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24 Abstract

25

26  South China Sea (SCS) separates the land from north to south by nearly two-thousand km in

27  distance. In this framework, land-based observation is limited, thus, little is known about the
28  tectonics in this widely gapped area. Here, we present a coastal geodetic GNSS station that is
29  recently deployed in Nansha southern SCS. The station measures mm precision of land
30  displacements that show ~4-5 mm range of variation in horizontal components and ~1 cm range
31  of changes in vertical nearly a year. These displacements are characterized by a flat trend, with
32 occasionally disturbed by subcentimeter changes. The GNSS-IR retrieved sea-level variations over
33 both short- and long-term time span are comparable with tide gauge recordings, offering a
34  complement equipment to detect amplitude variations and trend adjustments in both relative and
35  absolute sea levels. Although varying with time, the average rate is commensurate with that of the

36  global mean sea-level changes. With such capacity, we filter the sea-level retrievals to be equally
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37 sampled as a conventual tide gauge using a Kalman filter, and conduct experimental tests to
38 investigate whether it can capture sea-level disturbances from extreme events i.e., tsunamis. Our
39  results show that as long as the disturbances are twice larger than the standard deviation of the
40 filtered time series, then such disturbances are successfully detected. This criterion could be largely
41 reduced if the GNSS site was built particularly for GNSS-IR. In any case, the GNSS-IR
42 detectability is particularly helpful to capture sea-level disturbances triggered by quiet submarine
43 landslides as they often don’t send sensible signals as earthquakes do. Our station adds an extra
44 connecting pod to fill in the existing few stations and pushes one-step forward to link the separated
45 land, and affords another example to study regional tectonics and sea-level variations

46  simultaneously.
47  Keywords: GNSS-IR, GNSS time series, Tsunami detection, South China Sea, Sea-level variation,

48 Nansha Islands, PCOMCOT

49 1 Introduction

50 South China Sea (SCS) basin is developed under the framework of surrounding subduction
51  systems (Figure 1) (Li et al., 2021; Sun et al., 2009, 2019). That is the Sumatran subduction zone
52  in the west where the Indian plate subducts underneath the Sunda plate (Chlieh et al., 2008); the
53  Java subduction zone in the south where the Australian plate subducts beneath the Sunda plate
54  (Koulali et al., 2018); and the Philippine subduction zone in the east where the Philippine Sea plate
55  subducts underneath the Sunda plate (Wang and Bilek, 2014), developing a so-called super-
56  subduction tectonic system around SCS (Li et al., 2021). Because of the interacting between SCS
57  basin and such periphery complex subducting settings over the long-term dynamic evolution
58  process, many tectonic elements have been grown inside the basin. These include, for instance, the
59  Littoral Fault Zone (LFZ) in the north, which is the longest (>1000 km) fault system offshore
60  running in parallel with the southern coastline of China (Li et al., 2022; Xia et al., 2020); and the
61  thousand-km long Manila subduction zone (MSZ) to the northeast, and it has a comparable length
62  to the northernmost segment of the Sumatran subduction zone where it generated the largest
63  tsunami impact in this century (Lay, 2015); and then, the submarine landsides along both the
64  continental slope area and Zeng Mu An Sha (ZMAS) region in the south (Gee et al., 2007; Li et
65 al.,2019; Sun et al., 2018; Wang et al., 2018); and also volcanic process in the west and east (Paris
66  etal., 2014; Paris and Ulvrova, 2019; Zorn et al., 2022); and finally, the reactivation major strike-
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67  slip fault extension of the Red-River fault along the West Baram Line in the Dangerous Grounds
68  block (e.g., Figure 1 in Clift et al., 2008). Majority of these elements are active as manifested by
69 either historical or paleo-seismic records. For example, the eastern and western portion of the LFZ
70  ruptured by M 7+ large earthquakes in Quanzhou 1604, Nanao 1918 & 1700, and Qiongzhou 1604,
71 respectively (Li et al., 2022; Xia et al., 2020). Except the 1700 event, rest of the others all triggered
72 tsunamis as evidenced in historical records, respectively (Lau et al., 2010; Li et al., 2022; Terry et
73 al, 2017). Additionally, seafloor geomorphology and seismic surveyed data indicate that large
74 volume of landslide body had repeatedly failed previously at both the continental slope and ZMAS
75  regions (Gee et al., 2007; Li et al., 2019; Sun et al., 2018; Wang et al., 2018). Geologically, paleo-
76  geological tsunami evidences are identified at various widely-distributed places in the SCS; and
77  their dated age all point to a similar time window somewhat ~1000 years ago (Ramos et al., 2017;
78  Yang et al., 2018; Yu et al., 2009), indicating a great tsunami event might have swept the entire
79  basin previously, and the likely source could come from a great earthquake initiated in the MSZ
80 (Hsuetal., 2012, 2016; Megawati et al., 2009; Qiu et al., 2019); and such a great earthquake is on
81 the way and could repeat previous process but bring significant impact to the modern coastal
82  megacities (Hsu et al., 2012, 2016; Li et al., 2022; Qiu et al., 2019). In such a tectonically active
83 and high potential of facing multi-tsunami sources region in the SCS (Li et al., 2021, 2022),
84  unfortunately, these tectonically associated processes remain poorly known, due mainly to very
85 rare geodetic, geophysical and sea-level stations deployed in such a ~1900-km-long distance
86  (~23°N — 6°N) between the southern coast of China and northern coast of Borneo, Malaysia
87  (Figure 1). Particularly, in our study area - Dangerous Grounds block, it was significantly deformed
88  with numerous shallow faults being formed during the drifting and collision process associated
89  with the seafloor spreading development in the SCS (Das et al., 2024; Ding et al., 2013; Li et al.,
90 2014), however, characteristics of the modern deformation and fault activities remains elusive.
91  Essentially, our knowledge in regarding tectonics and sea-level variability in this vastly gapped
92  area is significantly deficient; while installation of any monitoring equipment in the gapped area
93 s quite challenging.

94
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96  Figure 1. Tectonic background and geographical location of the GNSS station. Red star represents
97  the location of our coastal GNSS station in southern South China Sea. Yellow circles (Lau et al.,
98  2010), orange circles (1589-2012, Bautista et al., 2012), green circles (Ca and Xuyen, 2008), red
99  triangles (Paris et al., 2014) are tsunami catalogs (Li et al., 2024). LTF: Littoral fault; HG: Hua
100  Guang submarine landslide (Wang et al., 2018); QB: Qiongdongnan submarine landslide (Wang
101 et al, 2018); BY: Baiyun submarine landslide (Li et al., 2019, Sun et al., 2018); MSZ: Manila
102 subduction zone; ZMAS: Zeng Mu An Sha submarine landslide (Gee et al., 2007); barbed lines:
103 subduction zones. Pink squares: earthquake with Mw >6.5 from ANSS catalog.
104

105 In this study, we present a recently deployed coastal GNSS station in Nansha in the Dangerous
106  Grounds block in southern SCS (Figure 1, red star). This station locates closely to sea water area
107 which allows us to measure sea-level variation by using GNSS-IR technique (Larson et al., 2013;

108  Pengetal.,, 2021). Our results show that this single station can multi-function as both displacement
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109 meter and sea-level measurement meter that are capable of assisting us to gain an improved
110  understanding about the regional tectonics, and to detect extreme sea-level abnormalities, and to
111  monitor long-term sea-level changes. We organize the content as follows. We, firstly, present the
112 information about the GNSS station and processing procedure of its measured displacements time
113 series; then, we briefly sum up the GNSS-IR sea-level retrieval technique; and followed by the
114  results of GNSS displacements time series, GNSS-IR short-term sea-level measurements and its
115  detecting capability on synthetic tsunami events, respectively; and we, then, present the long-term
116  sea-level changes measurements; and finally, we conclude that our station is useful to study the
117  regional tectonics and to detect both short-term sea-level extremes and long-term sea-level

118  variations simultaneously.

119 2 Methodology

120 2.1 GNSS site and displacement measurements

121 Our GNSS station is deployed in June 2022 which locates at the coast facing sea water area (Figure
122 2b). The receiver of the GNSS is Trimble Alloy 6.16, with a 15-second sampling rate. We use
123 GAMIT/GLOBK v10.7 program to process the GNSS data to obtain daily displacement time series
124  (Herring et al., 2016). To achieve an accurate and stable solution, we include the nearest 14 IGS
125  GNSS stations (e.g., anmg, bako, brun, coco, cusv, darw, dgar, hyde, iisc, jog2, ntus, pimo, pohn,
126  and xmis) together with our GNSS in the processing procedure. Additionally, we also consider
127  ionospheric corrections by utilizing ionospheric delay models from CDDIS during data processing
128  (Noll, 2010). Finally, FES2014 ocean loading model (Lyard et al., 2021; Scherneck, 1991) and the
129  Vienna Mapping Function (VMF1) model of atmospheric tropospheric delays (Boehm et al. 2006)
130  are simultaneously included in our process for obtaining the final displacement time series. This
131  solution allows us to monitor how the land changes in the global ITRF frame. We rotate and
132 translate the displacement time series from ITRF to local Sunda plate frame to obtain the localized
133 surface deformation (Altamimi et al., 2016). Details about GNSS process can be found in Herring
134 et al. (2016). Our final displacements time series are shown in Figure 3.

135
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137 Figure 2. Conceptual map for geometry of the GNSS-IR and example of reflection zones at our
138  coastal geodetic GNSS station. (a) geometry of a coastal geodetic GNSS station for GNSS-IR; (b)
139  reflection zone at our coastal geodetic GNSS station with colors marking elevation angles (red:5,
140  blue:7, yellow:10).

141 2.2 GNSS-IR for sea-level retrievals

142 A space satellite sends signals that can be directly received or reflected by the ground objects
143 and then received by a ground-based geodetic receiver. The reflected signals are often removed as
144  they cause multi-path effects when analyzing the geodetic displacements. However, they can be
145  quite useful to retrieve sea-level variations if the GNSS station is deployed closely enough to sea
146  area. Indeed, Larson et al. (2013) and Roesler and Larson (2018) have demonstrated that a single
147  geodetic GNSS receiver actually records the signals from the interference between direct signals
148  and reflected signals. These interference signals can be expressed in the SNR data of GNSS
149  observational files (Larson et al., 2013). Under this framework, they have developed the GNSS-
150 IR (GNSS-Interferometric Reflectometry) technique to retrieve sea-level variations based on the
151  geometry of coastal geodetic GNSS station (Roesler and Larson, 2018) (Figure 2a). We briefly
152 sum up the key points in this section.

153 The geometric relationship of the principle of GNSS-IR is shown in Figure 2a. From the
154  simple geometry relationship, the path difference D between the direct signal and the reflected
155  signal can be obtained from the geometric relationship.

156
157 D = 2Hsine 2-1)
158
159 The wavelength of the satellite signal is 4, and the phase difference ¢ between the direct signal

160  and the reflected signal are obtained:

161

162 @ = ——sine 2-2)
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163
164 From (2-2), if sine is treated as a variable, then:
165
do H
166 2 = =4 — 2-3
f dsine g A ( )
167
168 Where f is the frequency of SNR characteristic oscillation that overlays a long-term trend,

169  and thus, the relationship between f and H can be further obtained as

170
2H

171 f=— 2-4)
A

172

173 Thus, the SNR data is mainly a long-period variation caused by the distance of the receiver

174  from the satellite and the gain pattern of the antenna (Figure 2). Following Larson et al. (2013),
175  we firstly converted the SNR data from logarithmic scale decibel-hertz to a linear scale volts/volts
176  format, and then conducted a low-order polynomial fits to remove the trend for residual SNR
177  signals, and then, with the residual signals, we further performed a Lomb-Scargle Periodogram
178  (LSP) analysis to obtain the characteristic frequency term f, and finally, we calculated the reflection
179  height H to retrieve the relative sea-level variation. In these calculations, the sea surface is assumed
180 to be stationary when satellite signal can be received during the ascending and descending
181  processes. However, in reality, the sea surface is constantly changing and sometimes can be violent,
182  therefore, a Reflection Height-Rate Correction (RHRC) is required. We performed the RHRC
183  correction following the algorithms of Larson et al. (2013). Additionally, the tropospheric delay
184  could also affect the final estimates on H (Peng et al., 2019), therefore, we further corrected the
185  delayed effect by a combination of astronomical refraction (G. G. Bennett, 1982), GPT2 (Global
186  Pressure and Temperature 2), and Wet model (Béhm et al., 2015). Details on GNSS-IR, RHRC
187  and tropospheric delay corrections can be found in series of previous studies (Larson et al., 2013;

188  Roesler and Larson, 2018).

189 2.3 Tsunami detection using synthetic tsunami sources

190 The GNSS-IR retrieved sea-level measurements are often unequally sampled in time. Such

191  sampling rate highly depends on the reflection environment of a particular site (Figure 2). Ideally,
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192  if the range of the azimuthal angle and elevation are sufficient wide, then a denser sampling rate
193  is achieved (Figure 2b). Further, through combing multiple frequencies and satellite constellations
194  (Larson et al., 2021; Li et al., 2024; Tu et al., 2021), the rate can be significantly improved e.g., in
195  some cases, the average sampling rate can reach ~6 mins that is comparable to a conventional tide
196  gauge measurement (Li et al., 2024). Integrating such high sampling rate and a Kalman filter
197  technique, one can filter the GNSS-IR sea-level measurements to a same sampling rate with tide
198  gauge to detecting short wavelength sea-level events e.g., tsunamis (Larson et al., 2021; Li et al.,
199  2024), and even to do real time sea-level monitoring (Strandberg et al., 2019). Following our
200 previous work (Li et al., 2024), we integrate the sea-level retrievals measured by multi-frequencies
201  and multi-satellite constellations of our GNSS station and Kalman filter to derive an equally-
202  sampled interval sea-level time series to compare with that from a co-located tide gauge. We then
203  use this filtered sea-level time series to perform experimental tests on tsunami detections using
204  synthetic tsunamis events.

205  Global review studies indicate that a typically Mw 8.4 or higher subduction earthquake could
206  generate tsunami run up larger than 3 meters that can cause potential damage and hazard in the
207  coastal area (Cheung et al., 2022; Qiu and Barbot, 2022). Comparatively, a shallow tsunami
208  earthquake with one order of magnitude smaller can also generate significant tsunami hazards
209  (Hill et al., 2012; Kanamori, 1972; Polet and Kanamori, 2000; Qiu and Barbot, 2022). In SCS, the
210  MSZ is the most likely candidate that can initiate subduction zone earthquakes with Mw >8+ (Hsu
211 etal.,,2012,2016; Zhao and Niu, 2024). Tsunami earthquake in the MSZ is possible but less likely,
212 since none such events were never ever recorded or reported previously (Lau et al., 2010; Terry et
213 al., 2017). In this case, we consider a typical synthetic Mw 8.4 earthquake that is one representative
214  model retrieved from the sample model database used in previous probabilistic tsunami hazard
215  assessment (PTHA) study in the SCS (Li et al., 2016, 2018). This sample model has majority of
216  the slip at the seismogenic depth (case 1) which does not take into account the shallow large slip
217  effect that is likely responsible for the exaggerated tsunami hazard being observed in the 2011 Mw
218 9.1 Tohoku-Oki event (Lay, 2018; Lay and Kanamori, 2011). Therefore, we select another
219  representative sample model from the database to mimic such shallow tsunami excitation effect
220  (case 2). These two representative models all located in the southern segment of the MSZ (Figure
221 Sl1), where the triggered tsunamis propagate directly towards our GNSS station, allowing a

222 maximum detecting efficiency on the incoming tsunami waves (Figure 1). To maximumly and
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223 completely take into account the potential multiple tsunami sources, we also consider a
224  representative synthetic landslide tsunami scenario (case 3) triggered by the ZMAS submarine
225  landslide in southern SCS (Li et al., 2019, 2022) (Figure 1).

226 Our synthetic tsunami scenarios contain sources from both the subduction zone earthquakes and
227  submarine landslides. For subduction zone earthquakes, the typical wavelength of tsunami is
228  hundreds of km and thus, is sufficiently large enough compared to local a-few km deep water depth,
229 therefore, dispersive effect is not necessarily considered in wave propagation modeling; in contrast,
230 submarine landslide triggered tsunamis often occur in deep water, and the wavelength of the
231  tsunami is not significantly large as compared to local water depth. In this case, the wave dispersive
232 effect is significant and is needed to be modeled during wave propagation. We use PCOMCOT
233 software to model these synthetic tsunami events. The software is an updated code from COMCOT
234 (Cornell Multi-grid Coupled Tsunami) model (Wang and Liu, 2006, 2007), which is paralleled
235  with MPI, more recently with GPU and can efficiently simulate dispersive, breaking and nonlinear
236  wave phenomenon within the framework of shallow water equations (Zhu et al., 2024). For the
237  bathymetry data, we use the best available GEBCO24 bathymetry and topography for modeling
238  the tsunami wave propagation in the SCS. We model a 5-hour physical time of tsunami wave
239  propagations in the SCS.

240 3 Results

241 3.1 Land displacements changes monitored by GNSS

242 Figure 3 shows the nearly a-year displacement time series recorded at our GNSS station. In general,
243 displacements of all the three components over this monitoring period is small, with the horizontal
244  components ~4-5 mm and the vertical component ~1 cm, respectively (Figure 3a, b and c). The
245  overall trend for all the three components is generally flat, with a least-squares estimated average
246  rate of 7.8 £ 0.95mm/yr, 2.8 £ 0.66 mm/yr and 1.1 + 3.13 mm/yr in the east, north and vertical
247  component, respectively. To extract the general motion of the GNSS site as evidenced by the
248  displacements while considering the measurement noise, we performed a Kalman filter analysis
249 (Li et al., 2024). Our results show that a consistent displacements changes do occur at each of the
250  three components between year 2024.25 to 2024.35 (Figure 3a, b and c). In this particular time
251  window, the displacements reach the largest in both horizontal and vertical components. Such
252 outstanding displacements changes are successfully captured in all the three components, and thus,

253 are likely real signals. If so, these changes might have associated with a localized time-varying
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254  geological process. In summary, the land here is generally stable, occasionally with a few to tens
255  of mm displacement changes, possibly as a result of localized geological process.
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257  Figure 3. Yearly-long displacements time series at our GNSS station. (a), (b) and (c) show the
258  daily displacements time series for the east, north and up component, respectively. Heavy and thin
259  red curves are the smoothed Kalman-filter fits and their corresponding 2-standard deviation
260  estimates.
261 3.2 GNSS-IR sea-level retrievals and its validation
262 We, firstly, present a short-term time period GNSS-IR sea-level retrievals and its validation in
263  Figure 4. And we, then, present a long-term sea-level retrievals validation in Figure 5. Figure 4
264  shows our sea-level retrievals covering three periods in July and August 2023, respectively. These
265  results indicate that the average sampling rate can be quite variable at different time within a year.
266  In these periods, the maximum sampling rate reaches ~50 per day (~30 mins), and the lowest rate
267  reaches ~20 per day (~1h). In particular, middle and late of August 2023 have ~20—40 rates per
268  day (~40 mins to 1 h); while early July 2023 general has higher rates between ~30-50 per day (~28
269 to 48 mins) except the lower rate at the first day (~1h). Intriguingly, we notice a general
270  phenomenon. That is when sampling rates are lower and sea-level oscillations are stronger, then
271  the sea-level retrievals are relatively noisier (Figures 4 and 5). In any cases, despite the reflection
272 environment is not an ideal case (Figure 2b), the sea-level retrievals still capture the nature of time-
273 varying characteristics remarkably well, and are commensurate with the recordings from the
274  nearby tide gauge (Figures 4 and 5).

10
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276  Figure. 4. An example of multiple short-term GNSS-IR sea-level retrievals validations with tide

277  gauge. (a), (b) and (c) GNSS-IR sea-level retrievals validation with tide gauge measurements over
278 01 July 2023 to 10 July 2023, 08 August 2023 to 17 August 2023, and 23 August 2023 to 01

279 September 2023 time windows, respectively. Colors on circles show daily average measurement

280 counts.
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Figure 5. An example of multiple monthly GNSS-IR sea-level retrievals validations with tide gauge
measurements. (a) validation for July 2023, (b) validation for August 2023. Colors on circles show

daily average measurement counts.

We further extend the validation to monthly long-term time periods (Figure 5). Our results
demonstrate that the sea-level retrievals reveal a same phenomenon as obtained from the short-
term time periods validation. That is when the average daily sampling rate is lower than 20, then
the retrievals are relatively more scattering as manifested e.g., day 13 to 19 in July 2023, and day
2 to 9, 17 and 24 in August 2023; while when the sampling rate is higher that 20, then the

12
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292  measurements are lesser scattering as shown in both July and August 2023. Despite the sea-level
293  retrieval time series is, sometimes, scattering, with outliers removed, the amplitude variations from
294  day by day and the trend are well captured by the GNSS-IR measurements, which compare
295  remarkably well with the tide gauge recordings (Figures 4 and 5). From above both the short-term
296  and long-term time periods sea-level retrievals validations, we conclude that our coastal GNSS
297  station is capable of monitoring the sea-level variations. This conclusion helps us to build
298  confidence on using the station to detect sea-level extreme events e.g., storm surges (Li et al., 2024;
299  Peng et al., 2019), tsunamis (Larson et al., 2021) and sea-level changing phenomenon (Larson et
300 al., 2013; Peng et al., 2021) in the SCS.
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303  Figure 6. An example of quantitative comparison between Kalman-filtered GNSS-IR sea-level
304  retrievals and tide gauge. (a) Comparison between Kalman-filtered GNSS-IR sea-level retrievals
305  (circles) and tide gauge recordings (black curve) over 01 July 2023 to 10 July 2023 time window.
306  Red curve is the Kalman-filtered sea-level time series from the GNSS-IR sea-level retrievals (blue
307  circles); (b) histograms of residuals between Kalman-filtered GNSS-IR sea-level retrievals and
308 tide gauge recordings.
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310 To quantify the exact difference between the GNSS-IR and tide gauge measurements, we, firstly,
311 use a Kalman filter to process the original uneven sampled GNSS-IR sea-level retrievals to be the
312 same minute-sampling rate with the nearby tide gauge (Li et al., 2024); we then subtract the tide
313  gauge recordings by the filtered sea-level time series; and finally, we calculate the mean and
314  standard deviation from the residuals. We show one example between July 1 to 10 of 2023 in
315  Figure 6, and the others (either short- or long-term) follow a similar statistics feature. Overall, the
316  residuals reach a mean that is close to zero with a standard deviation about 20% of the maximum
317  amplitude (Figure 6). Our further experimental tests indicate that a smoother filtering process will
318  slightly reduce the standard deviation by a few cm, but it will be inefficiently to detect sea-level
319  abnormalities that will be smeared out by a smoother filtering. We will discuss this effect in the

320  discussion section.
321 3.3 GNSS-IR detection on tsunami waves

322  The modeled maximum tsunami wave amplitudes for the seismogenic (case 1) and shallow slip
323  (case 2) subduction earthquake scenario are shown in Figure 7a and b, respectively. We obtain
324  relatively a lesser tsunami impact for the seismogenic earthquake case with amplitudes higher than
325 3 meters in the rupture zone, and smaller than a meter at other places (Figure 7a and d); in contrast,
326  the shallow slip earthquake scenario causes significant tsunamis in and out of the rupture zone
327  with amplitudes reaching 2-3 m at both our study area and western coast of Palawan, less than 1
328 m in the far field (Figure 7 b and d). In the near-field, the tsunami amplitudes are comparable for
329  these two cases (Figure 7 a and b). For the ZMAS submarine landslide scenario (case 3), if the
330  model simply reproduces one of the repeated historical cases (Gee et al., 2007; Li et al., 2022),
331 then the triggered tsunamis cause significant impact in southwestern SCS (Figure 7c¢ and d) (Li et
332 al, 2019). That is the northwest coast of Borneo receives the highest impact where the wave
333  amplitudes are >5 m; then followed by southwestern SCS including our study area where the wave
334  amplitudes are 4-8 m (Figure 7c and d); and then the southeast coast of Vietnam where the
335  amplitudes are 4-5 m or even >5 m at some places; and finally, the western coast of Palawan where
336 the wave amplitudes range 2—4 m (Figure 7c).

337  The synthetic tsunami waveforms at our study area are shown in Figure 7d. To demonstrate

338  whether the GNSS-IR sea-level retrievals at our GNSS coastal geodetic station can detect such
339  water level abnormalities or not. We, firstly, overlay these waveforms to the original GNSS-IR
340  sea-level retrievals e.g., where it has higher sampling rate (red line in Figure 8); and then filter the
341  sea-level retrievals using a Kalman filter and finally, with such superimposed signals, we perform
342  a wavelet analysis to detect any frequency modulations caused by tsunami waves if there were

343  some. Our experimental detecting results for seismogenic, shallow subduction earthquake and
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344  submarine landslide scenario is shown in Figures 8a, b and c, respectively.

345
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347  Figure 7. Sea-level disturbance initiated by synthetic earthquakes from MSZ and ZMAS submarine
348  landslide scenarios. (a) and (b) maximum wave amplitudes modeled with a typical Mw 8.4
349  seismogenic and a shallow subduction earthquake, respectively. (c) maximum wave amplitudes
350  modeled with the ZMAS submarine landslide with red star marking the location of the wave gauge.
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351  (d) the corresponding recorded synthetic tsunami waveforms at wave gage show in (c) (also shown
352  in Figure I).
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355  Figure 8. Experimental tests on sea-level abnormalities detecting using the Kalman-filtered
356  GNSS-IR sea-level retrievals. (a), (b) and (c) the time and frequency analysis for synthetic
357  scenarios about a typical Mw 8.4 seismogenic (Figure 7a), a shallow Mw 8.4 subduction zone
358  earthquake in MSZ (Figure 7b) and the ZMAS submarine landslide (Figure 7c), respectively.

359

360 For tsunami waveforms overlaid within higher sampling rate (>30 average daily counts) at

361  different time windows, the detecting effect is similar (Figure S2). We note that for all scenarios,
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362 the frequency abnormalities are fairly well captured by the GNSS-IR technique, suggesting the

363  Kalman filter-based GNSS-IR retrievals is an efficient way to detect tsunamis. The detected wave

364  periods for the two subduction earthquakes are ~100 mins which is more than twice larger than the

365  original wave periods but are sufficiently smaller than the background frequencies (e.g., >300 mins)
366  (Figures 8 and S3-S4); and for the submarine landslide, it is ~40 mins which is comparable with

367  the original time period (Figure S5). Overall, our GNSS-IR, although not ideally for reconstructing

368 the natural frequency of the synthetic tsunami waves, it still can detect such wave disturbances or

369  abnormality caused by these marine geological processes (Larson et al., 2021; Li et al., 2024; Peng

370 etal., 2019).

371 4 Discussions

372 Our geodetic time series indicate the nearly one-year 3D displacements vary within ~4—5 mm in
373 horizontal components and ~1 cm in vertical (Figure 3). In addition, the displacements for each
374  component are nearly flat except a compelling transient change in between year 2024.2.7 and
375  2024.3.7 with a maximum amplitude reaching ~9—10 mm. This transient process generates a
376  cumulative displacement ~4 mm in the north, ~5 mm in the east and ~9—10 mm in the up
377  component, respectively (Figure 3). These displacements and trend variations are significantly
378  larger than the measurement errors that are often ~1-2 mm in the horizontal and ~3—7 mm in the
379  vertical (Feng et al., 2015a, b), they are ~3 mm in the horizontal and ~10 mm in the vertical
380 estimated in our data processing, respectively. Additionally, all the three components captured
381 these distinctive displacements changes by the Kalman filter, we conclude that the transient
382  process is likely real, and will continue validating it through examining the high-sensitive strain
383  measurements recorded by a co-located strain meter in our following study. By integrating the
384  displacements and strain measurements, then hopefully, we can narrow down to find out the
385  potential geological process. Except for the trainset process, the displacements don’t show much
386 linear trend as typically seen at other tectonically active regions where the tectonic plates are
387  continuously moving (Chlieh et al., 2008; Loveless and Meade, 2016), but instead, show, in general,
388 a flat trend (Figure 3). A flat trend suggests that the monitored area is quite stable. Indeed, our
389  GNSS site locates on the right flank of middle ridge on the Dangerous Grounds block in the
390  southwestern SCS basin, where a major strike-slip fault is reactivated to the west boundary of the

391  block (Figure 1 in Clift et al., 2008). Additionally, the SCS basin starts to open and grow ~33 Ma

17



https://doi.org/10.5194/egusphere-2025-3563
Preprint. Discussion started: 16 September 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

392 ago (Li et al., 2014) under the effect of the surrounding large-scale geological processes i.e.,
393  collision between the Indian and Eurasian plate to the northwest (Tapponnier et al., 2001) and, the
394  super-subduction system from west, south to east (Li et al., 2021). Then, the basin seems to stop
395 growing at ~15-16 Ma, with a life span ~17-18 Ma (Li et al., 2014). A dead basin maintains a
396 tectonically stable environment within Sunda land, and thus seismically quiet, as manifested by
397 the seismicity observation since 1900 (Figure 1 and S6), and by the nowadays flat displacements
398  measured at our GNSS (Figure 3). Whether the strike-slip fault along the West Baram Line in the
399  Dangerous Grounds block is active or not cannot be determined by our single station, future more
400  stations, at least several, deployed on both sides of the fault can help address this question. Our
401 unique GNSS site will continue monitoring such quiet environment and pick abnormal geological
402  process if there were some in the following years; and also works as foundation to step forward on
403  bridging the mainland China and northern Borneo of Malaysia and eventually filling our

404  knowledge gaps in this wide area.
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406  Figure 9. Experimental tests on detecting sea-level abnormality caused by a general seismogenic
407  (a) (case 1 by scaling the waveform) and shallow subduction zone earthquake (b) (case 2 by
408  scaling the waveform).

409

410  The GNSS-IR sea-level retrievals show that the maximum average daily sampling rate is ~50,
411  equivalent to ~ 30 mins per measurement that is comparable to the wave period generated by a
412 typical subduction zone earthquake (Figures 6 and S3—S4). Basically, we have one measurement
413  point per cycle of tsunami wave, which is way too sparse to capture any details of tsunami
414  waveforms. Our previous study demonstrates that the average sampling rate should at least higher
415  than 6-16 mins, and then its Kalman-filtered sea-level retrievals could be comparable with a co-
416  located tide gauge measurements within a few cm uncertainty (Figure 4, in Li et al., 2024).
417  Essentially, our coastal GNSS is not an ideal case to capture full tsunami waveforms to be used for
418  reconstructing an earthquake source from e.g., the MSZ and eventually for early warning (Li et al.,
419  2024); and also, a further smoothed filtering process will smear out the abnormalities, resulting in
420  undifferentiable frequency in the wavelet analysis. However, our GNSS station still can detect sea-
421 level abnormalities if we don’t aim to reconstruct the natural frequencies of such disturbance. In
422  this content, as long as these abnormalities are higher than the sea-level background variation by
423 twice larger the standard deviation of the filtered entire time series (Figures 8 and 9). This is crucial
424 because some marine geological processes occur without sending out detectable signals as
425  earthquakes do, for instance, the submarine landslide. In this case, our GNSS-IR would be very
426 useful to detect such quiet tsunami waves when they came (Figure 8c). This is particular important
427  in SCS in several aspects. Because a handful of large submarine landslides have been identified in
428  both northern and southern SCS (Figure 1, Sun et al., 2018; Wang et al., 2018). Many more could
429  be identified along the continental slop from south of Hainan to southwest of Taiwan following
430  extensive marine geological surveys in future (Figure 1). For those identified slides, their volumes
431 are measured and their tsunami impacts are assessed (Li et al., 2019, 2022; Pan et al., 2022). If
432 these, for example, the ZMAS slide repeated one of the previous case again, the triggered tsunami
433 waves will be detected as sea-level abnormalities from our GNSS-IR technique (Figure 8c); and if
434  several (e.g., 2 to 3) similar GNSS stations were deployed at other places with difference
435  orientations in the Nasha region, then we can figure out where the possible source comes from
436  based on the time differences measured at these sites and wave travelling speed, and also

437  differentiate the type of sources from the frequency differences (Figures 8, 9 and S2—-S4). Once we
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438  assure the possible location and type of the source, a rapid tsunami information can be retrieved
439  from a precomputed database and sent out for evacuation and warning process (Xu et al., 2021);
440  and thus, the confirmed products can be sent out in time and are extremely important for the middle
441  and far-field regions e.g., central-eastern Vietnam, western Luzon and southern Hainan, China,
442  potentially saving more lives, before waves’ attack (Figure 7c). This process is possible as both
443  the GNSS and GNSS-IR process nowadays can be made in real time (Chen et al., 2020; Kawamoto
444  etal., 2016; Strandberg et al., 2019). In some cases, the existing tide gauge could be damaged but
445  our GNSS station could be survived as it is deployed tighten by concrete structure a-few meters
446  above the mean sea level (Li et al., 2024). Consequently, this idea could be an extra component to

447  complement current tsunami early warning systems in the SCS and elsewhere (Mori et al., 2022).
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450  Figure 10. Comparison between yearly-long daily-averaged sea-level retrievals from GNSS-IR
451  and daily-averaged sea-level measurements from tide gauge. (a) the daily averaged sea-level
452 comparison between GNSS-IR (blue) and tide gauge (green). (b) yearly-long daily-averaged
453  GNSS-IR sea-level retrievals and its Kalman filter smoother.

454

455  Our both weekly- and monthly GNSS-IR sea-level retrievals validation examples with tide gauge

456  illuminate that these retrievals can capture both the amplitude variation and trend fairly well,
457  although it is somewhat nosier and sparser (Figures 4 to 6). For long-term sea-level validation, we
458  calculate the daily average sea-level variations for the year-long data and validate that with the

459  limited tide gauge measurements (Figure 10a). We obtain, in general, a fairly well matching
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460  between the GNSS-IR results and tide gauge recordings, with an average rate of 3.5 + 0.6 cm/yr
461  measured by tide gauge and 1.6 + 1.8 cm/yr measured by GNSS-IR over the available data window.
462  Although, the rate is not exactly the same, they are comparable. Overall, the long-term sea-level
463  validation between our GNSS-IR and the tide gauge show a commeasurable magnitude; and the
464  difference emerges due mainly to the data gaps and the limited data of tide gauge; and it is also
465  possible due to the nosier and scattered sea-level retrievals measured by the relatively coarse
466  sampling rate from the undesirable reflection geometry and rough sea surface (Larson et al., 2013b);
467  but less likely due to the vertical land changes as it is generally flat in long-term time periods
468  (Figure 2¢). However, for a long-term period, in fact, the yearly daily-averaged sea-level retrievals
469  from GNSS-IR show an estimated average rate ~3.4 + 4.6 mm/yr (red line) that is a comparable
470  magnitude to that estimated in both regional in SCS and global sea-level studies (Figure 10b)
471 (Cazenave and Moreira, 2022; Chen et al., 2024; Frederikse et al., 2020; Hamlington et al., 2024;
472 Hanetal., 2021; Hay et al., 2015; Horton et al., 2018; Wang et al., 2022). We will further validate
473 our longer GNSS-IR sea-level retrievals with tide gauge when more GNSS data come in and longer
474 tide gauge data becoming available in following years; and our simultaneously measurements on
475  vertical land displacements and relative sea-level variations from GNSS-IR could help us to gain
476  a comprehensive understanding about the contributions to local and global sea-level changes

477  (Frederikse et al., 2020; Hamlington et al., 2024).
478 5 Conclusions

479  We present a coastal GNSS station that can measure land displacements in mm precision, and
480  retrieve sea-level variations in cm precision using the GNSS-IR technique in the southern SCS.
481  We find that the yearly land displacements vary within a few mm in both the horizontal and vertical
482  components, and are generally stable. The displacements time series are pretty flat without seeing
483  alinear trend, but are occasionally disturbed by a subcentimeter change. The GNSS-IR sea-level
484  retrievals are comparable with the tide gauge measurements in both short- and long-term
485  observational time windows, capturing weekly, monthly and yearly amplitude variations and trend
486  adjustments. Such ability allows us to detect sea-level abnormalities that could be generated by
487  earthquakes and quiet submarine landslides. This station works as a linkage to further bridge
488  southern mainland China to northern Borneo, Malaysia to gain new knowledge about the tectonics

489  in between, and to detect sea-level disturbances generated by extreme events, and finally, to
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490  capture long-term sea-level trend variations for a better understanding about regional and global
491  sealevels.
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