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Abstract

:

Estimating future sea level rise (SLR) and sea surface temperature (SST) is essential to implement mitigation and adaptation options within a sustainable development framework. This study estimates regional SLR and SST changes around the Korean peninsula. Two Shared Socioeconomic Pathways (SSP1-2.6 and SSP5-8.5) scenarios and nine Coupled Model Intercomparison Project Phase 6 (CMIP6) model simulations are used to estimate the changes in SLR and SST. At the end of the 21st century, global SLR is expected to be 0.28 m (0.17–0.38 m) and 0.65 m (0.52–0.78 m) for SSP 1–2.6 and SSP5-8.5, respectively. Regional change around the Korean peninsula (0.25 m (0.15–0.35 m; SSP1-2.6) and 0.63 m (0.50–0.76 m; SSP5-8.5)) is similar with global SLR. The discrepancy between global and regional changes is distinct in SST warming rather than SLR. For SSP5-8.5, SST around the Korean peninsula projects is to rise from 0.49 °C to 0.59 °C per decade, which is larger than the global SST trend (0.39 °C per decade). Considering this, the difference of regional SST change is related to the local ocean current change, such as the Kuroshio Current. Additionally, ocean thermal expansion and glacier melting are major contributors to SLR, and the contribution rates of glacier melting increase in higher emission scenarios.






Keywords:


CMIP6; sea level rise; sea surface temperature; climate change; climate scenario












1. Introduction


Concerning global warming, climate change affects ocean ecosystems in many different ways by altering the physical environment and biogeochemical cycles [1]. The typical parameters affected by climate change are sea level rise (SLR) and sea surface temperature (SST). The coastal communities and ecosystems have to adapt to these changes [2,3,4]. Nicholls and Cazenave [5] report that the coastal cities are directly affected by natural disasters, such as coastal erosion, saltwater intrusion, and flooding, and are vulnerable to climate change. However, these developments and population growth in coastal metropolitan cities continue without any countermeasures against climate change [6,7] and will amplify the vulnerability to future climate change [5,8,9]. Considering this, one of the potential consequences of climate disasters is SLR and SST change, which may threaten coastal communities.



The Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) reports 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 [10]. This means that global SLR has been increasing steeply recently. There are also similar reports that the recent SLR in local seas (East Sea (ES), West Sea (WS), and South Sea (SS)) around the Korean peninsula has been expected to steeply increase differently from the past [11,12,13,14,15,16,17]. These signals, due to global warming, imply that these changes are expected to continue (faster and larger) in the 21st century. This projection is particularly concerning for the Korean peninsula because the near coastal cities of the Korean peninsula are highly developed (55 cities located near the coastal zone) [18]. The coastal city has a population of approximately 32.9%, including three metropolitan cities (Incheon, Busan, and Ulsan) [18]. Thus, it is crucial to estimate SLR projection to assess the mitigation and adaptation options within a sustainable development framework.



There are two main scientific methods for estimating future sea level rise projections. One is the statistical or semi-experimental method of extrapolating the change trends based on historical long-term tidal data [4,19,20,21,22], and the other is climate model projection [14,23,24,25,26,27,28,29,30,31,32,33], which takes into account ocean circulation, thermal expansion of seawater, and the effects of glaciers. However, most recent research has focused on climate model research, as extrapolations of past observations are clearly limited to estimate future projection. Overall, SLR projections under anthropogenic forcing rely on an ensemble of global coupled climate models, and the IPCC AR provides the most authoritative information on future SLR. A new phase of model experimentation (CMIP6) is in progress. Considering this, the aim of this study is to estimate the future projection of the CMIP6 multi-model ensemble for SLR [29]. In order to improve the problem that is estimated to differ depending on the reference period [34], the future SLR projection of this study is estimated based on the present day specified in CMIP6, conducting an updated analysis of Heo et al. [29,33].



Additionally, SST has been increasing significantly over the past decades, which is the largest increase in the mid-latitude area. The rate of global SST increase is 0.11 °C per decade for the observation period from 1971 to 2010 [10]. In comparison, SST around East Asia increases strongly (approximately 2 times) than a global increasing trend for the observation period from 1982 to 2006, which is the highest increase among the 18 large marine ecosystems in the world [35,36,37]. This large increase in SST is caused by changes in the ocean current system, which is affected by the northward expansion of the Kuroshio Current in the Northwest Pacific [38,39,40]. This is also affected by climate change on an oceanic scale, such as Pacific Decadal Oscillation (PDO) [24,36,41,42] and El Niño-Southern Oscillation (ENSO) [36,40]. Although SST is important, there is only a little study for the future projection of SST [43,44]. SST is a key variable in climate systems, regulating thermal and dynamic interactions between oceans and the atmosphere, and the output of climate models should be used rather than statistical models or single ocean numerical models. Considering this, the aim of this study is to estimate the future projection for SST around the Korean peninsula at the end of the 21st century. To take into account the issues of uncertainty, we select to estimate a multi-model ensemble of CMIP6 models for two Shared Socioeconomic Pathway scenarios (SSP1-2.6 and SSP5-8.5). SSP5-8.5 scenario represents the high end of the range of future pathways, which is the only scenario with emissions high enough to produce a radiative forcing of 8.5 Wm−2 in 2100. In contrast, the SSP1-2.6 scenario represents the low pathway of future and “2 °C scenario” of the “sustainability” SSP1 socio-economic family, whose nameplate 2100 radiative forcing level is 2.6 Wm−2 [45,46].



Overall, we focus on the SLR and SST changes in the globe and around the Korean Peninsula with the results of the CMIP6 simulations. The recent CMIP results could be applied in climate modeling communities to consider the projection changes due to the reference period. Besides, an analysis method in this study is based on the AR recommendation to consider a comparison with other CMIP studies. Additionally, policy departments are interested in the future projection of SLR and SST changes around the Korean Peninsula for the establishment of national climate change adaptation policies. Considering this, this study is able to provide useful information on the future projection of SLR and SST changes in the 21st century, resulting from the CO2 concentration increase in the atmosphere. In Section 2, the data and methodology are described. In Section 3, an analysis of the SLR and SST changes in the present day and future projections are estimated. Besides, the seasonality of SST changes in the late 21st century and the contributed component of SLR projection are presented.




2. Data and Methodology


2.1. Observation and CMIP6 Model


For most of the 20th century, the tide gauge is the only data that provides sea level measurements. However, this is not appropriate because the tide gauges are spatially and temporally sparse, difficult to quality control, and are restricted to coastal areas. They may not be fully representative of the mean sea level [47]. Since the early 1990s, satellite measurements provide a more complete global sea level distribution. On this basis, the SLR observations are obtained from the Commonwealth Scientific and Industrial Research Organisation (CSIRO) [4,48,49]. This data represent reconstructed historical sea levels obtained by deriving empirical orthogonal functions (EOFs) from TOPEX/Poseidon, Jason-1, Jason-2, and Jason-3 satellite altimeter data and correcting for seasonal signals. The data cover the area from 65° S to 65° N (near-global) on a 1° × 1° grid resolution for January 1993 to December 2019 period. In addition, this data is corrected for a Glacial Isostatic Adjustment (GIA; −0.3 mm year−1; [50,51,52]) using the CSIRO time series from Church and White [4]. For the analysis of previous SST changes, we have used monthly SST data (1° × 1° grid for the period 1870~present) from the Hadley Centre Sea Surface Temperature dataset (HadISST). This data set is widely used in previous studies for global SST changes and has been used to supply information for the ocean surface in other SST reanalysis data sets. Considering this, HadISST data has been made globally complete [53].



To estimate SLR and SST changes, we have obtained 9 CMIP6 participating models (Table 1; K-ACE [54,55], UKESM1-LL [56,57], ACCESS-ESM1-5 [58], CanESM5 [59], EC-Earth3-Veg [60], INM-CM5-0 [61], IPSL-CM6A-LR [62], MPI-ESM1-2-LR [63], and MRI-ESM2-0 [64]) from the Earth System Grid Federation (ESGF) [65]. Among these models, the results of K-ACE and UKESM1 are performed in our research group, and the others are provided by ESGF. As the CMIP6 models have different horizontal resolutions, data are converted to a common 1.0° × 1.0° grid using a bilinear interpolation method to facilitate comparison between the climate models and observations. Only one ensemble member of each model and two emission scenarios (SSP1-2.6 and SSP5-8.5) are used. A comparison of a 20-year average of the end of the 21st century (LT; 2081–2100) with present-day climatology (PD; 1995–2014 [45,46]) is used for future climate projections. Additionally, the analysis domain (Figure 1) is global (65° S–65° N, 0–360° E), East Asia (hereafter, EA; 20–50° N, 110–140° E), Korean Peninsula (KO; 31.5–42.5° N, 31.5–42.5° N), East Sea (ES; 35.5–40.5° N, 130.5–133.5° E), West Sea (WS; 34.5–39.5° N, 121.5–125.5° E), and South Sea (SS; 31.5–34.5° N, 126.5–129.5° E).




2.2. Contributions to Mean Sea Level


Sea levels are affected by thermal expansion and contraction of the ocean water, caused by density changes due to temperature changes. The changes in land ice mass (glaciers and ice sheets) and groundwater storage also contribute to sea level. To estimate the 21st-century contributions to SLR, we have predominately used the data of eight contribution components recommended by the IPCC AR5 [29]. 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 consists of ocean thermal expansion and density change to SLR. Thermal expansion is one of the major contributors to sea level changes and is the only component simulated directly from CMIP models [51]. We have used the CMIP6 variable “zostoga” provided by each CMIP6 modeling group, which represents the thermal expansion for the full depth of the oceans [66]. SLR(t)glaciers is the mass loss of glaciers change (include ice caps). This component is another major contributor [51,67] and is simulated by the volume-area approach [68] model developed by Slangen and Van de Wal [28]. The change of glaciers is estimated using CMIP6 projections of temperature change (ΔT) and precipitation change (ΔP), accounting for the change of glacier area (A) and time (t). Summer is June–August in Northern Hemisphere and December–February in Southern Hemisphere.



SLR(t)ice sheets refers to ice sheet contribution and is split into a surface mass balance (SMB) contribution and dynamical contribution. The ice sheet is a glacier larger than 50,000 km2 and is now present in Antarctica and Greenland. First, SMB is called surface mass change when ice sheets disappear or are created due to temperature, precipitation, etc. In this study, SMB contribution is derived by Slangen et al. [2] as the following equation:


ΔSMBAntartica = −0.0105 − 0.01759 × δTatm − 0.0412



(2)






ΔSMBGreenland = 0.0153 + 0.01493 × δTatm − 0.00094



(3)







These Equations (2) and (3) are considered the projected global mean surface temperature (δTatm) to calculate the SMB contribution of the ice sheets [69,70]. Second, the mechanisms for dynamic changes on the ice sheets are a little different between Antarctica and Greenland. On Antarctica, incoming solar energy melts the ice shelf and creates a water pool on the surface. This results in the thinning and breaking up of the ice shelf [71]. Ice shelves may also melt as the bottom balance is changed due to warmer water circulation [72]. On the contrary, the main mechanisms on Greenland are calving, melt of marine-terminating glaciers [73], and ice flow-SMB feedback [74]. In this study, the dynamical contribution is estimated by scaling the SMB values [75].



SLR(t)groundwater refers to land water storage (groundwater depletion) contribution. This component is based on the data from Wada et al. [52], which is estimated by a global hydrological model to calculate groundwater depletion using country-specific data (groundwater abstraction and recharge). We have used recent GIA results from ICE-5G(VM2) [76,77,78] for SLR(t)GIA. These components (SLR(t)groundwater and SLR(t)GIA) are obtained from the CMIP5 data [51] provided by the Integrated Climate Data Center (ICDC).





3. Results


3.1. Present Day Trend


Figure 2 shows the spatial mean time series of SLR and SST changes relative to the mean climatology of the PD period from observation and nine CMIP6 models. The global mean SLR and its observation trend (3.24 mm year−1) for the PD period are similar to those mentioned in the IPCC AR5 (3.2 ± 0.4 mm year−1; 1993–2010) [4,51]. The rate of increase in the GMSL has accelerated in recent decades due to increasing rates of ice loss in Greenland and Antarctic [79]. Similarly, the simulated global SLR trend for the PD period is 5.3 ± 2.9 mm year−1, exceeding the observed trend (Figure 2a). This appears to be related to a higher increasing trend of temperature from CMIP6 models. The CMIP6 models have high climate sensitivity, as the response to past global warming in the CMIP6 models tend to be large [55,56,57,58,59,60,61,62,63,64]. Global warming and SLR have a positive relation. Consequently, the SLR trend for the PD period from CMIP6 is greater than the observation due to the characteristics of the CMIP6 models. Greater detail on these factors requires further study.



Regionally, the SLR trends in EA (5.3 ± 2.7 mm year−1) and KO (4.5 ± 2.9 mm year−1) are similar and lower than the global trends. Moreover, the SLR trends of local seas for the PD period are 4.2 ± 2.8 mm year−1, 4.3 ± 3.3 mm year−1, and 4.8 ± 2.9 mm year−1 in ES, WS, and SS, respectively. Particular years have recorded anomalously low SLR values (1996, 2000, 2005, and 2010) (Figure 2a). Several studies have reported that the sea level change around the KO tends to lower when the Kuroshio Current is strong [16,41].



The global SST trend in CMIP6 models for the PD period is 0.17 ± 0.06 °C per decade, more than three times the observation of 0.05 °C per decade (Figure 2b). In addition, the EA (0.20 ± 0.09 °C per decade) and KO regions (0.21 ± 0.25 °C per decade) show larger SST increases in the PD period. For the marginal seas around KO, the trend of ES (0.31 ± 0.39 °C per decade) is the highest. The EA and KO regions show more significant SST increases than the global region. However, the WS show the least significant trend (0.12 ± 0.21 °C per decade) in local seas (Figure 2b).




3.2. Future Projection


3.2.1. Global and East Asia Region


Compared to the PD period, Figure 3 shows the future changes in SLR and SST for the 21st century. The simulated projections have a similar positive trend until 2030. As mentioned in AR5, near-term projections are dependent on internal variability rather than the greenhouse gas (GHG) scenario [51]. In the LT period, rising trends and ensemble spreads are proportional to the concentration pathway of the scenarios. Bouttes and Gregory [80] report that these ranges are due to the spread of projected changes in ocean heat fluxes. This impact is visible in the SST increases in CMIP6 models after the 2030s. Therefore, on average, the projected range of global SST changes in the LT period relative to the PD period is expected to be 0.89 °C and 3.03 °C for SSP1-2.6 and SSP5-8.5, respectively. In addition, the SLR projection shows similar trends to the trend of SST warming, which is 0.28 m and 0.65 m for SSP1-2.6 and SSP5-8.5, respectively. The SSP1-2.6 result is smaller than that for Representative Concentration Pathway (RCP) 2.6 (0.41 m). However, the SSP5-8.5 projection is larger than RCP8.5 (0.63 m). In addition, the SLR difference between the SSP1-2.6 and SSP5-8.5 scenarios is approximately 0.37 m by the end of the century, exceeding the SLR difference between RCP 2.6 and RCP 8.5 (0.23 m; [51]). Global warming and GHG emissions are higher (lower) in SSP5-8.5 (SSP1-2.6) than in the RCP scenarios [45]. This indicates that the expected global warming is higher in the new CMIP6 scenario. Moreover, the SLR uncertainty spread for the two scenarios is 0.17–0.38 m (SSP1-2.6) and 0.52–0.78 m (SSP5-8.5). This spread range is smaller than that of CMIP5 (0.21–0.62 m for RCP 2.6 and 0.37–0.94 m for RCP 8.5; [29,59]). Additionally, the high bound of the spread for SSP1-2.6 (0.38 m) is smaller than the mean SLR of SSP5-8.5. This comparison demonstrates that the SLR is proportional to the concentration pathway of the scenarios. The SST change (1.10–3.54 °C) in the EA during the LT period is larger for both SSP scenarios than global. However, the SLR trend (0.28–0.67 m) is similar.



Figure 4 illustrates the spatial pattern of global mean SLR and SST changes in the LT period under the SSP1-2.6 and SSP5-8.5 scenarios. The ensemble mean of the SLR distribution (Figure 4a,b) shows typical features of the SLR response to CO2 emissions [26,27,30,32,80] and is affected by the global thermal expansion of the ocean in response to global warming [2]. Some of the large ranges of SLR (greater than 0.5 m) occurs in the southern Arctic Ocean, the dipole in the North Atlantic, and the meridional dipole in the Southern Oceans for both scenarios. In particular, in the SSP5-8.5 scenario, projected SLR exceeds 0.8 m in the meridional dipole in the Southern Oceans. These regions are associated with increasing GHGs [3,4,32] and westerly wind changes and wind-driven circulation changes [80]. Although the individual models disagree on the detailed spatial distribution and magnitude of the regional changes (particularly at high latitudes) due to differences in grid resolution and related processes, climate models show common global features in SLR [31]. Similarly, the CMIP6 simulations of the projected changes in SST for the 21st-century show typical patterns of the SST response to GHG emissions (Figure 4c,d) [44]. The positive anomalies occur in most domains, particularly in the northern mid to high latitudes. Alexander et al. [44] report that the absence of arctic sea-ice leads to an increasing trend of SST changes in high latitude regions (especially in summer). This trend is similar to the rising surface temperature in response to GHG emissions, indicating that SST is affected by the atmosphere-ocean interaction.




3.2.2. Marginal Seas around the Korean Peninsula


Figure 5 displays the time series of the SLR and SST changes in the KO and surrounding local seas. Similar to global changes, the SLR and SST future projections until approximately 2030 are similar in both scenarios, and the increasing trend differs significantly after 2030. The projected SST change in SSP1-2.6 stabilizes after the mid-century. However, the increase continues (0.45 °C per decade) in SSP5-8.5. Moreover, the local sea increasing trends are 0.59 °C per decade, 0.59 °C per decade, and 0.49 °C per decade for the ES, WS, and SS, respectively. These trends are more significant than the global trend (0.39 °C per decade), indicating that the marginal seas around KO are more vulnerable in the LT period. Besides, the SLR projection for the KO shows similar trends to the SST warming and is expected to increase to 0.25 m (0.15–0.35 m) and 0.63 m (0.50–0.76 m) for SSP1-2.6 and SSP5-8.5, respectively. In SSP5-8.5, the projected SLR in local seas is expected to be 0.68 m, 0.61 m, and 0.66 m for the ES, WS, and SS, respectively. These SLR projections are larger than the global trend and are also larger than the previous CMIP5 projection (KO; 0.38–0.65 m; [29,59]). The SLR in the KO shows only a north–south gradient in CMIP5 models (not shown; [43]). However, CMIP6 models consider coastal lines for SLR projections (Figure 6a,b). Unlike the SLR distribution, the SST changes show a north–south gradient in the KO, and a more significant change occurs in the higher latitudes (Figure 6c,d).



Figure 7 shows the simulated monthly SST changes in the local sea for the LT period. The trend’s median and 25th percentiles for SSP1-2.6 and SSP5-8.5 scenarios exceed 1 °C and 3 °C in all local seas. The SSP5-8.5 spread is significantly larger than that of SSP1-2.6. This suggests that the variation of SST projection is mainly due to differences between scenarios rather than internal variability. The local sea around the Korean peninsula is known to rise sharply due to the northward expansion of the Kuroshio Current, which is affected by global warming [38]. The Kuroshio Current is a warm current that transports tropical water northward toward the polar region. Therefore, the magnitude of the SST monthly change in both scenarios is greater during summer than during winter. In addition, the ES and WS show a larger seasonal cycle than the SS. This is a result of the channel-structure of the SS, and the Kuroshio Current moves toward the ES and the WS [39]. Overall, local current changes due to global warming predominantly affect the SST changes in KO.



For the SLR and SST projections, the most significant increase occurs in the ES compared to WS and SS. The ES is comprised of the deep sea (short continental shelf), and the coastal line stretches north and south. Therefore, the ES is significantly affected by ocean currents, such as the Liman Cold Current and the Kuroshio Warm Current [14,16,24,35,36,37,38,39]. If the ocean temperature increases due to global warming, the distribution of fish species will change, affecting the fisheries industry. Moreover, the negative effects of climate change will also significantly impact the dependent surrounding countries (i.e., South Korea, Japan, and Russia).





3.3. Contributions to 21st Century Sea Level Change


The future projected SLR in the LT period (Figure 4a,b) shows that SLR has not been spatially uniform and almost certainly accelerates in response to global warming [4,31]. At the end of the 21st century, SLR in 70% of the world’s coastal regions has shown a ±20% difference from the global mean values [10,51,79]. This difference in SLR is due to regional variations in factors, such as ocean thermal expansion and glacial melting [2,4,31,78]. To account for this response in qualitative analysis, we have compared the estimated SLR components from the climate model to three categories (ocean-related components, glacier components, and other components; Figure 8). The ocean-related components indicate dynamic sea level and thermal expansion terms, while the glacier components indicate glacier melting, ice sheet mass change (SMB), and dynamical ice sheet processes. In addition, the land water storage and GIA contribution are residual components. This method has been used in previous studies [29] to determine how quantitatively ocean-related processes or glacier melting due to global warming are related to SLR.



Ocean-related processes and glacier melting are major contributors to SLR in CMIP6 models, which have produced similar results to those of previous studies using CMIP5 models [2,4,31,78]. On a global scale, ocean-related components contribute to SLR by 54% and 42% for SSP1-2.6 and SSP5-8.5, respectively. In addition, glacier melting contributes 32% in SSP1-2.6 and 52% in SSP5-8.5. This indicates that glacier melting in CMIP6 models affects SLR more significantly than in CMIP5 models (15–35%). This difference may arise from CMIP6 models, predicting a higher degree of warming than CMIP5 models. In the ES, WS, and SS, the contribution of ocean-related components is 58–64% in SSP1-2.6 and 48–50% in SSP5-8.5, which is larger than their contribution to the global region. In addition, glacier melting is 38–40% in SSP1-2.6 and 49–52% in SSP5-8.5. This result implies that the proportion of ocean-related processes contributing to SLR decreases and glacier melting increases in higher emission scenarios. The difference in the contribution proportion between the averaged KO and local seas is approximately 2% in both scenarios. The smaller spread of each contribution in the higher emission scenario indicates that the component directly affected by temperature increase has a dominant impact on the SLR future projection rather [2,3,4,28,31] than individual regional contributions. Overall, this suggests that the impact of glacier melting is the main source of future sea level change.





4. Conclusions


Future SLR and SST changes are critical constraints on developments and population growth in coastal metropolitan cities [1,2,3,4,5,6,7,8]. Concerning global warming, the trend of SLR and SST changes is expected to steeply increase differently from the past, and this projection is particularly concerning for countries like Korea. This means that the coastal areas of the Korean peninsula are expected to be more vulnerable, and it will get serious in the 21st century. Thus, it is crucial to estimate future projections of SLR and SST changes to assess the mitigation and adaptation options within a sustainable development framework.



Considering this, we estimate future SLR and SST projections based on state-of-the-art nine CMIP6 participating models, including the K-ACE and UKESM1, which are performed by our research group [54,55,56,57,58,59,60,61,62,63,64]. To estimate future SLR in the 21st century, ocean-related and glacier components are considered. A total of eight contribution components are calculated using CMIP6 models following the recommended approach by the IPCC AR5 [29,66,67,68,69,70,71,72,73,74,75,76,77,78]. At first, global changes in SLR and SST are reconstructed for the past and projecting the future. For a more comprehensive analysis, we investigate regional projections and provide an understanding of the contributing components on a regional scale (KO region). Projections from SSP1-2.6 and SSP5-8.5 are used to estimate SLR and SST projections for the late 21st century (LT; 2081–2100). The results are summarized as follows.



	
For the present-day period, the estimated global mean SLR trend is larger in CMIP6 simulations than in the observed. In the future, the trend is expected to be 0.28 m (0.17–0.38 m) and 0.65 m (0.52–0.78 m) for SSP1-2.6, SSP5-8.5, respectively. Spatially, there are significantly large changes over the Southern Ocean. Regional SLR of KO projects 0.25 m (0.15–0.35 m) and 0.63 m (0.50–0.76 m) for SSP1-2.6 and SSP5-8.5, respectively, which are similar to the global mean results. In the marginal seas around KO, projections in SSP5-8.5 are expected to increase to 0.68 m, 0.61 m, and 0.66 m for the ES, WS, and SS, respectively.



	
Discrepancy between the global and regional changes is distinct in future SST warming rather than future SLR. Global mean SST is expected to rise to 0.39 °C per decade for SSP5-8.5, while the local trends are 0.59 °C per decade, 0.59 °C per decade, and 0.49 °C per decade for the ES, WS, and SS, respectively. These results are approximately 1.5 times greater than the global trend, indicating that marginal seas around KO are expected to be more vulnerable in the 21st century. In addition, seasonal change in summer is larger than in the winter.



	
Ocean-related processes and glacier melting are major contributors to SLR in CMIP6 models. Glacier melting based on CMIP6 models (32–52%) is more significant than CMIP5 models (15–35%). In the local seas (ES, WS, and SS), the contribution of ocean-related components is 58–64% in SSP1-2.6 and 48–50% in SSP5-8.5, which is larger than their contribution to the global region. In addition, glacier melting is 38–40% in SSP1-2.6 and 49–52% in SSP5-8.5. This result implies that the proportion of ocean-related processes contributing to SLR decreases and glacier melting increases in higher emission scenarios.






Our point concerns the future projection of SLR and SST changes around KO based on new SSP scenarios for CMIP6. Considering the results from RCP scenarios in AR5, global SLR trends in this study are different, while the highest emission scenarios between SSP5-8.5 and RCP8.5 show similar magnitude at the end of the 21st century. The magnitude of future SLR is uncertain. For the uncertainty, limited representation in modeling is primarily reported [2,80]. To understand regional changes, it is necessary to consider the characteristic component for local SST changes. The SST around KO is known to rise sharply due to the northward expansion of the Kuroshio Current [14,16,24,35,36,37,38,39]. This is affected by climate change on an oceanic scale, such as Pacific Decadal Oscillation (PDO) [24,36,41,42] and El Niño-Southern Oscillation (ENSO) [36,40,81]. Therefore, the magnitude of the SST monthly change in both scenarios is greater during summer than during winter. Overall, SST changes in KO are predominately affected by local current changes due to global warming.



An analysis method to calculate SLR in this study is based on the AR recommendations. It could be applied in climate modeling communities to consider the projection changes due to reference periods and easy comparison with other studies. To overcome the limitations of the various modeling representation, an ensemble approach is used to reduce individual uncertainties [23]. A new phase of model experimentation (CMIP6) is in progress. We estimate the future projection of the CMIP6 multi-model ensemble for SLR in comparison to those of CMIP5 models [29] and update the previous analysis of Heo et al. [29]. The results of this study are able to provide new basic information about the future projection of the ocean ecosystem and to support the establishment of national climate change adaption policies.
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Figure 1. Map of the analysis domain for East Asia (EA) region in this study. A red box indicates the Korean peninsula (KO) region, and blue boxes indicate East Sea (ES), West Sea (WS), and South Sea (SS), respectively. 
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Figure 2. Spatial mean time series of (a) Sea Level Rise (SLR; m) and (b) Sea Surface Temperature (SST; °C) anomalies from observation (black) and ensemble means of CMIP6 models for the global (dark red) with 95% confidence intervals (shaded), East Asia (coral), Korean peninsula (green), East Sea (blue), West Sea (yellow), and South Sea (pink) during the PD period. The reference is the mean climatology of the PD (1995~2014) period. 
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Figure 3. Time series of (a) SLR and (b) SST anomalies in global (solid) and EA (dashed) for LT period (SSP1-2.6 (green) and SSP5-8.5 (red)) relative to PD period (1995–2014). The shading area indicates a 5–95% confidence range of global trend from nine CMIP6 models. 
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Figure 4. Spatial distribution (global) of SLR (m; a,b) and SST (°C; c,d) anomalies from the ensemble mean of CMIP6 models for LT period relative to PD period. 
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Figure 5. Time series of (a) SLR (m) and (b) SST (°C) anomalies in KO (SSP1-2.6 (green) and SSP5-8.5 (red)), ES (dark blue), WS (blue), and SS (sky blue) for LT period relative to PD period. The shading indicates a 5–95% confidence range of KO trend from nine CMIP6 models. 
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Figure 6. Spatial distribution (KO) of SLR (m; a,b) and SST (°C; c,d) anomalies from the ensemble mean of CMIP6 models for the LT period relative to the PD period. 
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Figure 7. Monthly mean SST trends from CMIP6 models in the LT period relative to the PD period. Green bars indicate SSP1-2.6, and red bars indicate SSP5-8.5. The x-axis means January to December. 
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Figure 8. Contributions of ocean-related components (ocn; sky-blue), glaciers (glac; blue), and other components (gwgia; purple) to SLR of LT period in the global, KO, and marginal seas around KO. 
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Table 1. Information about the Coupled Model Intercomparison Project Phase 6 (CMIP6) models used in this study.
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	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
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