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Abstract

The expansion of the tide gauge network along the coast is essential for better monitoring of sea-level dyna-
mics. Owing to climate change, the urgency has been exacerbated, especially during the last two decades.
However, densification remains a challenging task because of the lack of affordability of the sensor, es-
pecially in the Global South. Further, the precision and accuracy requirements of 1-cm imposed by the Global
Sea Level Observing System (GLOSS) is too restrictive, particularly for low-cost tide gauge sensors. Here,
we evaluated the performance of a low-cost DIY tide gauge in meeting these standards. Three sets of sea
level observations from IR-TIDES, a DIY tide gauge sensor observed in 2016 and 2018, were subjected to
a performance test in terms of precision and accuracy in comparison with a global tide model and two neigh-
bouring established tide gauges. All three datasets were estimated to have an 8-cm standard deviation as a
metric for the precision level. In terms of accuracy, the IR-TIDES datasets had a standard deviation of 25
cm and a correlation coefficient of 0.616. Overall, IR-TIDES demonstrated sufficient precision while still
lacking accuracy, partially meeting the GLOSS quality standard. These findings could strengthen the confi-
dence level of a low-cost DIY tide gauge, especially for use as a backup and redundant sensor for an esta-
blished tide gauge station after addressing the limitations.
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1. Introduction

A tide is a periodic dynamical movement of the sea surface, influenced by the Sun—Earth and
Moon—Earth systems of gravitational attraction, according to Newtonian Law. This movement is
expressed as a wave with an amplitude and phase (De Lavergne et al., 2019). The expression of
tide as wave resulting in two differing tidal regimes (period of one high and one low tide) of 12.4
hours and 24.8 hours, a half and a full lunar day, respectively. Measuring tides is a well-known
observation method dating back to the 18th century (Pytharouli et al., 2018). Over the last half of
the century, various methods for observing tides have been developed, including the use of tide
poles, mechanical floaters, pressure sensors, acoustic sensors, and radar sensors (Adrianto et al.,
2019; Guaraglia & Pousa, 2014; Mehra et al., 2009; Miguez et al., 2005, 2012; Xu et al., 2019).
These advancements lead to a wide-range of application: in the topic of geodesy and hydrography
(Tamisiea et al., 2014; Woppelmann et al., 2006), climate change (Church & White, 2006; Fe-
noglio-Marc et al., 2012; Nadzir et al., 2022; Simons et al., 2023; Wppelmann & Marcos, 2016;
Zerbini et al., 2017), coastline changes (Cazenave & Nerem, 2004; Simarmata et al., 2023; Toimil
et al., 2018), shipping safety monitoring (Menéndez & Woodworth, 2010), detecting tsunami oc-
currences after earthquake (M. A. Merrifield et al., 2005; Satake et al., 2013), and climate mode
data assimilation (Becker et al., 2016). Several prominent institutions have measured and pre-
dicted tidal coefficients from a ‘mature’ tide gauge station such as the National Oceanic and At-
mospheric Administration (NOAA) and the National Ocean Service (NOS) of the USA (Agnew,
1986; Doodson, 1957).

Monitoring sea level is becoming increasingly important, and many measurement systems have
near-real-time transmission capability that allow them to send, collect, and list the received sea
level signals as a centralised tide gauge network. This allows for real-time monitoring of sea level
changes across a wide area. Among the first ones was the Permanent Service for Mean Sea Level
(PSMSL) (Woodworth, 1991), SHOM and RONIM project by France on early 1990s (Miguez et
al., 2008), the BODC initiative by the UK, Flanders Marine Institute-maintained VLIZ, and Uni-
versity of Hawai’i-led UHSLC data centre (Caldwell et al., 2001). The Global Sea Level Obser-
ving System (GLOSS) was formed in 1985 by the Intergovernmental Oceanographic Commission
(I0C) to coordinate, combine, and provide oversight of all these initiatives from various countries
(I0C, 1990; Legler et al., 2015; M. Merrifield et al., 2009). Indonesia, as the biggest archipelagic
country in the world, has intensified its effort to build and extend the tide gauge network in the
republic during the last couple years (Schone et al., 2011). As of 2023, Indonesia has over 200
operational tide gauges, primarily focused on providing early warnings for tsunami. However,
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this focus leads to an imbalanced distribution across the archipelago, with a concentration in areas
vulnerable to tsunamis, leaving other coastal regions with sparser data for sea level monitoring
purpose (Nadzir et al., 2023). However, the usage of Indonesian tide gauge network could be
considered under-utilised, where a number of studies are limited onto a single number of tide
gauge (Arifin ef al., 2021; Fitriana et al., 2019, 2022; Ichsari et al., 2020; Richasari et al., 2019).

Despite continuous progress in tide gauge technology, a mixture of meteorological and astrono-
mical factor with different mathematical natures (stochastic and deterministic, respectively) that
constitute the tidal signal has made the minimization of error and bias in tide gauge record difficult
to compute (Chelton & Enfield, 1986). Thus, their level of precision cannot be optimised, even
with modern tide gauges. Additionally, a large proportion of global tide gauges have been found
to be insufficiently accurate for sea-level studies because of limitations in their observation tech-
nology (Miguez et al., 2022). One way to resolve this precision problem is by using the radar
method, essentially multiplying the measurement frequency such that the stochastic error can be
further cancelled out. Previous studies in Liverpool (Woodworth & Smith, 2003), Africa (Wood-
worth et al., 2007) and France (Miguez et al., 2008) have shown promising results for the incor-
poration of radar-based gauges to supplement older tide gauges. Other obstacles hindering the
extension of global tide gauge networks include geography, budget, and manpower. The use of
instrumentation at a considerably lower cost could be a solution, as demonstrated in the USA and
Liverpool (Giardina et al., 2000; Knight et al., 2021).

To address the need for high-precision tide gauges in Indonesia, particularly in meeting the 1-cm
GLOSS standard for sea level monitoring, this study evaluated the accuracy and precision level
of a low-cost tide gauge instrument. To perform the test, we used an on-site check approach with
Pulau Pramuka as the test site. The choice of Pulau Pramuka stems from the existence of mature
tide gauges at neighbouring locations (Kolinlamil and Sunda Kelapa) as standard reference
gauges. This experiment aimed to evaluate the precision and accuracy of a low-cost tide gauge
(IR-TIDES) within the scope of the 1-cm requirement from GLOSS. Additionally, we aimed to
elucidate the occurrence of systematic instrument errors in IR-TIDES under field conditions.

2. Data and Methods

A pier on the Pramuka Island in northern Jakarta was selected as the test site for this study. The
pier is located at 5.745S and 106.612E, as shown in Figure 1 and is indicated by a red pin. This
location was chosen for several reasons, including ease of access and minimal disturbance. Addi-
tionally, it was selected because of its proximity to existing operational tide gauge stations at
Kolinlamil and Sunda Kelapa, which were used as reference stations for this study.
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Figure 1. Pulau Pramuka test site.
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The IR-TIDES instrument used in this study was developed by the authors in mid-2015, with a
radar sensor as the main equipment used to measure the water level by reflecting a signal off the
water surface and measuring the roundtrip travel time. Additionally, the instrument was equipped
with GPRS-based telemetry to serve as a connection to the outside world. The default mea-
surement setting of the IR-TIDES was to observe 20 consecutive data points every 5 min, which
were chosen to balance the data resolution, battery life, and transmission load. Several other op-
tions can be chosen during the setup process. The output of IR-TIDES is a txt file with three
columns: date (in DD/mm/YYYY format), water level in centimetres, and time in HH:MM:SS
format in Western Indonesian Time (Waktu Indonesia Barat/WIB). On this research, three diffe-
rent datasets with different time interval and setting were used as listed in Table 1.

Table 1. Data from IR-TIDES used on this research.

Data Name Data Timespan Sampling Interval
PASUT 21 July 2016 — 29 August 2016 20 data every 5 min
GELOMBANG 05 August 2018 — 15 August 2018 1024 data every 30 min

PASUT PRAMUKA 01 August 2018 — 14 August 2018 20 data every 5 min

To assess the accuracy and precision of the low-cost tide gauge, we adapted and adjusted metho-
dologies from previous studies (Miguez et al., 2005; Woodworth & Smith, 2003). These processes
involves several steps: i) Pre-processing: averaging process with simple mean and outlier detec-
tion using 3-sigma method, used as the first parameter of precision, ii) standard deviation approxi-
mation from the dataset calculated with Equation 1 to quantify the data’s spread as the second
parameter of precision; iii) normalisation (de-meaning) process and standard deviation (STD) and
median absolute deviation (MAD) estimation (Passaro et al., 2018) using Equation 2, comparing
it against the reference gauges and a tidal model as an estimation of accuracy level; iv) visualisa-
tion between IR-Tides and reference tide gauges and a tidal model to help identify potential dis-
crepancies and; v) scatterplot visualisation, otherwise known as van de Casteele inspection (Len-
non, 1968; Miguez et al., 2008), of the IR-TIDES against the reference gauges as well as linear
regression computation to identify the existence of systematic error across the tidal range. A visual
representation of this process is shown in Figure 2. To clarify, the precision used in this research
is defined as how good the repeated measurements of one object are to each other, whereas accu-
racy refers to how well the measurements compare to one referenced ‘true’ value. The three refe-
rence datasets (mature tide gauges and the global tidal model) employed in this study are listed in
Table 2.
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Table 2. Reference Data used on this research.

Data_Name Coordinate Data Timespan Source
TPXO9v4a 5.7455;106.612E 01 January 2016 — 31 December 2018 =~ OSU
Kolinlamil 6.107S ; 106.883E 01 January 2016 — 31 December 2018 BIG

Sunda Kelapa 6.125S ; 106.810E 01 January 2016 — 31 December 2018 BIG

IR-Tides Data

}

Pre-processing
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accuracy
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Figure 2. Workflow of the study.
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The van de Casteele test indicated the occurrence of an offset at different elevations as an ap-
proximation of the systematic error of the tide gauge across the tidal range. In practice, it is vi-
sualised as a diagram, where the difference between IR-TIDES H' and reference tide gauge H
(AH = H — H') is placed as the x-axis against the reference gauge as the y-axis (H). The use of
the van de Casteele diagram was found to be beneficial for calibrating both the established gauge
sensor and the DIY low-cost sensor (Miguez et al., 2008). This step concludes the process, after
which precision, accuracy, and systematic error are approximated.

3. Results and Discussion
3.1. Precision level of IR-TIDES

The results of preprocessing show that from the three datasets, less than 1% of the data are consi-
dered outliers, with 3-sigma as the threshold (Table 3). Meanwhile, 93.31% of the data were re-
tained after 3-scaled MAD outlier search. This indicates that IR-TIDES has robust observation
consistency and availability between the two different measurement settings. Additionally, a com-
parison of the two measurement frequency settings of IR-TIDES, as shown in Figure 3, revealed
that while the second setting (1024 data every 30 min) has a larger number of outliers, it has a
larger percentage of retained data.

Table 3. Number of retained data after pre-processing.

Data_Name STD_Retained MAD_Retained

PASUT 99.141% 90.157%
GELOMBANG 99.664% 98.666%
PASUT PRAMUKA 99.802% 91.113%
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Figure 3. Number of outliers of three IR-TIDES datasets.

Based on Figure 4, which represents the standard deviation and median absolute deviation values
of each IR-TIDES dataset, the PASUT (1st) dataset that spans 40 days has STD and MAD values
four times larger (~ 8 cm) than those of the GELOMBANG (2nd) and PASUT PRAMUKA (3rd)
datasets of ~ 2 cm. Our preliminary analysis indicates a potential relationship between the STD
and MAD values and the length of the observation period. Further studies with shorter and longer
timespans are required to confirm our results.

The 2- and 8-cm STD and MAD values from the three IR-TIDES datasets were better than the
precision level of 12 cm of the Global Navigation Satellite System Interferometry Reflectometry
(GNSS-IR) water-level retrieval method (Larson et al., 2017). However, it is worse compared
with the result of 1.06 cm from a comparison between two tide gauge in Liverpool (Woodworth
& Smith, 2003) and a result of 0.87 cm between float and pressure gauge in Egypt (Salama et al.,
2019). IR-TIDES partially met the GLOSS requirement of a 1-cm precision level, at 1 cm lower
than the threshold, while having a sufficient level of observation consistency.
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Average STD and MAD Graph for 3 IR-Tides Dataset
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Figure 4. STD and MAD of three IR-TIDES datasets.
3.2. Accuracy level of IR-TIDES compared with reference datasets

The accuracy level of IR-TIDES was assessed by comparing it with the reference datasets. A
comparison with the TPXO9v4a model as the 1st reference model, as indicated in Table 4 and
Figure 5, showed a difference of approximately 30 cm in STD and an average difference of 20
cm. Table 4 also shows a comparison with the Sunda Kelapa and Kolinlamil tide gauge stations,
which were slightly better than the TPXO9v4a results because of the lower STD and MAD values.
This performance improvement can be attributed to the fact that tidal models are typically unable
to resolve the long wavelength and secular parts of the tidal force (Miguez et al., 2022). Additio-
nally, the correlation coefficient estimation revealed that the IR-TIDES datasets showed medium
agreement with the reference datasets. The IR-TIDES performances are marginally worse com-
pared with those of different water level retrieval method, e.g., GNSS-IR with 11.6 cm and 6 cm
STD (Larson et al., 2017; Nadzir & Kusche, in preparation), another TG pairs of 3.3 cm STD
(Pérez et al., 2014), and altimetry of 15.8 cm STD (Nadzir & Kusche, in preparation).

Table 4. Number of retained data after pre-processing.

Data_Name STD_TPXO MAD_TPXO STD _KOLIN MAD_KOLIN STD_KLP MAD_KLP
[cm] [cm] [cm] [cm] [cm] [cm]

PASUT 34.555 27.456 NalN NaN 37.487 30.528

GELOMBANG 25.743 12.345 25.352 11.853 25.185 11.761

PASUT PRAMUKA 29.804 21.366 30.031 22.254 30.312 22.404

STD and MAD Graph from 3 IR-Tides Datasets and TPX09v4a Tide Model
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Figure 5. STD and MAD of three IR-TIDES datasets compared to TPXO9v4a.
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40 STD and MAD Graph from 3 IR-Tides Datasets and Sunda Kelapa Station
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Figure 6. STD and MAD of three IR-TIDES datasets compared to Sunda Kelapa tide gauge.

In the case of the individual dataset accuracy level evaluation, it was found that the GELOM-
BANG dataset slightly edges the PASUT PRAMUKA dataset, as shown in Figure 6. This is si-
milar to the precision level results, which indicate that the second measurement setting (1024 data
points every 30 min) is more robust than the first setting. However, IR-TIDES falls short of ful-
filling the GLOSS 1-cm requirement by a slight STD and MAD value. This finding indicates that
a low-cost DIY tide sensor, albeit with consistent observations, must be developed to replicate the
performance of conventional tide-gauge sensors (Fagundes et al., 2021; Giardina et al., 2000).

3.3. Time Series Visualisation and Van de Casteele Test

One of the main applications of tide gauges is near real-time tidal monitoring and observation.
This necessitates the seamless and smooth operation of the tide gauge. IR-TIDES, shown in Figure
7 as a blue dot scatterplot, demonstrates good visual agreement compared with the reference da-
tasets, in lieu of an apparent difference in the magnitude of the water level. This could be attributed
to a lack of power, telemetry errors (Pytharouli et al., 2018), and differences in location between
observations that lead to different tidal phases between observation locations (Lase & Nadzir, on
review). In contrast, the agreement between IR-TIDES and the reference datasets outlined the
possibility of employing IR-TIDES as a redundancy at a more mature tide gauge station.

Relative Sea Level Graph of IR-TIDES Datasets, BIG Tide Gauges and TPX09v4a Tide Model
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Figure 7. Time series between 3rd IR-Tides data with reference datasets.
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The Van de Casteele test performed on the IR-TIDES datasets with both the Kolinlamil and Sunda
Kelapa stations showed which type of error dominated the data. Figure 8 shows that the slope
goes from left to right (from negative to positive values). This is evidence that the tide gauge in
question observed the water level with differing minimum-to-maximum ranges, called scale errors
(Miguez et al., 2008). The magnitude of the scale error is proportional to the slope, as shown in
Figure 9. Subsequently, the scale error could be used to correct the DIY tide gauge sensor as H* =
H — As. The computation and implementation of this scale-error correction could be further ex-
plored and refined for both the DIY low-cost tide gauge and different sea-level observation
methods with the ultimate goal of precision-accuracy level improvement.

Van de Casteele between IR-Tides and Sunda Kelapa TG

60

40

Sunda Kelapa TG [cm]
(=]

IR-Tides minus Sunda Kelapa

Figure 8. de Casteele test on Sunda Kelapa station.
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Figure 9. Scale error computation on Sunda Kelapa station.

The above results demonstrate that IR-Tides achieved a better data spread (precision level) than
GNSS-IR, but its accuracy level falls short of the GLOSS- 1-cm standard. Nonetheless, it shows
promise as a redundant sensor for operational tide-gauge stations. Further research and develop-
ment to address these limitations would be beneficial for the densification of tide gauge stations
with affordable sensors.

4. Conclusion

The advancement of low-cost and accurate tide gauges is fundamental for improving sea level
monitoring, particularly in resource-limited regions. This study presents a DIY low-cost tide
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gauge called IR-TIDES that demonstrated robust observation consistency. While IR-TIDES of-
fers promising performance in terms of data consistency as its precision parameter, its current
accuracy level of sub-decimetre STD and MAD falls short of the GLOSS 1-cm requirement. Des-
pite this limitation, IR-TIDES has the potential to be utilised as a redundant sensor (4th sensor)
for mature tide gauge stations, especially after applying scale error correction using the de Cas-
teele test. Further exploration of data acquisition systems is needed to improve the accuracy level
of IR-TIDES or to investigate alternative designs that could fulfil the GLOSS standard.

References

Adrianto, D., Djatmiko, E. B., & Suntoyo. (2019). The improvement of ultrasonic sensor-based device for direct ocean
wave measurement program at Western Java Sea — Indonesia. IOP Conference Series: Earth and Environmental
Science, 389(1), 012022. doi: 10.1088/17551315/389/1/012022

Agnew, D. C. (1986). Detailed analysis of tide gauge data: A case history. Marine Geodesy, 10(3-4), 231-255. doi:
10.1080/01490418609388024

Arifin, W. A., Ariawan, ., Rosalia, A. A., Sasongko, A. S., Apriansyah, M. R., & Satibi, A. (2021). Model Prediksi Pasang
Surut Air Laut Pada Stasiun Pushidrosal Bakauheni Lampung Menggunakan Support Vector Regression. Jurnal
Kemaritiman: Indonesian Journal of Maritime, 2(2), 139-148. doi: 10.17509/ijom.v2i2.35149

Becker, M., Karpytchev, M., Marcos, M., Jevrejeva, S., & Lennartz-Sassinek, S. (2016). Do climate models reproduce
complexity of observed sea level changes?. Geophysical Research Letters, 43(10), 5176-5184. doi:
10.1002/2016GL068971

Caldwell, P. C., Merrifield, M. A., & Thompson, P. R. (2001). Sea level measured by tide gauges from global oceans as
part of the Joint Archive for Sea Level (JASL) since 1846. Retrieved From https://www.ncei.noaa.gov/access/me-
tadata/landingpage/bin/iso?id=gov.noaa.nodc:JIMARJASL

Cazenave, A., & Nerem, R. S. (2004). Present-day sea level change: Observations and causes. Reviews of Geophysics,
42(3), 2003RG000139. doi: 10.1029/2003RG000139

Chelton, D. B., & Enfield, D. B. (1986). Ocean signals in tide gauge records. Journal of Geophysical Research: Solid
Earth, 91(B9), 9081-9098. doi: 10.1029/JB091iB09p09081

Church, J. A., & White, N. J. (2006). A 20th century acceleration in global sea-level rise. Geophysical Research Letters,
33(1), 2005GL024826. doi: 10.1029/2005GL024826

De Lavergne, C., Falahat, S., Madec, G., Roquet, F., Nycander, J., & Vic, C. (2019). Toward global maps of internal tide
energy sinks. Ocean Modelling, 137, 52-75. doi: 10.1016/j.0ocemod.2019.03.010

Doodson, A. T. (1957). The analysis and prediction of tides in shallow water. The International Hydrographic Review.
Retrived From https://journals.lib.unb.ca/index.php/ihr/article/download/26682/1882519442/1882519677

Fagundes, M. A. R., Mendonga-Tinti, L., Iescheck, A. L., Akos, D. M., & Geremia-Nievinski, F. (2021). An open-source
low-cost sensor for SNR-based GNSS reflectometry: Design and long-term validation towards sea-level alti-
metry. GPS Solutions, 25(2), 73. doi: 10.1007/s10291-021-01087-1

Fenoglio-Marc, L., Schone, T., Illigner, J., Becker, M., Manurung, P., & Khafid. (2012). Sea Level Change and Vertical
Motion from Satellite Altimetry, Tide Gauges and GPS in the Indonesian Region. Marine Geodesy, 35(1), 137—
150. doi: 10.1080/01490419.2012.718682

Fitriana, D., Oktaviani, N., & Khasanah, I. U. (2019). Analisa Harmonik Pasang Surut Dengan Metode Admiralty Pada
Stasiun Berjarak Kurang Dari 50 Km. Jurnal Meteorologi Klimatologi dan Geofisika, 6(1), 38-48.

Fitriana, D., Patria, M. P., & Kusratmoko, E. (2022). Karakteristik Pasang Surut Surabaya Diamati Selama 5 Tahun (2015-
2020). JGISE: Journal of Geospatial Information Science and Engineering, 5(1), 1. doi: 10.22146/jgise.72856

Giardina, M. F., Earle, M. D., Cranford, J. C., & Osiecki, D. A. (2000). Development of a Low-Cost Tide Gauge. Journal
of Atmospheric and Oceanic Technology, 17(4), 575-583. doi: 10.1175/1520-0426(2000)017<0575:DOALCT>
2.0.CO;2

Guaraglia, D. O., & Pousa, J. L. (2014). Introduction to modern instrumentation: For hydraulics and environmental
sciences. De Gruyter Open.

Ichsari, L. F., Handoyo, G., Setiyono, H., Ismanto, A., Marwoto, J., Yusuf, M., & Rifai, A. (2020). Studi Komparasi Ha-
sil Pengolahan Pasang Surut Dengan 3 Metode (Admiralty, Least Square Dan Fast Fourier Transform) Di Pela-
buhan Malahayati, Banda Aceh. [Indonesian Journal of Oceanography, 2(2), 121-128. doi:
10.14710/ijoce.v2i2.7985

I0C. (1990). Global Sea Level Observing System (GLOSS) implementation plan (No. 35; Technical Series, p. 90). Inter-
governmental Oceanographic Commission.

Knight, P., Bird, C., Sinclair, A., Higham, J., & Plater, A. (2021). Testing an “IoT” Tide Gauge Network for Coastal
Moni-toring. 0T, 2(1), 17-32. doi: 10.3390/i0t2010002

Larson, K. M., Ray, R. D., & Williams, S. D. P. (2017). A 10-Year Comparison of Water Levels Measured with a Geodetic
GPS Receiver versus a Conventional Tide Gauge. Journal of Atmospheric and Oceanic Technology, 34(2), 295—
307. doi: 10.1175/JTECH-D-16-0101.1

Lase, D. N., & Nadzir, Z. A. (2024). Studi Komponen Harmonik Pasang Surut Air Laut dengan Data ALES dan GDR Al-
timetri Jason-1, Jason-2, dan Jason-3 Dengan Data Tide Gauge (Studi Kasus: Pesisir Barat Sumatra). Retrived
From https://repository.itera.ac.id/depan/author/DEVIANTI%20NATALIA%20LASE

Legler, D. M., Freeland, H. J., Lumpkin, R., Ball, G., McPhaden, M. J., North, S., Crowley, R., Goni, G. J., Send, U., &
Merrifield, M. A. (2015). The current status of the real-time in situ Global Ocean Observing System for opera-
tional oceanography. Journal of Operational Oceanography, 8(2), s189-s200. doi: 10.1080/1755876X.2015.10
49883

Lennon, G. (1968). The evaluation of tide-gauge performance through the Van de Casteele test. Cah. Oceanogr, 20, 867—
8717.

Mehra, P., Prabhudesai, R. G., Joseph, A., Kumar, V., Aga, Y., Luis, R., Damodaran, S., & Viegas, B. (2009). A one year
comparison of radar and pressure tide gauge at Goa, west coast of India. International Symposium on Ocean
Electronics (SYMPOL 2009), 173-183. doi: 10.1109/SYMPOL.2009.5664190

Menéndez, M., & Woodworth, P. L. (2010). Changes in extreme high water levels based on a quasi-global tide-gauge data
set. Journal of Geophysical Research: Oceans, 115(C10), 2009JC005997. doi: 10.1029/2009JC005997

Merrifield, M. A., Firing, Y. L., Aarup, T., Agricole, W., Brundrit, G., Chang-Seng, D., Farre, R., Kilonsky, B., Knight,
W., Kong, L., Magori, C., Manurung, P., McCreery, C., Mitchell, W., Pillay, S., Schindele, F., Shillington, F.,

Nadzir et al.

Page 229



Forum Geografi, 38(2), 2024; DOIL: 10.23917/forgeo.v38i2.5182

Testut, L., Wijeratne, E. M. S., ... Turetsky, N. (2005). Tide gauge observations of the Indian Ocean tsunami,
Decem-ber 26, 2004. Geophysical Research Letters, 32(9), 2005GL022610. doi: 10.1029/2005GL022610

Merrifield, M., Aarup, T., Allen, A., Aman, A., Caldwell, P., Bradshaw, E., Fernandes, R., Hayashibara, H., Hernandez,
F., Kilonsky, B., & others. (2009). The global sea level observing system (GLOSS). Retrived From
https://www.ioc.unesco.org/en/global-sea-level-observing-system

Miguez, B. M., Gomez, B. P., & Fanjul, E. A. (2005). The ESEAS-RI Sea Level Test Station: Reliability and Accuracy
of Different Tide Gauges. International Hydrographic Review, 6, 44-54.

Miguez, B. M., Le Roy, R., & Woppelmann, G. (2008). The Use of Radar Tide Gauges to Measure Variations in Sea
Level along the French Coast. Journal of Coastal Research, 4, 61-68. doi: 10.2112/06-0787.1

Miguez, B. M., Testut, L., & Woppelmann, G. (2008). The Van de Casteele Test Revisited: An Efficient Approach to
Tide Gauge Error Characterization. Journal of Atmospheric and Oceanic Technology, 25(7), 1238—1244. doi:
10.1175/2007JTECHO554.1

Miguez, B. M., Testut, L., & Woppelmann, G. (2012). Performance of modern tide gauges: Towards mm-level accura-cy.
Scientia Marina, 76(S1), 221-228. doi: 10.3989/scimar.03618.18A

Nadzir, Z. A., Fenoglio, L., & Kusche, J. (2023). Coastal Altimetry Datasets Performance in Indonesian Seas. Retrived
From https://www.researchgate.net/publication/368691024Coastal Altimetry_Datasets_Performance_in_Indone-
sian_Seas?channel=doi&linkId=63f5d6ef0d98a97717abd 157 &showFulltext=true

Nadzir, Z. A., Fenoglio-Marc, L., Uebbing, B., & Kusche, J. (2022). Exploring Coastal Altimetry Datasets for Indonesian
Seas in relation to Local Tide Gauges. Retrived From https://meetingorganizer.copernicus.org/EGU22/EGU22-
538.html

Nadzir, Z. A., & Kusche, J. (2023). Coastal Altimetry Datasets Performance in Indonesian Seas. Retrived From
https://www.researchgate.net/publication/368691024_Coastal_Altimetry_Datasets_Performance_in_Indone-
sian_Seas

Nadzir, Z. A., & Kusche, J. (2021). GNSS Interferometric Reflectrometry Sea Level Retrieval on Simeulue Island, In-
donesia validated with co-located Tide Gauge. IOP Conference, 824, 012066. doi: 10.1088/1755-
1315/824/1/012066

Passaro, M., Nadzir, Z. A., & Quartly, G. D. (2018). Improving the precision of sea level data from satellite altimetry with
high-frequency and regional sea state bias corrections. Remote Sensing of Environment, 218, 245-254. doi:
10.1016/.rse.2018.09.007

Pérez, B., Payo, A., Lépez, D., Woodworth, P. L., & Alvarez Fanjul, E. (2014). Overlapping sea level time series mea-
sured using different technologies: An example from the REDMAR Spanish network. Natural Hazards and Earth
System Sciences, 14(3), 589-610. doi: 10.5194/nhess-14-589-2014

Pytharouli, S., Chaikalis, S., & Stiros, S. C. (2018). Uncertainty and bias in electronic tide-gauge records: Evidence from
collocated sensors. Measurement, 125, 496-508. doi: 10.1016/j.measurement.2018.05.012

Richasari, D., Rohmawati, C., & Fitriana, D. (2019). Analisis Perbandingan Konstanta Harmonik Pasang Surut Air Laut
Menggunakan Software GeoTide dan Toga (Studi Kasus: Stasiun Pasang Surut Surabaya, Jawa Timur, In-done-
sia). Seminar Nasional: Strategi Pengembangan Infrastruktur (SPI) 2019.

Salama, G. M., Hamed, H. F. A., Deabes, E. A. M., & Othman, S. E. (2019). An innovative technique for the develop-
ment of the traditional mechanical tide gauge to improve the performance of the measurement system. Mea-
surement: Sensors, 2—4, 100005. doi: 10.1016/j.measen.2020.100005

Satake, K., Fujii, Y., Harada, T., & Namegaya, Y. (2013). Time and Space Distribution of Coseismic Slip of the 2011
Tohoku Earthquake as Inferred from Tsunami Waveform Data. Bulletin of the Seismological Society of Ame-rica,
103(2), 1473-1492. doi: 10.1785/0120120122

Schone, T., Illigner, J., Manurung, P., Subarya, C., Khafid, Zech, C., & Galas, R. (2011). GPS-controlled tide gauges in
Indonesia — a German contribution to Indonesia’s Tsunami Early Warning System. Natural Hazards and Earth
System Sciences, 11(3), 731-740. doi: 10.5194/nhess-11-731-2011

Simarmata, N., Nadzir, Z. A., & Sari, D. N. (2023). Analisis Perubahan Garis Pantai menggunakan Metode Sentinel-1
Dual-Polarized Water Index (SDWI) berbasis Data Multitemporal pada Google Earth Engine. Geomatika, 29(2),
107-120.

Simons, W., Naeije, M., Ghazali, Z., Rahman, W. D., Cob, S., Kadir, M., Mustafar, A., Din, A. H., Efendi, J., & Noppra-
dit, P. (2023). Relative Sea Level Trends for the Coastal Areas of Peninsular and East Malaysia Based on Re-
mote and In Situ Observations. Remote Sensing, 15(4), 1113. doi: 10.3390/rs15041113

Tamisiea, M. E., Hughes, C. W., Williams, S. D. P., & Bingley, R. M. (2014). Sea level: Measuring the bounding surfaces
of the ocean. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 372(2025), 20130336. doi: 10.1098/rsta.2013.0336

Toimil, A., Diaz-Simal, P., Losada, L. J., & Camus, P. (2018). Estimating the risk of loss of beach recreation value under
climate change. Tourism Management, 68, 387—400. doi: 10.1016/j.tourman.2018.03.024

Woodworth, P. L. (1991). The Permanent Service for Mean Sea Level and the Global Sea Level Observing System. Jour-
nal of Coastal Research, 7(3), 699-710.

Woodworth, P. L., Aman, A., & Aarup, T. (2007). Sea level monitoring in Africa. African Journal of Marine Science,
29(3), 321-330. doi: 10.2989/AIMS.2007.29.3.2.332

Woodworth, P. L., & Smith, D. E. (2003). A one year comparison of radar and bubbler tide gauges at Liverpool. Retri-
ved From https://journals.lib.unb.ca/index.php/ihr/article/view/20630/23792

Woppelmann, G., & Marcos, M. (2016). Vertical land motion as a key to understanding sea level change and variabili-ty.
Reviews of Geophysics, 54(1), 64-92. doi: 10.1002/2015RG000502

Woppelmann, G., Zerbini, S., & Marcos, M. (2006). Tide gauges and Geodesy: A secular synergy illustrated by three
present-day case studies. Comptes Rendus. Géoscience, 338(14-15), 980-991. doi: 10.1016/j.crte.2006.07.006

Xu, M., Wang, S., Zhang, S. L., Ding, W., Kien, P. T., Wang, C., Li, Z., Pan, X., & Wang, Z. L. (2019). A highly-sensitive
wave sensor based on liquid-solid interfacing triboelectric nanogenerator for smart marine equipment. Nano
Energy, 57, 574-580. doi: 10.1016/j.nanoen.2018.12.041

Zerbini, S., Raicich, F., Prati, C. M., Bruni, S., Del Conte, S., Errico, M., & Santi, E. (2017). Sea-level change in the Nor-
thern Mediterranean Sea from long-period tide gauge time series. Earth-Science Reviews, 167, 72-87. doi:
10.1016/j.earscirev.2017.02.009

Nadzir et al.

Page 230



