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Abstract: The East/Japan Sea (hereafter, the East Sea) is highly dynamic in its physical phenomena
and biological characteristics, but it has changed substantially over the last several decades. In this
study, a recent decadal trend of primary productivity in the East Sea was analyzed based on
Moderate-Resolution Imaging Spectroradiometer (MODIS)-derived monthly values to detect any
long-term change. The daily primary productivities averaged using monthly values from 2003 to
2012 were 719.7 mg¨C¨m´2¨d´1 (S.D. ˘ 197.5 mg¨C¨m´2¨d´1, n = 120) and 632.3 mg¨C¨m´2¨d´1

(S.D. ˘ 235.1 mg¨C¨m´2¨d´1, n = 120) for the southern and northern regions of the East Sea,
respectively. Based on the daily productivities, the average annual primary production in the
East Sea was 246.8 g¨C¨m´2¨y´1, which was substantially higher than that previously reported in
deep oceans. However, a decreasing trend (13% per 10 years) in the annual primary production was
observed in the East Sea within the study period from 2003 to 2012. The shallower mixed layers
caused by increased temperature could be a potential cause for the decline in annual production.
However, this decline could also be part of an oscillation pattern that is strongly governed by the
Pacific Decadal Oscillation (PDO). A better understanding of primary productivity patterns and their
subsequent effects on the marine ecosystem is required for further interdisciplinary studies in the
East Sea.
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1. Introduction

The East/Japan Sea (hereafter, the East Sea) is located in the northwest region of the Pacific Ocean.
The East Sea ecosystem is largely influenced by the warm Tsushima currents passing through the
Korea Strait, which supply heat, water, and materials to the East Sea [1]. There are many different
types of eddies and sub-polar fronts between the warm and cold water masses in the East Sea,
which make it a highly dynamic environment with respect to its physical phenomena and biological
characteristics [2–4]. During the last 50–60 years, a shift in the ventilation system in the East Sea has
caused a dramatic change in the vertical distribution of the chemical properties [5]. Many previous
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studies reported substantial changes in the physical structure and vertical distribution of chemical
properties over the last several decades [5–8]. Moreover, Kang et al. [8] reported that the sea surface
temperature during winter and spring in the southern region of the East Sea steadily increased after
the 1980s. Climate change and the associated changes in physical oceanographic conditions could
alter the lower trophic levels in terms of their biomass and seasonality, e.g., the specific El Niño
Southern Oscillation (ENSO) scale variation in bloom timing over the North Pacific [9] and the Pacific
Decadal Oscillation (PDO)-related scale variation in the seasonal peak abundance of phytoplankton
in the western North Pacific Ocean [5,10]. In addition, climate forcing causes some changes in the
phytoplankton community structure [11]. Consequently, these structures and the functioning of the
lower trophic levels may also impact the recruitment, biomass, and productivity of fishery resources in
the East Sea [12].

The primary productivity of phytoplankton can normally be measured using a shipboard
incubation technique by obtaining water samples from different light depths within euphotic water
depths. However, shipboard measurements with a continuous sampling limitation and relatively
small area coverage could cause a temporal and spatial under or overestimation of overall primary
productivity [13–15]. Over the past several decades, estimates of primary productivity were attempted
in various regions using satellite ocean color data to overcome the lack of in situ spatial and temporal
data e.g., [16–19]. The standard primary productivity models are generally based on chlorophyll-a
(Chl-a) concentration, surface solar irradiance, light attenuation, and sea surface temperature from
satellite data. Global time series of satellite-measured data allow the monitoring of intra-annual,
inter-annual, multi-annual, and long-term changes in phytoplankton productivity [20]. The remote
sensing program of ocean color measurements from satellite data was applied to estimate Chl-a
concentrations and primary productivity based on a regional productivity model [13]. Chl-a is a
photosynthetic pigment that is common to all microscopic algae (i.e., phytoplankton), which are the
main primary producers that comprise the base of most oceanic food webs. This important pigment
imparts color to the water that can be detected using advanced radiometers. The primary productivity
of phytoplankton in aquatic systems is carried out throughout the photosynthetic process to combine
and convert water and carbon dioxide into organic compounds that are available to herbivores [21].
There are many environmental and biological parameters for detecting changes in various marine
ecosystems that face ongoing climate changes. Among these parameters, the primary productivity
of phytoplankton can be a useful indicator for assessing the impacts of climate change on marine
ecosystems [14,22,23], because phytoplankton is both the principal photosynthetic organisms in the
ocean and the base of oceanic food webs [24,25].

In this study, a recent decadal pattern of annual primary production was analyzed in the East Sea.
The pattern was estimated using the size-fractionated primary productivity algorithm [19,26,27]
based on ocean color data derived from Moderate-Resolution Imaging Spectroradiometer (MODIS).
Yamada, et al. [19] reported the spatial and seasonal variability of primary productivity in the East Sea
for a relatively short period (from 1998 to 2002) using Sea-viewing Wide Field of View Sensor (SeaWiFS)
satellite data (9 km ˆ 9 km). This study was performed with a better spatial resolution (1 km ˆ 1 km)
and for a longer period of time (from 2003 to 2012). Our main objectives were to characterize the
seasonal and inter-annual variations in annual primary production, detect a long-term trend of recent
primary productivity, and explain some potential causes of the trend in the East Sea.

2. Materials and Methods

2.1. Satellite Ocean Color Data

The ocean color products from MODIS on the Aqua satellite have been available from the NASA
Ocean Biology Process Group (OBPG) and date back to July 2002. Daily MODIS-Aqua Level-2 data,
including Chl-a, the diffuse attenuation coefficient at 490 nm (Kd(490)), photosynthetically available
radiation (PAR), and sea surface temperature (SST) were obtained for the East Sea from January 2003 to



Remote Sens. 2016, 8, 25 3 of 13

December 2012. Those Level-2 data were remapped to a standard Mercator projection at a 1 kmˆ 1 km
spatial resolution for the East Sea (Figure 1). The regional primary productivity model [19] was applied
to the projected daily MODIS data to generate primary productivity maps in the East Sea. For the
estimation of primary productivity, MODIS-derived Chl-a data were used for Chltotal, and Kd(490) data
were converted to the euphotic depth, as Zeu = 4.6/Kd(490) [28]. Monthly and climatology monthly
composite primary productivity images were generated using the daily MODIS-derived primary
productivity data to characterize the spatial and temporal variation of the primary productivity in
the East Sea and the variation in the Chl-a data. The time series of monthly and monthly climatology
images from the MODIS-derived primary productivity data were constructed for the four sub research
areas in this study: Northwestern (NW), Northeastern (NE), Southwestern (SW), and Southeastern
(SE), as shown in Figure 1.
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2.2. Primary Productivity Algorithm

The regional primary productivity model for the satellite ocean color data based on the Vertically
Generalized Productivity Model (VGPM) [17] was developed for the East Sea [19] as follows:

PPeu “ 0.66125ˆ PB
opt ˆ rE0{ pE0 ` 4.1qs ˆ Zeu ˆ Chl ´ aˆDL (1)

where PPeu is the daily integrated primary productivity within the euphotic zone (mg¨C¨m´2¨d´1),
PB

opt is the optimal carbon fixation rate (mg¨C (mg¨Chl)´1¨h´1), E0 is the daily PAR at the sea surface
(mol photons¨m´2¨d´1), Zeu is the euphotic depth (m), Chl-a is the Chl-a concentration (mg¨m´3), and
DL is the day length (photoperiod) in hours.

In the regional primary productivity model [19], PB
opt is derived from a multi regression equation

of SST and Chl-a, and PB
opt is derived using only SST in the original VGPM as follows:

PB
opt “

0.071ˆ T´ 3.2ˆ 10´3 ˆ T2 ` 3.0ˆ 10´5 ˆ T3

Chltotal
`

“

1.0` 0.17ˆ T´ 2.5ˆ 10´3 ˆ T2 ´ 8.0ˆ 10´5 ˆ T3‰

(2)

where T is SST (˝C) and Chltotal is the sum of the Chl-a concentration of small and large sizes.
A recent study reported that the MODIS-derived primary productivity using the regional primary

productivity algorithm [19] was strongly correlated with in situ primary productivity measurements in
the Ulleung Basin of the East Sea [13].
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3. Results

3.1. Temporal Variations of Euphotic Depths

The euphotic depth estimated from the equation referenced in the method section
(Zeu = 4.6/Kd(490)) ranged from 7.9 m to 153.3 m for the entire East Sea from 2003 to 2012 (Figure 2).
For specific areas, the euphotic depths ranged from 13.5 m to 115.0 m in the SE area and from 7.9 m to
115.0 m in the SW area. Compared with that in the southern East Sea, the range of euphotic depths in
the northern East Sea was from 11.5 m to 153.3 m in the NE area and from 12.1 m to 115.0 m in the NW
area. In general, the euphotic depth became shallower from January to April, was deepest in August,
and then shoaled in November. For the entire East Sea (averaged from the four sub-research areas),
the shallowest euphotic depth was found in April with a mean value of 33.9 m (˘5.77 m), and the
deepest euphotic depth occurred in August with a mean value of 106.9 m (˘15.96 m). The second
shallowest euphotic depth was observed in November with a mean value of 57.7 m (˘5.70 m). There
was no specific trend found during the years for the East Sea as a whole.

Remote Sens. 2016, 8, 25 

4/13 

3. Results 

3.1. Temporal Variations of Euphotic Depths 

The euphotic depth estimated from the equation referenced in the method section  
(Zeu = 4.6/Kd(490)) ranged from 7.9 m to 153.3 m for the entire East Sea from 2003 to 2012 (Figure 2). 
For specific areas, the euphotic depths ranged from 13.5 m to 115.0 m in the SE area and from 7.9 m 
to 115.0 m in the SW area. Compared with that in the southern East Sea, the range of euphotic 
depths in the northern East Sea was from 11.5 m to 153.3 m in the NE area and from 12.1 m to 115.0 
m in the NW area. In general, the euphotic depth became shallower from January to April, was 
deepest in August, and then shoaled in November. For the entire East Sea (averaged from the four 
sub-research areas), the shallowest euphotic depth was found in April with a mean value of 33.9 m 
(±5.77 m), and the deepest euphotic depth occurred in August with a mean value of 106.9 m (±15.96 
m). The second shallowest euphotic depth was observed in November with a mean value of 57.7 m 
(±5.70 m). There was no specific trend found during the years for the East Sea as a whole. 

 
Figure 2. Monthly variability of euphotic depths for the four sub-research areas in the East Sea from 
January 2003 to December 2012. 

3.2. Spatial and Temporal Variation of MODIS-Derived Chl-a 

MODIS-derived climatological monthly (from January 2003 to December 2012) Chl-a maps in 
the East Sea are shown in Figure 3. The MODIS Chl-a images provided the typical seasonal pattern 
of phytoplankton biomass in the mid-latitude oceans with the bimodal peaks suggested by  
Cushing [29] in the East Sea. Spring phytoplankton blooms appeared from March to May, and 
relatively small fall blooms occurred from October to December, depending on the area. The spring 
bloom started in the southern area of the East Sea (south of the sub-polar front) and along the coasts 
in March. The spring bloom peak appeared in April over most of the East Sea, except for the 
northeastern East Sea. The spring bloom shifted to the northern area of the East Sea (north of the  
sub-polar front) in May. The lowest Chl-a concentrations occurred in July and August due to strong 
stratification in the surface water. The fall bloom started in the southwestern East Sea in October and 
occurred throughout most of the East Sea in November. The Chl-a concentration in the whole region 

Figure 2. Monthly variability of euphotic depths for the four sub-research areas in the East Sea from
January 2003 to December 2012.

3.2. Spatial and Temporal Variation of MODIS-Derived Chl-a

MODIS-derived climatological monthly (from January 2003 to December 2012) Chl-a maps in the
East Sea are shown in Figure 3. The MODIS Chl-a images provided the typical seasonal pattern of
phytoplankton biomass in the mid-latitude oceans with the bimodal peaks suggested by Cushing [29]
in the East Sea. Spring phytoplankton blooms appeared from March to May, and relatively small fall
blooms occurred from October to December, depending on the area. The spring bloom started in the
southern area of the East Sea (south of the sub-polar front) and along the coasts in March. The spring
bloom peak appeared in April over most of the East Sea, except for the northeastern East Sea. The
spring bloom shifted to the northern area of the East Sea (north of the sub-polar front) in May. The
lowest Chl-a concentrations occurred in July and August due to strong stratification in the surface
water. The fall bloom started in the southwestern East Sea in October and occurred throughout most
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of the East Sea in November. The Chl-a concentration in the whole region of the East Sea ranged from
0.12 µg¨L´1 to 5.09 µg¨L´1 from 2003 to 2012 (Figure 3). More specifically, the Chl-a concentration
ranged from 0.13 µg¨L´1 to 2.51 µg¨L´1 in the SE area and from 0.12 µg¨L´1 to 5.09 µg¨L´1 in the SW
area. In comparison, the Chl-a concentration range was from 0.12 µg¨L´1 to 4.66 µg¨L´1 in the NE
area and from 0.15 µg¨L´1 to 3.68 µg¨L´1 in the NW area. For the entire East Sea (averaged from the
four sub-research areas), the spring maximum Chl-a concentration occurred in April, with a median
value of 1.59 µg¨L´1 (range: 1.15–2.41 µg¨L´1), and the summer minimum occurred in August, with
a median value of 0.20 µg¨L´1 (range: 0.16–0.25 µg¨L´1). The fall maximum Chl-a was observed in
November, with a median value of 0.59 µg¨L´1 (range: 0.39–0.68 µg¨L´1), and the winter minimum
was observed in January, with a median value of 0.38 µg¨L´1 (range: 0.23–0.48 µg¨L´1).
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3.3. Spatial and Temporal Variation of MODIS-Derived Primary Productivity

Climatological (January 2003–December 2012) primary productivity data from MODIS for the
East Sea were derived using the regional primary productivity model for the East Sea [19]. Figure 4
provides the monthly climatology images from the MODIS-derived primary productivity data in
the East Sea. In general, the seasonal pattern of the MODIS primary productivity was somewhat
different from that of the MODIS Chl-a, revealing that the primary productivity was higher in spring
to early summer (April to June) and lower in winter (December to February). Unlike Chl-a, there
was no bimodal peak in the seasonal distribution of the primary productivity (only in the northern
areas; however, there was a slight peak in fall in the southern area). The lowest primary productivity
occurring in winter was mainly due to the limited light incident for the entire East Sea. More light was
available to phytoplankton in spring; therefore, primary productivity increased over the entire East Sea.
This increase was especially prominent in the southern area of the sub-polar fronts, which was likely
due to the intense stratification. The highest primary productivity appeared in April and May in the
southern East Sea (south of the sub-polar front) and in May and June in the northern East Sea. The
primary productivity during the summer period (July to August) decreased, but it was not as low as
that observed during the winter period. Primary productivity slightly increased in September and
October compared with summer and decreased again in November. However, primary productivity in
the northern East Sea (north of the sub-polar front) from November to February was generally lower
than that in the southern East Sea, which may be related to the deeper mixed layer in the colder water
masses and the lower light intensity in the northern latitudes.
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Time series of the monthly averages of MODIS-derived primary productivity were generated
from January 2003 to December 2012 for the four sub-research areas (NW, NE, SW, and SE) in the East
Sea (Figure 5). There was strong seasonal variability in the primary productivity over all of the areas
similar to that generated from the climatology monthly primary productivity (Figure 4). No significant
inter-annual variability of the primary productivity appeared during the last decade. However,
higher primary productivity values were observed in the NW in May 2009 (1181 mg¨C¨m´2¨d´1)
and in the SE in May 2006 (1246 mg¨C¨m´2¨d´1). Relatively lower winter primary productivity
values were observed in November 2011 (195 mg¨C¨m´2¨d´1) in the NW and in December 2012
(193 mg¨C¨m´2¨d´1) in the NE. Although the primary productivity was highest in April in the
southern East Sea (Figure 4), the highest peaks clearly appeared in May 2006 and 2011 in the SE.
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The monthly contributions of primary productivity to the annual production averaged from 2003
and 2012 for the four sub-research areas and the entire East Sea are shown in Table 1. The monthly
contributions ranged from 3.8% to 13.2% in the NW and from 3.9% to 13.5% in the NE. In comparison,
the monthly contributions ranged from 5.9% to 12.2% in the SW and from 5.6% to 12.5% in the SE. The
highest primary productivity level appeared one month later in the northern area than it appeared in
the southern area. The contributions during the spring bloom from March to May were 28.4% and
29.5% in the NW and NE, respectively, whereas the contributions were 33.0% and 34.0% in the SW and
SE, respectively. The contributions during the summer from June to August were 32.5% and 32.8%
in the NW and NE, respectively, whereas the contributions were 25.5% and 25.9% in the SW and SE,
respectively. During the fall (from September to November), the contributions were 26.3% and 24.2%
in the NW and NE, respectively, whereas the contributions were 22.5% and 21.7% in the SW and SE,
respectively. For the winter period (from December to February), the contributions were 12.9% and
13.5% in the NW and NE, respectively, whereas the contributions were 18.8% and 18.1% in the SW and
SE, respectively.

Because there was no significant difference in the seasonal primary productivity between the
NW and NE in the northern area and the SW and SE in the southern area (Figure 5), we combined
the primary productivity values in the NW and NE to form the northern area and the SW and SE to
form the southern area (Figure 6). The seasonal pattern of primary productivity averaged over 10
years from 2003 to 2012 in the southern area was somewhat different from that of the northern area.
The highest primary productivity was observed in spring followed by summer in the southern area,
whereas the highest productivity was observed in summer in the northern area (Figure 6). In general,
the primary productivity in the winter and spring seasons was relatively higher in the southern area
than in the northern area. The daily primary productivity averaged from the monthly-estimated values
in the southern area was 719.7 mg¨C¨m´2¨d´1 (S.D. ˘ 197.5 mg¨C¨m´2¨d´1, n = 120), which was
significantly (paired t-test, p < 0.001) higher than the daily primary productivity in the northern area
(632.3 ˘ 235.1 mg¨C¨m´2¨d´1, n = 120).
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3.4. Long-Term Variation of the Annual Primary Production in the East Sea

To determine the long-term pattern of the primary productivity in the East Sea, the annual primary
production values estimated from our daily productivities were plotted for our observation period
from 2003 to 2012 (Figure 7). Although there were some oscillations in the annual productivities during
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the observation years, general decreasing trends were distinct in the northern and southern areas. The
decreasing trends were rather similar between the southern and northern areas, although the patterns
of productivity were different (Figure 7). For the entire East Sea, the annual primary production also
declined during the study period (Figure 8; y = ´3.5938x + 266.5, R2 = 0.7450). Primary productivity
in the East Sea from 2003 to 2012 decreased a total of 40 g¨C¨m´2¨y´1. The spatial distribution of
differences in the annual primary production in the East Sea between 2003 and 2012 is shown in
Figure 9. The areas with decreased annual primary production accounted for approximately 79.1%
of the total area (mean decreased annual production = 39.3 g¨C¨m´2¨y´1). In comparison, the areas
with increased annual primary production contributed 20.9% of the total (mean increased annual
production = 25.2 g¨C¨m´2¨ y´1). The regions with increased annual production were near the Russian
coastal regions in the northwestern coastal area around Russia and the Korea Strait in the southwestern
East Sea (Figure 9). However, most of the open ocean areas in the East Sea displayed a decreasing
trend in annual primary production.
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4. Discussion

4.1. The Spatial and Seasonal Variations in Chl-a Concentrations in the East Sea

Generally, the seasonal distribution of the MODIS-derived Chl-a concentrations was similar to
those presented in previous studies conducted in the East Sea using other ocean color satellite data,
such as the Coastal Zone Color Scanner (CZCS) [30] and the SeaWiFS [31]. A distinct seasonal cycle
of Chl-a concentrations, especially one showing seasonal patterns of spring and fall booms [20,31],
was observed in the East Sea from the time-series ocean color data from 2003 to 2012. However,
there were some differences in peak times and magnitudes of Chl-a concentration among the four
sub-research areas (Figure 2). High concentrations of Chl-a were observed in spring and fall, and
relatively lower Chl-a concentrations were observed in summer and winter, although the patterns of
Chl-a concentration were somewhat different among the various regions (Figure 2). In general, spring
blooms of phytoplankton started relatively earlier in the southern area than in the northern area in
the East Sea.

4.2. Primary Productivity in the East Sea

The monthly contributions to the annual production were not largely variable among the different
months in the East Sea, although the contributions of primary productivity in the winter season (from
December to February) were relatively lower than those in the other seasons (Table 1). The contribution
to the annual primary production in the entire East Sea during the spring bloom (from March to
May) was 31.5% and the contribution during the fall bloom (from September to November) was 23.6%
(Table 1). Yamada, et al. [19] reported that the contribution of spring and fall blooms was more than
70% of the annual primary production and that the spring and fall blooms had a large effect on the
annual primary production in the East Sea. However, the contribution of the spring and fall blooms in
this study was 55.1%, which was lower than the value (>70%) found by Yamada et al. [19].
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Table 1. The contribution of monthly primary productivity to the annual production for the four
sub-research areas (NW, NE, SW, and SE) and the entire East Sea.

Month NW (%) NE (%) SW (%) SE (%) East Sea (%)

1 3.8 3.9 6.0 5.6 4.9
2 4.2 4.7 7.0 7.2 5.8
3 5.7 6.4 8.8 9.2 7.7
4 9.5 9.6 12.2 12.3 11.0
5 13.2 13.5 12.0 12.5 12.8
6 12.4 12.7 10.0 10.6 11.3
7 11.0 11.0 8.5 8.7 9.7
8 9.1 9.1 7.0 6.6 7.9
9 9.5 8.8 7.7 7.2 8.3

10 9.1 8.5 7.9 7.7 8.3
11 7.6 6.8 6.9 6.8 7.0
12 4.9 5.0 5.9 5.7 5.4

Based on the daily primary productivity estimated using the regional primary productivity
algorithm developed by [19], the average annual primary production in the southern area was
262.7 g¨C¨m´2¨y´1 (S.D ˘ 17.6 g¨C¨m´2¨y´1, n = 10) which is significantly (paired t-test, p < 0.001)
higher than the value (230.8 ˘ 13.5 g¨C¨m´2¨ y´1, n = 10) in the northern area of the East Sea. The East
Sea can be divided into southern and northern regions based on the sub-polar front (Figure 1; [32]).
The southern and northern regions in the East Sea are hydrographically and biologically very distinct;
the southern region has more tropical biological characteristics and species [33]. The higher annual
primary production in the southern area compared to the northern area in this study was consistent
with results from previous studies in the East Sea [18,31], although Nishimura [34] and Nagata [35]
reported that the primary productivity was higher in the northern area than in the southern area.

In this study, the average annual primary production in the entire East Sea was
246.8 g¨C¨m´2¨y´1, which was relatively higher than the previously reported values [18,34,36].
Nishimura [34] reported that the range of annual primary production was 75–200 g¨C¨m´2¨y´1

based on several measurements and estimates around Japan. Based on SeaWiFS data, Yamada et al. [19]
reported a range of 161–222 g¨C¨m´2¨y´1, depending on the different areas in the East Sea. Further,
Yoo and Kim [36] reported a similar annual primary production of 240 g¨C¨m´2¨y´1 in the East Sea
based on the CZCS data from 1978 to 1986. However, Yoo and Kim [36] estimated annual primary
production based on the VGPM developed by Behrenfeld and Falkowski [17]. The depth integrated
primary productivity estimated by the VGPM tends to be inflated by the overestimation of high
Chl-a concentrations [27]; therefore, the annual primary production reported by Yoo and Kim [36]
of 240 g¨C¨m´2¨y´1, which might be an overestimation, was lower than the average annual
primary production in this study (246.8 g¨C¨m´2¨y´1). Our estimated annual primary production
(246.8 g¨C¨m´2¨y´1) in the East Sea was considerably higher than the Mediterranean Sea values,
which were based on the CZCS data (range: 109–158 g¨C¨m´2¨y´1) [37], though the Mediterranean
has similar environmental conditions as the East Sea.

4.3. Long-Term Pattern of the Annual Primary Production in the East Sea

The annual primary production in the entire East Sea declined during the study period starting
in 2003 (Figure 8). The Pearson correlation coefficient with time is significant at p = 0.01 from 2003 to
2012. However, the spatial patterns of the decadal trend in the annual primary production differed
among regions (Figure 9). The annual primary production decreased in wider areas of the East Sea,
which was mostly the open ocean. In contrast, the annual primary production increased near the
Russian coastal regions in the northwestern coastal area around Russia and the southern coastal area
in the East Sea. Although PAR and euphotic depth are also important components for controlling the
primary production in our productivity algorithm, we did not find any strong relationship between
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the declined annual primary production and PAR and euphotic depth in this study. An increased SST
may have caused the increased stratification of the surface mixed layer and, consequently, reduced
the entrainment of major nutrients into the upper euphotic layer [38,39]. In fact, the SST in the East
Sea rapidly increased over several decades [7,8,40]. Recently, Jo et al. [40] reported that the rate of
the SST increase was 0.041 ˝C¨y´1 in the east coast of Korea, which was much faster than the global
average (0.005 ˝C¨ y´1). However, no substantial increased SST was observed in this study during our
investigation period (2003–2012), most likely because the observation period was not long enough
to detect any small changes in the SST [13]. Gregg et al. [39] argued that increased temperature and
shallower mixed layers via surface stratification could result in increased Chl-a concentrations in early
spring and that more severe nutrient exhaustion in late spring and summer could reduce the Chl-a
concentrations and, consequently, annual primary production [41]. In fact, the concentrations of major
inorganic nutrients decreased in euphotic water layers (0–50 m water depth) in the Ulleung Basin
(located in the middle of the East Sea) during our observation period [13]. The decrease in nitrate
concentrations was also distinct during both the summer time and the winter season in the study
region from 2003 to 2012 [13].

Various authors found a strong correlation between the annual primary production in the East Sea
and the PDO [5,13,42]. Chiba et al. [5] suggested that the reduced warm Tsushima surface current and
shoaling cold subsurface water during the negative phase of PDO caused a reduction in lower-trophic
level productivity due to the nutrient depletion triggered by strong stratification in the East Sea.
Joo et al. [13] found a strong correlation between PDO and nutrient concentration integrated from the
surface to a water depth of 50 m in the Ulleung Basin. Therefore, the recent declining trend of annual
primary production from 2003 to 2012 in this study could be part of an oscillation pattern of annual
primary production in the East Sea governed by PDO, not solely a decreasing trend.

5. Conclusions

The East Sea has very dynamic environmental conditions caused by many physical properties
such as a warm–cold strong fronts, many eddies, and frequent coastal upwellings. Over recent
decades, few reports have been made of the biological change in the East Sea, although substantial
marine environmental changes have been observed. In this study, we found that the annual primary
production of phytoplankton had been noticeably decreasing over the recent decade, based on the
recent decadal primary productivity derived by Moderate-Resolution Imaging Spectroradiometer
(MODIS) algorithm. Increasing temperature and subsequent shallower mixed layers and an oscillation
pattern strongly governed by the Pacific Decadal Oscillation (PDO) could be potential causes for the
decline in the annual production of the East Sea. During the recent decade from 2003 to 2012 in this
study, the annual primary production decreased approximately 40 g¨C¨m´2¨ y´1 in the East Sea. This
decrease in annual primary production would lead to a decrease in fishery landings (approximately
9.5 kg¨ha´1¨ y´1) in the East Sea based on Nixon and Thomas [43]. Our observation holds an important
implication for future fishery management in the East Sea. This aspect warrants further intensive
interdisciplinary field studies to better understand the declining trend of annual primary production
and the subsequent effects on the marine ecosystem in the East Sea.
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