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Abstract: The transition of the freeze–thaw state of the land surface soil occurs every year with the
season and is closely related to the human living environment. The freezing and thawing changes
of the ground surface have important effects on hydrological activities, meteorological conditions,
and ecological gas dynamics. Traditional monitoring methods have their limitations. In the past two
decades, the emerging GNSS-R/IR (Global Navigation Satellite System-Reflectometry/Interference
Reflectometry) technology has provided a new method for monitoring the surface f state; however,
fewer works have paid attention to the scattering mechanism models in the current study. In this
paper, a forward GNSS multipath model suitable for a complex cold surface is developed. The
dielectric constant model with different surface parameters is added. The calculation of snow layer
attenuation is employed to take the snow cover into consideration. Based on the first-order radiation
transfer equation model, a polarization synthesis method is used to obtain the circularly and linearly
polarized vegetation specular scattering characteristics. The surface characteristics and antenna
model are coupled. A more detailed forward GNSS multipath model of frozen and thawed soil under
complex surface conditions is established. The model is used to simulate and analyze the forward
GNSS multipath (Signal to Noise Ratio (SNR), phase and pseudorange) responses of frozen and
thawed soil under complex surface conditions (soil salinity, snow and vegetation coverage). Studies
have shown that when the soil changes from freezing to thawing due to the change in the phase of
the water in the soil, the dielectric constant and BRCS (bi-static radar cross-section) increase, causing
the increase in the amplitude of the multipath observation. The higher the salinity content, the larger
the amplitude of the multipath observation. The attenuation of the snow cover and the vegetation
layer will lead to the reduction of the multipath observation amplitude. For the first time, the model
developed by this paper reveals the GNSS multipath observation response of frozen and thawed
soil under complex surface conditions in detail, which can provide some theoretical support for
subsequent experimental design and data analysis.
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1. Introduction

As one of the important components of the cryosphere, frozen soil refers to all kinds of
rocks and soils that contain ice and unfrozen water at temperatures of zero degrees Celsius
and below. Frozen soil is divided into seasonal frozen soil and permafrost, which accounts
for 35% of the total land area of the earth. The area of the land surface that undergoes
annual freeze–thaw changes can reach 50 million km2. The freezing and thawing changes
of the ground surface have important effects on hydrological activities, meteorological
conditions, and ecological gas dynamics [1]. As snow and the frozen water from the
soil melt, vegetation begins to grow, snow-covered glaciers begin to melt, river flows
increase, and flooding may occur. The length of the surface melting time is closely related
to the length of the vegetation growing season. The surface freezing time is basically the
same as the seasonal snow cover time. Seasonal frozen soil and permafrost store a large
amount of organic matter containing carbon and nitrogen. The changes in surface freezing
and thawing are closely related to the carbon cycle of terrestrial ecosystems. The sooner
the melting time begins, the greater the net primary productivity and net absorption of
vegetation. Surface freezing and thawing cycles will change the physical properties of the
soil, affect the interaction between the soil and the snowmelt, and influence the water and
heat circulation of the soil. The high-resolution soil freeze–thaw cycle plays an important
role in studying the past distribution of soil organic carbon in the ecosystem and the
earth system [2]. Therefore, it is very important to effectively monitor the spatiotemporal
distribution of the surface freeze–thaw state and its related physical parameters.

The period of freezing and thawing has a strong non-uniformity in spatiotemporal
changes since it will be affected by the temperature difference, topography, and surface
cover types, etc. Meeting the application requirements using monitoring methods that rely
on traditional meteorological stations is difficult, and satellite remote sensing technology
provides a new method. Visible light and thermal infrared remote sensing are limited by
weather conditions, but microwave remote sensing is not affected by clouds and fog, and it
can work day and night. Active/passive microwave remote sensing (radar/radiometer) is
one of the effective means for surface freeze–thaw monitoring [3]. However, traditional
single-station radars and microwave radiometers are expensive, and the spatiotemporal
resolution is far from the actual scientific requirements.

Since GNSS-R remote sensing technique employs the existing GNSS constellations
as the signal source, its cost is low and the power consumption is small [4]. This remote
sensing technique works at L-band, which is suitable for monitoring the surface freeze–thaw
state. Compared with traditional polar orbit satellites, GNSS-R can provide continuous
observation signals for most areas on the surface of the earth. GNSS-R technology will
be a useful supplement to polar orbit satellite observations in space-time resolution and
has attracted more and more attention. The GNSS-R receiver can use direct signals for
positioning and calculation and has self-positioning and self-timing capabilities, so it is
beneficial to data processing, positioning, sensor sleep and scheduling; thus, this technology
makes it easy to enter the geographic information system and easy to form a large-scale
surface freeze–thaw observation network [5,6].

The GNSS-IR (GNSS-Interference Reflectometry) technology directly uses the multi-
path information obtained from the interference signal of the direct signal and the reflected
signal from geodetic quality GNSS receivers to observe the geophysical parameters [7].
This method does not require the development of special receivers and directly uses geo-
physical or earth surveying and mapping receivers. For a typical surveying and mapping
GPS (Global Positioning System) receiver antenna gain, when the elevation angle is less
than 35°, the interferogram information of the direct signal and the reflected signal is
the most obvious; therefore, the multipath information can be used to remotely moni-
tor the geophysical parameters. The spatial resolution of this remote sensing method
is about 1 km, which is between the traditional site sensor (<1 m2) and the spaceborne
observation (>100 km2). This means that thousands of GPS station data can be used for
near-real-time observation of ground geophysical features, and they can provide data for
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environmental science hydrological remote sensing research. The land application fields of
GNSS-IR remote sensing technology mainly involve soil moisture, snow cover thickness
and vegetation water content [8–10].

Larson et al. [7] used the observation data of a station in Colorado to conduct research
and analysis, and they pointed out that there was a linear correlation between the phase
and the near-surface soil moisture [11]; Zavorotny et al. [12] used the GPS reflection
information model to indicate its physical mechanism. Chew et al. developed a bare soil
inversion algorithm based on the previously mentioned physical model [8]. Vey used this
algorithm to establish a time series of soil moisture in South Africa for many years, but his
research found that the RMSE (root-mean-square error) between the measured data and
the soil moisture retrieved by GPS-IR was 0.05 cm3/cm3, the inversion error is large, and
it limited its applications [13]. The study conducted by Chew et al. has pointed out that
the influence of vegetation on the phase should not be ignored. Therefore, the amplitude
information of SNR was used to remove the influence of vegetation, the phase information
of SNR was used for soil moisture retrieval, and this information can also be corrected by
the frequency information of the SNR interferogram [9].

Using GNSS-R/IR technology for surface freeze–thaw state monitoring is a relatively
new application field. Wu et al. pointed out through theoretical analysis that the use
of GNSS-R technology for surface freeze–thaw state monitoring was feasible, and they
adopted the idea of virtual dual-station radar and conducted preliminary verification using
PBO (plate boundary observation) site data to establish the correlation between the surface
freeze–thaw state and multipath observation [14]. Chew et al. used the GNSS-R mode of
SMAP (Soil Moisture Active Passive) data (receiver frequency bandwidth adjustment, etc.)
to conduct a preliminary analysis of surface freeze–thaw state monitoring [15].

Thus far, fewer works have concentrated on the research of GNSS-IR scattering mecha-
nisms. However, more works related to this topic are needed since they are very important
for the interpretation and explanation of receiver observations. Meanwhile, it can be an
efficient tool for the development of quantitative inversion algorithms.

This paper develops and establishes a GNSS multipath model suitable for frozen and
thawed soil under complex surface conditions. Using it as a tool, the effects of different sur-
face parameters and conditions on GNSS multipath observations are analyzed. It provides
a key mechanism tool for GNSS-IR to conduct freeze–thaw monitoring. Section 2 gives
the theoretical formula and fundamentals, Section 3 presents the simulation and analysis
results, and the discussion and conclusions are given in Sections 4 and 5, respectively.

2. Theoretical Fundamentals and Formula

In this paper, we have developed a model that can be used to analyze the effects of
soil salinity, vegetation and snow cover in frozen and thawed soil on GNSS multipath
observations (SNR, phase and pseudorange). Since the dielectric constants are the basic
model inputs, we will show the corresponding models in Section 2.1, while the surface
scattering models are given in Section 2.2. Lastly, with the two above-mentioned models as
inputs, the developed multipath model is presented in Section 2.3.

2.1. Dielectric Constant Models

The soil surface parameters mainly include the physical parameters of the soil (in-
cluding soil texture information and soil moisture) and the dielectric properties of the soil.
The complex permittivity of soil can be expressed as ε = ε1 ` iε2. Where ε1 is the real part,
which means that the refraction and reflection of the waves are occurring on the surface
of two different media, and it is related to the dielectric properties of the medium. The
imaginary part ε2 is related to the attenuation (absorption and conversion) of the incident
electromagnetic waves in the medium.
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2.1.1. Normal Temperature Mixed Soil Dielectric Constant Model

Soil is a dielectric mixture composed of air, solid soil, bound water and free water.
Each component has an important influence on the soil dielectric constant. In this study,
the semi-empirical model proposed by Dobson et al. was used to calculate the dielectric
properties of soil at the normal temperature [16,17]. For soil with a volumetric water
content of mv, the complex dielectric constant can be expressed as follows,

ε “ 1`
ρb
ρs
pεα

s ´ 1q `mvεα
f w ´mv (1)

where α is the shape factor, ρb is the density of the soil block, ρs is the density of the solid
matter in the soil, εα

s is the dielectric constant of the solid matter in the soil, εα
f w is the dielec-

tric constant of pure water. However, for high water content, the model underestimates
the real part of the dielectric constant. For various soil textures and soil water content, the
model underestimates the imaginary part of the dielectric constant. The literature modifies
the model, which can be applied in the case of 0.3–1.3 GHz [18]. For the real part of the
dielectric constant, linear correction is used to correct the previous expression.

ε1 “ 1.15ε2 ´ 0.68 (2)

For the imaginary part, the effective conductivity takes a new form:

σe f f “ 0.0467` 0.2204ρb ´ 0.4111 ˚ S` 0.6614 ˚ C (3)

where S and C are the volume percentage of sand content and clay content, respectively.

2.1.2. Soil Dielectric Constants of Negative Temperature

For frozen soil, due to the phase change of the water in the soil, the calculation of the
dielectric constant has added the calculation of the ice [19]:

Wu “ A ¨ |T´ 273.2|´B (4)

Wu is the non-frozen water content (%). A and B are parameters related to soil texture,
and T is the soil temperature (K). After pulling in the volume percentage of non-frozen soil
moisture, the above formula can be modified as follows:

mvu “ A|T´ 273.2|´Bρb{ρw (5)

where ρb is the block density and ρw is the specific density of water (g/cm3). The volume
content of ice can be defined as follows:

mvi “ pmv ´mvuqρb{ρi (6)

where mv is the total water content and ρi is the specific density of ice (g/cm3). After
multiplying the volume content of ice mvi and the dielectric constant of ice εα

i , the final
dielectric constant of frozen soil can be expressed as follows,

εα = Vsεα
s `Vaεα

a `Vf wεα
f w `Vbwεα

bw `mviε
α
i (7)

where ε is the dielectric constant, V is the volume content of different components, the
superscript α is the constant shape factor, and the subscripts s, a, f w, bw are solid soil, air,
free water and bound water, respectively.
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2.1.3. Dielectric Properties of Saline Soil

Based on the Collie model of electrolyte solution [20], the complex dielectric constant
of various ionic solutions in saline soil can be expressed as:

ε = εw `
ÿ

i

pαiµi ` βiviq ¨ cpSiq (8)

where εw is the complex dielectric constant of water, µi and vi are the complex influencing
factors of the cation and anion of the i-th medium in the mixed medium solution. These
modes are the influence intensity of the cation and anion, respectively, and are related
to the ambient temperature. αi and βi are the number of cations and anions of the i-th
electrolyte, respectively; Si is the salinity of the i-th electrolyte in the solution, and cpSiq is a
function of the concentration of the i-th electrolyte.

2.2. The Impacts of Land Cover

Different vegetation types, vegetation height, coverage, and structure can form differ-
ent canopies. The canopy affects the snow distribution by intercepting snowfall and solar
radiation, which in turn determines the snow melting time, soil temperature, and water
content. Therefore, they will affect the process of soil freezing and thawing. The vegetation
layer and the snow layer are important factors influencing the determination of frozen and
thawed soil. In this section, we will show the calculations of these two factors.

2.2.1. Influence of Snow Cover

The effect of snow on the temperature and humidity of the soil is extremely complex.
Snow cover has a high albedo and adiabaticity, which will cause changes in the surface
energy flux, affect soil temperature and soil freezing and thawing time. On the one hand,
snow melting can change soil moisture; on the other hand, the depth and amount of
infiltration under snow melting are related to the frozen state of frozen soil. At the same
time, studies have shown that changes in snow thickness have an important effect on
ground temperature. In the unstable period, the effect of snowfall on the surface soil
temperature is mainly cooling, and in the stable period, it is mainly thermal insulation. For
snow cover, this paper uses the slab model to calculate the snow attenuation [21].

ks “ 2 ¨ k ¨ |imgp
?

εsq| (9)

τ “ expp´2 ¨ ks ¨ ts{cospθq q (10)

where k is the free space wave number, εs is the snow cover dielectric constant, ts is the
snow temperature, θ is the angle of incidence, and τ is the attenuation factor. This model
neglects scattering in the snow layer and can compute two-way transmissivity of the
snow layer.

2.2.2. Vegetation Canopy Impact

Vegetation coverage will be an important factor affecting the determination of surface
freezing and thawing. Freezing and thawing not only affects the physical and chemical
properties of the soil, biogeochemical cycles but also affects the physiological and ecological
processes of plants through habitat stress or changes in the soil environment, and this
may have an important impact on the productivity of vegetation ecosystems in widely
distributed frozen soil. Soil freezing and thawing are essentially caused by the phase
change of water in the soil. Vegetation cover is the most important influencing factor
to control the soil water and heat cycle. Vegetation can maintain the moisture in the
soil and reduce the surface temperature, thus reducing the maximum seasonal freezing
(thaw) depth.

In this paper, the first-order radiation transfer equation model is used to calculate
the vegetation characteristics [22,23]. We assumed that the incident intensity is Iipθi, ϕiq

and the scattering intensity is Ispθs, ϕsq, where θi, ϕi are the zenith angle and azimuth
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angle of incidence, respectively, and θs, ϕs the zenith angle and azimuth angle of scattering.
After the incident energy is scattered by the particles, the scattered energy intensity and
the incident energy intensity can be connected through the modified Mueller matrix Lm
(modified Mueller matrix).

Ispθs, ϕsq =
1
r2 Lmpθs, ϕs; θi, ϕi; θk, ϕkqIipθi, ϕiq (11)

pθk, ϕkq is the particle orientation, r is the distance between the scattering intensity
and the particle, Lm is the electric field scattering matrix of the particle, and it is defined by
the scattering amplitude S.

2.3. Forward GNSS Fully Polarized Multipath Model

Changes in geophysical parameters, such as snow thickness, vegetation moisture and
biomass, soil moisture, and salinity, can cause changes in multipath information (SNR,
phase, and pseudorange) of GNSS receivers. Therefore, the interference multipath data of
the direct signal and the reflected signal can be used to monitor the ground geophysical
parameters. In this paper, a forward GPS multipath model is used to calculate this charac-
teristic. This model can simultaneously consider the GPS signal polarization, antenna and
ground surface response [24].

Pd “ PR
d GR

d W2
d (12)

Pr “ PR
d |XSWr|

2 (13)

P represents the electric field energy, G represents the antenna gain, W represents
the Woodward ambiguity function, subscript d and r represent the direct and reflected
components, and X is the ground and antenna coupling coefficient.

XR = Rs
b

GR
r exp

´

iΦR
r

¯

(14)

XL = RX
b

GL
r exp

´

iΦL
r

¯

(15)

The superscripts R and L are the RHCP and LHCP polarizations, respectively; Φ is
the interference phase, Rs and RX are the co-polarization and cross-polarization scatter-
ing coefficients, respectively. The commonly used polarization of scattering models are
linear. As for GNSS-IR remote sensing, special circular polarization should be employed.
Therefore, we have employed the polarization synthesis to get the corresponding scattering
properties. In order to obtain the circular polarization scattering coefficients, this paper
uses the method of polarization synthesis [25].

σo
rtpψr, χr, ψt, χtq “ 4πỸr Ip MYt (16)

With this formula (Equation (16)), the bistatic scattering cross-section for any combina-
tions of transmitted and received polarizations can be calculated, where the subscripts t and
r are the transmitted and received polarizations, respectively; Yt and Yr are the normalized
Stokes vectors characterizing the transmitter and receiver polarizations, respectively.

3. Simulations and Analysis

In Section 2, we have presented the theoretical fundamentals and the corresponding
formula to establish the relationship between different surface properties (soil temperature,
salinity, texture, snow and vegetation cover) and the GPS multipath observables.

In the following, we will carry out some simulations and analyses of the effects
of different surface parameters on GNSS multipath observables based on the above-
developed model.
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3.1. Carrier Frequency Effects on Dielectric Constants

The dielectric properties of soil are affected by frequency. At present, the global
GNSS carrier frequency basically covers the L, S, and C frequency bands and can be used
for remote sensing research. Table 1 shows the available frequency points of the current
navigation systems, e.g., GPS, GLONASS, Galileo, Beidou, IRNSS and QZSS [26].

Table 1. Summary of GNSS carrier frequencies.

Constellation Center Frequency Frequency Value (Ghz)

GPS

L4 1.841
L1 1.575
L3 1.381
L2 1.227

GLONASS G1 1.6
G2 1.246

Galileo

E1 1.575
E6 1.278

E5b 1.207
E5 1.191

Beidou

S 2.484
B1 1.561
B3 1.269
B2 1.207

IRNSS
S 2.492
L 1.176
C 6.7

QZSS L1 1.575
L2 1.228

Using the dielectric constant model in Section 2, Figure 1 simulates the relationship
between the real and imaginary parts of the dielectric constant with soil moisture content
at different carrier frequencies. The soil texture information for simulations is 51.5% sand
content and 13.5% clay content. The soil temperature is 25 °C.

It can be seen from Figure 1 that the real part of the dielectric constant decreases
with increasing frequency, and the trend of the imaginary part is just the opposite. At
different frequencies, as the water content increases, both the real and imaginary parts of
the dielectric constant increase. Mostly, the frequency bands of different GNSS systems
almost cover the lower L-band to the higher L-band. As in these carrier frequency bands,
the dielectric constants are almost the same. However, if the frequency bands cover other
frequency bands except for L-band, then the dielectric constants will change more obviously.
Compared with the L-band, the dielectric constants corresponding to the frequencies of the
C-band and S-band have fluctuations in the real and imaginary parts. Given the difference
in real and imaginary parts of the dielectric constant of each navigation satellite system in
the L-band, this paper selects the L1 frequency band of GPS for analysis, since the dielectric
constant at the L-band is almost the same.
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Figure 1. Real part (left) and imaginary part (right) of the dielectric constants versus the volumetric
soil moisture at different GNSS frequency bands.

3.2. Soil Texture Effects on Dielectric Constants

In this paper, five soil texture types are selected to simulate their dielectric properties.
Detailed parameters information are shown in Table 2 [17,18].

Table 2. Parameter settings for five soil textures.

ID Soil Type Vsand (%) Vclay (%)

field 1 Sandy loam 51.50 13.5
field 2 loam 42.00 8.5
field 3 Silt loam 30.60 13.5
field 4 Silt loam 17.20 19
field 5 Silty clay 5.00 47.4

Table 2 shows five different soil textures (sandy loam, loam and silty loam). The main
difference is the sand content and clay content. Using this table as the input of the model,
the relationship between the real part and the imaginary part of the dielectric constant at
the GPS L1 carrier frequency was simulated and analyzed.

From simulations shown in Figure 2, we can see that the real parts of the dielectric
constants for different soil textures vary no more than five, while the variations of the imag-
inary parts are no more than two. The fluctuations of the dielectric constant corresponding
to different soil textures will not affect the surface scattering properties. Indeed, the change
of soil texture will finally cause the change of GNSS multipath observables to a certain
extent, but from the simulations of dielectric constants in Figure 2, these changes on GNSS
multipath observables can be ignored.
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Figure 2. The relationship between the real part and the imaginary part of the dielectric constant
with the soil moisture content under different soil textures.

3.3. Dielectric Constant Difference and Multipath Observation Responses during
Freeze–Thaw Conversion
3.3.1. Dielectric Constant Difference during Freeze–Thaw Conversion

When the soil temperature was converted from negative temperature to positive tem-
perature, the changing relationship of the corresponding dielectric constant was simulated
using the dielectric constant model in Section 2.

Figure 3 shows the relationship between the real part and the imaginary part of the
dielectric constant with the soil temperature under different soil moisture contents. It can
be seen from the figure that when the temperature changes from negative temperature
to positive temperature, there is a significant change in the real and imaginary parts of
the dielectric constant. This apparent change in dielectric constant will eventually cause
changes in the receiver’s multipath observations, which is the root cause of surface freeze–
thaw monitoring using GNSS-IR. For the real part of the dielectric constant, whether it is
negative or positive, the real part of the dielectric constant increases as the water content
increases. For the imaginary part of the dielectric constant, the difference in the imaginary
part of the dielectric constant of different water contents is basically zero at negative
temperature. At positive temperatures, as the water content increases, the imaginary part
of the dielectric constant increases.

3.3.2. Corresponding BRCS Changes during Freeze–Thaw Conversion

The fundamentals for soil F/T detection using GNSS-IR technique are that the dielec-
tric constant of soil will affect the surface scattering properties, and finally, the correspond-
ing multipath information will change. Therefore, the surface scattering properties, which
are represented by Bistatic Radar Cross-Section (BRCS), are very important for the final
analysis. The scattering properties will change as the surface dielectric constant changes.
This section simulates the changes of BRCS when the surface temperature changes with
different polarizations.

Figure 4 shows the relationship between BRCS and elevation angle for different
polarizations. From the figure, it can be seen that when the soil temperature changes from
´1 °C to 1 °C, BRCS increases at various polarizations. For the VV polarization at ´1 °C,
there is a groove caused by the Brewster angle. After this angle, as the elevation angle
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increases, the BRCS increases. As the elevation angle increases, the BRCS decreases at HH
polarization and RR polarization. The BRCS at LR polarization increases as the elevation
angle increases.

Figure 3. Variation of real and imaginary parts of the dielectric constant with soil temperature at
different soil moisture contents.

Figure 4. Variation of BRCS with elevation angle at different polarizations.
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3.3.3. GNSS Multipath Observation Changes during Freeze–Thaw Conversion

When a freeze–thaw transition occurs, it will cause changes in multipath observations.
Figure 5 shows the GNSS multipath observations when the soil temperature is ´1 °C

and 1 °C. It can be seen from the figure that when the temperature changes from negative
temperature to positive temperature, SNR, phase and pseudorange sinusoidal vibration
amplitude decrease, and the vibration curve in the waveform will have a phase shift.
Lomb–Scargle periodograms are computed for GPS multipath signatures. When the soil
temperature changes from negative temperature to positive temperature, the effective
reflectometer height will decrease. This is because when the soil changes from freezing
to thawing, the phase of the water changes, and this will cause the dielectric constant
(Figure 4) and the BRCS (Figure 5) to decrease, which ultimately leads to the decrease of
the amplitudes and effective reflectometer heights of the multipath observation.

Figure 5. The corresponding multipath observations (SNR, carrier phase and code pseudorange) and
effective reflectometer height changes during freeze–thaw conversion.
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3.4. Dielectric Constant Difference and Multipath Observation Response Caused by Salt
Content Change

When freezing and thawing occurs, the salt content in the soil will change dynamically
with time and space. The freeze–thaw cycle of salt is one of the important topics in
cryosphere research. This section simulates the relationship between the corresponding
dielectric constant model, BRCS and GNSS multipath observations when the salinity in the
soil solution changes.

3.4.1. Changes in Dielectric Constant

Figure 6 shows the real and imaginary parts of the dielectric constant as a function of
the soluble salt content in the soil. The figure simulates the real and imaginary parts of the
dielectric constant of the three soil solutions (chloride type soil solution, sulfate type soil
solution and soda soil solution). It can be seen from the simulation in the figure that the
content of soluble salinity in the soil has a great influence on the dielectric constant. With
the increase of soluble salinity, the real part of the dielectric constant decreases and the
imaginary part increases.

Figure 6. Real and imaginary parts of dielectric constant as a function of soluble salt content in soil.

3.4.2. Difference in Dielectric Constant Caused by Changes in Soil Salinity

Different salt contents of three solutions are selected as representatives, and the
corresponding BRCS changes under different polarizations are simulated in this section.
The soluble salinity of chloride type soil solution is 13%, and the corresponding dielectric
constant is 48.0 + 201i; the soluble salinity of sulfide-type soil solution is 60.8%, and the
corresponding dielectric constant is 64.8 + 93.3i; the soluble salinity of soda soil solution is
4.65%, and the corresponding dielectric constant is 76.5 + 14.8i.

In Figure 7, the salinity of the three typical soil solutions varies greatly, the salinity
gradually decreases, and the real and imaginary parts of the corresponding dielectric
constants gradually decrease. It can be seen from the simulation in Figure 8 that the lower
the salt content, the lower the BRCS for various polarizations. BRCS increases with the
elevation angle at VV and LR polarizations, BRCS at HH and RR polarization decreases
when the elevation angle increases.
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3.4.3. Changes in Multipath Observations

This section simulates the relationship between the GNSS multipath observations
(SNR, phase, and pseudorange) and the effective reflectometer height for three different
salty soil solutions.

It can be seen from Figure 8 that changes in the salt content in the soil solution will
cause changes in multipath observation and effective reflectometer height. The higher the
soil salt content, the higher the effective reflectometer height. This is because the increase
in the salt content in the soil will lead to an increase in the dielectric constant (Figure 7),
which corresponds to an increase in the BRCS (Figure 8). The combined effect of these
factors results from the increase of GNSS multipath observation and effective reflectometer
height amplitude (Figure 9).

Figure 7. Variation of BRCS with elevation angle for three soil solutions with different polarizations
(VV, HH, RR, and LR).
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Figure 8. The multipath observation and effective reflectometer height changes for three different
saline soil solutions.

3.5. Changes in BRCS and GNSS Multipath Observations Due to Snow Cover

This section simulates the changes in the corresponding BRCS and the resulting GNSS
multipath observations when the frozen surface is covered with snow and the melting
surface is not covered with snow.

As can be seen from the simulation in Figure 9, when the frozen surface is covered
with snow and the melted surface is not covered with snow, BRCS will have significant
changes. Generally speaking, when the surface of the ground is covered with snow, it will
cause the BRCS to decrease. This is because, on the one hand, the phase of the water in the
soil changes, and on the other hand, the snow layer has an attenuation effect on the GNSS
signal. The BRCS has a groove at the Brewster angle of the VV polarization. After that, as
the elevation angle increases, the BRCS increases, the LR polarization increases with the
elevation angle, and the BRCS at HH polarization and RR polarization decreases with the
elevation angle increase.
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Figure 9. Corresponding changes in BRCS when there is snow cover on the frozen surface and no
snow cover on the melting surface under various polarizations.

Figure 10 simulates the changes in GNSS multipath observations and effective reflec-
tometer height when the frozen surface is covered with snow and the melted surface is not
covered with snow. From the simulation in the figure, it can be seen that when the frozen
surface is covered with snow, due to the change of the water phase and the attenuation of
the snow layer, the BRCS will be reduced (Figure 9), so the corresponding amplitudes of
GNSS multipath observation and effective reflectometer height decrease.
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Figure 10. Changes in GNSS multipath observation and effective reflectometer height when the
frozen surface is covered with snow and the melted surface is not covered with snow.

3.6. Changes in BRCS and GNSS Multipath Observations Caused by Vegetation Cover

This section simulates the changes in BRCS and multipath observations with and
without vegetation cover.

Figure 11 shows the relationship between the BRCS and elevation angle where there
is vegetation cover under various polarizations. From the simulation in the figure, it can be
seen that within a given elevation angle range, for VV polarization, there are scattering
grooves. At the angle before the groove, BRCS decreases with the increase of the elevation
angle, but for the angle after the groove, BRCS increases as the elevation angle increases.
For HH polarization, RR polarization and LR polarization, as the elevation angle increases,
BRCS increases. The attenuation of the vegetation layer causes the BRCS to decrease.
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Figure 11. Variation of BRCS with elevation angles with and without vegetation cover under
various polarizations.

Figure 12 presents the GNSS multipath observation and effective reflectometer height
when there is vegetation cover. It can be seen from the figure that the vegetation coverage
will lead to a decrease in the amplitude of the SNR, phase, and pseudorange vibration,
and the amplitude of the effective reflectometer height. This is because the vegetation
layer will attenuate and scatter the GNSS signals; thus, it will result in a reduction in BRCS
(Figure 11). In this way, it will ultimately lead to a reduction in the vibration amplitude of
the GNSS multipath observation and the amplitude of the effective reflectometer height.
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Figure 12. Changes in multipath observation and effective reflectometer height corresponding to
vegetation coverage.

4. Model Validation

This paper developed a forward GNSS multipath model suitable for frozen and
thawed soil under complex conditions. We compared our models with the previous physi-
cal model developed by Nievinski and Larson (N-L model). As for the N-L model, they are
not oriented to the soil freeze/thaw process detection. While in our developed model, we
expand the model application to a new field, i.e., soil freeze/thaw process detection under
complex surface conditions. The currently applicable conditions of the model include the
effects of freeze–thaw conditions on soil salinity, snow cover and vegetation cover. We
have shown a very thorough illustration of various surface properties to the final GNSS
multipath observables. Meanwhile, as for the N-L model, the authors employed the Fresnel
reflectivity to get the surface scattering properties, while we pay more attention to the
surface microwave scattering properties and have employed the radiative transfer equation
model (vegetation) to get the surface scattering properties.

Since the currently applicable conditions of the model include the effects of freeze–
thaw conditions on soil salinity, snow cover and vegetation cover, verification data are
required to cover the more complex conditions mentioned above. Although there are
hundreds of thousands of public GNSS site data worldwide, for GNSS-IR, the spatial
resolution is 1 km. In the above complex surface conditions and strict spatial resolution, it
is difficult to obtain the publicly available data suitable for the verification of this model.

Therefore, as for the model validation, we have employed the “model validation
model” method. We assume the original N-L model is a correct reference, and we have
validated our improved part by using the N-L model. The verification of this model is
carried out in two parts. One part is the verification of the calculation of the surface reflec-
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tion model. For this part, the angle and polarization of the model are set to the traditional
single-station radar situation. We verify the correctness of the angle and polarization,
and then we infer its correctness at other angles and polarization; the other part is the
verification of the multipath model because the model developed in this paper is based on
the original fully forward polarized GPS multipath model, based on the development of
the foundation; therefore, we verify the improved surface reflection characteristic module
and the original GPS multipath model, and verify the interface connection between the
two. Through this method, the developed model is verified.

5. Conclusions

Thousands of GNSS station data have the potential to observe the surface freeze–thaw
status in near real-time. Compared with traditional polar orbit satellite remote sensing
observations, GNSS-IR technology can provide continuous observation signals, and it
will be a useful complement to polar orbit satellite observations in terms of spatial and
temporal resolution. At the same time, this emerging remote sensing method can also form
a good complement to L-band spaceborne data products, helping to verify and calibrate
spaceborne data tests.

This paper develops and establishes a forward GNSS multipath model suitable for
freezing and thawing ground under complex conditions and uses this as a tool to simulate
and analyze the multipath (SNR, phase and pseudorange) responses of GNSS receivers
under complex conditions. The surface conditions applicable to the model include the freez-
ing and thawing characteristics of saline soil, the freeze–thaw characteristics of unsalted
soil, the characteristics of frozen and thawed soil covered with snow and the characteristics
of frozen and thawed soil covered by vegetation.

Through the above combination, this model can basically analyze the forward GNSS
multipath response under eight kinds of surface conditions. Using this model as a basic sup-
port tool, it can provide a key mechanism tool for the development of GNSS-IR research on
the current surface freeze–thaw characteristics and can provide the theory for receiver data
analysis, signal simulation, inversion algorithm development, and experimental design.
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