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Abstract. It is widely recognised that the variation of av- eventand inferred by positive SSH anomalies during other La
erage surface chlorophyll concentration (Chl) in the South Nifia events, was probably caused by reduced SCS through-
China Sea (SCS) is closely related to wind forcing, especiallyflow under La Nifia conditions. Intrusion of the nutrient-
during the intense winter monsoon. In this study, we demon-depleted Kuroshio water in the surface layer as observed dur-
strate that after removal of the seasonal cycles, the variaing the 1999-2000 La Nifia could be partially responsible for
tion of Chl showed strong asymmetric responses to windthe suppressed Chl response.
speed under El Nifio or La Nifia conditions. The analysis
was based on a time-series of Chl in the study area (115—
117 E, 17-19N) around the SEATS (South-East Asian
Time-series Study) station located in the central northernl Introduction
SCS from September 1997 to the end of 2011, which was
constructed by merging the SeaWiFS data (1997-2006) andihe physical-biogeochemical condition of the South China
MODIS data (2003—-2011). The merged daily data were val-Sea (SCS) is sensitive to climate variation because of the
idated by shipboard observations at the SEATS station. Thetrong forcing of alternating monsoons; the sensitivity is at-
non-seasonal variations of monthly mean Chl, wind speedjfributable to its location situated between the Eurasia super-
sea surface height (SSH) and sea surface temperature (SS&ntinent and the vast Pacific Ocean to the east and the In-
were examined against the multivariate ENSO index (MEI).dian Ocean to the south (e.g. Sun et al., 2005; Tseng et al.,
The analysis reveals strongly asymmetric correlations of Ch2009a). In addition, it is a semi-enclosed basin in the middle
and SST with positive MEI (El Nifio) or negative MEI (La of the Indo-Pacific Warm Pool (Yan et al., 1992) making it
Nifia). Under El Nifio conditions, both showed significant one of the best repositories of paleo-climate records in the
correlations with MEI or wind speed; under La Nifia con- world (Wang et al., 2004; Wang and Li, 2009).
ditions, both showed weak or insignificant correlations. The Similar to the Arabian Sea, the major current in the SCS
contrast was more pronounced for Chl than for SST. The subehanges direction responding to the forcing of alternating
dued responses of Chl to wind forcing under La Nifia condi-monsoons (Fig. 1). The northeast monsoon in winter drives
tions were attributable to a deepened thermocline, for whicha cyclonic gyre around the basin; the southwest monsoon in
wind driven nutrient pumping is less efficient. A deeper ther- summer causes reversal of the gyre in the southern part of
mocline, which was observed during the 1999-2000 La Nifiathe basin, but the northward flowing coastal jet off Vietnam
veers off the coast at about?li® causing coastal upwelling
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surface chlorophyll in these eddies, which occupy about 4 %
of area on average in the SCS (Xiu et al., 2011).

The Luzon Strait not only allows surface intrusion but also
deep overflow from the West Philippine Sea (WPS) at a sill
depth around 2000 m with a transport of 1-1.5Sv (Liu and
Liu, 1988; Tian and Qu, 2012). The North Pacific Intermedi-
ate Water (You et al., 2005; Qu et al., 2006) enters the SCS
as well. The deep and intermediate water inflows induce a
basin wide upwelling (Chao et al.,1996a). In the upper wa-
ter column, the monsoons drive upwelling in three regions,
namely, the areas off northwestern Luzon and around the
shelf break in northern Sunda Shelf in winter and off the cen-
tral Vietnamese coast in summer (Chao et al., 1996a; Shaw
etal., 1996). The upwelling is a major mechanism of nutrient
supply for primary production in the SCS (Liu et al., 2002,
2010Db).

The net inflow of water from the WPS into the SCS implies
outflow through other channels, such as the Taiwan Strait
Fig. 1. The South China Sea bathymetry and location of the SEATSand the Mindoro Strait in the northern SCS and the Kari-
station. The dotted square indicates thex2° study area centred mata Strait in the southern part (Xue et al., 2004; Qu et al.,
at the SEATS station (See text). 2005). Most notable are exchanges of the surface water with

the shallow Java Sea through the Karimata Strait (Fig. 1).

These passages are the major outlets of the SCS throughflow

(Gordon et al., 2012).
to the north of the flow path (Shaw and Chao, 1994; Chen Because monsoons are the main driver of nutrient pump-
et al., 2012a). The Kuroshio, which intrudes into the SCS ining that fuels phytoplankton growth, the most productive pe-
winter (Shaw, 1991; Centurioni et al., 2004), usually entersriod in the South China Sea is the winter, when the much
the SCS through the southern part of the Luzon Strait andstronger northeast monsoon prevails (Liu et al., 2002). Ac-
leaves through the northern part of the Strait with a net in-cording to modelling results corroborated by ocean colour
flow of about 2—4 Sv over an annual cycle (Qu et al., 2000;data and shipboard observations, the region northwest of the
Xue et al., 2004). The intrusion is closely related to the bi- Luzon Island is a major site of the localised upwelling in the
furcation latitude of the North Equatorial Current as well as northern South China Sea in winter, which provides nutri-
eddies of the subtropical counter current, both of which de-ents to the upper water column in the northern SCS (Liu et
pend on the large-scale wind stress curls in the North Paal., 2002; Chen et al., 2006; Tang et al., 1999). Based on the
cific (Chang and Oey, 2012). The wind stress curls in therelationship between primary productivity and wind strength,
West Philippine Sea and off southwestern Taiwan, as welhigher total organic carbon contents in ancient sediments in
as that around the northern Luzon Strait in winter may alsothe SCS were often interpreted as intensified winter mon-
enhance the intrusion (Chang and Oey, 2012; Wu and Hsinsoon in the geological past, especially, during glacial inter-
2012). The circulation in the SCS is subject to modulation byvals (e.g. Lowemark et al., 2009).
climate oscillation via wind variation (Chao et al., 1996b), The biogeochemical responses of the SCS to ENSO events
which closely follows the multivariate ENSO index (MEI) have been examined and compared to other parts of the equa-
(Palacz et al., 2011). torial Pacific Ocean (Tseng et al., 2009b). It was found that

Aside from mean circulation, mesoscale eddies, that apthe reduction of sea surface chlorophyll in the northern SCS
pear frequently in the SCS, are also important to heat andluring the 1997-1998 EIl Nifio event was as severe as that in
salt transport in the SCS (Chen et al., 2012b). Accordingthe eastern Equatorial Pacific, but the dramatic recovery of
to statistics (Xiu et al., 2010), there weres33 eddies ob-  sea surface chlorophyll that occurred in the eastern Equato-
served by satellite each year during the period from 1993~ial Pacific in the summer of 1998 did not happen in the SCS
2007. About half of them are cyclonic eddies and the other(Tseng et al., 2009b). Using ensemble empirical mode de-
half anti-cyclonic. Large eddies that propagate southward of-composition method, Palacz et al. (2011) analysed the SCS
ten occur west of the Luzon Strait in winter, whereas thosebasin-wide monthly mean sea surface chloropighd wind
that propagate northward often occur east of Vietham or wesspeed data from 199-2010. They found that the low fre-
of Luzon in summer (Chen et al., 2012a). Ship board obserquency oscillations of wind increased sharply in late 1997
vations revealed enhanced primary productivity and chloro-reaching a maximum in 2000 followed by a small dip in 2004
phyll inventory in cyclonic eddies (Ning et al., 2004; Chen and another peak in 2008. The pattern is inversely related to
et al., 2007). Satellite observations also confirm higher seahe MEI, indicating the close relationship of regional wind to
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Table 1. Dates of water sampling at the SEATS station on cruises
Ly for chlorophylla analysis and the data that are used to check the

25-1 remotely sensed sea surface chloropaglbncentration by satellite.

50—

75 ———————— Date Cruise Chlorophyt
Emw (Mg m_3)
o 17 September 1999  OR3-561 0.077
o 150~ 22 November 1999 OR3-585 0.140

200 16 January 2000 OR3-600 0.155
250 12 March 2000 OR3-607 0.107
001 22 May 2000 OR3-629 0.074
S 24 July 2000 OR3-644 0.076
16 October 2000 OR3-657 0.106
mn!: i iom' 3 5 7 8 om |zm' 38 7 s 27 February 2001 OR3-682 0.139
26 June 2001 OR3-716 0.065
Fig. 2. Durations of recorded temperature measurements on the 2 October 2001 OR3-729 0.094
mooring at the SEATS station. 10 December 2001 OR1-632 0.211
25 March 2002 OR1-639 0.081
1 July 2002 OR3-794 0.043
large-scale climate oscillation. They found a similar oscilla- 31 August 2002 OR1-656 0.040
tion for the chlorophylk: data, but the first peak was delayed 9 November 2002 OR1-664 0.121
20 January 2003 OR1-673 0.266
by about two years. Thege contrasts_ reflect the fundamental ¢\, 5003 OR1-674 0.070
difference between the biogeochemical systems of the SCS 5 August 2003 OR1-690 0.026
and the rest of the equatorial Pacific. 2 October 2003 OR1-696 0.088

The purpose of this study is to explore the biogeochemical 2 August 2007 HBQ-863 0.056
responses of the northern SCS as manifested by sea surface 10 September 2007 HBQ-NSEC 0.122
chlorophylla concentration with respect to physical forcing 5 January 2009 HBQ-973pifdt 0.366
during climate oscillation. More specifically, we wanted to 12 January 2010 SJ-973 CHOICE:-C 0.189
address the questions: (1) what are the major environmental 19 November 2010 ~ SJ-973 CHOICEXC 0.384
variables that influence sea surface chlorophydbncentra- 7 May 2011 SJ-973 CHOICERC 0.090

. i ) .
tion in the northern SCS* (2) Is wind strength the Only Im aUnpublished data provided by Professor Banggin HuBngnpublished data
portant factor that controls phytoplankton biomass? (3) Are provided by Professor Jun Sun.

the biogeochemical responses modulated by swings of the

climate condition, namely, the positive (El Nifio) or negative

- " . ) . i~
(La Nina) phases of EN.SO' Such information will be im shore-based laboratory for the fluorometric determination of
portant for bett_er m°de”'T‘9 of the .SCS ecosystem and _for hlorophyll a (Strickland and Parsons, 1984). Sub-samples
22;6; dasccurate interpretation of sedimentary b|ogeochem|caior nutrient analysis were quick-frozen with liquid nitrogen

' and returned to a shore-based laboratory for the determina-

tion of nitrate plus nitrite (NQ) by the standard pink azo

2 Materials and Methods dye method adapted for use with a flow injection analyser
(Strickland and Parsons, 1984, Pai et al., 1990).
2.1 Field observations A moored surface buoy was deployed at the SEATS station

(Fig. 1) from October 2000 to August 2002, during which

The SEATS station, located at IR and 116 E (Fig. 1) period the mooring gears were replaced and serviced four
in the northern South China Sea, has been established dsnes. The purpose was to study the seasonal and intrasea-
a time-series station since 1999 (Tseng et al., 2005; Wongonal variability of the thermal structure in the upper water
et al., 2007). It was visited in approximately seasonal in-column. The temperature profile from sea surface to 500 m
tervals between September 1999 and October 2003. Aftedepth was resolved by eleven thermometers moored at depths
2003 the visit was less regular. During each visit, seawateof 1, 25, 50, 75, 100, 125, 150, 200, 250, 300 and 500 m. Fig-
samples were collected with a Rosette sampling assemblyre 2 shows the durations of recorded temperature measure-
(General Oceanic) with an attached SeaBird conductivity-ments.

temperature-depth (CTD) recorder. Separate sub-samples for For data processing, the diurnal and semi-diurnal compo-
chlorophylla analysis were filtered onboard ship. (The sam- nents were removed using the methods suggested by Walters
pling dates and the cruise names are listed in Table 1.pnd Heston (1982) and Thompson (1983). The data gaps dur-
The filters were stored at20°C and then returned to the ing mooring services were made up by linear interpolation of
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Fig. 3. Time-series of sea surface chlorophyll(Chl) data from
SeaWiFS (blue) and MODIS (green). The dots represent daily data
the crosses represent the monthly data.

Chlyops (Mg m)

time-series of daily data. Missing data at certain depths due

to instrument malfunction or loss were interpolated in the Fig- 4. Correlation between the pairs of Chl data observed by
vertical by cubic-spline interpolation. SeaWiFS and by MODIS for the same pixels on the same day

(See text). Data pairs (shown in red) that differ by more than
0.18 mgm 2 (5 times the rms of all deviations) are excluded for
2.2 Remotely sensed chlorophyll data the regression analysis.

For the period from September 1997 to the end of 2007
sea surface chlorophydl (Chl) data were retrieved from the
study area (115-12E, 17-19 N), which is the 2 x 2° area - 2 _
centred at the SEATS site. Both the daily and monthly data[ChI]SeaW”:S ?n912£§23g2D|:546%3912)1R 0858 (1)
were acquired from the SeaWiFS (Sea-viewing Wide Field-
of-view Sensor) Level 3 binned data of chlorophyttoncen-  whereg is the square root of the residual mean square, which
tration with a spatial resolution of 9 knfittp://oceancolor. is defined as the residual sum of squares dividediby2). It
gsfc.nasa.gov/cgi/l3-or the period from January 2003 to the is noted that the regression for the data in the range from 0—
end of 2011, similar data have been retrieved from MODIS0.8 mg m3 produces the same linear relationship as Eq. (1)
(Moderate Resolution Imaging Spectroradiometer) Level 3with slightly lower R? value of 0.851. The consistency indi-
binned data. The time-series of Chl data from SeaWiFS andtates the robustness of the relationship.
MODIS are represented in Fig. 3, which shows the averages For the data merge the SeaWiFS data were adjusted by
of data from the study area for each day or month. The tworemoving the systematic bias with respect to the MODIS
time-series of different durations were merged into one longdataset according to the linear regression. Both the daily and
time-series from September 1997 to the end of 2011 as exthe monthly data were merged with the same transforma-
plained in the following. tion. Then the merged data (within thé 2 2° study area)
Before merging the two datasets, the compatibility be-were averaged for each day or month to form the time-series
tween the SeaWiFS data and the MODIS data was checke(Fig. 5) for further analysis.
for the overlapping period from January 2003 to the end of The shipboard observations of sea surface chlorophyll
2006. The correlation between the two datasets is shown iconcentrations (Table 1) are also plotted in Fig. 5 for com-
Fig. 4 by plotting the daily pixel value from SeaWiFS against parison. The ocean colour data are in general agreement with
that from MODIS at the same pixel within the study area onthe shipboard data. A more quantitative comparison that al-
the same day. There are 23623 pairs of concurrent data fdows evaluation of the representativeness of the satellite data,
the same pixels over the 4 yr period. The two sets of data spais done by pairing the shipboard data with the satellite data
the range from 0-2 mgn¥, and their correlation, excluding of the same date or the linearly interpolated data from ex-
30 pairs of data (less than 0.13 % of the total) that differ byisting data that bracket the date of interest (Fig. 6). Most of
more than 0.18 mg ¥ (5 times the root-mean-square of the the 25 data pairs plot close to the 1 line, indicating good
deviations) from each other, is represented by the followingrepresentativeness of the satellite data. Aside from the two

regression equation:

Biogeosciences, 10, 7449462 2013 www.biogeosciences.net/10/7449/2013/


http://oceancolor.gsfc.nasa.gov/cgi/l3
http://oceancolor.gsfc.nasa.gov/cgi/l3

K.-K. Liu et al.: Inter-annual variation of chlorophyll in the northern South China Sea 7453

MODIS yield time-series datasets. The non-seasonal variations in en-
vironmental variables, namely, wind speed, SST, SSH and

1

Ship obs.

1.253 —  SeaWiF§s— The data within the study area were averaged spatially to
+ Satellite (daily)

0.75

1 s satellive onthy) Chl, at the SEATS site are represented by anomalies. For
1 . each variable, the climatological monthly mean value was
05 ] f , _ calculated for each month of the year. Then, an anomaly was

computed as the difference between the monthly value and
the climatological mean for the particular month in the year.

Chl {mg m)

We use MEI provided by NOAAhttp://www.esrl.noaa.

0.25

| E %\ ;’ gov/psd/enso/mei/#Hom® indicate climate variability on
%ﬁ l%{ ; #k ; inter-annual time scales (Wolter and Timlin, 2011). The MEI
W W

i S F SR _ R is based on six main observed variables over the tropical Pa-
SO A L L L L S L L S S A I SR cific, including sea-level pressure, zonal and meridional com-
0 o g g o g o e o ® o® % 8™ ponents of the surface wind, sea surface temperature, sur-
Year face air temperature, and total cloudiness fraction of the sky.
Fig. 5. The merged time-series of daily sea surface chlorophyll Negative values of the MEI represent the cold ENSO phase,
data (dots) compared to shipboard observations (green crosses)e., La Nifia, while positive MEI values represent the warm
Also plotted are the merged monthly data (grey crosses). ENSO phase, i.e., El Nifio.

extremes the two datasets=£ 23) show a good correlation
with R? value of 0.86 and the root-mean-square of deviations
between the data pairs was 0.035 mgfmwhich indicates 3.1 Annual cycles and wind forcing
the quality of the daily data. Within the 172 months of the

time-series there were 1966 days, when ocean colour derivefime-series of monthly mean Chl, SST, SSH and wind speed
Chl data existed within the®2< 2° study area. This means, at the SEATS station from 1997 to the end of 2011 are plot-
on average, there were 11 days of data coverage in eacyq in Fig. 7. The monthly mean Chl (Fig. 7a) varied from
month. It is reasonable to consider the monthly data moregy g4 mgn13 to 0.47 mgm3 with prominent peaks occur-
reliable than the daily data due to better statistics. Such dat,%‘ng in winter, reflecting the general pattern of Chl annual
guality is attributable to the high standard of 5 % accuracy forcycle in the South China Sea (Liu et al., 2002, 2007, 2010b;
the water-leaving radiance over oligotrophic, chlorophyll- | j; and Chai, 2009). In parallel the monthly mean wind
depleted, waters set for modern ocean colour sensors (Goé'peed (Fig. 7c), varying between 0.8Tdsand 13.2ms?,
don, 1997). also showed strong winter peaks. It is noted that the weak-
est wind always occurred during the inter-monsoon periods
in spring or autumn with noticeable secondary maxima oc-
urring in summer. By contrast, the secondary maxima of
hl were barely noticeable or even missing entirely in some

Results

2.3 Environmental data and climate index

The monthly data of sea surface temperature (SST) with
1° spatial resolution within the®2x 2° study area from Jan-
uary 1997 to December 2011 were taken from the Optimumyears' .
Interpolation Sea Surface Temperature, Version 2, provided Contrary to the pattern of annual cycles of Chl and wind

by NOAA: http://www.esrl.noaa.gov/psd/data/gridded/data.Speed’ the SST varied in the opposite direction with minima
noaa.oisst.v2.html occurring in winter. The entire range was narrow, from 24.1—

Similarly the wind data with a spatial resolution of 0°25 30.7°C. The secondary minima in summer were discernible

were taken from the Blended Sea Winds provided by the Ng LUt rather weak. The SSH variation followed the SST closely

tional Climate Data Center of NOAAuttp://www.ncdc.noaa. V;’]'th h'gl? VaIL('jeS IIrI] summer and low _vabI:Jeshln wrllnter, V}'glg_l_
govioalrsad/air-sea/seawinds.html the peaks and valleys were more variable than those o :

The sea level anomaly (SLA) data were taken from It has long been recognised that the monsoons are the main

the altimeter products produced by Ssalto/Duacs and disgriver of nutrient pumping and, consequently, phytoplank-

tributed by Aviso, with support from Cnelsttp://www.aviso. ton growth in the basin region of the South China Sea (Liu

oceanobs.com/ d’uacs/ et al., 2002). The data presented here agree well with pre-
Because the datasets are further processed to remove seqous flhndlmgs Lhat t.he moit pro: uct|vehper|od in the ﬁCS

sonal cycles, the SLA are referred to as sea surface heigkﬁs a whole is the winter, when the much stronger northeast

(SSH) so that the non-seasonal variation of SLA are referrefonsoon prevails. Modelling exercises and ocean colour data
to as SSHA to avoid confusion ave demonstrated that the wind induced localised upwelling

in the region off northwestern Luzon acts as a major nutrient
supply to the upper water column (Liu et al., 2002; Tang et

www.biogeosciences.net/10/7449/2013/ Biogeosciences, 10, 74822013
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between Chl (mgm?) and wind speed (n$): REIREIRERUIRE

Wind (m s)

T T " T 1TTr1rT1r[7

Q2 'l-““b.'l-“sb °,

0110 o 19“1 100% 10091_0\“19\\ -10\1
Year

rLQ
Chl= 0.0174 Wind+ 0.028 r = 0.69, p < 0.000k(n = 172) (2)
Fig. 7.Non-seasonal variations (anomalies) of monthly mean values

This indicates that wind driven vertical mixing in the sur- of environmental variables within the study area and the multivari-
face layer must have delivered nutrients from the subsurfacéte ENSO index (MEI)(a) sea surface chlorophydl-concentration;
nutrient reserve supplied by the localised upwelling near thelb) sea surface temperatue) sea surface heightd) wind speed
Luzon Island. Because upwelling pumps up cold water ancft 10 m above sea level; afe) MEI. The ENSO events are marked
stronger wind enhances heat loss by evaporation at the sés colour stripes: El Nifio events in yellow and La Nifia in blue.
surface, there exists a negative correlation (Fig. 8b) between

SST and wind speed: )
The summer Chl values were more stable varying around

SST= —0.367 Wind+ 29,98, r = —0.60, p < 0.0001n =180 (3) 0.1 mgnr3from year to year, except that a strong secondary
maximum of Chl reaching 0.24 mgTa occurred in the sum-

In addition, the colder air temperature in winter brings mer of 2006 (Fig. 7a). An unusually low summer value,
about loss of sensible heat. In spite of the multiple processeg.04 mg nt3, which was the lowest in the entire time-series,
that favour cooling in the surface water under stronger windsoccurred in 1998. It is worth noting that the corresponding
the SST-wind speed correlation was not stronger than that fogST, above 30C the whole summer, was the highest in the
Chl. The correlations mainly reflect the seasonal contrastsime-series (Fig. 7b), but the SSH at 18 cm, though relatively
under different wind conditions. high, was not the highest (Fig. 7c).

Year to year variations of all four environmental variables
were quite noticeable (Fig. 7). The winter peaks of Chl var-3.2 Non-seasonal variations and correlations with
ied from as low as 0.11mgn3 in the 1997-1998 winter climate index
to 0.47mgm? in the 1999-2000 winter (Fig. 7a). In con-
trast, the wind speed variation was less dramatic but stillA more quantitative way to explore the year to year varia-
quite significant (Fig. 7d). The aforementioned two win- tions of the environmental variables is to examine their non-
ters had corresponding wind speed maxima of 8.1th s seasonal variations or anomalies by removing the average an-
and 13.2ms?, respectively. The winter minima of SST did nual cycles (Fig. 9). Also plotted is the MEI, which serves as
not change much; the entire range was from 24.0-25.6 the climate index and is used to define periods of El Nifio or
(Fig. 7b), whereas the minima of SSH changed markedlyLa Nifia. The El Nifio periods are defined as those with MEI
from winter to winter (Fig. 7b). The aforementioned two greater than 0.5 and La Nifia periods as those with MEI less
winters had SSH values ef12 and—1 cm, respectively. than—0.5.

Biogeosciences, 10, 7449462 2013 www.biogeosciences.net/10/7449/2013/
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Table 2. R values from linear regressions between one another of
MEI (Multivariate ENSO Index) and non-seasonal variations of en-
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Fig. 9. Variations of monthly mean values of environmental vari-

The plots clearly show that significant negative Chl ables within the study areéa) sea surface chlorophydl-concen-
anomalies were mostly associated with El Nifio condi- tration from the merged time-series shown in Fig (i3} sea sur-
tions (Fig. 9a), when wind also showed negative anomaliedace temperaturdg) sea surface height; arid) wind speed at 10m
(Fig. 9d). On the other hand, all La Nifia periods sustained®P°ve sea level.
significant positive anomalies of Chl (Fig. 9a), when wind
also showed positive anomalies (Fig. 9d). It is less clear how
non-seasonal variations of SST and SSH were related to that
of Chl. lation differently as compared to the rest of the Equatorial

It has been reported that dominant modes of non-season&acific (Tseng et al., 2009b).
EOFs (empirical orthogonal functions) of Chl, SST and SSH The strongest correlation was between MEI and the SSHA
calculated over the whole Pacific Ocean and the equatorialvith an R value of —0.57. The magnitude is between the
corridor (20 S—20 N) are strongly correlated between one correlation calculated for the Equatorial Corridor (0.93) and
another and with the MEI (Thomas et al., 2012). Becausethat (0.38) for the extra-tropical North Pacific (20=60).
the SEATS site is a single point in space, the time-series ofThe negative sign found for the SEATS site is consistent with
a variable may be considered the time-series of the first andhe findings of Thomas et al. (2012), because their first EOF
only EOF mode of that variable for the SEATS site. Hence,modes of SSHA for both areas have negative values in the
we conducted a regression analysis in a similar fashion fowestern Pacific.
the SEATS site. Th& values of linear regressions between The second strongest correlation with MEI was found for
these variables are listed in Table 2. In contrast to the highChlA, but ther value (—0.32) has considerably smaller mag-
correlations between MEI and dominant EOF modes of non-nitude than those found for the Equatorial Corridef).90,
seasonal environmental variables observed for the equatoriar the Extra-tropical North Pacific;0.57 (Thomas et al.,
corridor of the Pacific, the SEATS site showed rather weak2012). This is consistent with the fact that the recovery of
correlations, even though the SEATS station is within thethe diminished biomass in the SCS after the 1997-1998 El
equatorial corridor between 28 and 20 S. This confirms  Nifio was much delayed than the eastern Equatorial Pacific,
the previous finding that the SCS responds to climate osciltesulting in asynchroneity in the biogeochemical response to
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. . . . . Fig. 11. Linear regression between environmental anomalies and
climate forcing in the SCS, which was also evident in the g for (a) wind speed(b) sea surface heigh) sea surface tem-
time-series analysis of Palacz et al. (2011). perature andd) sea surface chlorophyil. The solid lines represent

The fact that no correlation was found between MEI andregression resullts for all conditions. The dashed lines represent re-

SSTA at the SEATS site is in sharp contrast to the high cor-sults for MEI negative (La Nifia) or positive (El Nifio) conditions.
relations (0.64-0.95) between non-seasonal EOF of SST and

MEI for various parts of the Pacific ocean as well as the ) ) _

whole basin (Thomas et al., 2012). This indicates a strongef© find out about symmetry of climate impacts in the north-
local control than the remote influence on SST in the SCSeM SCS, we explored the non-seasonal variations of envi-
This is also revealed by the fact the SSTA were significantlyronmental variables under different ENSO conditions. First

correlated with WindA, SSHA and ChlA on a regional scale W& Perform linear regression analyses between MEI and
(see Table 2). the anomalies under negative or positive ENSO conditions

Compared to other environmental variables, WindA was(Fig. 11). The response of wind anomaly to ENSO oscillation
most strongly correlated with ChlA, again confirming the Was guite symmetric in that the negative deviation of wind
significance of wind forcing not just over alternating mon- SPeed with increasing MEI remained consistent throughout
soons but also for non-seasonal variations. The second€ entire range of MEI (Fig. 11a). The deviation of sea level
strongest correlation with WindA was SSTA. Hence, we in- With changing MEI was less symmetric such that the posi-
vestigated these relationships more closely (Fig. 10): tive deviation of sea level increased significantly with more

negative MEI, while the negative trend with increasing MEI
ChlA =0.0119 WindA r = 0.37, p < 0.0001(n =172 (4) was rather mild under positive MEI (Fig. 11b). By contrast,
the anomalies of sea surface temperature and chlorophyll
were evidently asymmetric with respect to positive or nega-
tive MEI (Fig. 11c and d). Under positive MEI, both showed
SSTA=—0.100 WindA+0.19,r = —0.24 p =0.0014n =180 (5)  sjgnificant correlation with MEI, but no correlation under

. . . negative MEI.
The correlations between the anomalies of wind and the Because the non-seasonal variations of Chl and SST

other two environmental variables are weaker than the di'showed strond asymmetric correlations with MEL. we exam-
rect correlations listed in Egs. (2) and (3), but still signif- g asy ’

icant. Aaain the correlation between anomalies of Chl andined their relationships with wind during El Nifio or La Nifia
icant. Again ! W ; .. events. Linear regressions were done for ChlIA-WindA and

L . . NG5 STA WindA under El Nifio or La Nifia conditions (Fig. 12).
the greater sensitivity of the biogeochemical process in theFOr MEI > 0.5 (EI Nifio conditions):

northern SCS to wind forcing than the thermal condition of
the surface layer. ChlA = 0.0184 WindA— 0.010,r = 0.62, p < 0.0001(n =52) (6)

3.3 Responses under different ENSO conditions

It has been discovered recently that strong asymmetry exSSTA=—0.137 WindA+0.16,r = —0.32 p = 0.017(n =52) (7)
ists |n the climatic impac_t frqm ENSO in th_e extra-tropical  anq for MEI < —0.5 (La Nifia conditions):

Pacific Ocean resulting in different dynamic processes un-

der El Nifio or La Nifia conditions (e.g. Cai et al., 2012). ChIA =0.0099 WindA+ 0.004,r = 0.32, p = 0.016(n =56) (8)
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Fig. 12. The correlation between anomalies of Chl and wind speedC€SS: s Well as horizontal advection, e.g. Kuroshio intrusion.
under La Nifiga) or El Nifio conditiongb) and between anomalies ~ Because the biogeochemical process appears to be more
of SST and wind speed under La Ni¢@ or El Nifio conditiongd). sensitive to variations of wind forcing, we focus our discus-
sion on what could have caused its asymmetry. Why was the
response of ChlA to wind speed anomalies under La Nifia
conditions weaker than under El Nifio conditions? During the
14 yr of the time-series, there were 8 winters that had MEI
less than—0.5. Among the eight cases four were stronger
The correlations under El Nifio conditions are consider-La Nifia conditions with the MEI lower thar1. The four
ably more pronounced than those under La Nifia conditionsevents occurred during 1998-1999, 1999-2000, 2007-2008
The slopes have magnitudes 30-50 % higher than those ur&nd 2010-2011. During the 1999-2000 winter there was a
der all conditions (Egs. 4 and 5), indicating stronger responseruise to the SEATS station to observe the water column con-
to wind forcing. It is noted that the correlations for ChlA are ditions, which may shed light on what could have caused the
more significant than those for SSTA. This is in agreementweaker responses.
with the earlier notion that biogeochemical processes are ) - )
more sensitive to external forcing than the thermal processes-4 Anomalous hydrographic condition during a
in the upper water column of the northern South China Sea. La Nifia period
The regression analyses for the anomalies also reveale.ﬁj

asymmetric responses of Chl or SST to the wind anomaliesOI heLhy’ciIlr_cNJgraphéc_:t_cond|It:|_on én Ja?”“ary 200%’ tWTrI1Ch W?‘SJ“”'
under different ENSO conditions. As illustrated in Fig. 9d, er La Nifia conditions (Fig. 9e), is compared to those in Jan-

anomalously weak winds often occurred during El Nifio Pe-.ue(ljr.y Otf tjhg s;bsc;qu&tar:lt tlhégg yf;g;‘ nszgggzg%%azooi' As
riods. The ChlA-windA correlation under El Nifio conditions '"d!cat€d In 9. 2€, the 8 an - WINters

(Fig. 12b) has a slope nearly the same as that for the ChIVET® strong La NiﬁNa events, whereas the 2000-2001 winter
wind correlation in the annual cycle (Fig. 8a), while, un- V&S & _\f[vheak La N'r:ﬁvltg‘la SL:bseguegttzeazrovggsZaOOréormal
der La Nifia conditions, the wind speed often showed posyear with very sma values, and the - win-

itive anomalies (Fig. 9d), and the increases of Chl above the®r was a weak El Nifio. Aside from the 1998._1999 La Nina
climatological mean were less than the expected increment vent, there were observed temperature profiles atthe SEATS

based on the seasonal trend. The SST showed a similar asyr‘ﬁt-at'on for the four subsequent winters.
metric pattern, although the response is weaker (Fig. 12c, d).

SSTA= —0.074 WindA+0.37,r = —0.194 p = 0.147(n =57) (9)
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The temperature and salinity profiles in the upper 300 mative MEI (La Nifia) periods (cf. Chang and Oey, 2012).
from the four Januaries at the SEATS station are showrnTherefore, it is reasonable to assume that thermocline tends
in Fig. 13a. For 2000 and 2003 the profiles were obtainedto deepen during La Nifia events so that Chl responses to
by repeated CTD casts. For 2001 and 2002 the temperatun&ind forcing is weakened.
profiles were obtained by moored temperature sensors. The It is noteworthy (Fig. 13a) that the salinity in the top 70 m
profiles show average temperatures over the entire Januaiy January 2000 (34.0¥ 0.09) was significantly higher than
recorded by the moored sensors. It is clear that the tempeithat in January 2003 (33.7450.09). Because the temperature
ature profiles of 2000 were anomalous as compared to thand salinity of the Kuroshio water are usually higher than
other three years. The two La Nifia years (2000 and 2001}hose of the upper water column in the SCS (Gong et al.,
showed the same sea surface temperature aP@4which ~ 1992), the warmer and saltier water in the surface layer indi-
was slightly warmer than those (23.7-230 of the other  cates a higher fraction of the Kuroshio surface water, which
two years (2002 and 2003). In the Year 2000 case, the seds depleted in nutrients and lower in Chl (Gong et al., 1992;
sonal thermocline, which is defined as the maximum temperLiu et al., 2010a, b). The average N@oncentration ob-
ature gradient in the 15-point smoothed temperature profileserved in the top 40 m in January 2000 (0.3 uM) was indeed
varied in the depth range of 110 m to 140 m with a mid point lower than that observed in January 2003 (6@.2 uM). The
at 125m. The corresponding temperature range was 20.4enhanced Kuroshio intrusion in the surface layer is consis-
21.5°C with an average of 20°C. In the Year 2001 case, tent with stronger northeast monsoon, which tends to oc-
which was a weak La Nifa (Fig. 9e), the subsurface anomalycur under La Nifia conditions (see e.g. Chang and Oey,
did not occur. 2012, and references quoted therein), and the enhanced Ek-

Using 20.7C as the reference temperature of the sea-man transport near the surface could have also contributed
sonal thermocline, we found that the thermocline depth varto the suppressed Chl.
ied in the range of 92-106 m as observed on the January
2003 Cruise; the average was 100 m. For January 2001 it
was 101 m; for January 2002 100 m. Hence the seasonal theg Discussion
mocline in January 2000 (125 m) was 25 m deeper than the
subsequent years. Corresponding to the deepened seasodal Deepened thermocline and its impact
thermocline, the DIN profile (Fig. 13b) observed in January
2000 showed the nutrient reserve at 100 m to be 3.3 uM, sigThe evidence presented above suggests that weakened Chl
nificantly lower than that (6.8—7.9 uM) observed at the sameresponses to wind forcing under La Nifia conditions could be
depth on the January cruise in 2003. It is conceivable that thattributed to the deepened thermocline, because the surface
nutricline varied following the thermocline. If so, the subsur- layer is depleted of nutrients in the oligotrophic SCS and the
face nutrient reserve that sustained surface productivity wasleepened nutrient reserve makes vertical nutrient supply by
unusually deep during the 1999-2000 La Nifia period com-wind mixing more difficult. If such is the case in the northern
pared to “normal” winters. The deeper nutrient reserve couldSCS, what could be responsible for the deepening of thermo-
have made it more difficult for wind to pump nutrients to the cline during La Nifia events?
surface water; hence, the response of Chlto wind forcing was One possible explanation is the reduced SCS throughflow
dampened. The observed chlorophyprofiles from SEATS  during La Nifia events (Qu et al., 2004; Gordon et al., 2012).
expeditions support such a notion (Fig. 13b). The sea surfac&he SCS throughflow is mainly fed by the Luzon Strait trans-
Chl observed in January 2000 was only 0.14 mgfimess  port from the West Philippine Sea and exits mainly through
than half of that (0.31 mg m?) observed in January 2003. the Taiwan Strait, the Sibutu Passage and the Karimata Strait
The well developed subsurface chlorophyll maximum in Jan-(Gordon et al., 2012). Because the outflow channels are much
uary 2000 was likely a result from better light penetration dueshallower than the inflow channel, the deeper inflows tend to
to low surface Chl, but its contribution to primary production upwell. Because the inflow from the Luzon Strait, mainly in
was limited because of rapid light attenuation with depth. (Inwinter, forms a cyclonic gyre in the northern SCS (Shaw et
this case, the light available below 50 m was less than 7 % ofil., 1991; Xue et al., 2004) that tends to induce upwelling.
that at the surface.) Besides, the outflow water is warmer than the inflow re-

Could the same condition occur during other La Nifia sulting in a significant advective heat loss, which is nearly
events? We may examine SSHA for indications. In Januarybalanced by surface heating (Qu et al., 2004). Under La
2000 the SSHA showed a positive value (Fig. 9c¢), indicat-Nifia conditions, the SCS throughflow is reduced and, con-
ing a deeper pycnocline. In addition to the 1999-2000 Lasequently, the heat loss is also reduced, resulting in accumu-
Nifia event, fairly strong positive SSHA also occurred in the lation of heat that may contribute to the thickened surface
La Nifia events of 1998-1999, 2007—2008, 2008—2009 andvarm water.

2010-2011 (Fig. 9¢). In fact, the significant negative cor- Basing on the hydrographic conditions observed in Jan-
relation between MEI and SSHA under La Nifia conditions uary 2000 and 2003, we computed the heat contents in the
(Fig. 11b) implies that SSHA tend to be positive during neg- upper water column at the SEATS site following the example
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of Qu et al. (2004). The heat content in the top 405m =20
in January 2000 was higher than that in January 2003 by
3.64x 108 cal m2 (1.52 GJ mr2), which corresponded toan 45
observed uplift of SSH by 7.3 cm at the SEATS site (Fig. 7¢).
The SSH in the SCS basin (water dept200 m) in January —__ -
2000 was on average 2.9 cm higher than that in January 200:5
If the heat content increase is approximately proportional to§
the uplift of SSH, then the average increase of heat conten
was 0.61 GJm?Z, which corresponded to a total heat content 1
increase of 9.% 107°J over the basin area of 1:610° km?. 7]
If the heat accumulation was over a six-month period prior
to January 2000, the heat accumulation rate was 63TW fo S+ 7171 I o
the whole region or 39 W ?. It is noted that the average ’ " ” Lot Ny ' "’
surface heat flux in the basin area over the six month prior
to January 2000 was 14 WTA higher than that prior to Jan- Fi_g._14. The z_opal average of monthly sea surface height (SSH)
uary 2003. Thus there had to be an additional heat source t/thin the meridional band between TEsand 117 E (See Fig. 1)
account for the extra heat accumulation of 25 WPm In December 1999 and monthly data of sea surface«dncen-

In fact, it was rather a decrease of heat loss by adVecEraﬂon from SeaWiFS observed gt all pixels within the band in tht_a

’ same month. The dashed curve is the zonal average of spatially in-

tion, namely, the decreasing SCS throughflow, that prObabbferpolated Chk data within the band. The rectangle indicates the

caused the extra warming. According to Qu et al. (2004),osition of the study area, i.e. within1® of the SEATS station. The
the inflow of seawater through the Luzon Strait to the SCSmaximum Chla corresponded to the minimum of SSH, suggesting

has an average temperature of 26 while the outflow that a cyclonic eddy was responsible for the local €aximum.
through the Karimata Strait onto the Sunda Shelf has an av-
erage temperature of 26.6. Thus the throughflow causes
a heat loss of 23 TW SV, which is calculated from a mean where [Chl] represents the model predicted average Chl
seawater density of 1.025 g cthand mean heat capacity of in February 2000 from different models and [Chljep-
0.96 cal g'. A reduction of the throughflow by 1.7 Svon av- resents that under original conditions; “Wind” represents
erage in the six months prior to January 2000 relative to thatvind stress;AZ (m) represents the uplift of the thermo-
prior to January 2003 would have caused the extra warmgline position. The wind strength in the winter of 1999-2000
ing. In view of the long-term average of modelled through- (December—February) was on average 12 % above normal,
flow at 2.87-3.09 Sv and large inter-annual fluctuations (Quwhich would cause enhancement of Chl by 10.5%. On the
etal., 2004; Fang et al., 2009; Gordon et al., 2012), our estiother hand, lowering of the thermocline by 25 m would have
mate of the throughflow decrease by 56-60 % is reasonableaused a drop of Chl by 23 %. It is evident that the deepened
In addition, upwelling could also decrease due to weakenedhermocline had a stronger negative effect than the positive
cyclonic circulation resulting from reduced inflow from the effectinduced by the stronger wind, resulting in a net drop of
Luzon Strait. All these processes may lead to deepened theGhl during the La Nifia winter as compared to a normal win-
mocline. ter. (For more detailed model description see Supplement.)

In order to explore how deepened thermocline may affect
sea surface Chl as compared to the wind effect, we employed.2 Other influences on chlorophyll variability
the 1-D model of Mellor and Yamada (1982) coupled with
a simple NPZD biogeochemical scheme developed for thdn addition to the deepened thermocline, other processes
SCS (Liu et al., 2002, 2007). The hydrographic profiles ob-could have also contributed to the weakened Chl responses
served in January 2000 (Fig. 13) were used as the initial conduring La Nifia events. One such possibility is the strength-
ditions, and the model was driven by 6 hourly wind and solarened intrusion of the oligotrophic Kuroshio water in the sur-
radiation with prescribed SST. The wind strengths were varface layer due to the stronger winter monsoon winds under
ied from —20 % to 420 %. The thermocline position varied La Nifia conditions. It is noted that the enhanced intrusion
by shoaling in the range from20 m to 40 m. The predicted of the Kuroshio in the surface Ekman layer does not neces-
Chl under the original conditions matched the daily SeaW-sarily contradict the aforementioned reduced SCS through-
iFS data in February 2000 reasonably well. We obtained thdlow, which enters the Luzon Strait through the entire water
following responses of Chl to changing conditions: column above the sill depth of 2000 m. More study is war-
ranted to investigate what controls the surface intrusion of
the Kuroshio water and its relationship with the throughflow
and how it may be modulated by the ENSO oscillation.

The non-seasonal variations of environmental variables
[ChlI]/[Chl],= 0.0090A Z + 1.00R?= 0.989 (11) presented in this study may be attributed to changes of two
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[Chl]/[ChI], = 0.911(Wind/Wind,) + 0.089R? = 0.9999  (10)

and
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different time-scales, namely, the inter-annual and the intraface height (SSH) and sea surface temperature (SST) were
seasonal time-scales. If it is the inter-annual variation thatexamined against the multivariate ENSO index (MEI). The
follows the large-scale climate oscillation, the intra-seasonabnomalies (i.e. deviations from climatology) of Chl, SSH
variation is apparent as noise in the main signal. One imporand wind speed (i.e. ChlA, SSHA and WindA) showed sig-
tant source of intra-seasonal variation in the SCS is the eddyificant correlations with MEI, but SSTA did not. More in-
activities. From a 10 yr statistical analysis of SeaWiFS dataterestingly WindA and SSHA showed symmetric or quasi-
the average Chl value in cyclonic eddies over the entire pesymmetric responses to positive or negative MEI, while
riod was 50 % higher than the mean value for the whole SCSSSTA and ChlA showed strongly asymmetric responses. Un-
while the peak values in cyclonic eddies could be up to fourder positive MEI conditions, SSTA and ChlA showed, re-
times the mean peak values for the whole basin in any giverspectively, significant positive and negative correlations with

year (Xiu et al., 2011). MEI, whereas, under negative MEI conditions, both showed
One possible example of the elevated Chl due to cyclonicno significant correlations.
eddy was the peak Chl value (0.47 mg#h in the 1999— Similarly SSTA and ChlA exhibited, respectively, signif-

2000 winter (Fig. 7a), which was double the peak value inicant positive and negative correlations with WindA under
the 1998-1999 winter. The peak Chl value corresponds tdl Nifio conditions (MEL- 0.5), but very weak or insignifi-
a strong positive anomaly during a La Nifia event (Fig. 9a),cant correlations under La Nifia conditions (MER0.5). It
which appears to contradict our main finding that the Chl re-is noted that the contrast for ChlA-WindA correlations ap-
sponse to wind forcing was dampened during La Nifia eventspeared more striking than those for SSTA-WindA, indicat-
This peak Chl value occurred in December 1999 (Fig. 7a),ing that the biogeochemical processes are more sensitive to
when the wind speed was high but only about 10 % above thelimate oscillation than the thermal processes. The steeper
peak value of the previous winter (Fig. 7d). The ChlA value slope of the ChlA-WindA relationship under El Nifio condi-
was about three times the peak value of the previous wintetions than that under La Nifia conditions implies that wind
(Fig. 9a), while the corresponding windA was about the sameforcing is more effective in inducing phytoplankton growth
as the peak value in the previous winter (Fig. 9d). Hence, theduring El Nifio events than during La Nifia events. Because
disproportionately high Chl value was probably attributed tothe winter monsoon is often weakened during El Nifio con-
a cyclonic eddy, rather than enhanced phytoplankton growtlditions, the phytoplankton biomass is effectively suppressed.
induced by the winter monsoon. When the winter monsoon is strengthened under La Nifia
To investigate the possible existence of a cyclonic eddy weconditions, the wind induced phytoplankton growth is not as
resorted to the SSH distribution (Fig. 14) in December 1999high as expected.
in the meridional band between 115 and 1E7that cov- The asymmetry in responses of the northern South China
ers the study area around the SEATS site (Fig. 1). WithinSea basin to climate forcing was likely attributable to the
the study area there existed a local minimum of SSH thatdifferent water column conditions during different ENSO
matched a Chl maximum, indicating a sea surface depresphases. Under La Nifia conditions, the thermocline depth
sion resulting from a cyclonic eddy. This is strong evidencewas deeper as indicated by observations on a cruise in Jan-
supporting our view that the unusually high Chl was asso-uary 2000 in the midst of a strong La Nifia. The frequent
ciated with a cyclonic eddy. Thus, we present a mechanisnoccurrences of positive anomalies of SSH during La Nifia
that could explain the unusually strong Chl peak during a Laevents lend support to the deepened thermocline. The depres-
Nifia event. sion of thermocline corresponds to a deepened nutricline in
the oligotrophic SCS, reflecting a more sluggish wind driven
nutrient pumping and, consequently, lowered phytoplankton
5 Summary and conclusions biomass represented by Chl. It has been demonstrated by a 1-
D model that the strengthened wind during a La Nifia event
Atime-series of average sea surface chlorophygibncentra-  could not compensate for the reduction in nutrient pumping
tion (Chl) in the study area (115-11F, 17-19 N) around  due to deepened thermocline. In addition, enhanced intrusion
the SEATS station from September 1997 to the end of 2011of the oligotrophic Kuroshio water in the surface layer could
was constructed by merging the SeaWiFS data (1997-200&lso be partially responsible for the weakened Chl.
and MODIS data (2003—-2011). The data merge was based The deepening of the thermocline during La Nifia events
on the correlation between SeaWiFS and MODIS data pairsvas probably related to the reduced South China Sea
from the same date and the same pixel within the studythroughflow, which could have favoured anomalous accumu-
area between January 2003 and December 2006. The mergéation of heat in the upper water column of the SCS and sup-
daily data were checked against shipboard observations at tharessed upwelling of the subsurface water. The observed heat
SEATS station, yielding an estimated error of 0.035mgm accumulation during the 1999—-2000 La Nifia event would
for the daily data. The monthly data were also merged byhave required a reduction of the throughflow by about 56—
the same correlation. The non-seasonal variations of Chl an@0 % over a six-month period. This illustrates that wind forc-
three environmental variables, namely, wind speed, sea suing is not the only important factor that controls phytoplank-
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ton growth in the SCS. The climate related variations of re- China Sea enhanced by upwelling, J. Marine Syst., 59, 97-110,
gional circulation may also play an important role in reg-  2006.
ulating nutrient supplies for phytoplankton growth. Further Chen, C. S., Lai, Z. G., Beardsley, R. C., Xu, Q. C,, Lin, H. C,,
studies are warranted to investigate the biogeochemical re- and Viet, N. T.: Current separation and upwelling over the south-
sponses and water column structure under different climate gast Shelfli’;vgéggrgs'nd:‘;lsoozugt/hzglhl'f‘% (?Yef’ (;0 f;Ophys' Res.-
conditions. Because responses of the sea surface chlorg; ceans, 1/, » L. 1c0071520122.

. . . hen, G. X., Gan, J. P, Xie, Q., Chu, X. Q., Wang, D. X., and
phyll a concentration to wind forcing depend on the wa-

| hich i dulated b . | ci Hou, Y. J.: Eddy heat and salt transports in the South China Sea
ter column structure, which Is modulated by regional cir- 5,4 heir seasonal modulations, J. Geophys. Res.-Oceans, 117,

culation patterns, it is potentially feasible to retrieve infor- 5021, doiL0.1029/2011jc007722012b.

mation regarding the subsurface physical conditions fromchen, . L. L., Chen, H. Y., Lin, Il, Lee, M. A., and Chang, J.: Ef-
sea surface chlorophyl data. Aside from the effect of  fects of cold eddy on Phytoplankton production and assemblages
thermocline deepening on nutrient supply to the euphotic in Luzon Strait bordering the South China Sea, J. Oceanogr., 63,
zone, we also found evidence of positive chlorophyll 671-683, doit0.1007/s10872-007-0059-2007.

anomaly associated with a cyclonic eddy at the SEATS staFang, G. H., Wang, Y. G., Wei, Z. X., Fang, Y., Qiao, F. L.,

tion, suggesting eddy related nutrient pumping, which is and Hu, X. M. Interocean circulation and heat and fresh-
worth further investigation. water budgets of the South China Sea based on a numeri-

cal model, Dynamics of Atmospheres and Oceans, 47, 55-72,
doi:10.1016/j.dynatmoce.2008.09.0@2®09.
Supplementary material related to this article is Gong, G-C., Liu, KK, Liu, C.-T,, and Pai, S.-C.: Chemical hy-
. . . . drography of the South China Sea and a comparison with the
available online athttp://www.biogeosciences.net/10/ West Philippine Sea, Terr. Atmos. Ocean Sci., 3, 587602, 1992,
7449/2013/bg-10-7449-2013-supplement. pdf http://www.ocean-sci.net/3/587/1992/
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doi:10.1029/2012¢gl052022012.
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