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Abstract

Chlorophyll-a (chl-a) concentration is an important indicators of marine
ecosystem. Satellite-observed chl-a concentrations can be used to understand the
relationship between the physical environment and biological changes in the ocean.
This study quantitatively analyzed air-sea interactions over the mesoscale eddy in
the East Sea using the chl-a concentration data from oceanic satellite observations
and attempted to develop a better understanding of the relationship between changes
in the physical environments and spatio-temporal chl-a variation characteristics.
In order to utilize the chl-a concentration data obtained by ocean color remote
sensing for analysis, Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Moderate
Resolution Imaging Spectroradiometer (MODIS)-Aaua and Geostationary Ocean
Color Imager (GOCI) data were verified throuhg comparison with the in-situ data.
To eliminate any anomalous high values in the satellite data, speckle detection and
removal techniques optimized for each satellite and the East Sea were developed and
applied.
To identify ocean-atmosphere interactions within a few hours over the
mesoscale eddies in the East Sea, the surface current field rotating clockwise from
the GOCI chl-a concentration image was calculated. The current speed of eddies
reached its maximum value at the position where the distance ratio from the center
of the eddy to the edge averages 0.75. The magnitude of the surface current field
changed over time while maintaining its radial structure. The change in estimated
current speed over mesoscale eddies exhibited a quadratic relationship with wind
speed change.
Short-term biological responses over the mesoscale eddies due to air-sea
interactions were investigated using GOCI chl-a concentration data, satellite
i

scatterometer wind data and sea surface temperature (SST) data. Over warm,
clockwise rotating eddies, the sea surface wind (SSW) field enhancement was about
30% due to change in the stability of the marine atmospheric boundary layer. The
SSW field, modified by the mesoscale eddies, showed positive and negative Ekman
pumping (EKP) on the left and right sides of the upwind direction, respectively. EKP
velocity was divided into three components according to the wind stress term:
relative stress inducing term, vortex draft inducing term, and sea surface temperature
gradient inducing term. The short-term change of chl-a concentration showed a
positive correlation with EKP distribution. In addition, the EKP induced by the SST
gradient around eddies accounted for approximately 76% of the total variation of
EKP in the East Sea higher than that of the oceans.
Using SeaWiFS and MODIS data, the spatial and temporal variability of chl-a
concentration was analyzed for 20 years from 1998 to 2017 to investigate interannual variability and its causes in the East Sea. Overall chl-a concentration
increased in the period of 2003-2017 compared to 1998-2007. Spatial variability in
the Russian coastal area was significantly different between the SeaWiFS period and
the MODIS period. During the SeaWiFS period, the amplitude of chl-a variation was
significant from April to May, while the period of similar chl-a variation occured
earlier in the year, from March to April, in the MODIS data set. These variations of
chl-a amplitude was associated with climate change. The beginning and maximum
point of spring bloom varied year to year, and the beginning of bloom was positively
correlated with the wind speed in February. In both periods, the trends were high in
the eastetn coast of the East Sea and Hokkaido coast. In contrast to SeaWiFS period,
the MODIS observation period witnessed a negative trend on the southern coast of
the Korean Peninsula, and a high trend in the northern part of the East Sea and in the
Primorye coastal region of Russia. These changes were attributed to oceanic wind,
stratification and sea ice produced near the Tatar Strait. The inter-annual variability
ii

of chl-a concentration was highly correlated with the index of climate change
(Multivariate ENSO Index, MEI).
This study revealed the structure and diurnal variation of the surface oceanic
current field, the effect of sea surface wind on the diurnal variation of the current
field, and biological responses to the air-sea interactions over the mesoscale eddy in
the East Sea within a short-time. The spatio-temporal variation of chl-a
concentration in the East Sea over the past two decades was analyzed and its
relationship to the climate change and the physical environment waw discussed. This
research nearly spans the entire operating period of the chl-a concentration derived
ocean color sensor. It was possible to scrutinize the spatio-temporal variability of
chl-a concentration more than other studies by utilizing appropriate composite
techniques. Based on the result of this study, it is anticipated that significant progress
will be made in understanding the mechanism of the mesoscale ocean phenomenon,
and predicting changes in the marine ecosystem in response to climate change. On
the other hand, further studies are needed to analyze the mesoscale eddy under
different circumstances, and develop the technique of merging various sets of
satellite data.

Keyword: ocean color remote sensing, chlorophyll-a concentration, the East Sea,
mesoscale eddy, air-sea interaction, Ekman pumping
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1. Introduction
Ocean color remote sensing has been used to explore the ocean since the launch
of the first ocean color sensor, the Coastal Zone Color Scanner (CZCS), in 1978.
Chlorophyll-a (chl-a) concentration is the only biological component conducive to
remote sensing. Ocean color sensors can observe. Satellite-based ocean color
research has revolutionized biological oceanography and allowed for chl-a
concentration to be measured across oceans with reliable accuracy. In addition, many
fields of oceanography such as biogeochemistry, physical oceanography, oceansystem modelling, fisheries, and coastal management have also utilized the results
from ocean color missions (IOCCG, 2007). Ocean color research is becoming
increasingly important to understanding the relationship between primary production
and climate change, which can influence carbon dioxide concentrations in the ocean
(Campbell and O’Reilly, 1988; Behrenfeld et al., 2001; Gregg et al., 2003).
The CZCS operated until 1986, when it was replaced by the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), which observed global ocean color distributions
from 1998 to 2010. Many researchers have long utilized SeaWiFS ocean color data
to understand the spatial and temporal variability of chl-a concentration associated
with climate change (e.g. Murtugudde et al., 1999; Doney et al., 2003; Yoder and
Kennelly, 2003; Bosc et al., 2004). Near polar-orbit, ocean color sensors such as the
Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua (hereafter MODIS)
and Medium Resolution Imaging Spectrometer (MERIS) have followed the
SeaWiFS. Figure 1.1 highlights the major ocean color programs from CZCS to
current technologies. Among them, MODIS has operated stably since 2002 and has
accumulated the longest time series data by a single ocean color sensor. These ocean
color sensors have produced an abundance of information that can be used for a
variety oceanic research applications.
1

The world’s first geostationary ocean color observation satellite, Geostationary
Ocean Color Imager (GOCI), was launched in 2010 to monitor the seas around the
Korean Peninsula. GOCI has collected data with a relatively high spatio-temporal
resolution (~500 m at 1-hour intervals) compared to the existing near polar-orbit
sensors. It is anticipated that GOCI’s ability to conduct hourly observation will be a
breakthrough for the study of marine ecology.
Because remotely sensed chl-a concentrations are estimated empirically,
algorithm errors must be considered (Bailey and Werdell, 2006; Hooker and McClain,
2000; Hooker et al., 2007; Sauer et al., 2012). Satellite-derived chl-a data is typically
validated by comparing it to the chl-a data derived from in-situ remote sensing
reflectance (Rrs) using same algorithm as ocean color satellite. Although validation
results exist on a global scale and for some seas, sea water characteristics that
determine the pattern of Rrs are different for each sea. Anomalously high values,
also called speckle, have been often observed in satellite chl-a concentration data
and can be induced at various points in ocean color remote sensing methodology.
The presence of speckle errors can significantly affect the accuracy of the spatiotemporal variability of chl-a concentration results. Since speckle occurrence seems
to depend on the observation location, season, and sensors, its relevant
characteristics must be analyzed to detect and remove any errors in the chl-a
concentration data (Park et al., 2013). For this reason, an assessment of the potential
impact of speckles on the study area should be conducted prior to the start of marine
ecosystem research to ensure that the remote sensing data will be reliable.
The East Sea is a semi-enclosed marginal sea connected to the Pacific Ocean
that is characterized by a deep basin (> 3000 m) and relatively low and narrow straits
(< 300 m). The Tsushima Warm Current (TWC) intruding through the Korea Strait
flows northward in the southern area, and the Liman Cold Current (LCC) and North
Korea Cold Current (NKCC) flow southward along the Russian and North Korean
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coast, respectively, in the northern area of the East Sea (Figure 1.2). In the winter, a
strong circulation is formed in the north of the East Sea through the convection
caused by cold-air outbreaks (Talley et al., 2003; Marshall and Schott, 1999).
Summer is influenced by relatively weak, southerly-dominated, seasonal winds. This
environment forms a strong thermal boundary, known as a subpolar front, in the
central East Sea with various mesoscale features. The East Sea is referred to as a
small ocean due to the dynamic similarities it shares with oceans (Ichiye, 1984; Kim
et al., 2001).
Mesoscale eddies are common features on the ocean surface and are present
over 25–30% of their total surface area (Chaigneau et al., 2009; Chelton et al., 2011a).
These mesoscale features have an important function in the climate system due to
their role in water mass and heat transport (Roemmich and Gilson, 2001); most of
the kinetic energy circulating within oceans is contained in the ubiquitous mesoscale
eddies (Grachev et al., 1979; Fu et al., 2010). They are also important to marine
ecosystems as they act like a biological pump that enables the vertical transport of
nutrients to surface waters and alters euphotic zones (e.g., Falkowski et al., 1991;
McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998; Oschlies, 2002;
McGillicuddy et al., 2007; Siegel et al., 2008; Klein and Lapeyre, 2009; Jose et al.,
2014; Lin et al., 2014). Thus, eddies have considerable physio-biogeochemical
importance, and understanding the mechanisms involved in air-sea interaction over
them is critical for assessing the effect of the sea surface wind (SSW) field on upperocean ecosystem production.
Previous studies have exhibited limitations with regard to evaluating the
following: short-term (hourly) variations and dynamics, the biophysical processes of
mesoscale eddies, the spatio-temporal variability of chl-a concentration trends
(spatial distinction), and biological responses to wind modification and air-sea
interaction.
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Overall, the objectives of this study are:
(1)

to validate and correct the ocean color data

(2)

to derive the current field over the mesoscale eddy and its radial
structure

(3)

to investigate the hourly variation of the current field and the effect of
wind forcing

(4)

to analyze the short-term biological response on the eddy and windinduced Ekman pumping

(5)

to investigate the spatio-temporal variation of chl-a concentration over
the past two decades

(6)

to elucidate the relationship between chl-a concentration and changes
in the physical environment

Thus, these studies are composed of an evaluation of both short- and long-term
chl-a concentration variations as a response to air-sea interactions and physical
environmental change. The schematic flow of the scope of this study is shown in
Figure 1.3.
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Figure 1.1. Ocean color programs with operation agency.

Figure 1.2. Current system in the northwestern Pacific (from Park et al., 2013b; Park et
al., 2017).
5

Figure 1.3. Schematic flow of the scope of this study.

6

2. Satellite Data Validation and Correction
2.1. Introduction
As phytoplankton is a major contributor to ocean surface color, oceanic optical
measurements

from remote sensing could successfully quantify

in-situ

phytoplankton chl-a concentration on a global scale (O’Reilly et al., 1998). However,
because satellite observation is an indirect measurement method, its results may
differ from the true values. Each ocean color sensor possessing a different observing
system must undergo an individual verification process. Although the operating
agency for each sensor can provide global satellite-to-in-situ validation results of
reliable accuracy, the optical properties of local seas are distinct from the global
ocean and require an independent assessment process. The OCx algorithm for
remotely sensed chl-a concentration from O’Reilly et al. (2000) is based on oceanic
(

optical properties using the Rrs ratio of blue (

)) to green light (

)

where x stands for the number of bands used in the algorithm. The chl-a algorithm
based on the OCx form is expressed by (2.1) as

log

ℎ–

=

where the regression coefficients

+∑

(log (

to

(

)

))

(2.1),

are determined empirically for each

satellite.
Research has indicated that ocean color sensors are capable of producing
speckle—anomalously high chl-a concentration values that clearly contrast with the
majority of chl-a concentration values in a normal region (Hu et al., 2000; Hu et al.,
2001; Patt et al., 2003; IOCCG, 2004; Chae and Park, 2009). Ten-year SeaWiFS data,
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collected from 1998 to 2007, revealed that speckles of anomalously high
concentration were randomly distributed throughout the entire study area (Park et al.,
2013). While the MODIS ocean color data exhibits a reduced and largely
unobservable number of speckles (Esaias et al., 1998), the MODIS chl-a
concentration data contained unexpected values. GOCI also generated abnormally
high chl-a values.
Although atmospheric corrections have been applied to Level-1 satellite data,
unpredictable errors can appear in the Level-2 ocean color images (Park et al., 2012).
Generally, speckle error should be entirely removed to improve data quality before
further scientific analysis is performed. The speckles may or may not be ignored
depending on the research topic. In studies such as this one that focus on the temporal
variations of chl-a concentration, the speckle values become significant.
In this study, the ocean color data were validated using in-situ data, the causes
and characteristics of speckles were analyzed, and the speckle detection and removal
scheme was developed and applied to each satellite Level-2 chl-a concentration data.
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2.2. Data and Methods
2.2.1. Satellite Chlorophyll-a Concentration Data
SeaWiFS was launched in 1997 on OrbView-2 with eight spectral bands of six
visible (412, 443, 490, 510, 555, 670 nm with a 20-nm bandwidth) and two nearinfrared (NIR) (765, 865 nm with a 40-nm width) channels, as a continuation of the
CZCS experiment. The Level-2 global area coverage (GAC) path data have a spatial
resolution of approximately 4.6 km. The Level-3 data with about 9 km resolution are
derived from Level-2 path data after composition for a specific period such as a day,
week, month, or year (Hooker et al., 1992; Campbell et al., 1995). MODIS, launched
in 2002, is aboard the Aqua satellites with thirty-six spectral bands that range in
wavelength from 400 nm to 14.4 µm. The spatial resolution is about 1 km for Level2 path data, and either 4 km or 9 km for Level-3 data. SeaWiFS and MODIS data
were obtained from the National Aeronautics and Space Administration (NASA),
Goddard Space Flight Center (GSFC), and the Distributed Active Archive Center
(DAAC).
GOCI was launched in 2010 on board the Communication, Ocean, and
Meteorological Satellite (COMS). Centered at 36 °N and 130 °E, this sensor covers
a 2500 × 2500 km area of sea around the Korean Peninsula. It observes eight times
daily from 9 a.m. to 4 p.m. (local time) through a 16-slot step and stare scanning
method with six visible (412, 443, 490, 555, 660, and 680 nm) and two NIR channels
(745 and 865 nm). GOCI Level-2 chl-a data of ~500 m spatial resolution are
distributed by the Korea Institute of Ocean Science & Technology (KIOST) and
Korea Ocean Satellite Center (KOSC). The specifications of each sensor are
summarized in Table 2.1.
To validate and apply the speckle process, SeaWiFS Level-2 GAC path chl-a
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concentration data of reprocessing version 2014 (R2014) were collected within the
region of 34–52°N, 127–143°E in the East Sea from 1998 to 2007. The operational
life of SeaWiFS ended in 2010, however, because the data quality became unstable
after 2008, only data up until 2007 is used. MODIS Level-2 chl-a concentration path
data of R2014, obtained in the East Sea from 2003 to 2017, are also used. GOCI
Level-2 chl-a data, processed by the GOCI Data Process System (GDPS) 2.0 were
collected from 2011 to 2017 to analyze the data characteristics. Each band and
coefficient used in the algorithm for each sensor is described in Table 2.2. The
coefficients of the OC4 and OC3M algorithms for SeaWiFS and MODIS data
respectively, were derived from the NASA bio-Optical Marine Algorithm Data set
(NOMAD) version 2 (Werdell and Bailey, 2005). In the case of the OC3 algorithm
for GOCI chl-a, the coefficient was derived by Kim et al. (2016).

Table 2.1. Specifications of ocean color sensors used in this study.

Table 2.2. Coefficients for satellite chlorophyll-a concentration retrieval algorithm.
10

2.2.2. Field Observation Data
The series of in-situ measurements used were obtained from SeaWiFS BioOptical Archive and Storage System (SeaBASS) maintained by the NASA Ocean
Biology Processing Group (OBPG) (Hooker et al., 1994; Werdell et al., 2003) to
support and sustain scientific analysis. Satellite points of the match-up values are
derived from 5 × 5 window pixels centered over the location of the in-situ
measurement area. The closest pixel to the in-situ measurement point does not have
to be clear as long as there are sufficient valid pixels in the window to meet the
homogeneity requirement (Bailey and Werdell, 2006).
Surface reflectance and in-situ chl-a concentration values for the validation of
GOCI data were also collected through field observations. Surface reflectance was
measured three times at each station using a spectroradiometer. The measured
radiance is converted to Rrs as follows:

(λ) =

Where

(λ)
(λ)

=

(λ)

(λ)×
(λ)

(λ) is the radiance backscattered out of the water at a wavelength λ,

is the downward irradiance above the sea surface,
radiance,

(2.2),

is the sky radiance, and

is the total water-leaving

is the Fresnel reflectance coefficient

between the water and atmosphere. The Fresnel reflectance coefficient was
suggested to be 0.025 for the seas near the Korean Peninsula (Ahn, 1990). From the
measured Rrs, chl-a concentration could be retrieved with the OC3 chl-a retrieval
algorithms for the GOCI match-up database (Table 2.2).
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2.2.3. Detection and Removal of Speckles
The operation agencies of the ocean color sensors distribute the data flags that
are used to indicate the quality of Level-2 ocean color products. The flags should be
considered before speckle detection is undertaken. Several flags that were excluded
in globally-binned Level-3 products were applied in the speckle detection scheme.
The flag list for SeaWiFS and MODIS suggested by NASA/OBPG and applied in
this study is as follows: atmospheric correction failure, pixel over land, sunglint
(reflectance exceeding threshold), very high or saturated radiance, sensor view
zenith angle exceeding threshold, stray light contamination, cloud or ice
contamination, the detection of coccolithophores, solar zenith exceeding threshold,
very low water-leaving radiance, chl-a algorithm failure, maximum iterations
reached for NIR iteration, suspicious atmospheric correction, and navigation failure.
Chl-a concentration values in the East Sea had significant spatial and temporal
variability depending on the season and topography. The abnormal speckle errors
also revealed a large variability. Therefore, to separate speckles from normal chl-a
values, the characteristics of the inherent variability of chl-a concentration and the
speckle errors were considered simultaneously. The inherent spatio-temporal
characteristics of normal chl-a concentration are related to distance from the coast,
topography, season, the existence of oceanic fronts, among others (Park et al., 2013).
Park et al. (2013) developed a methodology to eliminate speckles from ocean color
chl-a images.
Chl-a concentration values throughout the year are usually larger at shallow
coastal areas than offshore areas. A distribution of high chl-a concentration near the
coast can be generated through a steady supply of nutrients arriving from the land or
sea bottom (Gohin et al., 2002). Therefore, data from coastal areas shallower than
100 m and within 10 km of the coast were excluded from the speckle-removal
12

process. Prior to the main speckle removal process, speckles that may cause errors
in the climatology field were preliminarily removed using the median filter from the
chl-a concentration data set.
A speckle is determined through the comparison of spatial deviation by
normalizing it to chl-a concentration climatology at each pixel and the specified
thresholds. Although the speckles can be clearly distinguished from their
surrounding pixels, it is difficult to discriminate the abnormal values using fixed
thresholds because of the spatio-temporal variation of the chl-a. In addition, nonspeckle normal values also tend to be higher during the phytoplankton bloom season
than in other seasons. Thus, the thresholds vary as a function of the gradient
magnitude. The flow diagram for speckle error processing is shown in Figure 2.1.
Thresholds for the MODIS data set are not the same as those of SeaWiFS, but are
instead optimized to the data specifications.
The GOCI speckle detection and removal scheme is similar to the process used
for SeaWiFS and MODIS (Figure 2.2). Various flags, such as the presence of ice
clouds, atmospheric correction failure, high aerosol content, incalculable chl-a
concentrations, and out of range concentrations, are applied to GOCI Level-2 chl-a
data. Normal spatio-temporal variation is evaluated through spatial uniformity and
climatology. Abnormal spectral form (e.g., a value less than 0 in the NIR bands) is
also considered.
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Figure 2.1. Flow chart of speckle error processing for SeaWiFS and MODIS chlorophyll-a
concentration data from Park et al. (2013).
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Figure 2.2. Flow chart of speckle error processing for GOCI chlorophyll-a concentration
data.
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2.3. Results
2.3.1. Validation of Satellite Chlorophyll-a Concentration
Data
The performance assessment of ocean color data was conducted using in-situ
measurements acquired from the NASA/OBPG SeaBASS. Root-mean-square error
(RMSE) was 0.293 log10mg m-3 for the East Sea. There were only seven coinciding
satellite-to-in-situ chl-a match-ups—the RMSE for each satellite product is shown
in Table 2.3. The global RMSE of 0.290 log10mg m-3 was similar to the RMSE of the
East Sea (Figure 2.3). Its calculation was based on a logarithm that ignores values
equal to or less than zero. There was no point match-up with the MODIS data so that
particular RMSE could not be retrieved. The global match-up of MODIS had an
RMSE of 0.324 log10mg m-3, which was similar to that of SeaWiFS for R2014
(Figure 2.4).
As the in-situ data are rarely collected the exact moment the satellite views their
location, it is necessary to assign a short enough temporal threshold to reduce the
effects of temporal variability on chl-a concentration, yet retain a sufficiently large
enough threshold to allow for a match. A 3 h temporal window was assigned around
the satellite overpass and considered the following: the water masses are
homogeneous, the illumination is sufficient, and the atmospheric conditions are
reasonably stable over this period (Bailey et al., 2000; Bailey and Werdell, 2006).
Figure 2.5 shows how the GOCI data fit with the in-situ measurements. The two
data sets had an RMSE of 0.318 mg m-3 for the East Sea and the northern part of the
East China Sea. This result was lower than the RMSE of 1.08 mg m-3 suggested by
Kim et al. (2016), which included not only the East Sea and the East China Sea, but
the Yellow Sea and many eutrophic areas around the southern coast of Korea which
16

are known to have a large chl-a concentration and variability. As the variation of chla concentration increases, RMSE appears to be larger.
The satellite chl-a algorithm can be more accurately divided according to the
optical properties of the sea. Currently, NASA/OBPG produce chl-a concentration
data combined with two algorithms, the OCx band ratio algorithm and the color
index (CI) algorithm (Hu et al., 2012). The combined algorithm provides a more
accurate estimation of chl-a for oligotrophic water where the chl-a concentration is
under 0.25 mg m-3. As the chl-a concentration in the East Sea typically exceeds 0.25
mg m-3 except in the summer, the CI algorithm was not considered in this study.

Figure 2.3. Comparison between in-situ chlorophyll-a (chl-a) concentration and satellite-based
chl-a for SeaWiFS on a log-scale. The locations of in-situ measurements are distributed in (a)
the global oceans and (b) the East Sea.
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Figure 2.4. Comparison between in-situ chlorophyll-a concentration and satellite-based
chlorophyll-a for MODIS of the global ocean on a log-scale.

Figure 2.5. Comparison of in-situ chlorophyll-a concentration and GOCI data on log-scale.

18

Table 2.3. The validation results of ocean color chlorophyll-a concentration data.

2.3.2. Causes and Characteristics of Speckles
Speckle errors are generated by various factors, including a failure in
atmospheric correction, the stray light effect from a bright target, sun glint, high
solar/sensor zenith angles, are known to have large chl-a concentration and
variability, and white caps induced by surface waves, among others. The extremely
high values generated by speckle errors may significantly affect the composite of
chl-a concentration and cause it to be overestimated and misleading. While they are
randomly distributed across the East Sea, speckles are particularly more apparent in
winter (Park et al., 2013).
One of the causes of speckles in winter is a series of roll clouds generated over
the East Sea. In November, strong cold air begins to blow from the northwest of the
continent to the southeast sea surface, which makes the sea surface temperature (SST)
along the Russian coast relatively low compared to southwestern region influenced
by the subpolar front (Park et al., 2004; Park et al., 2006). The cold-air tends to
generate a series of clouds over the sea surface on the wind direction. The convective
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rolls of cloud are formed through the vertical diffusion of moisture from the warm
ocean surface, and the release of latent heat from within the cloud (Kang and Ahn,
2008). Outside of the winter season, speckles tend to be found at the border of
scattered clouds (Robinson et al., 2000; Patt et al., 2003; IOCCG, 2004; Chae and
Park, 2009; Park et al, 2013).
Stray-light effect on optical sensor observation is a significant source of
abnormal chl-a values. This effect occurs when unanticipated light penetrates the
field of view (FOV) from the outside of the expected optical path and contaminates
the reflectance emanating from natural oceanic sources through normal paths. The
penetration of light into FOV is mainly caused by the reflection and scattering of
bright light from a cloud, instrument, or the land (Shaw and Rawlins, 1991; Barnes
et al., 2001; Jiang and Wang, 2013). Several stages of atmospheric correction are
responsible for filtering out these errors, but it is difficult to completely correct them
(IOCCG, 2012).
The atmospheric correction process for GOCI can cause speckles in the ocean
color data. Both chl-a concentration images and suspended particulate matter images
exhibit anomalous values (Lee et al., in press). Although, after moving from GDPS
version 1.3 to GDPS 2.0, the distribution of abnormal values was significantly
reduced (Figure 2.6). Short-time discrepancy within band change timing in the same
slot of GOCI is also likely to cause abnormal high values. GOCI operates eight bands
in the following order: 660-555-745-443-680-412-865-490-nm for 103 sec. (Ahn et
al., 2012). Chl-a concentration is retrieved using bands 443, 490 and 555 nm, which
means the maximum time gap is about 86 s between the change from the 555 to 490
nm band. If fast-moving clouds cross a slot when the bands are changing in the sensor,
atmospheric correction may fail to detect them correctly.
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Figure 2.6. Maximum chlorophyll-a concentration in 2015 derived through (a) GDPS 1.3
and (b) GDPS 2.0.

2.3.3. Speckle-Free Chlorophyll-a Concentration Maps
After analyzing the spatial and temporal variability of chl-a concentration to
detect and remove speckle errors at the Level-2 stage, the composite process was
conducted to generate a gridded speckle-free map. Figure 2.7 represents the monthly
map from December 2007 before and after applying the speckle detection and
removal scheme. There was an anomalous high chl-a concentration value (> 6 mg
m-3) surrounded by relatively low values (< 3 mg m-3) near the cloud mask before
the speckles were removed, however, after the speckle detection and removal scheme
was applied the anomalous high speckle value no longer appeared. The location
where the speckle values previously existed were filled with normal values or
appeared as vacant with no data. Figure 2.8 shows the GOCI monthly map from
January 2015 before and after the speckle removal process. The original monthly
map of chl-a concentration exhibited scattered speckles around the seas off the
Korean Peninsula. Speckle patches were also detected in the northern area of the
East Sea. Almost all of the abnormally high values were removed after the speckle
process was applied.
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Figure 2.7. An example of (a) before and (b) after the application of the speckle process in
the MODIS monthly mean composite map of December 2007.

Figure 2.8. An example of (a) before and (b) after the application of the speckle process in
the GOCI monthly mean composite map of January 2015 processed by GDPS 2.0.
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2.4. Discussion
The validation results showed strong agreement between the satellite chl-a
concentrations and the in-situ measurements. These data assessments are limited by
sample availability. For more reliable chl-a concentration retrieval, continuous
efforts are required to effectively perform the validation process of ocean color data.
After the speckle removal process, the chl-a images were composited to
generate each monthly map. Errors were significant in the winter season for the East
Sea data set. There was a reduction of abnormal variability of about 14% for the
SeaWiFS data through the speckle removal processing (Park et al., 2013). This
optimized method also performed well for the MODIS data. There was also a
significant change in the GOCI data after the application of the speckle removal
technique. Although speckles in the ocean color data were not fully explained in this
study, the potential impact and significance of applying the speckle removal
methodology in the East Sea were highlighted.
At present, the speckle-removal process did not address the data in coastal and
shallow regions. Since high chl-a concentration values near the coast are not always
accurate, a better understanding of the biological processes that affect the optical
signals in shallow areas will be needed to advance the speckle-removal scheme in
future studies. Patch-type high chl-a concentration was still apparent in the GOCI
composite map of January 2015 after the speckle removal process (Figure 2.8b). A
scheme considering patch-type errors should also be added to the speckle-free
composite method for more reliable chl-a retrieval.
Besides speckle error, ocean color satellite data still contains a number of
quality issues, such as stripe noise in the MODIS data and inter-slot discrepancy
caused by sensor characteristics in the GOCI data. While these problems were not
addressed because they are not critical to this study, it is still important to consider
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the many potential errors associated with satellite data. There have been many efforts
in previous research to resolve various types of data error, but more work is required.
To improve the quality of research that utilizes ocean color data, it is necessary to
continuously work towards eliminating problems with data
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3. Short-Term Variation of Surface Current over
Mesoscale Eddies
3.1. Introduction
SST measurements from the National Oceanic and Atmospheric Administration
(NOAA)-19/Advanced Very High Resolution Radiometer (AVHRR) on April 5,
2011 (Figure 3.1b) indicated turbulent and coherent spatial structures such as
filaments, plumes, mushroom-like features as well as mesoscale eddies in the East
Sea (Isoda and Saitoh, 1993; Isoda, 1994; Morimoto et al., 2000). These mesoscale
eddies were formed near the subpolar frontal zone in the East Sea (e.g. Park et al.,
2007) and can play significant roles in transferring kinetic energy and mixing
substances in the upper ocean, affecting marine ecosystems through supplying
nutrients that feed the base of the food chain from the subsurface (Yoder et al., 1983).
Many well-known pioneering studies have utilized various kinds of satellite
data and satellite-tracked surface drifter data to investigate the physical and
biological characteristics of eddies and their horizontal structures (Hooker and
Brown, 1994). Analyses of satellite SST images and scatterometer wind field data
illustrated that the spatial structure of a Gulf Stream ring through eddy-induced
stability change in the marine-atmospheric boundary layer (Chelton et al., 2004; Park
et al., 2006b). Oceanic eddies in the East Sea have been also studied through satellite
data such as infrared images and Sea Surface Height (SSH) anomalies (Isoda and
Saitoh, 1993; Morimoto et al., 2000). Recently, Park et al. (2012) estimated the sizes
of the eddies from GOCI chl-a concentration images and addressed their dependence
on meridional changes of Rossby deformation radius.
Since the first application of Maximum Cross-Correlation (MCC) method to
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the atmospheric cloud movement (Leese et al., 1971), this method has been used to
estimate advective sea surface current vectors from consecutive infrared or SST
images (e.g. Emery et al., 1986). Very recently, not only the SST images but also
ocean color images, like chl-a images or suspended sediment concentration images,
have been used as a method of tracking sea surface movement (Yang et al., 2014).
However, none of the previous studies has revealed the radial structure of these
eddies or their short-term variations for a day so far. Thus, this study aims to derive
surface current field around mesoscale eddy from consecutive images of GOCI and
validate this estimation using the geostrophic current field derived from satellite
altimeter data, to estimate the radial velocity structure of mesoscale eddy, to validate
the estimated current field to geostrophic current field from satellite altimeter data,
and to investigate diurnal variation of the current field.

Figure 3.1. (a) Bathymetry in the study area (a red box) of the East Sea, (b) A sea surface
temperature image from NOAA-19/AVHRR showing mesoscale eddy structures on April 5,
2011.

26

3.2. Data
GOCI chl-a Images from March 31, 2011 and April 5, 2011 were chosen
without cloud (clear sky). The OC3 chl-a algorithm with the coefficient suggested
by Kim et al. (2016) (Table 2.2) and standard atmospheric correction of GOCI data
were applied during the conversion process through GDPS 2.0 (Ahn et al., 2012). To
validate the estimated currents, we used satellite-tracked surface drifter data from
the Atlantic Oceanographic and Meteorological Laboratory (AMOL) and altimeterbased Maps of Absolute Dynamic Topography (MADT) (0.25° × 0.25°) provided by
the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO). To
investigate the current and wind forcing, we used hourly wind measurements at
Donghae buoy station (129.9°E, 37.5°N), and 6-h ERA-Interim wind data from the
European Centre for Medium-Range Weather Forecasts (ECMWF).

3.3. Methods
3.3.1. Eddy Boundary Detection
To identify an eddy and calculate the radial distance of each point from the eddy
center, we extracted geolocation information for the eddy boundary from the frontal
map of a GOCI chl-a image. The frontal value was calculated from the magnitude
of the 2-dimensional (2-D) gradient of chl-a (|∇chl-a|). After subjectively selecting
points with large frontal values along the periphery of the eddy (marked in red stars
in Figure 3.2a), we applied an ellipse equation with a tilting angle to determine the
center (latitude and longitude), tilting angle, major and minor axis lengths (Ra and
Rb, respectively), and eccentricity of an eddy, as shown in Figure 3.2b (Park et al.,
2006b).
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Figure 3.2. (a) Distribution of fronts from a GOCI chlorophyll-a concentration image, where
the red stars represent the subjectively digitized points along the periphery of the eddy. (b) A
least-square fitted ellipse using geolocation information of (a), where Ra and Rb are the semi
major and semi minor axis lengths, respectively.

3.3.2. Estimation of Current Vectors
The normalized MCC method was utilized to derive the surface current field
from the time-consecutive satellite images. The MCC method uses template
matching for feature tracking, finding the location that has the maximum crosscorrelation between two normalized images (Lewis, 1995). Normalized crosscorrelation coefficients (ρ) were achieved within a search tile between two
submatrices, A and B, from two consecutive chl-a images, respectively, according to
the following equation,

= ∑,

( (, )
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The sizes of the search (43 × 43) and template windows (23 × 23) were determined
by considering the scale of the chl-a features and current speeds in the research area.
Considering the spatial resolution of GOCI and the potential magnitude of the
current field in the study region, in order to represent the movement of oceanic
surface features properly, we determined that 2 hours was the minimum temporal
interval instead of GOCI’s observation interval of an hour.

3.3.3. Dynamic Threshold of Correlation Coefficient
After considering the available degrees of freedom in determining the surface
current field, a window-dependent varying threshold, (hereafter dynamic threshold),
of a template window (23 × 23 pixels) was used for the calculation of ρ between two
satellite images. The total number of pixels in the two images was divided by a
square of autocorrelation length scale for each sub-image to calculate how many
pixels the sub-image pixels are independent (Emery et al., 1986; Ninnis et al., 1986).
The rejection region as a critical threshold at each pixel was objectively determined
by Pearson’s correlation coefficient table that provides functions of degrees of
freedom with 95% significance level. Emery et al. (1986) assumed the same
autocorrelation length scale in one image, however, this study adopted a dynamic
threshold that adapted to the oceanic features within the window in the image.
Statistically-insignificant vectors with high p-values (> 0.05) were eliminated.
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3.4. Results
3.4.1. Eddy Current Field using Dynamic Thresholds
Figure 3.3 shows an example of the current derivation of the two mesoscale
eddies using GOCI chl-a images at 10:30 a.m. and 12:30 p.m. (local time) on March
31, 2011. Relatively high cut-off thresholds (ρ > 0.7) were found along the periphery
and outside of the eddy, which was in contrast to the inside of the eddy with relatively
low values (ρ < 0.5) (Figure 3.3a). After consideration of the spatial scales and degree
of freedom, and distribution of the dynamic thresholds, ρ value at each pixel
exhibited a distinct spatial structure as shown in Figure 3.3b. Inside of the eddy, the
critical values were almost uniform at about 0.2 or less. Applying this dynamic
threshold produced different surface current vectors in the eddy interior compared to
the case of applying a fixed cutoff coefficient of 0.4 suggested by Emery et al. (1986)
(Figure 3.3c). This was further supported by the estimated current vectors and is
shown in Figure 3.3f. This analysis clearly revealed the spatially complicated
structure, even inside the eddy, through the use of a dynamic threshold (Figure 3.3e).
In addition to anticlockwise rotary motions inside the eddy, the spatial structure of
the swirling current was presented in detail with high velocity (~0.6 m s -1) near the
eddy boundary whilst being much lower about 0.2 m s-1 for a radial distance ratio
(r/R) of less than 0.3 in the eddy interior (Figure 3.3f), where r is the distance of each
position from the center and R is the directional radius of the ellipse considering its
tilting angle.
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Figure 3.3. (a) An example of correlation coefficients (CC) between two consecutive
chlorophyll-a concentration images (10:30 a.m. and 12:30 p.m., local time) around an eddy
on 31 March 2011. (b) Spatial distribution of dynamic correlation coefficients as a critical
threshold (CT), corresponding to each pixel. (c) The current vectors re-estimated by applying
the different dynamic threshold every pixel. (d)–(f) The results of the estimated current
vectors around another eddy on the same date.

3.4.2. Identification of Anticyclonically-Rotating Eddy
To analyze the spatial structure of eddy currents, we selected four eddies that
appeared in GOCI chl-a images on April 5, 2011. These were given the names Eddy
1, 2, 3, and 4 (Figure 3.4). Eddy-induced chl-a distributions are not always consistent
with the structure of eddies because of multiple regulating mechanisms (Siegel et al.,
2011; Gaube et al., 2014). However, the closed contours of the SSH shown in Figure
3.5 confirmed the existence of each eddy, even for Eddy 3 with a relatively weak
eastern boundary with Eddy 4. In spite of the small size of the East Sea, the eddies
revealed quite different spatial distribution of chl-a. Low chl-a values (< 1.3 mg m3

) appeared inside of Eddy 2 and Eddy 4 compared to the high values (~2.0 mg m-3)
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near their peripheries. In contrast, these high chl-a appeared inside Eddy 1 and Eddy
3. These features are likely associated with different development stages of eddies
or different biological responses to potential mechanisms such as eddy pumping,
eddy advection, and eddy-Ekman pumping processes as described by Siegel et al.
(2011) and Gaube et al. (2014). Okubo-Weiss parameter were derived to identify the
existence of eddies. Four eddies were formed and lasted at least one month and in
April 5 the Okubo-Weiss parameter started to decrease which means that the eddies
were in state of fully developed (Figure 3.6).
Figure 3.7a illustrated the distribution of ρ values around the eddies with greater
values along the periphery of the eddy than inside. Figure 3.7b shows the distribution
of dynamic ρ as a critical threshold obtained from degree of freedom calculations at
each point. Similar to the distribution of ρ values, it was much larger along the eddy
edge than inside. In this case, we filtered out vectors with statistically insignificant
p-values of greater than 0.05. The existence of the anticyclonic four eddies was
clearly revealed through the application of dynamic thresholds as shown in the
estimated current vectors (Figure 3.8).
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Figure 3.4. distribution of GOCI chlorophyll-a concentration (log10 mg m-3) on April 5, 2011.
The white ellipse shows the periphery of the eddy fitted from subjectively digitized points
along the large values on the frontal map.
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Okubo-Weiss parameter (1 s -2)

Figure 3.5. AVISO MADT height field (m) on April 5, 2011.

Figure 3.6. Time series of Okubo-Weiss parameter for each eddy.
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Figure 3.7. (a) correlation coefficients for the estimation of surface currents, and (b) critical
thresholds around the four eddies (Eddy 1 to Eddy 4) on April 5, 2011.

Figure 3.8. Daily-averaged (9:30 a.m.–16:30 p.m., local time) surface current vectors using
the normalized maximum cross correlation method, where the colored images are
chlorophyll-a concentration (mg m-3) at 10:30 a.m. around Eddies 1-4, respectively.

35

3.4.3. Validation with eddy current from ARGOS Drifter and
Altimeter
The estimated current speeds were validated with those from the ARGOS drifter,
as indicated by the red box in Figure 3.9 and altimeter data in Figure 3.10. As a result,
the estimated current speeds showed good agreement with the observed values based
on root mean square (bias) errors of 0.065 m s-1 (0.021 m s-1) and 0.15 m s-1 (0.089
m s-1), respectively.
Synoptic in-situ measurements covering the four eddies were not readily
available, so the estimated current vectors were validated through a comparison of
the geostrophic current field calculated from the altimeter data with the dailyaveraged current field derived from the MCC. The altimeter-based current fields
showed dominant anticyclonic motions around the eddies with low speeds (< 0.05 m
s-1) near the center and high speeds (~0.5 m s-1) close to the inside boundary of the
eddy (white lines in Figure 3.10). Eddy 3 and Eddy 4 seemed to be in an initial stage
for coalescence but still existed as isolated eddies with a dominant minimum of SSH
at each center. The current vectors of the two eddies near their boundary clearly
showed opposite rotational directions: southward for Eddy 3 and northward Eddy 4
(Figure 4c-d).
The directions of estimated current fields inside the four eddies are in agreement
with those of the altimeter current field (Figure 3.11a). Zonal and meridional
components of the estimated current vectors also demonstrated consistent results
with the altimeter-derived current components (Figure 3.11b). Differences of greater
than 0.1 m s-1 were found, implying overestimation of the values in the current field
using the MCC method. However, the altimeter data were objectively interpolated
with a temporal correlation scale relatively longer than a day, possibly
underestimating the instantaneous current speed.
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Figure 3.9. Track of a surface drifter on April 1–17, 2011 around Eddy 3 and Eddy 4
where the colors represent the estimated current speeds from the drifter and the red box
denotes the drifter positions.

Figure 3.10. Surface current estimated from sea level height anomaly field (m) of
satellite altimeter. The white ellipses show the periphery of the eddies and the magenta
dots represent the center of each eddy ellipse.
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Figure 3.11. Comparisons of the estimated current and altimeter-derived current in term of (a)
direction, (b) zonal component (red) and meridional component (blue).

3.4.4. Radial Distribution and Hourly Variation of Eddy
Current Speed
Daily-averaged current speeds for four eddies were estimated as a function of
distance from the eddy center to investigate radial distribution of the current speed
(Figure 3.12a). Eddy 2 had the largest mean radius ( (

+

)/2 of 75 km

among the eddies. Regarding the maximum of the binned averaged speeds within
each eddy, Eddy 4 (51 km) was the fastest at 0.44 m s-1 and Eddy 1 (59 km) was the
slowest at 0.29 m s-1. The radial distribution of speeds showed a bell-shaped structure
with relatively low speeds near the center, the maximum occurring inside the eddy
and a decrease approaching the outside of the eddy. As the velocity distribution
depends on the radial position within the eddy, in order to understand where velocity
reaches a maximum, we used the radial distance ratio (r/R) of each position. Figure
3.12b demonstrates that the maximum speed appears at the ratio (r/R) of 0.75 on
average.
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To examine the hourly variations in the current field of each eddy over a day,
we estimated the current speeds over the 8-hour period, 9:30 to 16:30 (Figure 3.13).
Overall, speeds for the four eddies ranged from a small speed of less than 0.01 m s-1
near the eddy center to 0.4 m s-1 at the half of each eddy (0.5 < r/R < 1). Although
these estimated speeds are relatively low in comparison with energetic Gulf Stream
rings with current speeds exceeding 1 m s-1 (Joyce and McDougall, 1992), there were
structural similarities to the Gulf Stream warm rings in the distribution of speeds
within the East Sea eddies (e.g. Cornillon and Park, 2001). On the whole, the speeds
of all eddies (Eddy 1 to Eddy 4) in the East Sea demonstrated a bell-type pattern with
respect to a radial distance.

Figure 3.12. Radial distribution of the estimated current speeds as a function of (a) the
distance (r) from the center of eddies 1 to 4 and (b) the ratio (r/R) of this distance to the radial
radius (R) of each eddy ellipse, where the error bar shows the mean error of each bin and the
black line represents mean speeds averaged for all eddies.
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Figure 3.13. Hourly variations of estimated current speeds around each eddy as a function of the
radial distance of (a) Eddy 1, (b) Eddy 2, (c) Eddy 3, and (d) Eddy 4 from 9:30 a.m. to 16:30 p.m.
for a day.

3.4.5. Role of Wind Forcing on Diurnal Variation of Eddy
Current
Such a diurnal variation of the eddy current except for tidal currents has been
first reported in this study and its mechanism has not been clarified yet. The speed
curves indicate relatively higher values at daytime, particularly at 14:30 p.m.–16:30
p.m. in all eddies except Eddy 2. Surface warming over an eddy increases the wind
speed through the air-sea stability change and feedback mechanisms (Park et al.,
2006b). Our primary hypothesis is that short-term variations in the wind field, as a
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forcing that changes the velocity, would be responsible for the diurnal variation in
the surface currents. Estimated speeds would have a quadratic relation with the wind
speed. To test this, we investigated the relationship between the surface currents and
hourly-varying winds measured at the Donghae buoy station shown in Figure 3.17.
The wind speeds varied from 7.2 m s-1 at 13:00 p.m. to 8.4 m s-1 at 16:00 p.m. (the
blue line in Figure 3.14). Note that the time-varying current speeds of the eddies
(Eddy 1, Eddy 3, Eddy 4) and their mean values (black line), in particular, presented
a quite similar temporal pattern to the wind variations (blue line): a weak decrease
up to 13:00 and strong increase at 15:00 p.m. The Eddy 1, Eddy 3, Eddy 4 showed
high correlation coefficient when the wind speed preceded 30 minutes (Figure 3.15).
In addition, the mean current speed ( ) for the mesoscale eddies (Eddy 1, Eddy 3,
Eddy 4) clearly showed a quadratic relation to the wind speed variation (∆W) (
=0.31∆W2–0.004∆W+0.15), as indicated by the fitted lines in Figure 3.16.
The ratio of ECMWF winds (Figure 3.17) to the buoy wind near Eddy 3 at 9:00
a.m. was quite similar to that inside Eddy 1 (0.99) or Eddy 4 (0.96). In contrast, Eddy
2 (1.24) was exposed to much higher winds for an increase of 24% compared to Eddy
3. This implies that the buoy winds at Eddy 3 could not be applied to Eddy 2 with
high hourly variations, as marked in gray in Figure 3.16, because of the high spatial
inhomogeneity of the wind field. Thus, it is highly plausible that the diurnal variation
of the current speeds can be attributed to the short-term variations in the wind forcing
field. Therefore, we expect that the wind field has a crucial role in the diurnal
variation of current speeds for mesoscale eddies in the East Sea.
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Figure 3.14. Hourly variations of estimated current speeds of mesoscale eddies (Eddy 1
to Eddy 4), where the blue line is wind speed measured at the Donghae buoy station.

Figure 3.15. Correlation coefficient as a function of time-lab between wind speed and current
speed.
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Figure 3.16. Estimated current speeds as a function of wind speed variation, where the curved
lines are quadratic least-square fits.

Figure 3.17. Ratio of ECMWF wind speed to ECMWF wind speed at the buoy station at
9:00 on April 5, 2011.
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3.5. Discussion
Surface current vectors around an eddy were derived from GOCI chl-a data
using the MCC method. The fundamental assumption that chl-a is a conservative
parameter seemed to be valid within the short-time periods of less than a few hours
used in this study. We applied a dynamic threshold to determine an objective cut-off
threshold by considering the degree of freedom and a decorrelation spatial scale.
Using this method, the anticyclonic current field inside of the eddy was well
represented, and daily-averaged currents from the MCC method were well matched
with altimeter-based geostrophic current in terms of the magnitude and direction.
The radial structure of the estimated surface current speeds showed a bell-shaped
structure with a maximum speed at a distance ratio of around 0.75. For the first time
using high-resolution GOCI optical data, this study presented the short-term (hourly)
variations of the current field of mesoscale eddies in the East Sea and the role of
wind forcing on its diurnal variation contributing to the understanding of physio- and
biogeochemical processes of mesoscale eddies as one of elements of marine
ecosystem.
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4. Biological Response on Air-Sea Interaction over
Mesoscale Eddies
4.1. Introduction
The presence of eddies can change the wind field in the marine atmospheric
boundary layer (MABL). For example, the SSW field over Gulf Stream rings can be
modified by sea surface currents, SST, and changes in MABL stability (Cornillon
and Park, 2001; Park and Cornillon, 2002; Park et al., 2006b). Acceleration
(deceleration) of scatterometer-derived equivalent neutral winds is induced over
warm (cold) core rings, implying that eddies can change MABL stability and affect
surface wind stress (Park et al., 2006b). Frenger et al. (2013) also showed that ocean
eddies locally affect near-surface winds, cloud properties, and rainfall, and Byrne et
al. (2016) described how mesoscale atmosphere ocean coupling enhances the
transfer of wind energy into mesoscale eddies within the ocean.
It is difficult to fully understand the mechanisms involved in the interaction
between mesoscale eddies and the atmosphere (and the subsequent influence on
surface phytoplankton) using only observation data. However, it is known that the
spatial distribution of SSW vectors can produce changes in the vertical velocity field
of the sea water column, and the associated modified wind stress curl field over the
eddy results in Ekman pumping (EKP) velocity, which is an extremely important
parameter involved in moving nutrients from subsurface water to surface water
(Martin and Richards, 2001). Gaube et al. (2015) decomposed the eddy-induced EKP
into three stress terms, which are defined as follows. The first term relates to the
induction of surface stress due to the relative motion between the surface wind and
eddy current to generate upwelling during anticyclones and downwelling in cyclones
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(Martin and Richards, 2001; McGillicuddy et al., 2007; Gaube et al., 2013); the
second term arises from an interaction between surface stress and the surface current
vorticity gradient, which generates a dipole of Ekman upwelling and downwelling
(e.g., McGillicuddy et al., 2008); and the third term relates to eddy-induced SST
anomalies that cause perturbations of the MABL (Park and Cornillon, 2002; Park et
al., 2006b). In addition, many studies have been conducted in relation to EKP
mechanisms within eddies (for example, the studies by Mahadevan et al., 2008;
Dufois et al., 2016; He et al., 2016).
The results of early studies relating to variations in chl-a concentrations induced
by the wind field over mesoscale eddies were limited, mainly because of the lack of
available temporal and spatial in-situ data. However, with the development of
satellite sensors, studies can now utilize both satellite-observed diverse ocean color
data and field observations. For example, the influences of eddy effects on the
distribution of surface chl-a around eddies have been investigated in the Sargasso
Sea using estimates of chl-a concentrations from SeaWiFS and MODIS (Siegel et
al., 2011). In addition, the use of long-term measurements of satellite sea surface
height anomaly (SSHA) data has enabled clarification of the strong influence of
oceanic eddies on the upper-ocean chl-a field (Chelton et al., 2011b). Furthermore,
Dufois et al. (2017) utilized both MODIS chl-a concentration data and in-situ data
such as CTD (conductivity, temperature, and depth) and Bio-Argo floats to assess
phytoplankton responses to eddies in oligotrophic environments.
These previous studies have made it possible to understand the relationship that
eddies and the SSW field have with biological productivity. However, all studies to
date have used somewhat lengthy time-scales of over one day or one week, mainly
because of the lack of frequent measurements providing chl-a concentration data.
Therefore, it has been unclear about the questions on how fast the biological
activities of eddies responds to the vigorously variant wind speed field has not yet
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been determined. To understand such short-term variations of biological responses,
it is necessary to use hourly measurements at a maximum. In this respect, hourly chla concentration data provided by GOCI enables short-time interval observations that
can be used to subsequently determine the eddy/wind-induced chl-a response.
The East Sea contains many mesoscale eddies where the spatial structures of
SST and chl-a distribution can be seen. The spatial scales of eddies range from tens
of kilometers to approximately 150 km (Figure 4.1). Although this is relatively small
compared to open ocean scales, the size is adequate for determining active biological
processes occurring in response to physical environment changes. In this respect, the
East Sea has previously been referred to as a miniature open ocean (Ichiye, 1984;
Kim et al., 2001).
Based on the various structures of chl-a concentrations, this study aims to
investigate the physio-biological processes of mesoscale eddies in the East Sea using
multi-satellite data and high-resolution ocean color data. The objectives of this study
are (1) to identify anticyclonically-rotating eddies in the East Sea, (2) to show wind
speed modification over warm eddies, (3) to analyze the observed eddy/windinduced EKP field and decompose it into three components based on the stress terms;
(4) to determine a relationship between non-SST induced EKP components and
short-term changes in the chl-a concentration inside the eddies, (5) to investigate the
effect of SST distribution around eddies on the EKP, and (6) to discuss the roles of
short-term wind fields and SST distribution in relation to eddies and associated
physio-biological processes.

47

4.2. Data
Consecutive GOCI Level-2 chl-a concentration images (500 m × 500 m) taken
on April 5, 2011 (local time), which were derived from GOCI standard atmospheric
correction of GDPS 2.0 produced by KIOST/KOSC, were used to estimate the
surface current vector and hourly variations of chl-a concentration around eddies
(Ahn et al., 2012; Ahn et al., 2015; Ahn et al., 2016). The OC3 algorithm was applied
to derive chl-a concentrations during the conversion process (Table 2.2).
Meteorological Operational-A (Metop-A)/Advanced Scatterometer (ASCAT) wind
data provide by the European Space Agency (ESA) with a resolution of 25-km
(representing SSW at 10-m above sea level) were used to investigate the air-sea
interaction over mesoscale eddies. NOAA-19/AVHRR SST image at a 1-km
resolution was used to define the peripheries of eddies, and altimeter-based MADT
(0.25° × 0.25°) provided by AVISO were utilized as ancillary data for defining
ellipses of eddies. Daily data of Multiscale Ultrahigh Resolution Sea Surface
Temperature (MURSST) daily data observed at a 1-km spatial resolution on April 5,
2011 was obtained from the Jet Propulsion Laboratory (JPL) to verify the distribution
of mesoscale eddies and characteristics of the SST front in the East Sea. Furthermore,
World Ocean Atlas (WOA) 2013 water density data (0.25° × 0.25°) were used to
calculate the EKP velocity.
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4.3. Methods
4.3.1. Estimation of Wind Stress
To interpret air-sea interaction over eddies, EKP velocities ( m s

) were

estimated from wind measurements obtained by ASCAT onboard the Metop-A
satellite. The surface wind stress ( ⃗) is conventionally parameterized as

⃗

⃗=

is air density (1.25 kg m

where

coefficient, and

⃗

⃗

),

(4.1),

is the speed-dependent drag

is the absolute wind vector with respect to fixed earth

coordinates, where the subscript indicates a 10-m height above the sea surface.
However, considering the relative motion between moving air and the moving sea
surface, ⃗

may be better obtained by substituting the relative vector (which is

referred to as the relative wind between absolute wind and the sea surface current ⃗)
for wind stress,

⃗′ =

(⃗

− ⃗) ⃗

− ⃗

(4.2).

(Ross et al. 1985; Chelton and Freilich 2005; Park et al. 2006). This relative wind
speed, ⃗

− ⃗ , is the neutral wind derived from scatterometer data. The drag

coefficient (

) used is as determined by Anderson (1993),

= 7.55 × 10 , | ⃗

= 4 × 10

+ 7.9 × 10

|⃗
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− ⃗|< 4.5 m s

− ⃗ |, | ⃗

− ⃗ |> 4.5 m s

(4.3)

(4.4).

4.3.2. Retrieval of Ekman Pumping Field
In consideration of surface relative vorticity ( ) in this study, the EKP velocity
(

) is estimated from Stern (1965) as

=

where

∇× ⃗
(

(4.5),

)

is density of sea water at the surface, and

calculated as 2Ω cos

for latitude

is the Coriolis parameter

at an Earth rotation rate of Ω.

Air-sea interaction caused by eddies complicates the EKP process, and it is thus
necessary to consider the contribution of an eddy to the EKP. In addition, the changes
in atmospheric stability over an eddy due to the SST distribution affects local surface
stress (Park et al., 2006b; Small et al., 2008; Chelton and Xie, 2010; O’Neill, 2012).
Therefore, to estimate the SST-induced EKP, an empirical linear relationship
between the surface stress curl induced by SST and the crosswind components of the
SST gradient can be obtained as follows,

∇×

where

=−

( )

(4.6),

is the coupling coefficient for a global mid-latitude ocean of 0.013 N

m-2 ℃-1 (O’Neill, 2012) and

is the crosswind SST gradient calculated from

meridional and zonal SST gradient components ( −sin

+ cos

, n: local

crosswind spatial coordinate, oriented 90° counterclockwise from wind direction,
).
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To consider the effect of the SST front on local surface stress, the eddy/windinduced EKP velocity (

in (6)) can be decomposed into three stress term

components: surface relative stress-induced EKP (
vorticity gradient-induced EKP (

) (Dewar and Flierl, 1987),

) (Stern, 1965), and SST-induced EKP (

)

through the following equations,

=

∇× ⃗
(
)

where ⃗̃ =

=

(

(⃗

− ⃗) ⃗

̃

)

− ̃

− ⃗

(4.7),

(4.8),

and
=

∇×
(

)

(4.9).

In (4.7), the tilde indicates the surface stress resulting from eddy surface currents, ⃗,
and the background wind ⃗ . The sum of these three components is given as
however, this value is not the same as the EKP velocity,

,

. The relative vorticity

field of eddies was calculated from hourly eddy current vectors estimated by the
normalized MCC method from GOCI data, which are more suitable for use in
studying short-time variation than altimeter-based current data derived on a daily
mean basis. All data used to determine the EKP velocity were then gridded using a
spatial resolution of 0.25° × 0.25°.
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4.4. Results
4.4.1. Intensification of Wind Speed over Eddies
To investigate the effect of the atmosphere on the surface ocean, the wind
distribution around eddies was examined using ASCAT 10-m neutral wind data.
Figure 4.2 shows the wind speed over the four eddies, where the black arrows are
the velocity vectors of wind. Southerly winds ranging in speed from 0–8 m s-1 are
dominant around four eddies. There are relatively large differences in the wind
speeds between the left and right halves of the ellipses inside Eddies 1 and 4. The
background wind field over the four eddies is a southerly wind in the southern part
and a northeastward wind in the northern part. However, the general features of the
wind speed averages for all eddies show an increase in the wind speed over warm
eddies compared to the background wind field outside of these eddies, as shown in
Figure 4.3.
Figure 4.3a represents the composite eddy wind speed, which was transformed
to a common ring-centric normalized coordinate system defined with ellipse
parameters using a fit with SST-based frontal boundaries. The central direction,
represented by the white dashed line, indicates an upwind direction across the ring
boundaries (Park et al. 2006). The eddy composite of the wind speed in rotated
coordinates shows that the wind field, which was averaged at each interval of a
normalized distance, clearly intensifies after entering an eddy. The transition in wind
speed along an upwind direction in a ring-centric eddy composite is shown in Figure
4.3b. The wind speed gradually increases close to the eddy boundary and is
maintained at a relatively high speed before arriving at the eddy boundary. However,
when the wind vectors leave the eddy boundary, the magnitude of the wind tends to
decrease. The largest wind velocity inside the composite eddy is approximately 1.3
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times that outside, where the distance from the center (r) to the normalized radius of
eddies (R) (r/R) is -1.5 (Figure 4.3c). This modification of wind field arises from a
stability change within the MABL, which generates local turbulent stress, caused by
air-sea temperature changes and the SST front around eddies.

Figure 4.1. Spatial distribution of sea surface temperature (℃).
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Figure 4.2. Spatial distribution of ASCAT 10-m wind vector, where the color
represents wind speed (m s-1) of Eddies 1-4 respectively.

Figure 4.3. (a) Mean wind speed of all the Eddies 1-4, where all the ellipses were rotated to the
upwind direction from the bottom to the top at normalized distance coordinate. (b) Mean wind
speeds along the center line of the x-axis (the white dotted line in (a)). (c) The ratio of mean wind
speed of (b) to the wind speed at normalized distance of -1.5.
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4.4.2. Ekman Pumping obtained from Scatterometer Wind
Data
As described earlier, the wind speed intensifies over mesoscale eddies and there
are manifest changes in the wind speeds across/near eddy boundaries. These
characteristic features can produce changes in the wind stress curl and the EKP
velocity field over eddies, and the effect of wind speed modification promotes a
spatial distinction in the EKP field within eddies. The EKP field estimated by (6)
indicates that there are obvious differences in the EKP distribution with respect to
positive and negative values on the left and right sides of the eddy, as shown in Figure
4.4. The EKP velocity for the four eddies ranges between O(10-5) m s-1 to a
magnitude of about 0.86 m day-1.
Eddy 1 shows a positive velocity distribution in most areas, and the negative
velocity distribution on the right side covers the smallest area of all four eddies
(Figure 4.4a). However, the spatial distribution of the EKP reveals a contrasting
deviation, with high and low values on each side. The largest negative EKP velocity
of less than −0.8 × 10

appears on the right side of Eddy 2, which has a

reversed tendency on its right side with positive EKP values greater than 0.5 ×
10

(Figure 4.4b). Eddy 3 has the highest positive EKP values (~1.0 ×

10

) on its left side and its right side has negative EKP values (Figure 4.4c).

This kind of general trend is also seen in Eddy 4, despite the relatively weak contrast
between negative and positive EKP values (Figure 4.5d). Of the four eddies, the wind
speed field over Eddy 4 is the weakest (about 0.7 times that of other eddies) (Figure
4.3). This seems to yield the relatively small EKP values.
Figure 4.5 shows a composite of the observed average eddy/wind-induced EKP
velocities of the four eddies at a ring-centric coordinate with a normalized distance.
In this case, all eddies and EKP values were rotated by following the upwind
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direction from the bottom to the top in Figure 4.5a. As a result, the EKP field of the
eddies shows a spatially-differential structure in terms of positive and negative signs
of EKP values. The cross section of the combined EKP values along the horizontal
section passing through the eddy center (marked using a dashed-line) show the
largest positive EKP velocity (~0.5 × 10

) of around -0.4 (r/R) in the left

and the smallest negative EKP velocity (~−0.5 × 10

) in the vicinity of

0.7 (r/R) on the right side of the ellipse (Figure 4.5b).

Figure 4.4. Spatial distribution of Ekman pumping velocity (m s-1) from scatterometer wind
stress over Eddies 1-4, respectively.
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Figure 4.5. (a) Mean Ekman pumping velocity of Eddies 1-4 at rotated coordinate system
to the upwind direction. (b) Mean Ekman pumping velocity along the center line marked
in black dotted line in (a).
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4.4.3. Short-term Changes in Chlorophyll-a Concentration
within Eddies
The particular structure of positive and negative EKP values is hypothesized to
be associated with different biological responses on each side of the eddy (Martin
and Richards 2001). The responses can be traced using a time-series of satellite chla concentration data, as shown in Figure 4.6.
Images of GOCI chl-a concentrations in the four eddies recorded from 09:30
a.m. (Figure 4.6a–d) to 11:30 a.m. (Figure 4.6e–h) show the existence of a spiral
structure within eddies rotating anticyclonically. Images of post chl-a distribution
(Figure 4.6e–h) appear to be approximately similar to those of previous chl-a
distribution in terms of magnitude of chl-a values and rotating features when a short
time interval of 2-h is used. However, there are conspicuous temporal differences
between amounts of post and previous chl-a ranged 0 to 0.08 mg m-3 inside eddy
peripheries. It is very intriguing to investigate what kind of processes involved by
the effect of the modified wind speed field on this low-level biological system with
respect to changes occurring in the physical environment within a short period of 2
h. It was considered that differences occurring within this 2-h time interval could
provide clues to understanding eddy dynamics associated with air-sea interactions.
The plots of chl-a differences within a 2-h interval shown in Figure 4.6i–l
illustrate the subtle changes in chl-a concentrations around eddies, where spiral-like
structures are shown in Eddies 2 and 4. However, a constant pattern cannot be
determined with respect to variations in chl-a concentrations over time and space,
which implies that variations in chl-a concentration occur in relation to a
complicated mechanism, even over a short time period. The slot boundaries
appearing in Eddies 1 and 3 were created by the GOCI operating system employed
different shooting times for each slot, which resulted in distinct measurement
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differences for slot boundaries. However, the relevance of a slot difference is
considered negligible in this study as noted the white lines crossing eddies (Figure
4.6i and k), because this study focuses on temporal changes in chl-a concentration
and not on its spatial distinction.

Figure 4.6. Chlorophyll-a concentration images of (a-d) 9:30 a.m. and (e-h) 11:30 a.m. on
April 5, 2011. (i-l) Spatial distribution of the differences of chlorophyll-a concentration (post
minus previous) for each eddy (mg m-3).
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4.4.4. Relationship between Ekman Pumping and Changes in
Chlorophyll-a Concentration
To understand the biological response of eddies to changes in the EKP field, we
examined the relationship between the EKP velocity obtained from ASCAT wind
data and variations in chl-a concentrations within a 2-h period, as shown in Figure
4.7. In estimation of the EKP field and relative vorticity in (5), we used surface
current vectors based on the MCC method. The eddy area used to explain the
influence of air-sea interaction ranged from the center to a normalized distance (r/R)
of 1.2.
Results show that chl-a differences tend to increase with an increase in the EKP
values, except for with Eddy 1 (in Figure 4.7). In in Figure 4.7, the dashed line
represents the least-squared fitted linear trend between the two variables, which was
statistically significant within 95%. These results indicate that the local chl-a
concentration increases with respect to the strength of the EKP. A positive EKP
velocity suggests the possibility that sea water moves upward from the subsurface
layer, and a negative velocity shows a reverse tendency and a downward motion
away from the sea surface. However, for Eddy 1, with an increase in the EKP velocity
there was an overall decrease in the chl-a concentration. There are many different
environmental factors that affect temporal changes in chl-a concentrations, such as
local and advective components of the nutrient supply, atmospheric environment
changes, mixed layer depth, light intensity conditions, waves, and sea state. To
determine the reason for this inverse relationship in Eddy 1, we decomposed the EKP
velocity into three stress curl components, as listed in equations (4.7) to (4.9).
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Figure 4.7. Observed Ekman pumping velocity (m s-1) from scatterometer wind field as a
function of chlorophyll-a concentration differences (mg m-3) within 1.2 normalized radius
for 2 hours from 9:30 a.m. to 11:30 a.m. on April 5, 2011 for Eddy 1 to 4.
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4.4.5. Effect of Eddy Current and Relative Vorticity-Induced
Ekman Pumping
Three components contributing to the EKP velocity over eddies were calculated
according to (8)–(10), as shown in in Figure 4.8. The first contribution (

) to total

eddy/wind-induced EKP in (8) is the relative surface stress curl-induced EKP, which
is referred to as ‘linear Ekman pumping’ (e.g., McGillicuddy et al., 2008). In the case
of an anticyclonic eddy, clockwise sea surface current vectors exert different stresses
to the wind vectors on the left and right sides of the eddy. Upwelling patterns have a
positive

in the center and downwelling patterns have a negative

periphery of the eddy, which is shown in

in the

field for all four eddies (in Figure 4.8a–

d).
Eddy 1 has the smallest variation in

values (in Figure 4.8a) and the

magnitude of velocity is the largest inside Eddy 2 (~5 × 10

) (in Figure

4.8b).
The second contribution (

) to total EKP, obtained from (9), is the vorticity

gradient–induced EKP, which results from the interaction between surface stress and
the eddy current vorticity gradient. This component has also been called ‘nonlinear
Ekman pumping’ (e.g., McGillicuddy et al. 2008).

in all four eddies (in Figure

4.8e–h) shows a dipole EKP pattern with upwelling on the left side and downwelling
on the right side of the eddy ellipse. The velocity range is similar to that of

, with

the largest range of velocity variation in Eddy 2 (in Figure 4.8f) and the smallest in
Eddy 1 (in Figure 4.8e). The ranges of velocity magnitude of
considerably smaller than that of

(O(10-5)
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).

and

are

Figure 4.8. (a-d) Surface relative stress-induced Ekman pumping (Wc), (e-h) vorticity
gradient-induced Ekman pumping (Wz), and (i-l) SST-induced Ekman pumping (Wsst) over
the eddy (Eddy 1 to 4). (m-p) The sum of the eddy/wind-induced Ekman pumping
components in (a).
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4.4.6. Contribution of Sea Surface Temperature Gradient on
Ekman Pumping
The third contribution (

) to total EKP, which is obtained from (10), is SST-

induced EKP, which is associated with MABL stability change in regions with
signiﬁcant SST gradients (Park et al. 2006). Figure 4.8m to p shows that the
field distribution around the four eddies ranges O(10-5) m s-1, and it shows the largest
variation compared to the other two components. Since
gradients in a crosswind direction, the structure of

is induced by SST
is not only dependent on

the SST distribution, but also on the orientation of the wind. In an idealized
anticyclonic eddy system, the

field has a dipole structure (Park et al. 2006).

Although the size of the mesoscale eddy is much smaller in the East Sea than in the
Gulf Stream region, a similar spatial structure with positive and negative EKP values
on the left and right sides is also evident, as shown in Figure 4.8j and k. The other
features that deviate from those of normal features may be associated with the strong
SST gradient outside the eddy and the background SST field (where there are
negatively-decreasing temperature values to the north) (Figure 4.1). The magnitude
of

is larger around the edge of eddies, where the SST varies more dynamically

than inside the eddies. Eddy-associated variations in SST modify the overlying wind
field. Therefore, wind stress is exerted onto the ocean and the air-sea coupling
process evolves.
It is of note that the structures of the sum of the three components (

) in the

lower bottom of Figure 4.8 are approximately similar to those of the SST gradientinduced EKP field. Although the dominant feature of the EKP is shown inside the
eddies (as seen in Figure 4.8a to h), the highest contribution from SST-related EKP
conceals the detailed structure of the induced eddy current and the relative vorticity
gradient induced field within the eddies. The average contribution of
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to EKP

is 76 % for eddies. Fluctuations in

represent most of the distribution of the

sum of EKP components at the edges and outsides of eddies, however, the spatial
structures of

and

are also evident inside the eddies, where the anticyclonic

eddy current and the strengthened wind field are prevalent. The total sum of the three
components ranges from −0.9 × 10

m

to 0.9 × 10

m

(~ 0.78 m

day−1).

4.4.7. Chlorophyll-a Response to Non-SST induced Ekman
Pumping
As previously mentioned, the effect of the SST gradient on the EKP field is
much higher than that of other components. Therefore, the significant relationship
between modification of the wind speed field from SST and the subsequent
generation of the EKP field is indicated as the potential source supplying nutrients
to phytoplankton. However, the roles of the wind and eddy field are also indicated
to have a relationship on EKP production, as shown in Figure 8a to h. We therefore
investigated the existence of a positive relationship between chl-a concentration
change and non-SST related EKP change.
Figure. 4.9 shows the relationship between the sum of the two EKP components
relating to surface current (

+

) and changes in the chl-a concentration over a

2-h period. Unlike the slightly negative relationship of

in Figure 4.7a, chl-a

changes in Eddy 1 have a positive correlation with the sum of
(Figure 8a). As described earlier with

and

fields

(Figure 4.7b–d), a positive relationship

between the two was found in all other eddies (Figure 4.9b–d). One possible
explanation for the different tendency in Eddy 1 (Figure 4.7a and Figure 4.9a) could
relate to the difference in magnitude of this eddy’s current. The SSHA field of Eddy
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1 ranges from 0.4 m to 0.45 m, as shown in Figure 3.10, whereas the other three
eddies have much higher SSHA from 0.45 m to 0.6 m (or more) over a short distance
within a radius of about 70 km. These higher SSHA values produce a stronger sea
surface current following geostrophic balance. Therefore, the magnitude of currents
in Eddy 1 are relatively small (less than 0.2 m s-1) compared to those of the other
eddies, resulting from the slight change in the SSHA field around the eddy (Figure
3.10), which means that there is a relatively small contribution from the eddy current
in the EKP within Eddy 1. As a result, the proportion of the

field in Eddy 1

that contributes to total EKP is relatively large compared to that in the other eddies.

Figure 4.9. The relationship between sum of surface current-induced Ekman pumping
components (Wc + Wz) (m s-1) and differences of chlorophyll-a (chl-a) concentration (mg
m-3) for 2 hours from 9:30 a.m. to 11:30 a.m. on April 5, 2011 for Eddies 1-4, respectively.
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4.4.8. Characteristics of SST Gradient in the East Sea
It is known that the East Sea has undergone significant seasonal SST variations
and rich spatial structures over time due to diverse oceanic and atmospheric
conditions (Park et al., 1999; Park et al., 2005). To understand the contribution of
in other oceans, we compared its percentage to total EKP values in Figure 4.10
with those of global oceans (the Agulhas Return Current (ARC), Southeast Atlantic
Ocean (SAO), South Pacific Ocean (SPO), Hawaiian Ridge (HR), South Indian
Ocean (SIO), Caribbean Sea (CS)), by obtaining their magnitudes from the graphic
results of Gaube et al. (2015). The ARC has the largest amount of

to

of

50%, because it is a region where the air-sea interaction is active in relation to very
strong SST gradients (e.g., O'Neill et al., 2005; O'Neill, 2012), but

occupies

less than 50% for other oceans, which means that the sum of

dominate

more than

. These contributions of

and

to total EKP in the various oceans

are much smaller than in the East Sea, where SST values vary with large amplitudes
both spatially and temporally.
It is widely recognized that well-developed SST fronts with strong spatial
thermal boundaries exist in the central part of the East Sea throughout the entire year.
These are known as subpolar fronts (Park et al. 2007). The black dots in Figure 4.11a
represent locations of relatively high SST gradients (greater than 0.04 ℃ km-1)
observed on April 5, 2011, when many eddy-like features, filaments, and other smallscale features were also evident. In addition to these structures, the SST gradient map
in Figure 4.11b shows detailed spatial structures over the entire East Sea, particularly
near the subpolar front along a zonal line of approximately 40º N. It is considered
that this characteristic SST front distribution in the East Sea may modify the wind
field through an air-sea stability change and a surface current effect, which would in
turn provide a strong SST-induced contribution to the EKP in the East Sea.
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Figure 4.10. The percentage of SST-induced Ekman pumping to sum of eddy/wind inducedEkman pumping in the Agulhas Return Current(ARC), Southeast Atlantic Ocean (SAO),
South Pacific Ocean (SPO), Hawaiian Ridge (HR), South Indian Ocean (SIO), Caribbean
Sea (CS), and East Sea (EJS). The percentages of the first six areas (ARC to CS) were
indirectly inferred from each range of color tables in the figures of Gaube et al. (2015).

Figure 4.11. Spatial distribution of (a) locations with higher SST gradient magnitude of
greater than 0.04 ℃ km-1 and (b) SST frontal values (℃ km-1) in the East Sea on 5 April
2011.
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4.5. Discussion
This study demonstrates the chl-a concentration response to wind field through
the air-sea interaction over anticyclonic eddies in the East Sea over a short time
period. To clarify the effect of the air-sea interaction, the spatial structures and
magnitudes of eddy/wind-induced EKP were analyzed. The wind field was found to
intensify over anticyclonic warm eddies, and EKP velocity fields were observed to
have a dipole structure (with a positive (negative) velocity on the left (right) side of
the eddy ellipse). Three stress terms for EKP values were derived: surface relative
stress-induced, vorticity gradient-induced, and SST-induced terms. The currentinduced and vorticity gradient-induced EKP fields in all eddies were comparable in
magnitude but had different spatial patterns. The sum of the first two stress terms for
the EKP were positively correlated with chl-a changes within 2 h. In addition, the
total eddy/wind-induced EKP was found to be mainly influenced by

in the

study area in relation to the strong front (known as the subpolar front) across the
eddies.
Various factors influence the phytoplankton bloom in the surface ocean.
Phytoplankton generally flourishes when there is a sufficient nutrient supply into the
euphotic zone at an optimal temperature and loss rate from grazing (e.g., Miller, 2004;
Behrenfeld, 2010; Hunt et al., 2010; Mann and Lazier, 2013). Although upwelling of
nutrient-rich water into the euphotic zone enhances biological productivity, the
biological response is sensitive to time scales involved in nutrient uptake.
Phytoplankton is also known to have a diurnal variation pattern that varies both
temporally and spatially (e.g., Wood and Corcoran, 1966; Mercado et al., 2006).
Although many local conditions provide mechanisms for phytoplankton bloom, the
present study shows the obvious relationship between chl-a changes and air-sea
interactions induced by the wind field and SST differences across the eddy on an
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hourly base.
If there were no eddies in the East Sea and the SST was almost constant, the
wind field passing over the sea surface would seldom change in terms of speed and
direction. However, the East Sea has a diverse spatial distinctive structure with
dominant SST differences, and the wind field tends to change to a large enough
extent to contribute to changes in the EKP field, which leads to biological responses,
as evident from chl-a concentration blooms described in previous studies, where the
contribution of coastal upwelling to phytoplankton bloom in summer in the East Sea
has been addressed. However, no previous studies have focused on the various
dynamics relating to SST differences and eddies in the East Sea. Our study uses
multi-satellite data to obtain results that evidence the invaluable role of mesoscale
eddies within a low-level marine ecosystem in the East Sea.
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5. Spatio-Temporal

Variability

of

Chlorophyll-a

Concentration Trend
5.1. Introduction
Significant questions are being raised surrounding the harmful effects of
climate change on oceans and marine ecosystems. Satellite ocean color data offers
an unprecedented way to observe and investigate these changes throughout the world.
CZCS first observed the interaction between climate and the oceans when large-scale
El Niño events from 1982 to 1983 affected marine ecosystems. When investigating
the marine ecosystem on a broad scale, it is practical to utilize satellite chl-a at the
outset of the study (IOCCG, 2008). Many previous studies have explored the
relationship between climate change and marine ecosystem response using satellite
chl-a (Table 5.1).
Sverdrup (1953) developed a simple model of critical depth to explain the
necessary conditions for the spring phytoplankton bloom. Sverdrup’s critical depth
is defined as the depth at which phytoplankton could be mixed and the total
photosynthesis within the water column is equal to the loss of phytoplankton. In
winter, strong winds cause deep mixing that replenishes nutrients in the upper mixed
layer, while preventing phytoplankton from getting enough light to grow. The
stratification that begins in the spring temporarily meets the light-nutrient conditions
for phytoplankton bloom. As summer begins, more pronounced stratification limits
nutrient supply, suppressing phytoplankton growth in the surface mixed layer. The
fall bloom occurs when weakening stratification allows for nutrient supply to the
upper mixed layer. Such cycles are typical in temperate seas—the bloom pattern in
the East Sea is explained by this mechanism (Yoo and Kim, 2004).
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The East Sea is connected to open sea by a strait and affected by the monsoon.
Moreover, a rapid circulation system faster than that of the oceans, make the East
Sea a valuable area to study the effects of physical environmental changes. The East
Sea is also known to have a high amount of variation in its physical state compared
to open seas (Boyer and Levitus, 2002). This could provide a clue for understanding
the mechanisms that drive marine ecosystem response to climate change. Recently,
satellite ocean color data revealed that the seasonal variation of chl-a in the East Sea
has the bimodality of spring and fall blooms (Kim et al., 2000; Yamada et al., 2004;
Ashjian et al., 2006; Yoo et al., 2008; Lee et al., 2014; Jo et al., 2014). The spring
bloom usually begins in the south and propagates northward. Its start-timing varies
spatio-temporally with wind speed (Yamada et al., 2004; Jo et al., 2007; Kim et al.,
2007; Jo et al., 2014). TWC influences the spring bloom development in the
southwest East Sea (Yoo and Kim, 2004), while sea ice concentration is linked to the
inception of the chl-a bloom in the northern area (Park et al., 2014).
Although many studies have been conducted using ocean color data to
understand chl-a fluctuation and its mechanisms in the East Sea, they were met with
limitations in obtaining a continuous time-series data set and achieving full data
coverage for the ocean color operating period. The difficulty of connecting disparate
data sets into a single time-series data set lies in the variation in sensor performance
between satellites and conditions they operate under. To avoid data discontinuity
problems, the two time-series data sets of SeaWiFS and MODIS were analyzed
independently in this study as opposed to merging them. In general, the poor
coverage of ocean color imaging is also induced by various atmospheric factors such
as cloud, sea fog, haze, dust, aerosol, and other atmospheric features (Park et al.,
2012). To overcome the insufficient coverage of ocean color data, a temporal
composite of chl-a images with 3-dimensional (3D) and optimal interpolation (OI)
techniques were applied.
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The objectives of this study were to produce a satellite monthly chl-a
concentration map with speckle removal that spanned two decades from 1998 to
2017, in order to use the OI method to fill missing pixels in the composite map for
the entire study period, analyze the spatio-temporal variability of chl-a concentration,
and to find linkages to physical environmental changes in the East Sea.

Table 5.1. List of previous studies about spaito-temporal variation of chlorophyll-a
concentration.
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5.2. Data
SeaWiFS data and MODIS chl-a concentration data obtained in the East Sea
from 1998 to 2017 were used after the speckle detection and removal scheme was
applied. Special Sensor Microwave Imager (SSM/I) monthly wind data, with 0.25°
× 0.25° resolution from 1998 to 2017, were analyzed. Global ocean Argo gridded
dataset produced by the Barnes Method (BOA-Argo) data with a 1° × 1° resolution
was utilized to analyze the vertical structure from water temperature, salinity, mixed
layer depth (MLD) from 2004 to 2015. MURSST of 1 km resolution was also
analyzed in this study. As a global climate index, the Multivariate (ENSO) Index
(MEI)

was

used

from

1998

to

2017

distributed

by

the

NOAA

(http://www.noaa.esrl.noaa.gov/psd/people/klaus.wolter/MEI/table.html).

5.3. Methods
5.3.1. Data Composition
To overcome the lack of spatial coverage in ocean color data, a temporal
composite is needed. The weighted mean composite method was applied to Level-2
path data for the monthly chl-a mean. If there are N observations corresponding to a
time

(i = 1, . . . , N), every path within a bin can have

weighted mean

over observation

=

observations. The

can be expressed as follows:

∑

∑

where the sum of the weights W is
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(5.1),

=∑

∑

=∑

and j refers to the jth observation at time

(5.2),

(i= 1, . . . , N, and j = 1, . . . ,

)

(Campbell et al. 1995).
However, there are still spatial deficiencies in the data in the monthly composite
map, especially in winter due to sea ice and cloud coverage (Chae and Park, 2009).
Thus, the 3D OI method was applied to derive the temporal means of irregularly
spaced data. The northern area of the East Sea near the Tartar Strait (> 46.2°N),
where ocean color data could not be reliably acquired in the winter due to sea ice
cover, was excluded. Figure 5.1 shows the overall process used to produce the chl-a
concentration monthly mean map from the path data. After eliminating the speckles
at the Level-2 stage, the composite process is conducted to generate a gridded map.
The application of OI scheme is the final step. MODIS data composite process
according to each step is shown in Figures 5.2. Figure 5.2a represents speckles in a
chl-a monthly composite of 9 km resolution in December 2007. The speckles are
also shown in the composite map provided by NASA with 4.6 km resolution (Figure
5.2c). Data composition was performed again from Level-2 path data with the
speckle removal process, and the speckles were removed well in the Level-3 monthly
map (Figure 5.2b). Finally, after applying the OI technique to the speckle removed
composite map, all empty pixels were filled in properly (Figure 5.2d). The Figures
5.3 and 5.4 depict the before and after applying the composite scheme on the
SeaWiFS data in July 2016 and the MODIS data in December 2014, respectively.
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Figure 5.1. Flow diagram of the process to produce the composite map of chlorophyll-a
concentration.

Figure 5.2. Monthly composite of MODIS chlorophyll-a concentration (a) before speckle
removal process, (b) after speckle removal process, (c) provided with 4.6 km resolution by
NASA, and (d) after the optimal interpolation process is applied in December 2007.
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Figure 5.3. (a) Before and (b) after applying the composite scheme from speckle removal
to optimal interpolation on SeaWiFS chlorophyll-a concentration data for monthly map in
July 2006.

Figure 5.4. (a) Before and (b) after applying the composite scheme from speckle
removal to optimal interpolation on MODIS chlorophyll-a concentration data for
monthly map in December 2014.
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5.3.2. Statistical Analysis
Chl-a concentration tends to have lognormal distribution in large data sets of
ocean color satellite or ship-board measurements (Campbell et al., 1995). Lognormal
distributions are common in biological processes where the rate of change of a
variable is proportional to its size (Atichison and Brown, 1957; Crow and Shimizu,
1998). The use of log-transformed chl-a concentration is common in the field. For
example, Chelton and Schlax (1991) utilized log-transformed data when comparing
time averages of chl-a concentration. Most recent research, however, has computed
statistics for arithmetic instead of a logarithm. It has been established that the use of
arithmetic mean is appropriate for most biogeochemical research; arithmetic is
regarded as an acceptable statistical estimator for true value rather than a logtransformed statistic based on their performance as an estimator of the mean
(Campbell et al., 1995).
Various statistical analysis techniques, such as least-fit regression, empirical
orthogonal function (EOF), and cyclostationary EOF (CSEOF), were utilized in this
study. To identify spatial and temporal variability, chl-a concentration fields were
decomposed into their dominant modes using EOF and CSEOF analysis (Kelly, 1988;
Lagerloef and Bernstein, 1988). EOF function for space–time data

( , ) is

defined by:

( , )=∑

where

( )

( )

(5.3)

( ) is a physical process called loading vector (LV) modulated by a
( ) is the time-varying strength of the

principal component (PC) time series,

physical evolution, and n, x, and t denote the mode number, space, and time,
respectively. nth LV and PC time series set represents an nth EOF mode. In the
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statistics regarding time-dependent physical processes, it must be considered that a
stationary LV can lead to erroneous interpretation of the data (Hamlington et al.,
2011).
CSEOF analysis is applied to capture the time-varying spatial patterns data
(Kim et al., 1996; Na et al., 2012). T (x, t) is decomposed into cyclostationary LV,
CSLVn(x, t), and their PC time series, PCn(t):
CSEOF analysis is applied to capture the time-varying spatial patterns data
(Kim et al., 1996; Na et al., 2012). T(x, t) is decomposed into cyclostationary LV,
CSLVn(x, t), and their PC time series, PCn(t):

( , )=∑

( , )

( )

(5.4).

The CSLV are orthogonal of each other, and the PC time series are mutually
uncorrelated. Each CSLV a describes the evolution of spatial patterns over the nested
period, d, which is annual in this study:

( , )=

( , + )

(5.5).

The Brunt Väisälä (BV) frequency, N, as the vertical stability for the upper 200
m of sea water column, was calculated from (5.6),
N=

,

= ( )

(5.6),

where g is the gravitational acceleration, ρ is the density of the sea water, E is the
stability, and z is the depth (Knauss, 1997).
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5.3.3. Gaussian Fitting
Phenological spring and fall blooms in the East Sea were estimated from the
Gaussian fitting using the chl-a time-series data as follow:

chl − (t) = chl −

bloom season.

ℎ

√

(

)

√

+

(

)

(5.6)

√

(mg m-3) is the background satellite chl-a concentration of non-

where chl −

fall (

+

and

(day) are the width of the peak of the spring (

√

) and

) where the subscription of s and f indicate spring and fall, respectively.

and ℎ

(mg m-3 day) represent the integration of total satellite chl-a

concentration above the background value (Liu and Woods, 2004; Kim, 2006).
(
√

)

and

(

)

√

give the height of the peak above

the background concentration of spring and fall blooms respectively.

and

(day) are the days of the concentration peak for spring and fall. In this study,
the

±2

is defined as the timing of the seasonal bloom (Yamada and

Ishizaka, 2004).
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5.4. Results
5.4.1.

Spatio-Temporal

Distribution

and

Interannual

Variability of Chlorophyll-a Concentration
The mean concentration distribution of chl-a derived from SeaWiFS and
MODIS in the East Sea from January 1998 to December 2017 is shown in Figure
5.5. The distribution of chl-a concentration ranged from 0.15-20 mg m-3. An
oligotrophic ocean is defined as one with a distribution of chl-a concentration under
0.25 mg m-3 (Hu et al., 2012), thus, the East Sea cannot, on average, be considered
oligotrophic. The spatial pattern of chl-a concentration was larger close to the
Korean and Russian coast. The Japanese coast also had a relatively high chl-a
concentration, except around Oki Spur, which had the lowest chl-a concentration
value in the East Sea. One of the highest values was found near the Tatar Strait, the
most northern part of the East Sea. The chl-a concentration was low in the area of
the Japan Basin as well as around the southern area including the Oki-Spur. The
overall chl-a concentration value increased from the SeaWiFS period to MODIS
period, 1998-2017.
Seasonal variation of chl-a distribution was noticeable in both periods (Figures
5.6-5.7). Chl-a increased during spring, also known as spring bloom, and decreased
during the summer. In the fall, chl-a concentration increased once again to form the
fall bloom, but not as much as it did during the spring. In the previous decade, low
chl-a distribution was maintained from January to February. Chl-a started to bloom
in March and continually increased until April. Although May also appears to have
high chl-a values in the northern part of the East Sea, the chl-a values decrease in
the southern area. The overall decrease happened from June to August with the
smallest values found in the eastern part of the sea. In summer, chl-a value decreases
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to 0.15 mg m-3, and the East Sea becomes oligotrophic. With the seasonal change
from summer to fall, chl-a increased in the southern part of the sea. November was
the peak of the fall bloom—afterwards, chl-a decreased again. In the MODIS period,
the variation of the chl-a value became stronger spatially in the spring season than
in the SeaWiFS period, and the spring bloom started along the 38°N. The Fall bloom
was also stronger than in the previous decade.
Figure 5.8 shows the first EOF mode of chl-a concentration and its time-varying
amplitudes, which account for 33% variability based on the thirteen-year MODIS
chl-a database. The loading pattern was in the same positive direction throughout
the East Sea. The eigenvectors illustrated higher values, in excess of 0.02, in the
eastern coastal regions near Hokkaido, Japan (40–43°N). Relatively high variation
(> 0.01) were distributed to the east and west of the southern area (36–40°N) and
along the Russian coast. In contrast, the values were lower off the coast of the Japan
Basin and the southern area of the East Sea (< 0.004). The time-varying amplitudes
of the eigenvectors were highly variable with dominant year-to-year variation,
seasonal signals, and an obvious increasing trend (Figure 5.8b–d). Amplitude over
time had seasonal variability with two clear peaks during a year. The first peak
occurred in the spring season (primarily in April), and the second peak was towards
the end of fall (either November or December). These peaks indicate that seasonal
chl-a concentration is dominant in the East Sea. The increase in of amplitude during
the spring months of March and April was remarkable compared with the other
seasons. The three highest peaks appeared in the spring of 2006, 2011 and 2015. The
combination of the eigenvector component with positive values (Figure 5.8a) and
the trend of time-varying increases in amplitude (Figure 5.8b), could be an indicator
of productivity across the entire East Sea. The second and third mode of chl-a field
variance accounted for 9.4% and 7.6%, respectively (not shown here).
The spatial amplitude of the first mode EOF, without seasonality for SeaWiFS
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chl-a data, from 1998 to 2007 is shown in Figure 5.9a. This variation accounted for
16.3% of the total chl-a concentration data set. There were opposite variation
patterns with positive distribution in the southern area, especially along the Japanese
coast and the Ulleung Basin—negative distribution was found on the Russian coast.
This means that the East Sea had an opposite pattern of spatial variation during
SeaWiFS observing period. The time series of amplitude had seasonal and interannual variability (Figure 5.9b-c). Excluding seasonal variability from the data, the
amplitude peak only appeared once a year. The dominant peak during each year
appeared in spring, and almost exclusively in April. The largest peak was in April
2003; two other significant peaks were observed in May 2005 and April 2006. The
peak of April 2006 had the opposite sign from the other top two peaks.
The MODIS chl-a data from 200 3 to 2015 was also decomposed without
seasonality (Figure 5.10). The spatial distribution of chl-a anomaly concentration
varied similarly, except near the coast of Korea and Vladivostok, where it varied
negatively during the MODIS observing period. The Japanese coast had a relatively
strong variability range, especially in the coastal sea near Hokkaido. This spatial
variation pattern had changed in comparison with the EOF decomposition of
SeaWiFS data field, which had a spatial symmetry that varied in an opposite pattern
from north to south. This variation accounted for 14.1% of the total MODIS data set.
The time-varying amplitude had one dominant peak that occurred in either March or
April. Among the annual peaks, negative amplitude was the typical occurrence prior
to 2010, while positive amplitude mainly occurred after 2010. The two strongest
peaks were observed in April 2006, and March 2012. The annual peak of 2006
showed positive value unlike the peaks of the other years before 2010, and the
relatively high amplitude of April 2006 continued until May. In recent years, peak
amplitude has tended to appear a month earlier, signaling a shift in chl-a bloom
timing. In addition, the peak values became larger than before 2010. The second and
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third mode accounted for 9.0% and 8.8 % of total variance, respectively.
Over the three preceding EOF analyses, a strong peak of time-varying
amplitude has consistently appeared in April 2006. The coastal area of Hokkaido
also had a strong amplitude of spatial variation in the EOF analysis, which
represented a very high chl-a concentration in that area in April 2006 compared to
the first ten years of the total data set.

Figure 5.5. Distribution of chlorophyll-a concentration mean of (a) SeaWiFS from 1998 to
2007 and (b) MODIS from 2003 to 2017.
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Figure 5.6. SeaWiFS chlorophyll-a monthly mean in 1998-2007.
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Figure 5.7. MODIS chlorophyll-a monthly mean in 2003-2015.
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Figure 5.8. (a) Spatial distribution of eigenvectors from the first EOF mode using MODIS
chlorophyll-a concentration data from 2003 to 2015 in the East Sea including seasonal
variation, (b) time-varying amplitude of (a), (c) year-month amplitude of (b), and (d) monthly
trend of (c).

Figure 5.9. (a) Spatial distribution of eigenvectors from the first EOF mode using SeaWiFS
chlorophyll-a anomaly data from 1998 to 2007 in the East Sea, (b) time-varying amplitude
of (a), and (c) year-month amplitude of (b).
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Figure 5.10. (a) Spatial distribution of eigenvectors from the first EOF mode using MODIS
chlorophyll-a anomaly data from 2003 to 2015 in the East Sea, (b) time-varying amplitude
of (a), and (c) year-month amplitude of (b).
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5.4.2. Impact of ENSO on Chlorophyll-a Concentration
Variability
Low-level marine biology systems are known to affected by global climate
change. Thus, to analyze the factors that affect the temporal variability of chl-a
concentration more effectively, global climate change should be considered. The El
Niño/Southern Oscillation (ENSO) is the most important ocean-atmosphere
phenomenon cable of causing global climate variability on inter-annual time scales.
As an index for ENSO, MEI of the study period was utilized as shown in Figure 5.11.
The MEI is the first principal component on the six main variables observed over the
tropical Pacific as follows: sea-level pressure, zonal and meridional components of
the surface wind, SST, surface air temperature, and total cloudiness fraction of the
sky. Negative MEI represents the cold ENSO phase, also known as La Niña, while
positive MEI values represent the warm ENSO phase, or El Niño (Wolter and Timlin,
1993; 1998). There were some significant events after the historical El Niño of 199798 while the 2009-10 and 2015-2016 El Niño events are the two strongest over the
past two decades. The La Niña of 2010-12 was one of the strongest events since the
beginning of the record in 1949, though the La Niña event of 2007-2009 was only
slightly weaker. These ENSO events tend to last for months to years.
The variability of phytoplankton in the tropical Pacific is mostly controlled by
variation in the nutrients supplied to the well-lit euphotic zone (Pennington et al.,
2006). This variability is dominated by ENSO events (Park et al., 2018). A
relationship was also found between the ENSO and the variation of chl-a
concentration in the East Sea. The time series of chl-a concentration amplitude in
the spring was found to be inversely related to the preceding MEI from 1998 to 2015
(Figure 5.12). The largest amplitude during spring (May, April, and May) was
compared to mean the MEI of the previous winter (December and January).
89

The first mode CSEOF analysis shows a spatial variation of chl-a concentration
of 15% of the total variation each month (Figure 5.13). The first thirty PC time series
explaining about 90% of the chl-a variation was used. Spatial distribution of
eigenvectors variation of monthly chl-a concentration revealed the unseen details of
the EOF analysis. The variation began to strengthen near Japan’s eastern coast from
February onwards. The strongest variation of spatial amplitude occurred in spring
and was associated with the seasonal bloom, particularly in April. Both the Russian
and Japanese coast had a much higher variation than other areas, with the southern
coastal area of Korea exhibiting a smaller amplitude. An opposite variation pattern
was observed in May between the northern area along the Russian coast and the
eastern and southwestern coastal areas. Summer, when chl-a values are the lowest at
any time throughout the year, had a low variation range. As the fall bloom starts in
November, the spatial variation of chl-a strengthens, but not as much as it does
during spring.
The corresponding PC time series of amplitude had two dominant peaks in 2011
and 2015. These prominent temporal fluctuations of chl-a concentration coincided
with significant ENSO events in the form of the 2010-12 La Niña and the 2015-16
El Niño. These two ENSO events were the strongest of any over the past twenty
years since the historically powerful El Niño of 1997. The large fluctuations of the
climate influence the physical environment on a global scale, and appear to have a
great impact on the marine ecosystem of the East Sea.
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Figure 5.11. Time series of Multivariate ENSO Index (MEI).

Figure 5.12. Comparison between the maximum temporal amplitude of chlorophyll-a
concentration from the first mode EOF in spring, and the mean MEI from the previous winter
season (December to January).
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Figure 5.13. Spatial distribution of eigenvectors from the first CSEOF mode using
MODIS chlorophyll-a anomaly data from 2003 to 2015 in the East Sea and the
corresponding time-varying amplitude.
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5.4.3. Interannual Variation of Chlorophyll-a Bloom
Chl-a concentration in the East Sea has a typical bimodal seasonal pattern
which peaks during the spring bloom and is followed by a second bloom in the fall,
as shown by the distribution of chl-a concentration monthly mean (Figures 5.6-5.7).
The bloom starts in the southeastern area in February and then propagates to the
whole of the East Sea. The last area to bloom is the Japan Basin, which does not see
its highest concentration until May. The chl-a bloom in the southern parts of the East
Sea is no longer sustainable, despite the fact that the water column is well stratified
and the solar radiance is sufficient in May. This is because the nutrients in the
southern area seem to have been already depleted by phytoplankton growth, even
though the MLD is shallowest during the spring bloom (Chiba and Saino, 2002). On
average, the chl-a concentration was highest in April during the spring bloom and
second highest in November during the fall bloom. However, the timing of the start
of the spring bloom pattern and the peak concentration were distinctively different
for each year over the past two decades.
The start and peak timings of spring blooms for each year are shown in Figures
5.14-5.15. Each timing was estimated using the Gaussian fitting method with an
eight-day mean composite map. The pattern in which bloom begins in the southern
area was similar, but the start timing was also distinct every year for each area. The
peak timing that occurred late in the northern area also exhibited a similar pattern for
twenty years and spatio-temporal variations. The difference in start timing for each
region is formed by the MLD distribution (Kim, 2006). The water column in the
southern area is more stratified, as shown in the BV frequency climatology
distribution of Figure 5.22. At the same time, solar radiance becomes sufficient for
phytoplankton growth earlier in the south than in the northern region. The
appearance of concentration peaks is generally dependent on the start timing of the
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bloom. The slowest bloom start over the past twenty years occurred in 2006 and the
fastest was observed in 2011 (Figure 5.14). In 2006, the chl-a peaks in most regions
occurred in May, while in 2011, peaks appeared as early as February and continued
to appear in other regions through June (Figure 5.15). The MLD anomaly in February
and March 2006 was strongly positive compared to other years, which lead to the
late start of the spring bloom.
In early spring, the stratification of the ocean’s upper layer is determined by the
wind. Figure 5.16 shows the relationship between the wind anomaly in February (m
s-1) and the start timing of the spring bloom. The positive correlation indicates that
the spring bloom begins quickly when the wind is weak in February. Due to the
strong winter monsoon, the entire East Sea region has deep MLD distribution (> 80
m) in early spring which results in sufficient nutrient supply in the upper layer.
According to Sverdrup’s theory, as MLD becomes shallower, a critical depth is
reached where the net production is zero. Therefore, a rapid decrease in wind speed
during early spring leads to favorable conditions for the start of the spring bloom.
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Figure 5.14. Distribution of spring bloom start timing from 1998 to 2017.

Figure 5.15. Distribution of spring bloom peak timing from 1998 to 2017.
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Figure 5.16. Comparison between wind anomaly in February (m s-1) and Start timing of
spring bloom for each year from 1998 to 2017.
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5.4.4. Long-Term Variation of Chlorophyll-a Concentration
and Relation to Physical Environmental Change
Chl-a concentration is affected by various oceanic, atmospheric, and physical
environmental factors. As a dynamic sea, the East Sea’s physical environment
changes year-to-year and shows significant seasonal variability. Figure 5.17 shows
the spatial distribution of chl-a concentration trends from 1998 to 2007 with
SeaWiFS data, from and 2003 to 2015 with MODIS data. The spatial patterns for the
trends of the two data sets were very similar to the spatial variations of the first mode
EOF analysis for each identical data set. SeaWiFS data from 1998 to 2007 exhibited
a positive trend in the southern area and a negative trend in the northern area. The
Japanese coastal areas along the 139°E line and the southwestern area off the Korean
coast, had relatively large increasing trends. For MODIS data period, the spatial
pattern changed from a south-north symmetry pattern to an east-west symmetry
pattern. The trend pattern changed along the 131°E line and the area of the increasing
pattern dominated. A strong increasing trend was still apparent around Hokkaido
island. Compared to the SeaWiFS period, the northern area near the Tatar Strait
showed a trend that switched from negative to positive.
The seasonality of each chl-a trend is described in Figure 5.18 for SeaWiFS
data from 1998 to 2007. The range of trend distribution in spring was larger than in
other seasons, and it can be observed that the trend for the whole period was
primarily driven by fluctuations in April. The areas with positive trends widened
from March to May. Although the trends in summer season were generally not
significant, the southeastern part of the sea near the coast of the Korean Peninsula,
known as the up-welling region, showed a relatively strong positive trend pattern in
July and August. Figure 5.19 represents the distribution of monthly MODIS chl-a
trends from 2003 to 2015. Trends for the whole period were also led by April in the
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MODIS data, with strong positive trends exhibited near the Russian and Japanese
coastal area, and negative trends near the coast of the Korean Peninsula. The pattern
of increase near the Japanese coast was stronger in March than in April. The
variations in trend value were much larger than the spring results of the SeaWiFS
period. The trend pattern in May was opposite to that of the SeaWiFS period with an
increasing pattern in the northern area and decreasing pattern in the central area. The
other seasons did not show significant trends compared to the spring, however, there
were distinct spatial variations. Similar to the SeaWiFS period, there was an
increasing trend in the upwelling area near the east coast of Korea during July and
August. In contrast to the SeaWiFS period, there was a declining trend in the
southern area of the East Sea in September.
Critical depth theory states that light and nutrients are the main factors in
controlling chl-a bloom. Although, there are limits to obtaining long-term spatial
nutrient data sets, studying the physical environment that provides a nutrient-rich
water column enables us to better understand the chl-a bloom process. The SSW
over the East Sea changes according to the season (Figure 5.20). In winter, the
Siberian High brings strong winds over 9 m s-1 and gradually decrease from February
onwards. However, the wind speed until March is large enough to maintain a deep
MLD field throughout the East Sea (Figure 5.21). The weak wind field lasts
throughout the summer, until the southerly winds strengthen in August. From autumn
to winter, the East Sea is again under the influence of the Siberian high. The MLD
field remains relatively deep until March (> 80 m), but rapidly becomes shallower
from April onwards. During the period in which the deep MLD persists, nutrients are
transferred to the upper layer from the subsurface layer. It maintains its shallowest
depth during the summer (< 25 m) and then begins to recover in the fall. The BV
frequency fields represent the degree of stratification of the upper ocean layer. Figure
5.22 shows the BV frequency climatology distribution for the upper 200-m layer.
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The distribution of the degree of stratification in the East Sea tended to decrease with
increasing latitude because it was affected by sea water temperature throughout the
year. The degree of stratification is most severe in the summer when the SST is at its
highest, which leads to the depletion of nutrients in the upper sea during this time.
Strong winds in winter lead to a steady supply of nutrients from the subsurface,
but, for the critical depth to meet the bloom conditions of spring, it is important that
the wind speed reduces quickly after the strong winds have blown through (Kim,
2006). The positive trend of SSW in February over the northeastern East Sea changes
to a decreasing trend in March (Figure 5.23). This shift in the SSW field creates
favorable conditions for the spring bloom. A positive correlation was found in the
MODIS data set between the degree of change of the SSW field trend between
February and March, and the monthly chl-a trend in spring (Figure 5.24).
The pattern of MLD trend from 2004 to 2015 had a more pronounced monthly
distribution from January to April than in other seasons (Figure 5.25). In February
and March, MLD decreased significantly over the northeastern area. Although MLD
is highly affected by SSW, there are other control factors that determine the density
of water column such as water temperature, so the variation of MLD does not simply
follow the SSW trend. Due to the decreasing trend of MLD in early spring, MLD
reached its critical depth relatively quickly, leading to sufficient light conditions for
the spring bloom. Figure 5.26 represents the negative correlation between the MLD
trend and the chl-a trend in March. The section of MLD trend over 2 m year-1 where
the relationship between the chl-a trend and MLD trend went to proportional which
is not meet the expectation, is likely due to the number of data included in the section
is too small to reflect chl-a bloom system. Or other factors affecting chl-a that have
not been considered here, may have been more important than MLD. However,
overall pattern shows that the shallower MLD in spring, the better condition for chla bloom.
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The trend of BV from 2004 to 2015 also had seasonal variability (Figure 5.27).
In spring, the BV frequency trend was positive in the eastern part of the East Sea.
The higher the BV frequency in the spring, the better the light conditions of the upper
layer, especially in a light limited area like the northern part of the East Sea. In fact,
the chl-a trend and BV trend in spring showed a positive correlation in the
northeastern area of the East Sea (Figure 5.28).

Figure 5.17. Spatial distribution of chlorophyll-a concentration trend from (a) SeaWiFS data
during 1998-2007 and (b) MODIS data during 2003-2015.
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Figure 5.18. Monthly distribution of SeaWiFS chlorophyll-a concentration trend from 1998
to 2007.
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Figure 5.19. Monthly distribution of MODIS chlorophyll-a concentration trend from 2003
to 2015.
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Figure 5.20. Climatology of sea surface wind field (m s-1) of SSM/I from 2003 to 2015.
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Figure 5.21. Climatology of mixed layer depth (m) calculated from ARGO float from 2004
to 2015.
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Figure 5.22. Climatology of Brunt Väisälä frequency (s-1) for upper 200-m layer from 2004
to 2015.
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Figure 5.23. Monthly spatial distribution of satellite-derived 10-m sea surface wind trend
from 2003 to 2015.

106

Figure 5.24. Comparison of the degree of change of wind speed (m s-1) between February
and March and the chlorophyll-a monthly mean (mg m-3) between February and March.
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Figure 5.25. Monthly spatial distribution of mixed layer depth trend (m year-1) from 2004 to
2015.
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Figure 5.26. Comparison between the mixed layer depth trend (m year-1) and the chlorophylla trend (mg m-3 year-1) in March.

109

Figure 5.27. Monthly spatial distribution of Brunt Väisälä frequency trend (s-1 year-1) of
upper 200-m layer from 2004 to 2015.
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Figure 5.28. Comparison between the Brunt Väisälä frequency trend (s-1 year-1) and the
chlorophyll-a trend (mg m-3 year-1) in March.
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5.5. Discussion
The problem of missing data was overcome by averaging the path data over
each month and applying the OI method. Although this process reduces spatial and
temporal resolution when compared to the Level-2 path data, the complete composite
map (with no empty pixels present) effectively represented the chl-a patterns in the
East Sea and enabled various statistical analyses to be performed. ESA has made
efforts to merge the data set with multi-parameter data based on SeaWiFS, MERIS,
and MODIS data. The merging of individual sensor data not only produces a long
time-series set, but also enhances temporal coverage (IOCCG, 1999). However, local
data characteristics associated with the properties of each sensor must be studied to
more reliably merge data sets. It is also worthwhile to investigate the consistency of
data based on the various sensor characteristics to make possible the merging of
multiple satellite data for a long time-series data set in the East Sea.
The results of EOF analysis for chl-a data showed low variance on the first
mode in the East Sea. The variance of the SST field is usually very dominant in the
first mode. For example, the first two leading complex EOFs of SST anomaly in the
East Sea account for 86.0% of total variance, with 66.4% for the first mode and 19.6%
for the second mode (Park and Chu, 2006). Chl-a as a biological variable is sensitive
to the environmental conditions and more affected by various biogeochemical
factors compared to other physical ocean variables like SST. The biological
properties of chl-a make its variation mechanisms more complex. Thus, multiple
oceanic and atmospheric factors should be considered to understand the variation of
chl-a.
A recent study revealed the effect of ENSO on the equatorial chl-a and SST
through Earth system model simulations (Park et al., 2018). Surface chl-a response
to ENSO generally precedes the SST response during the ENSO cycle. While the
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SST response is a delayed signal of the thermocline change fully manifesting only
after zonal Kelvin wave propagation, surface chl-a rapidly reﬂects the subsurface
signal due to a rapid biological response to iron ﬂux changes. Unlike the equatorial
oceans, further research is needed in the East Sea to investigate the impact of climate
change on the temporal and spatial responses of chl-a and SST. Chl-a could
potentially serve as a climate index to physical variables for understanding the
mechanisms of physical processes in the ocean.
This study found that a significant increase trend of chl-a in spring season at
certain area in the East Sea and its relation to the environmental factors such as SSW,
MLD, stratification. The mechanism by which chl-a is affected from the physical
environment in the spring can be explained in relation to the critical depth theory.
Although critical depth theory has been criticized in recent years, it remains useful
in explaining spring blooms and is the basis of newly proposed theories. To
understand phenological bloom in the East Sea more accurately, it is necessary to
apply critical depth theory in combination with newly developed theories.
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6. Summary and Conclusion
Validations of the satellite chl-a concentration from SeaWiFS, MODIS, GOCI
were conducted with in-situ data from the East Sea. Anomalous high chl-a
concentrations in the ocean color data were removed using a regionally optimized
detection and removal scheme designed to produce more reliable chl-a data.
Anomalous high values in satellite chl-a concentration images significantly affected
the initial composite maps. To eliminate the speckles, a methodology was developed
by considering the statistical characteristics of speckle distributions. Since the
speckles had strong seasonality in terms of occurrence frequency and magnitude,
dynamic thresholds were applied to each pixel value by normalizing it to chl-a
concentration climatology.
The surface current field of a mesoscale eddy in the East Sea was derived from
consecutive GOCI chl-a concentration images using the MCC method. The
estimated current field of the eddy exhibited anticyclonic structure demonstrated by
the objective dynamic thresholds of correlation coefficients. The eddy periphery was
defined by fitting an ellipse to subjectively selected points from the frontal map of
chl-a concentration data. Radial distribution and hourly variation of the current speed
around the eddy were presented. In terms of the magnitude and direction, the
estimated current field was in agreement with the altimeter-based current field and
current vectors from surface drifters. Diurnal variations in the current speeds of the
mesoscale eddies showed a quadratic relation to the wind speed change.
Short-term biological responses to the SSW field over mesoscale eddies were
investigated using GOCI, scatterometer wind values, and satellite SST data.
Scatterometer data confirmed a wind speed strengthening of approximately 30%
over anticyclonic eddies (regardless of wind direction), caused by stability changes
in the marine-atmospheric boundary layer. The modified wind speed field produced
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a characteristic pattern of wind stress curl and EKP over the eddies, showing positive
and negative values on the left and right side of the upwind direction, respectively.
The EKP field was separated into three components: eddy current-induced, relative
vorticity gradient-induced, and crosswind SST-induced terms. Short-term changes in
the chl-a concentration showed a positive response to EKP variations over most
eddies. The eddy in the northwestern part of the East Sea exhibited a significant role
in SST-induced EKP, accounting for approximately 76% of the total variation. This
study emphasizes the significant effect of SST distribution, and the biological
responses to changes in an EKP field in relation to air-sea interactions and feedback
processes in the East Sea.
There was spatio-temporal variability in the chl-a concentration of the East Sea
over the past two decades. Chl-a concentration increased along the coastal area in
2003-2017 compared to the period of 1998-2003. At the same time, the concentration
in the southwestern part of the East Sea decreased. The spring blooms intensified
from 2003 to 2015, particularly in the eastern part of the sea. These changes in chla concentration in the East Sea were mainly caused by variation in the physical
environment through SSW, MLD, and stratification. As oceanic physical
environmental changes are linked to climate change, further studies on climate
change induced variations are needed to more effectively understand marine
biological systems in the East Sea.
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초

록

클로로필-a 농도는 해양생태계의 중요한 지표 중 하나이다. 위성
관측 클로로필-a 농도를 통해 해양에서 나타나는 장단기적인 생물학적
변화와 물리적 환경과의 관련성을 이해할 수 있다. 동해는 대양과
유사하지만 훨씬 짧은 순환 체계를 가지며 표층에서는 중규모 현상이
활발하게

일어나는

해역으로

기후변화에

빠르게

반응한다.

본

연구에서는 해색 위성 관측 클로로필-a 농도 자료를 활용하여 동해
중규모

소용돌이에서

나타나는

해양-대기

상호작용을

정량적으로

분석하고 장기 클로로필-a 변동 특성과 물리적 환경 변화와의 관련성을
이해하고자 하였다.
해색 위성 관측 클로로필-a 농도 자료를 분석에 활용하기 위하여
SeaWiFS, MODIS, GOCI 자료를 실측 자료와의 비교를 통한 검증 과정을
거쳤고, 극궤도 및 정지궤도 위성 자료에서 나타나는 스펙클 오차
제거를 위해 동해에 최적화된 각 해색 위성의 스펙클 탐지 및 제거
기법을 개발하여 적용하였다.
동해의 중규모 소용돌이에서 수시간 내에 일어나는 해양-대기의
상호작용을 규명하기 위하여 GOCI 클로로필-a 농도 영상으로부터 시계
방향으로 회전하는 중규모 소용돌이 표층 해류장을 산출하였다. 중규모
소용돌이 내부의 해류 속력은 방사 방향으로 증가하다 가장자리로
갈수록

다시

중심으로부터

줄어드는

종상

가장자리까지의

형태의
거리가

구조
0.75되는

가지며
위치에서

평균적으로
최대값을

가졌다. 표층 해류장의 속력은 구조를 유지한 채 시간에 따라 속력의
크기가 변화하는 것을 발견하였다. 중규모 소용돌이 내부 표층 해류의
시간에 따른 속력의 변화는 바람의 변화와 2차식의 관계를 보였다.
해양-대기 상호작용으로 인해 나타나는 중규모 소용돌이 내부의
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단기적인 생물학적 반응은 위성 산란계 해상풍 자료 및 위성 해수면
온도 자료를 통해 조사했다. 시계 방향으로 회전하는 중규모 소용돌이
위에서 해상풍은 해양 대기 경계층의 안정성 변화로 인해 약 30 %의
풍력 강화 효과가 나타났다. 중규모 소용돌이에 의해 변형된 풍속장은
바람이 불어가는 방향의 왼쪽과 오른쪽에서 각각 양과 음의 에크만
펌핑(Ekman pumping, EKP) 분포를 보였다. EKP는 바람 응력항에 따라
상대 응력 유도항, 와류 구배 유도항 및 해수면온도 구배 유도항 등 세
가지 구성 요소로 분리하였다. 클로로필-a 농도의 단기 변화는 EKP
분포와

양의

상관관계를

보였다.

또한

동해

소용돌이

내부에서

해수면온도 구배로 인해 유도 된 EKP는 EKP 전체 변동의 약 76 %를
차지하며 이는 대양과 비교하여 높은 비율이다.
동해 클로로필-a 농도의 경년 변동과 그 원인을 파악하기 위하여
SeaWiFS, MODIS 클로로필-a 농도를 활용하여 1998년부터 2017년까지
20년간의 시공간 변동성을 분석하였다. 전체적인 클로로필-a 농도는
1998-2007년 사이 보다 2003-2015년 사이에 그 값이 증가하였다. 공간
변동성은 SeaWiFS 기간과 MODIS 기간 사이 러시아 연안 해역에서 큰
차이가 있었다. SeaWiFS 기간 4-5월에 크게 변동하던 것이, MODIS
기간에는

3-4월로

앞당겨졌다.

이러한

클로로필-a

변동폭의

변화는

기후변화와 관련이 있었다. 봄철 번성의 시작 및 최대 번성 시기는
해마다

변화했고

번성

시작

시기는

2월달의

바람

크기와

양의

상관관계가 있었다. 클로로필-a 농도 장기 변동 추세의 공간 분포는
많은 변화를 보였다. 두 기간 공통적으로 동해 서쪽 연안 및 훗카이도
해안에서 높은 양의 추세를 보였고, MODIS 관측 기간에는 SeaWiFS 관측
기간과 달리 한반도 남부의 연안에서 음의 추세와 북부와 러시아
프리모리에 연안 부근에서 높은 양의 추세를 보였다. 이러한 변화는
해상풍과 성층화의 영향인 것으로 나타났다.
이 연구는 해색 위성 클로로필-a 농도 자료를 활용하여 동해 중규모
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소용돌이 내의 표층 해류 속력 구조 및 일 변화와 바람과의 관계를
분석하였고 짧은 시간 동안 중규모 소용돌이에서 나타나는 해양-대기
상호작용에 대한 생물학적 반응을 최초로 밝혔다. 또한 지난 20년
동안의 동해 클로로필-a 농도 변동은 기후변화 및 물리적 환경과 밀접한
관련이 있음을 보였다. 이는 클로로필-a 농도를 산출하는 해색 위성의
거의 전 운용기간을 포함하는 기간으로 적절한 합성 기법을 통해 다른
연구에 비하여 클로로필-a 농도의 시공간 변동성을 보다 면밀하게 살필
수 있었다. 이를 토대로 중규모 해양 현상의 기작을 이해하는 연구와
기후 변화에 따른 동해 해양 생태계 변화 예측 연구에 중요한 진전이
있을 것으로 기대된다. 한편 다양한 경우의 중규모 소용돌이에 대한
분석과 다종 위성 자료를 합성하는 기법에 대해서는 추후 연구가
필요하다.
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