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Abstract. The East China Sea (ECS) and the South Chinal Introduction
Sea (SCS) are two major marginal seas of the North Pa-
cific with distinct seasonal variations of primary productiv- The continental shelf is well known for its high biological
ity. Based upon field observations covering both the ECS angbroduction, due to the abundant nutrients sourced from the
the northern SCS (NSCS) during December 2008-Januariand via river discharge and/or supplied through coastal up-
2009, we examined southward long-range transport of nuwelling and shoreward cross-shelf transport (Wollast, 1991,
trients from the ECS to the northeastern SCS (NESCS) carl993; Ladd et al., 2005; Whitney et al., 2005; Sugimoto
ried by the China Coastal Current (CCC) driven by the pre-et al., 2009). Another possible transport pathway to redis-
vailing northeast monsoon in wintertime. These escaped nutribute dissolved and particulate nutrients and other materials
trients from the ECS shelf, where primary production (PP)is through alongshore currents, which can often be observed
was limited in winter, might however refuel the PP on the along the isotherms, featured with significant volume trans-
NESCS shelf at lower latitude, where the water temperatureports over long distance (Liu et al., 2000; Kao et al., 2003;
remained favorable, but river-sourced nutrients were lim-Keafer et al., 2005; Whitney et al., 2005; Liu et al., 2007;
ited. By combining the field observation of nitratmitrite Chen, 2008; Guo et al., 2012). However, the role of such
(NO3+NOy, DIN) with our best estimate of volume transport alongshore transport of nutrients and the subsequent biolog-
of the CCC, we derived a first-order estimate for DIN flux ical effects has rarely been examined, probably because it is
of 1430+ 1024 mol s'1. Under the assumption that DIN was commonly believed that the strongest gradients both chem-
the limiting nutrient, such southward DIN transport would ically and biologically are important only in the cross-shelf
have stimulated 8.84 6.33x 101gC of new production dimension.
(NP), accounting for 33—74 % of the NP or 14-22% of PP Two major continental shelves of the western North Pa-
in winter on the NESCS shelf shallower than 100 m. cific are those of the East China Sea (ECS) and the northern
South China Sea (NSCS). These shelves are connected by
the Taiwan Strait (TWS) (Fig. 1a). Hydrographic data char-
acterize the China Coastal Current (CCC), which is driven by
the northeast winter monsoon, to be one of the major water
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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 represent the schematic isohalines of the China Coastal Current (CCC) in the winters of 2008 (this study) and 2009 (Dai,
unpublished data). The color background represents the mean sea surface temperature (SST) over December—February 2008. The SST ima
was sourced fronhttp://gdatal.sci.gsfc.nasa.gdhe schematic CCC and the river plumes of the Changjiang and Pearl Rivers are marked

by white arrows(b) Map of the cruise track and sampling stations (black dots) in winter 2008. Red and yellow dots represent sampling
stations within the CCC regime in the winters of 2008 and 2009, respectively. Transect PN in the ECS and transect 2 on the NSCS shelf are
highlighted by blue lines. The 50 m and 200 m isobaths are also si{ojm. the TWS, blue triangles, black dots and blue dots represent

the stations 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 involving bottom-mounted acoustic Doppler current profiler (om-ADCP) deployments are marked by a pink star
for site C1 (24.98N, 119.48 E) from 1 October to 14 December 1999 and by a red star for site WC1 (2M4,98.9.48 E) from 1 January

to 28 February 2001. The black triangle located in the TWS refers to the study site of Fu et al. (1991). The blue line in the western TWS
marks the transect width used for volume transport estimation based on the bm-ADCP. The red dashed line across the TWS is the transec
that our numerical model adopted to simulate the current velocity, a fraction of which is shown as a solid red line within the CCC regime and
was taken to estimate the volume transport of the CCC.

masses in the TWS (Jan et al., 2006, 2010), with relativelythe ECS, with a peak discharge of 50009sn! in sum-
low sea surface temperature (SST) (<%0 and salinity mer and a minimum of 13000%s 1 in winter (http://xxfb.
(<33.0) (Fig. 1a). Chen (2008) reviews the winter nutrient hydroinfo.gov.cny. The ECS is influenced by the nutrient-
distribution pattern both in the ECS and the TWS, and pointsenriched Changjiang discharge and Kuroshio subsurface wa-
out that the nutrient fluxes carried by the CCC through theter, and has a moderately high PP in summer, in the range
TWS can be very significant. Based on our new observa0.2-1.0gC m2d-1 (Chen, 1996; Chen and Wang, 1999;
tions together with the data available in the literature con-Chen et al., 2001; Gong et al., 2003, 2006, 2011). However,
cerning nutrients and volume transport in the TWS, and supPP in winter is only one-tenth of that in summer probably
plemented with output from our numerical model, our study due to low water temperature and light availability (Chen et
sought to quantify such a southward nutrient flux and to ex-al. 2001; Chiang et al., 2004; K. K. Liu et al., 2010; Umezawa
amine its significance. We demonstrated that such an interet al., 2013), and, consequently, a significant amount of nu-
shelf nutrient flux was an important nutrient source sustain-trients remain in the shelf waters of the ECS without being
ing the wintertime primary production (PP) on the shelf of consumed.
the northeastern South China Sea (NESCS), which would The NSCS has a northeastward widened shelf located in
otherwise be oligotrophic because of the limited river dis- the subtropical to tropical climate zone with a complicated
charges and lack of shelf-break upwelling. coastline and topography. In summer, water on the shelf is
rather warm at around 27°C (Han et al., 2012). In winter,

) the water temperature significantly dropped, to 18.0-2@.0
2 Materials and methods in the case of 2008 (Fig. 1a), which was however still con-
siderably higher than that in the ECS in the same period.
The Pearl River is the largest riverine nutrient source to the

. . l .
The ECS has a broad shelf located in the subtropical to tem—NSCS shelf with a discharge of 15508 1™ in summer

perate zone, which is warm (22.0-28@) in summer and and 1800 mMs1in winter (http://xxfb.hydroinfo.gov.cr/ In
cold (~9.0 to 21.0°C, Fig. 1a) in winter. Such a seasonal summer, C_oastal upwelling plays an important role N Sup-
contrast in temperature is particularly profound on the in- plying nutrients (Han et al., 2012). Notably, the PP in the

ner shelf. The Changjiang is the largest river emptying intoNSCS in winter is maintained at similar levels to those in

2.1 Study area

Biogeosciences, 10, 8158470 2013 www.biogeosciences.net/10/8159/2013/


http://gdata1.sci.gsfc.nasa.gov
http://xxfb.hydroinfo.gov.cn/
http://xxfb.hydroinfo.gov.cn/
http://xxfb.hydroinfo.gov.cn/

A. Q. Han et al.: Inter-shelf nutrient transport from the East China Sea 8161

summer (0.8-1.0gCnfd~1; Chen and Chen, 2006; Wang chlorophylla (Chla) were filtered through 25 mm Whatman
et al., 2012). During this time period, the warm and olig- GF/F filters and then were immediately frozen until analy-
otrophic Kuroshio surface water intrudes through the Luzonsis. These samples were determined using a Turner fluorom-
Strait and occupies a large area of the NSCS basin (Shaveter fitted with a red sensitive photomultiplier (Parsons et al.,
1991; Hu et al., 2000), which significantly reduces the nutri- 1984).
ent inventory in the upper ocean (Du et al., 2013).

The TWS is~180km wide with an average depth of 2.3 Model description
~60m (Hong et al., 2011). Except in the winter monsoon o ) )
period, the northward flow dominates (Wu and Hsin, 2005;To supplement the I|m|te(_j field observations, we adopteq
Jan et al., 2006). In winter, the prevailing northeasterly windthe regional ocean modeling system (ROMS) (Shchepetkin

drives the CCC flowing southwards. The current is confined@nd McWilliams, 2005) to simulate the coastal current and
within the narrow inner shelf with a water depth of <50 m. 0 derive the mean volume transport of the CCC. ROMS is
This coastal current originates from the ECS around the? frée surface, hydrostatic, primitive equation of an ocean
Changjiang estuary (Chang and Isobe, 2003: Chen, 2pp3nodel. The Mellor—Yar_nada 2.5 turbulent sub—modgl, a bulk-
Lin et al., 2005: Guan and Fang, 2006) and is featured b)ﬂux formulation fo_r air-sea exchange gnd benthic bound-
low temperature, low salinity and high concentrations of nu-a/y layer formulations, is embedded in the ROMS. The
trients as compared with the ambient seawater (Chen, 200310del domain was rectangular, extending frofiN] 99° E

Gong et al., 2003), primarily due to the large amount of N the southwest comer to about®49, 143.5E in the

nutrient discharge from the Changjiang. The CCC starts in‘northea_st. corner ywth its zonal axis directed eastwards and
mid-September, peaks from October to January and weaklS meridional axis northwards. The model had an aver-

ens thereafter (Jan and Chao, 2003; Lin et al., 2005; Wu an@ged horizontal grid size <10km and 30 vertical levels in
Hsin. 2005 Pan et al. 2012)_’ ' ' ’ stretched generalized terrain-following coordinates. The wa-

A number of studies have investigated the water volume!®r depths of the model were obtained by merging ETOPO2
transport through the TWS, either based on field measure{l/30" resolution) from the National Geophysical Data Cen-
ments using shipboard acoustic Doppler current profilers (sb!€’ (USA) with the water depths digitized from navigation
ADCPs) (Liang et al., 2003; Wang et al., 2003), bottom- Maps published by China’s Maritime Safety Administration.
mounted acoustic Doppler current profilers (bm-ADCPs) 1€ model was forced with 10yr (1999-2009) monthly mean
(Lin et al., 2005; Jan et al., 2006), surface drifters (Qiu et al.,1/4 x 1/4 degree QUIkSCAT winds and with climatologi-
2011), or high-frequency radar (Zhu et al., 2008), or basedd atmosphere_fIL_Jxes frqm the National Centers for Enw-
on numerical models (Jan et al., 1998; Wu and Hsin, 2005{onmental Prediction. Using the 10yr monthly mean wind
Wu et al., 2007; Fang et al., 2009). However, studies dedifield, we smoothed out the inter-annual variability. The ini-

cated to assessing the total volume transport of the CCC anfial conditions for the temperature and salinity fields were
its variability and biogeochemical significance have not yetfom the World Ocean Atlas 2005¢p://www.nodc.noaa.
been conducted. gov/OC5/WOAO05/woa05data.htinlThe length of simula-

tion was 20 yr, during which the model reached quasi-steady
state. Along the southern and eastern open boundaries, cli-
matological momentum and thermal fluxes from the Ocean

An expedition on board the R/@ongfanghong Iwas con- General Circulation Model For the Earth Simulator (Sasaki

ducted on the ECS-TWS-NSCS shelves in winter, from©t @l 2008) were implemented through the open bound-
25 December 2008 to 9 January 2009. Cross-shelf transec®@Y conditions of Gan and Allen (2005). The model was

covering both the ECS and NSCS shelves (marked by pnValidated with observed sea surface temperature, dynamic
6, 4, 2, A, C: Fig. 1b) were investigated. Note that most height derived from Archiving, Validation, and Interpreta-

of our sampling stations were located on the shelf (< 200 mtion of Satellite Oceanographic data and other climatologi-

isobaths). Intensive sampling was conducted in the region§&! méan conditions (Gan et al., 2013a). The climatological
shallower than 50 m along the coastline from the ECS to the?"nual tran5|330rt1|n the TWS was northward at about 1.1 Sv
NSCS shelf (Fig. 1b). (1Sv=10°mes 1), close to the estimate of 1.09 Sv by Wu

Samples were taken using Niskin bottles mounted ontg®"d HSin (2005) and that of 1.2 Sv by Isobe (2008).
a rosette sampler assembly, equipped with a conductivity—
temperature—depth (CTD) recorder (Sea-Bird Co., SBE911)g Results and discussion
Nutrient samples were analyzed on board the ship using
routine spectrophotometric methods with a Technicon AA33.1  Hydrography
Auto-Analyzer (Bran-Lube, GmbH) (Han et al., 2012, and
references therein). The nmotL levels of PQ samples  Figure 2 is the potential temperature—salinity-§) diagram
were frozen on board the ship and then measured in a shoreovering both the ECS and NSCS shelf, showing a distinct
based laboratory following Ma et al. (2008). Samples for hydrological difference between low-salinity water masses

2.2 Sampling and measurements

www.biogeosciences.net/10/8159/2013/ Biogeosciences, 10, &15%9-2013
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with Sali_nity <33.0 may be grouped into _tWO: one was the Fig. 3. Surface distributions of temperaturg)((a), salinity (S) (b),
Pearl River plume (PRP) featured by higher temperaturepqy (NO3+NO>) (c), POy (d), Si(OH), (e) and Chla (f) on the

and the other was the CCC characterized by a larger salingnelves of East China Sea and northern South China Sea as well as
ity range and lower temperature. The higher salinity waterin the Taiwan Strait in winter 2008.

masses were primarily ECS and NSCS shelf waters.

Figure 3a and b further exhibit that a narrowband wa-
ter mass with a low temperature of 12.1-1%0and a low We further used our field data collected in the ECS (Flg 4a
salinity of 26.7-31.4 occupied the inner shelf of the ECS.and b) and the NSCS shelves (Fig. 5a and b) to give a trans-
This colder and fresher water mass huggmg the coast Wagectional view of the distinctive CCC. At transect PN, the
the CCC. Strong cross-shelf gradients in temperature fromf>CC featured low temperature (12.1-183 and low salin-
12.1 to 23.2C were observable, which was consistent with ity (31.4-32.9), and occupied the inner shelf with a water
the satellite SST image during the same period (Fig. 1a). Welepth mostly shallower than 50 m. Seaward from the CCC,
also observed that the water temperature gradually increasePth temperature and salinity increased gradually and were
from 12.1 to 16.9C with the CCC flowing southwards from Vertically well mixed as reported previously (Hama et al.,
the Changjiang estuary mouth through the TWS (Fig. 3a). 1997; Kim et al., 2009).

Meanwhile, a water mass characterized by low temper- At transect 2 Crossing the NSCS shelf, we saw a similar
ature (17.5-17.9C) and low salinity (32.9-33.0) was ob- Pattern with vertically well mixed colder and less saline wa-
served in the nearshore region to the east of the Pearl Riveler nearshore (Fig. 5a and b) except for some downwelling
estuary mouth on the NESCS shelf (Fig. 3a and b). Sincestructures with cold water (18.0-18C) extending from
there was very limited freshwater discharge from the Pearthe CCC sloping downward along the bottom towards off-
River in winter and the wind directed the plume southwest-shore (80-100 m isobath) (Fig. 5a). The salinity signal of
ward, such a low temperature and salinity signal was venythis downwelling structure appeared less pronounced than
likely to have derived from the extension of the CCC. An- the temperature signal, probably due to mixing with the am-
other water mass with low salinity{(31.0) was observed to bient saline oceanic water (Fig. 5b). Note that S. M. Liu et
the west of the Pearl River estuary mouth (Fig. 3b). As distin-al. (2010) report a similar pattern in this area.
guished from thé—S diagram in Fig. 2, this water mass was
the PRP. Away from the inner shelf, the NESCS was charac-
terized by high temperature (21.3-230) and high salinity
(>34.0), reflective of the influence from the Kuroshio intru-
sion (Chen et al., 2010).

Biogeosciences, 10, 8158470 2013 www.biogeosciences.net/10/8159/2013/
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3.2 Distribution of nutrients and Chl a

3.2.1 Surface distribution

for POy and < 3.9 umol £ for Si(OH), reflecting an olig-
otrophic condition. Within the- 100 m isobath of the NSCS
shelf, we saw higher values of Chlof 0.6-2.0mgm? in

the northeastern part relative to those in the southwestern part

The surface water occupied by the CCC displayed
very high nutrient levels with their highest concentra-
tions of DIN ~35.0 umol 1, POy ~0.89 pmol -1, and
Si(OH); ~ 38.5 umol =1 being located immediately to the

- : (0.4-0.7 mg m?3) (Fig. 3f).
south of the Changjiang estuary ”.‘0””‘ (Fig. 3c—e).'The The winter enhancement in Clabn the NESCS shelf was,
offshore shelf water was characterized by lower nutrients

- ) . . f f fi h
due to dilution by the oligotrophic Kuroshio surface wa- as a matter of fact, a common feature as demonstrated by the

. long-term MODIS (Moderate Resolution Imaging Spectrora-

ter and/or due to uptake by phytoplanktgn in the Warn?erdiometer) Chk data. As shown in Fig. 6a, the MODIS Ghl
and clearer water. Nevertheless, the nutrient concentrations " '\ =5 shelf ranged from0.5 to 2.5mg m?3, visi-
ggﬁg:“f;%idr;; Zggflzvgl_sl gver;c;qufo?ngm %C538_W'th bly higher than that in the southwestern part of the NSCS.
0.15 umol -2 for PgO4 and 1'54 '3% molt for S} O.H The average Chk inventory, calculated based on in situ

oM . ' ooVl (OH)a. Chl a profiles at stations within the CCC, further suggested
Itis mte_restlng tp note,_however, the G:hlval_ues were not that the enhanced winter biomass on the NESCS shelf was
concomitantly high, being 0.3-0.7 mgm (Fig. 3f). Low

. 2 . . even higher than that in the ECS (Fig. 6b). Along the CCC
Chla in the EQS_ n _vvmter might be attrlbutat_)le to tempera- regime, the Chk inventory at station YZE located in transect
ture and light limitation as suggested by previous researcher

. X PN of the ECS shelf was 12.0 mgth In contrast, higher
EJCrEg;aG\}/T/:IEIth;OIZ’&Z)ang etal., 2004; K. K. Liu etal., 2010; averaged Chk inventory was found on the NESCS shelf

Compared with the ECS, Chi values on the NSCS within the CCC, being 54.1, 20.5, and 15.6 mgrat sta-

. L . tions S601a, S401, and S201, respectively. As mentioned
shelf were higher. The PRP in its southwest region had the . . . . L
highest nutrient concentrations ©f14.8 umol 12 for DIN, above, the winter lower biomass in the ECS is probably lim

N 1 N -1 . ited by the low temperature and/or light availability while
(Fi(:y'sl;éTeo)l L C(I(r)rrezzr)ogn?jri]r?gly21¢9rylhlmuoyal Lto fir GSrIrESrFr'r)g such limiting factors might not be issues for the wintertime

. . . primary productivity on the NESCS shelf. Note that recent
\rl1v:rs Sﬁgﬁevrv\gg 6(1:;'3' rjgiivg;tgf)ztnsda%? f/cr?erzlE;ﬁS Plg- studies find that the NESCS shelf has higher new production
’ 4 ~ - 2 -1 : . .
and Si(OH) were 6.6-8.0umolt?, 0.38-0.54 umol L1 (NP) of ~0.15-0.34gCm“d~* in wintertime (Chen and

and 10.4-17.6 ymolt!, respectively (Fig. 3c—e). They all Chen, 2006; Wang etal,, 2012) than that in summeD.06-

2 4-1.
showed a seaward decreasing pattern. In contrast, the outgfl7 gCm=d™; Chen and Chen, 2006).

shelf area was characterized by very low nutrient concentra-
tions in the range <0.9 pmoH! for DIN, <0.12 umol L1

www.biogeosciences.net/10/8159/2013/ Biogeosciences, 10, &15%9-2013
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3.2.2 \Vertical distribution 50

Similar to the cross-shelf pattern of temperature and salinityFig. 7. Vertical profiles of nutrientga) DIN, (b) POy, and (c)
transect PN displayed a vertically homogeneous feature irsi(OH)) in the China Coastal Current stream from the East China
nutrient distribution across the shelf (Fig. 4c—e). DIN in the Sea (ECS) to the northeastern South China Sea (NESCS) shelf via
nearshore water column was as high as 9.3-12.5 urﬁ‘ol L the Taiwan Strait (TWS) in winter 2008. Note that stations F19—
but it rapidly decreased seaward to 3.6—7.0 prrTéI.LPQ F17 are in the ECS segment, F16-F15 in the TWS segment and
and Si(OH) had similar patterns with concentrations rang- S601a-S201 in the NESCS segment. The water depth is shown in
ing, respectively, from 0.51-0.68 and 15.1-16.9umdiln  Parentheses following the station numbers.

the nearshore to 0.15-0.49 and 3.0-12.3 umdlaffshore.

The Chla digtributipn in transegt PN was also \(ertically ho- was 0.6-0.8mgm?, slightly higher than that on the ECS
mogeneous in the inner and middle shelves, with a low valueShelf (Fig. 4f)

of ~0.7mgnr3 in the CCC and even lower values of 0.3— 9. 4.
0.5mg n13 on the shelf, regardless of the high nutrient con-
centration (Fig. 4f).

Nutrients on the NSCS shelf also showed a vertically
well mixed feature in their distribution as demonstrated in
Fig. 5¢c—e for transect 2. Again, nutrient concentrations in
the CCC near the coast were very high, with values of3 3 Nutrient characteristics of the CCC
7.8-8.0 umol 1 for DIN, 0.51-0.54 pmol £ for POy, and
16.6-17.6 umol L* for Si(OH)s. Consistent with the high  Figure 7 illustrates vertical nutrient profiles from the stations
levels of nutrients, Chk in the CCC on the NESCS shelf along the CCC pathway. Here, the CCC exhibited a clear
was enhanced te' 1.0 mg n3. This was in clear contrastto  decreasing gradient from the ECS to the NESCS shelf via
the nearshore regime in the ECS. The difference in the rethe TWS. For example, the DIN concentration was 24.3—
sponses to the high nutrients was very likely related to the3s.7 umol L1 in the ECS segment, 2.4-14.1 umofin the
warmer temperature~(18.0°C) and more favorable light TWS segment and 2.4—8.0 pmotLin the NESCS segment
penetration on the inner NESCS shelf. Beyond the CCC(Fig. 7a). Spatial variations of R@nd Si(OH) were similar
domain of the NESCS shelf, nutrients decreased seawardp those of DIN (Fig. 7b and c), and were highest in the ECS
with a DIN of ~ 0.5 umol L1, PQy of ~0.10 pmol =* and  segment but lowest in the NESCS segment.

Si(OH) of ~ 2.5 umol L1, while the corresponding Clal

The overall hydrological and biogeochemical properties,
therefore, showed a clear picture of the CCC streaming from
the ECS shelf to the NESCS shelf in wintertime. To under-
stand the CCC further, detailed characteristics of the nutri-
ents in the CCC domain were examined.
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ECS TWS  NESCS to 0.1 umol L1 in winter 2009. Such a trend was however
40 F 40 slightly disrupted at stations F18a and S201, where point nu-
trient sources from the local rivers were again visible. Note
30 L 30w F19(23m) that the freshwater discharges from the Jiaojiang and Min-
g p—— ;gemr%) jiang are less than one-thirteenth of those of the Changjiang
g0 L g == F17(1m) inwinter (Yu, 1992; Wang et al., 2011), and it was considered
z e that the contributions of the point sources were quite limited
G qp 2281?5—,%”? due to 'the much smaller river discharge. ' L
e 2009 winter Within the TWS segment (e.g., at station F1B)IN
concentrations were 8.9umotL in winter 2008 and
30 28 Latitud§6(°N) 24 22 13.1 umol =1 in winter 2009 (Figs. 1b and 8). Previous stud-

ies report that the average nitrate concentration in the TWS
Fig. 8. Depth-averaged concentrations of DINI) in winter 2008~ between~24.2°N, 118.5 E and~26.2’ N, 120.4 E ranged
(color bars) and winter 2009 (pink dots) plotted against latitude, 13.0-15.0 umol £ in January 2003 (Chen, 2008; Naik and
showing the southwards decreasing tren®tfl. The water depth  Chen, 2008). The average nitrate concentration in the north-
is shown in parentheses following the station numbers. ern TWS ¢ 25.3 N, 120.0 E) was~ 14.0 umol -1 in the
surface and~ 4.0 umol -1 in the bottom in March 1997
(Liu et al., 2000). Another study shows that DIN concen-

It should also be noted that some point sources from lo-tration in the southern TWSy(24.4 N, 118.7 E) was 7.7—
cal rivers might add nutrients along the CCC pathway. For20.1 umol L= in November 2008 (Yan, 2011). These data
example, at stations F18a and F16 off the Jiaojiang and Minsets, though limited, do not show any noticeable inter-annual
jlang estuary mouths, higher concentrations and lower salinvariation in DIN concentration in the TWS segment of the
ity (~26.9 at F18a and 30.05-32.33 at F16) can be seen conCC. In our study, we used averaged water column con-
pared to those upstreany 9.4 at F18 and 30.37-30.58 at centration based on our own data sets collected in the two
F17) (Figs. 1b, 3 and 7). Such impacts from point sourcesconsecutive winters (2008 and 2009) to represent the DIN
have already been recognized in previous studies (Wong devel in the TWS segment of the CCC, and the value was
al., 2000; Lee and Chao, 2003; Naik and Chen, 2008). 11.04 2.0 pmol L1,

In addition, most of the nutrient concentrations showed The characteristic of the CCC can also be shown from
little vertical gradients at a water depth <30 m through- the nutrient stoichiometry. Theé—S diagram in Fig. 2 su-
out the CCC segments. In contrast, at the sites with wateperimposed by DIN: P@ratios has already distinguished
depth >30m, surface nutrient concentrations were considthat the cold and diluted waters were associated with higher
erably higher than those at the bottom (Fig. 7). For exam-DIN : POy ratios (>16:1) while lower DIN: P@ratio wa-
ple, the surface nutrients at station F15 in the TWS segmenter was associated with high-salinity waters. To characterize
in winter 2008 were 14.1 umolt! for DIN, 0.57 pmol L1 the nutrients in the CCC further, the relationships between
for POy, and 15.9 umol £ for Si(OH), much higher than  DIN and PQ, and Si(OH) and DIN in winter were con-
those of the bottom waters, which were 2.6 pmotLfor structed (Fig. 9). In detail, the DIN : RCratio in the CCC
DIN, 0.19 umol =1 for POy, and 3.6 umol £ for Si(OH). was ~ 33.8 (Fig. 9a), substantially lower than that in the
Compared to winter 2008, the nutrient structures in the CCCChangjiang (100-160: 1, Liu et al., 2009). The rapid reduc-
obtained in winter 2009 had a similar profile shape but withtion of the DIN : PQ ratio from the Changjiang to the CCC
stronger vertical mixing (data not shown). Nutrients at sta-might be induced by mixing with the ambient seawater with
tion F15 were almost identical in the upper layer as observedow DIN : POy ratios as shown in Figs. 2 and 9 and in pre-
in the two winters. In the bottom water, much higher nutri- vious studies (Chai et al., 2006; Zhang et al., 2007; Lui and
ent concentrations of 9.3 pmotL for DIN, 0.51 umol -1 Chen, 2011). Si(OH): DIN ratios in the CCC regime were
for POy, and 10.1 umol t1 for Si(OH), were observed in  not that different from the rest of the study area (Fig. 9b).
winter 2009. The elevated bottom nutrient concentrationThis was likely due to the fact that the Changjiang, the en-
in 2009 might have been induced either from patrticle re-tire ECS and the NSCS shelves all have a close to 1:1
mineralization in the water column or regeneration from the Si(OH), : DIN ratio (Fig. 9b).
sediment (Kao et al., 2003; Liu et al., 2007). In summary, the hydrochemical characteristics of the CCC

We used the depth-averaged concentration of CIDINN{ were distinctly different from those of the ambient shelf wa-
based on the trapezoid rule at each station along the CC@er. This nutrient-enriched CCC was primarily sourced from
to represent the mean DIN concentration in the CCC, thethe ECS and was interconnected with the ECS shelf and the
variation of which largely followed the surface distribu- NESCS shelf via the western TWS.
tion (Fig. 3). Figure 8 shows that tH2IN concentration in
both winters generally decreased southward with latitude,
from 34.2 to 1.8 umolE! in winter 2008 and from 23.7
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3.4 CCC volume transport across the western TWS
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. Fig. 10.Two sets of time series of along-strait current volume trans-
During October—December 1999 and January—Febru::xr)ﬁort (T, in units of Sv, 1Sv= 1°m3s~1) in the China Coastal

2001, along-strait current velocities at sites C1 and WClcyrent (CCC) stream in the western Taiwan Strait (TWS) at site
in the western TWS were measured using a bm-ADCPc1 (24.98 N, 119.48 E) and WC1 (24.98N, 119.48 E) from
(Fig. 1c). These time-series data at C1 were explicitly in-1 October to 14 December 1999 based on Lin et al. (2@a%)
troduced by Lin et al. (2005). Briefly, the current veloc- and from 1 January to 28 February 2001 as summarized in Jan
ity was primarily southwards over the whole water column et al. (2006)(b). The two sites are very close and have a water
with small vertical gradient and generally fluctuated with depth of~44m (see Fig. 1c for locations). The current veloci-
the northeast monsoon (see Figs. 3 and 10 in Lin et al.lies were measured using bm-ADCPs. Detailed information con-
2005). The low-passed current velocity was then used to esS€Ming the deployments of bm-ADCPs is introduced by Lin et
timate the volume transporf’( Sv) assuming the width of al. (2005) a_nd Jan et_al. (2.005)' The 30h Iow-pass-flltered_volume
the CCC: the distance between the mooring location an ranspo_rtT is shown in solid lines as calculated by assuming the
. CC width of 40 km (from 24.848N and 119.680E to 25.043 N
the coastline (”Qm 24'5_3'18\‘ and 119.680E to 25.043 N, and 119.326E). Negative values represent southward transport.
and 119.326E, Fig. 1c) is~40km, and the current velocity
across the CCC is uniform (Fig. 10).

Very dynamic,T varied from—1.12 to 0.45 Sv with a pe-  on the velocity ¢ 0.05 m s1) observation in winter 1987 by
riod of 5-10 days, roughly consistent with northeasterly wind Fy et al. (1991), or thg value of 0.06-0.12 Sv based on
variability associated with the local synoptic weather sys-the velocity (0.1-0.2 msh) measured by Pan et al. (2012).
tem (Fig. 10a). If we averaged all the negative values (orAgain, these different observations were conducted at differ-
southward transport), the mean wa®.33+0.28 Sv (with  ent locations, and the estimate was based on different wa-
the standard deviation representing southward transport varker depths and widths of the CCC (Table 1). The above vol-
ability). On the other hand, the average of all positive valuesyme transport values obviously had inter-annual variations,

(or northward transport) was 0.320.08 Sv (Fig. 10a). The  the reasons for which were unclear. One possible driver for
net southward™ was therefore estimated to be 0.18 Sv with sych temporal changes could be related to the inter-annual

a standard deviation of 0.31Sv. This estimate was consisvariations of wind speed, or the strength of the northeast-
tent with the derivedl’" of 0.1-0.2 Sv based on the current ern monsoon, a primary driver of the CCC. Indeed, based on
velocity (0.1-0.2m<s?) observed in the same winter (Liang QuickSCAT monthly wind datahitp://www.ssmi.com/gscat/

et al., 2003) although the latter observation was conducte@scat_browse.htrjjlthe wind speed was 15ms 1 in 1999
further north of C1 with different water depth and width of and ~11ms?! in winter 2001, and we saw larger trans-
the CCC. The volume transport in winter 2001 followed a port in 1999. Unfortunately, the limited observational data
similar pattern to that in 1999, but had lower values rang-have not allowed quantitative examination between the CCC

ing from —0.66 to 0.33 Sv with a net southward transport of transport and the wind stress, and this warrants further re-
0.03+0.20 Sv (Fig. 10b). This value of the volume trans- search.

port was comparable to the derivgd of ~0.05 Sv based
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Table 1. Velocity and volume transport in the China Coastal Current across various transects in the Taiwan Strait.

Station/transect Average water depth of the  Zonal distance (km) Velocity References T (Svp
location station or along the )
transect (m)

25.0° N, 119.0-119.5E 20 54 —-0.1t0—0.2 Liangetal. (2003) —0.1t0-0.2
2498 N, 11948 E 40 40 —0.11 Seetext —0.18
2498 N, 11948 E 40 40 —0.02 See text —0.03
25.27 N, 119.98 E 30 30 —0.05 Fuetal. (1991) —0.05
2527 N, 119.98 E 20 30 -0.1t0—0.2 Panetal (2012) —0.06 to—0.12
24.6°N, 119.CE 25-44 175 —0.06+£0.09 Model result, this study —
24.6°N, 118.84-119.9E 25-44 175 —0.17+0.12 Model result, this study  —0.13+0.09

277 = velocity x depthx zonal distance? trans-sectionally integrated average velocity.

3.4.2 Model verification and model results F15

~=— Y
|
i i

The field observations in the TWS have thus far been very : |
limited. Moreover, they were generally short-term with lim-
ited spatial and temporal coverage, and so the inter-annua 60f _ i
variability cannot thus be resolved based solely on these ob-
servational data. We thus adopted a numerical model driven 119 1105 120 120.5
by climatological forcing in order to simulate the current ve- Longitude CE)
locity across the TWS in the entire winter (December, Jan-
uary, and February) and subsequently to estimate the climarig. 11. The model-derived structure of current velocity (ns
tological volume transport better. along 24.8 N in the TWS in winter (December, January, and Febru-

Figure 11 shows the modeled climatological along-shoreary). The negative/positive values indicate the southward/northward
current velocity along 24%N across the TWS in winter. The velocities. The zero contour appears as a heavy line. Also shown is
model-derived velocity structure exhibited two segments:the location of the gtation_FlS, which was the primary station w_here
one was the southward CCC, which was confined in a narour model was validated in transport velocity. See text for details.
row zone hugging the west coast of the TWS; the other was
the northward flowing Taiwan Strait Warm Current located
in the rest of the TWS. Such a pattern was consistent withthat the model results under climatological forcing predicts
previous results from in situ observations, supporting the va+easonable flow field.
lidity of our numerical model (Fu et al., 1991; Liang et al.,  To estimate the transport of the CCC, we integrated the
2003; Chen et al., 2010). modeled flow field over the entire water column within the

It is important to note that our model-derived current ve- CCC spanning between 1198 and 118.84E with a width
locity field displays a zonal velocity gradient within the CCC of ~17.5km (marked by the red solid line in Fig. 1c) and
regime (Fig. 11), a feature not easily captured by a fixedacross a water depth of 25-44 m. Note that 118EB4vas
mooring station observation. The modeled velocity within the model meridional velocity grid closest to land and was
the CCC essentially decreased frend.3ms ! nearshoreto  used as the edge of the CCC in our calculation. We derived
~0.1ms ! offshore. Such a pattern was consistent with thea transport of 0.13 0.09 Sv, which corresponds to a mean
sb-ADCP-based survey around a similar location with valuesequatorward of 0.1 0.12ms .
of 0.1-0.2ms? (Liang et al., 2003).

To further check our model results, the modeled current3.5 DIN flux of the CCC and its contribution to the new
velocity at station F15 (24°6N and 119.0E) was chosen productivity on the NESCS shelf
and compared with the in situ observation at station WC1
in winter 2001, which was at a similar location and under The DIN flux of the CCC through the TWS could be de-
a similar wind forcing ¢ 11ms1). The modeled veloc- rived from the average DIN concentration and the avefage
ity vertical profile at station F15 showed a decreasing pat-Because we did not find noticeable inter-winter variations in
tern, from 0.29 mst in the upper layer to <0.1m$ atthe  DIN concentrations in the TWS segment of the CCC from
bottom. The depth-averaged velocity was Gt06.09 ms® our own observations or from the literature, we adopted the
(Fig. 11), which is of the same order of magnitude as the ob-average DIN concentration of 11462.0 pmol L1 from our
served mean velocity of 0.02m st at WC1. This suggests observations of the CCC in the winters of 2008 and 2009 and

Depth (m)
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the modeled average of 0.13+ 0.09 Sv, and derived a DIN the DIN flux carried by the CCC through the TWS was
flux of 1430+ 1024 mols®. Albeit the large uncertainty of 1430+ 1024 mol s, which was very significant given the
the estimated DIN flux resulting from variations in both the very limited nutrient influx into the NESCS shelf in win-
DIN concentration and volume transport fluxes, this DIN flux ter. Such a DIN flux might have supported a carbon fixation
was substantial as compared to the concurrent DIN dischargef 8.84-+ 6.33x 10t gC, which corresponded to 33-74 % of
from the Changjiang in wintertime, which is estimated to be NP or 14—-22 % of PP on the NESCS shelf in winter.
~760mols? (Liu et al., 2009). Because the DIN loading  This study has demonstrated that along-shore transport
of the Pearl River is small in winter and PRP flows south- could indeed have important biogeochemical implications.
westward driven by the northeast monsoon in winter (Liu In the present case, the southward nutrient transport from the
et al., 2009; Ou et al., 2009) with little contribution to the north that was typically cold and had excess nutrients could
NESCS, and the winter monsoon favors coastal downwellingsignificantly stimulate biological productivity downstream,
(S. M. Liu et al., 2010; Gan et al., 2013b), the CCC-suppliedthereby redistributing both nutrients and biomass.
nutrients were critically important to the NESCS shelf, which It must be pointed out that the present estimate of nutrient
would otherwise be low in productivity despite its favorable transport is subject to a high degree of uncertainty. Longer
light and temperature conditions. term observations of both volume transport and nutrient dis-
Assuming the CCC persists from December to tribution are needed to constrain better this important trans-
February, its total DIN transport was calculated to be port that has been often overlooked.
11.124+7.96x 10°moIN. If we assumed a C:N ratio

of 106:16, this amount of DIN would be equivalent to . )
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