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A B S T R A C T   

Deep-sea tsunami detection relies on Deep-ocean Assessment and Reporting of Tsunamis (DART), GNSS buoys, 
and cabled Ocean-Bottom Pressure (OBP) gauges, which are very expensive and difficult to maintain, and often 
suffer from vandalism or negligent damage. Here, we exploit the potential of establishing a less expensive and 
more robust island-based geodetic network for tsunami detecting, source reconstruction and warning. The 
network locates at the coastline of islands and uses a new technique: GNSS Interferometric Reflectometry (GNSS- 
IR). GNSS-IR retrieves sea levels from combination of the direct and reflected signals from the sea surface sent by 
satellites. To test the feasibility and efficiency of such a new geodetic network, we use the South China Sea region 
as an example, and compare its performance in reconciling the variable slip distribution on the Manila mega-
thrust with the previously designed deep-sea monitoring system, i.e., DARTs and planned cable-based OBP 
gauges. We find that the newly designed GNSS-IR network could work equally well as the cabled OBP network in 
detecting tsunamis if the stations are built in strategically chosen locations. Combining GNSS-IR with a Kalman 
filter approach, we demonstrate that carefully situated coastal GNSS stations at global remote deep-ocean islands 
could function similarly to conventional tide gauges but with advantages of simultaneously measuring relative 
sea-level and land-height changes, meanwhile suffering lower risk from damaging sea-level events and potential 
vandalism.   

1. Introduction 

Tsunami monitoring networks, especially those located in the deep 
sea, are the crucial components for quickly detecting tsunami waves, 
validating the potential magnitudes of ensuing tsunamis. Such mea-
surements provide timely constraints for data assimilation which is 
critical for reliable early warning messages (Aoi et al., 2020; Mori et al., 
2022; Mulia and Satake, 2020; Tang et al., 2012; Y. Y. Wang et al., 2021; 
Wei et al., 2008). Since the 2004 Indian Ocean Tsunami, tsunami early 
warning systems have been progressively expanded from the Pacific 
Ocean to the Indian and Atlantic Oceans (Bernard and Titov, 2015; Mori 

et al., 2022). For the global tsunami observational network, the key 
instruments used to detect tsunami waves in the deep sea are the 
Deep-ocean Assessment and Reporting of Tsunamis (DART) systems: 
ocean-bottom pressure (OBP) sensors for tsunami detection and the 
moored surface buoys for real-time communication via satellites 
(González et al., 2005). Regionally, OBP gauges were also densely 
installed in cabled seafloor networks near Japan (DONET/DONET2 and 
S-NET),and near Canada (NEPTUNE) (Kanazawa, 2013; Mori et al., 
2022; Mulia and Satake, 2020), but such cabled systems are excessively 
expensive (Bernard and Titov, 2015; González et al., 2005; Mulia and 
Satake, 2020). Although the DART system is very effective, vandalism is 
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a big challenge (Data Buoy Cooperation Panel, 2011). Because 
vandalism of tsunami buoys is very common globally, which signifi-
cantly increases the already high maintenance cost. According to the 
report provided by Intergovernmental Oceanographic Commission of 
UNESCO, nearly half of DART ocean observing systems were damaged 
during 2006–2010 (Data Buoy Cooperation Panel, 2011). Using the 
tsunami warning system of the South China Sea (SCS) as an example, 
China has established the SCS Tsunami Advisory Center that has been 
fully in operation since Nov 5, 2019 (Xu et al., 2021). Great efforts have 
been made to install DART buoys at strategically designed locations 
(red-filled squares D1 and D2 in Fig. 1), but they were eventually 
vandalized or damaged, resulting in a complete absence of deep-sea 
observing instruments in the SCS. A similar situation occurred in the 
Indian Ocean. Over half of the 36 tsunameters in the newly established 
Indian Ocean Tsunami Warning System, and Adjacent Seas network at 
that time were damaged during 2006–2010 (Data Buoy Cooperation 
Panel, 2011). Besides the vandalism issue, high cost is another reason 
not to implement DART or cabled OBP in tsunami-prone regions 
worldwide (Bernard and Titov, 2015; González et al., 2005; Mulia and 
Satake, 2020). 

In this study, we explore the potential of establishing a less expensive 
and island-based tsunami detection network based on a complementary 
sea-level measuring technique: Global Navigation Satellite System 
Interferometric Reflectometry (GNSS-IR). The principle of GNSS-IR is to 

use GNSS satellite signals that reflect off nearby water surface to mea-
sure water levels (Larson et al., 2013). These reflected signals interfere 
with the direct satellite signals, creating measurable interference in the 
form of an oscillation of the recorded signal-to-noise ratio (SNR) data at 
low elevation angles. Relative sea level can then be obtained by 
analyzing the frequency of the SNR oscillation. In the last decade, 
GNSS-IR technique has been successfully applied in detecting short-term 
sea-level fluctuations such as storm surges (Peng et al., 2019; Vu et al., 
2019; Wang et al., 2022), tsunamis (Larson et al., 2021a), astronomical 
tides (e.g. Larson et al., 2017; Tabibi et al., 2020), waves (Sepúlveda 
et al., 2023), seasonal sea-level changes (Peng et al., 2023), and 
long-term sea-level trends (Peng et al., 2021a) with accuracy compa-
rable to a conventional tide gauge. These pioneering studies demon-
strate that coastal GNSS stations can function as conventional tide 
gauges to measure sea levels with predominant advantages such as 
simultaneously measuring relative sea-level changes and land-height 
changes, and importantly rarely to be damaged by extreme sea-level 
events (Larson et al., 2017, 2021a; Peng et al., 2019; Vu et al., 2019). 
One limitation of applying GNSS-IR to tsunami detection and source 
reconstruction is its unequal and low temporal resolution. It is not 
equally sampled in time and fundamentally limited by the number of 
satellite overflights and the geometry of the site (Larson et al., 2017). 
Therefore, GNSS-IR may still face difficulties in detecting short waves 
with periods of only a few to tens of minutes, e.g., tsunamis (Larson 

Fig. 1. Tectonic background and potential networks for tsunami detecting and warning in SCS. C1 to C6 are the potential ocean bottom pressure (OBP) wave gauges 
that would be deployed in the Chinese seafloor cable system; D1 and D2 are the previous deployed DART network (vandalized), and the black triangles are the newly 
designed GNSS-IR network (R1-R17) in this study. Thick black, pink and green thick lines along the Manila trench indicate the rupture segments that are proposed in 
Qiu et al., (2019). Green circles show the seismicity with Mw > 5 from the USGS catalog (https://earthquake.usgs.gov/earthquakes/search/). Shaded yellow 
polygons present the reconstructed spatial extent of the submarine landslides in the SCS region. The landslide boundaries are digitized from (Gee et al., 2007; Sun 
et al., 2018; Wang et al., 2018). 
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et al., 2021b). To resolve such sampling resolution issue, we propose a 
Kalman-filtering approach (Kalman, 1960) that is powerful for assimi-
lating these sparse retrievals from multiple satellite constellations and 
multiple frequencies to reconstruct an equally sampling (e.g., 1 min) 
time series like the traditional tide-gauge measurements (Strandberg 
et al., 2019). 

To explore the potential usage of such an island-based GNSS-IR 
geodetic network for tsunami detection and source reconstruction, we 
take the SCS as an example region and propose to establish 17 island- 
based GNSS-IR stations (R1-R17 in Fig. 1) serving as a new tsunami 
monitoring network. We demonstrate the network’s efficacy by 
comparing its capacity in constraining hypothetic fault slip of typical 
megathrust earthquakes with other deep-sea monitoring systems. There 
are three important reasons why we choose the SCS as the application 
region. Firstly, the densely populated SCS coastlines are exposed to 
many potential tsunami sources inside the SCS, yet the leading time of 
tsunami warning is very limited. Confined by the surrounding sub-
ducting zones i.e., the Sumatra-Java (to the west and south), the Phil-
ippine (to the east) and the Manila (to the northeast) (Li et al., 2021), the 
SCS basin has developed many complex geological elements that pose a 
tsunami risk to the populous surrounding coasts (Li et al., 2022; Terry 
et al., 2017). These elements include the Manila Subduction Zone (MSZ) 
(Hsu et al., 2016, 2012; Qiu et al., 2019a, b), the submarine landslides at 
the continental slope region (Gee et al., 2007; Sun et al., 2018; Wang 
et al., 2018), and the Littoral Fault system in the northern continental 
shelf of the SCS (Fig. 1) (Li et al., 2022; Xia et al., 2020). Many previous 
studies suggest that tsunami waves originated from these elements could 
be devastating, and the time window left for tsunami warning is narrow 
due to the relatively limited size of the SCS (Li et al., 2019; Liu et al., 
2009; Sepúlveda et al., 2019; Yuan et al., 2021; Zhang and Niu, 2020). 
For tsunamis generated by the Manila subduction zone megathrust 
earthquakes, the arrival time ranges from ~10 to 30 min for the near 
source region (i.e., Taiwan and Philippines) to ~2–3 h for southern 
China or central Vietnam (e.g. Hong Nguyen et al., 2014; Z.-S. Li et al., 
2018). Secondly, in the SCS basin, DART buoys have not been in oper-
ation in the intermediate to deep water for rapid tsunami detection and 
warning due to natural or human caused reasons; Thirdly, there are 
many deep sea islands and reefs distributed inside of the SCS (Fig. 1). 
The majority of these islands are surrounded by deep water and 
commonly have narrow shelves with water depth sharply deepened to 
hundreds to thousands of meters. Such ideal condition ensures that the 
detected waves follow the linear assumption of shallow water equations, 
which is suitable for tsunami unit source inversion of the warning sys-
tem (Li et al., 2016; Liu et al., 2009; Satake and Tanioka, 1999). 

We organize the sections as follows. In section 2, we present data and 
method which includes GNSS-IR technique, Kalman filter and SNR 
measurements. Since by the time of writing, there is only one successful 
tsunamis detection using GNSS-IR (Larson et al., 2021b), in section 3, we 
first demonstrate the performance of a Kalman-filtering approach in 
reconstructing the 1-min sampling sea-level records from the 
unequally-sparsely sampled (average 20-min sampling) GNSS-IR sea--
level retrievals in the case of storm surge induced by the 2018 Typhoon 
Mangkut. We also used the GNSS site SC02 at Friday Harbor, Wash-
ington State, United States to show that the temporal resolutions of the 
GNSS-IR sea-level retrievals could be significantly increased after 
instrumental upgrades. In section 4, we show the effectiveness com-
parison of the newly designed GNSS-IR network in reconciling hypo-
thetic slip distributions on different segments of the Manila megathrust 
with previously designed DARTs,and ongoing cabled OBP gauges of the 
deep-sea monitoring system. In section 5, we discuss the efficiency of 
GNSS-IR network for tsunami detecting and warning in SCS and its 
implications for global oceans. Finally, we conclude that the 
island-based GNSS-IR network is a very promising alternative for 
tsunami detection, and source reconstruction in oceans where deep-sea 
monitoring instruments are rare and tsunami potential is high. 

2. Data and methods 

2.1. GNSS-IR technique 

A coastal GNSS station receives both the direct signals, and reflected 
signals from the nearby sea surface transmitted by satellites. An inter-
ference pattern is created when the reflected signals interfere with the 
direct signals, and is recorded in SNR observables. The pattern can be 
modeled as a function of the vertical distance between the antenna 
phase center and the sea surface (Fig. 2a), and the vertical distance can 
be converted to relative sea level. From the geometry relationship, 
Larson et al. (2013) show that the frequency of the SNR signal equals to 
the reflection height (H) devided by the wavelength of the signal. 
Therefore, one can firstly detrend the SNR signal and, then perform the 
Lomb-Scargle Periodogram (LSP) to retrieve the frequency. Finally, 
using the wavelength and LSP determined frequency, we can calcualte 
the reflection height H or relative sea levels. In addition, the sea-surface 
height is changing with time, thus a height correction is performed to 
improve the sea-level retrievals accuracy. Besides, when satellite signals 
pass through the atmosphere, they are delayed and distorted, causing 
measurement errors in the SNR signals, and thus unestimates in sea-level 
retrievals (Peng et al., 2019; Williams and Nievinski, 2017). To deal with 
such underestimates, astronomical refraction model (Bennett, 1982) and 
Global Pressure and Temperature 2 Wet (GPT2w) model (Böhm et al., 
2015) are applied to correct the elevation angle and sea-level retrivals. 
Details on how to use the SNR data to derive relative sea levels can be 
found in Larson et al. (2013) and Peng et al. (2019). This interferometric 
reflectometry forms the so-called GNSS-IR technique. It is now recog-
nized that the GNSS-IR can serve as a complementary tool to conven-
tional tide gauges to measure sea-level changes (Larson et al., 2013; 
Peng et al., 2019, 2021b). 

Fig. 2. Conceptual map of GNSS-IR technique, reflection zones and comparison 
between sea-level change observations and different techniques. (a) schematic 
diagram representation of the reflected GNSS signal geometry. RH is the height 
between the phase center of the GNSS antenna and the reflection water surface 
level. (b) location and Fresnel zone of the GNSS site at Hong Kong. Colored 
regions show the GNSS-IR reflection zones for L5 frequency of the GPS 
constellation (see 2.2). (c) sea-level measurements comparison between tide 
gauge (1-min sampling), GNSS-IR approach (~ average 20-min sampling), 
interpolation and GNSS-IR-based Kalman filtering (GNSS-IR-KF-forward, GNSS- 
IR-KF-smoother) technique (1-min sampling). (d) sea-level variation residuals 
(between the tide gauge measurements and GNSS-IR-KF-smoother results) 
distribution with numbers showing the mean and standard deviation. 
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Besides site geometry (determining the zone of water area that the 
GNSS antenna can sense), the temporal resolution of GNSS-IR sea-level 
measurements also depends on the number of satellites overflights; a 
better temporal resolution can, therefore, be expected if the GNSS 
receiver can receive satellite signals from multiple constellations such as 
BeiDou (BDS), Global Positioning System (GPS), GLONASS, Galileo, 
IRNSS, QZSS etc (Figs. 3 and 4). This is crucial for capturing short-term 
extreme sea-level events. For example, multi-constellation GNSS-IR 
successfully detected the recent extreme sea-level variation events i.e., 
Hurricane Laura and seismic-triggered tsunamis events (Larson et al., 
2021a; Wang et al., 2022). However, due to the nature of the GNSS-IR 
technique, sea-level retrievals are irregularly sampled in time. If 
further limited by the number of satellite overflights, and the geometry 
of the site, GNSS-IR sea-level measurements could look like an unequally 
down-sampled time series as compared with uniformly sampled 
tide-gauge records (Figs. 2c, 3 and 4). Despite the successful examples, a 
down-sampled time series could miss the high-stand peaky sea levels, 
which cannot be used directly either in analysis or interpretation espe-
cially for short-term extreme sea-level events i.e., storm surges and 
tsunamis. Although these sparse measurements are unequally distrib-
uted, they carry the sea-level information at that time epoch. If a certain 
technique that can predict future information based on previous mea-
surements (sparse measurements), and use the new (next sparse mea-
surements) to update the predicted sea levels whenever there is new 
measurement available, then the sparse-irregular GNSS-IR sea-level re-
trievals are valuable for reconstructing a denser time series that has the 
minute-sampling rate as tide-gauge records. This is where the Kalman 
filter comes into play. 

2.2. Kalman filter 

The Kalman filter is a powerful technique that is widely used in data 
assimilation. The filter affords the optimized solution for model pa-
rameters based on the noisy measurements (Kalman, 1960). It performs 
the filtering process in two sequential steps. The first is the prediction 
step which has a system matrix (F) that describes how the model pa-
rameters are physically correlated (Eq. (1)). The second is the updating 
step which has an observational matrix (H) that connects the model 
parameters to the measurements (Eqs. (2) and (5)). In doing so, the filter 
predicts the model parameters based on the system matrix, and previous 
measurements for next new time epoch (Eqs. (1)–(4)), and then update 
these values by incorporating the measurements if there are any mea-
surements available at this new time epoch (Eq. (5)). If these measure-
ments are sampled at different time epochs, the filter will assimilate 
them each by each in a sequential manner. If there were data gaps, then 
the filter predicts model parameter values based on the system matrix 
and previous measurements (Eqs. (3) and (4)), and thus fills up these 
data gaps with the predicted values. Therefore, the filter is powerful to 
integrate multiple sea-level retrievals measured at arbitrary time epoch 
from various satellite constellations. In this framework, the filter can 
reconstruct the time series with the same time-interval as the co-located 
tide gauge; thus, the filtered time series can be used for detailed data 
analysis, and interpretation for extreme sea-level events such as storm 
surges and tsunamis. The Kalman filtering process is given by equations 
(1)–(5) as follows. 

xk =Fk− 1xk− 1 + ωk− 1 (1)  

yk =Hkxk + γk (2)  

ωk ∼ (0,Qk)

Fig. 3. An increasing in temporal-sampling of sea-level retrivals example at GNSS site SC02 in the US retrieved by GNSS-IR technique. a) to (c) show a 7-day time 
series of sea-level retrievals in Jan 01–08 of the year 2015, 2017 and 2020, indicating the sampling rate per day have been increasing constantly with the instrument 
upgrading as multiple satellite constellation and frequency are captured by the GNSS receiver. (d) shows an exponential-increasing trend in the average sea-level 
retrievals sampling rates per day in the past 15 years at site SC02. The two instrumental upgrades are highlighted. The full 15-year sea-level retrievals is shown 
in Fig. S2. 
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γk ∼ (0,Rk)

P−
k =Fk− 1P+

k− 1FT
k− 1 + Qk− 1  

Kk =P− 1
k HT

k

(
HkP− 1

k HT
k + Rk

)− 1 (3)  

x−k =Fk− 1x+k− 1 (4)  

x+k = x−k + Kk
(
yk − Hkx−k

)
(5)  

P+
k =(I − KkHk)P−

k  

Where k represents the current time epoch, xk is the model parameters 
which are the sea-level retrieval, and its rate at time step k, Fk− 1 is the 

system or transition matrix which is 
[

1 dt
0 1

]

, dt is the time step; ωk− 1 

(model parameters) and γk− 1 (measurement) are white noise processes, 

zero-mean, uncorrelated, and have known covariance matrix Qk =
[

α2
1dt 0
0 α2

2dt

]

, Rk = δ2
y , respectively. Hk is the measurement matrix, 

P+
k− 1 is the measurement-updated covariance matrix of the model pa-

rameters at time step k − 1, P− 1
k is the covariance matrix prediction for 

time step k, x+
k− 1 is the filtered model parameters results at time step k −

1, x−
k is the predicted model parameters at time step k, x+

k is the 
measurement-updated model parameter estimates at time step k. In 
addition to such filtering process forward in time, we also apply the 
Rauch-Tung-Striebel (RTS) smoother which uses the forward estimates 
to smooth the model parameters backward in time, resulting in 
smoothed outlier-free estimates (RAUCH et al., 1965). 

In the following sections, we will use the sea-level retrievals at the 
GNSS receivers named HKQT, SC02 and their co-located tide gauges to 
demonstrate how the Kalman filter performs in comparsion with tide- 
gauge measurements (Figs. 2–4). 

2.3. SNR measurements at GNSS site HKQT and SC02 

The HKQT GNSS station was installed at the rooftop of a building 
close to Quarry Bay at Hong Kong (Fig. 2b). This site is equipped with a 
Trimble NetR9 receiver, and a TRM59800 antenna; and the receiver is 
configured to receive signals from GPS and GLONASS satellites. We 
downloaded the GNSS data in RINEX3 (Receiver Independent Exchange 
version 3) format with a sampling rate of 5 s over the period of 
2016–2020 from the SMO (Survey and Mapping Office, https://www. 
geodetic.gov.hk/en/index.htm) of Hong Kong Lands Department. 
After a detailed investigation of the Fresnel zone (Fig. 2b), we find that 
the elevation angle ranging between 4◦ and 9◦, and the azimuth ranging 
between − 60◦~105◦ could capture the reflected signals for sea-level 
retrievals (Fig. 2 b and c). We used the GNSS reflection software 
gnssref (Roesler and Larson, 2018) to perform the sea-level retrievals. To 
obtain sea-level retrievals at the best possible temporal resolution and 
accuracy, we used GPS SNR data at L1 and L5 frequencies and GLONASS 
SNR data at L1 and L2 frequencies. Errors due to tropospheric delay and 
height rate change over a satellite pass (Ḣ) were corrected by using the 
algorithm proposed by Larson et al. (2013). For validation, we down-
loaded independent sea-level measurements with a sampling rate of 
1-min from a co-located tide gauge Quarry Bay during the same period 
from the IOC website (Data statement). Comparison of relative sea-level 
retrievals from GNSS-IR, GNSS-IR Kalman filtering results, and the 
tide-gauge measurements are shown in Fig. 2c and d and S1. 

The SC02 GNSS station at Friday Harbor was initially installed in 
2001 by the Pacific Northwest Geodetic Array (http://www.geodesy.cw 
u.edu/). The antenna has been upgraded in 2006 and 2015. The 2015 
upgrade started allowing multi-GNSS signals, i.e., GPS L1, L2, L5, 
GLONASS L1 and L2 frequencies, and Galileo at E1, E5a, E5b, E5 fre-
quencies to be received in November 2019. The 15-s sampling rate GNSS 
data of SC02 in RINEX2 format are downloaded from UNAVCO (https 
://data.unavco.org/). We search the signals with an elevation angle 
between 5◦~13◦, and azimuth angle between 50◦~240◦ for maximizing 
sea-level retrievals at SC02. We obtain the reflection height is 3 m–12 m 
and peak-to-noise ratio >3 with spectral peak value > 6 for all 9 GNSS 
signal frequencies (Fig. 3 and S2). The bias caused by tropospheric 
delay, and the sea-level height variations over a satellite pass (Ḣ) are 
corrected by using the approach from Larson et al. (2013). A tide gauge 
at Friday Harbor, locates ~345 m away from the GNSS SC02 station. 
This tide gauge is monitored, and maintained by the Center for Opera-
tional Oceanographic Products and Services (CO-OPS) of the U.S. Na-
tional Oceanic and Atmospheric Administration (NOAA), and provides 
continuous data on monitoring sea-level variations. Tide gauge time 
series data with a 6-min sampling rate are retrieved from the National 
Ocean Service website (http://tidesandcurrents.noaa.gov/) of NOAA. 
Comparison of relative sea-level retrievals from GNSS-IR, GNSS-IR 

Fig. 4. A detailed view of sea-level variation example (~2 days) at SC02 GNSS 
site retrieved by GNSS-IR technique and it’s comparison between the smoothed 
Kalman-filter results and the co-located tide gauge. a) shows the first 2-day 
retrieved relative sea-level heights and the Kalman filtering (gray shaded area 
show the uncertainty estimates) results in January 2015; b) shows the residual 
(between the Kalman filtering results and the tide gauge shown in (a)) distri-
bution with numbers showing the mean and standard deviation; c) shows the 
retrieved first 2-day relative sea-level heights and Kalman filtering (gray shaded 
area show the uncertainty estimates) results after the instrumental upgrade in 
January 2017; d) shows the residual (between the tide gauge measurements in 
(c) and Kalman filtering results) distribution with numbers showing the mean 
and standard deviation. 
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Kalman filtering results, and the tide-gauge measurements are shown in 
Figs. 3 and 4, S2, S3, S4 and S5. 

3. Effectiveness of kalman filtering approach 

We first present the Kalman filtering results based on the coarser sea- 
level retrievals from the GNSS-IR site HKQT. This site captures the entire 
storm surge process when the extreme 2018 Typhoon Mangkhut swept 
the southern coast of China. Then, we present the sea-level retrievals and 
Kalman filtering results for example time periods of GNSS-IR site SC02. 
This site has a long-term sea-level measurements since 2007, and it has 
experienced several equipment upgrades since 2015, which allows us to 
compare the variations of temporal-resolution when different satellites 
of multiple constellations are involved. 

3.1. GNSS-IR sea-level retrievals and kalman filtering at HKQT 

During filering process, we performed many experiments, and found 
α1 = 3.16e− 3,α2 = 3.16e− 4 in the covariance matrix Qk that can best 
capture the curvature of the sea-level variations while simultaneously 
smoothing out the outliers (Fig. 2c). Fig. 2c shows the comparison be-
tween the GNSS-IR sea-level retrievals from the HKQT station, the co- 
located tide-gauge observation, and the GNSS-IR Kalman filtering re-
sults. In general, sea-level retrievals agree well with tide-gauge mea-
surements. Although two GNSS satellite constellations, and their dual- 
frequency signals were incorporated into the sea-level height re-
trievals, the unequal-sampled heights remain sparse (on average, ~20 
min/sampling) as comparing with the 1-min sampling tide gauge mea-
surements (Fig. 2c). Even so, the sparse retrievals capture the temporal 
pattern of sea level well, especially the extreme sea-level variation 
during the typhoon Mangkhut (Fig. 2c). Since sea-level retrievals are 
sparsely and unequally determined, it is not straightforward to directly 
compare with the 1-min sampling tide-gauge observations. Conven-
tionally, one could interpolate, that will introduce bias from the 
imperfect retrievals (e.g., outliers, Fig. 2c). The Kalman-filtering 
approach uses these sparse measurements to perform prediction, 
updating forward filtering process and backward RTS smoother, which 
results in a 1-min sampling interval sea-level measurements that have a 
compariable amplide with the 1-min sampling tide-gauge measurements 
(Fig. 2d). 

3.2. GNSS-IR sea-level retrievals and kalman filtering at SC02 

The accuracy of the Kalman filtering results can be largely improved 
when more sea-level retrievals (higher sampling) from multiple satellite 
constellations and frequencies (Larson et al., 2021a) are used. Indeed, 
the SC02 site provides an excellent example of how sampling capabil-
ities can be significantly improved. In 2015, the averaging sampling is 
39 measurements per day equivalent to ~37 min/sample (Fig. 3). When 
upgraded to multi-GNSS receiver, the sampling rates almost tripled in 
2017, and further increased by 6–7 times in 2020. The average temporal 
resolutions have been densified to ~16 min and ~6 min, respectively 
(Fig. 3 and S2). 

Based on these sea-level retrievals, we use Kalman filter to get the 
filtered results that have the same time sampling rate with the collocated 
tide gauge (6-min sampling). We performed several rounds of experi-
ments when filtering the GNSS-IR sea-level retrivals. We find that α1 =

3.2e− 3,α2 = 1e− 3 of the covariance matrix Qk that can capture the sea- 
level variation and filter out the outerliers, resulting in small mean 
and standard deviation compared with the tide gauge measurements 
(Fig. 4). However, there are some deviation, which could be introduced 
by local signals or geometry effect of the multiple satellite constellations 
(Fig. 3, S2, S3 and S4). The comparison suggests that increasing in 
temporal resolution of the GNSS-IR retrievals results in a significant 
error reduction in Kalman filter estimates (Fig. 4 and S5). In fact, the 

Kalman filter not only regularizes the sparse-irregular samples to 
generate an equal-temporal sampling of the retrievals, but also signifi-
cantly improves its accuracy by smoothing out the outliers (Figs. 2c and 
4). 

3.3. Kalman filtering validation with tsunami measurements of the 2011 
Tohoku-Oki event 

To further demonstrate the effectiveness of the Kalman filter on 
processing real tsunami waves, we selected tsunami waveforms gener-
ated by the 2011 Mw 9.1 Tohoku-Oki earthquake to perform sensitivity 
tests. We used tsunami waveforms recorded by two representative sta-
tions in offshore Japan: GPS buoys (TM1) and DART (21418) as exam-
ples (Fig. 5). We first downsampled the temporal resolution by randomly 
removing some measurement points. In doing so, we can fully test 
whether the filter can reconstruct the tsunami waveform from a coarse- 
unequal sampled measurements. The results demonstrate that the filter 
could recover the waveforms with sufficient similarity to the initial re-
cords (Fig. 5). 

In our examples, signals from GPS, GLONASS and Galileo signals 
were used. If the instrument is further upgraded to receive signals from 
other constellations, such as, BeiDou, IRNSS, and QZSS, a better tem-
poral resolution of GNSS-IR sea-level measurements can be expected. 
Combined with the Kalman filter approach, this would allow us to detect 
centimeter or sub-centimeter sea-level variations from minutes to 
hourly, daily, and long-term timescales. In addition, the two stations 
(HKQT and SC02) are primarily for positioning related purposes; 
therefore, geodetic-quality GNSS receivers, and antennas with a cost >
US$10,000 were used. To ensure reliable positioning, their antennas are 
zenith-pointing, which suppress reflections. Recently, Karegar et al. 
(2022) demonstrated that a customized GNSS-IR senor with the antenna 
being oriented toward the water body not only has far superior reflec-
tion characteristics to improve temporal resolution and accuracy, but 
also significantly reduces the cost to < US$150. Although such design 
will result in poor positioning capabilities, it could be potentially useful 
for a flood, and tsunamis early-warning system as it is low-cost, high--
precision, and technically accessible worldwide. However, the challenge 
of using either geodetic-quality or low-cost GNSS-IR equipment for 
tsunamis warning is its real-time monitoring capacity. In fact, using 
station GTGU at the Onsala Space Observatory, Sweden, Strandberg 
et al. (2019) demonstrated that combining inverse modelling of reflec-
tion data with a Kalman filter approach, it is technically possible to use 
GNSS-IR to monitor real-time sea levels. With recent application of the 
GNSS real-time processing used for earthquake warning (e.g. Chen et al., 
2020; Williamson et al., 2020), an integration of GNSS-IR sea-level 
measurements and GNSS displacements based unit source inversion 
scheme for real-time tsunami warning is possible. 

In summary, the combination of GNSS-IR and Kalman-filtering 
techniques enable the filtered 1-min sampling sea-level heights that 
can capture tsunami waves with periods of several minutes, which can 
be used for tsunami detecting, warning and source reconstruction. 

4. Evaluation of potential GNSS-IR network for tsunami warning 
in the SCS 

To domanstrate the effectiveness and efficiency of the proposed 
GNSS-IR network, we first design an island-based GNSS-IR gendetic 
network in the SCS (R1-R17 in Fig. 1). We then build a tsunami unit 
source inversion scheme specifically for megathrust earthquakes origi-
nated from the MSZ. Finally, we compare the network’s capacity in 
constraining the slip distribution on the Manila megathrust with that of 
the previously designed DARTs (D1, D2 in Fig. 1), and possible OBP 
gauges mounted on on-going seafloor cable deployment (black open 
squares C1–C6 in Fig. 1). China has an on-going project which will 
deploy a seafloor observational cable system in the SCS to conduct 
comprehensive multidisciplinary marine observations (Fig. 1). The 
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project started in 2015, and the whole system aims to be completed in 
2026. The cable starts at the southeastern coast of Hainan province and 
runs along the continental slope all the way to the Luzon Strait and ends 
at a coastal city, Shantou (Fig. 1). Along the cable, there are 6 nodes that 
can deploy multiple sensors including the OBP gauges. In this frame-
work, we setup an OBP gauge (open squares) at each node, and then 
evaluate its capacity in tsunami detection (Fig. 1). 

4.1. An island-based GNSS-IR geodetic network in the SCS 

In order to locate the GNSS-IR station in an ideal location to effec-
tively detect tsunami waves from MSZ, we use hypothetical earthquake 
scenarios at the MSZ to find their ideal locations. Taking advantage of 
the widely distributed islands, and reefs in the SCS region, we propose to 
install 17 coastal GNSS stations (black triangles R1-R17 in Fig. 1). The 
spatial distribution of the GNSS sites is inspired by the tsunami energy 
distribution generated by hypothetic earthquakes originated from the 
MSZ (Qiu et al., 2019a, b). Because the maximum energy distribution of 
tsunami waves is influenced by the earthquake rupture orientation, and 
the seafloor bathymetry along the propagation path (Li et al., 2022; Qiu 
et al., 2019b). In this case, station R7 to R13 well capture the waves 
initiated from the northern segment (N) of the MSZ. The largest un-
known is whether the Manila trench will rupture as a whole in a giant 
Mw 9 earthquake (Megawati et al., 2009) or as great earthquake (Mw >
8) in separate segment remains challenging to predict (Qiu et al., 2019a, 
b). On the other hand, global subduction-zone study reveals that 
geological barriers or sharp geometry variation along fault strike e.g., 
bending will likely develop discontinunities that hinder rupture propa-
gation, resulting in rupture segments (Philibosian and Meltzner, 2020). 
As the prevalence of large-scale Scarborough seamounts (Fig. 1), and 
also the significant fault bending along the Manila trench, we follow Qiu 
et al., 2019a, b to consider segmental-rupture scenarios (Fig. 1). In this 
framework, we consider as many stations as possible along the hypo-
thetical tsunami propagation path in each rupture segment, and com-
plement some stations in the rest directions to compose an array that can 
capture the impact of tsunami waves. Thus, station R1 to R3 mainly 
capture waves from the middle segment (M), and R4 to R6 and R16 to 
R17 mainly capture waves from the southern segment (S) (Fig. 1). We 
consider it is plausible to install GNSS-IR sites at these locations. The 
GNSS-IR stations preferably should be deployed at the coast area facing 

incoming tsunami waves if possible. As suggested by previous studies, 
the first incoming tsunami waves may maximumly carry the source in-
formation and less modulated by local bathymetry effect (e.g. Y Y Wang 
et al., 2021). So when such incoming waves are used for earthquake 
source inversion, the uncertainties associated with bathymetric effect 
could be minimized. The stations will be installed near the coast with a 
height that allows the reflection zone (approximated as the First Fresnel 
Zone, Fig. 2b and S6) (Larson et al., 2013) to cover water areas with 
depth >10–20 m. Such water depth ensures that the detected waves 
follow the linear assumption of shallow water equations, thus suitable 
for tsunami unit source inversion of the warning system (Li et al., 2016; 
Liu et al., 2009; Satake and Tanioka, 1999). 

4.2. Tsunami unit source inversion 

We used the triangular mesh to discretize the megathrust fault, 
which can capture the large structural variation of the Manila mega-
thrust better, and thus could improve the model prediction on the sea-
floor displacement, and hereafter the tsunami wave dynamics (Qiu et al., 
2019b). With the mesh, we computed the dip-component tsunami-wave 
Green’s functions at each gauge (GNSS-IR, OBP cable nodes and DARTs, 
Fig. 1) for each triangular element, by using the Cornell Multi-grid 
Coupled Tsunami model (COMCOT, Liu et al., 1995; Wang and Liu, 
2006). We do not compute the strike-component tsunami-wave Green’s 
functions, as it will be easily calculated and assimilated in the unit 
source inversion if needed in real cases. The COMCOT software has been 
well-benchmarked, and been widely used in tsunami science in the past 
decades (Power et al., 2012; Wang and Liu, 2007). 

We assemble these tsunami-wave Green’s functions, and the dis-
placements from onshore GNSS sites to conduct the tsunami unit source 
joint inversion by using the linear-inversion scheme proposed by Satake 
and Tanioka (1999). We first create the hypothetic earthquake model 
(slip) in each segment of the MSZ (Figs. 6–8, zones 1–3 in Qiu et al., 
2019a, b). These models essentially mimic the large slip amplitude at 
shallow megathrust that could occur in i.e., tsunami earthquake (Hill 
et al., 2012) or trench-breaking ruptures (Satake et al., 2013) as a 
consideration of worst-case scenario for an equal-moment seismogenic 
earthquake (Figs. 6–8). Then each model predicts ground displacements 
at the onshore GNSS sites, and the corresponding tsunami waveforms at 
each wave gauge of each network (Fig. 1). These waveforms and 

Fig. 5. Kalman filter validation with real tsunami measurements at TM1 and DART 21418 following the 2011 Mw 9.1 Tohoku-Oki earthquake. (a) upper panel: 
filtered results by randomly removing 5 measurement points; middle panel: filtered results by randomly removing 10 measurement points; lower panel: filtered 
results by randomly removing 15 measurement points. (b) same with (a) for DART 21418. 
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Fig. 6. Efficiency tests for reconstructing the hypothetical slip model in the southern segment of the Manila subduction zone (Fig. 1) when implementing different 
networks. (a) the hypothetical slip model; (b) the reconstructed slip model using the onshore GNSS sites; (c) the reconstructed slip model using the onshore GNSS 
sites and GNSS-IR network; (d) the reconstructed slip model using the onshore GNSS sites and the seafloor cable OBP network; (e) the reconstructed slip model using 
the on shore GNSS sites and the previous DART network; (f) presents the maximum wave amplitude in the SCS from the slip input model in (a), with blue contours 
showing the arrival time at a 30-min interval. In (b) to (e), the inset maps show the hypothetical input slips verse the inverted slips with colors showing the depth 
information. If the network can perfectly reconstruct the slip input, then the colored stars will align on the black line, otherwise they scatter around the line. 

Fig. 7. Efficiency tests for reconstructing the hypothetical slip model in the middle segment of the Manila subduction zone (Fig. 1) when implementing different 
networks. (a) the hypothetical slip model; (b) the reconstructed slip model using the onshore GNSS sites; (c) the reconstructed slip model using the onshore GNSS 
sites and GNSS-IR network; (d) the reconstructed slip model using the onshore GNSS sites and the seafloor cable OBP network; (e) the reconstructed slip model using 
the on shore GNSS sites and the previous DART network; (f) presents the maximum wave amplitude in the SCS from the slip input model in (a), with blue contours 
showing the arrival time at a 30-min interval. In (b) to (e), the inset maps show the hypothetical input slips verse the inverted slips with colors showing the slipped 
depth information. If the network can perfectly reconstruct the slip input, then the colored stars will align on the black line, otherwise they scatter around the line. 
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displacements are used as synthetic data for efficiency tests of each wave 
gauge network (i.e., GNSS-IR, DARTs and cable-based OBP gauges, 
Fig. 1). Finally, with these pre-computed tsunami-wave Green’s func-
tions and displacements, we jointly invert these synthetic data for the 
distributed slip on the megathrust fault. To avoid over fitting the syn-
thetic data (Fig. S7), we used the stress kernel to regularize the spatial 
gradient in slip on the fault following previous studies (Qiu et al., 2019a, 
b; Yang et al., 2022). A smoothing parameter that controls the gradient 
is determined by the simple trial-and-error approach. In doing so, we 
obtain the optimized slip distribution based on the observational 
network. The obtained slip model is compared with the hypothetical slip 
(Figs. 6–8, inset maps) to define its efficiency in tsunami detection and 
earthquake source reconstruction. 

4.3. Earthquake source reconstruction in the southern MSZ 

Fig. 6a shows the hypothetical slip model for the southern segment of 
the Manila trench, which has a seismic moment magnitude equivalent to 
Mw 8.7. The inset maps show hypothetical slip amplitude inputs verses 
inverted slip amplitudes with colors showing the depth information. If a 
network can perfectly reconstruct the slip input, then the colored stars 
align on the black line. When only the onshore GNSS sites were used in 
the inversion, the inverted slip amplitudes are significantly smaller than 
the hypothetical slip values at all depths (0–40 km) due to the lack of 
constraint from the seafloor measurements (Fig. 6b, inset map). The 
inverted model, in turn will underpredict the tsunami wave amplitudes 
along the coasts in the SCS. This issue is largely improved when offshore 
wave gauges are incorporated in the inversion (Fig. 6 c, d, and e). When 
DARTs are included, the inverted slip amplitudes are commensurate 
with the hypothetical slip amplitudes except the intermediate depth 
region (~20–30 km) (Fig. 6e). As the cable-based OBP gauges are 
located outside of the main energy-propagation path (Fig. 6f), slip model 
constrained by such gauges and onshore GNSS data significantly un-
derestimates the intermediate and shallow slip amplitudes, although the 

small-amplitude slip at deep depths (>30 km) are better determined 
(Fig. 6d, inset map). If the GNSS-IR network is incorporated in the 
inversion, the slip amplitude at shallow and intermediate depths (<20 
km) are better reconciled than that at the deep-depth (>20 km) (Fig. 6c, 
inset map). Although the deep-depth slip amplitudes are under-
estimated, they are small, and thus contribute minor tsunamis hazard. In 
sum, similar to the DARTs, the GNSS-IR network performs well in con-
straining the megathrust slip distribution and amplitude and in detect-
ing tsunamis, playing an important role in reconstructing the earthquake 
source. 

4.4. Earthquake source reconstruction in the middle MSZ 

In this segment, the hypothetical slip model is shown in Fig. 7a which 
has a seismic moment magnitude equivalent to Mw 8.9. Similar to the 
issue with the southern segment, if only the onshore GNSS sites are used 
in the inversion, the inverted slip amplitudes are largely underestimated 
at all depths (0–40 km) (Fig. 7b). As expected, if wave gauges such as 
DARTs or cable-based OBP gauges were incorporated in the inversion, 
the slip amplitudes are recovered remarkably well or almost perfectly 
determined (Fig. 7 d and e, inset map). This is because the location of the 
gauges is well located in the main propagation path of the tsunamis 
(Fig. 7f). For the GNSS-IR network, as few islands seat outside of the 
tsunami propagation path (Fig. 7f), the efficiency in detecting tsunami 
waves is slightly worse than that of both the DARTs and OBP networks, 
but it still captures the general slip pattern well (Fig. 7c). In summary, 
the cable-based OBP, and the DARTs perform equally well in deter-
mining the slip distribution on the megathrust. The GNSS-IR network 
underestimates some intermediate to shallow slip values, but can still 
reconcile the first-order slip pattern very well, which is crucial to predict 
accurate tsunami arrival time and first-order tsunami wave heights 
along the southern coast of China during early warning. 

Fig. 8. Efficiency tests for reconstructing the hypothetical slip model in the northern segment of the Manila subduction zone (Fig. 1) when implementing different 
networks. (a) the hypothetical slip model; (b) the reconstructed slip model using the onshore GNSS sites; (c) the reconstructed slip model using the onshore GNSS 
sites and GNSS-IR network; (d) the reconstructed slip model using the onshore GNSS sites and the seafloor cable OBP network; (e) the reconstructed slip model using 
the on shore GNSS sites and the previous DART network; (f) presents the maximum wave amplitude in the SCS from the slip input model in (a), with blue contours 
showing the arrival time at a 30-min interval. In (b) to (e), the inset maps show the hypothetical input slips verse the inverted slips with colors showing the slipped 
depth information. If the network can perfectly reconstruct the slip input, then the colored stars will align on the black line, otherwise they scatter around the line. 
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4.5. Earthquake source reconstruction in the northern MSZ 

We show the hypothetical earthquake model with an equivalent 
seismic moment magnitude Mw 8.8 in Fig. 8a. In the inversion, the 
onshore sparse GNSS sites poorly constrain the distributed slip on the 
megathrust, which underestimates almost twice of the slip maxima, and 
mislocates the maximum slip locus as comparing with the hypothetical 
slip model (Fig. 8b). Therefore, the inverted slip model (Fig. 8b) will 
predict lower tsunami amplitudes and incorrect tsunami arrival times in 
the SCS. These prediction issues are significantly improved when 
offshore wave gauges are assimilated in the inversion (Fig. 8d and e). 
The cable-based OBP does well in reconstructing the slip amplitudes and 
pattern, and thus importantly for tsunami warning (Fig. 8d). While the 
DARTs do poorly in slip distribution reconstruction, and tsunami 
detection (Fig. 8e), because their locations are out of the tsunami energy 
dissipation path (Fig. 8f). For the GNSS-IR network, in general, it esti-
mates commeasurable slip amplitudes from intermediate to shallow 
depths on the megathrust as comparing with the hypothetical slip am-
plitudes (Fig. 8c, inset map), which claims for the amplified tsunami 
hazard along the coasts in the SCS (Lay, 2018; Qiu and Barbot, 2022). In 
sum, the cable-based OBP works quite well in reconstruction of slip 
distribution on the megathrust, while the DARTs can only reconcile the 
general slip pattern, and largely underestimate the slip amplitudes. 
Finally, the GNSS-IR network can efficiently reconcile the slip maxima 
and pattern, which are the key parameters for a timely forecast of the 
arrival times and amplitudes of tsunami waves in the early warning. 

5. Discussion 

5.1. Examine the efficiency of GNSS-IR network for tsunami detecting 
and warning in the SCS 

Our newly proposed GNSS-IR network, and Kalman filter approach 
provide the basis for building a unit source slip inversion scheme in the 
SCS that could serve as a complementary network to the existing 
tsunami detecting and warning system. Through our inversion tests, we 
conclude that the constraint afforded by onshore GNSS sites only is weak 
for slip amplitudes estimates of the shallow megathrust earthquakes, 
which will, in turn, improperly forecast the tsunami wave characteris-
tics. The locations of the conventional DARTs offer tight constraints to 
the distributed slip on the megathrust initiated either in the southern 
and central segment, yet a slightly loose constraint to that of northern 
segment of the MSZ (Figs. 6–8). Moving both DARTs northeastward to 
locations closer to the trench could provide better constraint on fault slip 
originated from all three segments, as suggested by An et al. (2018). 
With future deployment of OBP gauges on the seafloor cable system in 
the northern SCS basin, they can largely improve the constraints of slip 
distribution on the megathrust, especially for the middle and northern 
segments of the MSZ (Figs. 6–8). The proposed islands-based coastal 
GNSS-IR network not only can efficiently reconstruct the slip distribu-
tion on the Manila megathrust, but also runs with a much lower risk of 
vandalism. As suggested from all the inversion tests and comparisons 
between different networks, it is the GNSS-IR network that can reconcile 
the slip amplitudes and patterns sufficiently well at all segments of the 
MSZ for a given hypothetical earthquake (Figs. 6c, 7c and 8c). Such well 
reconciled slip pattern and amplitudes afford crucial information for 
tsunami forecasting along the coasts in the SCS during the warning 
stage. 

To further examine and compare the efficiency of each network, we 
take the possible earthquake scenario in the northern segment as a 
demonstration case. Tsunamis triggered by this segment (Zone 3 in Qiu 
et al. (2019b)) of the MSZ pose significant threat to the southern coast of 
China (Li et al., 2016; Qiu et al., 2019b; Yuan et al., 2021). Part of the 
reason is because the tsunami waves adjust the propagation direction at 
the continental slope region in the northern continental slope of the SCS 
due to the refraction effect, directing tsunami energy towards Hong 

Kong and Macau in the Greater Bay area (Fig. 8f) (L. Li et al., 2018a; Li 
et al., 2022). We define the network efficiency by comparing the slip 
model improvements when more stations are involved in the inversion. 
We use a performance index number, which is calculated based on the 
data and model residuals, to describe the efficiency. The smaller index 
corresponds to a higher efficiency (Fig. 9). Within the first 30 min after 
the earthquake, the cable-based OBP and GNSS-IR networks can 
reconstruct a comparable slip distribution on the megathrust, similar to 
the hypothetical slip model (Fig. 9 a, b and d). It requires, however, 
nearly 60 min before the previously designed DARTs stations could 
detect the first tsunami leading waves (Fig. S8). Moreover, assimilating 
their records to the source inversion does not constrain the distributed 
slip well (Fig. 8e and S8). As time goes, for both the cable-based OBP and 
GNSS-IR networks, the improvement of inverted slip distributions is 
trivial when tsunamis propagate after 60–90 min, indicating that the slip 
distribution could be stably and accurately resolved by the cabled OBP 
and GNSS-IR networks within half an hour after the quake (Fig. 9). These 
early well-determined slip models (Fig. 8 a and d) can be further used as 
an input for tsunami warning center to rapidly forecast the tsunami 
waves information i.e., wave height, flow velocity and arrival times in 
mins in the SCS. In doing so, it will save at least 2–3 h for evacuation 
process, and for policymakers to accurately take acting on mitigation 
strategies along the southern coast of China and eastern coast of 
Vietnam. 

Our efficiency tests suggest that the slip distribution in the northern 
segment of Manila trench could be well determined by both the cable- 
based OBP and GNSS-IR networks within 30 min after the earthquake, 
as long as some key sites could be strategically deployed. In this 
framework, we search for a key site that could reconstruct the first-order 
slip distribution, and work sufficiently well for warning and evacuation 
purposes, and therefore save the overall cost of the limited govern-
mental budget. For the cable-based OBP network, we test each OBP 
gauge named from C19 to C23 (Figs. 1 and 10a). We find that C21 can 
almost reconcile the hypothetical slip distribution, and is thus the pri-
mary location to deploy an OBP gauge for future tsunami warning 
(Fig. 10 a and c, S9). For the GNSS-IR network, the optimal station is R12 
which locates at a volcanic island in the Luzon strait (Fig. 10 c and d). 
Although R12 performs slightly less well in reconciling the slip maxima 
as compared to C21, the derived slip model is sufficient for tsunami 
forecasting and warning in the SCS (Fig. 10 and S9). All our experi-
mental tests suggest the island-based coastal GNSS-IR network functions 
comparably well with the cable-based OBP network, even for one single 
station case. 

5.2. Implications of GNSS-IR network for tsunami detecting and warning 
in the global oceans 

The vast portions of the world’s subduction zone do not have seismo- 
geodetic seafloor observational systems like Japan (e.g., GEONET and 
DONET). These, can effectively and efficiently depict the spatial variable 
coupling, and estimate slip deficit on the megathrust either for warning 
or for detailed seismo-tsunamigenic mechanism studies (e.g. Loveless 
and Meade, 2011, 2010). Alternatively, a successful application of the 
proposed GNSS-IR network in the SCS could be copied, and imple-
mented elsewhere in the world (Fig. 11). For example, such a network 
would work particularly well for subduction zones with forearc islands, 
e.g., the Sumatran subduction zone, where the GNSS network can be 
deployed on the forearc islands for early detection of approaching 
tsunami waves from the shallow trench (Fig. 11). This is extremely 
important for coastlines immediately facing subduction, where forearc 
islands seating above the seismogenic zone, are prone to megathrust 
earthquakes at shallow depths but are lack of seafloor monitoring in-
struments. According to the new map of global islands published by the 
Association of American Geographers, there are 21,818 big islands (>1 
km2), and 318,868 small islands (<1 km2) globally with many of them 
located in the deep-sea region, far away from populous mainland 
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(Martin et al., 2020). In the presence of islands close to the active sub-
ducting boundary (Fig. 11), like the SCS, Sumatra or western Pacific, an 
island-based coastal GNSS-IR network could detect tsunami waves tens 
of mins earlier than DART buoys located seaward of the trench. The 
network is particularly useful for large-amplitude tsunami waves excited 
by either a tsunami earthquake or a trench-breaking giant earthquake in 
the outer wedge of the accretionary prism in the global subduction zones 
(Hananto et al., 2020; Hubbard et al., 2015; Qiu and Barbot, 2022; Wei 
et al., 2012). Such early detection efficiency could be also important for 
regional or transoceanic tsunamis. For instance, a coastal GNSS-IR 
network in uninhabited islands in the middle of the Pacific Ocean 
(Fig. 11) should improve tsunami forecasting and warning for the Pacific 
Tsunami Early Warning system. 

An island-based coastal GNSS-IR network could be a promising 
complement to the existing but still very spatially limited global deep- 
ocean tsunami monitoring system (Fig. 11). This is mainly due to its 
following strengthens. First, the cost of a GNSS-IR receiver is signifi-
cantly cheaper than any of the existing deep-sea tsunami monitoring 
instruments, e.g., a seafloor-cabled OBP gauge, DART (~US$0.5 M) or a 
unit of GNSS buoy (~US$3 M) (Bernard and Titov, 2015; González et al., 
2005; Mulia and Satake, 2020). Second, the GNSS antenna can be 
deployed on high ground, and anchored to bedrock rather than on a 
dock, and is thus far away from vandalism and harsh waves. There are 
many examples showing that tide gauges could not function properly or 
failed to record peak wave amplitude during extreme sea-level events e. 
g., storm surges (Fritz et al., 2010; L. Li et al., 2018b; Soria et al., 2016), 
and tsunamis (Fritz et al., 2008; Tsushima et al., 2011). A GNSS system is 
also technically much easier to setup and to maintain than the cabled 
OBP gauge, and DART stations in the deep ocean. Third, GNSS-IR can 
operate for decades, offering long-term monitoring of both island’s 
deformation and sea-level changes. Such long-term monitoring power 
capacities could work together with any seafloor geodetic monitoring 
system, and onshore GNSS sites to understand the regional tectonics, 
earthquake mechanisms in seismically active regions. Additionally, the 
proposed combination of the GNSS-IR and Kalman filtering on 

monitoring the long-term sea-level changes would contribute to un-
derstanding of the regional or global sea-level changes (Han et al., 2021; 
Hay et al., 2015; Horton et al., 2018). If possible, by combing with the 
high-frequency Radar measurements, we can measure both the wave 
height and velocity during extreme sea-level events (Wang et al., 2023). 
Consequently, coastal GNSS-IR stations could compose a cost-effective 
and safer network with multiple-disciplinary applications, including 
tectonics, earthquakes, sea-level variations studies worldwide 
(https://www.sonel.org/-GPS-.html#map) (Larson et al., 2013; Peng 
et al., 2019, 2021b). 

6. Conclusions 

Applying the GNSS-IR technique for measuring either long-term sea- 
level variations or short-term sea-level extreme events demonstrate that 
a well-located coastal GNSS site can not only function as a robust tide 
gauge, but also can suppress the damage from vandalism and harsh sea 
conditions. In this study, we have shown here that time sampling of the 
GNSS-IR measurements can be significantly densified with instrumental 
upgrades so that signals from multiple satellite constellations and fre-
quencies can be used. In the case of SC02, the sampling rates increased 
dramatically from ~37 min to ~6 min. We also demonstrate that the 
Kalman filter approach can further regularize densified-irregular sea- 
level retrievals to an even-sampling rate with small mean, and standard 
deviation as compared with co-located tide gauge. We investigate the 
potential application of GNSS-IR technique to tsuami detecting and 
warning. We show that the combination of the GNSSS-IR determined 
sea-level retrievals and a Kalman filter can reconstruct a sea-level time 
series that is equally sampled similar to a conventional tide gauge 
measurements. This time series can be used to constrain the tsunami 
source. Our experimental tests from synthetic rupture senarios along the 
MSZ suggest that such time series are, indeed, powerful to reconcile the 
tsunami source in the MSZ, which are useful for tsunami forecasting and 
warning. We propose that the 17 GNSS-IR stations on the island in the 
SCS can potentially serve as an excellent replacement of deep-sea 

Fig. 9. Efficiency tests for reconstructing the hypothetical slip model for early warning as a demonstration case in the northern segment of the Manila subduction 
zone when implementing different networks. (a) to (c) the reconstructed slip model using the seafloor cable OBP network and the onshore GNSS sites for the first 30, 
60 and 90 min, respectively; (d) to (e) the reconstructed slip model using the onshore GNSS sites and the newly designed GNSS-IR network for the first 30, 60 and 90 
min after the hypothetical earthquake, respectively. 
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instruments if installing DARTs is impossible. Such a network, if 
developed on strategically selected islands, can also inexpensively 
augment the spatial coverage of current DART, and tide gauge system 
for extreme sea-level event studies worldwide. It also benefits multiple- 
disciplinary research including the short-term sea-levels detection (i.e., 
storms and tsunamis) or long-term regional and global sea-level moni-
toring, and regional tectonic studies. 

Open research 

All data used in this study are open data sets which can be obtained 
from https://www.geodetic.gov.hk/sc/rinex/downv.aspx for the HQKT 
GNSS site, https://www.unavco.org/data/gps-gnss/gps-gnss.html for 
the SC02 GNSS site, http://www.ioc-sealevelmonitoring.org/map.php 
for Quarry Bay tide gauge, and http://tidesandcurrents.noaa.gov/wate 
rlevels.html?id59449880) for the Friday Harbor tide gauge. The 
gnssrefl software is downloaded from https://doi.org/10.5281/zenodo. 
5601495. 
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Fig. 10. Key station optimization example for detecting and warning of tsunamis initiated in the northern segment of the Manila subduction zone. (a) the optimized 
key site (C21) of the seafloor cable OBP network with the efficiency evaluation of each site showing in (c) (i.e., C19 to C23). (b) the optimized site (R12) of the GNSS- 
IR network with the efficiency evaluation of the near-fault sites i.e., R3, R11, R12 to R14 showing in (d). Each number in the bracket in the legends of (c) to (d) shows 
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then the stars will align on the black line, otherwise they scatter around the black line. In (c) to (d), the optimized site is highlighted, and the others are shown with 
transparency. 

Fig. 11. Global distribution of the DARTs (yellow), tide gauge (light green), 
GNSS (dark red) and GNSS-IR (light black) for tsunami detecting and warning. 
Two black boxes show the example of potential GNSS-IR places for tsunami 
early detecting and warning. 
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