é
] water

Article

Projecting Relative Sea Level Rise under Climate Change at the
Phrachula Chomklao Fort Tide Gauge in the Upper Gulf of

Thailand

Chirayu Jaroenongard !, Mukand S. Babel *, Sangam Shrestha !, Sutat Weesakul 2, Vilas Nitivattananon 3 and

Dibesh Khadka!

Citation: Jaroenongard, C.; Babel,
M.S.; Shrestha, S.; Weesakul, S.;
Nitivattananon, V.; Khadka, D.
Projecting Relative Sea Level Rise
under Climate Change at the
Phrachula Chomklao Fort Tide
Gauge in the Upper Gulf of
Thailand. Water 2021, 13, 1702.
https://doi.org/10.3390/w13121702

Received: 8 May 2021
Accepted: 16 June 2021
Published: 19 June 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Water Engineering and Management, Asian Institute of Technology, P.O. Box 4, Klong Luang, Pathumthani
12120, Thailand; st115744@ait.ac.th (C.].); sangam@ait.ac.th (5.S.); dibesh.khadka@ait.asia (D.K.)

2 Hydro Informatics Institute, 901 Lat Yao, Chatuchak, Bangkok 10900, Thailand; sutat@hii.or.th

3 Urban Environmental Management, Asian Institute of Technology, P.O. Box 4, Klong Luang,
Pathumthani 12120, Thailand; vilasn@ait.ac.th

* Correspondence: msbabel@ait.ac.th; Tel.: +66-86-089-8949

Abstract: This study aims to project future sea-level rise (SLR) at the Phrachula Chomklao Fort (PCF)
tide gauge station in the Upper Gulf of Thailand (UGoT) using the outputs of 35 climate models
under two greenhouse gas concentration scenarios: representative concentration pathway 4.5
(RCP4.5) and RCP8.5. The Linear Scaling method was found to be better than Variance Scaling and
Quantile Mapping methods for removing biases in raw Global Circulation Models (GCMs) sea level
data. Land subsidence, induced by excessive groundwater abstraction, was found to contribute sig-
nificantly to SLR during the observed period the PCF gauging station; hence, the effects of land
subsidence had to be removed from relative sea level before bias correction. The overall increase in
SLR is projected to be 0.94-1.05 mm/year under RCP4.5 and 1.07-1.18 mm/year under RCP8.5 for
the twenty-first century in the UGoT. The results suggest that future SLR due to climate change will
not be as severe in the study region compared to average global projections. However, land subsid-
ence can amplify future SLR. It is therefore important to regulate groundwater abstraction in the
future so that SLR can be restricted. It is even more relevant in the UGoT as the raw water intake
from the Chao Phraya River for municipal water supply to Bangkok is close to the estuary, and SLR
in the future can pose additional challenges for the water utility.

Keywords: climate change; bias correction; sea level rise; land subsidence; coastal countries; Gulf of
Thailand

1. Introduction

According to a report by the Intergovernmental Panel on Climate Change (IPCC) [1],
the global mean (land and ocean surface combined) temperature has increased by approx-
imately 1 °C (0.8 °C-1.0 °C) since pre-industrial levels, and the increase is expected to be
1.5 °C by 2030-2052. The thermal expansion of seawater and melting glaciers and ice
sheets due to the temperature increase have led to a rise in global mean sea levels since
the early 1970s [2]. The rate of the global mean SLR (with a likelihood of 90-100%) was 1.7
mm/year from 1901 to 2010, resulting in a total SLR of 0.19 m. However, the rate of SLR
was higher (3.2 [2.8 to 3.6] mm/year) during the recent period, from 1993 to 2010 [3], and
this rate is likely to increase with increasing temperature in the next few decades [4]. The
observed global mean SLR of 3.2 mm/year during 1993-2010 is primarily due to ocean
thermal expansion and changes in glaciers, the Greenland ice sheet, the Antarctic ice
sheet, and land water storage at an estimated 1.10, 0.76, 0.33, 0.27, and 0.38 mm/year, re-
spectively [2]. The continued increase in ocean warming and loss of mass from glaciers
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and ice sheets under all the Representative Concentration Pathways (RCPs) supports the
understanding that the sea level will continue to rise at rates higher than it did in the past.

Global SLR causes storm surges, erosion and degradation, and saltwater intrusion
into coastal regions. SLR affects tidal currents in many estuaries [5], leading to increased
salinity in both surface water and groundwater systems. This may threaten domestic and
agricultural water supply in coastal areas like the Apalachicola River in the USA, the Go-
rai River in Bangladesh, the Puzih River in Taiwan, and the Chao Phraya River in Thailand
[6-9].

Excessive groundwater pumping in coastal areas may also lead to land subsidence,
thereby increasing the threat of seawater intrusion into groundwater systems. Most
coastal aquifers are quite vulnerable to excessive groundwater abstraction [10]. The com-
bined effects of SLR and land subsidence, mainly driven by excessive groundwater ab-
straction at the local level, may exacerbate SLR in several coastal regions [9]. A study by
Liu et al. (2020) [11] at a tide gauging station in Texas found that land subsidence driven
by aquifer-system compaction due to groundwater extraction has contributed about 85%
of the total relative sea-level rise (of 0.7 m) since 1909 and will continue to play a signifi-
cant role in SLR further into the twenty-first century. Saramul and Ezer (2014) [12] inves-
tigated the historical rate of SLR in the Gulf of Thailand and the Andaman sea and found
that the rate of SLR varies from ~1 mm/year to ~20 mm/year. The study also found that
the maximum rate of SLR was in the Upper Gulf of Thailand (UGoT) near Bangkok, where
land subsidence is mainly dominated by groundwater abstraction. Yet, another contrib-
uting factor to SLR is changes in vertical land motion driven by earthquakes. For example,
the Sumatra—Andaman Earthquake of 2004 accelerated SLR in the Gulf of Thailand and
the Andaman Sea [12].

Seawater intrusion endangers the availability of freshwater for human consumption
and economic activities in coastal regions; hence, it becomes necessary to understand what
changes will take place in SLR in the future under changing climatic conditions. Church
and White (2006), Nerem et al. (2018), and Slangen et al. (2014) [3,13,14] have attempted
to project changes in SLR based on various climate change scenarios at global, regional,
and local levels. However, these studies have projected future sea levels without consid-
ering biases in GCM data. It is important to remove biases inherent in climate models to
improve projections. The authors of the present study could not find any previous studies
which have considered removing biases present in raw GCM sea level for future SLR pro-
jections. In addition to climate-change-driven SLR, changing local-level anthropogenic
factors and the social and environmental drivers of those factors may also influence rela-
tive SLR (i.e., the dual impact of SLR and coastal land subsidence) [15].

Bangkok, the capital city of Thailand, lies within the coastal region of the Upper Gulf
of Thailand (UGoT). Bangkok’s population of over 8 million is dependent on the Chao
Phraya River for its freshwater supply. The river flows from the northern part of Thailand,
passes through the city, and drains into the sea at the Gulf of Thailand in the Samut Prakan
Province. Over the last several decades, many industries have been established in Bang-
kok and its surrounding provinces—mainly Nonthaburi and Samut Prakan—as an effort
towards industrial development for rapid economic growth by the government. Conse-
quently, the demand for water, especially by industries, has also increased. Groundwater
in Bangkok is of good quality and quantity. However, excessive groundwater pumping
in Bangkok and the surrounding areas, which went up to 2.2 Mm?/d in 1999 [16], has
caused land subsidence for more than half a century. In the early 1980s, the land subsid-
ence rate was more than 120 mm/year; it reduced to 10 mm/year in the 2000s [9]. Ground-
water-extraction-induced land subsidence has emerged as a serious issue not only in
Bangkok but also in the Mekong delta [17]. By investigating long-term tidal data and
short-term altimetry measurements in the Gulf of Thailand, Trisirisatayawong et al. (2011)
[18] found that relative sea level is rising significantly faster than global average rates and
land subsidence due to excessive groundwater extraction, and earthquakes were the ma-
jor contributors to it [12].
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Saltwater intrusion driven by land subsidence and SLR has been threatening the
quality of raw water abstracted by the MWA from Chao Phraya for municipal water sup-
ply. The raw water intake by MWA for freshwater supply for Bangkok and its surround-
ing provinces lies in the Samlae District in the Pathum Thani Province (around 96 km from
the Chao Phraya’s mouth). In 2015, for example, Bangkok faced a serious salinity problem
in its raw water for the municipal water supply. An increase in agricultural water use
upstream of the Chao Phraya River caused low river flows at the point of abstraction. At
the same time, high tide and associated SLR caused seawater intrusion in the downstream
portion of the river. This resulted in extremely high levels of salinity in raw water at the
Samlae raw water pumping station. As a mitigation measure, the agency has even been
considering shifting the raw water pumping location further upstream (as per personal
communication with MWA officials).

SLR is expected to have catastrophic effects on the coastal population. Estimates
based on the coastal Digital Elevation Model (DEM) reveal that even under the low-emis-
sion scenario of RCP2.6, coastal land, which is home to 17% of the world’s population,
will be below the high tidal line by 2100 [19]. In this context, it is imperative to understand
the impacts of climate change on SLR, which will affect saltwater intrusion in the Chao
Phraya River and ultimately the quality and quantity of water that can be extracted for
different water uses in the future. The present study aimed at projecting future sea level
at the Phrachula Chomklao Fort (PCF) tide gauge station in the UGoT, which is at the
Chao Phraya River mouth, considering two important drivers: climate change and land
subsidence. Three future periods—near-future (2021-2050); mid-future (2051-2080); and
far-future (2081-2100) —were considered for the sea-level projections along with the long-
term (2021-2100) trends. The study has compared three bias correction methods for re-
moving systematic errors in sea-level data from the climate models. In addition, to quan-
tify the uncertainties associated with climate models due to an imperfect representation
of physics of atmospheric/oceanic processes in the models, we considered a large set of
climate models from the fifth phase of the Coupled Model Intercomparison Project
(CMIPS5) to provide a plausible range of future projections. The results of the study will
be useful to understand the impacts of projected SLR at the local level as well as its con-
sequences in terms of raw water quality at the intake point for Bangkok’s municipal water
supply; it will also help in determining the remedial measures required to meet municipal
water demands in the future.

2. Materials and Methods
2.1. Study Area

Thailand is in the middle of the Southeast Asia region; it is located at 5° 37’ to 20° 28’
N and 97° 21’ to 105° 38" E. It is surrounded by Myanmar in the West, Cambodia in the
South-East, Laos in the North-East, and Malaysia in the South. The Gulf of Thailand’s
(GoT) boundary stretches from the Thai-Malay border to the cape of Ca Mau in Vietnam
and opens into the South China Sea in the southeastern part [20]. The Chao Phraya River,
the main lifeline of the country, and the Tha Chin, Mae Klong and Bang Pakong Rivers
drain into the Gulf of Thailand, as shown in Figure 1. The Upper Gulf of Thailand (UGoT)
is a semi-enclosed shallow sea, approximately 100 km x 100 km, and refers to the area
above the line between Hua Hin and Ko Samaesarn (Figure 1). It lies approximately be-
tween 12°30" N and 13°30" N and between 100°00" E and 101°00" E and is surrounded by
land on the eastern, northern, and western sides, and the GoT to the south [21,22]. Eight
sea level measuring stations, as shown in Figure 1, are located in the UGoT. Figure 2 pre-
sents the period of data availability at these stations. For most of the stations, data are
available after 1980, while the longest data availability period is observed at PCF and Ko
Sichang (KS).
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Figure 1. Study area and the sea-level monitoring stations in the UGoT.
Station 1940-1949 [ 1950-1959 [ 1960-1969 | 1970-1979 [ 1980-1989 [ 1990-1999 | 2000-2009 | 2010-2019
Hua Hin (HH)
Ban Lam (BL)

Mae Klong (MK)
Phrachula Chomklao Fort (PCF) _
Tha Chin (TC)
Bang Pakong (BP)
Ko Sichang (KS)

Ao Udom (AU)

Figure 2. Data availability period for the sea-level observation stations in the UGoT.

2.2. Data

The data required for the study consisted of (i) observed relative sea-level data at
eight stations in UGoT, (ii) groundwater pumping and land-subsidence data in the Samut
Prakan province, and (iii) historical and future sea levels, as projected by Global Circula-
tion Models (GCMs). Table 1 presents the details of the observed data used in the study.
The monthly sea-level data at the PCF and KS stations were obtained from the Permanent
Service for Mean Sea Level (PSMSL), at Hua Hin (HH) from the Hydrographic Depart-
ment of the Royal Thai Navy, Thailand, and at Ban Lam (BL), Mae Klong (MK), Tha Chin
(TC), Bang Pakong (BP), and Ao Udom (AU) from the Marine Department, Thailand.
Land subsidence data at Bangpliyaiklang School (BS), which is about 15 km from the PCF
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station, and groundwater pumping data in the Samut Prakan province were obtained
from the Department of Groundwater Resources (DGR) of Thailand. Figure 3 indicates
the observed monthly (relative) SLR at eight stations in the UGoT. Significant increasing
trends of relative SLR (14.4-18.5 mm/year) are observed at PCF, MK, and TC stations
which are located within or near the Bangkok Metropolitan area. The rates of relative SLR
at BP, and BL stations, which are further away from the area of interest, are smaller (4.8
and 6.7 mm/year, respectively). The least trends of relative SLR are observed at HH and
KS stations (0.48 and 0.72 mm/year, respectively). The data availability at BL and AU are
too short for climate change analyses, while the stations at MK, TC are highly affected by
land subsidence [12]. As seen from Figure 3, the trends of relative SLR at PCF, TC, and BP
after 2003, when the KS station does not have data, are found to be 5.1, 10.5, and 7.3
mmy/year. It shows that all of these three stations are most likely affected by land subsid-
ence; hence, the sea level records at TC and BP cannot be directly used to estimate absolute
SLR at the PCF station. Therefore, the PCF, HH, and KS stations are considered in the
study. The increase in sea level at PCF will potentially affect salinity intrusion in the Chao
Phraya River and ultimately affect the water quality and quantity abstracted by the MWA
for its service area covering Bangkok, Nonthaburi, and Samut Prakan. HH and KS are
situated in the eastern and western sides of the UGoT, respectively, and hence are useful
in estimating the average changes in the sea level in the region. Unlike PCF, the latter two
stations are not affected by land subsidence, as described later in the article. Among the
selected stations, it was seen that the monthly sea level data at the PCF station has a sig-
nificant increasing trend, which has become especially pronounced after 1960, while no
such substantial trends in sea level were observed at KS and HH (Figure 4). These two
stations (KS and HH) depict only slightly increasing trends in sea level.

Table 1. Details of observed data used in the study.

Location

Data/Station Frequency Data Period  Remarks
Lat Long
Sea level
Hua Hin (HH) 12°34'22" N 99°57'48"E  Monthly  1992-2012
Ban Lam (BL) 13°15'47" N 99°56'44"E ~ Monthly = 1997-2018
Mae Klong (MK) 13°22'36" N 99°59'44"E ~ Monthly = 1980-2018

Data missing

Phrachula Chomkdao Fort 3033000 100°3444" . Monthly  1940-2018  for 1960, 1961

(PCF)

and 2004
Data mised
Tha Chin (TC) 13°3036" N 100°1640"E  Monthly  1977-2018 aftgrrg(l)%slmg
Bang Pakong (BP) 13°2900" N 101°0023"E  Monthly  1981-2018
Ko Sichang (KS) 13°0900" N 100°4900"E  Monthly 19402002
Ao Udom (AU) 13°0725"N  100°5346"E  Monthly  2006-2018

Land subsidence
Data missing
Bangpliyaiklang School (BS) 13°36'27" N 100°42'12"E ~ Annual = 1987-2016 for 1999, 2013,
and 2015

1996-2006;

Groundwater pumping Samut Prakan province Annual 2012-2016

The monthly sea level data were available for 35 GCMs from CMIP5. The present
study has made use of all 35 CMIP5 GCMs (for rlilpl ensemble member) by 18 modeling
centers. The data were accessed through the Earth System Grid Federation (ESGF) website
[23]. The data periods include historical runs from 1976 to 2005 and future runs from 2006
to 2100 under medium- (RCP4.5) and high-emission (RCP8.5) scenarios. Table 2 provides
further details of the GCMs used in the study.
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HH 0.48 mm/year

BL 6.7 mim/year

MK 14.8 mm/year

PCF 14.4 mm/year

TC 18.5 mm/year

Relative sea level (mm)

BP 4.83 mm/year
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Figure 3. Observed monthly (relative) sea levels at eight stations in the UGoT. The linear trend is shown by the dotted line
and the rate of (relative) sea level rise is shown in mm/year at each station
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Figure 4. Observed (relative) sea levels at the (a) PCF, (b) KS, and (c) HH stations.
Table 2. Details of the 35 GCMs used in the study.
. Atmospheric (AGCM)  Oceanic (OGCM) .
Model Model t Vint
ode odeling Center Grid Resolution Grid Resolution tntage
ACCESS1.0 CSIRO-BOM, Australia 192 x 145138 360 x 300L50 2011
ACCESS1.3 CSIRO-BOM, Australia 192 x 145138 360 x 300L50 2011
BCC-CS5M1.1 BCC, China 128 x 64126 360 x 232140 2011
BCC-CSM1.1(m) BCC, China 320 x 160L26 360 x 232140 2011
CanESM2 CCCma, Canada 128 x 641.35 256 x 192140 2010
CCSM4 NCAR, USA 288 x 192126 320 x 384L.60 2010
CESM1(BGC) NCAR, USA 288 x 1921.26 320 x 384L60 2010
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CESM1(CAMb) NCAR, USA 288 x 1921.26 320 x 384L.60 2010
CMCC-CM CMCC, Italy 480 x 240131 182 x 149131 2009
CMCC-CMS CMCC, Italy 192 x 961.95 182 x 149131 2009
CNRM-CM5 CNRM-CERFACS, France 256 x 128131 362 x 2921.42 2010

CSIRO-MK3.6.0 CSIRO-QCCCE, Australia 192 x 961,18 192 x 189131 2009
EC-EARTH EC-Earth consortium, Netherland 320 x 160126 362 x 2921.30 2010
FGOALS-g2 LASG-IAP, China 128 x 60126 360 x 1961.30 2011
FGOALS-s2 LASG-IAP, China 128 x 108126 360 x 196130 2011

FIO-ESM FIO, SOA, China 128 x 641.26 327 =x 300L40 2011
GFDL-CM3 NOAA GFDL, USA 144 x 90L48 360 x 200L50 2011
GFDL-ESM2G NOAA GFDL, USA 144 x 90L.24 360 x 210L63 2012
GFDL-ESM2M NOAA GFDL, USA 144 x 90L24 360 x 200L50 2011
GISS-E2-R NASA GISS, USA 144 x 90L40 288 x 180132 2011
GISS-E2-R-CC NASA GISS, USA 144 x 90L40 288 x 180132 2011
HadGEM2-CC MOHC, UK 192 x 145160 360 x 216140 2010
HadGEM2-ES MOHC, UK 192 x 145138 360 x 2161.40 2009
INM-CM4 INM, Russia 180 x 120121 360 x 340140 2009

IPSL-CM5A-LR IPSL, France 96 x 961.39 182 x 149131 2009

IPSL-CM5A-MR IPSL, France 143 x 1441.39 182 x 149131 2009

IPSL-CM5B-LR IPSL, France 96 x 961.39 182 x 149131 2009
MIROC-ESM MIROC, Japan 128 x 641.80 256 x 192144 2010

MIROC-ESM-CHEM MIROC, Japan 128 x 641.80 256 x 192144 2010
MIROC5 MIROC, Japan 256 x 128140 256 x 2241.50 2010
MPI-ESM-LR MPI-M, Germany 192 x 96147 256 x 220140 2009
MPI-ESM-MR MPI-M, Norway 192 x 961.95 802 x 4041.40 2009
MRI-CGCM3 MR, Japan 320 x 160148 360 x 368151 2011
NorESM1-M NCC, Norway 144 x 96L.26 320 x 384153 2011
NorESM1-ME NCC, Norway 144 x 961.26 320 x 384153 2012

2.3. Methods

The overall methodology of the present research is shown in Figure 5. The relative
sea-level rise is defined as the sum of the total sea-level rise due to global warming (called
absolute sea-level rise) and due to land subsidence [11]. In the absence of any land sub-
sidence, the relative sea level observed at a tide gauge station is considered equal to abso-
lute sea level. Land subsidence, largely caused by excessive groundwater withdrawal, is,
therefore, a function of groundwater pumping. For the future, it is challenging to predict
the groundwater pumping and associated land subsidence. Hence, a scenario-based ap-
proach depending on the observed land subsidence rate was used to develop plausible
future land subsidence scenarios in the study area. The study then projected relative SLR
at the three stations in the UGoT, considering the calculated land subsidence.
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Figure 5. Flowchart of the overall methodology for the study.

2.3.1. Observed Sea Level and Land Subsidence

Trend analysis was performed on the relative sea-level time series data recorded at
the three stations (shown in Figure 4), which would provide information not only on the
rate of sea-level change but also indicate if there was any land subsidence occurring. For
projecting sea-level changes in the future, it was important to quantify land subsidence in
the observed sea-level change because the sea level data obtained from the climate models
do not consider land subsidence. Therefore, before bias-correcting the raw GCM data, the
effect of land subsidence had to be removed.

Since land subsidence records were not available at the PCF station, data at the BS
station in the Samut Prakan Province —which is the nearest station to PCF (about 15 km)—
was considered in the study. The study by Phien-wej et al. (2006) [9] reported varying
rates of land subsidence in the areas surrounding the BS and PCF stations, because of
which data observed at the BS station could not be used directly to eliminate the effects of
land subsidence at the PCF station. In the current study, land subsidence at the PCF station
was estimated iteratively by taking the percentage of land subsidence observed at the BS
station in such a way that the trends of absolute sea level at the PCF and KS stations would
match. It was assumed that trends in absolute sea level at the PCF and KS stations are
similar, and the additional SLR trend observed at the PCF station was caused by land
subsidence.

Past studies have found that groundwater-pumping-induced land subsidence has
resulted in 14 and 120 mmy/year land subsidence in Tokyo and Bangkok, respectively
[9,24]. A study by Sato et al. (2006) [25] reported the importance of groundwater pumping
regulations in Tokyo, where declining groundwater abstractions were slowing the rate of
land subsidence. Pearson’s correlation statistic suggested a strong positive relation be-
tween land subsidence and groundwater abstraction (r = 0.77) in the study area. Over the
last 3 decades, the observed land subsidence rate and groundwater abstraction show de-
creasing trends (see Figure 6). Phien-wej et al. (2006) [9] also reported that regulated
groundwater pumping in Bangkok has slowed down land subsidence. Hence, a constant
rate of land subsidence in the future might not provide a realistic scenario. Qin et al. (2018)
[26] posited various groundwater pumping scenarios using a model to control land sub-
sidence in the Beijing plain area and found that regional land subsidence rate decreases



Water 2021, 13, 1702

10 of 22

with the reduction in the magnitude of groundwater abstraction. In the present study,
future land subsidence scenarios were established assuming different rates of decrease in
land subsidence based on the observed trends in the past 2 decades, during which ground-
water pumping was regulated by the government authorities.
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Figure 6. Observed (relative) sea level at PCF, observed land subsidence at the BS station, and the groundwater pumping
rate in the Samut Prakan Province.

2.3.2. Future Land Subsidence Scenario

Three scenarios of future land subsidence were developed for projecting relative SLR
at the PCF station based on the recent land subsidence trend (2005-2014). An overall de-
creasing trend of land subsidence was observed during this period, which is directly
linked to the reduction in groundwater pumping in the area. It was assumed that the rate
of land subsidence would decrease continuously with regulated groundwater pumping
in the future. The land subsidence rate, on average, decreased by 20% each year during
2005-2014. Hence, three future scenarios of land subsidence were formulated based on an
assumed 10% (Land subsidence scenario, LSS-1), 20% (Land subsidence scenario, LSS-2),
and 30% (Land subsidence scenario, LSS-3) annual decrease in land subsidence rate. A
scenario with no land subsidence in the future (LSS-4) has also been considered in the
study. The use of linear extrapolation to estimate the future land subsidence has a limita-
tion as it may not reflect the future changes in groundwater use and the government pol-
icies for groundwater management. It is assumed that the regulatory and economic
measures taken by the government since 2000 to curb excessive groundwater abstraction
will continue or further strengthen in the future, resulting in a decreasing rate of land
subsidence in the future.

2.3.3. Downscaling Sea Level

GCM data of climate and sea level are available at coarse spatial resolutions; these
data need to be downscaled to a finer spatial resolution for various local applications.
Bias-correction techniques are used to correct raw GCM data to remove biases in the out-
puts of climate models. Several methods of bias correction have been applied to correct
raw GCM temperature and precipitation in several studies around the globe [27-33]. Lin-
ear Scaling (LS) [34,35], Variance Scaling (VS) [35-37], and Quantile Mapping (QM)
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[29,31,32] have been extensively used in bias-correcting raw climate model data on tem-
perature and precipitation. This study compared three bias correction methods (LS, VS,
and QM) for downscaling raw GCM sea level data for the baseline period (1976-2005) and
applied the best method to project SLR for three future periods—near-future (2021-2050),
mid-future (2051-2080), and far-future (2081-2100) —under RCP4.5 and RCP8.5 emission
scenarios at the three stations in the UGoT. For evaluating the performance of the bias-
correction methods, all 35 GCMs are considered, and their performances were assessed at
the PCF station.

The LS method [34] was applied to downscale monthly raw GCM sea level data. This
method operates with monthly correction values based on the differences between ob-
served and simulated values. The following equation was used to bias-correct raw GCM
sea level data:

SLcor,month = SLraw,month + u(SLobs,month) - u(SLraw,monh)

where SL refers to the sea level, u refers to mean value, cor refers to the corrected value,
raw refers to raw data, and obs refers to observed data.

The VS method can correct both the mean and variance of time series [36]. The cor-
rected sea level was computed using this equation:

O-(SLobs,month) )

SLcormonth = ([Sme,month - ﬂ(SLraw,month)] x O'(SLraW,month)

+ u(SLobs,month)

where SL refers to the sea level, i refers to mean value, o refers to variance, cor refers to
the corrected value, raw refers to raw data, and obs refers to observed data.

QM method corrects not only the mean and variance but also the higher-order mo-
ments of the distribution [38]. The method was first introduced by Panofsky and Brier
(1958) [39].

@

SL(cor),month = Fobs_l(FGCM (SL(raw),month)) (2)

where SL refers to the sea level, cor refers to the corrected value, raw refers to raw GCM
data, and obs refers to observed data. Fos! is the inverse cumulative distribution function
corresponding to the observation and Focum is the cumulative distribution function corre-
sponding to the GCM output.

Bias-correction was applied to absolute sea level data at a monthly timescale obtained
from GCMs using data for the baseline period. Four performance statistics—Mean Abso-
lute Error (MAE) (desired value of 0), Coefficient of Determination (R?) (desired value of
1), Efficiency Index or Coefficient of Efficiency (EI) (desired value of 1), and Variance (de-
sired value which is equal to observed variance) —were used to evaluate the three bias-
correction methods. Performance statistics are computed using the following equations:

Mean Absolute Error (MAE)

n
1
MAE == "I, - | )
n i=1
Coefficient of Determination (R?)
LS (=B x G =P\
Ox X 0y

Efficiency Index (EI)
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Yl — 2% = X (g — yi)?

N /N ey OF ©
Variance (Var)
Var = Li(x- — x)? (6)
Tn—-1 - t

where xi is observed sea level for month i, X is average of observed sea level, n is number
of data points, yi is simulated sea level for month i by GCM, y is the average of simulated
sea levels, and ox and oy are the standard deviation of observed and simulated sea level,
respectively.

2.3.4. Projections of Sea Level

Using the climate change scenarios, RCP4.5 and RCP8.5, for 35 GCMs (described ear-
lier) and the land subsidence scenarios, absolute and relative sea levels were projected for
three future periods—near-future (2021-2050), mid-future (2051-2080), and far-future
(2081-2100) —at three stations (PCF, KS, and HH) in the UGoT. The rate of relative SLR,
as well as cumulative relative SLR, are projected until the end of the twenty-first century.
It should be noted that the vertical land motion was not considered in estimating future
SLR.

3. Results and Discussion
3.1. Analysis of Observed Sea Level

The observed relative SLR rate at the PCF station was approximately 1.24 mm/month
(14.88 mm/year through 1940-2018), which is relatively very high, as compared to the KS
(0.72 mm/year through 1940-2002) and HH stations (0.48 mm/year through 1992-2012).
The higher rate of relative SLR at the PCF station is due to land subsidence in the vicinity
[16]. A closer observation of relative SLR at PCF (Figure 4a) showed three distinct trends.
The period between 1941 and1960 had a relative SLR trend of 3.48 mm/year. During this
period, groundwater abstraction was not a serious issue in the study area. However, the
period between 1961 and 2000 was marked by heavy groundwater abstraction [40], which
led to significant land subsidence, and hence the rate of relative SLR is the highest (21.12
mmy/year) in this period. After 2000, when the effect of regulatory and economic measures,
such as groundwater zoning, imposing groundwater use and conservation charges, etc.
[41] to control groundwater pumping introduced in the 80s and 90s were realized, relative
SLR reduced to 4.95 mm/year during 2001-2018 (Figure 4a). It was assumed that no land
subsidence had occurred at the KS and HH stations, since the SLR trends there are very
small during the observed period. Moreover, groundwater pumping in the areas sur-
rounding these stations is not significant enough to cause land subsidence. A previous
study by Vongvisessomjai (2006) [42] used data from four sea-level monitoring stations
(1940-1996) and reported slightly decreasing or no trends in sea level in the GoT during
the period considered. Two stations at Sattahip and Ko Lak in the Gulf of Thailand (GoT)
(which are not considered in the present study), which are nearer to the UGoT, were found
to have a small negative trend of -0.36 mm/year in SLR. Contrary to the findings in the
GoT, the absolute SLR in UGoT (at KS and HH) has slightly increasing trends (0.48-0.72
mm/year). Vongvisessomjai (2006) [42] argued that the insignificant trends of SLR in the
lower latitude (including GoT) in comparison to higher latitude are due to insignificant
changes in the temperature in the region.

3.2. Groundwater Pumping and Land Subsidence
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Land subsidence has been observed in Bangkok and its vicinity (including at the PCF
and BS stations) in the last 5 decades. This observed land subsidence is largely due to
groundwater extraction [12]. Relative SLR at the PCF station, land subsidence observed at
the BS station, and groundwater pumping rates in Samut Prakan are shown in Figure 6.
As can be seen, a decreasing trend in groundwater pumping is reflected in a decreasing
rate of land subsidence in recent years. This reduced rate of land subsidence can be at-
tributed to various regulatory and economic measures taken by the Department of
Groundwater Resources, Thailand, which control the use of groundwater in Bangkok and
its surrounding areas [16,43].

The value of absolute SLR at the KS station was used as a reference to estimate abso-
lute SLR at the PCF station by removing land subsidence, as explained in the Methods
section above. Accordingly, by trial and error, the trends of absolute SLR at PCF and KS
stations were matched, and they were found to be matching when land subsidence at the
PCF station was assumed to be 33.3% of that measured at the BS station. As land subsid-
ence is monitored on an annual basis (Table 1), the same was interpolated on a monthly
basis assuming a linear trend. Land subsidence data is available from 1987 t02016, as pre-
sented in Figure 6. It is clearly seen that there are two linear trends, one from 1987 to 1999
and the other from 2000 to 2016. Hence, for the period from 1976 to 1986, land subsidence
data were linearly extrapolated using the observed data from 1987 to 1999. It is assumed
that the rate of land subsidence during 1987-1999 and 1976-1986 remains the same and
can be expressed by a linear equation. This assumption is considered reasonable and is
supported by the observed linear trend of relative SLR at PCF from 1962 to 2000, as shown
in Figure 4, which is largely due to land subsidence. The estimated and observed land
subsidence at the PCF station is presented in Figure 7, which clearly shows cumulative
historical land subsidence to be a major contributor to relative sea level change at this
station.

== Relative sea level

—&— Absolute sea level

y=1.353x-67.15

‘!‘
VWO M0 oo =l v OO0 Oo o=l v 0000 oo =0l olon =
-0 W W WXt oo oo oo
L = W N T = A = = =B = TR = T =2 = A = R = S = S - S = (= S N S N =, I i R R = s I~ B = B B i i — R i i — = =
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Figure 7. Relative and absolute sea levels at the PCF station. The shaded area shows estimated land subsidence over the
period of 1976-2005 at the PCF.
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3.3. Future Land Subsidence Scenarios

The estimated land subsidence rate at the PCF station from 2005 to 2012 was between
4 and 8 mmy/year (except the year 2010). However, the rate of land subsidence decreased
drastically to 1-2 mm/year after 2012 due to reduced groundwater pumping (Figure 6).
The estimated future land subsidence scenarios at the PCF station (as described in Section
2.3.2) during the 2005-2100 period are presented in Figure 8. It can be seen that the land
subsidence rate under LSS-1 will become negligible after 2070, while for LSS-2 and LSS-3,
the rate will be negligible after 2040 and 2020, respectively.

¥ Observed land subsidence
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r—1.85-3
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Land Subsidence rate (mmyear)
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Figure 8. Observed land subsidence rate at the PCF station during the 2005-2014 period and the three formulated future
land subsidence scenarios.

3.4. Bias Correction

Using absolute sea-level data, bias correction was carried out at the three stations
(PCF, KS, HH) under consideration. The results of bias correction using the LS, VS, and
QM methods for raw data from 35 GCMs at the PCF station were evaluated and are pre-
sented in Figure 9. It shows that data corrected using the LS method were slightly better
at representing the observed data compared to the VS and QM methods with a smaller
value of MAE, higher values of R?, and EI. As expected, VS and QM are better at simulat-
ing the variance of the observed data. Overall, all three methods were comparable in bias
correcting the raw GCM data; the results from LS were relatively better than the other two
methods, and hence LS was used for bias-correcting future sea levels at the three gauging
stations in the study area.
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Figure 9. Performance statistics (a) Mean Absolute Error (MAE), (b) Coefficient of Determination (R?), (c) Efficiency Index

(EI), and (d) Variance of the three bias-correction methods (LS, VS, and QM) using historical sea-level data from 35 GCMs

at the PCF station.

3.5. Sea Level Projections

Future relative sea levels were estimated based on the bias-corrected absolute sea
levels under two climate-change scenarios and four formulated future land subsidence
scenarios (at the PCF station only) for three future periods. Figure 10 presents the rate of
absolute SLR for near- (2021-2050), mid- (2051-2080), and far- (2081-2100) future periods
at the three stations (PCF, KS, and HH). The multimodel ensemble mean suggests that

projected absolute sea levels will continuously rise in the future period under both sce-

narios, with a higher rate of projected absolute SLR expected under RCP8.5 than under
RCP4.5 towards the end of the twenty-first century. Model-related uncertainty under
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RCP4.5 was found to be the highest in the far future, as indicated by the Inter-quartile
range (IQR), and the lowest during the mid-future. Under RCP8.5, uncertainty in the pro-
jection was the lowest during the near-future and the highest during the far-future. This
suggests, as expected, that the uncertainty of the projection will increase with time.

PCF KS HH
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Figure 10. Boxplots depicting the projected rate of absolute SLR at three stations (PCF, KS, and HH) in the near-, mid-,
and far- future periods using 35 CMIP5 GCMs. The boxes represent the interquartile range (IQR) of the rate of absolute
SLR; the horizontal line in the box represents the median value; the whiskers refer to the maximum/minimum values or
1.5 times IQR. (a) at PCF under RCP4.5; (b) at KS under RCP4.5; (c¢) at HH under RCP4.5; (d) at PCF under RCP8.5; (e) at
KS under RCP8.5; (f) at HH under RCP8.5.

In addition to climate change scenarios, land subsidence scenarios were also consid-
ered to project relative SLR in the future at the PCF station. The projected rates of relative
SLR at the three stations (PCF, KS, and HH) under RCP4.5 and RCP8.5 for future periods,
based on GCM ensembles mean, are presented in Table 3. If land subsidence is not con-
sidered, then the projected relative SLRs at all three stations are similar in all future peri-
ods. At PCF, the multi-model mean under RCP4.5 (and LSS-4) suggests the projected rate
of relative SLR (which is equal to absolute SLR in this case) as 0.86, 0.94, and 0.71 mm/year
for the near-, mid-, and the far-future periods, respectively. Similarly, under RCP8.5, the
projected rates of relative SLR are 0.85, 1.09, and 1.51 mm/year, respectively. While for
RCP4.5, the highest rates are expected during the mid-future, RCP8.5 suggests that the
rate of relative SLR will be the highest in the far future. For the near-future period, not
much difference was seen between the projections under RCP4.5 and RCP8.5. However,
the projected rate of relative SLR is much higher under RCP8.5 in the mid- and far-future
periods. With the land subsidence scenarios considered at the PCF station, the rates of
relative SLR are projected to be 1.29, 0.89, and 0.86 mm/year for LSS-1, LSS-2, and LSS-3,
respectively for the near future; and 0.96, 0.94, and 0.94 mm/year for the mid-future under
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the RCP4.5 scenario (Figure 11). Similarly, under RCP8.5, projected rates of relative SLR
are 1.27, 0.87, and 0.85 mm/year in the near-future and 1.11, 1.09, and 1.09 in the mid-
future under LSS-1, LSS-2, and LSS-3, respectively. In the far-future, sea-level rise will not
be affected by the assumed land subsidence scenarios as the rate of land subsidence will
have dropped close to zero. The highest effect of land subsidence under the assumed sce-
narios will be felt during the near-future period.

Table 3. The observed and projected rates of relative SLR in the UgoT using the GCM ensemble.

Rate of Relative SLR

LSS Projected Rate of Relative SLR (mm/year)
(mm/Year)
Station Observed Scenario RCP4.5 RCP8.5
1940- 1940- 1992- Near future Mid-future Far future Long-term Near future Mid-future Far future Long-term
2018 2002 2012 2021-2050 2051-2080 2081-2100 2021-2100 2021-2050 2051-2080 2081-2100 2021-2100
LSS-1 1.29 0.96 0.71 1.05 1.27 1.11 1.51 1.18
LSS-2 0.89 0.94 0.71 0.95 0.87 1.09 1.51 1.07
PCE 1498 - ) LSS-3 0.86 0.94 0.71 0.94 0.85 1.09 1.51 1.07
LSS-4 0.86 0.94 0.71 0.94 0.85 1.09 1.51 1.07
KS - 0.75 - - 0.86 0.94 0.71 0.94 0.85 1.09 1.51 1.07
HH - - 0.48 - 0.87 0.94 0.73 0.95 0.86 1.10 1.52 1.08

Table 4 provides the range of cumulative relative SLR for each of the three future
periods under RCP4.5 and RCP8.5 obtained from 35 GCMs. It shows maximum, mini-
mum, and ensemble-averaged projected changes in sea level for future periods. Out of the
35 GCMs used in the study, 27 GCMs project positive rates of absolute SLR in the future,
while eight GCMs project negative rates of absolute SLR. The range of future projected
relative sea level at three stations can also be visualized in Figure 12. Overall, in the
twenty-first century (2021-2100), at PCF, the relative sea level under RCP4.5 is projected
to change between -94.70 and 616.33 mm if the present land subsidence trend continues
(LSS-2). Similarly, at KS and HH, the projected sea level by the climate models varies be-
tween -95.06 and 615.98 mm (ensemble average of 74.41 mm). Under RCP8.5, the projected
relative SLR during 2021-2100 at PCF is between -135.32 and 624.52 mm (for LSS-2) and
at KS and HH, between -135.65 to 624.16 mm (ensemble average of 84.56 mm). Among the
models, HadGEM2-ES, NorESM1-M, and GISS-E2-R project the highest increase in future
sea levels under both scenarios, while ACCESS1.3, IPSL-CM5A-LR, and FGOALS-s2 pro-
ject the highest negative changes in sea levels. If land subsidence at PCF is not considered
(LSS-4), then the projected sea-level changes at all three stations are similar in all future
periods. In other words, under such conditions, there is no spatial variability in sea level
rise within the UGoT. Relative SLR under RCP8.5 will be higher than under RCP4.5, as
suggested by the ensemble-averaged values (84.56 mm under RCP8.5 vs. 74.41 mm under
RCP4.5 by 2100 without considering the land subsidence).

According to Church et al. (2013) [3], the global average rate of sea-level rise under
all RCPs is very likely to exceed the observed rate of 2.0 (1.7-2.3) mm/year during 1971-
2010, with the rate of rising projected to be 4-9 mm/year (medium confidence) under
RCP4.5 and 8-16 mm/year (medium confidence) under RCP8.5 during 2081-2100. How-
ever, the present study found that absolute sea-level rise in the UGoT in the future will
not be as severe as global average projections. Vongvisessomjai (2006) had reported that
in the lower latitudes and successive humid and arid conditions, SLR would be small or
even fall while SLR would be significantly larger in high and mid-latitudes, under succes-
sive glacial, interglacial, and interstadial conditions. It is interesting to note that the pro-
jected sea levels by model ensembles at PCF for the period from 2005 to 2018 are closer to
the measured value, while at HH, the projected sea level for 20062015 is slightly higher
than the observation (Figure 11).
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Table 4. Projected cumulative relative SLR (mm) in the future periods in the UgoT.

RCP4.5 RCP8.5
Land 2021-2050 2051-2080 2081-2100 2021-2100 2021-2050 2051-2080 2081-2100 2021-2100
Station Subsidence Cumulative Cumulative
Scenario Relative Relative
SLR SLR
max  223.93 235.48 105.04 624.41 291.42 230.56 241.56 632.60
LSS-1 mean  38.59 28.86 13.50 82.92 38.23 33.29 28.78 93.01
min  -50.51 -77.80 -59.98 -86.63 -75.42 -86.49 -88.79 -127.24
max 21191 234.94 105.02 616.33 279.41 230.02 241.54 624.52
LSS-2 mean 26.57 28.32 13.48 74.83 26.22 32.75 28.76 8491
PCE min  -62.52 -78.34 -60.00 -94.70 -87.43 -87.03 -88.82 -135.32
max  211.22 234.94 105.02 616.00 278.71 230.02 241.54 624.18
LSS-3 mean  25.88 28.32 13.48 74.49 25.52 32.75 28.76 84.57
min  -63.22 -78.34 -60.00 -95.04 -88.12 -87.03 -88.82 -135.65
max 211.18 234.94 105.02 615.98 278.67 230.02 241.54 624.16
LSS-4 mean 25.84 28.32 13.48 74.47 25.48 32.75 28.76 84.56
min  -63.26 -78.34 -60.00 -95.06 -88.16 -87.03 -88.82 -135.67
max 211.18 234.94 105.02 615.98 278.67 230.02 241.54 624.16
KS - mean  25.90 28.14 13.48 74.41 25.44 32.80 28.78 84.56
min  -63.26 -78.34 -60.00 -95.06 -88.16 -87.03 -88.82 -135.67
max 211.18 234.94 105.02 615.98 278.67 230.02 241.54 624.16
HH - mean  26.00 28.18 13.84 74.88 25.71 32.93 28.94 84.98
min  -63.26 -78.34 -50.07 -95.06 -88.16 -87.03 -88.82 -135.67
o Near Future Middle Future Far Future
__%600
é 500 | Seoc]
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Figure 11. Future projected relative sea level (ensemble mean) for four land subsidence scenarios at the PCF station under
(a) RCP4.5 and (b) RCP8.5.
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Figure 12. The observed and projected sea levels at the PCF (under LSS-2), HH, and KS stations under RCP4.5 and RCP8.5.
The solid line represents the ensemble; meanwhile, the shaded area shows the range of results by 35 GCMs. (a) at PCF
under RCP4.5; (b) at PCF under RCP8.5; (c) at KS under RCP4.5; (d) at KS under RCP8.5; (e) at HH under RCP4.5; (f) at
HH under RCP8.5.

4. Conclusions

This study focused on projecting relative sea-level changes at the Phrachula
Chomklao Fort (PCF) tide gauge in the UGoT considering climate change and land sub-
sidence for the near- (2021-2050), mid- (2051-2080), and far- (2081-2100) future periods.
The station is at the mouth of the Chao Phraya River, and the SLR has potential implica-
tions for municipal water supply from the river. The marked difference in relative SLR at
the PCF station compared to the KS and HH stations during the observed period was
found to be due to land subsidence in recent decades, which is directly linked to excessive
groundwater pumping in the Samut Prakan province. We also found that the three meth-
ods of bias correction (linear scaling, variance scaling, and quantile mapping) for sea lev-
els are comparable, although the linear scaling method performed slightly better than the
other two methods. 35 GCMs used in the study show some variability in future sea-level
projections, with a majority of the GCMs (27 out of 35, about 80% of the models) indicating
a continued increase in sea level in the twenty-first century. The results indicate that
model-related uncertainties are the highest for the far-future period under both RCPs and
are the least for the mid-future period under RCP4.5 and for the near-future period under
RCP8.5. The overall trend of relative SLR is projected to be 0.94 mm/year with no land
subsidence to 1.05 mm/year with maximum land subsidence under RCP4.5 and 1.07 to
1.18 mm/year for the corresponding land subsidence scenarios under RCP8.5 for the
twenty-first century in the UGoT. Under the assumed land subsidence scenarios, the con-
tribution of land subsidence to relative SLR in the UGoT will be relevant only in the near-
future (2021-2050) period.

The analysis also reveals that future absolute SLR due to climate change in the UGoT
will not be as severe as global averaged projections. However, land subsidence could still
play a significant role in the near-future SLR, particularly near the Bangkok Metropolitan,
asindicated by its contribution to relative SLR in recent decades. It is important to regulate
groundwater abstraction in the future so that SLR can also be restricted. Such measures
will be helpful not only in limiting urban flooding and coastal erosions but also in con-
trolling salinity intrusion. In the case of the UGoT, this is even more relevant as the raw
water intake from the Chao Phraya River for municipal water supply to Bangkok is close
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to the estuary, and relative SLR in the future can pose additional challenges in terms of
salinity of raw water for the MWA. The results of the present study are being used to
further investigate the effects of future relative SLR on salinity intrusion in the Chao
Phraya and the associated implications and solutions for municipal water supply in Bang-
kok and its vicinity.
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