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A High Spatiotemporal Resolution Snow Depth
Inversion Solution With Multi-GNSS-IR

in Complex Terrain
Rui Ding , Nanshan Zheng , Georges Stienne , Jiaxing He, Hengyi Zhang, and Xuexi Liu

Abstract—For high spatiotemporal resolution global naviga-
tion satellite system interferometric reflectometry (GNSS-IR) snow
depth monitoring, addressing terrain effects and multi-GNSS
data fusion together is essential due to their coupling. Ana-
lyzed multi-GNSS spatiotemporal availability to ensure coverage
and revisit rate. Improved data usage and inversion accuracy
through complete ensemble empirical mode decomposition. Cor-
rected anisotropic terrain errors using digital elevation model to
account for varied reflection footprints. A grid was established
for data partitioning and fusion. Considering intersystem errors,
the proposed signal peak ratio weighting (PRW) fusion of single-
system inversions is based on signal quality. Then, by using inverse
distance weighting, the multi-GNSS results were fused, achieving
high-accuracy, hourly snow depth inversions with high spatial
resolution. With terrain correction, the correlation coefficient (R)
reached 0.984, root mean square error (RMSE) 0.136 m, and mean
error (ME) –0.060 m, reduced by 9.05% and 24.84%. PRW further
enhanced accuracy, increasing R to 0.985, reducing RMSE 14.6%
to 0.128 m, improving ME 40.57% to –0.047 m. Grid fusion effec-
tively integrated multi-GNSS data, showing daily R 0.865, RMSE
0.102 m, ME –0.050 m. Across season, R 0.984, RMSE 0.134 m, ME
–0.065 m. Compared to equal weighting, R improved 4.72% and
3.05%, RMSE reduced 26.09% and 14.10%, ME decreased 28.57%
and 16.44%. Hourly results achieved 94.44% coverage, averaging
5.19 usable tracks, demonstrating effectiveness. Overall, this article
presents an end-to-end solution for high spatiotemporal resolution
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snow depth inversion using GNSS-IR, and the methodology can be
extended to other geophysical parameter retrievals.

Index Terms—Global navigation satellite system interferometric
reflectometry (GNSS-IR), multi-GNSS, snow depth, terrain.

I. INTRODUCTION

SNOW is the most widely distributed component in the
cryosphere, characterized by pronounced interannual and

seasonal variations. It can influence local and even distant cli-
matic changes by affecting the surface energy balance, water
cycle, and atmospheric circulation patterns [1], [2], [3]. Tra-
ditional ground-based snow depth detection methods, though
precise, have limited monitoring scope. While satellite-borne
passive microwave methods can monitor vast snow depth vari-
ations, they are affected by saturation effects [4], [5]. In re-
cent years, with the proliferation of satellite information, the
technology of global navigation satellite system reflectometry
(GNSS-R) has garnered widespread attention. This technique
enables all-weather monitoring of surface parameter changes
within an area of 1000 square meters surrounding existing
GNSS stations [6]. The GNSS-IR method was initially used
for altimetry [7]. The authors in [8], [9], [10] were the first
to apply GNSS-IR technology for snow depth measurement,
and experimental results indicated a consistency between the
signal-to-noise ratio (SNR) frequency of the reflected signal
and snow depth. Based on the forward model proposed by
Nievinski et al. [11], [12], [13], many scholars began to use
data from different systems and frequency bands for snow depth
inversion. To enhance spatial and temporal resolution of snow
depth inversion, [14] experimented with data from multiple
stations in the L1 frequency band and compared the results with
those from the L2C band, finding that data quality determined
the inversion accuracy. Research from [15], which used L2P data
from three stations for snow depth inversion, found that although
the accuracy was not as good as L2C, it was robust enough
to supplement L2C when data were lacking. Tabibi et al. [16]
employed field measurements and simulation methods to com-
pare the impact of different physical parameters (like reflective
surface height, surface material, and surface roughness) on snow
depth inversion using the L5 signal and found that there was
virtually no difference between inversion results from L5 and L2
GPS signals. Qian and Jin [17] conducted snow depth inversion
using SNR from GLONASS satellite’s L1 and L2 frequency
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bands. Experimental results were in good agreement with field-
measured snow depth and showed no significant difference when
compared to inversion results using GPS satellite data. Finally,
Tabibi et al. [18] leveraged signals independently received from
eight French GNSS stations to propose a daily snow depth
time series algorithm based on a signal-specific variance factor.
Compared to individual signals, this optimal statistical combi-
nation method can significantly improve the accuracy of snow
depth inversion. Yu et al. [19] introduced a novel method that
combined satellite data, empirical models, and existing snow
measurement systems to improve the accuracy of snow depth
and snow water equivalent estimations. An et al. [20] proposed
an improved method for estimating snow depth by introducing
wavelet decomposition before spectral analysis of GNSS ob-
servational data, and for the first time analyzed the impact of
rainfall on snow depth estimation. Wang et al. [21] employed
a robust regression method to combine signals from different
satellite constellations for snow depth inversion. Experimental
results indicate that this method can reduce uncertainties, and its
accuracy is improved by up to 50% compared to single-signal
methods. However, existing data fusion methods lack consider-
ation for signal data quality and the precise location of reflection
points.

Regarding the impact of errors in GNSS reflected signals on
the accuracy of snow depth inversion, An et al. [20] introduced
a snow depth inversion algorithm based on wavelet decomposi-
tion. Zhou et al. [22] proposed a snow depth inversion method
incorporating variational mode decomposition (VMD). Li et al.
[23] presented a snow depth inversion algorithm combining non-
linear least squares fitter with fast Fourier transform. Yet, exist-
ing research neglects the effects of the surrounding environment
and topography of GNSS stations, and such oversight can cause
significant loss in inversion accuracy and data utilization rates.
Boniface et al. [24] compared the gridded snow estimates from
the snow data assimilation system with the snow depth inver-
sion values from GPS-IR at approximately 100 plate boundary
observation stations in the western US. It was found that these
two different datasets produced significantly different results.
The analysis identified distance from the measurement point,
topographic variations, and differences in vegetation as reasons
for the discrepancies. Vey et al. [25] studied the impact of wind
on snow depth and conducted experiments, with results indi-
cating that the GNSS-R technology’s inversion of snow depth is
minimally affected by wind, which can be considered negligible.
Zhang et al. [26] proposed a grid method model to correct the
impact of topographic variations on snow depth inversion. Zhang
et al. [27] introduced a novel snow depth inversion method using
GNSS tri-frequency carrier phases. This method leverages a
density-based spatial clustering approach combined with noise
algorithms and reflective surface topography features to estimate
snow depth. Wan et al. [28] introduced a physical model to
correct the influence of surface tilt on snow depth. Zhang et al.
[29] used data from 13 GNSS stations to propose a snow depth
retrieval framework considering different surface materials (dry
grass, wet grass, concrete). Zhou et al. [22] and Zheng et al.
[30] established height baselines for different azimuth angles for
slope correction. However, topographic changes are irregular,

Fig. 1. Current research status of the three strategies in snow depth inversion.

Fig. 2. Differences between this article and existing research.

and the topography within each azimuth angle doesn’t remain
consistent.

In summary, terrain error is a major factor affecting snow
depth inversion accuracy, while multi-GNSS data availability
provides the basis by ensuring coverage (spatial resolution) and
revisit rate (temporal resolution) surrounding the site. However,
each reflected signal has a different effective reflection footprint,
and is affected by anisotropic terrain, posing huge challenges
for high spatial resolution snow depth inversion and requiring
consideration of microtopography influences on each effective
reflection zone. Therefore, we need to correct terrain errors in
order to ensure reliability of the GNSS signals in each reflection
zone. After obtaining abundant reliable high spatiotemporal
resolution reflected signals, how to fuse the multi-GNSS signals
is key. Although some studies have examined terrain geometry,
clustering/data fusion, and grid-based modeling, as Fig. 1 shows,
they have not addressed terrain error impacts and multi-GNSS
data fusion simultaneously—which is necessary for high spa-
tiotemporal resolution, accurate snow depth estimation. Build-
ing on this, our study adapts existing research methodologies for
distinct purposes, as illustrated in Fig. 2, to achieve high spa-
tiotemporal resolution snow depth inversion from the following
four aspects:
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Fig. 3. Surrounding environment of site P351. (a) Locations of P351 and
Station SNOTEL490. (b) Effective monitoring area of P351. (c) Eastern side of
Station P351. (d) Southern side of P351. (e) Western side of P351. (f) Northern
side of P351.

1) The temporal and spatial reproducibility of multi-GNSS
signals and their accuracy analysis.

2) Microterrain error correction for reflected signals based
on digital elevation model (DEM).

3) Data fusion methods for single-system, single-frequency
satellite data based on signal peak ratio weighting (PRW).

4) Multisystem data fusion methods based on a grid ap-
proach.

The rest of this article is structured as follows: Section II
introduces the experimental data and site conditions surrounding
the observation area. Section III presents the proposed multi-
GNSS-IR snow depth inversion method with high temporal and
spatial resolution that incorporates terrain error correction. The
necessity of this method for snow depth study is analyzed using
both simulated and field data. In Section IV, the effectiveness
of the proposed method is verified using field data, and its
generalizability is further validated using data from other sites.
Finally, Section V summarizes the key contributions.

II. SITE AND DATASET

In this study, GNSS observation data from site P351, a part of
the plate boundary observatory (PBO), situated in central Idaho,
USA (43.87441°N, 114.71916°W) at an elevation of 2692.6 m,
was utilized. Its altitude leads to over 200 days of snow coverage
annually. The site employs the SEPT POLARX5 receiver and
the Trimble Choke Ring w/Tallysman LNA antenna, with a data
sampling rate of every 15 s. Snow depth references were sourced
from the snow telemetry (SNOTEL) station 490,1 positioned
northwest of P351 (43.87497°N, 114.71363°W). Fig. 3 depicts
the environment around P351, showcasing prominent terrain
variations and limited vegetation, with only a few trees that
might marginally affect signal reception at certain azimuths.
This setting meets the criteria for conducting snow depth inver-
sion at high spatiotemporal resolutions. GNSS data from P351
spanning day of the year (DOY) 193 of 2020 to DOY 180 of
2021 was analyzed. Notably, the median antenna height during

1Online. [Available]: https://wcc.sc.egov.usda.gov/reportGenerator/

the snow-free period of DOY 193 to DOY 233 in 2020 was
considered as the station’s antenna height. Data from DOY 240
in 2020 to DOY 180 in 2021 contributed to the snow depth
inversion.

III. TERRAIN-CORRECTED MULTI-GNSS-IR METHOD FOR

HIGH-RESOLUTION SNOW DEPTH INVERSION

We implemented the proposed high spatiotemporal resolution
snow depth inversion solution with Multi-GNSS-IR in complex
terrain following the flowchart in Fig. 4.

A. Principle of Snow Depth Inversion Using GNSS-IR and the
Impact of Terrain Errors

Fig. 5 illustrates the geometric model of GNSS-IR. In
Fig. 5(a), where the surface is horizontal, e is the incident angle,
and the path delay of the reflected signal relative to the direct
signal is δs = D1−D2. When the surface is tilted, assuming
the tilt angle of the reflecting surface is θ, as shown in Fig. 5(b),
the incident angle g is as follows:

g = e+ θ. (1)

H and Ht represent the vertical distances from the horizontal
reflecting surface and the tilted reflecting surface to the antenna
phase center, respectively.

Based on the geometric model, the path delay of the reflected
signal relative to the incident signal is as follows:

δs = D1−D2 =
Ht

sin g
− Ht cos 2g

sin g
= 2Ht sin g. (2)

The carrier phase offset between the reflected signal and the
direct signal is as follows:

δϕ(t) =
2π

λ
δs =

4πHt sin g

λ
(3)

where λ denotes the wavelength of the GNSS carrier.
The reflected signal SNR is as follows:

SNRr = cos δϕ(t)
2AdAr

N0
=

2AdAr

N0
cos

(
4πHt sin g

λ

)
(4)

where Ad represents the amplitude of the direct signal, and
Ar represents the amplitude of the reflected signal. For most
receivers, the value of is –205 dBW/Hz.

SNRr can be simplified as a cosine function:

SNRr = Ax cos(2πftxt) (5)

where the frequency of the function is ft = 2Ht/λ, and the
variable is xt = sin g.

The frequency ft of SNRr can also be obtained by spectral
analysis, thereby the antenna height Ht can be calculated as
follows:

Ht = λft/2. (6)

HGt is the distance from the receiver antenna phase center
to the bare reflecting surface. After snowfall, the distance HSt

from the receiver antenna phase center to the snow surface can

https://wcc.sc.egov.usda.gov/reportGenerator/
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Fig. 4. Flowchart of the proposed solution for high spatiotemporal resolution snow depth inversion.

Fig. 5. Geometric model of GNSS-IR snow depth inversion. (a) Schematic
of the geometric model when the surface is horizontal. (b) Schematic of the
geometric model when the surface is tilted.

be calculated using the same method, and the snow depth SDt

is as follows:

SDt = HGt −HSt =
λ (fGt − fSt)

2
. (7)

As shown in (1)–(6), snow depthSDt can be calculated as long
as the terrain slope θ is known. The terrain slope θ at different
locations surrounding the station can be computed based on the
DEM.

1) Analysis of Terrain Errors and Correction Algorithm:
Many studies did not focus the influence of the terrain sur-
rounding GNSS observation stations. In this research, based on a
forward propagation physical model, we simulated SNR data for
scenarios with an effective antenna height of 2 m, terrain slopes
ranging from –15° to 20°, and two different surface conditions:
bare ground and snow depth of 0.4 m. We then plotted the
inversion errors in Fig. 6. Fig. 6 shows clear differences in
inversion errors between snow-free periods and snowy periods.
However, in practical inversion processes, the impact of terrain
on antenna height during spectral analysis is often disregarded,
which to some extent affects the accuracy of the inversion.

As an example, we selected GNSS data from the P351 and
GPS satellite PRN1 S2L for DOY 190 of the year 2020. We
analyzed the influence of terrain on the reflected signal for

Fig. 6. Influence of terrain on snow depth inversion.

satellites with a slope of 5° and azimuths between 30° and 60°,
as shown in Fig. 7. In Fig. 7(a), the red line represents the SNR
reflected signal before terrain error correction, while the blue line
represents the SNR reflected signal after terrain error correction.
It is evident that, compared to the signal before correction, the
signal after terrain error correction shifts noticeably to the right
along the x-axis. The horizontal coordinate range corresponding
to the signal before terrain error correction is approximately
sin (25°) – sin (5°) ≈ 0.335, whereas the horizontal coordinate
range corresponding to the signal after terrain error correction is
approximately sin (30°) – sin (10°) ≈ 0.326. It can be observed
that the frequency ωt of the signal after terrain error correction
becomes higher than that of the signal before correction, as sin
(30°) – sin (10°)< sin (25°) – sin (5°). The spectral analysis plots
before and after correction are shown in Fig. 7(b), where the
red line represents the spectrum analysis before correction, and
the blue line represents the spectrum analysis after correction.
Similarly, the spectral curve after correction is shifted to the
right relative to the one before correction, and the difference in
antenna height corresponding to the peak value of the spectrum
after correction and the antenna height before correction is
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Fig. 7. Influence of terrain error correction on the reflected signal. (a) Comparison of SNR reflected signals before and after terrain error correction. (b) Comparison
of spectral analysis before and after terrain error correction.

approximately 6 cm. Errors caused by significant terrain slopes
at stations with steep slopes cannot be ignored, highlighting the
necessity of terrain error correction during GNSS-IR snow depth
inversion.

B. Analysis of GNSS Track Availability and Reflective Region
Variations

To enhance the spatiotemporal resolution of GNSS-IR snow
depth inversion, it is imperative to comprehensively utilize mul-
tisystem GNSS signals. Classical snow depth inversion meth-
ods did not consider terrain anisotropy or the spatiotemporal
reproducibility characteristics and data quality from different
satellites impacting the inversion results. To improve GNSS data
utilization rate and achieve high spatiotemporal resolution inver-
sion while avoiding system errors between different satellites
and trajectories, this study preprocesses SNR sequence data.
This includes obtaining starting azimuth angle, ending azimuth
angle, starting elevation angle, ending elevation angle, and the
median values of azimuth and elevation angles for each SNR se-
quence. These are then classified by satellite sequence numbers.
Subsequently, based on starting and ending elevation angles,
the SNR sequences are divided into ascending and descending
trajectories. Lastly, SNR sequence data with similar trajectories
(those starting within 5° of each other—this value can be deter-
mined according to the desired spatiotemporal resolution) are
grouped. The multi-GNSS signals used in this paper all come
from MEO satellites. The satellite orbital altitudes are as follows:
for the GPS system, 20,200 km with an operational period of
11 h 58 min and a revisit period of 1 day; for the GLONASS
system, 23 616 km with an operational period of 14 h 4 min and
a revisit period of 11 days; for the Galileo system, 23 616 km
with an operational period of 14 h 4 min and a revisit period
of 11 days; and for the BeiDou system, 21 528 km with an
operational period of 12 h 50 min and a revisit period of 7 days.
It is worth mentioning that if the ground station can receive data
from BeiDou navigation satellite system (BDS) IGSO and GEO
satellites, their data availability needs further consideration [31],
[32].

1) Analysis of GPS Satellite Track Availability: The site
P351 used in this section can receive the L1C and L1W signals of
the GPS satellite’s L1 band, the L2L and L2W signals of the L2
band, and the L5Q signal of the L5 band. Previous studies [14],
[15], [33] have shown that the L1W and L2W are not effective
for snow depth inversion; hence, only the L1C, L2L, and L5Q
signals are used. To distinguish different satellite systems, GPS
satellites are represented with “G” instead of PRN, e.g., G1
represents PRN 1 of the GPS system. GLONASS satellites
are denoted by R, Galileo by E, and BDS by C. Due to data
gaps, preprocessing is required before inversion. The required
SNR observations of S1C, S2L, and S5Q from the L1C, L2L,
and L5Q bands respectively are extracted from the observation
file. Satellite navigation files and observation files are used to
compute the elevation and azimuth angle information of the
satellite concerning the station. It was found that out of 32 GPS
satellites during the selected period, most satellites did not have
data gaps. However, satellites G11, 14, and 23 were missing
data for over 50 days, affecting subsequent inversions. After
extracting SNR observations from all satellites, it was found that
all 32 satellites had S1C values, 21 satellites had S2L (excluding
G2, 11, 13, 14, 16, 18, 19, 20, 21, 22, 23), and only 13 satellites
(G1, 3, 4, 6, 8, 9, 10, 24, 25, 26, 27, 30, 32) had S5Q values.
The selected satellite elevation angle range for this study was
5°–25°.

We excluded satellites with trajectory differences between
snow-free and snow periods during classification. Ultimately,
21 satellites with a total of 58 trajectories were selected, in-
cluding 29 ascending and 29 descending trajectories. Trajectory
diagrams of a single satellite and all satellites for the GPS
system are shown in Fig. 8. Fig. 8(a) displays the trajectory
of satellite G8. It can be observed that the G8 satellite has
four trajectories. Two ascending trajectories are around azimuth
angles of 137.7° and 320.5°, represented by upright triangles,
while two descending trajectories are approximately at 42.4°
and 245.4°, depicted by inverted triangles. Fig. 8(b) shows
trajectories of all GPS satellites; the x-axis represents satellite
sequence numbers with positive values for ascending trajectories
and negative for descending trajectories. The y-axis represents
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Fig. 8. Trajectory diagrams of a single satellite and all satellites for the GPS system. (a) Trajectory diagrams of satellite G8. (b) Trajectory diagrams of all GPS
satellites.

Fig. 9. Trajectory diagrams of a single satellite and all satellites for the GLONASS system. (a) Trajectory diagrams of satellite R1. (b) Trajectory diagrams of all
GLONASS satellites.

the median azimuth angles of all satellite trajectories. Different
colors and shapes symbolize different GPS satellites, with solid
shapes indicating ascending trajectories and hollow shapes indi-
cating descending. Noticeably, there are no trajectories between
azimuth angles 0°–30° and 330°–360°. Descending trajectories
are primarily between 30° and 90°, and most between 270° and
330° are ascending, with just one descending. Trajectories are
fairly evenly distributed in other azimuth ranges. Considering
the total trajectory distribution across all azimuth angles, each
range has at least four trajectories, with some having up to eight
trajectories.

2) Analysis of GLONASS Satellite Track Availability: The
site P351 can receive signals from 24 GLONASS satellites. All
of these satellites can emit R1 band signals, and the receiver
received the S1C and S1P signals from all 24 satellites. Apart
from satellites R6 and R10, the other 22 satellites can also emit
S2C and S2P signals in the G2 band. In subsequent experiments,
snow depth inversion was performed using the four SNR data
types: S1C, S1P, S2C, and S2P. Preprocessing revealed trajectory
variation issues with satellites R9, R21, and R22, so data from
these three satellites was not used. Due to different inclination

angles and orbital periods, GLONASS satellite trajectories differ
significantly from GPS trajectories. Fig. 9 shows the trajectories
for a single GLONASS satellite and all GLONASS satellites.

Fig. 9(a) shows that satellite R1 has 22 trajectories, with 11
ascending and 11 descending orbits. These trajectories are fairly
distributed. Due to the large inclination angles of GLONASS
orbits, trajectories are present near 30° and 330° azimuth, un-
like GPS. As seen in Fig. 9(b), the azimuth angle differences
between two adjacent ascending or descending trajectories for
the same satellite are approximately consistent, around 30°.
Different satellites have consistent trajectory distributions, with
overall azimuth angle differences within 10°. It’s noticeable that
the trajectory counts within 0°–30°, 30°–90°, 270°–300°, and
330°–360° azimuth ranges are fewer, with counts of 24, 21, 24,
and 22, respectively. The 30°–60° and 180°–210° ranges have
more trajectories, with counts of 60 and 58, respectively. Other
ranges have 40–50 trajectories.

3) Analysis of Galileo Satellite Track Availability: The re-
ceiver at the site P351 can receive signals from 21 satellites
within the Galileo system, specifically satellites E1-5, E7-9,
E11-13, E15, E19, E21, E24-27, E30, E31, and E33. The receiver
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Fig. 10. Trajectory diagrams of a single satellite and all satellites for the Galileo system. (a) Trajectory diagrams of satellite E1. (b) Trajectory diagrams of all
Galileo satellites.

Fig. 11. Trajectory diagrams of a single satellite and all satellites for the BDS system. (a) Trajectory diagrams of satellite C11. (b) Trajectory diagrams of all
BDS satellites.

can pick up the S1C signals in the E1 band, S5Q signals in
the E5a band, S7Q signals in the E5b band, S8Q signals in
the E5 (E5a+E5b) band, and S6C signals in the E6 band from
these satellites. Therefore, five types of SNR data were used
for snow depth inversion. Compared to the GPS and GLONASS
systems, the trajectories of the Galileo system are more scattered,
with less clear inter-satellite trajectory relationships. Due to
substantial data gaps in satellites E2 and E33, only 19 satel-
lites were ultimately used for inversion. The trajectory plots
of the E1 satellite and all 21 Galileo satellites are shown in
Fig. 10.

In Fig. 10, the 19 Galileo satellites used for inversion have
a total of 364 trajectories. The trajectory counts in the 60°–90°
and 270°–300° ranges are fewer, with 26 and 22, respectively.
Other azimuth ranges contain between 30 and 50 trajectories.

4) Analysis of BDS Satellite Track Availability: The site
P351 receiver can receive signals from 21 BDS satellites. Specif-
ically, satellites C11, C12, and C14 have data in the B1–2
band’s S2I, the B3 band’s S6I, and the B2b band’s S7I. Satellites
B19–B30 and B32–B37 possess data in the B1 band’s S1P, the
B1–2 band’s S2I, the B2a band’s S5P, and the B3 band’s S6I.

The trajectory plots for the C11 satellite and all 21 BDS system
satellites are shown in Fig. 11.

Fig. 11 shows the 18 BDS satellites had a total of 320 trajecto-
ries. The trajectory counts within the 60°–90°, 90°–120°,210°–
240°, and 240°–270° ranges are fewer, with 18, 22, 25, and 20,
respectively. Other azimuth ranges have an average of about 40
trajectories.

5) Analysis of Effective Reflection Zone Variations: As satel-
lite trajectories vary, Fresnel reflection zones also change con-
tinuously. These regions are influenced not only by satellite
elevation angles but also by surface slope and variations in
snow depth, as demonstrated in Fig. 12. Fig. 12(a) displays the
variations in the Fresnel reflection zones at a 2 m antenna height
under different elevation and slope angles. The red, green, and
blue ellipses in the figure represent the Fresnel reflection zones
at elevation angles of 5°, 15°, and 25°, respectively. Different
slope angles of the Fresnel reflection zones are separated by
black dashed lines, with the x-axis representing the slope angle,
which varies from –15° to 15° in 5° increments. At –15° slope,
there is only a blue ellipse, and at –10° and –5° only blue
and green ellipses are present. This occurs because the receiver
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Fig. 12. Variations of Fresnel reflection zone. (a) Variation of the Fresnel reflection zone with elevation angle. (b) Variation of the Fresnel reflection zone with
inclination angle.

cannot receive satellite signals at those slopes. Fig. 12(a) also
demonstrates that the size of the Fresnel reflection zone is
significantly affected by surface slope. Furthermore, Fresnel
reflection zone size is directly proportional to antenna height. As
snow accumulates, antenna height decreases along with Fresnel
reflection zone size. Fig. 12(b) shows that the variations in
the Fresnel reflection zone at a 15° elevation angle, consider-
ing antenna height and surface slope. From Fig. 12, a refined
snow depth inversion algorithm that takes into account surface
characteristics and changes in the effective reflection area is of
paramount importance.

C. High Spatiotemporal Resolution Snow Depth Fusion
Inversion Method

1) Data Quality Control: To address the issue of reflected
signal disturbances caused by environmental noise and base
thermal noise, we employed various advanced signal decom-
position methods to more accurately extract the reflected sig-
nal components, laying the foundation for subsequent spectral
analysis and snow depth inversion. Specifically, we adopted a
second-order polynomial fitting [34], [35] to capture the main
trends in the SNR data; in the wavelet transform (WT) [22], [36],
[37], we used the coif5 wavelet base from the Coiflet wavelet
family to handle signal edges and denoise; in VMD [38], [39],
[40], the Lagrange multiplier was set to 0.01, the penalty factor
was set to 1000, and the number of modes was set to 9; in the
complete ensemble empirical mode decomposition (CEEMD)
method [41], we introduced a white noise amplitude of 0.2 and
averaged it 20 times to balance reconstruction accuracy and
computational complexity. These optimized parameters ensure
efficiency and accuracy under various data conditions.

We implemented data quality control with precision control
criteria illustrated in Table I. In Table I, the mean elevation
angle, representing the average between the starting and ending
elevation angles for that segment. Since the “double-peak” phe-
nomenon [42], [43] frequently occurs during spectral analysis of
the reflected signal, which severely affects the extraction of the
main frequency, the peak ratio, representing the ratio between the
primary and secondary peak values, serves as a quality control

TABLE I
QUALITY CONTROL PARAMETERS OF REFLECTED SIGNALS

criterion that can better filter out the double-peak phenomenon to
some extent; the higher the secondary peak, the smaller the peak
ratio. Signal quantity is the SNR signal counts of a reflection
signal segment.

2) Single-System Single-Frequency Data Fusion Method
With Signal Peak Ratio Weighting: Though data were prelim-
inarily filtered based on the peak ratio during quality control,
this step merely aims to eliminate potential gross errors. The
data after filtration may still contain certain inaccuracies. A
higher peak ratio corresponding to the inversed antenna height
means better data quality. If the peak ratio of inversed snow
depth is close to the set value during preliminary screening, the
accuracy of the snow depth value would be relatively worse.
Hence, we introduced a peak ratio linear normalization method
for weighting. After the preliminary screening, the weight of the
snow depth corresponding to the maximum peak ratio is set to
1, and the weight for the minimum peak ratio is set to 0. The
weight formula wpn

is given as follows:

wpn
=

pn − pmin

pmax − pmin
(8)

where pn is the peak ratio corresponding to the antenna height
inversed by the nth set of data, pmax is the maximum peak ratio,
and pmin is the screening threshold. Snow depth inversion value
after terrain correction is normalized and fused by peak ratio
weighting to obtain single-system results.

3) Multi-GNSS Weighted Fusion Snow Depth Inversion
Based on Grid Method: To further improve spatiotemporal
resolution after acquiring high-precision single-system results,
we proposed a weighted fusion of the terrain-corrected, single-
frequency snow depth inversion results for the four GNSS
systems through grid-based methods. After the terrain error
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Fig. 13. Principle of the gridding method.

correction, for each reflected arc segment, we obtain its median
elevation angle, median azimuth angle, and the inclination angle
corresponding to the median azimuth angle. The snow depth
value inversed from the nth reflected arc segment is denoted as
Gn.The position of the Fresnel reflection zone can be calculated
based on the information corresponding to that arc segment.

The steps for snow depth inversion through grid-based mul-
tisystem fusion are as follows: First, the area surrounding the
site is processed using a polar coordinate grid system, with the
site’s location serving as the center of the polar coordinates.
Based on the precision requirements, the effective reflection
zones are delineated. Subsequently, the positions of all arc
segments within the Fresnel reflection zones are determined.
Fig. 13 shows an example of a 5 m × 15° grid. Traverse all
grids and match them with the reflection zones. Every grid is
matched with the reflection zones, and the snow depth inversion
values corresponding to each reflection zone within the grid are
weighted to obtain the SD(i, j):

SD (i, j) =

∑N
n=1 wn ·Gn∑N

n=1 wn

(9)

where wn is the weight of Gn, and the calculation formula for
wn is as follows:

wn = 1− D − 2cn
2an − 2cn

(10)

where D represents the sum of the distances from the grid point
to the two foci of the Fresnel reflection zone, 2cn is the focal
length of the ellipse, and an is the semi-major axis of the ellipse.

The snow depth inversion value B for a single day is the
average of the snow depths of all grid points, calculated as
follows:

SDg = mean (SD (i, j)) . (11)

TABLE II
RESULTS OF FOUR REFLECTION SIGNAL EXTRACTION METHODS

IV. RESULTS AND DISCUSSION

A. Data Quality Control and Selection of Reflection Signal
Extraction Method

In this experiment, we selected the SNR data from the L1
band of the GPS system from DOY 193 in 2020 to DOY 180
in 2021 at site P351 for snow depth inversion. The inversion
results are shown in Table II. It can be seen from Table II that
during the experimental period, 22 859 arcs were obtained from
32 satellites of the GPS system. Using the LOPF method, after
quality control, the number of arc segments remaining was 10
717, with a data utilization rate of 46.88%. When employing
WT, CEEMD, and VMD methods, the number of usable arc
segments after quality control were 12 488, 12 686, and 13 930,
respectively, with data utilization rates of 54.63%, 55.50%, and
60.94%, respectively. It is obvious that compared to the LOPF
method, the three SNR reflection signal extraction methods
can improve the data utilization rate by 16.53%, 18.37%, and
29.98%, respectively. The inversion results of all four methods
can effectively capture the trend in snow depth changes. How-
ever, the traditional LOPF method yielded relatively inferior
results, with a correlation coefficient (R) value of 0.831 and
root mean square error (RMSE) of 0.088 m. In contrast, the
WT, CEEMD, and VMD methods have shown significant im-
provements over the LOPF. Among them, the CEEMD method
performed the best, with an R value of 0.932 and RMSE of 0.07
m, reducing the RMSE of the LOPF by 0.018 m, an improvement
of 20.5%. This proves that these three methods can address
the multipeak problem in spectral analysis to a certain extent.
Among these three methods, the VMD method had the best
improvement in data utilization rate but with minimal accuracy
improvement. Overall, CEEMD seems to be the better choice.
Hence, in the following experiments, the CEEMD method was
chosen for extracting reflection signals.

B. Visibility of GNSS Trajectories and Their Inversion Results

Although, theoretically, one trajectory is enough to inversely
derive snow depth, not all trajectories can effectively yield snow
depth due to signal quality issues. After conducting experiments
on the data from various trajectories, it was found that the
azimuth angle location has a significant impact on snow depth
inversion. Additionally, the revisit cycles of satellites from dif-
ferent GNSS systems vary. Therefore, based on the visibility of
GNSS satellite trajectories, we segmented the data at intervals
of 5° for clustering. Using classical methods, we inversed all
GNSS data of P351 station from the DOY 193 in 2020 to the
DOY 180 in 2021. The inversion results for each system every
five degrees and their trajectory counts are shown in Fig. 14.
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Fig. 14. GNSS snow depth inversion results based on the classical method. (a) Inversion results of the GPS system. (b) Inversion results of the GLONASS system.
(c) Inversion results of the Galileo system. (d) Inversion results of the BDS system.

The size of the circles in the figure indicates the R value of this
interval, the color represents the RMSE, and the radial length
indicates the number of GNSS trajectories. Azimuth angles with
no satellite reflection signals are represented by a bold black line
on the outermost part of the figure.

From Fig. 14(a), the GPS system has 60 available trajectories,
of which 19 trajectories located in the azimuth angle intervals
of 55°–75°, 85°–100°, 215°–260°, and 300°–310° exhibit good
inversion results. Their mean R value is above 0.97, with an
RMSE consistently less than 0.16 m, making up 31.67% of
the available trajectories. Fig. 14(b) shows that the GLONASS
system data generally provides better inversion results, with
a substantial number of available trajectories reaching 380.
Among them, 160 trajectories within the azimuth angle ranges
of 55°–75°, 105°–120°, 205°–260°, 270°–295°, and 305°–315°
yield inversion results with an RMSE below 0.16 m, constituting
42.11% of the available trajectories. In Fig. 14(c), the Galileo
system’s inversion accuracy is somewhat lacking, especially
in the 260°–320° interval. However, it compensates for the
shortcomings of the GPS and GLONASS systems, which display
lower inversion accuracy and fewer available trajectories in the
150°–210° range. From Fig. 11(d), the BDS system’s perfor-
mance exhibits smaller fluctuations, similar to GLONASS, but
higher accuracy between 50° and 100°.

C. Analysis of Single Frequency GNSS Signal Inversion
Results

Due to factors such as signal strength, the inversion accuracy
of signals from various bands is not uniform. The combination of
multi-GNSS may not necessarily improve snow depth inversion
accuracy. Consequently, we compared the inversion accuracy of
individual band signals, as shown in Fig. 15.

For the GPS system, S1C, S2L, and S5Q SNR data can
effectively be used to inverse snow depth, with R values all
greater than 0.98. Among them, the S2L exhibits the best snow
depth inversion performance with an R of 0.987, RMSE of 0.175
m, and ME of –0.107 m. The S5Q is next in line in terms of
effectiveness, while the S1C inversion results are relatively the
least accurate. For the GLONASS system, S1C has the poorest
inversion results with R of 0.977 and RMSE of 0.185 m. In
contrast, the S2P presents the best inversion results, registering
R of 0.986 and RMSE of 0.163 m. For the Galileo system, the
S1C produces the best inversion results with R of 0.984, RMSE
of 0.17 m, and ME of –0.102 m. The S5Q displays the least
impressive performance with R of 0.967, RMSE of 0.224 m,
and ME of –0.130 m. For the BDS system, the S2I band shows
the best performance with R of 0.983 and RMSE of 0.171 m,
while the S5P band lags with R of 0.971 and RMSE of 0.212 m.
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Fig. 15. Inversion accuracy of individual band signals.

Fig. 16. Snow depth inversion results for the optimal frequency bands. (a) Inverted snow depth values and errors for the optimal frequency bands. (b) Scatter
plots of the inverted values against reference values.

Furthermore, Fig. 16 shows the snow depth inversion values and
their respective errors (indicated by the shade corresponding to
the inversion value colors) for each system. It can be seen that
the inversion results of all four systems are consistent with the
reference snow depth value, effectively capturing the trends in
snow depth variations. The inversion performs better when snow
cover is shallow. When snow depth reaches a certain level, the
inversion error increases. Notably, the Galileo system SIC signal
exhibits substantial fluctuations, followed by the GPS system
S2L signal. Although the GLONASS system S2P signal shows
less variability, it tends to underestimate snow depth. In contrast,
the BDS system S2I signal demonstrates superior performance
both during snowy and nonsnowy periods. Thus, we selected
GPS S2L, GLONASS S2P, Galileo S1C, and BDS S2I signals
for subsequent experiments.

D. Results of Terrain Error Correction

We computed the slope using the high-precision topographi-
cal map around the P351 site and plotted it in Fig. 17. Based
on the positions of the reflection point trajectories and their
corresponding slopes, we conducted a terrain error correction
for the reflected signals. This correction was applied to the
optimal bands of the four systems. As shown in Fig. 17, the three-
dimensional (3-D) surface at the top represents the slope values
around the P351 site, while the flat plane at the bottom represents
the DEM values. DEM data from the USGS 1/9 arc-second
digital elevation models product,2 as part of the 3-D elevation
program, has a RMSE of 0.53 m. The snow depth inversion

2Online. [Available]: https://cires1.colorado.edu/portal/

https://cires1.colorado.edu/portal/
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TABLE III
SNOW DEPTH INVERSION RESULTS WITH TERRAIN ERROR CORRECTION OF THE OPTIMAL BANDS
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Fig. 17. DEM (bottom) and slope map (top) around the P351 site.

results for the four bands are shown in Fig. 18. Fig. 18(a) shows
the snow depth inversion results after terrain correction for the
SNR data from four bands. Fig. 18(b)–(e) illustrate the correla-
tion of inversion results before and after terrain error correction.
Gray circles and lines represent inversion results obtained using
classical methods (CMs). To make it more noticeable, a red
line is used to represent the fitting line of the inversion results
after terrain error correction. It can be seen that the terrain
error correction algorithm can effectively inverse snow depth,
improving the accuracy of all bands. Especially in deep snow
scenarios, the corrections appear more effective. From Table III,
after terrain error correction (TEC), the R values from snow
depth inversion of the four GNSS signals are comparable to
traditional methods. However, the RMSE decreased by 0.014,
0.012, 0.018, and 0.010 m, respectively, with improvement rates
of 9.0%, 8.3%, 10.8%, and 7.6%. The ME decreased by 11.63%,
49.4%, 4.50%, and 40.6%. After terrain error correction, the
inversion results for the BDS S2I signal are the best, followed
by the GLO S1C signal. The results for the GPS signal and the
GLO signal are slightly inferior.

E. Signal Peak Ratio Weighting (PRW)

Within a single area, there are often multiple reflection signal
trajectories from different satellites, each with varying signal
qualities. To fully utilize the surface information conveyed by
these multiple signals to inverse the most accurate snow depth
values, we use a PRW algorithm based on terrain error correc-
tion. Peak ratio indicates data quality, with higher ratios meaning
better antenna height inversion. Snow depths near the screen-
ing threshold have lower accuracy. We introduced peak ratio
normalization for weighting to account for quality variations.
The terrain-corrected inversions are weighted by peak ratio then
fused, improving snow depth accuracy. In this section, PRW data
fusion experiments were carried out based on the SNR data of
the four systems for P351 from the DOY 240 in 2020 to the DOY
180 in 2021. The results are displayed in Fig. 19 and Table IV.

Fig. 19(a) presents the snow depth inversion results after PRW
for the four bands. Fig. 19(b)–(e) compare the inversion results of
the PRW method with those from the CM. The results indicate
that the peak ratio weighting algorithm further enhances the
accuracy of snow depth inversion. Compared to the terrain error
correction algorithm, the RMSE decreased by 4.3%, 6.8%, 6.1%,
and 7.4%, respectively. When compared to the CM there is a
significant improvement in RMSE, with reductions of 12.9%,
14.6%, 16.3%, and 14.4%, respectively. Moreover, the snow
depth inversion algorithm, based on terrain error correction and
PRW, has comparable R values to traditional methods, but the
ME decreased by 27.9%, 55.7%, 22.5%, and 64.1%. Overall,
the BDS S2I signal still performed best, followed by the GLO
S1C signal, with the GPS and GLO systems being slightly less
effective.

To verify the applicability of the method in this article, we
conducted experiments using the SNR data of GPS system L1C
band from the DOY 240 of 2015 to the DOY 180 of 2016 at
sites P350 and P682. Both P350 and P682 sites are part of the
PBO network. The terrain around the P350 site is significantly
undulating, with an approximate 10° upward slope to the west
and a 6° downward slope to the southeast; the P682 site is
characterized by a notable east-west inclination of about 8°,
with a 5° upward slope to the south and a relatively flat northern
direction. Fig. 20 and Table V compare the snow depth inversion
results between the CM and the PRW method for sites P350 and
P682. It can be seen that the inversion accuracy of the two sites
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Fig. 18. Snow depth inversion results with terrain error correction of the optimal bands. (a) Time series of snow depth inversion values for the optimal bands.
(b)–(e) Scatter plots of the inversion values against the SNOTEL references. SD represents the SNOTEL references. CM denotes the results of the classical method.

Fig. 19. Snow depth inversion results with peak ratio weighting of the optimal bands. (a) Time series of snow depth inversion values for the optimal bands.
(b)–(e) Time series comparison between the inversion values and the classical method results.

TABLE IV
SNOW DEPTH INVERSION RESULTS WITH PEAK RATIO WEIGHTING OF THE OPTIMAL BANDS
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Fig. 20. Inversion results of the verification experiment. (a) Inversion results of P350 site. (b) Inversion results of P682 site.

Fig. 21. Snow depth inversion map after grid-based weighted fusion. (a)–(f) Snow depth inversion results for the DOY 50, 100, 150, 200, 250, and 300.

has been significantly improved after terrain error correction and
PRW. For P350 site, the R value increased by 0.06, and the RMSE
reduced from 0.187 to 0.150 m (an improvement of 19.8%). For
P682 site, the R value increased by 0.04, and the RMSE reduced
from 0.094 to 0.079 m (an improvement of 16.0%).

F. Multi-GNSS Snow Depth Inversion With High
Spatiotemporal Resolution Based on Gridding Method

1) Multi-GNSS Snow Depth Inversion Using the Grid
Method: After obtaining high-precision single-system snow
depth inversion results through terrain error correction and

PRW algorithms, it remains essential to comprehensively utilize
multisystem satellite data to enhance the temporal and spatial
resolution of GNSS-IR snow depth inversion. Therefore, we
introduced a grid-based multi-GNSS data weighted fusion al-
gorithm. This method involves calculating the median elevation
and azimuth angles for each reflected arc segment, and using
these to determine the Fresnel reflection zones’ positions. The
process utilizes a polar coordinate grid system centered on
the site to delineate effective reflection zones and identify the
positions of arc segments within them. Snow depth values are
then calculated from these segments and weighted according to
their position within the grid, improving the accuracy of snow
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Fig. 22. Hourly snow depth inversion values of the DOY 243.

TABLE V
INVERSION RESULTS OF P350 AND P682 SITES

�

�

depth estimations. This grid-based, multisystem fusion approach
allows for the aggregation of snow depth measurements, yielding
a more accurate daily snow depth value by averaging across all
grid points. We selected the optimal band data from each system
for multi-GNSS snow depth inversion fusion. It is worth noting
that usually, under different stations, affected by many factors
such as local environment, weather, geographical location, to-
pography, and human activities, the best band for snow depth
inversion of each system is different, which needs to be analyzed
by specific stations. Fig. 21 shows the snow depth inversion map
after grid-based weighted fusion. The image displays the snow
depth changes from 50th day to 300th day. The color transition,
from blue—green—orange—red—green—blue, clearly reflects

the process of snow accumulation from shallow to deep and
then from deep to shallow over a snow season. Simultaneously,
the grid-based weighted fusion method can effectively show the
differences in snow depth in different regions around the site,
enhancing the spatial resolution of snow depth inversion.

2) Hourly Snow Depth Inversion for a Single Day: To vali-
date the potential of the method introduced in this article for high
temporal and spatial resolution snow depth inversion, we used
both the equal weight averaging method and the weighted fusion
method based on gridding to inverse the hourly snow depth value
of DOY 243, as shown in Fig. 22. The results indicate that based
on the GNSS signal processing method discussed earlier, both
methods achieved reliable hourly snow depth results. The equal
weight averaging method yielded a correlation of 0.826 and an
RMSE of 0.138 m. The gridding method performed even better,
with an improvement in correlation by 4.72%, a decrease in
RMSE by 26.09%, and a ME reduction by 28.57%, reaching
values of 0.865, 0.102 m, and –0.05 m, respectively. However,
when the number of available trajectories is limited, the standard
deviation of the inversion results is relatively large.

3) Hourly Snow Depth Inversion for Long Time Series: Fur-
thermore, we applied the methods in this paper to long time
series high resolution snow depth inversion, and inversed the
hourly snow depth for the whole 307-day snow season from
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Fig. 23. Hourly snow depth inversion values for the entire snow season. (a) Snow depth inversion results. (b) Number of available trajectories per hour. (c)
Availability of hourly results for the entire period. MSD represents the equal weight averaging method. WSD denotes the weighted fusion method.

Fig. 24. Hourly snow depth inversion results for the entire snow season. (a) Scatter plots of the equal weight averaging method results against the SNOTEL
references. (b) Scatter plots of the weighted fusion method results against the SNOTEL references.

DOY 193 of 2020 to DOY 180 of 2021 at the P351 site, as
shown in Figs. 23 and 21. Fig. 23(a) presents the snow depth
inversion results and errors for the entire snow season, with
deep blue lines representing the results of the equal weight
averaging method and light blue vertical lines indicating its error
bars, while the green lines represent the results of the weighted
fusion method based on gridding. Fig. 23(b) shows the number
of available trajectories per hour, peaking at 19 trajectories in an
hour and averaging five trajectories per hour. Fig. 23(c) indicates
the availability of hourly results for the entire period, with 0 and 1
respectively representing the absence and presence of inversion

results. The experiments demonstrate that both methods can
meet the requirements for long-term high temporal and spatial
resolution snow depth monitoring. Notably, whether considering
snow depth inversion values or the errors, the weighted fusion
inversion method achieved superior results. Although the avail-
able trajectories vary over time, an average of 5.19 trajectories
is available per hour, and the coverage rate of hourly inversion
results reaches 94.44% of the entire observation period. From
Fig. 24, we can observe that the inversion results of both the equal
weight fusion method and the weighted fusion method have
a strong correlation with the reference values, which to some



14890 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

extent demonstrates the effectiveness of the method introduced
in this article for long-duration, high-resolution snow depth
monitoring. However, the equal weight fusion method shows
significant deviations in snow depths between 0–0.2 m and
0.8–1.0 m, whereas the results of the weighted fusion method
are more stable. Additionally, the RMSE of the two methods
has increased, with the equal weight fusion method yielding an
RMSE of 0.156 m, which is 16.42% higher than the 0.134 m of
the weighted fusion method.

4) Hourly Snow Depth Inversion for Long Time Series: Fur-
thermore, we applied the methods in this paper to long time
series high resolution snow depth inversion, and inversed the
hourly snow depth for the whole 307-day snow season from
DOY 193 of 2020 to DOY 180 of 2021 at the P351 site, as shown
in Figs. 23 and 21. Fig. 23(a) presents the snow depth inversion
results and errors for the entire snow season, with deep blue lines
representing the results of the equal weight averaging method
and light blue vertical lines indicating its error bars, while the
green lines represent the results of the weighted fusion method
based on gridding. Fig. 23(b) shows the number of available
trajectories per hour, peaking at 19 trajectories in an hour and
averaging five trajectories per hour. Fig. 23(c) indicates the
availability of hourly results for the entire period, with 0 and 1,
respectively, representing the absence and presence of inversion
results. The experiments demonstrate that both methods can
meet the requirements for long-term high temporal and spatial
resolution snow depth monitoring. Notably, whether considering
snow depth inversion values or the errors, the weighted fusion
inversion method achieved superior results. Although the avail-
able trajectories vary over time, an average of 5.19 trajectories
is available per hour, and the coverage rate of hourly inversion
results reaches 94.44% of the entire observation period. From
Fig. 24, we can observe that the inversion results of both the equal
weight fusion method and the weighted fusion method have
a strong correlation with the reference values, which to some
extent demonstrates the effectiveness of the method introduced
in this article for long-duration, high-resolution snow depth
monitoring. However, the equal weight fusion method shows
significant deviations in snow depths between 0–0.2 m and
0.8–1.0 m, whereas the results of the weighted fusion method
are more stable. Additionally, the RMSE of the two methods
has increased, with the equal weight fusion method yielding an
RMSE of 0.156 m, which is 16.42% higher than the 0.134 m of
the weighted fusion method.

V. CONCLUSION

This study aimed to develop a method for monitoring snow
depth with high precision and spatiotemporal resolution, ad-
dressing critical gaps in current methodologies. The PRW
method ingeniously integrates three established strategies, re-
purposing each for novel objectives, thereby enhancing snow
depth inversion accuracy by accounting for both terrain fac-
tors and multi-GNSS signal interactions at fine spatial scales.
Unlike existing studies that primarily focus on one or two
techniques, our approach leverages the combined strengths
of these strategies to address the challenge of spatiotemporal

matching between multi-GNSS signal trajectories and complex
terrain. This holistic approach not only overcomes the limita-
tions imposed by anisotropic terrain errors but also capitalizes
on the dynamic nature of multi-GNSS signals, ensuring accurate,
high-resolution monitoring across varied site locations. Initially,
we analyzed the spatiotemporal availability of GNSS signals
through trajectory clustering, which informed the selection of
optimal inversion bands for each system. Subsequent correction
of terrain errors, utilizing high-accuracy DEMs, laid the ground-
work for effective spatiotemporal matching. By partitioning the
study area into grids conforming to the desired resolution (lim-
ited by the DEM’s resolution), applying peak ratio weighting
within each grid, and fusing results from different systems based
on spatial relationships between grid centroids and reflection
zones, we achieved a novel solution for hourly snow depths high-
resolution, high-accuracy continuous monitoring. Three sites
with complete snow season GNSS data were used to validate
the method in this article, leading to the following conclusions:

1) Proper signal processing techniques, such as CEEMD, can
effectively mitigate the impact of GNSS signal quality,
enhance data utilization, and improve inversion accuracy.

2) Terrain error correction significantly improves snow depth
inversion accuracy. For the GPS, GLO, GAL, and BDS
signals, the R values for snow depth inversion are compa-
rable to conventional methods. However, the RMSE de-
creased by 0.014, 0.012, 0.018, and 0.010 m, respectively,
resulting in improvement rates of 9.0%, 8.3%, 10.8%, and
7.6%. ME also decreased by 11.63%, 49.4%, 4.50%, and
40.6%, respectively.

3) The peak ratio weighting algorithm further improves snow
depth inversion accuracy compared to the terrain error cor-
rection algorithm. RMSE decreased by 4.3%, 6.8%, 6.1%,
and 7.4%, respectively compared to conventional meth-
ods, representing reductions of 12.9%, 14.6%, 16.3%,
and 14.4%. Moreover, snow depth inversion algorithms
based on terrain error correction and peak ratio weight-
ing maintain R values similar to conventional methods,
but ME decreased by 27.9%, 55.7%, 22.5%, and 64.1%,
respectively.

4) The grid-based method, which weights based on reflection
zone positioning, effectively integrates multi-GNSS data,
achieving high-precision hourly snow depth inversions.
In a single-day experiment, compared to equal-weight
fusion, the R improved by 4.72%, RMSE decreased by
26.09%, and the average error decreased by 28.57%,
reaching values of 0.865, 0.102 m, and –0.05 m, respec-
tively. Over the entire snow season, the weighted fusion
method achieved an RMSE of 0.134 m, a 14.10% reduc-
tion from the equal-weight fusion’s 0.156 m. The hourly
monitoring results covered 94.44% with an average of 5.19
available trajectories.

VI. DISCUSSION

In summary, this article established a high-accuracy multi-
GNSS snow depth inversion method that accounts for the chal-
lenge of spatiotemporal matching between multi-GNSS signal
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trajectories and complex terrain, employing variable resolutions,
and applied them to long time series snow depth inversion
monitoring, which provides a reference for GNSS-IR snow
depth inversion research. Here is a discussion on the selectivity
and scalability of the solution proposed in this article in terms
of spatiotemporal resolution and observational accuracy under
different monitoring requirements. In this article, we divided the
effective reflection area into high-resolution uniform grids of 5
m × 15°, and most of the effective reflection zones are able to
cover these grids. However, by sacrificing some spatiotemporal
resolution to divide the monitoring area into irregular detection
zones and using GNSS signals with relatively fixed revisit trajec-
tories for snow depth monitoring, mapping the reflection zones
onto inclined surfaces can further enhance monitoring accuracy.
If the spatiotemporal resolution requirements are appropriately
lowered, introducing the robust estimation strategies from [21],
[44] into the data fusion of single-system multifrequency signals
holds great promise for further improving data utilization and the
robustness of the inversion results. Furthermore, since GNSS-IR
technology fundamentally involves monitoring surface parame-
ters by estimating the frequency, amplitude, and phase of the
reflected signals, the high spatiotemporal resolution solution
proposed in this article can also be applicable to other areas.
These include precision agriculture, where it provides high-
resolution, accurate soil moisture monitoring and vegetation
growth state monitoring; and disaster monitoring, where, after
correcting for terrain impacts, it can capture soil moisture on
landslide-prone surfaces and evaluate the risks of geological
disasters. Future studies will focus on the evolution of snow
conditions and the influence of underlying vegetation and soil
conditions on snow depth monitoring.
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