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Summary 
 
This chapter discusses observed and projected 
mean sea-level rise around Singapore and the 
wider Southeast Asian region. Various physical 
mechanisms and processes driving past and 
future mean sea-level rise around Singapore are 
discussed here. Our findings specifically highlight 
vertical land movement (VLM) as an important 
driving process of relative sea-level rise in many 
parts of Southeast Asia.  

We found that the rate of observed and future 
mean sea-level rise around Singapore is 
comparable to the global-mean rate. Past sea-
level change in Singapore is shown at ten tide-
gauge locations whilst future sea-level change in 
Singapore is shown at six of these ten tide-gauge 
locations.  

Relative mean sea level has been rising at a rate 
of 3.6 mm/yr off Singapore (average rate across 
four tide-gauges with rate varies between 3.27 - 
3.77 mm/yr) for the 1993 - 2021 period, and is 
projected to continue rising at different rates 
depending on the future emission pathways. We 
show that the relative mean sea level is likely to 
reach up to 0.74 m under the low emissions 
scenario (SSP1-2.6) and up to 1.24 m under the 
high emissions scenario (SSP5-8.5) by 2100 
(relative to 1995-2014) at a particular location in 
the southern coast of Singapore (Sultan Shoal). 
Projected relative sea-level rise at this location 
could likely increase to 1.15 m (SSP1-2.6) and 
2.12 m (SSP5-8.5) by 2150.  

We show that the contemporary mass 
redistribution (CMR) between the oceans and the 
land, which refers to freshwater from ice sheets, 
glaciers and other terrestrial water storages, is the 
main driver of observed sea-level rise around 
Singapore during the 1993 - 2021 period (70% of 
the total rise). On the other hand, manometric sea-
level, or in other words the ocean internal mass 
distribution, drives a large part of the 
sterodynamic sea-level rise (~23% of the total 
rise) in Singapore with a very weak contribution 
from steric sea-level rise. Our findings indicate 
that nearly 90% of the observed sea-level rise off 
Singapore is “mass-driven” and highlights the 
importance of having a bottom pressure recorder 
in the shelf region of Singapore to assist future 

studies of mean sea-level changes around 
Singapore.  

We present the contribution from six driving 
components to mean sea-level change in 
Singapore by 2100 and 2150 under the low and 
high emission scenarios: Antarctic and Greenland 
ice sheets, glaciers, land water storage, ocean 
sterodynamics. Our projections show that mass 
changes in the Antarctic ice sheet are projected to 
likely contribute the most significantly to the 
projected sea-level rise in Singapore (Sultan 
Shoal) by 2100 and 2150 regardless of emission 
scenarios.   

Low confidence sea-level projections for 
Singapore and the global mean up to 2300 are 
also presented in this chapter. These projections 
follow single paths of low-likelihood high-impact 
scenarios consistent with unstable ice sheet 
feedback processes such as marine ice cliff 
instability (MICI) and marine ice shelf instability 
(MISI). Despite their low confidence, these 
projections offer a more comprehensive view of 
potential future climate scenarios, providing 
essential information for stakeholder planning. It 
is, however, important to use these projections 
cautiously, with awareness of their inherent 
uncertainties. 

This chapter centers on mean sea level in 
Singapore and the surrounding region, excluding 
an analysis of extreme sea level. Coastal water 
level fluctuations are also contributed from tides, 
storm surges, and waves. For robust mitigation 
and adaptation and planning in response to sea-
level rise, an understanding of extreme sea levels 
is as vital as comprehending mean sea-level 
change. The mean sea-level change projections 
outlined in this chapter hence provide a foundation 
for future studies on extreme sea levels, aiding in 
comprehensive coastal sea-level change studies. 

The availability of coastal observational systems 
and data is very sparse in many parts of the 
Southeast Asian region, including Singapore. 
Sustaining the existing observing networks (e.g. 
tide gauges) and initiating coordinated ocean 
observational programmes (e.g., coastal 
hydrographic measurements) is fundamental in 
addressing sea-level rise in the Southeast Asian 
seas. The complexity of understanding the drivers 
behind mean sea-level rise also calls for 
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developing modeling frameworks for the 
Southeast Asian region encompassing high-
resolution regional and coastal hydrodynamic 

models. This will aid sea-level-rise-induced 
coastal impact assessments (e.g., inundation, 
erosion and land/infrastructure loss).

 

 

 

 

12.1 Introduction 
 
Global mean sea-level rise is one of the most 
significant consequences of climate change, with 
the potential to impact coastal communities 
worldwide. Over the past century, global-mean 
sea level rose by an average rate of 1.8 mm per 
year, and this rate is expected to increase in the 
coming decades due to increased mass loss of ice 
sheets and glaciers and the thermal expansion of 
ocean waters (Fox-Kemper et al. 2021). Countries 
in southeast Asia are particularly vulnerable to 
sea-level rise due to the large population living in 
low-lying coastal areas (Nicholls and Cazenave, 
2010; Nicholls et al. 2021; Asian Development 
Bank, 2018) and making robust estimates of sea-
level rise and its coastal impacts is challenging for 
this region mainly due to sparse observational 
data and complex oceanographic and climatic 
features of the region as illustrated in Figure 12.1. 
Situated at the southern tip of the Malay 
Peninsula, Singapore is particularly at risk from 
sea-level rise impacts such as inundation, erosion 
and coastal flooding (Ministry of Sustainability and 
the Environment, 2021; Figure 12.2). The coastal 
sea-level rise and associated impacts indeed 

pose significant challenges to Singapore's public 
safety, infrastructure, and economy (National 
Climate Change Secretariat, 2018).  
 
Singapore Prime Minister Lee Hsien Loong, in his 
National Day Rally speech in 2019, emphasised 
the importance of addressing sea-level rise 
around Singapore, highlighting the government's 
commitment to tackling this critical issue over the 
coming years (Prime Minister’s Office Singapore, 
2019). To address the challenges posed by sea-
level rise, the Singapore government has 
implemented various measures that collectively 
enhance state resilience to climate change. For 
example, the Coastal and Flood Protection Fund 
was established in 2018 as part of the Climate 
Action Plan, with an initial budget of SGD 5 billion 
to support coastal adaptation measures (National 
Climate Change Secretariat, 2018). Additionally, 
to enhance research in understanding sea-level 
rise and its impacts around Southeast Asia, which 
includes seas around Singapore, the National Sea 
Level Programme (NSLP) was launched by the 
Singapore government in 2019 with an initial 
budget of SGD 10 million (Ministry of 
Sustainability and the Environment, 2020). 
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Figure 12.1: Land surface elevation and sea-floor depth relative to mean sea level of the Southeast Asian region. Major seas, 
shelves, and straits are shown and the geographic location of Singapore is marked by a rectangle. Units are 102 m, e.g., 0.1 = 
10 m above sea level. Data source: General Bathymetric Chart of the Oceans (GEBCO_2022 Grid).    

 

Changes in coastal water level can occur either 
through changes in regional relative mean sea-
level or by means of changes caused by tides and 
extreme weather processes (waves, storm 
surges) or some combination of both.  

Singapore’s Second National Climate Change 
Study - by evaluating both time-mean sea level 
and sea-level extremes using different physical 
models - indicated that the projected coastal water 
levels around Singapore by the end of this century 
are predominantly driven by mean sea-level rise 
and changes in extreme sea levels are not so 
significant.  

Hence, in this report, we focus mainly on how and 
why relative mean sea level rose around 
Singapore and the wider southeast Asian region 

over the historical period (Sections 12.3 and 12.4) 
and provide robust estimates of projected mean 
sea levels around Singapore for this century for 
different emission scenarios, using IPCC sea-
level projection methodology. 

In the following sections, we provide a general 
description for main drivers of coastal sea level 
following the historical sea-level change for 
Southeast Asia and Singapore using 
observational data, and subsequently discuss 
future sea-level change for these regions based 
on the Intergovernmental Panel on Climate 
Change (IPCC) Sixth Assessment Report of 
Working Group I (AR6). 
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Figure 12.2: Map of elevation of Singapore (provided by Singapore Land Authority). Units are meters relative to mean sea level.
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12.2 Drivers of sea-level change 
 
Sea level varies over a wide range of spatial (from 
a point to global scale) and time (from seconds to 
millennia) scales. Sea level is an integrative ocean 
variable, meaning it integrates changes over the 
entire ocean depth and also reflects changes in 
other components of the climate system such as 
land, atmosphere and cryosphere. Therefore, sea 
level seldom settles down to a steady state (a 
condition in which no sea-level change occurs 
over time), but it constantly changes under the 
influence of several geophysical processes as 
shown in Figure 12.3.  

Mean sea level at a given location is usually 
defined as the average of sea surface height over 
a certain period. It is the annual average water 
level at the coast upon which shorter-term 
variations from tides, surges and waves are 
superimposed. The averaging period could vary 
and hence, it is crucial to note that the rate of MSL 
could differ significantly if not compared over 
identical periods of time.  

For a given location, subtracting the mean sea 
level from the original sea-level measurements 
would yield sea-level anomalies, which represent 

deviations of sea surface from a mean level due 
to several processes operating at different spatial 
and time scales, as illustrated in Figure 12.3. 

Sea level can be measured with respect to a 
reference level, or also known as the datum, 
which is either fixed to the land (e.g., tide-gauge 
sea-level measurements) or based on Earth’s 
center (e.g. satellite observations). Tide-gauge 
measured sea-level changes are hence affected 
by (or include information of) local vertical land 
movement (VLM) at the tide-gauge location, and 
hence called relative sea-level (RSL) changes.  

Global-mean sea level1 (GMSL) is the area-
weighted average of sea surface height over the 
global oceans. Consequently, temporal changes 
in GMSL indicate a net change in the global ocean 
volume caused by ocean thermal expansion 
and/or exchange of water between other 
components of the Earth (e.g., mass balance 
changes in ice sheets, glaciers and terrestrial 
water storages). GMSL change due to the net 
mass change of the ocean is known as global-
mean barystatic sea-level change, and that is 
caused by a net change in the global ocean heat 
content is called global-mean thermosteric sea-
level change (Gregory et al., 2019).  
 

 

 
1 Mean sea level averaged over the global oceans. Refer to 

the Glossary for a complete list of sea level terminology 
definitions. 
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Figure 12.3: Schematic of different geophysical processes contributing to global, regional and local sea-level change. Note, the 

color-coding reflects the spatial scales on which the different processes operate, as per the column titles and that these are 

treated additively as we progress to smaller scales (left-to-right). 

 

Regional and local sea-level changes can deviate 
from the global mean due to a number of 
processes (e.g. ocean circulation and tides) as 
summarised in Figure 12.3. By definition, these 
regional processes do not contribute to GMSL 
change since averaging their contributions over 
the entire ocean surface results in zero net 
change. The key processes that induce regional 
sea-level changes are ocean circulation (dynamic 
sea-level change) and the regional sea-level 
variations associated with freshwater exchange 
between the oceans and the land.  
 
In the following sections, we focus on the drivers 
of mean sea level that occur on different temporal 
and spatial scales with a few contextual remarks 
for the sea-level changes around Singapore. We 

separate and discuss the drivers contributing to 
global, regional and local mean sea level.  
 

12.2.1 Global drivers 
 
GMSL rise is one of the major consequences of 
anthropogenic global warming. The earth system 
gained substantial energy during the last fifty from 
increased greenhouse gas emissions and 
associated positive radiative forcing. This surplus 
energy is closely linked to GMSL rise through the 
global ocean thermal expansion (Fox-Kemper et 
al., 2021). For instance, the GMSL rise (1.2 – 
1.5 mm/yr ; Figure 12.4a) in the 20th century (e.g. 
Hay et al., 2015; Frederikse et al., 2020) is linked 
to the fact that nearly 90% of the excessive 
radiative heating of the climate system, due to 
greenhouse gas emission, has been stored in the 
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oceans (e.g. von Schuckmann et al., 2016, 2023; 
Church et al., 2013; Zanna et al., 2019; 
Meyssignac et al., 2019).   
 
Global-mean thermosteric sea-level (GMTSL) rise 
accounts for nearly 90% of the observed energy 
increase since 1971 with much smaller amounts 
going into melting of ice (3%) and heating of the 
land (5%) and atmosphere (1%). Notably, majority 
of the ocean warming (~ 60%) is confined in the 
upper 700 meters of the oceans, causing about 4 
- 5 cm of GMSL rise since 1971 and such rapid 
warming of the ocean (thermosteric sea-level rise) 
is shown to be indeed unprecedented over the last 
two thousand years (Fox-Kemper et al., 2021; 
Nidheesh et al., 2022). Nevertheless, it is 
important to note that the thermosteric sea-level 
rise is not spatially uniform across the oceans and 
in fact the thermal expansion is almost negligible 
over the shallow shelf regions like Singapore, 
leading to additional oceanic processes balancing 
the spatial variations as discussed in Section 12.3.    
 
The remaining heat due to global warming 
(~10%), although small compared to what is being 
stored in the oceans, is in fact more efficient in 
changing the GMSL via changing the mass 
balance of land-based ice (i.e., polar ice sheets 
and glaciers) and the global hydrological cycle 
(Forster et al. 2021; WCRP Global sea Level 
Budget Group, 2018; von Schuckmann et al. 

2020; Fox-Kemper et al. 2021). For instance, 
Figure 12.4a clearly shows that the GMSL change 
due to the redistribution of mass between the 
oceans and land is nearly twice the GMTSL 
change over the entire twentieth century, and the 
rates of global-mean barystatic and thermosteric 
sea-level rise are almost equal in magnitude 
during 1971 - 2018 (Fox-Kemper et al., 2021). 
More specifically, the GMSL rise over 1971 - 2018 
(7.3 - 14.6 cm with a central estimate of 10.96 cm) 
can be closed with largest contribution comes 
from ocean thermal expansion (3.4 - 6.1 cm with 
a central estimate of 4.75 cm) and remaining 
contributions from glaciers (2.1 cm [1 - 3.2 cm]), 
Greenland ice sheet (1.2 cm [0.8 - 1.6 cm]), 
Antarctic ice sheet (0.67 cm [-0.4 - 1.7 cm]) and 
terrestrial water storage (0.73 cm [-0.2 - 1.7 cm]).  
 
Additionally, a number of recent studies (e.g. 
Nerem et al., 2018; Dangendorf et al., 2019) 
pointed out that there is an apparent acceleration 
in the rate of GMSL rise, as evident in the higher 
rate of satellite-measured GMSL rise (~ 3.4 mm/yr 
since 1993), possibly related to accelerating levels 
of anthropogenic forcings in the climate system. 
Satellite-based observations and other in-situ 
measurements also suggest that mass loss from 
glaciers and the polar ice sheets has increased 
over recent decades, and can potentially become 
large sources of sea-level change in the current 
century (Fox-Kemper et al., 2021).      

 

 
Figure 12.4: (a) Estimates of twentieth-century global-mean sea-level (GMSL) rise from different sources: Commonwealth 
Scientific and Industrial Research Organization (CSIRO; Ref. 1), Hay et al. 2015 (Ref. 2) and Frederikse et al. 2020 (Ref. 3). 
The two major components - thermosteric and barystatic contributions - of the GMSL are also shown from Frederikse et al. 
(2020). GMSL curve from satellite altimetry is also shown. (b) Spatial map of mean sea-level rise trend for the period 1993 - 
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2021 estimated from satellite altimetry. The southeast Asian region is highlighted by a rectangle [Note that satellite-observed 
sea-level rise does not include the effects of vertical land motion].  

 

12.2.2 Regional drivers 
 
Sea-level rise is not spatially uniform (Figure 
12.4b). For instance, the rate of satellite-observed 
sea-level rise in the far western Pacific (about 5-6 
mm yr−1 is clearly larger than the GMSL rate over 
the same period. Mean sea-level rise is generally 
higher (lower) than the global-mean in the 
Southern Ocean mid-latitudes (eastern tropical 
Pacific), as seen in Figure 12.4b. This spatially 
non-uniform sea-level rise, or also known as 
dynamic sea-level change, is primarily caused by 
ocean circulation, which redistributes water mass 
and heat within the ocean basins under the 
influence of winds and density differences.  

For example, strengthened trade winds in the 
Pacific during the falling phase of Interdecadal 
Pacific Oscillation (IPO) since 1990s have 
resulted in increased ocean heat uptake by the 
equatorial Pacific and warm water accumulation in 
the west (e.g. England et al. 2014), causing a 
higher (lower) rate of mean sea-level rise in the 
western (eastern) tropical Pacific as seen in 
Figure 12.4b. Regional sea-level changes are 
often driven by surface winds and spatially varying 
atmospheric heat and freshwater fluxes, often 
associated with regional climate modes. For 
instance, the sea-level changes in the Atlantic 
ocean is primarily driven by wind and heat flux 
variations associated with the North Atlantic 
Oscillation (NAO) and changes in ocean heat 
transport associated with the Atlantic Meridional 
Overturning Circulation (AMOC; Oppenheimer et 
al. 2019). Similarly, the high rates of sea-level rise 
in the north Indian Ocean during the second half 

of the 20th century was linked to the weakening of 
Indian Monsoon circulation (Swapna et al. 2017).  

Such natural variability in the climate system is 
very efficient in channelising non-uniform 
distribution of heat, salt and water masses within 
the ocean and to lead non-uniform sea-level 
changes at different oceanic regions. Ocean 
general circulation models are widely used to 
understand this ‘circulation-induced’ sea-level 
variations, known as ‘dynamic’ sea-level changes 
(Gregory et al. 2019). The global-mean density of 
the ocean can vary in time and contributes to 
regional as well as global-mean sea-level 
changes. The regional sea-level change due to 
the combined effects of dynamic sea-level change 
and global-mean thermosteric sea-level change is 
called ‘sterodynamic’ sea-level changes (Gregory 
et al. 2019).  

Understanding the natural climate variability and 
ocean circulation is a key aspect in the 
understanding of climate-change-induced 
regional sea-level rise. For instance, several 
studies have examined the sea-level rise in the 
tropical Pacific and showed that accounting for 
natural climate variability (i.e., ENSO and/or IPO) 
could substantially modify the observed sea-level 
rise pattern. This is useful in detecting the trends 
originating from anthropogenic warming (e.g. 
Royston et al. 2018). Sea-level rise in the 
Southeast Asian seas could also be influenced by 
low-frequency natural climate variability rooted in 
both Indian and Pacific oceans. Understanding 
what drives regional variability in sea level is also 
key for deriving robust sea-level projections.     
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Figure 12.5: Relative sea-level rise in the southeast Asian region due to GIA (a) and GRD (b) effects. The rate of GIA-induced 
sea-level change is taken from the ICE-6G_C (VM5a) model (Peltier et al. 2015). The GRD fingerprint (b) represents the relative 
sea-level rise caused by mass redistribution between the oceans and ice sheets (Antarctic and Greenland), mountain glaciers 
and terrestrial water storages for the period 1900 - 2018, as described in Frederikse et al. (2020).     

 

Sea-level change in response to land-ice melting 
and changes in land water storage is also not 
uniform across the oceans. The associated 
changes in Earth’s gravity, rotation and crustal 
deformations impose characteristic patterns of 
regional sea-level change (Farrel and Clarke, 
1976), collectively referred to as GRD fingerprints. 
GRD effects on sea level can be due to past 
changes (e.g. changes occur over glacial cycles) 
in land-ice storage, which is known as glacial 
isostatic adjustment or GIA. GRD effect could also 
be due to ongoing changes in the land-ice or land 
water storages, which is termed contemporary 
GRD effects. Observed RSL rise is affected by 
both GIA and GRD effects. For example, on 
average, the ocean basins are slightly subsiding 
(uplifting) due to the loading (unloading) of sea 
water since the Last Glacial Maximum that 
occurred about 20,000 years ago. On the other 
hand, mass loss from the Greenland ice sheet 
over the last few decades has caused a sea-level 
fall around Greenland by a few centimeters as a 
response to changes in the local gravitational field 
(e.g. Coulson et al. 2022) while sea level rose over 
most of the tropical oceans in response to that 
melting.  

While the GRD sea-level fingerprints impose large 
spatial gradients in RSL near glaciated regions 
(e.g. the northeast US coasts or Greenland ice 
sheet), those effects are relatively small in the 
tropics (Wang et al. 2021). For example, Figure 
12.5 illustrates the current rate of RSL rise due to 

GIA (Figure 12.5a) and GRD (Figure 12.5b) from 
Peltier et al. (2015; GIA rate) and Frederikse et al. 
(2020; GRD), respectively in the Southeast Asian 
region. The GIA-induced sea-level rise represents 
the sea-level response to deglaciation history over 
the last 25,000 years from an updated GIA model 
(ICE-6G_C (VM5a); Argus et al. 2014). Figure 
12.5a suggests that RSL falls with rates ranging 
from -0.1 to -0.4 mm/yr at many of the coastal 
locations in the Southeast Asia due to GIA, 
including Singapore (Table 12.5 for GIA-induced 
RSL change at tide-gauge stations around 
Singapore).  

Figure 12.5b indicates the RSL change due to the 
net mass balance changes in the ice sheets, 
glaciers and land water storage for the period 
1900 - 2018 (Frederikse et al., 2020). The GRD-
induced sea-level rise is mostly uniform around 
Singapore and the wider south China sea region 
(~1 mm/yr) for the 1900 - 2018 period (Figure 
12.5b).  
 

12.2.3 Local drivers 
 
In addition to the factors discussed in the previous 
sections, sea-level rise at the coasts is further 
affected by various physical processes such as 
tides, storm surges and waves, changes in coastal 
morphology, and VLM. VLM is one of the most 
important yet often understudied issues in the 
detection of RSL rise at many coastal regions. As 
we will see in Section 12.3, many of the coastal 
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locations in the Southeast Asian region indeed 
experience significant local VLM that exacerbates 
the climate-change-driven sea-level rise.  

For instance, Indonesia’s capital city Jakarta, is 
subsiding at an alarming rate of a few centimeters 
per year (e.g., Bott et al. 2021), and the country is 
moving its capital to mitigate the associated risks. 
The Solomon Islands, a low-lying island nation in 
the western tropical Pacific, has lost at least five 
of its reef islands to the rising seas and intense 

wave action, and many of the small islands in the 
archipelago await a similar fate (Albert et al. 
2016).  

Factors such as tectonic activities and 
anthropogenic subsidence potentially cause 
significant RSL changes in the Southeast Asian 
seas. Monitoring and understanding those factors 
are critical to understanding RSL rise in the 
region. 

 

 

Figure 12.6: An illustration for California for 1 m of sea level rise of the significant water level components that comprise total 
water levels on a beach during a storm resulting in potential flooding. The range of values are based on observations and 
modeling conducted for California as described in Barnard et al. (2019). (H = wave height, Hbr = breaking wave height). The total 
water level at the coast is a combined effect of regional sea-level rise and other coastal phenomena (e.g. tides, storm surges, 
seasonal effects and waves). Adapted from Barnard et al. 2019). 

 

At the coasts, tides, storm surges and waves 
constitute the major processes, coupled with 
mean sea-level change, that contribute to 
significant water level oscillations at the coasts 
(Figure 12.6). Consequentially, this results in 
extreme sea level change. 

Tides around Singapore are typically mixed 
diurnal and semidiurnal with a range around 2 – 3 
m. Cyclonic storm activities around Singapore are 
weak due to its proximity to the equator. However, 
sea-level seasonal variations associated with 
monsoons are substantial (~ 20 cm amplitude; 
see appendix A1). The monsoon-driven wind-
setup drives high (low) sea levels during the 
northeast (southwest) monsoon and the extreme 
sea-level anomalies around Singapore indeed 
tend to occur during the northeast monsoon 
(Tkalich et al. 2009).  A key finding of Singapore's 

Second National Climate Change study was 
indeed that the projected changes in surges or 
waves are dominated by projected mean sea-level 
rise. Cannaby et al. (2016) pointed that the 
highest recorded surge level in the Singapore 
Strait (~ 84 cm) lies between the central and upper 
estimates of mean sea-level rise by 2100, 
highlighting the role of mean sea-level rise in 
driving the extreme water levels at the coasts and 
the vulnerability of the region.  

For the southeast Asian region, the lack of long-
term, spatially dense ocean and coastal 
observations is one of the main challenges in 
improving understanding of sea-level rise. Ideally, 
each tide-gauge installation should include a 
complementary Global Navigation Satellite 
System (GNSS) receiver to directly monitor VLM. 
Spatial monitoring of VLM with InSAR (Synthetic 



9 

 

Aperture Radar interferometry) techniques 
provides another means of estimating the VLM for 
coastal regions (e.g. Catalao et al. 2020, Tay et 
al., 2022). Temperature, salinity and current 
measurements are also fundamental in 
understanding coastal ocean dynamics and sea-
level changes. By analysing observed and model-
based sea-level data, this report indicates that the 
sea-level rise around Singapore is essentially 
“mass-driven” (Section 12.3). The deployment of 
a bottom pressure recorder in the shelf region 
around Singapore would significantly help to 
observe and interpret the sea-level changes here. 
However, the availability of such complementary 
observational systems and data is very sparse in 
many parts of the Southeast Asian region, 
including Singapore. Sustaining the existing 
observing networks (e.g. tide gauges, LIDAR) and 
initiating coordinated ocean observational 
programmes would hence be an important step 
forward in addressing sea-level rise in the SEA 
region.  

The complexity of fully comprehending local sea-
level change on varied timescales (Figure 12.3) 
also calls for developing modeling frameworks for 
the Southeast Asian region encompassing high-
resolution regional ocean modeling and coastal 
hydrodynamic models, which are essential tools to 
translate the sea-level rise information into coastal 
impacts (e.g., inundation, erosion and 
land/infrastructure loss).  
 

12.3. Observed sea-level rise in 
Southeast Asia 
 
Tide-gauges have been the key observational 
records of coastal sea-level changes, and a large 
body of literature has discussed the mean sea-
level changes using those records, at both global 
and regional scales (e.g. Peltier and Tushingham, 
1991; Douglas, 2001; Jevrejeva et al. 2008; 
Church and White, 2011; Gregory et al. 2013; Hay 
et al. 2015; Wyrtki, 1987; Mitchum and Wyrtki, 
1988; Unnikrishnan and Shankar, 2007; Feng et 
al. 2004; Woodworth et al. 2019; Nidheesh et al. 
2013; Royston et al. 2022). Tide-gauge measures 
local sea-level changes relative to the land to 
which the gauge is fixed. A number of oceanic and 
land processes can thus affect tide-gauge 
readings as illustrated in Figure 12.3.  

Although tide-gauges possess data over multi-
decadal periods, a natural limitation of tide-
gauges lies in their sparse and uneven 
geographical distribution. Extreme care has been 
given in most literature to minimise the biases 
originating from sparse spatial coverage while 
estimating global and regional sea-level-rise 
trends from those records (e.g. Hay et al. 2015; 
Unnikrishnan and Shankar, 2007). In addition, the 
record length of sea-level data varies across 
gauges. Many of the records across the world 
suffer from substantial data gaps, and this 
includes many coastal regions in Southeast Asia. 
Few studies have attempted to quantify the mean 
sea-level rise in the South China sea and the 
adjacent shallow shelves using tide gauges (e.g. 
Tkalich et al. 2013), although a large body of 
literature has addressed tide-gauge-based sea-
level rise estimates in the western Pacific ocean 
(e.g. Merrifield, 2011; Feng and Meyers, 2004).   

Ideally, the VLM-corrected mean sea-level 
change estimate from tide-gauges is expected to 
closely match the mean sea-level change 
measured by satellite altimetry at the same 
location (Section 12.2). As we will see in the 
following section, synergising the estimates of 
mean sea-level rise from tide-gauges and satellite 
altimetry could provide better insights on local 
mean sea-level change and potentially indicate 
the rates of VLM over their overlapping period. 
Satellite altimetry provides global-scale, gridded 
sea-level measurements and has greatly aided 
the understanding of open ocean variability since 
1993. A few studies in the past have shown that 
employing satellite sea-level data in conjunction 
with tide-gauge records can provide meaningful 
information on regional and coastal sea-level rise 
(e.g. Vinogradov and Ponte, 2011; Unnikrishnan 
et al. 2015; Allison et al. 2022).  
 
In the following section, we describe the observed 
sea-level rise in Southeast Asian seas (SEAS) by 
analysing sea-level data from selected tide-
gauges and satellite altimetry for the 1993 - 2021 
period. 
 

12.3.1 Sea-level rise from satellite altimetry 
and tide gauges 
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Monthly sea-level data from tide-gauge records 
are obtained from the Permanent Service for 
Mean Sea Level (PSMSL) repository (Holgate et 
al., 2013; PSMSL, 2022). All the records used in 
this report are the ‘revised local reference’ records 
to assure that the sea-level heights at all stations 
are referenced to a common datum. More details 
can be seen in the PSMSL website 
(https://psmsl.org). Satellite-measured sea-level 
anomaly (with respect to mean sea-surface height 
for the period 1993 - 2012) data from the 
Copernicus Marine Environment Monitoring 
Service (CMEMS) are another key observational 
data used in this report, which is based on a 
merged product from multiple satellite missions 
(TOPEX/Poseidon, ERS-1/2, Jason-1, Jason-2, 
and Envisat). The monthly-mean sea-level data 
have global coverage and are available at a 
spatial resolution of 0.25° × 0.25°. We analyzed 
the data for the period 1993 - 2021, for this report.  
We considered 12 tide-gauge records in the SEAS 
(Figure 12.7 and Table 12.1), each of them having 

at least 90% of data coverage during the altimetry 
period (1993 - 2021). Note that all the twelve 
gauges, as shown in Figure 12.8, do not extend to 
the entire satellite period, but some of them do not 
have a couple of years of data at the end of the 
period (Malakal [1993 - 2019], Kota Kinabalu 
[1993 - 2019], Zhapo [1993 - 2020], Sultan Shoal 
[1993 - 2020], Tanjung Geylang [1993 - 2019], 
and Ko Taphao Noi [1993 - 2020]). As we focus 
on long-term trends, the sea-level seasonal cycle 
is removed for both tide-gauge and satellite 
monthly data. Hence, all the sea-level data 
analysed in this report, including the reanalysis 
data, are anomalies with respect to 1993 - 2012 
time-mean sea level and seasonal climatology 
estimated over the period of analysis (1993 - 
2021). The sea-level trends are estimated through 
a linear regression of the sea-level data in time, 
and the standard error of the trend is provided as 
a measure of trend uncertainty.  

  

 

Figure 12.7: Observed sea-level trend from satellite altimetry (spatial map) and tide gauge records (circle) for the period 1993 - 
2021. The selected tide gauges are, from east to west: 1.  Pago Bay (Guam); 2. Malakal (Palau); 3. Darwin (Australia); 4. Cebu 
(Philippines); 5. Manila (Philippines); 6. Kota Kinabalu (Malaysia); 7. Zhapo (China); 8. Sultan Shoal (Singapore); 9. Tanjung 
Gelang (Malaysia); 10. Fort Phrachula Chomklao (Thailand); 11. Ko Taphao Noi (Thailand); 12. Home Island (Cocos Islands).  

 

https://psmsl.org/
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Satellite sea-level trend map for the period 1993 - 
2021 shows that mean sea level is rising almost 
everywhere in the Southeast Asian region, with a 
regional-mean rate of ~ 4.4 mm/yr (Figure 12.7). 
The rate of sea-level rise is not the same 
everywhere in the region and exhibits deviations 
from the regional-mean and the global-mean rate 

(~3.4 mm/yr). For instance, the rates are higher in 
the western equatorial Pacific (4 - 6 mm/yr) and 
the eastern Indian Ocean (off the Andaman 
Islands) whereas relatively weak sea-level rise (0 
- 2 mm/yr) is observed in the tropical northwest 
Pacific (Figure 12.7).  
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Figure 12.8: Time series of sea-level anomalies from tide gauges (black) and satellite altimetry (blue, averaged over 1 degree 
around each gauge location shown in Figure 12.5). The difference between the tide-gauge and satellite time series is also shown 
(orange). A linear trend based on the least-square method is also plotted as a dashed line over each time series with the same 
color. The trend and corresponding standard error for each tide-gauge is given in Table 12.1.  

 

Note that the rate of mean sea-level rise in the 
South China sea (SCS) and off Singapore is 
close to the global-mean rate. Regional 
deviations in the rate of sea-level change can 
arise through various geophysical processes, 
such as the regional ocean circulation and GRD 
effects (c.f. Figure 12.3). We will come to these 
points in the following sections. 

Rate of sea-level rise across selected tide-gauge 
records in the SEAS (locations of gauges are 
shown in Figure 12.7 with color indicating the 
sea-level trend) also show similar spatial 
variations. Notably, the tide-gauge trends differ 
significantly from satellite-based trend estimates 
(Figures 12.7 & 12.8, Table 12.1) at six locations, 
namely - Darwin (Australia), Cebu (Philippines), 
Manila (Philippines), Fort Phrachula Chomklao 
(Thailand), Ko Taphao Noi (Thailand), and Home 
Island (Cocos Islands). As explained in section 
12.2, the difference in the rates of sea-level rise 
between altimetry and tide gauge at a given 
location provide an indication of the local VLM 
(Woppelmann and Marcos, 2016).  

Table 12.1 also suggests that the Sultan Shoal 
(Singapore) does not have significant local VLM 
compared to other coastal locations in the SEA 
region (also refer to Sections 12.4 and 12.6). As 
detailed in Section 12.6, the GIA-induced VLM in 
Singapore drives a land uplift (RSL fall) which 
may counter any local land subsidence due to 
other factors. Two of the Malaysian gauges 
(Kota Kinabalu and Tanjung Gelang), as shown 
in Figure 12.8, stopped recording sea-level 
change around 2018. This accentuates the 
importance of sustaining tide-gauge for 
monitoring and improved understanding of long-
term sea-level rise at coastal regions. Ideally, 
tide-gauge measurements should be 
supplemented with direct VLM estimates (e.g. 
using GNSS; Martinez-Asensio et al. 2019), 
which are absent at many of these tide gauge 
locations. We call for joint programs to monitor 
the VLM in Singapore and other vulnerable 
locations in the Southeast Asian region toward 
reliable future sea-level projections and coastal 
adaptation procedures.  

 
Table 12.1: Sea-level trend and standard error for the selected tide-gauge records in the SEAS. Satellite sea-level is averaged 
at a 1-degree area surrounding each tide-gauge station and the trend of this satellite time series is also given. The trend 
estimates for the difference time series (i.e. tide-gauge - altimetry) is shown in the last column. Unit is in mm/yr. 

 Tide Gauge Lon (E) Lat (N) Tide gauge Satellite Difference 

1 Pago Bay (Guam) 144.65 13.44 3.20 ± 0.55 3.84 ± 0.52 -0.42 ± 0.10 

2 Malakal (Palau) 134.47 7.33 4.59 ± 0.87 5.35 ± 0.82 -0.63 ± 0.11 

3 Darwin (Australia) 130.85 -12.47 5.26 ± 0.45 2.27 ± 0.45 2.99 ± 0.20 

4 Cebu (Philippines) 123.92 10.3 6.96 ± 0.40 4.18 ± 0.33 2.33 ± 0.30 

5 Manila (Philippines) 120.97 14.58 12.71 ± 0.41 4.92 ± 0.25 7.78 ± 0.30 

6 
Kota Kinabalu 
(Malaysia) 

116.06 5.98 4.28 ± 0.41 4.74 ± 0.28 -0.6 ± 0.14 

7 Zhapo (China) 111.82 21.58 3.23 ± 0.31 3.79 ± 0.23 -0.51 ± 0.16 

8 
Sultan Shoal 
(Singapore) 

103.65 1.23 3.26 ± 0.29 3.34 ± 0.20 -0.01 ± 0.19 
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9 
Tanjung Gelang 
(Malaysia) 

103.43 3.97 4.11 ± 0.21 4.19 ± 0.17 -0.04 ± 0.13 

10 
Fort Phrachula 
Chomklao (Thailand) 

100.58 13.55 7.49 ± 0.33 4.67 ± 0.25 2.8 ± 0.35 

11 
Ko Taphao Noi 
(Thailand) 

98.43 7.83 9.69 ± 0.53 3.89 ± 0.33 5.93 ± 0.35 

12 
Home Island (Cocos 
Islands) 

96.89 -12.12 6.96 ± 0.38 3.66 ± 0.36 3.26 ± 0.09 

12.3.2 Decomposition of observed sea-level 
rise 
 
The sea-level trend from satellite altimetry can be 
decomposed into two main sources. First, the sea-
level trend which is caused by ongoing freshwater 
exchange between the ocean and land (this 
includes ice mass changes in grounded ice sheets 
and glaciers and changes in terrestrial water 
storages). Following Harvey et al. (2021), we call 
this source (component) “contemporary mass 
redistribution” (CMR). Note that, in our definition, 
the CMR sea-level trend includes both global-
mean barystatic sea-level trend and the 

associated regional GRD fingerprints (Gregory et 
al. 2019). Second, the sea-level trend caused by 
ocean sterodynamic changes reflects the sea-
level change caused by ocean circulation and 
seawater density variations (Section 12.2.2). 
Satellite sea level is also affected by GIA, and 
hence, we have corrected the satellite trend for 
GIA by subtracting GIA (GSL) solutions from ICE-
5G (Peltier, 2004; Appendix A2) to focus on the 
remaining two contributions - sterodynamic and 
CMR. We can hence write the GIA-corrected sea-
level rise (SLR) from altimetry as: 
 
SLR (altimeter) = Sterodynamic + CMR + residual     

 

 

Figure 12.9: a) Sterodynamic sea-level rise (which includes the effects of ocean density variations and regional circulation) for 
the period 1993 - 2021. b) Sea-level rise trend estimated from the residual signal (i.e. satellite sea level - minus - sterodynamic 
sea level), considered here as an estimate of sea-level trend caused by contemporary mass redistribution (CMR) between the 
ocean and land (i.e. sea-level rise caused by ice-melting from ice sheets and glaciers, and terrestrial water storage changes).  

 
The ocean sterodynamic sea-level trend is 
estimated from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Ocean 
Reanalysis System 5 (ORAS5; Zuo et al. 2019) 
sea surface height for the satellite period (1993 - 
2021). Since ORAS5 is constrained to satellite 

sea-level trend, we have subtracted the global-
mean sea level (estimated from the ORAS5 sea 
level) from each grid-point and then added back 
the global-mean thermosteric sea level (GMTSL; 
estimated from ORAS5 ocean temperature and 
salinity), to obtain the sterodynamic sea level. The 
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sterodynamic sea-level rise hence represents 
both dynamic sea-level rise (due to changes in 
regional ocean circulation) and the global-mean 
thermosteric sea-level rise. We subtracted the 
sterodynamic sea level from altimeter sea level to 
obtain the “residual signals'', which are 
approximated to be representative of the sea-level 
change due to CMR (assuming the uncertainties 
in the sterodynamic sea level is small as our 
period of analysis is well constrained by 
observational data). This exercise provides us a 
unique way to detect CMR-induced sea-level 
changes in the SEAS without independent 
estimates of the GRD fingerprints.  

The sterodynamic sea-level rise in the SEAS is 
positive and rather uniform (with a regional-mean 
rate of ~ 1.5 mm/yr), except for a few regions 
(Figure 12.9a) showing deviation from the 
regional-mean rate. For instance, the 
sterodynamic sea-level rise in the western 
equatorial Pacific and the eastern Bay of Bengal 
(BoB) is slightly higher compared to other regions, 
and there is a narrow zonal belt of slightly negative 
(1 - 2 mm/yr in magnitude) rate in the northwest 
Pacific (~20°N). The higher values in the western 
equatorial Pacific could be linked to the enhanced 
trade winds associated with the negative phase of 
Interdecadal Pacific Oscillation (IPO, see England 
et al. 2014) during the first decade of the altimeter 
period. The higher rates along the eastern rim of 
BoB are also attributed to natural wind variations 

in the equatorial Indian Ocean (Nidheesh et al. 
2013; Unnikrishnan et al. 2015), over recent 
decades. The sterodynamic sea-level rise in the 
SCS varies between 1 - 2 mm/yr, with a notable 
higher rate in the central SCS (Figure 12.9a).  

The CMR-driven sea-level rise, in general, is 
spatially uniform and higher than the 
sterodynamic sea-level rise almost everywhere in 
the SEAS (Figure 12.9b). The regional-mean rate 
due to CMR is ~ 2.9 mm/yr which is nearly twice 
the regional-mean rate due to sterodynamic sea-
level rise (~ 1.5 mm/yr). Note that the 
sterodynamic and CMR sea-level rise includes 
sea-level rise due to global-mean thermosteric 
sea-level rise (~1.2 mm/yr) and global-mean 
barystatic sea-level rise (~ 2.1 mm/yr) 
respectively, for the 1993 - 2021 period. Figure 
12.9 hence suggests that about two-thirds of net 
sea-level rise in the SEAS is caused by CMR. The 
sterodynamic sea-level rise is mostly contributed 
by GMTSL rise, indicating that the dynamic sea-
level rise is weak and confined to a few regions 
(western equatorial Pacific and eastern BoB) over 
the satellite period. In the following sections, we 
will further decompose the sterodynamic sea-level 
rise into contributions from local density (steric 
sea-level rise) and local mass changes 
(manometric sea-level rise, see Gregory et al. 
2019), and will discuss how these different 
processes contribute differently in the SEAS.       
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Figure 12.10: (a) Sterodynamic (SD) sea-level rise trend decomposed into, b) steric and c) manometric sea-level rise, estimated 
from high-resolution ocean reanalysis system (ORAS5). A sub-domain in the SEAS encompassing Sunda shelf, south China 
sea and the eastern Indian and western Pacific Oceans (gray-dashed rectangle) is shown to highlight the respective contribution 
of steric and manometric components to sterodynamic sea level change  d) Different components of sterodynamic sea-level 
rise, latitudinally-averaged over the region highlighted by rectangle in panels a, b, and c. The correspondence between the 
trends of steric anomalies (with respect to global-mean thermosteric sea level - red-dotted curve) and the manometric solution 
(green) is also shown. The number of valid grid-points in the latitudinal averaging (panel d) is given in Appendix A3.     

 
In principle, the sterodynamic sea-level change 
can be viewed as a combined response to two 
different physical processes: the sea-level change 
caused by local density (steric sea-level change) 
and the sea-level change due to sea-water (mass) 
redistribution (manometric sea-level change); i.e. 
 

𝜗𝜂
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 =  

1

𝑔𝜌0
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 −  

1

𝜌0
∫

𝜗𝜌

𝜗𝑡

𝜂

−𝐻
𝑑𝑧     (12.1) 

 

The first term in the RHS represents the sea-level 
change due to ocean mass variations which can 
be estimated from ocean bottom pressure 
changes (Pb) corrected for atmospheric loading 
(Pa). Note that Pa is the local sea-level pressure 
(SLP) anomaly with respect to the instantaneous 
average of SLP over the global ocean (Gregory et 
al. 2019). This term has been known as the 
bottom pressure sea level in the past literature 
and renamed to manometric sea-level change in 
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Gregory et al. (2019). And, the second term in the 
RHS represents the steric sea-level change 
estimated as the time-derivative of seawater 
density. We estimated steric sea-level changes 
from ocean temperature and salinity from ORAS5, 
using the equation of state (Jacket and Mcdougal, 
1995). The manometric sea-level is obtained by 
subtracting the steric sea level from the 
sterodynamic sea level (Eqn. 12.1).  

Figure 12.10b and 12.10c show the steric and 
manometric sea-level rise in the SEAS 
respectively. Steric sea-level rise contributes the 
sterodynamic sea-level rise mainly over deep 
oceans (Figure 12.10b and c.f. Figure 12.1 
showing the water depth) while manometric rise is 
more prominent over shallow shelf regions in the 
SEAS (Figure 12.10c). This “depth-dependent” 
contribution of steric and manometric sea-level 
change has been reported earlier (e.g. Landerer 
et al. 2007a).

  

              

 

 

Figure 12.11: (a) Steric sea-level-rise trend decomposed into, b) thermosteric and c) halosteric sea-level rise in the SEAS 
estimated from high-resolution ocean reanalysis system (ORAS5). A sub-domain encompassing Sunda shelf, south China sea 
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and the western Indian and eastern Pacific Oceans (gray rectangle) is shown to highlight the contribution of respective 
components to steric sea-level rise  d) Components of steric sea-level rise, latitudinally-averaged over the region highlighted by 
rectangle in panels a, b, and c. Red dashed line indicates the global-mean thermosteric sea-level trend for the period 1993 - 
2021, estimated from ORAS5 ocean temperature and salinity (1.2 mm/yr).  

 

As the deep ocean is more efficient in storing heat 
than shallow waters, the former experiences more 
thermosteric sea-level rise (Figure 12.11b) which 
leads to more steric sea-level rise over deep 
oceanic regions. At the same time, those 
enhanced deep ocean expansion would create a 
strong steric gradient (surface pressure gradient) 
between the deep and shallow regions leading to 
a redistribution of water to shelves, causing 
significant manometric sea-level rise over the 
shallow regions, as seen in Figure 12.10c. 
Readers may refer to Landerer et al. (2007b) to 
see more details of such mass redistribution 
process. Figure 12.11b indeed suggests that the 
steric sea-level rise in the SEAS is mostly driven 
by ocean thermal expansion and contribution from 
salinity changes (halosteric sea-level changes) is 
relatively weak (Figure 12.11c).  

To understand the relative role of steric and 
manometric sea-level rise to sterodynamic sea-
level change in our region better, let us focus over 
a small subdomain as highlighted by dashed 
rectangles on Figures 12.10 and 12.11. The 
selected region encompasses the shallow Sunda 
shelf (sea around Singapore) at its center and 
deep basins either side of it.  

A meridionally-averaged distribution of sea-level 
trend, as shown in Figures 12.10d and Figure 
12.11d, clearly shows how steric and manometric 
sea-level change contribute differently over deep 
and shallow regions in the SEAS. The steric sea-
level trend drops significantly (falls close to zero) 
over the Sunda shelf and then rises at either side 
of the shelf where water depth increases sharply 
(off to the continental slope, c.f. Figure 12.1). The 
manometric sea-level trend appears to be a mirror 

of the steric sea-level trend (green and red curves 
in Figure 12.10d), supporting the notion that the 
ocean adjusts to the spatially non-uniform steric 
sea-level rise by redistributing the ocean mass 
from regions of larger steric sea-level rise to 
regions of smaller steric sea-level rise (Landerer 
et al. 2007b). Even though the exact physical 
mechanism through which this mass transfer 
occurs is rather complex and not understood fully 
(see Bingham and Hughes, 2012), it is interesting 
to note that the sterodynamic sea-level rise in the 
Sunda shelf and off Singapore is primarily 
associated with “ocean internal mass 
redistribution”. Figure 12.10d also suggests that 
the manometric sea-level rise could be driven by 
the gradient in steric sea-level anomalies with 
respect to global-mean thermosteric change (red-
dotted curve in Figure 12.10d), rather than by the 
actual steric sea-level rise.   
 
As mentioned above, the steric sea-level rise in 
the SEAS is mostly contributed by thermosteric 
changes as seen in Figures 12.11b and 12.11c. 
Even though the contribution of halosteric sea-
level rise is weak compared to thermosteric 
changes, it is worth noting that the salinity 
contribution is positive in the SCS region and 
negative in the western Pacific and eastern Indian 
Ocean (Figures 12.11c and 12.11d). This spatial 
variability indicates the freshening of seawater in 
the SCS over the recent decades compared to the 
western Pacific for which the depth-integrated 
salinity seems increased. The physical processes 
that contribute to the halosteric sea-level rise in 
the SCS is not examined further for this report, but 
this will be an important perspective for CCRS 
research activities in future.              
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Figure 12.12: a) Sea-level rise trend from contemporary mass redistribution (CMR, as shown in Figure 12.9) estimated as the 
difference between altimeter and sterodynamic sea-level. Global-mean barystatic sea-level rise for the period 1993 - 2021 (2.1 
mm/yr) is subtracted from CMR-driven sea-level rise (panel a) to highlight the GRD effects in the SEAS and shown in b. 

 

We noted earlier that the CMR-driven sea-level 
rise (Figure 12.12a) includes the global-mean 
barystatic sea-level rise (GMBSL; ~2.1 mm/yr) 
and the regional deviations associated with the 
GRD effects. We have subtracted the GMBSL rate 
from the CMR sea-level trend to see if there are 
any notable deviations in the SEAS (Figure 
12.12b). No significant deviations from GMBSL 
rate observed in the SEAS, except for a noticeable 
pattern in the northern SCS (Figure 12.12b). A few 
of the previous studies indicated that the GRD 
effects in the tropical regions are rather uniform 
(e.g. Frederikse et al. 2020; Wang et al. 2021), 
and hence, the anomalous CMR pattern seen in 
the northern SCS (Figure 12.12a) would probably 
be related to either any “uncaptured” 
sterodynamic signal in the ORAS5 or some other 
processes which may not be accounted for by the 
GRD effects. To investigate this further, we 
compared the dynamic sea-level (DSL) rise from 
other two reanalyses - GECCO3 (German 
contribution of the Estimating the Circulation and 
Climate of the Ocean; Köhl, A. 2020) and 
GLORYS 12V1 (Global Ocean Physics 
Reanalysis; Supplementary figure A12.4) over the 
same period, and found that the DSL rise in the 
northern SCS in those products conforms each 
other but differ to that from ORAS5. This indicates 
that the anomalous CMR signal in the northern 
SCS (Figure 12.5a) might be originating from 
uncertainties in SD sea-level change in this region 
as represented in reanalyses. We do not go into 
further details on it in this report. In general, Figure 
12.12 suggests that the CMR related mean sea-
level rise in the SEAS is predominantly driven by 

GMBSL rise and the GRD effects are negligible as 
suggested by earlier studies mentioned above.    

As we have seen at the beginning of this section, 
the residual sea-level signal, i.e. signal obtained 
once the sterodynamic sea-level change is 
subtracted from GIA-corrected altimeter sea level, 
is considered an approximation to the contribution 
of CMR to sea-level rise over the satellite period 
in the SEAS (shown in Figure 12.12a). This 
approximated CMR contribution should be 
understood within the context of uncertainties 
associated with the sterodynamic sea-level 
changes, any other processes that contribute to 
the observed sea-level change, and the 
uncertainties in the altimeter measurements itself. 
Our sterodynamic sea-level estimate comes from 
a recently updated ocean reanalysis which 
encompasses the latest updates and advances in 
base ocean model and observational data 
assimilation for the post-altimetry era (see Zuo et 
al. 2019), and hence offer minimum uncertainties 
in the sea-level and other ocean state variables 
used in this report (ocean temperature and 
salinity). However, an exact assessment of the 
CMR driven sea-level rise should follow an 
independent estimate of GRD sea-level 
fingerprints using geodetic models (e.g. Harvey et 
al. 2021; Coulson et al. 2022). Such an exercise 
would also reveal the contribution of individual 
mass sources (e.g. Greenland ice sheet and 
mountain glaciers) to the observed sea-level rise 
in the SEAS. We are currently developing this 
analysis to include such independent CMR 
contributions using latest mass balance estimates 
from different sources (e.g. data from the Ice 
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Sheet Mass Balance Inter-comparison Exercise - 
IMBIE; Otosaka et al. 2023), which would 
complement the findings presented in this report 
in the near future.     

    

12.4. Observed sea-level rise around 
Singapore 
 
The vertical datum for all height measurements in 
Singapore (called Singapore Height Datum) is set 

to mean sea level at 0.0 m, which is taken as the 
average water level from the historical tide-gauge 
record at the Victoria Dock for the 1935 - 1937 
period (Singapore Land Authority, Singapore). As 
we have seen in the introduction, a large portion 
of the Singapore mainland (especially the coastal 
zones) lies well below five meters of MSL. MSL 
changes, ranging from seasonal to long-term 
(over a period of 100 years), hence have great 
concern for the coastal regions of Singapore as it 
could adversely affect Singapore’s coastal 
infrastructures. 

 

   

 
Figure 12.13: Time series of sea-level anomalies from tide gauges (black) and satellite altimetry (blue, averaged over 1 degree 
around each tide-gauge location). The difference between the tide-gauge and satellite time series is taken for the first four tide-
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gauge records which have more than 90% of data during the satellite period (1993 - 2021). A linear trend based on the least-
square method is also plotted as a dashed line over those four records (black - tide-gauge, blue - satellite, orange - difference. 
Units are mm/yr). The slope and standard error corresponding to each trend line are also given. The global-mean sea level from 
satellite altimetry (trend ~ 3.4 mm yr-1) is shown for a comparison in panel a (gray dashed curve), indicating that the mean sea-
level rise off Singapore over the last three decades is consistent with the rate of global-mean sea-level rise.  

 

Sea-level time series from ten tide-gauge records 
around Singapore are shown in Figure 12.13. 
Satellite sea-level data (¼ degree resolution) 
averaged at a 1-degree square domain around 
each tide-gauge record is also shown (blue 
curve). Note that, mean seasonal cycle (seasonal 
climatology) is removed from both satellite and 
tide-gauge data. There is a good level of 
agreement between tide gauge and altimeter time 
series at interannual periods (Figure 12.13), 
providing confidence on comparing their 
respective trends. Four out of ten records (Raffles 
Light House, Sultan Shoal, Tanjong Pagar and 
Sembawang) have more than 90% data over the 
altimeter period (1993 - 2021) and the trend 
estimates are given for those four records (Figure 
12.13). As we have seen in section 12.3 and for 
Figure 12.8, difference in sea-level rise trend 
estimates between tide-gauge record and 
altimeter sea level could indicate rate of local 
VLM, which is shown for those four records.  

Rate of sea-level rise around Singapore varies 
between 3.27 (Sultan Shoal) to 3.77 (Tanjong 
Pagar) with a mean rate (average rate for the four 
stations) of 3.56 mm/yr during 1993 - 2021. The 
mean rate from corresponding altimeter data (3.48 
mm/yr) is close to tide-gauge measured sea-level 
rise. Figure 12.13 shows that the rates of sea-level 
rise from tide-gauge and satellite at the four tide-
gauge stations agree well with each other. This 
agreement between tide-gauge and altimeter sea-
level trends indicates that the rate of local VLM in 
Singapore might be weak (< 0.2 mm/yr) compared 
to other coastal locations in the southeast Asian 
region (see Figure 12.8). Local VLM consists of 
VLM caused by GIA and other processes (local 
subsidence, tectonics, etc). As shown in section 
12.6 (Table 12.5), the GIA-induced land uplift rate 
is ~0.2 mm/yr. There is no consensus on the local 
subsidence or movements related to tectonics due 
to limited observations. See Section 12.6 for a 
detailed note on the VLM in Singapore.   

Figure 12.13 also suggests that the rate of mean 
sea-level rise around Singapore is consistent with 

the rate of GMSL rise (~ 3.4 mm/yr) over the 
satellite period. However, it is worth noting a few 
points on the processes that drive sea-level 
changes around Singapore as discussed in 
section 12.3. Contemporary mass redistribution 
(CMR) turns out to be the main driver of observed 
sea level rise around Singapore (explains about 
70% of the net observed rise). The CMR 
contribution mostly comes from the GMBSL rise 
over the 1993 - 2021 period which is about 2.1 
mm/yr (Figure 12.12). On the other hand, 
manometric sea-level (ocean internal mass 
distribution) drives large part of the sterodynamic 
sea-level rise (~23% of the total rise) with a very 
weak contribution from steric sea-level rise (due to 
the fact that shallow shelf does not support large 
steric changes compared to deep ocean).  

The combined contribution of both CMR and 
manometric sea-level suggests that nearly 90% of 
the observed sea-level rise off Singapore is 
“mass-driven”. The dominating contribution of 
CMR on sea-level rise around Singapore indicates 
how land ice melting from remote locations 
(mostly from mountain glaciers in mid-to-high 
latitudes) can impact low-lying countries in the 
equatorial regions. Also, the role of manometric 
sea level indicates that the dynamic sea-level 
changes off Singapore are essentially linked to 
ocean circulation, highlighting the importance of 
accurately resolving the circulation features in 
climate models to better predict the sterodynamic 
sea-level rise for the region. The coarse resolution 
of the current global climate models cannot 
resolve the narrow straits and coastal currents 
adequately, and our findings stress the need for 
high-resolution ocean modeling and dynamical 
downscaling of the ocean climate and sea level to 
obtain better future projections.                         
 

12.5 Sea-level projections 
 
Sections 12.3 and 12.4 provide an overview of the 
historical sea-level change in Singapore and the 
Southeast Asian region, and important contextual 
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information on driving mechanisms that are also 
relevant to the spatio-temporal evolution of future 
sea-level rise in this region. In the following 
sections, we present future sea-level projections 
for both Singapore and Southeast Asia for several 
tide gauge locations. We also discuss the 
strengths and limitations of the projections in order 
to promote well-informed coastal protection 
planning measures.  

The Intergovernmental Panel for Climate Change 
Sixth Assessment Report (IPCC AR6) (Fox-
Kemper et al., 2021; Garner et al., 2021) 
published in 2021 produced global and local sea-
level projections using state-of-the-art 
methodologies. Major advances in the sea-level 
projections in AR6 compared to previous IPCC 
reports (i.e., AR5 and SROCC) include: (i) the use 
of emulators to provide sea-level projections 
consistent with the AR6 assessment of equilibrium 
climate sensitivity and global surface temperature 
rise (Forster et al, 2021; Fox-Kemper et al, 2021; 
Slangen et al., 2022); (ii) the explicit consideration 
of accelerated sea-level associated with poorly-
understood ice sheet instability mechanisms 
through high-end storylines (Fox-Kemper et al, 
2021). One key difference is also the usage of 
historical tide gauge data in the AR6 methods of 
projecting vertical land movement, which 
contributes to RSL rise on a regional and local 
scale. This is the first time the non-climatic 
background component contributing to RSL rise 
has been included in the IPCC sea-level 
projections, using tide gauges. In this light, the 
following sections present sea-level projections 
from AR6 at the various tide gauges in Singapore 
and Southeast Asia.  

We follow the calibrated uncertainty terminology 
used in the IPCC AR6 here, in which scientific 
confidence levels (low, medium, high) represent a 
qualitative assessment of the number of lines of 
evidence and level of agreement among studies, 
whereas the likelihood of any projected value of 

sea-level rise (e.g., likely range) is a quantitative 
measure of uncertainty, expressed as 
probabilities. Other sea level terminology used in 
this chapter follows that of Gregory et al. (2019). 
We focus on three Shared Socioeconomic 
Pathways (SSPs): SSP1-2.6, SSP2-4.5 and 
SSP5-8.5 for all the sea-level projections shown 
in the following sections, to be consistent with the 
climate projections presented in the other 
chapters of this report. 
 

12.5.1 Data and methods 
 
Here we outline the main methodology utilised in 
the IPCC AR6 projections and our V3 projections 
for sea level. But for more technical details, do 
refer to the detailed report (Chapter 9 of IPCC 
AR6 WGI).  
 
AR6 methodology 

 
Sea-level projections from the IPCC AR6 are 
produced using the Framework for Assessing 
Changes to Sea-level (FACTS; Kopp et al, 2023). 
FACTS employs a Monte Carlo approach across 
the various drivers of GMSL rise and includes 
localisation of these global projections using GRD 
patterns, information of sterodynamic sea-level 
change from CMIP6 models and vertical land 
motion (including the effect of GIA) based on Kopp 
et al (2014).  In AR6, medium confidence sea-
level projections are tabulated until 2150, whereas 
thereafter until 2300 are considered low 
confidence sea-level projections. The type and 
number of models used, combined with expert 
judgment assessments, vary largely across the 
individual drivers. No single method was used to 
derive the projected sea level change by the 
different drivers for a homogeneous time period 
(e.g., 2020 to 2150). Table 12.2 below 
summarises the methodology used to estimate 
each driver of the IPCC AR6 sea-level projections. 

 
Table 12.2: Summarised methodologies respective to the sea level drivers according to 3 timelines: projections up till 2100, 
beyond 2100 till 2150 and till 2300. Heavily referenced from IPCC AR6 Chapter 9 and Table 1 from Slangen et al. (2022); refer 
to AR6 for full reference.  

 Sea level 

driver 

Projection for  

2014-2100  

(medium confidence) 

Projection for  

2100-2150  

(medium confidence) 

Projections for  

2150-2300  

(low confidence) 
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1 
Thermal 

expansion 

Two-layer emulator with climate sensitivity calibrated to the AR6 assessment and 

expansion coefficients calibrated to emulate CMIP6 models. 

2 

Ocean 

dynamic sea 

level 

Multivariate t-distribution fitted to ocean dynamic sea level produced from CMIP6 

models. This distribution is derived from CMIP6 ensemble zos field after linear drift 

removal, then combined with the emulator-based global mean thermosteric 

projections. 

3 

Glaciers Gaussian process 

emulated glacier model: 

GlacierMIP (Marzeion et 

al., 2020; Edwards et al., 

2021) 

AR5 parametric model re-fit to GlacierMIP (Marzeion 

et al., 2020).            

4 

Greenland Ice 

Sheets 

Medium confidence 

processes up to 2100: 

Emulated ISMIP6 

simulations (Box 9.3) 

(Edwards et al., 2021) 

  

            

Medium confidence processes: 

Parametric model fit to ISMIP6 simulations up to 2100 

extrapolated based on either constant post-2100 rates 

or a quadratic interpolation to the multimodel 

assessed 2300 range. Assumption of constant rates of 

mass change after 2100. 

Low confidence processes: 

Structured expert judgement (Bamber et al., 2019)  

5 

Antarctic Ice 

Sheets 

Medium confidence 

processes up to 2100: p-

box including (1) 

Emulated ISMIP6 

simulations (Edwards et 

al., 2021) and (2) 

LARMIP-2 simulations 

(Levermann et al., 2020) 

augmented by AR5 

surface mass balance 

model. 

Processes considered 

are surface mass 

balance and ice 

dynamics, which includes 

marine ice sheet 

instability (MISI). 

Medium confidence processes after 2100: 

p-box including (1) AR5 parametric AIS model and (2) 

LARMIP-2 simulations augmented by AR5 surface 

mass balance model, with both methods extrapolated 

based on either constant post-2100 rates or a 

quadratic interpolation to the multimodel assessed 

2300 range. 

  

Low confidence processes: 

(1) Single ice-sheet-model ensemble simulations 

incorporating Marine Ice Cliff Instability (MICI) 

(DeConto et al., 2021) and (2) structured expert 

judgement (Bamber et al., 2019) 

6 

Land Water 

Storage 

Statistical relationships between population and anthropogenic causes of changes 

in land water storage are determined: 

(1) Population and groundwater depletion relationship calibrated based on 

Konikow (2011), Wada et al., (2012) and Wada et al., (2016). 

(2) Population and dam impoundment relationship calibrated based on Chao et 

al., (2008), and adjusted to scenario-dependent based on the different SSP’s 

population variations (Kopp et al., 2014). 
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7 
Vertical Land 

Motion 

Using a Gaussian process spatiotemporal model based on tide-gauge data 

(updated from Kopp et al., (2014)) and GIA model, linear rates of VLM are derived. 

8 

Gravitational, 

rotational, and 

deformational 

(GRD) effects 

Sea-level equation solver (Slangen et al., 2014a) driven by projections of ice 

sheet, glacier, and land water storage changes is used to compute annual sea-

level fingerprints for each mass change contribution. 

 

Deriving V3 sea-level projections for 

Singapore 

 
The IPCC AR6 provided RSL projections for 
Singapore at 6 tide-gauges. These six tide-
gauges are Sultan Shoal, Sembawang, Raffles 
Light House, Tanjong Pagar, West Coast and 
West Tuas. Although there are a total of 13 
running tide gauges in Singapore that are 
managed by the Marine Port Authority (MPA), only 
the above-mentioned 6 tide gauges have records 
that span at least 15 years, which was the criteria 
for generating sea-level projections at tide gauges 
in AR6 (Kopp et al., 2014).  

Annual tide-gauge data from the Permanent 
Service for Mean Sea-Level (PSMSL) play a 
crucial role in the AR6 sea-level projections for 
vertical land movement (VLM)—a component that 
distinguishes local sea level projections from 
regional and global projections. As part of the 
IPCC methodology, the tidal data is processed 
through a spatiotemporal Gaussian model 
developed by Kopp et al. (2014) to estimate VLM. 
This analysis generates a linear projected rate of 

VLM, along with a corresponding standard 
deviation (Kopp et al., 2014). 

However, during quality checks on the Singapore 
tide-gauge data, errors in the Sembawang annual 
tide-gauge data were identified. Specifically, we 
worked with PSMSL and discovered that the data 
from the 1950s preceding a data gap was not 
referenced to the same benchmark as the rest of 
the dataset (Figure 12.14). The erroneous data 
associated with the Sembawang tide-gauge was 
subsequently revised and improved by Peter 
Hogarth from PSMSL. The improved dataset was 
reprocessed using the Kopp et al. (2014) model.  

This step allowed us to generate revised VLM 
projections and update the AR6 sea level 
projections for the six tide gauges in Singapore. 
The AR6 projections without the VLM component 
were obtained from the IPCC authors (Garner et 
al., 2022). In accordance with the AR6 
methodology, we added our revised VLM 
projections with the AR6 projections that do not 
contain the VLM component and generated the 
total projected RSL for all six locations in 
Singapore. 
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Figure 12.14: Annual tide-gauge data at Sembawang. Shown in dashed blue is the original data on PSMSL and red is the 
corrected data.  

 

12.5.2 Global-mean sea level projections 
 

According to the IPCC AR6 WGI Report, global-

mean sea-level (GMSL) is projected to rise across 

all future climate scenarios. Until 2050, in 

accordance with the AR5 and Special Report on 

the Ocean and Cryosphere in a Changing Climate 

(SROCC) reports, the projected GMSL rise shows 

little variation depending on different scenarios. 

However, after 2050, the scenarios start to show 

more significant differences (Fox-Kemper et al., 

2021).   

 

There is medium confidence in these projections, 

with a likely GMSL rise of 0.19 (0.16–0.25) m 

under SSP1-2.6 and 0.23 (0.20–0.30) m under 

SSP5-8.5 by 2100 (Figure 12.15). 

 

The IPCC AR6 suggests an alternative approach 

to addressing uncertainty in future GMSL rise by 

factoring in the uncertainty associated with the 

timing of specific sea-level rise thresholds. 

Focusing on projections that only incorporate 

processes with medium confidence, it is likely that 

GMSL will surpass 0.5 m sometime between 2080 

and 2170 under SSP1-2.6 and between 2070 and 

2090 under SSP5-8.5. 

 

 
Figure 12.15: Projected rise in global-mean sea-level up to 
2150, relative to IPCC AR6 baseline 1995 - 2014, under three 
emission scenarios (SSP1-2.6, SSP2-4.5 and  
SSP5-8.5). Solid curves represent the median  
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(50th percentile), whilst the shaded bands represent the likely 
range (17th to 83rd percentile).  

 
It is likely that GMSL will exceed 1.0 m between 
2150 and beyond 2300 under SSP1-2.6, and 
between 2100 and 2150 under SSP5-8.5. 
However, it is unlikely to surpass 2.0 m until after 
2300 under SSP1-2.6, whereas it is likely to do so 
between 2160 and 2300 under  
SSP5-8.5 (Fox-Kemper et al., 2021). 

 

12.5.3 Sea-level projections for Singapore 
 
In the following subsections, we provide a 
comprehensive analysis of our sea-level 
projections. Our findings encompass both 
medium and low confidence projections, offering 
valuable insights for planning and decision-
making. The medium confidence sea-level 
projections extend up to the year 2150 (Section 
12.5.3.1). These projections serve as a robust 
basis for mitigation planning, providing 
stakeholders with a reliable framework for 
addressing potential sea-level rise impacts within 
a reasonable timeframe. Additionally, we present 
low confidence sea-level projections that extend 
beyond 2150, up until 2300 (Section 12.5.3.2). 
Despite their lower confidence level, these 
projections hold significance as they represent 
potential outcomes that cannot be entirely 
disregarded. By including these projections, we 
aim to equip stakeholders with a more 
comprehensive understanding of the range of 
possibilities, enabling them to make better-
informed decisions. 
 

12.5.3.1 Medium-confidence sea-level 
projections to 2150 

 

Here we present sea-level projections at the six 
tide gauges in two ways: (i) continuous projections 
for the period 2014-2100; and (ii) projected ranges 
at 2150 (Figure 12.16 and 12.17). Figure 12.16 
provides a timeseries visualisation of the 
projected change in mean sea level at the six 
locations, whilst Figure 12.17 summarises the 
projections by 2150 under the low, medium and 
high emission scenario on a map of Singapore.  

A consistent methodology was used in the AR6 
sea-level projections for the period 2014-2100, so 
we show these as continuous time series. For the 
period from 2100 to 2150, additional 
methodological assumptions were made that 
resulted in discontinuities in the time series. 
Therefore, we show only the projected ranges at 
2150. All sea-level projections are expressed 
relative to the AR6 baseline period of 1995-2014.  

Annual tide-gauge records of the change in RSL 
as recorded by these tide gauges prior to 2020 are 
also shown in Figure 12.17. See Table 12.3 for 
values of the median and likely range of sea-level 
projections at these gauges for three scenarios.  
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Figure 12.16: Time series of relative sea level change at the six primary Singapore tide gauges. Black solid line before 2020 shows observed relative sea level using 
annual tide gauge data taken from PSMSL. After 2020, continuous mean sea level projections up till 2100 and at 2150 for 3 SSPs (SSP1-2.6, SSP2-4.5, SSP5-8.5) 
are shown. Median (colored solid lines) and likely range (shaded regions) of the projections are shown. Projections at Sembawang have been adjusted with the new 
VLM projections taken into consideration. Both observed and projections are relative to the baseline 1995 – 2014. Individual locations of these tide gauges, indicated 
with a black cross, are shown on a map of Singapore on the top right corner.  
 



27 

 

 
Figure 12.17: Projected relative sea-level rise in Singapore at six tide-gauges (Sembawang, West Tuas, West Coast, Tanjong Pagar, Raffles Light House and Sultan 
Shoal) by 2150 under three emission scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Values shown reflect the median (likely range) projected sea-level change by 
2150 relative to the IPCC AR6 baseline 1995 - 2014. 

 



28 

 

Tide Gauges 
SSP1-2.6 SSP2-4.5 SSP5-8.5 

2100 2150 2100 2150 2100 2150 

Sultan Shoal 
0.51 

(0.34 – 0.74)  

0.82 

(0.50 – 1.24) 

0.63 

(0.46 – 0.88) 

1.05 

(0.72 – 1.52) 

0.85 

(0.66 – 1.15) 

1.47 

(1.03 – 2.12) 

Sembawang 
0.42 

(0.26 – 0.63) 

0.67 

(0.38 – 1.07) 

0.53 

(0.38 – 0.77) 

0.9 

(0.59 – 1.36) 

0.75 

(0.58 – 1.04) 

1.32  

(0.90 – 1.95) 

Raffles Light House 
0.42 

(0.24 – 0.65) 

0.68 

(0.35 – 1.09) 

0.54 

(0.36 – 0.79) 

0.9 

(0.56 – 1.38) 

0.76 

(0.56 – 1.06) 

1.32 

(0.88 – 1.97) 

Tanjong Pagar 
0.44 

(0.24 – 0.69) 

0.71 

(0.35 – 1.16) 

0.56 

(0.36 – 0.82) 

0.94 

(0.56 – 1.43) 

0.78 

(0.56 – 1.10) 

1.36 

(0.89 – 2.02) 

West Coast 
0.46 

(0.24 – 0.72) 

0.74 

(0.34 – 1.21) 

0.58 

(0.35 – 0.86) 

0.97 

(0.55 – 1.49) 

0.80 

(0.55 – 1.13) 

1.39 

(0.88 – 2.07) 

West Tuas 
0.45 

(0.23 – 0.72) 

0.72 

(0.33 – 1.19) 

0.57 

(0.34 – 0.85) 

0.95 

(0.54 – 1.47) 

0.79 

(0.54 – 1.12) 

1.37 

(0.87 – 2.05) 

Local mean 0.45 ± 0.03  0.72 ± 0.05 0.57 ± 0.04 0.95 ± 0.06 0.79 ± 0.04 1.37 ± 0.06 

Global mean 
0.44 

(0.32 – 0.62) 

0.68 

(0.46 – 0.99)  

0.56  

(0.44 – 0.76) 

0.92 

(0.66 – 1.33) 

0.77 

(0.63 – 1.01) 

1.32 

 (0.98 – 1.88) 

 
Table 12.3: Relative sea-level rise projections by 2100 in meters (relative to baseline 1995-2014) for 6 of Singapore’s gauges 
and the global mean. Values at each tide-gauge correspond to the median projection (likely range). Local mean is the average 
of the median values across all six locations. 
 

 
The spatial variability of projected RSL rise across 
the tide gauges in Singapore is found to be 
relatively small, with a variation of ± 3 - 6 cm by 
2100 and 2150 (Table 12.3). Among these tide 
gauges, Sultan Shoal exhibits the highest 
projected RSL rise with 0.51 (0.34 - 0.74) m by 
2100 under SSP1-2.6 and 0.85 (0.66 - 1.15) m 
under SSP5-8.5. By 2150, the projected rise at 
Sultan Shoal reaches 0.82 (0.50 - 1.24) m under 
SSP1-2.6 and 1.47 (1.03 - 2.12) m under SSP5-
8.5. This information could be of relevance to 
stakeholders engaged in conservative mitigation 
planning for Singapore's shorelines. By 
referencing the estimates at Sultan Shoal, 
stakeholders can obtain a valuable indication for 
setting their mitigation strategies. 

To gain a comprehensive understanding of the 
factors influencing sea-level change, the IPCC 
AR6 incorporates estimates from six key 
components: Antarctic Ice Sheet (AIS), Greenland 
Ice Sheet (GIS), Glaciers, Land Water Storage 
(LWS), Ocean Sterodynamic (OS) and Vertical 
Land Motion (VLM). The contribution of these 
processes to sea-level rise at Singapore’s tide 
gauges at 2100 and 2150 are shown in Figures 
12.18 and 12.19 (median and likely range). The 
methodology behind the derivation of these 
individual processes in the IPCC AR6 is described 
above in Section 12.5.1, Table 12.2.  
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Figure 12.18: Antarctic Ice Sheet (AIS), Greenland Ice Sheet (GIS), Glaciers, Land Water Storage (LWS), Ocean Sterodynamics 
(OS) and Vertical Land Motion (VLM) contributions to the Total Sea Level rise in centimeters at 6 of Singapore’s tide gauges by 
2100 under SSP5-8.5 (red) and SSP1-2.6 (blue). Likely ranges (17th to 83rd percentile) are indicated with the shaded boxes. 
Bold, horizontal solid lines represent the median (50th percentile).  
 



30 

 

 

Figure 12.19: Antarctic Ice Sheet (AIS), Greenland Ice Sheet (GIS), Glaciers, Land Water Storage (LWS), Ocean Sterodynamics 
(OS) and Vertical Land Motion (VLM) contributions to the Total Sea Level rise in centimeters at 6 of Singapore’s tide gauges by 
2150 under SSP5-8.5 (red) and SSP1-2.6 (blue). Likely ranges (17th to 83rd percentile) are indicated with the shaded boxes. 
Bold, horizontal solid lines represent the median (50th percentile).  
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 Contributor SSP1-2.6 SSP2-4.5 SSP5-8.5 SSP5-8.5 (Global) 

Ocean Sterodynamics 0.16 (0.09 – 0.23) 0.20 (0.15 – 0.26) 0.30 (0.22 – 0.39) 0.30 (0.24 – 0.36) 

Greenland Ice 0.06 (0.01 – 0.12) 0.09 (0.05 – 0.15) 0.15 (0.10 – 0.20) 0.13 (0.09 – 0.18) 

Antarctica Ice 0.12 (0.04 – 0.31) 0.13 (0.03 – 0.33) 0.13 (0.04 – 0.39) 0.12 (0.03 – 0.34) 

Glaciers 0.10 (0.07 – 0.12) 0.13 (0.11 – 0.16) 0.19 (0.17 – 0.22) 0.18 (0.15 – 0.20) 

Land Water Storage 0.02 (0.01 – 0.03) 0.02 (0.01 – 0.04) 0.02 (0.01 – 0.03) 0.03 (0.02 – 0.04) 

Vertical Land Movement 0.03 (-0.04 – 0.10) 0.03 (-0.04 – 0.10)  0.03 (-0.07 – 0.10)    

Total 0.51 (0.35 – 0.73) 0.63 (0.47 – 0.87) 0.85 (0.66 – 1.13) 0.77 (0.63 – 1.01) 

Table 12.4: Mean sea level projections under SSP1-2.6, SSP2-4.5 and SSP5-8.5 at Sultan Shoal, relative to baseline of 1995-
2014, in meters by 2100. Individual contributions of the six components driving sea-level change and the total mean sea level 
are shown. Median values (likely range) are shown. Global mean sea level projections are shown on the far right column for the 
highest emission scenario SSP5-8.5.  

 

Regardless of the emission scenario (SSP1-2.6 or 
SSP5-8.5), the AIS is projected to contribute the 
most to the uncertainty of total projected mean 
sea-level rise in Singapore by 2100 and 2150. 
Although the projected median values of 
sterodynamic sea-level change by 2100 and 2150 
are larger than the projected median values of 
AIS, AIS could likely (83rd percentile) contribute 
more or just as much to the total mean sea level 
rise in Singapore (Table 12.4).  

The changes in land water storage contributing to 
local sea-level rise in Singapore are almost 
negligible (median and likely range). In general, 
total sea-level rise (median) is projected to be 
higher for the worst-case scenario SSP5-8.5, with 
a larger likely range of uncertainties too. We see 
here that projected local sea-level rise in 
Singapore is largely scenario-dependent, with the 
exception of the contribution from the AIS and 
VLM, which was carefully explained in the IPCC 
AR6 Chapter 9 for projected global mean sea-
level. 

Unlike most of the other sea-level drivers, the 
likely range in the contribution of AIS to sea-level 
rise grows beyond 2100, as seen most 
significantly under SSP5-8.5. The IPCC AR6 
emphasises that there is low agreement on the 

relationship between scenario-dependence and 
the net AIS contribution to sea level. The net 
changes in ice sheets are broadly driven by two 
processes: surface mass balance and ice 
dynamics. A possible reason behind a higher, 
albeit minimal, median sea-level rise driven by AIS 
under SSP1-2.6 as compared to SSP5-8.5 by 
2150 (Figure 12.17) could be because of a 
negative contribution to sea-level rise from the 
Antarctic surface mass balance over the 21st 
century (Fox-Kemper et al., 2021). Warmer 
temperatures are associated with increased 
snowfall, and hence a fall in sea level. There is 
medium confidence that future contribution of the 
Antarctic surface mass balance to sea level will be 
negative under all emissions scenarios. However, 
it is likely that mass loss from the AIS from ice 
dynamic processes, which contributes positively 
to sea-level rise, will dominate in the longer term.  

 

12.5.3.2 Low-confidence sea-level 
projections to 2300 
 
In this subsection, we present a long-term 
perspective on sea-level rise in Singapore, 
focusing on one particular tide gauge: Sultan 
Shoal. In addition, we consider highly uncertain 
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ice sheet processes that could result in 
substantially larger sea-level rise than seen in the 
IPCC AR6 medium confidence projections. Sea-
level projections beyond 2150 and/or that included 
uncertain ice-sheet feedback processes (e.g. 
Marine Ice Cliff Instability (MICI); DeConto and 
Pollard, 2016) were assessed by IPCC AR6 as 
having low confidence, i.e., there was low 
agreement and/or limited evidence to inform their 
assessment. However, the low confidence 
projections presented in this section provide 
important information for longer planning time-
horizons and more fully represent the full range of 
potential future outcomes.  

Essentially, there are two types of information on 
low confidence sea-level projections presented in 
IPCC AR6: (i) assessed ranges of GMSL rise at 
2300 under the SSP1-2.6 and SSP5-8.5 
emissions scenarios that do not include highly 
uncertain ice sheet feedback processes; (ii) low-
likelihood high-impact storylines that include 
highly uncertain ice sheet feedback processes 
(such as MICI). Note that the storylines are 
presented as singular trajectories of sea-level rise 
that are available as local projections up to 2150. 
A qualitative description of the low-likelihood 
storylines presented in AR6 is presented in Box 

9.4 (Fox-Kemper et al, 2021). The key storyline 
elements are: a strong warming scenario (e.g. 
linked to high real-world climate sensitivity); 
faster-than-projected disintegration of marine ice 
shelves and subsequent widespread onset of ice 
sheet instability processes in Antarctica; more 
frequent and severe melt events than expected for 
the Greenland ice sheet.  

The main physical process considered in the LLHI 
storyline (low confidence) that is not included in 
the medium confidence projections presented in 
Sections 12.5.3.1 is the marine ice cliff instability 
(MICI). MICI is a process whereby ice cliffs at the 
edge of marine-terminating glaciers (such as in 
the Antarctic) become unstable and rapidly 
collapse. This process is a mechanism that could 
contribute to the potential collapse of the West 
Antarctic ice sheet, which could add to several 
meters of global sea-level rise by 2100 (e.g., 
DeConto and Pollard, 2016). 

Figure 12.20 shows the single trajectories of LLHI 
storylines (83rd and 95 percentiles) at Sultan 
Shoal until 2300 and the low confidence projected 
GMSL by 2300 (17th to 83rd percentile, low 
confidence) that does not include the MICI 
processes.
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Figure 12.20: Low confidence total relative sea-level change at Sultan Shoal (Singapore) until 2300 (relative to 1995-2014 
baseline) that include low-likelihood, high-impact (LLHI) ice sheet processes (i.e., MICI) that cannot be ruled out. Shaded regions 
before 2150 are medium confidence projections (median and likely range). Dashed (83rd percentile) and dotted (95th percentile) 
lines until 2150 and at 2300 (arrows) represent the low confidence LLHI storylines that include the unstable ice sheet processes. 
Low confidence projected global-mean sea-level change at 2300 that do not include MICI are shown with the shaded vertical 

bars. The future pathways shown are SSP1-2.6 (blue) and SSP5-8.5 (red).  
 
 

The low confidence projected GMSL under SSP5-
8.5 at 2300 could likely reach ~7 m (83rd 
percentile). However, if coupled with the highly 
uncertain ice sheet feedback processes such as 
MICI, 7 m of sea-level rise is projected to be 
obtained in Singapore just after 2150 under SSP5-
8.5.  

Based on the single trajectories of LLHI storylines 
for Singapore until 2300 (dashed and dotted lines 
in Figure 12.18), projected RSL rise could reach 6 
m by 2150 and almost 20 m by 2300 under SSP5-
8.5.  

While it is not possible to provide robust likelihood 
information on any of the low confidence sea-level 
projections, we know that the assessed ranges at 
2300 are much more likely to be reached than the 

LLHI storylines. Therefore, we recommend that 
decision makers treat the assessed ranges at 
2300 as indicative of the committed sea-level rise 
under low and high emissions. The LLHI storylines 
represent much more severe outcomes that 
cannot be ruled out based on the current level of 
scientific knowledge. Choice and use of these 
storylines will depend on the risk appetite of 
adaptation planners depending on the sector and 
application. It is important to note that there is no 
single community-agreed definition of a plausible 
maximum sea-level rise scenario and 
stakeholders may wish to consider other 
estimates in the literature, such as Dayan et al 
(2021) and van de Wal et al (2022).  
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12.5.3.3 Differences in V3 compared to V2 
 
Prior to the release of the AR6 sea level 
projections, mean sea level projections for 
Singapore are found in the Second National 
Climate Change Study for Singapore (V2) Chapter 
8 ‘Changes in Time Mean Sea Level’. Released in 
2015, this chapter was led by the UK Met Office. 
The V2 methods were based on the IPCC Fifth 
Assessment Report (AR5) sea-level projections, 
which represented the state-of-the-art at that time.  

V2 provided only one set of medium confidence 
sea-level projections for Singapore based on 
moderate (RCP4.5) and high (RCP8.5) 
greenhouse gas emissions scenarios. V2 
combined the likely range of global sea level rise 
from the IPCC AR5 with non-uniform spatial 
patterns of sea level change (“fingerprints”) from 
Slangen et al. (2014) to derive a median and likely 
range of projected mean sea level rise for the 
same processes shown in V3 (i.e., ocean 
dynamics, Greenland and Antarctic ice sheets, 
glaciers and land water). Following AR5, V2 used 
the Representative Concentration Pathways 
(RCPs) climate change scenarios instead of the 

SSPs presented in AR6. RCP4.5 is comparable to 
SSP2-4.5 andRCP8.5 to SSP5-8.5. V2 provided 
medium confidence projections up until 2100.  

The total mean sea-level rise shown in V2 under 
RCP4.5 was 0.53 (0.30 - 0.74) m and 0.73 (0.45 - 
1.02) m under RCP8.5 at 2100. The median 
projected value under RCP4.5 is comparable to 
the average projected sea-level rise by 2100 
under SSP2-4.5 in V3 (0.57 ± 0.04 m). 
Conversely, the median projected sea-level rise 
under RCP8.5 in V2 is slightly lower than the 
average projected sea-level rise by 2100 under 
SSSP5-8.5 in V3 (0.79 ± 0.04 m).   

The V2 and V3 projections are relative to different 
baselines. The projections in V3 are relative to a 
different baseline 1995-2014 while the V2 
projections are relative to 1986-2005. AR6 
quantified the baseline adjustment as +0.03 m if 
adjusting the global-mean sea-level projections 
from AR5 to the AR6 baseline. As Singapore’s 
rate of mean sea-level change is similar to the 
global mean (more in Section 12.4), we adopt this 
adjustment for the V2 sea-level projections as 
reflected in Figure 12.21.
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Figure 12.21: Summary of the sea-level projections given in V2 and V3 at 2100. Median (horizontal, bold lines for V3 and 
diamonds for V2) and likely range (shaded bars for V3 and error bars with caps for V2) shown from both V2 and V3. The 
projections from V3 shown here are at Sultan Shoal, whereas only one set of projections were given from V2.  
 

The V2 projections show that sterodynamic sea-
level change is arguably one of the largest, if not 
the largest (RCP8.5), component that contributes 
to the total projected sea-level rise. Both the 
median and likely range of the projected 
contribution of the AIS component had 
significantly increased in the V3 projections under 

both scenarios. Projected sea-level rise due to 
mass loss from glaciers and Greenland ice sheet 
and land water storage have reduced 
uncertainties in V3, stemming from improved 
modelling techniques and incorporation of more 
ice processes and feedback than the AR5 models 
which V2 projections were based on.  
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In the V3 projections, estimates of vertical land 
motion (VLM) contributing to RSL rise now 
consider more potential outcomes and non-
climatic processes as compared to V2, where only 
one process—glacial isostatic adjustment—was 
considered (Kopp et al., 2014, Marzin et al., 
2015). Therefore, this led to a larger range of 
uncertainties of RSL rise caused by VLM under all 
scenarios.  

 

12.5.3.4 Coastal Vulnerability Analysis 

Visualising and communicating coastal 
vulnerability is a crucial step in assessing the 
potential impacts of rising sea levels. One 
approach involves the use of digital elevation 

maps that depict specific elevations above a 
reference height, aligned with projected sea-level 
rise scenarios. These maps highlight areas that 
are at greater risk of inundation and can serve as 
valuable tools for decision-making and urban 
planning. However, it is important to note that this 
method represents just one way of assessing 
coastal vulnerability. Other approaches include 
assessing vulnerability based on socio-economic 
factors, ecological sensitivity, infrastructure 
exposure, and community resilience. 

The Singapore Land Authority (SLA) provided 
digital elevation maps that visually depict 
elevations below 1 m, 2 m, and 5 m in Singapore, 
represented by dark blue shading (Figures 12.22, 
12.23, and 12.24). 

 

 
Figure 12.22: Digital Elevation Map of Singapore above mean sea level, with all elevations below 1 m indicated in dark blue.  
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Figure 12.23: Digital Elevation Map of Singapore above mean sea level, with all elevations below 2 m indicated in dark blue.  
 

 
These elevation thresholds correspond to key 
sea-level rise projections for specific time 
horizons. For instance, the 1-meter elevation 
represents the upper limit of the likely range 
projected for 2100 (medium confidence), while the 
2-meter elevation corresponds to the upper limit 
of the likely range projected for 2150 (medium 

confidence). Additionally, the 5-meter elevation 
represents the upper limit of the likely range in a 
high-end scenario (low confidence) for 2150. All 
these projections are based on the worst-case 
future pathway SSP5-8.5. These digital elevation 
maps provide valuable insights into the potential 
impacts of sea-level rise in Singapore. 
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Figure 12.24: Digital Elevation Map of Singapore above mean sea level, with all elevations below 5 m indicated in dark blue. 

 

Figure 12.24 presents a striking depiction of 
coastal vulnerability in Singapore, highlighting 
areas below 5 meters that could potentially be 
inundated. While this scenario is considered low-
likelihood, it carries the potential for significant 
economic losses.  

The vulnerable areas primarily encompass the 
southern shores of Singapore, including the 
Central Business District located near the 
southeastern coast. It is worth noting that further 
research is required to gain a more 
comprehensive understanding of this situation. 
Interestingly, the areas at risk of inundation, as 
indicated by the dark blue shading, appear to align 
with the reclaimed land in Singapore. This 
observation underscores the need for continued 
investigation and assessment of coastal 
vulnerability in relation to land reclamation efforts. 

 

12.5.4 Sea-level projections in Southeast Asia 

Here we present sea-level projections until 2150 
(median and likely range) from the IPCC AR6 at 
some tide-gauge locations in Southeast Asia 
shown in Section 12.3. Time series of the 
projected RSL rise at a subset of the tide-gauges 
discussed in Section 12.3 are shown in Figure 
12.25 in a bid to provide an evolution of sea level 
change. However, not all the tide-gauges shown 
in Section 12.3 passed the IPCC AR6 criteria to 
generate sea level projections.  

Additional tide-gauge stations with sea-level 
projections are included here (i.e., additional cities 
in Southeast Asia; Table 12.5, Figure 12.26, 
Figure 12.27). 
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Figure 12.25: Time series plots of relative sea-level change in the past and projected future at a subset of tide gauges (country) discussed in Section 12.3. Shown in solid 
black are the annual tide gauge data taken from PSMSL at the respective tide gauges; shown in the other various colours with the shaded bands are the projected sea-level 
rise till 2100 under the different SSPs from the IPCC AR6. Observations and projections are relative to the baseline period 1995-2014. 
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Table 12.5: Projected relative sea level rise by 2100 and 2150 under SSP1-2.6, SSP2-4.5 and SSP5-8.5 at various locations in Southeast Asia and some peripheral locations 
(i.e., Zhapo, Darwin and Palau; Figure 12.26). The values shown are meters of sea-level change relative to baseline 1995-2014. Median (likely range) are presented. 
Projections of global mean sea level rise are also shown here, relative to the same baseline.  

 City/State (tide-gauge name) 

SSP1-2.6 SSP2-4.5 SSP5-8.5 

2100 2150 2100 2150 2100 2150 

1 Cebu City (Cebu) 
0.44 

(0.26 - 0.68) 

0.72 

(0.37 - 1.15) 

0.58 

(0.41 - 0.83) 

0.97 

(0.64 - 1.44) 

0.78 

(0.58 - 1.09) 

1.37 

(0.92 - 2.02) 

2 Manila (Manila, S. Harbour) 
0.99 

(0.81 - 1.22) 

1.55 

(1.21 - 1.98) 

1.12 

(0.96 - 1.37) 

1.80 

(1.49 - 2.26) 

1.33 

(1.13 - 1.63) 

2.20 

(1.77 - 2.85) 

3 Phuket (Ko Taphao Noi) 
0.50 

(0.33 - 0.72) 

0.80 

(0.48 - 1.21) 

0.60 

(0.45 - 0.84) 

1.00 

(0.69 - 1.46) 

0.82 

(0.62 - 1.12) 

1.42 

(0.99 - 2.06) 

4 Bangkok (Fort Phrachula Chomklao) 
1.56 

(1.41 - 1.76) 

2.40 

(2.13 - 2.77) 

1.68 

(1.54 - 1.91) 

2.65 

(2.35 - 3.09) 

1.89 

(1.71 - 2.18) 

3.05 

(2.65 - 3.67) 

5 Johor Bahru (Johor Bahru) 
0.43 

(0.23 - 0.68) 

0.70 

(0.34 - 1.14) 

0.55 

(0.35 - 0.82) 

0.93 

(0.55 - 1.43) 

0.77 

(0.55 - 1.09) 

1.34 

(0.87 - 2.01) 

6 Kuantan (Tanjung Gelang) 
0.42 

(0.23 - 0.66) 

0.68 

(0.33 - 1.1) 

0.54 

(0.35 - 0.8) 

0.91 

(0.55 - 1.39) 

0.76 

(0.55 - 1.06) 

1.32 

(0.87 - 1.98) 

7 Kota Kinabalu (Kota Kinabalu) 
0.44 

(0.28 - 0.66) 

0.71 

(0.39 - 1.12) 

0.56 

(0.41 - 0.8) 

0.95 

(0.63 - 1.41) 

0.78 

(0.60 - 1.08) 

1.36 

(0.94 - 2.00) 

8 Penang (Pulau Pinang) 
0.39 

(0.19 - 0.64) 

0.64 

(0.26 - 1.08) 

0.5 

(0.3 - 0.76) 

0.85 

(0.47 - 1.34) 

0.71 

(0.49 - 1.03) 

1.25 

(0.79 - 1.92) 

9 Da Nang (Danang) 
0.50 

(0.32 - 0.74) 

0.80 

(0.45 - 1.22) 

0.63 

(0.44 - 0.89) 

1.05 

(0.69 - 1.52) 

0.84 

(0.64 - 1.14) 

1.46 

(1.02 - 2.09) 

10 Yangon (Rangoon) 
0.62 

(0.43 - 0.84) 

0.98 

(0.64 - 1.40) 

0.71 

(0.53 - 0.96) 

1.17 

(0.83 - 1.62) 

0.93 

(0.72 - 1.23) 

1.58 

(1.14 - 2.21) 

11 Palau (Malakal) 
0.50 

(0.31 - 0.75) 

0.82 

(0.46 - 1.27) 

0.60 

(0.42 - 0.87) 

1.01 

(0.65 - 1.51) 

0.83 

(0.61 - 1.16) 

1.44 

(0.96 - 2.12) 

12 Darwin (Darwin) 
0.47 

(0.30 - 0.70) 

0.76 

(0.43 - 1.17) 

0.58 

(0.41 - 0.83) 

0.97 

(0.62 - 1.44) 

0.80 

(0.59 - 1.11) 

1.38 

(0.92 - 2.04) 

13 Zhapo (Zhapo) 
0.47 

(0.31 - 0.68) 

0.74 

(0.44 - 1.12) 

0.61 

(0.45 - 0.84) 

1.01 

(0.70 - 1.46) 

0.82 

(0.64 - 1.11) 

1.42 

(1.02 - 2.03) 

14 Singapore (Sultan Shoal) 
0.51 

(0.34 – 0.74)  

0.82 

(0.50 – 1.24) 

0.63 

(0.46 – 0.88) 

1.05 

(0.72 – 1.52) 

0.85 

(0.66 – 1.15) 

1.47 

(1.03 – 2.12) 

 Global mean 
0.44 

(0.32 – 0.62) 

0.68 

(0.46 – 0.99)  

0.56  

(0.44 – 0.76) 

0.92 

(0.66 – 1.33) 

0.77 

(0.63 – 1.01) 

1.32 

 (0.98 – 1.88) 
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Figure 12.26: Location of the 13 tide-gauges in the various Southeast Asian cities and countries listed in Table 12.5. Labels on the map indicate the city names.    
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Figure 12.27: Projected relative sea-level rise at some of the most densely populated Southeast Asian cities by 2150 under all emission scenarios considered in V3. 
Projections are relative to the baseline period 1995–2014.  
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Over this century, RSL is projected to rise at all 
the tide gauges listed in Table 12.5 regardless of 
the future emissions scenarios by 2100 and 2150 
(Figure 12.27). Similar to Singapore, RSL rise at 
most of these locations is likely to reach ~1 m by 
2100 under the high greenhouse gas emissions 
scenario (SSP5-8.5).  

However, this is with the exception of Manila and 
Fort Phrachula Chomklao, which will be 
addressed as ‘Bangkok’ from hereon as the tide 
gauge is located less than 10 km away from the 
populated city. By the end of the century (i.e., 
2100), Manila and Bangkok are likely to 
experience RSL rise of more than 1.5 m and 2 m 
respectively under SSP5-8.5. Under the low 
emissions scenario, RSL rise could likely reach up 
to 1 m in most of these cities and up to 2 to 3 m in 
Manila and Bangkok by 2150 (Figure 12.27). 
Under the high emissions scenario RSL rise could 
likely reach up to 2 m in most cities and exceed 
3m in Bangkok by 2150 (Figure 12.27).  

Land subsidence due to excessive groundwater 
withdrawal has been a well-established factor 
causing RSL rise since the 1970s (e.g., Ahmed et 
al., 2020; Siringan et al., 2019, Niesters et al., 
2021). In Bangkok, groundwater withdrawal has 
been attributed with land subsidence, with rates 
reaching up to 120 mm/yr in some areas (Aobpaet 
et al., 2013).  

Several studies have also reported subsidence 
rates up to centimeters per year in some coastal 
areas around Manila due to groundwater 
extraction (Rodolfo et al., 2020; Kim et al., 2019). 
In both cases of Manila and Bangkok, the 
extraction of groundwater has outpaced the 
natural recharge rate of the aquifers. As water is 
pumped out, the pressure in the aquifer 
decreases, causing the soil and rock layers above 
it to compact and settle. Over time, this causes the 
land surface to sink, leading to subsidence 
(Galloway et al., 2011).  

12.6 Vertical Land Movement 

While global sea-level rise is driven primarily by 
the thermal expansion of oceans and the melting 
of land ice, the RSL changes experienced at 
specific locations are influenced by a range of 
additional factors (IPCC, 2021). One of the most 
significant factors is vertical land movement, or 

vertical land motion (VLM, which can cause the 
land to sink or rise relative to sea level (Church et 
al., 2013). This motion can result from a variety of 
natural and anthropogenic processes, including 
tectonic activity, sediment compaction, 
groundwater withdrawal, and human-made 
structures (Kench et al., 2018).  

VLM is particularly important in regions such as 
Southeast Asia, where it can cause significant 
variations in local sea levels and exacerbate the 
impacts of global sea-level rise on coastal 
communities and infrastructure (Koh et al., 2021). 
In this section, we explore the factors of VLM and 
its importance for understanding RSL changes in 
the region. We use the term ‘vertical land 
movement’ in this section as referenced to 
Gregory et al. (2019), and the term ‘vertical land 
motion’ used in Section 12.5 is in accordance with 
the IPCC AR6 Chapter 9 terminology. The terms 
are often used interchangeably in publications, 
and do not have different physical meanings. 

VLM describes the change in the height of the sea 
floor or land surface (Gregory et al., 2019) and it 
affects RSL change. The need for understanding 
and quantifying VLM is crucial for producing 
robust sea-level projections. Vertical 
displacements of the ground could either cause a 
fall or rise in mean sea level relative to the 
occupants on land, given that the mean geocentric 
sea level remains constant.  
 

12.6.1 Factors causing vertical land 
movement 

The rate of VLM and the extent to which it affects 
RSL change varies temporally and spatially. 
These factors can be natural and/or human-
induced, and are able to have an impact on the 
land for up to millions of years (Figure 12.28).  

One factor causing VLM arises due to changes in 
mass redistributions within the atmosphere, 
ocean and continents caused by natural or 
anthropogenic mechanisms (Pfeffer et al., 2017). 
The solid Earth is still in a state of isostatic 
disequilibrium and continues to respond to the 
loss of ice sheets during the Last Glacial 
Maximum about 21 thousand years ago (e.g., 
King et al., 2010). This ongoing GIA results in 
varied rates of vertical displacements across the 
globe. 
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Figure 12.28: Significant factors driving vertical land 
movement (VLM) in Southeast Asia that are explained in 
Section 12.6.1. The temporal extent to which these factors 
affect VLM vary from days to millions of years (tectonics). 
Graphic and information is referenced to Pfeffer et la. (2017).  
 

Similarly, ongoing contemporary changes in land-
based ice sheets (e.g., melting Antarctic and 
Greenland ice sheets) and land water storage 
results in instantaneous changes in the geoid and 
VLM that must be considered. Together, these 
effects affect the rate of VLM and contribute to 
RSL change.  

Other natural factors that can also cause VLM 
include seismic activity such as earthquakes 
(Wöppelmann et al., 2016). Earthquakes occur 
when tectonic plates in the earth's crust shift, 
causing a sudden release of energy that creates 
seismic waves. This movement can result in uplift 
or subsidence of the land, which can affect local 
RSL rise (Wöppelmann et al., 2016; Shirzaei et 
al., 2021). At different stages of the earthquake 
cycle, which includes interseismic, coseismic, and 
postseismic periods, there are different rates and 
spatio-temporal extent of land movement (Pollitz 
et al., 2018). The extent of subsidence or uplift in 
the land near the fault depends on several factors, 
including the magnitude and duration of the 
earthquake, the location of the fault, and the 
properties of the surrounding geology (Pollitz et 
al., 2018). 

There are also anthropogenic factors such as 
groundwater withdrawal that can have significant 
impacts on VLM. Groundwater withdrawal causes 
the water table to drop, leading to a reduction in 
pore water pressure and compaction of sediment 
layers, which can cause subsidence (Galloway et 
al., 2019). Some of the cities that are most 
severely-affected by groundwater withdrawal-

induced land subsidence include Mexico City, 
Bangkok and Jakarta (Galloway et al., 2019; 
Wassmann et al., 2016; Firman et al., 2019). In 
addition to groundwater extraction, there are other 
anthropogenic factors such as oil and gas 
extraction, mining, and the construction of large 
dams that can result in land subsidence (Zhang et 
al., 2018).  

 

12.6.2 Observed vertical land movement in 
Singapore 

Understanding the past and present state of VLM 
in Singapore is crucial for accurately assessing 
and predicting future sea-level rise impacts on 
low-lying coastal areas. In this section, we 
examine the current knowledge of observed VLM 
in Singapore from published sources and some 
existing global positioning system (GPS) and/or 
global navigation satellite system (GNSS) data. 

VLM is often measured either using radar sensors 
or in situ GPS/GNSS stations. Studies such as 
Catalao and Fernandes (2013) and Catalao et al. 
(2020) had previously presented VLM rates in 
Singapore using the former technique. Both 
studies found greatest subsidence rates near the 
southeastern coasts of Singapore (-2 to -13 
mm/yr, from 2011 to 2016, Catalao et al., 2020). 
Catalao et al. (2020) suggested that a correlation 
between the geological setting of Singapore and 
subsidence rates exists, due to lower subsidence 
rates observed for unconsolidated material as 
compared to higher subsidence rates for 
consolidated sand. However, this relationship is 
still understudied, and the period over which VLM 
rates were presented in Catalao et al. (2020) (i.e., 
6 years) may be insufficient to robustly conclude 
the associated correlation with varied bedrock.  

Another way of examining VLM is using GPS data. 
Figure 12.26 shows the time series of recorded 
land movement at two of Singapore’s GPS/GNSS 
stations, named SIN1 and SING (Figure 12.26), 
taken from Nevada Geodetic Lab (Blewitt et al., 
2018). Linear trends of the measurements were 
taken over different segments of time (i.e., 
before/after a data gap or shift) to approximately 
quantify the rate of VLM in Singapore over the last 
decade or so. SIN1 shows negligible VLM, with 
arguably little subsidence of -0.4 to -0.5 mm/yr 



45 

 

over the past ~10 years. On the other hand, a 
vertical downward shift was recorded at SING on 
5 November 2015, with missing data the day 
before.  

According to the Singapore Land Authority (SLA), 
the recorded subsidence of ~5 cm was likely 
caused by the earthquake that occurred in 
Indonesia on 4 November 2015 (“GPS Station at 
Bukit Timah Base Recorded Subsidence”, 2015). 
Due to Singapore’s close proximity to the Sunda 

megathrust fault that borders the Indonesian 
archipelago, land subsidence in Singapore due to 
any significant future seismic activity is yet again 
plausible (Gee et al., 2010; Hermawan et al., 
2020). Such a phenomenon is not uncommon 
around the world. For instance, the 2011 Tohoku 
earthquake in Japan caused significant 
subsidence in coastal areas, while the 2010 
earthquake in Haiti caused up to 20 cm of 
subsidence in some areas ("Earthquake-Induced 
Land Subsidence," 2018). 

 

Figure 12.29: GNSS stations in Singapore (SIN1 and SING) showing the processed vertical component in centimeters (blue 
points). Linear trends were also plotted (in shades of orange and red) over different time periods in an attempt to show the rate 
of VLM observed in Singapore at these stations. Vertical dashed line represents an earthquake occurrence that most likely 
explains the vertical shift in measurements at SING. Data taken from the Nevada Geodetic Lab (Blewitt et al., 2018). 
 

However, subsidence was not observed at the 
other station, SIN1. A number of factors could 
have explained this discrepancy, given that 
Singapore is a comparatively small island-state. 
GPS stations are designed to detect changes in 
the position of the ground, which can be caused 

by a variety of factors, including tectonic 
movement, subsidence, and even human activity 
(Bock et al., 2016).  

The accuracy and sensitivity of GPS 
measurements can vary depending on factors 
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such as the location of the station, the type of 
equipment used, and the surrounding geology 
(Hashimoto et al., 2011; Ozawa et al., 2008). In 
the case of the November 4 2015 earthquake, it is 
possible that the other GPS station in Singapore 
was located further away from the epicenter of the 
earthquake, or was situated in an area where the 
ground was less susceptible to subsidence 
(Dragert et al., 2001). Additionally, variations in 
local geological conditions, such as soil 
composition and depth, can also influence the 
magnitude of subsidence recorded at different 
GPS stations (Hu and Wang, 2019).  

It is also important to note that subsidence is not 
always a uniform phenomenon and can vary in 
magnitude and location depending on the specific 
conditions of the area affected by the earthquake 
(Bock et al., 2016). Therefore, it is possible that 
the lack of subsidence recorded at the other GPS 
station in Singapore may be due to a combination 
of factors related to the site, the earthquake, and 
the measurement equipment used (Ozawa et al., 
2008). 

While GPS measurements can be a powerful tool 
for monitoring VLM, earthquakes can introduce a 
level of uncertainty into these measurements due 

to a range of factors. For example, the magnitude 
and type of earthquake can influence the 
magnitude and distribution of vertical land 
movement, while the sensitivity and accuracy of 
GPS equipment can vary depending on the 
specific site conditions. As a result, it can be 
challenging to accurately quantify vertical land 
movement and associated uncertainties in the 
aftermath of an earthquake. 

 

12.6.3 Future vertical land movement and its 
associated uncertainties to relative sea-level 
rise in Singapore  

As shown above, the GPS data suggests that 
different parts of Singapore experience different 
rates of VLM over the past few years. Although 
more detailed study needs to be done for accurate 
conclusions, we could nonetheless hypothesize 
that land is subsiding in some parts of Singapore 
over the past few years (Tay et al., 2022). This has 
important implications for research on past and 
future sea-level studies, as stakeholders should 
be ultimately concerned about the relative rise in 
sea-level with VLM taken into account.  

Tide Gauge Rate of vertical land 
movement due to GIA (VLM in 

mm/yr) 

Rate of sea-level change due 
to GIA (mm/yr) 

Sultan Shoal 0.21  -0.38 

Sembawang 0.19 -0.35 

Raffles Light House 0.20 -0.37 

Tanjong Pagar 0.19 -0.36 

West Coast 0.20 -0.37 

West Tuas 0.21 -0.38 

Table 12.6: Rates of vertical land movement due to GIA and sea-level change due to GIA component of VLM. Results taken 
from ICE6G_C (Peltier et al., 2015).  
  

As of 2022, the IPCC AR6 projections of VLM at 
tide gauges are the only set of projections that 
consider more than vertical deformation due to 
GIA. The projections are derived using a 
Gaussian process model that sums the global, 

regional and local fields, whereby the local 
component is generated based on a GIA model 
and historical tide-gauge data, in a bid to include 
non-climatic background factors (Kopp, 2013). 
Tide-gauges record changes in RSL and hence, 
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the measurements are inclusive of any net 
changes in VLM. 

VLM is projected to cause a fall in sea level in 
Singapore by 2150 (median) at almost all the tide 
gauges (Section 12.5.3.1, Figure 12.17). This 
could be largely dominated by the effects of GIA, 
which are causing multi-millennium rates of land 
uplift (Table 12.6). However, the range of 
uncertainties in the VLM projections (Figure 12.16 
and 12.17; Table 12.4) include the possibility of 
VLM adding to sea-level rise in Singapore (upper 
bound of likely range), instead of a fall (median). 
Additionally, tectonic activity is another factor that 
was not accounted for in the AR6 VLM 

projections, which increases the quantitative and 
qualitative uncertainties associated with future 
VLM in Singapore. The prediction of earthquakes 
alone with any degree of accuracy, for example, 
remains elusive and a challenging task for 
scientists (e.g., Jordan, 2011; McGuire, 2014). 

Site-specific analyses of VLM for Singapore play 
a crucial role in strengthening the knowledge base 
for informed coastal decision making. 
Comprehensively understanding the local sea-
level budget at coastal locations in terms of the 
driving processes is a high scientific priority for 
addressing the challenges posed by RSL rise.
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Appendix 

 

 
Figure A12.1: Seasonal cycle of sea level in the southeast Asian seas computed from satellite data for the period 1993 - 2021.  

 

 

 

 

Figure A12.2: Sea surface height change due to changes in gravity (Geoid) associated with GIA from ICE-5G (Peltier et al. 
2004).    

 



50 

 

 

Figure A12.3: Number of valid grid-points (i.e. ocean grid points) used in the latitudinal averaging of sea-level trends shown in 
Figures 12.7 and 8.   
 

 

 

 

 

Figure A12.4: Dynamic sea-level rise trend from GECCO3 (German contribution of the Estimating the Circulation and Climate 

of the Ocean) and GLORYS 12V1 (Global Ocean Physics Reanalysis; https://doi.org/10.48670/moi-00021). For GECCO 

(GLORYS), the trend estimation covers the period 1993 - 2018 (1993 - 2020). The patches on each panel indicate the trends 

which are not significant at 95% confidence level. 
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