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ABSTRACT

The northern East China Sea (a.k.a., “The South Sea”) is a dynamic zone that exerts a variety of effects on the marine 
ecosystem due to Three-Gorges Dam construction. As the northern East China Sea region is vulnerable to climate forcing and 
anthropogenic impacts, it is important to investigate how the remineralization rate in the northern East China Sea has changed 
in response to such external forcing. We used an historical hydrographic dataset from August 1997 to obtain a baseline for fu-
ture comparison. We estimate the amount of remineralized phosphate by decomposing the physical mixing and biogeochemi-
cal process effect using water column measurements (temperature, salinity, and phosphate). The estimated remineralized 
phosphate column inventory ranged from 0.8 to 42.4 mmol P m-2 (mean value of 15.2 ± 12.0 mmol P m-2). Our results suggest 
that the Tsushima Warm Current was a strong contributor to primary production during the summer of 1997 in the study 
area. The estimated summer (June - August) remineralization rate in the region before Three-Gorges Dam construction was  
18 ± 14 mmol C m-2 d-1.
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1. INTRoDuCTIoN

The continental shelf, the interface between land and 
the open ocean, acts as a biogeochemical reactor that effi-
ciently transforms the bulk of terrigenous material entering 
its waters into marine chemicals through the combined ef-
fects of physical mixing, chemical processing, and vigorous 
biological activity (Liu et al. 2010). While the continental 
shelf covers only a tiny fraction of the world’s ocean, it has 
received considerable scientific attention because the “con-
tinental shelf pump”, which describes the processes that 
draw down atmospheric CO2 into shelf waters, is expected 

to change rapidly as human activities increase (Tsunogai et 
al. 1999; Gruber 2015).

The East China Sea (ECS) is one of the largest mar-
ginal seas and more than 70% of its area lies over conti-
nental shelf (waters < 200 m in depth) (Wang et al. 2000). 
The northern ECS (nECS, locally called the South Sea) is 
oceanographically dynamic (Fig. 1). Here, the combined ef-
fects of heat and salt are transported into the Yellow and the 
East/Japan Seas via the Tsushima Warm Current (TWC), 
which is a branch of the Kuroshio Current system (Um-
ezawa et al. 2014). The massive nutrient load provided by 
the Changjiang River leads to high biological production in 
the central ECS ecosystem (Zhai and Dai 2009; Chou et al. 



Kim et al.956

2013). During the summer, southerly winds drive Changji-
ang Discharge Water (CDW) into the nECS. CDW then en-
ters the East/Japan Sea through the Korea Strait along with 
the TWC (Cho et al. 1997). The Yellow Sea Bottom Cold 
Water (YSBCW), which forms through winter cooling in 
the Yellow Sea, extends a considerable distance into the 
nECS (Lie 1984; Gong et al. 1996). The atmospheric CO2 
sink (air to sea) during the summer in the nECS is signifi-
cant (Wang et al. 2000; Shim et al. 2007; Kim et al. 2013a). 
All of these processes suggest that the summer in this region 
is particularly dynamic due to both active physical mixing 
and biogeochemical processes.

In spite of what is known it has become apparent that 
our present knowledge of nECS water column biogeochem-
ical processes is insufficient for understanding what is oc-
curring in this changeable environment. The Three-Gorges 
Dam (TGD), which spans the Changjiang River, was re-
cently completed (July 2012). One study reported that the 
TGD (before and after the first filling phase in June 2003) 
caused central ECS primary production to decrease by 86% 
between 1998 and 2003, illustrating the strong influence of 
the Changjiang River system (Gong et al. 2006). Hence, the 
TGD’s effect on the nECS marine ecosystem is now an im-
portant issue to both Korean and Chinese marine science 
communities (Gong et al. 2006; Jiao et al. 2007; Kim et al. 
2009). A detailed understanding of the physical and bio-
geochemical processes associated with CDW prior to TGD 
construction is necessary to evaluate the constructions an-
thropogenic effects. Observations from summer months are 

best suited to address this issue, as CDW is largely found in 
the nECS (Kim et al. 2005) during the summer. Dissolved 
inorganic phosphate (DIP) is an ideal variable for furthering 
our understanding of CDW cycles in the nECS.

Despite being a non-conservative parameter, DIP, the 
dominant phosphorus species in seawater, has relatively 
simple source (i.e., river input and remineralization) and 
sink (i.e., biological uptake and sediment burial) pathways 
in the marine environment (Tyrrell 1999). For this reason 
DIP has been widely used as a tracer to determine ocean cir-
culation and biogeochemical processes (e.g., tracing ocean 
conveyor systems and estimating the remineralization rates) 
(Broecker and Peng 1982; Broecker 1991; Sarmiento and 
Gruber 2006). DIP is an essential ocean variable (http://ioc-
goos-oopc.org/obs/ecv.php) measured routinely on scien-
tific research cruises.

The main goals of this research are to (1) estimate 
the quantities of remineralized phosphate using an histori-
cal summer hydrographic dataset of observations obtained 
before TGD construction and (2) infer the nECS summer 
remineralization rate.

2. STuDy AREA AND DATA

The study area from 30 - 34°N, 124 - 127°E in the 
nECS (Fig. 1) is described using a hydrographic cruise 
conducted from 25 August to 01 September 1997 on the 
R/V Tam-Yang. Seawater temperature (T) and salinity (S) 
were measured at 39 stations using the SBE 911 plus CTD  

Fig. 1. Map illustrating the study area and locations observed in the August 1997 dataset. Black dots indicate hydrographic stations used in the 
analysis. Arrows indicate schematic flow of the end-members [CDW, TS(M)W, and YSBCW] used for the water mass analysis. The orientation 
of the arrows indicating water mass flows are based on the water mass mixing ratio distribution. CDW: Changjiang Discharge Water, TS(M)W: 
Tsushima Surface (Middle) Water, and YSBCW: Yellow Sea Bottom Cold Water. (Color online only)

http://ioc-goos-oopc.org/obs/ecv.php
http://ioc-goos-oopc.org/obs/ecv.php
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(conductivity-temperature-depth meter; Sea-Bird Electron-
ics, Inc., Bellevue, WA, USA) outfitted with a rosette sam-
pler. Seawater samples were collected in rinsed 125-mL 
media bottles for nutrient analysis. Approximately 20-mL 
aliquots were filtered through 0.2 μm pore-size syringe 
filters for nutrient analysis after discarding the first 5 mL 
to rinse the filter. The remaining samples were frozen in  
15-mL plastic centrifuge tubes until analysis. Nutrient sam-
ples were analyzed within one week of the cruise. Nutrient 
concentrations were measured using an Alpkem continuous 
flow auto-analyzer (Kranj, Slovenia). We used T, S, and 
DIP data for our analysis.

3. METhoDS
3.1 Estimation of Remineralized Phosphate

As physical mixing and biogeochemical processes de-
termine the characteristics of oceanic parameters (Anderson 
and Sarmiento 1994; Kim et al. 2013b), measured DIP con-
centrations ([DIP]measured) can be expressed as (Fig. 2):

[ ] [ ] [ ]DIP DIP DIPmeasured mixing remineralized= +  (1)

where [DIP]mixing is the amount of DIP contributed by physi-
cal mixing, and [DIP]remineralized is the amount of DIP regener-
ated by remineralization. Here, [DIP]mixing was estimated as 
follows:

[ ] [ ]xDIP DIPmixing i ii
n
1 EM$= =/  (2)

where xi represents the relative mixing ratio among n dif-
ferent end-members that participate in the physical mixing 
process in the study area, and [DIPEM]i is the defined DIP 
end-member characteristics. Physical mixing ratio estima-
tion is explained in section 3.2. Combining Eq. (2) with  
Eq. (1), [DIP]remineralized is estimated as:

[ ] [ ]x[DIP] DIP DIPremineralized measured i ii
n
1 EM$= - =/  (3)

3.2 Estimation of Physical Mixing Ratios
3.2.1 Physicochemical Characteristics of the  

End-Members

As T and S are generally conservative parameters, 
not influenced by biological activity, a T-S diagram can be 
used for water mass analysis. Here, physical mixing in the 
study is described by the combination of four different end-
members (Fig. 3): high T and low S water (EM1), low T 
and low S water (EM2), low T and high S water (EM3), 
and high T and high S water (EM4). Due to its characteris-
tic freshwater (S ≈ 0), we defined EM1 as CDW (Gong et 

al. 1996). EM2 was defined as YSBCW because during the 
summer this water mass, which is typically characterized by  
T < 10°C and S < 33.7, extends to near Jeju Island in the 
nECS (Zhang et al. 2008; Park et al. 2011). Tsushima Warm 
Water (S > 34.5) is the dominant water mass occupying 
the surface and mid-depth levels in the study area, but its 
high vs. low T characteristics differs with depth (Chen et 
al. 1995; Chen 1996). EM3 and EM4 are therefore defined 
as Tsushima Middle Water (TMW) and Tsushima Surface 
Water (TSW), respectively.

DIP concentration in CDW was extrapolated from the 
relationship between DIP and S by Tian et al. (1993). Di-
lution of the CDW due to low nutrient ambient seawater 
mixing is fairly well described using a DIP linear regression 
as a function of salinity (i.e., DIP [μmol L-1] = 0.019 × S + 
0.799, within salinity range of 0 < S < 25) (Tian et al. 1993). 
We assigned a DIP concentration of 0.02 μmol L-1 to TSW 
and TMS to reflect these Kuroshio waters with very low 
DIP concentration (Chen 1996). The DIP concentration in 
YSBCW was assigned a value of 0.4 μmol L-1, as adopted 
from Chen (1996). The physicochemical characteristics of 
each defined end-member are summarized in Table 1.

3.2.2 The Four End-Member Mixing Model

As described above four different end-members in 
the study area were distinguished through the definition 
of their physical characteristics (Fig. 3 and Table 1). The 

Fig. 2. Conceptual diagram used to estimate the quantity of reminer-
alized phosphate ([DIP]remineralized). Red solid line indicates measured 
phosphate ([DIP]measured). Black dash-dot line represents the phosphate 
concentration contributed by physical mixing among the different wa-
ter masses ([DIP]mixing). The quantity of [DIP]remineralized is computed as 
the difference between [DIP]measured and [DIP]mixing from the depth (a) 
where [DIP]measured is greater than [DIP]mixing to the bottom (b). (Color 
online only)
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four end-member mixing models developed by Chen et al. 
(1995) were used to estimate the mixing ratios of different 
end-members providing a physically sensible representation 
of the physical mixing processes in the shelf region. Here, 
we briefly describe the four end-member mixing models. 
The basic assumption is that the observed data are the result 
of mixing by the four different end-members constrained 
by mass conservation ( x 1ii 1

4 ==/ ). The model calculates 
the fractions between the distances from the observed data 
(P) on the T-S diagram to the projected positions (P1 - P4) 
perpendicular to each side of the tetragon and the distances 
from the projected positions (P1 - P4) to each end-member 
(A, B, C, and D) defined on the T-S diagram (Fig. 3). The 
fractions are presented as mixing ratios (xi). Based on Fig. 3 
the mixing ratios of each end-member are expressed math-
ematically as:
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where the distances PP1 - PP4 are the distances between P 
and P1 - P4, and the distances P1A - P1B, P2B - P2C, P3C - P3D, 
and P4A - P4D are the distances between the positions P1 - P4 

Fig. 3. Temperature-salinity diagram with associated sigma-t (green contour lines) for the study area observed in August 1997. Red stars represent 
the four end-members used for the water mass analysis (A, B, C, and D) and describe the four corners of a tetragon. The positions P1 - P4 lie along 
lines that are perpendicular to the sides of tetragon and pass through point P. The distances PP1 - PP4 discussed in the text (section 3.2.2) are the 
distances between P and P1 - P4, while the distances P1A - P1B, P2B - P2C, P3C - P3D, and P4A - P4D are the distances between the positions P1 - P4 
and each corner of the polygon. (Color online only)

EM Temperature (°C) Salinity Phosphate (μmol L-1)

CDW 28.0 ± 0.14 0.00 ± 0.00 0.80 ± 0.04

TSW 28.0 ± 0.13 34.67 ± 0.35 0.02 ± 0.01

TMW 14.8 ± 0.07 34.67 ± 0.35 0.02 ± 0.01

YSBCW 9.0 ± 0.04 33.30 ± 0.33 0.40 ± 0.01

Table 1. Physicochemical characteristics of the end-members (EM) used 
to calculate water mass mixing and to estimate remineralized phosphate 
in the northern East China Sea.

Note:  CDW: Changjiang Discharge Water, TS(M)W: Tsushima Surface (Mid-
dle) Water, YSBCW: Yellow Sea Bottom Cold Water.
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and each corner of the polygon. The details are described in 
Chen et al. (1995). A schematic representation of the flow of 
the end-members is included on the station map based on the 
distributions of the end-member mixing ratios (Fig. 1).

3.2.3 Limitations on Physical Mixing Ratio Estimation

We estimated the physical mixing ratios of the four dif-
ferent end-members (CDW, TSW, TMW, and YSBCW) us-
ing the physicochemical characteristics (Table 1) and the four 
end-member mixing models. The end-member definitions 
are critical to physical mixing ratio estimation because the 
ratios can be under- or overestimated if inappropriate infor-
mation is used in the mixing model. To validate the estimat-
ed mixing ratios a correlation analysis was performed com-
paring observed T(S) to estimated T(S) [ x T(S)i ii 1

4
EM$= =/ , 

where T(S)EMi are T(S) characteristics of the end-members]. 
The correlation coefficients were > 0.9 throughout the water 
column. In addition, the influence of variation in the end-
member characteristics within the standard deviations on 
the mixing ratio results was < 5%. However, potential error 
could occur in terms of the defined end-member character-
istics, so we emphasize that the end-member characteristics 
defined for our analysis are only valid in the study area for 
the summer of 1997.

4. REsuLts and discussion
4.1 Magnitude of Remineralized Phosphate

The discrete [DIP]measured concentrations from the 1997 

summer cruise in the nECS were vertically interpolated in 
depth space using a second order polynomial curve fitting 
function. The observations were extrapolated on average to 
within 2 m of the bottom (Fig. 2). Equation (3) was used to 
decompose the vertical profile of [DIP]measured into [DIP]mixing  
and [DIP]remineralized for each hydrographic station (Fig. 4). 
The concentration of [DIP]measured was depleted (i.e., [DIP]
mixing > [DIP]measured) in the mixed layer due to high biological 
activity at the surface. Below the mixed layer, [DIP]remineral-

ized increased with depth, indicating that organic matter de-
composition was active in the water column (i.e., downward 
flux) and at the sediment surface (i.e., upward flux) (Krom 
and Berner 1981). Assuming that DIP is regenerated from 
the water column and surface sediments, the column inven-
tory of [DIP]remineralized can be estimated as:

( ) [ ] dz[DIP] mmol m DIP2
remineralized
inventory

remineralizeda

b=- #  (8)

where a is the depth where [DIP]measured > [DIP]mixing, and b 
is the bottom depth. We mapped the spatial distribution of 
[DIP] remineralized

inventory  (Fig. 5).
During the summer of 1997 in the nECS, the 

[DIP] remineralized
inventory  magnitude ranged from 0.8 (Sta. C05 lying 

in the path of CDW) to 42.4 (Sta. B14 southeast of Jeju 
Island) mmol P m-2 (mean: 15.2 ± 12.0 mmol P m-2). The 
largest [DIP] remineralized

inventory  values (i.e., greater than the mean) 
were mainly distributed around Jeju Island, corresponding 
to the TWC (TSW + TMW) distribution (Fig. 1), where-
as low magnitude [DIP] remineralized

inventory  (i.e., less than the mean) 

Fig. 4. Vertical profiles of [DIP]measured (black solid lines) with [DIP]mixing (black dotted lines) and [DIP]remineralized (gray areas) for each hydrographic 
station in the study area. The discrete [DIP]measured concentrations were vertically interpolated in depth space using a second order polynomial curve 
fitting function and were then extrapolated to the bottom depth. (Color online only)
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was predominantly distributed in the region influenced by 
CDW (Fig. 5). This result would seem to oppose the idea 
that CDW is the main driver stimulating primary production 
in the nECS as has been previously suggested (Chou et al. 
2013; Tseng et al. 2014).

To better understand the juxtaposition of our results 
with earlier findings, other datasets were sought. One advan-
tage of satellite-based chlorophyll-a information is that it can 
be used to infer primary production over a large area at a par-
ticular time (Falkowski et al. 1998). Here, the satellite-based 
summer chlorophyll-a concentrations provided by SeaWiFs 
(Sea-viewing Wide Field-of-view Sensor) in the nECS were 
used to estimate primary production in the region. As Sea-
WiFs was launched in August of 1997, just missing our ob-
servation window, the mean August chlorophyll-a distribu-
tion during the 1998 - 2002 period (before the first filling 
phase of TGD in Jun 2003) was used for comparison (Fig. 6).  
The distribution shows that chlorophyll-a concentrations 
were high near the CDW source region. High primary pro-
duction was driven by a massive nutrient load through the 
Changjiang River system. However, its influence was gener-
ally confined within the coastal region near the mouth of the 
Changjiang River (Chen et al. 1995), where most of the DIP 
was consumed by phytoplankton growth. In addition, par-
ticulate organic phosphorus (POP) may have been substan-
tially removed by adsorption to suspended sediments as they 
sank to the bottom (Milliman et al. 1985). Shown here as an 
example, the brown color reproduced from a pseudo-color 
image from August 1999 suggests that suspended sediments 
were abundant and that this suspension is confined to the 
region near the mouth of the Changjiang River (see Fig. 7). 

Meng et al. (2015) recently showed that DIP concentrations 
dramatically decrease (~3.0 → 1.0 → 0.5 μmol L-1) as salini-
ty increases (upstream to the mouth of the River and beyond, 
seaward: ~0 → 10 → 25), indicating strong DIP removal 
associated with the decreasing supply of POP (see their  
Fig. 3). All of these results support the hypothesis that rapid 
removal of organic phosphorus occurs near the Changjiang 
River mouth and the distance of our study area from the 
CDW source region (~300 km, Fig. 1) may bias our conclu-
sion that the CDW influence on [DIP] remineralized

inventory  is small. In 
summary, the summertime physical properties of CDW were 
traced within the study area. The biogeochemical influence 
of CDW was not especially large, most likely due to rapid 
biological uptake in the source region. Thus, based on the 
distribution of [DIP] remineralized

inventory  magnitude, it is likely that the 
TWC maintained primary production during the summer of 
1997 in the study area. An interesting extension would be to 
investigate whether this balance in controls varies according 
to spatiotemporal variability in CDW influence.

4.2 Inferred Remineralization Rate

In the previous section, we estimated [DIP] remineralized
inventory  

(mmol P m-2) and discussed its spatial distribution. Here, 
[DIP] remineralized

inventory  provides an opportunity to estimate the 
remineralization rate (RR) in terms of carbon (C) by multi-
plying it by the C/P (RC/P = 106) Redfield ratio. This calculation 
assumes that [DIP] remineralized

inventory  resulted from the downward 
flux in primary production from the depth where [DIP]measured 
> [DIP]mixing during summer (June - August) in the study area. 
This assumption is based on summer water mass composition 

Fig. 5. Spatial distribution of estimated column inventory (mmol P m-2) of [DIP]remineralized in the study area. (Color online only)
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maintenance in the region (Chen et al. 1995; Chen 1996; Kim 
et al. 2005) as well as the small differences in satellite-based 
primary production estimates during the summer season 
(June - August). Thus, summer RR is estimated as:

# summer period

RR (mmol C m d ) [DIP] R
1

remineralized
inventory

90 days

2 1
C/P 106#=- -

=

=

^ ^
c

h h
m  (9)

RR magnitude ranged from ~1 (Sta. C05) to 50 (Sta. B14) 
mmol C m-2 d-1 (mean: 18 ± 14 mmol C m-2 d-1 in the study 
area).

Primary production was not measured in the study area 
before TGD construction, but a summertime estimate ob-
served in June - July 1998 is available for the entire ECS 
(mean: ~80 mmol C m-2 d-1) (Gong et al. 2003). In addi-
tion, we have the SeaWiFs satellite-based mean summer 
(June - August) primary production estimate for the period 
of 1998 - 2002: ~120 mmol C m-2 d-1. Assuming that the 
estimated RR is derived mainly from the downward flux 
of primary production (i.e., remineralization rate ≈ export 
production), these two estimates can be used to obtain an 
estimated range for the e-ratio (export production/prima-
ry production; Sarmiento and Gruber 2006) in the nECS,  

Fig. 6. Distribution of mean SeaWiFS August chlorophyll-a concentrations during 1998 - 2002 in the northern East China Sea. (Color online only)

Fig. 7. A pseudo-colored image to estimate spatial distribution of suspended sediments in August 1999. The brown color suggests abundant sus-
pended sediments. (Color online only)
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0.15 ± 0.12 - 0.23 ± 0.18. Note that the estimated e-ratio 
could be considered an upper e-ratio limit in the study area. 
The e-ratio is approximately equal to the f-ratio (Dugdale 
and Goering 1967). The f-ratio is defined as the ratio of new 
production divided by primary production, so often this re-
lationship is called the ef-ratio (Laws et al. 2000; Sarmiento 
and Gruber 2006). Our estimated summer ef-ratio in the 
nECS before TGD construction is comparable to the global 
mean of 0.21, which is characterized as a mesotrophic-eu-
trophic condition (ef-ratio = 0.18 - 0.36) [see Table 4.4.2 in 
Sarmiento and Gruber (2006)].

5. concLusions

We estimated the quantities of remineralized phos-
phate in the water column during the summer in the nECS 
in a snapshot study using hydrographic observations from 
August 1997. The remineralized phosphate column inven-
tory was estimated to range from 0.8 to 42.4 mmol P m-2 
(mean: 15.2 ± 12.0 mmol P m-2). The highest values were 
distributed in the regions strongly influenced by the TWC, 
indicating that the TWC contributed to primary produc-
tion in the study area, at least during the summer of 1997. 
The summertime remineralization rate estimated in terms 
of C was 18 ± 14 mmol C m-2 d-1. The estimated ef-ratio 
was 0.15 - 0.23, suggesting that the summertime nECS was 
characterized as being under mesotrophic-eutrophic condi-
tions (ef-ratio = 0.18 - 0.36) before TGD construction. As 
the nECS shows substantial vulnerability to external forc-
ing, further studies should investigate how the ef-ratio has 
changed since our study after TGD construction.
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