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The South China Sea (SCS) is one of the largest marginal seas in the world, yet the processes that drive its
nutrient distribution are not well understood. Using the three-dimensional China Sea Multiscale Ocean Modeling
System (CMOMS) embedded with a nitrogen-phosphorus-phytoplankton-zooplankton-detritus ecosystem model,
we investigated nutrient transport and dynamics in the SCS. The model was well validated with ﬁeld and remotely sensed observations. We found that the unique layered distribution of nutrients that increases from north
to south in the upper layer and increases in the opposite direction in the middle and deep layers. We found that
the lateral and vertical ﬂuxes associated with three-dimensional ocean circulation and biogeochemical processes
shape the distribution. The lateral ﬂuxes are provided extrinsically by the sandwich-like transport through Luzon
Strait (LS) and the exchanges through other straits, and intrinsically by the interior vertical motion due to ﬂowslope topography interaction. The nutrient deﬁciency in the upper layer due to dilution by inﬂow from the
Western Paciﬁc Ocean is mainly compensated by the upward nutrient-rich deep water. The nutrient transport is
jointly regulated by volume transport and the uneven spatiotemporal distribution of nutrients. We demonstrated
that labile organic matter plays an important role in total nutrient budgets. In euphotic layer, biological production is the major sink, but remineralization contributions to PO4 are more important than to NO3 due to the
higher recycling rate of PO4. In the shelf water, coastal upwelling serves as major source for both NO3 and PO4,
vertical diﬀusion is another important source of PO4 due to the strong downward increasing gradient.

1. Introduction
The South China Sea (SCS) is located within the tropical-subtropical
rim of the western North Paciﬁc Ocean and is among one of the largest
marginal seas in the world with an area that measures approximately
3.5 × 106 km2 (Fig. 1). There is a wide shallow continental shelf
(isobaths < 200 m) sits in the northern and southwestern parts of the
sea while the central region has a deep basin (Chai et al., 2009; Chen
et al., 2001; Shaw and Chao, 1994).
The circulation in the SCS is complex and largely governed by the
East Asian monsoon and the lateral transport through channels that
connect the SCS to adjacent seas (Qu, 2000). The SCS exchanges water
with the East China Sea (ECS) through Taiwan Strait (TS), with the
Western Paciﬁc Ocean (WPO) through Luzon Strait (LS), with the Sulu
Sea through Mindoro and Balabac Strait (MS), and with the Java Sea
through Karimata Strait (KS).
The basin-scale surface circulation responds to the northeasterly
winter monsoon and the southwesterly summer monsoon with cyclonically and anti-cyclonically along-slope ﬂow, respectively. In addition,

⁎

there is the surface Kuroshio intrusion through LS (Gan et al., 2006; Gan
et al., 2016a; Qu, 2000). A unique three-layer cyclonic-anticycloniccyclonic (CAC) circulation operates vertically in the upper (< 750 m),
middle (750 to 1500 m), and deep (> 1500 m) layers and is induced by
the inﬂow-outﬂow-inﬂow structure in LS and the consequent vortex
stretching in the SCS basin (Gan et al., 2016b).
Nutrient transport and dynamics in the SCS are complex because
they are strongly inﬂuenced by circulation and associated spatial
variability. Biological activities complicate the processes further in the
upper layer. The exchange ﬂow between the SCS and the WPO through
LS provides the dominant nutrient ﬂux for the SCS (Gan et al., 2016a;
Wong et al., 2007b).
In the WPO, there is a nutrient maximum at a depth of ~1000 m.
However, the vertical distribution of nutrients in the SCS is much more
uniform than in the WPO, and the concentration is considerably higher
than in the WPO in the subsurface layer (100 to 600 m). The opposite is
true in the intermediate layer (600 to 1500 m) of the SCS where there is
stronger vertical mixing and upward advection (Gong et al., 1992).
Nutrient transport into and out of the SCS has been studied by many
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Fig. 1. Map of the South China Sea (SCS) with isobaths (m). The black star and the open circle indicate the locations of SEATS and the LU60 station respectively. The
straits are indicated by black dashed lines. The blue dots on the small map at the top left corner indicates the stations from various cruises. The red and orange double
lines represent the meridional and zonal sections for the observation - model comparison. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

In the SCS basin, nutrients in the euphotic layer are supplied by
vertical mixing and upward motion induced by the East Asian monsoon
and various oceanic physical processes such as mesoscale eddies (Zhou
et al., 2013). In the mixed layer of the SCS basin, unlike other lowlatitude waters, the nutrient concentration varies signiﬁcantly from
season to season (Wong et al., 2007a). The highest nutrient levels and
the strongest biological production in the mixed layer occur in winter
when the strongest northeasterly monsoon prevails (Chen, 2005). Over
the continental shelf, nutrient concentration is much higher and generally peaks during summer due to river runoﬀ and coastal upwelling
(Chou et al., 2007; Gan et al., 2006). The nutrient input from the Mekong River and the Pearl River (world’s 10th and 13th largest rivers in
terms of discharge (Dai and Trenberth, 2002; Zhai et al., 2005)) is as
high as 97 × 109 mol yr-1 for N and 1.2 × 109 mol yr-1 for P and
exhibits signiﬁcant seasonality. However, the contribution of nutrients
by upward ﬂux is still not completely determined (Chen et al., 2001).
Over the northern shelf of the SCS, Wong et al. (2015) suggested that
vertical mixing brings nutrients from the deep layer to the mixed layer
in summer and winter. In winter, the oﬀshore nutrient transport can be
enhanced by the presence of a thermohaline front (Liu et al., 2010b).
Unlike in the bioactive upper layer, nutrient concentration in the deep

researchers. For transport through LS, Chen et al. (2001) used a mass
balance box model to estimate the nitrogen (N) and phosphorus (P)
inputs through LS in the middle and deep layers. However, they could
not separate the transport in upper layer from those contributed by
other straits (such as TS and KS). Using an isopycnal mixing model, Du
et al. (2013) found that the nutrient inventory in the upper 100 m of the
SCS is negatively correlated with the extent of the Kuroshio intrusion.
However, they warned that their method might not be valid when the
timescale exceeds the water residence time and diapycnal mixing becomes signiﬁcant. Using the same mass balance method as Chen et al.
(2001) used, previous studies estimated the nutrient transport from the
SCS to the ECS through TS to range from 22 × 109 to 203 × 109 mol yr1
for N and from 2.2 × 109 to 13 × 109 mol yr-1 for P (Liu et al., 2010a;
Zhang et al., 2007). However, other studies suggested that the nutrient
transport from the ECS to the SCS occurs due to a massive winter nutrient ﬂux via the China Coastal Current (CCC) in winter (Chen, 2008;
Han et al., 2013). Nutrient transport through MS and KS has rarely been
investigated, with one exception is a study by Chen et al. (2001) who
reported a larger inﬂux through MS (39 × 109 mol yr-1 for N and
3.9 × 109 mol yr-1 for P) and a smaller inﬂux through KS (12 × 109
mol yr-1 for N and 0 mol yr-1 for P).
2
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Fig. 2. Schematic diagram of the biological module of the model. Boxes represent diﬀerent biological variables. Arrows indicate the biogeochemical processes
[adopted from Gan et al., 2014].

Modelling System (ROMS) (Shchepetkin and McWilliams, 2005) that
describes three-dimensional, time-dependent circulation using the hydrostatic primitive equations. The biological part of the modeling
system is a N-P based ecosystem model developed by Gan et al., 2014
that used the framework of the Fasham-type N-based ecosystem
(Fasham et al., 1990; Fennel et al., 2006).
CMOMS integrates circulation in the estuaries, shelves, basins, and
open oceans at diﬀerent subscales. Our model domain extended
from ~0.95oN, 99oE in the southwest corner to ~50oN, 147oE in the
northeast corner. The model’s horizontal coordinate system adopts a
curvilinear grid. The horizontal resolution of our domain ranged
from ~7 km in the north to ~10 km in the south with respect to a
cylindrical map projection. Vertically, we adopted a 30-level stretched
generalized terrain-following coordinate system with higher resolution
in the surface and bottom layers than in the middle layer.
The model was initialized by climatological winter salinity and
temperature from the World Ocean Atlas 2013 (WOA13). We forced the
model with wind stress derived from the climatological monthly reanalysis of 10 m blended sea winds (averaged over 1981–2010) released by NOAA (https://www.ncdc.noaa.gov/oa/rsad/air-sea/
seawinds.html), the data set has 0.25° × 0.25° resolution. We used
the atmospheric heat and salt ﬂuxes from the climatological monthly
NCEP (National Centers for Environmental Prediction) reanalysis 1
meteorological variables, the data set has 1.875° × 1.875° resolution.
At the open boundaries, we applied a set of newly developed active
open boundary conditions (OBCs) (Liu and Gan, 2016) to accommodate
tidal forcing, subtidal forcing and climatological monthly discharges
from the rivers surrounding the SCS (e.g., the Pearl River, the Mekong
River, and the Red River).
The CMOMS successfully simulated the extrinsic forcing of coherent
transports through the straits surrounding the China Seas. In addition,
the model simulated the intrinsic circulation response of, for example,

layer of the SCS basin stays relatively constant over time (Wong et al.,
2007a).
An understanding of the nutrient transport and dynamics is essential
for quantifying the nutrient budget and revealing the biogeochemical
processes of the SCS. However, the mechanisms and processes regulating the evolution of the SCS water are still poorly understood,
which is mainly because we are lack of understanding about the threedimensional circulation and transport besides the associated biogeochemical process in the SCS. Lacking comprehensive understanding of
the time-dependent three-dimensional circulation in the SCS and the
water exchange with adjacent seas often leads to misinterpretation and
irrational speculation of the nutrient transport and dynamics. By focusing mainly on local phenomena in diﬀerent parts of the SCS, as in
most of the previous studies, we have overlooked the holistic interactions between physical and biogeochemical processes and between
processes within and outside the SCS.
In this study, by combining observed data and a coupled physicalbiogeochemical model, we explain the three-dimensional, time-dependent nutrient response to the physical circulation and biogeochemical
processes in the SCS. This model-based study of the nutrient budget in
the SCS, based on our recent ﬁnding of novel layered circulation in the
SCS (Gan et al., 2016a, b; Liu and Gan, 2017), paints a complete picture
of the nutrient distribution, transport, and dynamics in the SCS, thus
paving the way for future studies.
2. Materials and methods
2.1. Ocean model and implementation
We used a coupled physical-biological model that is based on the
China Sea Multiscale Modeling System [CMOMS, https://odmp.ust.hk/
cmoms/, Gan et al., 2016a,b). CMOMS adopts the Regional Ocean
3
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Table 1
Biogeochemical model parameters.
Description

Symbol

Value

Units

Phytoplankton growth rate at 0℃
Light attenuation due to seawater
Light attenuation by chlorophyll
Initial slope of the P-I curve
Maximum cellular chlorophyll : C Ratio
Cellular P:N ratio
Half-saturation for phytoplankton NO3 uptake
Half-saturation for phytoplankton. NH4 uptake
Half-saturation for phytoplankton. PO4 uptake
Phytoplankton mortality rate
Zooplankton maximum grazing rate
Zooplankton assimilation eﬃciency for Nitrogen
Zooplankton half-saturation constant for ingestion
Zooplankton basal metabolism
Zooplankton speciﬁc excretion rate
Zooplankton mortality rate
Small detritus remineralization rate for nitrogen
Large detritus remineralization rate for nitrogen
Small detritus remineralization rate for phosphorus
Large detritus remineralization rate for phosphorus
Coagulation rate
Sinking velocity for small detritus
Sinking velocity for large detritus
Sinking velocity for Phytoplankton
Maximum nitriﬁcation rate
Threshold PAR for nitriﬁcation inhibition
Half-saturation PAR for nitriﬁcation inhibition

μ0
kwater
kChla
α
θm
rPN
kN
kA
kP
mPhyto
gmax
β
kPhyto
lBM
LE
mZoo
rSDN
rLDN
rSDP
rLDP
τ
wSD
wLD
wPhyto
nmax
I0
kI

3
0.04
0.025
0.06
0.054
0.0625
0.96
0.96
0.06
0.15
0.5
0.75
3.5
0.1
0.1
0.025
0.03
0.01
0.075
0.025
0.05
0.1
1
0.1
0.05
0.0095
0.036

d-1
m-1
(m2 mg Chla)-1
mg C (mg Chla Wm-2 d)-1
mg Chla (mg C)-1
–
mmol m-3
mmol m-3
mmol m-3
d-1
d-1
–
mmol N m-3
d-1
d-1
d-1 (mmol N m-3)-1
d-1
d-1
d-1
d-1
d-1
m d-1
m d-1
m d-1
d-1
W m-2
W m-2

seasonal data for the upper 500 m and from annual data for water
columns deeper than 500 m. We spun up the model for 50 years and
used results based on the averages of model outputs over the last ﬁve
years for our analyses.

alternating spinning layered circulation in the SCS. The extrinsically
forced transports and intrinsic response are critical to the biogeochemical responses in the basin of the SCS. More details about the
physical model are in Gan et al. (2016a,b).
The biological component of our coupled model is a NPPZD (nitrogen, phosphorus, phytoplankton, zooplankton, and detritus) model
(Fig. 2). The NPPZD model reasonably reﬂects the P limitation resulting
from the river plumes in the SCS. A detailed description of the biological model and the equations that govern the biological processes are
in Gan et al., 2014. The parameters used in the NPPZD model are shown
in Table 1. These parameters were derived from previous studies in the
SCS (e.g. Gan et al., 2014) and in other oceans around the world
(Fennel et al., 2006; Spitz et al., 2005). We set the NO3 and PO4 concentrations in river discharge to 90 mmol m-3 and 1.5 mmol m-3 based
on values found in the literature, respectively, but increased both
concentrations appropriately by considering the nutrient discharge in
organic and/or particulate forms (Duan et al., 2008; Meybeck, 1982).
We understand that these parameters are spatially and temporally
variable, and they are connected by biogeochemical processes (parameters), which we still have very limited knowledge. In the current
study, we have conducted rigorously numerical experiments to examine
these parameters through repeated optimization with observed data,
such that they can best represent the observed biogeochemical distribution and variation in the SCS.
The initial nutrient ﬁelds and biological parameters came from
several sources. We merged the initial NO3 and PO4 ﬁelds from ﬁeld
observations made in the shelf region in winter 2009 as part of the
CHOICE-C project (Carbon Cycling in China Seas-budget, controls and
ocean acidiﬁcation) with data from WOA01 (World Ocean Atlas 2001)
in the deep basin. The initial chlorophyll ﬁeld was from the WOA01
annual average. The initial ﬁelds of phytoplankton and detritus, which
are not available from ﬁeld observations or the WOA database, were
calculated from chlorophyll data assuming a chlorophyll-to-phytoplankton ratio of 1.59 mg:mmol and a detritus-to-phytoplankton ratio
of 0.70 mmol:mmol (Gan et al., 2014). We computed the initial zooplankton from phytoplankton by assuming a zooplankton-to-phytoplankton ratio of 0.1 mmol:mmol. We obtained the boundary values for
the biological variables from WOA01 where NO3 and PO4 were from

2.2. Observational data
We validated the model with observed ﬁeld data and remotely
sensed data derived from MODIS (Moderate Resolution Imaging
Spectroradiometer, averaged from 2002 to 2012) and SeaWiFS (Seaviewing Wide Field-of-view Sensor, averaged from 1997 to 2010). The
ﬁeld data (salinity, temperature, NO3, and PO4) were collected from
four cruises under the CHOICE-C project that occurred from July to
September 2009, from December 2009 to February 2010, from October
to December 2010, and from April to June 2011. Most of the sampling
stations were north of 18oN; for example, SEATS (South East Asia TimeSeries Station) and the LU60 station (Fig. 1). We derived the ﬁeld data
of the Kuroshio Edge Exchange Processes (KEEP) from the Joint Global
Ocean Flux Study (JGOFS) North Paciﬁc Process Study (NPPS) data set.
Most of the stations from KEEP were south of 18oN (https://www.nodc.
noaa.gov/archive/arc0013/0001873/1.1/data/1-data/data/csv/
Taiwan/). Discrete NO3 and PO4 samples were collected using a Rosette
sampler with GO-FLO bottles (General Oceanics Co.) and were determined colorimetrically using a ﬂow injection analyzer (Tri-223 autoanalyzer).
The remotely sensed chlorophyll represents the mean chlorophyll
concentration at penetration depth (Gordon and Mccluney, 1975; Morel
and Berthon, 1989; Smith, 1981). The penetration depth accessible to
remote sensing is (Zpd) = euphotic depth (Zeu) / 4.6 (Morel and
Berthon, 1989). Zeu in the SCS basin (isobaths ≥ 200 m) is ~85 m in
winter and ~110 m at other times. For the shelf region, researchers
estimated an annual mean Zeu of ~50 m (Shang et al., 2011). The penetration depth of the blue to blue-green portion of the solar spectrum,
which is absorbed most eﬃciently by phytoplankton, is ~20% greater
than the penetration depth of Photosynthetically Active Radiation
(PAR) (the commonly used euphotic zone depth) in the SCS (Lee et al.,
2013). Therefore, for the SCS basin, the remotely sensed chlorophyll
represents the mean value in the upper ~22 m of the water column in
4
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Fig. 3. Model-simulated horizontal mean surface velocity vectors (m s-1) in (a) summer (Jun. - Aug.) and (b) winter (Dec. - Feb.).

the plume generally ﬂows southwestward under a northeasterly monsoon. Although the total amount of nutrient input in winter from the
rivers around the SCS is low due to the lower river discharge, the China
Coastal Current (CCC) carries nutrients discharged from the Changjiang
River southward along the coast of the ECS, through TS, and towards
the broad northern SCS (NSCS) shelf. This input refuels biological
production in the entire coastal water oﬀ China (Chen, 2008; Han et al.,
2013) which is shown in the right column of Fig. 4a.
Fig. 4b shows that the chlorophyll level had twin peaks in the
northern and southern parts of the SCS shelf during summer and winter.
The overall concentration in the southern part was lower than in the
northern part, mainly because of the lack of a massive nutrient input
from river discharge. Note that diﬀuse sources of nutrients (such as
agriculture, sewage discharge, small runoﬀs) along the coast and
benthic processes were not included in the model, which might explain
some of the disagreement between the model output and the ﬁeld observations in coastal areas and shallow waters, for example, the high
chlorophyll level along the Northern Borneo coast, in the Beibu Gulf
(northwest of Hainan Island), and in the Gulf of Thailand (Fig. 4a). In
addition, the high loading of inorganic suspended matter and colored
dissolved organic matter (CDOM) in coastal waters could cause remotely sensed data to be signiﬁcantly overestimated (Ruddick et al.,
2001). This is also why the model output agreed better with the satellite
data with regards to a seasonal trend, but had relatively low magnitudes (Fig. 4b).

winter and the mean value in the upper ~29 m at other times. For the
shelf region, the remotely sensed chlorophyll represents the mean value
in the upper ~12 m on average throughout the year.
3. Results
3.1. Hydrography and circulation
The circulation in the upper layer is cyclonic in winter. In summer,
the circulation is cyclonic in the northern basin and anticyclonic in the
southern basin. The seasonal circulation is shown by the surface velocity vectors in Fig. 3 (also see stream functions in Fig. 1 in Gan et al.,
2016b). The ocean circulation in the SCS mainly consists of the winddriven coastal current over the shallow shelf and basin circulation
forced by monsoonal wind stress and inﬂow/outﬂow through the straits
(Gan et al., 2016a; Qu, 2000). Below the surface layer, the circulation is
anticyclonic for the entire year due mainly to the outﬂow through LS. In
the deep layer, a cyclonic circulation prevails during summer and
winter and is closely related to the deep intrusion through LS. The results of the distinct cyclonic-anticyclonic-cyclonic (CAC) three-layer
circulation in the SCS were validated by geostrophic currents derived
from hydrographic data, and its correlation with the inﬂow-outﬂowinﬂow sandwich-structure transport in LS was recently revealed by Gan
et al. (2016a,b). The overall similarities of the physical ﬁeld between
model results and observations provides a reliable physical platform for
us to conduct further biogeochemical analysis.

3.2.2. Basin
Water column stratiﬁcation is strongest during summer. Nutrients in
the surface layer were nearly depleted because the upward advection of
deep water was blocked by the stable pycnocline (Wu et al., 2003).
Therefore, the chlorophyll level in the basin was lowest during summer.
In winter, when there is a strong northeast monsoon, the vertical
mixing in the upper water column is strongest. At this time, the mixed
layer depth (MLD) can exceed 80 m, whereas it is merely ~20 m during
other seasons (Qu, 2001). Subsurface water is an important nutrient
source for the surface water so that the chlorophyll level is highest in
winter. Several local physical processes also enhance local upwelling to
further enrich the nutrients in the surface layer. The most prominent
processes are the strong upwelling induced by the seasonal cyclonic
eddy northwest of Luzon (Shaw et al., 1996) and the cyclonic eddy
generated by the recirculation of the jet separation southeastern of
Vietnam (Gan and Qu, 2008). Our model captured these seasonal cyclonic eddies well in the three dimensional circulation (Gan et al.,
2016a) and in the strengthened phytoplankton blooms (Fig. 4a).
The seasonality of the chlorophyll is seen clearly in the time series of
the domain-averaged surface chlorophyll levels of the model output and

3.2. Chlorophyll in the SCS
Jointly modulated by monsoon wind-induced mixing, river discharge and locally/remotely controlled basin circulation, the horizontal
distribution of surface chlorophyll exhibited signiﬁcant spatiotemporal
variabilities. Fig. 4 shows the horizontal distribution of modeled and
observed sea surface chlorophyll and its variation over time.
3.2.1. Shelf
In summer, there were high chlorophyll bands near the northern
and western coasts, where the Pearl River and the Mekong River discharge into the SCS (Fig. 4a). The river discharges and the associated
terrestrial nutrient input in summer stimulate phytoplankton growth in
these regions (Dai et al., 2008; Gan et al., 2010). In addition, the upwelling induced by the southwesterly monsoon near the northern and
western parts of the SCS (Gan and Qu, 2008; Gan et al., 2009a) provides
an additional nutrient source for a biological bloom (Fig. 4a).
However, in winter, the river discharge is lower (accounting
for ~6% of the total annual discharge (Dai and Trenberth, 2002)), and
5
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Fig. 4. (a) Distributions of sea surface chlorophyll a (μg L-1) in summer and winter from SeaWiFS satellite data (upper panel) and the model (lower panel). (b)
Seasonal variations in domain-averaged surface chlorophyll from the model and satellite remote sensing data. The upper panel in (b) is the SCS basin (> 200 m water
depth) and the lower panel is the SCS shelf (≤100 m water depth). The left column is the northern part of the SCS (north of 15oN), and the right column is the
southern part of the SCS (south of 15oN).
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ﬁeld observations. The model reproduced the observations closely in
magnitude and phase. The chlorophyll concentration stayed low, ranging from ~0.1 μg L-1 (summer) to ~0.25 μg L-1 (winter) in the north
and south (Fig. 4b), reﬂecting the oligotrophy in this area. The seasonal
trend was smooth in the north. The high chlorophyll level induced by
the Pearl River plume and the coastal upwelling oﬀ southern China did
not appear to be transported out of the shelf region. However, in the
southern part of the SCS, besides the high chlorophyll level in winter,
there was also a weak peak in summer which we attribute to the crossslope propagation of the Mekong River plume and the coastal upwelling
oﬀ eastern Vietnam.
The spatiotemporal characteristics in the model results and in the
observations shown in Fig. 4 agreed with our general understanding of
seasonal variation of the biological processes in the SCS. However, the
inﬂuence of the dominant three-dimensional CAC circulation and associated inﬂow/outﬂow on the nutrient ﬂux and biological productivity
in the SCS has not been assessed. In addition, the links between nutrient
distribution and transport remain largely unknown; the connections
between nutrient dynamics and biological response are not clear. This
study aims to ﬁll these knowledge gaps.

the observed distributions. The distributions shown in Fig. 5 are from
meridional and zonal sections across the entire SCS. Because the SCS is
an oligotrophic sea, the nutrient concentration in the surface layer was
almost undetectable in most areas. The nutrient concentration increased rapidly downward with depth in the upper ~1000 m, and then
the concentration remained relatively stable in the deeper layer. There
was a higher nutrient concentration around 2000 m depth and a slightly
lower concentration in the bottom layer, but the range of variation did
not exceed ± 5% of the mean value below 1000 m. The model results
compared reasonably well with the ﬁeld observations along the two
sections shown in Fig. 5.
In Fig. 6, we compare model results and observations at all the
sampling stations. The model results and observed data deviated more
from a 1:1 line in the upper layer where biogeochemical activities were
relative strong. The model results were systematically slightly lower
than the observations. There are many reasons for the diﬀerences between the model results and the observations; nevertheless, the overall
good linearity between the two demonstrates that the model reproduced the observed features in the SCS.

3.4. The vertical structures in the SCS and WPO
3.3. Nutrient distribution
The SCS water originates from the WPO through LS (Gan et al.,
2016a; Wong et al., 2007b). However, the vertical distributions of

We compared the nutrient distributions produced by the model and

Model

(d)

(e)

(f)

(g)

(h)

PO4 (mmol m-3)

(c)

NO3 (mmol m-3)

(b)

PO4 (mmol m-3)

(a)

NO3 (mmol m-3)

Depth (m)

Observation

Longitude / Latitude
Fig. 5. NO3 and PO4 distributions at meridional (a - d) and zonal (e - h) sections (see Fig. 1 for location) for observed data and model result. The black dots represent
sampling points.
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(b)
PO4-M (mmol m-3)

NO3-M (mmol m-3)

(a)

NO3-O (mmol m-3)

PO4-O (mmol m-3)

Fig. 6. Comparison between model (M) and observation (O) for NO3 and PO4. Each point in the scatter charts represents an observation-model pair (all the
observational stations from various cruises are shown in Fig. 1). The color of the points represents the sampling depth of each data point.

4. Discussion

physical and biochemical parameters have been found to be very different between these two bodies of water (Chiang et al., 2018; Du et al.,
2013; Gong et al., 1992). Researchers have yet to explain these diﬀerences.
Fig. 7 shows the vertical proﬁles of salinity, temperature, NO3 and
PO4 at SEATS and LU60. SEATS represented the SCS water, and LU60
represented WPO water (Fig. 1). All variables diﬀered signiﬁcantly
between SEATS and LU60, especially in the upper 1000 m. The salinity
exhibited similar patterns at the two locations (Fig. 7a): it increased
sharply from a low value in the surface to a maximum at ~150 m, then
minimized ~500 m, before it steadily increased again in the deeper
layer. However, the vertical distribution of salinity at SEATS was more
uniform than that at LU60, except for the very low surface value at
SEATS due to the terrestrial freshwater discharge around the SCS
(Wyrtki, 1961).
The sea surface temperature (SST) at the two sites were very similar.
The similarity suggests similar atmospheric thermal forcing and heat
transport (Gan et al., 2016a). However, the temperature dropped more
quickly at SEATS immediately below the surface layer. The diﬀerence
in temperature between the two sites continued to expand with depth
until it reached a maximum of ~5 °C between ~300 and ~400 m.
Below 400 m, the temperature diﬀerence narrowed and merged
at ~900 m and below 900 m (Fig. 7b).
On the contrary, the nutrient concentration at SEATS was considerably higher than that at LU60 in the upper ~900 m, except in the
surface mixed layer where the nutrient concentration was extremely
low for both stations due to biological consumption (Fig. 7c, d). The
maximum diﬀerences were as high as 12 and 0.8 mmol m-3 for NO3 and
PO4, respectively, at ~350 m. The model simulation captured there
vertical characteristics of physical and biogeochemical properties very
well.
The model-observation comparisons (Figs. 5, 6, and 7) provided
good data to validate the model. However, the nutrient patterns along
these sections and stations were not enough to depict the full picture of
the nutrient distribution in the SCS. We had to use the model results to
dynamically interpolate and extrapolate the three dimensional distributions of the nutrients, and discuss the distributions’ control mechanisms.

4.1. Implication from the nutrient vertical structure
The nutrient distribution is intrinsically modulated by the physical
and biological processes inside the water mass and extrinsically determined by the origin of water. Huge freshwater discharge contributes
to lower salinity in the surface layer (Fig. 7a) and brings large amounts
of nutrients (Chen et al., 2001). The nutrient contribution from river
discharge can be roughly estimated based on the water residence time.
Under the assumption that water in the upper layer of the SCS was from
the WPO, and that river discharge was the only external nutrient
source, the water residence time (τ) can be estimated as follows:

τ=

([N ]SCS − [N ]WPO ) V
([N ]R − [N ]WPO ) F

(1)

where [N]SCS, [N]WPO and [N]R are the average nutrient concentrations
in the upper layer of the SCS, the upper layer of the WPO and river
discharge, respectively. V is the volume of water in the upper layer of
the SCS, and F is the ﬂow rate of rivers.
To compensate for the nutrient deﬁcit due to the dilution by intruding WPO water, a residence time of ~101 years would be needed
for NO3 if we ignored sinking due to biological metabolism. Our estimated residence time based on river input only was much longer than
the actual residence time of ~3 years (Liu and Gan, 2017) which suggested that the N contribution from river input was minor compared to
the nutrient enrichment by physical transport in the upper layer.
The PO4 concentration in river discharge was lower than the mean
value in the upper layer (~1.55 mmol m-3). Therefore, other sources
must have been responsible for the PO4 input. Enhanced vertical mixing
might also result in a higher nutrient concentration in the upper layer.
However, there is evidence that suggests that mixing alone cannot account for all the nutrients in the upper layer (e.g. Gong et al., 1992).
Considering the characteristics of the active CAC circulation in the SCS,
and the associated inﬂow/outﬂow through the straits surrounding the
sea, the lateral and upward advective ﬂux of deep water might be the
main source of nutrients in the upper layer (also see Section 4.3.).
4.2. Total nutrient transport
Nutrient transport and budget have long been analyzed based on
dissolved inorganic forms, while the organic nutrient pool has been
ignored by assuming that the main fraction of organic matters is
8
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Fig. 7. Vertical proﬁles of (a) salinity, (b) temperature, (c) NO3 and (d) PO4 from model results (M) and ﬁeld observations (O) at SEATS and the LU60 station during a
cruise in May 2011. Blue solid lines represent model results at SEATS. Blue open diamonds represent observations at SEATS. Red dashed lines represent model results
at LU60. Red open circles represent observations at LU60. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

summer. The proportion of DIN and PON varied dramatically with the
northeastward propagation of the river plume. DIN dominated the nitrogen pool in the near ﬁeld of the plume, but decreased sharply in the
middle and far ﬁeld due to biological consumption. Most of the DIN is
converted to organic forms and represented over 80% of the total nitrogen pool. These labile organic nutrients have a very short turnover
time and drive the biogeochemical cycling in the water column.
Therefore, ignoring the organic forms could lead to considerably underestimating the nutrient ﬂux.
To evaluate how much labile organic forms contribute to nutrient
transportation, we calculated total nitrogen (TN) ﬂuxes through the
four major straits around the SCS by summing all DIN and PON. Fig. 9
compares the TN ﬂux and the DIN ﬂux through diﬀerent channels. The

refractory (Ogawa and Tanoue, 2003). This assumption is valid in the
open ocean, but might be violated in highly productive shallow waters
where labile organic nutrients, comprising marine organisms and their
metabolites, might be present at higher levels than inorganic nutrients
(Liu et al., 2010b; Santos et al., 2008; Zuo et al., 2016). These autochthonous organic nutrients are produced through consumption of
dissolved inorganic nutrients and return to the inorganic pool quickly
through remineralization as shown by Eqs. (A1) to (A3):
The proportion of organic and inorganic forms varied spatially.
Fig. 8 shows the proportion of dissolved inorganic nitrogen (DIN, represented by NO3 and NH4 in the model) and particulate organic nitrogen (PON, represented by phytoplankton, zooplankton, and detritus
in the model) along the central axis of the Pearl River plume during
9
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Fig. 8. Vertical distribution of the ratio of (a) DIN and (b) PON to the total nitrogen pool along the axis of the Pearl River plume (22.1oN) in summer.

diﬀerence between the two ﬂuxes was small for LS (Fig. 9a) because the
DIN ﬂux below the nutricline dominated the total water column-integrated nitrogen transport. The contribution from the organic forms in
the euphotic layer was trivial compared to the strong DIN ﬂux in the
deeper layer. However, for the other three shallower straits, nitrogen
transport in terms of DIN or TN was very diﬀerent. The diﬀerence in the
DIN and TN ﬂuxes was visible in MS (Fig. 9b), but this diﬀerence was
not as large as in the other two straits. The annually averaged DIN ﬂux
was low (-0.13 × 106 mmol s-1, outﬂux) in KS and quite stable
throughout the year, while the annually averaged TN ﬂux was about 6
times higher (-0.88 × 106 mmol s-1, outﬂux) and exhibited signiﬁcant
seasonality (Fig. 9c). The contrast was even stronger for TS. Through
TS, the annually averaged DIN ﬂux was very weak (0.09 × 106 mmol s1
) and traveled mainly from the ECS to the SCS (inﬂux); however, the
annually averaged TN ﬂux was over 20 times stronger (-2.06 × 106

Flux (mmol s-1)

2.2E+8

mmol s-1) and traveled in the opposite direction (outﬂux), due to the
northward transport that increased after winter and peaked in summer
(Fig. 9d). It is commonly considered that the level of dissolved inorganic nutrients carried by the southward CCC in winter was much
higher than the total amount of northward transport in other seasons
(Chen, 2008). By considering the nutrients in labile organic forms, TN
transport is an outﬂux from the SCS. To understand the ecosystem
dynamics in the entire SCS, TN rather than DIN ﬂux needs to be considered.
Like the nitrogen transport, huge diﬀerences also exist between
dissolved inorganic phosphorus (DIP) and total phosphorus (TP), although the diﬀerences were not as signiﬁcant as those between DIN and
TN. The smaller diﬀerences between DIP and TP is not surprising because the remineralization rate of organic phosphorus is much higher
than that of nitrogen (Hopkinson et al., 2002). The annually averaged
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Fig. 9. Time series of depth-integrated DIN (blue solid line) and TN (red solid line) ﬂux (mmol s-1) through (a) Luzon Strait, (b) Mindoro and Balabac Strait, (c)
Karimata Strait, and (d) Taiwan Strait. Positive and negative values represent nutrient ﬂux into and out of the SCS, respectively. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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layer water to form the middle layer water, some water masses from the
deep layer reach the upper layer because of locally forced processes
such as topography, eddies, and waves before they leave the SCS
through the LS (Gan et al., 2016a; Liu and Gan, 2017). Modulated by
this kind of basin-scale three-dimensional circulation, part of the nutrients from the deep layer can be advected to the upper layer.
Under the extrinsic control of the sandwich-like transport through
LS, the water exchange through other straits, and the intrinsic modulation by interior vertically variable circulation (Gan et al., 2016b),
the three-dimensional distribution of nutrients in the SCS exhibited a
unique layered horizontal distribution of NO3 in the upper, middle, and
deep layers which is shown in Fig. 11b.
x − min(x )
We used feature scaling ( x '= max(x ) − min(x ) , where × represents the
original nutrient data array, x’ represents the uniﬁed nutrient data
array, and min and max represent minimum and maximum values) to
unify and magnify spatial diﬀerences and highlight the horizontal
structures in diﬀerent layers. Fig. 11b shows that an increasing northeast to southwest nutrient gradient was in the 500 m layer, reﬂecting
the strong Kuroshio intrusion through LS. Because in upper layer, the
nitrate concentration of the Kuroshio was much lower than that of the
SCS (Fig. 5c, d), the strong intrusion diluted the nitrate concentration in
the upper layer of the SCS. In the middle layer, the sinking upper layer
water that had low nutrient concentration met the rising deep water
that had a high nutrient concentration in the south basin. The upward
advection from the deep layer also joined the water in the middle layer
directly during the outﬂow, especially in the northern basin (Liu and
Gan, 2017). A cyclonic circulation dominates the intrusive deep water
(Gan et al., 2016b). This deep water has a high nutrient loading and
ﬂows southwestward along the slope. At the same time, a strong subduction of water in the middle layer occurred over the eastern slope and
an obduction occurred over the western slope of the south basin (Liu
and Gan, 2017), forming a decreasing northwest to southeast gradient
in the deep layer of the SCS.
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Fig. 10. Annual mean vertical proﬁle of TN transport through Luzon Strait.
Negative and positive values represent the westward and eastward transport,
respectively. The number inside the arrows represents the layer-integrated
transport in units of 106 mmol s-1.

DIP ﬂuxes through TS and KS were -0.06 and -0.07 × 106 mmol s-1,
respectively, but the annually averaged TP transport reached a much
higher -0.20 mmol s-1 in the former and -0.12 × 106 mmol s-1 in the
latter. The result demonstrates the importance of including organic
nutrients when calculating transport and estimating the nutrient budgets in the SCS.
4.3. Layered transport through the LS and 3D nutrient structure of the SCS
Based on the CAC three-layer circulation in the SCS and the corresponding inﬂow-outﬂow-inﬂow transport in LS (Gan et al., 2016a), we
divided the nutrient transport through LS into the three layers following
the direction of volume transport. The vertical variability of the nutrient transport resembled the variability of the volume transport, but
had unique features which the TN ﬂux in Fig. 10 shows. The strongest
volume inﬂow occurred in the surface layer, while the nutrient inﬂux
peaked in the subsurface layer near 500 m due to the oligotrophic
nature of the SCS characterized by the nutrient-deplete surface layer.
The strongest nutrient inﬂux still occurred through the upper layer
(60 × 106 mmol s-1) due to the strong volume transport. Nevertheless,
the nutrient concentration was high (28 × 106 mmol s-1) in the deep
layer which made this layer another important source of nutrients for
the SCS despite its volume transport being relatively low. After compensating for the outﬂow through other straits in the upper layer
(Fig. 9), a downward ﬂux from the upper layer and an upward ﬂux from
the deep layer would be expected to form an outﬂow through LS in the
middle layer (Gan et al., 2016b) (-47 × 106 mmol s-1). If we summed
the ﬂuxes in all the layers, the net TN inﬂux through LS would be
41 × 106 mmol s-1. Such an inﬂow-outﬂow-inﬂow vertical structure of
nutrient transport through LS not only recasts the vertical proﬁle, but
also shapes the layered horizontal distribution of nutrients in the SCS.
Fig. 11a shows the vertical proﬁle of the annual mean domainaveraged NO3 of the SCS and compares it with the same proﬁle in LS. In
the upper layer, the nutrient concentration was lower in LS than in the
SCS. With the strong volume inﬂow, we estimated a deﬁcit
of ~18 × 106 mmol s-1 in TN in the upper layer because of intruding
WPO water that has a low nutrient concentration. As we discussed in
section 4.1, river input and vertical mixing are far from being enough to
compensate for the deﬁcit. The only compensating source, therefore,
would be the deep intrusive transport (~28 × 106 mmol s-1 in TN,
Fig. 10), and ensuing upward transport. When the deep water with high
nutrient loading advects upward and combines with the sinking upper-

4.4. Nutrient exchange with adjacent seas
The nutrient exchange with the adjacent seas is largely modulated
by volume transport. This exchange is also strongly shaped by the uneven spatiotemporal distribution of nutrients. The time series of the TN
ﬂuxes between the SCS and the adjacent seas are presented in Fig. 12.
All these time series showed signiﬁcant seasonal and spatial variability.
The westward upper-layer intrusion through LS was the strongest
during winter as it beneﬁts from the weakened Kuroshio current (Qu,
2000). The eastward transport in the middle layer was the strongest in
winter and early spring to balance the transport in the upper layer.
However, the westward nutrient intrusion in the deep layer was
stronger in late summer and early autumn which was intrinsically associated with the stronger cyclonic circulation in the deep SCS basin at
this time (Gan et al., 2016b). Therefore, unlike the U-shaped seasonal
variation (increasing from a minimum in middle of the year) in the
depth-integrated volume transport through LS (Fig. 14 in Gan et al.,
2016a), the depth-integrated nutrient transport through LS had a
double-peak seasonal trend (Fig. 9a). This reﬂects the strongest westward intrusion in the upper layer where the intrusive velocity was
strongest during winter, and in the deep layer where the cyclonic circulation was strongest during late summer and early autumn.
The eastward nutrient transport through MS in the upper 400 m,
which forms the main outﬂow of the upper-layer waters in the SCS, was
also stronger in winter and weaker in summer (Figs. 9b and 12b). There
was a westward inﬂow at ~500 m, but it was much weaker and varied
less with the season (Fig. 12b). Nutrient exchanges through the other
two straits (TS and KS) were one to two orders of magnitude lower due
to the shallow water and low nutrient concentrations (Fig. 9c, d and
Fig. 12c, d). Diﬀerent from the other straits, the nutrient transport
through TS was stronger in summer and weaker in winter under the
11
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Fig. 11. Vertical proﬁles of (a) annual mean domain-averaged NO3 in the SCS and annual mean section-averaged NO3 across LS, and (b) annual mean layered NO3
horizontal distribution. The horizontal data were standardized using the feature-scaling method (Section 4.3) to unify the scale and highlight the spatial variation.

vertical advection terms for nutrients over the shelf and basin are
shown in Figs. 13–16.

inﬂuence of the Pearl River discharge (Figs. 9d and 12d).
4.5. Nutrient dynamics in the SCS

4.5.1. Shelf
Fig. 13a shows the variation in the time series of the NO3 terms in
the upper 10 m of the water column over the SCS shelf. Most of the river
plume is conﬁned to this layer (Gan et al., 2009b). Vertical advection
dominated the source of NO3. The domain average of the vertical advection that peaked during the summer (Fig. 13a) reﬂected the strong
coastal upwelling along the western and northern shelves (Gan and Qu,
2008; Gan et al., 2009a). The northeastward transport of the Pearl River
plume from the SCS to the ECS during the summer and the southwestward transport of the CCC from the ECS to the SCS during the
winter contributed to the weak negative and positive horizontal advection, respectively, as also found by Chen (2008) and Han et al.
(2013).

Biological activities that responds to and superimpose on the threedimensional ocean circulation are the major controllers of nutrients in
the upper ocean. Assimilation and remineralization transform nutrients
from one form to another and regulate their downward transport. These
processes intensify the spatial gradients and, in turn, strengthen the
diﬀusion. A ﬁrst-order assessment of nutrient dynamics in the upper
layer of the SCS can be made by analyzing the term balances in the
nutrient equations (Equations A1 - A3) to determine how diﬀerent
factors evolve and their contribution to the variation in nutrients.
When calculating the term balances, we amend the horizontal advection and vertical advection from the sigma surface advection back to
geopotential surface advection. The domain averaged horizontal and
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Fig. 13. (a) Time series of volume-averaged
terms in the NO3 equation in the upper 10 m of
the SCS shelf (isobath < 200 m). (b) Vertical
proﬁles of annual mean domain-averaged terms
for NO3 on the shelf. All terms were calculated
by placing them on the right-hand side of the
equation, such that a negative rate means an
increasing rate of variation and a positive rate
means a decreasing rate of variation.
Hadv = horizontal nonlinear advection,
Vadv
=
vertical
nonlinear
advection,
Vidﬀ = vertical diﬀusion, Pprod = production
through PO4, Nitri = nitriﬁcation, and
Nprod = production through NO3.
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Fig. 14. (a) Time series of volume-averaged
terms in the PO4 equation in the upper 10 m of
the SCS shelf (isobath < 200 m). (b) Vertical
proﬁles of annual mean domain-averaged terms
for PO4 on the shelf. Hadv = horizontal nonlinear advection, Vadv = vertical nonlinear advection,
Vidﬀ
=
vertical
diﬀusion,
DINprod = production through NO3 and NH4,
Pprod
=
production
through
PO4,
Zmeta = zooplankton metabolism and excretion, and Dremin = detritus remineralization.
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Fig. 15. (a) Time series of volume-averaged terms in the NO3 equation in the euphotic layer (upper 110 m) of the SCS basin (isobath ≥ 200 m). (b) Vertical proﬁles
of annual mean domain-averaged terms for NO3 in the basin. The terms are deﬁned in the same way as in Fig. 13.

nitrogen (Dyhrman et al., 2007). Vertical diﬀusion also served as a
signiﬁcant source of PO4 (Fig. 14a), suggesting a strong downward
increasing PO4 that opposed the vertical distribution of NO3 in the
upper layer. This downward gradient occurred because of the P-depletion in the plume where the N:P ratio could be as high as ~200
outside of the estuary (Gan et al., 2014). Like NO3, the horizontal
transport term of PO4 reﬂected the northeastward transport of the Pearl
River plume and the southwestward transport of the CCC during
summer and winter respectively. Again, the sink term of PO4 was attributed to biological production, just as it was with NO3. Thus, the Plimitation during summer and enhanced vertical mixing in winter could
be described by Pprod and DINprod, respectively (Fig. 14a). The balance of PO4 in the subsurface layer (> ~60 m) was like the balance of
NO3 except that the dislocation between biological uptake and remineralization was much smaller because of the much higher turnover
rate of PO4 (Fig. 14b).

Biological production is the main sink. The production through PO4
was signiﬁcantly higher than the production through NO3 during
summer because of the river discharge which has a very high N:P ratio
(Cai et al., 2004). On the contrary, the production through NO3 was
higher than the production through PO4 during winter when the river
discharge was the lowest so that there might have been P-limitation in
the river plume and N-limitation in other areas (Gan et al., 2014). A
high concentration of NO3 in the upper layer also caused a downward
diﬀusive ﬂux except during winter when terrestrial NO3 input was low.
The vertical distribution of the terms demonstrated that the higher
production through PO4, which results from the high N:P ratio (above
13.3 (Gan et al., 2014)) in riverine water, was conﬁned to the
upper ~10 m (Fig. 13b). Production through NO3 took over in the
deeper water until it became negligible at the bottom of the euphotic
layer. Strong horizontal and vertical advection was the NO3 source and
sink in the subsurface layer (> ~60 m), respectively, indicating that
NO3 came from the shoreward advection of deep water and was balanced by upward advection during the upwelling which, for example,
occurred in the northern SCS shelf (Gan et al., 2009a). Biologically, NO3
sourced from the nitriﬁcation would generally be consumed by phytoplankton production, but the vertical distribution of these two terms
were dislocated due to the relatively low remineralization and nitriﬁcation rate.
Unlike the NO3, we found that remineralization dominated the
source terms of PO4 in the upper ~70 m layer. The contribution from
vertical advection only exceeded remineralization in the surface layer
during summer when coastal upwelling was strong (Fig. 14). This is
because that the remineralization rates of organic nitrogen and phosphorus are diﬀerent in our model (Table 1) in which the remineralization rate of organic phosphorus is much higher than that of

4.5.2. Basin
The SCS basin is diﬀerent from the nutrient rich shelf sea in that the
basin is typically oligotrophic in surface layer. Fig. 15 shows the volume-averaged terms of NO3 in the euphotic layer (Zeu = 110 m (Shang
et al., 2011)) of the SCS basin. The source of NO3 in the euphotic layer
was vertical advection and the decomposition of organic matter (represented by nitriﬁcation as shown in Equation A(1)). Although the
nitriﬁcation in the euphotic ocean has seldom been reported due to
methodological diﬃculties (Xu et al., 2017), it is suggested that the
fractional contribution of nitriﬁcation to “external” NO3 could be as
high as 19 to 33% (Yool et al., 2007), which generally agrees with the
33% that we calculated in this study. The seasonal variation in nitriﬁcation generally followed the seasonal trend of biological
14
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Fig. 16. (a) Time series of volume-averaged terms in the PO4 equation in the euphotic layer (upper 110 m) of the SCS basin (isobath ≥ 200 m). (b) Vertical proﬁles of
annual mean domain-averaged terms for PO4 in the basin. The terms are deﬁned in the same way as in Fig. 14.

where nmax is the maximum nitriﬁcation rate; I0 is the radiation
threshold for nitriﬁcation inhibition; and kI is the half-saturation radiation for nitriﬁcation inhibition. The diﬀusion eﬀect due to mixing
was relatively small except near the surface where the wind eﬀect was
strong.
The main sink of PO4 in the euphotic layer was also biological uptake and horizontal advection (Fig. 16). Like in the SCS shelf, remineralization was still the most important source of PO4 due to its high
turnover rate, and, as a result, the advection and diﬀusion were relatively smaller. The seasonal trend of the volume-averaged remineralization term of PO4 also followed the seasonal trend of production,
but with a slight time lag (Fig. 16a). Remineralization of PO4 diﬀered
from the remineralization of NO3. The remineralization of PO4 peaked
at nearly the same depth as the production, and it decreased sharply
with depth (Fig. 16b).
The nutrient dynamics in terms of biogeochemical processes was
weak below upper layer because the biological activities were extremely low. Three-dimensional physical transport regulated the nutrients in the deep layer as reﬂected in the horizontal and vertical advection. Fig. 17 shows the domain- and depth-integrated terms in the
upper, middle, and deep layers. As we discussed previously, physical
and biogeochemical processes were equally important as sources and
sinks of nutrients in the upper layer, where vertical advection compensated for the strong sink of horizontal advection due to the dilution.
However, horizontal advection was the dominant source of nutrients in
the deep layer mainly due to the strong intrusion through LS, and
horizontal advection was balanced by upward advection into the
middle layer. In the middle layer, the outﬂow through LS exported the
SCS waters that had a lower nutrient concentration (Fig. 11), while a
downward ﬂux (Liu and Gan, 2017) diluted the nutrient concentration

production, but lagged of ~3 months because detritus takes time to sink
from the surface to the deep layer. The main sink of NO3 was the biological production based on nitrate due to the productive sub-surface
chlorophyll maximum layer within the euphotic layer. However, the
production was still much lower than the production in the shelf region
by totaling production through NO3 (Nprod) and PO4 (Pprod). Horizontal advection from adjacent oceans was also an important sink due
to dilution by the Kuroshio intrusion as discussed in Section 4.1. The
growth of phytoplankton is limited by nitrogen in the open ocean as
indicated by Wu et al. (2003). The biological production was higher in
winter and early spring, in accordance with the higher nutrient supply
during the same period.
Vertical advection was largely balanced by primary production in
the upper ~80 m where most of the phytoplankton biomass dwelled
(Fig. 15b), which is consistent with the ﬁnding of Ning et al. (2004).
Nutrients were no longer consumed by primary production at the
bottom of the euphotic layer, but nitriﬁcation kept replenishing NO3
down to a greater depth after reaching a maximum at ~80 m. The low
remineralization rate, sinking of organic particles (detritus), and light
inhibition (as shown by Equation (2)) jointly shaped the vertical distribution of the nitriﬁcation term. This also explains why the volumeaveraged nitriﬁcation peaked in early summer while production
reached its maximum in early spring (Fig. 15a); it took time for the
detritus to sink to the deep layer where the light condition were more
favorable for nitriﬁcation. The NO3 produced during nitriﬁcation balanced net advection (horizontal + vertical) below the euphotic layer.
The nitriﬁcation rate is expressed as

I − I0 ⎤ ⎞
n = n max ∗ ⎛⎜1 − max ⎡0,
⎟
⎥⎠
⎢
+
k
I − I0 ⎦
I
⎣
⎝

(2)
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Fig. 17. Domain- and layer-integrated terms in the (a) NO3 and (b) PO4 equations in the upper, middle, and deep layers of the SCS basin (isobath ≥ 200 m). The
terms are deﬁned in the same way as in Figs. 12 and 13.

summer due to the stronger cyclonic summer circulation in the deep
SCS basin. Therefore, the depth-integrated nutrient transport through
this strait had a double-peak seasonal pattern.
We analyzed the nutrient dynamics by decomposing the terms in the
nutrient balance governing equations. In the shelf waters, vertical advection was the dominant source of NO3 in the surface-mixed layer
because of strong coastal upwelling. Biological production was the
main sink where the production through PO4 was signiﬁcantly higher
than the production through NO3 during summer. The situation was
reversed in winter. This ﬁnding demonstrates the alternating inﬂuence
of the P-limited river plume and the N-limited coastal water. Below the
surface mixed layer, the sources of NO3 from remineralization, upward
mixing, and lateral inﬂow were balanced by biological uptake and
upward ﬂux. We attributed the main diﬀerences between the balances
of PO4 and NO3 to the high N:P ratio in the river plume and the high
turnover rate of phosphorus.
In the upper layer of the SCS basin, vertical advection and nitriﬁcation were the main sources of NO3, and the NO3 is predominantly
consumed by production. We identiﬁed horizontal advection as another
important sink because of the dilution by the intrusion of lower NO3
waters from the WPO through the LS. Vertically, advection was largely
balanced by primary production in the upper ~80 m and by nitriﬁcation in the deeper layer. The vertical variation in nitrate dynamics was
also jointly shaped by the remineralization rate, the sinking of detritus,
and light inhibition. The main sinks of PO4 in the euphotic layer also
consisted of biological production and horizontal advection, but the
source of PO4 was detritus remineralization due to the much higher
phosphorus turnover rate. For the same reason, there was a much
smaller dislocation and time lag between production and remineralization vertically for PO4 than NO3.

in the middle layer, although the magnitudes of both terms were very
small.

5. Summary
We developed a coupled physical-biological three-dimensional
model that accommodated the biogeochemical characteristics in the
deep basin and in shelf waters to investigate the inﬂuence of physical
and biological processes on nutrient transport and dynamics in the SCS.
We based our investigation on ﬁeld observations and knowledge synthesized from historic studies. Our model satisfactorily captured the
observations, and our study provided new insights into the spatiotemporal variation of nutrient distribution, transport, and dynamics in
the SCS.
Our analysis demonstrated that organic nutrients must be considered when assessing nutrient transport, especially in shallow and
highly productive shelf regions. Considering organic nutrients is essential because the level of labile organic nutrients, comprising marine
organisms and their metabolites, can be much higher than the level of
dissolved inorganic nutrients.
The vertical structure of nutrients in the SCS was closely related to
the inﬂow-outﬂow-inﬂow transport through LS. The upward advection
of deep intrusive water that had high nutrient loading compensated for
the nutrient deﬁciency in the upper layer. The Kuroshio intrusion diluted the nutrients in the upper layer so that they decreased from the
southwest to the northeast of the basin. Upward advection from deep
layer joined the water in the middle layer in the northern basin during
the outﬂow and produced increasing nutrients from the southwest to
the northeast. There was subduction over the eastern slope and obduction over the western slope of the southern basin so that the nutrient
concentration decreased from the north to the south in the deep layer.
The unique three-layered horizontal distribution of nutrients corresponded to the CAC three-layer circulation in the SCS. The three-layer
circulation is extrinsically controlled by the sandwich-like transport
through LS and exchange through the other straits.
The nutrient transport was jointly regulated by volume transport
and gradient of of nutrients. The westward upper-layer intrusion
through LS was strongest during winter because of a weakened
Kuroshio current, but the deep-layer intrusion was stronger in late
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where N, A, P, Phyto, Zoo, SDN, LDN, SDP, and LDP represent NO3, NH4, PO4, phytoplankton, zooplankton, N-fraction of small detritus, N-fraction of
large detritus, P-fraction of small detritus, and P-fraction of large detritus, respectively. μmax is the maximum growth rate of phytoplankton under a
given temperature T (Eppley, 1972). f(I) represents the photosynthesis-light (P-I) relationship. σN and σP are nutrient limitation coeﬃcients. kN, kA
and KP are half-saturation constants for phytoplankton uptake of NO3, NH4, and PO4, respectively. n is the nitriﬁcation rate that is regulated by light
(Olson, 1981). KPhyto is the zooplankton half-saturation constant for ingestion. lBM is the zooplankton basal metabolism. lE is the zooplankton-speciﬁc
excretion rate. β is the zooplankton assimilation eﬃciency for nitrogen. rPN is the cellular P:N ratio, and rSDN, rLDN, rSDP, and rLDP are the small/large
detritus remineralization rates for nitrogen/phosphorus. Detailed biochemical processes and dynamics are found in Gan et al. (2014).
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