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ABSTRACT

This study examines the spatio-temporal variations in the sea-surface chlorophyll-a (Chl-a) concentration and their as-
sociated underlying driving forces in the northern South China Sea (SCS) from 2004 - 2010. A stratified analysis method 
and the Moderate Resolution Imaging Spectroradiometer (MODIS) Chl-a product, the National Centers for Environmental 
Prediction (NCEP) reanalysis data, with maps of monsoon winds and current systems were used in this work. Validation 
indicated that the MODIS-derived Chl-a is in good agreement with in-situ measurements (R2 = 0.815), accurate enough for 
analyzing the temporal-spatial variations of Chl-a in the northern SCS. The results show that the spatial heterogeneity of the 
Chl-a concentration was lowest in winter and increased in spring. The seasonal Chl-a concentration dynamics varied spatially 
and depended predominantly on the distance from the coastline. The most important factors that affect the Chl-a concentration 
spatial variability were identified as the monsoon, surface current and sea surface temperature (SST).
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1. INTRODUCTION

The South China Sea (SCS) is a marginal sea surround-
ed largely by lands. The northern part of the SCS has been 
intensively studied, due mostly to its complex climatic and 
geophysical conditions characterized by intensive sea-land 
interactions, the inflow of numerous great rivers (e.g., the 
Pearl River), the interactions between its surface current and 
the East Asian monsoon and the intrusion of the subsurface 
Kuroshio and deep waters from the western Pacific through 
the Luzon Strait (Webster 1994; Fang et al. 1998; Qu et al. 
2006; Liu et al. 2008, 2010). Recent decades have witnessed 
massive economic growth and urban development over this 
area, which have accelerated marine environmental deterio-
ration. However, the marine biota, ecology and the human 
impacts on this area are poorly understood (Morton and 
Blackmore 2001). A detailed study is thus required to under-
stand the environmental changes and find appropriate ways 

for sustainable development. As one of the important pa-
rameters of marine ecology, the chlorophyll-a (Chl-a) con-
centration has been used as an indicator of phytoplankton 
abundance, a marker for bioturbation and carbon flux, and a 
crucial variable for estimating the carbon budget (Boon and 
Duineveld 1998). This parameter is also important for un-
derstanding the ecological system and global environmental 
change (Venrick et al. 1987; Liu et al. 2002; Chen et al. 
2004; Peñaflor et al. 2007). The necessity for studying the 
spatio-temporal variations in Chl-a concentration across the 
SCS is further intensified because of the seriously deterio-
rated marine environment.

Characterized by its high repetitiveness and wide cov-
erage, remote sensing is an effective method for monitor-
ing the marine environment. Satellite observed ocean color 
imagery has been widely used to retrieve the Chl-a con-
centration (Tang et al. 1998; Chen et al. 2004; Peñaflor et 
al. 2007; Siegel et al. 2013; Tilstone et al. 2013). A vari-
ety of remote sensing data, including Coastal Zone Color 
Scanner (CZCS), Sea-viewing Wide Field of View Sensor  



Fang et al.320

(SeaWiFS), and Advanced Very High Resolution Radiom-
eter (AVHRR), have been utilized to investigate the SCS 
marine biological processes and environment (Tang et al. 
1998, 1999; Liu et al. 2002; Tseng et al. 2005; Siegel et 
al. 2013). Most of these studies were conducted by com-
bining in-situ measurements and SeaWiFS data. However, 
SeaWiFS has already exceeded its service life of 7 years 
and whether it will still function in the future remains uncer-
tain. In recent years the Chl-a product routinely generated 
using the Moderate Resolution Imaging Spectroradiometer 
(MODIS) allows for quantitatively analyzing the spatio-
temporal variations in Chl-a concentration. The long-term 
spatio-temporal variations in Chl-a concentration across the 
northern SCS still remain unidentified to our knowledge.

This study analyzed the spatial and temporal variations 
in sea-surface Chl-a concentration and the underlying driving 
forces in the northern SCS based on the long-term MODIS 
Chl-a product. We intend (1) to validate the MODIS Chl-a 
product using in-situ measurements, (2) analyze the spatio-
temporal variations in sea-surface Chl-a concentration from 
2004 - 2010, and (3) explore the sea surface temperature 
(SST) and current system effects on the spatial and temporal 
variations in the sea-surface Chl-a concentration.

2. MATERIALS AND METHODS
2.1 Study Area and Cruises

The northern SCS is located between 109 - 121°E and 
18 - 24°N (Fig. 1). It connects the East China Sea and Phil-
ippine Sea through the Taiwan Strait and the Luzon Strait, 
respectively (Fig. 1a). The SCS is a marginal sea that is 
largely surrounded by land and confined within the Tropic 
of Cancer. It experiences a monsoonal climate influenced 
by the Southwest Monsoon in summer and the Northeast 
Monsoon in winter (Morton and Blackmore 2001). The 
study area was divided into 12 buffer zones according to 
the distance away from the shoreline (Fig. 1b and Table 1) 
for better spatial and temporal analysis of the variations in 
Chl-a and possible underlying driving forces.

Three cruises were conducted to observe Chl-a con-
centration using R/V Shiyan 3 in the northern SCS to vali-
date the MODIS Chl-a product. The data used for valida-
tion were measured during the periods from 16 September 
to 4 October 2004 (Cruise 1), from 8 to 27 September 2005 
(Cruise 2), and from 7 to 29 September 2006 (Cruise 3), 
respectively (Figs. 1c, d, and e).

The measured Chl-a concentration exhibited distin-
guishable spatial and temporal variations. Averages of mea-
sured Chl-a concentration within individual zones are pre-
sented in Fig. 2, decreasing significantly from zones 02 - 06. 
The spatial variability in measured Chl-a was marginal from 
zones 07 - 12. The measured Chl-a concentration averages 
over the entire study area were 0.104, 0.153, 0.130 mg m-3 
in 2004, 2005, and 2006, respectively.

2.2 MODIS Chl-a Concentration Product

The 1-km MODIS Chl-a concentration product (http://
oceandata.sci.gsfc.nasa.gov) from 2004 - 2010 was used in 
this study. In total, 403 scenes of the Chl-a concentration 
images with good coverage for the study area were down-
loaded and processed using the ERDAS IMAGINE (ER-
DAS) platform. The monthly average and coefficient vari-
ance (CV) of Chl-a were calculated as:
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2.3 SST Data

The reanalysis monthly SST fields from the National 
Centers for Environmental Prediction (NCEP) were used 
to investigate the relationship between SST and the spatio-
temporal characteristics of the sea-surface Chl-a concen-
tration. NCEP reanalysis data was downloaded from the 
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from 
their web site at http://www.esrl.noaa.gov/psd/ (Kalnay et 
al. 1996).

The correlation between SST and the Chl-a concentra-
tion was assessed for individual zones and months, i.e.,

R
t t chl chl

t t chlchl

, , , ,

, , , ,
z

y m z z y m z z

y m z z zy m z
2 2)

)
=

- -
- -

^ ^
^ ^

h h
h h6 @

/
/

/
 (4)

R
t t chl chl

t t chl chl

, , , ,

, , , ,

y m z m y m z m

y m z m y m z m
m 2 2)

)
=

- -
- -

^ ^
^ ^

h h
h h6 @

/ /
/

 (5)

where Rz and Rm denote the correlation coefficients between 
SST and Chl-a concentration for zone z and month m, re-
spectively; ty, m, z and chly, m, z are the monthly mean SST and 
monthly mean Chl-a concentration in month m of year y 
for zone z, respectively. tz  and chlz  are the monthly mean 

http://oceandata.sci.gsfc.nasa.gov
http://oceandata.sci.gsfc.nasa.gov
http://www.esrl.noaa.gov/psd/
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SST and monthly mean Chl-a concentration averages over 
all months in the study period for zone z, respectively; tm  
and chlm  are the monthly mean SST and monthly mean Chl-
a concentration averages over all zones for month m of all 
years, respectively.

2.4 Assessment of MODIS Chl-a Concentration  
Accuracy

The monthly mean MODIS Chl-a concentration calcu-
lated using Eq. (1) was compared with the quasi-synchronous 

(a)

(c)

(b)

(d)

(e)

Fig. 1. (a) Study area, (b) buffer areas, and (c) - (e) in-situ stations of 3 cruises in September (2004 - 2006).

Zonal Distance (km)

zone01 0 - 20

zone02 20 - 40

zone03 40 - 80

zone04 80 - 120

zone05 120 - 160

zone06 160 - 200

zone07 200 - 240

zone08 240 - 280

zone09 280 - 320

zone10 320 - 360

zone11 360 - 400

zone12 > 400

Table 1. Buffer areas in northern SCS di-
vided by the distance off the coastline.

Fig. 2. Mean values of in-situ measured Chl-a concentrations in differ-
ent zones (2 - 12) averaged over three cruises.
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cruise observations to assess the MODIS Chl-a concentration 
product quality in the northern SCS.

The study area was frequently covered by clouds. The 
monthly averaged image application increased the good 
data coverage. A cruise took about 1 month in September. 
So, the comparison of monthly average of remotely sensed 
Chl-a concentration with the measurements taken in a cruise 
is acceptable. The linear regression analysis between the in-
situ measurements and MODIS-derived Chl-a concentra-
tion was performed.

3. RESULTS AND DISCUSSION
3.1 Validation of MODIS Chl-a Concentration

Remotely sensed parameters validation is important 
for bettering their applications. For Type I waters the un-
certainties in Chl-a concentration retrieved from remote 
sensing were normally less than ±35% over the range of 
0.05 - 50 mg m-3 (Tang et al. 2003). Figure 3 shows that 
the consistency between the MODIS derived Chl-a and in-
situ measurements was generally high, with the exception of 
samples taken at locations near the river mouths and within 
the shallow waters (Figs. 1 and 2), where MODIS-derived 
Chl-a values were higher than in-situ measurements, such as 
at stations E101, E208, E401, and E505 (Figs. 1b, c, and d). 
This can be attributed to high suspended sediment from river 
discharges. In contrast, at Station E506 nearby Hainan Island 
the MODIS Chl-a concentration was lower than the in-situ 
measurements. Overall, MODIS Chl-a concentration was in 
good agreement with the measurements, with a determina-
tion coefficient (R2) of 0.604. When sample E506 was ex-
cluded the R2 will increase to 0.815. The R2 values are 0.858 
and 0.726, significant at levels of 0.001 and 0.05 (2-tailed), 
for Type I and II waters, respectively.

Although the in-situ and satellite measurements are 
not strictly synchronous, the comparison showed a general 
consistency between them (Fig. 3). But MODIS data over-
estimated Chl-a in the two types of water waters and the 
overestimation increased lineally with the increase in Chl-a 
concentration. We also compared the result with previous 
works, the MODIS Chl-a product has been evaluated in the 
eastern Arabian Sea by Tilstone et al. (2013), in the Ant-
arctic, Equatorial Pacific, California Current, western mid-
Pacific, and the West Florida Shelf by Carder et al. (2004), 
in the Argentine continental shelf and shelf-break regions 
by Dogliotti et al. (2014), in the Celtic Sea, the Western 
English Channel and North Sea by Blondeau-Patissier et 
al. (2004). These works reported that although there were 
no significant differences between the in-situ measured and 
MODIS Chl-a concentration, MODIS underestimated Chl-a 
in the Argentine continental shelf and at shelf-break regions, 
and overestimated it in the North Sea. This inconsistency is 
due to the optically active substance in the water column. 
MODIS data provided biased estimation in water regions 

where the Inherent Optical Properties (IOP) are determined 
by phytoplankton and also by absorption due to colored 
dissolved organic material (CDOM) and scattering by To-
tal Suspended Matter (TSM) (Prieur and Sathyendranath 
1981; Sathyendranath et al. 2001; Blondeau-Patissier et al. 
2004; Carder et al. 2004; Tilstone et al. 2013; Dogliotti et 
al. 2014). Based on these works the MODIS Chl-a prod-
uct is capable of analyzing the spatio-temporal variations in 
the Chl-a concentration in the northern SCS. To effectively 
minimize the overestimation we used the relationship be-
tween the MODIS and measured Chl-a to correct MODIS 
Chl-a data through stretching and resampling values.

3.2 Seasonal Variations of Chl-a Concentration

Figure 4 shows the spatial distribution of 7-year mean 
Chl-a concentration in different months, which presents dis-
tinguishable seasonality in the northern SCS.

In April prior to the onset of the summer southwest 
monsoon, the sea-surface Chl-a concentration was low in 
the entire region (Fig. 4d). It was mostly below 0.3 mg m-3 
in the central area, relatively lower than that in other ar-
eas. The lowest Chl-a concentration occurred at the inner 
portion, labeled as A in Fig. 4d, in which the concentration 
was even below 0.1 mg m-3. In contrast, the relatively high 
Chl-a concentration (> 1.0 mg m-3) was limited to a narrow 
zone along the coast. The high Chl-a concentration along 
the coast was related to the high dissolved inorganic nitro-
gen (DIN) concentration there (Huang et al. 2003; Cai et al. 
2004; Liu et al. 2012).

In summer (Figs. 4f, g, and h) the sea-surface Chl-a 
concentration increased slightly in comparison with the val-
ues in April. The summer southwest monsoon drives Chl-a 
to distribute evenly in the central part. High Chl-a concen-
tration can be observed in the coastal waters. During the 
inter-monsoon period in September the Chl-a concentration 
again decreased to low values (Fig. 4i), similar to those dur-
ing the spring inter-monsoon period (Fig. 4d).

The Chl-a concentration was higher in winter  
(Figs. 4a, b, k, and l) than in other seasons in the entire 
area. It also exhibited a distinct spatial pattern, higher in the 
northeast and lower in the southwest. Obviously, in Decem-
ber (Fig. 4l) and January (Fig. 4a), the patches with high 
Chl-a concentration existed in areas off northwest Luzon. 
A similar spatial pattern in the Chl-a concentration in win-
ter was also reported by Liu et al. (2002). Such Chl-a con-
centration spatial patterns were likely caused by upwelling 
and the interactions between the northward flowing Luzon 
coastal current and the westward intrusion of Kuroshio. The 
positive wind stress curl was possibly another driver for this 
phenomenon (Peñaflor et al. 2007).

From November to February (Figs. 4a, b, k, and l), a band 
of high Chl-a concentration (up to 3 mg m-3) in the coastal 
zone was observed. It was about 100 km in width, extending 
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(a) (b)

Fig. 3. Comparison of in-situ measured and MODIS Chl-a concentrations for both Type I and II waters (a) and separately for Type I and II waters 
(b). Symbols * and *** indicate significance level of 0.05 (2-tailed) and 0.001 level (2-tailed), respectively. The red box in (a) denotes data from 
Station E506.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 4. Spatial distribution of monthly mean Chl-a concentrations (mg m-3) from (a) January to (l) December averaged over the period from 2004 - 2010 
in the northern SCS. The beige colored areas represent lands. White color refers to areas without available data. Black lines indicate coastal lines and 
zonal outlines. The number of data samples used for calculating the averages ranges from one to seven for individual pixels.
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about 1000 km northeastward from Hainan Island into the 
Taiwan Strait along the coast of southwestern China.

Figure 5 shows the Chl-a concentration zonal averages 
in each month from 2004 - 2010. The Chl-a concentration 
seasonality varied spatially and depended predominantly on 
the distance from the coastline. In shallow zones the Chl-a 
concentration showed irregular temporal fluctuations. With 
the increase in distance from the coastline the fluctuations 
become small. In contrast, in deep zones the Chl-a concen-
tration exhibited distinguishable seasonal variations, higher 
in winter and lower in spring. The highest and lowest val-
ues occurred in January and May, respectively. In summer 
the Chl-a concentration increased gradually, followed by a 
slight decrease prior to a subsequent increase during fall. 
The seasonal amplitudes in Chl-a concentration were very 
similar in all deep zones.

The spatial difference in the temporal variations in 
Chl-a concentration was related to the irregular high nutri-
ent concentration in shallow zones caused by intermittent 
riverine nutrients from the Pearl River and other tributar-
ies with different drainage basin chemistry, anthropogenic 
activities and degrees of estuarine recycling (Huang et al. 
2003; Cai et al. 2004). The nutrient supplementation in deep 
zones was derived mainly from subsurface water that regu-
larly and coincidentally fluctuated with the monsoon winds 
and current (Lee Chen 2005).

3.3 Inter-Annual Variations of Chl-a Concentration

Figure 6 presents the inter-annual variability in mean 
Chl-a concentration in different months, as indicated by the 
CV for Chl-a concentration for the period from 2004 - 2010. 
Owing to the lack of good quality Chl-a images, the inter-
annual variations in Chl-a concentration were not discussed 

for the months of October, November, and December. The 
inter-annual variations in Chl-a concentration also changed 
with the season and location. In winter (e.g., February, see 
Fig. 6b), the low CV values were distributed in the vast areas 
at the northwest of the Luzon Strait. In summer (e.g., July, 
see Fig. 6g), the patches of the extremely low CV values oc-
curred in the Taiwan Strait. These low CV values are probably 
due to the horizontal and vertical current mixing effect. The 
carrying capacity of the current increased during the winter 
monsoon periods that induce the nutrient concentration and 
Chl-a to distribute similarly in winter of all years. Conse-
quently, the inter-annual variability was small. The dissolved 
inorganic nutrients released from the Luzon arc system were 
transported mainly by surface currents significantly influ-
enced by the Kuroshio intrusion. Thus, the horizontal mixing 
was more intense than the vertical mixing. The dissolved in-
organic nutrients released from Taiwan were carried mainly 
by deep water currents (Liu et al. 2010). The vertical mixing 
was therefore more intense than the horizontal mixing.

Besides the monsoon system, distinct changes occurred 
in the northern SCS vertical circulation mode during ENSO 
(Chai et al. 2009; Song 2010). There were one minor (2004) 
and one prominent (2006) El Niño event, and one promi-
nent (2007 - 2008) La Niña event during the study period 
from 2004 - 2010 (Sheu et al. 2010). El Niño events mainly 
strengthened the seasonal mean pattern, strengthened the 
cyclonic gyre in summer, but weakened the entire cyclonic 
gyre in winter. In contrast, La Niña events weakened the cy-
clonic gyre in summer, but strengthened the entire cyclone 
in winter (Sheu et al. 2010). The vertical mixing between the 
surface and subsurface water diminished during the weak-
ening winter monsoon in the El Niño years. The diminished 
vertical mixing also reduced the upward supply of nutrients, 
leading to a lower Chl-a concentration in the mixed layer, 

Fig. 5. Monthly Chl-a concentration means in different zones during 2004 - 2010.
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leading further to lower CV values.

3.4 Zonal Variations of Chl-a Concentration

The zonal variations in the Chl-a concentration are in-
terpreted in Fig. 7. With the increase in distance from the 
coastline, the zonal means for the Chl-a concentration gen-
erally decreased. The Chl-a concentration decreased quick-
ly from zones 01 - 03 and then slowly from zones 04 - 06. 
The Chl-a concentration in far offshore zones 07 - 12 was 
significantly lower than that in the near offshore zones and 
exhibited barely distinguishable spatial variations. The spa-
tial variations in remotely sensed Chl-a concentration were 
almost identical to that of the in-situ measurements (Fig. 2). 
The decreases in Chl-a concentration and its seasonal and 
inter-annual variations with the distance off the coastline 
were caused by the coastal environment effect (Huang et al. 
2003; Cai et al. 2004; Liu et al. 2012).

3.5 Linkage of Chl-a Concentration with SST

The spatial and temporal variations of the sea-surface 
Chl-a concentration in the northern SCS were affected by 
nutrient and light availability (Lee Chen 2005). The former 

played a more prevalent role than the latter in regulating 
the Chl-a concentration. Nutrient supplementation from the 
subsurface water was the main source of new nitrogen and 
fluctuated coincidentally with the monsoon winds, current, 
and SST (Lee Chen 2005). Besides that, upwelling was the 
major source of nutrients. The combination of upper ocean 
circulation and the upwelling contribute to the complicated 
dynamics of the flow in the northern SCS (Song 2010). A 
weaker surface flow leads to a strengthened upwelling in 
the central basin and a weakened down welling in the sur-
rounding area during the El Niño years. This results in a 
weakened vertical heat advection and a warmer SST (Chao 
et al. 1996). The effects of above mentioned factors with 
the spatio-temporal variations in the Chl-a concentration are 
analyzed further in the following sections.

The SST plays an important role in modulating the Chl-
a concentration spatial variability in the northern SCS. In 
all months the sea-surface Chl-a concentration correlations 
with the SST were significantly negative (Fig. 8a). However, 
the correlations in different zones varied (Fig. 8b). The sea-
surface Chl-a concentration was negatively and significantly 
correlated with the SST in the far-offshore zones. The Chl-a 
and SST were irrelevant in the near-offshore zones (distance 
off the coastline < 160 km), implying that other factors such 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 6. Spatial distribution of coefficient variance of monthly mean Chl-a from (a) January to (i) September derived from monthly averaged im-
ages from 2004 - 2010 in the northern SCS. The beige colored areas represent lands. White color refers to areas without available data. Black lines 
indicate coastal lines and zonal outlines.
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as DIN provided by river runoff and the Longshore current 
are more important drivers for the temporal variations in 
Chl-a concentration here.

3.6 Current Systems Effects on Sea-Surface Chl-a  
Concentration

The monsoon system controls the surface circulation 
in the SCS. The surface current flows southwestward driven 

by the northeast monsoon in winter whereas it flows in the 
opposite direction driven by the southwest monsoon in sum-
mer (Fang et al. 1998). The upper layer circulation is there-
fore mostly cyclonic in winter and anti-cyclonic in summer 
(Hu et al. 2000) (Fig. 9).

In the northern SCS circulation is closely related to in-
flows and outflows through the Luzon and Taiwan Straits. 
Data from satellite tracked drifting buoys indicated that the 
Kuroshio Current could intrude into the SCS in autumn and 

Fig. 7. Zonal means of the Chl-a concentration in different months from 2004 - 2010.

(a) (b)

Fig. 8. Correlations between the SST and the Chl-a concentration in (a) different months and (b) different zones. A ‘*’ and ‘**’ indicate significant 
at the 0.05 level (2-tailed), the 0.01 level (2-tailed), respectively.

(a) (b)

Fig. 9. Monsoon winds and current systems maps for the northern SCS in (a) summer and (b) winter. Monsoon winds after (Webster 1994); surface 
current after (Shaw and Chao 1994; Fang et al. 1998; Hu et al. 2000); deep current deduced from (Qu et al. 2006); longshore current after (Wang 
et al. 1986). Numbers for winter and summer currents (Fang et al. 1998; Li et al. 1998; Hu et al. 2000; Caruso et al. 2006; Liu et al. 2010, 2011, 
2012): 1, Guangdong Coastal Current; 2, SCS Warm Current (SCSWC); 3, NW Luzon Coastal Current; 4, NW Luzon Cyclonic Eddy; 5, NW Luzon 
Cyclonic Gyre; 6, SCS Branch of Kuroshio (SCSBK); 7, Loop Current; 8, Longshore Current; 9, Deep water Current.
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winter (Caruso et al. 2006). During autumn the maximum 
Kuroshio water intrusion reached the western SCS (Xue 
et al. 2004). After entering the SCS the Kuroshio intrusion 
splits into three parts: a major part flows out of the SCS 
through the northern section of the Luzon Strait, the second 
part, known as the SCS Branch of Kuroshio (SCSBK) that 
occurs in autumn, flows southwestward along the 1000-m 
isobaths. The third intrusion feeds the cyclonic eddy west of 
Luzon Island (Fang et al. 1998; Cai et al. 2002).

The Chl-a concentration was high in areas off northwest 
Luzon in December (Fig. 4l) and January (Fig. 4a). During 
this period the study area was affected by the winter mon-
soon. The Chl-a concentration spatial pattern was related to 
the sediment transported by the NW Luzon Coastal Current 
(Fig. 9b) and the regional upwelling off northwest Luzon 
(Shaw et al. 1996). Upwelled water with high nutrient con-
tent spread southwestward as an important nutrient source 
for the surface water (Shaw et al. 1996). In January the cy-
clonic eddy of the Chl-a concentration distribution west of 
the Luzon Strait (Fig. 4a) can be explained by the Loop Cur-
rent mixing effect (Fig. 9b). From November to February 
(Figs. 4a, b, k, and l) the Chl-a concentration was high within 
a band (about 100 km in width and 1000 km in length) in the 
coastal zone. This spatial distribution was driven mainly by 
the Guangdong Coastal Current and the Longshore Current 
(Fig. 9b). The Chl-a concentration increased in the direction 
opposite to the current flow route owing to the decreasing 
sediment gradient from Taiwan along the current direction.

Compared with large amounts of sediments from the 
Pearl River and Taiwan Island, sediment discharge from 
Luzon Island is limited (Liu et al. 2011). Sediments from 
Luzon Island are confined within the northwest of Luzon Is-
land and hardly transported to the northern shelf of the SCS 
throughout the SCSBK flow route. This is probably induced 
by the eddy west of Luzon Island (Fig. 9). Therefore, sea-
surface Chl-a concentration distribution showed high values 
in both the coastal zone near the Pearl River estuary and 
the Taiwan Strait. Additionally, the Chl-a concentration was 
also high in a small area off northwest Luzon.

In summer the sea-surface Chl-a concentration was rela-
tively low and uniform in the central basin. This phenomenon 
was probably caused by the dominance of horizontal mix-
ing over vertical mixing. Because of weak winds and large 
sea surface heating water stratification was well developed 
in this season. This water stratification limited upwelling of 
nutrients and phytoplankton growth (Tang et al. 2003). The 
high Chl-a concentration was only limited to a narrow band 
along the coast (Figs. 4f, g, and h). The upwelling off the 
coast was an important player here (Xie et al. 2003). The 
width of this band was narrower in summer than in winter, 
which was related to the Guangdong Coastal Current and 
Longshore Current directions. The flow routes of these two 
currents are opposite (Fig. 9b), limiting nutrient dispersion.

In summary, several factors in the northern SCS, includ-

ing the monsoon winds, current and the upwelling, impact the 
sea-surface Chl-a concentration distribution by affecting the 
sediment sources, distribution areas and mixing methods.

4. CONCLUSIONS

With the MODIS Chl-a product and other auxiliary 
data the spatio-temporal variations in the sea-surface Chl-a 
concentration in the northern SCS were analyzed. The cor-
responding drivers were explored. From this study the fol-
lowing conclusions can be drawn:
(1)  The MODIS Chl-a concentration was significantly con-

sistent with the observations. In general the Chl-a con-
centration was much higher in the coastal areas than in 
the open waters. A decreasing gradient was observed 
from inshore to offshore. The high Chl-a concentration 
occurred primarily within a belt that is approximately 
parallel to the sea shoreline of Guangdong province, ex-
tending about 1000 km northeastward from about 110°E 
and 20°N to about 118°E and 24°N. The highest Chl-a 
concentration existed in areas near the Pearl estuary and 
the Taiwan Strait. The low Chl-a concentration values 
were found mainly in the vast central area northwest of 
the Luzon Strait.

(2)  The Chl-a concentration exhibited distinct seasonal vari-
ations. It was normally higher in winter and peaked in 
January. The Chl-a concentration was low in spring and 
approached the lowest value around May. During sum-
mer the Chl-a concentration increased gradually and then 
slightly decreased prior to a second increase in autumn.

(3)  The inter-annual variations in Chl-a concentration varied 
spatially, higher in coastal areas and lower in deep waters. 
They also changed with the seasons with the lowest val-
ues occurring in winter and the highest values in April.

(4)  In the northern SCS the complex spatio-temporal variability 
of the Chl-a concentration was driven by monsoon winds, 
surface current and SST, owing to their influences on nu-
trient sources, distribution areas and mixing patterns.

The spatio-temporal variations in the sea-surface Chl-a 
concentration identified here is valuable for protecting the 
marine environment and improving the numerical ocean car-
bon cycle models. However, it should be kept in mind that 
only MODIS Chl-a data from seven years was used here. 
The conclusions from this study need further verification 
using more remote sensing data from different sensors. The 
forces driving the spatial and temporal variations in Chl-a 
concentration are complex. Only the influences of monsoon 
winds, current system, and SST on Chl-a concentration were 
analyzed here. The integration of remote sensing, pollutant 
emission and cruiser data with models should be conducted 
to identify the mechanism and real drivers for the variations 
in Chl-a concentration.
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