
Global and Planetary Change 122 (2014) 70–81

Contents lists available at ScienceDirect

Global and Planetary Change

j ourna l homepage: www.e lsev ie r .com/ locate /g lop lacha
Spatial variations of sea level along the coast of Thailand: Impacts
of extreme land subsidence, earthquakes and the seasonal monsoon
Suriyan Saramul a, Tal Ezer b,⁎
a Department of Marine Science, Faculty of Science, Chulalongkorn University, Phyathai Road, Pathumwan, Bangkok 10330, Thailand
b Center for Coastal Physical Oceanography, Old Dominion University, 4111 Monarch Way, Norfolk, VA 23508, USA
⁎ Corresponding author.
E-mail address: tezer@odu.edu (T. Ezer).

http://dx.doi.org/10.1016/j.gloplacha.2014.08.012
0921-8181/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 April 2014
Received in revised form 9 August 2014
Accepted 11 August 2014
Available online 19 August 2014

Keywords:
sea level rise
seasonal sea level cycle
Gulf of Thailand
Andaman Sea
Sumatra Earthquake
The study addresses two important issues associatedwith sea level along the coasts of Thailand: first, the fast sea
level rise and its spatial variation, and second, the monsoonal-driven seasonal variations in sea level. Tide gauge
data that aremore extensive than inpast studieswere obtained from several different local and global sources, and
relative sea level rise (RSLR) rates were obtained from two different methods, linear regressions and non-linear
Empirical Mode Decomposition/Hilbert–Huang Transform (EMD/HHT) analysis. The results show extremely
large spatial variations in RSLR, with rates varying from ~1 mm y−1 to ~20 mm y−1; the maximum RSLR is
found in the upper Gulf of Thailand (GOT) near Bangkok, where local land subsidence due to groundwater
extraction dominates the trend. Furthermore, there are indications that RSLR rates increased significantly in all
locations after the 2004 Sumatra–Andaman Earthquake and the IndianOcean tsunami that followed, so that recent
RSLR rates seem to have less spatial differences than in the past, but with high rates of ~20–30 mm y−1 almost
everywhere. The seasonal sea level cycle was found to be very different between stations in the GOT, which
have minimum sea level in June–July, and stations in the Andaman Sea, which have minimum sea level in
February. The seasonal sea-level variations in the GOT are driven mostly by large-scale wind-driven set-up/
set-down processes associated with the seasonal monsoon and have amplitudes about ten times larger than
either typical steric changes at those latitudes or astronomical annual tides.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The coasts of Thailand include three different regimes. In the north
are the coasts surrounding the shallow estuarine-like system (centered
at ~13°N; Fig. 1) known as the Upper Gulf of Thailand, with circulation
driven by tides, river runoffs and the seasonal monsoonal winds
(Saramul and Ezer, 2014). The two coasts in the south include the east-
ern coast located on the western side of the Gulf of Thailand (GOT)
which is connected through the South China Sea to the Pacific Ocean,
while the western coast is along the Andaman Sea, which is connected
to the Indian Ocean (Fig. 1). Therefore, different coastal ocean dynamics
may be expected at each of these regions. In the GOT, the topography is
relatively shallow (average depth of approximately 45 m in the entire
GOT, and ~15 m in the upper GOT); and tides are the result of two
tidal waves that move in opposite directions, one coming from the
South China Sea along the east coast and another one from a reflected
tide in the GOT itself (Wyrtki, 1961; Fuh, 1977). On the other hand,
the Andaman Sea was formed and influenced by a chain of volcanic
activities, so the bottom topography changes rapidly from deep regions,
~2500 m, in the center of the Sea to ~200 m near islands and coasts;
internal waves are thus often observed in this region (Rizal et al.,
2012; Yi-Neng et al., 2012).

Tides in the GOT are found to be both mixed and diurnal depending
on geographic location with typical tidal ranges of 1–3 m (Saramul,
2013). Unlike the GOT, tides in the Andaman Sea are mainly semi-
diurnal with range of ~3 m along the coast of Thailand (Brown, 2007).
The combined impact of tides, storm surge from typhoons, monsoonal
floods and sea level rise can severely impact lives and properties of
coastal communities (Douglas, 2001). The global rate of mean sea
level rise (GSLR) based on more than 100 years of tide gauge data is
around 1.7 ± 0.3 mm y−1, compared to sea level rise of about 3.2 ±
0.5 mm y−1 obtained from ~20 years of satellite altimeter data
(Church and White, 2006, 2011). The differences between the tide
gauge and satellite data has been attributed to global sea level accelera-
tion (Church andWhite, 2011), spatial location of tide gauges and satel-
lite observations (Dean and Houston, 2013) and multi-decadal
variations not captured by the shorter altimeter data (Ezer, 2013). How-
ever, for coastal communities under flooding threat, GSLRmay not be as
important as local RSLR. For example, large spatial variations in RSLR in
places such as the U.S. East Coast are due to land subsidence and chang-
es in the Gulf Stream and other ocean currents (Ezer and Corlett, 2012;
Sallenger et al., 2012; Ezer, 2013; Ezer et al., 2013; Kopp, 2013). The
results presented here will show that spatial variations in RSLR along
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Fig. 1.Map of the study area and locations of 18 tide gauge stations in the GOT and Andaman Sea used in the study.
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the coast of Thailand are much larger than even those recently reported
for the U.S. coasts.

There are only sparse studies of sea level rise in Thailand and they are
often contradicting each other due to sparsely observed coastal sea level
and gappy data. For example, Yanagi and Akaki (1994) studied sea level
variability in Eastern Asia during 1951–1991 using data obtained from
the Permanent Service for Mean Sea Level (PSMSL) and found a rate of
sea level rise as high as 16.4 ± 0.85 mm y−1 at Phrachulachomkloa, in
the upper GOT, but rates close to the GSLR, 2.3 ± 1.1mm y−1, at Taphoa
Noi, in the Andaman Sea (see Fig. 1 for locations). However, in some
locations large discrepancies in RSLR were reported by different
studies. In Si Chang, reported sea level rise was 0.6 ± 0.39 mm y−1

for 1951–1991 (Yanagi and Akaki, 1994), but −0.36 mm y−1 for
1940–1996 (Vongvisessomjai, 2006, 2010). In Ko Lak, a reported
sea level downward trend was −0.83 ± 0.22 mm y−1 for
1951–1991 (Yanagi and Akaki, 1994), −0.36 mm y−1 for
1940–1996 (Vongvisessomjai, 2006, 2010), but −6.25 mm y−1 for
1988–2006 (Siwapornnanan et al., 2011). Even though the distance
between Ko Lak and Si Chang is only 150 km apart, with presumably
similar oceanographic, meteorological, and tectonic conditions, it is not
clear why the stations have an opposite sea level trend. Recent studies
of sea level in the GOT that include GPS measurement to correct land
movements still found that the rate of sea level rise in the area, 3.0–
5.5 mm y−1, is significantly faster than the GSLR (Trisirisatayawong
et al., 2011); unlike the earlier studies mentioned before, this latest
study indicates a rising sea level rate of 3.6 ± 0.7 mm y−1 at Ko Lak
(i.e., absolute rate). Another recent study of sea level variations in the
GOT (Oliver, 2014), used tide gauge data for 1985–2010, and a numerical
ocean circulation model, to show the importance of the intraseasonal,
wind-driven variations associated with the Madden–Julian Oscillation
(MJO); the latter study includes 2 of the tide gauges used here, but
none was located in the upper GOT.

These conflicting and confusing results, and the importance of
sea level rise in this region, motivated this new analysis of sea level,
which includes a larger set of sea level data thanmost previous studies.
Because of the possible non-linear nature of the RSLR in this region, two
methods are used to estimate trends, a standard linear least-square fit
and a non-linear non-parametric method based on Empirical Mode
Decomposition (Huang et al., 1998). The lattermethod, which filters os-
cillatory modes from the trend, has been recently adapted to sea level
studies (Ezer and Corlett, 2012; Ezer, 2013; Ezer et al., 2013). While
land movement due to Glacial Isostatic Adjustment (GIA; Peltier,
2004) is very small in the study area and is almost linear, a non-linear
sea level rise in the GOT's region may be attributed to earthquakes and
increased groundwater extraction near Bangkok, Thailand (Nicholls,
2011). Geological studies show that past earthquakes had impact on
RSLR rates in the Sumatra region due to vertical tectonic motion (Dura
et al., 2011). For example, Sieh et al. (2008) show that over the past
700 years there were several earthquakes in this region; land uplift
occurred during almost every one of them, which followed by gradual
subsidence. While detailed geological survey of the impact of earth-
quakes on the region is beyond the scope of this study, the possible
impacts on sea level from the December 26, 2004, Sumatra–Andaman
Earthquake are evaluated; note that the tsunami that follows the earth-
quake also caused considerable damage and changes in the coasts of
Thailand.

An important component of sea level variability is the seasonal cycle,
which may be driven by meteorological and oceanographic processes,
such as wind, atmospheric pressure, thermal steric effects, long-term
astronomical cycles, as well as river runoffs (Gill and Niiler, 1973;
Tsimplis and Woodworth, 1994; Torres and Tsimplis, 2012). However,
very little is known on the seasonal sea level variations around
Thailand and their forcing mechanisms. For example, Tsimplis and
Woodworth (1994), analyzed only 3 tide gauge stations in the GOT,
compared with 14 tide gauge stations in both, GOT and Andaman Sea,
analyzed here. Because of the scarcity of direct observations in the
GOT, numerical ocean circulationmodels are often used to study season-
al variations in the region. For example,Wu et al. (1998) used a regional
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model of the South China Sea and the GOT, Aschariyaphotha et al.
(2008) used an ocean model with a curvilinear grid (grid size ~2–
55 km) covering most of the GOT north of 6°N, and more recently,
Saramul and Ezer (2014) used a high-resolution model (grid size
~1 km) covering only the upper GOT north of 12.5°N. All the above
model results found that the dynamics of the region is dominated and
driven by the seasonal monsoonal winds, which can reverse the circula-
tion patterns obtained at different times of the year. Note also that other
semi-enclosed shallow basins in low latitudes, even in the southern
hemisphere, such as the Gulf of Carpentaria (Forbes and Church, 1983;
Oliver and Thompson, 2010), have similar dynamicswith strong season-
ality driven by variations in the wind, atmospheric pressure and steric
effects. Oliver (2014) used 6 tide gauges in the GOT, together with an
ocean model, to show how wind-driven setup of sea level is affecting
intraseasonal variations and how these variations are modulated by
the seasonal monsoonal winds. We will thus investigate here how sim-
ilarly wind-driven sea level setup may affect seasonal variations in sea
level along the coasts of Thailand. It has been recognized that the coastal
dynamics of this region is largely affected by the seasonal cycle in mon-
soonal winds, cloudiness and precipitation (Saramul and Ezer, 2014),
but the exact mechanism and amplitude of the monsoonal impact on
sea level need further research, given the limited data available in
some past studies. Therefore, seasonal variations in sea level are ana-
lyzed, and in particular, comparisons are made between Thailand's
coasts located on the GOT's side versus those located on the Andaman
Sea's side; these two coasts are affected by a similar atmospheric forcing,
but possibly different oceanic dynamics.

The paper is organized as follows. First, sources of sea level data and
the analysis methods are described in Section 2. Second, results of sea
level analysis are discussed in Section 3, looking at spatial variations in
RSLR and then on the seasonal cycle and it's forcing. Finally, summary
and conclusions are offered in Section 4.
2. Data and methodology

There are approximately 27 tide gauge stations operated in Thai
Waters (both in the GOT and Andaman Sea). Based on availability and
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Fig. 2.The period and source of sea level data used in this study. Sea level data are obtained
from Marine Department (no mark), Hydrographic Department (#), Permanent Service
for Mean Sea Level (*), and the University of Hawaii Sea Level Center (+).
data quality, only 18 tide gauge station will be analyzed in this paper
(Figs. 1 and 2). The data are obtained from 4 sources, which are
Thailand's Marine Department (MD), Hydrographic Department (HD),
Permanent Service for Mean Sea Level (PSMSL; http://www.psmsl.
org/) (Woodworth and Player, 2003; Holgate et al., 2013), and the
University of Hawaii Sea Level Center (UHSLC; http://uhslc.soest.
hawaii.edu/ and http://ilikai.soest.hawaii.edu/). PSMSL provides only
monthly and annual mean sea level, while other sources also provide
hourly or daily data, so here only monthly averaged data are analyzed
for all stations. The periods of available data from these 4 sources are
different for each station (Fig. 2), with the longest records, ~70 years,
at Ko Lak, Ko Taphoa Noi and Phrachulachomkloa stations.

The mean RSLR rate is calculated for stations that have at least
15 years of data. This estimated rate includes the impact of vertical
land movement due to seismic activity/glacial rebound and anthropo-
genic activity. The monthly mean sea level data analyzed for all stations
eliminates tides and high-frequency variations (no other tidal filtering
is done). Two analysis methods are used: 1) least square linear fit and
2) an averaged slope estimated from the trend which is the last one or
two modes of Empirical Mode Decomposition and Hilbert–Huang
Transform (EMD/HHT) (Huang et al., 1998). The EMD/HHT method
can be used to separate oscillatory modes on various scales (e.g., tides,
seasonal, and interannual) from long-term trends, and applies to any
non-stationary or nonlinear time series. The method produces mean
sea level trend and sea level acceleration comparable to linear and
polynomial least-square fits; bootstrap simulations can also be
used to obtain error estimates (Ezer and Corlett, 2012). This method
has been applied for sea level data in the Chesapeake Bay (Ezer and
Corlett, 2012), the mid-Atlantic Bight (Ezer et al., 2013) and the
entire U.S. East coast (Ezer, 2013). When compared with the linear
trend, the EMD trend can show if the rate of sea level changes with
time, i.e., if there is acceleration or deceleration of sea level rise
(Ezer, 2013).

Estimated errors in tide gauge data follow standard sea level analysis
procedures (Jevrejeva et al., 2006). The error of mean sea level caused
by inverted barometer is neglected here since it has a minimal impact
in this region (Punpuk, 1981), and many stations do not provide such
information. Glacial Isostatic Adjustment (GIA) corrections (Peltier,
2004; ICE-5G-VM2 model, updated 2012) are taken into account.
Unfortunately, not all tide gauge stations have the value of GIA correc-
tions. Therefore, the station that has no GIA correction will use the
one from stations nearby (within 100 km). If there are no stations near-
by, interpolation from station within 1000 km will be applied. Note,
however, that vertical landmovement due to groundwater withdrawal,
earthquakes, and other processes are significantly larger than GIA in the
GOT and Andaman Sea regions, therefore local land movements other
than GIA is included in the sea level rise calculations. The mean linear
trend and 95% confidence interval are calculated from standard least-
square fitting while the mean trend of the EMD/HHT is calculated
from the mean slope of the (non-linear) trend which is the residual
after all oscillating modes are removed (Huang et al., 1998). Estimating
errors and confidence intervals over the mean rate in EMD/HHT is
more complex and can be done in various ways. Here, following Ezer
and Corlett (2012), bootstrap simulations (randomly re-sampling the
anomaly) were conducted with varies record lengths and various
number of ensemble members. Based on these experiments, and con-
sidering the EMD/HHT and other data errors, for record of Y years an
empirical relation was used for the 95% confidence interval, ±CI
(mm y−1) = max (0.575–0.0075 Y, 0.1). The CI of the EMD/HHT is
usually smaller than linear regression since the method systematically
removes all high-frequency oscillations, as well as interannual varia-
tions from the trend. While the error estimates relative to the mean in
the two methods cannot be directly compared, the main purpose of
using two different methods is to see if similar spatial pattern in RSLR
is seen and to possibly identify non-linear trends not captured by the
linear regression method.

http://www.psmsl.org/
http://www.psmsl.org/
http://uhslc.soest.hawaii.edu/
http://uhslc.soest.hawaii.edu/
http://ilikai.soest.hawaii.edu/
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3. Results and discussions

3.1. Spatial pattern of sea level rise rates

Monthly mean sea level variability and trends at 8 tide gauge
stations along the coasts of the GOT and Andaman Sea are shown in
Fig. 3 (the last two stations shown, Ko Taphoa Noi and Langkawi are
the only ones from the Andaman Sea). While the linear trends and the
non-linear EMD trends seem very similar for most stations, the EMD
trend can indicate some departure from linear sea level rise. For exam-
ple, in Phrachulachomkloa positive sea level acceleration at the begin-
ning of the record may relate to increased groundwater extractions
near Bangkok in the 1960s (Nicholls, 2011), while in Ko Taphoa Noi
the positive sea level acceleration near the end of the record may relate
to its proximity to the epicenter of the 2004 Sumatra–Andaman Earth-
quake. It is also quite clear that sea level rise rates in the upper GOT
(Phrachulachomkloa and Mae Klong) are larger than in other locations.
Interestingly enough, the RSLR rate at Si Chang (also located in the
upper GOT, but on the eastern shore) is quite low, which is consistent
with results from Yanagi and Akaki (1994) and Vongvisessomjai
(2006, 2010), who show small positive and small negative rates, respec-
tively. The large spatial difference in RSLR between Si Chang and nearby
stations will be discussed later.

The sea level rise rates are summarized in Fig. 4a and Table 1. In
general, there are three categories of stations: in the north, very large
RSLR rates are seen, in the South (Geting, Ko TaphoaNoi, and Langkawi),
small positive rates similar to the GSLR are seen, and two stations
(Si Chang and Ko Lak), show nearly no significant RSLR. The numbers
shown in Fig. 4a and Table 1 are the relative rates (without any correc-
tions), and GIA is small here (Table 1). Note that the global averaged
rate of sea level rise due to GIA is approximately −0.3 mm y−1

(Peltier, 2001; Peltier and Luthcke, 2009). Overall, the average rate of
sea level rise in the GOT and Andaman Sea is larger than the global
rate, but the most significant result is the spatial pattern seen in
Fig. 4a (note that the order of stations are generally counter clockwise
from the northeast on the left of Fig. 4 to the southwest on the right of
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from linear fit and HHT/EMD analysis, respectively. Sea level scale is shown at the bottom.
Fig. 4). The differences in RSLR rates along ~1000 kmof Thailand's coasts
are as large as a factor of 10 between stations; in comparisons, RSLR rate
differences along ~2000 km of the U.S. East Coast are about a factor of
2–3 between stations (Ezer, 2013).

In some stations, the difference rate between linear and EMD calcu-
lations is more than 50%, for example, in Bang Pakong and Ban Lam.
However, these stations have relatively short records or they show
rates that do not seem to be constant, thus a linear trendmay not accu-
rately represent the long-term sea level change if significant decadal
variations that are not fully resolved exist (Ezer, 2013). In general, the
same spatial pattern of RSLR is seen in both analysis methods (Fig. 4a)
which shows that this pattern is robust. The EMD analysis also indicates
positive RSLR acceleration on the north shores of the upper GOT which
relates to land subsidence around Bangkok as discussed next.

3.2. Land subsidence and the 2004 Sumatra–Andaman Earthquake

As mentioned above, the rate of sea level rise found at
Phrachulachomkloa, Tha Chin, Mae Klong, and Ban Lam is much
higher than the global rate (approximately 5 times larger). Syvitski
et al. (2009) also mentioned that Choa Phraya River Delta has the rela-
tive rate of sea level rise approximately 13–150mmy−1; note however,
that such extremely high RSLR of 150 mm y−1 is very rare and has not
been reported before. The fact that the land is sinking in the upper
GOT (Bangkok and surrounded area) due to groundwater withdrawal
is well known (Poland, 1984; Therakomen, 2001; Phien-Wej et al.,
2006; Aobpaet et al., 2009; Nicholls, 2011), though the exact rates of
land subsidence is not easily measured. Groundwater extraction is
considered an anthropogenic change in sea level, but globally typical
rates of such land subsidence are ~0.1–0.3 mm y−1 (Gornitz, 2001),
thus much smaller than the land subsidence seen here. Groundwater
has been pumped out in Bangkok and surrounded area and it has
been recognized to cause land subsidence for the past 40 years or so.
A sinking rate larger than 120 mm y−1 was found in the 1980s at
central Bangkok, but it has been reduced to approximately 10 mm y−1

in the 2000s (Fig. 7 in Phien-Wej et al., 2006). In a recent study by
1980 1990 2000 2010
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Table 1
Rate of relative sea level rise and 95% confidence interval at each tide gauge station in the
GOT and Andaman Sea. The rates are obtained from linear fit and HHT/EMD (slope of the
trend represented by last modes). GIA corrections at each station are also shown (Peltier
and Luthcke, 2009).

Station Linear trend HHT trend GIA

Gulf of Thailand
Rayong (RY) 3.19 ± 2.15 1.93 ± 0.37 −0.38
Si Chang (SC) 0.86 ± 0.55 0.84 ± 0.11 −0.38
Bang Pakong (BK) 5.78 ± 1.26 0.18 ± 0.34 −0.38
Phrachulachomkloa (PC) 15.10 ± 0.45 13.35 ± 0.10 −0.39
Tha Chin (TC) 19.80 ± 1.42 18.32 ± 0.31 −0.39
Mae Klong (MK) 15.53 ± 1.59 17.21 ± 0.33 −0.39
Ban Lam (BL) 7.74 ± 5.01 14.56 ± 0.46 −0.39
Ko Lak (KL) 0.54 ± 0.52 0.38 ± 0.10 −0.36
Ko Mattaphon (KM) 6.00 ± 4.11 6.06 ± 0.43 −0.34
getting (GT) 1.92 ± 3.82 2.17 ± 0.40 −0.33

Andaman Sea
Ko Taphoa Noi (TN) 1.24 ± 0.44 1.90 ± 0.10 −0.28
Langkawi (LG) 2.53 ± 1.42 4.67 ± 0.38 −0.36
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Aobpaet et al. (2009), interferometric synthetic aperture radar (InSAR),
a SAR technique to detect the land movement, found that the eastern
central Bangkok area still sinking with the rate of ~15 mm y−1. Since
Phrachulachomkloa, Tha Chin, and Mae Klong stations are situated in
the area where the land subsidence is still a problem, a faster rate of
RSLR is expected and our calculations are consistent with land subsi-
dence of 10–20 mm y−1. Even after exclusion of tide gauge stations in
the area of significant land subsidence and the correction using precise
GPS technique has been applied, the average rates of sea level rise in
the GOT is still faster than the global rate (Trisirisatayawong et al.,
2011); the latter study also mentioned possible vertical land uplift due
to the 2004 Indian Ocean Tsunami and the 2004 Sumatra–Andaman
Earthquake. GPS measurements after the 2004 Sumatra–Andaman
Earthquake show that many parts of Thailand are sinking at rates up
to 10 mm y−1. However, some projections of land subsidence for the
next two decades in Bangkok area are estimated to be not more than
5 mm y−1 (Satirapod et al., 2013). Note that the area that has shown
sinking, as mentioned above, extends approximately 650–1500 km
away from the epicenter of the earthquake that caused the tsunami.

image of Fig.�4
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The impact of the 2004 earthquake on RSLR rates is shown in Fig. 4b,
indicating that stations closer to the earthquake epicenter experienced
the largest change in RSLR. Our results are quite consistent with other
studies, but provide much more details. The vertical uplifts shown
before the 2004 Sumatra–Andaman Earthquake (between 1994 and
2004) at GPS stations near Si Chang and Ko Mattaphon tide gauge
stations are 2.2 ± 0.8 and 3.8 ± 1.3 mm y−1, respectively. However
after the earthquake (between 2004 and 2009), the land has been
submerging at a rate of−12.7±4.2 and−3.9±2.1mmy−1 at GPS sta-
tions near Si Chang and Ko Mattaphon, respectively (Trisirisatayawong
et al., 2011). This means that not only the rate of sea level rise in
Thailand has to be corrected by GIA corrections but also by vertical
movement of the land due to seismic activity. Due to the lack of GPS
stations data near other tide gauge stations, the pre- and post-2004
Sumatra–Andaman Earthquake rate of sea level rise in the GOT and
Andaman Sea will be shown without any corrections and the results
are presented in Figs. 5 and 6. Note that error bars in Fig. 4b are much
larger after 2004 due to the shorter record. Before the 2004 earthquake,
the relative rate of sea level rise in theGOT andAndaman Sea is gradually
increasing in most stations, except at Ko Lak (Fig. 6) where the relative
rate of sea level is falling, which is consistent with previous studies
(Yanagi and Akaki, 1994; Vongvisessomjai, 2006, 2010). The relative
rate of sea level rise at stations situated in the subsidence zone (i.e., Tha
Chin, Mae Klong, and Phrachulachomkloa) was high, ~15–19 mm y−1,
even before the earthquake, and rates increased to ~20–30 mm y−1

after 2004. A more dramatic result is that after 2004 all 10 stations
shown in Figs. 4b, 5 and 6 have very high RSLR in the range of
19–33mmy−1. Recent studies suggest that in addition to land subsidence
that followed the earthquake, the land now continues to sink due to seis-
mic activity (Trisirisatayawong et al., 2011; Satirapod et al., 2013). Our re-
sults indicate a significant shift in the spatial pattern, whereas before the
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Fig. 5.Monthlymean sea level at each tide gauge station. Black andgray dots represent pre- and
the solid line and the rate of relative sea level rise (mmy−1±95% confidence level) is indicated
are Bang Pakong, Phrachulachomkloa, Tha Chin, and Mae Klong.
2004 earthquake there were very large (and statistically distinct; Fig. 4a)
differences in RSLR due to local groundwater extraction in the north, but
after the earthquakes (Fig. 4b), similarly large RSLR rates are found every-
where, with no statistically significant differences in RSLR between sta-
tions. One must be cautious though about the statistical confidence of
the short records after 2004, so longer future records are needed in
order to confirm if this trend is real and continues. The fact that RSLR
rates after the earthquake are rising almost evenly everywhere regardless
of distance from the earthquake's epicenter suggests that a large-scale
vertical land movement due to seismic activity may be at play after the
earthquake. Note that one of the largest increases in RSLR rate after the
earthquake (from ~0.6 to ~31 mm y−1) is found at Taphoa Noi (TN in
Fig. 4b) which is the closest station to the earthquake's epicenter.

The vertical land motion after the 2004 earthquake is consistent
with geological studies that indicate changes in RSLR, following other
earthquakes in the Sumatra region over the past 4000 years (Dura
et al., 2011). Fig. 7 shows the latest observations of vertical land move-
ment in central Bangkok for 2009–2013 (i.e., after the 2004 earthquake),
obtained from the global GPS network of theNevada Geodetic Laborato-
ry (geodesy.unr.edu); the rate of land sinking there is ~4 mm y−1. This
location is about 30 km north of the northern coast of the upper GOT,
so it is possible that sinking rates are larger along the coast and in
river deltas, as indicated by our analysis.

3.3. Seasonal sea level cycle

Besides tides, the seasonal cycle of sea level is often accounts for a
large part of the variability (Tsimplis and Woodworth, 1994; Torres
and Tsimplis, 2012). However, different regions may be affected by
different oceanographic andmeteorological forcing such as atmospheric
pressure, winds and thermohaline steric effects (Gill and Niiler, 1973).
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In Thailand, previous studies of seasonal variations in sea level are
sparse. For example, Tsimplis and Woodworth (1994) used only 3 tide
gauge stations in the GOT (comparedwith 14 tide gauge stations situat-
ed in the GOT and the Andaman Sea, analyzed here). Understanding
the seasonal variations is important for Thailand since coastal risk
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Fig. 7.GPSmeasurements of vertical landmovement from central Bangkok (CUSV station,
13.736°N, 100.534°E; about 30 km north of the coast of the upper GOT) obtained from the
Nevada Geodetic Laboratory (geodesy.unr.edu). Solid line is a smooth fit showing the sea-
sonal cycle and dash line is the linear trend for 2009–2013 (−4 mm y−1).
assessments may need to include seasonal variations when considering
other risks such as sea level rise (discussed in the previous session),
storm surges and monsoonal floods during the wet season. Various
numerical ocean circulation models show that wind-driven variations
in sea level and circulation patterns in the GOT are dominated by the
seasonal monsoon (Wu et al., 1998; Aschariyaphotha et al., 2008;
Saramul and Ezer, 2014). However, the extended sea level data used
here can be used to verify the model results and compare the wind-
driven component with other influences, such as the seasonal steric
effect and the annual and semi-annual astronomical forcing.

One of the forcingmechanisms of seasonal sea level change is due to
the gravitational potential, associated with two long-period astronomi-
cal tidal harmonic components, the annual (Sa) and semi-annual (Ssa)
components. Annual component accounts for the changing distance
between the sun and the earth, while semi-annual component accounts
for the changing solar declination (Torres and Tsimplis, 2012). These
two components can be estimated from harmonic analysis, but one
should keep inmind that such an analysis does not distinguish between
astronomical forcing and other forces (in particular, wind-driven as
discussed later). Linear regression least-square fit methods will be
used to fit monthly mean sea level anomaly of month i (Mi) following
Tsimplis and Woodworth (1994),

Mi ¼ ASa cos
π
6

t−∅Sað Þ
h i

þ ASsa cos
π
3

t−∅Ssað Þ
h i

ð1Þ

where ASa and ASsa are the amplitudes and∅ Sa and∅ Ssa are the phases
of the annual and semi-annual components. Note that the equilibrium
global amplitude of these long tidal constituents are ASa ≈ 3 mm and
ASsa ≈ 19 mm, but are these values consistent with the observed
seasonal changes along the Thailand's coasts?, the results below show
much larger variations on those periods. The time, t, is taken in the
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middle of each month i (t = i − 0.5). Mi is estimated from averaging
monthly sea level anomaly, Mik (a deviation of month i from annual
mean of year k), over Nyr. Therefore mean monthly sea level anomaly
can be expressed as

Mi ¼
1
Nyr

XNyr

k¼1
Mik: ð2Þ

As mentioned in Tsimplis and Woodworth (1994), a 5 year-long
segment can provide stable amplitudes and phase lags because it mini-
mizes the large variability of annual and semi-annual calculated from
each year. Therefore the harmonic analysis of mean monthly sea level
anomaly will be based on 5 year averages of the time series.

Monthly sea level anomaly of stations in the GOT (Rayong,
Phrachulachomkloa, Ko Lak, and Geting) and Andaman Sea (Ko
Taphoa Noi and Langkawi) are shown in Fig. 8. Results from the
harmonic analysis of all 14 stations are shown in Table 2 (note that
Sattahip and Hua Hin records were too short to show the 5-year confi-
dence intervals). The seasonal sea level signals found in the GOT and
Andaman Sea are totally different with opposite phase, although they
are influenced by similarmeteorological conditions, such asmonsoonal
winds and air pressure. This suggests that the dynamic is influenced by
wind-driven set-up processes — when wind is blowing from the east/
west one expects set-up/set-down on the GOT/Andaman Sea coasts,
leading to an opposite signal in sea level. In the GOT, the minimum
sea level is observed around June–July and the maximum is found at
the beginning/end of the year. However, in the Andaman Sea there
are one minimum and two maxima. The minimum is found around
February while the first and the second maximum are found around
May–June and November, respectively.

The results of the harmonic analysis show that the annual ampli-
tudes can be grouped into 3 categories: (1) the upper and eastern
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Fig. 8. Seasonal sea level cycle at stations in the GOT (a–d) and in the Andaman Sea (e–f). A
anomalies for each year, respectively.
GOT, (2) the central and southern GOT (Ko Lak, Ko Mattaphon, and
Geting), and (3) the Andaman Sea. In the upper and eastern GOT, the
amplitude of Sa is in the range of 120 to 180 mm. In the central and
southern GOT area, annual amplitude is found to be in the range of
200–240 mm. These two groups are similar to what have been shown
by Tsimplis and Woodworth (1994), which mentioned that the annual
amplitude in the GOT and Eastern Malaysian coasts are larger than
120 mm. The annual amplitudes found in the upper GOT and central
GOT decrease toward the north. In the Andaman Sea, the annual ampli-
tude is quite small compared with the one found in the GOT, ~100 mm
at both Ko Taphoa Noi and Langkawi stations. Note that this value is
approximately half that found at neighboring stations, Ko Mattaphon
and Geting, but these stations are situated on the other side of the pen-
insula. In all stations the annual amplitude is several orders of magni-
tude larger than the astronomical global tidal equilibrium value, so the
annual cycle is clearly not strictly an astronomical in nature, but most
likely a wind-driven one. The semi-annual observed amplitude on the
other hand is only slightly larger (~50%) than the global tidal value in
the GOT, but ~3 times larger than the global value in the Andaman Sea.

Tsimplis and Woodworth (1994) stated that generally the magni-
tude of the annual amplitude is much larger than that of the semi-
annual. In this study, the semi-annual amplitude is much smaller (~4
times) than the annual amplitude in the GOT, but in the Andaman Sea
the amplitudes of Sa and Ssa are comparable. In the GOT, the semi-
annual amplitude is in the range of 20 to 40mm (Geting is an exception
at 51mm), but in the Andaman Sea the amplitude is ~60mm. The semi-
annual phase in the GOT increases toward the north, so that at Geting
the maximum peak occurs ~1 month earlier than in the north. The
peak is almost 3 months earlier at Bang Pakong station, where both
annual and semi-annual amplitudes are small compare to other stations.

River discharge and thermal water expansion may have only small
impact on seasonal sea level in this region. The peak of sea surface
b) Phrachulachomkloa

d) Geting

Jan Mar May Jul Sept Nov

Month

f) Langkawi

black thick and gray thin lines represent mean monthly sea level anomaly and sea level
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Table 2
Amplitudes (A) inmm and phase lags (∅) inmonth of themaximum sea level from January±95% confidence level of annual (Sa) and semi-annual (Ssa) sea level obtained fromharmonic
analysis at 14 tide gauge stations. The values are averages over 5-year periods; confidence level is not shown for 2 stations with too short records.

Station ASa (mm) ASsa (mm) ∅ Sa (mon) ∅ Ssa (mon)

Gulf of Thailand
Rayong 170.06 ± 49.99 34.74 ± 18.09 −0.08 ± 0.39 −1.59 ± 0.76
Sattahip 177.88 15.83 0.39 −1.90
Si Chang 174.18 ± 12.09 28.28 ± 7.84 0.29 ± 0.11 −0.86 ± 1.35
Bang Pakong 122.80 ± 11.30 20.08 ± 7.60 −0.02 ± 0.17 −2.75 ± 0.41
Phrachulachomkloa 145.86 ± 8.36 27.08 ± 5.17 0.23 ± 0.06 −1.83 ± 0.81
Tha Chin 164.42 ± 33.95 33.05 ± 12.57 0.18 ± 0.12 −1.82 ± 0.41
Mae Klong 166.39 ± 20.12 20.90 ± 14.67 0.38 ± 0.40 −1.11 ± 1.44
Ban Lam 167.26 ± 34.81 39.61 ± 37.77 0.17 ± 0.59 −1.38 ± 1.75
Hua Hin 207.96 32.27 0.03 −1.96
Ko Lak 215.61 ± 9.98 38.87 ± 5.66 0.17 ± 0.05 −1.73 ± 0.16
Ko Mattaphon 239.77 ± 31.03 35.51 ± 12.10 0.12 ± 0.26 −1.35 ± 0.44
Geting 225.80 ± 13.00 51.51 ± 16.52 −0.03 ± 0.08 −1.00 ± 0.21

Andaman Sea
Ko Taphoa Noi 97.68 ± 14.05 64.06 ± 7.69 −4.58 ± 0.23 −1.38 ± 0.17
Langkawi 97.08 ± 20.31 62.00 ± 9.27 −4.76 ± 0.13 −1.49 ± 0.18
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Fig. 9. Comparisons betweenmonthly sea level anomalies (green lines; axis on the right) and atmospheric pressure (blue lines; axis on the left). Upper panels compare sea level at stations
(a) PC (upperGOT) and (b) TN (Andaman Sea)with local atmospheric pressure, and bottompanels, c andd, compare the same two stationswith thenorth–south pressure gradient over each
station. The pressure gradient is the difference in pressure over 2.5° latitudes, which is proportional to the zonal wind; positive values represent wind coming from the east. Time-mean and
linear trends were removed from all records. Correlation coefficients are shown (all have confidence level over 99%). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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temperature and water discharge are in April and October (major
event) and June (minor event) (Singhrattna et al., 2005) with no signif-
icant correspondence in sea level. Moreover, because of the location of
the GOT in low latitudes, seasonal sea surface temperature variations
are very small (Saramul and Ezer, 2014) relative to mid-latitudes,
with consequently very small thermal steric effect. Note that the mean
seasonal sea level variation in the GOT, ~50 cm (e.g., between January
and June at Ko Lak), is about one order of magnitude larger than the
mean seasonal steric sea level variation at that latitude (~5 cm; Chen
et al., 2000) and about 3 times larger than the global satellite-observed
seasonal variations (~15 cm; Lombard et al., 2007).

The impact of atmospheric pressure on sea level can be seen in two
ways, as a direct “invert barometer effect”, and as a pressure gradient
effect, representingwind-driven influence.Monthly sea level andmonth-
ly sea level atmospheric pressure anomalies at Phrachulachomkloa
(GOT) and Ko Taphoa Noi (Andaman Sea) are shown in the upper panels
of Fig. 9, while the sea level is compared with north–south pressure
gradient in the lower panels of Fig. 9. Sea level pressure data is retrieved
from http://iridl.ldeo.columbia.edu/. It is obtained from the Climate Data
Assimilation System I; NCEP-NCAR Reanalysis Project (Kalnay et al.,
1996). Sea level anomaly is highly correlated (over 99% confidence
level) with both, local pressure and pressure gradient, but correlation
coefficients are positive in the GOT and negative in the Andaman Sea.
The direct impact of pressure on sea level (the invert barometer effect)
implies that for each millibar (mb) increase in atmospheric pressure,
sea level should drop by about 1 cm. However, the observed variations
in sea level are ~10 times larger than the invert barometer impact
(Fig. 9a, b) and in the GOT sea level increases with pressure, so we
conclude that this is not a major driver for seasonal sea level variability.
However, the pressure gradient comparisons (Fig. 9c, d) suggest that
seasonal sea level variations are largely controlled by the seasonal wind
pattern associatedwith themonsoon. Positive northward pressure gradi-
ent implies easterlywinds (mostly inwinter) thatwill cause sea level set-
up in the GOT (i.e., positive pressure gradient–sea level correlation) and
sea level set-down in theAndaman Sea (i.e., negative correlations), exact-
ly as found here. The amplitude of sea level set-up can be estimated by
Δη ≈ (Lτ) / (ρgH), where L is a length scale, τ is the wind stress, g is
the gravitational constant, ρ is the water density and H is the water
depth near the coast (Csanady, 1982). For the GOT with L ~ 100 km,
H ~ 10 m and monsoonal winds of ~7 m s−1 (Saramul and Ezer, 2014),
the estimated sea level variations are Δη ≈ ±10 cm, quite similar to
the observed variations. Sea level set-up estimates in other shallow
basins, such as in the Gulf of Carpentaria, also show good agreement
with observations (Oliver and Thompson, 2010).

The seasonal sea level pattern in the GOT and Andaman Sea (Fig. 8)
is thus consistent with monsoon-driven influence, as suggested by
Punpuk (1981) and Sojisuporn et al. (2013). The results of the numeri-
cal simulations of the GOT by Oliver (2014) further support the idea of
wind-driven coastal sea level setup, and the fact that the entire GOT is
similarly affected by the large-scale wind pattern. During the southwest
monsoonal winds, the sea level is piled against the coast (set-up) in the
Andaman Sea,whilewater is pushed away from the coast (set-down) in
the low GOT. However, during the northeast winter monsoon water in
the Andaman Sea is pushed away from the Thailand coast, resulting in
low sea level there, while water is transported from the South China
Sea into the GOT, resulting in high water levels throughout the GOT.
The seasonal sea level pattern in the upper GOT is similar to that
found in the lower GOT, indicating that it is a large-scale pattern, not a
local phenomenon. In the Andaman Sea, apart from monsoonal winds,
the movement of coastally-trapped waves might also affect sea level
(Brown, 2007), as well as ocean–atmosphere–land interactions associ-
ated with the El Nino and La Nina events (Webster et al., 1999). The
somewhat smaller correlations and more complex pattern of pressure
and sea level in the Andaman Sea (Fig. 9b, d), compared with the GOT
(Fig. 9a, c), may indicate influences from additional sources other than
the seasonal monsoonal wind.
4. Conclusions

Sea level data in the GOT and theAndaman Sea obtained from sever-
al different local sources (MD) and global archives (PSMSL and UHSLC)
are used to study two aspects of coastal sea level: (1) sea level rise and
its spatial variation due to land subsidence, and (2) seasonal variations
of sea level along the coasts of Thailand. The study analyzedmore exten-
sive sea level data thanmost previous studies of the region. To study the
first aspect, RSLRwas calculated from two differentmethods, a standard
linear regression and a non-linear HHT/EMD method (following recent
studies of sea level trends; Ezer and Corlett, 2012; Ezer, 2013; Ezer et al.,
2013). The average rate of RSLR along the coasts of Thailand is around
6 mm y−1 in both method analyses, but the analyses also show very
significant spatial pattern in RSLR associatedwith landmotion. However,
there are insufficient data over land to describe the spatial variations in
geological-, hydrological- and seismic-related subsidence, so the best
estimates of land movement are obtained from the difference between
the global sea level rise and the RSLR shown in Fig. 4. It is clear
from these results that RSLR in this region is dominated by regional
land movement over the smaller global sea level rise. The faster rates,
~10–20 mm y−1, or ~5–10 times greater than mean rates from global
tide gauges (Church and White, 2006, 2011), were found at
Phrachulachomkloa, Tha Chin,MaeKlong, and Ban Lam,where ground-
water extraction causes significant land subsidence. This has important
consequences for the population of Bangkok and surrounded area.
Vertical land movement as a result of continuous seismic activity
is also contributing to RSLR in Thailand (Trisirisatayawong et al.,
2011), as is the vertical land movement following the December 2004
Sumatra–Andaman Earthquake (Satirapod et al., 2013). Therefore esti-
mating rate of sea level rise in Thailand is tricky and it must take vertical
land movement into consideration; moreover, RSLR rates are not
stationary, but sometimes rapidly changing with land movements due
to groundwater extraction (Gornitz, 2001) and earthquakes (Sieh et al.,
2008). Our analysis indicates much higher rates, ~19–34 mm y−1 after
the 2004 earthquake in all stations, indicating RSLR acceleration that is
much larger than global acceleration (Church and White, 2011; Dean
and Houston, 2013) or even regional acceleration along the U.S. East
Coast (Ezer and Corlett, 2012; Ezer, 2013; Kopp, 2013). However, while
global changes in coastal sea level rise is associated with changing rates
of thermal expansion and land ice melting, and regional changes may
be associated with climatic shift in ocean currents (Sallenger et al.,
2012; Ezer et al., 2013), in the GOTmost of the change in RSLR is contrib-
uted by changes in landmovements. An interesting result is that after the
2004 earthquake the high RSLR rates are much more even in the GOT,
relative to more pronounced spatial variations before the 2004 earth-
quake. However, the period after the earthquake is less than 10 years,
so longer observations are needed before conclusive results are obtained
about the persistent of the high rates into the future.

As for the second aspect of this study, the seasonal variations were
analyzed for many more tide gauge stations than in past studies
(e.g., Tsimplis andWoodworth, 1994), and forcing from several sources
were considered. Themost interesting result is howdifferent the annual
and semi-annual signals are, even for neighboring stations, if one is
located on the GOT side and one on the Andaman Sea side of the
coast. In general, the annual sea level signal is dominant over the
semi-annual signal in the GOT, while in the Andaman Sea the annual
and semi-annual signals are more comparable in amplitude. The ampli-
tudes of annual signal in the GOT are in the range of 120 to 240 mm
which is approximately 5 times greater than semi-annual signal. In
the Andaman Sea, the annual signal is approximately 2 times greater
than the semi-annual signal (annual amplitude is ~ 100mm). The latter
result could be explained by the fact that the observed semi-annual
cycle in the region is largely driven by the long-term astronomical
semi-annual cycle, while the annual cycle is mostly driven by the sea-
sonalmonsoonal wind and atmospheric pressure patterns. The compar-
ison between monthly mean sea level anomaly and sea level pressure
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shows positive and negative correlations for stations in the GOT and
Andaman Sea, respectively. It seems that large scale monsoonal winds
(represented here by atmospheric pressure gradients, Fig. 9c, d) are
responsible for the annual cycle. For example, during the early summer,
monsoonal winds from the southwest pile up waters on the Andaman
Sea coast and causing high sea level in May–June, while during the
winter, monsoonal winds from the northeast transport waters from
the South China Sea toward the GOT and causing maximum sea level
there in January. It is interesting to note that the wind-driven mecha-
nism of seasonal sea level variability associated with the monsoonal
winds seen here is consistent with a similar mechanism that drives
intraseasonal sea level variations associated with the MJO (Oliver,
2014). The seasonal peak-to-peak seasonal sea level change in the GOT
is much larger than most other coastal locations, and about 10 times
larger than thermal steric effects at that latitude (Chen et al., 2000), so
together with sea level rise, seasonal variations cannot be neglected
when considering flooding risks, coastal erosion and other environmen-
tal hazards in the region.
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