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Abstract In an attempt to estimate accurate local sea level change, Bsea level trend^ modes are
identified and separated from natural variability via cyclostationary empirical orthogonal function
(CSEOF) analysis applied to both the tide gauge data (1965–2013) and the reconstruction data
(1950–2010) around the Korean Peninsula. For the tide gauge data, ensemble empirical mode
decomposition (EEMD) method is also used to estimate sea level trend to understand an
uncertainty from different analysis tools. The three trend models—linear, quadratic, and expo-
nential—are fitted to the amplitude time series of the trend mode so that future projection of sea
level can bemade. Based on a quadratic model, the rate of local sea level rise (SLR) is expected to
be 4.63 ± 1.1 mm year−1 during 2010–2060. The estimates of Blocal^ sea level trend vary up to
∼30%. It should be noted that, although the three trend models estimate similar sea level trends
during the observational period, the projected sea level trend and subsequent SLR differ
significantly from one model to another and between the tide gauge data and the reconstruction
data; this results in a substantial uncertainty in the future SLR around the Korean Peninsula.

1 Introduction

Much attention has been given to the issue of global mean sea level (GMSL) rise, including the
rate of acceleration, over the last two centuries (Boon 2012). The latest Intergovernmental
Panel on Climate Change Report (Church et al. 2013) (hereafter referred to IPCC 2013 Report)
estimated the GMSL rise during the past century to have been approximately 1.7 mm year−1.
Recent estimates of sea level (SL) acceleration based on GMSL dating back to the 1700s and
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1800s range from 0.009 ± 0.003 mm year−2 (Church and White 2011) to 0.013
± 0.006 mm year−2 (Church and White 2006). There is an obvious indication that the rate of
sea level rise (SLR) is accelerating.

Estimate of the rate of SLR around the Korean Peninsula varies significantly from one study
to another, mainly because of the lack of long and reliable gauge measurement; there are only a
few gauge measurements of SL dating back to the early 1960s. Cho (2002) estimated an
average SLR rate to be 2.310 ± 2.220 mm year−1 after correcting vertical land movement due to
postglacial rebound; tide gauge measurements in 1960–1999 at 23 stations were used for this
estimate. Youn et al. (2004) estimated an average SLR rate of 2.8 mm year−1 during 1981–2000
based on nine tide gauge stations selected by anomaly coherency analysis. Using the TOPEX/
Poseidon SL data as well as tide gauge data, Kang et al. (2005) investigated the patterns of SLR
in the East Sea. The estimated mean trend using tide gauge data is 2.9 ± 0.7 mm year−1 for
26 years (1977–2002) and 6.6 ± 3.3 mm year−1 for 9 years (1993–2001). Further, Kim and Cho
(2015) used the ensemble empirical mode decomposition (EEMD) technique to estimate the
SLR rate and its acceleration at five tide gauge stations around the Korean Peninsula. They
showed that the estimated SLR varied significantly from one station to another from
0.35 mm year−1 at Mukho (1965–2011) to 5.03 mm year−1 at Jeju (1964–2011).

While the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO)
dataset has a global coverage, its record length is relatively short. Alternately, historical
measurements of SL from tide gauges extend back to the beginning of the nineteenth century
(Holgate et al. 2013). On the other hand, tide gauges are generally sparse, particularly before
1950. By combining the dense spatial coverage of satellite altimetry and the long record length
of the tide gauges, it is possible to reconstruct global SL to examine longer time scale climate
signals and assess their contributions to SL both regionally and globally (e.g., Chambers et al.
2002; Church et al. 2004; Hamlington et al. 2011a). These reconstructions interpolate in situ
tide gauge measurements back in time using basis functions derived from satellite altimetry
data or model data. For example, Hamlington et al. (2011b) reconstructed SL for 1950–2010
using the cyclostationary empirical orthogonal function (CSEOF) technique. The reconstruc-
tion datasets serve as useful means of estimating past and current SL trends and important
baselines for evaluating model-based SL projections.

According to the SL reconstruction data and coupled climate model simulations, the SLR
rate has been accelerating and this acceleration will likely continue in the twenty-first century.
A range of projections of GMSL is given in the IPCC 2013 Report for each climate change
scenario. Regional and local SL trends, however, differ significantly from the global SL trend,
and SL projection on a local or regional level is not easy to access. Further, there is no strong
confidence in the models’ ability to simulate regional SLR in an accurate manner. On the other
hand, there are typically not a sufficient number of tide gauges around the regions of interest
for an accurate estimation of SL trends. Further, tide gauge record varies in length from one
station to another and is contaminated by non-uniform correction for postglacial isostatic
adjustment. This situation is exacerbated by much higher level of regional/local natural
variability than that of global SL (Hamlington et al. 2014). As a result, estimation of SL trend
on a regional/local level is much more difficult and is prone to serious errors.

The AVISO satellite products are known to be somewhat inaccurate along the coasts, and this
inaccuracy may be reflected in the reconstruction data as well. However, there has been a lack of
serious attempts to delineate actual differences between tide gauge measurements and recon-
struction data on a regional level. In a recent study, Hamlington et al. (2015) showed that their
reconstruction is reasonably accurate around the coast of the USA in comparison with the tide
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gauge measurements. If SL reconstruction dataset is shown to be reasonably accurate along the
coasts, it can be a useful tool for addressing local/regional SL change both present and future.

Thus, in this study, the rate of SL trend around the Korean Peninsula is estimated by using
both tide gauge measurements and SL reconstruction and the difference between the two types
of data is addressed in terms of SL trends on a local or regional level. As a primary analysis
tool, the CSEOF technique (Kim et al. 1996; Kim and North 1997) is employed to isolate the
trend mode; this allows us to estimate rigorously the rate and acceleration of SLR due to global
warming without any serious contamination by natural variability. For tide gauge measure-
ments, we estimate the SL trends with the EEMD technique (Wu and Huang 2009) in addition
to the CSEOF technique and compare the two estimates for understanding the uncertainty of
the estimates arising from the difference in analysis techniques. At last, SLR around the
Korean Peninsula is projected until 2060 to address the uncertainty of SL estimates arising
from data quality and the method of projection.

2 Data and methods of analysis

2.1 Data

The data used for this study is the SL measurements archived at Korea Hydrographic and
Oceanographic Administration. This study uses tide gauge data only at 8 of the 32 stations, for
which SL data are available from 1965 without serious missing data (Fig. 1). Table S1 of the
Electronic supplementary material (ESM) shows the exact locations and lengths of observa-
tions at the 8 stations.

Fig. 1 The location of the 32 tide
gauge measurements around the
Korean Peninsula archived at the
Korea Hydrographic and
Oceanographic Administration.
The sea level measurements at
these 8 tide gauges (red dots),
where the measurements are
available from 1965 or earlier, are
used
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Also used is the 0.5° × 0.5° global SL reconstruction from 1950 to 2010 by Hamlington
et al. (2011b) archived at NASA/JPL Physical Oceanography Distributed Active Archive
Center. Tide gauge observations of SL prior to the AVISO measurements are used for
generating the global SL dataset. This dataset appears to be reasonably accurate in comparison
with the existing SL reconstruction dataset (Strassburg et al. 2014) and with the tide gauges
around the USA (Hamlington et al. 2015).

2.2 CSEOF analysis

Both the observation and reconstruction data are subject to CSEOF analysis (Kim et al. 1996;
Kim and North 1997). In CSEOF analysis, whose details are explained in S1 of ESM, space-
time data is decomposed into the n CSEOF mode number of cyclostationary loading vectors
(CSLVs) and the principal component (PC) time series. Unlike EOF analysis, CSLVs are time
dependent and periodic. The primary purpose of CSEOF analysis is to separate the mode
representing SL trend from other naturally occurring SL variability. The latter contaminates the
SL trend and the rate of acceleration, particularly on a regional and local level.

2.3 Autoregressive modeling

Once CSEOF analysis is completed, SL data will be extended into the future based on the trend
in each PC time series (details in S2 of ESM). The trend is identified by fitting three different
models to each PC time series. The three trend models for the nth PC time series include linear,
quadratic, and exponential models. Then, synthetic PC time series can be constructed to have
statistical properties that are (nearly) identical with that of the detrended PC time series.

Given an autoregressive (AR) model for each PC time series, we can generate synthetic PC
time series by using different realizations. Then, synthetic datasets including trends can be
constructed and by adding the trend in each PC time series, the resulting synthetic dataset is a
statistical prediction of SL based on the assumed trend.

2.4 EEMD method

In addition to the CSEOF technique, this study also uses the EEMD method (Wu and Huang
2009) to estimate SL trend from the observations at the tide gauge stations around the Korean
Peninsula. The EEMD method is used to obtain an independent estimate of SLR and ensure
that the estimate in the present study is not sensitive to the analysis technique employed. The
details of EEMD are explained in S3 of ESM. Recently, several studies (e.g., Breaker and
Ruzmaikin 2011; Ezer et al. 2013; Breaker and Ruzmaikin 2013; Kim and Cho 2015)
utilized the EEMD or empirical model decomposition (EMD) methods to analyze SL change
in different regions, including the USA and Korea.

3 Results and discussion

3.1 CSEOF analysis of regional sea surface level

A primary motivation of CSEOF analysis is to separate the SL trend mode from other naturally
occurring modes. CSEOF analysis was conducted on the regional SL reconstruction data with
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the nested period of 12 months. The domain of analysis is [117°–140° E × 32°–45° N]
representing the marginal seas around the Korean Peninsula. Data to the south and east of
Japan are excluded, since the strong SL variability associated with the Kuroshio obscures
variability in the marginal seas (see Fig. S1).

The 12-month averaged loading vectors for the first four CSEOF modes and the
corresponding PC time series are shown in Fig. 2a, b, respectively. These four modes
together explain ∼85% of the total SL variability in the reconstruction data. As can be

Fig. 2 a Spatial patterns of 12-month averages from the first four CSEOF modes derived of the 1950–2010 sea
level reconstruction data. b The PC time series from the first four CSEOF modes of 1950–2010 sea level
reconstruction data (red curves), and 100 different synthetic PC time series from 1950 to 2060 (blue curves), and
the averaged synthetic PC time series (green curves)

Climatic Change (2017) 142:23–36 27



seen, the first CSEOF mode, explaining ∼73% of the total variability, depicts increasing
SL over the marginal seas. Judging from the corresponding PC time series, this mode
represents the effect of ocean warming as a result of climate change (see e.g., Figure 8 of
Na et al. 2012; Fig. 6 of Seo et al. 2014) and mass loading on SL. The second CSEOF
mode is correlated with the NINO3 and Pacific Decadal Oscillation (PDO) indices at
0.464 and 0.391, respectively. While this mode is consistent with the finding of Gordon
and Giulivi (2004), who noted a connection between the SL change in the East/Japan Sea
and the PDO variability in the North Pacific, the second mode is more highly correlated
with the NINO3 index. The other modes in Fig. 2 seem to be associated primarily with
the ocean fronts at ∼38°–40° N, the intricate circulation and bathymetry in the East/Japan
Sea (see e.g., Na et al. 2010, 2012; Fig. 15 of Seo et al. 2014). The detailed physical
interpretation for regional SL variability is difficult and is considered beyond the scope of
this study.

3.2 Synthetic time series of CSEOF modes

Based on the CSEOF modes, we constructed synthetic SL. We used the first 20
CSEOF modes, which explain 98.8% of the total variability in the 1950–2010 SL
reconstruction dataset aside from the seasonal cycle. As in Table S2, which shows the
parameters of the trend models identified from each PC time series, the modes beyond
the first 20 explain less than 0.2% of the total variability and do not help explaining
the variability of SL. Note that the rate of change of the local trend (first) mode is
more than 10 times the rates of the other modes (Fig. 2). Therefore, the assumption of
a specific type of trend does not affect other than the global trend mode in any
serious manner.

Then, an AR model was fitted to each PC time series after removing the trend.
Table S3 shows the order and the ratio of error variance to the variance of each PC
time series. It shows that error variance is typically less than 1% of the variance of
each PC time series; thus, the resulting AR model should be a close representation of
each PC time series.

Using the identified AR model, total of 100 synthetic PC time series were
generated, as in Equation (S7), based on 100 different realizations of regression error
time series. Then, the removed trend was added back to the synthetic time series.
Figure 2 shows the synthetic time series for each of the first four PC time series
based on the linear trend model. The original PC time series is within the spread of
the 100 synthetic time series, which allows us to determine a more robust trend model
and estimate uncertainty in the future projection of SL arising from the randomness of
the timing and magnitude of natural variability.

In particular, the first CSEOF mode represents the effect of local warming on SLR.
As can be seen in Fig. 2b (1), the linear trend predicts that the amplitude of the first PC
time series increases at the rate of 15.7 × 10−2 per month, or equivalently, 1.887 per
year. In conjunction with the loading vector in Fig. 2a (1), this rate is translated into an
average of 1.82 mm year−1 in the marginal seas. In the linear trend model, there is no
acceleration in the SLR.

Figure 3 shows the projections of the first PC time series based on the quadratic and
exponential trend models. These two models account for the acceleration of SL trend. As
warming progresses, ice-sheet albedo feedback and increased mass loading cause the
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acceleration of SLR (e.g., Hu et al. 2010). According to these two models, the slope of the
trend is given respectively by

dY 1 tð Þ
dt

¼ 2a 1ð Þ
q t þ b 1ð Þ

q ≐69:04� 10−3t þ 1:64� 10−1; ð1Þ

dY 1 tð Þ
dt

¼ a 1ð Þ
e b 1ð Þ

e exp b 1ð Þ
e t

� �
≐16:69� 35:45� 10−3exp 35:45� 10−3t

� �
; ð2Þ

where t is time in years since 1950. The mean SLR rate during the observational period (1950–
2010) is 2.24 and 2.06 mm year−1 for the quadratic and exponential trend models, respectively.
The mean trends for the quadratic and exponential models are slightly larger than that of the
linear trend model over the observational period (1950–2010). As of 2010, the SLR rate is 4.31
and 4.96 mm year−1 for the quadratic and exponential models, respectively. During the
prediction period (2010–2060), the SLR rate is 6.03 and 13.68 mm year−1 for the two models,
respectively. Thus, the quadratic model expects ∼3 times and the exponential model ∼7 times
faster SLR than the linear model for the prediction period.

The mean acceleration rate is 6.90 × 10−2 mm year−2 for the quadratic trend model; thus, the
SLR rate increases by 6.90 × 10−2 mm year−1 every year. For the exponential trend model, the
mean acceleration rate is 7.29 × 10−2 mm year−2 during the observational period and
48.5 × 10−2 mm year−2 for the prediction period. Thus, the SL trend increases, on average,
by 4.85 × 10−1 mm year−1 every year during the prediction period of 2010–2060 according to
the exponential trend model. The exponential model predicts ∼7 times higher mean

Fig. 3 The projected first PC time
series (global trend mode) based
on the quadratic trend model
(upper panel) and the exponential
trend model (lower panel). The red
curve is the original PC time
series, the blue curves represent the
50 synthetic PC time series, and
the green curve is the average of
the 50 synthetic time series
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acceleration rate than the quadratic model in the prediction period. Note that the SL estimates
based on the three different trend models are significantly different. Unfortunately, the three
models fit the observed SLR equally well and, henceforth, the difference among the three
estimates represents uncertainty in the future SL estimates.

Figures 2b and 3 show that the PC time series from the reconstruction dataset fits
reasonably in the range of synthetic PC time series in Equation (S9). All three trend models
employed in this study result in a good representation of the effect of global warming in the
data. Unfortunately, however, this also means that a reasonable model cannot be identified by
the regression error alone, and that a robust rate of acceleration cannot be determined from the
data. Because of the ambiguous acceleration rate, therefore, the range of uncertainty in the
future estimates of SL bounds to be fairly wide. As in Table 1, local SLR with respect to the
1950–1960 average during 2051–2060 is 185, 350, and 658 mm for the linear, quadratic, and
exponential trend models, respectively. The quadratic model predicts 1.9 times higher change
in GMSL than the linear model, and the exponential model results in ∼2 times higher estimate
than the quadratic model by 2060. Uncertainty due to natural variability in the estimate of SL
change is fairly low: less than 10% in the linear model and less than 3% for the other two
models.

Regional pattern of SL change is also examined. Figure S1 shows the 10-year (2050–2059)
averaged SL change in the marginal seas around the Korean Peninsula. As expected, spatial
inhomogeneity of SL change within the marginal seas of the Korean Peninsula is not
negligible at all. SLR in the marginal seas appears to be 36–52% higher than that of the
global oceans. This seems to be consistent with inhomogeneous warming in the global oceans
and greater warming in the marginal seas around the Korean Peninsula than the average
warming of the global oceans (Yeo and Kim 2014).

3.3 A comparison with the tide gauge observations

CSEOF analysis was conducted on the tide gauge observations around the Korean Peninsula.
Only 8 out of 32 gauges were used, since those 8 gauges have reasonably long observations
without serious missing values (Fig. 1 and Table S1). The tide gauge data from 1965 to 2013
are analyzed after minor missing observations are filled via interpolations. Also selected from
the SL reconstruction data were the grid points closest to these 8 tide gauges. Then, CSEOF
analysis was conducted on both datasets.

The first CSEOF mode of the tide gauge data turns out to be the seasonal cycle (Fig. 4a).
The loading vector of the seasonal cycle shows that SL is maximum in August and minimum
in February. The corresponding PC time series shows that the amplitude of the seasonal cycle

Table 1 Averaged sea level change around the Korean Peninsula with respect to the 1950–1960 average
according to the linear, quadratic, and exponential trend models

Decade Linear Quadratic Exponential

2001–2010 93.7 (13.3) 96.3 (7.9) 99.2 (7.7)
2011–2020 111.4 (12.4) 134.7 (7.4) 149.1 (7.2)
2021–2030 130.5 (11.4) 180.5 (6.7) 221.1 (6.5)
2031–2040 147.8 (13.3) 231.7 (8.0) 322.5 (7.9)
2041–2050 167.6 (14.4) 291.0 (8.6) 468.5 (8.3)
2051–2060 184.5 (13.9) 350.3 (8.3) 657.6 (8.1)

The values in parenthesis denote one standard deviation among the 100 ensemble members (unit: mm)
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fluctuates by about ±10%. There is no corresponding mode in the reconstruction data, since the
seasonal cycle is not included in the dataset (Hamlington et al. 2011b).

The second CSEOF mode represents the Blocal^ trend mode (Fig. 4b). The loading vector
averaged over the eight spatial points does not exhibit strong seasonality both for the tide
gauge data and the reconstruction data. The PC time series shows a conspicuous trend.
Correlation between the two PC time series in Fig. 4b is 0.89; high correlation between the
two time series derives primarily from the trend in the time series. After detrending, correlation
decreases to 0.29 indicating that the fluctuations on top of the trend are not quite similar
between the two time series. Nonetheless, the trends and their slopes seem reasonably similar
between the two time series.

Based on the two PC time series and the loading vector of the local trend mode, station-
averaged SLR around the Korean Peninsula has been generated as in Fig. 5. Then, SL trends
have been identified as discussed above in Table S4. The average rate of SLR during 1965–
2010 is 2.364, 2.337, and 2.320 mm year−1 for the observational data and is 2.225, 2.248, and
2.321 mm year−1 for the reconstruction data. Thus, the SLR rate based on the two different
datasets is very similar. Also, the deviation among different trend models is fairly small
(<0.14 mm year−1) in the observational period.

The SLR rate in 2010, however, differs significantly between different trend models: 2.364,
2.759, and 3.009 mm year−1 for the observational data and 2.225, 4.032, and 4.229 mm year−1

for the reconstruction data. The projected mean SLR rate during 2010–2060 is 2.364, 3.228,
and 4.137 mm year−1 for the tide gauge data and is 2.213, 6.014, and 9.813 mm year−1 for the
reconstruction data. The total increment by 2060 from that in 1965 is 225, 267, and 455 mm
for the observational data and is 211, 402, and 632 mm for the reconstruction data. For the
linear trend model, there is little difference between the two datasets. SLR for the quadratic and
exponential trend models based on the reconstruction data, however, is much higher than that
based on the tide gauge data; specifically, estimates based on the reconstruction data are 135
and 177 mm higher than those based on the tide gauge data. It appears that the curvature of SL

Fig. 4 The (left) loading vector and (right) PC time series of a the seasonal cycle based on the tide gauge data
and b the trend mode based on the tide gauge data (blue) and the reconstruction data (red)
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change differs rather significantly between the two datasets. Thus, not only the rate but also the
amount of SLR differs appreciably depending on the trend model and the data employed
during the projection period.

According to the tide gauge data, the SLR rates at 8 stations are 0.46, −0.23, 0.49, 2.06,
0.35, 0.65, 0.93, and 3.30 times the mean rate addressed above. Thus, the Jeju station expects
about 2 times and the Mokpo station more than 3 times the mean SL change. SL is expected to
decrease at the Daeheuksando station. The reconstruction data, however, does not show such
remarkable spatial inhomogeneity. The SLR at the 8 closest grid points are 0.89, 0.95, 1.03,
1.01, 1.05, 1.08, 1.03, and 0.97 times the mean rate (Fig. 5). This is an expected result, since
correlations between the tide gauge data and the reconstruction data are generally low (<0.5)
except at 3 stations (Table S1), and also correlations among the 8 stations are generally low.
Thus, the trend estimates at individual stations can be seriously different between the two
datasets; deviations at individual stations are much more significant than the deviation in
station-averaged estimates. The situation does not change appreciably by using the grid points
closest to the 32 stations; regional SL change is in the range of 0.8 and 1.3 of the mean SL
change around the Korean Peninsula. Thus, much higher SLR is expected at Jeju and Mokpo
stations based on the tide gauge data than that derived from the reconstruction data.

Fig. 5 Sea level change due to
global warming derived from the
tide gauge data (blue) and that
derived from the reconstruction
data (red) and (upper panel) a
linear fit, (middle panel) a
quadratic fit, and (bottom panel) an
exponential fit based on the tide
gauge data (blue), entire
reconstruction data (red dotted),
and reconstruction data from 1968
(red dashed)
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3.4 A comparison with the EEMD method

EEMD method was used to find the trend signal from the tide gauge data. The SL time series
at the 8 stations were averaged, and the seasonal cycle was removed by using the composite
analysis. Then, the gravest signal was extracted by using the EEMD method. Figure 6 shows
the SL change identified by the EEMDmethod together with the linear and quadratic fits to the
local trend mode (red dashed curves in Fig. 5). As can be seen, the EEMD curve is similar to
the linear and quadratic fits, but the curvature is slightly larger than the quadratic fit to the trend
mode of the tide gauge data. The quadratic fit to the EEMD curve is given by

Y emdð Þ
obs tð Þ ¼ −45:9þ 1:179t þ 2:463� 10−2t2: ð3Þ

According to this quadratic polynomial, the mean SLR during 1965–2010 is
2.287 mm year−1, which is slightly lower than the estimate based on the quadratic model of
the local trend mode derived from the tide gauges. In 2010, the trend of the EEMD curve is
3.396 mm year−1. During 2010–2060, SL trend is estimated to be 4.627 mm year−1. Thus, the
SL trends based on the EEMD method are larger than those based on the quadratic fit of the
local trend mode. As a result, SL is expected to rise 288 mm from the mean SL in 1965, which
is 21 mm higher than the quadratic fit of the local trend mode based on the tide gauge data and
is 114 mm lower than that based on the reconstruction data. Overall, the trends estimated by
the EEMD method agree better with those based on the quadratic fit to the local trend mode;
the EEMD estimates are between the quadratic fits to the observational data and the recon-
struction data (Table 2).

4 Summary and concluding remarks

CSEOF analysis was conducted on the reconstruction data to address the rate of SLR around
the Korean Peninsula. CSEOF analysis identifies the local trend mode and the amplitude (PC)
time series exhibits a distinct upward trend. Then, the trend of the PC time series of the local
trend mode was determined by using three different assumptions of linear, quadratic, and
exponential trends, representing essentially three different scenarios ranging from no acceler-
ation (linear) to full feedback (exponential) in the acceleration of SL trend. Based on the trend
of the local trend mode, the SLR was projected until 2060. By generating 100 different
projections, uncertainty in the estimates of trend due to natural variability was also dealt with.

Fig. 6 Sea level change due to
local trend mode (black solid) with
a linear fit (black dashed),
quadratic fit (red), and EEMD
curve (blue). The dotted curve
represents the averaged sea level
anomaly for the 8 tide gauge
stations
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CSEOF analysis was also conducted on the SL observations from 1965 at eight tide gauges
around the Korean Peninsula. The PC time series of the trend mode of local SL variability
shows a conspicuous trend. The PC time series derived from the tide gauges compares
favorably with that derived from the reconstruction data.

While all three trend models are equally well fitted to the domain-averaged SL and results
in similar trends during the record period, the quadratic model of the GMSL matches best with
the projection in the IPCC 2013 Report (Figs. S2 and S3). Based on the quadratic trend model,
mean SL trend around the Korean Peninsula in the observational period 1965–2010 is
estimated to be 2.34, 2.25, 2.29, and 2.24 mm year−1 for the local trend mode of the tide
gauge data, the trend mode of the reconstruction data at 8 stations, the EEMD mode, and the
regional trend mode. These estimates differ by a maximum of 2.9%. Thus, a robust estimate of
current trend can be obtained from both the tide gauge data and the reconstruction data. These
estimates are comparable to the estimate of 2.310 ± 2.22 mm year−1 by Cho (2002) based on 23
gauge measurements in 1960–1999 and 2.8 mm year−1 by Youn et al. (2004) using 9 gauge
measurements in 1981–2000. On the other hand, these estimates are significantly different
from the estimate of 6.6 ± 3.3 mm year−1 by Kang et al. (2005).

The SLR rate in 2010 in the Korean marginal seas is estimated to be 2.76, 4.03, 3.40, and
4.31 mm year−1. The mean SLR rate is 3.63 ± 0.7 mm year−1 for 2010. The SLR rate does not
differ by more than 20% of the mean value. During 2010–2060, the SLR rate increases to 3.23,
6.01, 4.63, and 6.03 mm year−1 with the mean rate of 4.98 ± 1.3 mm year−1. The SL trend
estimates vary by up to ∼30%. The rate of acceleration is 1.88, 7.93, 4.93, and
6.90 × 10−2 mm year−2 during 2010–2060 yield ing a mean rate of 5.41
± 2.7 × 10−2 mm year−2. The acceleration rate varies by maximum of ∼65% among the
different estimates. SL is expected to rise by 267, 402, 288, and 350 mm by 2060 giving rise
to a mean value of 327 ± 61 mm. SLR in 2060 varies by ∼23% of its mean value. Specifically,
the trend estimated from the reconstruction data is higher than that estimated from the tide
gauge data. The EEMDmethod applied to the station-averaged tide gauge time series results in
consistently higher estimates than those based on the local trend mode of the tide gauge data
but are consistently lower than those based on the local trend mode of the reconstruction data.

While the current trend of SLR around the Korean Peninsula is reliably estimated from
different datasets by employing different techniques, future projections exhibit a relatively
wide uncertainty. A primary reason is the difference in the acceleration rate of SLR between
different datasets and different estimation techniques. The acceleration rate of SLR is

Table 2 Comparison of the trends (mm year−1) and sea level rise (mm) between the local trend mode and the
EEMD results. The local trend mode is computed from both the tide gauge data (OBS) and the reconstruction
data (REC), and the three trend models are fitted to the local trend mode. The EEMD analysis is applied only to
the tide gauge data

Linear Quad Expo EEMD

1965–2010 trend OBS 2.364 2.337 2.320 2.287
REC 2.225 2.248 2.321

2010 trend OBS 2.364 2.759 3.009 3.396
REC 2.225 4.032 4.229

2010–2060 trend OBS 2.364 3.228 4.137 4.627
REC 2.213 6.014 9.813

2060 sea level OBS 225 267 455 288
REC 211 402 632
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susceptible to error in the presence of relatively strong natural variability (Hamlington et al.
2016). In order to eliminate the effect of natural variability, trend was estimated from the trend
mode, which was separated from other naturally occurring modes via CSEOF analysis. It is
obvious from Fig. 6 that natural variability obfuscates the trend significantly and a conscien-
tious effort should be made to eliminate natural variability as in this study. Despite such an
effort, uncertainty remains to be relatively large.

Our estimates define a wider range of uncertainty than the IPCC 2013 Report (details in S4
of ESM; Figs. S2 and S3). While it is difficult to justify that future SLR around the Korean
Peninsula will have the same trend with the observed, the range of GMSL rise based on the
regression models looks reasonable considering the uncertainties of the process-based models
and the forcing scenarios used in the IPCC 2013 Report. Further, estimates of regional SLR are
an important factor for the adaptation/mitigation policy making, since they are not readily
available in the IPCC 2013 Report except at a limited number of locations. Of course, the
results of the present study should be understood with the inherent limitation of the statistical
approach in mind.

Note that there are significant differences in the SL trend among the 8 tide gauge stations.
Both CSEOF and EEMD analyses applied to the tide gauge data yield widely varying trends
for individual tide gauges. On the other hand, there is relatively mild spatial variation of trend
in the SL reconstruction data. It is not clear at all whether this spatial inhomogeneity is real or a
sampling artifact. Hamlington et al. (2015) suggested that the reconstruction data is fairly
reasonable in comparison with the measurements at tide gauges along the coast of the USA.
This data quality issue should be addressed in order to describe SL change in marginal seas
with any definitiveness. Furthermore, CSEOF analysis shows that the second mode is corre-
lated with the NINO3 and PDO indices, which is not fully explained in previous studies. In a
future study, detailed physical interpretation of the second CSEOF mode for regional SL
variability should be fully addressed.
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