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Abstract: Estimating future sea level rise (SLR) projections is important for assessing coastal risks
and planning of climate-resilient infrastructure. Therefore, in this study, we estimated the future
projections of SLR from Coupled Model Intercomparison Project phase 6 (CMIP6) models for three
climate targets (1.5 ◦C (T15), 2.0 ◦C (T20), and 3.0 ◦C (T30)) described by the Paris Agreement. The
global SLR projections are 60, 140, and 320 mm for T15, T20, and T30, respectively, relative to the
present-day levels. Similarly, around the Korean Peninsula, SLR projections become more intense
with continuous global warming (20 mm (T15), 110 mm (T20), and 270 mm (T30)). Ocean variables
show a slow response to climate change. Therefore, we developed the Emergence of Climate Change
(EoC) index for determining the time when the variable is not following the present climate trend.
The EoC of SLR appears after the EoC of sea-ice melting near the time of T15 warming. Moreover, the
EoC of thermal expansion appears around the 2040s, which is similar to the time of the maximum of
the T15 warming period and the median of the T20 warming period. Overall, our analysis suggests
that the T15 warming may act as a trigger and SLR will accelerate after the T15 warming.

Keywords: Korean peninsula; sea level rise; climate change; 1.5 ◦C warming; emergence of cli-
mate change

1. Introduction

As a major concern related to climate change, sea level rise (SLR) will continue
throughout the 21st century and thereafter [1]. SLR is projected to have profound impacts
on ecosystems and hundreds of millions of people [1–3]. In particular, SLR is a critical
issue for the South Korean Peninsula, on which are located highly developed coastal
cities (55 cities are located near the coastal zone). Approximately 32.9% of the South
Korean population lives in coastal cities, including the three metropolitan cities (Incheon,
Busan, and Ulsan) [4]. Thus, SLR creates challenges for coastal adaptation, not only
because it involves a multi-decadal timescale, but also because it is associated with large
uncertainties, and may occur as soon as the end of the 21st century [5]. In addition, crucial
decisions regarding adaptations to SLR must be made based on SLR projections [1,6]. The
Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) reported
a global mean sea level (GMSL) rising rate of 1.7 mm year−1 between 1901 and 2010, and
3.2 mm year−1 between 1993 and 2010 [7]. Thus, the global SLR has been increasing at a
faster rate in recent years. Similar reports described that the rate of SLR in marginal seas
around the Korean Peninsula is expected to sharply increase [8,9]. The key contributors
to SLR are ocean thermal expansion (because the ocean absorbs most of the heat stored
(around 93% [1]) in the climate system) and glaciers and ice sheet melting (addition of
water to the ocean, mainly from the mass loss of ice). These factors respond to warming
at multiple timescales, ranging from decades to centuries [1,3,7]. In this context, the most
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recent research has focused on projecting the long-term SLR under anthropogenic climate
change by relying on the global climate model, because statistical or semi-experimental
extrapolations of past observations are limited for estimating future projections.

Since the Paris Agreement set a goal of limiting global warming to below 2 ◦C,
and aimed to pursue efforts to limit this value to 1.5 ◦C above pre-industrial levels [10],
variations in climate change conditions under future warming scenarios have also become
an area of active research [11,12]. The IPCC released a report in 2018 on the impacts
of global warming at 1.5 ◦C versus those at 2 ◦C [13]. According to the climate model
projection results, the global mean temperature is expected to increase by 2 ◦C after the
middle of the 21st century. Notably, previous studies have focused on the trends and
spatial patterns of extreme climate changes at certain warming levels. In contrast, some
studies [14,15] are aimed at projecting future SLR based on specific warming targets using
CMIP5 simulations. Considering this, we mainly focus on examining SLR projections
(typical ocean variables) under the Paris climate targets (1.5, 2.0, and 3.0 ◦C) using CMIP6
simulations (the recent phase of CMIP). CMIP provides valuable multi-model simulations,
which are essential for reassessing the climate system response to anthropogenic forcing
and updating future climate projections. In addition, the analysis method used in this study
is based on the IPCC assessment report (AR) recommendation to consider a comparison
with other CMIP studies. Future projections of SLR are of interest to policy departments
for establishing national climate change adaptation policies.

In the context of climate change, global warming will reach a critical point, and
increase the changes in various climate variables. The magnitude of climate change tends
to increase with increasing levels of greenhouse gas (GHG) and becomes more pronounced
over time. For mitigation and adaptation of national planning, it is important to understand
when this signal is apparent. To determine when sea level change becomes evident beyond
its historical variability, we developed the “Emergence of Climate Change” (EoC) index
and investigated whether this index can be used for future SLR projections and to evaluate
the related drivers. Our index projects the timing of the climate signal that fundamentally
differs from ongoing climate change (present-day (PD; 1995–2014) climate variability). This
analysis provides useful information for mitigation and adaptation studies, and insight
into the detection and projection of regional climate changes. We also performed SLR
projections and estimated the impact of drivers for periods in the future.

2. Data and Methods
2.1. Dataset

The historical and future simulations of the Shared Socio-economic Pathways scenarios
of Tier 1 experiments were analyzed in this study. Tier 1 experiments consist of four
scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). The SSP1-2.6, SSP2-4.5, and SSP5-8.5
scenarios provide continuity with CMIP5 Representative Concentration Pathways (RCPs)
by similar radiative forcing. The SSP3-7.0 scenario comprises “gap scenarios” that include
new unmitigated SSP baseline scenarios. Tier 1 experiments provide key future projections
and cover a wide range of uncertainty with future forcing pathways [16]. Additionally,
Tier 1 experiments are useful for comparing data with those obtained in previous studies.
The details of SSP scenarios were described previously by O’Neill et al. [16].

To assess the CMIP6 model performance for the Paris climate targets (1.5 ◦C (T15),
2.0 ◦C (T20), and 3.0 ◦C (T30)), a single member (r1i1p1) is used for each CMIP6 model [17].
We obtained 9 CMIP6 participating models (Table 1) from the Earth System Grid Federation
(ESGF) database [18]. Among these models, the results of K-ACE and UKESM1 were
obtained by our research group. Although multiple methods have been used to define
global warming levels, the definition of IPCC SR15 [13] was used in this study (the pre-
industrial period is defined as 1850–1900). The specific global warming thresholds are
relative to the pre-industrial level. For each CMIP6 model, we calculate an 11-year moving
average of global mean surface temperature anomaly (both historical and future period)
and then select the time at which specific warming thresholds are reached. Finally, we
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select the temporal mid-point (5 years forward and 5 years backward) to obtain an 11-year
moving average. For the Paris climate target, ensemble members are extracted for each
scenario; 36, 33, and 27 ensemble members were used in this analysis for the T15 (2013–
2040), T20 (2020–2070), and T30 (2038–2086) climate targets, respectively. This is because
some models do not reach the warming levels depending on the SSP scenarios. The related
components of the SLR for CMIP6 outputs are interpolated to a common 1 × 1 grid using
the bilinear method with the same land–ocean mask.

Table 1. List of 9 CMIP6 models used in this study.

ESGF ID Coupled Model Name Ocean/Sea Ice Ocean Vertical

K-ACE
Korea Meteorological

Administration-Advanced Community
Earth System Model

MOM4/CICE 360 × 200 50

UKESM1 U.K. Earth System Model NEMO/CICE 360 × 330 75

ACCESS-ESM1.5
Australian Community Climate and Earth

System Simulator-Earth System Model
version 1.5

MOM5/CICE 360 × 300 50

CanESM5 Canadian Earth System Model version 5 NEMO/LIM 361 × 290 45

EC-Earth3-Veg European Centre Earth Model version 3 NEMO/LIM 362 × 292 75

INM-CM5-0 Institute for Numerical Mathematics
Climate Model version 5 INM-OM/INM-ICE 720 × 720 40

IPSL-CM6A-LR Institute Pierre-Simon Laplace Climate
Model version 6 NEMO/LIM 362 × 332 75

MPI-ESM1-2-LR Max Planck Institute for Meteorology
Earth System Model version 1.2 MPIOM/Hibler79 256 × 220 40

MRI-ESM2-0 Meteorological Research Institute Earth
System Model version 2.0 MRI-COM 360 × 364 61

We used monthly SLR data from the Commonwealth Scientific and Industrial Re-
search Organisation dataset (research.csiro.au/slrwavescoast/sea-level/ (accessed on
26 September 2021)). This data has been widely used in the research community and
by IPCC AR to report sea level changes. The spatial coverage of the dataset is nearly
global (65◦ S to 65◦ N) with a one degree resolution, and data runs from January 1993
to December 2019. This data represents reconstructed historical sea levels obtained by
deriving empirical orthogonal functions from TOPEX/Poseidon, Jason-1, Jason-2, and
Jason-3 satellite altimeter data, and correcting for seasonal signals. In addition, these data
are corrected for a glacial isostatic adjustment (GIA; −0.3 mm year−1; [19–21]) using the
Church and White method [22], which may be representative of the mean sea level [18].
Additionally, the analysis domain is global (65◦ S–65◦ N, 0–360◦ E) and around the Korean
Peninsula (31.5–42.5◦ N, 31.5–42.5◦ N).

2.2. Emergence of Climate Change

In this study, to identify the time at which the conditions of climate variable are
projected to distinctively differ from ongoing climate change, we developed the EoC
index. The historical baseline period was used as the present-day period (PD; 1995–
2014) because 2014 is the final year of the CMIP6 historical simulation. We used the
signal threshold method [23,24], and the upper limit (threshold) for the variable was
applied to determine the standard deviation. In CMIP-related studies, the spread of the
model ensemble is important for analyzing trends in climate change [25]. The 5–95%
confidence ranges are widely used, and are obtained assuming a normal distribution as
the 1.64-standard deviation (σ) [26]. Additionally, considering the slower response of
ocean variables (compared to atmospheric variables) and adaptation strategies to climate
change, the upper limit was set to 2σ to provide useful scientific information to Korean
policymakers [27]. Consequently, our EoC index indicates when the climate variable is no
longer consistent with the present-day trend.

research.csiro.au/slrwavescoast/sea-level/
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2.3. See Level Rise Projection Methodology

IPCC AR5 constructed a global SLR projection from CMIP5 simulations with global
mean surface air temperature-driven parameterizations of the surface mass balance con-
tributions to ice melting [7]. Several subsequent studies have been conducted using this
approach to update the contribution of Antarctic ice sheet dynamics based on post-AR5
modeling studies [1,28]. To ensure continuity for SLR projection analysis, in this study,
CMIP6 projections were calculated using the same approach as that used by the IPCC
AR5 [7]. These projections consider thermal expansion and contraction of ocean water
caused by density changes due to temperature changes. In addition, land ice mass changes
(glaciers and ice sheets) and groundwater storage contribute to sea level changes. The SLR
as a function of time t is expressed by Equation (1):

SLR(t) = SLR(t)ocean + SLR(t)glaciers + SLR(t)ice sheets + SLR(t)ground water + SLR(t)GIA (1)

where SLR(t)ocean (hereafter ocean-related component (OCN) contributions) consists of
ocean thermal expansion and density changes to SLR. Thermal expansion is one of the major
contributors to sea level changes and the only component simulated directly from CMIP
models [20]. We use the CMIP6 variable “zostoga” provided by each CMIP6 modeling
group, which represents the thermal expansion for the full ocean depth (no correction for
drift is performed) [29].

SLR(t)glaciers represents the mass loss of glacier changes (including ice caps). This
component is also a major contributor to sea level changes [20,30] and is simulated using
the volume-area approach [31] model developed by Slangen and Van de Wal [32]. This
term is estimated using CMIP6 projections of temperature change and precipitation change,
accounting for the change in glacier area and time. SLR(t)ice sheets refers to the ice sheet con-
tribution and is divided into the surface mass balance (SMB) contribution and dynamical
contribution (DYN). First, SMB is referred to as the surface mass change when ice sheets
disappear or are created through temperature changes and precipitation. In this study, the
SMB contribution was derived using the following equations [33]:

∆SMBAntarctic = −0.0105 − 0.01759 × δTatm − 0.0412 (2)

∆SMBGreenland = 0.0153 + 0.01493 × δTatm − 0.00094 (3)

Equations (2) and (3) are the projected global mean surface temperature (δTatm) used
to calculate the SMB contribution of the ice sheets [34,35]. Second, the mechanisms of
dynamic changes of the ice sheets slightly differ between Antarctica and Greenland. In
Antarctica, incoming solar energy melts the ice shelf and creates a water pool on its surface,
resulting in thinning and breaking of the ice shelf [36]. Ice shelves may also melt with
changes in their bottom balance because of the circulation of warmer water [37]. In contrast,
the main mechanisms observed in Greenland are calving, melting of marine-terminating
glaciers [38,39], and ice flow-SMB feedback [32]. Considering this, in this study, the
dynamical contribution was calculated by the following equations [40]:

∆DYNAntarctic = ∆SMBAntarctic × 0.95 +
2
3
× r (4)

∆DYNGreenland = ∆SMBGreenland +
1
3
× r (5)

where r indicates a scenario-independent term (0.32 mm year−1) obtained from Meehl
et al. [41]. Hereafter, the GLAC contributions indicate the glacier and ice sheet components.
SLR(t)groundwater refers to the contribution of land water storage (groundwater depletion)
based on data from Wada et al. [20], and is estimated using a global hydrological model to
calculate groundwater depletion using country-specific data (groundwater abstraction and
recharge). These components (SLR(t)groundwater and SLR(t)GIA [42,43]) were obtained from
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the CMIP5 data [20] provided by the Integrated Climate Data Center (cen.uni-hamburg.
de/en/icdc/data (accessed on 25 September 2021)).

3. Results
3.1. Historical Period

The simulated SLR is not spatially uniform [22] and accelerates in response to global
warming [7]. The magnitude of this rise and its spatial variations are affected by regional
variations in factors such as ocean thermal expansion and glacier melting [1,22,33]. Based
on Section 2.3, OCN includes thermal expansion terms, whereas glacier-related compo-
nents (GLAC) include glacier melting, ice sheet mass change (SMB), and dynamic ice sheet
processes. In addition, the ground water storage and GIA contributions are residual com-
ponents. To analyze the major contribution of the SLR, the OCN and GLAC contributions
were analyzed (the residual component is excluded because it is smaller in scale compared
to the other components).

Figure 1 shows the spatial mean time series of SLR relative to the PD period de-
termined through observation and using the nine CMIP6 models. The simulated OCN
component of the global mean sea level change from 1900 to 1990 is approximately 21 mm,
which is smaller than that in the 25 years after 1990 (approximately 25 mm). This result is
similar to those obtained in previous studies using observations of the ocean heat content in
the 20th century [44]. The simulated GLAC component contributes approximately 60 mm
from 1900–1990 and approximately 91 mm in the 25 years after 1990 (Figure 1a). These
rapid increases after 1990 result from both recovery after the Pinatubo explosion in the
1990s [33,45,46] and strong melting in glaciated regions [47], which was affected by in-
creased GHG concentrations with decreased anthropogenic aerosols at the beginning of the
21st century [48,49]. Throughout the analysis period, the GLAC component is responsible
for most of the GMSL changes. When all contributions are combined, the simulated GMSL
change from 1900–1920 to PD is 139 mm. This result indicates a larger response to the
GHG increase in the CMIP6 models than in the CMIP5 models (92 mm; [3]). In addition,
the simulated SLR around the Korean Peninsula (Figure 1b) by CMIP6 (128 mm) is larger
than that by CMIP5 (76 mm; [3]). This appears to be related to high climate sensitivity,
because the response to past global warming in the CMIP6 models tends to be large [50,51].
However, the simulated global SLR from the CMIP6 ensemble mean (Figure 1a) is similar
to observations in recent periods (the PD period in this study), agreeing well with recent
studies [3,52].
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Figure 1. Spatial mean time series of simulated ocean thermal expansion (light blue) and glacier (blue) contributions to SLR
from ensemble means of CMIP6 models for (a) global and (b) Korean Peninsula with 95% confidence intervals (shaded).
Green and black lines indicate total SLR from CMIP6 models and observation, respectively. The reference is the mean
climatology of the PD (1995–2014) period.
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In contrast, the observed SLR trend in the 2000–2014 period is nearly constant around
the Korean Peninsula, whereas the simulated SLR (approximately 57 mm) tends to increase
continuously (Figure 1b). The OCN and GLAC components contribute approximately 11
and 45 mm from 2000 to 2014, respectively. The OCN contribution around the Korean
Peninsula is smaller than that of the global effect (approximately 21 mm) and the GLAC
contribution is similar than that of the global effect (approximately 48 mm). This analysis
indicates that the difference between simulated and observed SLR around the Korean
Peninsula is due to the simulated uncertainty of the GLAC component.

3.2. Future Period

The first row in Figure 2a–c shows the 20 year averaged simulated future GMSL
change for three climate targets (T15, T20, and T30) compared to the PD climatology from
1995 to 2014. The results of future projection indicate that SLR increased in most regions,
and the regional patterns are similar to those reported previously [3,33,53]. Notable large
changes occur in the Arctic, North Atlantic (northeastern coastal region of America), and
Antarctic Circumpolar Current region (around 60◦ S). A comparison of each climate target
show that the trends were more intense for T30 (Figure 2c). Additionally, the future
projections for each climate target do not differ significantly between the four SSP-based
scenarios (not shown) (Table 2). This suggests that the emission scenario has a small impact
on the regional distribution of SLR in our results, and the distribution is similar to that of
the recent CMIP6 study [26].

1 
 

 
Figure 2. Projection of total SLR from CMIP6 models (a–c) and their spread (d–f) for three Paris Climate targets (T15 (left
column), T20 (mid column), and T30 (right column)). The ratio of mean and spread (g–i) of CMIP6 models is shown in the
bottom row. The unit of SLR is m.
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Table 2. EoC values from CMIP6 ensemble based on each SSP scenario.

SSP Scenario EoC of SLR
(Global)

EoC of SLR
(KOR)

EoC of Sea Ice
(NH)

EoC of Sea Ice
(SH)

EoC of
“Zostoga”

SSP1-2.6 2053 2056 2035 2067 2036

SSP2-4.5 2063 2047 2035 2067 2045

SSP3-7.0 2053 2058 2038 2052 2044

SSP5-8.5 2046 2052 2031 2047 2039

The spread of CMIP6 models (Figure 2d–f) was quantified as the minimum and
maximum values, and occurs mainly in regions where the averaged SLR is large, in
agreement with the results of previous studies [3,33,53]. The uncertainties associated with
the ensemble do not vary significantly among the emission scenarios [7,26]. Thus, warming
in the Arctic region, which is approximately two-fold higher than the global average [26,54],
leads to a sea-ice melting process with large uncertainty. Additionally, the model response
uncertainty increases for stronger responses, which is expected to result in high climate
sensitivity [55]. Unlike the Arctic regions, the inter-model uncertainties of the North
Atlantic and Antarctic Circumpolar Current region show a higher value at T30 compared
to other warming levels (Figure 2f). Recent studies suggest that the large uncertainty in
the North Atlantic is related to slower northward surface heat transport in CMIP6 models
(affected by weakening Atlantic Meridional Overturning Circulation) [56–59]. In contrast,
in the Antarctic Circumpolar Current region, a larger poleward shift of the westerly wind
stress leads to the inter-model spread of CMIP6 models [59].

The lower panels in Figure 2 show the ratios of the mean and spread distributions,
enabling assessment of the significance of the SLR trend. Although the ratio values are
distributed in similar regions for three specific warming targets, higher values are projected
in T30 (Figure 2i) relative to the other warming levels. A higher value for this ratio may be
associated with smaller uncertainties. In most regions except the Arctic region, this ratio
indicates a value of at least 1 above T15 (including T20 and T30). This means that intrinsic
processes in the Arctic regions (e.g., sea-ice melting) of the coupled climate system also
affect the high uncertainties in the Arctic region [60]. Overall, our results indicate that the
SLR projection in T15 has a large uncertainty, whereas the SLR projections in T20 and T30
may be related to global warming above T15.

Figure 3 illustrates the spatial pattern of SLR projection around the Korean Peninsula.
The distributions of SLR projection are similar for the three climate targets, although
the SLR projections are more intense for T30 (approximately 20, 110, and 270 mm for
T15, T20, and T30, respectively; Figure 3a–c). The ensemble spread of SLR projections is
slightly larger in T30 than at the other two warming levels (Figure 3d–f). Thus, a higher
ratio (Figure 3g–i) occurs in T30. In particular, the southern part of the East Sea shows a
significantly high ratio, and this area is affected by the Kuroshio Warm Current [9,61]. As a
result of continued global warming, warming currents will become stronger because of
ocean warming in T30, affecting the trend in SLR [9,62–64].

3.3. Drivers and Their Impacts

Figure 4a shows the GLAC contribution of future SLR projections for the three climate
targets. In general, the median and spread of the CMIP6 ensemble show similar values
in the global and KOR regions. Similar to the above results, the GLAC contribution trend
increases as warming progresses (T15 < T20 < T30) and tends to accelerate. In addition, the
spread of T30 skews significantly in the upward direction, whereas the spread of T15 and
T20 have similar ranges and distributions in the upward and downward directions. This
means that the calculated GLAC contributions and their related uncertainties are projected
to increase as warming progresses. To determine the impact factors of this uncertainty, the
future projections of the sea ice extent are illustrated in Figure 4b. The decreasing trend in
the sea ice extent accelerates when warming in excess of 2.0 ◦C occurs in the Northern and
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Southern Hemispheres. This acceleration trend is very large in the Northern Hemisphere,
with the upward spread of T20 much greater than that of T15. Thus, global warming above
1.5 ◦C may result in the crossing of a threshold for Arctic sea ice. Related evidence from
previous studies suggests that summer sea ice in the Arctic will disappear after the first
half of the 21st century because of rapid temperature increases [26,54].
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Table 2 shows the EoC of SLR and sea-ice melting. The trend accelerates after EoC
because this step indicates when the climate variable is not consistent with the present-day
(PD) trend. The EoC values of SLR on the global scale (2046–2063) and in KOR (2047–2058)
are similar. Considering the median time of T15 and T20 from the CMIP6 models, the
EoC of sea-ice melting in the Arctic (2031–2038) appears as global warming at near T15 or
higher. In addition, the EoC of SLR (2046–2063) appears after that of sea ice in the Arctic,
and the EoC of sea-ice melting in the Antarctic (2047–2067) occurs at a similar time to, or
later than, that of SLR. Our results suggest that sea-ice melting due to global warming may
lead to an increase in future SLR trends.

Figure 5 shows the OCN contribution of future SLR projections to the three climate
targets. The increasing value between T20 and T30 is larger than that between T15 and
T20. The median global (KOR region) value is 20 mm (10 mm), 40 mm (40 mm), and 90
mm (120 mm) for T15, T20, and T30, respectively. These values indicate that the OCN
contribution to sea level change is more intense for KOR than for the global region with
greater warming. In addition, the ensemble range (global/KOR) for T20 (90/120 mm) is
significantly larger than that for T15 (80/100 mm), and the spread for T30 (290/290 mm) at
the global scale shows a larger skew upwards, whereas the up and downward ranges are
similar in KOR. Our results show that greater global warming leads to an increase in the
OCN contribution and its upward uncertainty. As shown in Table 2, the EoC of “zostoga”
(2036–2045) appears around the 2040s, which is similar to the time of the maximum of T15
warming and the median of T20 warming. Consequently, T15 warming may act as a trigger,
and SLR may accelerate when the warming level is higher than that of T15.
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4. Discussion and Conclusions

To contribute to the IPCC AR6 WG1 (Working Group 1) report approved in August
2021, the global climate modeling research groups have reported several studies comparing
the simulated results of CMIP5 and CMIP6 models. These studies report that CMIP6
models show better performance, even when considering their high climate sensitivity. It
is essential to estimate future SLR projections from CMIP6 models because the IPCC AR
method is the most authoritative calculation that considers anthropogenic forcing, and the
high climate sensitivity of the CMIP6 model may influence the contribution of SLR (ocean
thermal expansion and glacier melting). Additionally, previous studies have reported SLR
projections for 2100, although future projections for related climate targets are needed to
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enable coastal decision making and adaptation planning. Therefore, we estimated future
projections for SLR from CMIP6 models for three climate targets described by the Paris
Agreement. Furthermore, we developed the EoC index and investigated its usefulness for
SLR projections and evaluating related drivers.

Our findings demonstrate the relationship between SLR trends and warming levels
based on new CMIP6 models. In a comparison of the results from each SSP scenario
in AR6, the future projection at each climate target did not differ significantly between
each of the four SSP-based scenarios. This result indicates that differences in the emission
scenarios have a small impact on the SLR trend. Considering this, we intended to provide
information from the CMIP6 ensemble on how the major drivers will affect SLR when
climate targets are reached. Sea-ice melting and ocean thermal expansion are expected to
increase with global warming, which will accelerate in response to T15 warming. Thus, T15
warming is a critical threshold (although not the exact tipping point). Beyond this critical
point, the SLR will continue to rise for centuries to millennia because of continuing ocean
warming and sea-ice melting, and will remain elevated for thousands of years because
ocean variables react slowly (unlike atmospheric variables). Therefore, our findings provide
information that is useful for ocean coastal policymakers. Additionally, an analysis method
for calculating the SLR was created based on AR recommendations. This method can be
applied in climate modeling to consider projection changes related to reference periods
and enable easy comparison with the results of other studies. Overall, our results reveal
future projections for the ocean ecosystem and can support the establishment of national
climate change adaptation policies. Our results are summarized as follows:

• Throughout the analysis period, the GLAC component is responsible for most of the
GMSL changes, rather than OCN. When all contributions are combined, the simulated
global SLR (Korean Peninsula SLR) from 1900–1920 to 1995–2014 is 139 mm (128 mm),
which is larger than that simulated using CMIP5 models (92/76 mm) [3].

• The global SLR projections are 60, 140, and 320 mm for T15, T20, and T30, respectively,
relative to the PD period. The SLR projections in the marginal seas around the Korean
Peninsula show similar trends (20, 110, and 270 mm for T15, T20, and T30, respectively)
to those of the global values.

• The EoC values of SLR for global (2046–2063) and KOR (2047–2058) are similar. The
EoC of SLR appears after the EoC of sea ice in the Arctic (2031–2038; near T15 time)
and is similar to the EoC of sea-ice melting in the Antarctic (2047–2067). Overall, the
trend in sea-ice melting may accelerate future SLR trends.

• The EoC of “zostoga” (related OCN contribution; 2036–2045) appears around the
2040s, which is similar to the time of the maximum of the T15 warming period and
the median of the T20 warming period. Thus, T15 warming may act as a trigger, and
SLR may accelerate when the warming level exceeds that of T15.
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