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Abstract  To solve nutrient flux and budget among waters with distinct salinity difference for water-salt-
nutrient budget, a traditional method is to build a stoichiometrically linked steady state model. However,
the traditional way cannot cope appropriately with those without distinct salinity difference that parallel to
coastline or in a complex current system, as the results would be highly affected by box division in time
and space, such as the Changjiang (Yangtze) River estuary (CRE) and adjacent waters (30.75°-31.75°N,
122°10"-123°20'E). Therefore, we developed a hydrodynamic box model based on the traditional way and
the regional oceanic modeling system model (ROMS). Using data from four cruises in 2005, horizontal,
vertical and boundary nutrient fluxes were calculated in the hydrodynamic box model, in which flux fields
and the major controlling factors were studied. Results show that the nutrient flux varied greatly in season
and space. Water flux outweighs the nutrient concentration in horizontal flux, and upwelling flux outweighs
upward diffusion flux in vertical direction (upwelling flux and upward diffusion flux regions overlap largely
all the year). Vertical flux in spring and summer are much greater than that in autumn and winter. The
maximum vertical flux for DIP (dissolved inorganic phosphate) occurs in summer. Additional to the fluxes
of the Changjiang River discharge, coastal currents, the Taiwan Warm Current, and the upwelling, nutrient
flux inflow from the southern Yellow Sea and outflow southward are found crucial to nutrient budgets of the
study area. Horizontal nutrient flux is controlled by physical dilution and confined to coastal waters with a
little into the open seas. The study area acts as a conveyer transferring nutrients from the Yellow Sea to the
East China Sea in the whole year. In addition, vertical nutrient flux in spring and summer is a main source
of DIP. Therefore, the hydrodynamic ROMS-based box model is superior to the traditional one in estimating
nutrient fluxes in a complicated hydrodynamic current system and provides a modified box model approach
to material flux research.
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1 INTRODUCTION

Material flux is the important theme of two core
projects of the International Global Biosphere
Program (IGBP): the Joint Global Ocean Flux Study
(JGOFES) and the Land-Ocean Interactions in the
Coastal Zone (LOICZ) (Shen, 2001). Estuaries act as
important filters and transformers of inorganic and
organic materials from river (Li et al., 2011). The
degree to which estuaries modify nutrient flux from

land to ocean is an important factor affecting the
sustainability of near-shore ecosystems and, perhaps
over long periods of time, the ocean itself (Nixon et
al., 1986).
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Constructing nutrient budgets is an essential tool to
examine the relative importance of external nutrient
inputs versus physical transports and internal
biogeochemical processes (Liu et al., 2009), and to
assess nutrient retention including denitrification
(Chen and Wang, 1999; Webster et al., 2000). Many
studies on nutrient flux have been done using box
model (Roson et al., 1997; Simpson and Rippeth,
1998; Ganachaud and Wunsch, 2002; Camacho-Ibar
et al., 2003; Proctor et al., 2003; Fang et al., 2007;
Hagy and Murrell, 2007; Zhang et al., 2007a; Paetsch
and Kuehn, 2008; Kuhn et al., 2010; Padedda et al.,
2010).

The Changjiang (Yangtze) River, 6 300 km long, is
the longest river in China and the third longest one in
the world. Its drainage basin covers an area of about
1.8 million km?. A huge annual runoff discharge about
29 300 m*/s enters the Changjiang River estuary
(CRE) and adjacent waters. CRE (Fig.1) is a mesotidal,
partially-mixed delta estuary with multi-order
bifurcations (Li et al., 2011). The hydrographic
structure is very complex. Additional to the Changjiang
River Discharge (CRD), the Taiwan Warm Current,
and Zhejiang Coastal Current flow northwestward
from the south and the Yellow Sea Coastal Current
southeastward from the north (Tian et al., 1993).

Previously, many studies have been done on
nutrient budget and flux in CRE (Liu and Shen, 2001;
Huang et al., 2006; Li et al., 2007; Wang and Wang,
2007; Gao et al., 2008; Liu et al., 2009; Chen et al.,
2010; Li et al., 2011). In addition, many of them have
been finished between the East China Sea and the
Kuroshio (Chen et al., 1995; Chen, 1996, 1998; Chen
and Wang, 1999; Liu et al., 2000; Wong et al., 2000a,
b; Guo et al., 2006; Zhao and Guo, 2011; Guo et al.,
2012). Liu and Shen (2001) estimated nutrient flux
from the Changjiang River into CRE using a long-
term record of nutrient concentration and runoff
discharge at Datong Station. Wang and Wang (2007)
found nutrient flux upward into the euphotic zone
through coastal upwelling were quite large for
phosphate. Gao et al. (2008) calculated tidal-averaged
budget using physical and chemical hydrography data
and suggested that the study area acted as a nutrient
sink. Liu et al. (2009) demonstrated that regenerated
nutrients in water column and sediment and nutrient
flux between the China seas and the open ocean were
important for phytoplankton growth. Chen et al.
(2010) calculated both input flux from river to estuary
and output flux from estuary to coastal zone for
phosphate, silicate and nitrate and found that the
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Fig.1 The horizontal box structure, box numbers and
boundaries

phosphate and nitrate fluxes were enhanced through
estuarine process while silicate flux was unaltered. Li
et al. (2011) found that a large amount of input
nitrogen was taken up by algae and recycled through
denitrification in bottom water and sediment.
Therefore, there are great differences in nutrient flux
in CRE, the results could not be checked in different
box divisions of time and space, and the mechanism
could not be deciphered in those studies as
hydrodynamic factors were ignored largely. Although
Gao et al. (2008) adopted flow velocities into
calculation, the results were limited by without
enough field data.

The LOICZ guidelines for constructing such
budgets concentrate on the simplest case where an
estuary or embayment is treated as a single box which
is well-mixed vertically and horizontally at steady-
state  (Gordon et al, 1996; Kondratyev and
Pozdnyakov, 1996). Further description and
application of the LOICZ approach can be found at
http://nest.su.se. However, these assumptions can
lead to significant and sometimes very large errors
depending on the estuary’s mixing and geometrical
characteristic as well as on the location of the nutrient
source (Webster et al., 2000).

First, according to flux concept (certain physical
quantity through a given area (usually per unit area
perpendicular to flow direction) per unit time), water
flux is proportional to velocity and cross-section area
(Shen, 2001). Additional to salinity difference, there
are temperature and density differences, too. It is
defective to estimate water flux according to salinity
balance only. Second, only nutrient flux between
waters with distinct salinity difference (longitudinal
direction or vertical direction with a large depth) can
be evaluated in traditional box model, while fluxes
parallel to the coastline (transverse) cannot be
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evaluated. Third, results are highly affected by the
box division in time and space (Webster et al., 2000).
Fourth, it is impossible to analyze physical impacts
on nutrient flux such as winds, topography, currents,
and so the processes and mechanisms cannot be
further revealed, either. Fifth, the hydrodynamic
characteristics of CRE are complex including
penetration, exchange and gradual denaturation (Lie
et al., 2003; Chen et al., 2008; Shi and Lu, 2011).
Furthermore, main currents in CRE (Subei Coastal
Current, Zhejiang Coastal Current, TWC and the
branches of CRD beyond the river mouth) are all
parallel to the coastline approximately and the salinity
of these currents is similar. As CRD fluxes from the
west, Subei Coastal Current from the north, Zhejiang
Coastal Current and TWC from the south, each has its
unique effect on nutrient flux in the study area. It
would be erroneous to calculate nutrient flux ignoring
hydrodynamic effects (Lie et al., 2003; Shi and Lu,
2011). Water exchange in CRE is too complex to be
described by combining water and salt budgets. More
analysis on such a complex circulation is required. It
may be feasible to develop numerical models of water
circulation (Gordon et al., 1996), and imperative to
construct a hydrodynamic box model to calculate
nutrient flux/transport and to reveal the main processes
and mechanisms (Guo et al., 2006).

2 MATERIAL AND METHOD

2.1 Field data

Analysis was based on the data from four cruises in
February, May, August and November 2005 in CRE
and the adjacent East China Sea, where 40 sampling
stations were deployed (Fig.1). Water samples were
collected at standard depths, i.e., 0, 5, 10, 20, 30 m
from surface and 2 m above bottom. Nitrate (NO;-N),
ammonium (NH,-N), nitrite (NO,-N), dissolved
inorganic phosphorus (DIP) and suspended particulate
matter (SPM) were measured for concentration. An
aliquot of water was filtered onboard through pre-
combusted Whatman GF/F filters. 0.2% chloroform
was added to the filtrate. All samples were preserved
in polyethylene bottles (pre-conditioned for 24 h in
1:10 hydrochloric acid solution) and deep frozen in
dark. NO;-N was measured using the cadmium-zinc
reduction method, NH4-N using the indophenol blue
method (Grasshoff et al., 2009), NO,-N using the
Griess-llosvay method (Barnes, 1959) and PO,-P
using the phosphomolybdenum blue method
(Strickland and Parsons, 1968; Pai et al., 1990). Data
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quality was monitored using inter-calibrations and
precision was estimated using repeated determinations
of selected samples. The concentration of dissolved
inorganic nitrogen (DIN) was calculated as the sum of
NO;-N, NO,-N, and NH,-N. Samples of SPM were
dried at 60°C before weighing (Li et al., 2011).

2.2 Model configuration

We employ the box model by Officer (1980) with
some modifications. This method is basically the
same as that used by the ERSEM (European Regional
Seas Ecosystem Model) developed for the North Sea
(Baretta et al., 1995; Blackford and Radford, 1995;
Lenhart et al., 1995; Moll and Radach, 2003; Radach
and Moll, 2006; Schrum et al., 2006a, b). We used the
Regional Ocean Model System (ROMS) (Shchepetkin
and McWilliams, 2005) as our hydrodynamic model
that has been successfully implemented in the East
China Sea and verified against field data and previous
studies (Mao et al., 1963; Lie et al., 2003; Lee et al.,
2004; Chen et al., 2008; Isobe, 2008; Liu et al., 2008a,
b; Gao et al., 2009; Shi and Lu, 2011). Since the
hydrodynamics in the study area are very complicated
(as tides mixing with the interaction of different water
types) (Zhang et al., 2007b), ocean dynamics in a big
domain (99°-150°E, 0°-50°N) was first simulated.
The horizontal resolution was 1/12°x1/12° and there
were 24 s-levels in the vertical. The bottom topography
was derived from the Etopo2 (version 2) dataset while
the air-sea flux, wind stress, SST, and SSS data were
from COADSOS. The data of CRD was 35-year mean
monthly data of the Datong hydrological station. The
initial and open boundary conditions were from
SODA (Simple Ocean Data Assimilation) products.
Four main tidal constituents (M2, S2, K1, and O1)
were imposed at the open boundaries. The Mellor and
Yamada level 2.5 turbulence closure scheme was
utilized. The model was spun up for 10 years to reach
its equilibrium, and then the modeled outputs
(temperature, salinity, SSH and fluid fields) were
served as the initial and boundary conditions for a
smaller domain (119°-126.8°E, 27.5°-35.8°N). The
small domain had the same 24 vertical layers as in the
big domain while the horizontal resolution was
enhanced (1/24°x1/24°). After running the model for
10 years, model outputs for 2005 were adapted to the
boxes (30.75°-31.75°N, 122°10'-123°20'E).

The concept, structure and implementation of
ERSEM are omitted for brevity. The boxes were
defined according to morphological, hydrographic
and biological properties, and the field data (Fig.1).
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Fig.2 The internal box structure of the CRE

TI: thermocline interface; ILB: interior lateral boundary; ELB: exterior
lateral boundary; SBI: sea bed interface; SSI: sea surface interface.

Each dot represented a survey station. Twenty boxes
(denoted 1 to 20) were defined. Four dotted lines
represented boundaries in the north, south, east and
west, respectively.

The thermocline interface was set at 20 m between
the upper and lower layers according to the field data
(Fig.2). The flow across the boundaries of the boxes
was calculated from the velocity components given
on the grid from ROMS model: The east-west
boundaries of the boxes were aligned to pass the
v-points and the north-south boundaries of the boxes
were aligned to pass the u-points of the grid. The
horizontal boundaries of the boxes were aligned to
pass the w-points of the grid. The velocity components
were integrated over each interface to give the flow
perpendicular to the interface.

The transports were divided into the horizontal and
vertical parts. The horizontal transports were restricted
to the horizontal advection parts of the flow neglecting
the dispersion several orders of magnitude less than
the advection, while the vertical transports consist of
a diffusion and an advection parts of the flow. The
equation is written as:

dC

Zoc.-C
dt hai

hao

+ Cvai - Cvao +
Cvdi - Cvdo + Cri + ch= (1)

in which: C,,/C,,.: horizontal advection transport
(inflow/outflow); C,,i/C.,.: vertical advection transport
between upper and lower boxes (inflow/outflow);
C,a/Cq: vertical diffusion transport between upper
and lower boxes (inflow/outflow); Cy;: riverine input;
C,: chemical and biological reactions.

Crai = zAiEniCi > 2)
=

where n: the number of lateral boundaryies; 4;: the
area of lateral boundary of the adjacent box i (i=1 to
n); Fi,: flow into a box through the area A4,, given by
ROMS simulation integrated for 30 day; C:
concentration outside of adjacent box i to area 4; from
field data.

Chao = ZE)W’A[C ? (3)
i=1

where F,,;: flow out of the box through the area 4,
given by ROMS simulation integrated for 30 day; C:
nutrient concentration in the box from field data.

In the case of upward transport:

(Cvai)U:QvCLa (Cvai)Lzoa

(Cvao)L:QvCLa (Cvao)U:()’ (4)

In the case of downward transport:

(Cvai)U:()’ (Cvai)L:QvCUa

(Cvao)Lzo, (Cvao)U:QvCUa (5)
where Q,: vertical flux through the area between the
upper and the lower box given by ROMS simulation
integrated for 30 day; Cy: concentration in the upper
box; C,: concentration in the lower box from field
data; The subscripts U and L denote the upper and the

lower box, respectively.
If C;>Cy,

(Co)y =D, -4 (CL.=Cy)/ L, (Cyy), =0,

(Co) =D, -A4-(CL=Cy)/ L, (Cyy)y=0, (6)
If C <Cy,

(C) =D, A-(Cy =C )/ L, (Cy)y =0
(Cugo)y =D, - A4-(Cy=C )/ L, (Cyp) =0, (D)

where D,: the local vertical diffusion coefficients
(0.0001 was adopted) (Zhang and Zhao, 2007; Zhu et
al., 2008, 2009); L: the length scale of vertical
diffusion (20 m according to references (Eigenheer et
al., 1996; Gao et al., 2009)); A: the area of interface
between the upper and lower boxes.

2.3 Adaptation of flow fields to boxes (in Matlab)

In the case of east-west lateral boundary,
F =Y Ax,-D,.

k=1
In the case of north-south lateral boundary,

F =Y Ay.-D, . (®)
k=1
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n: number of grids in the east-west or north-south side
of lateral boundary to the adjacent box j; k: serial
number of grids in the east-west or north-south side of
lateral boundary to the adjacent box j; Ax/Ay: side
length of the settled in ROMS model; D;: the depth of
gird k in the east-west or north-south side of lateral
boundary to the adjacent box j.

U;:(l/M)-f:v,(, )

M: total number of grids in the lateral boundary to the
adjacent box j; K: serial number of grids in the lateral
boundary to the adjacent box j; v: flow of gird K into
the box through the area F), given by ROMS
simulation integrated for 30 day.

The equation for U, can be inferred to U;. and
omitted for brevity.

2.4 Flow adjustment for fixed box volumes

Due to the restriction of the fixed box volumes, the
effects of the varying sea surface elevation could not
be taken into account. Since a mass balance equal to
zero has to be achieved, the seasonal transport values
were corrected by a non-linear optimization method
in Matlab (Ma, 2010).

3 RESULT

3.1 Horizontal nutrient fluxes

Horizontal nutrient fluxes for DIN (dissolved
inorganic nitrate), DSI (dissolved inorganic silicate)
and DIP (dissolved inorganic phosphate) for four
seasons were calculated. 2D flux fields were in Figs.3
& 4. UL, LL in tables and figures stands for upper
layer and lower layer, respectively. The maximum
and minimum fluxes, and the corresponding locations
are in the Appendix A. Results show that the flux
value, direction, nutrient structure, and distribution in
the horizontal varied significantly over time and
space.

In winter in upper layer, both fluxes of DIN (21.49—
0.029 mmol/(m?-s)) and DSI (15.59-0.037 mmol/
(m?-s)) decreased gradually from the shore to the open
seas. While DIP flux (0.40-0.002 5 mmol/(m?*s))
decreased first and then increased at around 122.75°E,
which agrees with Zhang et al (2007a)’s findings and
will be explained in Section 4.1. Fluxes flowed
southward overall, but turned southeastward in the
expansion area of the Changjiang Diluted Water
(CDW). Of particular interest was the narrow band
alongshore for major DIN flux (=50% of the maximum

Vol.33

flux), while major DIP flux was distributed more
evenly over the study area. For major DSI flux, it was
distributed more evenly than major DIP flux but less
evenly than major DIN flux. In lower layer, fluxes of
DIN (0.40-0.000 81 mmol/(m*s)), DSI (0.71-
0.001 2 mmol/(m*s)) and DIP (0.033-
0.000 072 mmol/(m*s)) were all greater in the
northern region (30.75°-32°N) than in the middle
(31.25°-30.75°N) and southern regions (30.75°—
30.5°N). They flowed southward overall and turned
southeastward in the middle region (30.75°-31.25°N).

In spring in upper layer, the maximum flux was
found around the CRE mouth. Major fluxes of DIN
(2.95-0.030 mmol/(m*s)), DSI (4.86-0.092 mmol/
(m?s)) and DIP (0.048—0.000 71 mmol/(m?*s)) were
all made up of two parts. One was a narrow band west
of 122.25°E, the other was around TWC-influenced
area (122.25°-123°E, 30.5°-31.5°N), extending
northeastward like an arc to the high-frequency
occurrence area of harmful algae bloom (HAB).
Fluxes flowed northward approximately displaying
two notable features. One was the high flux patch near
the CRE mouth. The other was the greater impact
from the open seas fluxes on DIP flux than on DIN or
DSI fluxes. The magnitude of the patch was several
folds higher than that of ambient waters, and its
direction turned northeastward with CDW. In lower
layer, fluxes of DIN (0.51-0.002 6 mmol/(m?s)), DSI
(1.28-0.011 mmol/(m*s)) and DIP  (0.024-
0.000 16 mmol/(m*s)) were all distributed evenly
over the whole region, flowing northward in the south
of 31.25°N and turning northwestward north of
31.25°N.

In summer in upper layer, a narrow band west of
122.25°E occurred for major fluxes of DIN (7.92—
0.019 mmol/(m?*s)), DSI (10.67-0.022 mmol/(m?*:s))
and DIP (0.15-0.000 38 mmol/(m?s)). Fluxes in the
band south of 31.5°N were greater than those north of
31.5°N, flowing northward overall. In lower layer,
fluxes of DIN (1.05-0 mmol/(m?*s)), DSI (2.26—
0 mmol/(m*s)) and DIP (0.04—0 mmol/(m?s)) were
similar to those in spring in distribution and direction,
except for the difference north of 31.25°N where
fluxes turned less westward.

In autumn in upper winter, fluxes of DIN (7.45-
0.13 mmol/(m?s)), DST (10.23-0.2 mmol/(m?*s)) and
DIP (0.13-0.006 3 mmol/(m?-s)) were similar to those
in winter, decreasing gradually from the shore to the
open seas, but more evenly distributed. Fluxes flowed
southward largely. In lower layer, fluxes of DIN (0.29—
0.009 9 mmol/(m?*s)), DSI (0.46—0.019 mmol/(m?s))
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Fig.3 Horizontal fluxes in upper layer for four seasons

and DIP (0.011-0.000 52 mmol/(m>s)) were all
greater in the southern and northern regions (30.5°—
30.75°N, 31.25°-32°N) than in the middle region
(30.75°-31.25°N), flowing northwestward north of
30.75°N and southwestward south of 30.75°N.

Structure of nutrient flux is shown in Figs.5 & 6
and the Appendix A. All the ratios of DIN/DIP, DSI/
DIP and DIN/DSI decreased from the shore to the
open seas, with isolines in parallel to the coastline
approximately. An exception is that DIN/DSI
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increased seaward in autumn, which is discussed in
Section 4.1. The structure in upper layer varied in a
wider range than in lower layer. Nutrient fluxes from
the lower layer and the open seas could bring down
the ratios of DIN/DIP and DSI/DIP.

3.2 Vertical nutrient fluxes

Vertical nutrient fluxes (advection and diffusion
fluxes) were opposite in size in the upper and lower
layers. For brevity, only vertical nutrient fluxes in
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structure of vertical nutrient fluxes varied significantly
in season. The overall picture of upwelling we
obtained is consistent with previous studies (Lii et al.,
2006, 2007; Pei et al., 2009).
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Table 1 Location, area, and nutrient structure of vertical nutrient fluxes
Item Longitude (°E) Latitude (°N) Area (km?) Ratios of DIN/DSI/DIP
200502
Upwelling East of 122.75°E 31°-32°N 9139 10:16:1
Upward Near 123°E (east of 122.5°E for 31.5°-32°N 2788 .
diffusion DSI, near 122.5°E for DIP) (31.25°-32°N for DSI ) (5 576 for DS, 7:30:1
23 063 for DIP)
200505
Upwelling Near 123°E 30.75°-31.5°N 6507 23:46:1
gg’sﬁi East of 123°E (30.533;;?.57031\11';:I DIP) (10 53237f§>8r DIP) 12:6:1
200508
Upwelling Near 123°E 30.75°-31.5°N 4975 19:48:1
pre}rd East of 123°E 30.75°-31.5°N 2 788 5.98:1
diffusion (east of 122.5°E for DIP) (30.75°-31.75°N for DIP) (4182 for DSI, 12 702 for DIP)
200511
Near 122.5°E 31.5°-32°N
Upwelling Near 123°E 30.75°N 5888 18:27:1
East of 123°E 31.5°N
East of 123°E for DSI 31.5°N for DSI
gffz’;g‘i Around 123°E 31.5°-32°N ;33(’;1 1;((’;%?11; 0:1.8:1

East of 123°E for DIP

30.75°-31.75°N for DIP

131.45 mol/s, DSI 262.45 mol/s, and DIP 5.65 mol/s)
and in summer upwelling (4 975 km?) (108.81,
282.64, and 5.83 mol/s, respectively) were all in the
eastern region (between 31°N and 31.625°N) mostly.
Spring upward diffusion fluxes (DIN 37.02 mol/s in
2 788 km?, DSI 19.15 mol/s in 2 788 km?, and DIP
320 mol/s in 10533 km?) and summer upward
diffusion fluxes (DIN 25.68 mol/s in 2 788 km?, DSI
152.75 mol/s in 4 182 km?, and DIP 5.55 mol/s in
12 702 km?) were confined in the eastern region
(between 31°N and 31.75°N). For autumn upwelling
(5888 km?), fluxes (DIN 87.06 mol/s, DSI
134.29 mol/s, and DIP 4.96 mol/s) were scattered
mainly in the northeast, southeast and northwest
regions; and for upward diffusion, fluxes (DIN 0, DSI
1.63mol/s in 1394km? and DIP 0.92 mol/s in
8 364 km?) were mainly in the northeast, southeast
regions.

There was a large overlap of upwelling and upward
diffusion regions in the same season. The area of DIP
flux was the biggest, followed by DSI and DIN fluxes
in turn. The maximum DIP flux from upwelling
(5.83 mol/s) and upward diffusion (5.55 mol/s) were
both in summer. Next, we compare nutrient fluxes in
vertical and horizontal directions. Vertical nutrient
flux showed higher DIP, DSI and lower DIN. E.g., in
spring, horizontal fluxes were 3 to 7 times (DIN) and

3 to 5 times (DSI) greater than vertical ones. While
for DIP they were about comparable. In summer,
horizontal fluxes were 3 to 6 times (DIN), 5 to 10
times (DSI) and 5 to 8 times (DIP) greater than
vertical counterparts. In autumn and winter, vertical
fluxes were 2 orders of magnitude below the
horizontal. Although in summer vertical flux for DIP
was the maximum, the horizontal one was even
greater. Therefore, the vertical DIP flux was the
greatest in spring, followed by summer, while in
autumn and winter, negligible. Spring vertical DIP
flux was an important source.

3.3 Boundary nutrient fluxes

Four boundaries are plotted in Fig.1. Cross-
boundary nutrient fluxes are the sum of those in all
layers. The western boundary fluxes represent fluxes
to/from coastal currents affected by the Changjiang
River mainly; the eastern boundary fluxes represent
fluxes to/from the eastern open seas; the northern
boundary fluxes represent fluxes to/from the northern
open seas affected by Subei Coastal current and the
south Yellow Sea currents mainly; the southern
boundary fluxes represent fluxes to/from the southern
open seas affected by TWC and Zhejiang Coastal
Current mainly. Unit of mol/s was adopted to examine
nutrient exchange and transport between the study
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Fig.7 Vertical fluxes (advection and diffusion) in upper layer for four seasons

zlabel: 10~ mmol/(m?s).

area and exterior waters. The boundary nutrient flux In winter, at eastern boundary, fluxes in the upper and
value, direction and nutrient structure varied lower layers were opposite in size nearly. The outflow
significantly in season (Table 2 and the Appendix A). fluxes across the southern boundary almost doubled the
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inflow across the northern boundary, exceeding total in upper layer was greater than that in lower layer for
inflow of northern and western boundary fluxes. DIN, while it was opposite for DSI and DIP whose
In spring, at southern and northern boundaries, flux fluxes in lower layer were greater, for example, DIP
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Table 2 Boundary nutrient fluxes

Ttem e R ) move " et (mobe e o) (moba D)
DIN UL 18.16 0.04 4781.05 4.22 -15011.83 -4.90 7486.39 2.73
DIN LL -15.73 -0.02 0.00 0.00 -276.08 -0.18 533.19 0.35
DSI UL 27.25 0.05 3976.06 3.51 -15470.22 -5.04 8135.12 2.97
DSI LL -26.01 -0.04 0.00 0.00 -449.37 -0.29 880.65 0.58
DIP UL 1.82 0.00 82.21 0.07 -507.55 -0.17 357.81 0.13
DIP LL -1.95 0.00 0.00 0.00 -32.88 -0.02 44.90 0.03
200505
DIN UL 46.03 0.09 871.01 0.77 653.77 0.21 -733.52 -0.27
DIN LL 0.08 0.00 0.00 0.00 635.22 0.40 437.21 -0.29
DSI UL 172.59 0.35 1480.63 1.31 1396.89 0.46 -1122.49 -0.41
DSI LL -13.02 -0.02 0.00 0.00 1 698.54 1.08 -1196.64 -0.79
DIP UL 3.67 0.01 12.59 0.01 15.09 0.00 -15.09 -0.01
DIP LL -0.09 0.00 0.00 0.00 34.88 0.02 -25.08 -0.02
200508
DIN UL -23.36 -0.05 1038.28 0.92 5488.00 1.79 -4 331.66 -1.58
DIN LL -11.77 -0.02 0.00 0.00 516.50 0.33 -691.08 -0.45
DSI UL -28.97 -0.06 1533.57 1.35 9360.70 3.05 -6 396.77 -2.33
DSI LL -29.45 -0.05 0.00 0.00 1543.67 0.98 -1866.41 -1.22
DIP UL -0.50 0.00 10.44 0.01 137.63 0.04 -92.27 -0.03
DIP LL -0.90 0.00 0.00 0.00 27.22 0.02 -45.93 -0.03
200511
DIN UL 84.53 0.17 2256.56 1.99 -5389.97 -1.76 4610.42 1.68
DIN LL 14.32 0.02 0.00 0.00 -16.74 -0.01 -185.22 -0.12
DSI UL 123.06 0.25 3912.29 3.45 -8 679.90 -2.83 8517.17 3.11
DSI LL 20.00 0.03 0.00 0.00 -47.38 -0.03 -401.48 -0.26
DIP UL 6.38 0.01 39.16 0.03 -144.04 -0.05 142.42 0.05
DIP LL 1.21 0.00 0.00 0.00 2.49 0.00 -10.04 -0.01

‘-* stands for outflow.

flux in lower layer nearly doubled that in upper layer.
At eastern boundary, flux in upper layer was greater
than that in lower layer. Inflow at southern boundary
was slightly greater than outflow at northern boundary.
The study area acted as a nutrient sink as a whole,
which is supported by the findings by Gao et al. (2008).

In summer, although scenarios are similar to those
in spring, some differences do exist. At southern and
northern boundaries, flux in upper layer was much
greater than that in lower layer. Inflow flux at southern
boundary was much greater than outflow at northern
boundary. At eastern boundary, flux in upper layer
was greater than that in lower layer for DIN, while it
was opposite for DSI and DIP, greater in upper layer.

Scenarios in autumn and winter are similar. At
southern, western, and northern boundaries, fluxes
were all much greater in upper layer than in the lower.
In addition, fluxes in the two layers at northern
boundary were opposite in direction. The outflow at
southern boundary was slightly greater than the inflow
at the northern boundary.

4 DISCUSSION

4.1 Characteristics and mechanisms of horizontal
nutrient fluxes

In contrast to previous studies which multiplied
nutrient concentrations by discharge at Datong Station



No.1 WANG et al.: A modified box model approach 189

(Liu and Shen, 2001; Duan et al., 2008), horizontal
nutrient fluxes obtained were under a complex current
system forced by a hydrodynamic model considering
physical factors. The flux nutrient structure we
obtained is similar to that in previous studies (Chai et
al., 2006, 2009; Gong et al., 2006, 2007; Wang, 2006;
Wang et al., 2008; Gao et al., 2009; Chen et al., 2010;
Han et al., 2012), indicating reliability of our result.

Horizontal water flux reflected characteristics of
water currents in the study area (Appendix B. 2). The
diversion of CDW has been observed distinctly in
spring and summer; TWC is stronger in spring than in
summer; the magnitude of horizontal water flux in
lower layer was 1/10 of that in upper layer in autumn
and winter, a half in summer, and similar in spring;
consistent with previous studies (Mao et al., 1963;
Zhu et al., 2004; Pei et al., 2008; Gao et al., 2009).

We compared the horizontal water flux and
horizontal nutrient fluxes. Surprising similarities of
spatial difference and seasonal variation were found,
suggesting that the horizontal nutrient flux was
affected more by physical dilution than by biochemical
processes in water column. This has been reported in
many previous studies (Tian et al., 1993; Ganachaud
and Wunsch, 2002; Chang and Isobe, 2003; Zhu et al.,
2006; Yan et al., 2008; Shi and Lu, 2011). On the
other hand, an only exception was greater horizontal
water flux but smaller horizontal fluxes in upper layer
of the open seas than nearshore in summer and spring,
which might be caused by the extremely low nutrient
concentration there due to high primary production.

In addition, flux in upper layer exceeded that in
lower layer by tens of folds and varied in a wider
range, which indicates that horizontal nutrient fluxes
depend more on flux in upper layer. In upper layer,
what made the greatest difference in both horizontal
nutrient fluxes and water flux was not in the east-west
component, but in the north-south component,
suggesting that horizontal nutrient fluxes might be
controlled by a north-south factor: the monsoon. This
will be verified in future studies.

Horizontal nutrient fluxes depend on the complex
current system (Zhang et al., 2007a). The influence of
CRD was up to 123°E in autumn and winter, but
confined to a bind west of 122.25°E in spring and
summer. This suggests TWC might be responsible for
the restricting of the influence of CRD in non-
monsoon seasons.

Unlike DIN and DSI fluxes decreasing gradually
from shore to ocean, DIP flux appears to be more
evenly distributed, which could be explained by the

effect of the open seas flux to the east , or the
comparable vertical DIP flux (discussed in Section
4.2), or phosphate kinetic buffer mechanism (Froelich,
1988). Therefore, the unique characteristics for DIP
flux of decreasing first and then increasing from shore
to ocean in winter took shape. Moreover, in spring,
because of great water flux and high nutrient
concentration near the river mouth, the nutrient flux
patch formed. Another high nutrient flux region going
northeastward along the coast and then turning
eastward to the east of Zhoushan Islands, and then to
the high-frequency HAB occurrence area was in
believe due to nutrient-rich TWC northeastward
invasion.

4.2 Characteristics and mechanisms of vertical
nutrient fluxes

Upwelling was found to exist all the year round
with remarkable seasonal and spatial variation, which
was confirmed by cruise observations, satellite sea
surface temperature (SST), and SST climatologic data
by Lii et al. (2006) and Wang and Wang (2007).
However, the areas of upwelling we obtained were
different from that by Wang and Wang (2007),
probably because of high frequency factors. e.g.,
winds, crucial to upwelling (Lie et al., 2003). Strong
upwelling in spring and summer is due probably to
large CRD and TWC intrusion (Lii et al., 2006). In
spring and summer, the study area features stronger
upwelling and larger difference in concentration
between upper and lower layers, resulting in greater
vertical nutrient fluxes than those in autumn and
winter in general, as reported also by Chen et al.
(2004) previously.

Vertical nutrient flux in spring are almost one
magnitude smaller than that of Pei et al. (2009), to
which we explain as being caused mainly by the
different upwelling velocities adopted. Pei et al.
(2009) used 1x10°-5x10"° m/s while only 10 and
even 107 m/s in magnitude based on the model. In
summer, vertical nutrient fluxes are almost identical
to those in spring, which is in contrast to the conclusion
in Pei et al. (2009) that summer upwelling affects
slightly the upper water. The depth for calculation by
Pei et al. (2009) is 10 m, while it is 20 m in this study.
It is understandable that upwelling would become
weaker as depth shallows. With the addition of high
frequency factors essential to upwelling such as
winds, it is suggested that vertical nutrient flux might
be highly variable in time and space. In addition, in
autumn and winter, vertical turbulence is strong, the
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vertical nutrient fluxes may be overestimated (e.g.
upwelling area of 9 139 km? upwelling flux of
12.39 mol/s for DIP in winter). In addition, vertical
nutrient fluxes in autumn and winter are neglected in
previous studies, calling for more studies in the future.

Upwelling fluxes exceeded upward diffusion fluxes
all the year round. This suggests vertical fluxes were
mainly controlled by upwelling. Therefore, our result
was close to previous studies without consideration of
upward diffusion (Wang and Wang, 2007). Upwelling
fluxes are accompanied with horizontal displacement,
while upward diffusion fluxes stay vertically in the
same place. The large overlap of upwelling fluxes and
upward diffusion ones results in nutrients in lower
layer of the open seas being uplifted to upper layer
and the improvement of nutrient structure (Wang and
Wang, 2007), which coincides with high primary
production areas reported in previous studies (Tian et
al., 1993; Chen et al., 2004; Chai et al., 2006; Gong et
al., 2006, 2007).

4.3 Characteristics and mechanisms of boundary
fluxes

There was no regular pattern for eastern boundary
fluxes, seaward in summer but onshore in autumn;
onshore for upper layer fluxes but seaward for lower
layer fluxes in winter; onshore overall but seaward for
lower layer fluxes of DSI and DIP in spring. Eastern
boundary fluxes were much smaller than those at
other three boundaries for four seasons. Eastern
boundary fluxes were 1 to 2 orders of magnitude less
than western boundary fluxes in the same season.
This is consistent with Huang et al. (2006)’s findings.
This suggests that the study area does not likely to
export substantial quantities of nutrients to the East
China Sea, instead nutrients confined to the coastal
region by the complex circulation regime (Zhang et
al., 2007a).

Western boundary fluxes flowed into the study area
for four seasons, while southern and northern
boundary fluxes flowed consistently with the
monsoon, with a special case of northern boundary
fluxes northward in lower layer in autumn. This is
probably because the topographic effect outweighs
the shear stress from upper layer. In the same season,
southern and northern boundary fluxes were much
greater than those at eastern and western boundaries.
What is more, southern boundary fluxes (outflow)
exceeded northern boundary fluxes (inflow) by one
fold in winter, meaning that nutrient flux outflow too
rapidly for nutrients to be assimilated by phytoplankton

Vol.33

under strong winds. This makes the study area act as
a conveyer transferring nutrients from the Yellow Sea
to the East China Sea in the whole year.

5 CONCLUSION

A hydrodynamic box model based on ROMS was
successfully constructed. Nutrient fluxes in a complex
current system were calculated and flux fields were
depicted. The major processes controlling the nutrient
flux were discussed. The nutrient flux varied greatly
in season and space. Water flux outweighs the nutrient
concentration in horizontal flux, and upwelling flux
outweighs upward diffusion flux in vertical direction
(upwelling flux and upward diffusion flux regions
overlap all the year). It is found that vertical flux in
spring and summer are much greater than that in
autumn and winter, and the maximum vertical DIP
flux occurs in summer. Additional to the fluxes of
CRD, coastal currents, TWC, and the upwelling,
nutrient flux inflow from the south Yellow Sea and
outflow southward are found crucial to the nutrient
budgets of the study area. As a result, Horizontal
nutrient flux is controlled by physical dilution and
confined to coastal waters and a little into the open
seas, and the study area acts as a conveyer transferring
nutrients from the Yellow Sea to the East China Sea in
the whole year. Vertical nutrient flux in spring and
summer is a main source of DIP. Therefore, the
hydrodynamic ROMS-based box model is superior to
the traditional one in estimating nutrient flux in a
complicated hydrodynamic current system and
provides a modified box model approach to material
flux research.
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