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Abstract: Absolute sea-level rise has become an important topic globally due to climate change. In 
addition, relative sea-level rise due to the vertical land motion in coastal areas can have a big societal 
impact. Vertical land motion (VLM) in Southeast Asia includes a tectonically induced component: 
uplift and subsidence in plate boundary zones where both Peninsular and East Malaysia are located. 
In this paper, the relative sea-level trends and (seismic cycle-induced) temporal changes across 
Malaysia were investigated. To do so, the data (1984-2019) from 21 tide gauges were analyzed, along 
with a subset (1994-2021) of nearby Malaysian GNSS stations. Changes in absolute sea level (ASL) at 
these locations (1992-2021) were also estimated from satellite altimetry data. As a first for Peninsular 
and East Malaysia, the combination ASL minus VLM was robustly used to validate relative sea-level 
rise from tide-gauge data and provide relative sea-level trend estimates based on a common data 
period of 25+ years. A good match between both the remote and in situ sea-level rise estimations 
was observed, especially for Peninsular Malaysia (differences < 1 mm/year), when split trends were 
estimated from the tide gauges and GNSS time series to distinguish between the different VLM 
regimes that exist due to the 2004 Sumatra-Andaman megathrust earthquake. As in the south of 
Thailand, post-seismic-induced negative VLM has increased relative sea-level rise by 2-3 mm/year 
along the Andaman Sea and Malacca Strait coastlines since 2005. For East Malaysia, the validation 
shows higher differences (bias of 2-3 mm/year), but this poorer match is significantly improved by 
either not including data after 1 January 2014 or applying a generic jump to all East Malay tide gauges 
from that date onwards. Overall, the present relative sea-level trends range from 4 to 6 mm/year for 
Malaysia with a few regions showing up to 9 mm/year due to human-induced land subsidence.

Keywords: relative sea-level rise; vertical land motion; tide gauge; satellite altimetry; plate 
deformation; GNSS
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1. In troduction

Global climate change has highlighted the im portance of m onitoring sea level relative
to the land (know n as relative sea level— RSL) [1]. From  the perspective of a country
such as M alaysia, changes in  RSL, and sea-level rise in particular, are im portant because
they have significant im pacts on the country's coastal com m unities and ecosystem s [2- 4 ] .
Traditionally, RSL has been  m easured using data from  tide gauges [5 ] w ith  suitably long
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records, bu t gauges are frequently lim ited in  num ber or are absent from  m any places 
of interest.

A lternative techniques are now  available. Land m ovem ent, either through tectonic 
uplift or subsidence, are components of RSL [6] that can be measured as vertical land motion 
(VLM ) using m odern G lobal N avigation Satellite System s (GN SS), w hilst changes in  the 
height of the sea surface (absolute sea level) can now  be obtained from  satellite altim etry 
(SALT). Taken together, VLM  and SALT m easurem ents com bine to provide alm ost global 
cover for the estim ation of RSL over the satellite epoch [7- 9 ], w hich  can then be used for 
com parison w ith  tide-gauge records. Tide gauge (TG) stations that have been  subject to 
tectonic vertical deform ations or local hum an-induced subsidence (e.g., due to freshw ater 
extraction or building infrastructure) w ill therefore exhibit h igher or low er rates o f RSL 
change com pared to absolute sea-level change in the area.

Estim ates o f changes in RSL in  M alaysia have hitherto been  com puted from  TG 
data [5 ] em ploying a single linear regression m odel encom passing the entire data period. 
M ore recently, V LM  in M alaysia (Peninsular M alaysia and East M alaysia (northern part 
of Borneo)) has also been m onitored w ith  a G lobal Positioning System  (GPS) [10,11] and 
estim ated as a single trend from  varying tim e spans of G PS data betw een 1999 and 2011. 
A  nearby study in the south of Thailand [6,12], on  the sam e land m ass as Peninsular 
M alaysia, has dem onstrated that V LM  has been  affected by  the inter- and post-seism ic 
tectonic (deform ation) phases of the (m egathrust) seism ic cycles in plate boundary zones 
associated w ith  the subduction of the A ustralian and Indian plates below  Sundaland. In 
particular, the 2004 M w  9.2 Su m atra-A nd am an earthquake [6,13] resulted in a m arked 
change in the trend of V LM  from 2005 onwards.

Tide-gauge data combined w ith local VLM  inform ation (1999-2004) and SALT has been 
used to study sea-level trends and variability  around Peninsular M alaysia [14]. O ver the 
period 1993-2009, Luu et al. [14] concluded that rates of absolute sea-level rise using tide- 
gauge data were similar to those from SALT data (~4.5 mm/year), later confirmed by [15,16]. 
This study, using VLM  and SALT data as an alternative to TG data, w as initially limited to 
TG  locations in Peninsular M alaysia [14] and m ade use of (inter-seism ic) V LM  estim ates 
from GPS data that predate 2005. A more recent study by Din et al. [17] estim ated absolute 
sea-level rise (1993-2011) at TG  stations across M alaysia by  correcting the RSL (single 
trend) from  tide-gauge records w ith  V LM  (single trend) estim ates from  G PS, Persistent 
Scatterer Interferom etric Synthetic A perture R adar (PS InSA R ), and the SALT m inus TG 
com bination and reported an overall absolute sea-level rise of 4.47 ±  0.71 m m /year. W hile 
the rates observed w ere sim ilar to those of previous studies, there w ere discrepancies in 
the results from  the three V LM  estim ation m ethods w ith  m ostly  sim ilarities in their sign 
(overall subsidence). The latter im plies that the R SL from  TG  records and the R SL from  
SALT m inus VLM  are not yet well m atched and m ay need further refinem ent using both a 
larger tim e span and estim ating split trends (<2005 and >2005) from both tim e series.

The aim  of this w ork w as to extend the earlier w ork and estim ate RSL values over 
an extended tim e period at all the D epartm ent of Survey and M apping M alaysia (DSMM) 
tide-gauge locations in both Peninsular and East M alaysia and then com pare/validate the 
RSL results w ith  the difference in absolute sea-level change (ASL) from  satellite altim etry 
and vertical land m otion (VLM ) from  the nearby D SM M  continuous G N SS stations. For 
Peninsular M alaysia, w e also d istinguish (both for R SL and V LM ) betw een the periods 
before and after the 2004 M w  9.2 earthquake. Concurrently, the m ean sea level w as deter
m ined by Cob et al. [18] as part of defining a new  height reference system  for Peninsular 
M alaysia.

The tectonic setting of Peninsular M alaysia and East M alaysia is briefly  discussed 
(Section 2 ), follow ed by the data and m ethodology to estim ate the RSL (TG), ASL (SALT), 
and V LM  (GPS) for both  parts of M alaysia (Section 3 ). W e then com pare the TG  results 
w ith  the RSL obtained from  com bining A SL and V LM  at each TG  location in  Section 4 . 
Finally, in Section 5, w e sum m arize the m ain results and conclusions.
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2. Study Area

Peninsular and East M alaysia (see the rectangular box in Figure 1 are p art of the 
Sundaland tectonic plate (also know n as the Sundaland block), w hich  is surrounded by 
th reem a in  plates know n as the Philippine Sea, A ustralian, and Indian plates [ 19,20]. As 
a re su lt the absolute horizontal (inter-seism ic) m otion of M alaysia fohow s that of the 
Sundaland plate and is about 3 cm /year in the ESE direction. H ow ever, the Sundaland 
b lock  is a relatively sm all tectonic plate that is susceptible to pre-, co-, and post-seism ic 
deform ation. These three term s relate to th e o ccu rre n ce o f m egathrust earthquakes along 
the Su m atra-A nd am an trench such as the M w  9.2 Sum atra—A id am an earthquake at the 
end of 2224 [13]. As a result, M alaysia land especially  Peninsular M alaysia since it is 
situated closer to the nddian/Australian and Sundaland converging plate boundary) has, 
since the end of 2004, been  undergoing both horizontal and vertical deform ations, both  
instantly during the earthquake (co-seismic) and nn the afterm ath years until present (postt 
seism ic) [12,21]. These (vertical) seism ic deforrmation signals w ill also be present in  the 
G N SS position tim e series of tide-gauge Uenchmarks.

90° 120°

10000 -8000 -6000 -4000 -2000 0 2000 4000 6000

Figure 1. Tectonic setting of {Southeast Asia with Peninsular Malaysm and East Malaysia (Sarawak and 
Sabah) being part of the Sundaland block along with the estimated relative and absolute horizontal 
velocities of plates and main/micro blocks that surround Sundaland (velocity magnitude in cm/year 
plotted near the head of the vectors). Approximate boundaries oS plates (blue lines) are biased on 
Bird [22]. Relative velocities on selected boundaries are with respect to Sundaland and calculated 
from Morvel56-NNR [23]. Absolute velocities are in IGS08 (ITRF2008) based on Sundaland motion 
from Mustafar et al. [24] and Morvel56-NNR plate vectors relative to Sundaland.

The study of the (vertical) tectonic m otions of Phuket Island in South Thailand (north 
of Peninsular M alaysia) by  Sim ons et al. [5 ] show s significant changes in (inter-, co-, and 
post-seism ic) land deform ation in  the past 2 5  years. The region is located (sim ilar to the 
northw est of Peninsular M alaysia) at the edge of the A ustralian/Indian-Sundaland plate 
boundary deform ation zone and has displayed significant deform ations prior to, during, 
and after the 2004 m egathrust earthquake. Although no vertical co-seism ic position jum ps
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w ere detected from  this and the follow ing 2005 M w  8.6 Nias and 2012 M w  8.6/8.2 Indian 
O cean earthquakes, the vertical m otion trend of Phuket started to change follow ing the 
2004 M w  9.2 event. W hile the inter-seism ic tectonic u plift m otion up to the end of 2004 
was quasi-linear (with only seasonal variations), the post-seismic tectonic subsidence phase 
follows an (approximately) exponential decay pattern starting shortly (about a month) after 
the earthquake. As a result, halfway through 2021, Phuket w as located 8 ±  1 cm lower than 
it w as before the earthquake and 11  ±  1  cm  below  its extrapolated inter-seism ic vertical 
position if the earthquake had not occurred [25]. This is a significant short-tim e change in 
the vertical m otion of the island. The vertical position (and associated RSL) changes after 
2004 m ay hence also be relevant for Peninsular M alaysia, so that the R SL trend betw een 
1994 and 2021 m ight not be linear, and the VLM  and TG results may have to be split into an 
inter-seism ic (1999-2004) and post-seism ic (2005-2021) period for Peninsular M alaysia.

For East M alaysia (com prising the States of Sabah and Sarawak, as w ell as the federal 
territory of Labuan on Borneo in Figure 1) the tectonic setting is less complicated (being part 
of the stable core of the Sundaland plate) w ith the exception of the eastern part of Sabah in 
North Borneo. North Borneo is considered to be part of Sundaland near its eastern margins, 
close to highly active deform ation zones bordering the southern Philippines and Sulawesi 
Islands in Figure 1. North Borneo is located at the junction betw een the North-W est Borneo 
Trough and the Sulu  Sea fold-and-thrust belt, to the north  of the C elebes Sea. The w ay 
these two structures interact or connect is unfortunately still poorly understood. The region 
is characterized by low  to m oderate seism icity and m ost earthquakes have occurred at 
depths of less than 50 km . N orth Borneo now adays seem s to be slow ly deform ing in 
possibly  different w ays, either driven by gravity  sliding and/or crustal shortening [24]. 
Therefore, the inter-seism ic horizontal m otions m ight differ from  those of Peninsular 
M alaysia, and also, vertical m otions in Sabah m ight regionally vary due to these ongoing 
tectonic processes. However, these m otions should be stable over the analyzed period, and 
also the (post-seismic) im pact of the M w 9.2 Sum atra-A ndam an earthquake w ill not be as 
significant here, as the co-seismic displacements were ~10 mm in w estern Sarawak down to 
~5 mm in eastern Sabah [13]. This holds especially true for the VLM , w hich should not have 
been im pacted, and exhibits a linear trend pattern over the analyzed period (1994-2021).

Based on the above inform ation, the expected m agnitude and pattern of the V LM  in 
Peninsular and East M alaysia can be quantified. Tectonic plates do not move vertically but 
can deform  at plate boundary zones. Significant uplift can only occur due to geophysical 
processes (NW  Peninsular and Sabah). Hum an-induced land subsidence can occur due to 
groundw ater extraction in populated areas w ith m onum ents on sedim entation layers (not 
on bedrock).

3. D ata and M ethodology

In this section, we present the methods used to estimate the RSL from the TG data, the 
ASL from the SALT data, and the VLM  from the GPS data on M alaysia.

3.1. Relative Sea-Level Change from  Tide-Gauge Data

We analyzed the tide-gauge RSL time series (1984-2019) from 12 Peninsular and 9 East 
M alaysian tide gauges (TG ). The TG s are presented in  Table 1  and Figure 2. We obtained 
the hourly tide-gauge data through AFTech from the D epartm ent of Survey and M apping 
M alaysia (JU PEM ) and reduced the data to m onthly averaged m ean sea-level (M SL) by 
averaging per tide gauge all hourly data available w ithin a calendar m onth. This enables 
us to filter out m ost of the tidal constituents (especially  diurnal and sem i-diurnal) that 
should n ot be present in m ean sea level. The actual num ber of hourly  data available in a 
m onth divided by  the theoretical m axim um  num ber is taken as a m easure of reliability: a 
ratio of 2/ 3 or m ore is taken as the criterion to constitute a valid  m onthly value. This is 
stricter than the 15-day rule used by the Perm anent Service for M ean Sea Level (PSM SL). 
W hen w e have a valid  m onthly value, the ratio is taken as a w eight criterion in our data 
m odel fit. A part from  tw o stations, M YY and K C H , w e analyzed the m onthly averaged
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RSL tim e series w ithou t any special editing, such as introducing jum p s, and w e also did 
n ot apply an inverted barom eter correction. It appeared that for M Y Y  the data prior to 
1991 needed to be corrected by adding an undocumented step of 82 cm, and after 1 January 
2 0 0 4 ,1 0  cm  needed to be subtracted to account for the 20 cm  bias as reported by  PSM SL 
and taking into account an approx. rise of 4.3 m m /year as deduced from our SALT minus 
VLM  result (MYY and VLM  at MIRI GPS station). For KCH, the data after 11 January 2010 
w ere discarded autom atically b y  our outlier detection schem e because of their erroneous 
behavior (which is also reported by PSM SL).

Table 1. The 21 tide gauges in Malaysia analyzed for the study: 12 in Peninsular Malaysia and 9 in 
East Malaysia. Given are the abbreviations, the geographic coordinates, the data period, the data 
completeness (in %), and the matching station ID number in the PSMSL database.

Area Tide Gauge Abbr. Lon (°E) Lat (°N) Period % ID

Peninsular

Cendering 
Geting 
Johor Bahru 
Kukup 
Lumut
Pelabuhan Kelang 
Pulau Langkawi 
Pulau Penang 
Pulau Tioman 
Tanjung Gelang 
Tanjung Keling 
Tanjung Sedili

CHD
GET
JBH

KUK
LUM
PTK

LAN
PEN
TIO

NKP
TGK
SED

103.187
102.107
103.792
103.443
100.613
101.358
99.764

100.347
104.140
103.430
102.153
104.115

5.265
6.226
1.462
1.325
4.240
3.050
6.431
5.422
2.807
3.975
2.215
1.932

1985-2019
1986-2018
1984-2015 
1986-2020
1985-2020
1984-2020
1986-2020
1985-2020
1986-2020
1984-2020
1985-2020
1986-2020

92.7
96.3
93.0
98.0
96.7
91.2 
97.5
95.4
94.8
96.9
96.0
95.2

1592 
1703

248
1677
1594 
1591 
1676
1595
1678 
1589
1593 
1702

Labuan LBU 115.250 5.273 1996-2020 95.9 1879
Lahat Datu LDU 118.346 5.019 1996-2020 97.1 1877
Kota Kinabalu KKB 116.067 5.983 1987-2020 92.3 1733

Sabah Kudat KUD 116.844 6.879 1996-2020 88.6 1876
Sandakan SDK 118.067 5.810 1986-2020 93.8 1834
Tawau TWU 117.883 4.233 1987-2020 92.9 1734

Bintulu BTU 113.064 3.262 1992-2019 85.0 1833
Sarawak Miri MYY 113.974 4.401 1987-2016 65.1 1819

Sejingkat KCH 110.422 1.583 1996-2014 92.8 1893

In our analyses, we then applied an identical model fit as used for the satellite altimeter 
data (for which the reader is referred to the next section) to be able to directly compare the 
TG w ith the SALT result. As both TG and SALT clearly show  signs of trends and periodic 
behavior, a sim ultaneous (robust) fit of linear and periodic signals is required: the trend 
estim ate can be affected by  the presence of periodic signals w henever the data span does 
not com prise an integer num ber of these periods.

Previous analyses indicate that the annual and sem i-annual cycles are the m ost domi
nant ones. Sim ons et al. [5 ] also dem onstrated that the tectonic setting of the region that 
contains Peninsular M alaysia can be affected by the seism ic cycle of "n earb y " m egathrust 
earthquakes. Looking at the data of certain  tide gauges, w e concluded that for Peninsu
lar M alaysia, there is a difference prior to and after 26  D ecem ber 2004 w hen the 9.2 M w  
A ndam an-Sum atra Earthquake took place along the Sum atra Fault. This difference in the 
rate of vertical land m otion affects both  G N SS and TG data and indicates the transition 
from  inter-seism ic to post-seism ic behavior. As the tide gauge m easures RSL, it indirectly 
m easures the opposite of the vertical land m otion (vertically  m irrored). A s a first-order 
approach, for the tide-gauge stations located in Peninsular M alaysia, w e included in our 
m odel fit different trend estim ates prior to and after 2005 bu t also checked that n o jum ps 
w ere introduced at the p oint of the transition because there w as no proof of that in our 
GN SS-based V LM  estim ates (piecew ise linear regression). For the w hole data period, w e 
applied the same m odel for the annual and sem i-annual cyclic periods. For the tide-gauge
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stations in  East M alaysia, such a change in  trend w as not present and therefore w as not 
needed and the model only includes bias, trend, and annual and sem i-annual cycles for the 
entire data period. W hen fitting, w e applied a 3 ct outlier criterion, iteratively, to filter out 
extrem es such as that in 1997, w hich w as a low -sea-level event in the Indian O cean due to 
the Indian Ocean Dipole (IOD) [26,27]. Results have not been corrected for Glacial Isostatic 
A djustm ent (GIA), since its effect is sm all (<0.3 m m /year), bu t also cancels out in  all the 
m utual com parisons betw een GPS, TG, and SALT.

95° 100° 105° 110° 115° 120°

95° 100° 105° 110° 115° 120°

I I mm/yr
^ ---------- 1— — i---------- 1— ^ ------------- 1

0 1  2 3 4 5 6 7 8 9  10

Figure 2. Geographical location of the 21 tide gauges, 12 ire Peninsular Malaysia and 9 in East 
Malaysia. The colors indicate the trend in sea level anomaly from satellite altimetry for this region 
(yr = year). The y-axis is the latitude (N) and the x-axis is the longitude (E), both given in degrees.

C om bining V LM  from  G N SS w ith  satellite altim etey p rod u ce. a value for relative 
sea level (SALT m inus V LM ), w hsch can be eom pared w ith tide-gauge data and used as e 
proxy for tide-gauge m easurements where none are available. In this way, all mea<urement 
techniques can be inter-validated and inter-calibrated [9 ,25,28] . This is valid for any com 
bination  of TG , SALT, and G N SS if w e atsu m e the TG  is connected to the bedrock. A ny 
d iscrep ancirs then com e from  (un)charted contributions to local V LM  and/or sea-level 
changes, such as groundw ater extrachon and local sm all-scale dynam ics of tid e-storm  
surge interactions.

Figure 3 provides tw o exam ple solutions of our m odel fit (split at 26 D ecem ber 2004) 
for station Chendering (CH D ) in Kuala Terengganu. Before 2005, there is an RSL trend of 
2.90 ±  0.h3 m itt/yrar (brown line); after 2t05, this increoses to 4.46 ±  0.46 mm/year (blue line). 
For station Tawau (TW U) the single trend line gives an RSL <rend of 3.07 ±  0.34 m m -year. 
The green lines indicate the total m odel, whrch is trend plus periodic cycles (annual and 
semi-annuel), Che black dots represent tho underlying data, and monthly averages and outliers 
are indicatee by  the red dots.
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Figure 3. Relative sea level (RSL) trend and annual and semi-annual estimates from the tide-gauge 
time series (1984-2019) for CHD (Kuala Terengganu) in Peninsular Malaysia (split trend lines) and 
TWU (Tawau) in Sabah, East Malaysia. For each tide-gauge location, the vertical position time series 
is given along; ‘with the total ob servation period . The linear trend lines are shown ill b rown (<2005) 
and blue (>2005) (CHD split trend) and blue (>1988) (TWU single trend) -with the modeled seasonal 
(annual) signal (green) superimposed. Monthly position outliersare marked in red. The tide-gauge 
trend estimates are given at a 95% (1.96 sigma) confidence level.

In the Supplem entary M ateriale (Figures S I and S2), the plots for sill 21 tide gauges are 
shown, starting; w ith the Peninsular M alays ia gauges w ith the 2005 split applie d, followed 
by the plots tor Ihe Side gauges in East M alaysia, where no split w as needed for our model 
fit. The total resuit of our model fit is given in Table 2 for Peninsular M alaysia and in Table 3 
for East M alaysia.

Table 2. TG results for peninsular tide gauges (Peninsular Malaysia), before and after 2005. For 
the periodic cycles, the amplitude and phase are given where the latter is transformed to days 
after 1 January. The residual sigma is the std of the difference between data and model fit. Trend 
uncertainties are given at a 95% confidence level (1.96 sigma).

TG
Station

Trent! < 2005 
(mm/year)

Trend > 2005 
(mm/year)

Annual
(cm/days)

Semi-Annual
(cm/days)

Residual SD 
(cm)

LAN 2.23 ±  0.55 4.61 ±  0.69 8.91/139 6.60/41 6.06
GET 2.70 ±  0.47 5.56 ±  0.67 22.02/-1 3.90/29 5.00
PEN 2.50 ±  0.51 4.80 ±  0.71 7.97/135 6.72/39 5.97
CHD 2.90 ±  0.33 4.46 ±  0.46 19.28/-3 3.01/39 3.90
LUM 2.27 ±  0.50 3.60 ±  0.66 6.76/127 6.88/37 5.79
NKP 2.56 ±  0.29 5.05 ±  0.42 18.68/-4 2.37/39 3.61
PTK 1.57 ±  0.50 3.66 ±  0.72 6.24/116 7.10/40 6.16
TIO 2.18 ±  0.32 4.26 ±  0.40 16.93/-1 2.23/37 3.54
TGK 1.69 ±  0.47 3.31 ±  0.64 4.98/85 5.52/37 4.73
SED 2.23 ±  0.37 2.55 ±  0.45 17.60/-2 2.11/22 3.39
JBH 2.13 ±  0.27 7.84 ±  0.61 13.65/0 2.22/23 3.34
KUK 1.87 ±  0.38 7.97 ±  0.48 5.48/46 4.83/35 4.18
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Table 3. TG results for Sabah and Sarawak (East Malaysia). No trend split was needed. For the 
periodic cycles, the amplitude and phase are given where the latter is transformed to days after 
1 January. The residual sigma is the std of the difference between data and model fit. Trend 
uncertainties are given at a 95% confidence level (1.96 sigma).

TG
Station

Trend
(mm/year)

Annual
(cm/days)

Semi-Annual
(cm/days)

Residual SD 
(cm)

KCH 1 -4 .98  ±  0.34 9.57/1 1.02/8 3.03
BTU 2.52 ±  0.28 8.03/35 2.24/32 3.76

MYY 2 4.84 ±  0.31 7.13/48 2.47/37 4.45
LBU 2.08 ±  0.40 7.73/53 3.33/32 4.79
KKB 3.82 ±  0.29 8.16/72 3.53/36 4.76
KUD 2.46 ±  0.40 8.77/73 3.08/29 4.78
SDK 2.75 ±  0.36 6.80/46 1.51/27 4.78
LDU 1.83 ±  0.47 2.53/93 1.53/58 5.61
TWU 3.07 ±  0.34 0.60/105 1.78/67 5.52

1 KCH data after 11 January 2010 discarded because of erroneous behavior (also reported by PSMSL). 2 MYY 
data prior to 1991 has been corrected by adding an estimated step of 82 cm, and after 1 January 2004,10 cm was 
subtracted to account for a 20 cm bias, as reported by PSMSL and accounting for an approx. rise of 4.3 mm/year 
deduced from the SALT-VLM results.

3.2. Absolute Sea Level Observed with Satellite Altimetry

Satellite altim etry is a w ell-founded space geodetic technique that enables the m ea
surem ent of absolute sea level (A SL); that is, w ith  respect to a reference ellipsoid, such 
as W G S-84 or IERS. For com m unities liv ing near low -lying coasts and islands, how ever, 
it is the relative sea level (RSL) that is m ost im portant since this is the actual w ater level 
relative to the land. A ltim eter observations do not contain  inform ation on land m otion, 
such as u plift and subsidence in  active tectonic regions, or subsidence that could result 
from  soil com paction or groundw ater extraction. Basically, they are unaffected by V LM , 
though they could be affected by  a change in local gravity; how ever, that is assum ed to 
be negligible. Though tide-gauge m easurem ents directly m easure relative sea level (as 
explained in the previous section), they suffer from  inaccuracies related to (docum ented 
and undocum ented) changes in the vertical reference benchm ark, (hum an-induced) land 
subsidence by  groundw ater extraction, and sedim ent com paction if the tide gauge is not 
directly attached to the bedrock. As mentioned earlier, VLM  and SALT provide an estimate 
of S A L T -V L M  as long as GN SS is a good indicator for all the contributors to land motion. 
We refer to Naeije et al. [25] and Trisirisatayawong et al. [29] for more details on the altim e
ter (and tide-gauge) data processing. In this section, we only review the main steps and the 
deviations from the original processing.

For the satellite altim eter data used in this study of absolute and relative sea level 
variations in the w aters surrounding M alaysia, such as the Strait of M alacca and the South 
C hina Sea, w e adopt the TU  D elft/N O A A /EU M ETSA T R adar A ltim eter D atabase Sys
tem  (RA D S) [30]; h ttp ://rads.tudelft.n l (accessed on 1 January 2023) and https://github. 
com /rem kos/rads (accessed on 1 January 2023). RA DS delivers a consistent and continu
ous observing database that has a com plete backlog of all available low -resolution m ode 
(LRM = 1 Hz) altimeter observations since the 1990s. The measurem ent principle is straight
forw ard: the altim eter em its a m icrow ave pulse and clocks the reception of the echo 
reflected from the sea surface. Then, by applying corrections for, am ongst other things, at
m ospheric refraction, the orbital height of the altimeter referenced to the reference ellipsoid 
m inus this m easured reflection distance directly gives sea level w ith  respect to that sam e 
ellipsoid. So, this provides a m easurem ent of the absolute sea level, w hich can be further 
reduced to dynam ic topography by  subtracting a geoid m odel or to a sea level anom aly 
(SLA) by  subtracting a m ean sea surface model. The latter is used in our analyses.

From RADS, we only used data from the altimeter reference missions TOPEX/POSEIDON, 
Jason-1, Jason-2, and Jason-3 considering the time frame of August 1992 up to and including 
December 2021. This ensured that we had identical temporal and spatial sampling conditions

http://rads.tudelft.nl
https://github.com/remkos/rads
https://github.com/remkos/rads
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throughout the total period and the m ost reliable data. Figure 4 shows the study area w ith 
our tide gauges and the altim eter satellite tracks from  these reference missions used in our 
study. It should be noted that the altim eter sam pling period is different; (a m easurem ent 
along-track every second, w ith the track repeated every 10 days) from the sam pling of tide 
gauges (high-frequmncy, one location).

95° 100° 105° 110° 115° 120°

95° 100° 105° 110° 115° 120°

| mm/yr^ ^ —
0 1 2 3 4 5 6 7 8 9  10

Figure 4. The Malaysian study area with the tide-gauge locations and, superimposed, the satellite 
tracks of the reference missions such as TOPEX and the Jasons. Again, in the background, we see the 
geographical distribution of the trend of the absolute sea level w.r.t the mean surface model (sea level 
anomaly SLA). The y-axis is the latitude (N) and the x-axis is the longitude (E), both given in degrees.

The altim eter data are already validated  and calibrated in R A D S and can easily  be 
com bined w ithou t suffering from  discontinuities over tim e, going from  one satellite al
tim eter m ission or phase to the other. A s m entioned before, w e obtain the altim etric sea 
level anom aly (SLA ) by subtracting the instrum ent-corrected  m easured range from  the 
orbital height and subtracting the required corrections, such as cosrections for (dry and 
w et troposphere, ionosphere, high-frequency dynam ic atm osphere, ocean tide, ocean tide 
loading, solid Earth  tide, pole tide, sea state bias, and m ean sea surface (m odel). The 
static inverse barom eter correction w as not applied because this is also not applied to the 
tide-gauge data. O n the other hand, like the tidal contributions, the high-frequency com 
ponent of the dynam ic atm osphere m ust be corrected because it aliases into the altim eter 
data at considerably longer w avelengths (a result of under-sam pling). The high-frequency 
dynamic atmosphere correction is not needed for the tide gauges because it is averaged out 
in the m onthly m eans (no under-sampling). For the corrections, we used the RADS default 
values (for details, consult the R A D S data m anual at h ttps://github.com /rem kos/rads 
(accessed on 1 January 2023)). The only deviation is that we edited out SLAs between - 1 m  
and + 1 m  in  order to discard erroneous data that w ere either too close to the coast, and 
thus suffering from land contamination in the footprint, or had poor tidal modeling or poor 
m ean surface m odeling.

https://github.com/remkos/rads
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For our study area, bounded by 95 and 120 degrees longitude and - 1 0  and +10 degrees 
latitude, w e brow sed sequentially  through our database and collected all altim eter data 
from the altim eter reference missions in a small circular region (radius 1.5 degrees) around 
the location of the tide gauge w ith  w hich w e w ant to com pare the A SL/SLA , so that is, 
in  total, 21  tim e series w ith  a reoccurrence of a lum p of 1H z data every 10 days (w hich, 
as m entioned before, is the repeat orbit of the altim eter satellites used). W e originally 
started our analysis by  constructing m onthly average SL A  grids from  the altim eter data 
bu t deviated from  this approach to keep  the data un-interpolated as long as possible, so 
as n ot to introduce any interpolation errors and/or lose track of data quality. H aving the 
raw  data in  tim e series for each of the tide gauges enabled a m uch m ore reliable outlier 
detection. Data that were very close in time (seconds apart) were combined, and their time, 
height, and location w ere averaged.

The A SL trend w as then obtained by sim ultaneously  fitting a bias, trend, and tw o 
periodic cycles (annual and semi-annual) to the SLA time series for each of the TG locations. 
Again, an iterative 3 ct outlier criterion was applied for the model fit to filter out the extremes 
(as w ith  the TG  data). The SALT results w ere also not corrected for G IA , since its effect 
on ASL is, again, sm all and cancels out in the com parisons w ith  TG  RSL and G N SS VLM . 
For the total A SL, the m ean sea surface m odel m u st be added to the SLA  to arrive at sea 
level w ith respect to the reference ellipsoid. As m entioned earlier, we did not apply a split 
in  trends at the 26 D ecem ber 2004 earthquake epoch because the A SL is (assum ed to be) 
unaffected by land m otion.

Figure 5 show s an exam ple of our m odel fit for the ASL. For com parison reasons, we 
again  chose the location of the C H D  and TW U  stations show n in  Figure 3. There is an 
ASL trend of 3.52 ±  0.24 m m /year and 4.49 ±  0.23 m m /year (blue lines), respectively, for 
CH D  and TW U from 1992 to 2021. The green line indicates the total m odel, which is trend 
plus periodic cycles (annual and sem i-annual), the inter-connected black dots represent the 
underlying altim eter data (our raw  tim e series in  the vicin ity  of the tide-gauge location), 
and outliers are show n as red dots.

Figure 5. Absolute sea-level trend and annual and semi-annual cycle estimates from the satellite 
altimetry time series (1992-2021) for CHD (Kuala Terengganu) in Peninsular Malaysia and TWU 
(Tawau) in Sabah, East Malaysia. For each tide-gauge location, the vertical position time series is 
given along with the total observation period. The reeerence vertical position is at the start of the 
satellite altimetry time series in 1992. The linear trend lines are given in blue -with the modeled 
seasonal (annual and semi-annual) signal (green) superimposed on ie Outliers are marked in red. 
The absolute sea-level trend estimate is given at a 95% (1.96 sigma) confidence level.
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In the Supplem entary  M aterials (Figures S3 and S4), the plots for the A SL from  
altim etry at all 21 TG  locations are show n, starting w ith  the Peninsular M alaysia TGs 
follow ed by the plots for the TG  locations in  East M alaysia. Table 4 gives the overview  of 
the altim eter results for Peninsular M alaysia and Table 5 for East M alaysia.

Table 4. ASL trend results (1992-2020) from SALT for the TG locations in Peninsular Malaysia. The 
average distance of the altimeter along-track data to the TG station location is given in the 2nd column. 
For the periodic cycles (annual and semi-annual), the amplitude and phase are given where the latter 
is transformed to days after 1 January. The residual sigma is the SD of the difference between data 
and model fit. The ASL trend estimates are given at a 95% (1.96 sigma) confidence level.

TG
Station

SALT 
Station (km)

ASL Trend 
(mm/year)

Annual
(cm/days)

Semi-Annual
(cm/days)

Residual SD 
(cm)

LAN 45 4.08 ±  0.28 7.98/143 7.26/37 8.24
GET 62 3.68 ±  0.26 18.99/-4 3.34/30 7.56
PEN 98 4.03 ±  0.29 8.57/144 7.16/38 8.53
CHD 38 3.52 ±  0.24 11.31/15 2.23/26 7.15
LUM 34 4.30 ±  0.31 7.16/137 6.96/38 9.07
NKP 77 3.66 ±  0.26 14.40/5 2.58/29 7.72
PTK 37 4.73 ±  0.35 5.90/120 6.55/37 10.10
TIO 40 3.67 ±  0.27 15.77/2 2.62/30 8.01
TGK 4 4.08 ±  0.27 6.14/100 6.97/25 7.78
SED 16 4.88 ±  0.29 12.41/7 2.83/34 8.53
JBH 37 5.12 ±  0.31 8.91/15 3.37/36 9.19
KUK 6 4.73 ±  0.34 6.70/21 3.00/30 9.95

Table 5. ASL trend results (1992-2020) from SALT for the TG locations in East Malaysia (Sarawak and 
Sabah). The average distance of the altimeter along-track data to the TG station location is given in 
the 2nd column. For the periodic cycles (annual and semi-annual), the amplitude and phase are given 
where the latter is transformed to days after 1 January. The residual sigma is the SD of the difference 
between data and model fit. The ASL trend estimates are given at a 95% (1.96 sigma) confidence level.

TG
Station

SALT 
Station (km)

Trend
(mm/year)

Annual
(cm/days)

Semi-Annual
(cm/days)

Residual SD 
(cm)

KCH 144 4.18 ±  0.19 9.97/13 2.70/25 5.67
BTU 66 3.43 ±  0.23 7.50/36 3.13/25 6.69
MYY 62 3.66 ±  0.18 7.34/45 3.24/26 5.12
LBU 144 3.64 ±  0.27 8.00/71 4.07/31 7.82
KKB 56 3.88 ±  0.24 7.91/70 3.86/30 6.91
KUD 29 3.92 ±  0.22 7.63/71 3.66/29 6.49
SDK 103 4.34 ±  0.20 5.25/85 1.78/42 5.93
LDU 39 4.76 ±  0.20 3.66/80 1.41/46 5.79
TWU 58 4.49 ±  0.23 0.83/95 1.45/60 6.71

3.3. Reference Frame and Vertical Land Motion (V L M )

The vertical land m otion (VLM ) at a set of G N SS stations in M alaysia w as analyzed 
because, in com bination w ith the absolute sea level (ASL) from satellite altimetry, it provides 
an independent estim ation of relative sea level (RSL) at coastal G N SS stations that can be 
com pared w ith the RSL of tide-gauge (TG) stations.

3.3.1. M A SS/M yRTKN et Subset N etw ork Selection

A  subset of the M alaysian A ctive G PS (M A SS) and G N SS M yRTK N et netw orks w as 
analyzed over the period of 1994-2021. The M A SS netw ork has been  operational since 
the end of 1999 and subsequently  w as m erged into M yR TK N et from  2005 onw ards. The 
inclusion of the G PS M A SS stations is im portant as it allowed us to analyze a tim e period 
of up to 27  years, since the K U A L p oint orig inally  w as a station of the G eodynam ics of 
South and South East A sia (G EO D Y SSEA ) 1994-1998  EU -A SEA N  project [31]. This also
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included another G EO D YSSEA  station TAWA near the M A SS MTAW  station in Tawau in 
Sabah, East M alaysia. Both the KUAL and TAWA stations have been m easured by DSM M  
in cam paign style prior to 1999, and TAWA w as also measured until 2000 w hen the MTAW 
station already w as operational. The m ajority  of the M A SS stations later becam e part of 
MyRTKNet, although some stations were eventually replaced w ith nearby new  M yRTKNet 
stations. For the m ajority of these stations, there w as also data overlap during the station 
transitions so that an accurate tie betw een the stations can be com puted. Hence, it is possible 
to com pute (station-com bined) long GPS tim e series (1999-2021) for 18 M ASS/M yRTKNet 
locations and for KU AL and TAWA/MTAW even since 1994.

M yR TK N et (2005-2021) currently  com prises ~100 stations. For the selection of a 
sub-netw ork to be included in the GN SS data analysis, the follow ing criteria w ere used:

• Close to tide gauge (TG) stations;
• Close to (decom m issioned) M A SS stations (com bined position tim e series);
• Additional inland stations (which can be used as stable reference stations);
• Early M yRTKN et stations only (2005-2007) (to construct long position tim e series);
• Evenly distributed throughout both Peninsular and East M alaysia.

In addition, also one IGS station, NTUS (1997-2021) (Singapore), and 4 stations (CNAT, 
CBA S, CPUT, an d C N A U fro m  2014 to 2021) from the Indonesian InaCORS netw ork oper
ated by the G eospatial Inform atibn A gency (BIG, form erly know n as BAKOSURTANAL) 
on Kalim antan/Borneo close? to Sarawak and Sabah, were included, as 'well as the TU  Delft 
station M KN B (2013-20t1) on M ount Kinabalu.

For Peninsular M alaysia, in total, 29 M ASS/M yRTKN et stations evenly distributed at 
20 locations (Figure 6) were selected, including those located nenr the 12 TG station locations. 
At 5 locations (GETI/GET2, KUAN/PEKN, KTPH/UPMS, SEGA/SEG1, and UTM J/JHJY), 
the M A SS and M yR TK N et stations w ere com bined into a single G PS position tim e series 
that has the nam e of the (new er) M yR TK N et station. A t 2 locations (M ER S/M RSG  and 
TG RH /SD LI), the M yR TK N et stations w ere com bined into a single (GPS position tim e 
series that Iras the nam e of the (new er) M yR TK N et station. The station KU A L has the 
longest position tim e series (1 9 9 4 -2 0 2 tl due io including the G EO D YSSEA  (1994-1998) 
G PS cam paign data.

Figure 6. Locntion of 29 MASS a MyRTKNet stations at 20 locations (of which 12 are near the tide 
gauges) in Peninsular Metaysia. Shown also are the 11 tide-gauge benchmarks (in red, located 
below GETI/GET2). The tide-gauge benchmark at tohor Bahru unOortunately was least during harbor 
reconstruction. Additionally, the other 60+- MyRTKNet stations currently opeoated by DSMM are 
shown (yellow openstars). The purple dot shows the NTUS station in Singapore which is part of 
the International GNSS Service (IGS) network. Yellow indicates still active and orange discontinued 
stations. Image made with Google Earth Pro.
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For EastM alaysia, 17M A SS/M yRTKN et stations and 1 GEODYSSEA stationat 12 loca
tions were selected (Figure 7), including those located near the 9 TG locations. At 6 locations 
(K U C H /U M A S, SIBU /SIB1, BIN T/BIN 1, LA BU /LA B1, K IN A /U M SS, TAWA/MTAW), 
the M A SS and M yR TK N et stations w ere com bined into a single G PS position tim e series 
that has the nam e of the (newer) M yRTKN et station. At Tawau, the G EOD YSSEA (TAWA) 
and M yRTKN et station (MTAW) were com bined into a single GPS position time series that 
has the nam e of the (new er) M yR TK N et station and has the longest position tim e series 
(1994-2021) due to including the GEO D YSSEA  (1994-2000) GPS cam paign data.

Figure 7. Location of 17 MASS/MyRTKNet and 1 GEODYSSA stations at 12 locations (of which 9 
are near the tide gauges) in East Malaysiai Shown also care? the 8 tido-gauge 1?enchmarks (in red). 
Additionally, the 20-1- other MyRTKNet stations (including 3 off-shore) currentiy operated by DSMM 
are shown (yellow open stars). The purple dots show the .ndonesian InaCORS stations (CNAT, CBAS, 
CPUT, and CNAU) in the Indonssian part of Borneo (Kalimantan) as well as the TU Delft station 
MKNB on Mount Kinabalu in Sabah. Yellow indicates still active and orange discontinued stations. 
Image made with Google Earth Pro.

Therefore, ire toeal, the G PS data of 47  M A SS/M yR TK N et/G EO D Y SSEA  stations at 
32 locations w ere analyzed. In addition, the G PS data of 1 IG S, 4 BIG , and 1 TU D elft 
w ere olso analyzed at 6 locations. A t 2 locations, 2 M yR TK N et stations w ere analyzed 
(ARAU/UUM K tried USM P/BABH), m ecning that, in tota1, 40 (sinSe/com bined) GPS time 
series w ere com puted.

3.3.2. GPS Data Analysis

The G PS data analysis period spans the period of N ovem ber 1994 until D ecem ber 
2021, where, from January 1999 onwards, continuous M ASS and later M yRTKN et GPS data 
'were processed . From  1994: to 1999, only G EO D Y SSEA  and D SM M  cam paign data w ere 
indu ded . D ual frequency G PS data from  47  M A SS/M yR TK N et/G EO D Y SSEA  stations 
w ere processed along w ith additional d c .a  from  TU  D elft (station M K N B), BIG  (stations 
CNAT, C BA S, CPUT, and C N A U ), and the IG S (station N TU S). The inclusion of these 
addioional GPS data is not com pulsory, bu0 it allow s for additional V LM  estim ates in and 
near both Peninsular and East M alaysia. A dditionally, the stations can im prove the G PS 
position solutions due to enhanced (regional) phase em biguity fixing.

Wo m ade use of the (zero-differencing) scien tifit G IPSY-O A SIS II softw are (version 
6.4) [32] to process the G PS data (with a 30 s sam pling eate) in the 2014 global reference 
frame so lutioo of IGS (IG S1 4) [ 33], whic h is based on the InSernationa l Terrestrial Reference 
Fram e 2014 (ITRF2014) [34]. We m odified the Jet Propulsion Laboratory (JPL) softw are 
package tn order to inc lude GPS data from the new block III GPS satellites that have become 
operational since. 201S (GPS 74-08). To derive pcecite daily coordinate results, the Precise
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Point Positioning (PPP) m ethod w ith  (regional netw ork) am biguity  fixing [35] w as used. 
The precise ephem eris of satellites along with Earth rotation param eters (non-fiducial style, 
IGS14) acquired from JPL enable the consistent derivation of highly accurate daily absolute 
G PS positions over the entire analyzed period.

N on-fiducial (i.e., no pre-constrained reference station positions) daily position solu
tions w ere com puted w ith  G IPSY in an identical w ay as described in Sim ons et al. [5] . To 
align these solutions w ith  the IG S14, daily  transform ation param eters (X-files, provided 
by  JP L ) w ere applied to all positions. Finally, w eekly  averaged station positions w ere 
com puted. This averaging w as perform ed to screen for any outliers, thereby im proving 
the reliability of the coordinate solutions. The daily  repeatabilities (W eighted R oot M ean 
Square (W RMS)) of the w eekly averaged station coordinates from 1994 to 2021 (all in mm) 
are 1.2/1.3/4.7 (47 M A SS + M yR TK N et + G EO D YSSEA  stations), 1.1/1.4/4.0 (N TU S), 
1.3/1.2/6.2 (M K N B), and 1.3/1.5/5.8 (BIG stations) in, respectively, the north, east, and 
vertical position com ponents. The above W RM S values also give a direct indication of the 
absolute accuracy of the daily station coordinates in IGS14 since all daily station positions 
w ere directly m apped in this global reference fram e w ith the JPL X-file technique.

A  few  M A SS/M yRTK N et stations have higher W R M S (K U C H /TG PG ) due to tem 
porary daily G PS data quality  issues. Som e stations tem porarily had w eak daily position 
solutions due to long-term  G PS data issues (BEH R, SIB1, LA B1, and U M SS). M oreover, 
there w as a big data gap (~6 months) in the first half of 2007 for many stations. There were 
also stations renam ed and re-located in the analyzed period: M ERS/M R SG  (renam ed in 
2016), TG RH /SD LI (m oved 25 km  in 2015 + renam ed), SEM P (m oved 5 km  in 2015), and 
K U D A  (m oved 2  km  in  2020 after 5-year data gap). O verall, the daily  G PS positioning 
results from  the M A SS and M yR TK N et netw orks suggest that their V LM  can be used to 
m onitor nearby tide-gauge station (vertical) m otion changes at the m m /year level.

3.3.3. GPS Velocity Estim ation

The w eekly  averaged coordinate solutions in the IG S14 w ere then used to estim ate 
the velocities of all stations by  applying a 3D  linear regression m ethod to the position 
tim e series. First. unfiltered G PS position tim e series w ere com puted (both absolute 
and detrended ones) in  order to identify  height position jum ps and (extrem e) w eekly 
position outliers. The total tim e period spanned by the G PS observations is the longest 
at stations K U A L (Kuala Terengganu) and M TAW  (Tawau) for the new  K TPH  station 
(27.1 years including the G EO D Y SSEA  cam paign style observations betw een 1994 and 
1998). The unfiltered 3D  linear velocity  estim ates for stations KU A L and M TAW  are 
given in Figure 8 . For the velocity  uncertainties, w e used the m ethod (2xW R M S / T ) of 
Sim ons et al. [20], w hich  m akes use of the W R M S of the position  m isfits and the tim e 
period T of the observations to estim ate the m axim um  possible tilt of the trend line w ith a 
confidence level of 99.999% . The latter results in higher (and m ore realistic) uncertainties 
than those given by the final statistics of the linear regression.

A lthough the horizontal position  tim e series in Peninsular and East M alaysia have 
been (more significantly for Peninsular M alaysia) affected by major earthquake events (both 
by  co- and post-seism ic position changes since 26 D ecem ber 2004), the vertical position 
tim e series of G N SS stations in Peninsular M alaysia (in the far field; 500 -850  km  aw ay 
from the earthquake epicenters) rem ained undisturbed. They have only been affected by a 
non-linear pattern change (post-seism ic tectonic subsidence) follow ing the 2004 M w  9.2 
Su m atra-A n d am an  earthquake. H ence, this V LM  trend-change phenom enon required 
additional attention w hen validating  TG -relative sea-level change tim e series w ith  the 
difference in absolute sea-level change tim e series from  SALT and V LM . These should 
be com pared over the sam e tim e periods (e.g., 1984-2005  and 2005-2020) since V LM  in 
Peninsular M alaysia is different in these two periods (as w ill be show n in Section 4 ).

Since the focus is on V LM , only equipm ent-related changes (e.g., a different antenna 
type and/or (wrong) antenna height) position jum p s had to be estim ated for the vertical 
position time series, as they are not affected by discontinuities due to any of the earthquake



Remote Sens. 2023,15,1113 15 of 28

events. These have been estim ated as relative (baseline) position jum p s w ith  respect to 
the nearest (unaffected by  an antenna change) station at each occurrence in the vertical 
position time series (additional inform ation is provided and illustrated by Figure S7 in the 
Supplem entary Materials) This also has the advantage that the entire horizontal (including 
the post-seismic (non-linear) part) position time series remains untouched versus when a 3D 
position jum p (with respect to a linear trend line) is estim ated (and thus rem ains identical 
for the horizontal directions as show n in Figure 8) . O therw ise, artificial position jum ps 
would be introduced in the horizontal post-seism ic (2005-present) time series, especially for 
the M alaysian Peninsula. The velocity  estim ation w as repeated until no vertical position 
jum ps w ere present anym ore.

Figure 8. Unfiltered absolute 3D GPS position time series (1994-2021) for stations KUAL (Kuala 
Terengganu, Peninsular Malaysia) and MTAW (Tawau, Sabah, East Malaysia), with the; 1994-1998 
positions coming; from the GEODYSSEA campaign measurements. In the longitude position figures, 
the major earthquake events that: resulted in horizontal co-seismic position offsets are) shown (.2004 
Mw 9.2 Sumatra-Andaman, 2005 Mw 8.6 Nias, 2007 Mw 7.9 Bengkulu, and 2012 Mw 8.6/8.2 Indian 
Ocean). Shown also (approximately) aie the inter- (green) andpost-seismic (yellow) phases of the 
2004 Mw 9.2 Sumatia-Andaman earthquake. Antenna changes that have impacted the vertical 
position time series are afso shown by red ellipses. Finally, the (raw) linear trend estimates are shown 
in blue.

Each 3D  position jum p eetim ate (Table S1 in the Supplem entary  M aterials) w as re
m oved from all subsequent poeition solutions jn the p o iition  tim e series. For the stations 
KUAL and MTAW, -his is shown in Figure 9 . In case of a station com bination (e.g., TAWA- 
MTAW, GETI-GET2) o i re-location (e.g., TGRH /SEM P)e a tie was computed using either all 
overlapping w eekly averaged positions or, otheewise, 12 w eeks before and after a station 
re-location. Then, the estimated XYZ tie was applied to the inhial station location, so tiiat a 
continuous com bined position tim e se ries w as obtained .

The 3D position time aeries indicate that Peninsular M alaysia is still in the post-seismic 
phase of the 2004 M w  9.2 earthqu ske (as lor station KU A L in Figure 8 ), w tth horizontal 
m otions still affected and low er than the inter-seism ic m otions that w ere recorded by 
the M A SS stations from  1999 to 2004, w ith  the N W  of Peninsular M alaysia still affected 
the m ost. This is in agreem ent w ith  w hat w as observe d for the eouth of Thailand by 
Sim ons et al. [5 ]. In East M alaysia, the horizontal m otions w ere only lbriefly affected 
follow ing the M w  9.2 event, and no (m pact on the vertical m otions w as observed there. 
For Peninsular M alaysia, there, how ever, is a distinct difference for the V LM  in the tim e 
periods 1994-2004: (slight tectonic uplift) end 2005-2021  (tectonic subsidence, w hich  has 
been flattening out in recent years). The pattern looks very similae to a downscaled version 
of the V LM  that w as observed on the Island oC Phuket in Thailand [5,25]. In Phuket, the
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co- and post-seism ic m otions are the highest, since it is located closer to the 2004 M w  9.2 
earthquake epicenter in the Sum atra trench.

Kuala Terengganu (KUAL) -  Peninsular Malaysia

trend -  -1.78 + 0.28 rrjm/yr 

I8 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Filtered Tawau (MTAW) -  Sabah, East Malaysia

MTAW (27.1 yr)

' ■ 1
Irend = -0.76 + 0.20 mm/yr

Figure 9. Filtered and unfiltered (detrended) vertical GPS position time series (1994-2021) for stations 
KUAL (Kuala Terengganu, Peninsular Malaysia) and MTAW (Tawau, Sabah, East Malaysia. The left 
panel shows the vertical position time series with all antenna-change-related position jumps removed. 
The single linear trend estimates are shown in blue.

Figure 10 show s the final V LM  estim ates for stations K U A L and MTAW  w ith  the 
seasonal variations modeled as A  cos k x  (2nt + B), w ith A  being the amplitude of the cosine, 
t the tim e in years, and B the phase shift in  days after 1 January  (k  x 365.25 days/360o, k 
being 1 and 0.5 for, resp., the annual and sem i-annual cycle), whereby the param eters A  and 
B have been estimated along with the linear regressions [36]. The estimates for all locations 
in Peninsular M alaysia and East M alaysia are included as plots in the Supplem entary 
M aterials (Figures S5 and S6), and the results are sum m arized in Tables 6 and 7.

K U

p

.......... ....... .................................................

\ L  ( 2 7 . 1  y r )

...................I

—■— VLM estimates tram GNSS data
------VLM trftid <2005; +1.1 B *0.32 mm/yr

_ ------ VLM lri3fK3>WllL-0'-50*0.12 mmiVr
------trend & seasonal W  days-

i

1994 1996 1998 2000  2002  2004 2006  2008 2010  2012 2014  2016 2016 2020  2022
year

year

Figure 10. Vertical land motion estimates for KUAL in Peninsular Malaysia (split trend lines) and 
MTAW in Sabah, East Malaysia (single trend line) (1994-2021). For each station, the vertical position 
time series is given along with the total observation period. The reference vertical position is given on 
1 January 2022 (0 cm). The green vertical lines are the epochs at which a vertical position jump (due 
to antenna change or MASS to MyRTKNet transition) was estimated. The linear trend lines are given 
in brown (<2005) and blue (>2011) with the modeled seasonal (annual) signal (green) superimposed 
on it. Weekly averaged position outliers are marked in red. The vertical land motion estimate is given 
at a 95% (1.96 sigma) confidence level. We chose to model the exponentially decaying signal after the 
Sumatra-Andaman Earthquake by 3 linear segments and only consider the part after 2011 to connect 
closest to the present-day situation.
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Table 6. VLM trend estimates at 21 locations in Peninsular Malaysia and Singapore (1994-2021). At 
10 locations, split trend estimates distinguish between the inter-seismic period until 25 December 
2004 (<2005) and the post-seismic period (>2005, linear trend estimate from 2011 onwards) from 
26 December 2004 onwards due to the 2004 Mw 9.2 Sumatra-Andaman earthquake. The red font 
indicates that the station is located nearby a Malaysian tide gauge and combined MASS/MyRTKNet 
stations are given as MASS + MRTK. The linear trend estimates are given at a 95% confidence level 
(1.96 sigma). The number of estimated (vertical) position jumps for each station is given, and also 
the amplitude and phase of the annual and semi-annual signals. The residual sigma is the SD of the 
difference between the data and the model fit.

Location Station
Position
Jum ps

VLM  Estim ate (95% CL) 
Absolute (IGS14) (mm/year) 

<2005 >2005

Annual
(cm/days)

Sem i-Annual
(cm/days)

Residual SD 
(cm)

1 LGKW 3 _ -0 .4 6  ±  0.13 0 .4 8 / -1 2 6 0 .1 3 / -7 5 0.37
2 ARA U 2 - 0 .1 7  ±  0.36 -1 .1 4  ±  0.11 0 .3 6 / -1 0 3 0 .0 9 / -4 7 0.47

UUM K 3 - 0.45 ±  0.13 0 .4 0 / -1 1 0 0 .0 7 / -7 3 0.41
3 GETI + GET2 4 0.40 ±  0.33 -2 .7 3  ±  0.13 0 .63 / -1 5 1 0 .0 8 / -7 1 0.44
4 USMP 2 -1 .3 7  ±  0.41 -0 .7 9  ±  0.16 0 .3 9 / -9 6 0 .1 1 / -6 9 0.39

BABH 4 - -0 .2 8  ±  0.13 0 .3 9 / -1 0 8 0 .0 9 / -5 7 0.31
5 G RIK 1 - 0.64 ±  0.13 0 .3 5 / -1 3 0 0 .0 8 / -4 3 0.42
6 PUPK 3 - 0.79 ±  0.14 0 .3 0 / -1 0 9 0 .1 2 / -6 0 0.36
7 GMUS 1 - -0 .4 5  ±  0.14 0 .2 9 / -1 3 7 0.02/38 0.39
8 KUAL 3 1.18 ±  0.32 -0 .5 0  ±  0.12 0 .4 1 / -1 5 4 0.01/19 0.45
9 BEHR 5 - 0 .3 7  ±  1.13 -1 .2 8  ±  0.16 0 .3 4 / -1 1 0 0 .1 3 / -5 1 0.37
10 M ERU 1 - -3 .2 9  ±  0.13 0 .3 4 / -7 7 0.07/64 0.35
11 KTPK + UPMS 3 0.85 ±  0.30 -0 .2 2  ±  0.13 0 .3 4 / -1 0 4 0 .0 8 / -7 4 0.32
12 TLOH 3 - -0 .1 9  ±  0.13 0 .2 6 / -1 2 8 0 .0 8 / -8 5 0.34
13 KUA N  + PEKN 2 -1 .0 6  ±  0.32 -1 .1 4  ±  0.13 0 .3 4 / -1 4 8 0.02/85 0.36
14 JUM L 2 - -0 .2 8  ±  0.13 0 .2 6 / -1 1 8 0 .0 7 / -6 2 0.32
15 SEGA + SEG1 2 1.06 ±  0.67 -1 .5 4  ±  0.15 0 .3 8 / -1 0 5 0.02/4 0.46
16 M ERS + M RSG 1 - -0 .1 1  ±  0.14 0 .3 8 / -1 5 9 0 .0 6 / -7 7 0.34
17 KUKP 2 - -4 .7 5  ±  0.15 0 .2 5 / -1 2 4 0 .0 6 / -4 0 0.35
18 TGRH  + SDLI 2 - -0 .2 0  ±  0.13 0 .3 0 / -1 4 9 0 .1 1 / -4 3 0.32
19 TGPG 1 - -0 .5 5  ±  0.14 0 .2 9 / -1 3 9 0 .0 7 / -5 5 0.37
20 UTM J + JHJY 4 1.75 ±  0.36 -1 .1 8  ±  0.12 0 .3 4 / -1 3 8 0 .1 1 / -8 8 0.41
21 N TUS 2 0.72 ±  0.31 0.05 ±  0.15 0 .4 1 / -1 4 7 0 .0 9 / -6 2 0.38

Table 7. VLM trend estimates at 17 locations in East Malay;sia and Northern Kalimantan (1994-2021).
The red font indicates that the station is located nearby a Malaysian tide gauge and combined
MASS/MyRTKNet stations are given as MASS + MRTK. The linear trend estimates are given at a
95% confidence level (1.96 sigma). The number of estimated (vertical) position jumps for each station is
given, and also the amplitude and phase of the annual and semi-annual signals. The residual sigma is
the SD of the difference between the data and the model fit.

VLM Estimate (95% CL)
Location Station Position Absolute (IGS14) Annual Semi-Annual Residual SD

Jumps (mm/year)
1994-2021

(cm/days) (cm/days) (cm)

1 KUCH + UMAS 2 -0.66 ±  0.16 0.20/-147 0.06/-77 0.36
2 SIBU + SIB1 3 -0.97 ±  0.16 0.12/-111 0.04/79 0.33
3 BINT + BIN1 2 -1.13 ±  0.21 0.23/-86 0.08/78 0.47
4 MIRI 2 -0.63 ±  0.17 0.26/-99 0.04/78 0.38
5 LABU + LAB1 3 -1.48 ±  0.16 0.23/-97 0.03/59 0.36
6 KINA + UMSS 2 -1.86 ±  0.22 0.13/-90 0.05/-48 0.52
7 MKNB 1 -0.97 ±  0.48 0.24/-82 0.13/-83 0.41
8 KUDA 1 -0.19 ±  0.24 0.22/-81 0.02/9 0.34
9 MRDU 2 -5.88 ±  0.38 0.10/-130 0.02/-44 0.49
10 SAND 3 -1.05 ±  0.18 0.23/-81 0.08/75 0.42
11 DATU 1 0.51 ±  0.22 0.20/-79 0.03/-53 0.29
12 SEMP 2 -0.32 ±  0.21 0.18/-69 0.04/-33 0.28
13 TAWA + MTAW 4 -0.56 ±  0.18 0.20/-55 0.03/16 0.48
14 CNAT 0 0.31 ±  0.71 0.25/-154 0.07/-91 0.35
15 CBAS 0 -0.27 ±  0.72 0.28/-117 0.13/-80 0.51
16 CPUT 0 -0.73 ±  0.58 0.12/-30 0.09/87 0.41
17 CNAU 1 -2.04 ±  0.49 0.07/4 0.06/77 0.35
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Peninsular M alaysia

In Table 6, tw o different types of vertical position  tim e series can be distinguished. 
T hose in clu d in g  M A SS G PS data (A R A U , G ET2, USM P, K U A L, B EH R , U P M S, PEK N , 
SEG 1, JH JY, and N TU S) hence in clu d e v ertica l p ositions p rior to  the 2004  M w  9.2 
Su m atra-A n d am an  earthquake. The new er M yR TK N et stations cam e online in 2005. 
We split the trends before and after the 26 D ecem ber 2004 earthquake for the locations 
w here G PS stations w ere already operational in 1999. H ence, w e can distinguish V LM  in 
the inter-seismic (up to 25 D ecem ber 2004) and post-seism ic periods. This is of im portance 
w hen validating  the R SL from  the TG  results w ith  V LM  from  G N SS as, at the m ajority 
of the stations, tectonic u plift precedes tectonic subsidence. Since w e approxim ate the 
post-seism ic m otion w ith  a linear trend, w e opted to m odel the exponentially  decaying 
signal after the Su m atra-A nd am an Earthquake [25] by 3 linear segm ents and only con
sider the part after 2011 to establish best the present-day V LM  situation. The slope of the 
post-seism ic m otion has then already decreased significantly. All segm ents are connected 
w ithout any vertical jum ps.

The V LM  results for Peninsular M alaysia indicate post-seism ic tectonic subsidence 
that decreases as tim e progresses, sim ilar to w hat w as observed on Phuket Island [5], 
be it a t low er rates. H ow ever, at a few  locations, the vertical m otion is a b it different: 
U SM P (Penang) indicates land subsidence prior to 2005, sim ilar to PEKN  (m ainly com ing 
from  the com bination w ith  the K U A N  M A SS station (Kuantan). Very significant are the 
high subsidence rates that are observed at M ERU  ( -3 .2 9  ±  0.13 m m /year) in M eru and 
KU K P ( - 4 .7 5  ±  0.15 m m /year) at K ukup. Both appear to result from  hum an-induced 
land subsidence due to groundw ater extraction. Finally, a few  stations indicate som e 
slight uplift occurring after 2015 (e.g., UUM K, PUKP, JU M L, and JHJY). For som e stations 
(BEH R/TGPG), parts of the position time series w ere excluded from the trend estim ations, 
as they suffered from GPS data and/or GNSS antenna (setup)-related issues in these periods 
(further details are given in Table S2 of the Supplem entary M aterials). Table 6 shows that at 
all 10 locations w ith  split trends in  Peninsular M alaysia, there w as post-seism ic tectonic 
subsidence after 2005, and w ith  the exception of U SM P and PEK N , the peninsula w as 
subjected to tectonically  induced u plift until the occurrence of the M w  9.2 event in 2004 
(again, sim ilar to w hat w as observed for Phuket). The R SL results from  the TG  data in 
Peninsular M alaysia in Section 3.1 w ere likew ise estim ated w ith  split trends so that the 
RSL from  the independent SA LT-G N SS com bination can be com pared over sim ilar data 
intervals (Section 4 ).

East M alaysia

The VLM  results for East M alaysia and N orthern Kalim antan, Indonesia in Table 7  look 
more stable and constant over the analyzed period. M ost of the VLM  rates are between - 0 .5  
and - 1 .5  m m /year and no changes in patterns during the analyzed period are observed. 
A gain, for som e stations (SIB1/M IR I/LA B1/U M SS/K U D A ), parts of the position tim e 
series w ere excluded from  the trend estim ations, as they suffered from  G PS data and/or 
GN SS antenna (setup)-related issues in these periods (further details are given in Table S2 
of the Supplem entary  M aterials). For station U M SS, issues w ith  the tilting of the G N SS 
m onum ent also occurred (at least) betw een 2006 and 2008. In East M alaysia, there is also 
one location that experienced substantial land subsidence (MRDU - 5 .9 0  ±  0.38 m m/year) 
in  Kota M arudu, Sabah. M oreover, one other station show s u plift (DATU 0.51 ±  0.23 
m m /year) that m ay have resulted from  active tectonics related to the accom m odation 
of the (rem aining) convergence betw een the Philippine Sea and Sundaland plates that 
is transferred through the Sulu  ridge. The TU  D elft station M K N B on M ount K inabalu  
suggests that the m ountain  height is decreasing by  - 0 .9 5  ±  0.50 m m /year, w hile, after 
the start o f the m easurem ents back in 2013, the V LM  results in itially  indicated a slight 
annual increase in height before the M w  6.0 earthquake occurred in Septem ber 2015. The 
tim e series of the four BIG stations (2014-2021) are still relatively short to already provide 
accurate V LM  estim ates, bu t station CN AT on the R iau/N atuna Islands should have a
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near-zero V LM  estim ate (0.29 ±  0.74 m m /year) since it is located near the core of the 
Sundaland plate w ith no known active tectonic processes.

Finally, the VLM results for Peninsular and East Malaysia are plotted in Figures 11 and 12. 
Figure 11 for the Peninsula shows both the inter- (1999-2004) and post-seism ic (2005-2021) 
V LM  estim ates for stations that w ere operational already in 1999. A t the m ajority of these 
stations, a clear change in V LM  trend estim ates can be observed (change from uplift (green 
arrows) to subsidence (red arrows).

It is, however, difficult to distinguish betw een VLM  as a result of tectonic (inter- and 
post-seism ic) processes and more local processes (e.g., groundw ater variation) because no 
detailed inform ation is available on the GN SS m onum entation. If m onum ents are located 
on bedrock, they w ill only register V LM  due to geophysical processes that vary only on a 
regional scale. If instead they are located on a sedim ent layer, then the pillar depth w ill 
determ ine how  m uch V LM  due to hum an-induced land subsidence is registered, as the 
G N SS observations only  sense w hat occurs below  their foundation. So, for exam ple, the 
subsidence rate in M eru on the surface could be even higher if the M ERU  m onum ent has 
a 10 m  foundation depth. K now ledge of the foundation depth and geological com posi
tion of the ground layer is required to study the observed V LM  m otions in m ore detail. 
N onetheless, it seem s that the m ajority  of Peninsular M alaysia has undergone tectonic 
land subsidence since the end of 2004 and experienced tectonic uplift previously. A t som e 
stations, this tectonic uplift/downfall signal m ight be masked due to local (land subsidence) 
processes. M oreover, TG  benchm arks m ight have different foundation depths and hence 
the VLM  registered by GNSS stations m ight not be affecting the TG benchm ark in the same 
way. Therefore, it is recom m ended to co-locate GN SS w ith TG stations.

98 " 100" 102" 104" 106 '

98 " 100° 102" 104° 106'

Figure 11. Vertical land motion estimates (1994-2021) in Peninsular Malaysia/Singapore. The estimates 
based on (split) trends (<(2005 (green arrows) and >2005 (red arrows)) are shown for sites that were 
operational before 2005. The vertical land motion error estimates are given at a 95% confidence level. 
The y-axis is the latitude (N) and the x-axip is the longitude (E), both given in degrees.
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Figure 12. Vertical land motion estimates (19)94-2021) in East Malaysia/Kalimantan given as a single 
VLM trend (1994—2021). The vertical lant motion error estimates are given at a 95% confidence level. 
■The y-axls is the latitude (N) and the x-axis is t ie  longiiude (E), both given in degrees.

4. R esu lts on R elative Sea-Levei R ise

H um an-induced or tectonically  induced land subsidence, w hen com bined 'with ab
solute sea-level rise, contributes to higher observed rates of relative sea-level rise along 
the coast. In a p revioas study [25], a good m atch betw een the R SL results from  g G and 
the A S L -V L M  com bination from , respectively, SALT and G PS w as observed for Phuket 
-sland in Thailand. T h it siudy observed that the V LM  ( G i t )  c l-arly  show s linear tectonic 
u piift before the 2004 M w  9.2 Sum atra—A ndam an earth q u tk e aad  non-linear (decaying) 
tectonic subsidence afterw ard that appears to flatten out after 2018. M oreover, TG clearly 
show s linear RSL until the end of 2004, follow ed by a period of non-linear R SL increase 
that m irrors the VLM . ASL from SALT shows a linear trend for the entire period since it is 
not affected by VLM.

In this section, w e investigate how  valid sim ilar com parisons are for both Peninsular 
and East M alaysia and w hether the TG  results can be validated  w ith  the A S L -V L M  
combination. For Peninsular M alaysia, we compared the inter-seismic (1984—2004) and post- 
seism ic (2005—2020) periods separately. Therefore, the TG trend estim ations in Peninsular 
M alaysia have been  split into tw o parts as discussed in Section 3.1, and the sam e applies 
to the V LM  estim ates for the com bined M A SS/M yR TK N et station locations (1999—2021) 
given in Section 3 .3 .

A t five G N SS locations nearby TGs (GET, PEN , C H D , NKP, and JBH ), sp lit V LM  
trends are available, so the R SL can be com pared over tw o tim e periods (before and 
after 2005). A n exam ple is g iven below  in Figure 13 , w hich  show s com parisons for RSL 
estim ates from  the TG  at K uala Terengganu (CH D) w ith  the difference in the A SL from  
SALT (near the TG  station) and the V LM  of station K U A L (located 8 km  aw ay). For TG 
station CHD, the RSL linear trend estim ates (top panel Figure 13) are 2.90 ±  0.33 mm/year 
(<2005) and 4.46 ±  0.46 m m /year (>2005). The A SL estim ate (a single value for the entire 
period since A SL is not affected by  vertical ground m otion) is 3.52 ±  0.24 m m /year 
(m iddle panel, Figure 13).a The V LM  linear trend estim ates (bottom  panel Figure 13) are
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1.18 ±  0.32 m m /year (<2005) and - 0 .5 0  ±  0.12 m m /year (>2005). The independently  
estim ated R SL trend estim ates (A SL-VLM ) are, therefore, 2 .34 ±  0.40 m m /year (<2005) 
and 4.02 ±  0.27 m m /year (>2005). Both  RSL values agree w ith  the estim ates from  the 
TG  data w ithin  0.6 m m /year (<2005) and 0.4 m m /year (>2005). The good fit in the post- 
seism ic period (>2005) w as achieved by  u sing only the last segm ent (after 2011) of the 
four-segm ent piecewise linear regression since in the first 6 years the (non-linear) decay of 
the tectonic subsidence signal w as still significant. Both differences are w ell w ithin  their 
error boundaries (95%  confidence level) and the R SL values in each period indicate that 
the use of one single trend estim ate w ould  not be suited to the analyzed tim e period for 
Peninsular M alaysia. The RSL comparisons for all TG locations in Peninsular M alaysia and 
East M alaysia are given, respectively, in Tables 8 and 9 .

For Peninsular M alaysia (Table 8 ), the best RSL com parison results in the inter-seismic 
period (<2005, values highlighted in blue) w ere achieved for TG stations CH D , GET, and 
JBH. The RSL estimate differences at PEN and N KP are still reasonable but m ight be affected 
by a different VLM  at the TG and the nearest GNSS station. Both GNSS stations (USMP and 
PEK N  (KUA N )) show  subsidence during the inter-seism ic period (<2005), w hile tectonic 
uplift w as still occurring in Peninsular M alaysia. In  the post-seism ic period (>2005), the 
RSL (TG) and RSL (SA L T -G N SS) are very similar. For TG location SED, the VLM  estimate 
m ight not be representative of the TG location since it was estimated using the combination 
of GN SS stations TG RH  and SD LI (the latter being operational since 2015 close to the TG 
location bu t 25 km  aw ay from  TGRH ). In K ukup and M eru, the TG s (K U K  and, m ore so, 
PTK) seem to be subsiding less than the VLM  estimated from the position time series of the 
nearby G N SS stations (KU K P and M ERU ). A  different m onum entation depth or locally 
varying subsidence rates could explain this. Overall, for Peninsular M alaysia, we observed 
for 10 out of 12 TG stations a good m atch betw een the in situ RSL from TG and the synthetic 
RSL from nearby VLM  and ASL (S A L T -G N SS), especially if w e consider the period after 
2005. O nly the TG locations PTK  and SED  are the outliers.

For East M alaysia (Table 9), the RSLs from  both independent m ethods are com pared 
w ith linear trend estim ates for the entire period (1987-2021), since no post-seism ic vertical 
subsidence follow ing the 2004 M w  9.2 earthquake near Sum atra occurred here. The tw o 
independent R SL estim ates here typically  only fit w ithin  2 m m /year, w ith  higher dif
ferences up to 3 m m /year for LBU /LA B1 and SD K /SA N D . The observed differences 
are also beyond the error estim ates (Table 9 ) obtained from  both m ethods. A  clear 
anom aly is K C H /U M A S in  K uching w here the TG  appears to register a sea-level fall 
of - 4 .9 8  ±  0.34 m m /year, while the SA L T -V L M  suggests an RSL of 4.84 ±  0.25 mm/year. 
The latter value seems more reliable, as the ASL trend m eans that the TG should otherwise 
have a positive V LM  of ~9 m m /year in a region (W est Saraw ak) w ith  no know n active 
tectonic processes [24]. Generally, the synthetic TG  (S A L T -G N S S ) values appear m ore 
consistent for East M alaysia.

It is possible to find a m uch better m atch for East M alaysia if the TG  data after 2014 
are excluded. The consistent deviation (RSL (TG) in Table 9 ) from  w hat is expected hints 
at a problem  in  the TG  data after 2014 for the w hole of East M alaysia. As w e found 
(undocum ented) jum p s in  the TG  data of the M IR I station, w e introduced tw o jum p s to 
better m atch the R SLs, so this one is a good fit, bu t that w as intended. The TG  station at 
K uching behaves such that w e do not trust its data. W hether this is ju st an error or is to 
be attributed to a local phenom enon is under investigation. In general, how ever, the ASL 
estim ates are all h igher than the RSL from  the TG s and w e do not observe any u plift in 
the V LM s along the coastline o f East M alaysia. W e therefore m ade tw o additional RSL 
comparisons for East M alaysia (Tables S3 and S4 in the Supplem entary M aterials), whereby, 
in the first com parison, w e discarded all TG  data after 2014 for East M alaysia. This leads, 
excluding K C H  and MYY, to a better m atch (differences < 1.5 m m /year) betw een TG 
RSL and the synthetic S A L T -G N S S  RSL. In the second com parison, an even better result 
(differences < 0.5 m m /year) can be obtained by  adding 6.5 cm  to the data after 1 January 
2014 for each of these TG stations, which is quite rem arkable. Assum ing an average rise of
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5 m m /year, a sim ilar result w ould be obtained by  adding 5 cm  after 2012.5 or 7 cm  after 
2015. A gain, this needs further inquiries by  the TG  authorities.

Figure 13. Relative sea level (from tide gauge), absolute sea level (from satellite altimetry), and 
vertical land motion (from GPS) trend estimates for tide-gauge station CHD and nearby GNSS station 
KUAL. The linear trend estimates from the tide gauges and GPS data have been split into two parts 
(<20f5 and >2005).

Since there is no inform ation available on the foundation depth and bottom  geology 
on w hich  both the TG  and G N SS station benchm arks w ere consOructed, it is difficult to 
state w hich of the tw o R SL estim ation m ethods gives the m ost reliable estim ate at each 
location. Therefore, it is also d ifficult to decide w hich  of the independently  determ ined 
RSL values should be plotted as the final RSL. result. We suggest plotting both RSL values 
and discarding obvious outliers (such as RSL (TG) from  KCH ). For Peninsular M alaysia, 
the R SL values after 2005 m ight be the best choice as they represent the m ost recent RSL 
situation in the post-seism ic V LM  afterm ath t f  the 2004 M w  9.2 earthquake. Figure 14 
show s a geographical representation of these choicea. The bottom  prot neems to be m ore 
consistent w ith  current know ledge about relative sea-level rise and is also consistent 
w ith  earlier predictions [37]. The V LM  and R SL values (TG and SALT — G N SS) for 
Peninsular M alaysia (Table 8 ) cannot be directly compared w ith the moet recent estimates of
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D in et al. [17], since our trend estim ates w ere split (<2005 and >2005). H ence, our latest 
RSL estimates generally are lower and higher, respectively, before and after 2005 due to the 
inter-seism ic uplift and post-seism ic subsidence in these tim e periods. For East M alaysia, 
our RSL (TG 1985-2019) estimates (Table 9 ) are typically lower by 2 -3  mm/year than those 
of Din et al. [17], with a TG data span from 1993 to 2011. However, very sim ilar values can 
be observed in Tables S3 and S4, w here we discarded or introduced and offset the TG  data 
after 2014, w hich again points to a possible issue w ith the TG records after this date.

Table 8. RSL comparison (TG versus SALT-VLM ) for 12 locations in Peninsular Malaysia. Shown 
are the final ASL, VLM (from the nearest GNSS station), RSL (from TG), and RSL (from SALT-GNSS). 
For all TG locations, the RSL (TG) trend estimates were split (<2005 and >2005). For the VLM, this 
was only possible for TG locations GET, PEN, CHD, NKP, and PEN since no VLM data were available 
here before 2005. In blue and purple, the values to be compared are highlighted, which are either two 
periods (<2005 and >2005) or one period (>2005) for locations where the MyRTKNet stations only 
became operational after 2005. The distance from the TG to the nearest GNSS station is also given. 
All error estimates are given at a 95% confidence level (1.96 sigma).

TG
Station

Nearest
GNSS
Station

Distance
(km)

ASL (SALT) 
(mm/year)

V LM  (GNSS) 
(m m/year)

RSL (TG) 
(m m/year)

RSL (SALT - GNSS) 
(mm/year)

1992-2020 <2005 >2005 <2005 >2005 <2005 >2005

LAN LKGW 15 4.08 ±  0.28 _ -0 .4 6  ±  0.13 2.23 ±  0.55 4.61 ±  0.69 - 4.54 ±  0.31
GET GET2 0 3.68 ±  0.24 0.40 ±  0.33 -2 .7 3  ±  0.13 2.70 ±  0.47 5.56 ±  0.67 3.28 ±  0.41 6.41 ±  0.27
PEN USM P 8 4.03 ±  0.29 -1 .3 7  ±  0.41 -0 .7 9  ±  0.16 2.50 ±  0.51 4.80 ±  0.71 5.40 ±  0.50 4.82 ±  0.33
CHD KUAL 8 3.52 ±  0.24 1.18 ±  0.32 -0 .5 0  ±  0.12 2.90 ±  0.33 4.46 ±  0.46 2.34 ±  0.40 4.02 ±  0.27
LUM PUPK 7 4.30 ±  0.31 - 0.79 ±  0.14 2.27 ±  0.50 3.60 ±  0.66 - 3.51 ±  0.34
NKP PEKN 54 3.66 ±  0.26 -1 .0 6  ±  0.32 -1 .1 4  ±  0.13 2.56 ±  0.29 5.05 ±  0.42 4.72 ±  0.41 4.80 ±  0.29
PTK M ERU 11 4.73 ±  0.35 - -3 .2 9  ±  0.13 1.57 ±  0.50 3.66 ±  0.72 - 8.02 ±  0.37
TIO M RSG 52 3.67 ±  0.27 - -0 .1 1  ±  0.14 2.18 ±  0.32 4.26 ±  0.40 - 3.78 ±  0.30
TGK JUM L 11 4.08 ±  0.27 - -0 .2 8  ±  0.13 1.69 ±  0.47 3.31 ±  0.64 - 4.36 ±  0.30
SED SDLI 1 4.88 ±  0.29 - -0 .2 0  ±  0.13 2.23 ±  0.37 2.55 ±  0.45 - 5.08 ±  0.32
JBH JH JY 8 5.12 ±  0.31 1.75 ±  0.36 -1 .1 8  ±  0.12 2.13 ±  0.27 7.84 ±  0.61 3.37 ±  0.48 6.30 ±  0.33
KUK KUKP 1 4.73 ±  0.34 - -4 .7 5  ±  0.15 1.87 ±  0.38 7.97 ±  0.48 - 9.48 ±  0.37

Table 9. RSL comparison (TG versus SALT-VLM ) for 9 locations in East Malaysia. Shown are 
the final ASL, VLM (from the nearest GNSS station), RSL (from TG), and RSL (from SALT-GNSS). 
In blue and purple, the RSL values to be compared are highlighted. The distance from the TG 
to the nearest GNSS station is also given. All error estimates are given at a 95% confidence level 
(1.96 sigma).

TG Nearest ASL (SALT) VLM (GNSS) RSL (TG) RSL (SA LT-G N SS)
GNSS (km) (mm/year) (mm/year) (mm/year) (mm/year)
Station 1992-2020 1994-2021 1985-2019 1992-2021

KCH UMAS 12 4.18 ±  0.19 -0 .66  ±  0.16 -4 .98  ±  0.34 4.84 ±  0.25 *
BTU BIN1 4 3.43 ±  0.23 -1 .13  ±  0.21 2.52 ±  0.28 4.56 ±  0.31 **
MYY MIRI 4 3.66 ±  0.18 -0 .63  ±  0.17 4.84 ±  0.31 4.29 ±  0.25 ***
LBU LAB1 1 3.64 ±  0.27 -1 .48  ±  0.16 2.08 ±  0.40 5.12 ±  0.31 **
KKB UMSS 8 3.88 ±  0.24 -1 .86  ±  0.22 3.82 ±  0.29 5.74 ±  0.33 **
KUD KUDA 4 3.92 ±  0.22 -0 .19  ±  0.24 2.46 ±  0.40 4.11 ±  0.33 **
SDK SAND 7 4.34 ±  0.20 -1 .05  ±  0.18 2.75 ±  0.36 5.39 ±  0.27 **
LDU DATU 6 4.76 ±  0.20 0.51 ±  0.22 1.83 ±  0.47 4.25 ±  0.30 **
TWU MTAW 3 4.49 ±  0.23 -0 .56  ±  0.18 3.07 ±  0.34 5.05 ±  0.29 **

* The KCH TG station (Kuching) shows a very unrealistic behavior (RSL going down); here we opt to choose the 
synthetic RSL, which is more consistent with the surroundings. ** For all these stations, when we discard the TG 
data after 2014, the match between RSL from TG and synthetic RSL from SALT-GNSS improves considerably: on 
average, this adds an extra 2 to 3 mm/year to the TG RSL trend. *** For the MYY TG station (Miri), we introduced 
vertical jumps in the TG data to better fit the synthetic RSL from SALT-GNSS. These jumps are also obvious 
when inspecting the remaining signal after the initial fit (sigma): we applied a +82 cm jump before 1991 and a -10 
cm jump after 2004.
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Figure 14. Relative sea-level rise; estimates for Peninsular and East Malaysia . Tine top panel shows 
the relative sea-leveS rise from 12 and 9 tide-gauge trend estimates on, respectively, Peninsular 
(2005—2019) and East Malaysia (1985-2019). The bottom panel shows also the relative; sea-level 
rise, now synthesized from SALT absolute sea-level rise m-nus GPS vertical lane- motion, for the 
lame 21 tide-gauge locations in Peninsular (2005—2021) and East Malaysia (1992—2021). The black 
area in the top panel is due to the erroneous tide-gauge recordi at station KCH (Kuching), which 
suggest signif(cant sea-level fall. The 2 red areas in the bottom panel are due to human-induced 
land subsidence of the GNSS stations in Meru and Kukup. The top panel indicates that this is not 
registered by the PTK tide gauge near Meru.

5. Conclusaons

R elative sea level (RSL) trends have been  estim ated  from  TG  delta at 21 locations in 
Peninsular and East Malaysia. A robust RSL analysis and validation of results were carried 
out, w hereby TG , SALT, and G N SS tim e series (starting from  raw  daia) w ere com bined 
using the ssm e param eterization and trend estim ation m ethod rather than io m bining 
results from  different (external) lou rces. A  new  approach w as the splitting of the RSL 
linear trend estim ates in Peninsular M alaysia into two parts to account for the inter- and 
post-seism ic land behavior due to the 2004 M w  9.2 Sum atra—A ndam an oarthquake. At all 
TG  locations, the A SL linear trend estim ates w ere also estim ated from  sateltite altim etry 
(SALT) date-.

M A SS/M yRTK N et G PS data (19)99—2021) from  47  stations (13 decom m issioned and 
34 active) w ere analyzed to esrimaOe V LM  (in IG S14) at 35 locations in  both  Peninsular 
and E as. M alaysia. This study optim ally com bined stations to obtain the longest possible 
position tim e series (m ax span: 1994—2021), w hereby extensive attention w as given to the 
rem oval of vertical position jum ps due to antenna (set-up) changes. Along w ith m odeling 
seasonal signals, this resulted in V LM  uncertainties typically  below  0.3 m m /year (95% 
confidence level).

VLM  indicates (tectonic) that subsidence in Peninsular M alaysia w as initiated by  the 
2004 M w  9.2 Sum atra—A ndam an earthquake, w hich  has resulted (w ith a decaying rate)



Remote Sens. 2023,15,1113 25 of 28

in  a land fall o f 3 -5  cm  in the past 17 years. In East M alaysia, subsidence rates are low er 
( - 0 .5  to - 1 .0  m m /year), w ith a total land fall of 2 -3  cm in the sam e period. Three regions 
have significantly higher (human-induced) subsidence rates ( - 3  to —6 mm /year)— Kukup 
and M eru in Peninsular M alaysia and Kota M arudu in Sabah— indicating that these GNSS 
stations are not anchored to bedrock. Lahud Datu (in Sabah near the Sulu Arc) shows signs 
of tectonic uplift. A  sm all num ber of V LM  estim ates m ight be less reliable due to either 
local vertical m otion phenom ena or m onum ent instability (UM SS/SEG1).

As a first for Peninsular and East M alaysia, w e adopted V LM  estim ates from  G N SS 
and com bined them  w ith  A SL  trends from  altim etry to validate the relative sea-level 
changes recorded at all available tide gauges. For Peninsular M alaysia, w e find m ostly 
good m atches (R SL  values w ith in  1 m m /year) both  in the inter- and post-seism ic peri
ods. For East M alaysia, the validation  show s higher differences (2 -3  m m /year) than for 
the study case in Phuket, Sou th  Thailand (slightly  north of Peninsular M alaysia). This 
poorer m atch for East M alaysia is significantly im proved by either not including data after 
1 January  2014 or applying a generic ju m p  to all East M alay TG s of +6.5 cm  to the data 
after 1 January 2014. The com bination of V LM  and ASL estim ates could also provide RSL 
estim ates at additional coastal areas w here no TG  data are available.

In Peninsular M alaysia, the VLM  changed (as in South Thailand) into a non-linear post- 
seism ic pattern after 2005, m aking a single linear fit to both  the entire TG  and V LM  tim e 
series n o t suitable. Splitting the linear fit here, also (like for Phuket Island), into an inter- 
and post-seism ic part significantly im proves the RSL validation for Peninsular M alaysia. 
TG  results indicate a present R SL  rise around Peninsular M alaysia of 3 -5  m m /year 
(2005-2019) and in East M alaysia (no KC H ) of 2 -4  m m /year (1987-2019). SALT show s 
ASL rise (1992-2020) near Peninsular M alaysia at 3 .5 -5  m m /year and near East M alaysia 
at 3 .5 -4 .5  m m /year. V LM  show s tectonic subsidence in Peninsular M alaysia (excluding 
MERU/KUKP) up to - 2  mm/year (2011-2021) and East Malaysia (no MRDU/UMSS/DATU) 
up to - 1  m m /year (1998-2021). All these estim ates com e w ith uncertainties, whereby, in 
general, V LM  is considered to be the m ost reliable, as after the m odel fits, the sigm a of the 
residual VLM  data is one order of magnitude lower than that of the RSL and ASL data. VLM 
from GNSS and VLM at TGs are compatible if they have the same foundation (depths) (ideal: 
both located on bedrock). VLM  and TG linear estimates are com patible over a given period 
if no pattern (e.g., land uplift to land fall/linear to non-linear) changes occurred during this 
period. SALT is not affected by the VLM.

It is not known how representative the VLM  (from GPS) is for the nearby TG locations, 
as little inform ation is know n about the foundation type/depth and geology at both  
locations. D istances are often also m ore than 5 -1 0  km . The co-location of G N SS at TGs is 
therefore highly recom m ended.
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//www.mdpi.com/article/10.3390/rs15041113/s1. Figures S1 and S2: RSL Results from TG for 
Peninsular and East Malaysia; Figures S3 and S4: ASL Results from SALT for Peninsular and East 
Malaysia; Figures S5 and S6: VLM Results from GNSS for Peninsular and East Malaysia; Figure S7: 
Example of GPS position jump estimation; Tables S1 and S2: Estimated (vertical) GPS position jumps 
and excluded GPS data; Tables S3 and S4: Additional RSL comparisons for East Malaysia.
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InaCORS Indonesian Continuously Operating Reference Station
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JPL Jet Propulsion Laboratory
LRM Low-Resolution Mode
MASS Malaysian Active GPS System
MSL Mean Sea Level
Mw Moment Magnitude
MyRTKNet Malaysia Real-Time Kinematic GNSS Network
NNR No Net Rotation
NOAA National Oceanic and Atmospheric Administration
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PPP Precise Point Positioning
PS InSAR Persistent Scatterer Interferometric Synthetic Aperture Radar
PSMSL Permanent Service for Mean Sea Level
RADS Radar Altimeter Database System
RSL Relative Sea Level
SALT Satellite Altimetry
SLA Sea Level Anomaly
TG Tide Gauge
TUDelft Delft University of Technology
VLM Vertical Land Motion
WGS84 World Geodetic System 1984
WRMS Weighted Root Mean Square
yr year (mm/yr = mm/year)
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