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Abstract
Coastal global navigation satellite system (GNSS) stations equipped with a standard geodetic receiver and antenna enable 
water level measurement using the GNSS interferometry reflectometry (GNSS-IR) technique. By using GNSS-IR, the 
vertical distance between the antenna and the reflector surface (e.g., water surface) can be obtained in the vertical (height) 
reference frame. In this study, the signal-to-noise ratio (SNR) data from four selected stations over three months are used 
for this purpose. We determined the predominant multipath frequency in SNR data that is obtained using Lomb–Scargle 
periodogram (LSP) method. The obtained sea surface heights (SSH) are assessed using tide gauge observations regarding 
accuracy and correlation coefficients. In this study, we investigated daily and hourly GNSS observations and used single 
frequencies of GPS (L1, L2 and L5), GLONASS (L1 and L2), Galileo (L1, L5, L6, L7 and L8), and BeiDou (L2 and L7) 
signals to estimate the SSH. The results show that the optimal signals for extracting the SSH are the L1 signal for the GPS, 
Galileo, and GLONASS systems and the L2 signal for the BeiDou system. The accuracy and correlation parameters for the 
optimal GPS signal in the daily mode are 2 cm and 0.87, respectively. The same parameters for the optimal GLONASS signal 
are 4 cm and 0.91. However, the obtained accuracy and correlation coefficients using the best Galileo and BeiDou signals are 
reduced, i.e., 4 cm and 0.88 using Galileo and 12 cm and 0.52 by employing the Galileo signals, respectively. Our results also 
show that the GPS L1 signal is more consistent with the tide gauge data. In the following, using the time series derived from 
the L1 signal and tide gauge readings, the tidal frequencies are extracted and compared using the Least Square Harmonic 
Estimation (LS-HE) approach. The findings demonstrate that 145 significant tidal frequencies can be extracted using the 
GNSS-IR time series. The existence of an acceptable correlation between the tidal frequencies of the GNSS-IR and the tide 
gauge time series indicates the usefulness of the GNSS-IR time series for tide studies. From our results, we can conclude 
that the GNSS-IR technique can be applied in coastal locations alongside tide gauge measurements for a variety of purposes.

Keywords GNSS interferometry reflectometry · Sea level height · Tide-gauge · Frequency analysis · LS-HE · Remote 
sensing

Introduction

Tides in open water, e.g., seas and oceans, have long been 
observed by coastal inhabitants as a periodic phenomenon 
that changes the coastlines. Oceanographers have stud-
ied these water level changes to better understand physi-
cal processes within the earth's system and enhance their 
spatial and temporal predictions (Cohen et al. 1997). Accu-
rate and effective monitoring of water level variations and 
their effects on societal development has been of the utmost 
importance since coastal regions are crucial to global eco-
nomic operations (Cohen et al. 1997; Feng et al. 2013).

The installation of tide gauge stations along the coasts 
allows for the analysis of sea surface changes as a component 
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of both global and regional monitoring networks (Olivieri 
and Spada 2016; Pajak and Kowalczyk 2019). However, 
observations from these stations are used not only to meas-
ure sea surface changes but also to monitor long-term 
changes due to vertical land motions (Vestøl 2006; Larson 
et al. 2013). Tide-gauge stations measure the oscillations of 
water levels concerning the surrounding land. A precise ver-
tical land motion model is required because the tide-gauge 
station motions lead to inaccurate sea level observations. 
Therefore, it is also necessary to monitor sea-level changes 
using alternative modern technologies. For many years, sat-
ellite altimetry has been an effective method for tracking sea-
level changes by providing highly accurate estimates in deep, 
calm sea and ocean areas (Vignudelli et al. 2019; Farzaneh 
and Parvazi 2020; Peng et al. 2019). The accuracy of altim-
etry around the coastlines considerably decreases, mainly 
because of the imperfect reflection of the radar waveforms in 
the shallow areas and the radar signal reflections from land 
(Vignudelli et al. 2011), which requires unique treatments.

The global navigation satellite system (GNSS) is pri-
marily designed for positioning and navigation applications 
(Castagnetti et al. 2009). Previous research has shown that 
GNSS-IR, which exploits the interference between direct 
and reflected GNSS signals at the antenna site, can also be 
used to estimate changes in sea level (Benton and Mitchell 
2011). Since its introduction in 1993, this technique has been 
utilized to get sea surface height (SSH) on various terrestrial 
and aerial platforms (Martin-Neira 1993; Zhang et al. 2019). 
The GNSS-IR sea-level time series is directly taken from 
the water surface, unlike traditional tide gauges placed in 
certain areas to lessen the impact of sea waves on the signal. 
In order to measure the height of the water surface for areas 
that are far away from the GNSS station, the height of the 
antenna is considered an effective parameter in the GNSS-
IR technique (Roussel et al. 2015). The common practice to 
retrieve monthly and yearly SSH changes is to process the 
signal-to-noise ratio (SNR) provided by GNSS receivers, 
as demonstrated by Roussel et al. (2015) and Larson et al. 
(2013).

Strandberg et al. (2016) combined GPS and GLONASS 
observations to improve SSH estimations, from which an 
acceptable root mean square error (RMSE) of 1.8 cm was 
achieved after evaluation against the observations of a pres-
sure mareograph. Previous studies have shown that the 
accuracy of GNSS-R results depends on the quality control 
applied in the observation analysis. Among these cases, we 
can mention the conditions applied to the elevation angle of 
the satellite. In fact, by considering a low elevation angle, 
useful observations can be obtained in retrieving the height 
from the surface. The dynamic correction of the reflection 
plate also plays an effective role in improving the quality of 
the results. This correction plays an important role in elimi-
nating errors caused by dynamic changes to the reflective 

surface (Larson et al. 2017). Larson et al. (2013) applied 
ordinary geodetic receivers to monitor SSH. The observed 
SSH data from nearby and in situ tidal gauges were com-
pared to the estimated sea level acquired from geodetic 
receivers. They analyzed their results at Onsala Space 
Observatory in Sweden and Friday Harbor in the USA. The 
RMSE of 5 cm was estimated for Onsala and 10 cm for Fri-
day Harbor. A correlation coefficient of 0.97 was obtained 
between the GNSS-IR derived SSH and in-situ observa-
tions of both stations. In another study, the SNR observa-
tions were analyzed by Löfgren et al (2014) at five GPS sta-
tions in GTGU in Onsala, Sweden; SC02 in Friday Harbor, 
USA; BRST in Brest, France; BUR2 in Burnie, Australia; 
and OHI3 in O’Higgins, Antarctica. By comparing the time 
series obtained from GNSS-IR with the time series obtained 
from tide-gauge stations, they found correlation coefficients 
between 0.89 and 0.99. The RMSE differences are on the 
order of 6.2 cm for low tidal range (up to 165 cm) and 43 cm 
for high tidal range (up to 772 cm). An analysis of (10-year) 
GPS observations was presented by Larson et al. (2017), 
who applied dynamic corrections for surface reflection and 
elevation angle refraction. Their results indicated an RMSE 
of 12 cm between the tide-gauge and GNSS-IR data.

Today, it is possible to send many signals from each satel-
lite due to the developments in navigation satellite systems 
and the increase in the number of satellites in these systems. 
In this study, due to the change in data quality (SNR) asso-
ciated with each signal, sea surface change estimation has 
been studied using the GNSS-IR approach. In the first step, 
the time series generated from the signals of GPS, GLO-
NASS, Galileo, and BeiDou systems are compared with the 
tide gauge measurements nearby the GNSS stations. For the 
production of these time series, observations of L1, L2, and 
L5 signals for the GPS system, L1 and L2 signals for the 
GLONASS system, L1, L2, L5, L6, L7, and L8 signals for 
the Galileo system, and L1 and L2 signals for the BeiDou 
system are used. Then the frequency analysis is examined 
according to the selection of the most appropriate signal and 
the use of time series obtained from that signal. There are 
many methods to extract frequencies, and in this research, 
we use the univariate least squares harmonic analysis 
method. Finally, the frequencies obtained from the GNSS-IR 
time series are compared with those obtained from the tide 
gauge time series to study different tidal components. The 
tidal frequencies acquired from the GNSS-IR time series and 
the tide gauge show a reasonable agreement, which confirms 
the high accuracy of the GNSS-IR time series for extracting 
the tidal frequencies.

The following first introduces the study area, the data, 
and information on the tide-gauge and GNSS stations used 
in this study. Then it describes the principles of the GNSS-
IR technique, Lomb-Scargle spectral analysis, and the least 
square harmonic estimation method. In addition, the main 
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results of GNSS-IR are presented. Finally, conclusions and 
recommendations for future studies are presented.

Data and study area

In this study, the sea surface changes have been obtained 
using the GNSS data from six stations: GTGU in Sweden, 
MERS in Turkey, MCHN in Canada, AT01 in the USA, 
MARS in France, and TGDE in Norway. The reason for 
choosing these stations is their proximity to the tide gauge, 

the possibility of receiving multi-GNSS signals and having 
a long data time to extract tidal frequencies. Each GNSS 
receiver measures different signals, including GPS, GLO-
NASS, Galileo, and BeiDou. Figures 1 and 2 show the geo-
graphical location and image of the GNSS stations. Addi-
tional information about the stations is presented in Table S1 
(presented in supplementary materials).

Tide gauge data is used as the primary ground data to 
evaluate the performance of the proposed method (i.e., 
GNSS-IR). This study selected the closest coastal tide gauge 
to each GNSS station, as shown in Table S2 (presented in 
supplementary materials).

Basics water level measurement using 
GNSS‑IR method

Installing a geodetic GNSS receiver in the coastal areas and 
applying the GNSS-IR method will allow the water level 
to be measured. Using SNR observations, it is possible to 
measure the height difference between the antenna and the 
reflector surface. The SNR observations are actually a meas-
ure of the strength of the signal received by the antenna. 
This parameter primarily indicates the direct signal power 
(line of sight) but can also be affected secondarily by the 
reflected signal power. The SNR observations can fluctuate Fig. 1  Geographical location of the GNSS stations used in this study

Fig. 2  Overview of the GNSS sites (https:// www. sonel. org/)

https://www.sonel.org/


 GPS Solutions           (2023) 27:72 

1 3

   72  Page 4 of 16

due to interference between direct and reflected signals at 
low elevation angles. For example, the SNR changes of the 
GPS satellite number 32 for the station MARS on the first 
day of 2018 are presented in Fig. 3. The height parameter 
of the GNSS antenna to the desired level (here, sea level) 
can be obtained using the interference between direct and 
reverse signals (obtained by SNR observations) as follows 
(Rover and Vitti 2019; Ghiasi 2020; Wang et al. 2018 and 
2019; Farzaneh et al. 2021):

where AD and AR represent the amplitudes of the direct and 
reflected signals, respectively, and the �� component repre-
sents the phase difference between the two signals. The SNR 
received by the receiver can be presented in two parts. The 
first part is primarily attributed to the direct signal, and the 
second part is due to the multipath interference between the 
two signals (Bilich and Larson 2007). The process of estimat-
ing the height of the antenna from the reflection level was 
proposed in previous studies (Lowe et al. 2002; Bilich and 
Larson 2007). Accordingly, the reflected signal propagates an 
additional distance than the direct signal, which indicates the 
delay of this signal compared to the direct signal. For example, 

(1)SNR
2 = A2

D
+ 2ADAR cos 𝛿𝜑

(

AD ≫ AR

)

Fig. 3 shows the SNR variations considering only S1C-GPS 
signal and different elevation angles at station MARS.

Based on what is shown in Fig. 4, the additional distance 
(AD) between two signals can be calculated as follows:

In (2), e is the satellite elevation angle,AD is the additional 
distance between two signals, and H is the vertical distance 
between the antenna phase center reflecting and the surface. 
In the following, the phase difference between two direct and 
reflected signals is presented as follows (Larson and Nievinski 
2013; Wang et al. 2018; Farzaneh et al. 2021):

where � represents the wavelength of the GNSS signal. 
Therefore, considering the movement of the sea surface and 
the satellite, the derivative of the relative multipath phase in 
terms of time can be presented as follows:

where ė is the elevation angle rate and Ḣ is the vertical 
velocity. In addition, Eq. (4) can be rewritten as follows:

Equation  (5) in static mode ( Ḣ = 0 ) and assuming 
� = sin (e(t)) can be presented as follows:

(2)AD = 2H sin (e)

(3)�� = 4�H
sin (e)

�

(4)
d𝛿𝜑

dt
= 4𝜋(Ḣ

sin (e)

𝜆
+ H

cos (e)

𝜆
ė)

(5)
d𝛿𝜑

dt
(cos (e)ė)−1 = 4𝜋(Ḣ

tan (e)

𝜆ė
+ H

1

𝜆
)

(6)
d𝜏

dt
= cos (e)ė⇒

dt

d𝜏
= (cos (e)ė)−1

Fig. 3  SNR observations for satellite number 32 of the GPS naviga-
tion system on the first day of 2018 in the station MARS

Fig. 4  A schematic illustration of GNSS-IR method for water level 
monitoring. Green signal: direct signal, red signal: reflected signal, e : 
satellite elevation angle and H: vertical distance between the antenna 
phase center and the reflecting surface
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Therefore, by inserting (6) into (5) and considering 
d��

d�
= 2�f (Roussel et  al. 2015; Wang et  al. 2019), the 

relationship between frequency and phase is presented as 
follows:

where fM is a frequency (predominant multipath frequency 
in SNR data) that can be calculated using various methods 
such as the least-square harmonic estimation (LS-HE) or 
Lomb–Scargle periodogram (LSP) methods. In this study, 
we use the LS-HE method to determine fM (presented in 
supplementary materials) (Amiri-Simkooei et  al. 2007; 
Ghiasi et al. 2020; Farzaneh et al. 2021).

Results and discussion

Today, various satellites and positioning systems such as 
GPS, GLONASS, Galileo, and BeiDou have been created, 
each capable of sending multiple signals. Therefore, it is 
important to verify the accuracy of each of these signals for 
GNSS-IR applications, e.g., sea level height (SSH) estima-
tion. In applications such as satellite altimetry, the altitude 
obtained by each of these signals needs to be evaluated due 
to the different quality of the transmitted information. There-
fore, in this study, the SSH results obtained using GNSS-IR 
in four GNSS stations are evaluated in the following case 
studies: (1) studying the SSH results obtained using GPS 
satellite positioning system signals, which include L1, L2 
and L5, (2) studying the SSH results using GLONASS sig-
nals, including L1 and L2, (3) using Galileo satellite posi-
tioning system signals, i.e., L1, L5, L6, L7, and L8, and 
(4) using BeiDou signals (i.e., L2 and L7). Finally, tidal 
frequencies were extracted from the tide gauge and GNSS 
time series using the LS-HE approach, and the principal 
frequencies were compared.

Comparison of the SSH results using L1, L2 and L5 
GPS signals

In this section, stations AT01, GTGU, MCHN, and MERS 
are used. The receiving stations observe the L1 and L2 sig-
nals, and the AT01 and station MERS also receive L5 sig-
nals. We evaluated the quality of GPS signals to extract the 
SSH using the accuracy (RMSE) and correlation coefficient 
using the results of GNSS-IR and coastal tide gauge obser-
vations. Table 1 presents the results of SSH estimations by 
employing daily and hourly data. Figures 5, 11 and 12 (pre-
sented in the appendix) show the time series (hourly) related 
to the signals L1, L2 and L5 and the tide gauge observa-
tions for the desired stations. The figures illustrate that the 
obtained sea level heights by GNSS-IR and tide gauge data 

(7)H =
�

2

(

fM
)

are consistent and the time series fluctuations are similar, 
except for L2 and L5 signals at station MERS. Generally, the 
L1 GPS signal (daily) provides smaller RMSE with respect 
to the other signals. It is worth mentioning that the hourly 
and daily results are obtained by averaging all sea level 
heights obtained for each hour and day, respectively. How-
ever, the results depend on the number of available satellites.

As presented in Table 1, the comparison of RMSE and 
correlation of different signals related to each system was 
investigated in four stations, using hourly and daily obser-
vations over a period of three months. In hourly and daily 
mode, the best accuracy and the highest correlation were 
reported for the L1 signal except for station AT01, which 
shows the L2 signal is better. In addition, the results show 
that the observation sampling rate plays a significant role. 
For example, in the case of using hourly observations, the 
smallest RMSE for the station MCHN is obtained 5 cm. 
Also, for this station, the correlation coefficient is 0.69. By 
changing the observation sampling rate to daily, the best 
accuracy (the smallest RMSE) was reported for the station 
MCHN, with a value of 2 cm and a correlation of 0.87. The 
results of the station MERS show that the RMSEs using the 
L1 signal are 3 and 9 cm for daily and hourly observations, 
respectively. Also, the corresponding correlation coefficients 
for this station are 0.95 and 0.81. For station GTGU, the 
RMSE of 6 and 13 cm are estimated using daily and hourly 

Table 1  Comparison of the obtained SSH results using hourly and 
daily GPS satellite signals in stations AT01, GTGU, MCHN, and 
MERS

Station name Signal name RMSE (m) Correlation 
coefficient

AT01 L1 daily 0.16 0.80
L1 hourly 0.27 0.78
L2 daily 0.11 0.91
L2 hourly 0.24 0.82
L5 daily 0.12 0.89
L5 hourly 0.26 0.77

GTGU L1 daily 0.06 0.95
L1 hourly 0.13 0.85
L2 daily 0.10 0.95
L2 hourly 0.19 0.85

MCHN L1 daily 0.02 0.87
L1 hourly 0.05 0.69
L2 daily 0.13 0.09
L2 hourly 0.15 0.12

MERS L1 daily 0.03 0.95
L1 hourly 0.09 0.81
L2 daily 0.38 0.21
L2 hourly 1.11 0.22
L5 daily 0.34 0.33
L5 hourly 1.15 0.22
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observations for the L1 signal. The correlation coefficients 
are 0.95 and 0.85. Finally, in station AT01, unlike other sta-
tions, the L2 signal has provided better results. One of the 
reasons could be the long distance (about 74 km) from the 
tide gauge station in station AT01. The L2 signal in this 
station has a daily and hourly RMSE of 11 and 24 cm, 
respectively. The correlation coefficients for this signal are 
0.91 and 0.82. Also, in this station, all three L1, L2 and 
L5 signals show larger RMSE values than other stations. 
Therefore, it can be difficult to draw conclusions in station 
AT01 using the existing tide gauge station. In other stations, 
following the L1 signal, the L2 signal has produced good 
results in terms of smaller RMSE, and the amount of change 
related to the correlation coefficient is nearly comparable.

Comparison of the SSH results using L1 and L2 
GLONASS signals

In this section, stations AT01, GTGU, and MERS are used 
to estimate the SSH and compare the obtained results using 
GLONASS L1 and L2 signals. The station MCHN was 
excluded because the mounted receiver in this station cannot 
track the GLONASS signals. The accuracy (RMSE) and cor-
relation coefficient between the obtained SSH using GNSS-
IR and coastal tide observations are shown in Table 2. Fig-
ures 6 and 13 (presented in the appendix) show the time 
series related to the L1 and L2 signals and the tide gauge 
observations. Similarly, by comparing the GNSS-IR and tide 
gauge results, one can observe that the daily observations 

provided better results than hourly observations. Generally, 
the results show that the time series and fluctuations are 
similar, except for the L2 signal at station MERS.

The results presented in Table 2 show that the GLO-
NASS L1 signal (daily observations) provided better results 
because of smaller RMSE and higher correlation coefficient 
values. The L1 signal of the station MERS shows the lowest 
RMSE value in daily mode, which is equal to 4 cm, and the 
correlation coefficient is 0.91. The RMSE using the same 
signal is 9 cm (in the hourly mode), giving a correlation 

Fig. 5  Sea level time series 
obtained from hourly GPS L1 
signal and coastal tide gauge at 
stations GTGU, AT01, MCHN, 
and MERS. The x-axes show 
decimals of the year

Table 2  Comparison of SSH results using hourly and daily GLO-
NASS satellite signals in stations AT01, GTGU, and MERS

Station name Signal name RMSE (m) Correlation 
coefficient

AT01 L1 daily 0.15 0.85
L1 hourly 0.27 0.77
L2 daily 0.12 0.90
L2 hourly 0.24 0.82

GTGU L1 daily 0.06 0.96
L1 hourly 0.13 0.86
L2 daily 0.10 0.96
L2 hourly 0.19 0.86

MERS L1 daily 0.04 0.91
L1 hourly 0.09 0.82
L2 daily 0.52 0.20
L2 hourly 1.03 0.03
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coefficient of 0.82. For station GTGU, values of 6 and 13 cm 
are obtained for RMSE in daily and hourly mode, and the 
correlation coefficients are 0.96 and 0.86, respectively. 
Finally, in station AT01, unlike other stations, the obtained 
RMSEs using L2 signal are 12 and 24 cm considering daily 
and hourly modes, respectively, and the correlation coef-
ficients are 0.90 and 0.82, respectively.

In general, it can be concluded that the L1 signal provides 
more accurate results than the L2 signal, but in the case of 
the station AT01, the accuracy of the L2 signal is better than 
the L1 signal.

Comparison of the SSH results using L1, L5, L6, L7 
and L8 Galileo signals

We analyzed the discrepancies between the SSH values 
obtained by GNSS-IR and tide gauge data using Galileo 
signals in this section. For this purpose, we used only 
stations AT01 and MERS in this section because they 
can track the Galileo signals. The station AT01 is able 
to receive five signals, i.e., L1, L5, L6, L7 and L8, and 
station MERS receives L1, L5, L7 and L8 signals. Simi-
larly, the results are shown in Table 3. These comparisons 
are presented using the different observation sampling 
rates, i.e., daily and hourly modes for the desired signals. 

Fig. 6  Sea level time series 
obtained from the hourly GLO-
NASS L1 signal and coastal tide 
gauge in stations GTGU, MERS 
and AT01. The x-axes show 
decimals of the year

Table 3  Comparison of SSH results using hourly and daily Galileo 
satellite signals in stations AT01 and MERS

Station name Signal name RMSE (m) Correlation 
coefficient

AT01 L1 daily 0.23 0.63
L1 hourly 0.29 0.74
L5 daily 0.12 0.89
L5 hourly 0.26 0.79
L6 daily 0.11 0.91
L6 hourly 0.26 0.80
L7 daily 0.14 0.85
L7 hourly 0.26 0.79
L8 daily 0.18 0.78
L8 hourly 0.36 0.63

MERS L1 daily 0.04 0.88
L1 hourly 0.08 0.83
L5 daily 0.78 0.19
L5 hourly 1.33 0.17
L7 daily 0.77 0.12
L7 hourly 1.30 0.20
L8 daily 0.78 0.20
L8 hourly 1.33 0.20
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Figures 7 and 14 (presented in the appendix) show the time 
series of the estimated SSH and the tide gauge observa-
tions in stations AT01 and MERS. Generally, as can be 
seen in Figs. 7 and 14, the results show that the time series 
and fluctuations are similar (except for station MERS and 
using the L1 signal). Similarly, the daily observations 
provided smaller RMSE with respect to tide gauge data 
because daily averaging can filter out existing errors.

According to Table 3, the Galileo L1 signal provides more 
accurate data than the other signals at the station MERS. The 
results show a value of 4 and 8 cm for RMSE in daily and 
hourly modes, respectively, and corresponding correlation 
coefficients of 0.88 and 0.83. In the following, for station 
AT01, the L6 signal has been obtained with a value of 11 
and 26 cm for RMSE using daily and hourly observations. 
Also, the corresponding correlation coefficients are 0.91 
and 0.80. In station AT01, after the L6 signal, the L5 signal 
showed the best accuracy, but in station MERS, the other 
signals provided similar results.

A comparison of the SSH results using L2 and L7 
BeiDou signals

This section uses only the collected data at the station MERS 
because it can track the BeiDou L2 and L7 signals. The 
RMSE and correlation coefficient between the obtained 
SSH using BeiDou data and tide observations are presented 
in Table 4 and Fig. 8. These comparisons are presented in 
both daily and hourly results for L2 and L7 signals. Figure 8 

Fig. 7  Sea level time series 
obtained from the hourly 
Galileo L1, L5, L6, L7 and L8 
signals and coastal tide gauge in 
station AT01. The x-axes show 
decimals of the year

Table 4  Comparison of BeiDou satellite signal results in station 
MERS

Station Name Signal name RMSE (m) Correlation 
coefficient

MERS L2 daily 0.12 0.52
L2 hourly 0.08 0.83
L7 daily 0.98 0.15
L7 hourly 1.02 0.12
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shows that the L7 signal provides more significant discrep-
ancies than the L2 signal.

Based on what is presented in Table 4, the best BeiDou 
satellite signal at the station MERS is the L2 signal with 
an RMSE 8 cm and 12 cm for hourly and daily observation 
rates, respectively. Also, the corresponding correlation coef-
ficients are 0.83 and 0.52.

The study of frequencies extracted from reflectometry 
and tide gauge time series is an important and independent 
criterion for analyzing the obtained two-time series. For this 
purpose, after selecting the best signal from GPS, Galileo, 
GLONASS and BeiDou systems (i.e., GPS L1), the frequen-
cies extracted from two-time series of reflectometry and tide 
gauge are examined and compared. In the next section, we 
show the results of the frequency analysis.

Tidal frequencies extraction using spectral analysis

One of the main goals of this research is to compare the tidal 
components obtained from GNSS-IR and tide gauge data. 
This study can quantify how good the GNSS-IR method 
is for tide studies. To do this, we use power spectral den-
sity (PSD) estimation using the univariate LS-HE method 
to compare GNSS-IR and tide gauge time series. Then, 
using univariate analysis (LSHE), the tidal frequencies are 
extracted (see supplementary materials). In other words, 
using LS-HE, one can extract all frequencies in the data. It is 
also worth mentioning that, although sea level data are time-
dependent, different types of noises, like random walk and 
flicker noises (color noises), should be considered. However, 
other methods, like the Fourier spectral analysis method, can 
be applied for the time series with zero mean value, white 
noise and identical interval. Therefore, a proper method for 
spectral harmonic analysis, such as the LSHE, should be 
considered. The GNSS-IR time series of the station MARS 
in France, the station TGDE in Norway, and the two nearby 
tide gauge stations, MARSEILLE and TREGDE, are used 
for this purpose. Using the univariate analysis method, 

the power spectrum of the time series is calculated for the 
GNSS-IR and tide gauge time series. The results are shown 
in Fig. 9 for stations MARS and TGDE, respectively.

The dominating frequencies in the desired time series were 
recovered using the LSHE approach and the results are visual-
ized in Fig. 9. The results show that both time series from the 
GNSS-IR and tide gauge have primary frequency values that 
are in reasonable agreement. The GNSS-IR approach can be 
utilized as a viable tool for tide modeling in coastal locations 
because these frequencies are crucial for signal modeling and 
sea surface change prediction. The results pertaining to these 
primary components are shown in Figs. 10, 15, 16 and 17 
(presented in the appendix), considering that roughly 90% of 
signals are created using daily, semi-daily, and hourly frequen-
cies. The details of the main astronomical frequencies, which 
are also included in the list of 145 main astronomical frequen-
cies, are presented in Table 5.

Figures 10, 15, 16, and 17 (see also the appendix) illus-
trate two instances by utilizing the tide station's time series 
and the time series acquired using the GNSS-IR approach. 
The figures confirm a reasonable agreement for the major 
tidal component in the tide gauge and GNSS-IR data. This 
means that it is possible to obtain the main tide frequencies, 
such as diurnal and semidiurnal frequencies, using the time 
series of GNSS observations, and these results are in good 
agreement with the presented astronomical frequencies. 
Based on these findings, it can be concluded that the GNSS-
IR data can be employed for additional marine applications, 
such as tidal modeling and tide prediction, in addition to 
achieving water level changes. The frequencies obtained 
from the reflectometry time series have an acceptable degree 
of proximity compared to the extracted frequencies of the 
tide gauge time series analysis, which provides the water 
level elevation with the highest accuracy. Moreover, the tide 
gauge station records the most accurate observations for the 
instantaneous water level, but the reflectometry method with 
fewer constraints obtained these components with a high 
correlation coefficient. In the following, the frequencies 

Fig. 8  Sea level time series 
obtained from the hourly 
BeiDou L2 and L7 signals and 
coastal tide gauge in station 
MERS. The x-axes show deci-
mals of the year
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Fig. 9  Univariate least-squares 
power spectrum of four time 
series provided from Tide 
gauges and GNSS-IR stations. 
(Top left) Power spectrum 
for station MARS time series 
obtained from GNSS-IR. (Top 
right) Power spectrum for sta-
tion MARS time series obtained 
from Tide gauge. (Bottom left) 
Power spectrum for station 
TGDE time series obtained 
from GNSS-IR. (bottom right) 
Power spectrum for station 
TGDE time series obtained 
from Tide gauge. The x-axes 
show period in hour

Fig. 10  Semidiurnal and diurnal 
signals in the univariate power 
spectrum obtained from GNSS-
IR observations of the station 
MARS. The x-axes show period 
in hour
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extracted from the reflectometer and tide gauge time series 
related to 145 astronomical frequencies in Tables S3 to S6 
are presented (presented in supplementary materials).

Conclusion

GNSS multipath error is one of the most significant sources 
of inaccuracy in obtaining high-accuracy positioning. 
Studies have revealed that this kind of error offers help-
ful information for various applications over time. One of 
these applications is calculating sea surface changes using 
GNSS multipath signal. High temporal and spatial resolu-
tion measurements of sea level altitude can be made using 
GNSS signals that are reflected from the water sea level. The 
purpose of this study was to calculate the sea level height 
using the GNSS-IR technique and to compare the results 
obtained from different signals of GPS, GLONASS, Gali-
leo, and BeiDou with coastal tide observations. In addition, 
we used the Least Square Harmonic Estimation (LS-HE) 
approach, which allows for extracting the tidal frequencies 

from both the GNSS-IR and tide gauge data. For this pur-
pose, data from six stations were used in this study, i.e., 
AT01 (Alaska), GTGU (Sweden), MCHN (Canada), MERS 
(Turkey), MARS (France), and TGDE (Norway). Our results 
showed that the sea level height measured by the L1 signal 
of GPS satellite provides a better and more accurate solution 
than other systems. For example, the RMSE and correlation 
coefficients are: in station MCHN with an accuracy of 2 cm 
and a correlation of 0.95, in station MERS with an accuracy 
of 3 cm and a correlation of 0.87, and station GTGU with an 
accuracy of 6 cm and a correlation of 0.95. In addition, the 
L1 signal of GPS satellite provided better results compared 
to the L2 and L5 signals. At station AT01, the L2 signal, 
with an accuracy of 11 cm, was more correlated with the 
tide gauge observation than the L1 signal, with an accuracy 
of 16 cm. In relation to the GLONASS satellite positioning 
system, whose L1 and L2 signals have been used in 3 sta-
tions, L1 in station GTGU, with 4 cm accuracy and a cor-
relation coefficient of 0.91, presented the best results com-
pared to other signals. The results of evaluating the Galileo 
signals, i.e., L1, L5, L6, L7 and L8 at the two stations AT01 
and MERS, indicated that the L1 and L6 signals provide 
the best results compared to other signals. The L1 signal 
showed an accuracy of 4 cm and a correlation of 0.88 at 
the station MERS, and the L6 signal an 11 cm RMSE and a 
0.91 correlation coefficient at the station AT01. Among the 
studied stations, only MERS detects the BeiDou satellite, 
which includes two signals, L2 and L7. The comparisons 
at this station showed that the L2 signal, with an accuracy 
of 8 cm and a correlation of 0.83, offers better results than 
the L7 signal.

Finally, the tidal frequencies obtained from the sea level 
height, using the GPS L1 signal, were extracted at stations 
MARS and TGDE. We used the LS-HE method for this pur-
pose. The results showed that the tidal frequencies can be 
estimated with high accuracy using GNSS-IR technique. The 
correlation coefficients are 0.99 and 1.00 compared to the 
tidal frequencies extracted from the time series of nearby 
coastal tide gauges. The results confirmed that the GNSS-
IR can be used for tide modeling studies, especially in areas 
with no tide gauge data.

Appendix

See Figs. 11, 12, 13, 14, 15, 16 and 17.

Table 5  Characteristics of the 19 main astronomical frequencies 
(https:// tides andcu rrents. noaa. gov)

No Tidal component Period (hours)

1 K2 Lunisolar semidiurnal constituent 11.967235
2 R2 Smaller solar elliptic constituent 11.983596
3 S2 Principal solar semidiurnal constituent 12.000000
4 T2 Larger solar elliptic constituent 12.016449
5 2SK2 12.032945
6 ST4 12.585651
7 NU2 Larger lunar evectional constituent 12.626004
8 N2 Larger lunar elliptic semidiurnal constituent 12.658348
9 SNK2 12.695013
10 MKS2 12.385502
11 H2 12.403028
12 M2 Principal lunar semidiurnal constituent 12.420601
13 H1 12.438225
14 GAM2 12.451900
15 PSI1 23.869299
16 K1 Lunar diurnal constituent 23.934470
17 S1 Solar diurnal constituent 23.999997
18 P1 Solar diurnal constituent 24.065890
19 PI1 24.132140

https://tidesandcurrents.noaa.gov
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Fig. 11  Sea level time series 
obtained from hourly GPS L2 
signal and coastal tide gauge in 
stations GTGU, AT01, MCHN, 
and MERS. The x-axes show 
decimals of the year

Fig. 12  Sea level time series 
obtained from hourly GPS L5 
signal and coastal tide gauge 
in stations AT01 and MERS. 
The x-axes show decimals of 
the year
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Fig. 13  Sea level time series 
obtained from the hourly GLO-
NASS L2 signal and coastal tide 
gauge in stations GTGU, MERS 
and AT01. The x-axes show 
decimals of the year

Fig. 14  Sea level time series 
obtained from the hourly 
Galileo’s L1, L5, L7 and L8 
signals and coastal tide gauge in 
station MERS. The x-axes show 
decimals of the year
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Fig. 15  Semidiurnal and diurnal 
signals in the univariate power 
spectrum obtained from tide 
gauge observations of the sta-
tion MARS. The x-axes show 
period in hour

Fig. 16  Semidiurnal and diurnal 
signals in the univariate power 
spectrum obtained from GNSS-
IR observations of the station 
TGDE. The x-axes show period 
in hour
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