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Abstract

The East China Sea (ECS) is one of the largest marginal seas in the Northwest
Pacific, and also one of the most productive regions of the global ocean. Us-
ing a three-dimensional Pacific physical-biological model, we investigate the
interannual variation of phosphate transport via Kuroshio intrusion (KIPT)
in the eastern boundary of the East China Sea (ECS) and its influence on the
ECS biological process during 1997 to 2016. The KIPT into the ECS mainly
occurs in the northeast of Taiwan and southwest of Kyushu, with stronger
interannual variability in the northeast of Taiwan. The variation of the KIPT
is more significant in the near-bottom water, and is dominated by volume
transport. On the interannual timescale, the KIPT changes in response to the
shift of the Kuroshio axis and to the bottom upwelling in the ECS eastern
boundary. When the Kuroshio axis is closer to (farther away from) the ECS
shelf, the strength of the bottom upwelling increases (decreases). This process
induces more (less) significant topographic beta spiral, which causes an anti-
cyclonic (cyclonic) eddy-like bottom velocity feature in the northeast of Tai-
wan. Eventually, more phosphate is transported to the ECS inner shelf, which
increases chlorophyll concentration around the Zhoushan Islands and Yangtze
Estuary but reduces chlorophyll concentration in the ECS outer shelf. Con-
versely, the chlorophyll increases in the ECS outer shelf but decreases around
the Zhoushan Islands and Yangtze Estuary when there is less phosphate
transport. This study highlights the importance of Kuroshio intrusion in con-
necting the inner and outer shelves of the ECS on the interannual timescale.
Phosphate transport into the East China Sea via Kuroshio intrusion shows
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great interannual variability in the northeast of Taiwan. On the interannual
timescale, the variation of phosphate transport into the East China Sea via
Kuroshio intrusion is dominated by volume transport. When the Kuroshio
axis is closer to the East China Sea shelf, there is more phosphate transport in-
to the East China Sea, and chlorophyll increases around the Zhoushan Islands
and Yangtze Estuary.

Keywords

Boundary Phosphate Transport, East China Sea, Biological Process

1. Introduction

The East China Sea (ECS) is one of the largest marginal seas in the Northwest
Pacific. Over 75% of the ECS is continental shelf (Figure 1). The ECS connects
with the South China Sea and Japan Sea through the Taiwan Strait and Korea
Strait on the south and north, respectively. To the east, the ECS meets the
Ryukyu Islands chain and Kyushu Island of Japan, which are along the flow di-
rection of the Kuroshio. To the west, it is bounded by the Asian continent.

The ECS is also one of the most productive regions of the global ocean be-
cause of huge amount of externally sourced nutrients (Guo, 1994; Iseki, 1995;
Wei et al., 2003), which are mainly from river discharges and Kuroshio intrusion
(Wollast, 1991, 1993; Ladd et al., 2005; Whitney et al., 2005; Sugimoto et al.,
2009). The river-derived nutrients are mainly from the Yangtze River, which
provides a combined annual input of 3.17 kmol/s nitrogen and 0.03 kmol/s
phosphorous to the ECS (Chen & Wang, 1999). However, many studies reported
that the Kuroshio water supplies several times of nutrients, much more than the
rivers (Zhang et al., 1997; Chen & Wang, 1999; Zhang et al., 2007; Isobe & Mat-
suno, 2008). Based on observed and estimated data, Chen (2008) demonstrated
that the nutrients of the Kuroshio water contribute 49% (4.69 kmol/s) of the ex-
ternally sourced nitrogen and 71% (0.34 kmol/s) of the phosphorous for the
ECS. This indicated that the phosphorous from the Kuroshio water might play a
more important role in the ECS biological process. Guo et al. (2012) confirmed
this because the ratio of phosphate to nitrate concentration (P:N ratio: 1:13.64)
in the Kuroshio water is higher than that consumed by phytoplankton as indi-
cated by the Redfield ratio (1:16). Worthwhile pointing out that the P:N ratio
(<1:100) in riverine nutrients is far lower than the Redfield ratio, which could
lead to phosphorous limitation in the estuary. Wang et al. (2003) also suggested
that the ECS primary production is limited by phosphate rather than by nitrate.
Thus, the variation of phosphate transport via Kuroshio intrusion (KIPT) into
the ECS is a crucial factor that influences the change of the ECS biological
process, especially for the area of phosphorous limitation.

The annual-averaged KIPT into the ECS takes place in the northeast of Tai-

wan and southwest of Kyushu, but there is an outflow along the 200-m isobath
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Figure 1. (a) Map of the East China Sea (ECS). TS: the Taiwan Strait; EB: the eastern
boundary section of the ECS (EB section); PN: the PN section; WK: the west of the Kyu-
shu; KS: the Korea Strait. The dotted line denotes the EB section, with big dots being
plotted every five grid points from the Taiwan coast; (b) Domain of ROMS-CoSiNE
model.

from ~26°N to ~29°N (Zhao & Guo, 2011). The spatial distribution of phosphate
transport is consistent with that of the volume transport (Tang et al., 2000; Guo
et al., 2006; Lee & Takeshi, 2007). In addition, studies also found that the KIPT
shows significant seasonal variability, which is dominated by volume transport
(Guo et al., 2006; Zhang et al., 2007; Zhao & Guo, 2011). On the other hand, the
variation of KIPT causes changes of ECS biological processes. Based on a
three-dimensional coupled biophysical model, Zhao and Guo (2011) reported
that the additional nutrients from the Kuroshio would cause an increase in pri-
mary production over the ECS shelf from spring to autumn. Using the Regional
Ocean Modeling System (ROMS) (Song & Haidvogel, 1994), Yang et al. (2013)

DOI: 10.4236/gep.2019.79007

81 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.79007

Z.J). Linetal.

proposed that the phosphate via the Kuroshio causes a high chlorophyll tongue
off the coast of Zhejiang province in summer because the high phosphate is
transported by a nearshore Kuroshio branch current. This is supported by the
result of Wang et al. (2016). However, discussion on the dominant factor of the
variation of KIPT and its influence on the ECS biological process on the inte-
rannual timescale are limited.

As is well known, the variation and local pattern of the volume transport via
Kuroshio intrusion (KIVT) are related to the Kuroshio axis (Sun, 1987; Tang et
al., 2000; Liang et al., 2003; Liu et al., 2014). Many studies have reported that
when the shoreward (seaward) shift of the Kuroshio axis happens in winter
(summer), a weakened (strong) cyclonic eddy appears in the upper layer of the
northeast of Taiwan, which induces a stronger (weaker) surface Kuroshio intru-
sion into the ECS (Su et al.,, 1990; Tang & Yang, 1993; Tang et al., 2000; Wu et
al., 2008, 2014; Oey et al., 2010). However, the relation between the Kuroshio
axis and KIPT is not clear. Thus, the objective of this study is to investigate the
dominant factor of the variation of KIPT, and to understand how the variation
of KIPT affects the ECS biological process and how the change of the Kuroshio
axis impacts the KIPT on the interannual timescale.

Due to the lack of continuous in-situ data, it is impossible to investigate the
variation of KIPT and its relation to the Kuroshio axis on the interannual time-
scale from observations. Thus, we use a high-resolution physical-biological
model with a realistic bathymetry in this study. We defined the volume transport
and phosphate transport across the eastern boundary section of the ECS (the EB
section) to be the KIVT and KIPT, respectively (Figure 1).

The paper is organized as follows. A brief outline of the physical-biological
model (ROMS-CoSiNE) and the in-situ data are introduced in Section 2. In Sec-
tion 3, we compare model simulations with observations and results of previous
studies. In Section 4.1, we show the climatology of KIPT, and in Section 4.2, we
discuss its interannual variation. The correlation between KIPT and ECS chlo-
rophyll is reported in Section 4.3, and possible mechanism for their relation on
the interannual timescale is discussed in Section 4.4. Conclusions are given in

Section 5.

2. Model and Data
2.1. Physical-Biological Model

A three-dimensional physical-biological model was used in this study. This
model is based on the ROMS, which is a free-surface, terrain-following, primi-
tive equation model to simulate the ocean (Song & Haidvogel, 1994). We con-
figured the ROMS circulation model for the Pacific Ocean (99°E - 70°W, 45°S -
65°N) at a horizontal resolution of about 12.5 km with realistic geometry and
topography, which is similar to the configuration used in Wang and Chao
(2004) but with a finer resolution. There are 30 vertical levels. Near the two ar-

tificial northern and southern walls, a sponge layer with a width of 5° is used at
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each wall for temperature, salinity, and nutrients. The treatment of the sponge
layer consists of a decay term x(Q* — Q), namely, Q = T in the temperature eq-
uation, Q = S in the salinity equation, and Q = N in the nutrient equation,
which restores model variable Q to the observed field Q* at the two walls. The
value of k varies smoothly from 1/30 day-1 at the wall to zero at 5° from the
wall.

The biological component of the model is based on the Carbon, Silicate, Ni-
trogen Ecosystem (CoSiNE) model by Chai et al. (2002). The CoSiNE model used
in this study includes four nutrients (nitrate, ammonium, silicate, and phos-
phate), two phytoplankton groups (small phytoplankton and diatoms), two graz-
ers (microzooplankton and mesozooplankton), two detritus pools (detritus ni-
trogen and detritus silicate), total CO2, and total alkalinity. In this study, we focus
on the variation of the phosphate. In the euphotic zone, phosphate and other
nutrients is utilized by the two phytoplankton groups, while the phytoplankton’s
biomass is regulated by zooplankton and their growth rate, which is determined
by the Michaelis-Menten type (Dugdale & Goering, 1967). Below the euphotic
zone, sinking particulate organic matters are converted to inorganic nutrients
through a regeneration process, in which organic matter decays to ammonium
and is then nitrified to nitrate. In addition, the modeled chlorophyll concentra-
tion is derived from the phytoplankton biomass concentration (mmol-N-m™),
converted to mg-m~ using a nominal gram chlorophyll to molar nitrogen ratio
of 1.67 (Chai et al., 2009). The governing equations and all parameters used in
this model are described in Fujii and Chai (2007).

In this study, the model was initialized with climatological temperature, salin-
ity, and nutrients from the World Ocean Atlas (WOA) 2005 (Garcia et al., 2006;
Locarnini et al., 2006), and forced by the climatological wind and air-sea fluxes
from Comprehensive Ocean-Atmosphere Data Set (COADS). After 10 years of
spin up to reach quasi-equilibrium, the model was integrated for the 1997-2016
period, forced with daily air-sea fluxes of momentum, heat, and fresh water de-
rived from the National Centers for Environmental Prediction/the National
Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al.,

1996). River nutrients were not considered in the model.

2.2. Satellite and In-Situ Data

The ECS surface chlorophyll data during July 2002 and December 2016 from the
Moderate-resolution Imaging Spectroradiometer (MODIS;

https://oceancolor.gsfc.nasa.gov/) are used to evaluate the model performance.

In-situ hydrographic and nutrient data along the PN section from the Japan
Meteorological Agency (JMA; http://www.jodc.go.jp) are also used to validate

the model. Geostrophic current alone the PN section was calculated using the
hydrographic data for 58 cruises during 1997 and 2009 via the dynamic method
(Hinata, 1996). In our calculation, when the water depth is deeper than 700 m,

the reference level is assumed at the 700-m depth; otherwise, the deepest level is
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assumed as the reference level in the continental shelf region (Oka & Kawabe,
1998; Guo et al., 2003).

3. Model Validation

3.1. Spatial Distribution and Temporal Evolution of Surface
Chlorophyll

We compare the simulated surface chlorophyll with the SeaWiFS data from 1997
to 2009. In Figure 2(a) and Figure 2(b), we can see that the distribution of the
modeled chlorophyll is similar to that of the satellite data. Both show chlorophyll
concentrations decrease from the coast to the open sea. The correlation coeffi-
cient between model and observation is 0.89 (p < 0.01), which means the model
can reproduce the spatial distribution of surface chlorophyll in the ECS. Howev-
er, the modeled chlorophyll is lower than the satellite data in the coastal area.
This discrepancy could result from many factors, including that the nutrients
from rivers are not included in the model and there are some inappropriate pa-
rameters for the ECS phytoplankton dynamics used in our model. On the other
hand, the chlorophyll of the satellite data is often overestimated in the continen-
tal shelf because of the strong interferences from suspended sediments, colored
dissolved organic matter (CDOM), and reflection from the ocean bottom (Sa-
thyendranath, 2000; Xiu & Chai, 2014). The monthly anomaly time series of the
basin-wide chlorophyll is compared with the SeaWiFS data in Figure 3. They
also show similarity in phase, and their correlation coefficient reaches 0.75. Since
we focus on the variation of the chlorophyll and low requirement for the accu-
racy of the values, the model can be used to investigate the variation of the ECS

ecosystem on the interannual time scale.
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Figure 2. Comparison of surface chlorophyll between model simulation and SeaWiFs
observation during 1997-2009. (a) SeaWiFS climatology; (b) Model climatology. Units:
mg-m™.
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Figure 3. (a) Monthly anomaly time series of model (red line) and SeaWiFs chlorophyll (blue line); (b) Scatter plot of the modeled
versus MODIS Chlorophyll. Diagonals in (b) is 1:1 lines. Units: mg-m™.

3.2. Mean State along the Pnection

Multi-year averages of model outputs are evaluated against observations. Figure
4 compares the mean of current velocity, nutrient (nitrate and phosphate) con-
centration. The spatial pattern of simulated current velocity is consistent with
the JMA’s, with faster currents in the upper layer of the middle section than on
the both sides and in the lower layer (Figure 4(a) and Figure 4(d)). The model
also reasonably reproduces the distribution of nitrate and phosphate concentra-
tions, with high in the bottom water and low in the surface water (Figure 4(b),
Figure 4(c), Figure 4(e), and Figure 4(f)). The modeled concentration contours
tilt to the continental slope as in the observation. In addition, the comparation of
nutrient flux along the PN section between simulation and observation is shown
in Figure 5. The nutrient flux is calculated as the product of current velocity and
nutrient concentration. The distribution of observed nitrate and phosphate flux-
es are also captured by the model, which all show high value in the subsurface
water of the middle PN section. The modeled maximum nitrate and phosphate
fluxes reach 6.54 mmol-ms™' and 0.48 mmol-m s, respectively, which are all
slightly smaller than 7.85 mmol-m™s™" for nitrate flux and 0.57 mmol-m s for
phosphate flux of the observations. This discrepancy might come from higher
observed nutrient concentration in the lower layer. Moreover, the core of simu-
lated current velocity and nutrient flux are to the west of the observed features.
These discrepancies could be due to model error or to insufficient spatial resolu-
tion of the observations. The observed data are based on eight stations along the
PN section, and at each station only the data at standard depths were recorded
(Wei et al., 2013).

3.3. Temporal Evolution of Volume Transport and Phosphate
Transport across the PN Section

The yearly anomaly time series of the simulated volume transport (VT), nitrate
transport (NT), and phosphate transport (PT) across the PN section are compared
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Figure 4. Comparison of current velocity and nutrient concentration (nitrate and phosphate) between JMA observation
(1997-2009) (top) and simulated multi-year mean (bottom) along the PN section. Left: Current velocity; middle: nitrate concen-

tration; right: phosphate concentration. The current of JMA observation is computed from geostrophic balance using temperature

and salinity observations at stations (red upside-down triangles).

with in-situ data in Figure 6. The VT, NT, and PT are calculated as the vertical
integration of current velocity and phosphate flux from surface to bottom. The
variations of VT, NT, and PT across the PN section in model simulation and JMA
observations are similar. They have the same phase from 1997 to 2009 (Figure 6),
especially after 2003. The 20-year-mean model VT, NT and PT across the PN
section are about 23.6 Sv, 140.54 kmol-s™' and 11.50 kmol-s™, respectively. The
results are on the same order as estimated values of VT (22.5 Sv), NT (170.8
kmol-s™) and PT (12.51 kmol-s™") by Guo et al. (2012), in which the current ve-
locity was obtained via the inverse method (Zhu et al., 2006). Overall, the ob-
served current velocity, nutrient concentration, and nutrient flux along the PN
section in terms of the mean spatial pattern and interannual variation are re-

produced in the model.

3.4. Annual Volume and Nutrient Transports across the
Boundary of the ECS

The 20-year mean of VT, NT, and PT through the boundaries (see Figure 1(a))
of the ECS based on our model are compared with the estimates by previous
studies in Table 1. Examining the simulated VT across these boundaries, we can

find that they are on the same order to those estimates by using box model and
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Figure 5. Comparison of nutrient (nitrate and phosphate) flux between JMA observation
(1997-2009) (top) and simulated multi-year mean (bottom) along the PN section. Left:
nitrate flux; right: phosphate flux. The nutrient flux is calculated as the product of current
velocity and nutrient concentration. The red upside-down triangles denote the station of
JMA observation.

numerical model of the previous studies (Chen & Wang, 1999; Guo et al., 2006,
2012; Zhang et al., 2007; Zhao & Guo, 2011). However, the VT (0.98 Sv) across
the EB section is smaller than that estimated of other studies (1.21 to 1.53 Sv).
The selection of cross-section to represent the boundary in different studies is a
reason to cause these differences. In some studies, the 200-m isobath was se-
lected as the Eastern Boundary. We selected the EB section as a straight line as
shown in Figure 1 to avoid using different vector velocity rotation angles along
the EB that might introduce errors. For simulated nutrient transport across these
boundaries, they are close to those estimates by Guo et al. (2006, 2012) and
Zhang et al. (2007), who obtained these values through biophysical model and
box model, respectively, but show significantly different with those reported by
Chen and Wang (1999). The incomplete observations along these boundaries in
last century may cause a certain amount of error because the estimated trans-
ports depend on the data collection. Compared with previous studies, our model
result covers longer time period and larger area so that we can obtain more de-
tails about the VT, NT and PT across the boundary of the ECS.

Moreover, Table 1 indicates that the net VT across the boundaries is balanced
both in previous studies and our study. However, the net NT and PT have posi-

tive values, which indicates that there are external nutrients transported into the
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ECS. Depending on different methods to obtain those estimates, previous studies
show a wide range of the net nutrient transport: 0.98 - 2.60 kmol/s for NT and
0.10 - 0.16 kmol/s for PT. The simulated net NT (1.66 kmol/s) and PT (0.12
kmol/s) lie within the range of estimates by previous studies. Overall, transport
estimates from our model are in the range of estimates of previous studies
(Table 1) and model output can be used to investigate the variation of phos-

phate transport via Kuroshio intrusion to the ECS on the interannual timescale.

4. Results and Discussion

4.1. Phosphate Transport via Kuroshio Intrusion across the EB
Section

The phosphate flux via Kuroshio intrusion across the EB section into the ECS
takes place in the northeast of Taiwan (south of 25.6°N) and southwest of Kyu-
shu (30°N - 31.8°N), while the offshore phosphate transport occurs in the mid-
dle of the EB section (25.6°N - 30°N) (Figure 7(a)). The pattern of the
20-year-averaged phosphate flux is basically consistent with that of the current
(Figure 7(b)), but the major onshore and offshore phosphate flux are all closer
to the lower water (below 100 m) than the current. This is due to low phosphate
concentration in the surface water but relatively high phosphate concentration
in the bottom water (Figure 7(c)). This feature of the phosphate flux confirms
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Table 1. Volume transport (Sv; 1 Sv = 106 m*s "), nitrate transport (kmol-s™"), phosphate
transport (kmol's™') across four major boundary sections and the net transport for the
East China Sea, which is obtained by adding the value of each section. Positive value

means that the transport is into the East China Sea.

Boundary VT NT PT Reference Approach
Taiwan Strait
0.36 0.70 0.07 Chen & Wang (1999) Box model
1.71 1.40 - Guo et al. (2006, 2012) Numerical model'
1.81 6.42 0.41 Zhang et al. (2007) Box model
2.12 3.27 0.47 This Study ROMS-CoSiNE
Korea Strait
-1.61 —4.00 -0.25 Chen & Wang (1999) Box model
-3.03 -11.40 - Guo et al. (2006, 2012) Numerical modell
-3.19 —14.45 -0.96 Zhang et al. (2007) Box model
-2.88 -11.23 -1.04 This Study ROMS-CoSiNE
West of Kyushu
-0.14 - - Guo et al. (2006) Numerical model
-0.15 - - Liu et al. (2014) ROMS model
-0.21 -0.64 -0.07 This Study ROMS-CoSiNE
Kuroshio or EB Section
1.21 4.70 0.34 Chen & Wang (1999) Box model
1.46 12.60 - Guo et al. (2006, 2012) Numerical mode]1
1.35 9.01 0.65 Zhang et al. (2007) Box model
1.53 9.40 0.70 Zhao & Guo (2011) Numerical modell
0.98 10.26 0.76 This Study ROMS-CoSiNE
Net Balance
-0.04 1.40 0.16 Chen & Wang (1999) Box model
0.00 2.60 - Guo et al. (2006, 2012) Numerical modell
-0.03 0.98 0.10 Zhang et al. (2007) Box model
0.01 1.66 0.12 This Study ROMS-CoSiNE

"The numerical model used by Guo et al. (2006, 2012) and Zhao and Guo (2011) is a physical-biological
model, which is based on the Princeton Ocean Model and the biological part of NORWECOM.

that the Kuroshio subsurface and bottom waters are important sources for the
ECS phosphate (Chen & Chung, 1990, 1995; Ito et al., 1994; Chen & Wang, 1999;
Yang et al., 2011). Further, Figure 8 confirms the above analysis but the inflow
ranges of volume and phosphate transport via Kuroshio intrusion into the ECS
(namely, KIVT and KIPT) in the northeast of Taiwan are smaller than those in the

southwest of Kyushu, although the maxima of current and phosphate flux are all
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Figure 8. Twenty-year-averaged depth-integrated volume transport (black line) and phosphate transport (red line) for the eastern
boundary section of the East China Sea. The locations of grid points are shown in Figure 1(a).
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in the northeast of Taiwan. Also in Figure 8, the similarity between these two
curves means KIVT and KIPT are basically similar. This is different from some
studies (Guo et al., 2006; Zhao & Guo, 2011; Liu et al., 2014), which reported
wider ranges of Kuroshio intrusion in the northeast of Taiwan. This discrepancy
could be also due to selection of cross-section to represent the Kuroshio intru-
sion into the ECS. The bottom line is these studies also reported that the current

and phosphate flux into the ECS mainly occur in the above two regions.

4.2, Interannual Variation of KIPT across the EB Section

The KIVT shows significant interannual variability (Guo et al., 2006; Liu et al.,
2014; Yang et al., 2017), but the variation of the KIPT on the interannual time-
scale and its dominant factors is still unclear. To investigate this, we obtained
monthly interannual component (MIC) of KIPT via the following procedures: 1)
removing the seasonal cycle and linear trend from the original monthly phosphate
transport across the EB section, and 2) applying a 13-month running mean to the
monthly result from step 1 (Soeyanto et al., 2014). Meanwhile, to understand the
dominant factors of KIPT on the interannual timescale, the MIC of KIVT and
the section-averaged phosphate concentration were obtained by using the above
method.

Firstly, we display the time series of the MIC KIPT and KIVT across the EB
section, and the section-averaged phosphate concentration in Figure 9, along
with their power spectral analysis. Figure 9(a) shows that the KIPT has signifi-
cant interannual variation. High phosphate transport occurred in the years of
1999-2001 and 2012-2013, and low transport occurred in the years of 1997, 2003,
2005, and 2007. The stand deviation (STD) of the MIC KIPT is 0.17 kmol/s,
which is nearly half of the total STD (0.40 kmol/s). The variability of the KIPT is
closer to that of KIVT through the EB section (Figure 9(c)) but also similar to
that of section-averaged phosphate concentration (Figure 9(e)). The correlation
coefficient between time series of KIVT and KIPT is 0.82, which is also more
than that between time series of KIPT and the section-averaged phosphate con-
centration (0.70). This result shows that the MIC KIPT is dominated by MIC
KIVT, but it is also affected by phosphate concentration. Furthermore, spectral
analyses on the MIC KIPT, KIVT all show periods on the interannual timescale:
about ~2 years and ~4 years at the 90% confident level (Figure 9(b), Figure
9(d), and Figure 9(f)) but that of and section-averaged phosphate concentration
is about ~2.5 years and ~3.5 years. The reason for this variation of phosphate
concentration is depending on the water property along the entire EB section,
which is decided by the Kuroshio water and offshore shelf water.

To confirm the above analyses and investigate the localized variation of the
KIPT, we decompose the variance of MIC phosphate flux alone the EB section into
six terms according to the method of Guo et al. (2012). As is well known, phos-
phate flux (c) is the product of current velocity (V) and phosphate concentration
(P). If we separate both velocity and phosphate concentration into mean part (1

and P) and anomaly part (V' and P'), F can be expressed as follows,
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F=(V+V")x(P+P)

Then, the covariance of phosphate flux can be separated into six components,
o} =Po) +Vop + 2ﬁ012,,, +2Po}, +2V o}, + o

where o is the variance of phosphate flux. P’c; is the product of mean
phosphate concentration and variance of velocity; 7o} is the product of mean
velocity and variance of phosphate concentration; Zﬁaf,,, is the product of
mean velocity, mean phosphate concentration, and covariance of velocity and
phosphate concentration. G is the product of the anomaly of velocity and
phosphate concentration. Thus, 2Po7, is the product of mean phosphate con-
centration and covariance of velocity and G. 2V o}, is the product of mean
velocity and covariance of phosphate concentration and G. o, is the va-
riance of G.

Figures 10(a)-(d) show the terms o, P’ocy, V'op, 2P_VO'}2,V and of the
above equation, and the other three terms on the right-hand side of the equation

are negligible. As expected, the variance of MIC phosphate flux has a higher
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Figure 10. Variance of the interannual component of phosphate flux (a) and its decom-
posed terms of P’c? , Vo2 ,and 2PVo?, (b-d), following the variance equation at

each grid along the eastern boundary section of the East China Sea. For convenience, the

value has been magnified 10* times. Units: mmol®>m™s™.

value in the near-bottom water south of 26°N than that in the other region of the
EB section (Figure 10(a)). It indicates that the MIC KIPT has significant varia-
tion in the northeast of Taiwan. For the three terms on the right-hand side of
Equation (2), a pronounced feature is that the variance of these terms show high
value in the northeast of Taiwan and the value of the term P’c; makes up a
major part of the variance of MIC phosphate flux (o, ). However, the terms
V?o, and 2P_V0',2,V (Figure 10(c) and Figure 10(d)) are not small enough to
be negligible. These results suggest that the variation of the MIC phosphate flux
is dominated by the term of current velocity, while it is also affected by the term

of phosphate concentration and the covariance of current velocity and phos-
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phate concentration. The above analysis shows that the interannual variation of
the KIPT is dominated by the current velocity of Kuroshio intrusion (or current
velocity) but also be influenced by that of phosphate concentration in the Kuro-

shio intrusion water.

4.3. Relationship between KIPT and ECS Chlorophyll

To explore the influence of the KIPT on the ECS chlorophyll at the interannual
timescale, the spatial distribution of correlation coefficient between the two at
each grid from 1997 to 2016 is displayed in Figure 11. There is significant posi-
tive correlation in the region around (32°N, 124.5°E) and the offshore area of the
north Yangtze Estuary and Hangzhou Bay, especially around the Zhoushan Isl-
ands, which is a well-known fishing ground (Figure 11). On the other hand, the
most significant negative correlation occurs in the north of Taiwan, which is a
major passage of phosphate transport from the northeast of Taiwan to the
Zhoushan Islands (Yang et al., 2011, 2012). The other area of negative correla-
tion is in the area around (29°N, 125°E), where the primary production is li-
mited by nitrate. The above results indicate that when there is high phosphate
transport across the EB section, chlorophyll tends to be higher around the Zhou-
shan Islands and lower in the outer shelf region.

To examine the above analysis, chlorophyll anomaly is shown in Figure 12 for
the periods when the MIC KIPT is more than its mean plus one standard devia-
tion or less than its mean minus one standard deviation, as indicated in Figure
9(a). When the MIC KIPT is in high intrusion period, it is evident that chloro-
phyll increases in the ECS inner shelf, especially around the Zhoushan Islands.
The increased chlorophyll concentration is more than 0.4 mg-m~. However, the
slightly decreased chlorophyll occurs in the north of Taiwan and the area around
(29°N, 125°E) (Figure 12(a)), which is corresponding to the region of negative
correlation between KIPT and chlorophyll (Figure 11). It means there is more
phosphate being transported by the Kuroshio to the coastal region of the ECS
but less phosphate is used by phytoplankton in the north of Taiwan and outer
shelf of the middle ECS. On the other hand, when the MIC KIPT is in a low in-
trusion period, there is essentially decreased chlorophyll in the ECS shelf, espe-
cially in the Zhejiang coastal areas (Figure 12(b)). The distribution of chloro-
phyll anomalous is similar in spatial pattern but opposite in sign for the periods
with high and low KIPT intrusions.

4.4. Possible Mechanism for MIC KIPT Influence on ECS
Chlorophyll

From the above analyses, the variation of the MIC KIPT is dominated by the
MIC KIVT. Many studies showed that the KIVT into the ECS has a close rela-
tion with the shoreward-seaward movement of the Kuroshio axis (Tang et al.
1999, 2000; Wu et al. 2008, 2014; Liu et al., 2014). Thus, we will investigate
whether the KIPT is influenced by the movement of the Kuroshio axis. To
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Figure 11. Correlation coefficient between the phosphate transport
through the EB section and the ECS chlorophyll for the period from
1997 to 2016. Only the shelf region (water depth less than 200 m)
where the correlation coefficient is significant at 90% confidence lev-
el is shown.
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Figure 12. Surface chlorophyll anomaly for the periods when the phosphate transport is
more than the mean plus one standard deviation (a) and less than the mean minus one
standard deviation (b). The two periods are shown in Figure 6(a). Only the shelf region
of the ECS (depth < 200 m) is shown here. Units: mg-m™.

address this, we define the longitude of the maximum velocity along the PN sec-
tion as the index of the Kuroshio axis (KAI), to examine its relationship with the
MIC KIPT. The normalized time series of the KAI and KIPT are shown in Fig-
ure 13(a). They have opposite phase in the entire 20 year, which suggests that
the shoreward shift of Kuroshio axis will accompany the more KIPT into
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Figure 13. (a) The normalized time series of the interannual component of the Kuroshio axis index and KIPT; (b) Correlation
coefficients between the interannual component of the Kuroshio axis index and the phosphate flux along the eastern boundary of
the East China Sea. The Kuroshio axis index is defined as the longitude of the maximum velocity along the PN section.

the ECS. The correlation coefficients between the MIC phosphate flux at each
grid along the EB section and the KAI show significant negative values in the
subsurface water of major Kuroshio intrusion region (south of 25.6°N and 30°N
- 31.8°N), northeast of Taiwan and southwest of Kyushu, but show basically
positive values in the outflow region, the middle part of EB section (27°N -
30°N) (Figure 13(b)). It means that the shoreward (seaward) movement of the
Kuroshio axis is associated with the increased (decreased) KIPT in the subsur-
face water. Thus, the change of ECS chlorophyll may be affected by the Kuroshio
axis migration, through regulating the variation of the KIPT on the interannual
timescale.

The shoreward-seaward shift of the Kuroshio axis will intensify or suppress an
upper-layer cyclonic eddy in the northeast of Taiwan, and regulate the Kuroshio
intrusion into the ECS (Liu et al., 1992; Tang et al., 1999, 2000; Wu et al., 2008,
2014; Liu et al., 2014; Wang et al., 2016). Our simulated results, however, show
that the phosphate intrusion mainly happens in the near-bottom water. There-

fore, the bottom velocity anomaly is shown in Figure 14 for the high and low
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Figure 14. The lower velocity anomaly for the periods when the phosphate transport is more than the mean plus one standard
deviation (a) and less than the mean minus one standard deviation (b). The two periods are shown in Figure 9(a). The bottom
velocity is selected as the lower velocity in the shelf area (depth < 200 m), but the velocity of 200 m is selected as the lower velocity

in other area (depth > 200 m).

phosphate intrusion periods to explore the influence of Kuroshio axis change on
the KIPT. The high and low phosphate intrusion periods are the same as those
used in Figure 12. In Figure 14(a), we can find that when the KIPT intensifies,
an anticyclonic eddy-like bottom velocity anomaly emerges northeast of Taiwan.
The southern part of the anticyclonic eddy-like bottom velocity anomaly is close
to the south of EB section, which is a major intrusion region. It indicates that the
bottom shoreward flow with rich phosphate from the Kuroshio intrusion is strong-
er than the mean state, and intrudes farther westward into the ECS inner shelf.
Meanwhile, the current will carry more phosphate from the Kuroshio water to
arrive in the area around the Zhoushan Islands and Yangtze Estuary. The addi-
tional bottom phosphate intrusion can be used by phytoplankton through the
coastal upwelling to increase chlorophyll (Chen et al., 2004; Qiao et al., 2006;
Yang et al.,, 2011). However, the increased phosphate intrusion into the ECS
coastal region does not occur southwest of Kyushu.

The contrary pattern of the bottom velocity anomaly happens in the low in-
trusion period (Figure 14(b)). A cyclonic eddy-like velocity anomaly takes place
northeast of Taiwan, and the shoreward transport decreases, which gives decreased
chlorophyll around the Zhoushan Islands and Yangtze Estuary. Meanwhile, we can
also find that the increased inflow from the Taiwan Warm Current take place
and supplies some phosphate along the Fujian coasts (Yang et al., 2018a). This
can explain that the chlorophyll in the north of Taiwan is not obviously de-
creased in Figure 12(b). Other than that, the decreased intrusion happening
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southwest of Kyushu is not associated with a cyclonic eddy-like velocity differ-
ence. Combined with Figure 14(a), the intrusion phosphate southwest of Kyu-
shu plays a small role in the ECS biological process, because its major part will
flow out to the ECS through the Korea Strait (Lie et al., 1998; Guo et al., 2006).
Figure 14 also shows that when the more KIPT is into the ECS, the current ve-
locity of 200 m will increase in the shore side of the PN section but decrease in
the offshore side. Conversely, the velocity of 200 m increases in the offshore side
of the PN section but decreases in the shore side when the less KIPT is into the
ECS. The above analyses indicate that the onshore (offshore) shift of the Kuro-
shio axis is accompanied by increased (decreased) KIPT northeast of Taiwan,
which induces anticyclonic (cyclonic) eddy-like velocity anomaly in the bottom,
making the phosphate from the Kuroshio water intrude further to (farther away
from) the coastal area and affect chlorophyll in the ECS.

Though this process can link the movement of the Kuroshio axis to the
change of ECS chlorophyll, it is still not clear why the variation of the Kuroshio
causes phosphate transport into the coastal area. According to the topographic
beta spiral theory (Yang et al., 2018b), the Kuroshio intrusion depends on the
velocity angle (0 = tan™' (#/v)), which changes with depth and is regulated by
bottom upwelling (w,). When w, >0, the horizontal current rotates in the
form of left-hand spiral, which makes the Kuroshio subsurface water intrude
farther westward than the Kuroshio surface water. When w, <0, the subsurface
water intrudes less than the surface water. The simulated result shows that the
bottom upwelling along the EB section is positive in the northeast of Taiwan,
which is consistent with this theory. However, the bottom upwelling is not all
positive in the southwest of Kyushu. It means that the phosphate intrusion in the
southwest of Kyushu is not controlled by the Kuroshio subsurface water. To in-
vestigate the variation of bottom upwelling, the bottom upwelling along the EB
section in high and low intrusion periods are shown in Figure 15. As expected,
when there is high (low) KIPT into the ECS, the bottom upwelling is stronger
(weaker) than that of the 20-year average, happening in the northeast of Taiwan,
but the variation is not significant in the southeast of Kyushu. More specifically,
the upwelling increases by about 5.5 x 10™* m-s™' around the northeast of Taiwan
in high intrusion period but decreases by about 4.8 x 10 m-s™' in low intrusion
period. However, no matter which period, the change of upwelling around
southwest of Kyushu is far less than that around the northeast of Taiwan which
might explain why there is stronger intrusion in the northeast of Taiwan than in
the southwest of Kyushu. Overall, strong upwelling is associated with strong to-
pographic beta spiral, and more phosphate is transported into the coastal area as

a result.

5. Conclusion

Using the three-dimensional Pacific physical-biological model of ROMS-CoSiNE,
we investigated the variation of nutrient transport via Kuroshio intrusion and

chlorophyll in the ECS. The model is capable of reproducing the observed
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Figure 15. Bottom upwelling velocity of 20-year mean (black line), high intrusion period
(red line), and low intrusion period (blue line) at each grid of the eastern boundary sec-
tion of the East China Sea (the EB section). The high and low intrusion periods are shown
in Figure 6(a). The locations of grid points are shown in Figure 1.

multi-year-averaged current velocity, nutrient flux, and interannual variation of
nutrient transport across the PN section. The model simulation also shows that
the total phosphate transport across the eastern boundary of the ECS enters the
ECS, and the major intrusion regions are the northeast of Taiwan and southwest
of Kyushu; the total phosphate transport across the eastern boundary of the ECS
is similar to the Kuroshio intrusion volume transport. For the interannual varia-
tion of phosphate transport across the eastern boundary of the ECS, large varia-
bility occurs in the near-bottom water northeast of Taiwan. In addition, the var-
iation of volume transport is found to be the major cause for the interannual varia-
tion of phosphate transport, after we decompose the variance of phosphate trans-
port into six terms.

The phosphate transport across the eastern boundary of the ECS can cause a
significant change in the biological process in the region. High phosphate trans-
port along the eastern boundary is associated with increased surface chlorophyll
around the Zhoushan Islands and Yangtze Estuary, but with decreased chloro-
phyll in the outer shelf. The variation of the Kuroshio axis and the upwelling along
the eastern boundary might play crucial roles in this connection. When the Kuro-
shio axis is closer to the ECS shelf, the bottom upwelling along the eastern boun-
dary will be enhanced, which causes an anticyclonic eddy-like anomaly in the bot-
tom water northeast of Taiwan. Thus, more phosphate transport occurs northeast
of Taiwan; and phosphate intrudes farther northwestward to arrive around the
Zhoushan Islands and Yangtze Estuary, which induces the increase of surface
chlorophyll around the region.

Phosphate is essential to all modern forms of life. Phosphate is also a key bio-
logical cornerstone. It is an important source of DNA and adenosine triphos-
phate (ATP), an energy source that drives cells. This chemical is involved in me-
tabolism, the chemical reaction of life, and no phosphate, life is hard to imagine.
At the same time, however, excessive phosphate also causes environmental pol-
lution. The various properties of the ocean and the various environments of the
ocean have a major impact on the existence and distribution of various marine

organisms and sediments. As the global environment gradually deteriorates, the
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problem of marine environmental pollution has become a concern of the society.

Continued research can provide a scientific basis for this.
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