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Abstract 

                       

Spring Phytoplankton Bloom Variability 

and Implications for Carbon Flux in the 

East/Japan Sea 

Chun Ok Jo 

School of Earth and Environmental Sciences 

The Graduate School 

Seoul National University 

 

Spring phytoplankton bloom is the most distinct feature of annual 

phytoplankton productivity in the pelagic ecosystem. This phytoplankton 

bloom affects species compositions, abundance and diversity of marine 

organism. Furthermore, the export of primary production during the spring 

bloom period to the deep ocean has a significant influence on the oceanic 

carbon cycles. A better understanding of spring bloom dynamics and 

changes in carbon export during the bloom, therefore, should provide an 

insight on time variability of the oceanic carbon cycles.  

This study estimated indices of the spring bloom such as initiation 

timings, peak timings, peak magnitude, and period of the bloom, in the 

entire East/Japan Sea (East Sea) from 1998 to 2007 using remote sensing 



ii 

 

ocean color data. By combining satellite, in situ and model data a 

comprehensive picture of the impact of interannual variability of 

meteorological factors as internal forces and Asian dust as an external force 

on the spring bloom has been also constructed. Furthermore, a new 

approach was introduced to estimate carbon export flux in the East Sea 

during the spring bloom. 

The estimated indices of the spring bloom in Ulleung Basin and Yamato 

Basin are characterized by early initiation, gradual development and long 

duration of the spring bloom. The northern Japan Basin is characterized by 

late initiation, rapid increase and short duration of the bloom. The spring 

bloom is initiated in each basin as the surface mixed layer becomes shallow 

after reaching to its maximum in winter, in accordance with Sverdrup’s 

critical depth hypothesis. In terms of Sverdrup’s critical depth hypothesis, 

the mixed layer depth at the initiation of the bloom corresponds to the 

critical depth, where integrated water column community photosynthesis 

and respiration are equal. The critical depth was about 68.5 m (± 17.2) in the 

Ulleung and Yamato Basin and 25.7 m (± 7.4) in the eastern Japan Basin. 

The shallow critical depth in the Japan Basin indicates lower photosynthetic 

rate and/or higher grazing pressure in the region. In the eastern Japan Basin, 

zooplankton biomass reached to its peak a month ahead of the peak timing 

of the spring bloom. Therefore, these aspects suggest a possibility of high 

grazing pressure on the bloom development in the Japan Basin. It seems that 

the initiation of the bloom is mainly controlled not only by light availability 

in the mixed layer, but also by other factors such as zooplankton grazing.  
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The initiation timings of the spring bloom showed large spatial and 

interannual variations. In the Yamato Basin and eastern Japan Basin, the 

initiation timings were positively correlated with wind speed prior to the 

development of the bloom, indicating the stronger wind and the later 

initiation of the bloom. However, in the Ulleung Basin and western Japan 

Basin, the correlations were weak, suggesting importance of other factors on 

the interannual variability. Only in the Japan Basin, temperature was 

positively correlated with the initiation timings of the bloom. The positive 

correlation with temperature may support the possibility of importance of 

zooplankton grazing on the bloom development, i.e. the higher temperature, 

higher grazing activity, and later initiation of the bloom. The net heat flux 

did not show any clear correlation with the initiation timings. The peak 

magnitude and duration of the bloom also showed large spatial and 

interannual variations. The peak magnitude and duration of the spring 

bloom in the entire East Sea were not clearly correlated with wind speed, net 

heat flux and SST. These unclear correlations suggest that multiple factors 

affect complexly phytoplankton growth and losses during the bloom periods.  

Effects of Asian dust on interannual variations in the spring were 

investigated. The data for the TOMS aerosol index and SeaWiFS 

chlorophyll-a clearly indicate that an early spring bloom in the northern East 

Sea can be initiated during the Asian dust events in association with 

precipitation. Spring bloom is normally initiated in this area as the surface 

mixed layer becomes shallower than critical depth, in accordance with 

Sverdrup’s critical depth hypothesis. However, after the passage of Asian 
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dust accompanied by precipitation, spring bloom was initiated about one 

month earlier than the bloom during non-dust event years. Deepening of 

critical depth coincided with the early spring bloom observed during wet-

dust events. This early initiation of spring bloom indicates that the supply of 

bio-available nutrients such as iron through wet deposition induces 

deepening of the critical depth, which results in such an early initiation of 

the bloom in the area. These aspects strongly suggest that atmospheric dust 

input should be considered as an important force for the spring bloom 

dynamics in the East Sea. 

The estimated initiation timings of the spring bloom in the East Sea 

were used to resolve Sverdrup’s critical depth model. The ratio of 

community production (P) to total community respiration (L) was derived 

from the critical depth model as a new proxy to estimate the carbon export 

ratio during the spring bloom period. The estimated export ratios in the 

Ulleung and Yamato Basin were more than 2 times higher than the ratios in 

the Japan Basin. This distinct regional pattern is consistent with the regional 

differences in the bloom magnitude. The export ratios of about 0.56 in the 

Ulleung Basin, were comparable to the export ratios derived from the 234Th 

method, and indicate that more than half of the total primary production in 

spring sinks to the deep water in the region.  

 

Keywords: Spring bloom, critical depth, mixed layer depth, carbon export 

ratio, Asian dust, the East Sea  

 

Student number: 2002-30184 
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1. Introduction  

 

Phytoplankton blooms, which are often recognized by a uni- or a bi-

modal distribution of surface chlorophyll-a concentration, are the most 

distinct feature of annual phytoplankton productivity in the pelagic 

ecosystem (e.g., Banse and English 1994, Winder and Cloern 2010). These 

phytoplankton blooms affect species compositions, abundance and diversity 

of marine organism (Boyce et al. 2010). Furthermore, the fraction of 

primary production that is exported to the deep water tends to be generally 

high when primary production occurs during the period of spring blooms 

(Figure 1.1). Changes in carbon export to the deep oceans expected during 

the spring blooms must have significant influences the oceanic carbon 

cycles (Sapiano et al. 2012). A better understanding of dynamics of spring 

blooms, therefore, should provide an insight on time variability of the 

oceanic carbon cycles (Thomalla et al. 2011). Due to the far-reaching 

importance many researchers have been studying about mechanisms, 

dynamics and governing factors of spring blooms (e.g., Winder and Cloern 

2010, Thomalla et al. 2011, Sapiano et al. 2012).  

Annual phytoplankton productivity in the open ocean shows high 

variability across ecosystems because processes affecting phytoplankton 

growth and senescence, such as incident solar irradiance, water column 

stratification, nutrient supply, and grazing pressure, vary with latitude and 

oceanographic conditions (Winder and Cloern 2010). For example, at 

temperate latitudes, the annual phytoplankton productivity is characterized  
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Figure 1.1 A conceptual picture showing seasonal cycle of mixed layer 

depth and nutrient and phytoplankton concentrations, and carbon export 

(Williams, 2000) in the open ocean. The table summarizes the seasonal 

changes of the light and nutrients conditions for phytoplankton growth in 

the mixed layer depth. Green dots represent phytoplankton. Black dotted 

line represents mixed layer depth. Winter: deep mixed layer depth, cold 

waters, low light levels, high nutrient concentrations, and low 

phytoplankton concentration. Spring: shallowing mixed layer depth, 

increasing water temperature and light levels, rapidly increasing 

phytoplankton and decreasing nutrient concentrations. Summer: shallow 

mixed layer depth, warm water temperature, high light levels, but very low 

nutrient concentrations and then low phytoplankton concentration. Fall: 

Deepening mixed layer depth, cooling water temperature, decreasing light 

levels, increasing nutrient, and increasing phytoplankton concentrations.  
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by bi-modal distribution of surface chlorophyll-a concentration, i.e. the 

spring and fall bloom (Figure 1.1). The spring bloom is explained by 

seasonal increases in water column stratification and solar radiation. A 

secondary bloom develops as nutrients limitation is released by surface 

cooling and convective mixing during fall. Furthermore, these seasonal 

conditions of light and nutrients are also affected by other physical 

processes such as eddies, wind, fronts, and currents systems (Tilburg et al. 

2002, Taylor and Ferrari 2011, Mahadevan et al. 2012).  

Climate change is expected to affect the pattern and variability of 

numerous environmental conditions, such as temperature, wind, and ocean 

current systems. Such changes can lead to alterations in the distribution 

pattern, in both time and space, of phytoplankton biomass and productivity 

in pelagic ecosystem with important consequences for the oceanic carbon 

cycle. Therefore, documenting these temporal and spatial patterns in 

phytoplankton biomass and their change provides a means to detect and 

quantitatively evaluate the response of the marine ecosystem to 

environmental change (Winder and Cloern 2010, Sapiano et al. 2012). 

However, the time series required to detect the phytoplankton response have 

been constructed only by programs that collect in situ samples in certain 

regions, for example, the Continuous Plankton Recorder (CPR) Survey in 

the North Atlantic. Recently, with the advent of the technology of satellite 

ocean remote sensing, ocean color sensors provide chlorophyll-a 

concentrations, which is generally used as a measure of phytoplankton 

biomass, on a synoptic scale. Especially, with the accumulation of remotely  
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sensed ocean color data over ten years (for example, the SeaWiFS and 

MODIS), researches on characterizing and documenting phytoplankton 

seasonality on a basin and global scale has proliferated over the last few 

years (e.g., Chiba et al. 2012, Sapiano et al. 2012).  

The East/Japan Sea (East Sea) is typical of a semi-enclosed marginal sea 

of the western North Pacific with an area of about 1 × 106 km2. But, it has 

been often referred to as a miniature ocean of the global ocean, because it 

exhibits most of major oceanic phenomena such as subpolar fronts, 

intermediate/deep water formation and associated thermohaline circulation, 

subduction, etc (Kim et al. 2001, Chang et al. 2009). The East Sea contains 

two distinct oceanographic regions divided by the subpolar front persistent 

between the cold subpolar water and the warmer subtropical water (Park et 

al. 2004, Ashjian et al. 2006). In the south, the Tsushima Warm Current 

(TWC) transport warm, saline water into the East Sea through Korea Strait. 

The TWC passing through Korean Strait is divided into two branches of the 

East Korean Warm Current (EKWC) and the Nearshore Branch (NB) 

flowing along the coasts of Korea and Japan, respectively (Figure 1.3). A 

quasi-stationary and mesoscale anticyclonic Ulleung Warm Eddy (UWE) 

forms the interior of the EKWC as meandering in the Ulleung Basin (Chang 

et al. 2009). In the north of the front, the cyclonic Liman Current and the 

North Korean Cold Current (NKCC) transports cold, fresh waters southward 

along the Primorye Coast and along the coast of Korea, respectively (Figure 

1.3).  

Given these complex physical systems in the East Sea, the processes  
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Figure 1.2 Bottom topography and main surface currents in the East/Japan 

Sea. Abbreviations for the main currents are as follows: TWC: the Tsushima 

Warm Current, LC: the Liman Current, EKWC: the East Korean Warm 

Current, NKCC: the North Korean Cold Current, NB: Nearshore Branch, 

UWE: Ulleung Warm Eddy, SPF: Subpolar Front (modified after Senjyu 

1999 and Park et al. 2004).  

 



6 

 

controlling the characteristics of seasonal productivity of phytoplankton 

may vary for different regions, and they may be not one factor alone but 

rather the interaction between competing processes. Furthermore, the East 

Sea has experienced dramatic changes in its physical, chemical, and 

biological conditions during last 50–60 rapid climate change (e.g. Chiba et 

al. 2002). Especially, Asian dust originating from the Taklamakan and Gobi 

Deserts passes over the East Sea during spring (Figure 1.3(a)). Since 1960, 

the dust events observed in the coastal areas of the East Sea have 

significantly increased (Figure 1.3(b)). The transport of the dust including 

nutrients such as iron results in large quantities of dust deposition into the 

ocean along the way (Zhao et al. 2003). Asian dust may affect the variability 

of phytoplankton blooms during spring in the East Sea. The spring bloom 

contributes to about 42 % of annual primary production (Yamada et al. 

2005). Therefore, the variability of spring bloom may affect significantly the 

carbon cycles in the East Sea.  

In the East Sea, in-situ measurements of chlorophyll-a concentrations 

have started since 1920 (Yamada et al. 2004). For example, Shim et al. 

(1992) reported that the chlorophyll-a concentrations in the southwestern 

region in May is higher than that in October. In the southeastern region, 

diatom abundance and chlorophyll-a concentrations during the period from 

1973 to 1983 increased in spring and fall, and decreased in summer (Ebara 

1984). Recently, satellite measurements also revealed that seasonal cycles of 

phytoplankton biomass in the East Sea shows the bimodal pattern with a 

strong spring bloom and weak fall bloom (Kim et al. 2000, Yamada et al.  
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Figure 1.3 The track of Asian dust that was followed with the SeaWiFS in 

April, 1998 (Source: http://www.mbari.org/chemsensor/HawaiiTransits/MBARI_ 

SOLISindex.htm) (a). Occurrence days of Asian dust observed in Gangeung 

during March to Ma since 1960 (b).  
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2004, Ashjian et al. 2006, Yoo et al. 2008) (Figure 1.4). Furthermore, the 

onset timings of spring bloom show large spatial and temporal variations 

(Yamada et al. 2004, Jo et al. 2007) (Figure 1.5). In the subpolar front and 

the south of the front, interannual variations of the onset timings were 

associated with wind speed (Yamada et al. 2004, Kim et al. 2007). In the 

southwestern East Sea, the transport of the oligotrophic TWC was 

associated with suppression and enhancement of the spring bloom 

development (Yoo and Kim 2004). Lim et al. (2012) detected an early 

spring bloom development at the periphery of UWE even when the water 

column stratification was not developed.  

Considering the rapid changes in various environmental conditions, 

biological responses are expected to vary according to the regional 

environmental conditions. However, only Yamada et al. (2004) and Kim 

(2006) have attempted to document the initiation timings of the spring 

bloom over the East Sea. The indices of spring phytoplankton bloom include, 

but are not limited to the timings of the spring bloom, peak magnitude, 

period of the spring bloom. Documenting and quantifying the variability of 

indices of spring bloom in the entire East Sea can be utilized in accessing 

changes of productivity with time which could be either due to random 

fluctuation or to climate trend in a physically complex system such as the 

East Sea. In addition, the annual of primary productivity is dominated by the 

production during the spring bloom. It is necessary to quantify the 

variability of the spring bloom and the carbon export during the spring 

bloom in terms of the carbon cycle in the East Sea.  
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Figure 1.4 Spatial distributions of monthly SeaWiFS chlorophyll-a 

concentrations in the East/Japan Sea averaged over the period of 1998 to 

2007. 
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Figure 1.5 Spatial and interannual variations of monthly SeaWiFS 

chlorophyll-a concentrations during March to May from 1998 to 2007. 
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In order to understand the variability in the timing and magnitude of 

spring blooms, an understanding of the underlying physical or 

meteorological forcing is first required because perturbations of the forcing 

may be reflected in the biological response. However, only the relationships 

between the wind speed and the initiation timings of the spring bloom were 

investigated in specific regions (Yamada et al. 2004, Kim et al. 2007).  

To understand the variability of spring bloom and its response to 

physical and meteorological forces, a continuous and long time series of 

data at high spatial and temporal resolution is essential. Only satellite data 

provide synoptic information to do this at present time. Satellite data, 

however, provide only surface information. Combining satellite data with 

in-situ observation and modeled data will provide a chance to extend our 

understanding variability of spring phytoplankton bloom in the East Sea.  

The objectives of this study are: (1) to investigate spatial and interannual 

variability of spring phytoplankton bloom and define the physical controls 

on the variability of the spring bloom; (2) to investigate responses of 

phytoplankton to Asian dust events in the East Sea, which have significantly 

increased since 1960; (3) to estimate the fraction of export production to 

total primary production during spring bloom in the entire East Sea.  

Chapter 2 describes details of collection and processing of the satellite  

and in-situ data, including a discussion of the possible error and limitation 

of the SeaWiFS chlorophyll-a concentrations observed in the East Sea. 

Chapter 3 estimates indices of spring bloom including initiation timings, 

peak magnitude, and periods of the bloom and necessary physical conditions 
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for the bloom initiation. In addition, the possible main forces for the 

initiation of the spring bloom are discussed in terms of Sverdrup’s critical 

depth hypothesis. The correlations between interannual variability of the 

estimated indices of spring bloom and physical forces are investigated. Then, 

as an indicator for the climate change or variability, the possibility and 

limitation of the indices of spring bloom are discussed. Chapter 4 

investigates, for the first time, the effects of Asian dust events on the 

interannual variability of indices of spring bloom. Chapter 5 suggest a new 

proxy to estimate ratios of carbon export production to total primary 

production during spring bloom and discuss the regional differences of the 

export ratios. Finally, chapter 6 presents summary, discussion of future work 

and this study’s far-reaching importance.  
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2. Data  

 

This study uses mainly chlorophyll-a concentrations derived from 

satellite measurements to investigate characteristics of spring phytoplankton 

bloom in the entire East Sea. To understand regional differences of 

characteristics of spring bloom, physical, chemical, and biological 

conditions are examined. To do this, this study uses several different sources 

of satellite data, in-situ data, and 3-D numerical model. In this chapter, data 

collection and processing for the study are described.  

 

 

2.1 In-situ biological, chemical and physical data in 

the East/Japan Sea 

 

In-situ data of chlorophyll-a, zooplankton biomass, nutrient (nitrate) and 

temperatures were obtained from the Korean Oceanographic Data Center 

(KODC), the Japan Oceanographic Data Center (JODC), the World Ocean 

Database 2009 (WOD09) and Circulation Research of the East Asian 

Marginal Seas (CREASM) in summer 1999 and winter 20000 (Table 2.1). 

As one of CREAM cruises, a spring cruise in May 2004 was conducted 

along the 132oE line (Figure 2.2). The KODC provide bimonthly 

temperature, nutrients, and zooplankton biomass along the line 102 – 107, 

208 and 209 since 1961 (Figure 2.1, Table 2.2). This study used only data of  
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Table 2.1 Data sources of in-situ observation parameters 
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Figure 2.1 Hydrography stations observed regularly by National Fisheries 

Research and Development Institute, Korea (NFRDI, green box) and 

Maizuru Marine Observatory, Japan (MMO, red box). Purple circles 

indicate the stations of PM 4, 5, and 6 (from the top).  
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Table 2.2 Information of regular observation lines operated by National 

Fisheries Research and Development Institute (NFRDI) and Maizuru 

Marine Observatory (MMO). O indicates existent parameter, while X 

indicates nonexistent parameter.  

  

National Fisheries 
Research  

and Development 
Institite (KOREA) 

Maizuru  
Marine Observatory (JAPAN) 

Observation Line 102-107, 208, 209 PM, G, D, F, H, I, Y  

Observation Year 1961~ 1972~ 

Observation Month 2, 4, 6, 8, 10,12 1~2, 4~5, 7~8, 10~11 

Data sets 
102-107, 208, 209  

line 
PM line G line 

D, F, H, I, 
Y line 

Temperature O O O O 

Salinity O O O O 

Oxygen O O O X 

Nutrients  

PO4, NO2, NO3, 
SiO2 

observation station : 
1, 3, 5, 7, 9, 11 

 PO4, NO2, 
NO3 

 PO4, 
NO2, NO3 

X 

Pigment X  Chl-a  Chl-a X 

Diatom X 
per species  

1973~ 
X X 

Zooplankton 
Observation station : 
1, 3, 5, 7, 9, 11 

observation 
station : 1 ~ 9 

X X 

 - Sampling method NORPAC net 
0.33mm 

NORPAC net 
0.33mm 

    

 - Sampling period 1965~ 1972~     

 - Classification 

copepoda, 
chaetognatha, 
amphipoda, 
euphausiacea 
1978~ 

copeoda : per 
species 
others : per 
taxon 
1991~ 
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Figure 2.2 Water sampling stations for measurements of chlorophyll-a and 

zooplankton, etc in the East/Japan Sea from May 7 to 18 in 2004. 
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line 102 – 107. The JODC also provide temperature, nutrients, chlorophyll, 

and zooplankton biomass along the line PM, G, D, F, H, I, and Y the since 

1972 (Figure 2.2). The data obtained from whole lines of the JODC were 

collected. The chlorophyll, temperature, and nutrients data of the CREASM 

were also included for this study. The WOD09 includes partially chlorophyll, 

nutrients, and temperature data from the JODC and KODC. The overlapping 

data were excluded from the WOD09. Chlorophyll-a is the most principal 

photosynthetic pigment which is commonly found in all phytoplankton. 

Chlorophyll-a has thus been being used as a measure of phytoplankton 

biomass. In-situ chlorophyll-a data in the East Sea, however, cannot resolve 

the temporal and spatial variability of phytoplankton seasonality because of 

lack of available data (Figure 2.3). The collected chlorophyll-a data were 

used only for match-up with the daily SeaWiFS chlorophyll-a 

concentrations. Details on match-up are described in the next section 2.2. 

Nitrate is known as a main limiting nutrient for phytoplankton growth in the 

East Sea. This is because silicate and phosphate are abundant compared to 

nitrate throughout the year (Onitsuka and Yanagi 2005). Therefore, this 

study used only nitrate to investigate monthly variations of nutrients 

conditions for phytoplankton growth (Figure 2.4). Temperature data were 

used to investigate monthly variability of temperature in the upper layer and 

mixed layer depth (Figure 2.5). To investigate monthly variations of 

nutrients and temperature, the all in-situ profiles were aggregated to grid 

boxes of 1° by 1°. The zooplankton biomass data were provided by JODC 

and KODC. However, the data sampling was conducted only in the southern 

East Sea. To supplement its spatial limitation, I also collected literature data.  
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Figure 2.3 Spatial distributions of stations of the collected chlorophyll-a 

data (a), the number of the stations at each month (January to December) (b) 

and number of the stations at each year (c).  

 

 

 

 



20 

 

 

 

 

 

 

Figure 2.4 Spatial distributions of stations of the collected nitrate data (a), 

the number of the stations at each month (January to December) (b) and 

number of the stations at each year (c). 
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Figure 2.5 Spatial distributions of stations of the collected temperature 

profiles (a), the number of stations at each month (January to December) (b) 

and number of the stations at each year (c). 
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2.2 SeaWiFS chlorophyll-a concentration in the 

East/Japan Sea   

 

To detect spatial and temporal variability, it is essential to obtain regular 

and synoptic information on phytoplankton biomass. Recently, with the 

advent of the technology of satellite ocean remote sensing, ocean color 

sensors such as the Coastal Zone Color Scanner (CZCS, 1978–1986), the 

Ocean Color and Temperature Scanner (OCTS, 1996–1997), the Sea-

viewing Wide Field-of-view Sensor (SeaWiFS, 1997–2010), the Moderate 

Resolution Imaging Spectroradiometer (MODIS, 2002–present), the first 

Korean Geostationary Ocean Color Imager (GOCI, 2011–present), provide 

chlorophyll-a concentrations as a proxy of phytoplankton biomass in the 

pelagic ecosystem by measuring the spectra of radiance from the sea surface. 

Especially, the SeaWiFS provides time-series of consistent and well-

calibrated chlorophyll-a concentrations over ten years (McClain et al., 2004). 

Many studies on phytoplankton dynamics have being using the SeaWiFS 

chlorophyll-a concentrations (e.g. Yamada et al. 2004, Thomalla et al. 2011, 

Sapiano et al. 2012).  

In this study, I used the Level-3 daily and 8-day chlorophyll-a 

concentration of SeaWiFS Standard Mapped Images (SMI) with 9 km 

resolution as a proxy for phytoplankton biomass (Table 2.3). Chlorophyll-a 

data were from the NASA Standard algorithm Ocean Color 4 (OC4) version 

6. To analyze temporal variability of chlorophyll-a in the EAST SEA, all the 

8-day chlorophyll-a data from January 1998 to December 2007 were 
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subsampled over the East Sea, with the boundaries 35–49˚N, 127–143˚E. 

The data were further restricted with water depths greater than 1000 m to 

remove possible disturbance in the chlorophyll-a data due to coastal 

influences. The every 8-day chlorophyll-a data for ten years obtained within 

the boundaries were regridded to 1˚ resolution, respectively. In the East Sea, 

anomalous high chlorophyll-a concentrations are often detected in a form of 

speckles in the SeaWiFS images (Park et al. 2013). In each grid, I evaluated 

the extracted 8-day data for anomalous outliers, and determined a median of 

the filtered 8-day values that should be between 16% and 84% of the entire 

range of chlorophyll-a values in that grid unless the number of the filtered 

data is less than 50% of the entire data number in the grid. The median 

values determined in every 8-day were compiled as chlorophyll-a time 

series for each grid. 

 

 

2.2.1 Validity of SeaWiFS chlorophyll-a concentration  

 

In the open ocean classified into Case 1 water, which is dominated by 

phytoplankton and their associated degradation products (Morel and Prieur 

1977), the accuracy of SeaWiFS chlorophyll-a concentrations retrieved from  

the NASA standard algorithm is about ± 30%. Most regions of the East Sea 

are also classified into Case 1 water (Yoo et al. 2002). However, there are 

various factors affecting the data accuracy such as Asian dust events in the 

East Sea. The SeaWiFS tends to overestimate chlorophyll-a concentrations 
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more than 50% during dust events (Schollaert et al. 2003). We should 

consider the potential sources of error and keep in mind the accuracy of the 

chlorophyll-a signal may have been compromised. Figure 2.6 shows the 

match-up of in-situ chlorophyll-a measurements against SeaWiFS daily 

chlorophyll-a within 0.25o in latitude and longitude. The SeaWiFS 

chlorophyll-a generally represents in-situ chlorophyll-a within the error 

ranges of ±30%. During the Asian dust events, the SeaWiFS chlorophyll-a 

concentrations were overestimated more than 50%. In addition, 

anomalously high chlorophyll-a concentrations more than 10 mg m-3, i.e. 

speckles, were randomly scattered throughout the entire East Sea (Park et al. 

2013). Therefore, to investigate temporal and spatial variability of 

chlorophyll-a concentrations in the East Sea, these anomalously high 

chlorophyll-a values should be excluded through data filtering processes. 

Every daily and 8-day chlorophyll-a concentrations in each grid for ten 

years were checked to eliminate the error by the Asian dust. The 

chlorophyll-a concentrations in each grid at each time step were excluded if 

the chlorophyll-a concentrations were correlated with Aerosol Optical 

Thickness of the SeaWiFS, which is a measure of Asian dust events (Figure 

2.7). Furthermore, the daily chlorophyll-a concentrations of 5 days before 

and after Asian dust events in each grid were also excluded. Then, the 

chlorophyll-a concentrations in each grid were excluded by a median 

filtering process as mentioned by the previous section.  
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Figure 2.6 In-situ chlorophyll-a concentrations collected from May cruise 

2004 and WOD09 against coincident SeaWiFS chlorophyll-a concentration 

from 1998 to 2007. Black dotted line is 1 : 1 line. Green line is linaer 

regression best fit: R2 = 0.84 , n=35. Red circles are chlorophyll-a 

concentrations during Asian dust events.  
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Figure 2.7 An example of chlorophyll-a data quality check process through 

comparison of daily Aerosol Optical Thickness (AOT) with chlorophyll-a 

concentrations of SeaWiFS in each 1 o by 1 o grid in the East/Japan Sea. 

Yellow diamond indicates the day when the TOMS aerosol index is more 

than 2.5.   
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We should also keep in mind that the SeaWiFS chlorophyll-a generally 

represent phytoplankton properties within an active mixing layer 

(Behrenfeld 2010). In the Ulleung Basin of the East Sea, subsurface 

chlorophyll maximum (SCM) develops from late spring to summer (Rho et 

al. 2012). During fall and winter, the SCM layer disappear and chlorophyll-

a distributes homogeneously in the water column (Kwak et al. 2013). This 

seasonal development of SCM in the East Sea also restricts the application 

of information derived from the SeaWiFS chlorophyll-a to the 

phytoplankton properties within the entire water column. On the other hand, 

the chlorophyll-a distributes homogeneously in the mixed layer depth 

(Onitsuka and Yanagi 2005). Therefore, it seems that the SeaWiFS 

chlorophyll-a in the East Sea represents phytoplankton biomass in the 

mixed layer.  

Although the SeaWiFS chlorophyll-a concentrations have some 

uncertainty, the filtered chlorophyll-a data in the East Sea will provide 

invaluable information on phytoplankton dynamics in the mixed layer. In 

addition, the satellite data such as the SeaWiFS chlorophyll-a should be the 

only one which provide sufficient spatial and temporal resolution to 

investigate temporal and spatial variability of phytoplankton blooms for the 

present.  
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Table 2.3 Resolutions and error ranges of chlorophyll-a concentrations, 

physical and meteorological parameters  

Source Parameter 
Resolution 

Error 
Spatial Temporal 

Satellite 

SeaWiFS 

chlorophyll-a 
9km 

daily,  

8-day 

± 30% 

(globally, the 

East Sea) 

> 50 %  

(Asian dust 

period,  

the East Sea) 

SeaWiFS PAR 9km 
daily,  

8-day 

±15 % 

(globally) 

AVHRR SST 4km 
daily, 

weekly 

± 0.3°C 

(globally) 

± 0.5–1°C  

(the East Sea) 

SSM/I  

wind speed 
0.25×0.25o weekly  

TOMS  

aerosol index 
1.25°× 1° daily  

Data 

assimilation 
NCEP heat flux 2°× 2° daily 

± 30 W m-2 

(globally) 
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2.3. Physical and meteorological factors in the 

East/Japan Sea 

 

2.3.1 SeaWiFS PAR 

 

The light amount and intensity at the sea surface is an important factor 

affecting primary production of phytoplankton. Photosynthetically Available 

Radiation (PAR) is the incident quantum flux in the wavelength range from 

400 to 700 nm that photosynthetic organisms are able to use in the process 

of photosynthesis. In this study, the Level-3 8-day and monthly PAR of 

SeaWiFS from 1998 to 2007 were used to consider its effects on 

phytoplankton blooms. The SeaWiFS PAR is accurate to within ±15 % 

(Frouin et al. 2003). The PAR is expressed in Einsteins m-2 day-1 or mol 

photons m-2 day-1. The every 8-day PAR data for ten years obtained within 

the same boundaries with the SeaWiFS chlorophyll-a were regridded to 1˚ 

resolution. The following other physical parameters were also regridded to 

1˚ resolution.  

 

 

2.3.2 AVHRR SST 

 

Temperature plays an important role on photosynthetic rate, respiration 

of phytoplankton and zooplankton, and grazing rate in the ocean. The East 

Sea contains two distinct regions of subpolar cold water and subtropical 

warm water. Therefore, temperature conditions may contribute to regional 
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differences of phytoplankton blooms in the East Sea. In this study, Best Sea 

Surface Temperature (SST) data from the Advanced Very-High Resolution 

Radiometer (AVHRR) Ocean Pathfinder during the period of January 1998 

to December 2006 were used to consider the temperature effect on the 

phytoplankton blooms during spring. The SST data was obtained from the 

NASA Physical Oceanography Distributed Active Archive Center 

(PO.DAAC) at the Jet Propulsion Laboratory (JPL), California Institute of 

Technology. The spatial and temporal resolutions of this data set are 4 km 

and 8-day and monthly, respectively. The global AVHRR SST is generally 

accurate to ± 0.3°C (Vazquez 1999). In the EAST SEA, the mean error was 

evaluated to less than 0.5 or 1°C (Kawai and Kawamura 1997, Park et al. 

2011). In addition, the SST tends to be underestimated in winter and spring, 

whereas to be overestimated in summer (Park et al. 2011). The SST in the 

northern EAST SEA is generally lower than in-situ temperature, while the 

SST in the southern EAST SEA is higher than in-situ temperature (Kawai 

and Kawamura 1997).  

 

 

2.3.3 SSM/I wind speed 

 

Wind is a key parameter affecting the mixed layer depth, stability of the 

water column, and nutrients supply from the deep water. It may affect 

spatial and temporal variability of phytoplankton bloom during spring. In 

this study, the weekly data of Special Sensor Microwave/Imager (SSM/I) 
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were used for wind speed at 10 m height from the sea surface to investigate 

correlations between wind speed and spring bloom from 1998 to 2007. 

Spatial resolution is by 0.25◦ × 0.25◦.  

 

 

2.3.4 NCEP net heat flux 

 

The net heat flux defines whether the ocean surface is being heated or 

cooling down. Positive net heat flux indicates that the ocean surface is being 

heated, while negative net heat flux indicates that the ocean surface is 

cooling down. The heat flux affects significantly the mixed layer depth and 

stratification of the water column. In this study, I investigate correlations 

between the heat flux and spring bloom. To calculate daily net heat flux 

from 1998 to 2007, net upward flux of long-wave radiation, upward latent 

heat flux, upward sensible heat flux and net flux of short-wave solar 

radiation were downloaded. These data were obtained from the 

NCEP/NCAR (National Centers for Environmental Prediction/National 

Center for Atmospheric Research) Reanalysis 2. The net heat flux has a 

mean error of ± 30 W m-2.  

 

 

2.3.5 Mixed layer depth 

 

For the mixed layer depth (MLD) estimates, individual temperature 

profiles from 1959 to 2007 were obtained from the World Ocean Data Base 
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2009 because the lack of available salinity data makes large gaps of 

climatological MLD (Figure 2.5). In fact, in the EAST SEA, the MLD 

derived from temperature profiles did not any significant differences 

(mostly less than 20m) compared with the MLD derived from density 

profiles (Lim et al. 2012). The profiles comprise Mechanical 

BathyThermograph, eXpendable BathyThermograph, Conductivity-

Temperature-Depth, and Profiling Floats data. Following the method by de 

Boyer Montégut et al. (2004), MLD was estimated from individual profiles 

using a threshold temperature criterion from the 10 m temperature, ΔT = 

0.3°C. Duplicates were excluded and the quality control by de Boyer 

Montégut et al. (2004) was applied. The estimates MLD were aggregated to 

grid boxes of 1° by 1°. The MLD estimates in each box often show skewed 

distributions with a tail in the deepest values, especially in April and May. In 

these cases, the median of the MLD is more representative of the 

climatological field (de Boyer Montégut et al, 2004). For each box and for 

each month, the median MLD was calculated only if there are more than 

five independent estimates. The median deviation (defined as 

 

         
∑ |    −	         |

         

   
) was calculated on a monthly basis 

to evaluate the spreading of the MLD estimates in each box (de Boyer 

Montégut et al. 2004).  

I also used the MLD derived from the East Sea Regional Ocean Model 

(ESROM), which is based on the Modular Ocean Model version 3 (MOM3) 

with 0.1°×0.1° horizontal resolution and 42 vertical levels (Kim 2006). The 

ESROM was assimilated with the high resolution Sea Surface Temperature 
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(SST) of the Pathfinder and temperature profiles of World Ocean Data Base 

2005 (WOD05) using the 3-Dimension Variational Technique (Weaver and 

Courtier 2001). The assimilated MLD was verified with MLD derived from 

Argo (%Error = ±30, R2= 0.92, N = 82).  

 

 

2.4 TOMS and OMI aerosol index in the East/Japan 

Sea 

 

The Total Ozone Mapping Spectrometer (TOMS) aerosol indices over 

2.0 to 2.7 perform well in detecting the dust storms (visibility < 5 km) 

around the source regions (Darmenova et al., 2005). I used the aerosol index 

of the TOMS as the indicator for timing and main pathway of the transport 

of Asian dust over the East Sea from 1998 to 2002. Spatial and temporal 

resolutions of the index are by 1.25°× 1° and by day, respectively. From 

2003 to 2004, the TOMS has a serious calibration problem. The daily index 

of the TOMS during this period was excluded. I also used monthly aerosol 

index of TOMS to consider the correlation between the aerosol index and 

chlorophyll-a concentrations during spring. From 2005 to 2007, monthly 

aerosol index of the Ozone Monitoring Instrument (OMI) was used for the 

comparison because the TOMS was out of service since 2006. The TOMS 

and OMI data was obtained from Ozone Processing Team of NASA GSFC.  

 

 



34 

 

3. Spatial and temporal variability of spring 

phytoplankton blooms 

3.1 Significance of spring blooms  

 

In many parts of the world’s oceans the seasonal cycle of phytoplankton 

productivity is dominated by a rapid, intense increase of phytoplankton 

biomass, i.e. the spring bloom (Falkowski et al. 2000, Siegel et al. 2002). 

The annual primary production and export production in the ocean tends to 

be generally high during this bloom period. Many studies have sought to 

understand the dynamics of the spring bloom in the ocean and assess its role 

in the global carbon cycle (Siegel et al. 2002). In the East Sea, the 

seasonality of phytoplankton biomass is also dominated by the spring bloom. 

Yamada et al. (2005) estimated that the primary production in spring 

contributes to about 42% of the annual primary production of the East Sea. 

It is expected that a significant fraction of the annual production is exported 

to the deep water during the spring bloom period.    

The characteristics of the indices of the spring bloom may vary in 

different regions. Recent satellite measurements revealed that the spring 

bloom in the southern region is earlier than that in the northern region 

(Yamada et al. 2004, Kim 2006, Yoo et al. 2008). Yamada et al. (2004) 

detected large spatial and interannual variations of the initiation timings of 

the spring bloom at the four specific stations. They associated the variations 

of the bloom with the wind speed. But, the correlations were mostly weak in 
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the four stations. On the other hand, in the subpolar front, the interannual 

variations of the onset timings were closely associated with wind speed 

(Kim et al. 2007). In the southwestern East Sea, the transport of the 

oligotrophic TWC was associated with suppression and enhancement of the 

spring bloom development (Yoo and Kim 2004). Lim et al. (2012) detected 

an early spring bloom development at the periphery of UWE even when the 

water column stratification was not developed. However, no analysis has 

been conducted to investigate spatial and interannual variability of other 

indices of the spring bloom such as the peak magnitude and period of the 

bloom, although the indices of the spring bloom is not represented only by 

the initiation timings of the bloom. Furthermore, it seems that spatial and 

interannual variations of the indices of the bloom are affected by multiple 

factors. But only wind effects on the variability of the initiation timings 

were examined.  

Therefore, a more complete understanding of spatial and interannual 

variability in the spring bloom and its interactions with physical and 

meteorological forces must be an important effort to gain an insight to the 

mechanisms controlling the primary production and export production in 

each region of the East Sea. Furthermore, rapid environmental changes have 

been reported not only in internal forces such as physical conditions in the 

East Sea (e.g. Chiba et al. 2002), but also in external forces such as 

atmospheric dust inputs. Information of the ranges of spatial and interannual 

variability in the indices of the spring bloom must improve our 
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understanding on decadal changes or any trend in seasonality of 

phytoplankton productivity in the East Sea.  

 

 

3.1.1 Sverdrup’s critical depth hypothesis 

 

As a cornerstone of biological oceanography, Sverdrup’s critical depth 

hypothesis has been applied to a variety of aquatic ecosystems to quantify 

the roles of light availability and vertical mixing leading to spring blooms of 

phytoplankton (Siegel et al. 2002). Critical depth is defined as the surface 

mixing depth where integrated water column community photosynthesis and 

respiration are equal (Sverdrup 1953). The concept of critical depth was first 

introduced to biological oceanography by Gran and Braarud (1935). 

Sverdrup (1953) systematized the concept to explain the spring bloom 

development in the North Atlantic on the Weather Ship 'M'. The spring 

bloom can be explained by seasonal increase in incident surface irradiance 

which results in the development of water column stratification, thus, a 

shoaling of the mixed layer depth less than the critical depth (Figure 3.1). 

This transient period, during which the average light intensity of mixed 

layer depth is increasing under nutrient replete conditions, provides an 

opportunity for the development of spring bloom (Sverdrup 1953). 

Heat flux and light intensity, the key driving factors of Sverdrup’s 

critical depth hypothesis, vary with latitude. A northward propagation of the  
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Figure 3.1 A conceptual picture explaining spring bloom development in 

terms of Sverdrup’s (1953) critical depth hypothesis. Total primary 

production decreases exponentially with depth (I(z) = I0e
-kz, z is depth, k is 

the coefficient of extinction due to absorbance and scattering). Community 

respiration is assumed to be constant, i.e. depth-invariant. The compensation 

depth is defined as the depth at which the photosynthetic rate equals the 

respiration rate. The critical depth is the depth at which the water column 

integrated production is equal to the integrated respiration. Therefore, the 

spring bloom develops as the mixed layer depth becomes shallower than the 

critical depth. Green dots indicate phytoplankton. Dotted line is the mixed 

layer depth.  
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spring bloom, which keeps pace with the movement of the region of mixed 

layer shallowing, is therefore expected (Obata et al. 1996, Siegel et al. 2002). 

Obata et al. (1996) used the CZCS chlorophyll-a data along with the MLD 

and critical depth estimated from cloud cover and light attenuation data. 

They demonstrated that Sverdrup’s hypothesis is valid for explaining the 

latitudinal development of the spring blooms in the North Atlantic and 

North Western Pacific, but fails in other regions such as oligotrophic 

subtropical regions, where nutrient is a main limiting factor for 

phytoplankton growth. 

However, Strass and Woods (1988) reported that the horizontal 

migration of the surface chlorophyll maximum did not match the northward 

movement of the shallowing mixed layer, but instead followed the 

propagation of the 12°C isotherm outcrop. This suggests that temperature 

may also be an important factor controlling the bloom initiation. 

Temperature generally affects the enzyme-mediated rates of photosynthesis. 

Although the response of phytoplankton varies between species, laboratory 

experiments have shown that phytoplankton photosynthetic rates increase 

with temperature up to an optimal temperature (e.g. Eppley 1972). 

Townsend et al. (1992) observed a spring bloom occurring in the absence of 

vertical stratification. They suggest that the deepening penetration of light in 

the clear winter waters in concert with weak wind mixing could be enough 

to maintain phytoplankton growth rates that exceed the vertical excursion 

rates.  
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In addition, recent satellite observations observed that the spring bloom 

in the open ocean such as the North Atlantic can be developed during the 

time when the MLD is still deepening. Several researches have suggested 

alternative hypotheses to explain this early spring bloom against Sverdrup’s 

hypothesis (Behrenfeld 2010, Chiswell 2011, Taylor and Ferrari, 2011). 

Behrenfeld (2010) proposed the Dilution Recoupling Hypothesis. He 

emphasized that phytoplankton growth is balanced by losses such as 

zooplankton grazing, and the balance is controlled by seasonally varying 

physical processes. According to this hypothesis, deep wintertime mixing is 

essential for the bloom initiation, with deeper mixing causing greater 

perturbations to predator–prey interactions than shallower mixing.  

Chiswell (2011) proposed the Stratification Onset Hypothesis as an 

alternative hypothesis to describe the seasonal cycle of primary production 

and the development of the spring blooms in temperate waters. Sverdrup’s 

hypothesis is flawed because its basic assumption that phytoplankton are 

well mixed throughout the upper mixed layer is wrong. Instead, he suggests 

that phytoplankton are well mixed throughout the upper mixed layer only in 

autumn and winter, but in spring shallow near-surface warm layers appear 

with the onset of stratification. The spring bloom develops in the shallow 

layers. In addition, he described that Sverdrup’s hypothesis can be applied 

only during the autumn to winter when plankton are well-mixed to the 

seasonal thermocline. Therefore, Sverdrup’s hypothesis can be used to 

determine whether net winter production is positive or negative. 
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Taylor and Ferrari (2011) suggested that the development of spring 

bloom can be explained by the shutdown of vertical mixing in spring. They 

suggest that during winter, the mixed layer depth is likely to be a proxy for 

the mixing depth. However, when the atmospheric forcing becomes weak in 

the spring, turbulence subsides rapidly while the MLD does not change 

much. Shoaling of the deep mixed layers is the result of restratification 

which occurs on timescales of weeks to months. Therefore, the development 

of the bloom can occur prior to the time when the mixed layer depth 

becomes shallower than the critical depth. 

However, Sverdrup’s critical depth must be still a useful criterion 

explaining the spring bloom dynamics if the development of the spring 

bloom is consistent with the seasonally shoaling MLD (Siegel et al. 2002, 

Behrenfeld 2010, Brody et al. 2013). Therefore, the critical depth criterion 

may be a necessary, but not sufficient, condition for the initiation of a 

phytoplankton bloom in spring.  

In the East Sea, Kim et al. (2000) and Yamada and Ishizaka (2006) 

detected that the rapid springtime increase of chlorophyll-a concentrations 

derived from the CZCS and SeaWiFS was consistent with the seasonal 

shoaling of MLD. They suggested that the initiation of the spring bloom can 

be explained in terms of Sverdrup’s critical depth hypothesis. Therefore, the 

regional differences and interannual variability of the initiation timings of 

the bloom can be also explained in terms of Sverdrup’s critical depth 

hypothesis. Furthermore, Yanagi et al. (2001) observed that the development 

of the spring bloom in the year of 1997 follows the northward propagation 
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of the 8 oC isotherm. Temperature may also contribute to the regional 

differences of the initiation timings of the spring bloom.   

This chapter presents spatial distributions of indices of the spring bloom 

such as initiation and peak timing, peak magnitude, and duration of the 

bloom in the East Sea during ten years from 1998 to 2007. This work will 

provide a more complete climatology and spatial and interannual variability 

of indices of spring bloom in the East Sea than the initiation timings 

described by previous studies (Yamada et al. 2004, Kim 2006). In terms of 

Sverdrup’s critical depth hypothesis, the necessary physical conditions for 

the bloom development were estimated to seek for main forces of 

interannual and regional variability of spring bloom. Correlations between 

meteorological forces related with main driving forces and spring bloom 

phenological indices were investigated in the entire East Sea. Finally, I will 

discuss implication of the changes in the spring bloom and the connection 

between the bloom in the East Sea and variability of climate forcing.  

 

 

3.2 Definition and criteria of indices of spring bloom 

 

Chlorophyll-a concentrations data in the open ocean during the period of 

spring bloom generally follow a nearly Gaussian distribution (Liu and 

Woods 2004). Assimilated chlorophyll-a concentrations using a Gaussian 

curve fit can be used to extract phytoplankton phonological indices (Liu and 

Woods 2004, Yamada and Ishizaka 2006). However, in the East Sea, 
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chlorophyll-a concentrations data often shows asymmetric Gaussian 

distribution. Especially, these distributions are distinct features of 

chlorophyll-a time series in the southern East Sea such as Yamato Basin. In 

this study, for estimating spring bloom phonological indices, the asymmetric 

Gaussian method (Jönsson and Eklundh 2004) was applied to fit the 

SeaWiFS chlorophyll-a time series (Figure 3.2). In this method, the 

functions are fit to chlorophyll-a data in intervals around maxima and 

minima in the time series. The model functions have the general form: 

 

 ( ) =  ( ;  ,  ) = 	  	 +	  	 ( ;  ), 

 

where the liner parameters c = (c1, c2) determine the base value and the 

amplitude of chlorophyll-a time series.  

The basis function is; 
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x1 is the position of the maximum with respect to the independent time 

variable t, while x2 and x3 are the width and flatness (kurtosis) of the right 

function half. x4 and x5 are the width and flatness of the left half.      
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Figure 3.2 Examples of fitted asymmetric Gaussian functions to 8-day 

chlorophyll-a concentrations of SeaWiFS (98% (577): R2>0.8, 2% (13): 

R2<0.6, total time series: 590). Black thick line is fitted chlorophyll-a 

concentrations. Gray thin line is SeaWiFS chlorophyll-a concentrations.  
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The 8-day chlorophyll-a time series in each grid from 1998 to 2007 was 

divided into ten time series of chlorophyll-a data from January to June for 

each year. To find a best curve fit in each time series for each year, the 

asymmetric Gaussian fitting was continued until the correlation coefficient 

between the assimilated chlorophyll-a and SeaWiFS chlorophyll-a data was 

more than 0.8 (Figure 3.2).  

The spring bloom is generally defined as a rapid and strong increase in 

phytoplankton abundance or biomass in spring. The characteristic of the 

bloom is described by initiation timings, peak timings, peak magnitude, and 

duration of spring bloom. In the open ocean, three methods to extract the 

initiation timing of phytoplankton bloom have been commonly used (Ji et al. 

2010, Brody et al. 2013) (Table 3.1). Threshold methods based on 

chlorophyll-a biomass define initiation of phytoplankton bloom as the day 

when a chlorophyll-a time series rise above certain threshold value. 

Threshold methods based on cumulative chlorophyll-a biomass define the 

bloom initiation as the day when a cumulative summation of chlorophyll-a 

biomass rise above a threshold percentile of the total biomass. Methods 

based on rate of change define the bloom initiation as the day at which 

instantaneous growth rate on a chlorophyll-a time series rise above a 

threshold rate during a defined period. Duration of spring bloom is 

estimated as the difference between the initiation timing and termination 

timing of spring bloom. The termination timing is defined as the day when 

fitted chlorophyll-a concentration declines to the threshold. Peak timing of 

spring bloom is defined as the day with highest chlorophyll-a concentration  
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Table 3.1 Summary of definition for indices of spring bloom  

Index Definition  Reference 

Initiation 

timing 

Year day when biomass rise above 

certain threshold value. 

Siegel et al. (2002), 

Varaga et al. (2009), 

 Ji et al. (2010),  

Brody et al.(2013) 

Year day when a lower threshold 

percentile (e.g. 25th percentile) of 

annual or seasonal cumulative 

biomass or abundance is reached. 

Ji et al. (2010),  

Brody et al.(2013) 

Year day of maximum instantaneous 

growth rate within a defined period. 

Ji et al. (2010),  

Brody et al.(2013) 

Peak timing 
Year day with highest biomass at a 

defined period. 

Chiba et al. (2006),  

Ji et al. (2010),  

Brody et al.(2013) 

Peak 

magnitude 

The maximum biomass during the defined 

period. 

Ji et al. (2010),  

Brody et al.(2013) 

Duration 
Number of days between the initiation timing 

and termination timing of the bloom 

Greve et al. (2005), 

Ji et al. (2010),  

Brody et al.(2013) 
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during a defined period, i.e. the duration of spring bloom. Peak magnitude is 

the maximum chlorophyll-a concentration during the period of spring bloom.  

Especially, methods to determine initiation timings of spring bloom can 

be selected according to the question being asked (Brody et al. 2013). 

Threshold methods based on chlorophyll-a biomass were used for 

investigating the match or mismatch between phytoplankton and upper 

trophic levels such as zooplankton (e.g. Mackas 2007, Koeller et al. 2009) 

because the match or mismatch hypothesis is based on the timing of the high 

phytoplankton biomass period (Brody et al. 2013). Methods based on rate of 

change were used for investigating the seasonal and interannual physical 

mechanisms controlling development of phytoplankton bloom (e.g. 

Behrenfeld 2010) because the initiation timing is detected as the time when 

chlorophyll-a concentrations start to increase rapidly during the period of 

low chlorophyll concentration. The cumulative chlorophyll-a biomass 

method can be used for either of the purposes of two methods depending on 

the threshold value (Brody et al. 2013).  

To find a suitable method and criterion for the rapid increase timings of 

chlorophyll-a concentrations in the East Sea, several criteria were applied to 

chlorophyll-a time series in each grid for each year (Figure 3.3). I applied 

threshold methods using five criteria of 5% of annual median chlorophyll-a, 

0.8, 0.6 mg m-3 and two times of wintertime chlorophyll-a concentrations 

and rate of change chlorophyll-a concentration of 0.2 mg m-3 day-1 to 

assimilated chlorophyll-a concentrations. The most common criterion in the 

open ocean among threshold methods based on chlorophyll-a biomass is the  



47 

 

 

 

Figure 3.3 Example of process to find a suitable criterion for the initiation 

timings of the spring bloom using five criteria of 5% of annual median 

chlorophyll-a, 0.8 mg m-3 and two times of wintertime chlorophyll-a 

concentrations and cumulative sum of rate of change chlorophyll-a 

concentration of 0.2 mg m-3. Black line is fitted chlorophyll-a 

concentrations by the Gaussian curve fitting. Blue dot is 8-day chlorophyll-a 

concentration. Black triangle is the timing derived from the criterion of 5% 

of annual median, green triangle is the timing of criterion of two times of 

the winter time, black circle is the timing of the criterion of the cumulative 

sum of 0.2, red circle is the timing of the criterion of 0.8.  
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date when chlorophyll-a concentrations first become 5% greater than the 

local annual median (Siegel et al. 2002). This criterion often identified 

initiation timings of the blooms in the entire East Sea as occurring during 

the low chlorophyll-a period of January to February. The criteria of 

chlorophyll-a concentrations, 0.6, 0.8 mg m-3, and two times of wintertime 

chlorophyll-a concentrations have been used to detect the initiation timings 

of spring blooms at basin or local scale in the East Sea (Yamada et al. 2004, 

Yamada and Ishizaka 2006, Jo et al. 2007). However, the 0.6 criterion 

identified the similar bloom timings with those of the 5% criterion in the 

Ulleung and Yamato Basin. The 0.8, two times criteria identified initiation 

timings of the blooms as occurring during the period of high chlorophyll-a 

concentrations or close to the bloom peak in the Japan Basin. On the other 

hand, the 0.8 criteria often detect too early initiation timings in the Ulleung 

and Yamato Basin in the years of the high winter chlorophyll-a. A new 

combined method based on the cumulative sum of rate of change with 0.1 to 

0.3 mg m-3 was also applied to the assimilated chlorophyll-a concentrations. 

The chlorophyll-a change rate of 0.2 commonly identified the bloom 

initiation in the entire East Sea as starting when chlorophyll-a is increasing 

rapidly.  

Therefore, in this study, the initiation timings of spring bloom were 

extracted from the assimilated chlorophyll-a concentrations using the 

criterion of the cumulative sum of the change rate, 0.2 mg m-3 day-1 (Figure 

3.4). The termination timing of spring bloom was define as the day when the 

assimilated chlorophyll-a concentrations declined to the cumulative sum of 
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the change rate, 0.2 mg m-3 day-1. Duration of spring bloom was estimated 

as the difference between the initiation timing and termination timing. Peak 

timing of spring bloom was defined as the day with highest chlorophyll-a 

concentration during the bloom period (x1). Peak magnitude was defined as 

the maximum chlorophyll-a concentration during the bloom period (c1 + 

c2g(t;x)).  

To investigate physical conditions during the bloom development in 

each grid of 1° for each year, wind speed, net surface heat flux, SST, and 

PAR were interpolated to initiation timings of the bloom. The physical 

conditions during 30 days prior to the bloom initiation and during the bloom 

period were also extracted. In case of mixed layer depth, the climatological 

condition at the bloom was extracted because of spatial and temporal 

limitation of available in-situ temperature profiles in the East Sea.  
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Figure 3.4 A schematic picture of indices of spring bloom: initiation timings, 

peak timing, duration, and peak magnitude.  
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3.3 Spatial patterns in indices of spring bloom and 

physical constraints 

 

3.3.1 Spatial patterns in indices of spring bloom 

 

The initiation timings of the spring bloom varied dynamically with the 

range from mid-February to mid-May in the entire East Sea during the 

period of 1998 to 2007 (Figure 3.5). The range in this study shows about 

more than 15 days wider variations compared with that estimated by the 

criterion of 0.8 mg m-3 during 1997 to 2002 (Yamada et al. 2004). The 

bloom started to develop in the Ulleung Basin, Yamato Basin, and subpolar 

fornt during mid-February to late March. In the western Japan Basin, the 

bloom was initiated during mid-March to early-May. In the eastern Japan 

Basin, the bloom finally developed during mid-April to mid-May. This 

general pattern of the timings of the bloom initiation is consistent with the 

patterns by the criterion of 0.8 mg m-3. Yanagi et al. (2001) also detected 

this pattern using OCTS images in 1997. However, Kim et al. (2000) 

showed the different spatial pattern in the East Sea using CZCS images from 

1978 to 1986. They described that the bloom started in the northwestern 

region, then appeared in the southern region, and finally propagated to the 

northern region. Although they used sporadic observed CZCS data, we 

should keep in mind a possibility of decadal changes in spatial patterns in 

spring bloom development.  
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The peak timings of the bloom varied with the range from mid-March to 

late-May during the period of 1998 to 2007 (Figure 3.6). The bloom reached 

to the peak by mid-March to late-April in the Ulleung Basin, Yamato Basin, 

subpolar front. In the western Japan Basin, peak timings were detected 

during late-March to late-April. In the eastern Japan Basin, the bloom 

reached to the peak during early-May to late-May. This spatial pattern of 

peak timings of the bloom is similar with that of initiation timings of the 

bloom.  

The peak magnitude of the bloom varied between 0.8 and 3 mg m-3 

during ten years (Figure 3.7). The Ulleung Basin, Yamato Basin, subpolar 

front and eastern Japan Basin have the peak values between 0.8 and 2.4 mg 

m-3. The western Japan Basin and northeastern Japan Basin have the values 

between 0.8 to 3.0 mg m-3. Significant spatial differences in peak values 

were not detected.  

The duration of the bloom also show large variability with the range 

from 20 to 80 days during ten years (Figure 3.8). In the Ulleung Basin, the 

Yamato Basin, and subpolar front, the bloom was persisted during about 40 

to more than 80 days. In the western and eastern Japan Basin, the bloom 

was persisted during 20 to 60 days and 20 to 50 days, respectively. The 

duration of the blooms in the southern regions is mostly longer than that in 

the northern regions. The Ulleung Basin has the longest duration of the 

bloom, while the eastern Japan Basin has the shortest duration.  

These spatial patterns of indices of the spring bloom during ten years 

shows regional differences. The southern region including the Ulleung  
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Figure 3.5 Interannual variations of initiation timings of the spring bloom 

from 1998 to 2007 and mean initiation timings of the spring bloom during 

ten years (black box in the bottom right).  
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Figure 3.6 Interannual variations of peak timings of the spring bloom from 

1998 to 2007 and mean peak timings of the spring bloom during ten years 

(black box in the bottom right). 
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Figure 3.7 Interannual variations of peak magnitude of the spring bloom 

from 1998 to 2007 and mean peak magnitude of the spring bloom during ten 

years (black box in the bottom right).  
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Figure 3.8 Interannual variations of duration of the spring bloom from 1998 

to 2007 and mean duration of the spring bloom during ten years (black box 

in the bottom right). 
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Basin and Yamato Basin is characterized by early initiation, gradual increase, 

and long duration of the spring bloom. The northern region including the 

western and eastern Japan Basin is characterized by late initiation, rapid 

increase, and short duration of the bloom. This latitudinal difference in the 

bloom characteristics is consistent with the latitudinal trends of the spring 

blooms in the open ocean such as the North Atlantic and western North 

Pacific (Racault et al. 2012, Sapiano et al. 2012). On the other hand, a clear 

latitudinal trend was not detected in the peak magnitude of the bloom 

because of similar peak magnitude between the southern and northern 

region.  

In general, the peak of spring bloom at higher latitude tends to be higher 

than that of the bloom at lower latitude. This difference is generally 

explained by higher nutrients concentrations during the bloom period and 

lower grazing pressure at higher latitude (Yoo et al. 2008, Behrenfeld 2010). 

In the same vein with the open ocean, an ecological model was applied to 

investigate the latitudinal differences of spring bloom dynamics in the East 

Sea (Onitsuka and Yanagi 2005). In fact, the nutrients concentrations in the 

mixed layer in the northern regions are 2–3 times higher than those in the 

southern regions (Figure 3.10). However, peak values in the southern region 

were generally similar with or higher than those in the northern regions. For 

example, in the years of 2000 and 2002, the peak values in the Ulleung 

Basin were larger than those in the eastern Japan Basin (Figure 3.7). 

Furthermore, this latitudinal contradiction was  
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also detected in the annual primary production (Yamada et al. 2005). Many 

studies have tried to explain this contradiction using some mechanisms 

related with nutrients sources such as eddy, coastal upwelling (Hyun et al. 

2009, Yoo and Park 2009, Kim et al. 2012, Lim et al. 2012). The higher 

peak in the Ulleung Basin during spring bloom can be also explained by 

nutrients supplies into the euphotic depth by eddy or upwelling.  

 

 

3.3.2 Spatial patterns of physical conditions for spring bloom 

developments 

 

In the entire East Sea, the spring bloom develops during the period when 

the mixed layer depth start to decrease after its maximum (Kim et al. 2000, 

Onitsuka and Yanagi 2005, Jo et al. 2007, Yoo et al. 2008). The development 

of spring bloom has been often explained by Sverdrup’s critical depth 

hypothesis (Kim et al. 2000, Yamada and Ishizaka 2006, Jo et al. 2007, Yoo 

et al. 2008). In this section, light conditions for the bloom development were 

investigated. Sverdrup’s critical depth hypothesis was applied to explain the 

regional differences in the timings of the bloom initiation. In addition, the 

study by Yanagi et al. (2001) showed that spring blooms follow the 

northward propagation of the 8 oC isotherm, suggesting that the blooms may 

be controlled by temperature limitations. Temperature conditions at the 

bloom initiation were also estimated to consider its effects on the bloom 

development.  
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The mixed layer depth at the initiation of the spring bloom varies 

between 20 and 90 m in the entire East Sea (Figure 3.11(a)). The mixed 

layer depth at the bloom initiation in the western and eastern Japan Basin 

were about 40 ± 20 m (Mean ± S.E) and 26 ± 7 m, respectively. In the 

Ulleung and Yamato Basin, the mixed layer depth was about 69 ± 17 m. The 

mixed layer depth in the northern regions is generally about 2–3 times 

shallower than that in the southern regions. Especially, the eastern Japan 

Basin has the shallowest mixed layer depth. The initiation timings of the 

bloom in the eastern Japan Basin coincide with the period when winter 

mixing ends and the summer stratification starts in the upper layer due to 

strong solar radioactive heating together with weak wind (Figure 3.12-3.13) 

(Liu and Chai 2009, Lim et al. 2012). The mixed layer depth in the southern 

regions is generally deeper than the 1% PAR isolume depth (i.e. euphotic 

depth), while the mixed layer depth in the northern regions is shallower than 

the euphotic depth (Figure 3.11(d)). The PAR at the bloom initiation varies 

between 30 and 45 mol photons m–2 day–1, and is generally larger in the 

northern regions due to the increasing day length as the bloom progresses 

northward (Figure 3.11(b)).  

Spatial distributions of the mean PAR in the mixed layer at the bloom 

initiation show mainly two distinct zones (Figure 3.11(c)). The southern 

regions of the Ullueng and Yamato Basin are characterized by near-uniform 

PAR estimates, with a mean value of 4.5 ± 2.1 mol photons m–2 day–1 (Mean 

± S.E). Estimates in the northern regions of western and eastern Japan Basin 

are approximately three times greater, varying between 9 and 20 mol  
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Figure 3.9 Monthly variations of PAR, SeaWiFS chlorophyll-a, mixed layer 

depth, euphotic depth, and critical depth derived from compensation 

irradiance, 0.8, 1.3, and 3.5 in the southern regions including Ulleung and 

Yamato Basin and the northern regions including western and eastern Japan 

Basin.  
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Figure 3.10 Monthly variations of SeaWiFS chlorophyll-a, temperature in 

mixed layer depth (MLD), mean nitrate concentration in MLD, and 

zooplankton biomass in the southern regions including Ulleung and Yamato 

Basin and the northern regions including western and eastern Japan Basin.  

 

 

 

 

 

 



62 

 

 

 

   

 

Figure 3.11 Mean mixed layer depth (MLD) (a), PAR (b), mean PAR in 

mixed layer depth (c), and the euphotic depth (EUD) (d) at initiation of the 

spring bloom.  
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Figure 3.12 Mean net heat flux before (a) and at the initiation of the spring 

bloom (b) and during the spring bloom period (c) during 1998 to 2007. 
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Figure 3.13 Mean wind speed before (a) and at the initiation of the spring 

bloom (b) and during the spring bloom period (c) during 1998 to 2007. 
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photons m–2 day–1, especially the largest values are found in the eastern 

Japan Basin (16 ± 2.1 mol photons m–2 day–1) where the mixed layer depth 

at the bloom initiation is close to 20 m. The mean PAR estimates in this 

study are climatological values based on the initiation timings of the blooms 

and the mixed layer derived from different periods (1998–2007 and 1959–

2007, respectively). Considering the spread in MLD estimates (% S.E = 50) 

in each box, the PAR estimates vary between 3 and 10 mol photons m–2 day–

1 in the southern regions and between 8 and 30 mol photons m–2 day–1 in the 

northern regions.  

This study confirmed that the bloom develops after the mixed layer 

depth reaching to its maximum in January to February in the southern 

regions and February in the northern regions like previous studies (Kim et al. 

2000, Onitsuka and Yanagi 2005, Jo et al. 2007, Yoo et al. 2008). This 

aspect accords with Sverdrup’s critical depth hypothesis, which explains a 

necessary condition for a development of the spring bloom. In terms of 

Sverdrup’s hypothesis, the MLD at the bloom initiation should be equal to 

the critical depth (Siegel et al. 2002). Therefore, the mixed layer depth at the 

bloom initiation and the mean PAR in the mixed layer depth correspond to 

the critical depth and the community-level compensation irradiance, 

respectively. If zooplankton grazing increases the loss rate of phytoplankton 

and/or if iron and other factors decrease of the photosynthetic rate of 

phytoplankton, the critical depth and compensation irradiance may become 

shallower and increase, respectively (Obata et al. 1996). The commonly 

used community-level compensation irradiance in the ocean ranges between 
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0.8 and 3.5 mol photons m–2 day–1 (Siegel et al. 2002). The compensation 

irradiance in the eastern Japan Basin is more than 3 times higher than these 

common values in the ocean (Table 3.2). Therefore, the significant shallow 

mixed layer and high PAR at the bloom initiation in the northern regions, 

especially in the eastern Japan Basin, suggests that phytoplankton 

experience low photosynthetic rate and/or high loss rate before the bloom 

development compared with the southern regions.  

Physiological and ecological features of phytoplankton and zooplankton 

are different according to species. These conditions may also affect the 

critical depth and compensation irradiance (Platt et al. 1991). The 

information on dominant species was not achieved during the sampling 

period. The reports of previous studies on plankton ecology were 

summarized to consider regional differences on plankton species. The 

dominant species of phytoplankton and zooplankton was summarized in 

Table 3.3. In both of the southern and northern regions of East Sea, major 

components of spring phytoplankton communities are diatom, although the 

cell size is larger in the northern regions (Chiba et al. 2005, Kim et al. 2010, 

Kawak 2013). Latitudinal differences are clearer amongst members of the 

zooplankton community. Springtime zooplankton species composition in the 

upper layer of the northern regions is dominated by large-sized Neocalanus 

copepods, while major zooplankton species in the southern part are mostly 

small-sized, warm-water copepods including cyclopoid and 

poecilostomatoid species (Chiba et al. 2005). Neocalanus spp. copepods 

undergo an extensive ontogenetic vertical migration within their 1-yr or 2-yr  
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Table 3.2 Estimated community-level compensation irradiance (Ic), 

initiation timing (Dinit) of the spring bloom, PAR (I0) and MLD (ZMLD) at the 

bloom initiation in the East Sea, the western North Pacific, and the North 

Atlantic. Z1%PAR and Zc indicate the euphotic depth.  

Regions 

East Sea 
Western  

North Pacific 
North 

Atlantic 

≥ 40˚N < 40˚N 
40-44N˚/  

149-154˚E 

35-39˚N/  

149-154˚E 

42-46˚N/  

40-33˚W 

Dinit (day) 
107  

(±15) 
69  

(±16) 
112  

(± 23) 
85  

(± 17) 
91  

(± 18) 

I0  

(mol photons m-2 d-1) 

37.1 

 (± 4.7) 
29.7  

(± 5.7) 
34.5 

 (± 4.9) 
28.5  

(± 4.4) 

30.2  

(± 6.0) 

ZMLD (m) 
25.7  

(± 7.4) 
68.5  

(± 17.2) 
84.3  

(± 35.2) 
88.1  

(± 19.1) 
162.1  

(± 87.8) 

Ic  

(mol photons m-2 d-1) 

16.0  

(± 7.3) 
4.5  

(± 2.1) 
3.7  

(± 1.6) 

4.1  

(± 1.2) 
2.7  

(± 1.8) 

Zc (m) 
9.0  

(± 4.1) 
18.7 

(± 8.8) 
27.2 

 (± 15.3) 
24.3  

(± 7.1) 

32.5 

(± 20.6) 

Z1%PAR (m) 
46.9  

(± 3.8) 
45.3  

(± 3.4) 
55.6  

(± 4.6) 
57.8  

(± 5.0) 
62.4  

(± 6.4) 
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Table 3.3 Dominant species of phytoplankton and zooplankton in spring in 

the East Sea.  
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life cycle (Kobari and Ikeda 2000). Young copepodites reproduced at depth 

(> 300 m) by an overwintering and nonfeeding adult population of 

Neocalanus spp. arrive at the surface layer from March (Limsakula et al. 

2002). These newly recruited young copepodites can increase their biomass 

fast enough to keep pace with the phytoplankton, although its physiological 

rate might be low due to low temperature (Kobari et al. 2003). In fact, in the 

northern regions, mesozooplankton biomass started to increase from March. 

The peak timing of mesozooplankton biomass is about one month earlier 

than the timings of the bloom peak in the northern regions (Figure 3.10). 

Therefore, the spring bloom may be arrested until the mean PAR in the 

mixed layer is enough to overcome the grazing losses by zooplankton, 

causing the shallow critical depth and high compensation irradiance at the 

bloom initiation.  

Regional differences in physiological conditions may also result in 

decrease of the photosynthetic rate and contribute to the regional differences 

in the critical depth and compensation irradiance. Recently, Moore et al. 

(2006) suggested that phytoplankton can experience transient iron limitation 

during the early spring bloom period in non-High-Nutrient and Low-

Chlorophyll (HNLC) regions such as the North Atlantic. Low light 

availability by deep mixing increases cellular iron demand by phytoplankton 

due to greater requirement for iron-based redox proteins for photosynthesis 

(Raven 1990, Sunda and Huntsman 1997). Deep mixing in the northern 

regions of the East Sea is, therefore, likely to cause iron stress and affect 
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photosynthetic rate. This possibility will be discussed in detail in the next 

Chapter 5.  

Regional differences in temperature are a distinct feature in the East Sea 

(Figure 3.10). Prior to the development of the spring bloom, the water 

temperature in the southern regions is generally about 6 °C higher than that 

in the northern regions. This difference may cause the regional differences 

of the bloom development between the southern and northern regions. 

However, the bloom was initiated at the time when the temperature was 

decreasing or reached to its minimum with the range with 8 and 10 °C in the 

southern regions, while the bloom was initiated as the temperature increased 

above 4 to 6 °C in the northern regions (Figure 3.14). In addition, any 

consistent criterion such as the 8 oC isotherm (Yanagi et al. 2001) to initiate 

the bloom in the East Sea was not detected during the sampling period from 

1998 to 2007. It seems that the temperature cannot fully explain the regional 

differences in the bloom timings. However, in the northern regions, the 

bloom was developed during the period of summer stratification 

development. Photosynthetic rates under light-saturated conditions tend to 

be dependent on temperature changes (e.g. Eppley 1972). Therefore, 

temperature may affect variability in the initiation timing of the bloom in the 

northern regions.  
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Figure 3.14 Mean Sea Surface Temperature (SST) at the initiation of the 

spring bloom during 1998 to 2006. 
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3.4 Interannual variability of indices of spring bloom 

and meteorological factors 

 

In each region of the East Sea, large interannual variability was detected 

in the estimated spring bloom phenological indices such as the initiation 

timings, peak magnitude, and duration of the bloom (Figure 3.5-3.8). The 

spring bloom development in each region was associated with the 

shallowing of the mixed layer depth. The seasonal change in the mixed layer 

is affected by the atmospheric forcing, wind and net heat flux (Kim et al. 

2007, Lim et al. 2012). These forcing may contribute to interannual 

variations in the mixed layer and stratification in the upper layer in the East 

Sea. In addition, wind during winter and spring can affect nutrient 

conditions in the upper layer. The temperature can also affect the 

photosynthetic rate, especially during the light-saturated bloom periods. To 

consider the effects of physical forcing on the interannual variability of the 

bloom, correlation between these meteorological forces during winter to 

spring (wind speed, net heat flux, and SST) and the spring bloom 

phenological indices was investigated. The PAR may also affect the 

photosynthetic rate. However, the PAR did not show significant interannual 

and regional differences during the period of 1998 to 2007 (Figure 3.9). The 

correlation between the PAR and the bloom phenological indices was 

excluded.  

Figure 3.15-3.17 show spatial distributions of the correlation coefficients 

(R) between the indices of spring bloom and physical forcing (wind speed, 
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net heat flux and SST) from February to May. The initiation timings of the 

spring blooms were positively correlated with the wind speed during 

February to March in the Ulleung (R = 0.6) and Yamato Basin (R = 0.8). 

However, in the core of the UWE, the correlations were the weakest (R = 

0.3). On the other hand, the initiation timings of the blooms do not show any 

clear correlations with the net heat flux and SST in the Ulleung and Yamato 

Basin. In addition, the periods and peak magnitudes of the spring blooms 

did not have any clear negative or positive correlations with physical forcing 

of wind speed, net heat flux and SST in both southern regions (correlation 

coefficients between -0.4 and 0.4).  

Along the subpolar front, the initiation timings of the bloom have clear 

positive and negative correlations with wind speed (R = 0.8) and SST (R = -

0.7) during February to March, respectively, while the initiation timings do 

not show any clear correlation with the net heat flux during February to 

March. The periods of the bloom have positive correlations with the SST 

during February to April, while the periods did not have any clear 

correlations with the wind speed and net heat flux during February to April. 

The peak magnitude of the bloom do not show any clear positive or negative 

correlations with physical forcing.  

In the western Japan Basin, the initiation timings of the spring bloom 

have weak positive and negative correlations with the wind speed (R = 0.6) 

and SST (R = 0.5) during March to April, respectively. The correlation 

between the timings and net heat flux were not clear (R = -0.3). On the other  
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Figure 3.15 Spatial distributions of correlation coefficients between indices 

(initiation timings (a), duration (b), and peak magnitude (c)) of spring bloom 

and wind speed during February to May. 
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Figure 3.16 Spatial distributions of correlation coefficients between indices 

(initiation timings (a), duration (b), and peak magnitude (c)) of spring bloom 

and net heat flux during February to May. 
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Figure 3.17 Spatial distributions of correlation coefficients between indices 

(initiation timings, duration, and peak magnitude) of spring bloom and SST 

during February to May. 

 

 

 

 



77 

 

hand, the periods and peak magnitudes of the bloom do not have any clear 

correlations (-0.3 < R < 0.4) with physical forcing from February to May.  

In the middle of the eastern Japan Basin, the initiation timings of the 

bloom have strong positive and weak negative correlations with the wind 

speed in April (R = 0.8) and SST during April to May (R = 0.6), while the 

timings did not show any clear correlations with the net heat flux during 

February to May. The periods and peak magnitudes of the bloom do not 

have any clear correlations with physical forcing.  

The interannual variations of the initiation timings of the spring bloom 

in the entire East Sea were commonly positively correlated with wind speed 

among physical forcing. Especially in the Yamato Basin, subpolar front 

region and eastern Japan Basin, the initiation timings were clearly correlated 

with the wind speed (Figure 3.15). This aspect indicates that wind 

conditions before spring bloom, contributing on the state of mixed layer 

depth and vertical mixing, play an important role on the bloom initiation. 

However, in the Ulleung Basin and western Japan Basin, the initiation 

timings were weakly correlated with wind speed, indicating that other 

factors may also affect the initiation of the spring bloom. In fact, in the 

Ulleung Basin, the transport of the TWC was associated with suppression 

and enhancement of the spring bloom development (Yoo and Kim 2004). An 

early spring bloom development was detected at the periphery of the UWE 

even when the water column stratification was not developed (Lim et al. 

2012). It seems that the interannual variations of the bloom initiation in this 
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region are caused by a combination of multiple physical forcing such as 

wind, TWC and UWE.  

The SST was weakly correlated with the initiation timings in the 

subpolar front region and western and eastern Japan Basin. Interestingly, the 

SST was negatively correlated with the initiation timings in the subpolar 

front, while the SST was positively correlated with the initiation timings in 

the western and eastern Japan Basin. If phytoplankton under light-saturated 

conditions experience high temperature conditions, the photosynthetic rate 

is enhanced, and then an early bloom can be initiated. In the sub-polar front, 

the wintertime mixed layer depth is shallowest compared with that in other 

regions of the East Sea. In this region, phytoplankton photosynthetic rate 

during the bloom development may be partially affected by temperature 

conditions, contributing to the interannual variations of the bloom initiation. 

However, in the western and eastern Japan Basin, the initiation timings were 

positively correlated. As suggested in the previous section, the development 

of the spring bloom in these regions is likely to be affected not only by 

shallowing of the mixed layer depth, but also by other physiological and/or 

ecological conditions such as zooplankton grazing. In general, zooplankton 

grazing pressure increases with temperature increase. Therefore, the positive 

correlation between the initiation timings and temperature may reflect the 

effect of zooplankton grazing on the spring bloom development.  

On the other hand, the peak magnitudes and periods of the spring bloom 

in the entire East Sea were not clearly correlated with any physical forcing 

(wind speed, net heat flux and SST). After the bloom is initiated, 
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phytoplankton growth is mainly affected not only by light and temperature 

conditions, but also by nutrients conditions and zooplankton grazing 

pressure. These unclear correlations suggest that multiple factors related 

nutrients conditions and grazing pressure affect complexly phytoplankton 

growth and losses during the bloom periods. In case of nutrients, there are 

various processes supplying the nutrients to the surface layer such as 

upward nutrients flux by UWE (Ahn et al. 2005) and nutrients advection by 

current systems and Asian dust events (Tan et al. 2013) in the East Sea. In 

the chapter 5, I will discuss the importance of Asian dust events as a 

nutrients source on the spring bloom in the East Sea.  

 

 

3.5 Implication for changes in the spring bloom 

dynamics 

 

In the East Sea, the interannual variations of the spring bloom 

phenological indices (initiation timings, peak magnitude and periods of the 

spring bloom) show different patterns depending on the region (Figure 3.18). 

Internnual variations of meteorological forcing (wind speed, net heat flux 

and SST) also show different patterns depending on the region. Especially, 

wind speed showed the largest regional differences in the pattern. However, 

the temporal variations of wind speed were clearly correlated with only 

initiation timings of the bloom in the Yamato Basin, subpolar front and 

eastern Japan Basin. In the Ulleung Basin and eastern Japan Basin, the  



80 

 

 

 

 

 

Figure 3.18 Interannual variations of indices (initiation timings, peak 

magnitude, and duration) of spring bloom and wind speed, net heat flux, and 

SST from February to May in the Ulleung Basin, Yamato Basin, western 

and eastern Japan Basin from 1998 to 2007.  
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Figure 3.18 (Continued) 
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initiation timings were weakly correlated with the wind speed in each region. 

In the Ulleung Basin, there is a quasi-stationary and mesoscale UWE. The 

UWE may affect the mixed layer depth and stability of the water column in 

the region, and then affect the spring bloom development in the region (Yoo 

and Kim 2004, Lim et al. 2012). Furthermore, peak magnitudes and periods 

of the bloom in each region did not have any clear correlation with 

meteorological forcing. Therefore, the major factors controlling 

phytoplankton growth may vary depending on the physical, physiological 

and ecological conditions in each region.  

Yamada et al. (2004) and Kim (2006) suggest that interannual variations 

of the initiation timings of the bloom in the East Sea are connected with the 

variability of global climate such as ENSO events. During the El Niño years, 

1998, 2002, and 2003, the wind speed is weak and the initiation timings are 

earlier than other years. During the La Niña years of 1999, the wind speed is 

strong and the timings are later than other years. In this study, in the year of 

2002 belong to the El Niño years (1998, 2002, 2003, 2006, and 2007), the 

initiation timings was relatively earlier than those in other years in the entire 

East Sea. However, in the years of 1998 and 2003, the initiation timings 

were later than other years in the Ulleung Basin. In the Yamato Basin and 

western and eastern Japan Basin, in the year of 2006, the initiation timings 

were relatively late compared with other years. As mentioned as previous 

section, the initiation timings were strongly correlated with the wind speed 

before the spring bloom development in the Yamato Basin and eastern Japan 

Basin. Therefore, first of all, the regional-scale variability of meteorological 
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forcing should be considered to detect phytoplankton responses caused by 

variability of climate forcing in the East Sea.  

The East Sea is undergoing changes in physical conditions such as the 

water mass structures and mixed layer depth (Chang et al. 2011). In fact, 

significant shallowing of the wintertime mixed layer depth from 1974 to 

2005 was detected in the Yamato Basin (Figure 3.19). Considering the 

relationship between the mixed layer depth and the development of spring 

bloom, we can expect changes in the indices such as the initiation timings of 

the bloom in the region. However, during the analysis period of spring 

bloom (from 1998 to 2007), any significant change or trend of the bloom 

indices was not detected. The CZCS images from 1978 to 1986 revealed 

that the bloom in the Yamato Basin was initiated in March and reached to its 

peak in April (Figures 3.20). This pattern is consistent with that derived 

from the SeaWiFS during 1998 to 2007. This consistency may suggest that 

phytoplankton growth in the East Sea is more sensitive to the regional-scale 

meteorological conditions than global scale climate changes. However, the 

CZCS images were sampled sporadically. In fact, regime shifts in biological 

conditions were reported, especially in 1976/77, 1988/89, and 1997/98 

(Chiba and Saino 2002, Lee et al. 2009). For example, Chiba and Saino 

(2002) found changes of community structure of spring diatom from cold 

water species to warm water species and the apparent decline of spring 

phytoplankton biomass after the regime shift in 1977/78. These changes 

during 1980s were stimulated by early formation of the summerlike  
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Figure 3.19 Temporal variability of the mixed layer depth during February 

to May and its Sen’s slope estimates in the Yamato Basin.   
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Figure 3.20 Monthly chlorophyll-a concentrations in the Yamato Basin 

during the period of CZCS and SeaWiFS observation. The gray filled area 

indicates the periods of Regime Shift.  
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oligotrophic conditions in the upper layer. On the basis of these changes, 

Yamada and Ishizaka (2006) also reconstructed spring bloom conditions in 

the southeastern part of the East Sea during 1980s regime using existing 

physical data, such as satellite, ship and buoy. They suggested that in mid-

1980s the bloom started and peaked relatively earlier and the duration was 

shorter (Figure 3.21). It seems that there are not only large interannual 

variations, but also decadal variations in the East Sea. Therefore, we should 

continuously observe and monitor the variability of the bloom indices to 

understand the phytoplankton responses to climate changes in the East Sea.  

Changes in the timings of the spring bloom will have implications for 

higher trophic level such as zooplankton and fish. Platt et al. (2003) 

revealed that an early initiation of the bloom favored the survival of 

haddock off the eastern Nova Scotia, Canada. An early bloom is expected to 

extend the spawning period of haddock and provide better feeding 

opportunities to the early-hatching larvae. Sardine in the East Sea generally 

shows the decadal oscillation of its stocks (Fisheries Research Agency 

2004). Therefore, continuous documenting and monitoring of the indices of 

the spring bloom can be applied to predict any change of fish stock in the 

East Sea. In addition, the spring bloom in the East Sea is dominated by 

diatom (Table 3.3). Diatom, which forms large aggregates of settling 

particles, is generally considered as the most efficient phytoplankton species 

with a high sinking (Smetacek 2000). Any change in the indices of the 

spring bloom related with climate changes can affect significantly carbon 

cycles in the East Sea. 
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Figure 3.21 Reconstructive duration of spring bloom from 1972 to 2002. 

Black circle, white circle and black square indicate start, peak and end 

timing, respectively (Yamada and Ishizaka 2006).  
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4. Effects of Asian dust on interannual 

variations of the spring bloom  

4.1 Asian dust and spring bloom 

 

Asian dust originating from the Taklamakan and Gobi Deserts passes 

over the East Sea during spring. The transport of the dust including nutrient 

such as nitrate and iron results in large quantities of dust deposition into the 

ocean along the way (Zhao et al. 2003). The passage of Asian dust may 

affect the spring bloom. However, the wintertime nutrient concentration in 

the MLD reaches to its maximum by deep mixing. As the MLD decreases, 

the spring bloom develops. Considering this aspect, it is generally accepted 

that the atmospheric nutrients input in spring do not significantly affect 

phytoplankton growth in the East Sea.  

The indices of the spring bloom in the East Sea shows large spatial and 

interannual variations, as discussed in the chapter 3. However, the large 

interannual variations in the indices of the bloom were not fully explained 

by meteorological factors. Especially, the peak magnitude and period of the 

bloom were not correlated significantly with any meteorological factors 

affecting vertical mixing and nutrients supply. These aspects suggest a 

possibility that other nutrients sources may play an important role on the 

bloom. In fact, the peaks of the spring bloom are closely correlated with 

aerosol index in most regions of the East Sea (Figure 4.1).  
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Figure 4.1 Monthly variations of chlorophyll-a concentrations of 

SeaWiFS and aerosol index of TOMS (1998-2004) and OMI (2005-2007) in 

Ulleung Warm Eddy (UWE), Yamato Basin (YB), Western Japan Basin 

(WJB), and Eastern Japan Basin (EJB) during January to Jun.  
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Recently, Moore et al. (2006) suggested that iron supply could play an 

important role on the development of spring bloom in the central North 

Atlantic. Low light availability by deep mixing increases cellular iron 

demand by phytoplankton due to a greater requirement for iron-based redox 

proteins for photosynthesis (Raven 1990, Sunda and Huntsman, 1997). 

Deep mixed layer in the central North Atlantic was, therefore, likely to have 

contributed to the development of iron stress, and iron supply under this 

condition could affect phytoplankton growth (Moore et al. 2006).  

In the northern East Sea located on the way of Asian dust passage, 

phytoplankton possibly experiences limitation by light due to deep winter 

mixing (Onisuka and Yanagi 2005). In addition, according to the iron budget 

estimation by Fung et al. (2000), the northern East Sea could be limited by 

iron. Therefore, as iron limits phytoplankton growth in the central North 

Atlantic (Moore et al. 2006), iron supply by Asian dust can affect 

phytoplankton growth in the northern East Sea. This chapter summarizes the 

response of phytoplankton after the passage of Asian dust over the East Sea. 

 

 

4.2 Main pathway of Asian dust over the East/Japan 

Sea 

 

The TOMS aerosol indices over 2.0 to 2.7 perform well in detecting the 

dust storms (visibility < 5 km) around the source regions (Darmenova et al. 

2005). I reconstructed the daily transport of the dust storm using the TOMS 
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indices (Figure 4.2(a)). Timings of the passages over the west coast of East 

Sea based on TOMS indices, 2.0 – 2.7, were compared with the occurrence 

days of Asian dust events at meteorological stations in the east coast of 

Korea (Figure 4.2(b)) monitored by Korea Meteorological Administration 

(KMA, http://yellow.metri.re.kr). About 70% of 329 occurrence days of 

Asian dust (visibility < 5 km) observed at the meteorological stations 

showed good agreement with the timings of dust passage determined by the 

TOMS aerosol indices of 2.0 – 2.5. Especially from March to May in 1999, 

no occurrences days of Asian dust events were monitored at the 

meteorological stations (Figure 4.3), and the dust storms were also not 

detected with the TOMS indices of 2.0 – 2.5. During the period, about 99 % 

of all TOMS indices was less than 2.5 in the area defined by the region of 

32-55oN and 127-145oE (Figure 4.4). Thus, I established the criterion that 

the surface water of the East Sea could be considered to be affected by the 

dust event only when the TOMS index is above 2.5. Figure 4.2(c) shows the 

periods when the aerosol index was over 2.5 during March to May from 

1998 to 2002, and dusts passed over mainly the northern East Sea during 

these periods. Concerning main passage of the Asian dust, two regions 

(labeled B1 and B2) with depths over 200m in the cyclonic gyres were 

selected (Figure 4.2(b), (c)) to examine the effect of Asian dust as a source 

of nutrients such as iron for spring bloom in details. Both regions appear to  
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Figure 4.2 (a) Asian dust detected by aerosol index of the TOMS on 9 

April 2001. (b) Bottom topography and the current system (gray arrows) in 

the East Sea. TWC is Tsushima Warm Current. Observed dates of Asian dust 

at meteorological stations (red circles) were used for determining a criteria 

index of 2.5 for the dust events in the East Sea. Precipitation data in 

Wakkanai (red triangle) and Chongjin (red asterisk) were used to classify 

Asian dust events into dry and wet events in B1 and B2, respectively. (c) 

The periods when the aerosol index was over 2.5 during March to May from 

1998 to 2002. 
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Figure 4.3 Occurrence days of Asian dust events observed in Donghae 

during March to May. Asian dust events were not observed in the year of 

1999.  

 

    

Figure 4.4 Time series of daily aerosol index of TOMS in the area defined 

by the region of 32-55oN and 127-145oE during January to May. In 1999, no 

occurrences days of Asian dust events were monitored at the meteorological 

stations of Korea, and the dust storms were also not detected with the 

TOMS indices of 2.0 – 2.5. 
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be away from other iron inputs brought by horizontal currents, rivers and 

continental margin sediments. I further classified Asian dust events into dry 

and wet events because deposition accompanied by precipitation is more 

efficient than dry deposition in delivering bio-available iron to the ocean 

(Kim and Church 2001, Sarthou et al. 2003). When dust events were 

accompanied with precipitation above 5 mm in Wakkanai and Chongjin 

adjacent B1 and B2, we defined the dust event as the wet events, 

respectively (Figure 4.2(b)).  

 

 

4.3. Correlation between indices of spring bloom and 

Asian dust events 

 

Figure 4.5 shows temporal variations of chlorophyll-a concentrations, 

MLD and PAR, and the days of Asian dust events in the two regions of B1 

and B2 from 1998 to 2002. Interannual variations of mean MLD and wind 

speed during winter, initiation timings of spring bloom, peak magnitude and 

duration of the bloom are shown in Figure 5.4. Deep winter mixing occurred 

in the two regions during winter (Figure 4.5-4.6), and spring bloom 

developed as PAR increased and MLD decreased. Initiation timings of the 

bloom, peak magntitude and duration of the bloom show large interannual 

variations in the two regions. Variations in the initiation timings of spring 

bloom previously found especially in the eastern Japan Basin and 

southeastern East Sea were explained by positive correlation with wind  
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Figure 4.5 Temporal variations of the daily and Gaussian-curve-fitted 

chlorophyll-a concentrations (green lines), MLD from the ESROM (blue 

lines) and Argo (blue circles), PAR (red lines), and the days of wet (black 

triangles) and dry (white triangles) dust events. Error bars mean standard 

deviation of daily chlorophyll a concentrations.  
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Figure 4.6 Interannual variations of initiation timings of spring bloom 

(red crosses), peak chlorophyll a concentrations (green triangles), duration 

of the bloom (black diamonds) derived from the Gaussian curves, mean 

wind speed from January to April (Jan–Feb: black circles, Feb–Mar: black 

cross, Mar–Apr: black triangles) and mean mixed layer depth (MLD) in 

February (blue diamonds). 
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speed before the spring bloom development, and which might be the effects 

of MLD variations. However, I found that the relationship was not clear in 

both regions of B1 and B2 (Figure 4.6). For example, spring bloom at both 

regions in 2001 was initiated early while the wind speed from January to 

April was strong compared with other years. Increased peak magnitude and 

extended period of the bloom were found in 2002 when wind speed was 

relatively weaker than other years. These results suggest that wind 

conditions before/during spring bloom, contributing on the state of MLD 

and nutrient supply to surface water, cannot fully explain interannual 

variations of the bloom in both regions, and also strongly suggest that other 

factors may play important roles on spring bloom in both regions.  

In 1998, 2001 and 2002, Asian dust events were observed in the two 

regions before/during spring bloom occurrence, while no dust events were 

observed in 1999 and 2000 (Figure 4.5). The dust events often passed over 

the two regions accompanied with precipitation except at B2 in 1998. In 

2001 and 2002, spring blooms developed in the both regions about one 

month earlier than those of non-dust event years, in 1999 and 2000. Spring 

bloom was initiated within 5-10 days after the passage of the dust events 

with precipitation even though MLD was deeper than the euphotic depth 

(50-60 m) in both regions, B1 in 2001 and 2002 and B2 in 2001. In the wet-

dust events years, peak magnitude and duration of the bloom were higher 

and longer compared with other years, the non-dust events years and the 

dry-dust event year.  
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4.4 An insight of effect of Asian dust events on spring 

bloom 

 

I found that interannual variation in the timing of spring bloom at both 

regions of B1 and B2 from 1998 to 2002 was about one month (Figure 4.5-

4.6). I assumed the critical depth concept could explain the variation in the 

timing of spring bloom; once the mixed layer shallows, a spring bloom 

occurs following the critical depth concept. Simplified equation (4.1) for 

determing critical depth (DCR) suggested by Moore et al. (2006) was applied: 

 

                C

CR
IChl

I
D

428.0

0

1211.0
=

              (4.1) 

 

DCR can be estimated using the incident PAR (I0), the surface chlorophyll-a 

concentration (Chl) and the community compensation irradiance (IC). In 

order to estimate IC, the procedure described in the chapter 4 was applied. 

There was a significant interannual variation of IC with an order of 

magnitude, from 2.6 to 22.0 mol photons m-2 day-1. In particular, IC values 

of wet-dust event years were lower than those of 10-20 in other years. For 

example, IC values were 2.6 (mol photons m-2 day-1) and 4.0 at B1, in 2001 

and 2002, respectively and was 4.9 at B2 in 2002. Assuming these values 

for IC in each year, we calculated DCR during the bloom from the equation 

(4.1). DCR also showed large interannual variations with an order of 

magnitude, from 20 to 122 m. DCR values of wet-dust event years were 
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deeper than those of 20-40 in other years. For example, DCR in the years of 

Asian dust events with precipitation were 122 m and 92 m at B1 in 2001 and 

2002, respectively, and DCR was 78 m at B2 in 2001. Such a deepening of 

DCR during wet-dust events years coincided with the early initiation of 

spring bloom.  

Low irradiance increases cellular iron demand and deep MLD 

contributes to the development of iron stress in the water column (Raven 

1990, Sunda and Huntsman 1997). As surface stratification develops, 

shoaling of MLD results in increased light availability, decreasing the 

cellular iron demand (Raven 1990, Sunda and Huntsman 1997, Moore et al. 

2006). Moore et al. (2006) found this aspect of iron limitation in the central 

North Atlantic, and they demonstrated iron limitation of primary production 

during the early spring bloom.  

Episodic dust storms result in large quantities of dust deposition into the 

surface waters in the ocean (Zhao et al. 2003). Dust events accompanied 

with precipitation are more efficient than dry deposition in delivering bio-

available iron to the ocean (Kim and Church 2001, Sarthou et al. 2003).  

Wet deposition from Asian dust into the surface waters can supply 23% of 

the annual iron demand by phytoplankton near two regions (B1 and B2), 

assuming iron comprises 2.6% (by weight) of the deposition and biological 

available iron is 17% for wet deposition (Fung et al. 2000, Choi et al. 2001, 

Zhao et al. 2003, Fan et al. 2006) (Figure 4.7). Despite deep mixed layer 

resulting in co-limitation by light and iron for phytoplankton growth (Sunda 

and Huntsman 1997, Moore et al. 2006), early spring bloom occurred at  
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Figure 4.7 Supply of N and Fe to the Japan Basin of the East Sea. 

Concentrations of total dissolved Fe (DFe) (nM) and NO3
- (uM) are from 

Takata et al. (2005) and WOD09, respectively. Bold values are mean DFe : 

N (mmol mol-1). In the winter and spring, deep mixing, the major supply 

mechanism of macronutrients, results in DFe : N supply ratio < 0.03 mmol 

mol-1. By comparing NO3
- profiles from stratified and mixed stations I 

calculated nitrogen (Nflux) and iron (Feflux) mixing fluxes of 4.5 mmolN m-2 

d-1 and 0.1umolFe m-2 d-1 in the Japan Basin. Taking typical phytoplankton 

cellular Fe : N of 0.03-0.1 mmol mol-1, up to an extra 0.35 umolFe m-2 d-1 is 

required for efficient nitrate removal. Atmospheric deposition rates in the 

northern part of the East Sea of 6.76-92.9umolFem-2yr-1 (Fung et al., 2000) 

are equivalent to 0.018-0.255 umolFe m-2 d-1 assuming 1-10% solubility for 

aerosol Fe. Thus, interannual variability of atmospheric deposition in winter 

and spring will likely control the rate of nitrate depletion and the bloom 

dynamics in the East Sea (mixing rate: 0.2 m d-1).  
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both regions of B1 and B2 in the years of Asian dust events, especially 

accompanied by precipitation. Assuming that iron limitation affects only 

community photosynthesis (Moore et al. 2006), these results suggest that 

bio-available iron supply from Asian dust could have enhanced community 

photosynthesis and induced deepening of critical depth (DCR) in the two 

regions. Such a deepening could have potentially resulted in an earlier 

initiation of the bloom and/or increasing of chlorophyll-a concentrations in 

the surface. Furthermore, during the bloom period, the nutrients 

concentrations such as nitrate in the upper layer decrease sharply as shown 

in the chapter 3. Nutrients supply from Asian dust may increase available 

nutrients concentrations, and could have resulted in an extended bloom 

period. Therefore, Asian dust might be an important force on interannual 

variations of the spring bloom in the East Sea, as a one of nutrients sources. 

Field studies on the processes involved in spring bloom and the Asian dust 

in the area should deserve further investigation in the near future to clarify 

the detailed role and effect of the dust on phytoplankton growth in the East 

Sea.  
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5. Application of estimates of spring bloom 

indices: Sverdrup’s critical depth hypothesis 

and the carbon export ratio 

 

Export production is defined as the amount of organic material produced 

in the ocean by primary production that is not remineralized before it sinks 

into the deep water. In oceanic biogeochemical cycle, the flux of organic 

material sinking to depth plays an important role on the inventory of carbon 

(Yool et al. 2007). The fraction of primary production that is exported to the 

deep water tends to be generally high when primary production occurs 

during the period of phytoplankton blooms. The ratio of particulate organic 

carbon export to total primary production was defined as the e-ratio (Murray 

et al. 1996). The export fraction has been measured directly from the flux of 

particles into the sediment traps (Suess 1980, Knauer et al. 1990, Lohren et 

al. 1992). However, the traps should be moored to sample the sinking 

material at demanding depths more than 500 to 1000 m over periods of at 

least a month (Law et al. 2011). The export flux has been therefore often 

estimated indirectly by quantifying the primary production fuelled by the 

upward flux of nitrate (new production) because of the sampling difficulty. 

The f-ratio is defined as the ratio of new production to total primary 

production (Eppley and Peterson 1979). This f-ratio has been identified with 

the e-ratio because new production should balance export production on the 

assumption of a steady state system (Laws et al. 2011). It is now generally 
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recognized, however, that nitrification may occur in the euphotic zone, and 

then cause significant overestimation of new production based on nitrate 

uptake by as much as a factor of two (Yool et al. 2007). Furthermore, the 

new production and export production are almost not in an equilibrium sate 

over the period of typical filed measurements (Laws 2004). Therefore, the f-

ratio may not be directly related to the export production or e-ratio.  

The net community production (PNet) is defined as the difference 

between total primary production (P) and phytoplankton community losses 

(L) including phytoplankton light and dark respiration, maintenance 

respiration, zooplankton respiration and bacterial respiration as carbon sinks. 

Williams (2000) defined this PNet as the “potential of the plankton 

community for organic export”. Then, the ratio of net community 

production (P – L) to total community production (P) should have a value as 

a substitute of the e-ratio in the ocean if we have information on the 

relationship between the P and L.  

Sverdrup’s critical depth hypothesis (1953) is a simple and classical 

model showing the necessary conditions for the spring bloom development 

in the ocean. Although the limitation of this model has been often discussed, 

this model is still being used extensively across a variety of aquatic 

ecosystems to explain the bloom dynamics (e.g. Siegel et al. 2002, Moore et 

al. 2006, Jo et al. 2007). This model assumes that net accumulation of 

phytoplankton biomass in the mixed layer occurs when the depth-integrated 

total primary production (P) exceeds the depth-integrated community losses 

by respiration (L) (Figure 5.1). The relationship between the P and L can be 
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derived from the Sverdrup’s model. In addition, information on key 

variables required to resolve this model can be derived from satellite 

measurements (Siegel et al. 2002, Racault 2009). Therefore, the relationship 

of the P and L of Sverdrup’s critical depth model can be applied to get 

information on regional variations of the e-ratios in the ocean.  

In the East Sea, the development of the spring bloom could be explained 

by Sverdrup’s critical depth model. The primary production during the 

period of the bloom contributes about 42% to the annual primary production 

(Yamada et al. 2005). Many of the springtime production should be exported 

to the deep waters, and affect the carbon cycles in the East Sea. The 

magnitude of the spring bloom shows large regional variability as shown in 

the chapter 3. Regional differences in the export flux are also expected. In 

this chapter, I suggest a new approach to estimate e-ratios during the period 

of the spring bloom using Sverdrup’s critical depth model and apply this 

method to the East Sea. The estimates of e-ratios are compared with the 

other estimates derived from in-situ measurements.  

 

 

5.1 The community production (P) versus community 

losses (L) ratio as a new proxy to estimate export ratio 

 

The Sverdrup’s model assumes that the P is linearly related to the level 

of Photosynthetically Available Radiation (PAR) under nutrient replete 
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conditions. In the ocean, the irradiance at the surface decreases 

exponentially with depth:  

 

                
kZeIzI -= 0)(

                   (5. 1) 

where I(z) is the irradiance at depth z, I0 is the flux of incident PAR and k is 

the diffuse attenuation coefficient for the PAR. The k is derived from 0.1211 

Chl0.428, where Chl is the surface concentration of chlorophyll-a (Siegel et al. 

2002). The P also decreases exponentially with depth: 

 

        
kZkZ ePeIzIzP -- === 00)()( aa

          (5. 2) 

 

where P(z) is the P at depth z, P0 is the P at the surface, and α is the slope of 

the light–productivity relationship. L is assumed to be constant with depth:  

 

                ( ) =                           (5. 3) 

 

where L(z) is the L at depth z and L0 is the L at the surface. The L must vary 

with depth. However, the L in the open ocean does not show significant 

differences by depth within the mixed layer (del Giorgio and Duarte 2002). 

Therefore, the assumption of constant L with depth seems to be reasonable. 

The L in the Sverdrup’s original model includes autotrophic and 

heterotrophic respiration.  

The depth-integrated production, PMLD, in the mixed layer is: 
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(1 −        )          (5. 4) 

 

The depth-integrated respiration, LMLD, in the mixed layer is: 

 

    =   	∫   
    

 
	=   	                          (5. 5) 

 

Therefore, the PMLD : LMLD ratio can be expressed as the equation (5.6):  

 

    

    
=	

  

  
	× 	

           

     
                     (5. 6) 

 

The P0 : L0 ratio in the equation (5. 6) can be calculated by the PAR at 

the surface and the compensation irradiance (Ic), which is defined as the 

light level at which total primary production balances community losses, i.e. 

the minimum light level required for net production (Siegel et al. 2002). In 

the water column, the Ic corresponds to the compensation depth Zc:  

 

               
ckZ

c eII -= 0                            (5. 7) 

 

At the Zc, the total primary production and community losses are equal: 

 

                 =    
                              (5. 8) 
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Hence, using equations (5. 7) and (5. 8), the Ic can be defined as: 

 

              =	
  	  	

  	
	                              (5. 9) 

 

Net production for the spring bloom development will occur when the 

PMLD is greater than the LMLD. The critical depth (ZCRD) is defined as the 

depth where the PMLD and LMLD are equal.  

 

                
=      

                           (5. 10) 

 

The PZCRD and LZCRD are defined as the equation (4. 10) and the equation 

(5. 6) is rearranged as:  

 

           
 

     

(1 −        ) = 	
  

  
= 		

  

  
           (5. 11) 

 

ZMLD at the initiation of the spring bloom can be defined as ZCRD because 

ZMLD is expected to be shallower than ZCRD during the bloom period (Siegel 

et al. 2002). Then, Ic can be calculated using the equation (5.11). The P0 : L0 

ratio can be replaced by the I0 : Ic from the equation (5. 6). Finally, the P : L 

ratio in the mixed layer is calculated using the equation (5. 6).  

The e-ratio is defined as (Murray et al. 1996):  
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 = 	
   

 
                     (5. 12) 

 

where Pex is the export production. In a balanced ecosystem, the PNet is 

equated with the difference between the P and L, and defined as the 

potential of the export production (Williams 2000). Therefore, in the 

equation (5. 12), Pex in the numerator can be replaced by P – L .  

  

                
 

 
=	

 

   
	                       (5. 13) 

 

 

5.2 Regional variability of P : L and export ratio 

 

The Ic is a key parameter to calculate the P : L ratio in the mixed layer 

using the equation (5. 11). The figure 5.1 shows spatial distributions of the Ic 

estimates using the SeaWiFS chlorophyll-a concentration and PAR and the 

mixed layer depth at the initiation timings of the spring blooms in the East 

Sea, which were provided in figure 3.11. The IC estimates show distinct 

differences between the western and eastern Japan Basin and the Ulleung 

and Yamato Basin. The southern regions are characterized by near-uniform 

IC values, with a mean value of 4.5 (Error = ± 2.1) mol photons m–2 day–1. 

These estimates are within the similar ranges as the IC estimates for 

phytoplankton community in the North Atlantic and the coastal waters, 

which range from 1 to 5 mol photons m-2 day-1 and from 2.5 to 10 mol  
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Figure 5.1 Spatial distribution of community-level compensation irradiance 

(mol photons m-2 day-1) derived from SeaWiFS chlorophyll-a concentration 

and PAR and the mixed layer depth at the initiation timings of the spring 

blooms.  
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photons m-2 day-1, respectively (Siegel et al. 2002, Loiselle et al. 2007). 

However, the values in the northern regions are approximately three times 

greater, varying between 12 and 22 mol photons m–2 day–1. Especially large 

values are found in the eastern Japan Basin with a mean value of 16.0 (Error 

= ± 7.3) mol photons m–2 day–1. These high IC values are comparable to the 

IC estimates (mean± S.D, 20 ± 10 mol photons m-2 day-1) in the tropics, 

subtropics, and the High-Nutrients Low-Chlorophyll (HNLC) areas such as 

the Southern Ocean and the Eastern Subarctic Gyre (Racault 2009).  

The IC estimates were applied to the equation (5. 6) to estimate the P : L 

ratio in the mixed layer depth during the period of the spring bloom from 

February to May. The IC may vary with time. Marra (2004) estimated IC 

variability during a week at a mooring site in the North Atlantic. His study is 

the only information showing the temporal variability of IC in the ocean. 

According to his measurement, the IC values were nearly invariant during a 

week. Therefore, the constant IC estimates were used to calculate the P : L 

ratio. Uncertainties of k, PAR at the surface, the mixed layer depth, and the 

IC were propagated throughout the equation (5. 6). Error propagation 

potentially leads to about ± 57% and ± 63% uncertainty of the P : L ratios in 

the northern regions and in the southern regions, respectively.   

Spatial distribution of the P : L ratios in the mixed layer depth shows 

large temporal and regional variability during the period of the spring bloom 

in the East Sea (Figure 5.2). The P : L ratios in the Ulleung Basin and 

Yamato Basin are already close to 1 in February. The high values of more  

 



111 

 

 

 

 

 

Figure 5.2 Spatial distribution of the estimated P : L ratios during February 

to May.  
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than 2 are retained during April to May. On the other hand, the P : L ratios 

in the western and eastern Japan Basin are lower than 1 during February to 

March. Especially, in the eastern Japan Basin, the ratios are still lower than 

1 by April. In May, the ratios in the entire northern regions start to increase 

more than 1. The timings when the P : L ratios start to increase more than 1 

almost coincide with the initiation timings of the spring bloom in each 

region. The ratios in the southern regions are generally higher than the 

values in the northern regions during February to May. 

The P : L ratio in the mixed layer depth provides information on the 

equilibrium status of the pelagic ecosystem (Platt et al. 2009). If the annual 

primary production equals total community respiration (P : L = 1) in an 

ecosystem, the ecosystem is in an equilibrium state. If the primary 

production and respiration are not equal (P : L > 1 or < 1), the ecosystem 

will be in an autotrophic (P : L > 1) or heterotrophic condition (P : L < 1). In 

this study, the P : L ratios during winter was less than 1, indicating that the 

heterotrophic processes are dominant. The P in the mixed layer starts to 

increase larger than the L during spring (P : L > 1), causing the net 

accumulation of phytoplankton biomass and the phytoplankton blooming in 

the mixed layer. The P : L ratios during summer and fall were excluded 

because the equation (5. 6) is only completed when the nutrients is replete 

conditions (Sverdrup 1953). Therefore, I could not confirm whether the 

pelagic ecosystem in the East Sea is in the equilibrium state or not. Williams 

and Bowers (1999) compiled data sets of the depth integrated P : L ratio in 

oceanic regions of different total primary production (P). The P : L ratio was 
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closely related with the total primary production. In high productive regions 

with more than 1000 mg C m-2 day-1, the ratios are higher than 1. In the low 

productive regions with less than 100 mg C m-2 day-1, the ratios are lower 

than 1. In the regions with the values of the primary production between 200 

and 1000 mg C m-2 day-1, the ratios are close to 1. The annual primary 

production in the East Sea varies between 465 and 608 mg C m-2 day-1 

(Yamada et al. 2005). It seems that the pelagic ecosystem of the East Sea is 

close to an equilibrium condition.  

The e-ratios in the East Sea were derived from the equations (5. 13) and 

the P : L ratios. The e-ratios also show clearly temporal and regional 

variability during the bloom period (Figure 5.3). In the Ulleung Basin and 

Yamato Basin, the ratios in February are close to 0.1. The ratios start to 

increase from March and reach to about 0.8 in May. In the western and 

eastern Japan Basin, the e-ratios are also close to 0.1. These low ratios in 

northern both regions are still maintained by April. In May, the ratios 

increase by 0.6 and 0.3 in the western and eastern Japan Basin, respectively. 

The e-ratios in the southern regions are significantly larger than the values 

in the northern regions during March to May. The magnitudes of the spring 

blooms in the Ulleung and Yamato Basin were higher than the western and 

eastern Japan Basin, as shown in the chapter 3. The estimates of the primary 

production in the southern regions are also larger than those in the northern 

regions (Yamada et al. 2005). These regional differences of the bloom 

magnitude and primary production in the East Sea are contrast to the general 

latitudinal trend showing increase of the bloom magnitude and primary  



114 

 

 

 

 

 

 

Figure 5.3 Spatial distributions of the estimated e-ratio in the mixed layer 

during February to May.  
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production with latitude (Chang et al. 2009), as discussed in the chapter 3. 

The latitudinal trend of the e-ratios estimates is consistent with those of the 

bloom magnitude and the primary production.  

   

 

5.3. Discussions in comparison with previous studies 

 

In this chapter, a new approach to estimate the e-ratios in the mixed 

layer in the East Sea was suggested using the P : L ratio derived from 

Sverdrup’s critical depth hypothesis and satellite measurement data. In the 

East Sea, there are no measurements or modeling studies related with P : L 

ratios. This study is the first try to estimate the P : L ratios in the East Sea, to 

the best of my knowledge. Although the validity of these ratios could not 

been provided, however, the temporal variability of the ratios during 

February to May was consistent with the phase of spring bloom 

development. The P : L ratios increases by more than 1 during the 

increasing phase of phytoplankton biomass, while the ratios are lower than 1 

during the decreasing phase of phytoplankton biomass (Figure 5.4). This 

consistent pattern between the P : L ratios and the spring blooms in the East 

Sea also was detected in other study regions (Zhai et al. 2008, Zhai et al. 

2010). This consistency suggests that the P : L ratios may be useful as an 

phenological indicator of the spring bloom.  

The e-ratios derived from the P : L also show similar temporal variations 

with the phase of the spring bloom development. During the period of the  
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Figure 5.4 Monthly variations of the estimated P : L ratio in the Ulleung 

Basin (UB), Yamato Basin (YB), Western Japan Basin (WJB), and Eastern 

Japan Basin (EJB). Filled areas indicate the period of initiation of the spring 

bloom in each basin. Gray area indicates the initiation timing of the spring 

bloom in the UB, YB, and WJB. Purple area indicates the initiation timing 

of the spring bloom in the EJB. 
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spring bloom, the e-ratios increase by more than 0.5 in the almost entire 

East Sea. In the East Sea, the only one seasonal measurement of the e-ratios 

was conducted in the Ulleung Basin (Kim et al. 2011). The e-ratio based on 

the 234Th/238U disequilibrium also show similar temporal variability of about 

0.23 in February and 0.42 in April (Kim et al. 2011), indicating that the 

ratios increase as the bloom develops. The e-ratio estimates of about 0.15 in 

February and 0.50 in April of this study are also comparable with the in-situ 

estimates. However, the f-ratios derived from 13C-15N dual isotope tracer 

technique show high ratios in winter (0.75 in February) and decrease of the 

ratios in spring (0.44 in April to May) (Kwak et al. 2013). These contrast 

temporal variations between the f-ratio and e-ratio clearly show that the 

straightforward identity between the f-ratio and e-ratio is not established in 

the East Sea (Table 5.1).  

Recently, global maps of the e-ratio have been drawn using simple 

equations (Laws et al. 2011). The e-ratio in the ocean is generally positively 

correlated with the primary production and negatively correlated with 

temperature (Laws et al. 2000, Laws et al. 2011). The global maps of the e-

ratios derived from these correlations show the larger ratios in the high 

latitude due to the increase of the primary production and the decrease of 

temperature with latitude (Laws et al. 2011). However, the southern regions 

of the East Sea are regarded as more productive regions compared with the 

northern regions, although these regions are nutrients poor regions affected 

by oligotrophic Tsushima Warm Current (Yamada et al. 2005, Yoo and Park 

2009, Kwak et al. 2013). Especially, the annual primary production (222– 
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Table 5.1 Comparison of the estimated e-ratios with the e- or f-ratios from 

other studies  

Method Month 
Ulleung 
Basin 

Yamato 
Baisn 

Western  
Japan 
Basin 

Eastern  
Japan 
Basin 

Reference 

234Th/238U 
disequilibrium 
measurements 

(e-ratio) 

April, 2006 0.42 - - - 

Kim et al. 
(2011) 

August, 
2007 

0.48 
(±0.07) 

- - - 

October, 
2008 

0.24 
(±0.14) 

- - - 

February, 
2008 

0.23 
(±0.15) 

- - - 

13C and 15N 
isotope ratio 

(f-ratio) 

May, 2010 
0.40 

(±0.01) 
- - - 

Kwak et 
al. (2013) 

Jun 
0.58 

(±0.18) 
- - - 

Jul 
0.56 

(±0.02) 
- - - 

Aug 
0.50 

(±0.10) 
- - - 

Sep 
0.80 

(±0.01) 
- - - 

Oct - - - - 

Nov 
0.62 

(±0.10) 
- - - 

Dec 
0.70 

(±0.05) 
- - - 

Jan, 2011 - - - - 

Feb 
0.75 

(±0.02) 
- - - 

Mar 
0.70 

(±0.05) 
- - - 

Apr 
0.48 

(±0.01) 
- - - 

May - - - - 

Jun 
0.51 

(±0.10) 
- - - 

Satellite data 
and  

Sverdrup's 
ciritical depth 

model  

Feb 
0.08 

(±0.05) 
0.08 

(±0.05) 
0.08 (±0.05) 

0.08 
(±0.05) 

This 
study 

Mar 
0.25 

(±0.14) 
0.19 

(±0.11) 
0.09 (±0.06) 

0.09 
(±0.06) 

Apr 
0.65 

(±0.37) 
0.55 

(±0.31) 
0.18 (±0.11) 

0.11 
(±0.07) 

May 
0.85 

(±0.48) 
0.81 

(±0.46) 
0.55 (±0.35) 

0.35 
(±0.22) 
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273 gC m−2 yr−1) in the Ulleung Basin is comparable with those in 

productive coastal-upwelling regions (Yamada et al. 2005, Kwak et al. 

2013). It seems that the export fraction in the southern regions is likely to be 

larger than that in the northern regions. The e-ratios derived from the P : L 

ratios in this study is also consistent with this expectation.  

However, in the northern regions, the key parameter Ic to estimate the P : 

L and e-ratio was significantly higher than those in the southern regions. 

These high Ic are comparable to the Ic values in the HNLC regions and 

tropics. The Ic of Sverdrup’s model is a physiological and ecological 

parameter. If zooplankton grazing increases the loss rate of phytoplankton 

and/or if iron and other factors decrease of the photosynthetic rate of 

phytoplankton, the compensation irradiance may become increase (Obata et 

al. 1996). The light level, Ic, which the primary production is equal to the 

community respiration, might be overestimated. Then, the P : L and e-ratios 

is likely to be underestimated in the northern regions.  

Although the P : L ratios derived from Sverdrup’s critical depth may be 

affected by physiological and/or ecological conditions in the ocean, this 

ratio could detect the temporal and regional variability in the e-ratios during 

the bloom periods. It seems that the P : L ratio have a value as a proxy to 

estimate the e-ratio in the regions, where the spring bloom can be explained 

in terms of Sverdrup’s critical depth model. Furthermore, if we have 

information on the P, which is relatively easily measured by various 

methods, the P : L ratio can be used to quantify the community respiration, 

which is nearly impossible to estimate directly in the ocean, and export 
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production. For example, in the Ulleung Basin, the P in spring was varied 

between 800 and 1100 mg C m-2 day-1 (Kwak et al. 2013). Then, the export 

production may vary between 200 and 800 m-2 day-1, and the community 

respiration may vary between 220 and 600 m-2 day-1.  

In this study, the e-ratios in the Ulleung Basin were about 0.57 in spring. 

This ratio indicates that more than half of the total production in the MLD 

sinks to the deep water. This value is comparable to the value in the 

continental shelf region during the spring bloom period (Giuliani et al. 

2007). In addition, this high export ratio may contribute to the high organic 

carbon accumulation and the high carbon content in the Ulleung Basin (Lee 

et al. 2008). The spring bloom in the Ulleung Basin was dominated by 

diatom. Diatom generally forms large aggregates of sinking particles, and 

then is considered as the most efficient phytoplankton species with a high 

sinking rate. The diatom bloom in the Ulleung Basin may contribute to the 

high export ratio (Kim et al. 2011, Kwak et al. 2013). The diatom in the 

northern Japan Basin is larger compared with that in the Ulleung and 

Yamato Basin. Although the primary productivity is lower, it may be 

expected that the northern part has a higher export ratio, compared with the 

southern regions. On the other hand, the e-ratio of this study was 

significantly lower in the northern Japan Sea. Therefore, only the temporal 

variability of the e-ratios may be valid.  
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6. Summary and future works 

 

Summary 

This study described spatial and interannual variability of indices of the 

spring bloom in the East Sea during 1998 to 2007. By combining satellite, in 

situ and model data a comprehensive picture of the impact of interannual 

variability of meteorological factors as internal forces and Asian dust as an 

external force on the phytoplankton population has been also constructed.  

 

In the chapter 3, the indices of the spring bloom were extracted from the 

ten year time series of chlorophyll-a concentrations observed in the East Sea. 

Spatial distributions of initiation timings of the spring blooms show a 

northward propagation pattern: the blooms start from the Ulleung and 

Yamato Basin in March and propagate to the northwestern Japan Basin in 

May. This pattern in the East Sea is consistent with Sverdrup’s critical depth 

hypothesis. In terms of Sverdrup’s critical depth hypothesis, the MLD at the 

initiation of the bloom correspond to the critical depth, which varies with 

physiological and/or ecological conditions. The critical depth in the northern 

regions is shallower than that in the southern regions, indicating lower 

photosynthetic rat and/or higher grazing pressure in the northern regions. 

The peak timing of zooplankton in the eastern Japan Basin is about one 

month earlier than the initiation timings of the spring bloom. This aspect 

also suggests a possibility of high grazing pressure during the bloom 

development, contributing to the shallower critical depth in the northern 
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regions. Therefore, it seems that the initiation of the spring bloom in the 

northern East Sea is mainly controlled not only by light availability in the 

MLD, but also by other factors such as zooplankton grazing.  

 

The initiation timings of the spring bloom showed large spatial and 

interannual variations. In the Yamato Basin, subpolar front, and eastern 

Japan Basin, the initiation timings were positively correlated with wind 

speed prior to the development of the spring bloom, indicating the stronger 

wind and the later initiation of the bloom. However, in the Ulleung Basin 

and western Japan Basin, the correlation between the initiation timings and 

wind speed were weak, indicating importance of other factors on the 

interannual variability. Temperature was correlated only with the initiation 

timings of the bloom in the subpolar, western, and eastern Japan Basin. The 

temperature in the western and eastern Japan Basin was positively correlated 

with the initiation timings, while the temperature was negatively correlated 

with the initiation timings. The positive correlation with temperature may 

support the possibility of importance of zooplankton grazing on the bloom 

development in the northern region, i.e. the higher temperature, higher 

grazing activity, and the later initiation of the bloom. The net heat flux did 

not show any clear correlation with the initiation timings.  

 

Compared with the northern regions, the longer periods and similar or 

higher peak magnitudes of the blooms in the southern regions were detected. 

This regional difference is opposite to the general latitudinal pattern in the 
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ocean showing higher magnitude of the bloom in the higher latitude due to 

higher nutrients concentrations and lower grazing pressure. The period and 

peak magnitude of the spring bloom also showed large spatial and 

interannual variations. However, these phenological indices did not show 

any clear correlations with wind speed, net heat flux, and temperature before 

the bloom initiation and during the bloom period. These unclear correlations 

may indicate that multiple factors affecting nutrients conditions and grazing 

pressure affect complexly photosynthetic rate and/or loss rate during the 

bloom period.  

 

The chapter 4 summaries the responses of phytoplankton after the 

passage of Asian dust over the northern East Sea using the SeaWiFS 

chlorophyll-a concentrations. The interannual variations in the initiation 

timings of spring bloom in the East Sea have been associated with wind 

speed before the bloom development. However, when wet-dust events occur, 

the bloom could be initiated under the condition of deep MLD, which was 

compensated by deepening of DCR. This early initiation of the bloom 

strongly suggests the possibility that inputs of bio-available micronutrients 

such as iron by the dust through precipitation induce deepening of the 

critical depth and result in an early initiation of spring bloom. Thus, while 

interannual variations in initiation timings of spring bloom in the East Sea is 

controlled by meteorological factors, it is also significantly affected by 

episodic dust inputs, especially accompanied by precipitation. Field studies 

on the processes involved in spring bloom and the Asian dust in the area 
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should deserve further investigation in the near future to clarify the detailed 

role and effect of the dust on phytoplankton growth in the East Sea. 

 

In the chapter 5, the initiation timings of the spring bloom was used to 

resolve Sverdrup’s critical depth model. A new proxy, P : L, derived from 

Sverdrup’s critical depth model was suggested to estimate the export ratio in 

the East Sea. The regional differences of the estimated export ratios were 

also consistent with the regional differences in the bloom magnitude, 

although it seems that the export ratios were underestimated in the northern 

Japan Basin. The high export ratios of about 0.56 in the southern region, 

especially in the Ulleung Basin, were comparable to the export ratios 

derived from in-situ measurements, and indicate that more than half of the 

total primary production in spring sinks to the deep water in the region. 

 

 

 

Future works 

The development of spring bloom in temperate and subpolar regions is 

generally controlled by light availability in the surface mixed layer. 

However, this study revealed the one month earlier peak timing of the 

zooplankton biomass and the high compensation irradiance in the Japan 

Basin, which is comparable to the value in the oligotrophic and the HNLC 

regions. These aspects suggest the importance of zooplankton grazing on the 

bloom development. This study also shows that the Asian dust was closely 
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correlated with the interannual variations of the indices of the spring bloom 

in the Japan Basin. The Asian dust events include nutrients such as iron for 

phytoplankton growth. The effects of Asian dust on the phytoplankton 

growth have been generally investigated in the oligotrophic and the HNLC 

region as a nutrient source. However, the close correlation between the 

spring bloom and Asian dust events suggests that Asian dust can play an 

important role on the phytoplankton growth in the non-oligotrophic and 

non-HNLC area. Field studies on the processes involved in spring bloom 

and the zooplankton and Asian dust events in the area should deserve further 

investigation in the near future to clarify the detailed role and effect of the 

unexpected factor such as Asian dust and zooplankton on phytoplankton 

growth in the East Sea. Especially, considering the worsening desertification 

in China, responses of phytoplankton to Asian dust events should be 

continuously monitored and analyzed. Analysis of the GOCI with the 

temporal resolution of 1 hour will provide an invaluable chance to analysis 

the response of phytoplankton to the episodic dust events in detail.  

 

A new proxy of P : L ratio to estimate the export ratio in the East Sea 

was derived from Sverdrup’s critical depth model. In the Ulleung Basin, 

which is regarded as a biological hot spot, the estimated export ratio was 

comparable to the in-situ estimates. Therefore, this ratio can be used to 

estimate interannal variability of the export ratio, and then evaluate the 

changes in the carbon flux in the region.  
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Appendix Seasonality of chlorophyll-a concentration derived from wavelet 

analysis 

 

 



142 

 

Figure 1.  The chlorophyll-a time series of the EJS from 1998 to 2007 and 

wavelet power spectra obtained from wavelet analysis in (a) 41.5-41.75°N/135.5-

135.75°E; (b) 40-40.25°N/132-132.25°E; (c) 38.5-38.75°N/133-133.25°E. In (a), 

(b) and (c), the top, left panel shows the time series of 8-day chl-a concentrations; 

the top, right plot shows the means for ten years with corresponding 1-error bars; 

and the bottom, left panel is the continuous wavelet power spectrum. The 

continuous wavelet spectrum illustrates how the strength of the periodicities 

changed over time. Colour codes correspond to the variances of chl-a 

concentrations from the ten-year average, decreasing from dark red to dark blue. 

The shaded parts indicate the times and frequencies that should be considered with 

uncertainty due to data edge effects. The black solid lines indicate the parts 

showing significant (p < 0.05) coherence in the time-frequency domain, i.e., the 

dominant periodicities; the bottom right plot is a time average of the continuous 

wavelet power spectra, the so-called global wavelet spectra. The dashed line 

indicates the 95% significance level. The time-averaged spectrum depicts the 

periods most dominantly explaining the temporal variances observed in the series 

and the recurrence strength of the periods.  
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Figure 2. Spatial distribution of three patterns in chl-a seasonality, which are 

identified from the time averages of wavelet power spectra. Blue colour indicates 

regions showing a dominant six-month period in seasonal variability (i.e., clear, 

strong spring and fall blooms); cyan indicates regions that are transition between 

stable and variable bimodal patterns, showing two weak blooms; and yellow 

indicates a variable bimodal pattern characterised by a strong spring bloom but a 

weak and less distinct fall bloom. 
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해양  생태계   단계에 하는 식 플랑크톤   동  

장에 필요한 과 양염 조건이 충족 면  생체량이 량 증식하게 

다. 이 시  식 플랑크톤  량 증식  해양 생  종 조 과 

개체  변 에도 향  미   있다. 한 연간  생산량  

가장 많  양  이 철  증식 시 에 생 며, 철 

식 플랑크톤 생체량  변동  해양  탄소 에 지 그 향 이 

미   있다. 라 , 철 식 플랑크톤  변동 특 에 한 이해는 

해양 탄소  변 나 변동에 한 이해 증진에 여 할  있다.  

본 연구에 는 양  축소 이라 불리는 동해에  1998 부  

2007  동  인공  에 해 산출  해양  엽 소-a  

농도를 이용하여, 철 식 플랑크톤 생체량  변동 에 한 특  

량 하고, 이러한 특  시, 공간 변동 과 해양  리 요인과 상 

조건과  상  분 하 다. 특히, 철에 번하게 동해를 경 하는 

황사가 철 식 플랑크톤 생체량 변동에 미   있는 향에 한 

연구를 행하 다. 한, 철 량 증식 간 동  해양 상 부에  

생   탄소가  거 는 양  하  한 새 운 근 

법  시하고 동해에  철 증식 간 동  거   있는  

탄소  양  추 하 다.  

철 량 증식  특  량  할  있는 인덱스   증식 

시작 시 , 피크 도달 시 , 증식 간, 증식  크  등  보가 

사용 다. 동해에  철  증식  특  나타내는 인덱스는 10  
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동  SeaWiFS 엽 소-a 농도  시계열 자료에  산출 었다. 

동해  울릉분지  야마토 분지에  철  증식  동해 북쪽 지역에 

한 일본 분지보다 식 플랑크톤   증식이  생하며, 

진   증식 크 가 증가하며, 일본 분지 지역에   증식 보다 

1달 이상  래 동  지속 는 특징  보인다. 약 1달 도 뒤에 

일본 분지에  식 플랑크톤   증식이 생하  시작하며, 생 

이후에 른 속도   증식  피크에 도달한 뒤 른 속도   증식  

크 가 감소하는 특징  보인다.  

 해역에  식 플랑크톤  증식  생 , 에 합  

심이 식 플랑크톤   생산과 손실이 같 지는 임계 심보다 

얕 지면  생하는  생산량  격한 증가  명 다. 동해 남쪽과 

북쪽에 한 분지 지역에 도 합  심이 겨울 동   심에 

도달한 이후 얕 지면  식 플랑크톤   증식이 생하 다. 이러한 

특  동해 식 플랑크톤  철  증식이 임계 심  가  

명   있  한다. 임계 심  가 에 르면,  증식 시작 

시 에 합  심  임계 심에 상 한다고 가 할  있다. 

동해에   증식 시  합  심  울릉분지  야마토분지는 약 

68.5 m (± 17.2), 일본분지는 약 25.7 (± 7.4)  북쪽 지역에  

얕  합  심이 었다. 북쪽  얕  합  심  이 

지역에  식 플랑크톤  낮  장 과 는 높  동 플랑크톤  

식  가능  시한다. 실  일본분지 동쪽지역에  동 플랑크톤 

생체량  식 플랑크톤  증식 시작 시 보다 약 1달 빨리 피크에 

도달하는 것  나타났다. 이러한 면들  동해 일본 분지에  
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식 플랑크톤  장  합  변 에 른  조건 뿐 니라 

동 플랑크톤과 같  다른 요인에 해  통   있  보여 다.  

식 플랑크톤  증식  인덱스들  공간에 라 다른 변동 특  

보이며, 이러한 특  한 매 해마다 다르게 나타난다. 식 플랑크톤 

생체량 변동에 요한 요인   있는 람,  열 속, 과 

같  리 요인과 식 플랑크톤 철  증식  인덱스들과  

상 계 가 산출 었 며, 야마토분지  일본분지 동쪽 지역에  철 

 증식 시작 시 가 람과 한 상 계가 있는 것이 감지 었다. 

그러나, 다른 인덱스들  리 요인들과 명 한 상 이 나타나지 

다. 일본분지 쪽 지역과 울릉 분지 지역에 도 철  증식 

인덱스는 리 요인과 한 연 이 나타나지 다. 이러한 면  

다른 경 요인들이 철 식 플랑크톤 장에 요한 향  미   

있는 가능  시한다. 한 동해에  식 플랑크톤  철  증식 

간 동  생산과 손실에 여러 요인들이 복합  작용  향  

미   있는 가능 도 시한다.  

식 플랑크톤  장에 향  미   있는 새 운 경 요인  

본 연구에 는 국 사막 원인 황사  철 식 플랑크톤   증식 

인덱스  상  분 하 다. TOMS 에어 졸 인덱스 자료  분  

통해  황사는 철  증식 시  동  일본분지 쪽과 북쪽지역  

심  경   황사  다량 입이 있  것  분 었다. 이 

지역에  황사가 경 한 해  철  증식 시작 시 는 황사  경 가 

없  해보다 약 1달 른 것  나타났다. 특히 이러한 특징  황사가 

강  동 었  경우 명 하게 나타났다. 황사가 강 를 동 한 
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해에는 임계 심 한 다른 해보다 어지는 것  나타났다. 이러한 

결과들  황사  경 를 통해 공  상 원  양염이 식 플랑크톤 

장에 필요한 양염  철 식 플랑크톤  증식에 요한 

역할  할  있  미한다.  

산출  철  증식 인덱스 에  철  증식 시작시  

임계 심 가  이용하여 동해 철  증식 간 동  합  내에  

생   탄소가  거 는 양  하  해  

생산과  손실량  를 나타내는 P/L이라는 새 운 프 시를 

산출하 다. P/L  이용하여 산출   탄소  거는 철  증식  

크 가 큰 것  나타난 울릉분지  야마토 분지에  북쪽  

일본분지보다 약 2  이상 높게 나타났다. 울릉분지에   탄소  

거  약 0.56  234Th 법  통해  산출  탄소 거 과도 잘 

일 하는 것  나타났 며, 이 지역에  철  증식 간 동  

합 에 해 생   탄소  약 50% 이상이   

입자  태  거   있  보여 다.  

 

 

주요어: 철 식 플랑크톤  증식, 임계 심, 합 심, 탄소  

거 , 황사, 동해  
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