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ABSTRACT 

Global sea level rise due to an increasingly warmer climate has begun to induce hazards, 

adversely affecting the lives and properties of people residing in low-lying coastal regions 

and islands. Therefore, monitoring and understanding variations in coastal sea level covering 

offshore regions are of great importance. Signal-to-noise ratio (SNR) data of Global 

Navigation Satellite System (GNSS) have successfully used to robustly derive sea level 

heights (SLHs). In Taiwan, there is a number of continuously operating GNSS stations, not 

originally installed for sea level monitoring. They were established in harbors or near coastal 

regions for monitoring land motion. This study utilizes existing SNR data from three GNSS 

stations (Kaohsiung, Suao, and TaiCOAST) in Taiwan to compute SLHs with two methods, 

namely, Lomb–Scargle Periodogram (LSP)-only, and LSP aided with tidal harmonic analysis 

developed in this study. The results of both methods are compared with co-located or nearby 

tide gauge records. Owing to the poor quality of SNR data, the worst accuracy of SLHs 

derived from traditional LSP-only method exceeds 1 meter at the TaiCOAST station. With 

our procedure, the standard deviations (STDs) of difference between GNSS-derived SLHs 

and tide gauge records in Kaohsiung and Suao stations decreased to 10 cm and the results 

show excellent agreement with tide gauge derived relative sea level records, with STD of 

differences of 7 cm and correlation coefficient of 0.96. In addition, the absolute GNSS-R sea 

level trend in Kaohsiung during 2006–2011 agrees well with that derived from satellite 

altimetry. We conclude that the coastal GNSS stations in Taiwan have the potential of 

monitoring absolute coastal sea level change accurately when our proposed methodology is 

used. 

Index Terms－Global navigation satellite systems (GNSS), signal-to-noise ratio (SNR), 

Lomb-Scargle periodogram (LSP), tidal harmonic analysis 

  



3 
 

1. INTRODUCTION 

Global sea level rise (SLR) has become increasingly hazardous in some of the low-lying 

coastal regions over the past decades primarily due to anthropogenic climate warming. The 

adverse impacts of SLR on the economy and environment of coastal cities and island nations 

include salinity intrusion, inundation and flooding, coastal erosion, and wetland and habitat 

destruction for endangered species (Klein and Nicholls, 1999; LaFever et al., 2007; Fuentes 

et al., 2009). In addition, low-lying coastal regions are the most vulnerable to the threats of 

SLR. Most of the large and populous cities in the world with their associated economic 

activities and infrastructures, are situated at or near the coastal and deltaic regions (FitzGerald 

et al., 2008). Moreover, the population living within 100 km of coasts is predicted to account 

for half of the global population by 2030 (Small and Nicholls, 2003). Hence, continuous 

monitoring, understanding and mitigating sea level rise hazards in the world’s deltaic and 

other low-lying coastal areas, are becoming necessary and indispensable. 

Traditionally, relative and absolute (geocentric) sea level changes are mainly monitored 

using tide gauges and satellite altimetry, respective1ly. Although tide gauges can provide 

high-accuracy measurements up to millimeter level (Míguez et al., 2012), estimated sea level 

observations in this case contain vertical land motions (VLM), which lead to over- or 

under-estimates of SLR. For example, tide gauges in Taiwan, especially in the southwestern 

part, are influenced by significant VLM (Lan et al., 2017). Satellite altimetry can be used for 

large-scale sea level observations and exhibit accuracy better than ±5 cm in open oceans 

(Shum et al., 1995). Nevertheless, there is a great challenge when applying this method in 

coastal regions because waveform contamination of the land and inaccurate geophysical 

corrections lead to low-accuracy observations (Chelton et al., 2001; Kuo et al., 2017). 

Furthermore, high temporal resolution and continuous monitoring of the sea surface with 

satellite altimetry are restricted to the repeat cycle of each satellite. Therefore, an alternative 
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or supplementary method may be developed to complement the above-mentioned techniques. 

Global Navigation Satellite Systems Reflectometry (GNSS-R) is a new satellite technique 

that has been applied using reflected or opportunistic signals for remote sensing of Earth 

surfaces. Larson et al. (2013a) introduced GNSS-based tide gauges to measure coastal 

relative sea level heights (SLHs) by using signal-to-noise ratio (SNR) analysis via Lomb–

Scargle Periodogram (LSP) method. Derived relative sea level changes are consistent with 

those of nearby or collocated tide gauges; the largest root mean square (RMS) is about 10 cm, 

indicating that GNSS-R has a great potential for monitoring sea level variations offshore and 

with higher temporal sampling. Löfgren and Haas (2014) showed that SNR analysis can still 

provide SLHs during rough sea surface conditions (wind speed of up to 17.5 m/s). Hence, a 

GNSS-based tide gauge could still operate even under challenging conditions. Most 

importantly, since this technique is GNSS-based, the site can also be used to compute VLM 

via geodetic positioning, and can thus derive absolute sea level changes that cannot be 

achieved by traditional tide gauges alone.  

The most populated cities on the island of Taiwan are situated close to coasts. Accurate 

monitoring of sea level changes around Taiwan is therefore important; in this regard, dozens 

of tide gauges have been established by the Taiwan government (Lan et al., 2017). Three 

continuous GNSS stations of Taiwan were built to be co-located with tide gauges in harbors 

or near the coastlines and were not originally intended to be used for GNSS-reflectometry, so 

they may be not optimal for sea level monitoring compared to other sites chosen in previous 

studies. The present research aims to assess if these three GNSS stations (Kaohsiung, Suao, 

and TaiCOAST) could serve as GNSS-based tide gauges. Therefore, we introduce tidal 

harmonic analysis to assist LSP in deriving accurate SLHs with reasonable precision close to 

those achieved in previous studies. Finally, GNSS-derived results via LSP-only technique 

which were used in previous published studies, and via our method are compared with those 
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from co-located or nearby traditional tide gauge records. Furthermore, GNSS-derived sea 

level trend combined with VLM for the Kaohsiung GNSS station is compared with the 

absolute sea level trend obtained from multi-mission satellite altimetry.  
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2. RESEARCH AREAS AND DATA 

  In this study, we selected three GNSS stations that are located in Kaohsiung Harbor, Suao 

Harbor, and Taoyuan (TaiCOAST). Kaohsiung Harbor is the largest commercial port in 

Taiwan and the 13th largest harbor worldwide. This harbor is adjacent to Kaohsiung City, one 

of the economic centers in Taiwan. The site consists of a Trimble 5700 GNSS receiver with 

an unshielded TRM41249.00 antenna mounted on the top of a building at pier 10. Suao 

Harbor is situated in the Yilan County, one of the auxiliary ports of Keelung commercial port, 

and plays a critical role in the development of Lan–Yang Plain, where most people in Yilan 

reside. The GNSS station consists of a Trimble NETR9 receiver and a TRM57971.00 antenna. 

TaiCOAST is a sea-front tower facing Taiwan Strait and was established by National Central 

University, Taoyuan, Taiwan. TaiCOAST is a 16 m-high (about five floors) building with few 

shelters, and the field of vision here is wide and broad. The receiver is a NovAtel GPS Card 

with a GPS-702-GG antenna. The approximate heights of the antennae above mean sea level 

of Kaohsiung, Suao and TaiCOAST are 5.34 m, 4.40 m and 20.26 m, respectively. The 

co-located or nearby traditional tide gauges are selected to verify GNSS-based tide gauges. 

Figure 1 illustrates the geographical locations of these stations. Tables 1 and 2 list GNSS 

stations and tide gauges information. Two types of data used in this research; SNR data 

recorded by GNSS receivers and tide gauge measurements. SNR data are collected in GPS 

L1 and L2 carrier frequencies, only SNR-L1 data are used in this study because the signal 

strength of SNR-L2 data is relatively weaker. The relative sea level measurements of the four 

tide gauges are used to validate GNSS-derive sea level changes. Tidal harmonic analysis is 

applied to detect outliers or datum offsets in the tide gauge records prior to its use for the 

validation of GNSS-R retrieved sea level data. 
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Figure 1. GNSS stations and tide gauges in Taiwan. The red circle represents GNSS stations, 

the yellow star denotes traditional tide gauges, and the blue square indicates GNSS stations 

co-located with traditional tide gauges. 
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Table 1. Information of three GNSS stations 

Station Lon. ( Eo ) Lat. ( No ) Temporal Coverage Sampling rate (Hz) Provider 

Kaohsiung 120.29 22.61 
2006/03/01 

–2011/07/31 
1/30 

Ministry of 

Interior 

Suao 121.87 24.59 
2015/11/01 

–2015/12/31 
1/30 

Central Weather 

Bureau 

TaiCOAST 121.01 24.97 
2015/07/24 

–2015/08/07 
1 

National Central 

University 

 

Table 2. Information of four nearby or collocated tide gauges 

Station Lon. ( Eo ) Lat. ( No ) Temporal Coverage Tidal Range (m) Provider 

Kaohsiung 120.29 22.61 
2006/01/01 

–2011/12/31 
< 1.0 

Ministry of 

Interior 

Suao 121.87 24.59 
2015/01/01 

–2015/12/31 
1.0 

Central Weather 

Bureau 

Zhuwei 121.24 25.12 
2015/06/01 

–2015/08/31 
2.0 

Central Weather 

Bureau 

Hsinchu 120.92 24.85 
2015/06/01 

–2015/08/31 
2.5 

Central Weather 

Bureau 
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3. METHODOLOGY 

3.1. GNSS SNR Theory 

 SNR recorded by GNSS receivers can be utilized for analyzing multipath effects. Each 

GNSS frequency, such as L1, L2, or L5, records its own SNR value, which is calculated by 

carrier tracking loop of the GNSS receiver (Bilich and Larson, 2007). The direct signal 

component is eliminated from the original SNR data to obtain the signal related to multipath 

reflections. This process can be achieved either by fitting and removing a low-order 

polynomial (Larson et al., 2013a) or by designing a high-pass filter for the data (Benton and 

Mitchell, 2011). Similar to the study of Larson et al. (2013a), we fit and remove a 

second-order polynomial from the SNR data. The remaining part, namely, detrended SNR 

( SNRδ ), contains the contribution of the multipath effects and can be shown for a planar 

surface (Larson et al., 2013a): 

))sin(
4

cos()cos( ϕε
λ
πϕψδ +=+= h

AASNR  (1) 

where A  is the amplitude, ψ  represents the phase angle, ϕ  denotes the phase offset, h 

is the distance between the reflecting surface and the GNSS antenna phase center (also called 

reflected height), λ  is the GNSS carrier wavelength, and ε is the satellite elevation angle.      

The frequency of SNRδ with respect to the sine of satellite elevation angle can be shown as 

Eq. (2): 
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Assuming a time-invariant planar surface, that is, the reflected height is constant during a 

time interval, then h&  can be neglected and Eq. (2) can be simplified as follows: 
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Eq. (3) shows that the reflected height is proportional to the oscillation frequency of SNRδ  

data with respect to the sine of the satellite elevation angle. The dominant frequency is 

determined through a spectral analysis method. If the assumption of a constant reflected 

height in a specific time span is not acceptable in the area where the sea level changes 

dramatically, then the frequency of δSNR is time dependent. Larson et al. (2013b) mentioned 

the problem in their study in an experimental area (Kachemak Bay, Alaska) with tidal range 

larger than 7 m. In this situation, the change rate of the reflected height and satellite elevation 

angle in Eq. (2) should be considered. Larson et al. (2013b) dealt with this issue by proposing 

an iterative method. They first calculated the preliminary reflected height solution by Eq. (3), 

and the correction term to the reflected height is then determined based on ℎ�  and εε &/)tan( . 

Finally, the procedure is repeated to obtain accurate solutions. 

3.2. Constraints of SLH derived from SNR Data  

 Before retrieving SLHs, we need to confirm that the SNR data are truly obtained from 

surrounding sea surfaces. Therefore, the satellite angle constraints including azimuth and 

elevation angles are implemented in this research. First, the azimuth angle, which is directly 

related to the environmental conditions of the GNSS station, is directly determined from a 

Google Earth image to identify the range facing the sea surfaces. Second, we adopt and 

calculate the first Fresnel zone of each site to determine the constraints of satellite elevation 

angle and similar to Löfgren and Haas (2014). Table 3 lists the angle constraints of each 

station in this study. 
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Table 3. Angle constraints to SNR data of each GNSS station 

Station Azimuth angle Elevation angle 

Kaohsiung oo 20040 −  oo 204 −  

Suao oo 260130 −  oo 204 −  

TaiCOAST oo 30240 −  oo 205 −  

 

3.3. Lomb-Scargle Periodogram aided with Tidal Harmonic Analysis 

3.3.1. Lomb-Scargle Periodogram 

 We need to compute the dominant frequency of SNRδ  data by spectral analysis. Applying 

a Fast Fourier Transformation (FFT) or other traditional spectral analysis methods is a great 

challenge because the SNRδ  data are not evenly sampled with respect to εsin . Therefore, 

we utilize the Lomb-Scargle Periodogram (LSP), also called least-squares spectral analysis, 

to analyze periodicities of unevenly sampled dataset (Larson et al., 2013a). The details of 

LSP are given in (Press et al., 1992): 

 The dominant frequency corresponds to the largest spectral power and can be transferred to 

reflected height using Eq. (3). Periodograms from PRN 08 and PRN 11 at Kaohsiung station 

with reflected heights of around 5 m in DOY 121 and DOY 123, 2009 are shown in Figure 2 

(a). However, one significant peak does not always exist in the periodogram because of data 

quality or contamination by other reflected signals near the GNSS station. In Figure 2 (b), 

two dominant peaks are found, but the correct reflected height during the period is difficult to 

distinguish using a simple highest peak criterion. Therefore, we introduce tidal harmonic 

analysis to aid LSP to determine the correct peak and reflected height. 
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Figure 2. (a) Typical LSP results (only one significant peak) of DOY 121 and DOY 123, 

2009 from PRN 08 and PRN 11 with reflected heights 5.15 and 5.33 m, respectively. (b) 

Non-typical LSP result from an arc of satellite PRN 15 which shows several peaks in the 

periodogram.  

 

3.3.2. Tidal Harmonic Analysis 

 In this study, we apply tidal harmonic analysis for two purposes: (i) preprocess tide gauge 

records to remove datum offsets and blunders, therefore, 37 major tidal constituents are used 

including 1 annual constituent (SA), 1 semi-annual term (SSA), 3 long-term constituents 

(MM, MSF, and MF), 10 diurnal tides (2Q1, Q1, RHO, O1, M1, P1, S1, K1, J1, and OO1), 

12 semi-diurnal tides (2N2, MU2, N2, NU2, M2, LAM2, L2, T2, S2, R2, K2, and 2SM2), 3 

third-diurnal tides (2MK3, M3, and MK3), 4 sixth-diurnal tides (MN4, M4, MS4, and S4), 2 

quarter-diurnal tides (M6 and S6), and 1 third-diurnal tide (M8) (Chang et al., 2012). (ii) 

(a) 

(b) 
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LSP-only method used in previous studies cannot generate reasonable results because of the 

uncertainty or lack of exact knowledge for the peaks estimated in the periodogram (see 

previous Section 3.3.1.). 

 Therefore, we introduced tidal harmonic analysis to constrain the reflected heights (tidal 

harmonic analysis is ONLY applied to GNSS-R sea surface heights, and the independent tide 

gauges records are then only used for validation). First, we used LSP to retrieve GNSS-R sea 

level heights, the so-called LSP-only solutions. Then, these LSP-only solutions are used as 

the input data in tidal harmonic analysis and then reconstruct the sea surface heights. In this 

way, we can use the reconstructed result to provide a constraint for the reflected height, 

windowing the periodogram search interval to be optimal or more reasonable. This process 

has increased the probability for finding the correct peaks. Moreover, the proposed method is 

iterated until the reconstructed result by tidal harmonic analysis only changes slightly, and the 

algorithm has demonstrated improvement to the retrieved GNSS reflected heights. In this 

analysis, we only selected the dominant diurnal (K1 and O1) and semi-diurnal (M2 and S2) 

tidal constituents because they are significant around Taiwan. The other reason is since the 

LSP-only solutions are temporally coarse, and could not completely resolve or identify all the 

known tidal constituents in the tidal harmonic analysis. In addition, if the tidal range of the 

area is known from tide models, this a priori information can be considered as a constraint to 

accurately determine the peaks in the periodogram. Further, this technique aims to improve 

the LSP search of peaks to improve GNSS-R sea surface heights, and it is not a tidal 

modeling study. We find that the use of these 4 dominant tidal constituents is sufficient and 

more efficient here. 
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4. RESULTS AND DISCUSSION 

4.1. Sea level height (SLH) 

GNSS-derived sea level variations by LSP-only and LSP aided with tidal harmonic 

analysis are compared with those of co-located or nearby tide gauges. The mean value of 

each time series is removed because they refer to different datums. For TaiCOAST, we just 

used LSP-only to retrieve SLHs because the intertidal zone appeared during the low tides 

(Figure 3) which can lead to the wrong detection of reflected heights. Hence, the tidal 

harmonic analysis cannot be used for the determination of reflected heights because of the 

wrong fitting result when the input data do not contain the low-tide information. Figure 4 (a)–

(c) shows the sea levels of Kaohsiung, Suao and TaiCOAST stations. Tables 4 and 5 present 

the result for LSP-only and LSP aided with tidal harmonic analysis, respectively. In 

Kaohsiung and Suao, the standard deviation (STD) of the differences between GNSS-derived 

and tide gauge sea levels decrease by 7 and 10 cm respectively; the correlation coefficients 

between the two time series increase from 0.80 to 0.97 when applying LSP aided with tidal 

harmonic analysis. In addition, the number of sea level estimates increase from 421 to 642 

and from 921 to 1171 at Kaohsiung and Suao respectively. It indicates the proposed method 

increases the probability of finding the correct peaks in the periodgram, and thus significantly 

improves the retrieved GNSS-R heights for the example GNSS sites. For TaiCOAST, the STD 

is over 1 m and the correlation coefficient is only 0.13, making it the worst site in Taiwan. 

The main reason is that when the sea surface ebbs, the distance from the GNSS station to the 

seawater can reach 300 m or more; that is, outside of the first Fresnel zones. In addition, 

during the observation period, the sea surface experienced spring tide, when the tidal range is 

the largest. Therefore, the sea surface height would change dramatically and that affects the 

performance of SLH retrieval. Another factor causing the discrepancy of the sea level 

changes between synthetic tide gauge and GNSS-based ide gauge is that the nearby tide 
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gauges, namely Zhuwei and Hsinchu, which can still observe low tide, are located at the 

zones with different tidal ranges.   

 

Table 4. Comparison of GNSS-derived sea level changes by LSP-only and tide gauge 

records.  

 Kaohsiung Suao TaiCOAST 

Number of solutions 421 921 139 

STD  15.0 cm 20.0 cm 112.2 cm 

Mean diff.  2.1 cm -0.1 cm -25.3 cm 

Max. diff.  98.3 cm 100.1 cm 316.2 cm 

Correlation coefficient 0.80 0.86 0.13 

 

Table 5. Comparison of GNSS-derived sea level changes by LSP aided with the tidal 

harmonic analysis and tide gauge records with different sea surface assumption.  

 Kaohsiung Suao 

Sea surface assumption Static Dynamic Static Dynamic 

Number of solutions 642  641  1171  1168  

STD  7.5 cm 7.1 cm 11.1 cm 9.9 cm 

Mean diff.  0.2 cm 0.3 cm 0.1 cm < 0.0 cm 

Max. diff  23.9 cm 24.3 cm 48.3 cm 49.2 cm 

Correlation coefficient 0.95 0.96 0.96 0.97 
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Figure 3. In-situ photos of (a) flood tide, and (b) ebb tide at TaiCOAST 

 

 

 

(a) 

(b) 

(a) (b) 
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Figure 4. Sea level changes from tide gauge (blue line) and GNSS-based tide gauge with 

the assumption of dynamic sea surface by LSP with the tidal harmonic analysis (red dot). 

(a) One-month result from Kaohsiung station, (b) two-month result from Suao harbor, and 

(c) two-week result from TaiCOAST. 

 

Figure 5 (a)–(b) shows the scatter plots of Kaohsiung and Suao stations, and some 

solutions are missing in the highest and lowest tides. This finding could be due to lack of 

available satellites, LSP cannot precisely detect the peak frequency because of the low 

temporal resolution (1/30 Hz) of the SNR data or the solutions are eliminated via blunder 

detection. Hence, the estimated slope of linear regression cannot be equal to 1, i.e., the same 

as the line: y=x. However, the coefficients of determination 2R  are still higher than 0.90. 

Hence, GNSS-based tide gauge exhibits a high potential for monitoring coastal sea level 

variations.  

 

(c) 
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Figure 5. Scatter plot of two sea-level time series from tide gauge and GNSS-based tide 

gauge by LSP aided with tidal harmonic analysis. (a) Kaohsiung station, (b) Suao station. The 

red line represents the result of linear regression, and the black line denotes the line: x=y. 

 

4.2. Absolute sea level trend 

We also calculate SLHs by using 5-year (2006/03/01-2011/07/31) GNSS SNR data from 

Kaohsiung station to test the possibility of longer sea level monitoring using the GNSS-based 

tide gauge. From this analysis, SLHs are valid with an RMS at about 9.0 cm and the 

correlation coefficient of 0.94. Then, we aimed to compute the absolute sea level trend by 

removing the VLM from both the relative sea level trends derived from traditional and 

GNSS-based tide gauges. In addition, along-track absolute sea level changes from 

TOPEX/POSIEDON, Jason-1 and Jason-2 within o2  from AVISO around the GNSS station 

are computed for comparison. Figure 6 shows the monthly sea level changes derived from 

three instruments. The RMS of differences between the tide gauge and GNSS-based tide 

gauge, the tide gauge and altimeter, and the GNSS-based tide gauge and altimeter are 2.4, 5.8, 

and 5.9 cm, respectively. Table 6 lists the estimated amplitude and phase of annual and 

semi-annual variations. The results from tide gauge and GNSS-R retrieval are consistent. The 

altimeter shows a larger discrepancy compared with the other parameters because the 

altimeter does not exactly measure the same location as the tide gauge.  

(a) (b) Slope: 0.87 

R2: 0.91 

Slope: 0.84 

R2: 0.94 
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The VLM rate used in this study is determined using the GPS vertical components 

(updated from Ching et al., 2011). The trend of VLM during 2006–2012 is 0.11.4- ±  mm/yr. 

The absolute sea level trend is derived by removing VLM from the tide gauge or 

GNSS-derived relative sea level trend. Table 7 shows the computed trends of relative and 

absolute sea levels. The sea level trends derived from GNSS-based tide gauge and satellite 

altimetry are both negative while it is positive in traditional tide gauge measurements. 

However, the uncertainty of each estimated trend is larger than its estimate resulting from 

data covering short time span (5 years), which is not long enough to compute the sea level 

trend accurately, therefore, the trends are not significantly different. It should be noticed that 

the trend is calculated using only 5-year data, so the estimated trend contains the uncertainties 

resulting from low-frequency oceanic signals. The minimum time span of 30 years to obtain 

reliable sea level trends is suggested by Douglas (1995).  

 

 

Figure 6. Monthly sea level changes covering 5 years from tide gauge (blue line), GNSS-based 

tide gauge (red line), and satellite altimetry-along track ( o2 ) (black line).  

  



20 
 

Table 6. Sea level amplitude and phase of the annual and semi-annual signals 

Signal Annual signal Semi-annual signal 

parameters Amplitude (cm) Phase (o ) Amplitude (cm) Phase (o ) 

Tide gauge 10.8 208.3 1.9 152.6 

GNSS-based tide gauge 11.0 204.6 1.2 147.6 

Satellite altimetry 5.9 238.5 1.1 202.3 

 

Table 7. Relative and absolute sea level trends derived from tide gauge, GNSS-based tide 

gauge, and satellite altimetry 

Data source Relative sea level trend Absolute sea level trend 

Traditional tide gauge 2.51.9±  mm/y 2.50.5±  mm/y 

GNSS-based tide gauge 3.12.5- ±  mm/y 3.13.9- ±  mm/y 

Satellite altimetry – AVISO N/A 3.12.3- ±  mm/y 

 

4.3. Installation suggestion for GNSS-R Sea Level Station 

The set-up of the GNSS station and surrounding environments are important factors that 

can affect the performance of a GNSS-R sea level station for monitoring sea level variations. 

The freighters or ships in commercial harbors (Kaohsiung and Suao) or ports will influence 

the reflected signals from the sea surface. In addition, the GNSS station should be as close to 

the coastline as possible to avoid multipath from other reflecting surfaces. Otherwise, the 

reflected signals can be easily affected by other multipath, for example, intertidal zones in 

TaiCOAST. Furthermore, the sampling rate can affect the maximum reflected height derived 

by LSP. Therefore, the higher sampling rate is required when the GNSS receiver is built 

relatively high above the measured sea level (TaiCOAST is the case in this study). These 

comparisons can provide some principles for future installation of GNSS-based tide gauges. 
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5. CONCLUSIONS 

This study assessed the feasibility of monitoring absolute coastal sea level changes by 

using the existing data of three GNSS stations in Taiwan. SLHs derived from the SNR data of 

Kaohsiung and Suao using LSP-only and LSP aided with tidal harmonic analysis are 

demonstrated, whereas TaiCOAST SNR data are processed using LSP-only. LSP-aided with 

tidal harmonic analysis increases the probability to find the correct peaks and therefore 

decreases the STD of difference to 10 cm, indicating significant improvement in GNSS-R sea 

level height retrievals. Hence, Kaohsiung and Suao GNSS sites have great potential for the 

feasibility monitoring absolute sea level variations offshore. GNSS-derived sea level changes 

show high correlation coefficients of 0.94–0.97, in comparison with the co-located traditional 

tide gauge records for these two GNSS stations. The STDs of the differences between sea 

level changes derived from GNSS SNR and tide gauge data range from 7.1 to 11.1 cm. 

Moreover, the absolute sea level trend during 2006–2011 is determined using satellite 

altimetry measurements or Kaohsiung GNSS SNR data and tide gauge combined with VLM 

derived from GNSS. The absolute differences in sea level trends are insignificant. However, 

the uncertainty of each estimated trend is as large as its estimate because the data only cover 

5 years, which is not long enough to obtain accurate sea level trends.  

The performance of SNR data in TaiCOAST is worse than those at Kaohsiung and Suao. 

The STD of differences between GNSS-derived and tide gauge sea level is 112.2 cm, and the 

correlation coefficient is only 0.13. The poor performance is due to multipath from the 

intertidal zone, not the sea surface. Eventually, statistical comparison of data from previous 

studies and those from Taiwan’s stations is conducted by LSP aided with tidal harmonic 

analysis. The result indicates that the existing GNSS stations in Kaohsiung and Suao have 

great potential for monitoring sea level changes at, around and offshore from the GNSS sites. 

However, this proposed method may be adversely impacted when the tidal range is 
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sufficiently large such that the peaks may be skewed or even split when using the LSP.  
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