terms—CFOSAT surface wave investigation and moni-
toring (SWIM), radar backscatter, rain, tropical cyclone (TC).

I. INTRODUCTION

HE China and France Oceanography Satellite (CFOSAT),

a joint mission developed by Chinese and French Space
Agencies, was successfully launched on October 29, 2018.
The mission is designed to simultaneously characterize ocean
surface winds and waves, with the goal of improving sea
states predictions and advancing our understanding of air-sea
interactions. CFOSAT is equipped with two primary payloads:
the surface wave investigation and monitoring (SWIM) and a
wind scatterometer, both of which support scientific research
and operational applications related to ocean dynamics. SWIM
is the first spaceborne wave spectrometer specially dedicated
to measuring ocean surface waves by detecting the modulation
in the backscattered signal caused by the tilt of surface long
waves [1], [2]. SWIM operates at the Ku-band with a fre-
quency of 13.575 GHz, where oceanic rainfall can significantly
affect radar returns and potentially introduce systematic errors
in both surface wave and wind measurements. However, Zhao
et al. [3] demonstrated that during tropical cyclone (TC) Sam
(2021), although rain-induced signatures were evident in the
normalized radar cross section (NRCS) profiles, the accurate
retrieval of wave spectra from SWIM measurements remained
feasible across a wide range of wind and rain conditions,
provided that the signal remained sufficiently above the noise
level. This robustness was attributed to the fact that rain-
induced perturbations occur at a spatial scale distinct from
the NRCS fluctuations associated with ocean surface waves.
However, since NRCS measurements at small incidence angles
can also provide valuable information on surface wind fields
[4], [5], a quantitative analysis of rain effects on NRCS at these
angles is essential for correcting rain-induced contamination
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and improving the accuracy of remote sensing of ocean surface
winds.

Rainfall impacts the ocean surface NRCS through multiple
mechanisms. When raindrops impinge onto the ocean surface,
they typically create splash products such as craters, crowns,
stalks, and secondary droplets ejected from the water, followed
by the formation of spreading of ring waves [6], [7]. During
a rain event, the resulting turbulence in the upper water layer,
dampens short wind-generated gravity waves [8]. In addition
to these surface effects, volume scattering and attenuation of
electromagnetic waves by atmospheric raindrops (hydrome-
teors) also affect the radar signal as it propagates through
the atmosphere [9]. Overall, rain-induced splash products,
ring waves, and downdrafts roughen the ocean surface by
modifying the centimeter-scale wave fields [10], [11], [12].
In contrast, subsurface turbulence generated by raindrop can
dampen short waves and reduce surface roughness [13], [14].
The net effect on NRCS depends strongly on the radar
incidence angle. At moderate incidence angles (25°-70°),
variations in surface roughness cause corresponding increases
or decreases in NRCS, consistent with Bragg scattering theory.
However, at small incidence angles (<10°), where quasi-
specular reflection dominates, the relationship is reversed. The
scattering behavior of rain-affected ocean surface has been
extensively studied [7], [12], [13]. Raindrop-induced splashes
typically contribute through non-Bragg scattering, with their
effects strongly dependent on both polarization and incidence
angle.

The rain interference poses a significant challenge to the
accurate retrieval of ocean surface winds from scatterometer
data [15] and complicates reliable estimations of significant
wave height from altimeter measurements [16], [17], [18].
Consequently, specialized methods are necessary to miti-
gate the impacts of rain on radar observations. A common
approach involves rain flagging, which uses collocated passive
microwave data to identify and exclude rain-contaminated
measurements or applies quality control procedures that com-
pare observed NRCS with empirically modeled values [19]. In
addition, some studies aim to separately simulate the effects
of wind and rain, incorporating rain column parameters into
retrieval models to compensate for radar signal attenuation
caused by rainfall [20].

Previous studies have shown that the effects of rain on
the NRCS are strongly dependent on the radar frequency and
incidence angle [12], [21]. Scatterometer observations confirm
that NRCS at Ku-band is more affected by rain than at C-
band [22], primarily due to increased attenuation and volume
scattering caused by atmospheric rain. Furthermore, it has
been shown that the impact of high rain rates on C-band
scatterometer measurements increases with incidence angles
between 40° and 57° [23]. At moderate incidence angles,
the impact of rain on NRCS has been extensively analyzed
using multifrequency and multipolarization scatterometer and
synthetic aperture radar (SAR) observations [12], [21], [23],
[24], [25], [26], [27], [28], [29], [30]. The significant
contribution of rain-induced ring waves has been demon-
strated through the measurement of radar returns in a field
experiment using scatterometers operating at various fre-
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quencies, polarizations, and incidence angles [12]. Analysis
of Doppler spectra concluded that Bragg scattering from
ring waves is the dominant mechanism responsible for VV-
polarized backscatter from the rain-roughened ocean surface
[12]. Alpers et al. [24] investigated the physical mecha-
nisms responsible for C-band NRCS signatures associated
with rain in SAR images acquired over the ocean. A
polarimetric decomposition analysis of a RADARSAT-2 quad-
polarization SAR image revealed that the NRCS signature of
rain cells is primarily due to surface scattering. The observa-
tions also showed significant enhancements in both co- and
cross-polarized NRCS, indicating the presence of non-Bragg
scattering contributions. Furthermore, they concluded that at
C-band, NRCS can either increase or decrease relative to
the background levels depending on several factors, including
rain rate, wind speed, incidence angle, raindrop distribution,
and rain history. To better understand these effects, numerical
models based on rain-induced backscatter mechanisms have
been developed [20], [31], [32], [33]. These models aim
to describe the dependence of NRCS on various factors,
including frequency, polarization, incidence angle, rain rate,
wind speed, and wind direction.

All of the aforementioned studies have primarily focused on
moderate incidences (typically greater than 25°-30°), whereas
research on the effects of rain on NRCS at small incidence
angles remains relatively limited. Most documented efforts
in this regime have concentrated on nadir-viewing satellite
altimeter measurements [16], [17], [18], [34]. At both C-
and Ku-band frequencies, the dominant impact of rain is
the attenuation of the radar signal, with attenuation at Ku-
band being approximately an order of magnitude greater
than that at C-band. This wavelength-dependent sensitivity
enables the potential for retrieving rain rates, along with the
NRCS corrected for rain attenuation. Several studies have
demonstrated the feasibility of retrieving reliable surface wind,
wave, and rain rate parameters under TC conditions using
dual-frequency altimeter measurements [17], [18]. For near-
nadir observations, the impact of rain on radar backscatter has
been assessed by analyzing collocated triplets of NRCS, rain
rates from the Tropical Rainfall Mapping Mission (TRMM)
Precipitation Radar (PR), and wind speeds from the European
Centre for Medium-Range Weather Forecasts (ECMWF) [4].
The results showed that radar backscatter generally decreases
with increasing rain rates, and that the magnitude of this effect
is strongly modulated by wind speed. However, these analyses
were limited to incidence angles between 1° and 6° and wind
speeds ranging from 2 to 16 m/s. In addition, various rain-
related effects were aggregated into a single parameter, without
distinguishing the contributions of individual influencing fac-
tors.

In this study, we evaluate the impact of rain on NRCS at
near-nadir incidence angles (2°-10°) using SWIM Ku-band
radar backscatter measurements collocated with rain rates from
both the Global Precipitation Measurement (GPM) products
and ground-based Next Generation Weather Radar (NEXRAD)
observations. Unlike previous studies based on scatterometer
and SAR data that primarily focus on moderate incidence
angle, our research targets near-nadir observations, where the
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relative contributions of atmospheric and surface rain effects
differ significantly. By leveraging the differing sensitivities of
multiple incidence angles to surface roughness, we propose a
simplified modeling approach to separate atmospheric atten-
vation from rain-induced surface contributions. In contrast
to the analysis by Ren et al. [4], our investigation covers a
broader incidence angle range (2°-10°) and extends to higher
wind speeds (up to 57 m/s), enabled by the incorporation
of accurate wind measurements from L-band radiometers
under TC conditions. This expanded framework reveals the
significant impact of intense rainfall on radar backscatter in
TC environments.

Section II describes the CFOSAT SWIM-measured NRCS,
along with ancillary data including ECMWF wind fields, rain
rates from GPM and NEXRAD, and surface winds derived
from L-band radiometers. Section III presents an overview of
the results under both non-TC and TC conditions. A detailed
discussion is provided in Section IV, and the main findings
are summarized in Section V.

II. DATASETS
A. SWIM NRCS and ECMWF Wind Data

The SWIM onboard CFOSAT is a Ku-band real-aperture
radar deployed in a polar orbit at an altitude of approximately
519 km, providing global coverage with a 13-day cycle [1].
It sequentially illuminates the ocean surface using six beams,
each oriented at a mean incidence angle ranging from 0° to
10° in 2° increment. Each measurement covers a footprint of
approximately 18 x 18 km, with a range resolution in the ele-
vation direction varying between 0.94 and 1.88 m depending
on the incidence angle. The radar signal is integrated over the
footprint in the direction perpendicular to the elevation plane.
Due to its scanning geometry, the observation swath varies
with incidence angle, from a radius of approximately 18 km
at a 2° to about 90 km at a 10°. Operating at a rotational
speed of 5.6 r/min, SWIM samples the full 360° azimuth
approximately every 7.5°, ensuring comprehensive directional
coverage. The NRCS, after calibration and geolocation with
corrections for instrument gain and geometry, is provided in
a Level-1A (L1A) product at its original range resolution.
The Level 2S (L2S) product further resamples the NRCS at
a horizontal resolution of 20 m for each azimuth. In this
study, we use resampled NRCS values from the L2S product.
Since rainfall is typically inhomogeneous within the footprint,
distortions in the NRCS profile along the elevation direction
may occur (e.g., see [3, Fig. 10]). To ensure consistency and
robustness, we use the mean NRCS values in the footprint.
We have verified that our main conclusions remain consistent
when using NRCS values taken from the center of the swath.
To isolate rain effects accurately, the L2S radar backscatter
measurements used in this study are not corrected for the
atmospheric attenuation, even though such corrections are
available in the AUX-METEO ancillary products.

In addition, ancillary meteorological variables are available
from the SWIM along-track AUX-METEO products. Wind
fields from the ECMWF are spatially and temporally interpo-
lated to the center of the swath for each azimuth and beam. A
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comparison of ECMWF winds under various rainy conditions
with buoy measurements, as discussed in [15], shows that
although the ECMWF reanalysis data tend to underestimate
winds speed during rainfall and does not fully capture small-
scale wind variability, the biases between ECMWF and buoy
winds are considerably less sensitive to rain than the standard
deviation. Importantly, the relationship remains approximately
linear even for rain rates exceeding 3 mm/h. As we primarily
use temporally and spatially averaged ECMWF winds in this
study, they are deemed suitable for examining the effects of
rain on SWIM measurements under non-TC conditions. As
a cross-validation, we also collocated wind data from the
Advanced Scatterometer (ASCAT) with SWIM NRCS. The
results from ASCAT-SWIM matchups (see the Appendix)
are consistent with those obtained from ECMWF-SWIM
collocations over the same time periods. However, since the
ASCAT-based matchup dataset (ASCAT wind, SWIM NRCS,
and rain rate) is more limited in coverage, ECMWF winds are
retained for the main analysis.

B. GPM and NEXRAD Rain Rates

The two high-resolution rain rate products used in this study
are the Integrated MultisatellitE Retrievals for GPM (IMERG)
Version 07 data and dual-polarization NEXRAD observations.
The Level-3 IMERG product is derived from intermittent
precipitation estimates provided by partner satellites within
the GPM constellation. The GPM mission was designed to
improve measurements of instantaneous precipitation relative
to its predecessor, TRMM, particularly for light rain and cold-
season solid precipitation [35]. IMERG precipitation estimates
are primarily generated by combining passive microwave
and infrared observations, calibrated against microwave-based
retrievals. These estimates are further refined through the
incorporation of monthly rain gauge data to produce the Final
Run product. Distributed by the National Aeronautics and
Space Administration (NASA), the IMERG product provides
global precipitation estimates at a 30-min temporal resolution
and a spatial resolution of 0.1° x 0.1° [36]. In addition
to the gauge-calibrated multisatellite precipitation estimates,
the product includes a quality index (QI), which serves as
an indicator of data reliability. According to the product
manual, evaluations using multiradar and multisensor datasets
indicate that QI values above 0.6 outperform those below
0.4 in terms of correlation and scatter metrics. Therefore,
QI values between 0.6 and 1 are generally recommended
for identifying valid precipitation estimates from the current
half-hour microwave swath data and short-interval morphing
algorithms.

The NEXRAD network consists of 160 high-resolution
Doppler weather radars, jointly operated by the National
Weather Service, the Federal Aviation Administration, and
the U.S. Air Force. Most radars are located in the U.S.
territories and the continental United States, with a few
stations deployed overseas. Each station utilizes the S-band
Weather Surveillance Radar—1988 Doppler (WSR-88D) sys-
tem to detect atmospheric precipitation and wind fields. The
National Centers for Environmental Information (NCEI) of
the National Atmospheric Administration (NOAA) routinely
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distributes more than 75 Level-III products, including base and
composite reflectivity, storm-relative velocity, and 1- and 3-h
precipitation estimates. Due to their high temporal resolution
and wide spatial coverage, we used archived Level-III base
reflectivity data from 34 coastal NEXRAD stations instead
of the standard hourly precipitation estimates. These data are
recorded according at radar scan intervals of approximately
4.5, 5, 6, or 10 min, depending on the selected volume
coverage pattern. The reflectivity data have a spatial resolution
of 1° in azimuth and 1 km in range, with a maximum
detection radius of 460 km. Rain rates R are estimated from
the reflectivity using the empirical relationship. By default,
the relationship Zj, = 300R' is applied, where Zj;, is the
reflectivity in linear scale (not in dBZ) [37]. For tropical
convective systems, a modified relation Zj;, = 250R'? is used
to better account for the differing microphysical properties of
rainfall in such environments [38].

C. Microwave Radiometer Surface Wind Speeds

The Soil Moisture and Ocean Salinity (SMOS) satellite,
operated by the European Space Agency (ESA), was launched
in November 2009. Following its success, NASA launched the
Soil Moisture Active Passive (SMAP) satellite, which began
operations in April 2015, three months after its launch. Both
missions employ L-band radiometers operating at 1.4 GHz
to measure microwave emissions, providing valuable obser-
vations of surface wind speeds, particularly under extreme
conditions. A key advantage of the L-band radiometer is
its reduced sensitivity to atmospheric effects, rainfall, and
sea spray, making it especially suitable for observing ocean
surface winds in high wind and rainy environments [39].
SMOS and SMAP are both deployed in near-polar orbits, with
SMOS orbiting at a mean altitude of approximately 755 km
and SMAP at 685 km. Each satellite provides brightness
temperature images over a swath of approximately 1000 km,
with a nominal spatial resolution of about 40 km. The wide
swath coverage enables near-global observations every three
days for SMOS and every eight days for SMAP.

In this study, we use the SMOS Near-Real Time (NRT)
Level 2 swath wind speed products, available upon registration
at https://smos-diss.eo.esa.int/oads/access/. These products
provide gridded surface wind speeds at a spatial resolution
of 0.25° x 0.25°, including data from both ascending and
descending orbital passes. However, wind speed estimates
below 5 m/s may be unreliable due to a discontinuity in
the wind probability density function (pdf) near 1.5 m/s. For
wind speeds exceeding TC force (>32 m/s), comparisons with
SMAP data indicate that SMOS NRT wind speeds tend to
be slightly underestimated, with a root mean square error
(RMSE) of approximately 3.6 m/s. Only SMOS NRT wind
data with a quality level (QL) of O or 1 are recommended for
use; data with QL = 2 should be interpreted with caution. As
a supplementary source, we also incorporate SMAP Version
1.0 wind data from remote sensing systems. These Level 3
products provide uniformly gridded (0.25°) daily surface wind
speeds, consisting of both ascending and descending passes
[40]. For wind speeds above 25 m/s, SMAP wind estimates
show good agreement with collocated measurements from the
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Stepped Frequency Microwave Radiometer (SFMR), with a
standard deviation of approximately 3 m/s [41]. Both the
SMOS and SMAP datasets are particularly suitable for wind
speeds exceeding 12 my/s, as L-band emissivity signals from
foam layers become detectable only when foam layer thickness
exceeds approximately 10 cm, which typically occurs at wind
speeds above this threshold [39].

D. TC Best-Track Data

The TC tracks used in this study are obtained from the
International Best Track Archive for Climate Stewardship
(IBTrACS) dataset [42], [43], which is compiled through
collaboration with all World Meteorological Organization
Regional Specialized Meteorological Centres, as well as con-
tributions from other agencies and individuals worldwide. We
use version v04r01 of the IBTrACS database, which provides
3-hourly summaries of key storm parameters, including storm
center positions, maximum sustained wind speed, and mini-
mum sea level pressure. To address potential inconsistencies
in storm characteristics reported by different contributing
agencies, we prioritize data provided by the U.S. Agency.

E. SWIM TC and Non-TC Datasets

To facilitate the analysis of NRCS signatures in the presence
of rain under both moderate and severe sea states, two datasets
were constructed based on the observations described above.
The first dataset consists of SWIM NRCS measurements
acquired under rainy but non-TC conditions, spanning the
period from January 2021 to December 2022. The second
dataset includes NRCS measurements along CFOSAT tracks
intersecting TCs, covering January 2021 to December 2023,
to ensure sufficient sampling under TC conditions. Prior to
data collocation, several quality control criteria were imple-
mented to retain only the most reliable SWIM observations.
Specifically, averaged linear NRCS values below the Noise-
Equivalent Sigma Zero (NESZ) were excluded. The NESZ
profile was derived from SWIM L1A data collected between
October 1 and October 7, 2021, yielding average linear NESZ
values of 0.52, 0.41, 0.28, 0.21, and 0.46 for incidence angles
of 10°, 8°, 6°, 4°, and 2°, respectively. Furthermore, only
SWIM measurements located more than 50 km from the
coastline and within £1° of the nominal incidence angle were
retained.

The non-TC dataset was constructed through the following
procedure. To avoid contamination from sea-ice, SWIM obser-
vations were restricted to latitudes between 55°N and 55°S.
CFOSAT nadir tracks intersecting with the spatial coverage
of GPM gridded products and NEXRAD observations were
identified using a 30-min temporal matching window. Rain
rates from both NEXRAD and GPM, along with their QI
values, were interpolated using cubic interpolation to align
with the SWIM NRCS measurements at the center of each
swath for the near-nadir beams. Only GPM rain rates with
QI values greater than 0.6 were retained for analysis. For the
ground-based NEXRAD data, overlapping coverage frequently
occurred due to the high density of stations. In cases where
multiple precipitation estimates were available for a single
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SWIM measurement, the rain rate at the nearest time was
selected. The final non-TC dataset consists of approximately
544.8 million collocated data pairs, of which 451.8 million
(82.9%) correspond to clear-sky conditions and 93.0 million
(17.1%) to various rainfall scenarios.

For SWIM acquisitions during TC conditions, the dataset
was constructed as follows. CFOSAT nadir tracks were limited
to regions within a 500 km radius of the TC trajectory, and
only satellite passes occurring within 1.5 h of the reported
storm’s position time were included. Rain rate and wind speed
observations were matched using temporal windows of 0.5
and 1.5 h, respectively, and were cubically interpolated to the
center of the SWIM swath. The same interpolation scheme
described previously was applied to GPM and NEXRAD
rain rates. For SMOS wind speed data, only measurements
with QL values of 0 or 1 were retained. When both SMOS
and SMAP wind data were available for the same location,
the dataset with the shorter time difference from the SWIM
acquisition was selected, due to the typically large temporal
gaps between SMOS and SMAP overpasses. A total of 213
TCs observed by SWIM between 2021 and 2023 were matched
with corresponding precipitation and wind field data, resulting
in 635330 collocation pairs. Of these, 363 978 (57.3%) were
classified as rain-free and 271 352 (42.7%) as rain-affected.
In both datasets, the majority of rain rate measurements were
derived from GPM observations.

ITI. RESULTS
A. NRCS Signatures of Rain Under Non-TC Conditions

This section first illustrates the impact of rain on NRCS at a
10° incidence angle using selected case studies under varying
wind speeds and rain rates. Subsequently, the analysis is then
extended to the full collocated dataset from 2011 to 2022 to
evaluate the impact of rain on SWIM measurements across
near-nadir incidence angles ranging from 2° to 10°.

1) Case Study: In the following examples, SWIM NRCS
signatures under rainy conditions are analyzed using collo-
cated NEXRAD observations. The selected cases represent a
range of rainfall intensities, from light (see Fig. 1) to moderate
(see Fig. 2) and heavy precipitation (see Fig. 3).

Fig. 1 presents two cases of low-intensity rain events
observed under low (4-7 m/s) and moderate (12—15 m/s) wind
speed conditions. In Fig. 1(a), SWIM radar backscatter at a 10°
incidence angle for a subscene was collected during one full
antenna rotation (i.e., a 360° clockwise sweep of the off-nadir
beam starting from approximately 0° radar azimuth, aligned
with true North). This measurement was acquired during a
descending CFOSAT pass on July 28, 2021, from 17:55:00
to 17:55:10 UTC. A collocated NEXRAD reflectivity image
acquired at 17:55:40 UTC on the same day provides the
corresponding rain rate field [shown in color in Fig. 1(a)].
Fig. 1(b) shows the variations of mean SWIM NRCS from
the 10° beam as a function of azimuth angle, where positive
azimuth is measured clockwise from true North. The magenta
and blue curves indicate ECMWF wind speed and NEXRAD
rain rate, respectively. At a radar azimuth of 296°, where the
rain rate reaches approximately 1.5 mm/h, the NRCS shows a
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Fig. 2. CFOSAT SWIM observations at a 10° incidence angle during rain
events with moderate rain rates, acquired over one complete antenna rotation.
(a) SWIM NRCS acquired off U.S. East Coast on July 30, 2021, from 23:14:35
to 23:14:45 UTC, overlaid with collocated NEXRAD reflectivity at 23:16:01
UTC. (c) SWIM NRCS acquired near Northwest Pacific coasts on March
10, 2022, from 21:38:30 to 21:38:40 UTC, with corresponding NEXRAD
reflectivity at 21:37:33 UTC. (b) and (d) Azimuthal profiles of mean SWIM
NRCS (black), NEXRAD rain rate (blue), and ECMWF wind speed (magenta)
corresponding to (a) and (c), respectively.

decrease of about 1.0 dB within the rain cell. Although the
wind speed in the same region (azimuth >280°) decreases
from 6.3 to 3.4 m/s, this variation does not seem to have a
significant effect on the NRCS. Nearly identical NRCS values
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are observed outside the rain-affected area, despite these wind
speed differences. This weak sensitivity of NRCS at a 10°
incidence angle to moderate wind speed variation is consistent
with previous findings (see [2] and Section III-A2).

Fig. 1(c) presents a second case under low rain rate condi-
tions. SWIM observations were acquired during an ascending
CFOSAT pass on October 21, 2021, from 03:01:48 to 03:01:59
UTC, with the corresponding NEXRAD reflectivity image
obtained shortly before, at 03:01:36 UTC. The radar image
reveals a light rain area extending southward from the coast-
line, with most collocated rain rates remaining below 1 mm/h.
As shown in Fig. 1(d), this rain-affected region spans azimuth
angles from 47° to 181°. Within this azimuth intervals, the
ECMWF wind speed remains relatively steady at approxi-
mately 13 m/s. In this case, the SWIM NRCS shows a decrease
of about 1 dB at the location of peak rainfall. However, when
the rain rate is less than or equal to 0.5 mm/h, the NRCS
remains nearly unchanged, indicating that a very light rain
has a negligible impact on radar backscatter under moderate
wind conditions.

Fig. 2 presents two cases characterized by moderate rain
rates. In Fig. 2(a), SWIM observations were acquired off the
U.S. East Coast on July 30, 2021, from 23:14:35 to 23:14:45
UTC, with the corresponding NEXRAD reflectivity image
acquired at 23:16:01 UTC. A distinct rain cell is observed,
with a maximum rain rate of 6.5 mm/h at a radar azimuth
angle of 223°. The ambient wind speed during this event
was relatively weak, approximately 4.6 m/s. As shown in
Fig. 2(b), the NRCS profile exhibits a pronounced decrease
of about 2 dB within the rain cell compared to adjacent clear-
sky regions. Fig. 2(c) presents SWIM observations at a 10°
incidence angle near the northwest Pacific coast, acquired
on March 10, 2022, from 21:38:30 to 21:38:40 UTC. The
collocated NEXRAD reflectivity image, obtained at 21:37:33
UTC, shows spatially variable reflectivity indicative of rain.
Within the azimuth angle range of 298°-347°, rain rates vary
between 0.4 and 6.2 mm/h, and wind speeds increase from
8 m/s to approximately 11 m/s, as shown in Fig. 2(d). A
scan along this azimuth sector reveals an NRCS reduction of
roughly 2 dB in the rain-affected region.

Fig. 3 presents two rain events characterized by high rain
rates. In Fig. 3(a), SWIM observations were acquired over the
Atlantic Ocean off the U.S. East Coast on May 7, 2021, from
12:30:56 to 12:31:07 UTC, with the corresponding NEXRAD
reflectivity image obtained at 12:31:47 UTC. The top panels
display a broad rain zone, with rain rates ranging from 0 to
27 mm/h across radar azimuth angles between 248° and 325°.
During this event, ambient wind speeds are weak, ranging
from 1 to 5 m/s. Under clear-sky conditions, the mean NRCS
at the 10° incidence angle remain stable around 8.5 dB,
indicating limited sensitivity to wind speed variations. As the
SWIM antenna scans into the rainy area, the NRCS gradually
decrease, reaching a minimum of 6.4 dB at the location of
peak rainfall intensity. Fig. 3(c) shows another case based on
SWIM observations acquired off the U.S. East Coast on July
10, 2022, from 12:22:44 to 12:22:55 UTC. The corresponding
NEXRAD reflectivity image, acquired quasi-simultaneously at
12:22:51 UTC, reveals an extensive rain band oriented in a
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Fig. 3. CFOSAT SWIM observations at a 10° incidence angle during rain
events with high rain rates, acquired over one complete antenna rotation.
(a) SWIM NRCS acquired off U.S. East Coast on May 7, 2021, from 12:30:56
to 12:31:07 UTC, overlaid with collocated NEXRAD reflectivity at 12:31:47
UTC. (c) SWIM NRCS acquired off U.S. East Coast on July 10, 2022,
from 12:22:44 to 12:22:55 UTC, with corresponding NEXRAD reflectivity at
12:22:51 UTC. (b) and (d) Azimuthal profiles of mean SWIM NRCS (black),
NEXRAD rain rate (blue), and ECMWF wind speed (magenta) corresponding
to (a) and (c), respectively.

northeast-southwest direction, intersecting the full 360° SWIM
scan. According to ECMWEF data, ambient wind speeds during
this event range from 10 to 11 m/s. As shown in Fig. 3(d),
the NRCS profile exhibits four distinct drops corresponding to
the rain band. The most pronounced decrease, approximately
3 dB, occurs at a radar azimuth angle of 18°, aligning with
the area of maximum rain rate (36.6 mm/h).

Across the six case studies, it is evident that rainfall consis-
tently reduces the SWIM NRCS at a 10° incidence angle under
low to moderate wind conditions, regardless of variations
in collocated wind speeds. In high rain rate scenarios, the
maximum observed NRCS reduction reaches approximately
3 dB at a rain rate of about 37 mm/h. In contrast, when rain
rates are below 0.5 mm/h, the impact of rain on NRCS is
minimal and often indistinguishable in the NRCS profiles.

2) Statistics Study: In addition to the case studies, we
conduct a statistical analysis of ocean surface radar backscatter
under varying wind speeds, wind directions, incidence angles,
and rain rates to further evaluate the impact of rain on NRCS
measurements from CFOSAT SWIM. Fig. 4 illustrates the
distribution of NRCS as a function of ECMWF wind speed
under rain-free conditions for incidence angles of 2°, 4°, 6°,
8°, and 10°, with a relative wind direction of 180° (i.e.,
downwind viewing). The black dashed lines denote NRCS
values derived from the mode of the pdf, while the black solid
lines represent the weighted averages. The wind speed bin
width is 1.2 m/s. For an incidence angle of 8° or less, NRCS
decreases as wind speed increases. This behavior aligns with
the expected reduction in specular reflection due to enhanced
surface roughness under higher winds. At a 10° incidence
angle, however, the NRCS remains nearly constant over the
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wind speed range of 4-14 m/s. Notable discrepancies between
the pdf mode and the weighted averages are observed at
wind speeds below 4 m/s, primarily due to the presence of
NRCS outliers that are challenging to filter effectively. In
subsequent analyses, the weighted average is adopted as the
preferred metric, as it is less sensitive to outliers, particularly at
moderate wind speeds and under moderate to high rain rates.
The trends observed in Fig. 4 are generally consistent with
those reported in [2], although some differences arise due to
variations in data processing. Specifically, this study does not
apply an atmospheric attenuation correction and uses spatial
averaging over the footprint, whereas [2] performs averaging
within 0.5° incidence bins.

Fig. 5 presents the comparisons of mean NRCS values at
incidence angles ranging from 2° to 10° (in 2° increments)
against ECMWF wind speeds under both rain-free conditions
(RR =0 mmy/h) and across three rain rate categories: 0.5 < RR
<5 mm/h, 5 < RR <15 mm/h, and RR > 15 mm/h. All cases
correspond to a relative wind direction of 180° (downwind
viewing). Weighted averages were calculated within 2 m/s
wind speed bins, with the error bars indicating the standard
deviation of NRCS within each bin. Across all incidence
angles, rain generally leads to a reduction in SWIM NRCS
values, with greater decreases observed at higher rain rates.
For the lowest rain rate category (0.5 < RR <5 mm/h), NRCS
decreases by less than 0.7 dB when wind speeds exceed 5 m/s.
At the highest rain rates (RR > 15 mm/h), the reductions
become more pronounced. For example, at a 10° incidence
angle, NRCS decreases by approximately 2.6 dB for wind
speeds between 3 and 13 m/s, and about 2.1 dB at higher
wind speeds, as shown in Fig. 5(a). Fig. 5(b) and (c) shows
similar trends at 8° and 6° incidence angles, where NRCS
reductions reach up to 2.8 and 3.4 dB at a wind speed of

3 m/s, respectively. As wind speed increases to 17 m/s, the
reductions reach approximately 2.1 and 1.5 dB, respectively.
At lower incidence angles, the impact of rain is even more
pronounced. For example, at a 4° incidence angle, the NRCS
reduction caused by heavy rain decreases from 4.6 dB at 1 m/s
to 1.5 dB at 17 m/s, as shown in Fig. 5(d). Fig. 5(e) shows the
reduction ranges from 6.4 to 1.3 dB at a 2° incidence angle
over the same wind speed interval. Overall, the magnitude of
NRCS reduction due to rain decreases with increasing wind
speed. This behavior is further explored by examining the
ratio of NRCS values under rain-free and rainy conditions (see
below). An exception to this general trend occurs at 8° and
10° incidence angles under very light wind (~1 m/s) and light
to moderate rain (0.5 < RR <5 mm/h) conditions, where a
slight increase in NRCS is observed, as shown in Fig. 5(a)
and (b).

While Fig. 5 presents NRCS observations in the downwind
direction, Fig. 6 illustrates the relatively small influence of
the antenna look direction on the mean NRCS. Specifically,
it shows the mean NRCS as a function of the relative wind
direction (i.e., the angle between the SWIM antenna look
direction and the wind direction) for a fixed wind speed of
10 m/s. At a 10° incidence angle, a noticeable azimuthal
asymmetry is observed under rain-free conditions. The NRCS
peaks in the downwind direction and reaches a minimum in
the crosswind direction, with a crosswind-to-downwind NRCS
difference of approximately 0.5 dB. The upwind-to-downwind
difference is slightly smaller, around 0.4 dB. This asymmetry
initially decreases as wind speed increases up to 7 m/s,
but begins to increase at higher wind speeds (not shown).
This trend is consistent with previous NRCS measurements
from TRMM PR [44] and GPM PR [45]. Although earlier
studies have suggested that wind-direction sensitivity becomes
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significant only at incidence angles exceeding approximately dence even at lower incidence angles and low wind speeds.

6°, our results reveal a small but detectable azimuthal depen-

For example, at a wind speed of 3 m/s, the crosswind-
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Fig. 7. Weighted averages of SWIM NRCS for wind speeds of (a) 3, (b) 5, and (c) 15 m/s, plotted as a function of incidence angle under rain-free conditions
(black), and for three rain rate categories: 0.5 < RR <5 mm/h (blue), 5 < RR <15 mm/h (orange), and RR > 15 mm/h (magenta). Vertical bars represent the
standard deviations within each 2° incidence angle bin. (d)—(f) Corresponding ratios of NRCS under rainy and rain-free conditions. The gray line represents the
estimated attenuation due to raindrops in the atmosphere, assuming a rain layer height of 1 km. Rain rates are obtained from GPM and NEXRAD observations.

to-downwind NRCS differences are 0.13 and 0.19 dB at
incidence angles of 2° and 4°, respectively (not shown). As
shown in Fig. 6, under light to moderate rain (0.5-5 mm/h),
NRCS decreases by approximately 0.4 dB across all incidence
angles. At higher rain rates, azimuthal variations become
negligible. These observations confirm that using a fixed look
direction (i.e., the downwind viewing in Fig. 5) provides a
reliable basis for analyzing rain-induced NRCS changes, as
directional dependencies are relatively minor compared to the
reductions caused by rainfall, particularly for rain rates above
5 mm/h.

As discussed in the context of Fig. 5, the impact of rain on
NRCS depends on the incidence angle. To further examine
this relationship, Fig. 7(a)-(c) presents SWIM NRCS as a
function of incidence angle in the downwind direction for three
different wind speeds: 3, 5, and 15 m/s. The corresponding
NRCS ratios between rainy and rain-free conditions are shown
in Fig. 7(d)—(f). All incidence angle bins have a width of 2°.
At all wind speeds and incidence angles, the mean NRCS ratio
remains below 0 dB, confirming that rain consistently atten-
vates radar backscatter. The magnitude of this reduction can
exceed 4 dB, particularly at low incidence angles, low wind
speeds, and high rain rates, as observed in Fig. 7(a) and (d).
In general, the influence of rain increases with rain rate across
all wind speeds and incidence angles. At the low wind speed
of 3 my/s, the NRCS reduction exhibits a clear dependence
on incidence angle, with the largest decrease occurring at the
smallest incidence angle. In contrast, for wind speeds of 5 m/s
and above, the NRCS reduction becomes largely insensitive
to incidence angle, indicating reduced dependence on beam
geometry under stronger wind forcing.

To better understand the observed behavior, we assessed
the effects of atmospheric attenuation and volume scattering
caused by rain, following the methodology described in [31].
At near-nadir incidence angles, the contribution of volume
scattering from raindrops was found to be at least 50 dB below
typical NRCS values under rain-free conditions and can there-
fore be neglected. In contrast, atmospheric attenuation plays
a more prominent role, primarily influenced by the rain rate
and the vertical extent of the rain layer. Assuming a rain layer
height of 1 km, the estimated attenuation is depicted by the
gray line in Fig. 7(d)—(f), with values reaching approximately
1.7 and 6.0 dB for rain rates of 5 and 15 mm/h, respectively.
Notably, the incidence angle exerts only a minor effect on
attenuation within the SWIM near-nadir geometry, suggesting
that the observed NRCS variations with incidence angle at
low wind speeds are primarily attributable to surface effects
rather than atmospheric ones. At low wind speeds, the negative
slope of NRCS versus incidence angle becomes less steep as
rain rate increases, which implies enhanced surface roughness
under quasi-specular reflection conditions. However, based on
Figs. 5-7, it remains challenging to quantitatively separate
the effects of atmospheric attenuation from those of surface
perturbations, as the actual rain layer depth, necessary for
precise attenuation estimation, is unknown. To address this
limitation, we introduce in Section IV a simplified model that
enables the separation of these contributions.

To further illustrate the impact of rain on radar backscatter,
we calculated the ratio of NRCS values under rainy and
rain-free conditions, within bins of £1° in incidence angle,
+1 m/s in wind speed, and £20° in relative wind direction.
The results, shown in Fig. 8, are plotted as a function of
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deviations. Rain rates are obtained from GPM and NEXRAD observations.

rain rate for four representative wind speeds: 3 m/s (blue),
7 m/s (green), 13 m/s (orange), and 19 m/s (red). This analysis
provides a more detailed view of how rain affects NRCS across
varying combinations of wind speed and incidence angle. For
all incidence angles from 2° to 10° and all wind speeds,
the mean NRCS ratio remains below 0 dB, confirming that
rain consistently reduces radar backscatter as measured by
SWIM. Moreover, the NRCS ratio decreases with increasing
rain rate, indicating that the attenuation effect becomes more
pronounced as rainfall intensifies. During weak rain events
(up to 2.5 mm/h), NRCS reductions are generally less than
—1 dB across all wind speeds and incidence angles, except
at the smaller incidence angles of 2° and 4°, as shown
in Fig. 8(d) and (e). Under these conditions, particularly
in light wind regimes, NRCS reduction can reach up to
-2 dB. In contrast, under heavy rain conditions (RR >15.8
mm/h), NRCS reductions become substantial across all wind
speeds and incidence angles. The effect is most pronounced
at lower incidence angles, where the NRCS decrease can
reach up to —4.6 dB at 2°, as illustrated in Fig. 8(e). These
results highlight the significant influence of rainfall on radar
backscatter, especially at small incidence angles and during
intense precipitation. The clear dependence on both rain rate
and incidence angle emphasizes the importance of account-
ing for rain effects on NRCS measurements, particularly
for ocean remote sensing applications using near-nadir radar
observations.

The results under non-TC conditions clearly show that
rainfall generally leads to a reduction in SWIM-measured
NRCS. This attenuation is modulated by several factors,
including rain rate, radar incidence angle, and wind speed. The
impact of rain is most pronounced at lower incidence angles

and under low wind conditions, where significant NRCS
decreases are observed. In contrast, at higher wind speeds,
the attenuation becomes less sensitive to incidence angle
and less pronounced overall. The largest NRCS reductions is
approximately 4.5 dB, occurs at a low incidence angle of 2°,
high rain rate (>15 mm/h), and a low wind speed of 3 m/s.
This notable decrease in NRCS results from a combination
of atmospheric attenuation and rain-induced perturbations to
the ocean surface. The relative reduction in NRCS strongly
depends on wind speed at low incidence angles (< 6°), where
wind-driven surface roughness predominantly affects radar
backscatter. At higher wind speeds, wind-generated roughness
dominates radar returns, diminishing the relative impact of
rain. These findings highlight the complex interaction between
wind, rain, and radar backscatter, with rain effects becom-
ing detectable primarily under low wind conditions when
rain-induced surface alterations are not overwhelmed by wind-
driven roughness.

B. NRCS Signatures of Rain Under TC Conditions

To evaluate the impact of rain on SWIM NRCS under TC
conditions, Section III-B1 presents an analysis of CFOSAT
overpasses during two representative TC events in 2021.
This case-based analysis is followed by a broader statistical
investigation in Section III-B2, which examines global SWIM
measurements collected during TCs over a three-year period
(2021-2023).

1) Case Study—TC Surigae and Linda: We first analyze
two TC cases from 2021: Surigae and Linda. TC Surigae
formed over the tropical waters of the Northwest Pacific
Ocean on April 11, 2021, and reached its peak intensity as
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Fig. 9. CFOSAT overpass intersecting TC Surigae when it was a Category 4 storm on April 16, 2021. (a) SWIM L2S NRCS at a 10° incidence angle,
acquired between 22:28:07 and 22:29:59 UTC; (b) GPM rain rates from 22:00 to 22:30 UTC; and (c) SMOS wind speeds from 21:07:01 to 21:09:50 UTC.
The black arrow line represents the trajectory of Surigae, and the white plus sign denotes the cyclone’s center at the time of the SWIM observation. In (b)
and (c), gray crosses mark rain rates with a QI below 0.6 and SMOS wind speeds flagged as low quality.

a Category 5 storm, with wind speeds exceeding 87 m/s on
April 17. During its mature stage, a descending CFOSAT
pass intersected the storm’s trajectory on April 16, capturing
observations as Surigae moved northwestward, as shown in
Fig. 9(a). The second case, TC Linda, was a long-lived system
in the Northeast Pacific Ocean, forming on August 9, 2021,
and persisting for over two weeks. For this analysis, a descend-
ing CFOSAT pass on August 16 was selected, corresponding
to a period when Linda intensified to a Category 2 storm with
maximum sustained winds of 48 m/s.

Fig. 9(a) shows SWIM L2S NRCS from the 10° incidence
angle within TC Surigae on April 16, 2021, acquired during
a descending pass from 22:28:07 to 22:29:59 UTC. The
corresponding GPM rain rates, averaged over 22:00-22:30
UTC interval, are presented in Fig. 9(b), while SMOS wind
speeds, acquired from 21:07:01 to 21:09:50 UTC, are shown
in Fig. 9(c). In Fig. 9(b) and (c), gray crosses denote GPM rain
rates with QI values below 0.6 and SMOS winds flagged as
low quality (QL =2); these data are excluded from the broader
statistical analysis in Section III-B2. For TC Surigae, only
SMOS wind speeds were collocated with SWIM observations
using the method described in Section II-E. In contrast, for TC
Linda, both SMAP and SMOS wind products were available
for collocation. However, the SMOS pass did not fully capture
the cyclone’s center and eyewall, and most SMOS wind
speeds near the SWIM track were flagged as low quality.
Consequently, despite a larger time offset, SMAP wind data
are used for the Linda case, due to their better spatial coverage
and higher data quality near the storm center.

As shown in Fig. 9(b), TC Surigae exhibits a pronounced
asymmetry in its precipitation structure, with the maximum
rain rate (49.5 mm/h) occurring to the left of the storm’s
moving direction. In contrast, the surface wind speeds display
a relatively symmetrical pattern around the cyclone center, as
shown in Fig. 9(c). The peak wind speed exceeds 44 m/s and
is located to the right of the storm’s trajectory. This value is
approximately 19% lower than the equivalent 10-min mean
wind speed reported by IBTrACS, after applying a gust factor

conversion [46]. The spatial offset between the wind and rain
maxima suggests a vertical tilt in the precipitation field, likely
due to the sloped structure of the eyewall. Such misalignment
is a common feature of intense TCs and highlights the impor-
tance of accounting for 3-D storm dynamics when interpreting
satellite observations. Notably, areas of significantly reduced
NRCS observed by SWIM closely follow the spiral rainbands
of TC Surigae, as evident in the collocated GPM rain rate field.
In contrast, SWIM observations farther from the rainbands
generally exhibit higher NRCS values, consistent with rain-
free conditions and minimal atmospheric attenuation.

A detailed view of a full antenna rotation during CFOSAT
overpasses of TCs Surigae and Linda is presented in Fig. 10,
with (a)—(f) corresponding to Surigae and (g)—(1) to Linda. The
first and third rows display SWIM NRCS measurements at the
10° incidence angle, while the second and fourth rows show
NRCS at 6°. For each case, the left column shows the NRCS
overlaid with GPM rain rates, the middle column overlays
NRCS with radiometer-derived wind speeds, and the right
column presents NRCS-rain—wind triplets as a function of
radar azimuth angle. During the first antenna rotation over TC
Surigae (top row of Fig. 10), a clear attenuation in NRCS
is observed as the SWIM footprint intersects the storm’s
rainbands. At an azimuth angle of 167°, the NRCS drops to
3.8 dB in a region with a rain rate of 10.8 mm/h and a wind
speed of 30.9 m/s. In contrast, in the northeast and northwest
sectors, where rain rates are below 1 mm/h, the NRCS remains
around 7.2 dB, indicating a rain-induced NRCS attenuation of
more than 3 dB. At the 6° incidence angle (second row), a
similar attenuation pattern is observed, though the magnitude
of reduction is slightly smaller (~3 dB), occurring under com-
parable conditions: a rain rate of 9.5 mm/h and a wind speed
of near 30 m/s. For TC Linda, as shown in Fig. 10(g)—(i), the
SWIM track intersects the cyclone’s eyewall, resulting in two
distinct NRCS drops at the 10° incidence angle. The second
drop, occurring at an azimuth angle of 101°, corresponds to a
rain rate of 11.8 mm/h and a wind speed of 33.6 m/s, where
the NRCS decreases by more than 6 dB. As Linda approaches
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Fig. 10. SWIM NRCS measurements during CFOSAT overpass of TCs (a)—(f) Surigae and (g)—(l) Linda. Panels in the first and third rows show NRCS at a
10° incidence angle, while those in the second and fourth rows correspond to a 6° incidence angle. In each group, the first column displays GPM rain rates
(color shading) overlaid with the SWIM footprint, where grayscale indicates NRCS values along the track. The second column presents SMOS or SMAP
wind speeds. The third column plots mean values of NRCS (black), GPM rain rate (blue), and SMOS and/or SMAP wind speed (magenta) as functions of

SWIM radar azimuth angle.

peak intensity, it becomes evident that variations in wind speed
have a limited effect on the NRCS at the 10° incidence angle
and only a moderate effect at 6°. In contrast, rain rates exceed
approximately 10 mm/h lead to significant attenuation at both
incidence angles.

The variations in NRCS and rain rates are generally
well correlated. However, discrepancies in azimuth alignment

occasionally occur between regions of heavy rainfall and
adjacent areas of pronounced radar signal attenuation. For
example, in the case of TC Linda, as shown in Fig. 10(i), the
minimum NRCS occurs at an azimuth angle of 101°, where
the rain rate is approximately 12 mm/h, while the maximum
rain rate of 15.8 mm/h is observed farther away, at 108°.
A similar spatial offset is also observed in Fig. 10(1). These
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Fig. 11. SWIM NRCS at incidence angles of (a) 10°, (b) 8°, (c) 6°, (d) 4°, and (e) 2°, plotted as a function of wind speed under rain-free conditions (black
lines) and for three rain rate categories: 0.5 < RR <5 mm/h (blue), 5 < RR <15 mm/h (orange), and RR > 15 mm/h (magenta). Vertical bars represent the
standard deviations within each 2 m/s wind speed bin. Rain rates are obtained from GPM and NEXRAD observations.

misalignments may result from uncertainties in the spatiotem-
poral collocation process or from rapid changes in convective
activity during the time interval between the observations.
Notably, within a 3-h window before and after the CFOSAT
overpass, TC Linda’s maximum sustained wind speed fluctu-
ated from 48.8 to 46.3 m/s, indicating a 5% variation in storm
intensity. This further supports the possibility of evolving
convective structures during the observation period, which may
contribute to the observed offsets.

2) Statistics Study—Global TCs: To further investigate the
behavior of NRCS under rainfall and high wind conditions,
SWIM observations were analyzed during CFOSAT over-
passes of numerous TCs across the global oceans. Fig. 11
displays the off-nadir radar backscatter as a function of wind
speed, with wind data derived from SMOS and/or SMAP
measurements. The data are grouped into 2 m/s wind speed
bins, and NRCS values within each bin are averaged using
weighted means. The classification of rain rates follows the
same three categories defined in Section III-A2.

A comparison of radar backscatter under rain-free con-
ditions (RR =0 mm/h) shows a general decrease in NRCS
with increasing rain rate. Since no NRCS measurements are
available for wind speed above approximately 27 m/s under
rain-free conditions, and given that the results for winds below
27 m/s are nearly identical between RR = 0 and 0.5 < RR <5
mm/h, the light to moderate rain category (0.5 < RR <5 mm/h)
is used here as a proxy for rain-free conditions. For near-nadir
incidence angles, NRCS decreases by approximately 2-3 dB
when the rain rate exceeds 15 mm/h and wind speeds range
from about 13 to 33-35 m/s. At wind speeds above roughly

35 m/s, NRCS values for 0.5 < RR <5 mm/h category tend
to saturate, whereas those for RR > 15 mm/h continue to
decrease. This behavior suggests that significant attenuation
may occur under heavy rainfall and TC-force wind conditions.
Radar backscatter at low incidence angles has previously
been investigated using TRMM and GPM PR observations
within TCs under rain-free and light to moderate rainfall con-
ditions (i.e., RR <5 mm/h) [47], [48]. The SWIM-measured
NRCS values presented in Fig. 11 are generally consistent with
these earlier findings, showing discrepancies of approximately
1-2 dB for wind speeds between 6 and 32 m/s. At higher
wind speeds (above approximately 35 m/s), our results further
support the observed trend that NRCS becomes increasing
insensitive to wind speed. As noted by Li et al. [47], this
behavior under extreme wind conditions is likely associated
with changes in the drag coefficient, which may saturate or
even decrease. Such changes can lead to a relatively smoother
ocean surface [49], thereby limiting the decrease in NRCS at
near-nadir incidence angles as wind speed increases.

IV. DISCUSSION
A. Impact of Rain on Geophysical Parameters

The impact of rain on SWIM NRCS is investigated using
two datasets constructed under non-TC and TC conditions.
For the non-TC dataset, surface wind speeds are derived
from the ECMWF reanalysis data. In contrast, the TC dataset
utilizes wind speeds from microwave radiometer products,
which provide more reliable estimates under extreme wind
conditions. Rain rates for both datasets are obtained from GPM
and NEXRAD precipitation products. A comparison between
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the two datasets is feasible at moderate to high wind speeds (up
to about 21 m/s), where differences in NRCS behavior due to
rain are more distinguishable. To strengthen this comparison,
NRCS and ECMWF wind data collected during TC events are
also included in the analysis.

In the absence of rain, the maximum differences in near-
nadir NRCS are less than 0.7 dB when comparing TC cases
with radiometer winds to either non-TC cases or TC cases
using ECMWF winds. The most notable discrepancies occur
at wind speeds below 10-12 m/s and rain rates exceeding
5 mm/h, partially supporting the notion that L-band radiometer
wind estimates are less reliable under low wind speed con-
ditions. Moreover, such conditions are rare in our dataset,
representing only 1.25% of TC cases with radiometer wind
data.

Under rainy conditions, a comparison between the two
datasets within the wind speed range of 13-20 m/s shows that
the NRCS reduction is more pronounced in the TC dataset
than in the non-TC dataset for comparable rain rates. This
difference is likely due to the greater vertical extent of the rain
layer in TC environments. Specifically, in TCs, the rain layer
may extend up to approximately 5 km (reaching the freezing
level), whereas under non-TC conditions, a typical depth of
about 1 km is more common, as reflected in the attenuation
curves shown in Fig. 7.

Our results show that the primary effect of rain is to atten-
uate NRCS measured at near-nadir incidence angles. At low
wind speeds, the NRCS reduction varies with incidence angle,
suggesting that atmospheric attenuation alone does not fully
account for the observed behavior (see Fig. 7). Under these
conditions, the surface mean square slope appears to increase,
likely due to the formation of ring waves caused by impinging
raindrops, which further reduces NRCS. At moderate wind
speeds, this incidence angle dependence disappears, possibly
because rain-induced surface roughness becomes negligible
compared to wind-driven roughness. Interestingly, the antic-
ipated wave-damping effect is not observed, likely because
rain attenuation dominates and masks the NRCS increase
that damping might cause. Although previous studies have
identified ring wave generation as the primary rain-induced
mechanism affecting radar backscatter, our analysis of the
non-TC dataset does not fully support this conclusion. While
the effect may still be present, it appears largely obscured by
concurrent atmospheric attenuation.

As wind speeds reach storm-level magnitudes, the ocean
surface becomes increasingly affected by wave breaking,
whitecaps, and foam. Under these conditions, it is generally
accepted that surface roughness saturates or even decreases
with further wind speed increases due to energy saturation
in the wave spectrum [50]. However, our NRCS analysis
under heavy rainfall (RR > 15 mm/h) and severe wind con-
ditions (above approximately 35—40 m/s) reveals a continued
decline in NRCS with increasing wind speed (see Fig. 11).
This behavior suggests that raindrops may further enhance
surface roughness, thereby contributing to the observed NRCS
reduction. Under TC conditions, rain-generated ring waves are
expected to be suppressed by intense wind forcing. However,
secondary splash products generated by raindrops, such as
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stalks, may still increase surface roughness. This additional
roughness, particularly under extreme wind and rain con-
ditions, could modulate radar backscatter and may partially
explain the persistent NRCS decline observed in our dataset.

The innovative SWIM instrument utilizes a near-nadir scan-
ning beam geometry to measure the directional wave spectrum.
By conducting spectral analysis of NRCS fluctuations within
each footprint along the radar look direction, the observed
modulation spectrum is transformed into the wave slope spec-
trum. Notably, SWIM is specially designed to capture surface
waves with wavelengths ranging from 70 to 500 m, providing
valuable insights into wave dynamics across diverse oceanic
conditions.

As previously discussed, rainfall over the ocean can sig-
nificantly affect SWIM NRCS measurements. In our earlier
study [3], we investigated the impact of rain on the surface
wave spectrum measured by SWIM during TC Sam (2021). A
comparison between wave spectra derived from SWIM and
situ instruments demonstrated good agreement, even under
rainy conditions. Furthermore, analysis of SWIM radar’s
postprocessing chain indicates that rainfall primarily affects
the modulation spectrum at longer wavelengths (greater than
1 km). This finding suggests that the wave spectrum retrieved
by SWIM measurements remains reliable, even in the presence
of heavy rainfall.

As previously noted, NRCS at small incidence angles
exhibits a strong correlation with wind speed (see Fig. 4),
along with a modest but significant sensitivity to wind direc-
tion. This indicates that SWIM has the potential to retrieve
wind information from NRCS measurements, provided that the
effects of rain contamination can be effectively quantified and
corrected. As previously shown by Ren et al. [51], wind speed
retrieved from SWIM data at incidence angles below 7.5°
shows good agreement with measurements from the CFOSAT
scatterometer. In their study, a rain flag derived from nadir-
viewing observations was used to exclude rain-contaminated
data. Nevertheless, further development is needed to improve
rain correction techniques and enhance the accuracy of wind
retrievals from SWIM measurements.

B. Separation of Atmospheric Attenuation and Surface Effect

To evaluate the various effects of rain on radar backscatter,
we use a simplified model that characterizes the rain-modified
NRCS by incorporating both atmospheric attenuation and rain-
induced changes in surface roughness. The expression for this
model is given as follows:

(D

In this formulation, the rain-affected NRCS, denoted as o,
is modeled as a combination of several components: o, the
surface backscatter due to wind alone; o, the additional
surface backscatter generated by raindrops; aum, the two-way
attenuation caused by atmospheric rain; and o, the volume
scattering contribution from raindrops in the atmosphere.

In (1), the negative sign preceding o indicates that,
when o 1s considered positive, the net effect of rain is
a reduction in the total backscatter due to modifications

Oom = Qam [(Oow — 00sr) + 00] -
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in surface roughness. This implies that rain-induced surface
effects tend to increase the surface roughness compared to non-
rainy conditions; In particular, features such as ring waves and
splashes generated by raindrops contribute more significantly
to the roughness than potential smoothing effects associated
with near-surface turbulence.

The term oy, in (1) represents volume scattering from
atmospheric raindrops, can be considered negligible. Based on
the formulation proposed by Tournadre and Quilfen [31], we
estimate that at small incidence angles (2°-10°), o7, ranges
from —63 to —49 dB for rain rates between 1 and 15 mm/h,
assuming a rain layer height of 1 km. These values are
approximately 58-76 dB lower than the typical magnitude of
oow, confirming that volume scattering has a negligible impact
on the total measured backscatter.

We define the ratio of oy, at the 10° incidence angle,
denoted as oo, 10, to the corresponding oy, at any other
SWIM incidence angle i (i.e., 2°, 4°, 6°, or 8°), denoted as
O0m_i
- Tom_10

Oio/i = (2a)

Om_i
Since o, can be considered negligible at all small incidence
angles, for a given wind speed and rain rate, the ratio Qo
can be approximated as
o-0w710 - 0-Osr710

O1oyi ~ (2b)

Oow_i —O00sr_i

Since backscatter at a 10° incidence angle is largely insensi-
tive to variations in surface roughness at least for wind speeds
between 3 and 14 m/s (see Fig. 4), we assume that rain-
induced changes in surface roughness does not significantly
affect the NRCS at 10°. Accordingly, we set oo 10 = 0 in
our formulation. We acknowledge that this is a simplification
and will revisit its validity when analyzing the estimated values
of ooy ; at smaller incidence angles. Based on (2), ooy ; is

expressed as
Oow_10 3)

Qi

Assuming that oy, ; and o, 1o are prescribed using our
results under rain-free conditions (see Fig. 4), the term oo, ;
can be estimated from (3). The corresponding results for the
non-TC cases are shown in Fig. 12, for SWIM incidence
angles of 2°, 4°, 6°, and 8°, as a function of rain rate and for
different wind speeds (3, 7, 11, and 13 m/s). It is noteworthy
that both positive and negative values of o ; are observed in
Fig. 12. According to (1), a positive value of o ; implies that
rain reduces the backscatter compared to rain-free conditions.
However, the relationship is not straightforward, and it remains
unclear whether rain consistently decreases or increases the
NRCS. In cases where the estimated o ; is negative, which
is physically implausible, this may suggest that the sign of the
oosr i term in (1) should be reversed. That is, under certain
conditions, rain may enhance the NRCS compared to rain-free
conditions.

With the adopted sign convention, Fig. 12 shows that when
wind speeds are below 7 m/s, the overall surface effect of rain
is either neutral or leads to a reduction in backscatter compared
to rain-free conditions. This suggests that, at incidence angles

Oosr i =O0o0w_i—
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Fig. 12. Estimated rain-induced surface backscatter o at incidence angle
of (a) 8°, (b) 6°, (c) 4°, and (d) 2°, plotted as a function of rain rate. Results
are derived from the non-TC dataset for wind speeds of 3 m/s (blue), 7 m/s
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Fig. 13. Estimated atmospheric attenuation a,m as a function of rain rate,
derived from the non-TC dataset for wind speeds of 3 m/s (dark blue), 5 m/s
(blue), 7 m/s (green), 9 m/s (gold), 11 m/s (orange), and 13 m/s (red).
The black line represents the mean attenuation across wind speeds from 3
to 13 m/s. Gray lines denote the estimates by Tournadre and Quilfen [31],
assuming rain layer heights of 0.5 km (solid line) and 1 km (dashed line).
Rain rates are obtained from GPM and NEXRAD observations.

between 2° and 8°, where the radar backscatter is predomi-
nantly quasi-specular, rain tends to increase surface roughness.
In this low wind regime, the contributions from ring waves
and splashes generated by raindrops appear to dominate over
damping effects on short gravity-capillary waves. Furthermore,
Fig. 12 indicates that this surface roughening effect becomes
more pronounced as wind speed decreases, with the largest
impact observed at a wind speed of 3 m/s and an incidence
angle of 2°. Neglecting the atmospheric effect and using
ooy values from Fig. 4, we estimate that this corresponds
to a relative variation of approximately —2.1 dB in NRCS
compared to rain-free conditions.

In contrast, at wind speeds above 7 m/s, the overall surface
effect of rain is either neutral or results in a slight increase
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21 m/s (red). Rain rates are obtained from GPM and NEXRAD observations.

in backscatter compared to rain-free conditions. Under these
conditions, rain appears to smooth the ocean surface, likely
due to the dominant damping of short surface waves by
raindrops. As shown in Fig. 12, this smoothing effect becomes
more pronounced with increasing rain rate and decreases with
increasing incidence angle. These observations are consistent
with our earlier conclusion that, under moderate wind condi-
tions, rain-induced wave damping is the dominant mechanism
affecting the surface roughness. The maximum value observed
at 4° incidence angle for a 13 m/s wind speed corresponds
to a modest NRCS increase of approximately 0.5 dB. Thus,
based on this straightforward analysis, we conclude that under
low wind conditions (below 7 m/s), the perturbation of near-
nadir backscatter by rain is primarily caused by the generation
of ring waves and splashes. In contrast, at moderate wind
speeds (= 7 m/s), rain-induced wave damping either offsets
other surface roughness-enhancing effects or becomes the
dominant mechanism affecting the radar backscatter signal.
Based on this dataset, our evaluation of rain’s impact on
NRCS is limited to wind speeds between 3 and 13 m/s, due
to the assumption that backscatter at a 10° incidence angle is
insensitive to variations in surface roughness. We subsequently
propose a method to extend this estimation to higher wind
speeds.

Since o at incidence angles between 2° and 8° have
been estimated, we now return to (1) to estimate the atmo-
spheric attenuation factor a,,, while continuing to assume that
ooy 1s negligible across all near-nadir incidence angles. This
approach provides five independent estimates of aum, which
exhibit minimal variation among them. The results at the 10°

incidence angle are shown in Fig. 13. As illustrated, @,y is
largely independent of wind speed and depends primarily on
rain rate, consistent with the lack of correlation between rain
and wind. The estimated attenuation ranges from a fraction
of a decibel at low rain rates (less than 1.6 mm/h) to approx-
imately 2.8 dB for rain rates between 15.8 and 100 mm/h.
These results agree well with those reported by Tournadre and
Quilfen [31], assuming a rain layer height of 0.5 km and rain
rates below 10 mm/h.

Assuming that the mean value of @, as derived above,
is independent of wind speed and incidence angle, we now
recalculate oy for higher wind speeds using (1). This cal-
culation uses the mean a,y, corresponding to different rain
rates, along with the reference rain-free backscatter ov,,, while
continuing to assume that o, is negligible. The results,
shown in Fig. 14, depict o as a function of rain rate for
various wind speeds. For wind speeds between 3 and 13 m/s,
the recalculated o values align well with those previously
presented in Fig. 12. Notably, at an incidence angle of 10°, oo
remains close to zero for wind speed below 13 m/s, which a
posteriori supports the assumption made earlier in generating
Figs. 12 and 13. This consistency reinforces the validity of
our simplified approach. For wind speeds exceeding 13 m/s,
oosr becomes negative across all incidence angles, indicating
an increase in backscatter compared to rain-free conditions.
This enhancement is attributed to the dominant role of rain-
induced wave damping, which tends to smooth the ocean
surface. The magnitude of this effect generally increases with
increasing rain rate, although significant fluctuations occur
at a wind speed of 21 m/s for rain rates above 10 mm/h.
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Neglecting atmospheric attenuation, the largest surface effect
(about 4.8 m?) observed at 2° incidence angle under heavy
rain corresponds to an increase of approximately 1.4 dB in
NRCS compared to rain-free conditions.

In this section, we applied a simplified modeling approach
leveraging the differing sensitivities of radar backscatter at
small incidence angles (2°-8°) compared to 10°. By assuming
that volume scattering by atmospheric droplets is negligible
at small incidence angles, we estimate rain-induced pertur-
bations to NRCS compared to rain-free conditions across
various rain rates and wind speeds, and derive corresponding
estimates of the atmospheric attenuation coefficient. The main
finding is that the impact of rain on NRCS differs between
low and moderate-to-high wind regimes. Under low wind
conditions, rain-induced ring waves and/or splashes enhance
surface roughness, reducing NRCS by up to 2 dB beyond
atmospheric attenuation effects. In contrast, under moderate
to high wind conditions, wave damping dominates, smooth-
ing the surface and increasing in NRCS by up to 1.4 dB,
which may partially compensate the impact of signal atten-
vation caused by the atmospheric raindrops. This increase
correlates positively with rain rate and remains relatively
consistent for wind speed above 13 m/s. A wind speed near
7 m/s appear to mark a transition between decreasing and
increasing NRCS with rain. Applying this method to the
TC dataset yields surface effect estimates (not shown) for
moderate to high wind speeds (11-19 m/s) broadly consistent
with those in Figs. 12 and 14, supporting the robustness
of our approach. For wind speeds exceeding 20 m/s, the
lack of rain-free observations limits the applicability of this
method.

It is important to address that these results were derived
using a simplified modeling framework that relies on the
differing NRCS sensitivities to surface roughness at 10°
and at smaller incidence angles, without requiring estimates
of atmospheric attenuation. As an alternative approach, rain
attenuation could be independently estimated from GPM data
and incorporated into (1) to more explicitly separate surface
and atmospheric contributions of rain to the observed NRCS.
This validation is the subject of ongoing research and will be
addressed in a forthcoming study.

V. CONCLUSION

Collocated CFOSAT SWIM observations with GPM and
NEXRAD rain rate data have provided valuable insights into
the impact of rain on Ku-band radar backscatter at near-
nadir incidence angles. The analysis reveals that the NRCS
under rainy conditions exhibits distinct and significant vari-
ations depending on incidence angle, rain rate, wind speed,
and sea state. These findings highlight the complex inter-
play among atmospheric and oceanic factors affecting radar
backscatter, especially in the presence of precipitation. They
also emphasize the necessity of incorporating these factors
into the development of robust remote sensing algorithms and
applications.

Under non-TC conditions, the primary impact of rain on
Ku-band radar backscatter is a reduction and a suppression
of azimuthal variations, with attenuation effects becoming
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increasingly significant at higher rain rates. At low to moderate
rain rates (0.5 < RR <5 mm/h), NRCS attenuation is generally
limited to a fraction of a decibel when wind speeds exceed 5
m/s. However, under heavy rain conditions (RR > 15 mm/h),
attenuation can reach magnitudes of 3-5 dB, indicating a
significant impact on radar backscatter. These findings high-
light the critical importance of accounting for rain rate when
interpreting radar measurements to ensure accurate retrievals
of surface and atmospheric parameters. The attenuation effect
tends to diminish with increasing wind speed, especially at
the smallest incidence angles. At low wind speeds, NRCS
reduction exhibits a strong dependence on incidence angle,
but this dependence becomes negligible for wind speeds above
5 my/s. This differential behavior was leveraged to separate
atmospheric attenuation and surface contributions of the rain
impact using a simplified model that assumes NRCS at 10°
is unaffected by surface effects. The analysis suggests that
rain may increase roughness at wind speeds below 7 m/s
but suppress it at higher wind speeds. This transition is
attributed to different rain-induced mechanisms: splashes and
ring wave generation dominate at low wind speeds, while
wave damping becomes more significant at moderate to high
wind speeds. Although surface effects are relatively minor
compared to atmospheric attenuation, reaching approximately
—2.1 and 1.4 dB in two wind regimes, they provide important
insight into the variation of NRCS with rain across different
incidence angles and wind speeds. Further research is needed
to improve the characterization of the rain layer and associated
atmospheric attenuation, thereby enhancing the accuracy of
SWIM observations in rainy environments.

Surface wind data from the SMOS and SMAP radiometers
were used to investigate the behavior of NRCS under rainy
conditions during TCs. Overall, rain tends to reduce radar
backscatter, with the degree of attenuation increasing as the
rain rate increases. Compared to measurements obtained under
light to moderate rain conditions (0.5 < RR <5 mm/h), NRCS
is attenuated by approximately 2—3 dB when rain rates exceed
15 mm/h and wind speeds range from 13 to around 33-35
m/s. This highlights the combined and compounding effects
of both rain and wind on radar backscatter, especially under
intense rain conditions. As rain rate and wind speed increase,
attenuation becomes more pronounced, highlighting the need
to account for these factors when interpreting radar measure-
ments in TCs and other rain-affected environments. Within
the wind speed range where radiometer wind estimates are
most reliable (13-20 m/s), NRCS reduction under moderate to
heavy rain (RR >5 mm/h) in TC conditions are approximately
1 dB greater than those observed in non-TC environments.
This discrepancy is likely due to deeper rain layer in TCs
at comparable rain rates, resulting in greater atmospheric
attenuation. As the wind speeds exceed approximately 35 m/s,
NRCS under light to moderate rain rates tends to saturate,
whereas under heavy rain, NRCS continues to decrease with
increasing wind speed. This behavior suggests that, at extreme
wind intensities, heavy rain exerts a more significant and per-
sistent impact on radar backscatter, which must be considered
in remote sensing applications targeting high-impact weather
events.
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rain-free conditions (black lines) and for three rain rate categories: 0.5 < RR <5 mm/h (blue), 5 < RR <15 mm/h (orange), and RR > 15 mm/h (magenta).
Vertical bars represent the standard deviations within each 2 m/s wind speed bin. Rain rates are obtained from GPM observations.

Rain exerts significant effects on Ku-band radar backscatter,
particularly at near-nadir incidence angles, which in turn has
important implications for wind retrieval using near-nadir Ku-
band instruments such as SWIM. Developing an inversion
scheme that accurately retrieves wind under both rain-free
and rain-contaminated conditions requires a clear separation
between the atmospheric effects and rain-induced modifica-
tions to surface roughness. This study serves as an initial step
toward that goal. However, to develop a comprehensive model
that accounts for both wind and rain, more precise charac-
terization of radar signal modifications in the atmosphere is
required. Addressing this will be a primary focus of our future
research.

APPENDIX

To facilitate comparison with the dataset based on ECMWF
winds, C-band scatterometer winds from ASCAT were col-
located with SWIM NRCS under non-TC conditions. Only
ASCAT wind measurements that meet the recommended
quality flag criteria specified in the product manual and
with wind speed below 25 m/s were retained to ensure
data reliability. A temporal window of 30 min was applied,
and ASCAT winds were cubically interpolated to the center
of the SWIM swath. All other spatial and quality con-
trol criteria for collocation were maintained consistent with
those used for the ECMWF-based dataset. It is important
to note that only MetOp-A/ASCAT data, along with GPM
and SWIM observations, were available and collocated during
the period from January 1 to November 14, 2021, using
the 30-min time window, as MetOP-A operations ceased

thereafter. For consistency, the SWIM-ECMWF collocated
pairs used in the analysis were also restricted to the same time
period.

Fig. 15 presents the weighted average of near-nadir SWIM
NRCS as a function of ASCAT wind speed in the downwind
direction, categorized according to the rain rate groups defined
in Section III-A2. Wind speeds were grouped into 2 m/s
bins. When comparing the SWIM—ASCAT dataset with the
SWIM-ECMWEF dataset, the maximum differences in NRCS
are generally less than 1.2 dB for wind speeds above 3 m/s and
rain rates below 15 mm/h. For rain rates exceeding 15 mm/h,
differences range from 1.1 to 2.4 dB, with the ASCAT-based
NRCS exhibiting notable fluctuations and occasional data
gaps. Furthermore, statistical analyses of NRCS variations
with respect to relative wind direction, incidence angle, and
rain rate produced conclusions consistent with those derived
from the SWIM-ECMWF dataset, reinforcing the robustness
of the observed trends.
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