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a b s t r a c t

The hydrographic characteristics and the distributions of nitrateþnitrite, or (NþN), and soluble reactive
phosphate, or SRP, in the Northern South China Sea Shelf-sea (NoSoCS) were determined in four transects
across the shelf in the summer of 2010 and in two transects in the winter of 2011. The NoSoCS may be
sub-divided into the inner shelf, the middle shelf and the outer shelf at water depths of o40 m, 40–
90 m and 90–120 m, respectively. The water in the inner shelf is colder and its concentrations in the
nutrients and chlorophyll-a (Chl_a) are higher in both seasons while the water in the outer shelf is
warmer and its concentrations are lower. With depth, since the mixed layer depth in the NoSoCS in the
winter (�70 m) and in the summer (�40 m) are both shallower than the shelf break depth (�120 m),
the colder and relatively nutrient-rich upper thermocline-upper nutricline water in the open South
China Sea (SCS) can freely extend into the NoSoCS to become its bottom water. This is a distinguishing
characteristic of the NoSoCS as, unlike many of the more extensively studied temperate shelf-seas,
vertical mixing within the NoSoCS, rather than shelf-edge processes such as upwelling, is the primary
mechanism for bringing the nutrients from the sub-surface in the adjoining northern SCS to its mixed
layer for supporting primary production. Four processes that may contribute to this vertical mixing in
the NoSoCS include: shelf-wide winter surface cooling and convective mixing; the actions of internal
waves which probably occur in both seasons along the entire outer shelf; wind and topographically
induced coastal upwelling in the summer off Shantou at the northwestern corner of the NoSoCS; and
winter formation of bottom water at the outer portion of the inner shelf and the inner portion of the
middle shelf. The density of this bottom water formed in the winter of 2011 was equivalent to the
density at �120 m in the open SCS so that it could cascade across the shelf and contribute to not only
vertical mixing but also in cross shelf mixing and the ventilation of the upper thermocline and nutricline
of the open SCS. An enrichment in (NþN) over SRP, where (NþN)/SRP exceeded the Redfield ratio of 16
and [NþN]ex40, was found when salinity dropped below about 33. In these fresher waters, which were
found exclusively in the inner shelf during this study, SRP potentially could become the limiting nutrient.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In the temperate shelf-seas, such as the more extensively
studied East China Sea (Wong et al., 1991, 2004; Chen and Wang,
1999) and the South Atlantic Bight (Lee et al., 1991), the mixed
layer depth in the adjoining ocean interior is often deeper than the
shelf break depth. Horizontal exchange by frontal processes
between the ocean interior and the shelf-sea would bring only

the nutrient-poor mixed layer water from the former to the latter,
and this would result in little net nutrient import into the shelf-
sea. Upwelling over the shelf edge, induced by wind and/or
topography, is necessary if the nutrient-laden sub-surface water
below the mixed layer in the ocean interior is to be brought onto
the shelf-sea to support biological activities. Since the maximum
mixed layer depth in the ocean interior generally decreases with
decreasing latitude (Montégut et al., 2004) while the shelf break
depth, which on average is located at 130 m, is not latitude-
dependent, the relationship between them and thus the avail-
ability of nutrients in the subsurface water in the ocean interior to
the shelf-seas may become different in the tropical waters.
Furthermore, at the lower latitudes, insolation is higher and more
uniform throughout the year. The resulting water temperature in
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the mixed layer is higher and the vertical stratification is stronger;
these would result in less effective winter convective overturn,
which can also bring the nutrients in the sub-surface water to the
mixed layer (Heinrich, 1962). Thus, the dynamics of the nutrients
in the tropical and sub-tropical shelf-seas may be different from
those in their better studied temperate counterpart.

The South China Sea, SCS, is the largest tropical marginal sea of the
world. The Northern South China Sea Shelf-sea (NoSoCS) (Fig. 1), which
forms the northwestern boundary of the SCS, is a tropical shelf-sea
that extends approximately in a northeast to southwest direction from
a ridge system at the southern end of the Taiwan Strait at about 231N
and 1191E to the northeastern coasts of the Leizhou Peninsula and the
Hainan Island at about 20oN and 1111E with a length of about 750 km,
and from the coast of southern China seaward to the shelf break at the
120-m isobath, with an average width of about 200 km. At its
northeastern boundary, it is connected to the Taiwan Strait but free
exchange is restricted by the ridge system that extends seaward from
Dongshan to the Taiwan Bank. The maximum water depth along the
ridge system does not exceed 40m.Wind and topographically induced
upwelling has been reported to occur off the coast from Shantou to
Shanwei and at the shelf edge at the Taiwan Bank (Gan et al., 2009,
2010; Hong et al., 2011a). At its southwestern boundary, the NoSoCS is
almost closed as it is connected to the Beibu Gulf only through the
narrow Qiongzhou Strait between the Leizhou Peninsula and the
Hainan Island. The Pearl River (Zhujiang) empties into the NoSoCS
from the west with an average flow rate of 330 km3/yr. The minimum
flow of this river occurs during the winter and the maximum flow is
reached in the summer in around July (Guo et al., 2008). Its drainage
basin is highly urbanized and its water is noted for its high concentra-
tions of organic substances and the nutrients (Chen et al., 2004; Yin et
al., 2004; Yin and Harrison, 2008; Zhang, 1995). Thus, Chen (2005) and
Chen and Chen (2006) suggested that the discharge of the Pearl River
may play a significant role in controlling the primary production and
new production in the NoSoCS. At its seaward boundary, the NoSoCS is
bordered by a boundary current that flows towards the southwest in
the fall through the spring and towards the northeast in the summer
in response to the forcing of the monsoonal winds (Gan et al., 2006).
Internal waves generated around the Luzon Strait regularly find their
way to the entire outer-shelf of the NoSoCS (Guo et al., 2012). In fact,
some of the largest internal waves of the world were observed around
the Dongsha Atoll at the shelf edge in the northern NoSoCS (Liu et al.,
2006).

Since a variety of significant oceanographic phenomena can be
found in different localities within the NoSoCS, previous studies
tend to focus on these sub-regions, such as the Pearl River estuary
(Yin et al., 2004; Harrison et al., 2008; Yin and Harrison, 2008; Xu
et al., 2009), the upwelling zones (Gan et al., 2010; Hong et al.,

2011a) and the area around the Dongsha Atoll where the activities
of internal waves are particularly intense (Wang et al., 2007; Pan
et al., 2012). Systematic observations for a synoptic study on the
NoSoCS have been rare. In order to fill this gap, we conducted two
cruises to the NoSoCS in the summer of 2010 and the winter of
2011 to examine the spatial and seasonal variability in the
hydrographic characteristics and in the dynamics of the nutrients
in this shelf-sea. The results are reported here.

2. Experimental

2.1. Sampling

The NoSoCS was sampled in four approximately evenly spaced
cross-shelf transects perpendicular to the coastal line from the
coast to the open northern SCS off Shantou, Shanwei, Macau and
Maoming aboard R/V Ocean Researcher I during cruise CR929 in
the summer on June 2 to June 15, 2010 (Fig. 1). In the inner shelf in
less than 40 m of water, stations were occupied at every 7.5 km. In
the middle shelf at water depths of 40 to 90 m, the stations were
20 km apart. Further offshore, at a spacing of 30–50 km, the
stations were even farther apart. At each station, the distributions
of temperature and salinity, fluorescence, and, photosynthetically
available radiation (PAR) were recorded with a SeaBird model
SBE9/11 conductivity-temperature-depth (CTD) recorder, a Chelsea
Aqua fluorometer, and, a Chelsea PAR sensor. Discrete water
samples were collected at every other station with GO-FLO bottles
mounted onto a Rosette sampling assembly (General Oceanic). In
addition, at Station A at a location northeast of the Dongsha Atoll,
the distributions of temperature, salinity, fluorescence and PAR
were recorded hourly and discrete water samples were collected
once every two hours over a 36 h period.

In the winter of 2011, the transect off Maoming and the inner
and middle shelf in the transect off Shantou were re-occupied on
board R/V Ocean Researcher I during cruise CR953 on December
29, 2010 to January 8, 2011. The distributions of temperature,
salinity, fluorescence and PAR were recorded and discrete water
samples were collected at all the stations.

Sub-samples were drawn from the discrete samples, quick-
frozen with liquid nitrogen on board ship, and returned to a shore-
based laboratory for the determination of nitrite, nitrate plus
nitrite, or (NþN), and soluble reactive phosphate, SRP.

2.2. Analytical method

Nitrite and (NþN) were determined by the standard pink azo dye
method which has been adapted for use with a flow injection
analyzer (Strickland and Parsons, 1972; Pai et al., 1990). SRP was
determined manually with the standard phosphomolybdenum blue
method (Strickland and Parsons, 1972). The precisions for the deter-
minations of nitrite, (NþN) and SRP were 70.03, 70.3 and
70.01 μΜ, respectively. The detection limits were about three times
the corresponding precisions. Low level SRP in the mixed layer waters
was determined by the molybdenum blue method after a pre-
concentration by a co-precipitation with magnesium hydroxide
(Karl and Tien, 1992; Rimmelin and Moutin, 2005). The detection
limit was about 0.01 μΜ and the precision was about 73%.

2.3. Remotely sensed observations

Daily and monthly mean night time (4 μm) sea surface tem-
perature (SST) and the concentration of chlorophyll-a (Chl_a)
between July 2002 and December 2011, with a pixel size of
4�4 km2, were derived from Level-3 products (reprocessing
version R2010.0) of the MODerate Resolution Imaging

Fig. 1. The study area and the sampling locations in the Northern South China Sea
Shelf-sea (NoSoCS). þ– CTD stations in summer, 2010; ○ – CTD and discrete sample
sampling stations in summer, 2010; Δ – CTD and discrete sample sampling stations
in winter 2011. A – time series station; B – Beibu Gulf; D – Dongshan; Ds – Dongsha
Atoll; H – Hainan Island; HK – Hong Kong; L – Leizhou Peninsula; M – Maoming;
Mc – Macau; P – Pearl River; Q – Qiongzhou Strait; S – Shantou; Sw – Shanwei;
T – Taiwan; TB – Taiwan Bank; TS – Taiwan Strait.
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Spectroradiometer on Aqua (MODIS-Aqua) that were obtained
from the NASA Ocean Color Web (http://oceancolor.gsfc.nasa.gov/).
Mean images of 8-day composites of Chl_a were calculated arith-
metically from their daily images. It is recognized that the accuracy
of the remotely sensed Chl_a in the case 2 water in the inner
shelf, as derived by using the standard ocean color algorithms
(e.g. OC4 version 6), were likely to be questionable without
regional tuning (International Ocean-Colour Coordinating Group
(IOCCG), 2000; O’Reilly et al., 1998, 2000; Pan et al., 2008; Szeto
et al., 2011). They were used here only as a qualitative indicator for
pattern recognition. Weekly wind vectors, at a spatial resolution of
�25�25 km2 per pixel, were extracted from the Remote Sensing
Systems (http://www.ssmi.com/windsat/) of the WindSat.

3. Results and discussion

3.1. Hydrographic characteristics of the NoSoCS and their seasonal
variability

3.1.1. Summer, 2010
The wind in the NoSoCS was weak, mostly o7 m s�1, and

variable, ranging from the northeast to the south, in May and June
and became stronger, reaching 10 m s�1, and consistently from the
south to southwest in July (Fig. 2a). The extensive terrestrial
influence along the coast, which defines the inner shelf, was
evidenced by a strip of water with abruptly higher Chl_a
(41 mg m�3) (Fig. 2c). The outer edge of this strip appeared as
a front that generally followed the 40-m isobaths and served as a
demarcation of the boundary between the inner shelf and the
middle shelf. The signal of the input of freshwater from the Pearl
River was limited in May and June. While there was a patch of
water with particularly high Chl_a (45 mg m�3) at the mouth of
the Pearl River in May (Fig. 2c), it was generally restricted to the
inner shelf, suggesting that the outflow from the Pearl River was
small enough that its influence beyond the inner shelf was not
clearly evident. Indeed, the discharge of the Pearl River in March to
May of 2010 was 30% lower than the climatological average (Guo
and Wong, 2015). In June, this patch of chlorophyll-rich water

became larger but it was still confined to the inner shelf. The size
of the plume reached a maximum in July when it extended
northeastward into the middle shelf, suggesting that the peak
discharge from the Pearl River occurred in July 2010 as in the
climatological record (Guo et al., 2008). In the 8-day composites of
the remotely sensed chlorophyll-a (data not shown here), a
prominent Pearl River plume did not become evident until the
first part of July. Thus, the sampling period, June 2–15, fell at the
tail end of the inter-monsoonal season, before the southwest
monsoon was firmly established and the arrival of the high runoff
period in 2010, and, after a relatively dry Spring.

Sea surface temperature generally increased seaward (Fig. 2b)
but it also increased with time between May and July 2010. In the
inner shelf, the temperatures were mostly o25 1C in May, mostly
426 1C in June and mostly 428 1C in July. The distribution of
temperature across the shelf did not provide particularly clear
demarcation lines for distinguishing the water among the hydro-
graphic sub-divisions in the study area as the increase in tem-
perature across the shelf was gradual and variable. Generally
colder water with elevated Chl_a was also found at the Taiwan
Bank in the outer shelf just beyond the NoSoCS, probably as a
result of the topographically induced upwelling in this area (Hong
et al., 2011a).

The relationship between potential temperature, θ, and salinity,
S, at each station across the transects and the surface distributions
of the hydrographic properties across approximately the middle of
the NoSoCS along transect T3 are shown in Figs. 3 and 4. Based on
its hydrographic characteristics, the NoSoCS may be sub-divided
into the inner, middle and outer shelf at water depths of o40 m,
40–90 m, and 90–120 m. The open northern SCS was found in
waters with depths exceeding 120 m and its θ–S relationship
followed those reported previously (Wong et al., 2007a, b). Thus,
salinity increased from the surface water (So34.0; θ425 1C;
σθo23) to a maximum (SE34.6; θE18 1C; σθE25.2) at about
130 m at the core of the Tropical Water. It then decreased to a
minimum at 400 m (SE34.4; θE8 1C; σθE26.7) in the North
Pacific Intermediate Water before it increased again with depth to
the deep and bottom water. As shown in the surface distributions
along transect T3 (Fig. 4), the water in the inner shelf was usually

Fig. 2. The distributions of the monthly average (a) wind vector, (b) sea surface temperature (SST) and (c) surface chlorophyll-a concentration (Chl_a) in May, June and July,
2010 in the NoSoCS. Wind data from WindSat (http://www.ssmi.com/windsat/); SST and Chl_a data from MODIS-Aqua (http://oceancolor.gsfc.nasa.gov/).
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characterized by lower temperature and salinity and higher Chl_a.
Nevertheless, temperature and salinity rarely dropped below 25 1C
and 33 (Fig. 3) and the elevations in the concentrations of the
nutrients were minimal. Furthermore, the water column in the
inner shelf was relatively well mixed and its θ–S relationship was
frequently distinctly decoupled from those in the open northern
SCS (Fig. 3). These characteristics reflect the significant terrestrial
influence and the limited direct oceanic influence on the water in
the inner shelf. In contrast, the water in the outer shelf was warm
and saline, reaching 27 1C and 34, and its concentrations in the

nutrients and chlorophyll-a were low. The θ–S relationship con-
verged with that in the open northern SCS at around the core of
the Tropical Water (Fig. 3), indicating that mixing with the upper
water in the open northern SCS was an important determining
factor of the hydrographic properties in the surface waters in this
region. The middle shelf water was a mixture of the inner shelf
and the outer shelf water.

The vertical distributions of potential temperature, salinity and
potential density along the transects are shown in Fig. 5. The
mixed layer depth, defined as the depth at which the density

Fig. 3. The relationship between potential temperature (θ) and salinity at each station across the shelf in transect (a) T1, (b) T2, (c) T3 and (d) T4 in the summer, 2010. (e) An
expanded view of the box in (a). Red and blue – inner shelf; green and orange – middle shelf; light blue – outer shelf; black and brown – open northern SCS; red circle – the
point of convergence of θ–S relationships in the inner and middle shelf. (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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gradient reached 0.1σθ unit m�1 (Tseng et al., 2007; Wong et al.,
2007b), varied mostly between 25 and 45 m. The bottom of the
mixed layer could be marked approximately by the isotherm at
25 1C, the isohaline of 34 and the isopycnal of 22 at a depth of
approximately 40 m. Since the mixed layer depth was shallower
than the shelf-break depth (�120 m), a layer of colder and more
saline sub-surface upper thermocline water could freely extend
from the open SCS into the shelf below the mixed layer and
covered the bottom of the entire middle and outer shelf. Thus,
with depth, as a first approximation, the NoSoCS was a two layer
system: a layer of warmer (425 1C) and fresher (o34) mixed
layer water overlying a layer of colder (o25 1C) and more saline
(434) deep water.

A summary of the average hydrographic properties in these
different hydrographic sub-divisions in the NoSoCS is listed in
Table 1. In the mixed layer, temperature decreased systematically
from 27.0 1C in the open SCS to 25.8 1C in the inner shelf. In
contrast, salinity first increased from 34.0 in the open SCS to a
maximum of 34.1 in the outer shelf before it decreased shoreward
to 33.7 in the inner shelf. As a result, the density of the water in
the NoSoCS (σθ¼22.2) was actually higher than that in the open
northern SCS (σθ¼21.9) and the densest water was found in the
outer and the middle shelf.

Superimposed on these general hydrographic characteristics
were several additional sub-regional features. In the inner shelf in
the northern most transect, T1, off Shantou, there was a conspic-
uous shoreward and upward tilting of the isotherms, isohalines
and isopycnals from the middle shelf to the inner shelf (Fig. 5a).
For example, the 25 1C isotherm, 34 isohaline and 22.5 isopycnal
were at a depth of about 50 m off the shelf break and they reached
the sea surface in the inner shelf. This is indicative of the
occurrence of wind and topographically induced coastal upwelling
which has been observed in this general area in the summer (Gan
et al., 2009, 2010; Hong et al., 2011b) and it led to the presence of
the colder (�26.7 1C) and more saline (�34) mixed layer water in
the inner shelf off the coast of Shantou. In fact, along this transect
T1, the salinity in the inner shelf was higher than those further
offshore. The extensions of the θ–S relationships at the stations in
the inner shelf converged with each other and with those further
offshore in the middle shelf at about a salinity of 34.2, a

temperature of 24 1C and a density of 23 (Fig. 3e). This point of
convergence represented the source water of the upwelling and it
could be traced to a depth of about 50 m in the middle and outer
shelf. This was a relatively shallow depth, being barely below the
mixed layer at the top of the thermocline.

Along the bottom of the mixed layer, an undulation of the
isopleths could be detected at all four transects (Fig. 5). The
undulation was gentler, with an amplitude of �20 m, at the
northern most transect T1 (Fig. 5a), and, the strongest, with an
amplitude of �50 m at transect T2 around the Dongsha Atoll
(Fig. 5b). The apparent wavelengths varied between o50 and
4100 km and tended to decrease landward from the open north-
ern SCS to the middle shelf. These were of course not true
wavelengths as the stations were not occupied synchronously
along these transects. At the time-series Station A north of the
Dongsha Atoll, the periods of these undulations were clearly
shown to be about 12 h (Fig. 6). The amplitude was not constant
as it varied between 30 and 50 m. The characteristics of these
undulations were consistent with the effects of the activities of
internal waves along the entire outer and middle shelf of the
NoSoCS, with the strongest occurring in transect T2 in the vicinity
of the Dongsha Atoll as reported previously (Guo et al., 2012). The
undulations of the isohalines brought the saline sub-surface water
to the mixed layer. This could have accounted for the slightly
higher average salinity and potential density in the mixed layer in
the outer and/or middle shelf in comparison to those further
inshore or offshore (Table 1), and, for the higher average salinity in
the mixed layer in the outer shelf in transect T2 in comparison to
those in the other three transects.

In transect T4 off the coast of Maoming, the θ–S relationships in
the inner, middle and outer shelf were distinctly isolated from
each other (Fig. 3d). Within the inner shelf, the θ–S relationship at
the most landward station was especially dissimilar from those of
the other stations. The water was particularly fresh and the surface
salinity dropped to as low as 28.3. All these characteristics were
consistent with the influence of a local, likely terrestrial, source of
fresh water.

3.1.2. Winter, 2011 and inter-seasonal comparison
By December 2010, the northeast monsoon had already been

established firmly. Consistent and strong, mostly around 10 m s�1,
northeast wind covered the entire region (Fig. 7a). These wind
speeds were significantly higher than those in the previous
summer. Again, temperature increased while Chl_a decreased
seaward (Fig. 7b and c). The boundary between the inner shelf
and middle shelf was generally marked by the isotherm of 18 1C
and the isopleth of Chl_a of 2 mg m�3, which ran roughly along
the 40-m isobath. Somewhat higher Chl_a were found at the
mouth of the Pearl River but these elevated concentrations were
confined to the inner shelf, reflecting the limited outflow from the
River in the winter (Guo et al., 2008). A patch of water with lower
temperatures and higher Chl_a was again found to associate with
the Taiwan Bank. While these distributional patterns in tempera-
ture and Chl_a in the NoSoCS were similar to those in June 2010,
their magnitudes differed. The temperatures were of course
generally lower in the winter, mostly 426 1C in June and
o25 1C in December/January, while the Chl_a were generally
higher, mostly o0.5 mg m�3 in June and mostly 41 mg m�3 in
December/January. A similar pattern of elevated Chl_a in the
winter had been reported in the open northern SCS and it was
attributed to the enhancement in biological productivity sup-
ported by an increase in the supply of nutrients to the surface
mixed layer by the intensified vertical mixing induced by surface
cooling and the action of the stronger northeast monsoon (Tseng
et al., 2005). Chen and Chen (2006) found higher primary

Fig. 4. The distributions of (a) potential temperature (θ, ●), salinity (S, ○), potential
density (σθ, ▲), and (b) SRP (●), (NþN) (○) and chlorophyll-a (Chl_a, ▲) in the
surface water across the shelf in transect T3 off Macau in the summer, 2010. IS –

inner shelf; MS – middle shelf; OS – outer shelf; SCS – open northern South
China Sea.
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production and new production in the winter in the NoSoCS as
well as the open northern SCS and attributed them to enhanced
vertical advection in the winter.

Samples were collected only along transect T4 and in the inner
shelf and part of the middle shelf along transect T1 in winter 2010
(Figs. 1 and 8). In the surface mixed layer, the average salinity in
the NoSoCS was similar to that in the open northern SCS while the
temperature was 2.6 1C colder and the density was 0.7σθ unit
higher (Table 1). Within the NoSoCS, the average temperature
decreased systematically shoreward from 24.7 1C in the open
northern SCS to 18.3 1C in the inner shelf while salinity increased
from 33.9 in the open SCS to a maximum of 34.0 in the outer shelf
before it decreased to 33.1 in the inner shelf. Relative to the
previous June, for the NoSoCS as a whole, the temperature in the
mixed layer was lowered by 3.9 1C. The decrease was especially
pronounced in the inner shelf where temperature dropped by
7.5 1C.

In the vertical section along transect T4 (Fig. 8), the bottom of
the mixed layer was located at about 70 m off the shelf and it
could be marked generally by the 24 1C isotherm, 34 isohaline and
23 isopycnal. The entire water column in the inner shelf and in
most of the middle shelf was well mixed. In comparison to the
summer, the mixed layer depth had deepened by about 30 m.

However, since the mixed layer depth was still shallower than the
shelf-break depth, the colder and more saline upper thermocline
water could still extend freely into the outer and part of the middle
shelf and underlie the mixed layer as in the summer. Also as found
in the summer, the θ–S relationships (Fig. 9) at the stations in the
outer shelf fell on the same trend as those in the open northern
SCS. However, in the inner shelf, the relationships were decoupled
from those further offshore. In the middle shelf, the θ–S relation-
ships indicated mixing between the warm and saline surface water
in the outer shelf with a mass of fresher (S¼�33.7), colder
(¼�21 1C) and denser (σθ¼�23.4) water which occupied the
entire water column of the inner portion of the middle shelf
(Fig. 8). This water was the densest water along the entire transect.
Further offshore, it continued as a tongue of dense, cold and fresh
bottom water that extended seaward across the NoSoCS towards
the open northern SCS. The isopycnal at 23.4 could be tracked to
about 80 m in the upper thermocline offshore. Along transect T1,
the maximum density was found in the inner shelf and it reached
a value of 24.6, which was equivalent to that at about 120 m in the
open northern SCS. The corresponding temperature and salinity of
this water was 18.5 1C and 34.3. This salinity was unusually high
among the surface waters and could only originate from the saline
subsurface Tropical Water off the shelf. These suggest that the
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density of the bottom water formed in the NoSoCS in the winter
could be dense enough that it was able to cascade across the
bottom of the NoSoCS and spread into the upper thermocline in
the open northern SCS. While the data were still limited, the
presence of this dense water in the inner or middle shelf at both
the northeastern-most and the southwestern-most transects
across the NoSoCS suggests that this phenomenon of bottom
water formation and intrusion into the open northern SCS might
occur along the entire shelf. Tsunogai et al. (1999) hypothesized
the occurrence of a similar process in the temperate East China Sea
Shelf-sea for the removal of atmospheric carbon dioxide to the
oceans and named it the continental shelf pump. However, this
hypothesis has yet to be corroborated adequately with direct
observations. Our observations provide likely one of the first
evidence for its occurrence in a tropical shelf-sea. This process
can enhance vertical mixing and cross shelf mixing in the shelf.
Thus, it could have facilitated material exchange between the
NoSoCS and the open northern SCS and the ventilation of the
upper thermocline water of the adjoining northern SCS. Undula-
tions in the isotherms, isohalines and isopycnals, which were
indicative of the activities of internal waves, while less conspic-
uous in the winter, were still evident in the outer shelf along
transect T4. Thus, the activities of the internal waves along the

outer shelf might occur year round although the stronger waves
were likely found in the summer as noted previously (Zheng et al.,
2007). On the other hand, while the water at the coast of Maoming
in transect T4, with a salinity of 31.8, was still relatively fresh, it
was not nearly as fresh as that (S¼28.3) found in June. This was
consistent with the drier condition and the reduced terrestrial
freshwater outflow to the NoSoCS in the winter.

3.2. Distributions of dissolved (NþN), SRP and nitrite – seasonal
characteristics and variability

3.2.1. Summer 2010
The top of the nutricline depth (�40 m) in summer 2010 was

located at about the same depth as the bottom of the mixed layer
(Fig. 10). (The top of the nutricline depth is defined as the depth
corresponding to the temperature at which the concentrations of
the nutrients reached zero in the linear regression relationship
between the nutrient concentrations and potential temperature.)
Thus, the mixed layer of the NoSoCS was almost devoid of
nutrients and nutrient availability could have been a major control
on primary production in the mixed layer. On the other hand, the
euphotic zone depth was at 60–80 m seaward of the middle shelf
but it dropped to 25–50 m in the inner shelf. (The euphotic zone

Table 1
Average hydrographic properties and concentrations of nutrients and chlorophyll-a in the hydrographic sub-divisions in the Northern South China Sea Shelf-sea.

Northern South China Sea Shelf-seaa Open SCSa

Inner Shelf Middle Shelf Outer Shelf Whole Shelf-sea

June 2010 (Summer)
Depth range (m) o40 440 o40 440 o40 440 o40 40–120
Area (104 km2) 6.50 6.78 6.78 2.83 2.83 16.11 9.61 – –

Volume (103 km3) 1.12 2.71 1.51 1.13 1.60 4.97 3.11 – –

S 33.770.7 34.070.2 34.370.1 34.170.1 34.470.1 33.970.3 34.470.1 34.070.3 34.570.1
(428) (603) (300) (189) (297) (1220) (597) (594) (1276)

T (1C) 25.871.1 26.071.3 22.871.1 26.171.2 21.672.1 26.071.3 22.271.6 27.071.2 21.272.4
(428) (603) (300) (189) (297) (1220) (597) (594) (1276)

σθ 22.170.8 22.370.5 23.570.4 22.370.5 23.970.7 22.270.6 23.770.5 21.970.6 24.070.7
(428) (603) (300) (189) (297) (1220) (597) (594) (1276)

SRP (μM) 0.0670.06 0.0470.04 0.2170.07 0.0170.01 0.2770.24 0.0470.04 0.2470.16 0.0270.03 0.4070.23
(33) (34) (10) (13) (9) (80) (19) (28) (27)

NþN (μM) 1.073.1 0.0570.12 1.771.4 0.0070.01 3.073.3 0.370.8 2.372.4 0.0570.14 5.373.6
(33) (34) (10) (13) (9) (80) (19) (28) (27)

Nitrite (μM) 0.270.7 0.0170.03 0.470.4 0.0070.00 0.1070.08 0.0570.18 0.2470.27 0.0170.03 0.1070.11
(33) (34) (10) (13) (9) (80) (19) (28) (27)

Chl (μg l�1) 0.6870.56 0.5070.49 0.5670.23 0.2170.12 0.3270.19 0.4770.42 0.4470.21 0.2370.18 0.2370.16
(33) (31) (9) (9) (9) (73) (18) (26) (27)

Fl 0.3570.27 0.1670.16 0.3370.12 0.1370.10 0.2170.11 0.2070.17 0.2770.11 0.1070.08 0.15 70.10
(428) (603) (300) (189) (297) (1220) (597) (594) (1276)

December 2010/January 2011 (Winter)
Depth range (m) o70 470 o70 470 o70 470 m o70 70–120 m
Area (104 km2) 6.50 6.78 2.92 2.83 2.83 16.11 5.75 – –

Volume (103 km3) 1.12 4.02 0.20 1.98 0.75 7.13 0.95 – –

S 33.170.9 33.970.2 33.6370.03 33.9770.08 34.270.2 33.870.3 34.170.2 33.970.3 34.470.2
(144) (322) (7) (133) (45) (599) (52) (269) (200)

T (oC) 18.370.5 22.071.7 22.070.2 24.370.2 23.270.7 22.171.1 22.970.6 24.770.7 21.472.1
(144) (322) (7) (133) (45) (599) (52) (269) (200)

σθ 23.770.8 23.470.6 23.1770.08 22.870.1 23.370.3 23.370.5 23.370.3 22.670.3 23.970.7
(144) (322) (7) (133) (45) (599) (52) (269) (200)

SRP (μM) 0.2970.14 0.0970.05 ND 0.0570.01 0.3070.21 0.1170.05 0.3070.21 0.0470.03 0.4470.25
(10) (20) (10) (3) (40) (3) (21) (8)

NþN (μM) 7.274.9 0.770.5 ND 0.470.1 3.872.8 1.771.1 3.872.8 0.3670.24 6.373.8
(10) (19) (10) (3) (39) (3) (21) (8)

Nitrite (μM) 2.971.9 0.4870.56 ND 0.0670.04 0.0670.02 0.770.6 0.0670.02 0.0370.05 0.1070.05
(10) (20) (10) (3) (40) (3) (21) (8)

Chl (μg l�1) 0.6570.41 0.5070.16 ND 0.4570.09 0.0970.01 0.5170.18 0.0970.01 0.3270.10 0.1470.09
(10) (20) (10) (3) (40) (3) (21) (8)

Fl (RFU) 0.1870.06 0.1870.05 0.0870.01 0.1770.03 0.0870.06 0.1870.05 0.08770.05 0.1470.06 0.0670.08
(144) (322) (7) (133) (45) (599) (52) (269) (200)

Numbers in brackets – number of data points available for calculating the standard deviations. SRP – soluble reactive phosphate; (NþN) – (nitrateþnitrite); Chl –

chlorophyll-a; Fl – fluorescence; RFU – relative fluorescence unit; ND – no data.
a Uncertainties represent 1 standard deviation from the mean.
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depth is the depth at which the light intensity dropped to 1% of
the intensity of the incident light at the sea surface as projected
from the relationship between photosynthetically active radiation
and depth.) Thus, except at a few specific locations in the inner
shelf, since the euphotic zone depth was generally deeper than the
mixed layer depth, light was readily available and was not a
limiting factor of primary production in the mixed layer of the
NoSoCS as reported by Chen (2005) and Chen and Chen (2006).

In the mixed layer, the concentrations of SRP, (NþN) and nitrite
were higher, at 0.04 mM, 0.3 and 0.05 mM, in the NoSoCS as a whole
than those, at 0.02 mM, 0.05 and 0.01 mM respectively, in the open
northern SCS (Table 1). Within the NoSoCS, their concentrations
increased towards the coast, reaching 0.06, 1 and 0.2 mM in the
inner shelf. Below the mixed layer, the upper nutricline water from
the open SCS extended freely into the shelf to become a layer of
moderately nutrient-rich bottom water, with average concentra-
tions of SRP and (NþN) of 0.2 and 2 mM (Table 1), lining the entire
NoSoCS (Fig. 10). Horizontal mixing along isopycnals in this layer
of water will bring nutrients in the upper nutricline of the
adjoining open SCS to the NoSoCS. Vertical mixing within the
NoSoCS may then bring the nutrients to the mixed layer to support
primary production in the NoSoCS. Thus, shelf-edge upwelling
over the shelf break may not be required for providing nutrients to
the NoSoCS, as is reported in many of the more extensively studied
temperate shelf-seas where the mixed layer depth off the shelf is

similar to or even deeper than the shelf break depth, (Lee et al.,
1991; Wong et al., 1991, 2004; Chen and Wang, 1999). This is a
distinguishing characteristic of the nutrient dynamics in the
NoSoCS that differentiates it from many of the shelf-seas that
have been studied to date.

The highest concentrations of (NþN), 16.2 mM, and nitrite,
1.3 mM, in the mixed layer were associated with the fresher water
in the inner shelf off the coast of Maoming in transect T4. These
concentrations were 16 and 6 times the average concentrations in
the inner shelf (Table 1). On the other hand, the corresponding
concentration of SRP, 0.08 mM, was only slightly higher than the
average concentration, 0.06 mM, in the inner shelf. The resulting
molar ratio of (NþN) to P in these waters, �200, was much higher
than that of 15 in average seawater. Such enrichments in nitrite
and in (NþN) over SRP were not uncommon among the waters in
the major Chinese rivers, including the Pearl River (Zhang, 1996;
Dai et al., 2008). Liu et al. (2012) reported that the submarine
ground water discharge to the NoSoCS is also enriched in (NþN)
relative to SRP. The relative concentrations of the nutrients in
these waters were consistent with the influence of these terrestrial
sources. Nevertheless, in addition to direct input, the elevated
concentrations of nitrite in the inner shelf water could also have
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Fig. 6. Temporal variations in the distributions of (a) potential temperature (θ),
(b) salinity (S) and (c) potential density (σθ) at Station A over 36 h. The times at
which the station was sampled are shown at the top of the figures as tick marks.

Fig. 7. The distributions of monthly average (a) wind vector, (b) sea surface
temperature (SST) and (c) surface chlorophyll-a concentration (Chl_a) in December
2010 in the NoSoCS.
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resulted from nitrification and/or nitrate reduction within the
inner shelf and these possibilities cannot yet be ruled out.

In the sub-surface away from the inner shelf and the dom-
inance of the influence of the terrestrial inputs, the primary nitrite
maximum, which was indicative of the effect of the nitrification of
organic matter, was well represented as a layer of water with
concentrations of nitrite exceeding 0.05 mM that stretched across
almost the entire transect just below the mixed layer between 50
and 100 m in the upper nutricline in all four transects (Fig. 10). The
higher concentrations, reaching 1.1 mM, were found at the bottom
of the shelf. Off the shelf, the highest concentration found was
0.5 mM. The higher concentrations on the shelf were consistent
with the higher productivity in the shelf-seas which might provide
a greater supply of organic matter for supporting nitrification, or, a
sedimentary source.

The effect of the activities of the internal waves on the
distributions of the nutrients (Fig. 10) followed those on the
distributions of temperature, salinity and density (Fig. 5) closely.

Thus, the isopleths of the nutrients undulated along the transects
from the open northern SCS to the middle shelf. The amplitude of
the undulations increased while the spacing decreased shoreward.
The largest amplitude was again found along transect T2 (Fig. 10).
At the time-series Station A, the isopleths of SRP and (NþN), and
the location of the primary nitrite maximum undulated with a
period of about 12 h and an amplitude of 30–50 m (Fig. 11). These
undulations of the isopleths may facilitate the transfer of the
nutrients in the sub-surface waters to the surface mixed layer and
elevate primary production. Indeed, the average concentration of
SRP, 0.03 mM, was higher in the mixed layer in the outer shelf in
transect T2 around the Dongsha Atoll, where the activities of the
internal waves were the strongest, than those in the outer shelf of
the other three transects where the concentrations of SRP were
only 0.01–0.02 mM. Pan et al. (2012) also reported an enhancement
in the biological productivity north of the Dongsha Atoll where
internal waves undergo transformation and even dissipation.

The influence of upwelling off Shantou in transect T1 on the
distribution of (NþN) was not particularly conspicuous as the θ–S
relationships indicated that its source water was from a rather
shallow depth of about 50 m (Fig. 3e) where the concentrations of
(NþN) were not expected to be highly elevated. However, by using
a more sensitive method with a lower detection limit, upwelling
could still be inferred from the distribution of SRP by the upward
and shoreward tilting 0.05 μM isopleth which reached the sea
surface in the inner shelf (Fig. 10).

3.2.2. Winter 2011 and inter-seasonal comparison
The top of the nutricline depth in winter 2011 was located at

about 50 m (Fig. 12). With a shelf break depth of 120 m, the
relatively nutrient-replete upper nutricline water in the open SCS
could again extend freely into and cover part of the bottom of the
NoSoCS. The bottom of the mixed layer was marked by the
isopleths of (NþN) and SRP of 3 and 0.2 mM. The euphotic zone
depth was at about 60–80 m deep in the outer shelf as in the
summer but it dropped to 5–20 m in the inner shelf. Thus, light
could be limiting primary production in some parts of the inner
shelf. The euphotic zone depths in the inner shelf in the winter
were shallower than those in the summer. The stronger wind in
the winter might have led to more extensive re-suspension of
particles and a thinner euphotic zone in these shallow waters.

Fig. 8. The vertical sections of potential temperature (θ), salinity (S) and potential density (σθ) across the shelf in transect (a) T1, and (b) T4 in the winter, 2011. Locations of
the stations are shown at the top of the figures.

Fig. 9. The relationship between potential temperature (θ) and salinity at each
station across the shelf in transect T4 in winter 2011. Red and blue – inner shelf;
green and orange – middle shelf; light blue – outer shelf; black and brown – open
northern SCS; red circle – point of convergence of θ–S relationships in the inner and
middle shelf; long dashed line – trend of inner shelf waters. (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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As observed in the summer, in the mixed layer, the concentra-
tions of SRP, (NþN) and nitrite in the NoSoCS, at 0.11, 1.7 and
0.7 mM, were higher than those, at 0.04, 0.36 and 0.03 mM, in the
open northern SCS (Table 1). Within the NoSoCS, the concentra-
tions increased towards the coast. The increases were especially
noticeable between the middle shelf and the inner shelf as the
average concentrations of SRP, (NþN) and nitrite increased by
3–10 times from 0.09, 0.7 and 0.48 mM to 0.29, 7.2 and 2.9 mM
(Table 1). The highest concentrations, 0.49, 12.5 and 5 mM respec-
tively, were found in the inner shelf in transect T4. In comparison
to the previous summer, the average concentrations in the NoSoCS
as a whole and in the open SCS were higher in the winter by a
factor of 2–10. The increases in the concentrations of (NþN) and
nitrite in the NoSoCS were especially conspicuous. An obvious
mechanism that could have led to the elevated concentrations in
the winter was convective mixing due to surface cooling as it
would deepen the mixed layer and bring the nutrients in the sub-
surface water in the summer into the surface mixed layer. Indeed,
Chen and Chen (2006) reported similar trends in the seasonal
variations in the concentrations of SRP and (NþN) and suggested
this winter convective mixing as the primary control on the
associated seasonal variations in the primary and new production
in both the NoSoCS and the open northern SCS. In this study, in the
open northern SCS, between the summer and the winter, the
concentrations of SRP and (NþN) in the surface mixed layer were
elevated from 0.02 to 0.04 and from 0.05 to 0.36 mM respectively.

Assuming a conservative behavior, the SRP and the (NþN) in the
top 70 m, the thickness of the mixed layer in the winter, in the
summer could yield average concentrations of 0.06 and 0.4 mM.
These concentrations were similar to the observed concentrations
in the mixed layer in the winter, suggesting that convective mixing
could at least be a significant contributing explanation for the
elevated concentrations of nutrients in the mixed layer in the open
northern SCS in the winter. Indeed, Tseng et al. (2005) reported
that surface cooling could account for about half of the deepening
of the nutricline in the winter in the open northern SCS. The other
half was attributed to the stronger winter monsoonal wind. On the
other hand, in the NoSoCS, between the summer and the winter,
the concentrations of SRP and (NþN) were elevated from 0.04 to
0.11 and 0.3 to 1.7 mM while convective mixing to 70 m could
increase the concentrations of SRP and (NþN) only at most to 0.06
and 0.4 mM. Thus, winter convective mixing was grossly inade-
quate for accounting for the additional nutrients in the winter and
other sources had to be in play. These sources may include
increased input from the subsurface water, riverine input (Dai et
al., 2008), submarine groundwater discharge (Liu et al., 2012) and
sedimentary input. As reported by Tseng et al. (2005), the stronger
wind in the winter could have led to a more extensive vertical
mixing and an increased input of nutrients from the subsurface
water. The formation of the dense deep water in the winter in the
middle and/or inner shelf could also enhance material exchange
between the mixed layer and the upper thermocline/nutricline

Fig. 10. The vertical sections of SRP, (NþN) (contouring augmented by concentrations from nutrient–θ relationships) and nitrite across the shelf in transects (a) T1, (b) T2,
(c) T3 and (d) T4 in the summer 2010. Locations of the stations are shown at the top of the figures as tick marks.
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water and result in an increase in the input of nutrients to the
mixed layer. The seasonal variations in the remaining three
possible sources of nutrients to the mixed layer of the NoSoCS

are still poorly known. It would be difficult to assess their
contributions to the seasonal variations with much certainty.

3.3. Relationships among the nutrients and the physical
hydrographic characteristics

The concentrations of both SRP (Figs. 13a and b) and (NþN)
(relationships not shown) were both linearly related to potential
temperature below about 23 oC when the data points from the
inner shelf were excluded from the analyses such that:

Summer : NþNð Þ ðmM Þ ¼ �1:86ð70:02Þθþ43:5ð70:3Þ
N¼ 83; r2 ¼ 0:988

SRP ðmMÞ ¼ �0:133ð70:002Þθþ3:15ð70:02Þ
N¼ 83; r2 ¼ 0:988

Winter : NþNð Þ ðmM Þ ¼ �2:02ð70:06Þθþ46:7ð71:0Þ
N¼ 43; r2 ¼ 0:962

SRP ðmMÞ ¼ �0:140ð70:004Þθþ3:23ð70:07Þ
N¼ 43; r2 ¼ 0:965

These linear relationships suggest that mixing between the mixed
layer water and the deep water was the primary control of the
concentrations of the nutrients. Furthermore, seasonal variations
in these relationships were small. They were also similar to the
average relationships reported previously at the SouthEast Asian
Time-series Study (SEATS) station in the northern SCS in 1999–
2003 (Wong et al., 2007b). Differences in the coefficients could be
attributed almost entirely to the statistical uncertainties. The
agreement indicates the reliability in the quality of the data and
the robustness of these relationships. (In this study, these relation-
ships were also used for estimating the concentrations of SRP and
(NþN) at stations where only CTD data were available and these
estimated concentrations of the nutrients were used as supple-
mentary guides in the construction of the vertical sections of their
distributions along the transects in Fig. 10.) According to these
relationships, the concentrations of (NþN) and SRP dropped to
zero at around 23–24 1C, which was approximately the tempera-
ture at the bottom of the mixed layer. Superimposed on these
generally linear relationships were minor inflexion points at 7 1C
and 13 1C, representing the influence of the Intermediate Water
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and the Tropical Water, as reported previously (Gong et al., 1992;
Chao et al., 1996; Chen et al., 2001; Wong et al., 2007b).

A more detailed examination of the data points in the upper
water in transect T1 in the summer indicates that the relation-
ship between the concentration of SRP and potential tempera-
ture in the inner and middle shelf, where upwelling occurred,
and in the rest of the NoSoCS followed two different but
approximately linear trends (Fig. 13c). The two relationships
intersected each other at about 23.5 1C, the temperature at
which the θ–S relationships at the stations in the inner and
middle shelf converged (Fig. 3). This point of intersection was
suggestive of the source water of the upwelling and its corre-
sponding concentrations of SRP and (NþN) were about 0.3 and
3 μM respectively. The intensity of this summer upwelling off
Shantou can be irregular and ephemeral depending on the
duration, direction and speed of the wind (Shang et al., 2004;
Gan et al., 2009, 2010; Hong et al., 2011a). In this instance, the
source water was relatively shallow and its nutrient concentra-
tions were relatively low. As a result, the average concentration
of SRP in the mixed layer in the upwelling zone in the inner
shelf off Shantou, 0.06 μM, while higher than those in the
middle and outer shelf, was still low and was not that dissimilar
from those found in the inner shelf in the other transects. Thus,
upwelling might not have been a very dominant source of
nutrients to the mixed layer. In the winter, the data points from
the inner and part of the middle shelf also followed a different
linear trend that intersected the general trend further offshore
at a temperature of about 18 1C (Fig. 13b) where the concentra-
tions of SRP and (NþN) were about 1 and 12 μM. This relation-
ship might have represented the mixing of the dense and
homogeneous column of water in the inner and middle shelf
with the upper nutricline water offshore.

The relationships between nitrite and potential density in the
two seasons are shown in Fig. 14. They indicate two distinctly
separated clusters of data points with higher concentrations of
nitrite in each season, suggesting two different sources of nitrite
associated with two different water masses. One cluster was found
at around σθ 23 to 24 in the summer and 24.5 in the winter. It was
associated with the primary nitrite maximum at 50–100 m in the
outer shelf and beyond. Another cluster was found at shallower
depths in the middle and inner shelf at σθ below 21 in the summer
and below 23.5 in the winter. The highest concentrations in these
clusters were frequently found in the bottom water. The nitrite in
these shallower and lighter coastal waters were not related to the
primary nitrite maximum and could have originated from terres-
trial input or the nitrification of organic matter either in the water
column or in the sediments.

The relationship between the concentrations of (NþN) and SRP
is shown in Fig. 15. When the data points from the inner shelf were
excluded, they were linearly related to each other such that:

NþNð Þ ðmM Þ ¼ 14:12ð70:06ÞSRP–0:32ð70:07Þ N¼ 256; r2 ¼ 0:996

There was no significant seasonal difference in the relationship.
Both the slope and the intercept were within the ranges found at
the SEATS station in the northern South China Sea between 1999
and 2003 (Wong et al., 2007b). The slope, being smaller than the
Redfield stoichiometric ratio of (NþN) to SRP of 16 (Redfield et al.,
1963), reflected the effect of denitrification on the deep water
while the small negative intercept was suggestive of (NþN) as the
limiting nutrient. Some data points in both seasons from the inner
shelf clearly fell away from this general relationship. They seemed
to follow linear trends with steeper slopes. These indicate that
these coastal waters were enriched in (NþN) relative to SRP. They
likely represent the influence of the terrestrial sources to the
NoSoCS that are known to be replete with (NþN) (Zhang, 1996;
Dai et al., 2008; Liu et al., 2012). The enrichment in (NþN) was
larger in the summer. This is consistent with the higher (NþN) to
SRP ratios that were found during the summer months in the

Fig. 13. The relationships between SRP and potential temperature (θ) in (a) the
summer 2010; and (b) the winter 2011, x – inner shelf. (c) An expanded view of the
box in (a) in transect T1, ♦ – inner shelf; □ – middle shelf; ○ – all other data points;
solid line – best fit line at temperatures below 23 oC when data points from the
inner shelf were excluded.
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surface water at the mouth of the Pearl River and that were closely
related to the discharge of the Pearl River (Yin and Harrison, 2008;
Xu et al., 2009).

3.4. (NþN)/SRP, nutrient anomaly (N*), and excess nitrate
([NþN]ex)

3.4.1. (NþN)/SRP, N* and nitrogen fixation in the open SCS
The relative biogeochemical dynamics of (NþN) and SRP in the

open ocean has been examined extensively by their concentration
ratio, (NþN)/SRP and by the nitrate anomaly N* (Fanning, 1992;
Gruber and Sarmiento, 1997; Deutsch et al., 2001; Bates and
Hansell, 2004; Hansell et al., 2004, 2007; Weber and Deutsch,
2010; Monteiro and Follows, 2012). N* is defined as (Deutsch et al.,
2001)

NnðmMÞ ¼ NþNð Þ�16SRPþ2:90

If photosynthesis and respiration follow the stoichiometry in the
Redfield model closely (Redfield et al., 1963), (NþN)/SRP is 16.
Processes such as the preferential regeneration of SRP and deni-
trification may result in values below 16 while nitrogen fixation
may lead to values above 16. If the effect of mixing can be
neglected, N* represents the deviation from the Redfield biological
pump due to the combined effect of denitrification and nitrogen
fixation. The global average deficit in (NþN) relative to SRP of
2.9 mM is inserted into the equation so that the global average N* is
taken to be about zero (Deutsch et al., 2001). A more positive value
suggests a more dominant effect of nitrogen fixation over deni-
trification and vice versa.

N* and (NþN)/SRP in the open northern SCS were calculated only
from samples with concentrations of (NþN) 41 mM and SRP
40.1 mM in order to avoid the large uncertainties that are inherent
in the determinations of low concentrations of (NþN) and SRP by
the standard methods. Their relationships to potential density are
shown in Fig. 16a and b. At depths below 600 m as σθ increased
above 27, (NþN)/SRP converged to within a narrow range, between
13 and 15 in both seasons, while N* were invariably o0 mM. They
were indicative of the effects of denitrification as reported in the
world’s oceans (Deutsch et al., 2001). Between σθ of 25 and 27 in the
upper nutricline between about 100–600 m, N* turned positive, and
some of the highest values of (NþN)/SRP, even exceeding 16, and N*,
reaching 4 mM, were found. These values of N* were at the high end
in the range of concentrations that had been reported in the world’s
oceans (Deutsch et al., 2001) and they were consistent with the effect
of the remineralization of nitrogen-enriched organic matter formed
by nitrogen fixation. Furthermore, both (NþN)/SRP and N* were
conspicuously higher in the winter than in the summer. If the
elevated values were related to nitrogen fixation, these seasonal
differences suggest that the effect of nitrogen fixation was more
pronounced in the winter when atmospheric deposition of mineral
dusts was the highest (Lin et al., 2007), and this is consistent with the
stimulation of nitrogen fixation in oligotrophic waters by atmo-
spherically derived iron (Capone et al., 1997). Wong and coworkers
(Wong et al., 2002, 2007b) have examined the variations in N* and
(NþN)/SRP at a single location at the SEATS Station and the
distribution of 15N in (NþN) at a nearby location and hypothesized
that nitrogen fixation occurs in the northern SCS and it may be more
extensive between September and April when the atmospheric
depositional flux of dusts is higher. The data reported here covered
a wider geographic area and corroborated these findings well. At σθ
of less than 25 in the top 100 m, (NþN)/SRP, ranging between 7 and
18, was highly variable and it did not follow a regular seasonal
pattern while N* stayed between 0 and 3 mM. At these shallower
depths, other processes, such as the preferentially recycling of SRP
over (NþN), could also have contributed to the relative dynamics of
these two nutrients. Furthermore, the concentrations of (NþN) and
SRP were relatively low at these depths. As a result, N*, to a large
extent, was no longer driven by the relative concentration differences
between the two nutrients but by the global average deficit in (NþN)
relative to SRP of 2.9 mM.
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Fig. 14. The relationship between nitrite and potential density (σθ) in (a) the
summer 2010 and (b) the winter 2011.

Fig. 15. The relationships between SRP and (NþN). ○ – summer, 2010; Δ – winter,
2011;þ– inner shelf summer, 2010; x – inner shelf winter, 2011; solid line – best fit
line when data points from the inner shelf were excluded.
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3.4.2. (NþN)/SRP, [NþN]ex and terrestrial nutrients in NoSoCS
In the shelf-seas, such as the NoSoCS, nitrogen fixation is

unlikely to be an important process affecting the relative abun-
dance of (NþN) and SRP as the nutrients tend to be more available
and nitrogen fixation is thus suppressed in these waters. Indeed,
Pan et al. (2013) reported that Prochlorococcus, a possible nitrogen
fixing phytoplankton species, is seldom the dominant phytoplank-
ton species in the NoSoCS. Thus, aside from primary production
and respiration, the major processes that may affect the relative

concentrations of (NþN) and SRP are their supplies from terres-
trial inputs, exchanges with the sub-surface water in the open
northern SCS and denitrification. (Atmospheric inputs of (NþN)
and SRP to the NoSoCS are not well known but their influence is
likely to be small. If the existing estimates to the SCS (Chen et al.,
2001) are scaled to the area of the NoSoCS, they are equivalent to
about 3% of the inputs from the Pearl River (Table 2).) Since the
effects of these regional rather than global processes are the focus,
the use of N* to examine the relative dynamics of (NþN) and SRP
may not be meaningful. Thus, Wong et al. (1998) devised ‘excess
nitrate’, [NþN]ex, for examining the influence of the terrestrial
sources, especially the input from the (NþN)-rich Changjiang, on
the nutrient dynamics in the surface waters of the East China Sea
Shelf-sea such that:

NþN½ �ex ðmMÞ ¼ NþNð Þ– Rð ÞSRP
In this approach, the nutrient concentrations in the sub-

surface water from the open sea were used as the reference so
that R is (NþN)/SRP in the upwelled water from the Kuroshio
onto the East China Sea Shelf-sea. If the effects of primary
production and respiration are assumed to be in an approximate
balance, then, a positive [NþN]ex indicates that the influence of
the (NþN)-replete terrestrial sources dominates over that of
denitrification while a negative [NþN]ex may indicate the vice
versa. This approach is taken here. Since there is free mixing
between the NoSoCS and the open SCS below the mixed layer, the
average ratio of (NþN) to SRP in the sub-surface layer below the
mixed layer in the open SCS in the summer and winter, which can
be estimated to be 13.870.5 (Table 1), was used as R. The
distributions of (NþN)/SRP and [NþN]ex in the transects across
the NoSoCS are shown in Fig. 17. Conspicuously elevated values of
(NþN)/SRP and [NþN]ex, reaching maximum values of 220 and
15 mM respectively, were found in the fresher water in the inner
shelf. These much elevated values reflected the dominating
influence of the terrestrial inputs which were enriched in
(NþN) over SRP (Zhang, 1996; Dai et al., 2008; Liu et al., 2012).
In these waters where the ratio of (NþN)/SRP were substantially
above 16, the Redfield stoichiometric ratio in photosynthetic
activities and respiration (Redfield et al., 1963; Anderson and
Sarmiento, 1994), SRP could have become the limiting nutrient
(Xu et al., 2008, 2009). In the sub-surface water, there was
inevitably a layer of bottom water with (NþN)/SRPo13.8, the
value in the source water from the open SCS, and [NþN]exo0 mM
covering some parts of the middle and outer shelf. These bottom
waters with depressed values of (NþN)/SRP and [NþN]ex were
consistent with the effect of denitrification and especially sedi-
mentary denitrification.

The concentration of [NþN]ex was linearly related to salinity
(Fig. 18a) such that:

NþN½ �ex ðmMÞ ¼ �2:64ð70:14ÞSþ89:7ð74:6Þ N¼ 33; r2 ¼ 0:92
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Fig. 16. The relationships between (a) (NþN)/SRP and (b) N*, and, potential density
(σθ) in the open SCS. o – summer, 2010; ● – winter, 2011. Dashed lines in (a) denote
range of values below �600 m.

Table 2
Input values and results from a box modeling exercise on the dynamics of the nutrients in the mixed layer of the NoSoCS.

Water flux (m3 yr�1) Salinity SRP (mM) SRP Flux (mol yr�1) (NþN) mM (NþN) flux (mol yr�1)

Inputs
Pearl River 3.3�1011(1) 0 271 (2) 6.6�108 1507100 (2) 4.95�1010

Precipitation 3.84�1011 (3) 0 – 1.84�107(4) – 1.43�109 (4)
Net vertical mixing 4.21�1013 34.2570.2 0.2770.03 1.14�1010 3.0570.8 1.28�1011

Outputs
Evaporation 2.16�1011 (3) 0 0 0 0 0
Export to open SCS 4.26�1013 33.8570.1 0.07570.04 3.19�109 1.070.7 4.26�1010

Biological removal – – – 8.85�109 – 1.37�1011

Area of NoSoCS – 1.61�1011 m2; SRP – soluble reactive phosphate; (NþN) – (nitrateþnitrite). (1) Guo et al. (2008); (2) Dai et al. (2008); (3) Wong et al. (2007a); (4) area
normalized flux from total flux to South China Sea of Chen et al. (2001).
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The linear relationship suggests that the composition of the
shelf water could be represented by a two end-member mixing
between the inner shelf water which was enriched with (NþN)
and the bottom water on the shelf with a small deficit in (NþN).
The relationship indicates that [NþN]ex reached 0 at a salinity of 33.9.
Similarly, as a first approximation, (NþN)/SRP was also linearly related
to salinity at salinities below 33 (Fig. 18b) such that:

NþNð Þ=SRP¼ �44:4ð75:7ÞSþ1467ð7180Þ N¼ 9; r2 ¼ 0:897

Thus, (NþN)/SRP was equal to 16 at a salinity of 32.7. Both of these
relationships indicate that excess (NþN) over SRP could be found in
waters with salinities below about 33. In these waters, if the two
nutrients are used according to the Redfield ratio, SRP might become
limiting eventually. However, waters with such low salinities were not

commonly found in this study which was not conducted during a
period of high runoff. These fresher waters were confined mostly to
within the inner shelf. In contrast, while Wong et al. (1998) also found
an approximately linear relationship between [NþN]ex and salinity in
the East China Sea Shelf-sea, the waters with excess (NþN) covered
about one-third to one half of that Shelf-sea.

3.5. Assessing the nutrient dynamics and carbon fixation in the
mixed layer of the NoSoCS

A first order assessment of the dynamics of the nutrient
elements in the mixed layer of the NoSoCS may be made in a
simple box model exercise in which the NoSoCS is treated as a two
layer system. Both layers can exchange freely with the open
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Fig. 17. The vertical sections of (NþN)/SRP and [NþN]ex across the shelf in transects (a) T1, (b) T2, (c) T3 and (d) T4 in the summer 2010, and (e) T4 in the winter 2011.
Locations of the stations are shown at the top of the figures.
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northern SCS but the exchanges with the Taiwan Strait and the
Beibu Gulf are assumed to be minimal. Then, if a steady state
exists, the inputs from river runoff, atmospheric deposition and
vertical mixing of deep-water to the mixed layer in the NoSoCS are
balanced by the net export from the NoSoCS to the open northern
SCS as shown in Fig. 19. Thus, the material balances for water, salt,
SRP and (NþN) in the mixed layer are given by

Water balance : RþUþP ¼OþE ð1Þ

Salt balance : R Sr½ �þU Sd½ �þP Sp
� �¼O Sh½ �þE Se½ � ð2Þ

SRP balance : R Pr½ �þU Pd½ �þP Pp
� �¼O Ph½ �þE Pe½ �þBp ð3Þ

NþNð Þ balance : R Nr½ �þU Nd½ �þP Np
� �¼O Nh½ �þE Ne½ �þBn ð4Þ

R, U, P, O and E are the water fluxes from riverine input, net vertical
mixing, atmospheric precipitation, net outflow to the open north-
ern SCS and evaporation respectively. The corresponding concen-
trations in these sources of material are denoted by the subscripts
r, d, p, h and e. Salinity and the concentrations of SRP and
combined inorganic nitrogen are given as S, P and N in square
brackets, and Bp and Bn are the biological removal of SRP and
(NþN) in net primary production. In the NoSoCS and the open
northern SCS, combined inorganic nitrogen is treated as (NþN). In
the river runoff and atmospheric deposition, ammonia is also
included. The riverine input is assumed to originate virtually
exclusively from the Pearl River, whose discharge, or R, is
330 km3 yr�1 (Guo et al., 2008). P and E have been reported by
the Hong Kong Observatory to be 2383 mm yr�1 and
1343 mm yr�1 respectively (Wong et al., 2007a). Salinity and the
concentrations of the nutrients in the deep water and in the mixed
layer are calculated as the averages of the summer and winter
values given in Table 1. [Sr], [Sp] and [Se] are assumed to be
negligible. The concentrations of SRP and (NþN) in the Pearl River
water are estimated from Dai et al. (2008). The atmospheric
depositional fluxes of SRP and (NþN) are estimated from the total
fluxes to the South China Sea (Chen et al., 2001) after they have
been scaled to the surface area of the NoSoCS. Then, after U and O
have been calculated from the Eqs. (1) and (2), Bp and Bn may be
estimated from Eqs. (3) and (4) respectively.

Fig. 18. The relationship between (a) (NþN)/SRP (short dashed line indicates the
Redfield ratio of 16) and (b) [NþN]ex (short dashed line indicates [NþN]ex¼0), and
salinity in the NoSoCS. o – summer 2010; ● – winter 2011. Long dashed lines
indicate the best fit lines at salinities below 33.

Fig. 19. A box model for the dynamics of the nutrients in the mixed layer in the NoSoCS. Symbols are defined in the text.
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The input values and the results of this modeling exercise are
given in Table 2. The results indicate that the input of water to the
NoSoCS is dominated by vertical mixing as it contributes 98% of
the total input to the mixed layer. Given that the average volume
of the mixed layer over the two seasons is 6�1012 m3, the
residence time of the water in the mixed layer is about 2 months.
This is a rather short residence time and suggests rigorous vertical
mixing in the NoSoCS. Vertical mixing is also the dominant input
of (NþN) and SRP to the mixed layer as it contributes 72% and 94%
of their total input respectively. The riverine input of (NþN), 28%
of the total input, is much more significant than that of SRP, which
was equivalent to 5% of the total input. This reflects the enrich-
ment of (NþN) over SRP in the Pearl River water. Biological
utilization removes about 75% of both SRP and (NþN) added to
the mixed layer. When the removals are converted to carbon
fixation by using the Redfield ratio of 1:106 and 16:106 (Redfield
et al., 1963), Bp and Bn yield similar carbon removal rates of 70 and
68 g-C m�2 yr�1. Since these rates are supported by allochthanous
nutrients, they represent new production. Through direct mea-
surements, Chen and Chen (2006) reported that the average new
production in NoSoCS in the spring, summer, fall and winter are
0.19, 0.15, 0.14 and 0.34 g-C m�2 d�1 respectively. These rates
yield an average of 0.2 g-C m�2 d�1 or 75 g-C m�2 yr�1. Pan
et al. (2015) estimated through remotely sensed data that the
net primary production in the NoSoCS is about 1.170.7 g-
C m�2 d�1. By assuming an f-ratio of about 0.370.1 in the NoSoCS
(Chen and Chen, 2006), the corresponding new production would
be 120775 g-C m�2 yr�1. Given the uncertainties in the rates
estimated from the box modeling exercise, they agree surprisingly
well with these other independent estimations.

The results of this box modeling exercise are qualitatively
insensitive to the range of the estimated average salinity and
average concentrations of the nutrients in the different hydro-
graphic sub-divisions listed in Tables 1 and 2. Using the maximum
and minimum values would yield residence times of the water in
the mixed layer of 2.1 and 1.3 months, the contribution of vertical
mixing to the total input of (NþN) and SRP to the mixed layer of
61 and 88%, and, 91 and 97% respectively, the contribution of the
biological removal of (NþN) and SRP added to the mixed layer of
73% and 88%, and 65% and 86%, and the corresponding carbon
removal rates of 77 and 63, and 57 and 93 g-C m�2 yr�1. Thus, the
uncertainties in these estimations from the box modeling exercise
are generally within about 730%. Another source of uncertainties
is the conceptual assumptions, such as the existence of a steady
state in the NoSoCS, minimal exchanges between the NoSoCS and
the Taiwan Strait and the Baibu Gulf, and only net exchanges
between the mixed layers of the NoSoCS and the open SCS, and,
between the surface and deep layer of the NoSoCS affect the mass
balances of the nutrients. They cannot be assessed quantitatively
by using the present data set. Their validity remains to be further
tested.

4. Conclusions

Because of its shallow mixed layer depth, about 40 m in the
summer and 70 m in the winter, the NoSoCS is permanently
underlay by a layer of relatively nutrient-rich upper thermocline-
upper nutricline water that extends freely into the Shelf-sea from
the open SCS. Shelf-edge upwelling is unnecessary for bringing the
nutrient-replete sub-surface water off the shelf to the NoSoCS. This
is a distinguishing feature of the NoSoCS from many temperate
shelf-seas. Vertical mixing on the shelf is a major control on the
supply of nutrients to the mixed layer of NoSoCS as it contributes
the majority of the total inputs of (NþN) and SRP to the mixed
layer. This vertical mixing may be provided by: winter convective

mixing by surface cooling, summer coastal upwelling at the
northwestern corner of NoSoCS offshore of Shantou, the activities
of internal waves along the outer and middle shelf year round, and
the formation of bottom water in the winter.
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