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Abstract

The East China Sea (ECS) and the South China Sea (SCS) are two major marginal
seas of the north Pacific with distinct seasonal primary productivity. Based upon field
observation in December 2008—January 2009 covering both the ECS and the northern
SCS (NSCS) in wintertime, we examined southward long-range nutrient-transport from
the ECS to the northeast SCS (NESCS) carried by the China Coastal Current (CCC)
driven by the northeast prevailing monsoon. These nutrients escaped from the cold
ECS shelf to refuel the primary production on the NESCS shelf where river-sourced
nutrients were limited yet water temperature remained favorable. By coupling the field
observation of nitrate+nitrite (DIN) with the volume transport of the CCC, we derived
a first order estimate of DIN flux of ~ 1430 260 mols™". This DIN flux was ~ 7 times
the wintertime DIN input from the Pearl River, a primary riverine nutrient source to
the NSCS. By assuming DIN was the limiting nutrient, such southward DIN transport
would have stimulated ~8.8+1.6x 10" gC of new production (NP), accounting for
~ > 58 £ 10 % of the total NP or ~ 38 £ 7—24 + 4 % of primary production on the NESCS
shelf shallower than 100 m.

1 Introduction

The continental shelf is well known to be characterized by high biological production,
due to the abundant nutrient sourced from the land via river discharge and/or supplied
through coastal upwelling and shoreward cross-shelf transport (Wollast, 1991, 1993;
Ladd et al., 2005; Whitney et al., 2005; Sugimoto et al., 2009). Another possible trans-
port pathway to redistribute dissolved and particulate nutrients and materials is through
alongshore currents typically along the isotherms featured with long distance volume
transport (Liu et al., 2000; Kao et al., 2003; Keafer et al., 2005; Whitney et al., 2005;
Liu et al., 2007; Chen, 2008; Guo et al., 2012). However, the role of such alongshore
currents in the transport of nutrients and the subsequent biological effects has rarely
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been examined, probably because it is commonly believed that the largest gradients
both chemically and biologically are only important in the cross-shelf dimension.

Two major continental shelves of the western North Pacific are those of the East
China Sea (ECS) and the northern South China Sea (NSCS). The ECS shelf and
the NSCS shelf are connected by the Taiwan Strait (TWS) (Fig. 1a) (Chen, 2003, 2008).
Hydrographic data characterizes the China Coastal Current (CCC), which is driven by
the northeast winter monsoon, to be one of the major water masses in the TWS (Jan
et al., 2006, 2010), with relatively low SST (< 18.0°C) and salinity (< 33.0) (Fig. 1a).
Chen (2008) reviews the winter nutrient distribution pattern both in the ECS and the
TWS and points out the potentially high nutrient fluxes carried by the CCC through the
TWS. Based on our new observations together with the available literature data of nu-
trients and volume transport in the TWS aided by a numerical model, this study sought
to quantify such southward nutrient flux and examine its role in sustaining wintertime
primary production (PP) on the shelf of the northeast South China Sea (NESCS). We
intend to demonstrate that such inter-shelf nutrient flux is a critically important nutri-
ent source sustaining PP on the NESCS shelf in winter, which would be otherwise
oligotrophic because of the limited river discharge.

2 Materials and methods
2.1 Study area

The ECS has a broad shelf located in the temperate zone, which is warm (22—28 °C)
in summer and cold (~9 to 21°C, Fig. 1a) in winter, especially the inner shelf.
The Changjiang River is the largest river emptying into the ECS, with a peak
discharge of 50000m®s~' in summer and a minimum of 13000m°s™" in winter
(http://xxfb.hydroinfo.gov.cn/). The ECS is influenced by nutrient enriched Changjiang
discharge and Kuroshio subsurface water, and has a moderately high PP in summer,
ranging ~0.2-1.0gC m~2d~" (Chen, 1996; Chen and Wang, 1999; Chen et al., 2001;
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Gong et al., 2003, 2006). However, PP in winter is only one tenth of that in summer
probably due to low water temperature and light availability (Gong et al., 2003).

The NSCS has a northeastward widened shelf located in the sub-tropical climate
zone with a complicated coastline and topography variations. The water temperature
on the shelf is warm in summer (27—-28 °C, Han et al., 2012). In winter, the shelf water
temperature is lower (18-24°C, Fig. 1a), but much higher than that in the ECS. The
Pearl River is the largest riverine nutrient source to the NSCS shelf with a discharge
of 15500m®s™" in summer and 1800m®s™" in winter (http://xxfb.hydroinfo.gov.cn/).
In summer, the coastal upwelling also plays an important role in supplying nutrients
(Han et al., 2012). Noteworthy, the PP in the NSCS in winter maintains at similar level
as that in summer (~0.8-1.0gCm™2d™", Chen and Chen, 2006; Wang et al., 2012).
During this time period, the warm and oligotrophic Kuroshio surface water intrudes and
occupies a large area of the NSCS basin (Hu et al., 2000).

The TWS is ~ 180 km wide with an average depth of ~60m (Hong et al., 2011). In
winter, the northeast prevailing wind drives the CCC flowing southward. The current
is confined within the narrow inner shelf with water depth <50 m due to the Ekman
effect. This coastal current, which originates from the ECS around the Changjiang es-
tuary (Chang and Isobe, 2003; Chen, 2003; Lin et al., 2005; Guan and Fang, 2006),
is featured by high concentrations of nutrients as compared with the ambient seawa-
ter (Chen, 2003; Gong et al., 2003), primarily owing to the large amount of nutrient
input from the Changjiang and wind induced resuspension. The CCC starts in mid-
September, peaks from October to January and weakens thereafter, except for some
short periods of monsoon wind relaxation or transition (Jan and Chao, 2003; Wu and
Hsin, 2005; Lin et al., 2005; Pan et al., 2012).

Although previous studies investigated the circulation and water transport for the en-
tire TWS using a shipboard Acoustic Doppler Current Profiler (sb-ADCP) (Liang et al.,
2003; Wang et al., 2003), bottom moored Acoustic Doppler Current Profiler (om-ADCP)
(Lin et al., 2005; Jan et al., 2006), surface drifters (Qiu et al., 2011), high-frequency
radar (Zhu et al., 2008) and numerical models (Jan et al., 1998; Wu and Hsin, 2005;
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Wu et al., 2007; Fang et al., 2009), studies dedicated to the total volume transport of the
CCC and its variability and biogeochemical significance have not yet been conducted.

2.2 Sampling and measurements

An expedition on board the R/V Dongfanghong Il was conducted on the ECS-TWS-
NSCS shelves in winter 2008 (from 25 December 2008 to 9 January 2009). Several
cross shelf transects covering the region of the ECS and NSCS shelves (marked by
PN, 6, 4, 2, A, C; Fig. 1b) were investigated. Most of the sampling stations were located
on the shelf (< 200 m isobaths), particularly, at a depth < 50 m along the coastline from
the ECS to the NSCS shelf (Fig. 1b).

Samples were taken using Niskin bottles mounted onto a rosette sampler assem-
bly, equipped with a conductivity-temperature-depth (CTD) recorder (Sea-Bird Co.,
SBE911). Nutrient samples were analyzed using routine spectrophotometric meth-
ods with a Technicon AA3 Auto-Analyzer (Bran-Lube, GmbH) (Han et al., 2012 and
references therein). The nmolL™" levels of PO, were measured according to Ma et
al. (2008). Samples for chlorophyll a (Chl a) were filtered through 25-mm Whatman
GF/F glass fiber filters and then were immediately frozen until analysis. These samples
were determined using a Turner fluorometer fitted with a red sensitive photomultiplier
(Parsons et al., 1984).

2.3 Model description

To better estimate the volume transport of CCC, we adopted the regional ocean mod-
eling system (ROMS) (Shchepetkin and McWilliams, 2005) to simulate the coastal cur-
rent. ROMS is a free surface, hydrostatic, primitive equation of an ocean model. The
Mellor-Yamada 2.5 turbulent sub-model, a bulk-flux formulation for air-sea exchange
and benthic boundary layer formulations, is embedded in the ROMS. The model do-
main was rectangular, extending from 1°N, 99°E in the southwest corner to about
49°N, 143.5°E in the northeast corner with its zonal axis directing eastward and

3895

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3891/2013/bgd-10-3891-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3891/2013/bgd-10-3891-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

meridional axis northward. The model had an averaged horizontal grid size < 10km
and 30 vertical levels in stretched generalized terrain-following coordinates. The wa-
ter depths of the model were obtained by merging ETOPO2 (1/30 degree resolution)
from the National Geophysical Data Center (USA) with the water depths digitized from
navigation maps published by the China’s Maritime Safety Administration. The model
was forced with 10-yr (1999—2009) monthly mean 1/4 x 1/4 degree QuikSCAT winds
and with climatological atmosphere fluxes from the National Centers for Environmen-
tal Prediction. Along the southern and eastern open boundaries, climatological mo-
mentum and thermal fluxes from the Ocean General Circulation Model for the Earth
Simulator (Sasaki et al., 2008) were implemented through the open boundary condi-
tions of Gan and Allen (2005). The model was validated with observed sea surface
temperature, dynamic height derived from Archiving, Validation, and Interpretation of
Satellite Oceanographic Data and other climatological mean conditions (Gan et al.,
2013). The climatological annual transport in the TWS was northward at about 1.1 Sv
(1Sv= 10°m3s™! ), close to the estimate of 1.09 Sv by Wu and Hsin (2005) and that of
1.2 Sv by Isobe (2008).

3 Results
3.1 Hydrography

As shown in Fig. 2a and b, a narrow band of water mass with low temperature
(~12.1-13.0°C) and low salinity (~26.7-31.4) clearly occupied the inner shelf of the
ECS in winter. Strong cross shelf gradients in temperature (12.1 to 23.2°C) and salin-
ity (26.7 to 34.6) were consistent with the satellite SST image during the same period
(Fig. 1a). The colder and fresher water mass hugging the coast was the CCC. We also
observed an increase in water temperature from ~12.1-16.9°C while the CCC was
flowing southward from the Changjiang estuary mouth through the TWS (Fig. 2a).
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Meanwhile, a water mass characterized by low temperature (17.5-17.9°C) and low
salinity (~ 32.9—-33.0) can be observed in the nearshore region to the east of the Pearl
River estuary mouth in the NESCS (Fig. 2a and b). Since there was very limited fresh-
water discharge from the Pearl River and the wind directed the plume southwestward,
such a low temperature and salinity signal was highly likely to have been derived from
the extension flow of the CCC. Another water mass with low salinity (~ 31.0) was ob-
served to the west of the Pearl River estuary mouth. This water mass was clearly the
Pearl River plume. Away from the inner shelf, the high temperature (~21.3-23.7°C)
and high salinity (> 34.0) revealed the influence from the Kuroshio intrusion.

We further used the distributions of field data observed in the ECS (Fig. 3a and b)
and the NSCS shelves (Fig. 4a and b) to give a sectional view of the distinctive CCC.
At Transect PN (see location in Fig. 1b), the CCC occupied the inner shelf with a water
depth mainly <50m. Away from the CCC, both temperature and salinity increased
gradually and vertically were well mixed as reported previously (Hama et al., 1997;
Kim et al., 2009).

At Transect 2 (see location in Fig. 1b) crossing the NSCS shelf, we can see a simi-
lar pattern with vertically well mixed colder and lower salinity water nearshore (Fig. 4a
and b) except for some downwelling structure which occurred near the bottom layer
with cold water (~ 18.0—18.7 °C) extending from the CCC and tilted downward abruptly
along the shelf towards offshore (~80-100m isobath) (Fig. 4a). The signal of this
downward salinity distribution was weaker than that of the temperature, probably due
to fast entrainment with the ambient saline oceanic water (Fig. 4b). A similar pattern is
observed by Liu et al. (2010).

3.2 Surface distribution of nutrients and Chl a

The surface region occupied by the CCC displayed very high nutrient levels (DIN,

PO, and Si(OH),), and waters with the highest nutrient contents (DIN ~ 35.0 pmol LT,

PO, ~0.89umol L™" and Si(OH), ~ 38.5pumol L‘1) being located at the southern

Changjiang estuary mouth (Fig. 2c—e). The offshore shelf water was characterized by
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relatively lower nutrients due to the influence of the oligotrophic Kuroshio surface wa-
ter. However, the nutrient concentrations were still high, for example, 9.6—1.5 umol L™
for DIN, 0.58-0.15umolL™" for PO, and 15.4-3.0 umolL™" for Si(OH),. Interestingly,
although nutrients were abundant over the entire ECS, the Chl a values were not con-
comitantly high (~0.3—0.7 mg m~3, see Fig. 2f), probably due to low temperature limi-
tation (Gong et al., 2003).

Compared with the ECS, Chla values in the NSCS shelf were much higher. The
Pearl River plume at the southwest had the highest concentrations with values of
~14.8umol L™ for DIN, ~0.51 pmol L™ for PO, and ~21.9 umol L™" for Si(OH), (Fig.
2c—e) and, correspondingly, high Chla values ~ 1.6 mg m~2 could also be observed
(Fig. 2f). Nutrients in the NSCS inner shelf were relatively abundant (DIN, PO, and
Si(OH), were ~ 6.6-8.0 umol L™, ~0.38-0.54 umol L™" and ~ 10.4—17.6 umol L™"; see
Fig. 2c—e) showing a seaward decreasing pattern. In contrast, the offshore shelf area
was characterized by extremely low concentrations in the range < 0.9 pmol L~ for DIN,
<0.12umol L~ for PO, and < 3.9 umol L~ for Si(OH),, reflecting the oligotrophic con-
ditions on the NSCS shelf. Within the ~100m isobath of the NSCS shelf, we see
higher values of Chla in the northeastern part (~0.6-2.0 mg m’a) relative to those
in the southwest (~0.4-0.7 mg m_3) indicating extra nutrient supply to stimulate the
phytoplankton biomass (Fig. 2f).

3.3 Vertical distribution of nutrients and Chl a

Similar to the cross-shelf patterns of temperature and salinity, Transect PN displayed
homogeneous features in the nutrients for the whole water column (Fig. 3c—e). The
DIN concentration in the nearshore water column could be ~9.3-12.5 umol L'1, but
it rapidly decreased seaward to 3.6—7.0 pmol L™" due to the entrainment by olig-
otrophic Kuroshio water. PO, and Si(OH), had similar patterns to that of DIN, rang-
ing, respectively, from 0.51-0.68 pmol L™ and ~ 15.1-16.9 pmol L™" in the nearshore
to 0.15-0.49 pmol L~! and 3.0-12.3 pmol L™ offshore. The phytoplankton biomass in
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Transect PN was also homogeneous vertically. It should be noted that the Chla val-
ues were relatively low in the CCC (~ 0.7 mg m'3) and on the shelf (~ 0.3-0.5mg m‘3)
regardless of the high nutrient concentration (Fig. 3f).

Nutrients on the NSCS shelf showed vertical mixing properties in the water column
except for the bottom water (Fig. 4c—e). At Transect 2, the nutrient in nearshore water
was well mixed vertically, with concentrations of ~ 7.8-8.0 umol L~ for DIN, ~0.51-
0.54 pmol L™ for PO,, and ~ 16.6—17.6 umol L™ for Si(OH),. In comparison with the
ECS shelf, Chla values were enhanced (~1.0mg m'3) in response to the abundant
nutrients (Fig. 4f). Nutrients decreased seaward, with a DIN of ~ 0.5 umol L, PO,
of ~0.10 umol L~" and Si(OH), of ~2.5pumol L™, while the corresponding Chla was
up to 0.6-0.8 mg m~3. Nutrients were higher near the bottom around the 30 m isobath
(PO4 ~0.10 umol L~ and Si(OH)4 ~ 3.0 umol L‘1) when compared with those near the
upper layer (PO, ~ 0.05umol L' and Si(OH)4 ~ 1.7 umol L'1) due to downwelling
nearshore.

The overall hydrological and biogeochemical properties, therefore, showed a clear
map of the CCC stream from the ECS shelf to the NSCS shelf in wintertime. To further
understand the CCC, detailed nutrient characteristics of the CCC were examined.

3.4 Nutrient characteristics of the CCC

Figure 5 illustrates vertical nutrient profiles from the stations along the CCC path-
way. The vertical profiles of nutrients in the CCC stream exhibited a clear decreas-
ing gradient from the ECS shelf to the NSCS shelf via the TWS. For example, for
the whole water column, DIN was in the range 24.3-35.7 umol L' in the ECS seg-
ment, 2.4-14.1 umol L™" in the TWS segment and 2.4-8.0 umol L~ in the NSCS seg-
ment (Fig. 5a). Spatial variations of PO, and Si(OH), were similar to those of DIN
(Fig. 5b and c), which were highest in the ECS segment but lowest in the NSCS seg-
ment.
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It should also be noted that some point sources from local rivers may add nutrients
along the CCC pathway. For example, at Stations F18a and F16 off the Qiantangjiang
and Minjiang river mouths, higher concentrations can be seen compared to those at the
upstream (Figs. 1b, 2, 5). Such impact from point sources are recognized in previous
studies (Wong et al., 2000; Lee and Chao, 2003; Naik and Chen, 2008). However, their
contributions are quite limited due to much smaller water discharge in winter (Liu et al.,
2009; Yan et al., 2012).

In addition, the nutrient concentrations showed no vertical gradient for those stations
with water depth <30 m. In contrast, for stations deeper than 30 m, surface nutrient
concentrations were considerably higher than that at the bottom. For example, the sur-
face nutrients in the TWS segment, at Station F15 (14.1 pmol L~ for DIN, 0.57 pumol L
for PO,, and 15.9 umol L~ for Si(OH),), were much higher than those of the bottom
waters (2.6 umol L™ for DIN, 0.19 pmol L~ for PO,, and 3.6 umol L~ for Si(OH),). As
expected, nutrient structures in the CCC which was obtained in winter 2009 had a sim-
ilar distribution (Dai, unpublished data, not shown) compared to those in winter 2008.
However, nutrients in winter 2009 displayed features of highly vertical mixing. For exam-
ple, nutrients at the same Station F15 were almost identical between the two winters in
the surface layer but much higher in the bottom layer during winter 2009 (9.3 pumol L
for DIN, 0.51 pmolL™" for PO, and 10.1 umolL™" for Si(OH),). The elevated nutrient
concentration in the bottom may be induced either from the particle re-mineralization in
the water column or regeneration from the sediment (Kao et al., 2003; Liu et al., 2007).

We also calculated the mean nutrient concentration for the water column at each sta-
tion (Fig. 5d) along the CCC. For example, the variations of averaged depth-integrated
DIN (IDIN) largely followed the surface distributions (Fig. 2), demonstrating a south-
ward decreasing gradient with latitude (from ~ 40.0 to < 5.0 pmol L~ ). Similar patterns
of averaged depth-integrated PO, and Si(OH), could also be seen (not shown).

Zooming into the TWS segment (Station F15) (Fig. 1c), averaged IDIN concentra-
tions were ~ 8.9-13.1 umol L~" in the two winter seasons (2008 and 2009). Previous
results from field observation were shown here for comparison. Average nitrate in the
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TWS (from ~24.2°N, 118.5°E to ~26.2°N, 120.4°E) range ~13.0-15.0pmolL™" in
January, 2003 (Chen, 2008; Naik and Chen, 2008). Average nitrate concentration in
the northern TWS (~25.3°N, 120.0°E) decreased from ~ 14.0pumolL™" in the sur-
face to ~ 4.0 umol L~" in the bottom in March, 1997 (Liu et al., 2000). In addition, DIN
concentrations in the southern TWS (~24.4°N, 118.7° E) were ~7.7-20.1 umol L™ in
November, 2008 (Yan, 2011). Taken together, there was no noticeable inter-winter vari-
ation in DIN concentrations in the CCC of the TWS segment. Considering the verti-
cal variation, it was reasonable to use the averaged depth-integrated concentration of
~11.0x2.0umol L' to represent the DIN level in the CCC of the TWS segment.

To further characterize the nutrients in the CCC, the relationships between DIN and
PO,, and Si(OH), and DIN in winter were constructed (Fig. 6a and b). In detail, the
DIN: PO, ratio in the CCC was ~ 33.8, remarkably lower than that in the Changjiang
(~100-160:1) (Liu et al., 2009). The rapid reduction of the DIN: PO, ratio from the
Changjiang to the CCC might primarily be due to a combination of biological consump-
tion and the mixing with the ambient seawater with low DIN: PO, ratios (Chai et al.,
2006; Zhang et al., 2007; Lui and Chen, 2011). Differing from the CCC, the ECS and
the NSCS shelf waters were characterized by low DIN : PO, ratios of ~ 14.9, consistent
with the ratios in oceanic water (Wong et al., 2007). Similarly, the DIN : PO, ratio in the
Pearl River plume was close to that of the CCC, being ~ 32:5 (Fig. 6a). The ratio was
much lower than that in the Pearl River (~50-100:1) (Dai et al., 2013), primarily due
to the same mechanisms as that for the CCC.

Si(OH), : DIN ratios in the different water masses were generally close to ~1:1
(Fig. 6b). The ratios in the CCC and Pearl River plume appeared to be resulted from
silicate chemical weathering within the river basin (Zhao, 1990; Chetelat et al., 2008).
In the ECS and NSCS shelf, the ratios between Si(OH), and DIN also appeared to be
~1:1. This might be due to particle re-mineralization, which leads to the release of
Si(OH), and DIN in the water column with a molar ratio of ~ 1:1 (Redfield et al., 1963;
Koike et al., 2001).
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In summary, a closer look at the CCC revealed that the hydrographic characteristics
of the CCC were distinctly different from those of the shelf water. This nutrient-enriched
CCC was primarily sourced from the ECS and was interconnected with the ECS shelf
and the NSCS shelf via the western TWS.

3.5 Potential nutrient sources supporting phytoplankton biomass on
the NESCS shelf

In order to further examine algae biomass over the shelf, long-term MODIS Chl a in
winter was used (Fig. 7a). Since the satellite-derived Chla concentration is not suf-
ficient to represent the nearshore phytoplankton biomass due to the impact from the
high suspended particle concentration (Kiyomoto et al., 2001; Liu et al., 2007), we only
focused on the shelf area beyond the nearshore. Figure 7a shows that MODIS Chl a in
the NESCS shelf ranged from ~ 0.5 to 2.5mg m~2, which was consistent with our field
observations (Fig. 2f), suggesting that the high phytoplankton biomass occurred on the
NESCS shelf was common during the wintertime.

In addition, to explore the algae biomass of the entire water column on the ECS and
NESCS shelves, averaged integrated Chl a (IChl a) concentrations were calculated and
assembled in Fig. 7b. Averaged IChla concentrations on the inner and middle ECS
shelf were as low as 0.5+0.2 and 0.4 £ 0.1 mg m=>, respectively, and were probably
limited by the low temperature as mentioned above (Gong et al., 2003). In contrast,
higher averaged IChla concentrations were found on the inner and middle NESCS
shelf, being 1.3+0.7 and 1.0 £ 0.4 mg m~2. Recent studies also find that the NSCS
shelf have high new production (NP) of ~0.15-0.349gC m=2d~" in wintertime (Chen
and Chen, 2006; Wang et al., 2012), which is almost comparable to that in summer
(~0.06-0.17gCm™2d"", Chen and Chen, 2006).

On the contrary, in winter, DIN flux is ~200 mols™" around the Pearl River estuary
(Liu et al., 2009). In addition, the Pearl River plume flows southwestward driven by the
northeast monsoon (Ou et al., 2009), and such Pearl River DIN input was not able to
sustain high phytoplankton biomass in the NESCS. Moreover, coastal upwelling was
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displaced by the downwelling in winter which could transport nutrients towards the off-
shore area along the steep slope (Liu et al., 2010; Gan et al., 2012). Furthermore,
nutrients on the NSCS shelf might also be diluted by the oligotrophic Kuroshio surface
water (Chen et al., 2010). Altogether, nutrient-enriched CCC should be the important
external nutrient sources transported to the NESCS shelf and to support the high phy-
toplankton biomass which has so far not received much attention. Coupling the field
DIN observation with the CCC volume transport, it was possible to quantify the DIN
flux transported by the CCC (see following discussion).

4 Discussion
4.1 CCC volume transport across the western TWS
4.1.1 Field observations

During October—-December 1999 and January—February 2001, along-strait current ve-
locities in the western TWS were measured using a bm-ADCP (Fig. 1c). Volume
transport of the CCC was calculated by multiplication between the integrated de-tided
current velocity from the sea surface to the bottom and a coastal width of ~30km
(to ~119.2° E). Figure 8a and b show that the total volume transport (77 calculated in
Sv units) displayed a different flowing direction and different amplitude, driven by the dif-
ferent wind stress and the consequent pressure gradient forcing (Wu and Hsin, 2005).
In winter 1999, T+ varied from —1.08 to 0.50 Sv, with an average negative value (south-
ward) of —0.35 + 0.26 Sv and a positive value (northward) of 0.12 +£0.11 Sv (Fig. 8a).
Net 77 was calculated to be —0.23 Sv. The T+ in winter 2001 followed a similar pattern
to that in winter 1999, but had lower values ranging from —-0.59 to 0.43 Sv (Fig. 8a),
primarily due to the weaker wind stress (~ 15ms”" in winter 1999 and ~11ms™" in
winter 2001). Based on the average negative value —0.19 + 0.14 Sv and the positive
value 0.13 £ 0.10 Sy, the net T was calculated to be —0.07 Sv.
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In addition, Liang et al. (2003), using sb-ADCP to measure the current velocity in the
TWS in winter, find values ranging from ~ -0.1 to -0.2 ms™" in the west of the TWS
(25.0°N, ~119.0-119.5° E). If we assumed the water depth was 20 m, and the coastal
width ~ 54 km (see Fig. 16 in Liang et al., 2003), the southward 77 could then be esti-
mated to be ~ 0.1-0.2 Sv. Moreover, the lower T; around 25.27° N and 119.98° E was
estimated to be ~ 0.05 Sv, dependent on the ~ 0.05 ms~' southward current velocity,
the ~30m average water depth and the ~ 30 km coastal width (to ~119.7°E) (Fu et
al., 1991). Around the same location and assuming the consistent wind speed, the T+
was ~ 0.06-0.12 Sv based on the ~0.1-0.2ms™" southwestward velocity which was
measured using bm-ADCP (Pan et al., 2012).

In summary, the southward 77 could range from ~ 0.05-0.23 Sv based on different
observation results of current field (Table 1).

4.1.2 Model results

Considering that the field observations in the TWS were generally short-term, and es-
pecially with limited spatial and temporal coverage, a climatological numerical model
was adopted to simulate the current velocity across the TWS in the entire winter (De-
cember, January and February).

Figure 9 shows the modeled climatological along-shore current velocity along 24.6° N
across the TWS in winter. The model-derived velocity structure exhibited two seg-
ments: one was the southward CCC, which was constrained in the nearshore of Main-
land China; the other was the northward SCS water and Kuroshio water, located in the
eastern TWS. Such a pattern was consistent with previous results from in situ observa-
tions, supporting the validity of our numerical model (Fu et al., 1991; Liang et al., 2003;
Chen et al., 2010).

To further validate our climatological model, the modeled current velocity at Station
F15 (24.6° N and 119.0° E) was chosen to compare with that at Station WC1 with in situ
observation, as they shared a similar location (Fig. 1c) and wind speed (~ 11 ms‘1).
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The modeled velocity of the CCC at Station F15 decreased gradually from 0.29 m s

at the surface to <0.1ms™" at the bottom, and the resulted average depth-integrated
velocity was 0.06 m s (Fig. 9). Assuming uniform velocities across the section with the
~ 25—-44 m water depth and the ~ 17.5 km coastal width (to ~ 118.84° E), the integrated
T+ could be estimated to be ~0.04 Sv, which was consistent with the results derived
from Station WC1 (0.07 Sv). Such a validation suggested that our model was robust
enough to reproduce the physical dynamics of the CCC.

Model-derived T+ also displays another important feature that a zonal current ve-
locity gradient existed in the CCC (Fig. 9). The velocity essentially decreased from
~0.3ms™" in the nearshore area to 0.1ms™" in the offshore region within CCC. Such
a pattern was validated by previous sb-ADCP measurements surveyed around a simi-
lar location (Liang et al., 2003). If we integrated the modeled current velocity between
nearshore and Station F15 (118.84-119.0°E, ~ 17.5km), the average velocity could
then be modified as 0.17ms™", and the T+ was further estimated to be 0.13 Sv.

In summary, our estimates based on both the direct measurement and numerical
model approaches were consistent and the integrated 7+ of 0.13 Sv was more reason-
able to represent the winter CCC T7 level in the TWS.

4.2 DIN flux by CCC

The DIN flux of the CCC across the TWS could be derived from simple multiplication
between the average DIN concentration and the average 7;. As mentioned above, the
average DIN in the CCC across the TWS was ~ 11.0+2.0 pmol L~'. Based on the
modeled T+, being 0.13 Sv, which represented the whole transectional CCC volume
transport, the DIN flux was estimated to be ~ 1430 + 260 mol s

In comparison, the wintertime DIN flux was ~ 760 mols™" around the Changjiang
estuary mouth (Liu et al., 2009). The CCC associated DIN flux was therefore equivalent

to ~ 2 times that from the Changjiang or ~ 7 times that from the Pearl River.
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The fact that the DIN flux transported by the CCC was larger than that of the
Changjiang nutrient discharge simply reflected that there were additional nutrient
sources. Similar results were found for the PO, flux based on the DIN: PO, ratios in
the CCC and the PO, flux in the Changjiang estuary mouth (Liu et al., 2009). Possible
sources of these nutrients may include nutrient regeneration during the CCC pathway
and nutrient transported offshore (Chen and Wang, 1999; Zhu et al., 2006).

4.3 CCC-supported “new production” on the NESCS shelf

Assuming winter lasts from December to February, the total DIN transported by the
CCC was calculated to be ~11.1+2.0x 10°molN. If we assumed C:N ratio of
106: 16, this amount of DIN would be equivalent to ~8.8 + 1.6 x 10" gC being fixed
on the NESCS shelf. Our parallel study based on the same cruise in winter 2008, the
NP and the PP at Station S608 (see location in Fig. 1b, water depth ~106-118m,
or Station S1 in Wan9 et al., 2012) on the NESCS shelf have been measured to be
about 0.15gCm™2d™"' and 0.51gCm™2d™" (Wang et al., 2012). In addition, the NP
and the PP at one station located around 73 m deep on the NESCS shelf in winter
2004 have been reported to be about 0.34 gC m=2d~" and 0.82 gC m=2d~" (Chen and
Chen, 2006), slightly higher than that in winter 2008. Furthermore, a consistent esti-
mate of winter PP being ~0.89C m2d~" was given by Hao et al. (2007) for the inner
NESCS shelf. In this study for the purpose of first order estimation, we adopted the
range of an NP of ~0.15-0.34gC m=2d~"' and a PP of ~0.51-0.82 gC m=2d~". Given
that the surface area of NESCS shelf shallower than <100m is ~5 x 10* km? (from
Google Earth Pro software), we estimated that the CCC-associated DIN supported
~>58+10% of NP and ~ 38 + 7-24 + 4 % of PP.
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5 Concluding remarks

This study has highlighted that the monsoonal wind-driven CCC might be a primary
conduit for nutrient transport between the ECS and the NSCS shelf. Our estimate has
shown that the DIN flux carried by the CCC across the TWS was ~ 1430 + 260 mol s,
~ 2 times that from the Changjiang or ~ 7 times that from the Pearl River in winter.
It is important to emphasize that nutrients escaped from the cold and relatively nutri-
ent enriched ECS shelf may significantly stimulate PP in the NESCS shelf where the
water temperature remained warm in winter which was thus favorable for biological
production. Our first order estimation indeed showed that the DIN input flux carried by
the CCC might support a carbon fixation of ~8.8 £ 1.6 x 10" gC on the NESCS shelf,
representing ~ > 58 + 10 % of the NP and ~ 38 + 7-24 + 4 % of the PP therein.
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Table 1. Summary of basic information of the China Coastal Current.

Velocity Distance Depth  Location T7 (Sv) Refs.

(ms™) (km) (m)

-0.1~-0.2 ~119.0-119.5°E; 20 25.0°N, -0.1~-0.2 Liang et al. (2003)
54 ~119.0-119.5°E

-0.19 119.20-11947°E 40 C1,24.96°N, -0.23 Obs. in 1999,
30 119.47°E this study

-0.05 119.21-119.49°E 40 WCH1, 24.80°N, -0.07 Obs. in 2001,
30 119.49°E this study

-0.05 119.7-119.98°E 30 25.27°N, -0.05 Fu et al. (1991)
30 119.98°E

-0.1~-0.2 119.7-119.98°E 20 25.27°N, -0.06 ~-0.12 Panetal. (2012)
30 119.98°E

-0.06 118.84-119.0°E 25-44 24.6°N, -0.04 Model result,
17.5 119.0°E this study

-0.17 area integration 25-44 24.6°N, -0.13 Model result,
17.5 118.84-119.0°E this study
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Fig. 1. (a) Map of the study area showing the East China Sea (ECS), the northern South
China Sea (NSCS) as well as the Taiwan Strait (TWS). Red curves represented the schematic
isohalines of the CCC in winter according to winters 2008 (this study) and 2009 (Dai, un-
published data). The color background represented the mean sea surface temperature (SST)
over December—February 2008. SST image was sourced from http://gdatai.sci.gsfc.nasa.gov/
daac-bin/G3/gui.cgi?instance_id = ocean_month&selectedMap = Blue%20Marble&. Schematic
CCQC, river plume of Changjiang and Pearl River were marked by white arrows (Jan et al.,
2002; Guan and Fang, 2006; Chen, 2003, 2008; Ou et al., 2009). (b) Map of the cruise track
and sampling stations (black dots) in winter 2008. Red and yellow dots represented sampling
stations within the CCC regime in winters 2008 and 2009, respectively. Transect PN in the ECS
and Transect 2 on the NSCS shelf were highlighted by blue lines. The 50 m and 200 m isobaths
were also shown. (¢) In the TWS, blue triangles, black dots and blue dots represented the sta-
tions sampled in January 2003 by Naik and Chen (2008), in November 2008 by Yan (2011) and
in March 1997 by Liu et al. (2000), respectively. The locations where bottom mounted-ADCP
deployments were marked by pink star for Site WC1 in September—-December 1999 and by red
star for Site C1 deployed in January—February 2001. The black triangle located in the TWS
refers to the study site of Fu et al. (1991). The horizontal blue line in the western TWS marked
the coastal width for volume transport estimation based on the bm-ADCP. The red line across
the TWS was the transect which was adopted to estimate the current velocity from climato-
logical numerical model (the solid one in the western part indicated the southward CCC in the
model)
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Fig. 2. Surface distributions of temperature (T) (a, °C), salinity (b, S), DIN ( NO; + NO,)
(c,umol L™"), PO, (d, pmolL™"), Si(OH), (e, umolL™") and Chla (f, mgm™) on the ECS, the
NSCS shelf as well as the TWS in winter 2008.
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Fig. 3. Transectional distributions of 7 (a, °C), S (b), DIN (c, umol L'1), PO, (d, pmol L'1),
Si(OH), (e, umol L™"), and Chla (f, mg m~) in Transect PN on the ECS in winter 2008.
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Fig. 4. Transectional distributions of 7 (a, °C), S b, DIN (¢, umol L'1), PO, (d, pmol L'1),
Si(OH), (e, umol L™"), and Chla (f, mg m~) in Transect 2 on the NSCS shelf in winter 2008.
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Fig. 5. Vertical profiles of nutrients (a: DIN, b: PO, and c: Si(OH),) in the CCC stream from
the ECS to the NSCS shelf via the TWS in winter 2008. Stations F19-F17 are for the ECS
segment, F16—F15 for the TWS segment and S601a-S201 for the NESCS segment. Averaged
depth-integrated DIN (IDIN, pmol L'1) in winter 2008 (color bars) and winter 2009 (dots) (d).
Water depth for each station in winter 2008 was also shown.
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Fig. 6. Correlations between DIN and PO, (a), Si(OH), and DIN (b) in the different water
masses on the ECS and the NSCS shelf through the TWS in winter 2008. Red and grey lines
indicate the regression line of DIN and PO, in the CCC and the NSCS shelf.
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Fig. 7. (a) Averaged Moderate Resolution Imaging Spectroradiometer (MODIS) Chla (mg m'3)
with 9 km spatial resolutions over the ECS-TWS-NSCS shelf in winter (December—February)
from 2003 to 2010 (http://oceancolor.gsfc.nasa.gov/ftp.html). White and black indicated the iso-
baths of 50m and 100 m. White arrows in (a) indicated the NESCS shelf where isobaths up
to 100 m. (b) Averaged depth integrated Chla (mg m’3) on the ECS and the NESCS shelf
(£100m isobath) in winter 2008 (stations were marked by red dots in a). Error bars repre-
sented the spatial variations.
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Fig. 8. Two sets of time series along-strait current volume transport (74, in units of
Sv, 1Sv=10°m°s™") at C1 (24.96°N, 119.47°E) and WC1 (24.80°N, 119.49°E) during
1 September—14 December 1999 (a) and 1 January—28 February 2001 (b), respectively. The
current velocities were measured by bottom-mounted Acoustic Doppler Current Profile (bm-
ADCP) which was deployed within 50 m isobath (~ 44 m) in the western TWS. T; was calcu-
lated with raw and 30h low pass filtered velocity data, assuming the coastal width of 30 km
(to ~119.2° E). Negative values represented the southward velocities. T+ in winter 1999 we
adopted was from 1 October—14 December, when northeast monsoon was prevailing. Detailed
information was described in Jan et al. (2006).
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Fig. 9. The model-derived structure of current velocity (m s‘1) along 24.6° N in TWS in win-
ter (December, January and February). The negative/positive values indicated the south-
ward/northward velocities. Southward T was integrated between 118.84° E and 119.0°E (i.e.,
coastal width was ~17.5km), and water depth 44 m, indicated by the dashed line. The zero
contours appeared in heavy line.

3923

Jaded uoissnosiq | Jaded uoissnosiq

it

Jaded uoissnosiq | Jaded uoissnosiq

BGD
10, 3891-3923, 2013

Inter-shelf nutrient
transport from the
East China Sea

A. Han et al.

(8
S

o
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3891/2013/bgd-10-3891-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3891/2013/bgd-10-3891-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

