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Abstract: Freshwater ice cover on inland water bodies is a sensitive indicator of climate change, and
its monitoring is hampered by the decline of in situ observation networks since the 1980s. Previous
applications of GNSS-Reflectometry (GNSS-R) have focused mainly on sea ice detection, while its
capability for seasonal freshwater ice monitoring has remained insufficiently explored. The aim of
this study is to assess the sensitivity of spaceborne L-band bistatic measurements to the processes
of freshwater ice cover formation, growth, and break-up on large inland lakes, and to compare
the scattering behavior with that of sea ice. A full annual cycle (September 2023 — August 2024)
was analyzed using data from the GNOS-II instrument onboard the Feng-Yun 3E (FY-3E) satellite
at two test sites: Great Slave Lake (Canada) for freshwater ice and the Sea of Okhotsk for sea ice.
Statistical moments of the Doppler spectrum — width and kurtosis coefficient — were computed from
delay-Doppler maps. The results were validated against meteorological records from the Yellowknife
station, MODIS imagery, and ERAS5 ice thickness reanalysis. A monotonic decrease in Doppler
spectrum width with decreasing air temperature was established for freshwater ice, consistent with
a reduction of effective surface roughness. For freshwater ice, peak power and kurtosis coefficient
show a distinct dependence on ice thickness, reflecting signal attenuation within the ice volume
and dominant reflection at the ice-water interface; for sea ice these parameters remain stable, since
reflection occurs at the air-ice boundary owing to high brine salinity. The findings demonstrate that
L-band bistatic reflectometry provides an effective all-weather tool for operational monitoring of
freshwater and sea ice, including detection of freeze-up and break-up phases, ice thickness estimation,
and support for Arctic navigation.
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(rivers, lakes, etc.), along with sea ice, constitutes an important component of the global
cryosphere. Investigating the dynamic changes in ice cover parameters of inland freshwater
water bodies is essential for understanding and predicting future climate change [Brown
and Duguay, 2010; Duguay et al., 2014]. Lakes cover approximately 2% of the Earth’s surface.
They are primarily concentrated in the Northern Hemisphere and tundra regions, where
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river length in the Northern Hemisphere [Prowse et al., 2007]. The presence of ice cover
influences the biological, chemical, and physical processes in water bodies of cold regions.
Lake ice variability is used as a sensitive indicator of climate change [Brown and Duguay,
2010; Duguay et al., 2014; Sharma et al., 2021]. Observations of freeze-up/break-up timing
of ice cover are important, as projected global warming, particularly at northern latitudes,
will lead to significant changes that may increase the influence of lakes on regional energy
and water balance [Duguay et al., 2014; Long et al., 2007]. Beyond environmental factors,
ice cover has important socio-economic implications [Duguay et al., 2014; Prowse et al.,
2007], affecting hydroelectric power generation and transportation routes (the duration of
ice road use or river navigation). Ice jams on rivers can cause damage to infrastructure and
lead to flooding [Duguay et al., 2014; Prowse et al., 2007]. Accurate representation of lake
ice in numerical models is an important step toward improving global climate models and
forecasting extreme weather events [Long et al., 2007; Sharma et al., 2021].

Since the 1980s, a decline in ground-based observations has been observed, which has
led to an increasing role of satellite remote sensing [Latifovic and Pouliot, 2007]. Various
remote sensing methods are employed for freshwater ice monitoring, for example, those
utilizing optical data, as well as radar measurements performed by a variety of instruments,
such as scatterometers, radiometers, radar altimeters, and synthetic aperture radars (SAR)
[Duguay et al., 2014].

Optical methods are based on semi-automated image interpretation [Hall et al., 2002;
Latifovic and Pouliot, 2007]. Satellite radiometer data in the infrared (IR) and microwave
ranges are also widely used for tracking ice cover freeze-up and break-up processes. In
particular, threshold algorithms based on reflectance values have been applied when
working with historical AVHRR data at a spatial resolution of 1.1 km [Hall et al., 1994;
Latifovic and Pouliot, 2007]. MODIS products with a resolution of 500 m are also used
for determining freshwater ice cover parameters [Hall et al., 2002; Kropdcek et al., 2013].
However, the applicability of optical and infrared (IR) data is limited by the influence
of weather conditions, such as the presence of cloud cover, which is common during the
ice formation and break-up seasons, as well as low-light or darkness conditions at high
latitudes during the autumn-winter period, which hinders the application of automated
algorithms.

Passive microwave radiometry uses brightness temperature values to investigate pro-
cesses occurring within the ice cover [Kang et al., 2010]. Compared to IR remote sensing
methods, microwave radiometry allows data acquisition regardless of cloud cover, which is
particularly important for polar and subpolar regions. However, its main disadvantage is
low spatial resolution. In studies of large northern lakes — Great Bear Lake and Great Slave
Lake — it was shown that the AMSR-E channel at 18.7 GHz with horizontal polarization is
most suitable for tracking freeze-up/break-up processes [Kang et al., 2010, 2014]. Further-
more, analysis of the temporal evolution of brightness temperature in the 10.7 GHz and
18.7 GHz AMSR-E channels during the ice growth period demonstrated a strong correlation
with ice thickness estimated using a numerical model [Kang et al., 2010]. This approach
enabled the development of regression algorithms for monthly ice thickness estimation on
Great Bear Lake and Great Slave Lake [Kang et al., 2014].

Active microwave remote sensing (SAR and scatterometry) is widely used owing to its
independence from cloud cover and illumination conditions. Ku-band scatterometers, such
as SeaWinds, have been used for mapping the spatial distribution of ice cover parameters on
Great Bear Lake and Great Slave Lake, as the onset of freeze-up and break-up is associated
with observed changes in the backscattering cross-section [Howell et al., 2009]. SAR is the
preferred instrument for river ice type classification, as it offers significantly better spatial
resolution (several meters) and the reflected signal is sensitive to surface roughness and
ice texture, particularly to air bubbles [Gherboudj et al., 2010; Weber et al., 2003]. C-band
SAR enables differentiation of ice types on rivers, and the use of multiple polarizations can
improve classification accuracy [Leigh et al., 2014; Mermoz et al., 2014; Weber et al., 2003].
SAR data, owing to the ability of microwave signals to penetrate freshwater ice under dry
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snow conditions (positive air temperature), are useful for obtaining information about the
internal structure of ice [Duguay et al., 2002; Jeffries et al., 1994; Mitzler and Wegmiiller,
1987]. In shallow Arctic and subarctic lakes, SAR images can be used for monitoring the
seasonal evolution of floating and grounded ice, as floating ice containing bubbles exhibits
higher backscatter than grounded ice, with a sharp and significant signal change visible
when the water body freezes completely to the bottom [Duguay and Lafleur, 2003; Duguay
et al., 2002; Jeffries et al., 1994].

Radar altimeters are also used for monitoring the ice regime of large inland water
bodies. For example, on large lakes such as Baikal, Ladoga, and Onega, radar altimeter and
passive microwave radiometry data are used to discriminate between ice and water surface
types. For lakes covered with seasonal ice, ice cover parameters are determined from the
shape of the received pulse (characteristic extrema are present on the leading edge of the
reflected pulse), which is formed by reflections from multiple medium layers (air/snow,
snow/ice, ice/water) [Kouraev et al., 2007]. For large rivers, such as the Ob, a methodology
based on radar altimeter data enables surface type discrimination with good agreement
with ground-based observations [Yang et al., 2021].

A novel approach to freshwater ice cover monitoring is the use of radars operating
at low incidence angles (6 < 12°) [Karaev et al., 2018; Panfilova and Karaev, 2024]. The
Dual-frequency Precipitation Radar (DPR), installed on the GPM satellite, performs mea-
surements in the Ku- and Ka-bands, covering most inland water bodies of Russia and
Canada owing to its orbital inclination of 65°. At low incidence angles, the backscattering
cross-section of the water surface is significantly higher than that of land [Panfilova and
Karaev, 2023]. This allows the detection of water bodies (e.g., rivers 400-500 m wide) that
are smaller than the DPR resolution cell (5 km) [Karaev et al., 2025]. It was shown that
"water-to-ice" and "ice-to-water" transitions can be detected through the analysis of DPR
radar data, as after ice formation the river becomes "invisible" in the radar image [Panfilova
and Karaev, 2023]. The problem of sea ice detection by an orbital microwave Doppler radar
at nadir sensing was also addressed in [Karaev et al., 2022]. The DPR possesses a multi-year
data archive, which is an important advantage for assessing climate change trends.

In recent decades, there has been a clear trend toward the reduction of ground-based
observation networks (gauging stations) for freshwater ice. For instance, in Canada, the
network of stations monitoring lake freeze-up and break-up dates, which had comprised
757 sites, decreased to approximately 10% of the 1984-1985 level by 1997-1998 due
to large-scale budget cuts in government agencies. In particular, regular ground-based
measurements of ice cover thickness on Great Slave Lake near the city of Yellowknife, con-
ducted by Environment and Climate Change Canada (ECCC) since 1958, were discontinued
after 2016. In this context, research continues to be directed toward the development of
new effective remote sensing technologies. One of the promising directions is the use of
GNSS-Reflectometry (GNSS-R) methods [Yan and Huang, 2016]. This method is based on
the use of GNSS signals reflected from the Earth’s surface. In addition to ice cover investi-
gation, GNSS signals reflected from the water surface are also applied in geodetic tasks, in
particular for determining the geoid height profile and vertical deflection [Lopatin et al.,
2024]. Measurements using this method are performed in the L-band, which is insensitive
to weather conditions. A distinctive feature of the GNSS-R method is its bistatic sensing
geometry. In a monostatic sensing configuration, the backscattered signal is received (as
in DPR), whereas in the bistatic configuration, the forward-scattered signal is received;
however, the mechanism remains quasi-specular, similar to remote sensing at low incidence
angles with monostatic radars.

Previously, these assumptions were used to compare data from the TechDemoSat-1
satellite (TDS-1, 2014-2018) during measurements at a test site in the Sea of Okhotsk with
DPR satellite data [Kovaldov et al., 2025]. Numerical simulation of radar signals reflected
by the sea surface with varying sea ice concentration further supports the significance of
this research direction [Titchenko et al., 2025].
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The aim of the present study is to investigate the sensitivity of spaceborne GNSS-R
measurements to the processes of freshwater ice cover formation, growth, and break-
up on large inland water bodies. Unlike previous GNSS-R studies, which have focused
primarily on sea ice detection [Kovaldov et al., 2025; Titchenko et al., 2025], this work
applies the method for the first time to seasonal freshwater ice, using data from the
GNOS-II instrument onboard the Feng-Yun 3E satellite (FY-3E, 2021—present). A full
annual cycle (September 2023 — August 2024) was analyzed at a test site on Great Slave
Lake, covering the complete freeze-up and break-up sequence. The GNSS-R observations
were compared with meteorological data from the Yellowknife station, MODIS imagery,
and ERAS5 ice thickness reanalysis, which allowed us to assess the potential of L-band
bistatic reflectometry as a tool for freshwater ice monitoring — a capability not previously
demonstrated. The characteristics of the GNOS-II instrument and its remote sensing
capabilities were described in [Huang et al., 2022].

2. Materials and Methods

This study considers a bistatic remote sensing configuration in which GPS satellites
at an orbital altitude of 20,180 km serve as the L1 signal transmitter (1575.42 MHz), and
the FY-3E satellite at an orbital altitude of approximately 650 km serves as the receiver.
Due to the large difference in orbital altitudes between the transmitter and receiver, the
incident wave at the reflecting surface has a constant grazing angle within the illumination
footprint (plane wavefront), which determines the specific features of the measurement
geometry and the ray paths reaching the receiver after reflection from the surface. The
remote sensing configuration is shown in Figure 1.

s
(20,200 km)

FY3E
(650 km)

5000001

SP SP SP s

(a) (b)
Figure 1. (a) Simplified geometry of bistatic (example of the FY-3E satellite) remote sensing schemes.
(b) 3D bistatic sensing scheme with iso-delay (blue lines) and iso-Doppler (red lines) contours.

The reflected signal arrives at the receiver at different reflection/reception angles,
each of which has its own Doppler frequency shift, thus forming a Doppler spectrum.
One of the primary analysis products in this remote sensing method is the Delay-Doppler
Map (DDM), obtained through Fourier transformation and cross-correlation with a model
navigation satellite signal. In such a map, each pixel value is the result of applying the
Fourier transform and correlation between the GNSS signal received after reflection from
the Earth’s surface and the GNSS signal generated onboard the satellite. The appearance of
such Delay-Doppler maps for signals reflected from different surface types (ice and water)
differs significantly in their statistical parameters. Such differences enable the use of raw
DDMs for reflecting surface classification in current research. To solve this task, neural
networks are applied [Yan and Huang, 2018; Yan et al., 2017], or differential characteristics
of the DDM maps themselves are analyzed [Zhu et al., 2017]. Here, we will not delve into
power calibration issues and will consider statistical moments of the Doppler spectrum.
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In this study, the Doppler spectrum (DS) of the reflected signal is analyzed. To obtain
the DS, noise, calculated as the average over the first 5 delay values (https://merrbys.co.
uk/), is first subtracted from the entire DDM. Then, integration over delay is performed to
retain only the dependence on Doppler shift frequencies.

It should be noted that as the signal passes through the ionosphere and troposphere,
various effects arise that influence the signal phase and amplitude, including the Faraday
effect and ionospheric irregularities. However, the proposed method, based on integration
over delays and Doppler spectrum formation, eliminates the influence of phase shift during
microwave signal propagation through the ionosphere, since the frequency distribution of
Doppler shifts depends only on the projection of the receiver velocity onto the direction of
the reflected radiation. Amplitude effects associated with the constantly changing geometry
for each specular point can also be disregarded at this stage of the research, as the study is
focused on the central statistical moments of the DS, which is an advantage of this data
analysis approach.

3. Results and Discussion

Great Slave Lake (Canada) was selected as the test site for investigating the influence
of temperature conditions on L-band signal scattering from freshwater ice cover. Data from
the FY-3E satellite for the period from September 2023 to August 2024 are considered.

The boundaries of the study area were defined manually, after which specular reflec-
tion points falling within this area were selected to exclude the influence of the coastline.
The test site and specular reflection points are presented in Figure 2. After applying
filtering and noise analysis, 1,970 points were obtained for analysis, corresponding to 169
tracks on different days during the period from September 2023 to August 2024.
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Figure 2. The red line indicates the test site boundaries; squares represent specular reflection points
on the surface.

Figure 3 presents visible-range images acquired by the MODIS spectroradiometer
onboard the Aqua satellite. Analysis of a series of satellite images allows tracking the
dynamics of ice cover formation on the lake surface and establishing that complete freeze-
up of the lake occurred in early January.

For additional validation of remote sensing results and confirmation of the timing
of stable ice cover establishment, Figure 4 presents data from the meteorological station
located in Yellowknife. The meteorological data include air temperature time series, which
allow tracking the temperature regime during the freeze-up period and comparing it with
satellite observation data. Based on MODIS imagery, it was determined that the first ice
appeared on December 5, 2023, and the lake froze completely on January 4, 2024. The ice
melted completely by June 4, 2024, with the first open water areas (polynyas) appearing
as early as May 16, 2024. The temperature graph shows that positive temperatures began

Russ. J. Earth. Sci. 2026, 26, ES1020, EDN: DTFEFT, https://doi.org/10.2205/2026es001133 50f13


https://merrbys.co.uk/
https://merrbys.co.uk/
https://elibrary.ru/DTFEFT
https://doi.org/10.2205/2026es001133

INVESTIGATION OF L-BAND RADAR S1GNAL SCATTERING FrROM IcE Cover Using GNSS-R Data KovaLpov ET AL.

around April 9, 2024. Thus, in the subsequent analysis of dependencies, we will focus on
five intervals: from September 2023 to December 5, 2023 - the open water period; from
December 5, 2023 to January 4, 2024 — the ice cover formation process; from January 4,
2024 to April 9, 2024 — the dry ice cover period; from April 9, 2024 to June 4, 2024 — the
melting process; and from June 4, 2024 to August 2024 - the open water period.

14.10.23

’ T :
19.03.24 21.04.24 4.06.24

Figure 3. Images of the test site from MODIS data onboard the Aqua satellite.
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-40 | Date Dec 05,2023 i Date Apr09, 2024
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Figure 4. Temperature graph for the region based on meteorological station data from Yellowknife;
dashed lines indicate the moments of first ice appearance (December 5, 2023), complete ice cover
formation (January 4, 2024), formation of the first polynyas (April 9, 2024), and complete ice cover
melting (June 4, 2024).

For all experimental points, DDMs were examined and DSs were calculated. For
quantitative analysis of the obtained mean DSs, statistical parameters were selected that
characterize the shape of the distribution and are invariant with respect to the absolute
signal level, namely: the width

L (f=F) siaf

AF =2 , 1
(R, W
where S(f) is the Doppler spectrum, f = fffss(% is the first raw moment or the center

of mass of the Doppler spectrum, f is the frequency. And the kurtosis coefficient, which
characterizes the peakedness of the distribution:

V2

p IS TS0 /(£)4_3
o! [Ssthag V277

where y, is the fourth central moment, ¢ is the standard deviation. Additionally, ERA5
reanalysis data on lake ice cover thickness were used to analyze the influence of thickness on
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the DS statistical parameters. Examples of DSs for signals reflected from a wind-roughened
water surface and ice cover, with DS width indicated in accordance with the definition
given by formula (1), are presented in Figure 5.

1800000 6000000
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(a) (b)

Figure 5. Examples of DSs for water on October 2, 2023 (a) and for ice cover on March 14, 2024 (b).
Red lines indicate the determined width: water — 3175 Hz, ice — 2086 Hz.

The dependencies of ice cover thickness from the reanalysis, reflected signal maxima,
and calculated statistical moments for all DSs as a function of date are presented in Figure 6.
The coordinate system for the reanalysis data is fixed, while the specular reflection points
are random in nature; therefore, the ice cover thickness was determined based on the
shortest distance between the reanalysis grid nodes and the specular reflection point.
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Figure 6. From top to bottom: dependence of ice cover thickness at specular points based on ERA5
reanalysis data, dependence of DS maximum value, dependence of DS width, and dependence of
kurtosis on the recording date. Red points indicate measurements made under open water conditions,
orange points — after the appearance of first ice, blue points — records under complete freeze-up and
sustained negative air temperature, and green points — during air warming and the onset of ice cover

melting.

From Figure 6, it can be seen that the freshwater ice cover affects the statistical
characteristics of the reflected signal DS. First, it is evident that during the lake freeze-up
process, the maximum value initially increases, the width value decreases, and consequently
the kurtosis value increases; however, as the ice cover grows thicker, the maximum values
begin to decrease, leading to a reduction in kurtosis.
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This behavior is related to the fact that the primary signal reflection occurs at the
ice-water interface, unlike in the case of sea ice. The signal is attenuated/weakened within
the ice cover layer. Subsequently, in April-May, when the lake ice cover begins to melt, the
peak power starts to increase again due to the decreasing thickness and the presence of
water on the ice cover surface. The ice surface covered with water becomes a good reflector.

Next, let us consider the dependence of statistical parameters on ice cover thickness.
For this purpose, block averaging was applied to the obtained dependencies, whereby the
data series is thinned and the new values correspond to the mean value of the selected
block. In this case, averaging over blocks of 50 points is considered. The dependence of the
averaged parameters on date and thickness is presented in Figure 7.
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Figure 7. (a) Averaged parameter dependencies on date, where blue indicates a completely frozen
lake and sustained negative air temperature, red — open water, orange — after the appearance of first
ice, and green — positive air temperature and the onset of polynya formation. (b) Dependence of DS
statistical characteristics on ice cover thickness. The blue curve represents the averaged data, and the

red curve — polynomial approximation.

For a comparative analysis of the influence of ice cover formation/break-up on the
reflected radar signal, the Sea of Okhotsk water area was selected, where analogous statisti-
cal parameters were examined for the same period. The spatial boundaries of the study
area (red line) and the distribution of specular reflection points (blue squares) within the
test site are presented in Figure 8. The study area is a rectangular test site located in the
Sea of Okhotsk water area and adjacent regions between the mainland coast of Khabarovsk
Krai and the northern part of Sakhalin Island. The test site is bounded by coordinates
54.9-56.2° N and 139.5-141.7°E.
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Figure 8. The red line indicates the test site boundaries; squares represent specular reflection points
on the surface.

For monitoring ice conditions and determining the timing of stable ice cover formation,
Figure 9 presents images acquired by the MODIS spectroradiometer, which allow tracking
the spatiotemporal dynamics of ice formation in the study area of the Sea of Okhotsk.
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Figure 9. Images of the test site from MODIS data onboard the Aqua satellite with the study area
boundary indicated by the red line.

After filtering, 4,736 points remained across 240 tracks for the period from September
2023 to August 2024. To quantitatively assess the evolution of the reflected signal DS shape
for the Sea of Okhotsk test site, analogous statistical parameters were calculated. Figure 10
presents the dependencies of the Doppler spectrum maximum, width, and kurtosis on the
measurement date. Similarly, block averaging was applied to the obtained dependencies.

Figure 10 shows that in the case of sea ice cover, a clear correlation between the values
of statistical characteristics and the dates of ice cover growth is evident.

The obtained results indicate that freshwater ice cover exerts a significant influence on
the statistical parameters of the Doppler spectrum. A dependence of peak power, DS width,
and kurtosis coefficient on freshwater ice thickness was identified, which fundamentally
distinguishes the properties of the signal reflected from freshwater ice from that reflected
from sea ice.

In the case of sea ice, reflection occurs at the air-ice interface. First-year sea ice has
high salinity (¢ ~ 4-10 depending on salinity and temperature [Shokr and Sinha, 2015]),
which results in a relatively high air-ice power reflection coefficient (0.11-0.27) and strong
absorption within the brine-rich ice layer that prevents signal penetration to the ice-water
interface. Therefore, the signal does not experience attenuation with varying ice thickness,
and the DS width and kurtosis coefficient for sea ice remain stable regardless of thickness.

In contrast, for freshwater ice (gjce = 3.2 at L-band [Matzler, 1998]), the air—ice power
reflection coefficient is only about 0.08, meaning that most of the signal penetrates the ice
layer. Reflection primarily occurs at the ice-water interface (eyaer ~ 87 at 0°C), where the
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Figure 10. (a) From top to bottom: dependence of DS maximum, dependence of DS width, and
dependence of kurtosis coefficient on date. (b) Same dependencies as in (a) after moving average

smoothing.

reflection coefficient reaches approximately 0.46. Consequently, after complete ice cover
formation and sustained negative air temperatures from January 4, 2024, the peak power
began to decrease with increasing ice thickness, which is attributed to signal attenuation
during propagation through the freshwater ice layer, as well as volume scattering from
internal inhomogeneities. The Doppler spectrum width also decreased during the freezing
period, indicating changes in geometric scattering conditions along with increasing ab-
sorption. During the spring melting period (April-May), the peak power remained nearly
unchanged. These estimates are consistent with observations reported in [Duguay et al.,
2002; Matzler and Wegmiiller, 1987].

A number of limitations of the present study should be noted. ERA5 reanalysis data
were used for ice cover thickness estimation rather than direct in situ measurements, which
introduces additional uncertainty into the quantitative relationships between ice thickness
and Doppler spectrum parameters. Furthermore, the spatial and temporal data coverage
from the FY-3E satellite is determined by the random distribution of specular reflection
points, which limits the uniformity of sampling. The study also did not consider the
influence of snow cover, which may introduce additional signal attenuation and scattering,
particularly under conditions of snow wetting during the spring period.
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4. Conclusion

This study demonstrated, for the first time, the capability of spaceborne GNSS-R
measurements at L-band for monitoring the full seasonal cycle of freshwater ice cover
on a large inland water body. Using data from the GNOS-II instrument onboard the
FY-3E satellite over Great Slave Lake (September 2023 — August 2024), it was shown that
the statistical parameters of the Doppler spectrum — width and kurtosis coefficient — are
sensitive to ice cover formation, growth, and break-up processes. A monotonic decrease
in spectrum width with decreasing temperature was established, and a dependence of
peak power and kurtosis on freshwater ice thickness was identified. Comparative analysis
with sea ice in the Sea of Okhotsk revealed a fundamentally different behavior of the
reflected signal, attributed to the difference in dominant reflection interfaces: the ice—~water
boundary for freshwater ice versus the air-ice boundary for saline sea ice.

The results suggest that GNSS-R Doppler spectrum analysis can serve as an effective
tool for operational freshwater ice monitoring, complementing existing remote sensing
methods with the advantages of L-band measurements: independence from cloud cover,
illumination conditions, and weather. Future research will be directed toward validating
the identified patterns on other freshwater water bodies using in situ ice thickness mea-
surements, extending the analysis to multi-year time series to assess climate trends, and
investigating the influence of snow cover on signal characteristics.
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