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Abstract: Sea level monitoring is of great significance to the life safety and daily production activities
of coastal residents. In recent years, GNSS interferometric reflectometry (GNSS-IR) has gradually
developed into a powerful complementary technique for sea level monitoring, with the advantages
of wide signal spatial coverage and lower maintenance cost. However, GNSS-IR-retrieved sea level
estimates suffer from a prominent error source, referred to as the dynamic height error due to the
nonstationary sea level. In this study, the tidal analysis method, least squares method and cubic spline
fitting method are used to correct the dynamic height error, and their performances are analyzed.
These three methods are applied to multi-system and multi-frequency data from three coastal GNSS
stations, MAYG, SC02 and TPW2, for three years, and the retrievals are compared and analyzed
with the in situ measurements from co-located tide gauges to explore the applicability of the three
methods. The results show that the three correction methods can effectively correct the sea level
dynamic height error and improve the accuracy and reliability of the GNSS-IR sea level retrievals.
The tidal analysis method shows the best correction performance, with an average reduction of 39.3%
(10.7 cm) and 37.6% (6.7 cm) in RMSE at the MAYG and TPW2 stations, respectively. At station SC02,
the cubic spline fitting method performs the best, with the RMSE reduced by an average of 39.3%
(5.5 cm) after correction. Furthermore, the iterative process of the tidal analysis method is analyzed
for the first time. We found the tidal analysis method could significantly remove the outliers and
correct the dynamic height error through iterations, generally superior to the other two correction
methods. With the dense preliminary GNSS-IR sea level retrievals, the smaller window length of
the least squares method can yield more corrected retrievals and better correction performance. The
least squares method and cubic spline fitting method, especially the former, are highly dependent
on the amount of daily GNSS-IR sea level retrievals, but they are more suitable for dynamic height
correction in storm events than the tidal analysis method.

Keywords: GNSS-IR; sea level; dynamic height error; tidal analysis; least squares; cubic spline fitting

1. Introduction

With global warming, the rise in sea level has become a major challenge for the life
and production of residents in coastal areas. To effectively protect the lives and property
of residents in these areas, it is crucial to timely monitor and quantify the variation in
coastal sea levels. Currently, the most commonly used sea level monitoring methods
mainly rely on tide gauges and satellite altimetry. Tide gauges can provide sea level
information with the advantages of high precision and high temporal resolution. However,
the tide gauge directly contacts with the seawater during its operation and faces many
difficulties in installation and maintenance. Furthermore, they are vulnerable to the effects
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of coastal natural disasters such as storm surges, which can challenge their stability and
reliability [1]. Satellite altimetry technology can continuously monitor the sea level of the
ocean with a wide coverage. However, satellite altimetry suffers from some limitations
such as low spatial resolution, long revisit period, and relatively low precision, which
renders it unsuitable for monitoring daily or hourly sea level variations in coastal areas [2].

In recent years, with the continuous development of the Global Navigation Satellite
System (GNSS), the signal coverage has been significantly expanded, and related research
has been further expanded. Some scholars have found that the reflected GNSS signals
contain Earth surface physical information. It has led to the emergence of the GNSS inter-
ferometric reflectometry (GNSS-IR) technique, which can retrieve Earth surface parameters
through the signal-to-noise ratio (SNR) collected by the ground-based GNSS receivers. This
technique has gradually been widely applied in fields such as soil moisture sensing [3-5],
vegetation detection [6-8], snow depth retrieval [9-12], and sea level monitoring [13-17].
Different from the typical application of GNSS in navigation and positioning, GNSS-IR
technology used for sea level monitoring can estimate the vertical distance from the phase
center of the GNSS antenna to the instantaneous sea surface by utilizing satellite signals
reflected from the sea surface, thus achieving near real-time and continuous monitoring of
sea level [18]. GNSS-IR for sea level monitoring has the advantages of wide signal spatial
coverage, non-contact measurement and lower maintenance cost [19-21]. In 2013, Lar-
son et al. [22,23] successfully retrieved sea level measurements by GNSS-IR from a geodetic
GNSS receiver for the first time, with the precision reaching decimeter level. Then, many
scholars contributed to the research on GNSS-IR sea level retrieval and developed some
methods to correct systemic errors in GNSS-IR sea level retrievals, such as atmospheric
refraction correction [24,25] and inter-frequency bias correction [26].

Besides the errors mentioned above, the dynamic height error caused by the sea level
variation is the most prominent and dominant error source in GNSS-IR sea level estimates.
Various correction methods have been proposed to deal with this error, among which the tidal
analysis method [27,28] and the least squares method based on the sliding window [29-31] are
two representative methods. In 2013, Larson et al. [23] roughly calculated the height derivative
based on the initially retrieved height series to obtain the sea level dynamic variation rate,
thereby correcting the height error. Lofgren et al. [27] fitted four tidal components to the
GNSS-IR sea level retrievals to determine the sea level dynamic variation rate based on the
fact that large sea level variations are mainly controlled by the diurnal and semi-diurnal
tides. In 2017, Larson et al. [28] further proposed a correction method based on the tidal
curve fitting of the original retrieved sea level estimates. In 2015, Roussel et al. [29] first
utilized a least squares correction method based on the sliding window to simultaneously
solve for sea level variation rate and dynamic sea level. In 2019, Wang et al. [30] proposed a
multi-GNSS combined algorithm by integrating multi-frequency data from GPS, GLONASS,
Galileo and BDS, significantly improving the precision and temporal resolution of retrieved
sea level estimates. In 2022, Wang et al. [31] successfully corrected the dynamic height error
of a single SNR arc by combining wavelet analysis and least squares estimation to solve the
dynamic variation rate of sea level. In addition to the two main methods mentioned above,
Strandberg et al. [14] proposed cubic spline (i.e., B-spline) functions to model the sea level
height to obtain more accurate GNSS-IR sea level retrievals.

Currently, many scholars have conducted extensive research on methods for correcting
the dynamic height error in GNSS-IR sea level retrievals. Still, there is little literature
comparing the correction performances of different methods and their applicability in
different station environments. In this study, we apply tidal analysis, least squares, and
cubic spline fitting methods to the multi-system and multi-frequency SNR data collected
by three coastal GNSS stations over the past three years. Then, the corrected results are
compared with the tide gauge measurements, and the applicability of the three methods
is analyzed and discussed. In addition, the performance of tidal analysis in an iterative
process and the impacts of the window length and step size of the least squares method on
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the correction results are analyzed for the first time. Lastly, the conclusions are given by

summarizing the results and discussion.

2. Materials and Methods
2.1. Sites and Data Description

The three GNSS stations (i.e., MAYG, SC02, and TPW2) used in this study are all
located in coastal areas with an open view, suitable for sea level monitoring with GNSS-IR.
Figure 1 illustrates the geographic locations of the three GNSS stations. Table 1 summarizes
the geographic and instrumental information of each station. Table 2 lists the systems and

frequency bands used in the experiment.
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Figure 1. The geographic locations of the GNSS stations MAYG, SC02 and TPW2.
Table 1. Information on MAYG, SC02, and TPW?2 stations.
Station Longitude Latitude Receiver Type Antenna Type Sampling Rate
MAYG 45.258°E 12.782°S Trimble NETR9 TRM59800.00 30s
SC02 123.007°W 48.546°N Trimble NETR9 TRM59800.80 1s
TPW2 123.768°W 46.207°N Trimble NETRS TRM29659.00 15s

Table 2. Information on the systems and frequencies used in the experiment.

Satellite System Frequency Band Wavelength (m)
L1 0.190
GPS L2C 0.244
L5 0.255
Gl ~0.187
GLONASS 2 ~0.241
El 0.190
. E5a 0.255
Galileo E5b 0248
E5(E5a + E5b) 0.252
Bl 0.192
BDS B2 0.248
B3 0.236
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The MAYG station is located on the island of Mayotte in the northwest Indian Ocean,
which is officially part of France. MAYG station is operated by Institut Géographique
National (IGN) and Centre National d’Etudes Spatiales (CNES). About 2 m away from
the station, a tide gauge called Dzaoudzi measures sea level at an interval of 1 min. The
tide gauge measurements were reported to have a precision of 1-3 cm [32,33], and they are
usually regarded as the references to validate the GNSS-IR sea level retrievals in previous
studies [21,28]. We used the GPS toolbox developed by Roesler and Larson [32] and checked
the surrounding environment of the MAYG station to determine the azimuth and elevation
ranges for GNSS-IR experiments. The azimuth range and elevation range at MAYG are
[—30° 180°] and [5° 20°], respectively. Figure 2 shows the surrounding environment of
the GNSS station MAYG and tide gauge Dzaoudzi as well as the first Fresnel reflection
zone (i.e., sensing zone) of the GNSS-IR from the GPS L1 frequency band at MAYG. We
collected the SNR data from the MAYG station from 2018 to 2020 to retrieve sea levels
using GNSS-IR.

Figure 2. (a) The surrounding environment of the GNSS station MAYG (https:/ /network.igs.org/
accessed on 25 March 2024); (b) the first Fresnel reflection zone from GPS L1 at MAYG with yellow,
blue, red, and green ellipses representing the sensing zones for elevation angles of 5°, 10°, 15°, and
20°, respectively; (c) the surrounding environment of the tide gauge Dzaoudzi (https:/ /www.sonel.
org/spip.php?page=maregraphe&idStation=1903 accessed on 25 March 2024).

GNSS station SC02 is located at Friday Harbor on the west coast of the United States,
and it is operated by the EarthScope Plate Boundary Observatory (PBO). A tide gauge
is situated about 300 m away from the station and provides sea level measurements at a
6-min sampling interval. An elevation angle mask of [5° 13°] and an azimuth angle mask
of [50° 240°] are determined for this station. The 3-year-long SNR data from 2020 to 2022
are used for the GNSS-IR experiments. It should be noted that the SC02 station is unable to
receive the BDS signals. Figure 3 shows the surrounding environment of the GNSS station
SCO02 and tide gauge Friday Harbor as well as the first Fresnel reflection zone from the GPS
L1 frequency band of the GNSS-IR at SC02.

GNSS station TPW2 is located at Astoria on the west coast of the United States. A tide
gauge Astoria is 2 m away from the station TPW2 and records sea levels at 1-minute intervals.
It is also operated by the PBO. At this station, the mask of elevation angle is [5° 15°], and the
azimuth angle mask is [170° 250°]. The SNR data recorded by TPW2 from 2020 to 2022 are
processed and analyzed. Figure 4 shows the surrounding environment of the GNSS station
TPW2 and tide gauge Astoria as well as the first Fresnel reflection zone from the GPS L1
frequency band of the GNSS-IR at TPW?2.
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Figure 3. (a) The surrounding environment of the GNSS station SC02 (https://www.unavco.org/
instrumentation/networks/status/nota/photos/sc02 accessed on 25 March 2024); (b) the first Fresnel
reflection zone from GPS L1 at SC02 with yellow, blue, red, and green ellipses representing the sensing
zones for elevation angles of 5°, 10°, 15°, and 20°, respectively; (c) the surrounding environment of
the tide gauge Friday Harbor (https://tidesandcurrents.noaa.gov /stationphotos.html?id=9449880
accessed on 25 March 2024).

Figure 4. (a) The surrounding environment of the GNSS station TPW2 (https://www.unavco.org/
instrumentation/networks/status/nota/photos/tpw2 accessed on 25 March 2024); (b) the first
Fresnel reflection zone from GPS L1 at TPW2 with yellow, blue, red, and green ellipses representing
the sensing zones for elevation angles of 5°, 10°, 15°, and 20°, respectively; (c) the surrounding
environment of the tide gauge Astoria (https:/ /tidesandcurrents.noaa.gov/stationphotos.html?id=
9439040 accessed on 25 March 2024).

2.2. Principles of GNSS-IR for Sea Level Retrieving

In addition to direct signals from satellites, the GNSS antenna also receives the signals
reflected by the surrounding reflector, such as the ground and water surface. The reflected
signals interfere with direct signals in the receiver and are quantified as the SNR. This
interference is known as the multipath effect [33], which is the foundation of the GNSS-IR.
By analyzing the SNR at a low elevation angle over the sea area, the oscillation information
can be obtained, and thus the sea level can be retrieved. Figure 5 shows the geometry of
GNSS-IR sea level retrieval.
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https://www.unavco.org/instrumentation/networks/status/nota/photos/sc02
https://tidesandcurrents.noaa.gov/stationphotos.html?id=9449880
https://www.unavco.org/instrumentation/networks/status/nota/photos/tpw2
https://www.unavco.org/instrumentation/networks/status/nota/photos/tpw2
https://tidesandcurrents.noaa.gov/stationphotos.html?id=9439040
https://tidesandcurrents.noaa.gov/stationphotos.html?id=9439040

Remote Sens. 2024, 16, 3599

6 of 24

Receiver phase center

Reflector height (4,.)

Direct signal

GNSS

satellites

GNSS receiver

Reflected
signal

Reflection

point Elevation angle (e)

Sea level Sea level

Figure 5. Geometry of GNSS-IR sea level retrieval.

Since the trend in SNR mainly comes from the direct signal, a low-order polynomial
fitting is usually used to remove it. The detrended SNR after removing the trend term can
be expressed as [3]:

SNR, = A cos(4§hr sine + (p) (@)

where A is the amplitude (unit: volts/volts) and ¢ is the phase shift (unit: degrees), A is
the signal wavelength (unit: m), e is the satellite elevation angle (unit: degrees), and #, is
the reflector height (unit: m) denoting the vertical distance from the phase center of the
GNSS receiver antenna to the instantaneous sea surface. The detrended SNR after trend
term removal is a cosine function, and the sea level is related to its frequency. The static
reflector height is

e = 2SN @
where fsnr, is the oscillation frequency of the detrended SNR. Since the Lomb-Scargle
Periodogram (LSP) analysis is capable of handling unevenly sampled data and overcoming
the effects of spurious signals, missing signals and other problems, it is used to determine
the dominant frequency fsnyg, [34]. Then, the static reflector height /i, can be obtained by
Equation (2). The number of retrievals depends on the satellite tracks.

As the GNSS signal is affected by the atmosphere along its propagation path, it would
introduce a bias in the elevation angle in SNR. The bias would be manifested at a low
elevation angle. The atmospheric refraction correction model is used to determine the
correction for the elevation angle [35,36].

During the LSP analysis process, quality control is necessary. Generally, retrieval
values with a peak-to-noise ratio greater than 3 are selected to ensure the significance and
rationality of the peak. The peak-to-noise ratio is the ratio of the spectral peak power to the
spectral noise power, where the spectral noise power is the average spectral power of each
spectral point, excluding the peak [30]. In addition, it is difficult to avoid the presence of
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outliers in the retrieved ;, series, and it is necessary to control the range of , according to
the tidal range of the sea level.

In the reflector height retrieval through Equation (1), it is generally assumed that the
sea level is static. However, the sea level is nonstationary, causing the dynamic height error
in retrieved reflector height. Larson et al. [23] found the dynamic height error in GNSS-IR
sea level retrievals and assumed that it is related to the rate of sea level i = dh/dt and the
rate of satellite elevation angle e = de/dt, which can be expressed as

_ tane;

hy = —h+h 3)
e

where /1, is the static reflector height and / is the dynamic reflector height. Correcting
the dynamic height error in sea level retrievals is a crucial step towards enhancing the
reliability of GNSS-IR sea level monitoring.

2.3. Tidal Analysis Correction Method

Tidal analysis mainly relies on the fact that the sea level changes are dominated by the
periodic tide components, which can be expressed as follows [37]:

L 27
h(t) = hy + ZAnCOS<T't+§0n> 4)
n=1 n

where h,(t) is the static reflector height; h is the reference reflector height; n represents the
number of tidal components; A, is the amplitude of the tidal component; T}, is the period
of the tidal component; and ¢, is the initial phase of the tidal component.

Sea level variations are mainly dominated by diurnal and semi-diurnal tides. There-
fore, we only consider the main driving forces affecting sea level changes, which are four
diurnal tides (O1, K1, P1, Q1) and four semi-diurnal tides (M2, S2, N2, K2) (see Table 3).
For the tidal analysis (i.e., Equation (4)), except for the known periods for the eight tidal
components, the eight amplitude parameters and eight phase parameters as well as the hg
are unknown parameters to be determined. By fitting the time series of h, to Equation (4),
we can solve for the above 17 parameters in total. With the determined parameters, the
fitting reflector heights with tidal analysis (i.e., Equation (4)) at the observation time of the
GNSS-IR-derived reflector heights are obtained. Then, taking the derivative of Equation (4)
with determined parameters, we can obtain the rate of 1, and further obtain the dynamic
reflector height i through Equation (3). Then, the dynamic reflector height is compared
to the fitting reflector height with tidal analysis, and the outliers are detected by using
three times the standard deviation as the threshold. If outliers exist, they are removed,
and the above steps are repeated iteratively until there are no outliers detected in the
retrieved reflector height series. Larson et al. [23,28] used an iterative method to solve
the sea level dynamic height error through tidal analysis but did not mention the specific
iterative process, and the performance in the iterative process has not been presented. The
tidal analysis method used in this study can weaken the negative impact of outliers in the
sea level retrieval series on dynamic height error correction through an iterative process.
The flowchart of tidal analysis for dynamic height error correction in GNSS-IR sea level
retrievals is illustrated in Figure 6.

Table 3. Detailed information on the eight major tide components.

Tidal Components

K1 0O1 P1 Q1 M2 52 N2 K2

Period T(h)

23.934 25.819 24.066 26.868 12.424 12.000 12.658 11.967
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Figure 6. Flowchart of the correction method for dynamic height error based on tidal analysis in
GNSS-IR sea level retrievals.

2.4. Least Squares Correction Method Based on Sliding Window

Roussel et al. [29] first introduced the least squares method for dynamic height error
correction in GNSS-IR sea level retrievals. This method commonly applies a temporal
window to the time series of static vertical reflection height /;,, and solves dynamic reflector

height i and height rate h using the least squares method window by window as

hy (t) Muh(t) + h(t)
| 2t) | Mh(f)+h(t) o -
= a0 | = i) e | OO =X ®

h(t)
h(t)
reflector heights within the window are defined as 1, with the weight matrix P being the
identity matrix. Applied with least squares, the parameters can be estimated as follows:

where M; = 0% A = (M; 1), X =

¢

,i=1,2,3.... The weights of all retrieved

X = (ATPA) ' (ATP)H, (6)

In the least squares method, the window length is crucial. If the window is too
short, the number of retrievals within the window will be insufficient to perform reliable
estimation. However, if the window is too long, it may not accurately reflect the temporal
sea level variation. The window length is empirically set to 4 h with a moving step of 0.5 h.
The empirical window length and moving step are applicable to most GNSS stations with
various daily GNSS-IR sea level retrievals. The maximum sea level change within 4 h at
three GNSS stations is approximately 2.5 m.

2.5. Cubic Spline Fitting Correction Method

Spline functions can effectively model sea level height [14]. The core idea of the cubic
spline fitting method is to smoothly interpolate a given time series of GNSS-IR sea level
retrievals by constructing a segmented cubic polynomial function. These polynomials are
used to ensure that the interpolation curve not only passes through the retrieval points
but also maintains continuity in the derivatives at these points, thereby achieving smooth
curve transitions. On each subinterval [t;, t;, 1], the function can be expressed as

h(t) = a; + bi(t — t;) +¢;(t — t;)* +di(t — 1) 7)
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where a;, b;, c¢;, d; are the parameters to be solved on adjacent intervals [t;,t;,1] and
[ti+1, ti+2]. The two cubic polynomials /1, ;(t) and h, ;1 (t) need to satisfy the continuity of
the zeroth, first, and second derivatives at the common node ¢; 1. In this study, cubic spline
fitting was performed with a 3-hour interval to solve for the sea level dynamic variation
rate. The outliers are detected using three times the standard deviation as the threshold,
and then they are removed from the original GNSS-IR sea level retrievals.

3. Results
3.1. Preliminary GNSS-IR Sea Level Retrievals

Applying the GNSS-IR method described in Section 2.2 to the SNR data collected by
the three GNSS stations, we obtained the preliminary time series of the sea level noised
by dynamic height error. For simplicity and clarity, Figure 7 only shows the differences
between GNSS-IR sea level retrievals and tide gauge measurements for an arbitrary 30 days
as well as the tide gauge measurements. The 30-day periods for MAYG, SC02, and TPW2
are from 27 September to 26 October 2020, from 1 January to 30 January 2022, and from
2 December to 31 December 2022, respectively. As can be seen from Figure 7, the differences
between GNSS-IR-retrieved sea levels and tide gauge measurements at different systems
and frequency bands are small, indicating that the GNSS-IR can effectively monitor the
variation in sea level. However, a few large difference values especially at MAYG indicate
outliers in the preliminary GNSS-IR retrieval series. The tidal ranges indicated by GNSS-IR
sea level estimates from MAYG, SC02 and TPW2 are about 4.4 m, 4.5 m and 4.0 m, respec-
tively, basically consistent with that estimated by the tide gauges. The small differences
and similar tidal ranges demonstrates the effectiveness of GNSS-IR sea level monitoring.
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Figure 7. Time series of the differences between GNSS-IR-retrieved sea levels at three GNSS stations
and corresponding tide gauge measurements: (a) the differences between GNSS-IR-retrieved sea
levels at MAYG and Dzaoudzi tide gauge measurements from DOY 271 (27 September) to 300
(26 October) in 2020; (b) the differences between GNSS-IR-retrieved sea levels at SC02 and Friday
tide gauge measurements from DOY 1 (1 January) to 30 (30 January) in 2022; (c) the differences
between GNSS-IR-retrieved sea levels at TPW2 and Astoria tide gauge measurements from DOY 336
(2 December) to 365 (31 December) in 2022.

Due to differences in satellite orbits, the number of sea level estimates obtained through
each system and frequency band also varies. Taking the MAYG station as an example, we
can see that the number of GNSS-IR-retrieved sea level estimates by the other three systems
in each frequency band is significantly larger than that retrieved by the BDS system. This is
mainly attributed to the fact that the satellite coverage of the BDS system in the region is
relatively sparse, resulting in fewer available satellites and thus affecting the number of
retrievals (Figure Al). We compared the preliminary GNSS-IR sea level retrievals to the
records from co-located tide gauges. The comparison shows that the average root mean
square error (RMSE) of all systems and frequencies at MAYG is 27.2 cm, while the RMSEs
at SC02 and TPW2 are 14.0 cm and 17.8 cm, respectively. The results imply the existence of
significant error in the preliminary GNSS-IR sea level retrievals.

3.2. Performance of Dynamic Height Error Correction

We corrected the dynamic height error in the GNSS-IR sea level retrievals with different
methods described in Section 2. Then, we compared the corrected GNSS-IR sea level
retrievals to the tide gauge measurements and obtained the precision indices. The retrieval
precisions of all systems and frequency bands at three stations are determined accordingly.

Table 4 shows the precision statistics for the MAYG station. The RMSE of each system
and frequency band has been significantly reduced with dynamic height error correction
by all three methods, indicating a precision improvement in the GNSS-IR-retrieved sea
level. Among the three methods, the tidal analysis method performs best with an average
RMSE of 16.5 cm, followed by the least squares method (RMSE = 19. 7 cm), while the
cubic spline fitting performs worst with an average RMSE of 21.4 cm. Compared to the
uncorrected GNSS-IR sea level retrievals, the precisions are improved by 39.3% (10.7 cm),
27.6% (7.5 cm) and 21.3% (5.8 cm) for tidal analysis, least squares and cubic spline fitting
methods, respectively.
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Table 4. Statistics of the number of sea level retrievals and RMSE with and without dynamic height
error correction at MAYG station.

With](z) ut Dynamic Height Tidal Analysis Least Squares Cubic Spline Fitting
. rror Correction
Satellite Frequency
System Band Retrievals RMSE Retrievals RMSE Retrievals RMSE Retrievals RMSE
Total Daily (em)  Total Daily (em)  Total Daily (em)  Total Daily  (cm)
L1 3958 3.6 25.5 3830 35 13.4 1340 12 16.2 3893 3.6 21.7
GPS L2C 10,007 9.1 26.8 9779 8.9 15.6 8959 8.2 19.2 9967 9.1 19.3
L5 8587 7.8 27.9 8460 7.7 17.0 5616 5.1 21.7 8500 7.8 20.3
GLONASS Gl 6139 5.6 27.4 5966 54 12.9 3906 3.6 18.2 6075 5.5 23.2
G2 8074 74 22.2 8003 7.3 13.3 6054 5.5 16.7 7985 7.3 18.3
E1 3148 2.9 27.4 3050 2.8 16.9 163 0.1 17.5 3027 2.8 25.9
Calil Eba 9994 9.1 31.7 9823 9.0 21.4 8263 7.5 23.2 9930 9.1 19.4
alleo E5b 9156 8.4 30.6 8978 8.2 20.7 6831 6.2 23.1 9106 8.3 204
E5 8015 7.3 28.2 7866 7.2 18.4 4969 4.5 229 7956 7.3 19.0
Bl 734 0.7 22.7 718 0.7 13.0 / / / 445 0.4 21.6
BDS B2 1434 1.3 29.0 1406 1.3 18.4 / / / 1008 0.9 24.1
B3 2367 22 26.8 2339 21 17.5 404 0.4 18.5 1932 1.8 23.0

In terms of frequency, the RMSE of the GLONASS G1 corrected by the tidal analysis
method is the smallest, which is only 12.9 cm. Compared to the RMSE of 27.4 cm without
correction, the precision is improved by 52.9%. The RMSE of the Galileo E1 corrected with
cubic spline fitting is the largest (25.9 cm), indicating only 5.4% improvements in precision.
It should be noted that the relatively fewer retrievals in the BDS B1 (0.7 retrieval per day)
and BDS B2 (1.3 retrievals per day) frequency bands are insufficient for the least squares
estimation in the sliding window. Thus, the least squares method cannot be applied to the
dynamic height error corrections in GNSS-IR sea level retrievals at these two frequencies.
Figure 8 presents scatter plots of the GNSS-IR-retrieved sea levels versus in situ sea levels
at MAYG for partial frequencies. The scatter plots for other frequencies are presented in
Figure A2. It can be seen that the corrected GNSS-IR seal level retrievals agree well with
the tide gauge measurements, with correlation coefficients exceeding 96%.

Table 5 shows the precision statistics of the GNSS-IR sea level retrievals at SC02 station.
It can be seen that the RMSE of the uncorrected GNSS-IR sea level retrievals ranges from
11.7 cm at GLONASS G1 to 15.3 cm at Galileo E5a. As for the GNSS-IR sea level retrievals
corrected with the tidal analysis method, the average RMSE of all frequencies is 9.3 cm,
indicating 33.6% (4.7 cm) precision improvement over uncorrected GNSS-IR sea level
retrievals. The RMSEs of GPS L1 and GPS L2C are 10.0 cm and 10.1 cm, respectively,
which are larger by about 1 cm than that of other frequencies. GPS L5 and Galileo E5
perform the best with an RMSE of only 8.9 cm, indicating precision improvements by
34.56% and 39.04%, respectively. As for the GNSS-IR sea level retrievals corrected with
the least squares method, except for the GPS L2C, Galileo E5a and Galileo E5b with the
RMSEs slightly lower than that of the tidal analysis method by 1~2 mm, the precisions of
the other six frequencies are significantly worse than the tidal analysis method, and the
average RMSE (9.9 cm) decreases by 29.3% (4.1 cm) compared to that of the uncorrected
GNSS-IR measurements. As for the cubic spline fitting method, it performs best among
all three methods. The average RMSE is only 8.5 cm, indicating 39.2% (5.5 cm) precision
improvement over corrected GNSS-IR measurements. Specifically, the RMSE of Galileo E5
with the cubic spline fitting method is only 7.5 cm, which is the highest precision among all
corrected GNSS-IR measurements. Figure 9 presents scatter plots of the GNSS-IR-retrieved
sea levels versus in situ sea levels at SC02 for partial frequencies. The scatter plots for
other frequencies are presented in Figure A3. As can be seen in Figures 9 and A3, the
correlation coefficient between GNSS-IR-retrieved sea levels for each frequency and tide
gauge measurements is about 99%. From Figures 9 and A3, it can be seen that there are a
few outliers at GPS L1, GPS L2C, and GPS E5a frequencies that are not visible before the
correction using the least squares method. This is partly explained by the unstable solution
of the least squares for some windows with few retrievals or outliers. Another possible
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reason is the failure of the least squares method with linear equation when the sea level
undergoes drastic nonlinear changes in low tides or high tides. Thus, the estimated sea
level significantly deviates from the actual sea level. However, the RMSE reductions after
correction indicate the overall effectiveness of the least squares method.

Least squares
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Figure 8. Scatter plots of GNSS-IR-retrieved sea levels with and without dynamic height error correc-
tions for GPS L1, GLONASS G1, Galileo E1, and BDS B1 at MAYG versus tide gauge measurements.
The 1:1 diagonal in each plot is shown as a red dashed line.

Table 5. Statistics of the number of sea level retrievals and RMSE with and without dynamic height
error correction at SC02 station.

Without Dynamic Height

. Error Correction Tidal Analysis Least Squares Cubic Spline Fitting
Satellite Frequency - A . :
System Band Retrievals RMSE Retrievals RMSE Retrievals RMSE Retrievals RMSE
Total  Daily (cm) Total  Daily (cm) Total  Daily (cm) Total  Daily (cm)
L1 15,483 14.1 13.6 15,322 14.0 10.0 22,483 20.5 12.0 15,368 14.0 10.2
GPS L2C 24,239 22.1 14.5 23,969 21.9 10.1 41,899 38.2 10.0 24,132 22.0 8.9
L5 23,565 215 13.6 23,257 21.2 8.9 41,344 37.7 10.3 23,408 214 7.8
GLONASS Gl 19,285 17.6 11.7 19,085 17.4 9.2 31,731 29.0 9.8 19,138 17.5 8.3
G2 20,230 18.5 13.4 20,064 18.3 9.3 32,979 30.1 10.0 20,103 18.3 8.6
El 16,095 14.7 14.5 15,921 14.5 9.4 24,059 22.0 10.3 15,923 14.5 9.9
Calil E5a 26,670 24.3 15.3 26,385 24.1 9.2 44,663 40.8 9.0 26,479 24.2 7.6
altleo E5b 26,524 242 148 26270 240 9.1 44,478  40.6 8.9 26,310  24.0 7.7
E5 24,997 22.8 14.6 24,746 22.6 8.9 42,456 38.7 9.1 24,812 22.6 7.5
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Figure 9. Scatter plots of GNSS-IR-retrieved sea levels with and without dynamic height error
correction for GPS L1, GLONASS G1, and Galileo E1 at SC02 versus tide gauge measurements. The
1:1 diagonal in each plot is shown as a red dashed line.

Table 6 shows the precision statistics of the TPW2 station. It can be seen that the
tidal analysis method performs better than the other two methods. The average RMSE
of the GNSS-IR sea level measurements corrected by tidal analysis is 11.1 cm, while the
average RMSE is 15.0 cm and 14.2 cm for the least squares and cubic spline fitting methods,
respectively. Compared to the uncorrected GNSS-IR sea level retrievals, the average
RMSE reductions are 37.6% (6.7 cm), 15.7% (2.8 cm), and 25.4% (4.6 cm) for the tidal
analysis, least squares, and cubic spline fitting methods, respectively. For individual
system and frequency, the RMSE of the tidal analysis method is 1-6 cm smaller than the
result of the least squares and cubic spline fitting methods. In terms of frequency, the
GPS L5 frequency band performs best with an RMSE of 8.5 cm, indicating a precision
improvement of 6.6 cm (42.86%) compared to the precision (RMSE = 15.1 cm) without
dynamic height error correction. In contrast, the GLONASS G2 frequency band has the
largest RMSE of 14.0 cm, indicating a precision improvement by 2.7 cm (16.17%) compared
to the precision (RMSE = 16.7 cm) without correction. Similarly to the results at MAYG
station, the relatively fewer retrievals at the GPS L5 (2.3 retrievals per day), Galileo E5a
(0.9 retrieval per day) and BDS B2 (1.4 retrievals per day) frequencies are insufficient for
the least squares correction. This is the major limitation of the least squares method, which
needs dense retrievals for reliable estimation. Figure 10 presents scatter plots of the GNSS-
IR-retrieved sea levels versus in situ sea levels at TPW?2 for partial frequencies. The scatter
plots for other frequencies are presented in Figure A4. It can be seen that the corrected
GNSS-IR sea level retrievals agree well with the tide gauge measurements, with correlation
coefficients exceeding 98%. Figures 10 and A4 also show some outliers that are not visible
before the correction using the least squares method. These outliers also can be associated
with the unstable estimation of the least squares method with linear equation under some
specific situations such as low tides and high tides.
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Table 6. Statistics of the number of sea level retrievals and RMSE with and without dynamic height
error correction at TPW2 station.

Without Dynamic Height

) Error Correction Tidal Analysis Least Squares Cubic Spline Fitting
Satellite Frequency

System Band Retrievals RMSE Retrievals RMSE Retrievals RMSE Retrievals RMSE

Total  Daily (cm) Total  Daily (cm) Total  Daily (cm) Total  Daily (cm)

L1 16,314 14.9 17.7 16,130 14.7 11.3 25,348 23.1 15.8 16,250 14.8 12.7

GPS L2C 9267 8.5 18.2 9170 8.4 12.4 7887 7.2 15.2 9160 8.4 15.1

L5 2492 2.3 15.1 2475 2.3 8.5 / / / 2315 2.1 14.9

GLONASS G1 11,564 10.6 16.0 11,452 10.4 12.5 12,015 11.0 14.8 11,491 10.5 12.7

G2 10,649 9.7 16.7 10,580 9.7 14.0 8591 7.8 15.7 10,602 9.7 14.1

E1 10,256 94 19.1 10,129 9.2 10.7 10,222 9.3 14.1 10,208 9.3 13.5

Galil E5a 934 0.9 17.3 924 0.8 9.5 / / / 688 0.6 15.0

alrleo E5b 10,904 9.9 19.7 10,794 9.8 12.2 11,832 10.8 14.2 10,850 9.9 14.9

E5 7035 6.4 19.4 6959 6.3 12.2 3835 35 14.7 6975 6.4 16.0

B1 8511 7.8 18.5 8379 7.6 9.7 6088 5.6 14.9 8418 7.7 12.9

BDS B2 1574 14 17.3 1558 1.4 8.9 / / / 1166 1.1 15.0

B3 7801 7.1 184 7716 7.0 11.2 4586 42 15.7 7705 7.0 14.0
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Figure 10. Scatter plots of GNSS-IR-retrieved sea levels with and without dynamic height error cor-
rection for GPS L1, GLONASS G1, Galileo E1, and BDS B1 at TPW2 versus tide gauge measurements.
The 1:1 diagonal in each plot is shown as a red dashed line.

Figure 11 shows the comparisons of the RMSE of GNSS-IR-retrieved sea levels with
and without the dynamic height error correction for each system and frequency band at
the three stations. As can be seen, the tidal analysis method performs better at MAYG
and TPW2 stations, followed by the cubic spline fitting method and least squares method.
At the SC02 station with the densest retrievals, the cubic spline fitting method is slightly
better than the other two methods. The least squares method failed to correct the dynamic
height error at two frequencies at MAYG and three frequencies at TPW2, indicating its high
dependence on the number of daily GNSS-IR sea level retrievals. Although the correction
effects of the retrieved sea levels vary by different systems and frequencies, the precisions
are improved significantly after the dynamic height error correction by all three methods,
indicating the effectiveness of the correction methods.
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Figure 11. Histogram of RMSE with and without dynamic height error correction at each station:
(a) comparisons at MAYG station; (b) comparisons at SC02 station; (c) comparisons at TPW2 station.

4. Discussion
4.1. RMSE Variation in the Iterative Process of the Tidal Analysis Method

Due to the influence of various factors such as sea surface roughness and signal
characteristics, outliers inevitably exist in the h, series, and it is difficult to completely
eliminate them even through quality control. And these outliers can negatively affect the
effectiveness of dynamic correction. In this study, the tidal analysis method (Figure 6) can
eliminate these outliers and thus obtain better dynamic height correction in the iterative
process, contributing to the higher overall precision over the other two methods. This
iterative process has not been explicitly investigated in previous studies. Table 7 shows
the number of iterations in the dynamic height error correction with tidal analysis in
each system and frequency band at the three stations. The number of iterations is related
to the outliers in the time series of GNSS-IR sea level retrievals, and it typically needs
3~5 iterations for convergence. Figure 12 shows the variation in the RMSE during the
iterative process at GPS L1, GLONASS G1, Galileo E1 and BDS B1 frequencies at three
stations. Taking the GPS L1 frequency at the MAYG station as an example, the RMSE of
the h series without the iterative process is up to 19.2 cm after the first dynamic height
error correction. After the first iteration to eliminate outliers and recalculate the dynamic
height error correction, the RMSE is reduced to 14.3 cm, indicating that the outliers have
a significant impact on the precision of sea level retrieval. With the number of iterations
increasing, the RMSE further decreases to 13.7 cm after the second iteration and then to
13.5 cm after the third iteration, and the results begin to converge thereafter. This result
demonstrates that iterative outlier removal enhances the dynamic height error correction
and the precision of sea level retrieval. Notably, although the reduction in RMSE begins
to converge and even stabilize in subsequent iterations, this method can still effectively
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eliminate the remaining outliers in the series, thus ensuring the reliability of retrieved
sea levels.

Table 7. The number of iterations in the dynamic height error correction in the tidal analysis method
in each system and frequency band at the MAYG, SC02 and TPW2 stations.

Satellite System  Frequency Band MAYG SCo2 TPW2
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Figure 12. (a) Variation in RMSEs in the iteration process for GPS L1, CLONASS G1, Galileo E1 and
BDS B1 frequency bands at MAYG station; (b) Variation in RMSEs in the iteration process for GPS L1,
CLONASS G1 and Galileo E1 frequency bands at SC02 station; (c) Variation in RMSEs in the iteration
process for GPS L1, CLONASS G1, Galileo E1 and BDS B1 frequency bands at TPW2 station.

4.2. The Influence of Window Length and Step Size on the Least Squares Method

In the sliding window least squares method for dynamic height error correction
in GNSS-IR sea level retrievals, the window length and movement step size determine
the final correction effect. The window length and step size are four hours and half an
hour, respectively, which generally perform well in various frequency bands across the
three GNSS stations. Sufficient retrievals need to be included in each window for reliable
least squares estimation. The processing scheme adopted by this study is to only output
correction results for windows containing three or more retrievals. The least squares
method has high requirements for the density of the original GNSS-IR sea level retrievals.
Since the retrievals at SC02 station are densest among all three stations, we select the
GNSS-IR sea level retrievals at three frequencies at SC02 station as the representatives to
conduct analysis of the impact of window length and step size in the least squares method.
Table 8 shows the number of retrievals and RMSEs of three frequency bands at SC02 station
under the least squares correction with different window lengths and a fixed step size of
half an hour. It can be seen from Table 8 that when the window length is 1 h and 2 h, the
RMSEs of the three frequency bands are very small, but their retrievals are far less than that
before correction. When the window length is 4 h, it achieves a relatively good correction
effect and produces enough retrievals. With the window length extended to 6 h, the RMSEs
significantly increase by 4~6 cm. Thus, in the case of dense original GNSS-IR sea level
retrievals, the smaller the window length, the better the correction performance. This is
because the linear equation in the least squares method can better approximate the local
variations in sea level within a shorter time window. However, due to the requirement
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for individual retrievals in the original window, the smaller window length also means
less retrievals after least squares estimation. Taking into account the number of retrievals
and precision of the corrected data, we fixed the window length at 4 h. Table 9 shows the
number of retrievals and RMSEs corrected using the least squares method with different
movement steps. It can be seen that there is no significant difference in the RMSE in the
retrievals with moving step sizes of 0.5 h, 0.8 h, and 1 h, respectively. As the step size
increases, the number of retrievals decreases.

Table 8. The number of retrievals and the RMSEs by the least squares method with different window
lengths for the GPS L1, GLONASS G1, and Galileo E1 frequencies at SC02 station.

: GPS L1 GLONASS G1 Galileo E1
Window .
Step Size (h) : : :
Length (h) Retrievals RMSE (cm) Retrievals RMSE (cm) Retrievals RMSE (cm)
1 0.5 955 11.7 608 7.3 498 7.6
2 0.5 5578 104 8110 6.9 4909 7.8
4 0.5 22,483 12.0 31,731 9.8 24,059 10.3
6 0.5 36,749 16.7 45,999 16.1 40,092 16.0
Table 9. The number of retrievals and the RMSEs by the least squares method with different step
sizes for the GPS L1, GLONASS G1, and Galileo E1 frequencies at SC02 station.
Window ) GPS L1 GLONASS G1 Galileo E1
Step Size (h) - - -
Length (h) Retrievals RMSE (cm) Retrievals RMSE (cm) Retrievals RMSE (cm)
4 0.5 22,483 12.0 31,731 9.8 24,059 10.3
4 0.8 14,046 11.2 19,817 94 15,025 10.0
4 1 11,234 114 15,866 9.5 12,028 10.1

4.3. Merits and Limitations of the Three Methods

As the main error source in the GNSS-IR sea level retrievals, the dynamic height
errors need careful correction. Despite the different strategies used, all three methods
could effectively eliminate the dynamic height errors. All three methods are simple and
easy to implement in the GNSS-IR process. Among these three methods, the least squares
method is less effective. This may be attributed to the use of the simple linear model in
the least squares method, which cannot accurately describe the actual sea level changes
since the sea level moves smoothly and continuously and could not be simply modeled
with a linear function over a certain period. If the retrievals are dense enough, the sea
level could be approximated with the linear model in a short time. This explains the better
performance at SC02 than that at the other two stations, as the number of daily retrievals
at SC02 is 2~3 times that at the other two stations. Similarly to the least squares method,
the cubic spline fitting method uses the spline to model the sea level variation node by
node. The spline model is more accurate in describing the sea level than the linear model,
resulting in better performance in dynamic height correction. However, the correction
of cubic spline fitting also highly depends on the number of daily retrievals. With dense
daily retrievals, the cubic spline fitting method could achieve very good performance
in dynamic height error correction. As for the tidal analysis method, it works the most
steadily at the experimental stations compared to the least squares method and cubic spline
fitting method. Since it is based on the four primary diurnal tides and four semi-diurnal
tides that predominantly influence sea level, the outliers can be eliminated efficiently,
and the retrieved height rates can be well constrained during the iterative process. More
importantly, this method has less dependence on the number of daily GNSS-IR sea level
retrievals than other two methods. However, due to the constraints of normal diurnal and
semi-diurnal tide components, it could incorrectly estimate the sea level as well as the
height rate in storm or tsunami events. Figure 13 shows the GNSS-IR sea level retrievals
corrected with three methods at the GPS L1 frequency at SC02 station on 13 January 2021.



Remote Sens. 2024, 16, 3599

18 of 24

The strong wind measured by Friday Harbor station indicates a storm event on this day.
From Figure 13, we can see that there is a significant discrepancy between the tide gauge
sea level and the fitting sea level from tidal analysis. During the period of 8:00-13:00 UTC
when the wind speed exceeded 15 m/s, the three original GNSS-IR retrievals were wrongly
removed after the dynamic height error correction in the iterative process of the tidal
analysis method. The reason is that strong wind speed caused violent changes in sea level,
and these changes deviated significantly from the fitting sea level from tidal analysis. Thus,
the preliminary GNSS-IR sea level retrievals in this period were wrongly identified as the
outliers by the tidal analysis method. However, the least squares method and cubic spline
fitting method were not impacted by the storm, and both methods could obtain retrievals
with the dynamic height error correction. Thus, in normal situations, the tidal analysis
method is preferred for dynamic height error correction due to its simple formulation and
efficient calculation. In storm events, especially with dense daily GNSS-IR retrievals, the
cubic spline fitting method is highly recommended, followed by the least squares method.

3 T T T T
= Before correction 4  Tidal analysis v Least squares Cubic spline fitting
Tide gauge Fitting sea level from tidal analysis Wind speed

30

25

Sea level (m)
Wind speed (m/s)
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00:00 06:00 12:00 18:00 00:00
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Figure 13. The GNSS-IR sea level retrievals corrected with three methods at GPS L1 frequency at
SCO02 station on 13 January 2021. The sea level and wind speed measured by Friday Harbor as well as
the fitting sea level from tidal analysis are also shown. The two black dashed lines represent 8:00 UTC
and 13:00 UTC respectively.

This study processes and analyzes the multi-system and multi-frequency data from
three stations one by one, demonstrating that all three methods have good universality in
dynamic height error correction for GNSS-IR-retrieved sea levels. However, the sea level
estimates retrieved from a single frequency band still have obvious deficiencies in terms of
precision and temporal resolution. The integration of multi-system and multi-frequency
data has gradually developed into a major hotspot in the field of GNSS-IR sea level retrieval,
as it is capable of providing denser information on sea level variations. The combination of
multi-system and multi-frequency GNSS-IR may solve the data sparsity problem in the least
squares method and cubic spline fitting method, but the inter-system and inter-frequency
biases need careful handling before the dynamic height error correction.

5. Conclusions

In this study, we compared and analyzed the correction performance of the tidal
analysis method, least squares method based on sliding window, and cubic spline fitting
method in GNSS-IR sea level retrievals at three coastal GNSS stations. We applied GNSS-IR
to the multi-system and multi-frequency SNR data collected by the three GNSS stations to
retrieve a 3-year-long sea level time series. Then, we applied the three methods to correct
the dynamic height error in GNSS-IR sea level retrievals and compared the results with
the in situ sea levels from tide gauges. The results indicate that all three methods can
effectively correct the dynamic height error in sea level. At the MAYG and TPW?2 stations,
the tidal analysis method was significantly better than the other two methods, with the
RMSE of each system and frequency band decreasing by an average of 39.3% (10.7 cm) and
37.6% (6.7 cm), respectively. At the SC02 station, the cubic spline fitting method showed
the best correction effect, with an average reduction of 39.3% (5.5 cm) in RMSE for each
frequency band. The tidal analysis method could effectively eliminate the outliers and
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obtain accurate height rates during the iterative process. Based on dense preliminary
GNSS-IR sea level retrievals, the smaller the window length of the least squares method,
the more the corrected retrievals and the better the correction performance. Our study also
shows that the tidal analysis method has less dependence on the number of daily retrievals
and can achieve good correction results even in sparse retrieval series. In contrast, the least
squares method and cubic spline fitting method are more susceptible to the influence of
data sparsity, but these two methods are more suitable for dynamic height correction in
storm events. Moreover, these three methods are expected to enhance robustness in the
future by integrating multiple-system and multi-frequency GNSS-IR sea level retrievals.
To our knowledge, this is the first study to comprehensively analyze the performance of
all three methods for a long period (i.e., three years). The iterative process of the tidal
analysis and the impact of window length and step size of the least squares method on the
correction performance are also discussed for the first time in our study.
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Appendix A

Figure Al. The first Fresnel zones for GPS L1, GLONASS G1, Galileo E1 and BDS B1 at the MAYG
station with yellow, blue, red, and green ellipses representing the sensing zones for elevation angles
of 5°,10°, 15°, and 20°, respectively.(a) GPS L1; (b) GLONASS G1; (c) Galileo E1; (d) BDS B1.
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