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Abstract: Long-term trends of sea surface temperature (SST) of the East Sea (Sea of Japan, EJS)
were estimated by using 37-year-long satellite data, for the observation period from 1982 to 2018.
Overall, the SST tended to increase with time, for all analyzed regions. However, the warming trend
was steeper in the earlier decades since the 1980s and slowed down during the recent two decades.
Based on the analysis of the occurrence of events with extreme SST (high in the summertime and low
in the wintertime), a shift toward the more frequent occurrence of events with extremely high SST and
the less frequent occurrence of events with extremely low SST has been observed. This supports the
observations of the consistent warming of the EJS. However, seasonal trends revealed continuous SST
warming in the summertime, but frequent extreme SST cooling in the wintertime, in recent decades.
The observed reduction in the warming rates occurred more frequently in specific regions of the
EJS, where the occurrence frequency of events with extremely low SST was unusually high in the
recent decade. The recent tendency toward the SST cooling was distinctively connected with variations
in the Arctic Oscillation index. This suggests that changes in the Arctic Ocean environment likely
affect the recently observed SST changes in the EJS, as one of the marginal seas in the mid-latitude
region far from the polar region.

Keywords: sea surface temperature (SST); warming trend; SST cooling; East Sea (Sea of Japan);
Arctic Oscillation

1. Introduction

Sea water temperature of the global ocean has been increasing significantly over the past decades.
The rate of the temperature increase in the upper ocean layer (within 75 m of the ocean surface) was
reported as 0.11 °C decade!, for the observation period from 1971 to 2010 [1]. Since the 1970s, as the
ocean observations were recorded regularly, data on the mean temperature change in the global ocean
have been available [2,3]. In addition to in-situ temperature measurements, satellite observations of
the ocean allow to monitor and understand long-term changes in the sea surface temperature (SST) of
the global ocean. Frequent observations, performed by various satellites, provide synoptic views of
the SST increase, as well as its temporal variations (e.g., [4,5]).

Due to global warming, much attention has been given to the obvious warming of the
Earth, including the ocean, owing to the increase in the rate and amount of emitted greenhouse
gases [6-8]. The SST warming rate seems to be obviously detectable, as evidenced by the analyses
of data from numerous SST databases worldwide (e.g., [1,9-11]). Recently, some studies reported
a slowdown in the global ocean’s SST warming rate during recent decades [1,12,13]. The occurrence
of events with extremely high temperature has been increasing, yielding surface warming [14].
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Conversely, the occurrence of extremely low-temperature events in the wintertime has also been
increasing, owing to changes in the atmospheric circulation, which might slow down the SST increase
rate [15]. In local sea regions, the effect of extremely hot and cold days on the SST increase rate was also
investigated for the East China Sea [16]. Therefore, it is important to elucidate the impact of climate
change on local seas, especially the marginal seas of the global ocean; this understanding can help in
the development of feasible strategies to address climate change.

The East Sea (Sea of Japan, EJS) is one of the marginal seas of the Northwest Pacific Ocean, located
at the far-eastern end of the Asian continent with the cold and warm current systems (Figure 1) [17].
As it is located in the mid-latitude region affected by the Siberian High in winter and by the North
Pacific High in summer, it provides a good opportunity for investigating the SST trends in association
with changes in the atmospheric conditions over decades. Time series of the SST in the EJS reveal
an increasing trend, depending on the period of the data, that is much stronger than that of the global
ocean for the observation period from 1982 to 2006 [11]. Only a few studies have investigated the
spatiotemporal pattern of the SST warming trend in the EJS [18,19], despite its being an ideal model
system for studying the impact of recent regional changes due to change in global ocean warming.
Moreover, none of the existing studies have considered the potential effect of the observed increasing
tendency toward extremely cold weather in the wintertime using multi-decadal satellite data.

Therefore, in this study, we examined long-term SST trends and recent trend changes in the EJS,
which are very important to the climate of the Korean peninsula. The objectives of this study are 1)
to estimate the fundamental variations and derive the trend in the long-term SST in the EJS over the
37-year-long observation period, from 1982 to 2018; 2) to investigate any tendency of the SST trends by
applying a 20-year-wide sliding window to the total SST database to illustrate a significant increase in
the occurrence of SST cooling events in recent decades, and reveal specific seasonal variations in the
SST trends focused on the SST cooling; 3) to uncover any relation of the SST trends to extremely hot or
cold events; and 4) to examine the relationship between the slowdown of the SST increase rate and the
Axrctic Oscillation (AO), using the wavelet coherency analysis.
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Figure 1. (a) Bathymetry of the seas around Korean peninsula; and (b) a schematic current map with
cold (blue) and warm (red) currents (EKWC: East Korea Warm Current, NKCC: North Korea Cold
Current, PCC: Primorye Cold Current) (adapted from [17]), where the line width represents the overall
strength of the current and the green box shows the study area.
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2. Data and Methods

2.1. Satellite Data

Several satellite databases include data on the EJS (e.g., optimum interpolation SST (OISST),
multi-scale ultra-high resolution SST (MUR SST), operational SST and sea ice analysis (OSTIA), extended
reconstructed SST (ERSST), and Hadley Centre sea ice and SST (HadISST)). These datasets are characterized
by various spatial-temporal resolutions and data periods. MUR SST and OSTIA contain data in high
temporal resolution (one day) and spatial resolutions of 1 km and 0.05°, respectively. Despite such high
spatiotemporal resolutions, these datasets cover relatively short time periods (since May 2002 for the
MUR SST database and since April 2006 for the OSTIA database). The other SST databases, such as
ERSST and HadISST, cover longer time periods, since 1854 and 1870, respectively. However, their spatial
resolutions are relatively low, at 2° and 1°, respectively, and their temporal resolutions are low (one month),
which makes it difficult to determine the details of the SST changes in the EJS.

Therefore, in this study, the daily OISST V2 high-resolution data provided by National Oceanic
and Atmospheric Administration (NOAA)/Earth System Laboratory (ESRL)/Physical Science Division
(PSD), were used to investigate the long-term SST variations in the EJS. This is a global dataset,
produced by the optimal interpolation of the advanced very high-resolution radiometer (AVHRR)
satellite data with ship and buoy data [20]. It has a spatial resolution of 0.25° x 0.25°, a time resolution
of one day, and has been producing SST data since September 1981. Thus, the present study used the
OISST database for the 37-year-long observation time, from 1982 to 2018.

2.2. In-Situ Data

For validating trends in the satellite SST data, in-situ temperature measurements performed
by the Korea Oceanographic Data Center (KODC), with a temporal resolution of 2 months, were
additionally used when analyzing the southwestern part of the EJS. These data have been acquired by
regular stations in an ongoing study that has been initiated by the National Fisheries Research and
Development Institute (NFRDI) in 1961. We selected only the 0-m temperature data out of the KODC
database, at the standard depths from 0 m to 500 m or deeper depths (e.g., 0, 10, 20, 30, 50, 75, 100,
125, 150, 200, 250, 300, 400, 500 m). The regular measurement stations of the KODC are concentrated
in the coastal regions with relatively small numbers of stations in the offshore regions. By contrast,
the satellite SST database has a coarse spatial resolution of 0.25° x 0.25°. Owing to the low resolution
of the satellite data, we dropped the data from a few stations nearest to the coastal line, for comparison
of the SST trends in the offshore regions, by considering the resolution of the satellite data.

2.3. Arctic Oscillation (AO) Index

The AO index data from NOAA/National Centers for Environmental Prediction (NCEP)/Climate
Prediction Center (CPC) were used to delineate the potential causes of recent changes attributed to
extreme events in the EJS. The AO index pattern was defined as the first leading mode based on the
EOF (Empirical Orthogonal Function) analysis of monthly mean height anomalies at 1000 hPa [21].
As the AO index exhibits high variability during the wintertime, the index mainly reflects the AO
characteristics during the wintertime. Although the EJS is located in the mid-latitude region, far
from the Arctic region, the atmospheric conditions in the wintertime are quite similar, with very
low air temperature and high wind speed over the sea surface, especially in the northern part of
the EJS. The AO index is strongly correlated to surface air temperature variations over the Eurasian
continent [21-23]. Thus, a negative (positive) AO index reflects a higher (lower) Siberian High and
a very low (high) surface air temperature over eastern China [24,25]. The variability of Aleutian Low
also shows a strong relation to the AO index [26]. Therefore, the relationship between the AO index
and SST variability was investigated to explain recent changes in the SST variations.
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2.4. Empirical Orthogonal Function (EOF) Analysis

Principal components of variations in time series data can be decomposed using the EOF analysis.
The EOF analysis was performed to extract the dominant variability components in the SST data.
This method aims at decomposing a data set into a product of a set of spatial patterns and time

series [27-29], as follows:
M

d(x;, tj) = Z () a(t) ¢y
k=1
where d is the data set, x; is the position, ¢; is the time, ¢y is the spatial pattern of the k-th mode, gy is
the amplitude time series of the k-th mode, and M is the number of spatial elements. The functions ¢y,
which are the basis functions, are chosen to be orthogonal to the other basis functions, to account for as
much variance as possible, as follows:
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where 6;; is the Kronecker delta.

Using this method, it is possible to study spatiotemporal patterns of climate variability.
Therefore, since its introduction to geophysics by [30], this approach has been widely used in
meteorology and oceanography (e.g., [31-34]).

2.5. Wavelet Coherency Analysis

We applied wavelet coherence analysis to detect variations in coherence and phase difference
between two data sets. Wavelet analysis was first applied to each data. Wavelet analysis is one of the
tools for analysis of localized power variations within a time series, and has been used in numerous
geophysics studies [35-37]. By decomposing a time series into the time-frequency space, this analysis
allows to determine both the dominant modes of variability and how these modes vary in time. One
particular wavelet is defined as [37]

Yo(n) = m*exp(iwon)exp(-117/2) 3)

where w is dimensionless frequency and 1 is dimensionless time.
Wavelet coherence captures the correlation between two signals in both the time and
frequency domains. It is defined as [38]
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where S is a smoothing operator, s is a scale, W is a continuous wavelet transform, and WXY — WXpY+
where * denotes complex conjugation. Wavelet coherence takes values between 0 (no correlation) and 1
(full correlation).

S(s~YWX(s)|) - S(s7H Wy (s)

3. Results

3.1. Spatial and Temporal Variability of SST

Figure 2 shows the average characteristics of the SST variations in the study area. Going from
the southern part of the EJS to its northern part, the mean SST variation decreases from ~20 °C in the
Korea Strait to ~5 °C in the Tatar Strait, with relatively concentrated SST differences along the subpolar
front (SPF) along the zonal line of about 40°N [39]. The spatial distribution of the standard deviation
of SST variations reveals a striking contrast between the continental side (with high values, above 6 °C)
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and the offshore Japanese side (with relatively low values, under 6 °C) (Figure 2b). Especially near
Vladivostok (near 132°E and 42°N), large standard deviations (>8 °C) are observed, which implies
extreme SST cooling owing to the Siberian outbreak in the wintertime [40].

In contrast to the time-averaged pattern of the SST, the time series of spatially averaged monthly
SST anomalies (SSTAs), from 1982 to 2018, over the entire EJS, exhibits high variability with frequent
and random-like peaks, as shown in Figure 2c. It is noted that the SSTA variation tends to increase
during the initial stage of the observation period, from 1982 to mid-1990s. The overall trend in the
SSTA amounted to 0.26 °C decade™!, and was statistically significant within the 95% confidence
level, as indicated by the dashed line in Figure 2c. This warming trend is considered to be relatively
strong, compared with that of the global ocean, which was estimated at 0.11 °C decade™! based on the
observations from 1971 to 2010 [1].

To understand the principal mode of the spatial and temporal variability of the SST, the EOF
analysis was performed using the 37-year-long SSTA data. In the first mode (39.02%), the eigenvectors
of the SSTA were all positive, implying a characteristic SST warming (Figure 3). The highest values
were observed to the southwest of the Tsugaru Strait (136-139°E and 39—40°N), which was reported
from the analysis of in-situ temperature measurements in [19]. This core corresponds to the region
with the highest warming trend, as will be explained later. A slowdown in the increasing tendency of
the EOF amplitudes appeared over the recent two decades, from 2000 to 2018, which corresponded to
the temporal variations in the SSTA, as shown in Figure 2c.
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Figure 2. Spatial distribution of (a) mean and (b) standard deviation of the SST data for the observation
period from 1982 to 2018 in the EJS, and (c) time series of spatial mean anomaly, where the blue dashed
line is a least squares linear fit.
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Figure 3. (a) Spatial distribution of eigenvectors from the first EOF mode using OISST anomaly data,
for the observation period from 1982 to 2018, for the EJS; (b) temporal variability of the amplitude of (a),
where the red dashed line is a least squares linear fit (y = 1.17x — 2340.80); and (c) month-year plot of (b).

3.2. Long-Term Trends of the SST

The slowdown-like feature of the SST warming, suggested by the SSTA variations in Figure 2c
and by the time-varying amplitudes for the first EOF of the SST in Figure 3b, revealed a steeper trend
in the initial observation stage of the observation period and more moderate warming during the
recent decades. This raises the question of whether the sea surface has been experiencing warming
despite the slowdown with frequently occurring cooling events. To explore the SST warming rate
at different spatial locations, the linear tendency in the SST warming was estimated for the entire
observation period, from 1982 to 2018 (Figure 4). All the SST variations revealed positive trends,
ranging up to 0.60 °C decade™!, with an average of 0.27 °C decade™!. This indicates that the EJS is still
exposed to a warming environment with positive trends. The trend cores, with larger values, appear
to be in the central and eastern EJS. The warming trend was the highest in the 136-139°E and 39-40°N
regions of the middle eastern part of the EJS. Cores with trends above 0.50 °C decade™ were observed
in the west of Tsugaru Strait (~41°N) and cores with trends above 0.40 °C decade™! were observed in
the west of Soya Strait (~46°N). Other cores with trends above 0.40 °C decade™ appeared even near
Wonsan Bay (~39°N). Although there are some differences between regions in terms of the warming
rate, all the analyzed EJS regions revealed positive trends (Figure 4).

Regarding the regions with low SST warming trends, below 0.10 °C decade™!, there were some
specific regions with very weak warming; for example, the region around 40°N and 133-135°E, along
the Russian coast off the Primorye, or the southwestern portion of the EJS (36-37°N and 131-132°E).
As evidenced in Figure 4, most of the EJS have been experiencing severe SST warming over almost
four decades. In contrast to the general trends in most of the EJS, why do some regions have such weak
warming trends? We posited that different regions must have been exposed to different atmospheric
environments or different oceanic environments over decades. To be able to understand the processes
responsible for the appearance of such weakly-warming sites, it is necessary to validate the SST
warming rates. Thus, we estimated the warming rates using long-term in-situ measurements from
the coastal region around the Korean peninsula; the results of this estimation are presented in the
following section.



Remote Sens. 2019, 11, 2613 7 of 17

52°N 0.6
50°N
=04
48°N
46°N

0.2

44°N

42N |
40N 02
aa'N -
04
3N
34N o ' o5
128°E 132°E 136'E 140°E [C decade]

Figure 4. SST trends (°C decade™!) for the observation period from 1982 to 2018.

3.3. Comparison of the SST Trends to In-Situ Measurements

Using long-term temperature measurements from the KODC database, the trends of the surface
temperatures at each station were estimated as shown in Figure 5a. The circles in Figure 5a denote the
locations of the KODC regular observation stations, based on bimonthly observations at 79 stations in
the EJS, to measure the water temperature and salinity in the southwestern portion of the EJS. The in-situ
measured temperatures exhibited positive correlation with surface warming, with 95%-confidence
level, regardless of coastal or offshore regions, which implied a general tendency of surface warming.
One interesting observation is that the stations north of 37°N reported much higher warning rates
(>0.40 °C decade™!) than the stations located to the south (<0.20 °C decade™).

The satellite SST database used in this study has a spatial resolution of 0.25° x 0.25°, which is
different from the point measurements of the KODC data. Due to the differences of data samplings,
such as spatial differences and observational times, it is expected that the satellite SSTs might produce
non-negligible differences of the trends with in-situ measurements. In spite of such differences,
satellite-based SST warming rates in Figure 5b were in a good agreement with the in-situ SST trends in
terms of the overall distribution of the trends, with relatively higher warming and weaker warming
in the southern region. When comparing all data between the trends of in-situ SST and satellite SST,
the obtained slope was 0.49 (R? = 0.36) and the correlation coefficient was 0.60 (p = 6.13E-7) (Figure 5c).
The satellite data used in this study have a relatively large spatial grid of ~0.25°, and those data
included microwave SSTs owing to a higher probability of clouds in the coastal regions, with frequent
variations of air temperature and moisture conditions. When all of the points, including both close
(bright gray) and far (dark gray) points from the coastline, were considered, the satellite-based and
in-situ based SST trends were in general concordance, but had a relatively weak correlation and high
scatter in the weak-trend range of in-situ temperatures. By contrast, the KODC trends without the
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points near the coastal regions within 0.25° from the coastline revealed a good correlation between the
two trends, as illustrated by the red dashed line in Figure 5c. An improved comparison result was
obtained for the offshore regions; the obtained slope was 0.80 (R? = 0.67) and the correlation coefficient
was 0.82 (p = 1.22E-9). All of these results support the hypothesis that the retrieved SST data from the
satellite data, once those too close to the coast are excluded, can be used for the analysis of oceanic
surface warming.
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Figure 5. (a) Trends (°C decade™) from in-situ near-surface water temperatures measurements,
where the black circles represent the trends at 95%-confidence level; (b) same but for satellite SSTs;
and (c) comparison between trends from in-situ and satellite SST, where the light (dark) grey dots
represent the points close to (far from) the coast and the blue (red) dashed line represents its least
squares linear fit (blue line: y = 0.49x + 0.01 (RZ = 0.36), red line: y = 0.80x 4 0.00 (RZ = 0.67)).

3.4. Moving Trends in the SST

As demonstrated by the analysis of long-term variations of the SSTA and the time-varying
amplitude of the first EOF mode of the SSTA (Figures 2 and 3b), the slopes for those features that
showed increasing trends exhibited slow-time-scale variations with relatively rapid warming during
the initial observation period decades, while milder warming was observed during recent decades.
To analyze the temporal variability in the warming trends, we calculated the multi-year moving trends
in the SST by applying a 20-year-wide temporal domain for the estimation of linear trends, for all
spatial grids. The 20-year period was determined by considering relatively high interannual variability
of SSTs in the EJS at dominant frequency amounting to 7 years according to the previous study [41].
Figure 6a shows the time series of the spatial distribution for the 20-year-long moving trends in the SST
variations, during the observation period from 1982 to 2018. The first image shows the SST warming
rates over the entire region for the first 20 years of observation, from 1982 to 2001. The warming trends
increased continuously, until the period from 1986 to 2005; however, they began to reduce gradually
and even switched to cooling from the SPF region, for the observation period from 1987 to 2006.
Especially, they seemed to have been strongly reducing along the Russian coast, for the observation
period from 1988 to 2007. One notable feature of that trend is that a negative trend, that is SST cooling,
appeared along the SPF in the central portion of the EJS, as can be clearly seen for the observation
period from 1996 to 2015, as well as for the following observation period.

To examine such slowdown features in the SST warming trends in more detail, the time series
of the areal percentages of the positive (red) and negative (blue) trends for each period are shown
in Figure 6b. For the initial observation periods, from 1982 to 2001 and from 1986 to 2005, all of the
EJS regions exhibited a positive warming tendency by occupying 100% of the positive trend without
any regions with negative trends. However, for the observation period from 1987 to 2006, negative
mean trends began to appear at a rate of 1.80% of the total number of grids. The number of the grids
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corresponding to the SST cooling, as marked by blue bars in Figure 6b, increased exponentially with
a wide spreading of the surface cooling with time. This tendency began to appear for the observation
period from 1987 to 2006 and have been intensifying until the recent two decades.

The averaged trends in the SST warming and cooling exhibited gradual variations over time
(Figure 6¢). The trend reached a maximum of ~0.55 °C decade™ for the period of 1986-2005 and
continuously decreased to 0.15 °C decade™! during the recent two decades. As can be seen in the
last three bars for the observation period from 1997 to 2016, the mean rate of the SST cooling (-0.19,
-0.17, and -0.17 °C decade™!, respectively) amounted to a similar trend of the SST warming (0.20, 0.15,
and 0.15 °C decade™!, respectively), in spite of the widespread region for an overall observed SST
warming. In other words, the number of the grids with the SST cooling tendency gradually increased
while that with the SST warming tendency reversely decreased with time. This implies that the SST
cooling events have been more intensively increasing in relatively small regions concentrated in the
frontal zones in the central part of the EJS.
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the number of the grids; and (c) regional averaged trend of (a) only for positive (red) and negative
(blue) values.
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3.5. Monthly Variations in the SST Trends

As mentioned earlier, the degree of the SST warming of the EJS has been mitigated over
recent decades. It is important to investigate any potential seasonal impact on the observed reduction
in the increase of the warming rate. Thus, we calculated the monthly SST trends, their areal fractions,
and the average trend values, for both warming and cooling separately (Figure 7). The monthly trends
for the summer season, from June to August, appeared to show positive trends over the entire EJS
(Figure 7a). However, the other months, except for the summer months, revealed the existence of
weak negative trends along the Russian coast, the SPFs, and the southwestern part of the EJS near the
Korea Strait.

Especially in the springtime (during the March-May period), negative trends were concentrated
along the SPF region in the central part of the EJS. By contrast, strongest warmings appeared
from June to November, and extended to the eastern part of the EJS. In the wintertime (during the
December—February period), the pattern of monthly SST trends was similar to that for the total trend
in Figure 4. In other words, the warming trend was large for all seasons except for spring, and especially
so from August to November. This observation was quite different from previously reported warming
that has been attributed to the increasing role of wintertime SST variations [17].

The areal coverage of cooling constituted a relatively high fraction, from 7% in December to
the maximum of 18% in March (Figure 7b) in winter and spring. The strongest warming trend of
~0.40 °C decade™ appeared in August, while the weakest warming trend, ~0.18 °C decade™!, appeared
in March (Figure 7c). Concerning the cooling, the strongest cooling trend was about -0.09 °C decade !,
and was observed for February and March.

3.6. Occurrence of Extremely High/Low SSTs

We analyzed the occurrence of extreme SST events for determining the potential causes of the
observed weakening of the warming trend and the seasonal shift of the warming trend leading from
winter to summer. Before defining extreme events, daily SSTAs were calculated by subtracting the
climatological mean from the SST values for the same date. Extremely high SST days (EHDs) were
defined as days within the top 10% (90th percentile) of anomalies in the summertime (June-September).
In a similar way, extremely low SST days (ELDs) were defined as days in the bottom 10% of anomalies,
but for the wintertime (December—March).

Figure 8a shows the spatial distribution of the trends of the EHD occurrence frequency for the entire
observation period of 37 years. It is notable that all regions exhibit positive trends, implying continuous
warming of the EJS over the past decades. The spatially averaged value of the EHD occurrence
frequency tended to increase with time at a rate of 5.82 days decade™! (Figure 8b). Regarding the
cooling events, the spatial distribution of the trends of the ELD occurrence frequency exhibited negative
trends for most of the regions in the EJS except for a few regions associated with SPFs, with weakly
positive trends of ~0.25 days decade™! (Figure 8d). The time series of the ELDs exhibit the decreasing
tendency (-4.31 days decade™') with high peaks of ~57 days in the 1980s and minor days of less than
20 days during other periods (Figure 8e). This overall characteristic is consistent with the long-term
warming trend in the EJS.

To understand the difference between cooling and warming regions in the SST variations,
we selected two representative regions, marked by blue (weak warming) and red (strong warming)
boxes in Figure 8a,d. As the trend in the strong-warming sites corresponds to the overall warming
trend, we focused on the trend in the weak-warming sites. Figure 8c shows the time series of the
EHDs in small regions that exhibited warming trends, revealing the tendency of the EHDs to increase
temperature with time, with the highest peak occurring in 2010. However, the trend of the occurrence
frequency of the ELDs differed from that of the entire EJS. The high frequency (more than 45 days) of
the ELDs seemed to occur somewhat periodically every decade (Figure 8f). Except for the extremely
cold days, most of the ELDs were relatively small, lasting less than 20 days. The occurrence of the
ELDs was the highest in 2015 instead of the extremely cold days prior to substantial global warming
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decades ago. This feature exemplifies the significant role of extremely cold days on the slowdown of
the recent SST increase.
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Figure 7. (a) Monthly variations of the SSTA trends from the OISST database for the observation period
from 1982 to 2018; (b) monthly percentage of the number of grids; and (c) monthly regional averaged
trend of (a) only for positive (red) and negative (blue) values.



Remote Sens. 2019, 11, 2613 12 of 17

3s'N

128'E 132°E 136'E 140°E 128'E 132°E 140°E [days decade ']

80

Regional Averaged EHDs (day)
Regional Averaged ELDs (day)

Regional Averaged EHDs (day)
Regional Averaged ELDs (day)

e & Q o)
(CONIMUI g

o ~=Seocs 2. oot ik
1985 1990 1995 2000 2005 2010 2015
Year Year

Figure 8. (a) Spatial distribution of trend of EHD occurrence frequencies, where blue (red) box represents
the weak (strong) warming area; (b) time series of regional averaged EHD occurrence frequencies;
(c) time series of regional averaged EHD occurrence frequencies in the weak warming area (blue box);
and (d, e, f) same as (a, b, ¢) but for ELD, where the dashed lines of (b) and (e) are y = 0.58x — 1151.10
and y = —0.43x 4 875.41, respectively.

3.7. Relation to the AO

What causes the observed periodic appearance of extremely low SST events? One representatively
influential climate index that captures SST variations in the EJS is the AO index. We studied the
variability of AO, which, as we posited, could affect the SST in winter in the EJS, especially with
respect to extreme events. Thus, we sought to determine if there was significant change in the energy
of AO variations with time by performing wavelet analysis of available data; the results of this
analysis are shown in Figure 9a. When considering time periods longer than 3 years, the AO index
exhibited relatively low variability in the earlier decades of the observation period. However, higher
variability with strong energy variations appeared in the recent decades of the observation period,
as shown in Figure 9a. The results of the wavelet analysis of the AO for wintertime data revealed
a large variability with 2-2.5 year-long cycles around the year 2000, and with 2.5-3.5 year-long cycles
after 2010 (Figure 9a). This suggests that the higher variability of changes in the atmospheric and
oceanic features in the Arctic Ocean may be related to the recent fast warming and melting of the sea
ice [42—-44]. Next, we asked whether this AO variability can affect the SST trends in the EJS, which is
one of the marginal seas of the Northwest Pacific in the mid-latitude region. To answer this question,
we performed wavelet analysis of SST variations in the ELDs, and the results of this analysis are
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shown in Figure 9b. The highest variability in the SSTA was observed in 2010, with a temporal period
of ~3.5 years.

Wavelet coherence was computed for examining a possible relationship between the AO and
SSTA in the ELDs. As wavelet coherence quantifies correlation, the coherence takes on the value of
1 if the two analyzed signals are highly correlated. Figure 9c shows that the coherence between the
two signals is above 0.7 (corresponding 95% of confidence level), for the observation period from
2010 to the present time. This suggests that the AO index captures the SST changes and the ELDs
during recent decades, and in particular after 2005. One interesting observation is that the coherence
between the AO and the SSTA in the ELDs in the EJS exhibited insignificant correlation (below 0.1) for
the observation period from 1982 to 2005, over most of the temporal periods. Arctic variations are
not expected to affect the SST warming or cooling in the EJS. This implies that the EJS has long been
protected from the extreme cold condition of the Arctic region. Thus, changes in the SST warming
of the EJS, as shown in Figure 6, especially the observed slowdown of warming with frequent and
random extremely cold days in winter, may have been induced by changes in the AO that occur as

a part of the global warming trend.
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Figure 9. Wavelet analysis of (a) AO index in winter; and (b) SSTA in ELDs; and (c) wavelet coherence
of (a) and (b).

4. Discussion

According to [45], who analyzed seasonal trends in the global temperature for the period from
1979 to 2010, the SST in the Northern Hemisphere exhibited a significant warming trend for all seasons
in the past decades. At that time, the warming rate was reported to be larger in autumn and winter
than in spring and summer. A similar result for the SST warming of the EJS was reported, stating that
the warming was more significant in the wintertime than in the summertime for the period from 1891
to 2005 [18]. As one of the effects of global climate change on changes in the SST variation in local
regions, [11] showed that the SST in the EJS exhibited an overall increase of more than 0.9 °C over the
time period of 25 years, from 1982 to 2006, including a rapid increase (more than 12-fold) in the global
warming rate at 1.67 °C decade™! during the observation period from 1986 to 1998.

In contrast to the previous studies of the warming of the EJS, this study demonstrated a reverse
tendency that the higher SST warming have been led by change in summertime SSTs rather
than that in winter by accompanying with the reduction of warming rates regardless of season.
Nevertheless, the overall warming rates were still positive, not only over the entire period, but also
in the recent decades. In particular, SST cooling at specific regions of the EJS, such as in the central
region of the SPFs and along the Russian Primorye coast, has begun to appear for the recent decades
after 2003. Such a cooling trend appeared in all seasons except for the summer. This suggests that
winter, which led to a warming trend previously, may contribute to the frequent increase of ELDs as
a measure of surface cooling in the last years.

What are the main causes of the monthly distinction of SST cooling rates? What causes the
slowdown of general SST warming in the EJS? What is the role of change in SST in winter on the
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weakening of SST warming? It is known that the Arctic warming is much stronger than changes in
lower latitudes [42,44]. It was reported that such Arctic warming can influence the occurrence of
extreme atmospheric weather in the mid-latitudes through dynamical pathways such as changes in the
storm tracks, the jet stream and the planetary waves [46]. In addition, [47] argued that severe winters
may occur in the mid-latitude regions due to the northerly flow of cold air in the atmosphere, resulting
from the Arctic warming accompanied by the local development of an anomalous anticyclone and
the downstream development of the mid-latitude trough. Such atmospheric cooling of mid-latitude
regions induced by the Arctic warming is expected to produce SST cooling during winter outbreaks
over the sea surface of the EJS. This argument supports the results of this study concerning the less
warming and re-initiation of surface cooling in the recent decades. This corresponds to recent finding
on the re-initiation of bottom water formation in the EJS sensitive to changing surface conditions and
atmospheric forcing [48].

The findings of the present study could be attributed to the regional-scale imprints of the large-scale
global warming hiatus (GWH) that is referred to as the global warming slowdown, on a period of
relatively small warming in the surface temperature of the Earth [12,13]. Additionally, it is suggested
that the Antarctic Oscillation (AAO), also known as the Southern Annular Mode (SAM), which is
a low-frequency mode of atmospheric variability of the Southern Hemisphere, can affect not only the
climate change in the Southern Hemisphere but also in the Northern Hemisphere [49-51]. The AAO
is capable of influencing the AO through remotely connected atmospheric variability. This study
demonstrates one of the examples of the impact of Artic environmental changes and GWH on the
regional SST variations, and discusses the characteristics and causes of the regional SST variations in
the EJS. Therefore, it is expected that this study could be further explored for a deep understanding of
the linkage between regional responses and other climate indices.

5. Conclusions

The present study showed long-term SST warming trends in almost all of the EJS regions, during
the 37-year-long observation period, from 1982 to 2018. The trend was related to the slowdown of
the SST warming, especially in the SPF area. Analyzing the changes in the extremely high SST events
in the summertime and extremely low SST events in the wintertime, regional averages for the EJS
exhibited a reduction in the ELD and an increase in the EHD, consistent with the overall warming trend.
However, in the areas where warming was relatively weak, the ELD exhibited large values frequently,
with the maximal value observed within the last 5 years. As a result of examining the relationship
between the AO and the SSTA corresponding to the ELD, the consistency between these two variables
increased, especially for the recent decade. This suggests that changes that take place in the Arctic
Ocean can explain some recent SST changes in the EJS through changes in atmospheric effects.

The SST warming and cooling, presented in this study, corroborate an oceanic response of
the EJS through the atmospheric connection between the extremely cold Arctic environment and
mid-latitude regions. This implies that the EJS, as a small-scale replica of the global ocean, is exposed
to the overall global warming trend as well as to the extreme surface cooling that originates in the
Arctic Ocean. This suggests that the EJS, as one of the marginal mid-latitude seas, might be strongly
linked with the polar region in winter, in spite of the distance. Thus, further analysis is needed for
an in-depth understanding of long-term SST changes in the EJS in the warming climate.
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Abbreviations

The following abbreviations are used in this manuscript:

AO
AAO

Arctic Oscillation
Antarctic Oscillation

AVHRR advanced very high resolution radiometer

EJS

East Sea (Sea of Japan)

EKWC East Korea Warm Current

ELD
EHD
EOF

extremely low SST day
extremely high SST day
empirical orthogonal function

ERSST extended reconstructed SST

GWH global warming hiatus

HadISST Hadley Centre sea ice and SST

KODC Korea Oceanographic Data Center

MUR SST multi-scale ultra-high resolution SST

NFRDI National Fisheries Research and Development Institute
NKCC North Korea Cold Current

NOAA National Oceanic and Atmospheric Administration
OISST optimum interpolation SST

OSTIA operational SST and sea ice analysis

PCC
SPF
SST

Primorye Cold Current
subpolar front
sea surface temperature

SSTA SST anomaly
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