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ABSTRACT 26 

Macro-tidal coral reefs are particularly sensitive to medium to long-term changes in 27 

sea-level. Vertical motions of the seabed contribute to both lower or higher relative 28 

sea-level changes, particularly in tectonic plate boundary deformation zones along 29 

active subduction trenches. Phuket Island in Southern Thailand is subject to both 30 

horizontal and vertical land deformations during the seismic cycle of mega thrust 31 

earthquakes along the Sumatra and Andaman trenches. The relative sea-level changes 32 

in this region were historically monitored using the space geodetic techniques GPS 33 

and satellite altimetry alongside the traditional tide-gauge measurements over a period 34 

of almost 25 years. The GPS results show that the south of Thailand is still 35 

undergoing post-seismic deformations from the 2004 Mw 9.2 Sumatra-Andaman 36 

earthquake, after a significant change in the vertical motion of Phuket: from stable 37 

quasi-linear uplift at 2.5 ± 0.2 mm/yr, to (temporary) non-linear subsidence rates of 5-38 

10 mm/yr in the past 14 quake aftermath years. The satellite altimetry data estimates 39 

the absolute sea-level rise in the Andaman Sea around the island at 3.9 ± 0.5 mm/yr. 40 

Therefore relative sea-level changes in Phuket appear to have been slightly positive 41 

until the end of 2004, followed by a significant increase averaging ~9 mm/yr that 42 

accumulated in 12 ± 1 cm by the end of 2018. Tide-gauge data gives a very similar 43 

result. The increased sea-level rise from 2005 onwards, due to tectonic land 44 

subsidence, correlates with the enhanced shallow coral reef growth and swift 45 

recoveries from bleaching events reported by long-term coral studies in this area. 46 

 47 

Keywords: GPS, geophysics (seismic), sea-level change, coral reefs, Andaman Sea, 48 

SE Asia 49 

 50 
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1. Introduction 51 

Phuket Island is located at the western edge of the Sundaland block (Fig 1), on a 52 

tectonic platelet that is surrounded by three tectonic plates known as the Philippine 53 

Sea, Australian and Indian plates (Simons et al., 2007). The Eurasian plate and 54 

Yangtze or South China block are attached to the north of Sundaland block. Oblique 55 

convergence of the Australian and Indian plate motion is accommodated by two 56 

geographical features in the plate boundary deformation zone: the Sumatra subduction 57 

trench (undersea) and the Sumatra fault (on land). While the impact of seismic 58 

activity on the latter is mostly restricted to Sumatra Island, the Sumatra subduction 59 

zone is capable of generating mega-thrust earthquakes (Mw 9.0+) as demonstrated by 60 

the 2004 Mw 9.2 Sumatra-Andaman earthquake (Vigny et al., 2005). As a result, the 61 

island of Phuket was instantly moved horizontally by about 25 cm towards the 62 

earthquake epicentre ~650 km away. These seismic deformations of the upper part of 63 

the tectonic plate are defined in 3 successive sequences (inter-, co- and post-seismic) 64 

and together make up a mega-thrust earthquake (seismic) cycle with a total duration 65 

of up to several hundreds of years. 66 

These deformations, ranging from millimetres to meters, can be accurately 67 

measured with geodetic techniques that make use of Global Navigation Satellite 68 

Systems (GNSS), such as the Global Position System (GPS). While the recorded 69 

deformations are of scientific importance for e.g. the geophysical modelling of the 70 

earthquake processes, they are largely unnoticed by human life at hundreds of 71 

kilometres away from the earthquake epicentres. This is especially true for the 72 

horizontal displacements for although they vary with distance to the plate boundary, 73 

they affect regional areas in a similar way. An exception however is any vertical 74 

deformation associated with the seismic cycle (Fig. 2). Depending on their geographic 75 
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location in the plate boundary deformation zone, land masses can both move up or 76 

down (millimetres to meters), and the direction of this vertical motion can also change 77 

during an earthquake cycle. 78 

In the case of Phuket, previous GPS results (1994-2004) of 2 stations 79 

(PHUK/PHKT) indicate the island was moving up 5 ± 2 mm/yr in the inter-seismic 80 

phase (panel b) in Fig. 2) prior to the 2004 Mw 9.2 earthquake event (Simons et al., 81 

2007; Mustafar et al., 2017), and moving down (station PTCT) up to 10 ± 1 mm/yr in 82 

the first post-seismic phase years (as in panel c) in Fig.2 ) after the earthquake 83 

(Satirapod et al., 2013). The uplift of the island in this region can be associated with 84 

elastic loading of the upper Sundaland plate during the inter-seismic phase as a result 85 

of strain build-up inside the plate (Simons et al., 2007) while the tectonic subsidence 86 

is associated with visco-elastic relaxation processes during the post-seismic 87 

deformation phase (e.g. Satirapod et al., 2013, Broerse et al., 2015). For the Bangkok 88 

area (at 1100 km from the epicentre) Satirapod et al. (2013) estimated this could 89 

eventually lead to a total post-seismic tectonic subsidence of ~10 cm. 90 

As Phuket is located (~600 km) closer to the plate subduction zone than 91 

Bangkok, the vertical signal may even be larger here (also relative to the inter-seismic 92 

uplift phase). Vertical motion is fully correlated to relative sea-level changes, and 93 

shallow marine ecosystems such as coral reefs might experience gradually changing 94 

(tidal) sea-levels over the period of the seismic cycle in addition to those related to 95 

global climate changes. The latter expose corals increasingly to rising sea 96 

temperatures potentially causing both more frequent and intense bleaching events 97 

(e.g. Brown et al., 1996, Hoegh-Guldberg, 1999). Coral reefs in the Andaman Sea 98 

have experienced numerous thermally-induced bleaching events in the past decades, 99 

with the most severe event occurring in 2010 (Phongsuwan and Chansang, 2012). 100 
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Although this resulted in significant coral mortality (Brown and Phongsuwan, 2012), 101 

coral reefs studied since 1979 in the south-eastern tip of Phuket appear to be making 102 

swifter recoveries from repeated bleaching events than elsewhere in the Indian Ocean 103 

(Brown, 2007). Brown et al. (2011) also reported that absolute sea level rise (1992-104 

2010) in the Andaman Sea has been promoting coral cover on shallow reef flats and 105 

noted that land subsidence following the 2004 Mw 9.2 Sumatra-Andaman earthquake 106 

may also have a positive role. Unfortunately, its magnitude and duration could not be 107 

seen in combined local tide-gauge and satellite altimetry records at the time of 108 

publication of this earlier paper.  109 

Given the significance of recent marine ecosystem changes at Phuket  it is 110 

worthwhile investigating the total relative sea-level change pattern in the past two 111 

decades with GNSS, together with tide-gauge and satellite altimetry sea-level data. 112 

For GNSS it is thereby important to have long vertical position time series from 113 

specific and stable locations on the island. Already available GPS time series are 114 

fragmented both in (station) location and (total observation) time as no single station 115 

has been operational throughout the entire period (1994-present).  116 

This paper analyses the present (vertical) motion of Phuket based on the 117 

available GNSS data to date in Sections 2 and 3, including a combined GPS position 118 

time series for the island spanning almost 25 years. Next, the absolute and relative 119 

sea-level changes in the Andaman Sea derived from satellite altimetry and tide-gauge 120 

data, respectively, are compared and discussed in Section 4. The relevance of the 121 

recent sea-level changes for shallow coral reefs around Phuket and in the Andaman 122 

Sea is then discussed in Section 5. Finally, the conclusions are given in Section 6 123 

along with recommendations to further improve the insight in the observed relative 124 

sea-level change patterns in this region. 125 
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 126 

2. Available GNSS Data 127 

Geodetic GPS data suitable for scientific processing and yielding high precision 128 

position results with millimetre accuracy in Phuket were first available during the 129 

Geodynamics of South and Southeast Asia (GEODYSSEA) 1994-1998 project 130 

(Wilson et al., 1998). PHUK is one of ~40 GPS campaign sites (located on bedrock) 131 

that make up the GEODYSSEA network in Southeast Asia. This network was 132 

designed to accurately determine the Sundaland plate motion and plate boundaries 133 

and verify whether it is currently moving independently from the Eurasian plate. The 134 

PHUK point (located on bedrock) has been observed in campaign style (5-7 days) 135 

almost annually by the Royal Thai Survey Department (RTSD) since 2000 after the 136 

GEODYSSEA project ended, and even more frequently in the years following the 137 

Mw 9.2 Sumatra-Andaman earthquake. Additionally, two continuous GPS stations 138 

have been operational in Phuket, named PHKT (from 1998-2007) installed as part of 139 

the Japanese GAME-T station network (Iwakuni et al., 2004) and the PTAC (also 140 

known as PTCT/PTC) (from 2006-2009), a station managed by the National Institute 141 

of Information and Communications Technology (NICT) of Japan. Although the latter 142 

2 stations were located on buildings and served mainly meteorological research 143 

purposes, previous GPS analyses indicated they were also suited for geodynamic 144 

studies (e.g. Iwakuni et al., 2004, Simons et al., 2007, Satirapod et al., 2013). 145 

Although the measurements of the PHUK point have continued in campaign style 146 

after these stations ceased operations, continuous scientific GNSS measurements, 147 

which provide a more detailed insight into the ongoing motions especially in the 148 

vertical direction, were no longer available in Phuket from 2010 onwards. The vertical 149 
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position is also susceptible to larger seasonal variations (than the horizontal position) 150 

that need to be (continuously) considered. 151 

To satisfy these requirements at the end of July 2017 a new continuous GNSS 152 

station was installed at the Phuket Marine Biological Center (PMBC) in Phuket, 153 

Thailand (Fig. 1). The PMBC station makes use of a concrete pillar that was 154 

constructed on an extensive slab of bedrock and makes use of a geodetic Leica GR10 155 

GNSS receiver and a Leica AR10 GNSS antenna provided by Delft University of 156 

Technology, Netherlands (Fig. 3) that records GNSS measurements from GPS, 157 

GLONASS and Galileo satellites. The very good horizon visibility (320º unobscured 158 

view) also allows data collection near 0º degree satellite elevation angles above sea. 159 

The station will be kept operational over the next 5 years, and hopefully beyond by 160 

the Marine and Coastal Resources Institution (MACORIN) and the Royal Thai Naval 161 

Academy (RTNA). The station will continue to monitor the ongoing post-seismic 162 

deformations in the South of Thailand as a result of the 2004 Mw 9.2 Sumatra-163 

Andaman earthquake including vertical position changes of Phuket Island that are 164 

useful for interpreting both coral reef responses (e.g. Brown et al., 2011) and local 165 

tide-gauge measurements related to mean-sea-level changes.  166 

Analysis of the time period spanned by the new PMBC GNSS data (07/2017-167 

12/2018) alone is still too short to derive reliable conclusions regarding the absolute 168 

vertical motion trend at present. Therefore all the archived PHUK, PHKT and PTAC 169 

GPS data since 1994 has been reprocessed and combined into a single Phuket GPS 170 

position time series in the latest global reference frame solution of the International 171 

GNSS Service (IGS) named IGS14 (Rebischung and Schmid, 2016) that is based on 172 

the International Terrestrial Reference Frame 2014 (ITRF2014) (Altamimi et al., 173 

2016). Only the GPS data from PMBC was concurrently analysed, a common practice 174 
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with the current scientific software packages as GPS-only measurements are already 175 

available from the mid 90’s.  176 

 177 

3. GPS Data Processing in IGS14 178 

The (1994-2018) dual frequency GPS dataset has been processed using the scientific 179 

GIPSY-OASIS II software version 6.4 (Jet Propulsion Laboratory, 2017). The (post-180 

processing) Precise Point Positioning (PPP) method was used to derive precise daily 181 

coordinate results from GPS in the IGS realization of the ITRF2014, referred to as 182 

IGS14. Precise ephemeris of GPS satellites along with Earth rotation parameters 183 

(ERP) (non-fiducial style) in IGS14 (now available back to 1994) were obtained from 184 

the Jet Propulsion Laboratory (JPL). This enables consistent derivation of highly 185 

accurate daily geocentric GPS positions throughout the entire analyzed time period. In 186 

addition GPS data from other stations in Thailand, Malaysia and Singapore were 187 

concurrently analyzed for both technical and practical reasons: all station positions 188 

become part of daily regional network solutions and the quality of individual 189 

positioning results and subsequent differences in station velocity estimates can be 190 

compared.  191 

 192 

3.1. Daily solutions 193 

The GPS data (from Receiver INdependent Exchange format (RINEX) ASCII files 194 

with a 30s data interval) were decimated to 5-minute intervals. GPS receiver and 195 

antenna types, as well as the (verified) antenna height were taken from the RINEX 196 

files. Then the data were processed zero-differenced into daily coordinates making 197 

use of the ionospheric free combination of the observables. A satellite elevation mask 198 

angle of 7 degrees was used. Absolute IGS antenna phase centre corrections were 199 
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applied to take into account the systematic errors of different elevation and azimuth 200 

angle of the observed satellites. The corresponding IGS14 absolute antenna phase 201 

centre table was downloaded along with the weekly JPL orbits and clock products. 202 

The tropospheric mapping function used (in estimating both zenith delay and 203 

gradients) is known as the Vienna Mapping Functions (VMF1) and is based on 204 

numerical data obtained from actual weather conditions. The database of the VMF1 205 

mapping coefficient grid was downloaded from the Global Geodetic Observing 206 

System website (http://vmf.geo.tuwien.ac.at/) maintained by the Vienna University of 207 

Technology. Lyard et al. (2006) assimilated satellite altimetry (TOPEX/POSEIDON) 208 

data into their hydrodynamic tide model to produce FES2004, the global ocean tide 209 

model applied in the GPS data processing. The ocean loading parameters for the final 210 

version of this model (FES2014b) were retrieved from the Onsala Space Observatory 211 

website (Bos and Scherneck, 2014). To enhance the coordinate solutions in mainly the 212 

east-west direction in this regional area, JPL optionally provides daily global wide 213 

lane phase bias (wlpb) files which enable phase cycle ambiguity resolving for each 214 

station individually (Bertiger et al., 2010). These are obtained using GPS data from 215 

the global IGS network (Johnston et al., 2017), which unfortunately is rather sparse in 216 

SE Asia during the entire analyzed period (1994-2018). Therefore, use was made of 217 

an own daily regional network to simultaneously solve all the phase ambiguities. 218 

Besides the use of only regional GPS data (from IGS and national Thai and Malay 219 

GPS databases), the procedure applied is identical to the one used by JPL. In a final 220 

step, daily transformation parameters are applied to the non-fiducial position 221 

solutions, which align the solutions with the IGS14 on each day. These transformation 222 

parameters are also provided by JPL and are referred to as X-files. This global 223 

reference frame transformation technique delivers the same level of accuracy as the 224 

http://vmf.geo.tuwien.ac.at/
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traditional mapping technique whereby GPS data of a sub-network of IGS steering 225 

stations is included in the data analysis (e.g. Mustafar et al., 2017).  226 

  227 

3.2. Weekly averaged  positions 228 

Weekly averaged positions were computed to screen for any outliers and thereby 229 

improve the reliability of the weekly averaged coordinate solutions. They also provide 230 

a quality indicator for the daily coordinate precisions when the Weighted Root Mean 231 

Square (WRMS) of the daily coordinate differences is computed. For PMBC the 232 

station coordinate repeatabilities are 1.3, 1.6 and 4.9 mm in respectively the north, 233 

east and vertical component as can be seen in Fig. 4 where also the repeatabilities for 234 

the other 3 analyzed GPS points in Phuket are shown. Although the PHUK GPS point 235 

has the fewest weekly solutions it actually has been re-measured (~yearly) in 236 

campaign style (with the same GPS antenna type whenever possible) throughout the 237 

entire analyzed data period. As the daily solutions have been directly mapped into the 238 

IGS14 frame using the X-files these RMS values also are a direct indication of the 239 

absolute accuracy of the daily station coordinates in the IGS14 global reference 240 

frame. These are typical state-of-the-art positioning results using the latest versions of 241 

scientific GNSS software packages.  242 

 243 

3.3. Combined GPS position time series of PHUK, PHKT, PTAC and PMBC 244 

Although the new PMBC measurements already have a time span of 1.5 years that 245 

could be used to estimate the present displacement rates of Phuket Island, it clearly is 246 

more important to study the (vertical) tectonic motions of Phuket over a long period 247 

that includes both the inter-, co- and post-seismic deformation phases. Previous GPS 248 

results (Simons et al., 2007, Vigny et al., 2005, Satirapod et al., 2007, Panumastrakul 249 
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et al., 2012, Satirapod et al., 2013) in Thailand show that the island of Phuket is 250 

located at the edge of the plate boundary deformation zone which has displayed 251 

significant deformations prior, during and after the 2004 mega-trust earthquake. 252 

Although the vertical motion estimates are provided in some of these papers, the 253 

change of the vertical motion over the past 2 decades has not yet been shown in a 254 

single position time series. To accurately connect the individual position time series 255 

of PMBC (and also PHKT and PTAC) to PHUK (which is chosen as the reference 256 

GPS point due to its availability from 1994 to 2018) the stations require an overlap in 257 

GPS measurements so that the inter-station baseline (3D position difference) can be 258 

computed with millimetre accuracy. The PHUK GPS point has already been re-259 

observed in April 2018 (5 days, 24-hour data sessions using the same previously used 260 

GPS equipment), and both the PHKT and PTAC stations have multiple common GPS 261 

measurement epochs with PHUK in between respectively 1998-2007 and 2006-2009. 262 

Therefore it is possible to merge the weekly averaged positions of the multiple Phuket 263 

stations into a single 3D position time series (starting in 1994) that spans a time 264 

period of almost 25 years. Figure 5 constitutes the combined position time series for 265 

these 4 stations in the latitude (N/S), longitude (E/W) and vertical directions, whereby 266 

the PHUK GPS (campaign) point positions are overlaid as orange dots. It illustrates 267 

the transition from inter-seismic to post-seismic motion after an almost instantaneous 268 

horizontal co-seismic position shift of ~25 cm to the ESE during the Mw 9.2 269 

earthquake. Additional (smaller) horizontal co-seismic position jumps can also be 270 

observed as a result of the March 2005 Mw 8.6 Nias and April 2012 Mw 8.6/8.2 271 

Indian Ocean earthquakes. Although no vertical co-seismic position jumps were 272 

detected at any of these earthquake epochs, the vertical motion trend of Phuket clearly 273 

starts to change following the Mw 9.2 event. While the inter-seismic motion 274 
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(estimated by 3D-linear regression) appears quasi-linear (with seasonal variations in 275 

the vertical direction), the post-seismic deformation phase follows an (approximately) 276 

exponential decay pattern starting shortly (about a month) after the earthquake and 277 

can be modelled by a decaying exponential function with a half life of 30 years. In the 278 

next section Table 1 provides an overview of the used functions to estimate simple 279 

models for our vertical motions in the GPS, satellite altimetry (ALT), and tide-gauge 280 

(TG) data. The decay pattern is expected to become linear once the post-seismic cycle 281 

phase has ended, but this may take decades and geophysical models are not yet able to 282 

accurately predict when this may occur. The change in vertical motion is however 283 

clearly visible, and by the end of 2018 Phuket was located 7 ± 1 cm lower than it was 284 

before the earthquake, and 10 ± 1 cm below its extrapolated inter-seismic vertical 285 

position if the earthquake had not occurred. This is a significant short-time change in 286 

the vertical motion of the island. The vertical position (and associated relative sea-287 

level) changes after 2004 may hence be relevant for shallow coral reef growth, 288 

protection from bleaching stresses and (faster) recovery from bleaching events. 289 

Taking into account the sea-level change estimate of 3.9 ± 0.5 mm/yr from satellite 290 

altimetry since 1992 (see next section) it appears (Fig. 5) that before the Mw 9.2 291 

earthquake the relative sea-level changes were slightly positive, i.e. the island (and 292 

surrounding region) was uplifted at a rate near the sea-level rise in the Andaman sea. 293 

However, after the Mw 9.2 earthquake, while sea-level rise continued, the island has 294 

been subsiding in a non-linear fashion (up to 1 cm/yr in the first years) due to the 295 

geophysical processes associated with the post-seismic earthquake phase. As a result, 296 

by the end of 2018 the relative sea-level already had increased by ~12 cm (Fig. 5). 297 

The vertical motion associated by post-seismic deformation cannot (yet) be accurately 298 

(geophysically) modelled and hence will need to be accurately monitored by 299 
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continuous GNSS measurements in the decade(s) to come. Although the vertical 300 

downward motion appears to be levelling out by the end of 2018, the current 301 

horizontal displacement rates are not yet back at their inter-seismic rates (given in 302 

blue in Fig. 5), with PMBC (2017-2018) post-seismic displacement rates (given in 303 

purple in Fig. 5) still being 11 ± 1 mm/yr higher to the South and 23 ± 1 mm/yr 304 

slower to the East than PHUK/PHKT (also illustrated by the red versus yellow 305 

velocity vectors in the Phuket inset box of Fig.1) during the inter-seismic (1994-2004) 306 

phase. These offsets are still oriented to the 2004 Mw 9.2 earthquake epicentre and 307 

therefore Phuket is still in the post-seismic motion phase where also further vertical 308 

post-seismic motions may take place.  309 

 310 

4. Supporting tide-gauge and satellite altimetry data 311 

Both tide-gauges (relative measurement of sea-level changes) and satellite altimetry 312 

(absolute measurement of sea-level changes) might further enhance the understanding 313 

of the sea-level change around Phuket and the Andaman Sea in the past decades. 314 

Absolute sea-level change measurements from satellite altimetry have become a 315 

powerful asset in the past decades. However, they cannot take into account both local 316 

(e.g. land-subsidence related to soil compaction following ground water extraction) 317 

and regional (e.g. uplift and subsidence in active tectonic regions) vertical ground 318 

motions that can cause significant offsets in the relative sea-level changes affecting 319 

these regions (Mazotti et al., 2008, Ballu et al., 2012). Tide-gauges provide a direct 320 

measurement of (long-term) relative sea-level changes and while their records 321 

typically date back to many decades ago, changes of equipment, vertical reference 322 

benchmark datum changes, and (human induced) land-subsidence can complicate 323 

their data analysis (e.g. Trisirisatayawong et al., 2011). Absolute GPS measurements 324 

of vertical ground motion (changes) since the early 90’s can be used in combination 325 
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with tide-gauge and satellite-altimetry records to estimate and inter-validate both 326 

relative and absolute sea-level changes (Wöppelmann and Marcos, 2016) in and 327 

around Phuket.               328 

In Phuket the Ko Taphao Noi tide-gauge KTN (with benchmark KTPH in Fig.1) was 329 

established back in 1940 as part of a network of tide-gauges operated by the Royal 330 

Thai Navy (RTN) and the Thai Marine Department in southern Thailand. The tide-331 

gauge is located close to both the new PMBC GNSS station (4.1 km away) and 332 

nearby shallow coral reef areas (2-3 km away) which have been monitored over the 333 

last four decades. The tide-gauge is also included in the Global Sea-level Observing 334 

System (GLOSS) (Intergovernmental Oceanographic Commission, 2012) Core 335 

Network (GLOSS station code 42) and the Permanent Service for Mean Sea-level 336 

(PSMSL) (Holgate et al., 2013; PSMSL station ID 446). For our study hourly TG data 337 

(1980-2018) was obtained directly from the Hydrographic Department from the Royal 338 

Thai Navy (HDRTN). It is important to note that the TG data in 2013 and 2014 339 

(unavailable in the GLOSS/PSMSL database) was obtained from a nearby temporary 340 

tide-gauge at the PMBC jetty (operational from 2012 to 2016) since the KTN tide-341 

gauge was destroyed after being hit by a fishing boat during a storm in the summer of 342 

2013. It was reconstructed by HDRTN at essentially the same location and re-343 

commissioned in January 2015. The hourly data have been reduced to monthly 344 

averaged mean sea-level (MSL) data by calculating the mean of all available data 345 

within a month to filter out most of the tidal contributions. We choose not to do this 346 

via daily solutions because a daily period is too short to cover the diurnal lunar tide. 347 

As an indicator for monthly mean reliability the actual/maximal available hourly 348 

measurements ratio per month is chosen, and months with a ratio below 0.5 have been 349 

excluded (one of the PSMSL rules that dictate that a monthly mean needs at least 15 350 
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days. Additionally, the data from 1988 onwards have been corrected (+14 mm) for a 351 

vertical datum offset (documented by PSMSL for station ID 446). The analyses of the 352 

KTN MSL time series and satellite altimetry data were performed concurrently after 353 

which the estimated relative and absolute sea-level change trend estimates were 354 

compared. 355 

For the study of recent (08/1992-12/2018) sea-level changes in the Andaman 356 

Sea around Phuket (Fig. 1) from satellite altimetry, the TUDelft/NOAA Radar 357 

Altimeter Database System (RADS) (Scharroo et al., 2013; http://rads.tudelft.nl) was 358 

employed. RADS provides a continuous and consistent observing system and has a 359 

complete backlog of all available satellite altimeter observations. Space-borne 360 

altimeters emit sequences of short pulses at microwave frequency and then measure 361 

the return times to obtain the instrument-to-sea surface distance. Knowledge of the 362 

exact position of the satellite w.r.t. the reference ellipsoid then provides a means to 363 

deduce the sea-level independently, unaffected by land motion.  364 

Altimetry data from TOPEX/ POSEIDON, Jason-1, Jason-2, and Jason-3 from 365 

August 1992 up to and including December 2018 were selected from RADS. From all 366 

these missions only the data from the reference orbit, first flown by TOPEX, are 367 

taken. This is done to ensure that the same sampling conditions both in time and space 368 

throughout the whole period are used. All data in RADS have been (cross-)validated 369 

and calibrated. The altimetric sea level anomaly SLA follows from the equation:  370 

                SLA = orbital altitude - measured range - corrections 371 

Where “corrections” are the sum of corrections for the dry troposphere, the wet 372 

troposphere, the ionosphere, the dynamic atmosphere correction, the solid Earth tide, 373 

the ocean tide, the load tide, the pole tide, the sea state bias, the mean sea surface, and 374 

the calibrated reference frame offset. From these corrections the static inverse 375 

http://rads.tudelft.nl/
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barometer has been subtracted because this is already included in the dynamic 376 

atmosphere correction and we chose not  to apply the static inverse barometer as this 377 

is also not applied to the TG data. We do need to include the high frequency dynamic 378 

component though, as the high frequencies alias into the altimetry at much longer 379 

wavelengths because of under-sampling (the Nyquist frequency is 20 days) and they 380 

will not average out in the altimeter monthly grids. By not applying the static inverse 381 

barometer the altimeter data can be compared directly with data from tide-gauges. 382 

The high-frequencies of the atmospheric pressure do cancel out in the tide-gauge 383 

monthly means. We have applied the default corrections in RADS (the reader is 384 

referred to the RADS data manual at https://github.com/remkos/rads). 385 

For the SE Asian study region (bounded in this study in longitude by 88 and 153 386 

degrees and in latitude by -13 and 31 degrees, data is collected per month (3 altimeter 387 

cycles of 10 days) and Gaussian distance-weighted gridded to a 1/4-degree grid with a 388 

sigma of 0.7 degrees and a horizon of 2.875 degrees. The final analysis implies 389 

extracting trends, both in the altimeter time series and in the tide-gauge time series at 390 

the location of the KTN tide-gauge in Phuket (7.834º North, and 98.422º East). The 391 

geographical distribution of the derived satellite altimetry sea-level trends for the 392 

entire SE Asian study region is shown in Figure A.1 of the supplementary paper 393 

materials. More details on the data analysis and trend estimation procedure are given 394 

in Trisirisatayawong et al. (2011) where a similar combination study was carried out 395 

for sea-level changes in the Gulf of Thailand. 396 

As the signal contains both trend and periodic (mainly annual and semi-annual) 397 

signals, it is recommended to estimate these at the same time in a robust fitting 398 

process as otherwise the trend estimate could be corrupted by periodic signals that do 399 

not fit an integer number in the considered period. Therefore a 6-coefficient 400 

https://github.com/remkos/rads
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parametric model that consists of bias, trend, and the annual and semi-annual periodic 401 

signals (amplitude and phase) was adopted. In Fig. 6 the results for both the altimetric 402 

and tide-gauge sea-level anomaly (SLA) are shown.  403 

Due to the observed changes in the vertical motion of Phuket by GPS (Fig. 5), 404 

a distinction has been made between the period before and after the 2004 Mw 9.2 405 

Sumatra-Andaman earthquake for the TG data (Fig. 6b). As the tide-gauge measures 406 

in principle the relative sea-level, so with respect to the land, it is also an indirect 407 

measure of what the land is doing vertically. The GPS results (Fig. 5) clearly reveal 408 

different vertical land motion behaviour in these 2 periods. The altimeter on the other 409 

hand measures absolute sea-level, so is not influenced by the land (that might not be 410 

entirely true because a change in land could mean a change in geoid which could 411 

influence the altimetric SLA, nonetheless this effect can be neglected here). With that 412 

exception, the analysis is the same for ALT and TG data: same robust fitting method 413 

(matlab), comparable parameterization, and same outlier criterion of 2 times the 414 

standard deviation of the first fit and rejection of these outliers in the second fit. Table 415 

1 provides an overview of the parameterization used. The exceptional lowering of 416 

sea-levels in the Andaman Sea was due to the pronounced Indian Ocean Dipole (IOD) 417 

of 1997 (a similar coupled ocean-atmosphere dynamics effect to El Nino but quite 418 

specific to the Indian Ocean) (e.g. Webster et al., (1999); Saji et al. (1999)), that also 419 

had dire consequences for the shallow water corals (Brown et al., 2002). This seen in 420 

both ALT and TG data and were edited out as they affect the trends. Also, spurious 421 

TG data especially in the beginning of the period prior to 1985 have been edited out.  422 

The two plots in Fig. 6, present the results of our altimetry and tide-gauge 423 

analyses and modelling of the different signal contributions after proper editing and 424 

proper fitting. The altimetry shows an absolute sea-level rise of 3.9 ± 0.5 mm/yr for 425 
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the Andaman Sea close to the Phuket tide-gauge. Subtracting the tide-gauge result 426 

with a trend of 1.4 ± 0.6 mm/yr from the altimeter result gives an apparent vertical 427 

land motion of 2.5 ± 0.8 mm/yr (RSS of the errors), which is very close to the value 428 

obtained from the GPS analyses, viz. 2.5 ± 0.2 mm/yr (see also Fig. 5). After 26 429 

December 2004, the solutions cannot just be subtracted, but a similar (mirrored) 430 

behaviour in the TG result (Fig. 6b) and SLA-GPS result (Fig. 5) is observed: the 431 

relative sea level rise has accelerated directly after the Mw 9.2 earthquake (due to the 432 

accelerated post-seismic land subsidence) and the difference in sea level has risen up 433 

by 12 (SLA-GPS) to 18 (TG) cm which over 14 years translates in an average rate of 434 

9 (SLA-GPS) to 13 (TG) mm/yr.  435 

While nowadays the combination of satellite altimetry and tide-gauge data 436 

appears well suited to estimate vertical land motion at the coast (Wöppelmann 437 

and Marcos, 2016), likewise the combination of satellite altimetry and continuous 438 

GNSS data from coastal stations (located on bedrock) might be equally suited to 439 

derive accurate relative sea-level change estimates worldwide. The latter results can 440 

also be used to verify tide-gauge records (and detect possible height offsets), which 441 

still provide valuable long-term sea-level change information due to their availability 442 

prior to the satellite earth observation era.  443 

 444 

5. Relevance of relative sea-level changes for shallow coral reefs around Phuket 445 

and in the Andaman Sea  446 

Macro-tidal coral reefs, such as those fringing the coastline around PMBC and those 447 

throughout the Andaman Sea, are particularly sensitive to medium to long-term 448 

changes in sea-level. In this region of the Indian Ocean reefs may be subject to sea-449 

level depressions during positive Indian Ocean Dipole (IOD) events (Brown et al., 450 
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2002) and long-term (absolute) sea-level elevation due to global warming (Brown et 451 

al., 2011). While sea-level depressions result in prolonged aerial exposure periods that 452 

lead to increased damage from solar radiation (Brown et al., 1994) and ultimately 453 

coral mortality, any (additional) increase in (relative) sea-level can be beneficial. Sea-454 

level rise increases the ‘accommodation space’ for corals that are inhibited from any 455 

further vertical growth by sea-level constraints. 456 

Both of the above effects have been well demonstrated in the vicinity of 457 

PMBC where coral reefs have been monitored over a period of 4 decades. The study 458 

area is based on the SE tip of Ko Phuket, Thailand (8º00´N 98º20´E) with wide, 459 

sheltered reef flats that extend up to 200 m from the shore where they terminate in a 460 

shallow fore-reef extending to a depth of ~5 m.  461 

In 1997-98, during a pronounced IOD, sea-levels were lowered over a period 462 

of 10 months with a maximal depression of 28 cm in late 1997. Significant mortality 463 

of branching corals and partial mortality of massive corals occurred (Brown et al., 464 

2002). Subsequently a lack of negative sea-level anomalies followed by a period of 465 

rising (absolute) sea-level (at a rate of ~2.8 mm/yr in between 1993 and 2010) 466 

resulted in rapid recovery and the highest coral cover ever recorded since 1979 467 

(Brown et al., 2011). The luxuriant coral cover observed here is remarkable given that 468 

coral cover on many reefs around the world has recently been in sharp decline. Brown 469 

et al. (2011) suggested that recent land subsidence of Phuket may have contributed to 470 

the flourishing coral reefs here. The latest GPS results (Fig. 5) indeed reveal a clear 471 

change in relative sea-level level regime after the Mw 9.2 event that becomes 472 

detectable in early 2005. Since then, after a prolonged period of slightly positive 473 

relative sea-level changes (i.e. the difference between the global (absolute) sea-level 474 

rise estimates and tectonic uplift due to the mega-thrust seismic cycle), coral reefs in 475 
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Phuket and throughout the Andaman Sea have been exposed to a increased (relative) 476 

sea-level rise rate of ~1 cm/yr due to tectonic land subsidence. Given the relatively 477 

rapid response time (between 6 and 14 months) of coral growth to elevated sea-levels 478 

(Brown et al., 2011), this may already have enhanced the observed coral growth in 479 

between 2005 and 2010. 480 

Unfortunately in 2010 the macro-tidal reefs were negatively affected by a 481 

major bleaching event in the Andaman Sea due to elevated sea temperatures and a 482 

delayed wet monsoon onset (Brown and Phongsuwan, 2012). Recovery was well 483 

underway by 2016, when a minor bleaching event took place, but in 2018 coral cover 484 

values already approached those recorded prior to bleaching in 2010 (B. Brown, pers. 485 

com., 2018). Fig. 7 clearly shows this coral recovery in a section of one of the studied 486 

reef flats (in Tang Khen Bay near the SE tip of Phuket) that was photographed in 487 

2015 and 2019. This also indicates that coral recovery in this area has persisted 488 

beyond 2010. 489 

Rate of change of sea-level is clearly critical in terms of coral reef response. 490 

For reefs in the Solomon Islands, where tectonic subsidence caused rapid sea-level 491 

rise after a subduction earthquake in 2007, corals responded positively by lateral and 492 

vertical extension – in this case subsidence two weeks after the event was in the order 493 

of 60 ± 10cm (Taylor 2008, Saunders et al., 2016). In another example at Heron 494 

Island on the Great Barrier Reef, Australia rapid variations in sea-level (in the order 495 

of tens of centimetres) occurred as a result of engineering work between 1940 and 496 

1990 (Scopelitis et al., 2011). During this time coral growth followed sea-level 497 

variations with both vertical and horizontal coral development during periods of 498 

increased sea-level, despite occurrences of severe bleaching events in 1998 and 2002. 499 

In the case of the Phuket reefs around PMBC it was previously estimated from 500 
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satellite altimetry that the sea-level increased by at least 8.6 cm over the period 1979-501 

2010 (Brown et al., 2011). This estimate however did not consider (as revealed by the 502 

GPS vertical position time series in Fig. 5) both the long-term tectonic uplift of 503 

Phuket until the Mw 9.2 earthquake at the end of 2004, and the tectonic subsidence 504 

that took place afterwards. Combined with the latest satellite altimetry results, the 505 

relative sea-level has increased in these time periods by respectively 3.7 ± 1.3 cm 506 

(1979-2004) and 6.0 ± 1.0 cm (2005-2009), whereby the latter figure corresponds 507 

with a rate 8.5 times higher than the former (12 vs. 1.4 mm/yr). While the tectonic 508 

subsidence rate has decreased in the past 9 years, the relative sea-level still increased 509 

by 5.9 ± 1.1 cm (7 mm/yr). This constitutes a significant attenuation of the effect of 510 

anthropogenic sea-level rise to which the corals at PMBC appear to have responded in 511 

a similar way  to those described above at other locations that were affected by seabed 512 

subsidence. The relationship between coral cover and mean sea-level at PMBC 513 

implies that cover is related to average sea-level over a period of preceding months 514 

(Brown et al., 2011). It would appear that the corals here respond relatively rapidly to 515 

elevated sea-level, probably as a result of the rapid growth rate of corals in this region 516 

(Tanzil et al., 2013). Understanding reef responses to relative sea-level variations is 517 

therefore critical, particularly at a time when the existence of these important 518 

ecosystems is threatened by rising sea temperatures induced by global warming 519 

(Spalding and Brown, 2015). The recent results for the Andaman Sea and Phuket 520 

represent an additional source of (temporal) sea-level change that may be of 521 

importance to other reefs in the high diversity Coral Triangle in South East Asia, 522 

many of which are subject to tectonic disturbance. 523 

  524 

6. Conclusions and Recommendations 525 
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GPS data recorded by the new PMBC GNSS station installed on July 2017 in 526 

Phuket, Thailand has been successfully analyzed using the scientific high-precision 527 

GIPSY GPS software package. The daily positioning results have absolute accuracies 528 

in the order of 1-2 mm for the horizontal and ~5 mm for the vertical position in the 529 

IGS14 (ITRF2014) global reference frame.  530 

 The latest GPS results show that the horizontal motion of Phuket Island 531 

currently is still being significantly affected by post-seismic deformations as a result 532 

of the 2004 Mw 9.2 Sumatra-Andaman earthquake. In Thailand, Phuket is located the 533 

closest to the Mw 9.2 earthquake epicentre and hence is (still) undergoing the largest 534 

post-seismic deformations in the South of Thailand. This also includes a vertical 535 

deformation component (inter-seismic tectonic uplift and post-seismic tectonic 536 

subsidence, respectively before and after the earthquake) which is evidenced by a 537 

combination of GPS data from both continuous and campaign-style observed stations 538 

in Phuket that were analyzed over a time period of almost 25-year (1994-2018).  539 

Being located on a large slab of stable bedrock (hill extension into the sea) the 540 

PMBC station (just as the still existing original PHUK campaign point) vertical GPS 541 

position time series are not affected by any human-induced land subsidence and hence 542 

only record the vertical motion associated with tectonic plate boundary deformation. 543 

This (changing) motion may be significantly important for macro-tidal coral growth 544 

since these reefs are particularly sensitive to medium to long-term changes in sea-545 

level. The vertical motion monitored by GPS stations near the coast provides temporal 546 

insight into (additional) relative changes of the mean sea-level with respect to the land 547 

and seabed in this region. Relative sea-level changes were historically monitored with 548 

traditional tide-gauge measurements, but nowadays can also be accurately determined 549 

by combining data from the space geodetic techniques GPS and satellite altimetry. 550 
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Our combined results for Phuket indicate that while the relative sea-level changes 551 

appear to have been slightly positive since at least the mid 90’s, a ~12 cm (relative) 552 

sea-level increase was accumulated between 2005 and 2019 due to the combined 553 

effect of (global) sea-level rise and post-seismic tectonic subsidence following the 554 

2004 Mw 9.2 Sumatra-Andaman mega-thrust earthquake. This is a significant 555 

increase in mean-sea-level in a relatively short period of time to which the local corals 556 

(studied over the past 4 decades) appear to have responded with enhanced growth, 557 

greater protection from bleaching stresses and faster recovery from repeated bleaching 558 

events. The negative influences of some aspects of climate change on coral reefs 559 

worldwide (due to higher sea temperatures and extremely rapid (temporary) sea-level 560 

changes) have been highlighted in recent years. Therefore the positive effects of 561 

gradual small changes in absolute sea-level, combined with the temporal impact of 562 

both inter- and post-seismic vertical motions on the relative sea-level in and near 563 

tectonically active regions, become all important thus stressing the need for continued 564 

monitoring of these parameters. 565 

The observed (changing) vertical motions over time in the far-field due to the 566 

megathrust seismic cycle may provide valuable input to studies of sea-level in the past 567 

(of the Holocene) along the Andaman Sea coast of Thailand and Malaysia (e.g. 568 

Horton et al., 2005, Scheffers et al., 2012). While a higher sea-level of +5 meter 569 

during the Holocene is generally assumed, Scheffers et al. (2012), based on oyster and 570 

coral data, reported that researchers in 2010 found evidence of only about half that 571 

estimate in and around Phuket at the present mean sea-level. They also concluded that 572 

the relative sea-levels in the past 3000 years did not exceed +1.5 m. Our combined 573 

GPS and satellite altimetry results suggest that Phuket Island (and large parts of South 574 

Thailand and Peninsular Malaysia) might actually be undergoing consecutive 575 
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(assumed to be mostly elastic in the absence of recent mountain building evidence) 576 

cycles of long-term slow tectonic uplift and shorter periods of accelerated subsidence 577 

that are synchronized with the seismic cycle duration of mega thrust earthquakes 578 

along the Sumatra and Andaman trenches. Hereby the latest maximum cycle height 579 

was reached just prior to the 2004 Mw 9.2 event. Although the tectonic uplift rate will 580 

not be constant during the inter-seismic part of the earthquake cycle, the relative sea-581 

level might have therefore have been significantly higher at some point in the past. 582 

The recent (still ongoing) vertical post-seismic motions regionally generate an 583 

additional relative sea-level increase and may be (temporarily) beneficial for coral 584 

reefs, coral reef fish and the habitat height for oysters along the rocky shorelines. A 585 

negative impact however is increased coastal erosion that already has affected the 586 

sandy (tourist) beaches (S. Niemnil, pers. com., 2018). Finally, future geophysical 587 

(3D) modelling of far field deformations during a (complete) seismic cycle will 588 

certainly reveal more details, but these models will require long and accurate 589 

(assembled) GPS position time series from also other (geographically well 590 

distributed) locations in SE Asia.  591 
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Table 1  794 
Overview of the parameterization of the different signals and time periods that was used in estimating the trends. The 795 
exponential decay function uses a time constant of 30 years, corresponding to a half time of around 20 years. This 796 
provided the best fit with the available data. The actual start of the decay function was chosen 1 month later for the same 797 
reason.  798 

Estimated signals Before the earthquake After the earthquake Throughout the whole period the 

same 

Altimetry SLA (ALT) - - Bias, trend, annual and semi-annual 

periodic (6 parameters) 

Tide gauge SLA (TG) Bias and trend (2 

parameters) 

Bias and trend and 

exponential decay (3 

parameters) 

Annual and semi-annual periodic 

GPS vertical position 

(GPS) 

Bias and trend (2 

parameters) 

Bias and trend and 

exponential decay (3 

parameters) 

Annual and semi-annual periodic 
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 819 
Fig. 1. Location of the new GNSS station PMBC (in red) in Phuket, Thailand along 820 

with a zoomed-in inset showing all GNSS points (PHUK, PHKT, PTCT) 821 

including benchmark KTPH on the tide gauge station. The main image shows 822 

the estimated relative (in red) and absolute (in yellow) velocities (in cm/yr) of 823 

plates and main blocks surrounding Sundaland. The zoomed-in inset shows (in 824 

mm/yr) the absolute GPS station (inter-seismic) velocities (in yellow) on 825 

Phuket (based on the PHKT result from Mustafar et al. (2017) while the red 826 

arrow represents the current (post-seismic) motion of the new station PMBC. 827 

Error ellipses show 95% confidence levels. Approximate boundary of plates 828 

(blue lines) are based on Bird (2003). Small blocks are indicated by two-letter 829 

abbreviations; Burma (BU), Molucca Sea (MS), Banda Sea (BS), Timor (TI) 830 

and Birds Head (BH). Relative velocities on selected boundaries are with 831 



35 

 

respect to Sundaland and calculated from Morvel56-NNR (Argus et al. 2011). 832 

Absolute velocities are in IGS08 (ITRF2008) based on Sundaland motion 833 

(about 3 cm/yr ESE direction) from Mustafar et al (2017) and Morvel56-NNR 834 

plate vectors relative to Sundaland. Major sources of geophysical processes on 835 

Sundaland are the converging motions of the Australian, Indian and Philippine 836 

Sea plates and its interaction with smaller blocks such as the BH, MS and BS. 837 

The red cross illustrates the epicentre of the 2004 Mw 9.2 Sumatra-Andaman 838 

earthquake that ruptured the Sumatra and Andaman trenches over a distance of 839 

~1000 km in NNW direction (Vigny et al., 2005). Black lines on land area 840 

indicate country boundaries. Malaysia comprises Peninsular Malaysia, Sabah 841 

and Sarawak. Meanwhile, Indonesia consists of Sumatra, Java, Kalimantan, 842 

Sulawesi, Papua and Maluku islands. Borneo Island is shared by Malaysia 843 

(Sabah and Sarawak), Indonesia (Kalimantan) and Brunei. Figure modified 844 

from Mustafar et al. (2017). 845 
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 857 
Fig. 2. Illustration of the vertical motion associated with the mega-thrust earthquake cycle (modified Figure 6.9 from 858 
Jackson (2008)). (a) The Indian Ocean (located on the Indian and Australian plates; shown in grey) slides north-eastwards 859 
beneath Sumatra (and the Sundaland block; shown in pink) at 4-6 cm / yr (big red arrow). The (subduction trench) fault 860 
(solid black line) separating the upper and lower plates is locked by friction in the inter-seismic phase (b) The continuous 861 
(relative) motion of the lower plate makes it descend below the upper plate which is being deformed due to the steadily 862 
increasing friction stress. As a result the islands and seabed close to the trench subside while further away land surfaces 863 
are slowly lifted. Their original levels in (a) are shown by the dashed line and the approximate location of Phuket is 864 
illustrated. At stage (b) the fault is 'loaded' and ready to slip in an earthquake. (c) When the earthquake happens, the fault 865 
is released (green arrow) and the deformed plate almost instantly adjusts itself (co-seismic phase), whereby the nearby 866 
islands pop back up and further away land surfaces subside. Then in the next post-seismic cycle phase the land surface 867 
continues to re-adjust itself (similar as in (c) but during a much longer time period and a non-linear time-varying vertical 868 
subsidence rate) due to both after-slip on the fault (aftershocks) and the (delayed) response of the viscous earth layers that 869 
can take up to several decades (e.g. Anderson and Given, 1982). Sclerochronology studies of coral micro-atolls indicate 870 
that the seismic associated with mega-thrust earthquake at the Sumatra-Andaman subduction trench may have a repeat 871 
time of ~200 years (Sieh et al., 2008).  872 
 873 

 874 

 875 

 876 

 877 
Fig. 3. The new PMBC station on the Panwa peninsula at the southern tip of Phuket Island in Thailand. The station is 878 
located on a bedrock outcrop at the bottom of a small hill that is part of the Phuket Marine Biological Center (PMBC). 879 
The station is installed on top of a 1.5 meter high concrete pillar with a square cross section of 30x30cm. The Leica AR10 880 
antenna (cut-off elevation 0 degrees) is fixed to the pillar with a special bolt and adaptor that was levelled horizontally 881 
prior to installation. The Leica GR10 receiver makes use of a solar power battery system (120 W solar panel / 60 Ah solar 882 
battery) and transfers both hourly and daily GNSS data through a mobile data connection to FTP servers at PSU and TU 883 
Delft. The station works complete autonomously and the GPS/GLONASS/Galileo data yield (both at 1 and 30 s time 884 
intervals) to date has been 100%   885 
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 886 
Fig. 4. Daily coordinate repeatabilities for the 4 GPS stations (IGS 14) in Phuket for the analyzed time period (1994-887 
2018). Shown is the overall WRMS of the daily position offsets (in N, E and vertical/Up components) w.r.t. to each 888 
weekly averaged solution. The number of available weekly solutions is given behind the station name, with below it the 889 
data time period. As the station positions are daily directly mapped in the IGS14 global reference frame these RMS 890 
values are also indicative of the absolute accuracy of the daily station positions. In some weeks these even reach sub-891 
millimetre level for the horizontal position components.  892 
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 907 
Fig.6. Combined station GPS (weekly averaged) position time series (1994-2018) for Phuket stations PHUK, PHKT, 908 
PTAC and PMBC in IGS14 and corresponding inter-seismic velocity estimates in N (latitude), E (longitude) and U 909 
(vertical) directions. The inter-seismic horizontal and vertical velocities are shown in blue while the red line in the 910 
vertical direction (representing the ground above/under sea) is the fitted trend that takes that takes into account linear 911 
inter-seismic motion and non-linear post-seismic motion. The current horizontal post-seismic motion trends based on 912 
(2017-2018) GPS data from station PMBC are given in purple. The vertical time series was fitted with a seasonal 913 
variation based on Blewitt and Lavallee (2002) and modelled as A*sin(α) + B*cos(α), where α is 360°/365.25days * 914 
(time in days since first data epoch). Parameters A and B were estimated along with the linear and non-linear regression 915 
functions. The dark blue line in the vertical position time series represents the sea-level change trend as estimated from 916 
satellite altimetry (SALT). The vertical height reference point was set at the time of the Mw 9.2 earthquake (26/12/2004) 917 
as it initiated significant (post-seismic) changes in the vertical position. The relative sea-level change by the end of 2018 918 
is illustrated by the coral and sea-level icons. The orange dots mark the position solutions for the PHUK GPS point, 919 
which is also the reference benchmark for the Phuket time series.  Uncertainties of trend estimates and positions are given 920 
as standard error (SE).  The green vertical lines stand for of the 2004, 2005 and 2012 earthquakes that resulted in 921 
significant horizontal co-seismic displacements of Phuket Island.  922 
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 926 
 927 
Fig. 6. From top to bottom, at the location of the KTN tide-gauge station in Phuket, (a) the sea-level heights from 928 
TOPEX/JASON altimetry (1992-2018) altimetry and (b) the sea-level heights from the tide-gauge (1980-2018). Trends 929 
are indicated by the blue lines and have been estimated by a robust fit of a parametric model consisting of bias, trend, and 930 
annual and semi-annual periodic signals. A distinction is made for the tide gauge data following the Mw 9.2 Sumatra-931 
Andaman earthquake (26/12/2004) where in addition to the linear trend also an exponential decay is estimated (as with 932 
the post-seismic vertical GPS positions). Use was made of an outlier criterion (>2σ) to filter out extreme coupled ocean-933 
atmosphere dynamics like the 1997 (low sea-level) event in the Indian Ocean due to the pronounced Indian Ocean Dipole 934 
(IOD). The results have not been corrected for Glacial Isostatic Adjustment (GIA) since its effect on SE Asia is quite 935 
small (< 0.5 mm/yr) and constant over the analyzed period. 936 
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 945 
Fig. 7  An example of a permanently based photo-transect line recorded in 2015 and 2019 on a reef flat at Tang Khen 946 
Bay in the study area near the SE tip of Phuket Island, Thailand. The reef is dominated by massive merulinid corals 947 
(shown on the right hand side of the yellow measuring tape) which demonstrate over time both  coral recovery in terms of 948 
increase in lateral dimensions of coral colonies and also general overgrowth of formerly dead surfaces (resulting from the 949 
major 2010 bleaching event). Although a minor bleaching event took place in 2016, there was no significant coral 950 
mortality and the reef steadily continued its recovery. Scale bar = 20 cm 951 
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Appendix A 969 

 970 

 971 
 972 
Figure A.1 Geographical distribution of (absolute) sea-level trend derived from August 1992 to December 2018 multi-973 
satellite altimetry. A simultaneous fit of linear trend, annual and semi-annual cycles was applied to the altimetry monthly-974 
solution at each grid point. The trend estimate at the location of the KTN tide-gauge (given by the red dot at 7.8º N / 98.4º 975 
E) in Phuket, Thailand was obtained from these results.  976 
 977 


