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Abstract

Monitoring coastal sea levels is crucial for assessing the impacts of climate change and predicting flood risks. In this con-
text, GNSS-Multipath Reflectometry (GNSS-MR) has emerged as a promising technique, offering an efficient and stable
method for sea level retrieval. To fully realize the ability of various GNSS observations in GNSS-MR for the water level
inversion, the GMR-Water, an open-source MATLAB-based software, has been developed which is capable of efficiently
using the multi-observations including Signal-to-Noise Ratio (SNR), carrier phase, and pseudo range. Moreover, the
GMR-Water supports the integration of multi-GNSS, multi-frequency, and multi-observation data, employing advanced
error correction and combination algorithms to ensure high-precision retrieval of water levels. The software is designed
with a user-friendly interface, equipped with batch processing capabilities. and it offers a comprehensive set of visualiza-
tion tools to enhance the interpretation of results. We validated the performance of GMR-Water using observational data
from the ATO1 GNSS station, where the software was used to process the GNSS observation and analyze the water level
measurement. The results demonstrate that GMR-Water can effectively retrieve water levels with high accuracy, achieving
consistent and reliable results across various GNSS observation types. The performance of GMR-Water proves its poten-
tial as a valuable tool for precise coastal sea level monitoring, contributing to the further development and application of
GNSS-MR water level monitoring technology.
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Introduction

With the continuous development of global navigation sat-
ellite systems (GNSS) technology, its immense potential in
environmental monitoring has become increasingly evident
(Yang et al. 2023). Tens of thousands of GNSS observa-
tion stations have been established worldwide, including
many located along coastlines (Li et al 2024). While the
multipath error caused by low elevation angle reflections
off the water surface is generally considered to negatively
impact positioning accuracy, recent studies have shown that
the time delay characteristics between reflected and direct
signals can be effectively used for tide level monitoring.
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This technique, known as GNSS multipath reflectometry
(GNSS-MR), offers the potential for existing GNSS net-
works to efficiently monitor global coastal tides and reser-
voir water levels, presenting broad application prospects.
The comprehensive use of these systems can significantly
enhance the temporal resolution of water level retrieval.
However, differences in satellites number and frequency
bands result in varying accuracy and resolution in water
level retrieval. Therefore, current research focuses on evalu-
ating the retrieval accuracy of each frequency band within
different GNSS systems and integrating results across these
systems. Furthermore, while traditional GNSS-MR water
level retrieval relies primarily on SNR, other GNSS obser-
vations—such as carrier phase and pseudo range—also
show potential for water level retrieval. This expands the
application scenarios of GNSS-MR, particularly in situa-
tions where SNR data is unavailable.

The classical GNSS-MR water level retrieval technique
analyzes the dominant frequency of the SNR residual
sequence to estimate water levels (Larson et al. 2013). To
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overcome its limitations, Strandberg et al. (2016) intro-
duced an inverse modeling approach, treating reflection
height as a model parameter and using B-spline curves with
least-squares fitting for improved accuracy. The classical
water level retrieval method is unavailable in the absence
of SNR data. To address this, Ozeki and Heki (2012) pro-
posed using the L4 dual-frequency combination from GPS
observations for snow depth retrieval. Yu et al. (2015)
extended this to GPS L1, L2, and LS5 triple-frequency car-
rier phase combinations, achieving higher accuracy due
to the low noise of phase measurements and mitigation of
tropospheric and ionospheric delays. Zhang et al. (2022)
proposed a method for water level retrieval using the CMC
(code-minus-carrier phase) combination. Jin et al. (2017)
demonstrated that water level retrieved based SNR, triple-
frequency carrier phase, and pseudo range combinations are
consistent with tide gauge reference, proving the capacity
of carrier phase and pseudo range for accurate water level
retrieval. As GNSS-MR technology evolves, corrections for
errors such as tropospheric delays and sea surface dynamics
enhance the accuracy of multi-frequency retrieval (Rous-
sel et al. 2015; Williams and Nievinski 2017; Larson et al.
2017; Santamaria-Gémez and Watson 2017). Consequently,
combining multi-frequency GNSS data is increasingly
important. Wang et al. (2019) proposed a robust regression
strategy using retrieval results within one-hour windows
to produce hourly sea surface height sequences. Similarly,
Purnell et al. (2020) used B-spline curves for uniformly
sampled sequences derived from SNR inversions.

Environmental parameter inversion via GNSS-MR con-
tinues to advance, supported by various open-source tools.
For example, Nievinski and Larson (2014) developed a
GNSS multipath simulator, Martin et al. (2020) created a
Python-based GNSS-IR tool, and Zhang et al. (2021) intro-
duced GiRsnow for GNSS-IR-based snow depth retrieval.
Additionally, Martin et al. (2022) developed software for
converting GPS SNR phase data into volumetric water con-
tent, and Altuntas and Tunalioglu (2022) created GIRAS for
GNSS-IR data analysis. Larson (2024) developed Gnssref],
a Python tool for multi-environment parameter retrieval.
Although the current software has made significant prog-
ress in retrieving snow depth, volumetric water, and soil
moisture, etc., there are still limitations in the development
of water level retrieval software. Traditional GNSS-MR
techniques rely solely on SNR values, with no existing soft-
ware utilizing carrier phase or pseudo range for retrieval.
Additionally, inverse modeling method—a highly promis-
ing retrieval technique—has yet to be implemented in any
available software. Furthermore, most existing methods
focus only on single-frequency data and lack robust multi-
frequency combination approaches, making them insuffi-
cient for generating uniformly sampled data.
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To address these challenges, we developed GMR-
Water, a MATLAB-based software supporting water level
retrieval with multi-GNSS (GPS, GLONASS, Galileo,
BDS), muti-frequence and multi-observation types (SNR,
carrier phase, pseudo range). GMR-Water incorporates
advanced error correction methods and robust combina-
tion estimation strategies, ensuring high-precision output
water level.

Principle of water level retrieval

GNSS receivers are designed to capture electromagnetic
signals transmitted by satellites, and GNSS antennas are
primarily sensitive to direct signals from these satellites.
However, in practical scenarios, the antenna also receives
reflected signals from surrounding objects in addition to
the direct signals. These direct and reflected signals inter-
fere and combine at the antenna, meaning the received
signal is a composite of both. Due to the reflection pro-
cess, the intensity of reflected signals is weaker than that
of direct signals. Nevertheless, these reflected signals con-
tain valuable information about the reflecting surface and
the reflection path. By isolating the portion of the GNSS
signal affected by multipath errors, it becomes possible to
infer the characteristics of the reflecting surface and path.
This principle underlies the GNSS-MR for water level
retrieval (as shown in Fig. 1), where the reflection height,
as a key characteristic of the reflection path, can be accu-
rately determined.

GNSS observations typically include carrier phase,
pseudo range, and SNR, which are affected by multipath
signals and can generally be expressed as a combination of
the original observation and the multipath component. The
GNSS-MR technology derives the water level information
by analyzing the multipath component, so the accuracy of
the multipath information is crucial in the entire process.
In the developed GMR-Water software, five models were
provided for isolating multipath information, as detailed in
Tables 1 and 2.

As shown in Fig. 1, the analysis of multipath informa-
tion typically involves spectral analysis to identify the
dominant frequency of the signal, which can be inverted to
the reflection height. This process is commonly performed
using the Lomb—Scargle Periodogram (LSP) method. Once
the reflection height is obtained, applying error corrections
yields the final water level height. It should be noted that the
SNR inverse modeling method does not follow these prin-
ciples. Instead, it treats the reflection height as a parameter
within the SNR residual model, which is determined using
the least-squares estimation method.
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Fig. 1 Geometry and principles of GNSS water level retrieval
Table 1 GNSS observation expressions and main formulas of multipath model
Observation Multipath models

SNR = \/A§+A$+2AdArcosAg0

Li=p—I(fi)+ T+ Mr; — \iN;

Ci=p+1I(fi)+T+ Mc;

0SNR = 2A4A, cos Ap (Larson et al. 2013)
SSNR = A.Ecos (‘”HT" + npo) (Strandberg et al. 2016)
Mpi2,3 = (A3 (L1 — L2) + AT (L2 — L)
+ 23 (Ls — Lv))/1m?

Mrpio=L1—La=1(f2)—1(f1)

+ Mp1 — Mpa + Aa2Na — A Ny
M;=C; —L; = 2[(fi)

+ Mci — Mri + AN

(Yu et al. 2015)
(Ozeki and Heki 2012)

(Zhang et al. 2022)

Mci,2,3 = (A3 (C1 = C2) + A2 (Ca — C5)
+ 23 (C5 — C1))/1m?

Mci2 =C1—Co =1(f2)
—I(f1)+ Mc1 — Mca

GMR-water software

With the rapid development of GNSS-MR water level
retrieval technology, many retrieval errors have been cor-
rected, and more advanced data processing strategies have
been introduced. The accuracy and reliability of water
level retrieval results using traditional strategies have been

significantly improved. Therefore, GMR-Water integrates
these advancements and adds some new modules to form a
comprehensive and advanced water level retrieval software
based on multi-GNSS, multi-frequency and multi-observa-
tion. More specifically, GMR-Water provides a one-stop
platform, from GNSS observation to water level, further
advancing the development and application of GNSS-MR
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Table 2 Definitions of variables for the formulas shown in Table 1

Variables Meanings

Ag The amplitudes of the direct signal

Ay The amplitudes of the reflected signal

Ap The phase difference between the direct signal and

the reflected signal
The amplitude independent of the elevation angle

The attenuation coefficient of surface

Ae

E

A Carrier wavelength
H Reflection height

e Satellite elevation angle
%204]

The phase contribution of the antenna pattern and
electromagnetic properties of the reflecting surface

&

Carrier

Q

Pseudocode

S

The geometric range between the satellite and
receiver

The multipath error
Integer ambiguity
The ionospheric delay

N~z

The tropospheric delay

water level inversion technology. The main features of
GMR-Water compared to only a few open-source software
include:

e Multi-GNSS: water level retrieval based on GPS, Gali-
leo, GLONASS, and BDS.

Multi-Frequence: support for all frequence bands.
Multi-Observation: water level retrieval based on SNR,
Carrier phase and pseudo range.

e Advanced error correction techniques (tropospheric cor-
rection, dynamic tide level correction etc.) are applied
for high-precision water level retrieval.

e FEfficient data processing capability through parallel
batch processing.

e Innovative methods (robust regression strategy and
the B-spline method) for the combination of multi-fre-
quence results.

e Comprehensive data visualization tools and a user-
friendly interactive interface.

The software is divided into four main parts, with its struc-
ture and operational flow illustrated in Fig. 2.

The first part focuses on preparing the files necessary for
water level retrieval. Three files are required: the RINEX
file, which records various observations (SNR values, car-
rier phase, and pseudo-distance); the station file, containing
information such as the geographical position and effective
elevation and azimuth angles range; and the ephemeris file,
which provides the position of satellites. Moreover, if the
users want to evaluate the accuracy of the water level, a ref-
erence tide file from a tide station must also be provided.
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The second part involves extracting the SNR, carrier
phase, and pseudo range information needed for retrieval
from the input files. For GNSS-MR water level retrieval,
only observation data of specific azimuth and elevation are
needed, so the data needs to be screened in this part. Firstly,
the coordinate of the station provided in the station file and
the coordinate of the satellite at each time provided in the
ephemeris file are used to calculate the elevation and azi-
muth angle corresponding to the observed values. Further,
the effective elevation and azimuth angle range provided in
the station file are used to screen the observed values, and
the final output is observation data suitable for water level
retrieval, including SNR, carrier phase, and pseudo range.

The third part focuses on water level retrieval. GMR-
Water provides five water level retrieval methods based on
three types of observations. For SNR observations, water
level retrieval can be performed using the classical spectral
analysis or the inverse modeling method. For carrier phase
and pseudo range observations, water level retrieval can
be achieved either through dual-frequency/tri-frequency
combinations of a single type of observation or through a
combination of single-frequency carrier phase and pseudo
range data. Detailed mathematical principles are provided in
Sects. "Principle of water level retrieval" of the user manual.
Using water level retrieval models, GMR-Water can convert
GNSS observation data into water level data and output it
in a standardized data format. Refer to Sect. "GMR-Water
software" of the user manual for detailed software operation
instructions.

The water level information inverted from GNSS obser-
vations has been obtained through the previous three parts.
In the final section, GMR-Water provides an analysis mod-
ule that performs two main functions: combining water level
information retrieved from multi-frequency GNSS data and
evaluating the accuracy of the retrieved water levels using
tidal reference data. GMR-Water offers two combination
methods: a robust regression strategy and B-spline curve esti-
mation. Through combination, higher-accuracy water level
data with uniform sampling intervals can be obtained. In the
accuracy evaluation part, indicators such as RMSE, Bias, and
the number of daily inversion points are calculated, and com-
prehensive visualization results are generated.

Experiments and results

In this section, we utilize GMR-Water to conduct water level
retrieval at the ATO1 station for the period from February 1
to February 28, 2023. The retrieval results are based on five
methods, along with an assessment of combination tech-
niques will be presented, and all the pictures are exported
from the software.
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Fig. 2 The structure and operation flow of GMR-Water

Experimental station

The AT01 Observatory (63.48405°N, 162.00640°W) is situ-
ated in St. Michael, Alaska, United States, and is part of the
EarthScope Plate Boundary Observatory (PBO) research
initiative. The vertical distance from the receiver antenna
phase center to sea level is approximately 12 m. The sta-
tion supports signal reception from multiple GNSS, includ-
ing GPS (L1, L2, L5), GLONASS (Gl, G2), Galileo (E1,
ES5a, ESb, ES, E6), and BeiDou (B1, B1-2, B2a, B2b, B3).
Additionally, the NOAA-operated Tide Station 9,468,333

(63°52.3'N, 160°47.1'W) is located 74 km from the ATO1
Observatory, with a 6-min sampling interval. To facilitate
the accuracy assessment, the tide gauge data were interpo-
lated to the GNSS-MR retrieval time points using spline
interpolation. The spatial relationship between Tide Station
9,468,333 and the ATO1 GNSS station is depicted in Fig. 3.

The reflected signals primarily originate from the first
Fresnel zone. Therefore, understanding the extent of the first
Fresnel zone is crucial for determining whether the reflected
signals originate from the sea surface, which in turn aids
in defining appropriate azimuth and elevation angle ranges.

@ Springer
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Fig. 3 Geographical location diagram of the ATO1 GNSS station and the 9,468,333 tide station, along with a real scene depiction and the first

Fresnel zone

For the ATO1 station, the azimuth is restricted to the range
of 0° to 220°, and the elevation angle is constrained between
5° and 15°. Figure 3 illustrates the first Fresnel zone at
elevation angles of 5°, 10°, and 15°. GMR-Water supports
the output of Fresnel reflection zone information for each
reflection and provides visualization tools to ensure that
reflection occurs within appropriate area.

Retrieval based on SNR

The water level retrieval was first conducted using the SNR
spectral analysis method in the developed GMR-Water
software. Figure 4 presents the time series of the retrieval
results for different systems and different frequencies, along
with the RMSE and the daily average number of inversion.
Benefiting from the advanced inversion model and qual-
ity control methods, GMR-Water demonstrates competent
performance across all systems and frequency bands. The
RMSE for water level retrieval at all frequency bands are
below 20 cm. Among these, the highest retrieval accuracy is
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achieved at the GPS S1L frequency point, with an RMSE of
17.3 cm, while the lowest retrieval accuracy is observed at
the BDS S1P frequency band, with an RMSE of 19.681 cm.
Additionally, due to the larger number of satellites and fre-
quency bands available in BDS, it achieved the maximum
daily average number of inversion, exceeding 263 per day.
In contrast, Galileo had the minimum value, with only
180 per day. Overall, GMR-Water performs excellently in
water level retrieval across all GNSS and frequency bands,
delivering high-precision and reliable water level retrieval
results.

In addition, GMR-Water offers two combination strategies
for multi-frequency results. Figure 5 (top) shows the results of
the robust regression strategy and B-spline curve estimation.
The gray points represent the raw retrieval scatter, while the
red curve represents the combined retrieval results. Through
these combination strategies, GMR-Water generates water
level sequences with equal sampling intervals, improving the
applicability of GNSS-MR water level retrieval results. Addi-
tionally, by integrating multi-frequency results, more accurate
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Fig. 6 Water level retrieval results using the triple-frequency carrier phase combination method

retrieval results were obtained. Figure 5 (bottom) presents
scatter density plots of the raw GNSS-MR retrieval results,
robust regression strategy combination results, B-spline curve
estimation results, and reference values from the tide gauge
station. In comparison with the original retrieval results, both
combination strategies yielded increased correlation coeffi-
cients of 0.939 and 0.946, up from 0.935. However, since this
method is based on curve fitting, the results are determined by
the characteristics of the B-spline curve and may inherently
have some unreasonable aspects. Therefore, the robustness
of the results obtained using the robust regression strategy is
more reliable.

Retrieval based on carrier phase and pseudo range

In addition to SNR, both carrier phase and pseudo range
also possess the capability for water level retrieval. GMR-
Water provides various water level retrieval methods based
on these two types of observations. Figure 6 presents the
results of water level retrieval using a three-frequency
carrier combination from the GPS, Galileo, and BDS sys-
tems. Specifically, GPS uses the L1 (1575.42 MHz), L2
(1227.60 MHz), and L5 (1176.45 MHz) frequency bands
for the combination, Galileo utilizes the E1 (1575.42 MHz),
E5a (1176.45 MHz), and E5b (1207.14 MHz) frequencies,
and BDS uses the B1 (1575.42 MHz), B3 (1268.52 MHz),
and B2a (1176.45 MHz) bands. It is evident that GMR-
Water demonstrates competent water level retrieval perfor-
mance based on carrier phase observations, with RMSE of
22.17 cm, 19.00 cm, and 26.60 cm for the three systems,
respectively. The correlation coefficient between the water
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levels retrieved from the carrier phase and the reference val-
ues from tide gauge stations is 0.886, indicating a significant
linear relationship. The daily average number of retrieval
points for the three systems is 26.39, 41.86, and 39.03,
respectively. Compared to SNR-based water level retrieval,
carrier phase retrieval yields lower accuracy and fewer
retrieval points. Thus, further optimization of the water
level retrieval model based on carrier phase is still required.
In addition, GMR-Water supports SNR inverse model-
ing, dual/triple-frequency pseudo range combination, and
single-frequency carrier phase and pseudo range combina-
tion for water level retrieval. For more experimental results,
please refer to Sect. 7 (Examples) of the user manual.

Conclusions

The GMR-Water, an open-sourced GNSS-MR-based water
level retrieval software, which is fully utilize the multi-
GNSS, multi-frequency and multi-observation to construct
different inversion models. The software is also equipped
with robust combination techniques, enabling seamless
processing from GNSS observations to the water level
information with uniform sampling intervals. It features
powerful data processing capabilities alongside an intuitive
user interface. The experiment conducted in AT01 site using
the GMR-Water software showed the functionality and fea-
tures of the developed software, and demonstrated the soft-
ware can achieve high-precision water level results using
different models and GNSS observations. We are committed
to continuously updating and improving the software.
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