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Assessing the Freeze/Thaw States in Arctic Circle
Using FengYun-3E GNOS-R: An Initial

Demonstration and Analysis
Xuerui Wu , Xinqiu Ouyang , Shengli Wu , Fang Wang , and Zheng Duan

Abstract—In this article, we present the first demonstration of
the FengYun-3E (FY3E) Global Navigation Satellite System Oc-
cultation Sounder II-Reflectometry (GNOS-R) payload’s capacity
to detect near-surface soil freeze/thaw (F/T) states. This study
offers an initial analysis of the F/T retrieval algorithm applied to
data collected from the Arctic Circle, underscoring the GNOS-R’s
potential to deliver long-term near-surface soil F/T products. Data
for the period extending from the launch day of GNOS-R (Day of
Year (DOY) 179, 2021) to DOY 270 in 2022 were analyzed using the
surface reflectivity (SR) ratio factor to discriminate F/T variations.
Comparisons were made with soil moisture active passive (SMAP)
F/T products, serving as an auxiliary analysis. We found a strong
consistency between SR ratio factor and SMAP F/T values, with
the accuracy of the F/T retrieval algorithm exceeding 60%. These
findings corroborate the efficacy of the GNOS-R payload aboard
FY3E in monitoring F/T patterns at higher latitudes, specifically,
the Arctic Circle. The outcomes of this study will be beneficial for
future F/T detection efforts using spaceborne Global Navigation
Satellite System-Reflectometry payloads.

Index Terms—Arctic circle, freeze/thaw (F/T) retrieval, Global
Navigation Satellite System Occultation Sounder II-reflectometry
(GNOS-R), Global Navigation Satellite System-Reflectometry
(GNSS-R), soil moisture active passive (SMAP).
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I. INTRODUCTION

THE freeze/thaw (F/T) cycle, a phase change process of
water and ice, occurs annually in approximately 60% of

the global land near-surface soil [1], [2]. The spatiotemporal
characteristics of this F/T cycle play a crucial role in various
environmental processes, including vegetation growth, energy
balance, water dynamics, greenhouse gas exchange, and over-
all ecosystem functioning. Understanding the F/T status of
near-surface soil is not only a sensitive indicator of climate
change but also essential for assessing soil moisture dynamics
in cold regions [3], [4].

While traditional methods can accurately describe the F/T cy-
cle at a point scale and provide ground information for validation
purposes, they are limited in their applicability to large-scale
and long-term trend analyses [5]. Therefore, there is a need for
remote sensing techniques that can capture F/T dynamics over
extensive areas and extended time periods.

Satellite remote sensing technology has proven successful
in studying various environmental phenomena at regional and
global scales. The principle on how remote sensing can be used
to monitor F/T dynamics is briefly described as follows. The
dielectric constant of liquid water (with a relative dielectric
constant of 81) significantly differs from that of ice (with a
relative dielectric constant of about 3–4). As the soil undergoes
melting, the phase transition of ice to liquid water increases the
soil’s dielectric constant. Consequently, this leads to an increase
in soil reflectivity or a decrease in soil emissivity [6]. Notably, the
low-frequency band (<10 GHz) of microwave remote sensing
exhibits high sensitivity to water phase transitions, providing
a theoretical foundation for F/T inversion using passive mi-
crowave remote sensing technology.

In recent years, Global Navigation Satellite System-
Reflectometry (GNSS-R) has gained attention as a new method
of remote sensing operating at L-band. GNSS-R utilizes re-
flected signals from navigation systems to monitor various
geophysical parameters [7]. One of the promising applications
of GNSS-R is the detection of near-surface soil freezing and
thawing characteristics [8]. Researchers have explored the effec-
tiveness of GNSS-R technology in monitoring soil F/T charac-
teristics by employing microwave scattering models, global po-
sitioning system (GPS) multipath models, and GPS bistatic radar
equation models. They have verified the potential of GNSS-
Interference Reflectometry (GPS-IR) technology for monitoring
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soil F/T characteristics, supported by correlation analyses using
International GNSS Services station data [9].

The concept of GNSS-R was even extended to the mal-
functioning soil moisture active passive (SMAP) radar. Re-
searchers successfully collected GPS L2C signals using a spe-
cial data processing method, known as SMAP-Reflectometry
(SMAP-R), by tuning the SMAP radar receiver bandwidth to
1227.45 MHz [10]. SMAP-R demonstrated the potential to
quantify changes in high-latitude soil F/T states at kilometer-
scale resolution, as evidenced by a 10-dB seasonal difference
in the signal-to-noise ratio observed in boreal wetland observa-
tions [10]. Similarly, TechDemoSat-1 (TDS-1) data have been
analyzed and compared with SMAP F/T data, showing a large
seasonal cycle in calibrated reflectivity that aligns effectively
with SMAP F/T data [11], [12].

In specific regions like the Qinghai–Tibet Plateau and South
America, researchers have utilized Cyclone Global Navigation
Satellite System (CYGNSS) and SMAP data to monitor near-
surface F/T characteristics and analyze the impact of snow
depth [13], [14]. Results have demonstrated the effectiveness
of CYGNSS in monitoring surface soil F/T status. In addition,
the CYGNSS mission has been employed in three high-altitude
target areas (the Tibet Plateau, the Andes, and the Rocky Moun-
tains) to calculate the number of frozen and thawed months per
year, yielding successful outcomes [15], [16].

In this study, we focus on the application of the FengYun-3E
(FY-3E) satellite’s Global Navigation Satellite System Occul-
tation Sounder (GNOS-II) payload to study the F/T state of
the Arctic Circle for the first time. Launched on July 10, 2021,
GNOS-II consists of eight reflection channels, capable of receiv-
ing signals from GPS, Beidou Navigation System (BDS), and
Galileo navigation satellites simultaneously. While GNOS-R
has been utilized for studying ocean state parameters, soil mois-
ture, and sea ice thickness, its application in studying surface
F/T states is relatively unexplored [17], [18], [19], [20]. This
article employs GNOS-R data from July 10, 2021, to September
27, 2022, to investigate the F/T state of the Arctic Circle.

The rest of this article is organized as follows. Section II
describes the datasets used in this study. Section III presents the
theoretical fundamentals underlying the GNOS-R methodology.
Section IV outlines the methodology employed and presents the
results of the F/T state analysis. Finally, Section V concludes
this article and offers suggestions for future research directions.

II. DATASETS

A. Study Area

The focused area for this study is the Arctic Circle, defined
as an imaginary circle with a latitude of 66◦34′ N. It serves as
the boundary between the northern cold zone and the northern
temperate zone and is complementary to the ecliptic angle (the
latitude value of the Tropic of Cancer). The Arctic climate is
characterized by long cold winters and short cool summers, with
diverse climate changes. Winter temperatures average around
−20 ◦C, reaching as low as −33◦ in many places. In summer,
temperatures range from −10 to 10 ◦C. In 2022, the maximum
temperature in the Arctic Circle reached 38 ◦C. Due to the
extreme cold, the Arctic Circle has limited biological species

Fig. 1. Land cover and land use map in the Arctic Circle.

diversity. The corresponding land cover and land use map for
the Arctic Circle are presented in Fig. 1, which is calculated
from MODIS data of Year 2019 [21].

B. FengYun-3E GNOS-R

The FY-3E satellite is part of the FengYun satellite family and
is the first early morning orbit satellite in the series. It carries
a total of 11 payloads, including the GNOS-II payload, which
combines GNSS-Radio Occultation and GNSS-R capabilities.
In this context, the specific payload used for GNSS-R is referred
to as GNOS-R. It is worth noting that future FY-3 satellites,
such as FY-3F, FY-3G, and FY-3H, are also scheduled to carry
GNOS-R payloads. GNOS-R has the capability to receive sig-
nals from multiple global navigation systems simultaneously,
including GPS, BDS, and Galileo. Specifically, the GNOS-R
sensor can receive GPS L1 C/A, BDS B1I, and GAL E1B signals.
This enables the delivery of multi-GNSS reflection products
to users. Unlike NASA’s CYGNSS mission, which focuses on
cyclone monitoring, GNOS-R has global coverage due to its
orbit inclination of 98.8◦. This global coverage capability makes
it suitable for the potential detection of surface soil F/T status
in the Arctic Circle. By utilizing GNOS-R data, it is possible
to study the F/T state of the surface in the Arctic Circle, taking
advantage of its wide coverage area. Here, the Level 1 (L1) data
of GNOS-R are employed, while data for the period extending
from the launch day of GNOS-R (Day of Year (DOY) 179, 2021)
to DOY 270 in 2022 were analyzed.

C. Soil Moisture Active Passive

The SMAP satellite was launched by NASA on January 31,
2015. It is the second satellite dedicated to soil moisture obser-
vation, following the SMOS satellite launched by the European
Space Agency [22]. SMAP is equipped with two instruments:
an active L-band radar sensor and a passive L-band microwave
radiometer sensor. These instruments are used to observe soil
moisture and determine the F/T state of the same area. SMAP
provides a range of data products, including 15 major data prod-
ucts. The L1 data products consist of corrected radar backscatter
cross section and radiometer brightness temperature data. The
Level 2 (L2) data products are soil moisture products obtained



276 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

from the L1 data products through inversion algorithms that
utilize auxiliary data. The Level 3 (L3) products combine daily
L2 soil moisture products with F/T data. Finally, the Level 4
products are derived data products aimed at effectively address-
ing specific scientific problems.

SMAP’s data products offer valuable information about soil
moisture and the F/T state, providing insights into the dynamics
of the earth’s surface. These data products are derived from the
combination of radar and radiometer measurements, and they
play a crucial role in various scientific applications and research
related to soil moisture and F/T processes. Here, we employ the
L3 F/T data of SMAP to work as ancillary data for analysis. The
spatial resolution of these data is 36 km, while the time periods
of SMAP data just cover the ones of GNOS-R.

III. THEORETICAL FUNDAMENTALS

A. Dielectric Constant Model

The dielectric constant of soil is influenced by various factors,
including soil properties (such as texture, organic matter con-
tent, and salinity), water content, temperature, and frequency.
Among these factors, temperature variations play a significant
role in the transformation of soil F/T processes. The F/T process
is essentially a phase change of liquid water within the soil.
During the soil freezing process, not all the water in the soil
freezes. Some water remains unfrozen due to capillary action and
adsorption on the soil particles’ surfaces. This unfrozen water
content gradually decreases as the temperature decreases and
vice versa. Accurately estimating the unfrozen water content is
crucial for developing a dielectric model for frozen or thawed
soil.

Currently, the dielectric model for F/T soil is an extension of
the Dobson model [23]. The Dobson model is a well-known
dielectric model that describes the relationship between soil
moisture content and the dielectric constant of unfrozen soil. The
extension of this model, i.e., Zhang–Zhao model, incorporates
the effects of frozen water content and temperature on the
dielectric constant by considering the unfrozen water content
and temperature; the dielectric constant model for F/T soil
can provide estimates of the dielectric properties of soil under
different F/T conditions [24], [25]. This model is essential for
understanding and quantifying the electromagnetic properties of
frozen or thawed soil, which is crucial for various applications,
including remote sensing, soil moisture retrieval, and environ-
mental studies in cold regions
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ε ′ and ε′′ are the real part and the imaginary part of the dielectric
constant, respectively, and the subscripts of m, s, fw, and i
represent the moist soil, mineral particles, liquid water (con-
taining free and bound water), and ice, respectively. Subscripts
u and i represent volume proportion unfrozen water and ice,

respectively. α is the shape factor. β′ and β′′ are empirical
parameters related to soil texture to express the effect of bound
water; the parameterization scheme for unfrozen water content
represents it as a function of temperature (absolute difference
from freezing point), initial (maximum) water content, and
minimum unfrozen water content. The relationship between the
real part and the imaginary part of the dielectric constant with
the soil temperature is shown in Fig. 1. We can see that there is
an apparent change as the soil change from frozen state to the
thaw state.

B. Surface Reflectivity (SR) at Long-Range (LR) Polarization

Utilizing the dielectric constants of both frozen and thawed
soil, we can derive the associated SR. It is widely acknowledged
that coherent scattering reflectivity plays a pivotal role in dis-
cerning the frozen or thawed state of surface soil. To quantify this
phenomenon, we employ the subsequent equations to compute
the surface coherent reflectivity. Specifically, we consider the
Fresnel reflectivity for both vertical and horizontal polarizations,
as outlined below

rh =
cos θ −

√
ε− sin θ2

cos θ +
√

ε− sin θ2
(3)

rv =
ε cos θ −

√
ε− sin θ2

ε cos θ +
√

ε− sin θ2
(4)

where θ is the incidence angle, ε is the complex dielectric
constant, and the subscriptsh and v demonstrate the polarization
state.

The investigation of SR for GNSS-R studies often centers
around LR polarization. By utilizing linear combinations of the
vertical and horizontal polarization Fresnel reflectivity, we can
derive the equations that govern the SR for LR polarizations, as
follows [22]:

ΓLR =
(ε− 1)2cos θ2

(
ε− sin θ2

)
(
ε cos θ +

√
ε− sin θ2

)(
cos θ +

√
ε− sin θ2

)2 .

(5)

C. LAGRS-FT Model for Delay Doppler Mapping Waveform

The LAGRS model, standing for Long-Range Advanced
GNSS-R Simulator for Delay Doppler Mapping (DDM), serves
as an extensive spaceborne GNSS-R observables simulator. This
model enables the computation and simulation of DDMs, which
constitute the ultimate outputs of spaceborne GNSS-R observ-
ables [26], [27]. Notably, the LAGRS model was originally de-
signed to calculate various land surface geophysical parameters,
encompassing soil, vegetation, and flood conditions. In addition,
a dedicated module is incorporated into LAGRS for the specific
purpose of detecting surface soil F/T states [28].

A distinguishing feature of this F/T detection module, in
comparison to other components within LAGRS, lies in the
formulation employed for calculating dielectric constants and
reflectivity. The methodologies for frozen and thawed soil are
elaborated upon in Sections III-A and III-B, respectively. A
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Fig. 2. Dielectric constant of real part (left figure) and imaginary part (right figure) versus the soil temperature at different soil moisture content for GPS L1
frequency band.

schematic representation of the theoretical foundations govern-
ing soil F/T detection is depicted in Fig. 2. Leveraging infor-
mation regarding soil texture, moisture content, temperature,
bulk density, and shape factor, we can deduce the physical
and dielectric properties of the soil. Subsequently, the model,
as detailed in Section III-A, facilitates the determination of
dielectric constants for both frozen and thawed soil.

By incorporating parameters such as transmitter and receiver
velocities and positions, the observation geometry can be ascer-
tained. This, in turn, enables the computation of the specular
incidence angle. As a result, the SR for LR polarization can
be obtained using (5). The LAGRS F/T model calculates DDM
observables, which are subsequently employed to differentiate
between near-surface frozen and thawed states. The flowchart
for the theoretical fundamentals of soil F/T detection is presented
in Fig. 3.

IV. RESULTS AND DISCUSSION

A. SR Estimation

The original observation of GNSS-R is DDM, which is used
to retrieve the final geophysical parameters. The DDM gen-
erated by the GNOS-R receiver is nonuniform in comparison
to the standard uniform DDM from the TDS-1 and CYGNSS
L1 products; the purpose of this design is to gain additional
sampling around the specular point. In order to do the following
discrimination for surface soil F/T detection, we will employ
the peak values of DDM. While we call this value as SR, its
equation for the final calculation is like the following [19]:

Γ(θ) =
(Rr +Rt)

2(PDDM −N)

FR2
tR

2
r4π

(6)

whereΓ is the SR,Rr andRt are the distances from the specular
points to the receiver and the transmitter, respectively, PDDM is
the peak DDM power, N refers to noise, and F is the DDM
bistatic radar cross section factor, and it can be defined as

F =
λ2PtGtGr

(4π)3R2
tR

2
r

. (7)

B. Definition of Discriminant Algorithms

A seasonal threshold algorithm (STA) is developed and
employed for the retrieving F/T surface state from CYGNSS

measurements [15]. The STA algorithm is to estimate the present
SR (SRpre) in the fixed time series with the SR at the frozen
(SRmin) and thawed (SRmax) states, while the maximum and
minimum SRs in the frozen state and thawed states are set as the
reference data. We will call this definition as SR ratio factor

ΔSR(t) =
SRpre − SRmin

SRmax − SRmin
. (8)

During our calculations, we take the average of the top five
highest reflectivity values within the time series as SRmax, while
the average of the five lowest reflectivity values within the time
series as SRmin. With this algorithm, we can calculate the frozen
or thawed state. SRmin and SRmax are presented in Fig. 4(a)
and (b), and the corresponding threshold for the final discrim-
inant is presented in Fig. 4(c). It should be mentioned that
apparent SR difference can be seen from Fig. 4(a) and (b) that
the SR in summer [see Fig. 4(a)] is larger than that in winter
[see Fig. 4(b)], which is due to the higher specular reflectivity
in summer.

C. Discriminant Results

Based on the land cover and land use data provided in the
preceding section, our analysis focuses on classifying the land
surface within the Arctic Circle into five distinct types: barren
(exposing bare soil), LowVeg (with low vegetation covering the
soil), Forest (encompassing forested areas), snow/ice, and water
surfaces. However, for the subsequent analysis, we concentrate
solely on three land surface types, i.e., Barren, LowVeg, and
Forest, because these kinds of land cover types are more related
to the soil F/T status. Fig. 5 shows the SR during the studied
time periods for these three types of land surfaces.

An evident cyclic pattern in SR becomes apparent from
Fig. 5, relating to the three mentioned land surface types. As
anticipated, generally lower reflectivity values associated with
lower permittivity have been obtained during winter months.
Conversely, higher reflectivity values have predominantly been
observed in areas with a greater proportion of thawed pixels
(higher permittivity). As the transition occurs from summer to
winter or vice versa, SR values progressively shift from higher
to lower values and vice versa. This cyclic SR variation for
GNSS-R aligns with the phenomenon demonstrated in TDS-1’s
pioneering work [11], the initial paper illustrating the feasibility
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Fig. 3. Flowchart for the theoretical fundamentals of soil F/T detection. The blue boxes indicate the models employed for the soil F/T detection, while the green
ones are the main features of the fundamentals and the ones without colors are inputs (left part) and outputs (right part) of the models. Here, DDM is short for
delay Doppler map, which is the final observable of GNOS-R payload.

Fig. 4. SR at (a) summer, (b) winter, and (c) the final threshold.
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TABLE I
NUMBER OF FROZEN PIXELS AND EFFECTIVE PIXELS, DATA FOR THE PERIOD EXTENDING FROM THE LAUNCH DAY OF GNOS-R (DOY 179, 2021) TO DOY 270 IN

2022

Fig. 5. SR data for three types of land surfaces in Arctic Circle. (a) Barren.
(b) LowVeg. (c) Forest.

of utilizing spaceborne GNSS-R for detecting surface soil F/T
conditions.

Fig. 6 illustrates the relationship between SR ratio factors and
SMAP F/T values. Remarkably, we observe an inverse periodic
trend between the SR ratio factors employed in generating the
surface soil F/T discriminant map and the SMAP-derived F/T
values. The latter values, extracted from SMAP data, serve
as indicators for surface soil F/T conditions. This coherence
between the SR ratio factors and SMAP F/T values validates
the use of SR ratio factors as reliable discriminant indicators for
surface soil F/T conditions. The conclusive results are depicted
in Figs. 7 and 8, with one representative subfigure highlighted,
focusing on the period from DOY 331 to 344 in the year 2021.
The alignment between these figures is notably good, confirming
their consistency.

In addition, we delve into quantitative analysis, particularly
for colder days within two distinct periods: DOY 317–359 in
the year 2021 and DOY 345 in the year 2022. Fig. 9 presents
the results of this analysis, showcasing correct discrimination

Fig. 6. SR ratio factors (left Y -axis) and the SMAP F/T values (right Y -axis)
for three types of land surfaces [(a) barren, (b) LowVeg, and (c) Forest] in Arctic
Circle during the periods of July 10, 2021 to July 10, 2022. The DOY is used to
represent the date during the studied period in the X-axis.

Fig. 7. Surface soil frozen state calculated from SMAP for the period DOY
331–344 in the year 2021, while the red point means the frozen pixel.

percentages. Impressively, correct discrimination percentages
exceed 60%, with a significant portion surpassing the 70% mark.

To further illuminate our findings, we provide Table I, offering
the corresponding counts of frozen pixels and effective pixels
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Fig. 8. Surface soil frozen state calculated from F3E GNOS-R for the period
DOY 331–344 in the year 2021. The blue points mean the frozen pixels calculated
from GNOS-R data.

Fig. 9. Quantitative analysis for the colder days during the periods (between
DOY 317 and 359 in the year 2021 and DOY 345 in the year 2022).

during the aforementioned periods (DOY 317–359 in the year
2021 and DOY 345 in the year 2022). Here, the number of frozen
pixels is calculated by adding up all the frozen pixels during that
specified time period. Meanwhile, the number of corresponding
effective pixels refers to all the pixels that are taken into account
for the calculation. This table succinctly encapsulates the data
essential to our quantitative assessment.

V. CONCLUSION

The determination of near-surface soil F/T states holds great
significance, serving as a vital and sensitive parameter for
comprehending climate change dynamics and hydrological pro-
cesses. In this context, the emerging spaceborne GNSS-R tech-
nique offers a promising augmentation to conventional remote
sensing methodologies. Our study focused on F3E GNOS-R
data collected from DOY 179 in the year 2021 to DOY 270 in
the year 2022, encompassing the Arctic Circle. This region
is strategically chosen due to the distinct and periodic F/T
alterations occurring within the surface soil during this time
frame.

Leveraging auxiliary SMAP F/T data, we carried out com-
prehensive analyses. An essential aspect of our study involved

the calculation of an SR ratio factor, aiding in the assessment of
frozen pixels across the Arctic Circle. The noteworthy coherence
achieved between the SR ratio factor derived from GNOS-R
data and SMAP F/T values underscores the reliability of our
approach. Specifically, during the colder periods spanning DOY
317–359 in the year 2021 and DOY 345 in the year 2022, our
method yielded an impressive result: nearly 70% of the correct
discrimination percentages exceeded 70%.

It is important to note that although the discriminant algorithm
presented in this article has yielded promising results, it does not
account for the snow layer’s effects, which has not considered
for almost all of the present spaceborne GNSS-R, such as TDS-1
and CYGNSS. Specifically, a damp snow layer poses a unique
challenge for identifying thawing soil conditions. With its low
reflectivity, it can be easily mistaken for frozen ground. However,
during the melting process, relying solely on reflectivity values
may lead to an inaccurate assessment of snow melt. To overcome
this challenge, it is essential to incorporate appropriate auxiliary
data to detect melting snow accurately. This approach can help
minimize errors and provide more reliable information about
soil thaw cycles.

Our study successfully demonstrates the substantial potential
of GNOS-R in detecting surface F/T conditions. The ability
of GNOS-R to cover global regions enhances its utility for
this purpose, particularly in higher latitude areas—a capabil-
ity not shared by CYGNSS due to its pan-tropical coverage.
The future deployment of GNOS-R payloads on the upcoming
FengYun series satellites holds promise for achieving higher
spatial and temporal resolutions in near-surface F/T products.
As the subsequent polarization GNOS-R payloads are launched
on FengYun series satellites, new polarization information will
provide great potential for the development of discriminant
algorithms that rely on polarization in the form of RR, LR,
and other linear–circular combinations. This advancement will
considerably amplify the practical applications of spaceborne
GNSS-R technology, and the near-surface F/T products based
on the algorithm in this article will also provide commercial
products for global climate and meteorological research. It will
be a valuable addition to the current traditional microwave
radiometer and SAR technology.
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