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Abstract. A three dimensional coupled biophysical model layer (mainly at the outer shelf and shelf break in winter and
was used to examine the supply of oceanic nutrients to thén the region offshore of the Changjiang estuary in summer)
shelf of the East China Sea (ECS) and its role in primarybut also in the subsurface layer over the shelf from spring to
production over the shelf. The model consisted of two parts:autumn.

the hydrodynamic module was based on a nested model with
a horizontal resolution of 1/18 degree, whereas the biological

module was a lower trophic level ecosystem model including )

two types of phytoplankton, three elements of nutrients, andl ~ Introduction

biogenic organic material. The model results suggested that N o o )
seasonal variations occurred in the distribution of nutrientsin addition to receiving the terrestrial input of nutrients,
and chlorophyllz over the shelf of the ECS. After compari- Marginal seas also receive nutrients from the open ocean
son with available observed nutrients and chlorophylata, (hereafter referred to oceanic nutrients) through cross-shelf
the model results were used to calculate volume and nutrient&/ater exchange. Over a timescale of several decades, terres-
fluxes across the shelf break. The annual mean total fluxe§fial inputs are affected by both anthropogenic activities and
were 1.53 Sv for volume, 9.4 kmot4 for DIN, 0.7 kmol st climate change, while oceanic nutrients are mainly affected
for DIP, and 18.2 kmols! for silicate. Two areas, north- DY climate change. Quantifying the oceanic nutrient flux and
east of Taiwan and southwest of Kyushu, were found to peevaluating its role in driving primary production in marginal
major source regions of oceanic nutrients to the shelf. Al-Seas therefore addresses two key issues in understanding the
though the onshore fluxes of nutrients and volume both hadpotential influences of climate change on these economically
apparent seasonal variations, the seasonal variation of the oRd ecologically important ecosystems.

shore nutrient flux did not exactly follow that of the onshore ~ The East China Sea (ECS) is one of the major marginal
volume flux. Additional calculations in which the concentra- seas of the northwestern Pacific (Fig. 1). Many rivers, in-
tion of nutrients in Kuroshio water was artificially increased cluding the Changjiang River (Yangtze River), provide a sub-
suggested that the oceanic nutrients were distributed in th&tantial input of freshwater and nutrients into adjacent seas
bottom layer from the shelf break to the region offshore of (Zhang, 1996). On the other hand, the ECS also receives
the Changjiang estuary from spring to summer and appearewatel' and associated nutrients from the South China Sea
in the surface layer from autumn to winter. The calculationsthrough the Taiwan Strait, for which the volume transport is
also implied that the supply of oceanic nutrients to the shelfgreater than river discharge into the ECS by as much as two
can change the consumption of pre-existing nutrients fromorders of magnitude (Isobe, 2008). In addition to the Tai-
rivers. The response of primary production over the shelf towan Strait, Chen (2008) suggested that the upwelling of the

the oceanic nutrients was confirmed not only in the surfaceSouth China Sea water on the western side of the Kuroshio
in the ECS is also a possible pathway for the nutrients trans-
ported from the South China Sea to the ECS. The Kuroshio

Correspondence tax. Guo in the ECS flows along the shelf break (see 200-m isobath
m (guoxinyu@sci.ehime-u.ac.jp) in Fig. 1), and the onshore volume transport of the Kuroshio
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_— do. Zhang et al. (2007b) revisited this calculation using data

soen %,,,} e R Vatjang R ’w | collected in summer and winter, and confirmed that nutrients

Haihe R ﬁ 2@ (‘? supplied by Kuroshio subsurface water intrusion onto the

Bohai SeaQy S r shelf were important in both seasons, particularly for phos-

38N oW <0 o JHan R. “*»:\ p=n phate. These findings are supported by the distribution over

wwar® P @ the shelf of a passive tracer released only in the Kuroshio re-

360N 7 N gion east of Taiwan in a three dimensional numerical model
Fhushima St (Guo et al., 2006).

Although oceanic nutrients have been shown to be impor-
tant to the nutrient budget of the ECS (Chen and Wang, 1999;
Zhang et al., 2007b), it is still unknown whether they are

32°N A Ghangjiang K reaqlily utiIi_ze(_j_by phytopla_nkton over the shelf. If _oceanic
i nutrients significantly contribute to primary production over
200N 4 the shelf in the ECS, we should clarify where and when pri-
mary production supported by oceanic nutrients occurs. In
i this study, we applied a three dimensional numerical bio-
28°N physical model to examine the onshore flux of oceanic nutri-
1 i ents across the shelf break, paying special attention to its spa-
2N _Minjiang R %@ﬁ tial distribution along the shelf break, and to examine where
| AORN A, and when the primary production over the shelf in the ECS
) y“)‘ e responds to oceanic nutrients.
24N = Téiwaﬁ?tzb After configuring the model (described in Sect. 2), we

compared the model results (nutrients and chlorophyll
with observational data and examined the nutrient flux across
Hwe ECS shelf break by presenting its spatial distribution
wet deposition of nutrients are denoted by stars; and observatlo(*’?llong the shelf break and its seasonal variations. This work
stations for the data used in Fig. 8 are denoted by crosses. Rel$ described in Sect. 3. We changed the concentration of nu-
means data number less than 10, blue means data number betwelf{gnts in the Kuroshio water, and reran the simulations to
10 and 40, and green means data number more than 40. Number&kamine changes in concentrations of nutrients and chloro-
contours are isobaths in meters. The 200-m isobath along the sheffhyll a over the ECS shelf and in the onshore nutrient flux

break is overlapped by a line with dots and numbers, across whictacross the shelf break. This is described in Sect. 4. Finally,
the fluxes of volume and nutrients are calculated and presented iQye summarize this study in Sect. 5.
Figs. 9-11.

Fig. 1. Model domain and bathymetry. Rivers are denoted by dots

2 Model configuration and data sources
across the break has been reported to be of the same order

as the transport through the Taiwan Strait (Guo et al., 20060ur model consisted of two parts: a hydrodynamic module
Isobe, 2008). and a biological module. The hydrodynamic module pro-
There are strong seasonal variations in the spatial distrivided physical parameters, such as water temperature, ve-
bution of nutrients in the ECS (Chen, 2009). The concen-locities and diffusivity coefficients, to the biological module.
tration of surface nutrients in the ECS is high in winter, is The two modules were run simultaneously in coupled runs.
depleted in spring and summer, and reverts smoothly in au- The hydrodynamic module is based on the Princeton
tumn to the winter concentration (Wang, et al., 2003; Chen,Ocean Model (Blumberg and Mellor, 1987; Mellor, 2003)
2009). Such seasonal variations are tightly coupled to bi-and is configured with a nesting method to obtain a high hor-
ological processes such as phytoplankton blooms in springzontal resolution (1/18 degree) for the ECS, as described in
and summer and the remineralization of detritus in autumndetail by Guo et al. (2003). In the vertical direction, 21 sigma
as well as to physical processes such as summer stratificatidevels were used. Differences from the previous version were
and winter mixing. In addition, seasonal changes in inputs ofthe explicit inclusion of freshwater input from the sea surface
terrestrial nutrients from rivers and of oceanic nutrients fromand rivers and the addition of tidal forcing gVS,, K1 and
the Taiwan Strait and the shelf break are also important to theD; tides) along the lateral boundary (Wang et al., 2008).
concentration of nutrients in the ECS. The biological module (Fig. 2) is based on the biologi-
Using a box model, Chen and Wang (1999) calculated thecal part of NORWECOM (Aksnes et al., 1995; Skogen et
annual nutrient budget over the shelf of the ECS and sugal., 1995; Skogen and Sgiland, 1998) and is reconstructed
gested that the Kuroshio subsurface water has a more impofer the ECS. The model components include three elements
tant role in supplying nutrients onto the ECS shelf than riversof nutrients (dissolved inorganic nitrogen (DIN), dissolved
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Fig. 2. Schematic illustration of the biophysical model that has a hydrodynamic module and a biological module. The hydrodynamic module
is based on the Princeton Ocean Model (POM) (Mellor, 2003). The biological module includes three elements of nutrients (dissolved inor-
ganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and silicate (SIL)), two types of phytoplankton (diatoms (DIA) and flagellates
(FLA)), and two types of biogenic organic materials (dead organic matter containing nitrogen and phosphorus (DET) and biogenic silica
(SIS)). See text for the processes included in this module.

inorganic phosphorus (DIP), and silicate (SIL)), two types Here kg is the coefficient for clear watek; is the light atten-
of phytoplankton (diatoms (DIA) and flagellates (FLA)), and uation due to SPM absorptioGspwm is the satellite derived
two types of biogenic organic material (dead organic mattermonthly SPM concentration (Wang and Jiang, 20@8)is
(DET) and biogenic silica (SIS)). the self-shading by chlorophydl, Cchia(z) is the profile of
The biological module treats the water column and ben-simulated chlorophylk. The values of these parameters are
thic layer as two individual parts (Fig. 2). Biological pro- listed in Table 1.
cesses in the water column include photosynthesis, respira- The reason we included three nutrient elements is because
tion, and mortality of phytoplankton, and remineralization of any of them can limit primary production in the ECS. The
detritus, while those in the benthic Iayer include remineral-traditiona| idea is that primary production in the ECS is lim-
ization, denitrification, resuspension, and burial of detritUS.ited by DIN or DIP, depending on where observations are
The biological module also includes sinking of phytoplank- made (Wong et al., 1998; Liu et al., 2003). Recently, silicate
ton and detritus from the sea surface to the benthic layerwas also suggested as a potential limiting nutrient (Chen et
diffusion fluxes of nutrients from the benthic layer to the wa- g|., 2004; Zhang et al., 2007b).
ter column, nutrient inputs from rivers, and atmospheric dry Zooplankton are important in the ECS but were not in-
and wet deposition of nutrients at the air-sea interface. Thecluded in our biological module. If we directly include zoo-
gquations for the biochemical processes follow those giverblankton in our model, we need to consider two sizes of zoo-
in Aksnes et al. (1995), Skogen et al. (1995), and Skogeryankton (micro-zooplankton and macro-zooplankton) cor-
and Sﬂllan_d (1992_3). Parameters used in the equations (Tf?ésponding to the two sizes of phytoplankton. However, we
ble 1) for biochemical processes were based on the values igig ot find sufficient field data on the micro-zooplankton
the literature (Moll, 1998; Skogen and Moll, 2000; Wei €t 4y macro-zooplankton in our study area. This is the pri-
al., 2004), but were.adjuste_d.by.tnal and error. mary reason why we did not directly include zooplankton.
Because of the high turbidity in the ECS, not only chloro- 5, the other hand, the inclusion of zooplankton may intro-
phylla but also suspended particulate matter (SPM) was usegyce additional biological processes and parameters. As we
to Qeterm!ng the extinction coefficient of photosynthetically mentioned previously, our objective is to examine the on-
active radiationK). shore nutrient flux and its effects on primary production over
Z the shelf. To this end, zooplankton grazing on phytoplank-

k =ko+k1Cspm+ k2/ CcHLa(z)dz 1)
0
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ton can be partly taken into account by increasing the mor-
tality rate of phytoplankton in our model. Furthermore, the
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Table 1. Parameters used in the model simulation for the East China Sea.

Parameter description Value Unit

Diatom production maximum at 0 degree Celsius 1.33 1/day
Temperature dependent maximum production for diatoms 0.063 1/deg
Flagellate production maximum at O degree Celsius 1.05 1/day
Temperature dependent maximum production for flagellates  0.064 1/deg
Respiration rate at 0 degree Celsius 0.061 1/day
Respiration rate temperature dependence 0.064 1/deg
Phytoplankton death rate 0.123 1/day

Rate of decomposition of detritus 0.011 1/day
Photosynthetic active irradiance 0.4 /
Chlorophylla light extinction coefficient 0.0138 AimgCHLa
Extinction due to clean water 0.04 1/m
Extinction due to SPM 0.032 fy

Fraction of phosphate and nitrate in a cell 0.138 mgP/mgN
Fraction of silicate and nitrate in a cell 1.75 mgSi/mgN
Fraction of nitrate and Chlorophyilin a cell 8-11 mgN/mgCHLa
Half saturation constant of nitrogen for flagellates 1.2 mmofi/m
Half saturation constant of phosphate for flagellates 0.09 mméIP/m
Optimum light intensity for flagellates 60 Whn

Half saturation constant of nitrogen for diatoms 1.8 mmolR/m
Half saturation constant of phosphate for diatoms 0.115 mmaolP/m
Half saturation constant of silicate for diatoms 1.0 mmolSi/m
Optimum light intensity for diatoms 90 Win
Reference temperature for nutrient half saturation 12 deg

Rate of decomposition of silicate shells 0.0056 1/day
Sinking rate of detritus 2.0 m/day
Sinking rate of flagellates 0.25 m/day
Sinking rate of diatoms 0:32.0 m/day
Sinking rate of biogenic silica 2.0 m/day

contribution of nutrients to primary production can be con- at river mouths, at the open boundary and at the air-sea inter-
sidered as a bottom-up issue in a low trophic-level ecosysface for the biological module.
tem, for which the NPD type model used here is suitable calculation was started with an initial condition in win-
(Valiela, 1995; Sarmiento and Gruber, 2006). ter and was spun up for two years; the model results from
The model domain covers the Bohai Sea, Yellow Sea andhe third year were then analyzed. The initial conditions for
ECS with an open boundary along the southern and easthe three nutrient elements were given by referring to Chen
ern boundaries (Fig. 1). With the objective of reproducing (2009). Itis necessary to note that using the initial conditions
seasonal variation, the hydrodynamic module was driven byfrom the World Ocean Atlas 2005 (WOA2005) (Garcia et al.,
monthly river runoff, monthly heat flux, monthly evapora- 2006a, b) or from the Marine Atlas of Bohai Sea, Yellow Sea,
tion and precipitation rates, and monthly ocean currents aEast China Sea, Chemistry (Wang, 1991) did not change the
the open boundary. During model integration, the monthlyresults much, indicating the strong dependence of the model
data were linearly interpolated to every time step. The tidalresults on the open boundary conditions, which were from
currents were specified at the open boundary as described B{yOA2005. Runoffs from the ten major rivers (Fig. 1) were
Wang et al. (2008). A regression relation with 9 coefficientstaken from the Marine Atlas of Bohai Sea, Yellow Sea, East
(annual mean, every two harmonic constants for the annuaChina Sea, Hydrology (Chen, 1992). The concentrations of
period, for the semi-annual period, for the 4 month period, nutrients in rivers and the fluxes for atmospheric dry and wet
and for the 3 month period, respectively) in the Scatterome-deposition of nutrients were obtained from published data
ter Climatology of Ocean Winds (Risien and Chelton, 2008) (Zhang, 1996; Liu et al., 2009; Wan et al., 2002; Zhang et al.,
was used to describe the wind fields at every time step. Ii2007a). Solar radiation was calculated using the model given
order to reproduce the seasonal variations of nutrients antty Dobson and Smith (1988) and cloud cover data was from
chlorophylla, the same monthly conditions were prescribed the NCEP/NCAR reanalysis (Kalnay et al., 1996). Validation

Ocean Sci., 7, 2743, 2011 Www.ocean-sci.net/7/27/2011/
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Fig. 3. Horizontal distribution of simulated DIN (mmol¥) at the surface (2 m depth) and bottom layer (the deepest sigma layer) in four

seasons.
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3 Results

3.1 Temporal and spatial variations of nutrients and
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sults. For example, the concentration of DIN in winter in
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the Yellow Sea is higher in the model results (Fig. 3) than inshelf break, indicating a possible route of nutrient supply
observational results (Fig. 4). The physical explanation forfrom Kuroshio subsurface water.
such overestimation was a northward shift in the position of In general, not only nutrients but also light intensity, wa-
Changjiang diluted water due to the usage of climatologicalter temperature and stratification controlled phytoplankton
wind fields. The associated biochemical processes could bgrowth in the surface water. With increasing surface temper-
related to the satellite SPM concentrations in region offshoreatures in spring, the water column became stable, and high
of the Changjiang river mouth that were probably overesti-surface concentrations of chlorophylinitially appeared in
mated. The overestimation of SPM induced a lower underthe central region of the Yellow Sea during April (Fig. 5).
water light intensity and therefore a lower production rate of From April to September, the high-density surface chloro-
phytoplankton, which resulted in a somewhat higher concenphyll « area moved gradually to the coastal waters of the Yel-
tration of nutrients in the Changjiang diluted water. low Sea. Meanwhile, a band of high-density surface chloro-
In spring, surface DIN concentrations were similar to lev- phyll « was maintained from the western Yellow Sea to the
els observed in winter along the western coast of the ECS, butffshore region of the Changjiang estuary. In autumn (e.g.
they decreased sharply in the central Yellow Sea and from th@®ctober) slightly higher chlorophyl: values were found
middle to outer shelf of the ECS (Fig. 3c). In the bottom layer again in the central region of the Yellow Sea. In the area
(Fig. 3d), the DIN concentration decreased markedly in thefrom the Changjiang estuary to the ECS shelf break, a high-
Taiwan Strait but increased from north Taiwan to the middledensity surface chlorophydl area appeared first at the outer
shelf south of 30N; the bottom DIN also increased in the shelf (northeast of Taiwan) in winter (e.g., January), then
central Yellow Sea. The decrease in surface nutrients can bgradually moved to the inner shelf from spring to summer,
easily related to the intensification of biological activity and and remained offshore of the Changjiang estuary in autumn
the reduction of the nutrient supply from the bottom layer to (e.g. October). The Changjiang River provides not only nu-
the surface layer in spring. With increasing solar radiationtrients but also suspended sediments to the ECS. The reason
and weakening of winds from winter to spring, stratification for the relatively low chlorophylk levels in close proximity
in the ECS and Yellow Sea has developed by May. Thermato the estuary is the high turbidity caused by the amount of
stratification reduced the upward transport of nutrients fromsuspended sediments from the Changjiang River that signifi-
the bottom layer to the surface layer. At the same time, thecantly weakened subsurface light intensity.
dissolved nutrients released by remineralization of sinking
particulate organic matter in the bottom layer are kept there33.2 Vertical distribution of chlorophyll a and nutrients
causing an increase in DIN. In addition, the intensification of along a transect across the shelf break
the Kuroshio subsurface water intrusion in spring may also
influence the increase of DIN in the bottom layer over the There is an established transect in the ECS, called the PN
middle and outer shelves (Jacobs et al., 2000). line, where JMA has conducted hydrographic surveys for
In summer, the dispersal of nutrient-poor water (DIN more than 40 years. Usually, the survey is carried out four
<1 mmoln3) from the central area to coastal areas in thetimes a year, once per season. Here we first describe the
Yellow Sea and the offshore spreading of nutrient-rich wa-common features of nutrients and chlorophyih the obser-
ter (DIN >1 mmol n13) from the Changjiang estuary toward vational and model results (Figs. 6 and 7), then address the
Jeju Island in the ECS (Fig. 3e) caused a significant chang@ossible causes for the differences between the observational
in the surface layer. This feature is also found in Fig. 4. Theand model results. The observations are for nutrients (rep-
reduction of surface nutrients in the Yellow Sea can be eastesented by DIN) and chlorophyilaveraged in each season
ily explained by the intensification of stratification in sum- from 1965 to 2004, whereas the model results are the same
mer, while the mechanism of long distance offshore transporvariables but with monthly means from February, May, Au-
of nutrients from the Changjiang estuary has been given bygust and October, representing winter, spring, summer and
Isobe and Matsuno (2008). In the bottom layer, nutrients in-autumn, respectively.
creased in the northern shelf of the ECS (southwest of Jeju In winter, both nutrients and chlorophyilwere vertically
Island) but decreased in the offshore area of the Changjianfomogenous over the shelf due to intensive mixing. Nutri-
estuary and the northern part of the Yellow Sea (Fig. 3e andent concentrations were higher in the inshore side than the
f). According to Fig. 4, the nutrients within the bottom layer offshore side in the upper layer (water depth00 m). The
of the ECS shelf have higher concentrations in summer thamighest nutrient concentrations were found in the lower layer
in winter, which can be found in model results too. (water depth>100 m) from the shelf break to the open ocean,
In autumn, the concentration of surface DIN was low in and they are expected to be an important source of nutrients
the central Yellow Sea and over the middle and outer shelve$o the upper layer and middle shelf. Chlorophyltoncen-
of the ECS, with increased levels in the western and easttrations were high in the surface layer from the shelf break to
ern coasts of the Yellow Sea (Fig. 3g). In the bottom layerthe open ocean.
(Fig. 3h), nutrient-rich water was found from the central Yel- In spring, nutrients in the surface layer were quickly
low Sea to the northern shelf of the ECS, and as far as thelepleted with the advent of phytoplankton growth. This

Ocean Sci., 7, 2743, 2011 Www.ocean-sci.net/7/27/2011/
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occurred from the inshore side of the shelf to the shelf break, Although we can confirm the above features from both the
with the maximum chlorophyl: concentration occurring in  observational and model results, differences were also ap-
the surface layer or shallow subsurface layer. With changeparent. For example, the high chlorophyliconcentration
in phytoplankton production, the euphotic zone became shalebserved on the inshore side of the shelf in winter and au-
lower from the inshore side of the shelf to the shelf break, buttumn was not reproduced by the model. The high chlorophyll
became deep farther offshore. In the bottom layer, nutrienta concentration at the open ocean side was always found in
rich water could be identified from the inshore side of the model results but could not be confirmed in the observational
shelf to the shelf break. From the depth of the euphotic zonedata. In addition, the concentration of chlorophylin the
and the distribution of nutrients, it can be deduced that thesubsurface layer over the shelf in summer and the concen-
nutrient-rich bottom water contributes greatly to phytoplank- tration of nutrients below the subsurface layer from the shelf
ton growth. break to the open ocean side were generally higher in the
In summer, the concentration of surface nutrients de-model results than in the observational data. These funda-
creased and limited the growth of phytoplankton. With a mental differences may have been caused by either incom-
decrease in surface phytoplankton, the euphotic zone deepplete observational data specified along the open boundary or
ened and subsurface phytoplankton could utilize nutrients irthe incomplete structure of our biological module. Improve-
the deeper layer. Consequently, the subsurface chloraphyll ment of the former depends on the extent of data collection
maximum over the shelf appeared deeper in summer than ieast of Taiwan and within the Taiwan Strait, while the lat-
spring and the concentration of nutrients in the bottom layerter can be addressed by adding biological components such
decreased slightly. as zooplankton, or by including additional processes such as
In autumn, the concentration of surface nutrients recov-the microbial loop. Nevertheless, continuous effort to im-
ered slightly due to the intensification of surface mixing. prove model performance is necessary in the future.
Chlorophyll a still had a high concentration in the middle  Since we want to evaluate the onshore fluxes of nutrients
layer, indicating a persistent contribution of nutrient-rich bot- across the shelf break, we need to confirm that the incon-
tom water to subsurface primary production from spring to sistency between the model and observational results has no
autumn. serious influence on this evaluation. In Fig. 8, we plot all
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Fig. 6. Simulated (upper panels) and observed (lower panels) distributions of DIN (mf®latong the PN line in four seasons. Red lines
in the upper panels denote euphotic depth.
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Fig. 7. The same as Fig. 6 but for chlorophgl(mg m—3).

the available DIN and DIP data from JMA routine observa- trients across the shelf break of the ECS (defined by the 200-
tions around the shelf break (the station depth was betweem isobath in Fig. 1). The volume transport of onshore wa-
150 and 250 m, see Fig. 1 for position of stations) and theter (VH"+) and offshore water(H' ) at theith grid point
corresponding model results at the same places and for thalong the 200-m isobath as well as their corresponding nu-
same month and day as the observations. The observed ntrient fluxes FHZr andFH’ ) were calculated as follows:
trients around the shelf break show large variability and the A ,

model results represent this variability with an acceptableV Hy = Y u'‘dz*dx’ 2
precision, considering that the model was driven by clima- k=1M

tological forcing. Based on this comparison, the inconsis- : r :

tency between model and observational results that we preYHl— = Z utdzHdx ®)
viously mentioned should have no serious influence on the k=1u
calculation of nutrient fluxes that depend only on the simu- . ,,; ik ik g ik g

lated nutrient concentration along the 200-m isobath, more H, = Z CPlujdzrdx @)

- X T T k=LM
specifically, the line given in Fig. 1.

3.3 Seasonal and spatial variations in onshore fluxes of ¥
nutrients across the shelf break

Hi — Z Ci,kui_,kdzi,kdxi (5)

Here,u denotes onshore or offshore velocitls anddz are
Using flow velocity and nutrient concentrations from the horizontal and vertical intervals of grid points; denotes
model, we can calculate the onshore flux of water and nu-concentration of one nutrient element; subscripts + and
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DIN(mmol m?) and Zhang et al. (2007b) who used a box model for the ECS
shelf. For this reason, we first present total fluxes of water
30{ @ y=1.047x+2.43 and nutrients across the shelf break and then examine their
horizontal distributions along the 200-m isobath, which can-
not be given by a box model.

The volume of the Kuroshio onshore flux (\olVol_)
reached a minimum o0f0.5Sv (1Sv=10més1) in June
and a maximum of-3 Sv in November, displaying signifi-
cant seasonal variations (Fig. 9). The annual mean volume of
the Kuroshio onshore flux was estimated to be 1.53 Sv with
a standard deviation of 0.97 Sv. All are consistent with the
results calculated by a previous version of the hydrodynamic

observation

DIP(mmol m”) module (Guo et al., 2006), in which tidal currents were ex-
bs cluded and river discharge was not explicitly included.
b) L0 xt015 The Kuroshio onshore flux/; + F_) of DIN and DIP

(Fig. 9) generally followed the seasonal variation in volume
flux with the exception of from March to June. The fluxes
of DIN and DIP reached a minimum in March, not in June
when the minimum volume flux occurred. Afterward, they
increased gradually until November when they reached max-
imums of ~16.0 kmols? for DIN and ~1.1kmols?® for

DIP; this was the same as for the volume flux. The Kuroshio
onshore flux of silicate showed different seasonal variation
from those of volume, DIN and DIP. Silicate displayed a min-
imum in March as seen with DIN and DIP, but thereafter it in-
Fig. 8. Scatter plot of all the availablg) DIN and (b) DIP data ~ creased erratically. Before November when silicate reached
from routine JMA observations around the shelf break (see Fig. 1its maximum, we observed three peaks in the Kuroshio on-
for position of stations) and corresponding model results at the samghore flux of silicate.

places in the same month and same day as the observations. The annual mean of the Kuroshio onshore flux was
9.4 kmols ™ for DIN, 0.7 kmols™ for DIP, and 18.2 kmols!

for silicate; the standard deviation was 4.6 knmdlor DIN,
'0.4kmols ! for DIP, and 12.0 kmols! for silicate. The
annual mean values given here are on the same order as
those estimated by the box models: 10.7 kmblfor DIN,

observation

denote onshore velocity and offshore velocity, respectively
superscript andk are horizontal and vertical indexes for the
grid points, respectively; and is the total grid point number

" gei\ﬁgl(ﬁ::iglreg::;?ére and offshore fluxes of water andand 0.34kmols” for DIP from Chen and Wang (1999);
y integrating 9.7 kmols'* for DIN, 0.65 kmols* for DIP, 14.95 kmols

nqtrlents at each grid point along the 200-m isobath, we Obfor silicate from Zhang et al. (2007b).
tained the total volume transports of onshore water (Yol 2 . .

. The seasonal variations in the Kuroshio onshore flux of
and offshore water (Val) as well as the total nutrient fluxes

DIN, DIP and silicate (Fig. 9) is essentially consistent with
transported by the onshore watgf,) and by the offshore those estimated by Zhang et al. (2007b), who showed a dou-
water (F_) across the shelf break.

ble input of DIN and DIP and a triple input of silicate from

Vol = Z VH. Vol_ = Z VH', the Kuroshio to the shelf from summer to winter. The reason
i=1N i=1,N why the total nutrient fluxesK; + F— =Vol . C.+Vol_C_)

; ; did not exactly follow the seasonal variation in total volume

b= Z FH, F_= Z FH_. flux (Mol + Vol_) is because the nutrient concentration in

i=LN i=LN the inflow water C,) was different from that in the out-

Here, N is the total number of grid points in the horizontal flow water C_). The inflow volume flux (Val) was al-
direction. In addition, the mean concentration within the on-ways larger than the outflow volume flux (\MJl through-
shore water ¢ = F+/Vol+), and that within the offshore out the year (Fig. 10a). However, the mean DIN concentra-
water C_=F_ /VoI_) were also calculated. tion (C,) in the inflow water was smaller (larger) than that
Since the main stream of the Kuroshio flows along thein the outflow water ¢_) from September to the following

shelf break, the flux across the shelf break in the ECS isMarch (from April to September) (Fig. 10b). The same thing
also called the Kuroshio onshore flux. Because of this, theoccurred for the mean concentrations of DIP and silicate in
calculated nutrient fluxes. + F_) can be compared to pre- the inflow and outflow water. The difference in the seasonal
vious estimates of nutrient flux by Chen and Wang (1999)variations between total onshore flux of nitrate and that of
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Table 2. Monthly mean nitrate concentration and volume transport of inflow and outflow across the 200-m isobath at the areas northeast of
Taiwan(NoT) and southwest of Kyushu(SoK). Positive values denote onshore transport.

mean nitrate concentration (mmoh‘?’n) \ volume transport (Sv)

Month NoT SoK \ NoT SoK

inflow outflow inflow outflow | inflow outflow inflow outflow
5.70 6.45 9.63 9.5 9.20 -—-4.54 3.64 -3.44
4.52 5.24 9.28 8.8 952 —4.53 3.87 -3.65
3.68 4.27 9.12 8.5 9.83 —4.75 3.96 -3.67
4.29 4.74 9.07 7.96 1045 —-4.86 3.68 —3.58
4.19 4,57 9.22 7.42 10.68 —4.98 359 -3.52
3.86 4.06 10.20 8.24 10.50 —-4.89 3.79 -43.71
3.82 3.94 10.42 854 11.25 -5.23 414 —-3.98
4.23 4.48 10.06 8.86 10.84 —-5.22 3.97 -3.50
9 3.77 427 10.06 10.23 10.44 -5.21 3.63 -251
10 3.81 4.50 9.95 9.83 10.73 -5.11 3.93 -2.68
11 4.26 5.11 10.03 9.28 10.68 —-4.91 436 —3.36
12 4.30 5.15 10.02 9.5% 10.09 —-4.79 425 -3.51

O~NO OIS WN P

] 7V‘ | — D‘*N A 48.3kmols? for silicate. The _other was located southwes.t
oume : of Kyushu where the Kuroshio veers toward Tokara Strait
and induces a large onshore flux of volume and nutrients.
The integration from this area (from point 22 to point 32
in Fig. 11) gave values of 0.5Sv for volume, 7.8 kmdis

for DIN, 0.6 kmols™ for DIP and 18.7 kmmols! for sili-

F cate. Along the shelf break between them, the Kuroshio on-
shore flux of volume and nutrients was generally negative,
indicating an offshore transport of water and nutrients. In-

i tegration along the 200-m isobath from26° N to ~29° N

(point 7 to point 21 in Fig. 11) gave values e#.7 Sv for

2 volume,—19.7 kmols® for DIN, —1.6 kmols* for DIP and
—48.9 kmols! for silicate.

Fig. 9. Monthly onshore flux of volume (Sv) and nutrients ~ When comparing the area northeast of Taiwan and that

(kmols~1) across the entire 200-m isobath shown in Fig. 1. The Southwest of Kyushu along 200-m isobath, we note that al-

positive flux direction is toward the ECS shelf. The black solid line though the onshore volume transport northeast of Taiwan is

denotes volume, the red solid line DIN, the black dashed line DIP,about ten times that southwest of Kyushu, the nutrient flux
and the red dashed line SIL. is only about three times different. Again, the nutrient fluxes
are not exactly proportional to the volume flux, as in the to-
tal volume flux and total nutrient flux across the entire shelf
silicate is caused by the concentration specified at the southbreak.
ern open boundary (Fig. 10c). The silicate concentration has As shown in Fig. 10, the net nutrient flux does not al-
three peaks, inducing three peaks in the onshore silicate fluyays follow the net water flux in a system with a large water
across the 200-m isobath. flux exchange because the concentration of nutrients in the
In addition to quantifying the total flux across the shelf inflow water can be different from that in the outflow wa-
break, the model results can also provide a spatial measure ¢ér. Here, we use nitrate as an example to demonstrate this
the Kuroshio onshore flux of volume and nutrients along theprocess. Table 2 presents monthly volume transports for in-
shelf break (Fig. 11). There were two areas where positiveflow and outflow and monthly nitrate concentrations in the
onshore flux was concentrated. One was northeast of Taiinflow and outflow waters at regions northeast of Taiwan and
wan where the Kuroshio bumps against the shelf break andouthwest of Kyushu. The monthly nitrate concentrations in
induces a large onshore flux of volume and nutrients. Thethe inflow and outflow waters were calculated in a similar
integration of the Kuroshio onshore flux northeast of Taiwanway as those in Fig. 10. According to Table 2, the nitrate

(from point 1 to point 6 in Fig. 11) gave values of 5.8 Sv concentration in the inflow water is lower (higher) than that

for volume, 21.1 kmols? for DIN, 1.8kmols for DIP and  in the outflow water at area northeast of Taiwan (southwest
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Fig. 11. Spatial distribution along the 200-m isobath of the annual
A outflow average onshore flux of volume (Sv) and nutrients (krﬁépsThe

inflow value at each point s the integrated flux between two points denoted

by dots along the 200-m isobath in Fig. 1. The positive direction is

5.0 toward the ECS shelf. The black solid line denotes volume, the red
solid line DIN, the black dashed line DIP, and the red dashed line

10 SIL.

c) —DIN
—sIL

5.5

shelf. As presented in Guo et al. (2006), half of the water
through the Tsushima Strait is from the Kuroshio in summer
and this ratio increases to 80% in winter. If the oceanic nu-
trients that cross the shelf break from the Kuroshio have no
E_—_e——r opportunity to enter the euphotic zone over the shelf, they
only flow over the bottom layer of the shelf and finally pass

Fig. 10. (a) monthly inflow and outflow volume transports (Sv) through the Tsushima Strait without any contribution to the
across the 200-m isobattb) Monthly mean nitrate concentrations primary production over the ECS shelf.

(mmol m*3) in the inflow water and outflow water(c) Seasonal

variation of vertically averaged nitrate (black line) and silicate (blue Direct evaluation of how much the nutrients from the
line) concentrations above 200 m depth at the southern open boun uroshio area contribute to the primary production over the

ary (123 E, 22 N). =CS shelf must isolate 'th.e ocganig nutrients from nutrjents
from other sources. This isolation is usually problematic in
a nonlinear marine ecosystem. Instead of isolation, we used
of Kyushu) through a year. On the other hand, the Vo|umesen§itivity experimgnts, in which we.artificially che_xr)ged the
transport of the inflow is much larger (a little larger) than nutrient concentration of the Kuroshio water specified along
that of the outflow at the area northeast of Taiwan (south-the lateral boundary of the model and consequently changed

west of Kyushu). Consequently, northeast of Taiwan, onlythe supply _of ocean_ic nutrien_ts across the shelf break from
the difference in the volume transport of inflow and outflow the Kuroshio. The difference in the results between the sen-

contributes to the onshore flux of nutrients; the difference inSitivity éxperiments and the simulation presented in Sect. 3
the nutrient concentration of inflow and outflow waters has a(nereafter called the control experiment) is caused only by
negative effect on the onshore flux of nutrients. At the areal"® change in the supply of oceanic nutrients across the shelf
southwest of Kyushu, both the difference in the volume trans-°réak, and therefore it can give us some insight to the role of
port of inflow and outflow and that in the nutrient concentra- ©C€anic nutrients in the lower trophic level dynamics of the
tion of inflow and outflow waters have a positive contribution ECS ecosystem.
to the onshore flux of nutrients. We carried out four sensitivity experiments, in which only
the concentrations of nutrients (DIN, DIP and silicate) from
the sea surface to the bottom along the southern boundary
4 Sensitivity experiments on the enrichment of oceanic  (from Taiwan to 124 E), occupied by Kuroshio water, were
nutrients multiplied by a constant of 1.1, 1.2, 1.3 and 1.4. The other
boundary conditions and initial conditions as well as the
Although we obtained a positive onshore flux of oceanic nu-model integration schedule were the same as those in the
trients across the shelf break, we still do not know whethercontrol experiment. As a result, the onshore volume flux
these nutrients are involved in photosynthesis over the EC&cross the shelf break was the same in all experiments, with

=N WA OO N ® O
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Fig. 12. Anomaly of monthly DIN (mmolnT3) in the surface layer (2 m depth) between the sensitivity experiment, in which the oceanic
nutrients were enriched by 30%, and the control experiment.

the onshore flux of nutrients artificially increased in the sen-shelf enlarged from April to September. In the area south-

sitivity experiments. west of Kyushu, the area with a positive anomaly in bottom
nutrients was enlarged from June to September, after which

4.1 Changes in surface and bottom nutrients and a northwestward branch with a positive nutrient anomaly ap-
surface chlorophyll a over the shelf of the ECS peared and reached the Yellow Sea. Because the supply of

oceanic nutrients to the middle and inner shelves weakened
The additional oceanic nutrients (e.g. DIN) in the surfaceafter October, the high concentration of additional oceanic
layer appeared mostly offshore of the Changjiang estuar)nutrients in the surface layer offshore of the Changjiang es-
(F|g 12) In summer (June_August)1 a positive DIN anoma|ytuary from November to the fOIlOWing Aprll were those that
(sensitivity experiment — control experiment) was found had intruded from April to September.
along the coastal area from 289 to 34 N, and offshore The response of chlorophyilin the surface layer to addi-
the DIN anomaly was negative. After September, the aredional oceanic nutrients in winter appeared in the pathway of
with a positive DIN anomaly was enlarged and extended tothe Kuroshio, in particular northeast of Taiwan where a lo-
the Jeju Strait (the channel between Jeju Island and southeral maximum in the chlorophyl#f anomaly between the sen-
coast of Korea) and farther to the Tsushima Strait in win- sitivity and control experiment can be identified (Fig. 14).
ter (December—February). After March, the positive DIN The additional oceanic nutrients did not produce additional
anomaly gradually retreated to the coastal area. Althougkchlorophylla over the shelf in winter, which can be under-
not as obvious as offshore of the Changjiang estuary, the adstood from the low chlorophylt levels over the shelf in the
ditional oceanic nutrients could also be identified over thecontrol experiment (Fig. 5). In other words, primary produc-
middle and outer shelves in winter. tion over the shelf in winter is not nutrient limited.

The additional oceanic nutrients (e.g. DIN) in the bottom From May to September, the positive chlorophyll
layer over the shelf appeared mostly northeast of Taiwan andnomaly in the surface layer appeared offshore of the
southwest of Kyushu (Fig. 13). In the area northeast of Tai-Changjiang estuary. A part of the area with the positive
wan, a positive anomaly in bottom nutrients can be identi-chlorophylla anomaly (Fig. 14) corresponded to the area in
fied throughout the year. However, its distribution over the the inner shelf with a negative DIN anomaly offshore of the
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Fig. 13. The same as Fig. 12 but for DIN (mmolT) in the bottom layer, defined as the deepest sigma layer. The color range is different
from that used in Fig. 12.

Changjiang estuary (Fig. 12). This feature was caused bynonths (November to March) and in the subsurface in warm
different ratios of DIN to DIP in the Changjiang River wa- months (June to October) (Fig. 16). April and May appear
ter and in the Kuroshio water and will be discussed in moreto be a transition period when the increase in chlorophyll

detail in Sect. 4.3. a moves from the surface to subsurface layer. By observ-
ing shifts in euphotic depth in Fig. 15, we can infer the

4.2 Changes in subsurface nutrients and consumption of additional oceanic nutrients in the subsur-

chlorophyll a across the shelf of the ECS face layer. Therefore, the stable concentration of additional

oceanic DIN in the bottom layer over the shelf from June

The increment of oceanic nutrients applied in the sensitivity!® October (Fig. 15) reflects a balance between the consump-
experiments depended on the original concentration in thdion @nd supply of oceanic nutrients. Similarly, an increase in
control experiment, and therefore it was small in the surfacetn€ additional oceanic DIN at the bottom layer over the shelf
layer and large in the subsurface and bottom layers. Fronf? November (Fig. 15) can be caused by either a reduction
January to March, the contours of additional oceanic DININ Phytoplankton growth (Fig. 16) or an increased supply of
concentration were horizontally distributed along the PN sec-0¢€anic nutrients, or both.

tion (Fig. 15), indicating a small supply of oceanic nutrients

to this section in winter. From April to June, the contour 4.3 Changes in nutrient flux across the shelf break and

of 2 mmol n3 of additional DIN concentration moved from the influence of the elemental ratio of oceanic

the shelf break to the middle and inner shelf and remained nutrients on the consumption of nutrients over the
over the shelf (Fig. 15). An important point in Fig. 15 is shelf

that some of the additional oceanic nutrients could enter the

euphotic zone. With an increase in the concentration of oceanic nutrients

The additional oceanic nutrients cause an increase in thé the sensitivity experiments, the onshore flux of DIN, DIP
chlorophyll a concentration in the surface layer in cold and silicate across the 200-m isobath generally increased in
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Fig. 14. The same as Fig. 12 but for chlorophyl{mg m~3) in the surface layer.
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Fig. 15. The anomaly of monthly DIN (mmol m3) along the PN line between the sensitivity experiment, in which the oceanic nutrients are
enriched by 30%, and the control experiment. Red lines denote euphotic depth.
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Fig. 16. The same as Fig. 15 but for chlorophyl(mg m*3).

Table 3. Annual onshore fluxes of nutrients across the 200-m isobath in control and four sensitivity experiments. The positive flux is
defined as onshore direction and the unit is kmdl.s“ctl” denotes the control experiment while “+10%"—“+40%" denote the sensitivity
experiments, in which the concentration of oceanic nutrients in the Kuroshio water was artificially increased by 10-40%, respectively. The
values in brackets denote the ratios of flux increases in sensitivity experiments to the initial flux in the control experiment.

ctl +10% +20% +30% +40%

DIN 9.4  10.4(+10.8%) 11.4(+21.5%) 12.3 (+32.0%) 13.3 (+42.3%)
DIP 072 0.80(+11.2%) 0.88(+22.3%) 0.96 (+33.2%) 1.03 (+44.1%)
SIL 182 20.4(+11.7%) 22.5(+23.3%) 24.6(+34.8%) 26.6 (+46.2%)

the same ratio (Table 3). This is a natural result since thdo silicate was 0.35, and the average ratio of silicate to DIP
onshore flux of volume does not change in all of these cal-was 166. Consequently, nutrient limitation in our simulation
culations. However, there is also an apparent difference irwas also dependent on DIP for the Changjiang diluted water
the increased ratio of the three nutrient elements. The inthat spreads offshore of the Changjiang estuary in summer.
creased ratio of silicate was highest, while that of DIN was This is why we obtained a negative anomaly in that region
lowest. Such differences are probably related to the differenfor DIN between the control experiment and sensitivity ex-
elemental ratios of nutrients in the pre-existing water over theperiments (Fig. 12). Therefore, the supply of oceanic nu-
shelf that was transported in an offshore direction across thérients to the shelf contributed to phytoplankton growth not
shelf break, and in the oceanic water that was transported ionly by themselves but also from their element ratio, because
an onshore direction. the low ratio of DIN to DIP in the Kuroshio water promotes
The ratio of DIN to DIP in the total onshore flux of nu- the consumption of DIN in the pre-existing shelf water.
trients in the control experiment was 13 (=9.4/0.72 in Ta-
ble 3), which is less than the Redfield ratio of 16 used in
the model calculation; the average ratio of DIN to silicate is5 Conclusions
~0.5, which is also less than the ratio of 16:15 used in the
model calculation; the average ratio of silicate to DIP wasBy combining a low trophic level ecosystem model with a
25, which is higher than the ratio of 15 used in the modelhydrodynamic model, we were able to reproduce the gen-
calculation. As shown in Fig. 12, the additional oceanic nu-eral features of spatial and temporal variations in nutrients
trients can reach the offshore area of the Changjiang estuargnd chlorophylk in the Yellow Sea and ECS. Horizontally,
where the limiting nutrient has been reported to be DIP basedhe area with high chlorophydl concentration first appeared
on the observed atomic ratio of DIN, DIP and silicate (Liu et in the central Yellow Sea in spring, and then moved to-
al., 2003). In our simulation, the average ratio of DIN to DIP ward coastal zones in summer; in the ECS, the area with
in Changjiang River water was 59, the average ratio of DINhigh chlorophyllaconcentration first appeared northeast of
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