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Abstract: This study addresses the challenge of understanding sea ice microwave scattering prop-
erties by developing a novel method to retrieve scattering indicatrix and angular dependence of
backscattering patterns from Global Navigation Satellite System Reflectometry (GNSS-R) data. Sea
ice remote sensing in quasi-specular reflection area requires theoretical models validated using
experimental data across different frequency bands. However, only limited observations of quasi-
specular scattering in the L-band exist. We developed an algorithm to convert Doppler spectra from
delay-Doppler maps (DDM) obtained by the TDS-1 satellite into scattering indicatrix and then to
angular dependence of the sea ice backscattering patterns, using geometric transformations from
bistatic sensing geometry. The method was applied to approximately 100 DDM measurements
over the Sea of Okhotsk during February—March 2017, where ice concentration remained at 90—
100% with temperatures below 0 °C. Results show that L-band (19 cm wavelength) exhibits broader
angular dependence compared to Ka-band (8.45 mm) and Ku-band (2.21 cm) measurements from
dual-frequency precipitation radar (DPR), contrary to expectations based solely on surface roughness.
This anomalous broadening is attributed to volume scattering effects within sea ice, where L-band
signals penetrate up to one meter depth compared to millimeter-scale penetration in Ka- and Ku-
frequency bands. The findings provide new insights into L-band scattering mechanisms and offer
a validated approach for improving theoretical models of sea ice microwave interaction.

Keywords: bistatic, scattering indicatrix, angular dependence of backscattering, sea ice, remote
sensing, L-band, GPS, TDS-1, GNSS-R.
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1. Introduction

Microwave remote sensing methods are used to study the sea and ocean ice in a variety
of scientific and practical areas [Vagapov et al., 1993]. These methods are particularly used
to study the interaction of sea waves with ice cover [Mitnik and Viktorov, 1990], to create
ice maps for planning shipping routes [Smith et al., 2019], and to analyze climate changes
affecting the ice cover area [Mitnik and Kalmykov, 1992] and the physical properties of
ice [Sandven et al., 2023]. Qualitative interpretation of remote sensing results requires
theoretical approaches to be developed and numerical models to be created to simulate
the scattering of microwave signals by different types of reflective surfaces. In the field of
sea waves, several microwave scattering models have been developed, which are based on
statistical wave parameters such as significant wave height, mean square slope, or orbital
velocity variance of the sea surface [Bass and Fuks, 1979; Karaev et al., 2020; Titchenko, 2020;
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Zapevalov and Knyazkov, 2019]. These statistical parameters are calculated using wave
spectrum models [Elfouhaily et al., 1997; Hwang and Fois, 2015; Kudryavtsev et al., 1999;
Ryabkova et al., 2019]. An alternative approach uses wave correlation functions instead
of statistical characteristics [Voronovich, 1994; Voronovich and Zavorotny, 2001]. Analysis
of slope variance distribution across different wave scales for quasi-specular reflection
applications is presented in [Zapevalov and Knyazkov, 2019]. However, validating such
models is difficult since, unlike statistical parameters, correlation functions cannot be
directly measured experimentally.

Theoretical analysis and mathematical modeling of ice cover are significantly more
complex than those of the water surface [Golden et al., 1998; Lebedev and Sukhorukov, 2001].
The process of ice formation creates a multi-level, stratified structure that significantly
impacts the propagation and scattering of microwave radiation within the ice layer. Air
bubbles and brine cells are inhomogeneously distributed within the ice cover volume. Addi-
tionally, the penetration depth of microwave radiation (the skin depth) varies depending on
the wavelength of the signal and is determined by the temperature and salinity conditions
of the ice [Winebrenner et al., 1992]. Consequently, various components can contribute to
the formation of the reflected microwave signal, including the upper boundary between ice
and the atmosphere, the lower boundary between ice and water (typical for freshwater ice),
and the complex internal architecture of the entire ice mass. Consequently, the scattering
of microwave radiation by an ice cover is a multi-parameter problem, with parameters
that are difficult to regulate or measure remotely over vast territories [Fil’chuk et al., 2023].
This creates significant difficulties when comparing experimental data with the results of
numerical modeling.

The reflective properties of ice cover in the microwave range are determined using
a monostatic remote sensing scheme, in which the transmitter and receiver can be con-
sidered to be located at the same point. The result of using such a sensing scheme is the
dependence of the backscattering radar cross section on the incidence angle. In the range
of moderate incidence angles, similar dependencies for ice cover are determined using data
from synthetic aperture radars (SAR) and scatterometers [Dadjoo et al., 2024; Geldsetzer and
Howell, 2023; Onstott, 1992]. With the accumulation of a sufficient amount of experimental
data based on the obtained dependencies, empirical models are created [Komarov and
Buehner, 2019; Mahmud et al., 2018] and theoretical concepts are verified [Komarov et al.,
2015]. Currently, interest in studying the reflective properties of ice cover in the range of
small incidence angles (near-nadir range) has significantly increased [Freilich and Vanhoff,
2003; Hauser et al., 2017; JAXA, 2014]. Using dual-frequency precipitation radar (DPR)
data, an empirical reflection model was developed for Ku-band incidence angles up to
18 degrees and Ka-band incidence angles up to 9 degrees and compared with existing
theoretical models for the specified range of incidence angles [Karaev et al., 2021].

More than half a century ago, the idea of using reflected signals from satellite systems
for remote sensing of the earth's surface using bistatic methods was put forward [Sutton
et al., 1973]. When recording reflected signals from global navigation satellite systems
(GNSS-R), the configuration of the measuring system is bistatic, but the nature of the
scattering scheme remains quasi-specular, similar to the case of a monostatic DPR radar.

Currently, global navigation satellite systems (GNSS) include GLONASS (Russia),
BeiDou (China), GPS (USA), and Galileo (Europe). Within the framework of the proposed
concept, a GNSS transmitting element combined with a receiving device capable of analyz-
ing reflected GNSS signals forms a bistatic remote sensing scheme [Hall and Cordey, 1988].
The concept of analyzing signals of the satellite navigation system reflected from the water
surface was presented in 1993 [Martin-Neira, 1993]. The proposal to use reflected radiation
from satellite navigation systems to solve a variety of problems was considered a promising
direction, which contributed to the rapid development of the theoretical foundations of
this approach to remote sensing [Cardellach et al., 2011; Chernoukhov and Dobykin, 1995;
Zavorotny et al., 2014]. The first experimental work on recording reflected GPS signals
from aircraft was carried out in the mid-2000s [Nogués-Correig et al., 2007]. Subsequently,
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key studies of L-band signal reflection by the sea surface were carried out using the SMOS
(Soil Moisture and Ocean Salinity) and Aquarius space radiometers [Lagerloef et al., 2008;
McMullan et al., 2008].

Retrieval of geophysical parameters via GNSS-R relies on analyzing changes in the re-
flected L-band signal's characteristics, including its waveform, amplitude, phase, frequency,
and polarization. The core observables used are the Delay-Doppler Map (DDM), primarily
for spaceborne platforms like CYGNSS. For ocean applications, wind speed and sea surface
roughness are determined from the DDM's peak value and shape, which reflects the degree
of quasi-specular scattering caused by wind-generated waves. Sea surface height (altimetry)
is extracted by measuring the time delay between the direct and reflected signals. Over
land, parameters like Soil Moisture are linked to the surface's dielectric constant, which
dictates signal reflectance, and are derived using techniques such as GNSS-Interferometric
Reflectometry (GNSS-IR) based on periodic SNR fluctuations or bistatic radar methods uti-
lizing the DDM to calculate reflectivity. Furthermore, sea ice thickness and snow depth are
estimated using altimetric models or phase difference measurements. All these retrievals
translate the physical properties of the scattering surface into geophysical outputs using
established theoretical models.

Small satellites of the British disaster monitoring mission UK-DMC (United Kingdom -
Disaster Monitoring Constellation) [Gleason et al., 2005] from 2004 to 2011 successfully
carried out numerous experiments to demonstrate the capabilities of analyzing GPS signals
reflected from water, land, and ice cover [Clarizia et al., 2009; Gleason, 2006, 2010; Gleason
et al., 2009; Hobiger et al., 2014]. Also, GNSS-R methods have been used to determine
parameters such as geoid height and deflection of the plumb line [Lopatin et al., 2024;
Lopatin and Fateev, 2022], sea surface wind speed [Clarizia et al., 2014; Li and Huang, 2014],
soil moisture [Alonso Arroyo et al., 2014; Chew et al., 2016], and characteristics of vegetation
[Camps et al., 2016; Yang et al., 2020], snow [Larson et al., 2009; Najibi and Jin, 2013], and
ice cover [Cartwright et al., 2019; Yan and Huang, 2019].

Depending on the type of the GNSS receiver carrier (stationary, airborne, or space-
borne), the areas of application of this technology and algorithms for processing reflected
signals may differ. In the presented work, a method for determining the angular de-
pendence of the backscattering pattern is proposed. The angular dependence of the
backscattering pattern is the dependence of the scattered signal power on the incidence
angle, determined from the results of bistatic remote sensing. This concept was developed
during the work with monostatic radar data, where the dependence of the backscattering
radar cross section on the incidence angle was obtained based on the Doppler spectrum
of the reflected signal for a radar located on a moving carrier [Kovaldov et al., 2024]. In
the case of a bistatic remote sensing scheme, reconstructing the angular dependence of
the backscattering pattern involves two steps. First, a transition is made from the Doppler
spectrum of the received signal to the scattering indicatrix — the dependence of the scat-
tered signal power on the grazing angles of the reflected radiation for a fixed grazing angle
of the transmitter signal. Since the grazing angle of the transmitter signal can change
for each measurement, the scattering indicatrix is different for each measurement. To
obtain a universal characteristic, a transition is made from the scattering indicatrix to
a dependence on half the grazing angle difference. At this stage, a backscattering pattern
is obtained — a dependence similar to the dependence of the backscatter cross section
on the incidence angle, determined by a monostatic radar. The resulting backscattering
pattern is universal, independent of the measurement geometry, and determined only by
the characteristics of the scattering surface. The obtained data make it possible to verify
theoretical scattering models and advance in the creation of a theoretical scattering model
for sea ice in the quasi-specular reflection region in the L-band.

In this study, we used TDS-1 satellite data at a selected testing site in the Sea of
Okhotsk with low temperatures for February—March 2017. The choice was based on data
from meteorological stations, images from the Aqua satellite (EOS PM-1), ice cover maps
from the “Planeta” Research Center, and ice concentration maps from the University of
Bremen, which are constructed using data from the AMSR-2 radiometer.
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2. Materials and Methods
2.1. Measurement Scheme Using GNSS-R Methods

In this paper, GPS satellites with orbital altitudes of 20 180 km act as transmitters, and
the TDS-1 satellite with orbital altitudes of 635 km, acts as a receiver. In this paper, we will
limit ourselves to considering the reflected L1 signal (1575.42 MHz). The radiation pattern
(RP) of the transmitter is designed in such a way that the signal uniformly illuminates the
visible surface of the Earth.

A GPS signal receiver (SGR-ReSI (Space GPS Receiver Remote Sensing Instrument))
with a sampling frequency of 16.367 MHz was installed on board the TDS-1 satellite. The
receiver's antenna pattern (radiation pattern, RP) is 34°x35° [MERRByS, 2025]. Simplified
geometry of bistatic (example of the TDS-1 satellite) remote sensing schemes is shown in
Figure 1b. For comparison and visual representation, an example of a monostatic radar
remote sensing scheme is also provided in Figure 1a. We can do early assumptions that in
both cases the scattering mechanism is quasi-specular. The difference is that in the case
of monostatic, a backscattered signal is received, and in the case of bistatic, a forward
scattered signal is received.

In the given example of a monostatic measurement scheme by the dual-frequency
precipitation radar DPR of the GPM satellite (Figure 1a), the statistical characteristics of
the surface are determined by the dependence of the backscattering RCS on the incidence
angle.

Figure 1b shows an example of a bistatic remote sensing scheme for the TDS-1 satellite.
In this measurement scheme, due to the large difference in the altitudes of the transmitter
and receiver orbits, it can be assumed that the incident wave on the reflecting area has
a constant grazing angle (flat front). In this case, the way of the rays entering the receiver
after reflection from the rough surface is shown in Figure 1b.

GPS

(a) (b)

Figure 1. Simplified geometry of: (a) monostatic (example of the GPM mission satellite [JAXA, 2014]);
and (b) bistatic (example of the TDS-1 satellite) remote sensing schemes.

The reflected signal enters the receiver at different angles. Each angle has its own
projection of velocity onto the receiver sensing direction, and therefore its own Doppler
shift frequency, which forms the Doppler spectrum. If we perform the inverse procedure
and go from the Doppler shift frequencies to the grazing angles, we can obtain a scattering
indicatrix. This requires information on the velocities and positions of the transmitter and
receiver, the position of the reflection point, and the measured Doppler spectrum.

Although GNSS-R operates in a bistatic configuration measuring forward-scattered
signals, the quasi-specular reflection geometry allows us to retrieve scattering character-
istics equivalent to monostatic measurements. Through geometric transformation, we
convert the bistatic scattering indicatrix to an angular dependence that represents the
same physical surface scattering properties as would be measured by a monostatic radar.
Therefore, we use the term 'backscattering pattern' to emphasize that the retrieved angular
dependence is universal and can be directly compared with monostatic radar measurements
and used in monostatic scattering models.
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In the case of TDS-1, the main product used to analyze the reflecting surface in such
a task is a delay-Doppler map (DDM), which is obtained by Fourier transformation and
cross-correlation function of the reflected signal and the simulated signal of the navigation
satellite. This procedure is carried out in a special Zoom Transform Correlator (ZTC). Each
pixel in the DDM represents the correlation power at a specific delay and Doppler shift.
The power values are stored as digital counts (0-65 535), with the scaling factor saved in
metadata. These 'raw counts DDM power' values are proportional to the actual received
power but require calibration for absolute measurements. In this study, we work with
relative power in dB, as we focus on the angular dependence shape rather than absolute
scattering cross-sections.

Figure 2 shows a map of sea ice concentration (SIC) with a scale in percentages, where
0% is clear water, 100% is ice in the Weddell Sea in November 2017, and the red line shows
the track of the specular points for the TDS-1 satellite. This track contains 2 points: 1 of
which relate to the surface with 0% concentration (the sea surface), and 1 relate to the
surface with almost 100% concentration (solid ice cover).

w W 20" W 100%

50° S

80%

60%

Sea ice concentration

40%

20%

0%

Figure 2. Ice concentration map with TDS-1 specular points (red) plotted on it. Ice concentration is
presented as a percentage (0% — clear water, 100% — ice).

Figure 3 shows examples of recorded DDMs when a signal is reflected from different
surfaces (ice and water). The differences between them are obvious, and modern studies
often use the original DDMs to determine the type of reflecting surface. For this purpose,
neural networks are used [Yan and Huang, 2018; Yan et al., 2017], or the DDM itself is used
as variable and differential characteristics are analyzed [Zhu et al., 2017].

The theoretical Doppler spectrum would exhibit a sinc-like shape due to the GPS
signal's ambiguity function. Surface roughness causes scattering from multiple surface
facets with different slopes, spreading the energy across a wider Doppler range, thus
producing a Doppler spectrum like in the Figure 3 and 5, even for ice cover.

However, despite the effectiveness of DDM-based surface classification methods for
determining ice/water surface type, they do not provide information about the scattering
properties. To improve ice cover scattering models and validate them, it is necessary to
extract the dependence of raw counts DDM power on the incidence angle from DDM data.
Therefore, in this paper, we propose a new approach to obtain the angular dependence
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(a) Rough water surface. (b) Ice cover.
Figure 3. Normalized DDM and Doppler spectra.

of backscattering pattern from the Doppler spectrum contained in the DDM, which will
allow comparison with monostatic radar measurements and theoretical scattering models
for ice cover in the L-band.

To obtain the Doppler spectrum of the reflected signal, we first subtract the noise
calculated from the first 5 rows of pixels, using such a noise box is standard procedure
[MERRByS, 2025], and then perform the DDM summation procedure over the whole delay.
The corresponding Doppler spectra of the reflected signal are shown at the bottom part of
Figure 3.

Several factors affect the obtained Doppler spectra, and in this regard, it is worth mak-
ing several remarks about the fact that the received signal passes through the ionosphere,
and in some cases, it is necessary to consider the influence of the Faraday effect on the mea-
surements conducted. This effect has a significant influence in the case of linearly polarized
radiation, as, for example, in radiometric measurements of surface brightness temperature
[Danilychev et al., 2018]. The influence of ionospheric plasma on GNSS signals is related to
ionospheric plasma inhomogeneity and affects both signal phase and amplitude [Kintner
etal., 2007].

The influence of the troposphere is usually divided into two classes: hydrostatic
(“dry”) delay caused by dry gases present in the troposphere, and wet delay caused by the
presence of water vapor and condensed water in the form of clouds.

Thus, regarding GNSS-R methods, the Faraday effect and ionospheric inhomogeneity
affect signal phase and amplitude. Signal phase during further processing affects the
measurement of range to reflecting patches, but not the frequency distribution of Doppler
shifts, which depends only on the projection of the receiver velocity onto the direction of
reflected radiation. The influence of the troposphere is also related only to range.
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The method considered and applied in this work to obtain the angular dependence of
the ice cover backscattering pattern is based on summation over delays and formation of
the Doppler spectrum of the reflected signal, which eliminates the influence of phase shift
when the microwave signal passes through the ionosphere.

In the case of amplitude, it should be clarified that the geometry for each individual
specular point constantly changes, which also has a significant influence on the amplitude
of the received signal. In this work, we focus on the form of the angular dependence of the
sea ice backscattering pattern. Therefore, at this stage of the research, this effect can also
be disregarded. This is an advantage of this approach to data analysis.

2.2. Algorithm for transition from Doppler spectrum to angular dependence

To convert the obtained Doppler spectra into angular dependence:

For the initial modeling of geometry, let us consider a sphere with the radius of the
Earth. Through the specular reflection point on the sphere, we will draw a tangent plane.
We will call this plane the specular plane.

Based on three points: the position of the transmitter, receiver, and the specular reflec-
tion point we construct a reflection plane (Figure 4). The direction of wave propagation
(straight lines passing through the positions of the transmitter/receiver and the specular
point on the plane) of the transmitter and receiver lie in the reflection plane. The grazing
angle for specular point corresponds to 0 in the Doppler spectrum and we call it the central
grazing angle. In Figure 4, it is designated as a. For the central grazing angle, in the case
of movement parallel to the specular plane, the Doppler shift is written as follows:

V‘co = Vgr - €OS(@) = Vrec - COS() = fDSo = VTO//\GPS:

where V is the sum of velocity projections onto the sensing direction, vy, is the transmitter
velocity, v, is the receiver velocity, a is the grazing angle of the incident and reflected
signal, and Agpg is the GPS wavelength. In general, to determine the projection of the
transmitter and receiver velocity vectors onto the corresponding sensing directions, the
scalar product between the velocity vectors and the sensing direction vectors is used. The
origin of these direction vectors is always placed at the specular point, and the end point
corresponds to the position of the respective satellite. Thus, cos(a) can take negative values,
which allows accounting for different signs of the velocity vector directions.

We construct a straight line formed by the intersection of two planes (the specular
plane and the reflection plane, the black line in Figure 4), which we call the specular line.
It will be used to calculate the dependence of Doppler shift on the grazing angle of the
reflected radiation.

Figure 4. Signal propagation scheme in the reflection plane.
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We select several points on the specular line. Since the transmitter signal arrives at
the surface with a constant grazing angle «, only the change in reception direction affects
the formation of the Doppler spectrum.

For each selected point on the sensing line, we calculate the projection of the receiver
velocity onto the reception direction and the grazing angle of the reflected radiation. As an
example, Figure 4 shows a point for which this angle corresponds to «;.

Each point is characterized by its own grazing angle a;. For each such angle, some
correspondence is established with the change in Doppler shift relative to the central one
based on the previously calculated projection of the receiver velocity:

Afila;i) = fos, — fi
_ ((vtr ) COS(O() — Urec * COS(O()) - (vtr ) COS(CY) — Urec * cos(ai)))
- Agps

cos(a;) —cos(a)

= VUrec ’

AGps
where f; is the Doppler shift when the signal is reflected from the i-th specular point,
and fpg, is the Doppler shift when the signal is reflected from the central specular point.
Thus, the transition from the Doppler spectrum of the reflected signal to the scattering
indicatrix is accomplished. This characteristic depends on the central grazing angle; for
comparison with monostatic dependence, we will transition to surface slope. We consider
only points along the specular line, as this simplifies the geometry and allows us to account
for the main contribution of scattering. In reality, this is used only to convert Doppler shift
frequencies into surface deflection angles.

We make the transition from the scattering indicatrix to the dependence of raw counts
DDM power on the incidence angle 6;. To derive Equation 1, we use the relationship
between grazing angles and incidence angles. In the bistatic configuration, the incidence
angle 0; can be used as half the angular deviation from the specular direction when the
transmitter grazing angle remains constant:

(ai(Af )= a)

0:(Af;) = 1=

(1)

It is important to note that 8; represents the surface slope angle relative to the surface
normal, not the actual incidence angle of the electromagnetic wave. This is consistent
with the monostatic radar interpretation where, for near-nadir observations, the measured
backscatter at angle 6 corresponds to surface facets tilted by 6 from horizontal. This
interpretation allows direct comparison with monostatic measurements where the same
surface slope angles contribute to the received signal. The disadvantage of this approach
is that the points on the specular line are selected sequentially with a constant step. This
leads to an uneven step along the Doppler spectrum. To eliminate the unevenness of
the step, an approximation of the obtained dependence of the frequency shift on the
incidence angle by a fifth-degree polynomial is used. It should be noted that the points
are selected in such a way that the obtained frequency limits are always greater than the
real spectra (> 4500Hz and < -5000Hz) to avoid incorrect approximation at the ends of
the dependence. Figure 5 shows the sequential transformation: DDM = DS = scattering
indicatrix = angular dependence of backscattering pattern.

2.3. Characteristics of the marine testing site

To reconstruct the angular dependence of the sea ice backscattering pattern in the
L-band using GNSS-R methods, it is necessary to select a site with ice cover (marine test site)
who’s SIC during measurements remains at the level of 90-100% and the air temperature
should not rise above 0 °C. This allows avoiding cases of wet/moist snow and water film
formation on the ice surface. In this case, it can be considered that reflection occurred from
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Figure 5. Sequential transformation: DDM = DS = scattering indicatrix = angular dependence of
backscattering pattern.

“dry” ice. There are limitations on the choice of year, determined by the operational period
of TDS-1 (2014-2018), so 2017 was selected for analysis.

The Sea of Okhotsk waters north of Sakhalin Island and covering the entire coastal
zone of the Khabarovsk region were considered. In this area, there are meteorological
stations Okha, located on Sakhalin Island, and Bolshoy Shantar, located on the Shantar
Islands. To select the time frame, air temperature data from January 1 to April 1, 2017
were used (https://rp5.ru/). Figure 6a shows the air temperature dependence according to
meteorological station data and the geographical location of the meteorological stations
on the map (Figure 6b). Thus, the time interval from February to March 2017 was chosen,
when the air temperature was below zero.

As already indicated, it is necessary that throughout the entire period, the test site had
ice cover with high concentration. To determine this characteristic, concentration maps
constructed from University of Bremen data were used [Melsheimer and Spreen, 2019].

For subsequent analysis, the coordinates of the rectangle within this site were specified
(corner coordinates: 53°30’ N, 135°0’ E, 55°30° N, 135°0’ E, 55°30’ N, 142°30’ E, 53°30’ N,
142°30’ E). The average SIC in this site during the observation period (February—March)
was approximately 95% — solid ice (Figure 7).

To clarify information about the ice cover condition, maps from the Research Center
“Planeta” (http://planet.iitp.ru) were used (Figure 8, left and right symbol descriptions).
According to the maps, the total ice cover concentration was 10 points (“Planeta” scale) in
the observed site, that is, solid ice, or 100% in terms of University of Bremen data.

According to the maps of March 7 and 21, the characteristics of the ice cover in the
selected site remained unchanged. The overall ice cover concentration reached 10 points,
with the ice being represented mainly by ice fields of first-year dry, medium, and thin ice.
The process of ice cover growth with a gradual increase in the total area was noted. In
this regard, this region is optimal for measuring the angular dependence of the sea ice
backscattering pattern in the L-band and for conducting a comparative analysis with the
dependence of the RCS on incidence angle in the Ka- and Ku-bands.

3. Results

In the first stage of processing, points located in the Sea of Okhotsk waters during
February—-March 2017 were selected. As a result, approximately 10 000 DDM measure-
ments were obtained over the entire Sea of Okhotsk. Some records were corrupted due
to reception instability. Such DDMs were filtered out based on the difference between
peak power and DDM noise level. After conducting the filtering procedure and limiting
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(a) Temperature change from January 1 to April (b) The locations of the weather stations on the
1, 2017. Data from the Okha weather station is map are shown on the right.
blue, data from the Bolshoy Shantar weather
station is in red.
Figure 6. Data from ground weather stations (https://rp5.ru/).

%

Sea ice concentration,

Jan Feb Mar Apr
Date 2017

Figure 7. Average SIC in the selected site from January 1 to April 30, 2017; blue dashed lines mark
the observation boundaries used in this work.

the observation site to the specified rectangle (Figure 9b, red rectangle), approximately
100 points remained for further analysis. According to Research Center “Planeta” data,
the ice cover consisted of ice fields of first-year dry medium (70-120 cm) and thin ice
(30-70 cm).

Figure 9a shows an example of DDM during stable signal reception and the corre-
sponding Doppler spectrum.

For comparison with previous studies with monostatic radar, an empirical model for
the dependence of backscatter RCS on the angle of incidence was proposed. Based on data
from the DPR installed on the GPM mission satellite, an empirical model was constructed
[Karaev et al., 2022a,b]. We adapt this model first for the grazing angles, which can be used
for modeling bistatically scattered signal, and then for the incidence angles, for comparison

with monostatic data:
2
C((a _zao)) +d.exp(_e )’ (2)

FO@)=a+b-0+c-0%+d- exp(—el6]),
where a, b, ¢, d, e are coefficients that are fitted, « is the grazing angle, « is the grazing angle
at the specular point, and 6 is the incidence angle. The approximation of experimental

) +

(@ — )
2

P(a)=a+b-‘(a_2a0
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Figure 8. Ice cover maps of the Sea of Okhotsk (Research Center “Planeta”, http://planet.iitp.ru)
(left) and optical images of the Sea of Okhotsk (center) and symbols with descriptions for ice cover
maps (right).

angular dependences of backscattering pattern in the L-band is shown in Figure 10a, and
the approximation coefficients are given in the table in Figure 10b. Figure 10 shows the
angular dependence for surface slope angles up to 7°. These small angles correspond to
the quasi-specular reflection region.

Let us consider the DPR data for the same time interval. Figure 11 shows radar images
in the test site on March 13, 2017, for the Ku- and Ka-bands.

Figure 12a shows the measured RCS for March 13, 2017, for the Ku- and Ka-bands,
and the curves show approximations (2) obtained from these data. The coefficient table is
provided in the figure. To compare the decay rate of the dependencies, the approximation
curves in the L-, Ku-, and Ka-bands were aligned at an incidence angle of 1° (Figure 12b).

The approximation for the Ku-band turned out narrower than the approximation
in the Ka-band, which indicates “greater” surface roughness in the Ka-band than in the
Ku-band. However, the approximation of the angular dependence of backscattering pattern
in the L-band turned out to be the broadest. It was expected that this characteristic would
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Figure 10. The angular dependence of backscattering pattern of sea ice (dots) in the L-band and

approximation curve (black curve), approximation coefficients are shown in the figure in the table.

be the narrowest if the influence factor of roughness remained the most significant. We
assume that this is related to the influence of volume scattering.

For the Ka- and Ku-bands, the skin depth for sea ice is about several millimeters
[Winebrenner et al., 1992]: for Ka —0.0073 m, for Ku —0.0040 m. For the L-band, the skin
depth can vary within much larger limits from decimeters to several meters Figure 13,
since the L-band is sensitive to sea ice salinity [Timchenko et al., 1985]. The comparison
with DPR data is valid because both GNSS-R and DPR sensing the same surface slope
distribution in the quasi-specular regime. While the measurement geometries differ
(bistatic vs monostatic), both techniques are sensitive to surface facets with slopes that
redirect the incident signal toward the receiver. The retrieved angular dependencies
therefore represent the same statistical distribution of surface slopes.

For example, for electromagnetic radiation with a frequency of 1.5 GHz at a sea ice
salinity of 5.1%o and temperature of —20 °C, the skin depth is about 1 m. Thus, the main
parameter on which signal scattering depends in the Ka- and Ku-bands is the distribution
of reflectors at the interface between two media due to rapid attenuation inside sea ice in
these bands. Meanwhile, electromagnetic radiation in the L-band experiences additional
influence from multiple reflections within the medium and scattering on inclusions.
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Figure 12. Backscatter approximations across multiple frequency bands.
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4. Discussion
4.1. Characteristics of Incidence Angle Dependence in Different Frequency Bands

The obtained results revealed significant differences in the angular dependence of
backscattering pattern between measurements conducted using GNSS-R methods in the
L-band and data taken from the dual-frequency DPR radar in the Ku- and Ka-bands. The
angular dependence of backscattering pattern in the L-band demonstrates the broadest
dependence among all analyzed frequency bands, which contradicts the expected behavior
based solely on surface roughness considerations.

In the Ka-band (8.45 mm), the dependence of backscattering cross-section on inci-
dence angle is broader than in the Ku-band (2.21 cm), which corresponds to theoretical
expectations [Karaev et al., 2021], since shorter wavelengths are more sensitive to surface
roughness distribution. However, the similar dependence in the L-band (20 cm) shows
unexpected broadening despite the longer wavelength, which we associate with volume
scattering.

4.2. Volume Scattering Effects in Sea Ice

The anomalous broadening of the angular dependence of backscattering pattern in
the L-band can be explained by volume scattering effects within the sea ice medium. The
skin depth varies dramatically across different frequency bands: in the Ka- and Ku-bands
it is fractions of millimeters, indicating predominantly reflection at the ice-water boundary.
In the L-band, the skin depth varies strongly depending on medium parameters (salinity
and temperature). For example, for sea ice with salinity of 5.1%o at temperature —20 °C,
the penetration depth can reach 1 meter.

This substantial difference in penetration depth indicates that while Ka- and Ku-band
signals mainly interact with the air-ice interface, L-band signals penetrate deep into the
ice structure, scattering on internal inclusions such as brine cells, air bubbles, and layered
structures formed during ice formation. The contribution of volume scattering in the
L-band effectively increases the apparent “roughness” of the scattering medium, leading to
broadening of the dependence.

4.3. Algorithm for Converting Doppler Spectra to Incidence Angle Dependence

The developed algorithm allows transformation of Doppler spectra obtained from
bistatic sensing data into the angular dependence of the sea ice backscattering pattern,
providing a new approach for investigating sea ice cover properties in various bands. The
quasi-specular scattering mechanism in the GNSS-R method indicates that the obtained
angular dependence of the sea ice backscattering pattern has a similar nature to dependen-
cies obtained in monostatic sensing, which will allow further improvement of ice cover
scattering models and their extension to L-band.

4.4. Data Quality and Limitations

The study analyzed approximately 100 DDMs over the selected test site in the Sea of
Okhotsk during February—March 2017, obtained from TDS-1 satellite data [Hallikainen
and Winebrenner, 1992]. We deliberately chose the simplest constant ice conditions and
limited our consideration to a single winter season. The results obtained do not cover
all the variability of sea ice conditions, and the results are for first-year sea ice in the Sea
of Okhotsk region and may not be directly applicable to other ice types or geographic
locations. Further research will also be directed toward determining patterns in seasonal
processes and in other water bodies.

5. Conclusions

In this study, a new approach to studying the reflection of microwave signal by sea ice
is discussed, based on the use of Doppler spectra obtained by GNSS-R methods. In this
work, an original algorithm for converting Doppler spectra into scattering indicatrix and
angular dependencies of backscattering pattern is developed.
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The universal nature of the retrieved angular dependence enables several applications:
direct validation of theoretical ice scattering models without geometric transformation,
cross-calibration between different remote sensing systems operating in quasi-specular
geometry and development of unified scattering models applicable to both monostatic and
bistatic configurations.

An important result of the study is a comparison of the angular dependencies of
backscattering pattern and dependences of backscatter RCS for three wavelength bands:
Ku-, Ka-, and L-bands. It was shown that the L-band exhibits broadening of the angular
dependence compared to the Ku- and Ka-bands. This may be due to greater skin depth
in the L-band, where the internal structure of the ice cover affects the result. The greater
signal penetration depth in the L-band provides sensitivity to the volumetric characteristics
of the ice cover. The obtained results will improve and validate theoretical models of
microwave signal scattering by ice cover.

It should be noted that this study was limited to analyzing data from a single winter
season in a limited geographic region and focused on first-year sea ice. Future studies will
aim to include multi-year data covering different ice types and geographic regions.
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