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In this study, to determine the spatiotemporal variability of satellite-observed chlorophyll-
a (Chl-a) concentrations in the East Sea (Japan Sea, EJS), monthly composite images
were generated via noise processing using Level-2 MODIS Chl-a data from 2003 to
2020. Harmonic analysis was performed on time-series Chl-a data to present the
spatial distribution of seasonal and intraseasonal variability with 1–4 cycles per year.
In the EJS, seasonal cycles contributed less than approximately 30% to the total
variance in Chl-a variability, indicating the existence of dominant interannual variability.
Analysis of the temporal trend in Chl-a concentrations showed that they increased
(< 0.06 mg m−3 yr−1) in most of the EJS over almost two decades (2003–2020).
In recent years, in the areas showing positive trends in Chl-a, it tended to increase
with time, especially in the northern part of the EJS. As a result of examining the
trend associated with the physical environment that affects the long-term trend in Chl-
a concentrations, sea surface temperature (SST) trends were mostly increased. The
wind speeds showed a characteristic strengthening trend in the northeastern part of
the EJS and the North Korean coast. Long-term changes in wind direction indicated
strengthening of the northerly wind components on the Russian coast and the westerly
components on the eastern coast of the Korean Peninsula. These wind changes were
closely related to the Arctic Oscillation (AO) index variability in relation to the recent
warming of the Arctic Ocean. When the AO index was greater than 1, the wind speed
tended to be weakened and the SSTs showed a tendency to increase. This led to
general increasing responses in Chl-a concentrations during positive AO. The summer
SST anomaly revealed an inverse relationship between higher positive values during
the La Niña period and lower ones during the El Niño period. When the amplitude
of MEI (Multi-variate ENSO Index) was high (| MEI| > 1), the SST anomaly indicated
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an inverse correlation with the Chl-a concentration anomaly in the EJS. This study
demonstrated the regional effects of climate change on Chl-a variability in the EJS in
response to tropical–subtropical and arctic–subarctic interactions between ocean and
atmospheric variations.

Keywords: chlorophyll-a concentration, climate index, ENSO, AO, East Sea (Japan Sea), trend

INTRODUCTION

Climate change and oceanic warming have increasingly
influenced in marine ecosystems by modifying the physical
environment in which phytoplankton grow (e.g., Baker et al.,
2004; Doney et al., 2012; Bindoff et al., 2019). Sea surface
temperature (SST) and sea level are representative oceanic
imprints of global warming and have been consistently changing
over recent decades (Church et al., 2013; Bulgin et al., 2020).
SST has been increasing at the rate of 0.012◦C yr−1 which has
contributed to changes in marine ecosystems (National Oceanic
and Atmospheric Administration [NOAA], 2016). Alterations in
the vertical stratification of the oceanic surface layer and surface
current advection have modified nutrient supply and photon
distribution required for phytoplankton photosynthesis in the
sunlit ocean layers (Laws and Bannister, 1980; Dutkiewicz et al.,
2013, 2019; Behrenfeld et al., 2016).

The responses of the marine ecosystem in the global ocean
have been extensively studied over the past two decades by
using long-term satellite data and in situ measurements including
nutrient levels, SST, surface currents, vertical temperature and
salinity profiles, and sea surface winds driving seawater (Gregg
et al., 2003; Rivas et al., 2006; Patti et al., 2010; Kubryakov et al.,
2016; Gohin et al., 2019; Yu et al., 2019; Garcia-Eidell et al.,
2021). These measurements have been made using various cruise
programs in the global ocean and regional seas (Kim et al., 2001;
Werdell and Bailey, 2005; Peloquin et al., 2013; Zhang et al.,
2018; Sloyan et al., 2019). However, in situ measurements have
limited coverage of marginal seas and there is high multispatial-
scale variability in local ecosystems (Zhou et al., 2018). Satellite
ocean color measurements have furnished valuable, spatially
extensive, repeatable, and simultaneous regional-scale data.
These measurements combined with satellite chlorophyll-a (Chl-
a) concentration data have been used to monitor spatiotemporal
variability in marine phytoplankton. Chl-a concentration data
have been widely applied to analyze low-level ecosystems in the
global ocean and local seas (Son et al., 2006; Alvain et al., 2008;
Schaeffer et al., 2008; McClain, 2009; Siegel et al., 2013; Li et al.,
2018; Hammond et al., 2020).

The East Sea (Japan Sea; hereafter, EJS) is a miniature model
of the global ocean. It is characterized by diverse oceanic
phenomena, a zonally distributed subpolar front, and well-
developed warm and cold current systems, such as the East Korea
Warm Current, the Tsushima Warm Current, the Primorye
Cold Current, and the North Korea Cold Current (Figure 1;
Ichiye, 1984; Kim et al., 2001; Park et al., 2013). As the EJS is
located between the largest continent (Eurasia) and the largest
ocean (the Pacific) on Earth, it has been exposed to climate
change and global warming over a very long period of time

and has undergone rapid change in recent decades (Gamo,
2011). The linkage between large-scale and regional-scale change
should have a significant impact on the physical environment
and the marine ecosystem of the EJS. Large-scale variations in
atmospheric pressure differences between the Pacific High and its
associated wind field strengthen cold water upwelling and Chl-
a bloom off the southeastern coast of Korea (Hyun et al., 2009;
Yoo and Park, 2009; Kim et al., 2014). These extreme events
may be evidence of linkages between large-scale atmospheric
forcing and local biological responses manifested by changes in
the physical environment of the local seas (Park and Kim, 2010;
Park and Lee, 2014). Satellite ocean color data are expected to
clarify phytoplankton responses to climate change in the EJS.

The Coastal Zone Color Scanner (CZCS) of Nimbus-7 and
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) are satellite
ocean color sensors used to examine the biosphere. The Moderate
Resolution Imaging Spectroradiometer (MODIS) has generated
ocean color data since 2002 and is extensively utilized. In the seas
around Korea, complex oceanic and atmospheric conditions have
affected seasonal and interannual variations in satellite-observed
Chl-a (Yamaguchi et al., 2012, 2013; Liu et al., 2014; Wang et al.,
2015). In the study region, long-term trends and spatiotemporal
variability in Chl-a concentrations were investigated by Empirical
Orthogonal Function (EOF) analysis and linear regression (Park
et al., 2020a). Variability in the Chl-a concentration of the EJS
has been explained by the mechanisms and interactions of sea-
surface wind field, mixed layer depth, stratification, and nutrient
distribution (Yamada et al., 2004; Yamada and Ishizaka, 2006;
Kim et al., 2007; Jo et al., 2014; Lee et al., 2014; Park et al.,
2014). Changes in the physical environment play key roles in the
spatiotemporal variability of Chl-a concentrations in local seas
(May et al., 2003; Kouketsu et al., 2015; Park et al., 2020a). Wind
forcing influences the Chl-a dynamics of meso-scale eddies by
modifying wind speeds and divergence/convergence and vorticity
fields (Martin and Richards, 2001; McGillicuddy et al., 2007;
Gaube et al., 2013; Frenger et al., 2013; Park et al., 2016, 2020b).
However, none of the previous studies has addressed the spatial
distribution of the quantitative responses of satellite-observed
variations in Chl-a concentration to climate index variability in
the entire EJS region.

Therefore, it is meaningful to analyze the responses of Chl-
a concentration to elucidate the ocean color changes associated
with climate change. In addition, the seasonal cycles and long-
term trends of Chl-a variations must be estimated by excluding
seasonal to interannual variations from Chl-a concentration
variability in the EJS. The present study examined how the
response patterns of low-level ecosystems can be extracted from
highly changeable Chl-a concentration variability by considering
large-scale connectivity processes in equatorial and Arctic
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FIGURE 1 | Surface current system over the bathymetry (m) of the East Sea
(Japan Sea). Red (blue) solid lines represent warm (cold) currents. Gray solid
line indicates that surface currents are connected to deep currents. Dashed
lines represent seasonal differences and highly variable spatial distributions.
EKWC, East Korea Warm Current; NKCC, North Korean Cold Current; PCC,
Primorye Cold Current; TWC, Tsushima Warm Current. The current map is
from Park et al. (2013).

regions. The objectives of this study were to investigate annual,
semi-annual, and intraseasonal Chl-a concentrations cycles,
clarify their contributions to total variance, understand how large
interannual variations modify the estimation of long-term trends
in Chl-a concentration in the EJS, and investigate long-term
trends in sea surface wind (SSW) vectors and SST. Also this
study depicts the spatial distribution of the responses of the Chl-a
concentration to the Arctic Oscillation (AO) and the El Niño-
Southern Oscillation (ENSO), and determine their relationships
with SST anomalies in response to tropic-to-extratropic and
Arctic-to-subarctic interactions.

DATA AND METHODS

Satellite Data and Climate Index
The MODIS of the Aqua satellite has generated ocean color
variables and stable global ocean data since 2002. Remote
sensing reflectance (Rrs) and MODIS Level-2 path Chl-a

concentration data were furnished by the National Aeronautics
and Space Administration/Ocean Biology Processing Group
(NASA/OBPG) and utilized in the present study,1 with good
performances in terms of accuracy (Vogelzang et al., 2011;
Verhoef et al., 2012; Verspeek et al., 2012). To understand
the variability of Chl-a concentration in the EJS, the research
area (34–52◦N, 127–143◦E) was selected by encompassing the
southern part of the Korea and Tatar Strait in the northern EJS.
Chl-a concentration data for 2003–2020 were used. Monthly SSW
field data were obtained by taking the average of the wind vectors
at each grid and using the wind vector cell data of MetOp-
A/B ASCAT (Advanced Scatterometer) from the EUMETSAT
Ocean and Sea Ice Satellite Application Facility (OSISAF). An
understanding changes in the physical environment has been
achieved by using daily SST data from the Multi-scale Ultra-
high Resolution SST (MURSST) of the Jet Propulsion Laboratory
(JPL)/National Aeronautics and Space Administration (NASA).

A time series of the Multivariate ENSO Index (MEI) index
(MEI.v2 values) from 2003 to 2020 was used as an ENSO index
(Wolter and Timlin, 2011).2 The AO index data were obtained
from Climate Prediction Center of NOAA (CPC/NOAA) for
the study period (e.g., Thompson and Wallace, 2000). The AO
index comprised another representative climate index and their
impacts on Chl-a concentration variability was investigated.
To understand temporal variability of the climate indices, we
obtained continuous wavelet transforms (CWT) of the AO
and MEI indices using generalized Morse wavelets (GMWs)
(Olhede and Walden, 2002).

Optimally Interpolated Monthly
Chlorophyll-a Concentration Data
The typical cloud patterns of the EJS excluded data for its
eastern part along the Japanese coast especially in winter.
Near the cloud edges, highly anomalous Chl-a concentrations
occasionally appeared because of difficulties in atmospheric
correction. These problems frequently led to abnormally high
Chl-a concentrations. The few speckles detected were removed
to eliminate abnormal values (Park et al., 2020a). The Chl-a
concentration data were composited by the weighted average
method to yield L3 monthly data (Campbell et al., 1995) as
follows:

X̄ =
1

W

N∑
i=1

1
√

ni

ni∑
j=1

Xij (1)

W =
N∑

i=1

√
ni (2)

where X̄ is the weighted average of the Chl-a concentration (Xij),
W is the sum of weights, i is the time ti (i = 1,..., N), and j refers
to the jth observation at time ti (j = 1,..., ni ).

Considering the cloud coverage during summer and winter in
the study area, 3-D optimal interpolation (OI) was implemented
to obtain monthly composite maps using a spatial interval of

1https://oceancolor.gsfc.nasa.gov/
2https://www.psl.noaa.gov/enso/mei/
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4.5 km and a time interval of 15 d. The fundamental OI equation
[Chl-a (xa

k)] was derived from another equation using the
background field (xb

k), the background error covariance matrix
(B), the observation operator (Hk) connecting the model grid
to the observation locations, the observation error covariance
matrix (Rk), and the observations (yk) (Donlon et al., 2012) as
follows:

xa
k = xb

k + BHT
k

[
HkBHT

k + Rk

]−1 (
yk −Hkxb

k

)
(3)

where Rk and the background field (xb
k) were disregarded. OI

was performed by applying a cross-covariance matrix of distances
between grid points and satellite data and an autocovariance
matrix of satellite data to an observation Chl-a concentration
data matrix at each grid. The resultant monthly composite data
were nearly the same as the original MODIS data except that the
pixels with speckles were excluded.

Temporal Trend and Response to
Climate Index
Spectral analysis of Fourier transform makes it possible
to understand spectral power distribution by decomposing
temporal variations into sinusoidal functions with various
temporal frequencies. In contrast, harmonic analysis can extract
the amplitudes and phases of a given time period. For example,
the observation data y can be represented by n/2 sinusoidal
functions oscillating around the mean value, as in the following
formulation:

yt = ȳ+
n/2∑
i=1

[
Ci cos

(
2πit

N
− θi

)]

= ȳ+
n/2∑
i=1

[
Fi cos

(
2πit

n

)
+ Gi sin

(
2πit

n

)]
(4)

where Ci is the amplitude (=
√

G2
i + F2

i ), θi is the phase angle (=
arctan (Gi/Fi)), and t is time. The combination of annual cycles
from one to four cycles per year practically represents seasonal
variation. These harmonics constitute major components of Chl-
a concentration variations.

Considering these harmonics, temporal variations in MODIS
Chl-a concentration per pixel were the results of various
forcings and multifrequency oscillations such as intrinsic
intraseasonal-to-seasonal variations, long-term trends, and
interannual variations in climate indices. AO and MEI might
be the main indices affecting the physical environment and
marine ecosystem of the EJS. To extract the responses of Chl-a
concentration to the climate index, a formula including multi-
frequency variations was devised by considering the harmonics
in the equation (4). A time series of Chl-a (Chlat) per pixel
consisted of annual harmonic constituents with coefficients (a1,j,
a2,j) at four frequencies from 1 to 4 cycles yr−1 (St), a linear
trend (ω) (mg m−3 yr−1), components resonant to the AO
and MEI indices, and a constant (µ) (Weatherhead et al., 1998;

Bonjean and Lagerloef, 2002):

Chlat = µ+

4∑
j=1

[
a1,j sin

(
2πjt

N

)
+ a2,j cos

(
2πjt

N

)]
+

1
N

ωt + αEt + βAt (5)

where ω is the increasing or decreasing rate of Chl-a
concentration change (mg m−3 yr−1), N is the month number
(12), and α and β are coefficients associated with the El
Niño/Southern Oscillation (ENSO) (Et) and the AO (At) indices,
respectively. This method has long been applied and widely used
on satellite SST data to understand ocean warming. As a result of
a significance testing (Fisher, 1918), the p-values associated with
the equation (5) approach were mostly statistically significant
within the 95-percent confidence level as shown in Figure 2. The
p-values were very small for the entire EJS, and in particular,
the values reached 10−25 and 10−20 in the central part of the
EJS (Figure 2A). Almost all grids showed small p-values less
than 0.05. The pixels smaller than 0.05 accounted for 99.39%
of the total area, and larger places accounted for only 0.60%,
as indicated by a few gray dots in Figure 2A. Figure 2B shows
a histogram of the p-values, showing statistical significance
almost everywhere.

RESULTS AND DISCUSSION

Mean and Temporal Variability of
Chlorophyll-a Concentration
The bathymetry of the EJS is very deep (< 4,000 m) compared
with that of the marginal seas of the Northwest Pacific. Hence,
the seawater of the EJS is considered optically clear. Its optical
properties are determined primarily by phytoplankton and
colored dissolved organic matter (CDOM) (Mobley et al., 2004).
Variability of the phytoplankton of the EJS may be evaluated
from satellite-based Chl-a observations. The temporal mean
of optimally interpolated monthly Chl-a data for 2003–2020
revealed low Chl-a (0.3–0.4 mg m−3) in offshore regions such
as the eastern part of the Japan Basin and the Tsushima Warm
Current region (Figure 3A). Unlike the central part of the EJS,
the relatively shallow continental shelf regions showed high Chl-
a (2.0–4.0 mg m−3) along the coastal regions of the Korean
Peninsula, the Russian Primorye Coast, the Tatar Strait, and
the Japanese Coast.

Previous studies on temporal variations in the SST of the
EJS demonstrated that the oceanic features of the EJS included
a wide range of frequencies corresponding to intraseasonal,
seasonal, and annual variations over decades (Park and Chung,
1999). In addition, sea surface height data from satellite
altimetry indicated higher interannual than seasonal variations
(Choi et al., 1999). The spatial distributions of the temporal
Chl-a standard deviations demonstrated high variability (0.1–
10 mg m−3) far exceeding the mean Chl-a (Figure 3B). The
continental shelf regions and certain parts of the offshore
regions presented with high variability (5–10 mg m−3). The
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FIGURE 2 | Spatial distribution of (A) statistical significance (p-values), based on multi-variate regression, of chlorophyll-a concentration data and (B) histogram of
the p-values. Only a few statistically insignificant pixels (p-value < 0.05) are marked as gray dots in (A).

magnitude of the temporal variability was ∼2–3 times greater
than the mean values. The time-series of spatial mean Chl-a
concentrations over the entire region showed both seasonal cycles
and interannual variations (Figure 3C). The Chl-a variations with
strong temporal variability are expected to dominate on longer
time scales beyond the seasonal cycles.

Seasonal Variation and Annual
Harmonics of Chlorophyll-a
Concentration
The seasonal distribution of the Chl-a concentrations
shows that phytoplankton density significantly increased
in spring (April) relative to the other seasons (Figure 4).
In spring, the Chl-a concentration reached 10 mg m−3

mainly along the eastern coasts of the Korean Peninsula
and Russia and the Tsushima Warm Current region. In
summer (July), the Chl-a concentration declined to < 0.3 mg
m−3 throughout the entire EJS. However, when upwelling
occurred in the southeastern and eastern coast of the Korean
Peninsula in summer, the Chl-a spatially predominated
(> 1.0 mg m−3). Prevailing southerly or southeasterly
winds drove Ekman transport to the offshore by increasing
nutrient supply to the surface layers and caused the
phytoplankton to flourish. In autumn (October), Chl-a

increased again but to a much lesser extent than it did in
springtime (Figure 4).

The Chl-a of the EJS demonstrated distinct seasonality
and substantial phytoplankton bloom in spring. The temporal
variability in Chl-a (Figure 3B) was much higher than the
temporal mean Chl-a (Figure 3A) at each grid. Hence, there
might have been greater interannual variations than seasonal
changes in Chl-a. This seasonality may be calculated by applying
harmonic analyses of the frequencies corresponding to 1–4 cycles
yr−1 quantified in the second term of Equation (5). Figure 5
shows the spatial distributions of the annual and semi-annual
cycles of Chl-a variations. The amplitude of the annual cycle
(1 cycle yr−1) was in the range of 0.03–10 mg m−3 with high
frequency of 0.1–1.0 mg m−3. It was relatively small of less
than 0.3 mg m−3 over the Japan Basin north of the subpolar
front, extending zonally in the central part of the EJS, along
the southern coastal region of the Korean Peninsula near the
Korea Strait, and the southern region of the Tsushima Warm
Current (Figure 5A). The harmonic amplitudes of the semi-
annual cycle were high and greater than 1 mg m−3 along the
continental region off the Russian, the Korean Peninsula, and
western region of the Tsugaru Strait and the southeastern part of
the EJS west of Japan.

The spatial distribution of the semi-annual Chl-a cycle
resembled that of the annual cycle and resulted in spatially
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FIGURE 3 | Spatial distributions of (A) temporal means, (B) temporal standard deviations, and (C) time series of spatial means of MODIS chlorophyll-a concentration
in the East Sea (Sea of Japan) between 2003 and 2020.

dominant features (0.0–2.0 mg m−3) along the Russian and
Korean continental shelf regions and the western region of Japan.
However, the amplitude of the semi-annual cycle exceeded that
of the annual cycle because of dominant spring and autumn
phytoplankton blooms (Figure 5B). The ratio of the semi-annual
to the annual amplitude at each pixel reached a maximum of > 3
(Figure 5C). On the eastern coast of Korea, high fractions of
the semi-annual cycle appeared at similar ratios. The boundary
region of the East Korea Warm Current (EKWC) had remarkable
coastal fronts on the continental side. Another dominant region
was found north of the central subpolar front (SPF), in the zonal
direction along a latitude of approximately 40◦N (Park et al.,
2004), over the Japan Basin. Most of the northwestern part of the
EJS showed fractions > 1, implying that the semi-annual Chl-a
cycle had much higher amplitudes than the annual Chl-a cycle
in those regions. By contrast, the eastern region of the EJS had
ratios < 1. Hence, the semi-annual Chl-a cycle had equal or lower
amplitudes compared with the annual Chl-a cycle (red contour;
ratio = 1). Determination of the extent to which these seasonal
cycles account for the total variance can clarify the contribution
of non-seasonal Chl-a cycles to the annual fluctuations in the
total Chl-a variability. Figure 5D shows the distribution of the
ratios of the annual cycles (1–4 cycles per year) amplitude to the

total variance of Chl-a variability. High ratios were detected in
the central part and the TWC regions south of the SPF. Relatively
small fractions of less than 0.2 (20%) appeared near the southern
part of the EJS and along the coastlines near the land. This
means that interannual variability is greater than that of seasonal
variability in many parts of the EJS, which has not yet been
well elucidated.

Chlorophyll-a Concentration Trends
The temporal trends in Chl-a concentrations have been
investigated for the EJS region using MODIS data from 2003
to 2015 (Park et al., 2020a). However, that study adopted a
linear trend in the Chl-a anomaly data simply by removing
climatological data. In particular, large deviations from the
climatology data at the beginning or end of time series data are
likely to lead to an overestimation or underestimation of the
actual long-term change. As in the previous literature describing
the long-term estimation of SST warming (e.g., Weatherhead
et al., 1998; Bonjean and Lagerloef, 2002), the trend in Chl-
a should be calculated by considering yearly variations. We
devised Equation (5) to calculate the temporal trend in Chl-
a variation by excluding seasonal and annual Chl-a variations
caused by variability in climate indices such as AO and ENSO.
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FIGURE 4 | Seasonal distribution (mg m−3) of phytoplankton chlorophyll-a concentrations calculated using satellite MODIS data for winter (January), spring (April),
summer (July), and autumn (October) for the period of 2003–2020.

The oceanic features of the EJS appeared to markedly enhance
annual variations that could affect the magnitudes of the long-
term trends. To estimate how interannual changes contribute
to the trend value, the trend was calculated from 2003 to
2013 and by increasing it year by year until 2020, and the
differences from the existing method are quantitatively presented
in Figure 6. For the 2003–2013 period (Figure 6A), the
differences amounted to ± 0.015 mg m−3 year−1. As the period
increased, the differences between the two trends decreased

significantly. However, the differences still remained until 2020
as shown in the trend difference for the period of 2003–2020
(Figure 6H). These yearly variations signify that the interannual
Chl-a variability should be eliminated for to understand the
proper temporal trend.

The temporal trend in Figure 7A shows the trends after
excluding monthly Chl-a climatology for the given period (Park
et al., 2020a). Most trends were statistically significant (p-
value < 0.05) within the 95% confidence level The differences
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FIGURE 5 | Spatial distribution of the amplitudes of the (A) annual cycle, (B) semi-annual cycle, (C) ratios of semi-annual to annual cycles, where the red contour
corresponds to a ratio of 1.0, and (D) the ratios of the amplitudes (1–4 cycles per year) of seasonal variations to the total temporal variance of chlorophyll-a
concentrations in the East Sea (Sea of Japan) for the period of 2003–2020.
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FIGURE 6 | Spatial distribution of the differences in MODIS chlorophyll-a concentration trends (mg m−3 yr−1) between ordinary trends and trends after removing
seasonal to annual variations and (former minus latter) in the East Sea (Sea of Japan) for the periods of (A) 2003–2013, (B) 2003–2014, (C) 2003–2015, (D)
2003–2016, (E) 2003–2017, (F) 2003–2018, (G) 2003–2019, and (H) 2003–2020.

in the trends, ordinary trends minus multi-variational fitted
trends, were significant when comprising 25% of the former
trend. Specific areas with relatively high positive differences in
Chl-a variations were detected in the eastern EJS and negative
differences were detected in the western part of the EJS. Negative
values in Figure 7B confirmed that previously reported long-term
trends were considerably underestimated owing to non-seasonal
variations based on longer time scales. This finding revealed the
effects of interannual variations (expressed as climate indices)
on the temporal trends. The longer-term temporal trends in
Chl-a concentrations in Figure 7C revealed that most of the
EJS changed to a more productive status, as inferred from the
positive trends over most regions of the EJS. Especially, the
near-continental regions along the Russian Primorye, the Tatar
Strait, and the northern Korean Peninsula exhibited increasing
temporal Chl-a trends (> 0.04 mg m−3 year−1). Negative
trends, down to approximately -0.02 mg m−3 year−1, were
detected in the southern part as the EKWC and the TWC
regions (Figure 7C).

The spatial distribution of the trends until 2015 showed
remarkable negative trends on the east coast of the Korean
Peninsula. However, when Chl-a data from 2003 to 2020 were
used, it changed to positive trends that were evident in the entire
area of the EJS (Figure 7C). This means that Chl-a variations in
the EJS have changed rapidly in recent years. Therefore, the time
change in the histograms of trends was analyzed by examining
the number of grids representing positive and negative trends

throughout the EJS from 2003 to the terminated years until
2020 (Figure 8A). It can be seen that over time until 2020, the
maximum value of the histogram gradually moves to a positive
trend, as shown by the red line (Figure 8A). This trend can also
be seen in Figure 8B, with the number of grids with negative
trends decreasing over time, whereas the number of grids with
positive trends increased rapidly until 2016 and then became
constant to 2020 (Figure 8B). As a result of calculating the spatial
average in trends by period, this increased significantly from
2013 to 2016, and since then, it has shown an almost constant
pattern (Figure 8C). As shown in Figure 7C, these positive
changes were found in the northern area of the East Sea and
on the east coast of the central part of the Korean Peninsula.
Therefore, it is necessary to analyze what changes have occurred
in the physical environment over the past 18 years in the EJS.
To this end, changes in SST and SSW that can have a profound
effect on chlorophyll fluctuations over the past decades have
been investigated.

Trends in Physical Environment: Sea
Surface Temperature and Wind Field
Along With global ocean warming, the SST of the EJS also
tended to increase Over the past few decades. According to a
recent research result, specifically that the warming of the EJS Is
continuously increasing, It Was found that the air temperature
and SST in mid-latitude seas such as the EJS, in contrast,
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FIGURE 7 | Spatial distribution of (A) MODIS chlorophyll-a concentration trends (mg m−3 yr−1) for the period 2003–2015 (Park et al., 2020a) and (B) differences in
the trends, comprising oridinary trend minus multi-variational fitted trend in the East Sea (Sea of Japan) for the same period (2003–2015), and (C) trends in
chlorophyll-a concentrations for the period 2003–2020.

intermittently decreased further owing to the warming of the
Arctic Ocean in winter (He et al., 2017; Lee and Park, 2019). as
shown in Figure 9A, the SSTs of the EJS showed an increasing
rate of up to 0.09◦C in most areas of the southern EJS. Similar
to the results of Lee and Park (2019), the SST showed negative
trends of approximately -0.4 to -0.2◦C in the vicinity of 40◦N,
132◦E, the offshore regions of Primorye, and the northeastern
region of the EJS Over the past 18 years. It Can Be seen that
the SSTs of the East Sea tended to gradually increase overall in
the southern part but decreased in the northern part. Positive
(negative) warming trends occupied 66.80% (33.20%) of the total
spatial grids of the EJS. Considering this SST warming in the
southern EJS, the surface layer Is more likely to provide a further
vertically stratified environment than that in the past. However,
the fact that the SST tended to decrease slightly in the northern
part of the EJS means that nutrients, needed for phytoplankton

growth, might Have Been supplied From the lower layer to the
surface layer Over recent decades.

This long-term trend in SST variations is mainly due to heat
flux changes mediated by the SSW field. This long-term trend in
SSTs is primarily due to changes in heat fluxes owing to wind
forcing at the sea surface or the supply of heat from the surface
currents. Figure 9B shows the results of the long-term trend
in SSW, which played the most important role in SST changes.
A positive increasing rate of up to 0.04 m s−1 year−1 appeared
characteristically in the northeastern part of the East Sea. Another
characteristic positive rate appeared as 0.03 in the regions off the
central part of the Korean Peninsula. These positive wind trends
covered 46% of the entire grids. However, a negative trend (∼0.04
m s−1 year−1) appeared as far as the Japanese coast, similar
to the wind region blowing south from Vladivostok, Russia. In
particular, off the coast of Japan, a negative trend of up to -0.05
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FIGURE 8 | (A) Distribution of frequencies of temporal chlorophyll-a concentration (Chl-a) trends (mg m−3 yr−1) for the periods from 2003–2013 to 2003–2020, (B)
yearly variations in fractions (%) of positive and negative trends (red and blue colors represent positive and negative trends, respectively), and (C) mean trends as a
function of the end period.
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FIGURE 9 | Spatial distributions of the temporal trends in (A) sea surface temperatures (◦C year−1) and (B) sea surface wind speeds (m s−1 year−1), (C) monthly
variations in directional wind vectors (m s−1) from January to December, and (D) directional trends in wind vectors (m s−1 year−1) in the East Sea (Japan Sea) from
2003 to 2020, where the background image represents the mean wind speeds.
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m s−1 year−1 appeared as the wind speed weakened during the
period from 2003 to 2020.

To understand the characteristics of temporal changes in wind
forcing in more detail, the temporal trend in the wind direction
vectors was also analyzed. As can be seen from the change
in the monthly wind direction vectors in Figure 9C, the East
Sea had strong seasonal variability with prevailing southerly or
southeasterly winds in summer and northerly winds in winter. In
Figure 9B, it is necessary to analyze the types of wind changes
that have been derived from long-term trends in wind speed.
It is also important to investigate which components of the
wind direction vectors are driving strong and weak trends in
the East Sea. To answer this question, we calculated the long-
term trend in wind vectors. Figure 9D shows the directional
trend of wind vectors based on the spatial distribution of the
long-term mean of SSW speed for 2003–2020. In the offshore
region off Russian Primorye, strong positive trends off the coast
of Russia were associated with the northerly wind vectors. It
could be confirmed that the strong positive trends in wind speed
off the eastern coast of the Korean Peninsula (Figure 9D) were
led by the westerly winds from land to the east. However, in
the southern and central parts of the EJS, the southerly wind
component was found to increase in a wide area where the wind
speeds were weakened over time. As a result of analyzing these
wind speed and wind direction trends, the northerly winds were
determined to likely be closely related to the AO, which is the
leading representative interannual change in winter. Therefore, it
is necessary to investigate the relationship between the AO index
and wind speeds and to analyze the chlorophyll concentration
response according to AO variations.

Spatial Distribution in Chlorophyll-a
Responses to Arctic Oscillation
Wind Speed and Sea Surface Temperature
Distribution During Winter Arctic Oscillation Periods
Previous literature has demonstrated that the AO had substantial
effects on mid-latitude regions, especially in the winter Positive
AO phases, which are associated with weaker winter monsoons
and higher air temperatures (He et al., 2017). Negative AO phases
are associated with stronger winter monsoons and lower air
temperatures (He et al., 2017). In a positive AO phase, meridional
air meandering weakens and the polar jets seldom extend to
mid-latitude regions. It has been mentioned that a prerequisite
of weak winds in winter can be conducive to Chl-a blooms in
spring (Park et al., 2020a). To investigate how the influence of
AO appeared during the study period (2003–2020), the trend
in wind speeds was analyzed by selecting the periods when the
absolute value of AO was greater than 1. First, when the AO was
in the positive phase, wind speed anomalies were mostly negative
for approximately 98.12% of the entire EJS (Figure 10A). The
wind speed anomalies were much lower, by -1.5 m s−1 in the
southern part of the East Sea along a northwesterly wind direction
in winter. However, in the negative AO phase, the positive wind
speed anomaly, approximately up to 1.2 m s−1, occupied most of
approximately 86.76% of the EJS, showing a completely opposite
tendency to that of the positive AO phase (Figure 10E).

The change in wind speed with respect to the change in
AO can be identified by the histogram distribution as shown in
Figure 11A. When the AO index is greater than + 1, the SST
anomaly showed warming with positive values occupying 87.66%
of the total area (Figure 10B). However, a negative AO produced
opposite anomalies to those of the positive AO. The histogram of
SST anomalies (Figure 11B) shows that there is an overall shift in
the maximum frequency depending on the sign of the AO index.
In particular, the coastal regions off the coast of North Korea
showed strong negative SST anomalies (< -0.7◦C) during the
negative AO period (Figure 10F).

Spatial Distribution of Chlorophyll-a Concentration
During Winter Arctic Oscillation Periods
These SST and wind responses showed similar results to those of
previous studies (He et al., 2017). In this study, the responses of
the Chl-a concentration to the two phases of AO were analyzed.
As a result of comparing Figures 10C,G, the chlorophyll
concentrations during the positive AO phase were slightly higher
than those during the negative AO phase. This seems to be
related to relatively lower wind speed anomalies and warmer
SSTs as shown in Figures 11A–C. In the case of a positive
AO, 10% of the total area had positive Chl-a anomalies of
approximately + 1 mg m−3, and in the negative case, it was
reduced to 4.8% of the total area. These results are consistent
with our hypothesis. It could be possible that increased in wind
speed alter the supply of nutrients, such as nitrates, phosphates,
and silicates, to the surface layer before the onset of the spring
bloom. These nutrients generally provide favorable conditions
for phytoplankton photosynthesis. However, extremely strong
winds have the opposite effects on the abundance of Chl-a
concentration. They might deepen the mixed layer and suppress
photosynthesis by reducing the number of photons in the surface
layer (Park et al., 2020a). The northern part of the EJS has
sufficient nutrients as it is relatively less stratified and well
mixed vertically in winter. Thus, the positive AO phase might
augment Chl-a responses. To examine whether this effect of
AO variability persists through spring, long-term averages of
Chl-a concentration values from March to May 2003–2020 are
plotted for positive and negative AO indices in Figures 10D,H.
However, the Chl-a concentration was conversely found to
be more prosperous in spring when the AO was negative
(Figures 10H, 11D). Thus, such immediate responses of the
physical environment to the AO variations did not appear to last
long until spring. Many other factors such as light conditions,
stratification, nutrients, the entrainment process of the mixed
layer, and other external forcing are presumed to interact with
each other to derive the complicated spring bloom.

Spatial Distribution of Chlorophyll-a Concentration
Responses to Arctic Oscillation Index Variations
Figure 12A shows the Chl-a response to the AO variations over
the entire period, specifically β in Equation (5), regardless of a
positive or negative phase. Most of the EJS showed a positive
response to the Chl-a concentration, such as the northeastern
part of the EJS, south of Vladivostok, and the Tsushima Warm
Current regions. This means that Chl-a increases during positive
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FIGURE 10 | Spatial distributions of the (A) mean wind speed anomaly, (B) sea surface temperature (SST) anomaly, and (C) chlorophyll-a concentration (Chla)
anomaly averaged over the periods of the positive AO index (> 1) in winter (December, January, and February) and (D) Chl-a anomaly in spring (March–May). (E–H)
Are the same as (A–D) for the negative phase of AO (< -1).

AO periods. Conversely, a negative response exceeding -0.2 mg
m−3 appeared prominently in the North Korean coastal region.
This suggests that in some small local regions there may
be an opposite responses with decreasing (increasing) Chl-a
concentrations during positive (negative) AO periods. In general,
positive Chl-a responses occupying most of the EJS indicate
possible links to low wind speeds during the positive AO phase.

Since there are various mesoscale eddies and warm and cold
currents under a complicated environment in the EJS (Figure 1),
the spatial response of Chl-a to AO might appear with various
spatial structures. It could also be attributed to the strong
temporal variability of the AO. As shown in Figure 12B, the AO
index exhibited high variability over time. Significantly negative
AO index values (-4 to -3) were observed in February 2010 and
again in March 2013. In contrast, there were high positive AO
indices as peaks in December 2007, April 2013, and February
2020. As a result of analyzing the wavelet of this AO index,
most of the AO fluctuations were found to be limited to short
periods of less than 1 year (Figure 12C). In particular, the
inter-annual fluctuations were very large, as was the case when
high spectral energy of AO index variability emerged in 2011.
Despite the complicate spatial structure, the Chl-a responses to

the AO variations had similar directionality depending on the AO
signs (Figure 12A).

Spatial Distribution of Chlorophyll-a
Response to El Niño-Southern
Oscillation
Sea Surface Temperature Distribution During El Niño
and La Niña Periods in Summer
The ENSO has a profound impact on not only the
global oceans but also regional seas. It influences the
interannual variations of physical environment in the
local seas through oceanic and atmospheric interactions,
which is expected to eventually affect biological Chl-a
concentration responses during ENSO periods. In the EJS,
the ENSO affects the various environment, especially in
summer and winter rather than spring. Therefore, in this
study, we focused on the ENSO-induced SST change in
summer, avoiding the winter change in which AO index
variations are dominant.

First of all, we investigated the SST anomalies of the EJS
during summer (June, July, and August) with absolute ENSO

Frontiers in Marine Science | www.frontiersin.org 14 March 2022 | Volume 9 | Article 807570

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-807570 March 16, 2022 Time: 14:56 # 15

Park et al. Spatial Distribution of Satellite Chlorophyll-a

FIGURE 11 | Histogram of the (A) wind speed anomaly, (B) sea surface temperature (SST) anomaly, and (C) chlorophyll-a concentration (Chl-a) anomaly averaged
over the periods of the positive AO index (> 1) in winter (December, January, and February) and (D) Chl-a anomaly in spring (March–May).

indices (| MEI| > 1). Figure 13A shows the spatial pattern
of the SST anomalies during the El Niño events in summer
(June–August). More than half of regions (54.75%) had negative
anomalies down to -1.5◦C over extensive areas of the southwest
and northeast EJS. There are weakly positive SST anomalies
of approximately 0.5–1.0◦C in the near-coastal region of the
Primorye, the northern Tatar Strait, and the Yamato Basin.
However, during the La Niña period, the SST anomaly had a
maximum of 1.5◦C and was positive in most regions of the

EJS, accounting for 90.94% of the total area (Figure 13B).
Large positive anomalies of 1◦C or more were distributed
in the vicinity of 134◦E north of the SPF along a latitude
of 40◦N. During El Niño events in the summer, the SST
anomalies of the EJS were inversely proportional to those of
La Niña (Figure 14C). That is, as the SST decreased, the Chl
concentration showed a tendency to conversely increase with
a rate of -0.012 mg m−3◦C (p-value = 0.0010). This distinct
difference in the SST environment between El Niño and La
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FIGURE 12 | Spatial distribution of (A) response features of MODIS chlorophyll-a concentration variations to the Arctic Oscillation (AO) index in the East Sea (Sea of
Japan), (B) AO index time series, and (C) wavelets of AO index variations from 2003 to 2020.

FIGURE 13 | Spatial distribution of sea surface temperature anomalies averaged for the periods of (A) El Niño (ENSO index > 1) and (B) La Niña (ENSO index < -1)
in the East Sea (Sea of Japan) in summer (June–August) from 2003 to 2020.
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FIGURE 14 | Spatial distributions of MODIS chlorophyll-a concentration anomalies averaged for the periods of (A) El Niño (ENSO index > 1) and (B) La Niña (ENSO
index < -1) in the East Sea (Japan Sea) in summer (June–August) from 2003 to 2020. (C) Sea surface temperature anomalies (SSTA) during El Niño (ENSO
index > 1) against SSTA during La Niña (ENSO index < 1) in the entire region of the East Sea (Japan Sea) in summer (June–August) from 2003 to 2020 and (D)
chlorophyll-a concentration anomaly as a function of the SST anomaly for high amplitude (|MEI|> 1) ENSO periods for the same period of (C). Error bars represent
the mean error (σ/

√
N − 1, σ: standard deviation, N: the data number) within a given interval.

Niña in summer is expected to influence changes in the Chl-
a variations.

Chlorophyll-a Concentration Distribution During El
Niño-Southern Oscillation Periods in Summer
To investigate the overall relationship between SSTA and Chl-a
anomaly patterns during ENSO periods, we derived the temporal
means of the Chl-a anomalies for both El Niño and La Niña

periods. Figure 14 shows the means of the Chl-a anomalies based
on the high amplitudes of MEI indices during the El Niño (> 1)
and La Niña (< -1) periods, respectively. During the El Niño
period in summer, the Chl-a anomaly showed positive values
in the entire EJS and enhanced local Chl-a increase along the
Primorye Coast (> 45◦N), amounting to 0.5 mg m−3, and in
the southwestern part at lower latitudes < 38◦N (Figure 14A).
Most areas (76.78%) showed positive responses. During El Niño
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FIGURE 15 | Spatial distribution of (A) the responses of MODIS chlorophyll-a concentration variations to the ENSO index in the East Sea (Japan Sea) for
2003–2020, (B) ENSO index time series, and (C) wavelet of the ENSO index variations.

events, negative responses of Chl-a appeared along the coasts
of the Korean Peninsula, coastal region of Japan, and west of
Sakhalin Island. Except for these coastal areas of the EJS, the
positive responses were predominant in most central areas.

On the other hand, the Chl-a anomalies in response to
the La Niña events with MEI < -1 yielded relatively negative
values and lower amplitudes than those during the El Niño
period. During the La Niña period, Chl-a increased only in
11.66% grids of the total area, and most areas in the central
part of the EJS showed a weak negative response about -
0.2 mg m−3 (Figure 14B). In the Russian coast, there were
negative responses as opposed to positive responses during
the El Niño period. Opposite responses with different signs
were detected at the coastal upwelling region at 35–37◦N
latitudes off the southeastern coast of Korea. This region is
well known for coastal upwelling with significantly low SST
differences > 15◦C from ambient sea waters. This phenomenon
was induced by southerly or southeasterly winds at the southeast
coastal region in summer (Figure 9). The wind field varied widely
in terms of speed and direction in July. This wind field and
its associated upwelling provide nutrient-rich cold waters near
the surface and result in Chl-a bloom (Byun and Seung, 1984;
Lee and Na, 1985; Yoo and Park, 2009; Park and Kim, 2010;
Kim et al., 2014).

Figure 14D supports this relationship between the Chl-a
response and the SST anomaly in summer during the El Niño/La
Niña periods. The Chl-a anomaly variations were negatively
correlated with the SST anomaly changes induced by ENSO

variability during dominant ENSO events (for | MEI| > 1). These
features coincide with the SSTA and Chl-a distributions shown
in Figures 13, 14. The overall linear tendency implies the role
of SST anomalies in the responses of Chl-a during ENSO events.
As the SST decreased, the Chl concentration tended to increase
in an inverse rate of -0.012 mg m−3◦C (p-value = 0.0054). The
correlated responses indicate the effects of SST anomalies on
Chl-a variability in summer during ENSO periods.

Spatial Distribution of Chlorophyll-a Concentration
Responses to El Niño-Southern Oscillation Index
Variations
Figure 15A shows the spatial distributions of Chl-a responses
expressed by the coefficient α in Equation (5) as the responses
of Chl-a to ENSO index variability, regardless of the season and
magnitude of ENSO. Most of the responses were in the range of
-0.2 to 0.2 mg m−3 relative to the ENSO index (-2.43 to 2.21), as
shown in Figure 15B. The time series of the MEI index had high
interannual variations at frequencies longer than 1 year, as shown
in the wavelets (Figure 15C), which was quite different from
the wavelets with intra-seasonal periods of AO index variations
presented in Figure 12C.

In more than half of the EJS area (58.71%), the Chl-a
concentration showed a positive response to the positive ENSO
index (Figure 15A). In particular, the positive responses were
widely distributed in the northeastern part of the EJS. This
means that this region produced increased Chl-a concentrations
during the El Niño period. In contrast, this region tended to
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give rise to decreased Chl-a during the La Niña period with
increased SST warming in summer. Positive responses of 0.2 mg
m−3 were also found along the central coast of the southern
Korean Peninsula where upwelling occurred every summer.
Relatively cooler SSTs might contribute to positive Chl-a blooms
by reducing stratification that is favorable for the nutrient supply
under oligotrophic conditions in summer. However, the opposite
negative response could be also observed in the western part of
the EJS with a lower Chl-a concentration in the coastal regions
during El Niño events.

Potential Causes and Further Study on
the Trend in Chlorophyll-a
Concentrations
In this study, we investigated the response pattern of Chl-a
concentration variability to the climate index using multivariate
regression. We considered long-term trends and multifrequency
variations in Chl-a concentrations. However, other factors affect
the temporal variability of Chl-a concentrations in the EJS
including mixed layer depth, SSW forcing, wind mixing, Ekman
pumping and transport, euphotic layer and vertical stratification,
and surface currents (Kim et al., 2000; Yoo and Kim, 2004;
Onitsuka and Yanagi, 2005; Park et al., 2006, 2014; Onitsuka
et al., 2010). Atmospheric and oceanic conditions generate
an integrated physical environment contributing to variability
in Chl-a concentrations. In addition, the dynamics of nitrate
and phosphate supply to the euphotic layer play key roles in
phytoplankton growth. Combined environments influence Chl-
a blooms through physical and biogeochemical processes. Details
of the relationships between Chl-a concentration variability and
physical forcing in the EJS have already been presented and
discussed in other studies (e.g., Yamada et al., 2004; Yamada and
Ishizaka, 2006; Park et al., 2020a).

This study presented Chl-a concentration variability in terms
of two representative climate indices and long-term trends.
The detailed physio-biogeochemical processes involved in its
cause require further investigation. The EJS has been subjected
to dynamic atmospheric changes from AO variations in the
polar region. Hence, the temporal variations in Chl-a should
reflect changes consistent with recent Arctic warming. The
present study focused on long-term trends and their relationships
with two representative climate indices. These associations
have seldom been examined in previous studies, especially in
terms of their spatial distributions. The response patterns of
Chl-a concentration distribution to AO and ENSO variability
might help to clarify Chl-a concentration dynamics and spatial
distribution in response to climate change. Recently, the central
Pacific type of ENSOs have increased in frequency and could
affect the variability of atmospheric and oceanic conditions and
low-level marine ecosystems in the regional seas (Yeh et al.,
2009; Lee and McPhaden, 2010). However, this study did not
divide the ENSOs because of the relatively weak responses of
variability in Chl-a concentrations in the mid-latitude region
and relatively short period of the satellite Chl-a database. For
this reason, the present study focused on the features of Chl-a
variations in summer when the physical environmental changes

were dominant between El Niño and La Niña periods. Future
studies should analyze more detailed linkage processes based on
extensive in situ observations in the EJS.

CONCLUSION

In this study, temporal changes in chlorophyll concentrations
were understood by dividing them into seasonal and
intraseasonal seasonal variations, AO and ENSO index
variations, and long-term trends in Chl-a concentrations
by multivariate regression. The interannual variations in Chl-a
concentrations in the EJS were much higher than the seasonal
variations. Chl-a concentrations have been increased throughout
the EJS over the past 18 years (2003–2020), especially north
of the SPF. This trend is markedly different from the trends
revealed in previous studies on the magnitude and spatial
distribution of Chl-a concentrations. It is inferred that the
recent changes in the Arctic Ocean had a significant effect
on Chl-a variability. This study also revealed that the wind
speed and SST of the EJS responded oppositely according to
the sign of the AO index, which have led to eventual Chl-a
responses. In particular, the SSWs tended to increase in the
northeastern part of the EJS. Analysis of the wind vector
trend showed that the northerly wind components have
been strengthened, and the westerly winds were intensified
off the eastern coast of the Korean Peninsula as well. There
was an inverse correlation between the SST anomaly and
Chl-a concentration anomaly of the EJS in summer during
El Niño and La Niña periods. This was confirmed as the
ENSO index variability affected the interannual variation
in chlorophyll concentrations in the EJS. As a result of
analyzing long-term trends along with seasonal changes in
Chl-a concentration variability in the EJS, this study showed
that climate index variability in the equatorial Pacific and
Arctic oceans affected the low-level ecosystems of the local
seas through an ocean–atmospheric connection. For a more
in-depth understanding of Chl-a variability, a longer period of
satellite data is needed to investigate the relationship between
the Chl-a responses and the physical environment and to
perform a more comprehensive analysis by considering other
climate indices.
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