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ABSTRACT 

In summer, Changjiang Diluted Water (CDW) expands over the shelf region of the 

northern East China Sea. Dilution of the low salinity water could be caused by vertical 

mixing through the halocline. Vertical mixing through the pycnocline can transport not 

only saline water, but also high nutrient water from deeper layers to the surface euphotic 

zone. It is therefore very important to quantitatively evaluate the vertical mixing to 

understand the process of primary production in the CDW region. We conducted extensive 

measurements in the region during the period 2009−2011. Detailed investigations of the 

relative relationship between the subsurface chlorophyll maximum (SCM) and the 

nitracline suggested that there were two patterns relating to the N/P ratio. Comparing the 

depths of the nitracline and SCM, it was found that the SCM was usually located from 20 

to 40 m and just above the nitracline, where the N/P ratio within the nitracline was below 

15, whereas it was located from 10 to 30 m and within the nitracline, where the N/P ratio 

was above 20. The large value of the N/P ratio in the latter case suggests the influence of 

CDW. Turbulence measurements showed that the vertical flux of nutrients with vertical 

mixing was large (small) where the N/P ratio was small (large). A comparison with a time 

series of primary production revealed a consistency with the pattern of snapshot 

measurements, suggesting that the nutrient supply from the lower layer contributes 

considerably to the maintenance of SCM. 
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1. Introduction 

Subsurface chlorophyll maximum is a subsurface maximum in the concentration of 

chlorophyll in the ocean and it is a common feature in large parts of the tropical and 

subtropical oceans [Venrick et al., 1973, Cullen, 1982, Letelier et al., 2004, Holm-Hansen 

and Hewes, 2004], although there is sometimes more chlorophyll at the surface than at any 

greater depth. It is generally believed that SCM is a stable feature, depending on seasonal 

changes in light and nutrient conditions: Light that is supplied from above and nutrients 

that are often supplied from below. SCM forms close to the boundary where light and 

nutrient supply allow phytoplankton growth. Especially during the summer season, surface 

nutrient is completely depleted by consumption of phytoplankton. Strong stratification 

restrained the nutrient from the lower layer, consequently chlorophyll develops at 

subsurface rather than surface layer. 

Most primary production is presumably within the SCM layer considering the two 

essential factors. New primary production, utilizing nutrients supplied from lower layer, 

occurs within the SCM layer [Hickman et al., 2012, Fernand et al., 2013]. Large nutrient 

input from the continent or large river discharge builds up to the shallow SCM in coastal 

shelf water [Chen et al., 1999, 2001, Gong et al., 2003, Liu et al., 2010]. Biological 

production around SCM layer by new supply of nutrients would affect the ecosystem in 

the shelf sea. For example, enriched nutrient conditions have been observed around the 

area of high fishery production in coastal seas [Gong et al., 1996, 2000] and upwelling 

region [Edmond et al., 1985, Chen, 1996], where the ecosystem is accelerated by primary 

production. 
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The continental shelf region of the East China Sea (ECS) is a biologically highly 

productive region that is well known as a good fishery and the nursery ground for the larvae 

of various marine species. It is believed that primary production in the area could be 

supported by the large amounts of nutrients supplied from the continent of Asia. The shape 

of the highly productive region, in terms of the horizontal distribution of chlorophyll from 

satellite observations, tends to resemble that of low salinity water [Kim et al., 2009]. Low 

salinity water is an indicator of fresh water discharge from rivers, such as Changjiang River. 

However, the relatively high chlorophyll region usually extends to the outer shelf 

or around Cheju Island, where it takes more than 1 month for the materials to arrive from 

the mouth of Changjiang River. It could be suspected that most of the nutrients from 

Changjiang River have been consumed by primary production in much shorter time.  

An estimation of the nutrient budget in the shelf area of the ECS suggests that the 

Kuroshio subsurface water could supply more than half of the nutrients entering the shelf 

region [Chen and Wang, 1999]. Therefore, nutrients from the open ocean could play a 

significant role in primary production in the shelf region, although the estimation by Chen 

and Wang [1999] does not show what proportion of the nutrients from the open ocean could 

be used for primary production in the shelf region. It is therefore necessary to determine 

how the nutrients at the subsurface could be transported into the euphotic zone. 

The upward transport of high nutrient water residing in the lower layer could be 

suggested by the dilution process of the low salinity water in the surface layer. Matsuno et 

al. [2010a] showed that salinity increase, namely the dilution of fresh water by sea water, 

was mostly caused by upwelling as well as vertical mixing generated by the passage of low 
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pressure, at least in regions far from Changjiang River estuary. If the vertical processes, 

accompanied by strong winds, contribute to nutrient supply into the surface layer and result 

in primary production there, this would be in opposition to the negative correlation between 

chlorophyll-a and salinity. Therefore, primary production could occur in a relatively high 

salinity area. 

On the other hand, salinity increase is little under calm conditions [Matsuno et al., 

2010b]. It has been suggested that subsurface water would not be transported into the 

surface layer under calm conditions. Instead, a chlorophyll maximum is often found in the 

subsurface, beneath the surface mixed layer, suggesting that primary production would 

occur there using nutrients from the lower layer. 

There are many possibilities to supply the nutrients into the surface layer. For 

example, horizontal transport by strong surface velocity, upwelling from horizontal 

divergence by strong wind [Liu et al., 1990, Siswanto et al., 2008] and mesoscale eddy 

dynamics [McGillicuddy Jr et al., 1997, 1998], winter convection in homogenious thermal 

structure [Michaels et al., 1994], and enhanced vertical mixing within the mixed layer 

[Lewis et al., 1986, Crawford and Dewey, 1989, McGowan and Hayward, 1978]. From 

these mechanisms considerable in the ocean, seasonal SCMs commonly develop in 

temperate regions when the nutrients are depleted in the surface layer during summer 

season. Therefore, vertical mixing could be considered as a major mechanism in calm 

condition to supply the nutrients into the euphotic layer. As turbulent mixing takes place 

away from boundaries, and a nutrient flux across the isopycnals has long been recognized 

as an important mechanism for nutrient supply to productive layers in shallow regions 

[Crawford and Dewey, 1989], hence quantification of the nutrient flux driven by vertical 
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mixing will be helpful to understand the nutrient inputs supplied into the subsurface 

chlorophyll maximum (SCM) in this region. 

How much does the nutrient supply by vertical mixing contribute to primary 

production in the shelf region of ECS, putting aside the terrestrial nutrients from 

Changjiang River? Quantitative estimates of vertical nutrient flux through direct turbulence 

measurements have rarely been reported in this region (Fig. 1.1). For example, new 

production by vertical nitrate flux is derived from stability using the empirical equation 

[Kwak et al., 2013] or nitrate assimilation method including nitrogen source of advection 

and atmospheric input [Chen et al., 1999]. From the other reports using direct 

measurements, either the measured area is restricted to the continental slope far away from 

the shelf region influenced by Changjiang River [Liu et al., 2013], or the suggested values 

are instantaneous and do not consider the large variability of vertical nutrient flux during 

the day [Shiozaki et al., 2011].  

Our study area is influenced by two major nutrient sources; Changjiang diluted 

water (CDW) with relatively nitrate rich water and Kuroshio subsurface water (KSSW) 

with relatively phosphate rich water. The nutrients which is found in phytoplankton and 

throughout the deep oceans keep relatively consistent ratio, which is empirically found to 

be Carbon:Nitrogen:Phosphorus (C:N:P) = 106:16:1, known as the Redfield ratio. The 

Changjiang River discharge has a large N/P ratio, for example, 46-84 reported by Edmond 

et al. [1985], Zhang [1996], and would gradually decrease the N/P ratio through the mixing 

with the shelf water, while it would still higher than the Redfield ratio of 16 in the CDW. 

In contrast to the high N/P ratio found in CDW, the N/P ratio of KSSW is slightly lower 

than the Redfield ratio of 16 [Liu et al., 2000] in the subsurface water on the shelf, where 



 

8 

 

the N/P ratio could be reduced by regeneration of phosphate from the sediment. Thus, there 

are two types of nutrient sources also in a viewpoint of the N/P ratio. Consumption by 

phytoplankton could enhance the N/P ratio increase/decrease in the high/low N/P ratio 

water. Nevertheless, it is expected that continuous nutrient input from the different N/P 

ratio water can determine the N/P ratio in the nitracline. Therefore, the N/P ratio would be 

effective to discriminate the nutrient supply from the CDW and/or KSSW. 

In this study, we examined the nutrient flux by vertical mixing associated with the 

N/P ratio and quantified the contribution of vertical nutrient flux to the SCM based on the 

direct measurements of turbulence. We improved the reliability of the vertical nutrient flux 

using massive amounts of data, including many snapshots and time series measurements. 

Simultaneous measurements of primary production were also made to determine the 

contribution of the vertical nutrient flux to primary production around the SCM. 

The structure of this thesis is as follows. 

In section 2, we describe the observations in general. Intensive measurements were 

conducted in the region southwest of Jeju Island during the period 2009−2011 including 

two time series measurements in each year. The methods estimating vertical nutrient flux 

and primary production are also described in detail. 

In section 3.1, we show the horizontal expansion of CDW which is considered as 

one of the main nutrient sources and describe the formation and depth of SCM relating to 

the influence of CDW.  
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In section 3.2, detailed investigations of the relative relationship between the depths 

of SCM and nitracline suggest that there were two patterns relating to the N/P ratio which 

could be considered as an indicator originating from different nutrient source. 

In section 3.3, the results of estimating vertical nutrient flux and primary production 

are described in detail. Turbulence measurements show that the vertical flux of nutrients 

with vertical mixing and its contribution to primary production in the vicinity of the SCM 

were large (small) where the N/P ratio was low (high). The former case indicates a 

significant nutrient input from the lower layer.  

Meanwhile, large variability of vertical nutrient flux exaggerates their mean 

contribution to primary production in case of low N/P ratio. The snapshot measurement 

includes some uncertainty about representing daily mean flux, therefore, we try to evaluate 

the vertical nutrient flux by using the time series measurements in section 3.4. Due to the 

lack of nutrients data in the time series, we use the linear relationship between the 

temperature and nutrient concentrations below the nitracline. An estimation using the time 

series measurements lessened the variability of vertical nutrient flux as well as revealed a 

consistency about large contribution of vertical nutrient flux to primary production in case 

of low N/P ratio with the same pattern of snapshot measurements.  

In section 4, we discuss on the cause of observed turbulence, another physical 

processes providing nutrient supply, uncertainties in the estimation of vertical nutrient flux 

and primary production, and consistency of vertical eddy diffusivity. Especially, statistical 

approach supported the significance of difference of vertical nutrient flux between the case 
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of low and high N/P ratio, even allowing for the daily large variation of vertical eddy 

diffusivity.   

Finally, in section 5, we conclude that, despite some uncertainties estimating 

vertical nutrient flux and primary production in the vicinity of SCM, the nutrient supply 

from lower layer associated with the vertical mixing contributes considerably to the 

maintenance of SCM.  



 

11 

 

Figures 

 

Fig. 1.1 Reported new production by vertical nitrate flux in the East China Sea. 
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2. Observations and methods 

2.1. Study area 

The ECS is a marginal sea surrounded by the Eurasian continent and a chain islands.                

Most of the area of the northern ECS is shallow (<200 m) continental shelf, but the deep 

Okinawa Trough is (>1000 m) located in the eastern and southeastern ECS. The summer 

monsoon usually drives the CDW southeastward or eastward across the shelf region 

[Chang and Isobe, 2003]. A strong western boundary current, the Kuroshio originates from 

bifurcation of the North Equatorial Current east of the Philippines in the North Pacific 

Ocean, and a main branch of the Kuroshio flows northward through the Okinawa Trough. 

It finally bifurcates to the east through the Tokara Strait and another branch flows 

northward along the west of Kyushu. The area of observation was the southwest of Cheju 

Island, with most of the area being inside the Korean EEZ.  

Physical and biochemical measurements were made in the northern ECS onboard 

the Nagasaki-maru, a training ship of Nagasaki University, during cruises N-286, N-309, 

and N-333 in July 2009, July 2010, and July 2011, respectively. The location of 

observations is shown in Fig. 2.1. The observation area generally consisted of four zonal 

sections (from the north: KD, KC, CLON, and CK-sections) and one meridional section 

(MD-section). The observation sections were slightly adjusted to match the detailed cruise 

plan in each year. The numbering of stations on each zonal section started from the east; 

on the meridional section, numbering started from the north. 
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2.2. Hydrography 

Hydrographic observations were conducted using a CTD (SBE 9plus manufactured 

by Seabird Electronics, Inc.) attached with a chlorophyll fluorometer (Seapoint chlorophyll 

fluorometer manufactured by Seapoint sensors, Inc.), which was lowered to about 5 m 

above the bottom. 

2.3. Turbulence 

Measurements of microstructure, i.e., the small-scale vertical shear of the current 

velocity, were conducted with a microstructure profiler, TurboMAP manufactured by JFE 

Advantech. The profiler was also equipped with temperature and fluorescence sensors. 

TurboMAP falls freely to the bottom with a sinking speed of about 0.5 m s-1, with a guard 

protecting the sensors. Turbulence measurements using the TurboMAP with concurrent 

CTD observations were conducted at 20 stations, occasionally with successive 

observations for longer than 24 hours. The profiler was repeatedly cast two or three times 

at each station and during successive observations. The shape of the shear spectra was 

approximately fitted with the Nasmyth’s universal spectrum, as shown in Fig. 2.2. 

Thereafter, consecutive profiles were averaged to one ensemble data after omitting 

abnormal data that did not fit the Nasmyth spectrum [Nasmyth, 1970].  

Using the vertical microstructure profiles, we calculated the dissipation rate of 

turbulent kinetic energy ε. All data were sampled at 512 Hz and ε was determined with a 

sliding window of 1536 data points. The ε was calculated by integrating the small-scale 

shear spectrum with the wave number and was used by linear interpolation every meter. 

The detailed calculations of ε are described in Endoh et al. [2014]. The vertical eddy 

diffusivity Kz was calculated from ε and the buoyancy frequency N using Kz=Γε/N
2 
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[Osborn, 1980]. The mixing ratio, Γ, was set to 0.2 [Oakey, 1982]. Data shallower than 10 

m were removed due to unstable movement of the instrument shortly after its release. 

2.4. Nutrients 

To measure the concentrations of nutrients and chlorophyll a, water samplings were 

made in general at 0, 10, 20, 30, 40, 50, 75, 100, 125, 150, and 5 m from the bottom (varying 

with the water depth) in addition to the depth of SCM using Niskin bottles mounted on a 

Rosette sampler (General Oceanics, Inc.) with a CTD probe (SBE 9/11, Seabird Electronics, 

Inc.). The detailed sampling methods of nutrient concentrations were described in 

Umezawa et al. [2014]. 

2.5. Chlorophyll a 

It is required to know the fine structure of chlorophyll a concentration rather than 

the ordinary 10 m interval of CTD sampling for the better estimation of primary production 

around the SCM. To acquire high resolution vertical profiles of chlorophyll a, fluorescence 

measured with CTD and TurboMAP measurements were used following the calibration of 

fluorescence data with the chlorophyll a concentration from water sampling. The measured 

fluorescence by CTD and TurboMAP had a good correlation with the sampled chlorophyll 

a concentration, with a high correlation coefficient (R > 0.81) in most linear regression 

analyses (Table 2.1). 

2.6. Method for estimating vertical nutrient flux 

We made an estimate of the nutrient supply by vertical mixing within the nitracline. 

There are various ways to determine the passage of nutrient flux into the SCM. To define 

the vertical gradient of nutrient to calculate the nutrient flux, some studies suggest the use 
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of gradient intervals in which the largest nutrient gradient occurs [Hales et al., 2005], while 

others suggest the use of base of the mixed layer [Schafstall et al., 2010] or a specific 

isopycnal [Sharples et al., 2007; Williams et al., 2013]. Here we used the layer in which 

the largest nitrate gradient was found to calculate the vertical nutrient flux.  

The vertical nutrient flux caused by turbulence mixing was calculated by 

multiplying vertical eddy diffusivity with the vertical gradient of nutrient concentration 

using Fickian diffusion theory, F=−Kz∂C/∂z (Fig. 2.3). Vertical eddy diffusivities for 

the flux calculation were determined by arithmetically averaging Kz values from all 

available microstructure casts at each station within the nitracline. For three stations, G1 in 

2010, and CK6 and G1 in 2011, where we repeated consecutive observations every hour 

for more than 24 hours, Kz was determined as a daily mean. 

2.7. Method for estimating primary production 

The daily primary production integrated within the euphotic zone (IPP) was 

calculated to compare the nutrient supply caused by vertical mixing using the following 

equation. 

dzdt tzPzBIPP
D

t

Zeu

z

B

  


0 0
),()( , 

where D is length of the day, Zeu is euphotic depth, PB is the photosynthetic rate, B 

is the chlorophyll a biomass, which was determined with fluorescence measurements made 

by the fluorometer attached on CTD and TurboMAP and calibrated with an analysis of 

sampled water. Because it is inappropriate to compare the nutrient flux directly with IPP, 

which includes a large portion of surface vigorous primary production, we estimated the 
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integrated primary production within the vicinity of SCM (IPPS) to compare the nutrient 

flux with their contribution to the primary production around the SCM. We integrated from 

the euphotic depth to just above the SCM, where chlorophyll concentration is 0.8 times 

higher than the maximum chlorophyll concentration to avoid the inclusion of surface 

primary production. The PB was determined using the data of a Diving Flash FRRF (Fast 

Repetition Rate Fluorometry) manufactured by Kimoto Electric. The detailed methods are 

described elsewhere in Mino et al. [2014]. Because snapshot measurement did not cover 

the whole day, to calculate the daily primary production, photosynthetic parameters (α, β 

and Pb
max) used to fit the P-I curves were estimated with following formulae suggested by 

Platt et al., [1980]. 
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The parameters α, β and PB
max represent the initial slope characterizing the 

photochemical reactions of photosynthesis, the negative slope characterizing the 

photoinhibition process and the maximum chlorophyll a normalized photosynthetic rate of 

the Photosynthetic-Irradiance curve (P-I curve), respectively. E(z,t) is the availability of 

photosynthetically active radiation (PAR) at depth z and was estimated from the Lambert-

Beer law [E(z,t)=E(0,t)exp(-kz)]. E(0,t) was estimated through daily measurements of PAR 

using a Biospherical Instruments QSL (Quantum Scalar Laboratory Sensor manufactured 

by Biospherical Instruments Inc) during each cruise, then roughly converted to the 

irradiance just beneath the surface by multiplying by 0.9 [Marra, 2014]. The daily cycle of 

30 min moving-averaged incident PAR resembled a sinusoidal curve, hence we estimated 

the daily variation of PAR empirically using a cubic sine function in the absence of PAR 
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measurements (July 21, 2009, Fig. 2.4). The vertical attenuation coefficient k was obtained 

by linear regression from the log-transformed underwater irradiance profile. 

Meanwhile, the nutrient (nitrate, phosphate) fluxes were converted to nitrate-based 

PP (PP-NF) and phosphate-based PP (PP-PF) by multiplying the Redfield ratio and carbon 

atomic mass. The IPP was converted to net primary production, which includes new and 

regenerated primary production by multiplying by 0.9 [Epply and Renger, 1986, Yoon et 

al., 2012] to exclude the respiration by phytoplankton. We found that FRRF measured IPP 

was overestimated with the measured IPP from 13C incubation method at two stations (G1, 

2010 and 2011). The ratio of FRRF derived IPP and measured IPP is around 2.8, which 

gives similar to deducing that PB from the modelled FRRF was approximately 3-fold higher 

than the measured PB [Mino et al., 2014]. Thus, in this study, all the FRRF derived IPP was 

divided by 2.8 to get reasonable agreement with in situ measurement results. 
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Tables 

Table 2.1 Calibration results between chlorophyll a concentration from the water sampling 

and fluorescence measured by CTD and TurboMAP. A correlation equation is derived from 

the linear regression using the least square method. Y is directly measured chlorophyll a 

concentration from the water sampling. X is fluorescence measured by CTD and 

TurboMAP. 

Station Correlation equation Correlation efficient 

MD7, ’09 Y = 0.9298X 0.99768 

MD5, ’09 Y = 1.1853X 0.99450 

MD3, ’09 Y = 1.2441X 0.91652 

MD1, ’09 Y = 1.4990X 0.81912 

CLON7, ’09 Y = 1.5665X 0.99954 

CLON5, ’09 Y = 1.3525X 0.89988 

CLON3, ’09 Y = 1.3848X 0.99549 

CLON1, ’09 Y = 1.2666X 0.98016 

MD7, ’10 Y = 1.5824X 0.85095 

MD5, ’10 Y = 2.4178X 0.87433 

MD3, ’10 Y = 1.2805X 0.86808 

MD1, ’10 Y = 2.6286X 0.96043 

CLON4, ’10 Y = 1.8255X 0.81860 

KD2, ’10 Y = 1.5689X 0.98901 

G1, ’10 Y = 1.9343X 0.99211 

B3, ’10 Y = 1.2656X 0.97222 

CK6, ’11 Y = 1.1940X 0.89277 

MD3, ’11 Y = 1.7570X 0.96196 

MD4, ’11 Y = 1.1355X 0.94218 

G1, ’11 Y = 1.5071X 0.52855 
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Figures 

 

Fig. 2.1 Map of the study area (left) and an enlarged view of the observation sections in 

2009, 2010, and 2011 (right). The observation area consisted of four zonal sections (KD, 

KC, CLON, and CK) and one meridional section (MD). A number of stations on each 

section was assigned from east to west (east-west section) and from north to south (north-

south section). A blue star indicates that CTD and TurboMAP measurements were 

conducted concurrently. A green triangle indicates that time series measurements were 

conducted. The locations of G1 (2010 and 2011), B3 (2010) are highlighted as inserting a 
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text right to the symbol. The locations of G1 and B3, 2010, and G1, 2011 are 125°41.47’E, 

32°12.37’N, 125°44.00’E, 32°28.66’N and 125°57.06’E, 31°37.57’N, respectively. 
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Fig. 2.2 An example of shear spectrum obtained during observations at MD7, 2009. The 

red line is the Nasmyth universal spectrum corresponding to the shown value of ε. The 

dissipation rate ε is computed by integrating the measured shear spectrum from 1 cpm to 

the highest wave number not contaminated by vibration noise.  
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Fig. 2.3 Vertical profiles of chlorophyll (green) and nitrate (red) concentrations. Nutrient 

supply into the SCM is depicted by vertical mixing through the nitraline. Nitracline is 

assigned to nitrate gradient higher than 0.25 mmolm-4. 
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Fig. 2.4 PAR variations during the day of turbulence measurements. Thin and Thick line 

indicates to measurements of PAR and 30 minutes moving averaged PAR, respectively. 

The orange circles are PARs of CTD measurement available in Jul. 21, 2009 and orange 

line is fitted to raw PAR using the sinusoidal curve (y=a×sin [π/DL(x-b)]3) , DL and b is 

the length of day and axial migration, respectively. In here, we used 14 and 5.5 hours to 

DL and b. 
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3. Results 

3.1. Horizontal structure of hydrography regarding nutrients sources 

Three or four east-west transect observations were conducted repeatedly in 2009, 

2010, and 2011, roughly along the pathway of CDW expansion. The profiles of salinity, 

nutrients, and chlorophyll a along the transect sections usually had a similar vertical 

structure every year, showing the influence of CDW. The profiles differed slightly 

depending on greater or lesser expansion of CDW. Typical vertical structures of salinity, 

density, and fluorescence calibrated with the chlorophyll a, nitrate, and phosphate 

concentrations, are depicted according to CDW expansion in two horizontal sections, KC 

and CK, 2009 (Fig. 3.1). The two parallel transects displayed some discrepancies in their 

vertical structure. 

In the southern section (CK-transect in 2009), the salinity of surface water was less 

than 32 psu and a slight influence of fresh water remained throughout the CK-transect. The 

strong stratification located around 20 m lay between CK5 and CK2, while the stratification 

was weak on the eastern side of the CK-transect, west of Kyushu (Fig. 3.1d). Nitrate in the 

upper layer (< 20 m) was depleted throughout the CK-transect, except for CK6. 

Chlorophyll a concentrations were high with a sharp maximum (> 3 mgm-3) on the western 

side of the CK-transect, whereas they were low with a deep and gentle maximum (< 1.5 

mgm-3) on the eastern side (Fig. 3.1f).  

In the northern section (KC-transect in 2009), remarkably low salinity water (< 30 

psu) extended eastward to the south of Jeju Island. Surface low salinity water usually 

enhanced a strong stratification in the summer. A significant pycnocline existed between 
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20 to 30 m throughout the KC-transect (Fig. 3.1c). Nitrate in the upper layer was mostly 

depleted (< 0.1 mmolm-3), except for the western end of the transect. Surface nitrate 

concentrations higher than 2 mmolm-3 were measured at KC6. Phosphate concentrations 

higher than 0.2 mmolm-3 were also found at the western end of the transect. When 

comparing the concentration of nitrate and phosphate in accordance with the Redfield ratio, 

nitrate was found to be richer than phosphate at the surface in the western part of the 

transect and in the layer between 20 to 30 m within CDW expansion, while phosphate was 

richer than nitrate below 40 m in most locations. Generally, chlorophyll a levels less than 

2 mgm-3 were distributed above 20 m along the KC-transect. Surface chlorophyll a 

concentrations were high, with a gentle maximum of chlorophyll a (< 2 mgm-3), i.e., the 

SCM was not distinctive while it was within CDW expansion. 

3.2. Relative positioning of SCM depending on the N/P ratio 

We collected data of nutrient concentration from the water sampling with CTD 

observation. The measured N/P ratio is shown in Fig. 3.2 with ordinary water sampling 

depth. The distribution of N/P ratio consists of two features according to the criterion of 

the Redfield ratio (N:P = 16:1). The low N/P ratio less than 16 appears beneath 40 m, which 

is considered as influence of the KSSW and shelf water above the bottom. While, in the 

layer of 10 ~ 30 m, there exists the high N/P ratio much higher than 16, which is considered 

as influence of the CDW. Focusing on the layer of 10 ~ 30 m, where the nitracline and 

SCM are frequently formed at this observed area, two different waters are mixed and it is 

hard to mention which is dominant. Thus, the N/P ratio would be effective to discriminate 

the nutrient supply originated from the CDW, and KSSW or shelf water above the bottom. 
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We inspected profiles of salinity, nitrate, chlorophyll a, and vertical eddy diffusivity 

to determine the relationships of the relative positioning of the layers with these variables 

under low and high N/P ratio conditions. Each profile is presented individually for the two 

conditions: LNP (Fig. 3.3a) and HNP (Fig. 3.3b), where the N/P ratio within the nitracline 

was less than 15 and larger than 20, respectively. The nitracline was regarded as the layer 

of 10 or 20 m thickness where the largest nitrate gradient occurs. 

The thickness of the surface mixed layer was about 10 m for HNP (Fig. 3.3b) and 

less than 15 m for LNP (Fig. 3.3a). A strong halocline was present in the nitracline for LNP, 

while the gentle gradient of salinity for HNP indicates that surface and subsurface water 

was likely to be mixed, except for stations MD1, MD3, and B3 (2010). A shallow SCM 

appeared within 10 m at the three stations where strong haloclines were found. Each 

chlorophyll a maximum varied in shape, but had similarities in positioning related with the 

nitracline. The SCM was located just above the nitracline for LNP and within the nitracline 

for HNP. 

Vertical eddy diffusivity is a function of the turbulent dissipation rate and buoyancy 

frequency. Hence, vertical diffusion is enhanced by strong turbulence or weak stratification. 

Relatively large salinity gradient observed within the nitracline at HNP presumably 

enhanced the density stratification; as a result, vertical eddy diffusivity did not exceed 10-

5 m2 s-1 in the nitracline. On the other hand, the salinity gradient within the nitracline was 

usually small at LNP and the vertical eddy diffusivity occasionally exceeded 10-4 m2 s-1. 

The depth of the SCM was positively correlated with the depth of the nitracline and 

pycnocline, strictly speaking, the upper boundary of the nitracline and the lower boundary 
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of the pycnocline using the data combined from all CTD stations (Fig. 3.4a, b). The lower 

boundary of the pycnocline was defined as the depth, where potential density is lower than 

0.2 kg m-3 compared to a reference value at 6 m above the bottom. The relevance of the 

relative positioning of these hydrographic conditions has been reported [Kononen et al., 

1998; Williams et al., 2013], and was also apparent from the vertical profiles discussed 

before two paragraphs (Fig. 3.3). 

The relationship between the relative positioning of the SCM and the nitracline is 

meaningful. The vertical position of the SCM was mostly in a range between 20 to 40 m 

and was located slightly above the upper boundary of the nitracline, where the N/P ratio 

was below 15 within the nitracline, LNP. This positioning of the SCM relative to the 

nitracline suggests that nitrate, for the production of the SCM, could be supplied from the 

lower layer. Similar results for the vertical positioning of the nitracline and SCM have been 

reported by Shiozaki et al. [2011]. On the other hand, the vertical position of the SCM was 

mostly between 10 to 30 m in shallower waters and was located at the interior of the 

nitracline, where the N/P ratio was above 20, HNP (Fig. 3.4a). The vertical range of the 

SCM was likely to be within the layer of CDW expansion and nitrate was not derived only 

from the supply from the lower layer. 

On the other hand, the vertical position of the SCM was highly correlated with the 

depth of pycnocline (Fig. 3.4b). This seems to be related to the small vertical eddy 

diffusivity, which subsequently leads to an insufficient nutrient supply from lower layers 

due to the large buoyancy frequency in the lower part of the pycnocline. The SCM is 

shallower than the lower boundary of the pycnocline in high N/P ratio water. This implies 
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that the existence of nutrient pathways other than from the lower layer, as discussed in the 

previous paragraph. 

The combined distributions of nitrate and salinity for all profiles from 2009 to 2011 

are shown together with the N/P ratio (Fig. 3.4c) and sampling depth (Fig. 3.4d). A 

hypothetical line was assumed to discriminate the nutrient-devoid saline water from the 

nutrient-laden low salinity water proposed in the Changjiang estuary, with a slope of -4.6 

mmolm-3/psu [Zhang, 1996]. Nitrate-rich (> 5 mmolm-3) and high salinity (> 32.5 psu) 

water was found in the deeper layers (> 40 m) above the mixing line, while surface water 

(< 20 m) was mainly composed of proper nitrate-reservoir water, which had a negative 

relationship with nitrate and salinity [Gong et al., 2000; Lie et al., 2003]. The high N/P 

ratio in the negative relationship indicates the influence of CDW (Fig. 3.4c). The 

subsurface layer of nitrate-rich water from Changjiang River plumes propagated eastward, 

but the nutrients were not exhausted due to the insufficient light intensity. Turbid surface 

water containing the suspended matter limits the light penetration into the subsurface layer 

and may inhibit the consumption of nutrients [Isobe and Matsuno, 2008]. Thus, a 

distribution with a negative relation between the nitrate and salinity was observed in the 

study area even though it was far from the Changjiang Estuary. The layer between 20 and 

40 m around the nitracline, i.e., around the boundary of the mixing line, which can be used 

to discriminate between CDW and KSSW, was a mixed layer of high and low N/P ratio 

water. It can be inferred that this area is a complicated layer that is associated with two 

major nutrient supplies around the SCM from different sources, even allowing for the 

interannual variation of CDW expansion. 
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3.3. Snapshot measurements 

3.3.1. Vertical nutrient flux 

Water sampling and turbulence measurements were conducted concurrently at 20 

stations during the three cruises. Turbulence measurement data obtained at G1 (2010, 

2011) and B3 (2010) during the tracing of a satellite-tracked drifting buoy were included 

in the calculation of the flux, in addition to measurements along the zonal and meridional 

sections. Nitrate and phosphate gradients, vertical eddy diffusivity, vertical nitrate flux, 

and phosphate flux averaged within the nitracline at each station are given in Table 3.1.  

We divided the observation sites into three groups according to the N/P ratio within 

the nitracline. The groups LNP and HNP were defined previously and MNP were defined 

as medium N/P ratio within the nitracline, where the N/P ratio was between 15 and 20. The 

mean value and 95% confidence interval (CI) in each group were calculated by the 

bootstrap method. The mean N/P ratio in each group was 12.4 (11.2−13.6), 16.8 

(15.7−18.0), 45 (33−61), respectively (hereafter, the mean is written with the 95% CI in 

parentheses). 

The nitrate gradient at the nitracline had ranged from 0.41 (B3, 2010)~2.22 (MD7, 

2010) mmol m-4 , i.e., within one order of magnitude. However, vertical eddy diffusivity 

within the nitracline had a large range of 1 (G1, 2010)~72 (MD7, 2009) × 10-6 m2 s-1 and 

the vertical nitrate flux also had a correspondingly large range of 0.09 (G1, 2010)~3.65 

(MD7, 2009) mmolN m-2 d-1. The nitrate flux was not definitely proportional to vertical 

eddy diffusivity, for example, the nitrate flux is not large due to the small vertical nitrate 

gradient even with large vertical eddy diffusivity exceeding 10-5 m2s-1 in case of station 

KD2, 2010, but it was more strongly influenced by vertical diffusion than the nitrate 
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gradient, when comparing the variation range of both the nitrate gradient and vertical eddy 

diffusivity. 

It was observed that variation in the vertical eddy diffusivity and nitrate flux had a 

strong effect on the variation of the N/P ratio (Fig. 3.5). Vertical eddy diffusivity and nitrate 

flux are large for LNP, but small for MNP and HNP. In detailed values shown in Table 3.1, 

the calculated nitrate flux in this area ranged from 0.09 to 3.65 mmolN m-2 d-1, and the 

mean and 95% CI of the flux were 0.84 (0.44−1.35) mmolN m-2 d-1. For each individual 

group: the nitrate flux ranged from 0.96 to 3.65 mmolN m-2 d-1, with a mean of 2.05 

(1.36−2.85) mmolN m-2 d-1 for LNP, 0.09 to 0.77 mmolN m-2 d-1, with a mean of 0.45 

(0.27−0.61) mmolN m-2 d-1 for MNP, 0.09 to 0.49 mmolN m-2 d-1, with a mean of 0.22 

(0.14−0.33) mmolN m-2 d-1 for HNP. The calculated nitrate fluxes exceeded 0.96 mmolN 

m-2 d-1 for LNP. However, the fluxes for HNP did not exceed 0.49 mmolN m-2 d-1 and the 

mean flux was about one-nineth of that for LNP. 

Nitrate-based flux is a major nutrient source for new production around the SCM 

aside from being influenced by CDW. Assuming the validity of the Redfield ratio (C:N ~ 

6.6) for phytoplankton and carbon atomic mass, an average flux of 0.84 (0.44−1.35) 

mmolN m-2 d-1 would support a new production of 67 mgC m-2 d-1. Although the turbulent 

nitrate flux has a locally large variation, this mean flux is the largest flux so far reported in 

the ECS when compared to other studies with direct measurements of turbulence [Liu et 

al., 2013; Shiozaki et al., 2011], and the new production was similar to that reported at the 

shelf region of the southern ECS using the nitrogen assimilation method [Chen et al., 1999], 

even though it would include other nitrogen sources from horizontal advection and 

atmospheric input. 
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At the sites where the N/P ratio was low at the nitracline, the average flux of 2.05 

(1.36−2.85) mmolN m-2 d-1 was considerable, but not as large as the largest flux published 

to date, which was estimated at the continental slope of the upwelling region [Schafstall et 

al., 2010]. Comparing the new production estimated by the nitrate flux with a few reported 

observations [Gong et al., 2003; Liu et al., 2013; Shiozaki et al., 2011] and model results 

[Liu et al., 2010], the value presented here was large, despite being far from the estuary. In 

order to quantify the proportion of new production generated by the turbulent nitrate flux, 

we estimated primary production using the data in conjunction with hydrographic and 

biological measurements in our study area, as described in the following section. 

3.3.2. Primary production 

The IPP had a wide range of 339~1606 mgC m-2 d-1 and was similar range with 

other reported summer IPP in the northern ECS [Chen et al., 1999, Yoon et al., 2012, Gong 

et al., 2003, Kwak et al., 2013]. In the estimation of IPP and IPPS, there may be an 

uncertainty in the IPP at MD7 (2009) and CLON7 (2009) stations due to the unknown 

attenuation coefficient. The attenuation coefficients for MD7 and CLON7 (2009) were 

substituted with those of nearby stations due to the low PAR intensity. 

Phosphate is a limiting factor in nitrate-rich estuaries, while nitrate is more 

important in the offshore region nearside of the Kuroshio. Therefore, the turbulent nutrient 

flux contributing to the IPPS is shown as the ratio of the nitrate and phosphate fluxes 

divided by IPPS, in which the N/P ratio is low (medium) and high (Table 3.2), respectively. 

The mean ratios of primary production estimated by the nutrient flux to IPPS were 0.99 

(0.37−1.61) for LNP, 0.31 (0.05−0.67) for MNP, and 0.03 (0.02−0.05) for HNP. Although 

the ratio has a large variation even within the LNP and MNP group, mean ratio was 
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generally large for the LNP compared with the HNP and MNP (Fig. 3.6). The ratio 

occasionally exceeded 1 (MD7, 2009, and CK6, MD4, and G1, 2011), namely when the 

turbulent nutrient flux surpassed the IPPS, partly due to the rough conversion of primary 

production from the transient nutrient flux. Although instantaneous turbulence 

measurements did not clearly indicate a representative (or mean) value during a day due to 

the small number of samples, there is likely to be a considerable level of nutrients supplied 

to the SCM by the turbulent nutrient flux for LNP. 

To sum up the results of snapshot measurements, the estimated vertical nutrient 

flux had a strong tendency according to the N/P ratio. The difference of mean vertical eddy 

diffusivity and vertical nutrient flux between LNP and HNP (MNP) was significant. While, 

in the estimation of primary production, even though IPPS has a large variation of 28~1089 

mgC m-2 d-1, ensemble mean of IPPS for each group of N/P ratio had a small variation. 

Accordingly, the ratio of vertical nutrient flux to IPPS had a significant difference between 

LNP and HNP (MNP). Consequently, the magnitudes of the vertical eddy diffusivity, 

nutrient flux caused by vertical mixing, and consequent contribution to IPPS were large for 

LNP, whereas small for HNP and MNP (Fig. 3.7). This indicates that large nutrient flux by 

vertical mixing from the lower layer lowers the N/P ratio within the nitracline and 

contributes to the primary production around the SCM. 

3.4. Time series measurements 

As previously stated, the vertical nutrient fluxes during the snapshot measurements 

sometimes exceeded the IPPS (Fig. 3.6). This might be misleading of no regenerated 

primary production in some LNP stations. However, we do not think there is no regenerated 

PP in those stations because it is exaggerated daily flux attributed from instant snapshot 
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measurement of Kz when it was much larger than daily mean. If it is possible to estimate 

the vertical nutrient flux and IPPS during the time series measurements, it could make up 

the inconvenient problem resulted from this large variability of vertical nutrient flux. 

The estimation of vertical nutrient flux during times series measurement more than 

24 hours can be expected to yield more reasonable value, yielding ensemble mean flux 

through the time series rather than a snapshot flux multiplied by 86400 as daily mean, 

therefore, enhances the reliability of the concept which holds the large contribution of 

vertical nutrient flux to IPPS for LNP argued from the snapshot measurements. 

3.4.1. Filling up the nutrient data 

In this section, to make up for the uncertainty of snapshot measurements, we 

examine the time series of nutrient flux. We obtained time series of microstructure with 

repeated cast of TurboMAP every hour (2010 and 2011) or every two hours (2009) for a 

few days. However, caused by limitation of working on board, CTD and water sampling 

was limited (Table 3.3), particularly at night time, resulting in small number of nutrient 

data during the time series. To compensate for the limitations of nutrient measurements, 

we tried to estimate the profile of nutrient concentration from temperature.  

The nitrate concentration is sometimes correlated with the temperature below the 

nitracline in mid-shelf waters as suggested by Omand et al., [2012]. Liu et al. [1990] more 

credibly showed subsurface water in the Kuroshio linearly increasing nitrate and phosphate 

concentrations with decreasing temperature. Considering that the Kuroshio comes into 

contact with the shelf water of the northern ECS [Matsuno et al., 2009], this linear 

relationship would be helpful to unveil the nutrient concentrations using the temperature 
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profile. During the limited observations made on board the vessel, we found a linear 

relationship between the nitrate/phosphate concentration and temperature during each 

cruise, as shown in Fig. 3.8. The relationship between the nitrate/phosphate concentration 

and temperature was roughly linear within the nitracline for the data obtained during each 

period (Table 3.4) The relationship must have large variations in time and space, therefore 

we used the linear relationship between temperature and nitrate/phosphate concentrations 

case by case in each period. The regression was conducted individually for two periods in 

each year due to the changing of sites during the measurements. To compensate for the 

small number of nutrient samples due to the limited observations, linear regressions with 

variance were estimated using the bootstrap method. 

3.4.2. Vertical nutrient flux 

Vertical profiles of nutrient concentrations within the nitracline were reproduced 

every hour from temperature measurements using the linear regression between the 

temperature and nitrate/phosphate concentration. Hourly mean vertical nutrient fluxes were 

investigated during the time series (Fig. 3.9). The vertical nitrate and phosphate fluxes are 

calculated for LNP and HNP, respectively, to counteract the nutrient limitation. The N/P 

ratios during each period are determined from a few water samplings made during time 

series measurements. The vertical nutrient flux had large variation between O (10-3) and O 

(100) mmolNm-2h-1 during the observation period. Large flux events exceeding O (10-1) 

mmolNm-2h-1, for example, Jul. 19 04:00 and Jul. 20 04:00, 2010 and Jul. 18 00:00 and 

22:00, 2011, frequently found during LNP more than HNP is thought to enlarge the vertical 

nutrient flux and lower the N/P ratio. 
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3.4.3. Primary production 

Hourly IPPS was estimated using the method described in the previous section. 

Unknown photosynthetic parameters were adapted from the nearest station. Hourly PP-NF 

was also estimated to compare the IPPS. We finally calculated the integration of the 

nutrient flux and IPPS during a day. Ensemble mean with variance during each period of 

time series measurements, is shown in Table 3.5. The averaged N/P ratio within the 

nitracline was also calculated during each period. Definitely the nutrient flux for LNP is 

larger than for HNP to the extent of an order of magnitude, while just two or three samples 

for each group. The mean flux for LNP is over three times greater than for HNP. Large 

fluxes for LNP have consistency with results of snapshot measurements. The contribution 

of the flux to primary production for MNP was calculated from both PP-NF and PP-PF. 

An estimation of the contribution of flux during period 1 of 2009 was impossible because 

chlorophyll a data was not available due to a malfunction of the fluorescence sensor. On 

the other hand, in the case of period 2 of 2009, the contribution of the nutrient flux was 

likely to be overestimated due to the estimations being made only during a third of the day 

in essence (10 p.m. July 22−10 a.m. July 23), rather than over a full day. The value 0.11 

should be corrected to less than half under the assumption of IPPS during the full day.  

Estimated values of the contribution indicated a relatively large contribution of the 

nutrient flux to new production by vertical mixing for LNP compared to HNP. If we 

considered the directly measured f-ratio of 0.25-0.42 in summer except for upwelling 

region, as suggested by Chen et al. [2001], the vertical nitrate flux is considerably 

responsible for the new supply of nutrients, especially in the two periods of LNP, 2011 

when the deep SCM is formed. 
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PP-NF, i.e., the new production of nitrate supply caused by vertical mixing, was 

more than the IPPS (almost zero) during the nighttime and less than the IPPS during the 

daytime. Because the nutrient supplied by upward fluxes may have exceeded the uptake 

capacity of phytoplankton, excess nutrients supplied during the nighttime may be utilized 

in the daytime as reported by Sharples et al. [2007]. 

3.4.4. Vertical chlorophyll flux 

Diffusion is the net movement of molecules or atoms from a region of high 

concentration to a region of low concentration. Therefore, it is worth to consider the 

movement of chlorophyll as well as nutrients by diffusion. We tried to estimate a reduction 

in primary production by chlorophyll erosion within the nitracline.  

The chlorophyll flux was calculated by multiplying vertical eddy diffusivity with 

the vertical gradient of chlorophyll a concentration using Fickian diffusion theory, 

F=−Kz∂C/∂z, same as the calculation of vertical nutrient flux. The chlorophyll flux was 

calculated within the nitracline but adjusted upper boundary to the depth of SCM. The 

chlorophyll flux has a negative value, a downward flux, and exports from the upper layer 

to the lower layer within this interval. 

To convert chlorophyll flux into a primary production, we assume a constant 

C:chlorophyll a ratio of 40 for SCM phytoplankton [Holligan et al., 1984, Williams et al., 

2013]. Primary productions converted from the calculated chlorophyll fluxes were showed 

in Table 3.6 with nutrient fluxes for comparison. The percentages of chlorophyll flux to 

nutrient flux were 18, 14, 20, 11, 7 for period 2 of 2009, period 1 and 2 of 2010, and period 

1 and 2 of 2011, respectively. The mean percentage was 13, that is, the nutrient flux was 
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seven times more than the chlorophyll flux. Despite some uncertainty about the 

C:chlorophyll a ratio, the chlorophyll flux derived from the vertical mixing was small 

compared to the nutrient flux. 
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Tables 

Table 3.1 Calculated nitrate gradient (∂NO3
-/∂z), vertical eddy diffusivity (Kz), vertical 

nitrate flux (NF), vertical phosphate flux (PF), and mean N/P ratio within the nitracline. 

The numbers in parentheses denote the 95% confidence interval 

Station 
∂NO3

-/∂z 

 (mmol m-4) 

∂PO4
-/∂z 

(mmol m-4) 

Kz 

(×10-6 m2 s-1) 

NF 

(mmolN m-2 d-1) 

PF 

(mmolP m-2 d-1) 
N/P ratio 

MD7, ’09 0.59 0.021 72 3.65 0.127 12.9 

CLON7, ’09 0.83 0.006 35 2.48 0.017 14.7 

CLON5, ’09 0.66 0.009 17 0.96 0.013 13.2 

MD5, ’10 0.89 0.063 24 1.82 0.130 10.9 

CK6, ’11 0.80 0.054 23 1.61 0.109 10.0 

MD4, ’11 0.95 0.055 22 1.80 0.104 12.8 

mean 0.79(0.69-0.88) 0.035(0.018-0.055) 32(21-50) 2.05(1.36-2.85) 0.083(0.035-0.121) 12.4(11.2-13.6) 

MD1, ’09 1.08 0.036 8 0.77 0.025 15.7 

MD7, ’10 2.22 0.124 3 0.49 0.027 16.7 

CLON4, ’10 0.63 0.017 8 0.45 0.013 18.7 

KD2, ’10 0.51 0.020 13 0.55 0.021 18.5 

G1, ’10 0.86 0.046 1 0.09 0.005 15.5 

G1, ’11 0.52 0.047 8 0.36 0.044 15.8 

mean 0.97(0.57-1.54) 0.048(0.026-0.093) 6.8(3.3-10.5) 0.45(0.27-0.61) 0.023(0.011-0.034) 16.8(15.7-18.0) 

MD5, ’09 1.09 0.029 4 0.34 0.009 93 

MD3, ’09 0.63 0.003 9 0.49 0.003 51 

CLON3, ’09 0.64 0.024 2 0.13 0.005 35 

CLON1, ’09 0.52 0.009 3 0.15 0.003 46 

MD3, ’10 1.04 0.063 2 0.16 0.010 34 

MD1, ’10 0.51 0.023 2 0.09 0.004 34 

B3, ’10 0.41 0.029 5 0.17 0.012 35 

MD3, ’11 0.53 0.024 4 0.19 0.009 29 

mean 0.67(0.52-0.85) 0.026(0.013-0.039) 3.9(2.4-5.6) 0.22(0.14-0.33) 0.007(0.004-0.010) 45(33-61) 
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Table 3.2 

Depth of SCM, integrated primary production within the euphotic zone (IPP), primary 

production converted from the nitrate flux (PP-NF) in case for LNP and MNP, primary 

production converted from the phosphate flux (PP-PF) in case for HNP, a ratio of the 

nutrient flux to integrated primary production within the vicinity of SCM (IPPS), and the 

N/P ratio within the nitracline. The numbers in parentheses denote the 95% confidence 

interval 

Station 
Depth of SCM 

(m) 

PP-NF or PP-PF 

(mgC m-2 d-1) 

IPP 

(mgC m-2 d-1) 

IPPS 

(mgC m-2 d-1) 

PP-NF/IPPS(LNP) 

PP-PF/IPPS(HNP) N/P ratio 

MD7, ’09 18 289 *1123 *189 1.70 12.9 

CLON7, ’09 7 196 *1308 *914 0.24 14.7 

CLON5, ’09 12 76 1482 735 0.11 13.2 

MD5, ’10 23 144 1096 252 0.64 10.9 

CK6, ’11 29 128 339 64 2.23 10.0 

MD4, ’11 29 143 904 154 1.03 12.8 

mean 20(12-26) 163(113-234) 1042(721-1329) 385(136-664) 0.99(0.37-1.61) 12.4(11.2-13.6) 

MD1, ’09 11 61 1141 1089 0.06 15.7 

MD7, ’10 17 39 816 126 0.34 16.7 

CLON4, ’10 7 36 993 619 0.06 18.7 

KD2, ’10 23 44 549 206 0.24 18.5 

G1, ’10 15 7 1188 372 0.02 15.5 

G1, ’11 27 29 413 28 1.12 15.8 

mean 17(11-23) 36(20-50) 850(632-1051)  407(148-735) 0.31(0.05-0.67) 16.8(15.7-18.0) 

MD5, ’09 12 11 701 329 0.04 93 

MD3, ’09 16 4 715 376 0.01 51 

CLON3, ’09 18 6 939 324 0.02 35 

CLON1, ’09 19 4 506 59 0.07 46 

MD3, ’10 23 13 736 435 0.03 34 

MD1, ’10 8 5 1606 986 0.01 34 

B3, ’10 9 15 786 351 0.05 35 

MD3, ’11 24 11 1070 612 0.02 29 

mean 16(11-20) 9(6-11) 882(684-1173) 434(272-662) 0.03(0.02-0.05) 45(33-61) 
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Table 3.3 Summary of observation time during time series measurement 

 

Period or measurement time 

Turbulence Nutrient concentrations 

2009 

16:00 19 - 14:00 21 July 

6:00 22 - 8:00 23 July 

(every two hours) 

12:00 20 

10:00 21 

14:00 22 

12:00 23 July 

2010 

1:00 19 - 18:00 21 July 

13:00 22 - 17:00 23 July 

(every hour) 

12:00 19 

12:00 20 

12:00 22 

6:00 23 

8:00 23 

12:00 23 July 

2011 

22:00 16 - 14:00 19 July 

9:00 20 - 16:00 21 July 

(every hour) 

13:00 17 

12:00 18 

12:00 21 

13:00 21 July 
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Table 3.4 

Linear regression between the temperature and nitrate/phosphate concentration during the 

observation period 

 

Period 1 Period 2 

Regression of NO3 (mmolm-3) / 

Regression of PO4 (mmolm-3) 
Period 

Regression of NO3 (mmolm-3) / 

Regression of PO4 (mmolm-3) 
Period 

2009 









C)7.24T(                        0

)C7.24T( 1.053T-5.9952
 

R = 0.95 / 









C)1.22T(                      0

)C1.22T( 0.045T-.9940
 

R = 0.73 

16:00 19 Jul. 

- 14:00 21 Jul. 









C)8.21T(                        0

)C8.21T( 1.640T-5.8193
 

R = 0.97 / 









C)22T(                        0

)C22T( 0.0481T-.0581
 

R = 0.65 

6:00 22 Jul. 

- 8:00 23 Jul 

2010 









C)1.14T(                        0

)C1.14T( 6.316T-9.0198
 

R = 0.74 / 









C)3.14T(                       0

)C3.14T( 0.465T-.6276
 

R = 0.82 

1:00 19 Jul. 

- 18:00 21 Jul. 









C)9.13T(                        0

)C9.13T( 5.851T-1.1678
 

R = 0.88 / 









C)3.14T(                       0

)C3.14T( 0.272T-.8943
 

R = 0.78 

13:00 22 Jul. 

- 17:00 23 Jul. 

2011 









C)9.13T(                        0

)C9.13T( 3.843T-3.2915
 

R = 0.95 / 









C)7.13T(                       0

)C7.13T( 0.203T-.7842
 

R = 0.93 

22:00 16 Jul. 

- 14:00 19 Jul. 









C)1.14T(                        0

)C1.14T( 4.910T-9.0456
 

R = 0.98 / 









C)4.13T(                       0

)C4.13T( 0.523T-.0227
 

R = 0.99 

9:00 20 Jul. 

- 16:00 21 Jul. 
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Table 3.5 

Estimated PP-NF and PP-NF/IPPS in case for LNP, PP-PF and PP-PF/IPPS in case for 

HNP, both PP-NF and PP-PF, PP-NF/IPPS and PP-PF/IPPS in case for MNP, and the 

corresponding N/P ratio during the observation period in time series measurements 

 

Period 1 Period 2 

PP-NF or 

PP-PF 

(mgC m-2 d-1) 

PP-NF/IPPS or 

PP-PF/IPPS 

 

N/P 

ratio 

PP-NF or 

PP-PF 

(mgC m-2 d-1) 

PP-NF/IPPS or 

PP-PF/IPPS 

 

N/P 

ratio 

2009 24 - 
HNP 

(33.3) 
38 †0.11 

HNP 

(29.0) 

2010 73 (65-82) 0.26 (0.21-0.31) 
LNP 

(11.4) 

60 (56-66) 

49 (46-53) 

0.28 (0.20-0.36) 

0.23 (0.16-0.32) 

MNP 

(16.0) 

2011 170 (160-178) 0.48 (0.44-0.52) 
LNP 

(13.9) 
67 (58-75) 0.18 (0.15-0.20) 

LNP 

(13.9) 

† See text about the relatively high value as HNP. 
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Table 3.6 

Estimated vertical nutrient flux (PP-NF or PP-PF) and chlorophyll flux (PP-CF) during the 

observation period in time series measurements. Both nutrient flux and chlorophyll flux 

are converted to primary production for comparison between them. PP-NF in case for LNP, 

PP-PF in case for HNP is in same use shown in Table 3.4 

 

Period 1 Period 2 

PP-NF or PP-PF 

(mgC m-2 d-1) 

PP-CF 

(mgC m-2 d-1) 

PP-NF or PP-PF 

(mgC m-2 d-1) 

PP-CF 

(mgC m-2 d-1) 

2009 24 - 38 7 (2-16) 

2010 73 (65-82) 10 (7-13) 
60 (56-66) 

49 (46-53) 
12 (11-13) 

2011 170 (160-178) 18 (17-19) 67 (58-75) 5 (4-6) 
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Figures 

 

Fig. 3.1 Vertical structures of salinity (a, b), density (c, d), and fluorescence (e, f) calibrated 

with the chlorophyll a, nitrate (g, h), and phosphate concentrations (i, j) along CDW 

expansion in two horizontal sections, KC (left panel) and CK (right panel) transects, 2009. 

The colored areas representing the levels of nitrate and phosphate concentrations are fitted 

to match the Redfield ratio (N:P = 16:1). The horizontal axis is expressed as the distance 

from the south of Cheju Island on the same latitude.  
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Fig. 3.2 Vertical distribution of N/P ratio from all water samples. 
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Fig. 3.3 Vertical profiles of salinity, nitrate, chlorophyll a, and vertical eddy diffusivity 

(Kz) at stations where turbulence measurements were made when the N/P ratio was low (a) 

and high (b) within the nitracline. Vertical eddy diffusivity is presented on a log scale.  
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Fig. 3.4 Relationship between the depth of the subsurface chlorophyll maximum (SCM) 

and the upper boundary of the nitracline (a), and the lower boundary of the pycnocline (b) 

combined for all stations. The color indicates the N/P ratio within the nitracline at each 

station. The relationship between the nitrate concentration and salinity collected from all 

profiles in accordance with the N/P ratio (c) and sampling depth (d). The dashed line is the 

hypothetical mixing line for two end members (∂NO3
−/∂S = −4.6).  
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Fig. 3.5 Calculated nitrate gradient (blue), vertical eddy diffusivity (Kz, green) and nitrate 

flux (F, red) for individual station. 
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Fig. 3.6 Contribution of vertical nutrient flux to IPPS for each station. Each station is 

arranged from low to high according the N/P ratio.
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Fig. 3.7 Mean (circle) and 95% confidence interval (dotted line with two solid lines) of 

vertical eddy diffusivity (Kz) (black), primary production converted from the nitrate flux 

(red), primary production converted from the phosphate flux (blue) and the ratio of the 

nutrient flux to IPPS (green) for LNP, MNP, and HNP. The 95% confidence intervals for 

vertical eddy diffusivity and fluxes were calculated by the bootstrap method. 
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Fig. 3.8 Relationship between the temperature and nitrate/phosphate concentrations during 

each period. A linear regression was fitted only within the nitracline.  
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Fig. 3.9 Time series of vertical nitrate flux (black circle) and phosphate flux (open circle), 

IPPS (green circle), and primary production converted from the vertical nitrate flux (red 

circle) and phosphate flux (blue circle). The vertical nitrate flux and converted primary 

production were presented only for LNP, the vertical phosphate flux and converted primary 

production were presented only for HNP, and both nitrate and phosphate fluxes and 

converted primary productions were presented for MNP. The green circles are plotted first, 

and then black, open, red, and blue circles are overlapped in turn for period 2 of 2010. The 

phosphate flux was multiplied by 16 to compare the magnitude of nitrate flux intuitionally. 

Thick gray lines indicate the time when water samplings were made during the time series 

measurements of turbulence. 
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4. Discussion 

4.1. Observed turbulence driving considerable nutrient supply into the 

SCM 

Vertical profiles of ε, the squared buoyancy frequency N2, and vertical eddy 

diffusivity Kz of snapshot measurements are shown in Fig. 4.1-4.5. The magnitude of ε 

varied vertically between O (10-10) and O (10-6) Wkg-1, while a strong turbulent dissipation 

was found frequently at subsurface and above the bottom, having a magnitude sometimes 

exceeding O (10-7) Wkg-1. Coincidently, the Kz showed similar vertical distribution pattern 

to ε. Large values of Kz were found frequently around the subsurface layer, such as around 

11 m at station CLON7, 2009 and around 12 m at station CLON5, 2009, around 12 m at 

station MD5, 2010, around 14 m at G1, 2011 and 20−30 m above the bottom of almost 

stations with the magnitude exceeding 10-4 m2s-1.  

Meanwhile, focused on the turbulence within the nitracline, the magnitude of Kz 

varied between O (10-5) and O (10-3) Wkg-1 at LNP stations (MD7, CLON7, CLON5, 2009, 

and MD5, 2010, and CK6, MD4, 2011), larger than those of other stations with the 

magnitude between O (10-6) and O (10-5) Wkg-1 consistent with the mean values as shown 

in Table 3.1. This results explain that large nutrient flux from the lower layer enhances the 

supply of phosphate rich water and lowers the N/P ratio. 

Based upon the results of turbulence measurements, two possibilities are 

considerable resulting in large Kz and vertical diffusion flux. One of large turbulence 

occurred at subsurface layer might be attributed to the internal waves frequently observed 

in the shelf region of the East China Sea. Lee et al., [2006] showed that internal wave-

induced mixing and tidal friction could be responsible for the dissipation enhancement at 
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these depths. Our measurement also showed the large ε at subsurface, such as station 

CLON7 and CLON5, 2009. Large ε is a clue for large Kz and vertical diffusion flux and 

this is not attributed to low value of N2 unless the water is occasionally mixed within the 

pycnocline. 

The other is overlapping the nitracline with the upper bottom boundary layer which 

is vigorous turbulence layer induced by bottom stress due to tidal currents as reported by 

Matsuno et al., [2005, 2009], when a relatively deep SCM is formed closer to the bottom 

boundary layer. Those locations might be related with the interannual variation of 

temperature structure which is one of main components for the primary production as well 

as light and nutrients. 

4.2. Physical processes providing a nutrient supply for new production 

We attempted to estimate the nutrient supply resulting in primary production at the 

continental shelf of the ECS. Two major sources act on the nutrient supply through 

different processes. One is CDW, by horizontal advection, and the other is KSSW or 

subsurface water on the shelf by vertical mixing and advection in physical processes. 

Precipitation, and biochemical processes such as nitrogen fixation and nitrification within 

the euphotic zone, could also be sources of nutrient supply leading to new production. In 

this study, we focused on the turbulent nutrient flux supplied into the SCM because vertical 

mixing could be a key process providing a nutrient supply, if there is no horizontal input 

of nutrients from CDW. 

Significant difference of the contribution of the nutrient flux to IPPS between HNP 

and LNP pointed out that nutrients have been sufficiently supplied by vertical mixing 
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regardless of horizontal advection considering the N/P ratio by means of observation result 

which reflects the present condition. The ratios of nutrient flux to IPPS for LNP indicate a 

sufficient contribution of nutrient supply by vertical mixing, but most HNP stations had 

extremely small ratios (Table 3.2). The time series measurements also showed a similar 

feature (Table 3.4). While, there exists small contribution of flux for a few LNP stations, 

which forms shallow SCM. There might be other nutrient supplies to satisfy the large IPPS 

despite large supply of the vertical nutrient flux. The small contribution for HNP and 

shallow SCM in LNP stations indicate that the horizontal movement of CDW might be 

considered to have a major role in the nutrient balance. 

Meanwhile, upwelling brings not only saline water but also nutrients, resulting in 

enhanced primary production. Matsuno et al. [2006] suggested that the salinity increase 

during the passage of low pressure measured with the Lagrangian method in CDW could 

not be explained without significant vertical advection, and showed that vertical mixing 

was of insufficient magnitude to explain the increase in salinity. The amount of nutrients 

supplied by vertical advection under calm conditions is uncertain, but sporadic events such 

as a tropical depression can have a significant effect on nutrient supply from the lower 

layer. As suggested by Siswanto et al. [2008], sporadic events could lead to significant 

primary production with vertical advection, and could influence primary production in the 

surface layer, which has been detected by satellite remote sensing. On the other hand, a 

SCM is commonly found even under calm conditions, during which vertical advection 

would not play an important role in the salinity change in the surface layer, as suggested 

by Matsuno et al. [2006]. Because the nitracline exists down to 40 m, it is not clear if 
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Ekman transport by surface divergence affects the vertical migration of intermediate water 

around the nitracline. 

4.3. Uncertainties in the estimation of nutrient flux and primary 

production 

Our estimation contained uncertainties in the estimation of nutrient flux and 

primary production. One of the uncertainties was the measurement of the nitrate gradient 

for calculating the nitrate diffusion flux. Water sampling was conducted with depth 

intervals of 10 m, and therefore the nitrate concentrations between the individual sampling 

depths were unknown. To obtain a more detailed vertical structure, another measurement 

was made to acquire the fine structure of nitrate and chlorophyll a concentrations. Fig. 4.6 

shows the vertical profile of the nitrate concentration, chlorophyll a concentration, vertical 

eddy diffusivity, and diffusion flux calculated for broad and narrow depth bins from 

standard and fine CTD measurements and water sampling using the Kz with every meter. 

A positive nitrate flux indicates an upward flux. The nitrate gradient in narrow depth bins 

was larger than in broad depth bins at both stations. The fluxes were more precisely 

estimated from 1.61 to 1.94 mmolN m-2 d-1 at station CK6, 2011 and from 0.36 to 0.53 

mmolN m-2 d-1 at station G1, 2011. This means that our previous calculation 

underestimated the fluxes by about 20 % and 47 % at CK6 and G1, 2011, respectively. It 

is likely that the vertical flux could be larger than that calculated from the measurements, 

although the nitrate flux calculated with the usual sampling interval was compared with 

flux calculated using a finer sampling structure at just two stations. 

Gross production is usually converted to net production by multiplying by between 

0.7 and 0.9 to exclude the respiration of phytoplankton. We selected 0.9 as the value of the 
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coefficient to evaluate how much the nutrient flux contributes to primary production at 

least. Nutrient supplies with vertical mixing, advection, and horizontal inputs only 

contribute to the new production within the subsurface layer, i.e., regeneration by 

autotrophic phytoplankton is unknown in IPP. In other words, our estimated IPP includes 

some portion of regenerated primary production besides considerable new supply by 

vertical mixing and small new supply by other processes for LNP. The f-ratio, the ratio of 

new production to total production (new production plus regenerated production), must 

vary between different observation sites despite being not identified in our estimation of 

new production. Accurate values of the net production rate and f-ratio are important 

estimating precise new production for comparison with the vertical nutrient flux, but the 

calculated flux and primary production showed that a significant amount of the nutrient 

supply is derived from vertical mixing. 

The C:chlorophyll a ratio vary with species of phytoplankton and availability of 

light and nutrients [Cullen, 1982]. Thus, the ratio would surely change with the locality 

and water depth. Chang et al., [2003] estimated the C:chlorophyll a ratio of 67.4 at shelf 

zone of the ECS, very close to our observation area, but sampled at 5 m. If the 

phytoplankton above the chlorophyll maximum is light-saturated and possibly nutrient-

limited, C:chlorophyll a ratio will be higher near the surface. He also suggested the ratio 

of 36.1 at 40 m depth. This value is well within the 10-52 range reported for the subsurface 

chlorophyll maximum [Furuya, 1990, Christian and Karl, 1994, Holligan et al., 1984]. 

Considering our calculation layer of 10-30 m for chlorophyll flux, it is appropriate to 

determine the adopted ratio with 40, but its accuracy needs further verification. 
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4.4. Consistency of vertical eddy diffusivity 

In snapshot measurements, the discordance between the turbulence measurement 

and the estimation of primary production has to be considered before discussing the 

contribution of the vertical nutrient flux to new production. The turbulence measurement 

at each station was a snapshot, whereas we estimated primary production with daily 

integration. It is not certain that a snapshot measurement of turbulence is representative of 

a full day and it is not known how long the intensity of Kz lasts. Because of the large 

variability of Kz, it is difficult to estimate the magnitude of daily Kz throughout the period 

necessary for the daily estimated primary production. Thus, we used a statistical approach 

to investigate the consistency and range of Kz through successive observations (time series 

measurements). 

What was the difference between the observed Kz and daily estimate? To answer 

this, we investigated the ratio of the observed Kz and mean Kz within a certain time interval. 

First, we calculated the mean Kz at a fixed time interval (observed time ± 2, 4, 6, 8, 10, 12 

hrs) as many as possible in whole time series during each year and determined the 

distribution, median, and 0% and 75 % quantiles of the relative ratio (Fig. 4.7). The median, 

and the interval between the quartiles, increased with the increasing time interval due to 

the larger difference between the observed and mean Kz with a larger number of samples. 

A large variation of Kz could yield more than a 10-fold difference. The 3rd quartile of the 

ratio indicated that most of variation (75%) was less than 10-fold (or 1/10-fold). Based on 

the median, the ratios were fixed at under 4-fold (or 1/4-fold) especially for ± 12 h 

consistency. Therefore, the observed Kz was significant within a 4-fold variation in the 

daily estimation. Daily variation of the observed Kz (< 4-fold) is less than the variation of 
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Kz between LNP and HNP (> 8-fold). This means that the results, vertical nutrient flux is 

much larger in LNP than HNP, from snapshot measurements should be significant, 

according to the statistical evaluation with time series measurements. 
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Figures 

 

Fig. 4.1 Vertical profiles of dissipation rate of turbulent kinetic energy (ε), square of 

buoyancy frequency (N2), vertical eddy diffusivity (Kz) in MD transect in 2009. The thick 

line and shaded area indicates the mean and 95 % confidence interval, respectively. 

Horizontal axis is presented on a log scale. The cyan rectangle is the layer of nitracline. 
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Fig. 4.2 Same as fig. 4.1, but CLON transect in 2009 
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Fig. 4.3 Same as fig. 4.1, but MD transect in 2010. 
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Fig. 4.4 Same as fig. 4.1, but other TurboMAP stations in 2010. 
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Fig. 4.5 Same as fig. 4.1, but all TurboMAP stations in 2011.  
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Fig. 4.6 Vertical profiles of vertical eddy diffusivity (Kz), nitrate concentration, chlorophyll 

a concentration, and the vertical nitrate flux in coarse and fine measurement structures at 

CK6 and G1, 2011, respectively. Vertical eddy diffusivity is plotted on a log scale.  
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Fig. 4.7 The median (x marker), and 0% and 75 % quantiles of the relative ratio of the 

observed and mean vertical eddy diffusivity (Kz) within a fixed time interval in 2009 (red), 

2010 (black) and 2011 (blue). The marker (o) shows the distribution of the relative ratio. 

The Y axis reflects the relative ratio between the observed and mean Kz (observed Kz/mean 

Kz when observed Kz > mean Kz and mean Kz/observed Kz when observed Kz < mean Kz). 
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5. Conclusion 

Extensive observations including hydrology, water samplings, and turbulence 

measurements, were conducted on summer cruises during the period 2009−2011 in the 

continental shelf region of the northern ECS. 

Nutrients used for new production were supplied from different sources and driving 

pathways of water mass in this area. Thereafter, the characteristic N/P ratio would change 

according to nutrient composition, and the N/P ratio could be an indicator originating from 

a unique water mass or nutrient source. Nitrate-rich water appeared occasionally due to the 

influence of CDW, even at the subsurface, and phosphate-rich water appeared due to the 

movement of the KSSW or subsurface water on the shelf. A relatively shallow SCM was 

located within the nitracline when the riverine input of nutrients was large, while a deep 

SCM was located slightly above the nitracline when the vertical supply of nutrients was 

large. The magnitudes of the nutrient flux caused by vertical mixing, vertical eddy 

diffusivity, and consequent contribution to IPPS were small, with a high N/P ratio within 

CDW expansion, whereas those were large, with a low N/P ratio, when the nutrient supply 

of KSSW was from the lower layer. A large diffusion flux accounted for most of the 

nutrient supply in the vicinity of the SCM resulting in LNP, while nutrients from CDW, 

supplied through horizontal advection are presumably used in the case of HNP. 

Considering the nutrient sources were unique to individual water masses, an approach 

based on the N/P ratio would suggest a clue for nutrient supply from the lower layer. 

To compensate for the inconvenient comparison between turbulent flux and 

primary production with snapshot measurements, the variations in the nutrient flux and 
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primary production over 4 days were calculated from the time series measurements. Time 

series measurement showed a consistency about the large contribution of vertical nutrient 

flux to IPPS for LNP corresponding to snapshot measurement. This notable difference 

between the HNP and LNP fluxes was statistically significant. Because the difference is 

larger than the statistical range of Kz within which values from snapshot measurements. 

This study focused on quantifying nutrient flux caused by vertical mixing with direct 

turbulence measurements and comparing them with the consequent primary production in 

the vicinity of the SCM, which was obtained by simultaneous biological measurements. 

As a result, we conclude that nutrient flux caused by vertical mixing makes an important 

contribution to the supply of nutrients to the SCM, despite some uncertainties in estimating 

the nutrient flux and new production. 
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