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Abstract

In order to demonstrate that silicate (SiO3-Si) can be used as an indicator to
study upwelling in the northern South China Sea, hierarchical cluster analysis
(CA) and principle component analysis (PCA) were applied to analyse the metrics
of the data consisting of 14 physical-chemical-biological parameters at 32 stations.
CA categorized the 32 stations into two groups (low and high nutrient groups).
PCA was applied to identify five Principal Components (PCs) explaining 78.65%
of the total variance of the original data. PCA found important factors that can
describe nutrient sources in estuarine, upwelling, and non-upwelling areas. PC4,
representing the upwelling source, is strongly correlated to SiO3-Si. The spatial
distribution of silicate from the surface to 200 m depth clearly showed the upwelling
regions, which is also supported by satellite observations of sea surface temperature.

1. Introduction

Coastal upwelling is an important marine process that has been studied
worldwide because of its significant impacts on biogeochemical cycles,
primary productivity and fisheries (Prego et al. 2007, Woodson et al. 2007).
The process can re-fertilize the surface water with high levels of nutrient
by uplifting nutrient-rich subsurface water and thus increase the growth
of marine phytoplankton in the surface layer (Shen & Shi 2006, Prego
et al. 2007). There are several famous coastal upwelling systems in the
world: the Benguela Current (Monteiro & Largier 1999), the California
Current (di Lorenzo 2003), the Peru-Chile Current (Nixon & Thomas 2001,
Mohtadi et al. 2005) and the Canary Current (Pelegŕı et al. 2005). These
upwelling systems are produced by the interaction between favourable winds
and the topography (Woodson et al. 2007), often involving offshore Ekman
transport or surface currents.

The upwelling systems in the northern part of the South China Sea
(SCS) are still not well understood by marine scientists because of the
influence of the Kuroshio Current (KC) passing through the Luzon Strait
in the deeper layer (Su & Wang 1990, Hu & Liu 1992, Huang et al. 1992,
Chen & Huang 1996), the complex topography (Morton & Blackmore 2000)
and the dynamic climatology. There are four coastal upwelling regions in
the northern part of the SCS: the east of Guangdong Province and Hainan
Province (Han 1998, Wang et al. 2006, 2008, 2011), the Taiwan Shoals
(TSLS) located southwest of Taiwan (Wu & Li 2003), and the perennial
cold cyclonic eddy (Wu 1991, Huang et al. 1992; Soong et al. 1995, Liao
et al. 2006) to the south-west of the Dongsha Islands (PIS).
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In the past, the DO concentration, sea surface temperature, salinity
and Chl a concentration (Chen & Ruan 1991, Hong & Li 1991, Han 1998,
Tang et al. 2002) were the main proxies indicating upwelling regions. It
is well-known that upwelling always accompanies high nutrient levels (Shen
& Shi 2006), but there are relatively fewer reports of upwelling based on
nutrient distributions, probably because of their strong relationship with

phytoplankton uptake (Traganza et al. 1980, Chen et al. 2004).

Multivariate statistical techniques have been applied to characterize
and evaluate surface and freshwater quality, and are useful for verifying
the temporal and spatial variations caused by natural and anthropogenic
factors linked to seasonality (Helena et al. 2000, Singh et al. 2004,
Shrestha & Kazama 2007). In this paper, we attempt to demonstrate the

significance of silicate as a useful indicator for the formation and distribution
of upwelling events in the northern SCS with multivariate statistical analysis
and remote sensing techniques.

2. Material and methods

2.1. Study area

The SCS is located almost exactly between the Equator and the Tropic
of Cancer at 22◦N (Figure 1), and includes the Pearl River, the third biggest
river in China. It thus experiences a monsoon climate. The study area lies
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Figure 1. Map of the monitoring stations in the northern SCS. TSLS: Taiwan
Shoals; PIS: Dongsha Islands



608 L. Lin, Y.-S. Wang, C.-C. Sun et al.

in the northern SCS (from 18 to 23◦N, 111 to 121◦E); it is surrounded by
several modern cities (Guangzhou, Shenzhen, Hong Kong, Macao) and three
straits (the Taiwan Strait (in the north-east), the Luzon Strait (between
the islands of Taiwan and Luzon, which connects the SCS with the Pacific
Ocean) and the Qiongzhou Strait (in the west)). In the centre of our study
area, there is an island called Dongsha (PIS: 116.825◦N, 20.691◦E), which is
the largest island in the SCS. The TSLS is in the south-west of the Taiwan
Strait.
The study area is located in a region with a monsoon climate. The

strong north-east monsoon prevails during late September–April, and
the south-west monsoon during May–August (Chen et al. 2006). The
transition from the summer monsoon to the winter monsoon occurs in Sep-
tember.
The following stations were designated to study the formation and

distribution of upwelling near the PIS:

1. Stations 1, 2, 3, 32, 31 and 30 near the Pearl River for evaluating
the level of nutrients discharged from the river and for eliminating
anthropogenic influence.

2. Stations 9, 10, 11, 12 and 13, located in the area of the Taiwan Shoals
Upwelling and the East Guangdong upwelling (Han 1998, Shen & Shi
2006, Wang et al. 2006, 2008, 2011).

3. Stations 4, 5, 6, 7, 8, 29, 28 and 27 lie in the area of the PIS, and the
left side of this area for detecting the upwelling distribution in this
area.

4. Stations 21, 22, 23, 24, 25 and 26, located in the area of the perennial
cold cyclonic eddy (Huang et al. 1992, Soong et al. 1995, Han 1998,
Liao et al. 2006).

5. Stations 14, 15, 16, 17, 18, 19 and 20 are in the Luzon Strait for
monitoring the KC passing through the Luzon Strait.

6. 32 monitoring stations are located in the northern SCS (Figure 1).

2.2. Sampling and analytical methods

Water samples were collected at all the above stations from 8 to 27
September 2006 from Shiyan 3, the research ship of the South China
Sea Institute of Oceanology, Chinese Academy of Sciences. The sampling
layers were designated according to the methods of ‘The specification for
marine monitoring’ (GB17378-1998, China), and some stations were selected
according to their depths. The depths included 0 m, 25 m, 50 m, 75 m,
100 m, 150 m, 200 m, 300 m, 400 m, 500 m, 600 m, 800 m, 1000 m, 1200 m,
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1500 m, 2000 m, 2500 m, 3000 m and 3500 m. Water samples were analysed

for nitrate (NO3-N), nitrite (NO2-N), ammonium (NH4-N), silicate (SiO3-

Si), phosphorus (PO4-P), dissolved oxygen (DO), chlorophyll a (Chl a),

temperature (T ), salinity (S), and pH (Wang et al. 2006, 2008, 2011).

DO was determined using the Winkler titration method immediately on

board. Temperature (T ) and salinity (S) were measured with SBE911 plus

Conductive Temperature Depth (CTD). The other samples were passed

through 0.45 µm GF/F filters, then poured into 500 ml LDPE bottles;

following the addition of three drops of trichloromethane, the samples were

deep-frozen immediately at −20
◦C. All the samples were analysed within

two weeks of the end of this cruise. All the parameters were detected

according to ‘The specification for marine monitoring’ (GB17378-1998,

China).

2.3. Data analysis methods

The data sets consisted of 14 parameters for 32 stations, which contained

different depths at different stations since the depths of the stations were

different from each other. Only the following data sets were analysed: from

the surface layers at all stations (Data1), from deep station 14 (Data2), and

silicate from 0 m to 200 m of the stations which had homologous layers

(Data3). The parameters selected included silicate (SiO3-Si), nitrate (NO3-

N), nitrite (NO2-N), ammonia (NH4-N), phosphorus (PO4-P), Temperature

(T ), Salinity (S), pH, dissolved oxygen (DO), chlorophyll a (Chl a), TIN,

the ratio TIN/PO4-P, the ratio of SiO3-Si/PO4-P and the depth of stations

(DP).

Initially, Data1 was used to show the surface distributions of every

parameter, except DP, and to indicate the regions of upwelling. CA was

then applied to cluster the stations into two groups to find which group

was higher in nutrients; finally, PCA was used to analyse the parameters

to identify the source of the nutrients and to decide which parameter could

be used to reliably demonstrate regions of upwelling. Data2 and Data3

were selected to show the vertical and horizontal distributions of silicate,

respectively, in order to show how upwelling was forming.

2.4. Multivariate statistical analysis methods

Data1 was processed using Multivariate statistical analysis methods,

such as CA and PCA. CA is an unsupervised pattern detection method

that partitions all cases into smaller groups or clusters of relatively similar

cases that are dissimilar to other groups (Lattin et al. 2003, McKenna
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2003, Wu & Wang 2007, Zhou et al. 2007). Hierarchical CA was used on
standardized data, applying Ward’s method with correlation. The low and

high nutrient stations were determined from hierarchical CA using linkage
distance.

PCA extracted eigenvalues and eigenvectors from the covariance matrix

of the original variables, then produced new orthogonal variables known
as PCs through VARIMAX rotation, which are linear combinations of

the original variables. PCs provide information on the most meaningful
parameters that describe a whole data set, allowing data reduction with

minimum loss of original information. They are unobservable, hypothetical,
latent variables (Vega et al. 1998, Helena et al. 2000, Pekey et al. 2004,

Singh et al. 2004, Wu & Wang 2007, Zhou et al. 2007).

All the mathematical and statistical computations were performed using
MATLAB R2008b (Mathworks Inc., USA) and ArcGIS 9.3 (ESRI Inc.,

USA).

2.5. Satellite data and image processing

MODIS-Aqua satellite images (4-km Level 3 HDF) covering the SCS

were obtained from NASA. Weekly (8-day) composite sea surface temper-
ature (SST) data from 14 to 21 September were used owing to the heavy

cloud coverage around this region during the cruise. The SeaDAS package

was used to process the SST imagery.

3. Results and discussion

3.1. Horizontal distribution of parameters

The horizontal distributions of parameter concentrations at the surface
are shown in Figure 2. The horizontal distributions of surface NO2-N reveal

that there are two high concentration regions: one is near the Pearl River
Estuary in the north-west, the other is near the Luzon Strait in the south-

east (Figure 2a). The NO3-N distribution shows four high nutrient regions:
near the Pearl River, in the south-west, south-east and north-east of the

PIS (Figure 2b). The NH4-N concentration is high in the north-west, north-

east and south-east of the PIS (Figure 2c). SiO3-Si is distributed in three
regions: (1) around and to the north-east of the PIS, (2) in the west of the

PIS and (3) near the perennial cold cyclonic eddy (Figure 2d). The PO4-P
distribution shows horizontal variations with increases from the southern

to the northern regions; it is also found in the same three regions where
silicate is distributed (Figure 2e). The distributions of DO and Chl a are
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Figure 2. The distribution patterns of nitrite [µmol dm−3] (a), nitrate
[µmol dm−3] (b), ammonium [µmol dm−3] (c), silicate [µmol dm−3] (d),
phosphate [µmol dm−3] (e), chlorophyll a [µg dm−3] (f), dissolved oxygen
[mg dm−3] (g) and temperature [◦C] (h) at the surface in the northern SCS
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similar: high near the coast and low in offshore waters. The offshore DO
concentration is equal to 6.64 mol dm−3. In contrast, Chl a shows three
small, high-concentration regions in the Pearl River Estuary, the locations
of which are similar to those of silicate (Figures 2f–g). The temperature
distribution is significantly low in the north-east and the west of the PIS,
and low at 114◦E–115◦E in the south (Figure 2h).
The horizontal distributions of SiO3-Si and temperature show three

upwelling regions: (1) the north-east of the PIS, (2) the west of the PIS
and (3) the regions of the perennial cold cyclonic eddy.

3.2. Parameter distribution characteristics and data treatment

Before CA and PCA were performed, the normalization of the dis-
tribution of each variable was checked by kurtosis and skewness analysis
(Johnson & Wichern 1992, Lattin et al. 2003, Papatheodorou et al. 2006,
Zhou et al. 2007). The original data suggested that DP, NO3-N, T and
PO4-P were almost normally distributed, whereas the other parameters
were positively skewed, with kurtosis coefficients significantly greater than
three (95% confidence). After log-transformation of these other parameters
(Kowalkowski et al. 2006, Zhou et al. 2007), all skewness and kurtosis values
(except Chl a) were sharply reduced, ranging from −0.7742 to 0.5822 and
from −0.7641 to 0.5840, which were less than the critical values. For CA
and PCA, all parameters were also z-scale standardized to minimize the
effects of differences in measurement units and variance and to render the
data dimensionless (Wu & Wang 2007, Zhou et al. 2007).

3.3. Spatial similarities and grouping at the monitoring stations

CA produced a dendrogram with two groups at (Dlink/Dmax) × 100<
300 (Figure 3). Group A consisted of stations 5, 7, 8, 13–17, 20–28, which
is called the low nutrient group, and group B contained stations 1–4, 6,
9–12, 18, 19 and 29–32, called the high nutrient group. The classifications
varied significantly, because the stations in these groups had similar features
(low or high nutrient concentration), although these are caused by different
natural backgrounds. The stations of the low nutrient group were far away
from the mainland or the upwelling areas, whereas the stations of the high
nutrient group came from the Pearl River Estuary (stations 1, 2, 3, 32, 31),
or the upwelling regions (stations 4, 6, 9, 10, 11, 12 from the north-east of
the PIS; 29, 30 from the upwelling region in the west of the PIS). Station 23
from the perennial cold cyclonic eddy region should be in the high nutrient
group, but is in fact in the low nutrient group, since the upwelling driven
by the perennial cold cyclonic eddy is not powerful enough at the surface
(Wu 1991, Liao et al. 2006).
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Figure 3. Results of Ward’s method for cluster analysis showing two spatial
clusters (low nutrient group and high nutrient group) of the monitoring
stations

3.4. Source identification and indicator determination

Bartlett’s sphericity test was performed on the parameter correlation
matrix to examine the validity of the PCA (Wu & Wang 2007, Zhou et al.

2007). The significant level of Bartlett’s sphericity test is 0 (p< 0.05),
indicating that PCA may be useful in providing significant reductions in

dimensionality.

PCA was conducted on standardized data sets of Data1 (z-scale
standardized with mean and variance of zero and one, respectively) to

analyse the source identification of nutrients (Mendiguch́ıa et al. 2007,
Zhou et al. 2007) and find the best indicator for upwelling formation.

The linear correlation coefficients between the variables are shown in
Table 1. As we expected, dissolved oxygen was strongly positively correlated

with Chl a, which is a natural process because marine phytoplankton

are the major oxygen producers here (Xu & Zhu 1999, Wu & Wang
2007).

Table 2 summarizes the PCA results comprising the loadings and
eigenvalues. According to the eigenvalue-one criterion, the first five PCs

with eigenvalues > 1 were considered essential. They explained 78.65% of

the total variance. According to Table 2, the main contribution to PC1,
explaining 27.64% of the total variance, was from TIN/PO4-P. The ratios



Table 1. Linear correlation coefficients of 14 parameters (values in bold are significantly correlated at the α = 0.05 significance
level)

Parameter NO2-N NO3-N NH4-N PO4-P SiO3-Si T S DO pH Chl a TIN TIN/ SiO3-Si/ DP
PO4-P PO4-P

NO2-N 1.0000

NO3-N −0.1435 1.0000

NH4-N −0.1270 0.2183 1.0000

PO4-P 0.1653 −0.0630 −0.0274 1.0000

SiO3-Si −0.1476 0.2511 0.2336 0.1378 1.0000

T −0.1181 −0.4171 − 0.5180 0.1750 −0.2753 1.0000

S −0.2642 0.1459 0.1489 −0.3146 −0.0115 −0.2009 1.0000

DO 0.1267 −0.1695 0.0353 0.1821 0.0868 0.0256 −0.5625 1.0000

pH −0.1553 −0.1172 0.2157 −0.2126 0.1547 −0.0637 −0.1537 0.3506 1.0000

Chl a 0.3438 −0.0745 −0.0410 −0.0390 −0.1618 −0.3440 −0.2814 0.5171 0.1129 1.0000

TIN 0.0759 0.6925 0.6661 −0.0606 0.2772 −0.6443 0.2565 −0.1675 −0.0668 0.0286 1.0000

TIN/PO4-P −0.1025 0.3909 0.3480 −0.8735 0.0190 −0.4620 0.3906 −0.2354 0.1469 0.0469 0.5389 1.0000

SiO3-Si/PO4-P −0.2366 0.2484 0.2090 −0.5942 0.7148 −0.3471 0.2128 −0.0581 0.2757 −0.1038 0.2679 0.6321 1.0000

DP −0.2506 −0.1666 0.0438 −0.2233 −0.2404 0.4476 0.2933 −0.3060 −0.1889 −0.4729 −0.0764 0.1512 −0.0376 1.0000
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Table 2. Loadings of 14 parameters on the first five PCs. The loadings whose
absolute values are more than 0.4 are in bold, and the corresponding original
variables are considered to contribute significantly to the PCs

Variables PC1 PC2 PC3 PC4 PC5 PC6

NO2-N 0.0843 −0.0627 0.3864 −0.1251 0.6604 −0.2968

NO3-N 0.2731 0.2307 −0.4559 0.0241 0.4396 0.1462

NH4-N −0.2215 0.0346 −0.3971 −0.2348 0.0558 −0.5776

SiO3-Si −0.1658 0.0795 0.0848 −0.6196 −0.0542 0.5506

PO4-P 0.3200 −0.0099 −0.3056 −0.6186 0.0727 −0.0635

DO −0.0428 −0.6530 −0.1409 0.0637 0.1339 0.0762

Chl a 0.0395 −0.6025 −0.2681 0.0890 0.1328 0.2701

TIN 0.3474 0.1877 −0.4051 0.2522 −0.2675 0.0612

TIN/PO4-P −0.4727 0.1712 −0.3000 0.2064 0.3068 0.0501

SiO3-Si/PO4-P −0.5700 0.1491 −0.1531 −0.0037 0.0997 0.2188

DP 0.2588 0.2429 0.1239 0.2097 0.3847 0.3419

eigenvalue 2.3665 2.0657 1.5885 1.4434 1.1461 1.0627

total
21.5140 18.7790 14.4410 13.1220 10.4190 9.6613

variance (%)

cumulative
21.5140 40.2930 54.7340 67.8560 78.2750 87.9363

variance (%)

of nitrogen to phosphorus are the key fraction of the Redfield ratio. PC1
represented nutrient limitation to phytoplankton growth in the study area.
PC2, explaining 18.80% of the total variance, had positive loadings on

DP, and negative loadings on DO and Chl a, which illustrated the similar
features of the original data that DO and Chl a are high in coastal shallow
stations and low in deep stations offshore (Figures 2f–g). PC3, explaining

12.97% of the total variance, had positive loadings on PO4-P and negative
loadings on pH. pH is determined mainly by biological activities, and PO4-
P comes mainly from the upwelling areas and the estuary in the northern
SCS. PC3 therefore represented the impact of macronutrients on biological

activities in the upwelling areas and the estuary. PC4, explaining 11.44% of
the total variance, had negative loadings on SiO3-Si. SiO3-Si is replenished
mainly by the upwelling from the deep sea in the northern SCS (Chen et al.
2001). PC4 represented the features of upwelling. PC5, explaining 7.81% of

the total variance, had strong positive loadings on NH4-N and represented
the anthropogenic pollution near the Pearl River Estuary. The massive eco-
nomic growth and urban development in the Pearl River Delta have resulted

in excessive discharges of wastewater in the Pearl River Estuary. NH4-
N is an important indicator of anthropogenic pollution in the Pearl River
Estuary.
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3.5. Distribution pattern of silicate in the euphotic zone

Figure 4 shows the horizontal distribution patterns of silicate at different
depths, including the surface, 50 m, 75 m, 100 m, 150 m and 200 m.

At the surface, the concentration of silicate is low (< 3 µmol dm−3)
in most of the northern SCS (Figure 4a). Three high concentration zones
can be clearly distinguished: (1) the Taiwan Shoals upwelling in the north-
east of the PIS showed a high concentration of ∼ 16.46 µmol dm−3; (2)
the northern perennial cold cyclonic eddy in the south-west of the PIS had
a relatively lower concentration of ∼ 5.29 µmol dm−3 at the centre; (3) the
upwelling region in the west of the PIS was ∼ 11.96 µmol dm−3 (Figure 4a).

la
ti

tu
d
e 

N

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol dm ]-3

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol dm ]-3

la
ti

tu
d
e 

N

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol ]dm-3

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol ]dm-3

la
ti

tu
d
e 

N

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol ]dm-3

24o

23

22

21

20

19

18

o

o

o

o

o

o

111 113 115 117 119 121o o o o o o

Silicate [µmol ]dm-3

longitude E longitude E

a b

c d

e f

Figure 4. Distribution patterns of silicate in the 0 m (a), 50 m (b), 75 m (c),
100 m (e), 150 m (f) and 200 m (g) layers
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The spatial distribution of silicate clearly shows three upwelling regions. In
Figures 4a–f, the Taiwan Shoals upwelling has been formed at 200 m depth
and is moving to the north-east, and its central concentration of silicate
is decreasing from 65.3 µmol dm−3 to 16.46 µmol dm−3. These results
illustrate that the Taiwan Shoals upwelling is formed by the deep-sea current
climbing up the continental shelf near the PIS in a north-easterly direction.
The northern part of the perennial cold cyclonic eddy is steady and stays
at the same position in every layer, which is formed by the vertical uplifting
current. The upwelling in the west of the PIS is detected at 100 m depth, and
the horizontal distribution traces its process of formation. The upwelling
in TSLS (Han 1998, Shen & Shi 2006) and in the perennial cold cyclonic
eddy (Wu 1991, Huang et al. 1992, Soong et al. 1995, Liao et al. 2006)
were determined by traditional methods from the low DO, temperature,
high salinity or high chlorophyll a in the last decade.

3.6. The reliability and advantage of using silicate as an

indicator of upwelling formation

Silicate availability may limit the growth of marine phytoplankton
(Sakshaug et al. 1991, Yang et al. 2006). Yang et al. (2006) indicated
that the Si concentration sufficient for phytoplankton growth ranged
from 0.76 µmol dm−3 to 2.15 µmol dm−3 (mean 1.46 mol dm−3) in
Jiaozhou Bay of northern China. The diatom density varied from 5× 105 to
6× 106 cells m−3 in the northern SCS (Han 1998). Silicate concentrations
in the upwelling centres at the surface were about 14.83 µmol dm−3,
11.53 mol dm−3 and 5.29 µmol dm−3; these values are much higher than
the 1.46 µmol dm−3 in Jiaozhou Bay (Yang et al. 2006). Therefore, silicate
here may not be used up by phytoplankton in the upwelling centres.

Figure 5 shows that the silicate concentration at the bottom is 100 times
higher than that at the surface: the deeper the station, the higher the
concentration, such as station 14 located in the Luzon Strait (Figure 5).

The location of upwelling in the northern part of the SCS could be
further verified by satellite observation of SST. Weekly composite SST
images obtained during the cruise revealed a cooler area in the vicinity of
the southern Taiwan Strait. The average SST within this block was about
1◦C lower than the adjacent region to the south and south-east (Figure 6),
indicating the existence of an apparent upwelling event.

Dissolved oxygen (DO), temperature, salinity and chlorophyll are the
main indicators in studying upwelling in the northern SCS (Tang et al.
1999, Chen et al. 2004). Generally, it is difficult to apply these indicators
to identify upwelling events since many additional factors may weaken
them as useful indicators. Precipitation and evaporation will affect salinity,
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Figure 6. Satellite image of 8-day composite SST (14–21 Sept. 2006)

and the sea-air heat exchange affects temperature. DO turns out to be
saturated, owing to the photosynthesis of the abundant phytoplankton in
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the upwelling region. Most of the phytoplankton is consumed by marine
grazers, leaving little chlorophyll in the upwelling waters (Chen et al. 2004).

The offshore SiO3-Si comes mainly from replenishment by upwelling in
the northern SCS, and nitrogen from regeneration and N2-fixation (Wu

et al. 2003). The concentration of PO4-P is always one order of magnitude
lower than that of SiO3-Si (Chen et al. 2004). Therefore, it is essential

to confirm SiO3-Si as an indicator for upwelling research in the northern
SCS.

One limitation to the application of the SiO3-Si indicator for upwelling is

that if the upwelling is weak, SiO3-Si may be depleted by the phytoplankton
at the surface. In nutrient-limited surface ocean waters, the export produc-

tion of silicon is controlled largely by the input of SiO3-Si, whereas the
export production of nitrogen can also be controlled by grazing rate and

regeneration (Dugdale et al. 1995, Hutchins & Bruland 1998). Once the
nitrogen replenished by upwelling is depleted by the phytoplankton bloom,

it can be replenished by other pathways such as N2-fixation and regeneration
by abundant grazers. If the input rate of SiO3-Si is lower than the export
rate, SiO3-Si will eventually be depleted by diatom uptake. It is clear from

Figure 4a that the SiO3-Si concentration in the northern part of the cold
eddy was so low that it could not markedly indicate the upwelling. The

SiO3-Si at the centres of the upwellings in the TSLS and in the west of the
PIS was not depleted by diatoms. This confirmed that the upwelling in the

TSLS and the upwelling in the west of the PIS were stronger than that in
the northern part of the cold eddy, with the one in the TSLS being the

strongest.

4. Conclusions

With the aid of multivariate statistical analysis and remote sensing
techniques, we successfully demonstrated that silicate is a useful indicator

of the formation and distribution of upwelling events in the northern part
of the SCS, especially for the analysis and interpretation of complex data

from large areas, such as for marine environmental and ecological research
(Wang et al. 2006, Chau & Muttil 2007, Suikkanen et al. 2007, Wu
&Wang 2007, Wu et al. 2009a,b). Although the complex datasets used here

consist of 32× 14 observations in a large area (18◦–23◦N, 111◦–120◦E), the
CA clearly distinguished the spatial similarity reflecting different levels of

nutrient concentration (low and high nutrient), and the PCA was successful
in picking out silicate as an indicator for studying upwelling. The spatial

distribution of silicate clearly showed three upwelling regions that can be
verified by satellite observations of sea surface temperature.
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