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Abstracts 23 

Phytoplankton blooms are appearing in winter (Nov.-Feb.) in the southwest of Luzon 24 

Strait，South China Sea，which is an oligotrophic region in general. To understand the 25 

mechanism of the winter bloom dynamics, this study analyzes multiyear (2000-2007) remote 26 

sensing data, ecological sampling data and physical oceanographic parameters. The Empirical 27 

Orthogonal Function analysis confirms a high occurrence area about 2.58×10
4
 km

2
 of winter 28 

phytoplankton blooms in the southwest of Luzon Strait. Moreover, a cold temperature core (< 29 

19.0 ℃) with low dissolved oxygen concentration (< 4.55 mg L
-1

) is observed at the depth of 30 

50 m, and the concentrations of Nitrate, Phosphorus, and Silicon display a narrow fluctuation 31 

in the top 50 m and increased rapidly below the 50 m depth. The local mixed-layer depth 32 

reaches to its deepest (> 60 m) with strongest northeast wind (>10 m s
-1

) during the bloom 33 

period. The results demonstrate that southwest of Luzon Strait experiences a repeated winter 34 

phytoplankton bloom controlled by adequate nutrients under the combinated action of 35 

subsurface upwelling (observed at about 50 m under sea surface) and upper mixed-layer 36 

entrainment. Wind-related physical processes of offshore Ekman transport and turbulent 37 

mixing play an important role in regulating the biological dynamics. 38 
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1. Introduction 45 

The South China Sea (SCS) is the largest marginal sea in the western tropical Pacific. 46 

Most oceanographic studies of the SCS are related to Luzon Strait which connects the 47 

Western Pacific Ocean to the SCS (Fig.1A), including Kuroshio intrusion (Farris and 48 

Wimbush, 1996), mesoscale eddies (Wu and Chiang, 2007), internal waves (Liu and Hsu, 49 

2003). The hydrological characteristics of Luzon Strait are complex and are influenced by the 50 

general conditions of the SCS, which belong to the Asian monsoon system and neighbor with 51 

four monsoon subsystems: the subtropical East Asian monsoon, the tropical Indian monsoon, 52 

the Western North Pacific monsoon, and the Australian monsoon (Wang et al., 2009). 53 

Northeast monsoon winds over the SCS blow in winter time at stronger mean speed of 9 m s
-1

 54 

compared with summer winds; southwest monsoon winds with the average wind speed of 6 m 55 

s
-1

 prevail during summer period (Wyrtki, 1961). 56 

Though the SCS is a relatively oligoltrophic tropical-subtropical ocean (Tang et al., 57 

2004b; Tang et al., 1999), ecological implications at the vicinity of Luzon Strait are evidenced 58 

in terms of winter phytoplankton blooms in certain years (Chen et al., 2006; Peñaflor et al., 59 

2007; Tang et al., 1999). Tang (1999) first reported this phenomenon appeared in winters of 60 

1981, 1982 and 1984 with the limited remote sensing Coastal Zone Color Scan (CZCS) data 61 

in last century. Using Moderate Resolution Imaging Spectroradiometer (MODIS)-derived data, 62 

Peñaflor (2007) indecated that southwest of Luzon Strait experienced blooms in 2003 and 63 

2004 wintertime. The winter bloom was also detected in 1999 by in situ study (Chen et al., 64 

2006). Hydrological conditions around Luzon Strait were complex and the related 65 

environmental variability may have some influences on the biological processes, however, 66 



previous reports have been constrained by short-term time studies, which were only able to 67 

reflect about the relationship between the blooms in the specific year with particular 68 

environmental situation. Field survey data of temperature, salinity and dissolved oxygen 69 

concentration identified a winter upwelling region southwest of Luzon Strait (Shaw et al., 70 

1996). Shaw (1996) pointed out that the offshore upwelling in this area was contributed to a 71 

remotely forced component arising from the basin-wide gyre circulation. Using numerical 72 

modeling, Chao et al (1996) noted that the upwelling was associated with inflow of Pacific 73 

water during winter. Qu (2000) argued that wind stress curl or direct Ekman pumping might 74 

play a major role in generating the winter upwelling off Luzon Strait from computing the 75 

wind stress curl and its seasonal variability. In the point of previous studies, upwelling might 76 

be responsible for the winter phytoplankton blooms southwest of Luzon Strait (Peñaflor et al., 77 

2007; Tang et al., 1999). But the existence of the winter upwelling or the mechanism of this 78 

upwelling is still without a definite answer, so the winter bloom dynamics near Luzon Strait 79 

and the state of local oceanic ecosystem remain to be determined.  80 

Right now, combing remote sensing and statistic analysis, long-term time study is a valid 81 

means to investigate the variability of oceanic phenomenon (e.g. seasonal or interannual 82 

fluctuations and the spatial distributions) and provides insight into the marine biological 83 

processes (Peliz and Fiúza, 1999; Radiarta and Saitoh, 2008; Steinberg et al., 2001). The 84 

present work is conducted with the intention to give a refined but comprehensive description 85 

of the phytoplankton blooms southwest of Luzon Strait in winter conditions using 8-year 86 

satellite-derived data, historical ecological factors data and physical oceanographic 87 

parameters. In this paper, we focus on producing a relatively overall understanding of the 88 



phytoplankton blooms southwest of Luzon Strait in winter, as well as determining the specific 89 

relationship between the biological feature and related physical processes in this region. The 90 

aim of this paper is to a) characterize the spatio-temporal patterns of the phytoplankton 91 

blooms southwest of Luzon Strait with statistic model and specify the high occurrence region 92 

of the phytoplankton blooms; b) investigate the controlling factors of the timing, intensity and 93 

location of the blooms by long-term time analysis; c) present a conceptional model to depict 94 

the mechanism of the winter blooms near Luzon Strait. 95 

 96 

2. Study area, Data, and Methods 97 

2.1 Study Area 98 

The study area (Fig. 1B) is situated at 118.0 ºE -121.0 ºE, 17.0 ºN -21.0 ºN along part 99 

of Malina trench, which could reach to a depth about 5,000 m, but the average depth of the 100 

SCS is only about 1,500 m (Hayes and Lewis, 1984). The area is prevailed with northeast 101 

monsoon in winter and southwest monsoon in summer (Shaw and Chao, 1994), and the wind 102 

has influence on the local marine ecosystem (Tang et al., 1999).  103 

2.2 Satellite-derived data 104 

Sea surface Chlorophyll a (Chl a) concentration data were derived from the Sea-viewing 105 

Wide Field of view Sensor (SeaWiFS) launched in 1997 and MODIS Aqua launched in 1999. 106 

The data were obtained from the Distributed Active Archive Centre (DAAC), NASA, 107 

(http://oceancolor.gsfc.nasa.gov/). Monthly averaged Chl a images of MODIS Aqua in 2005 108 

were processed for the study area, then individual scene was combined to compose seasonally 109 

mean chl a images using a cylindrical projection with the SeaWiFS Data Analysis System 110 



(SeaDAS 5.3). SeaWiFS monthly 9-km resolution data from January 2000 to December 2007 111 

were used for statistic analysis and long-term time study. 112 

Sea surface temperature (SST) satellite-derived data were processed from MODIS Aqua. 113 

The seasonally composited MODIS SST images corresponding to the chl a images in 2005 114 

were calculated in this study. 115 

The vector winds data were retrieved from Quick Scatterometer (QuikSCAT), which was 116 

a polar orbiting satellite with an 1800 km wide measurement swath on the earth's surface 117 

(http://winds.jpl.nasa.gov/missions/quikscat/index.cfm). The data of 0.25 degree graded daily 118 

wind fields from 2000 to 2007 were processed and further analyzed to investigate the 119 

temporal and spatial variability in the study region. 120 

2.2 Mixed-layer depth  121 

Time series data of monthly mean mixed-layer depth for the study area from January 122 

2000 to December 2006 were produced with the Giovanni online data system, developed and 123 

maintained by the NASA Goddard Earth Sciences (GES) Data and Information Services 124 

Center (DISC). 125 

2.3 Ecological data sampling 126 

Ecological factors data of oceanographic temperature, Dissolved Oxygen (DO), and 127 

nutrients (Phosphate (P), Silicate (Si), and Nitrate (N)) in the analysis were collected and 128 

processed at World Ocean Atlas 2005 (WOA05) from the National Oceanographic Data 129 

Center (NODC) hydrographic database. WOA05 based on in situ observations consisted of 130 

objectively analyzed monthly climatological fields of temperature (Locarnini et al., 2006), 131 

salinity (Antonov et al., 2006), DO, Apparent Oxygen Utilization, oxygen saturation (Garcia 132 



et al., 2006a), and dissolved inorganic nutrients (Garcia et al., 2006b) at standard depth level 133 

(0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400 m,…,1500 m).  134 

In this database, oceanographic temperature profile data were from bottle samples, 135 

Mechanical Bathythermograph (MBT), ship-deployed Conductivity-Temperature-Depth 136 

(CTD) package, Digital Bathythermograph (DBT), Expendable Bathythermograph (XBT), 137 

profiling float, moored and drifting buoys, gliders, and undulating oceanographic recorder 138 

(UOR) profiles (Locarnini et al., 2006). All of the quality-controlled O2 (ml L
-1

) data and the 139 

nutrient data used in the WOA05 were obtained by analysis of serial (discrete) water column 140 

samples (Garcia et al., 2006b). The O2 values were analyzed by various modifications of the 141 

Winkler titration method using visual, amperometric, or photometric end-detections. The 142 

nutrient data calculated from the discrete water sample dataset, which consisted of 1 to 36 143 

water samples were collected at various depths between the surface and the ocean bottom 144 

using Nansen or Niskin samplers (Garcia et al., 2006b).  145 

2.4 Empirical Orthogonal Function Statistical analysis 146 

   The Empirical Orthogonal Function (EOF) analysis rooted in statistics aims at finding a 147 

new set of variables that captures most of the observed variance from the data through a linear 148 

combination of the original variables (Hardy, 1977; Kutzbach, 1967). It is referred to 149 

Principal Component Analysis (PCA) or eigenvector, which is initially applied to time series 150 

of meteorological data (Lorenz, 1956). The EOF method is also used to identify the dominant 151 

spatial and temporal patterns from series of remote sensing data (Emilie and Francis, 2009; 152 

Nezlin and McWilliams, 2003). In this study, the EOF approach is applied to analysis of 153 

remote sensing data from 2000 to 2007. The space patterns of Chl a revealed by the first and 154 



second EOF mode show the spatial variability of Chl a in the study region. Spatial 155 

coefficients of the EOF modes represent the spatial extension and the dynamic importance of 156 

the processes in the study area (Navarro and Ruiz, 2006). The intensity of the phenomenon is 157 

directly related to the amplitude coefficient.  158 

 159 

3. Results 160 

3.1 Spatio-temporal characteristics of the phytoplankton blooms  161 

The EOF analysis is used to identify the specified region of the phytoplankton bloom. 162 

The typical offshore pattern (Fig. 2A, B) and seasonal cycle (Fig. 2C) of Chl a concentration 163 

are showed in the southwest of Luzon Strait, and the eigenvector of the first EOF mode 164 

accounts for 60.1% of the total variance, the second mode only 11.6%. Spatial patterns show 165 

patch of strong positive signal of Chl a concentration centering at 119.0ºE,19.0ºN about 166 

2.58×10
4
 km

2 
off the coast of northwest Philippines (i.e. the phytoplankton blooms always 167 

occur at this place ) (Fig. 2A, B), while the Chl a concentration exhibits a decreasing gradient 168 

(relatively weaker signal) around the patch. The lowest Chl a concentration with the weakest 169 

signal occurs at the entrance of Luzon Strait. The quantified seasonal variability is reflected 170 

by the temporal amplitude (Fig. 2C) associated with the spatial pattern of the first mode (Fig. 171 

2A). The positive signals with prominent peak of Chl a concentration generally appear in 172 

winter per year. Moreover, the time series of monthly averaged SeaWiFS data of the study 173 

area also show the same seasonality with highest concentration (0.43 mg m
-3

) in winter and 174 

lowest in summer (0.08 mg m
-3

) (Fig. 5A).  175 

Further analysis of annual variation of the phytoplankton blooms were depicted by 176 



seasonally averaged MODIS images of Chl a concentration and SST (Fig. 3A, B) in 2005. A 177 

patch of phytoplankton community southwest of Luzon Strait in winter (Dec.-Feb.) was 178 

reflected by higher Chl a concentrations (> 0.3 mg m
-3

) than other three seasons (Fig. 3A). 179 

Meanwhile, this bloom centering at 118.5ºE,19.7ºN was located in the bloom region which 180 

was calculated by EOF method (Fig. 2A). However, no remarkable differences of SST were 181 

evidenced in winter in the study area (Fig. 3B.1).  182 

3.2 Surface wind conditions 183 

Influenced by the Asian monsoon, the regional wind condition alternated the wind 184 

intensity and direction in different seasons (Fig. 3C). In winter (Dec.-Feb.), strong northeast 185 

winds about 16 m s
-1

 appeared at the entrance of Luzon Strait along the coastline of northwest 186 

tip of Philippine (Fig. 3C.1). During summer (Jun.-Aug.), the wind near Luzon Strait was 187 

obviously weaker than wind intensity of the region above Luzon Strait around Taiwan (Fig. 188 

3C.3), with the opposite direction to it of winter. Perhaps spring (Mar.-May.) and autumn 189 

(Sep.-Nov.) were the transitional periods in the monsoon system, and the wind conditions in 190 

these two seasons were relatively moderate with changing directions (Fig. 3C.2, C.3). Fig 5B 191 

show the variations of spatial averaged wind curl in the study area for the period of 192 

2000-2007. The velocity sticks illustrate prevailing northeast wind about 12 m s
-1

 in winter 193 

and southwest about 4 m s
-1

 in summer time.  194 

3.2 Mixed-layer depth reaching to about 60 m 195 

The spatial mean time series of the mixed-layer depth (Fig. 5C) in the study region show 196 

that an apparent seasonal variability coincided with Chl a concentration fluctuation (Fig. 5A) 197 

and local spatial averaged wind curl (Fig. 5B). From the linear regression analysis, a high 198 



correlation coefficient (r=0.83) at the 95% confidence level is evidenced between chl a 199 

concentration data of the study area and mixed-layer depth of the same region. The 200 

mixed-layer is deepening all the time in autumn, to reach to a maximum about 60 m in winter 201 

every year. From spring, the mixed-layer depth is begin to shallow and reaches to a minimum 202 

approximate 12 m in summer time.  203 

3.3 Vertical variation of temperature, DO and nutrients in January 2005 204 

Horizontal distributions of temperature (Fig. 4A-F) in January 2005 showed that a 205 

striking cold temperature core (< 19.0 ℃) was appeared at 50 m depth in the study area (Fig. 206 

4D), and the feature was more obvious in deeper sea water (75 m, 100 m) (Fig. 4E, F). At the 207 

depth of 0 m (Fig. 4A), 20m (Fig. 4B) and 30m (Fig. 4C), there were no signals of the cold 208 

water mass, and temperature was gradually increasing from northwest to southeast in the 209 

study area. Fig. 6 illustrated the vertical distributions of DO, N, P, Si from surface to a depth 210 

of 250 m averaged from 10 stations (Fig. 4D) which were located in the cold water core. The 211 

DO concentration in the upper 50 m ranged from 5.13 mg L
-1

 to 4.86 mg L
-1

. However, it 212 

varied from 4.52 mg L
-1

 to 2.95 mg L
-1

 below 50 m to the depth of 250 m (Fig. 6A). The 213 

profile of N (Fig. 6B) displayed a narrow fluctuation between 0.82 µM and 1.96 µM in the 214 

top 50 m. Below the depth of 50 m, the concentration of N rapidly increased with depth, 215 

reaching to a peak value of 29.30 µM at the depth of 250 m. The vertical profiles of P and Si 216 

concentrations showed similar trend to that of N. The concentration of P (Fig. 6C, D) was low 217 

from sea surface to the depth of 50 m and maintained little changes range from 0.43 µM to 218 

0.57 µM; a prominent increasing trend with depth was showed between the depths of 50 m 219 

and 250 m. The Si profile (Fig. 6D) also displayed little variation above the depth of 50 m and 220 



reached to a maximum of 59.10 µM at the depth of 250 m.    221 

 222 

4. Discussion 223 

4.1 The high occurrence region of the phytoplankton blooms limited by nutrients 224 

The results reveal the high occurrence area of winter phytoplankton blooms centering at 225 

119.0ºE,19.0ºN about 2.58×10
4
 km

2 
by statistic model (Fig. 2). The biological productivity is 226 

high in this region during winter off the tips of northwest Philippines. Previous studies have 227 

been shown that all those blooms are located in the high occurrence bloom region defined in 228 

this study. High pigment concentration southwest of Luzon Strait was centering at 118.5ºE, 229 

19.0ºN in December 1979 (Tang et al., 1999). The blooms also appeared in January and 230 

February 1983 centered at 119.0ºE, 20.0ºN and in February 1985 centered at 120.0ºE, 19.5ºN 231 

(Tang et al., 1999). In December 2003, the blooms center was at 118.5ºE, 19.5ºN and the 232 

highest chl a concentration reached to approximately 2.0 mg m
-3

 (Peñaflor et al., 2007). 233 

Phytoplankton production in the ocean is normally limited by nutrients availability and 234 

solar radiation (Dwivedi, 2008; Siegel et al., 2007; Tang et al., 2004a). The study area is 235 

located in the high solar irradiated latitude of the vicinity of Luzon Strait in the SCS which is 236 

the relatively oligoltrophic tropical-subtropical ocean (Tang et al., 2004b; Tang et al., 1999). 237 

Averaged winter SST about 24.3 °C is good for the growth of phytoplankton (Peñaflor et al., 238 

2007). Moreover, monthly mean photosynthetically active radiation (PAR) observed in winter 239 

around the study area is at high value (Chen et al., 2006). Therefore, winter phytoplankton 240 

blooms which always occur within the area about 2.58×10
4
 km

2 
in the southwest of Luzon 241 

Strait are majorly controlled by nutrient availability rather than radiation conditions. 242 



4.2 Subsurface upwelling and mixed-layer depth deepening during blooms 243 

The typical upwelling region is associated with high productivity due to upwelled 244 

nutrient-rich water from deep to sea surface (Labiosal and Arrigo, 2003; Tang et al., 2004b; 245 

Wilkerson et al., 2006), and the upwelling is reflected by cold sea surface water, low DO 246 

concentration as well as sea level anomaly (Collins et al., 2003; Martin and Villanoy, 2008; 247 

Shaw et al., 1996; Tang et al., 2002). However, southwest of Luzon Strait appears to have 248 

significant differences from other classic upwelling regions. The upwelling located in the 249 

study region can be identified by its anomalously subsurface phenomenon including cold sea 250 

temperature (< 19.0 ℃) (Fig. 4), low DO (Fig. 6A)and high nutrients (Fig. 6B-D) observed at 251 

the depth of 50 m only in winter time. The variation of DO concentration was within ±0.14 252 

mg L
-1

 in the upper 50 m depth and dramatically decreased from 4.52 mg L
-1

 to 2.95 mg L
-1

 253 

below 50 m to the depth of 250 m (Fig. 6A). Dissolved inorganic nutrients (N, P, and Si) 254 

reached to the limits from deeper water only to subsurface at the depth of 50 m (Fig 255 

6B-D).This is why this atypical upwelling is unable to be detected by remote sensing or field 256 

study from the sea surface parameters in every winter. In addition, low heat content is 257 

observed in this subsurface upwelling area (Udarbe-Walker and Villanoy, 2001). An 258 

elongated band of low sea level in the study region in wintertime also supports the upwelling 259 

exist (Martin and Villanoy, 2008).But the high productivity can not believe to occur solely in 260 

association with the subsurface upwelling which unlikely pumps nutrients into the euphotic 261 

zone to support the growth of phytoplankton. 262 

4.3 Mechanism of the offshore winter phytoplankton bloom 263 

4.3.1 wind-related physical and biological processes 264 



   Wind events in the sea play an important role in establishing the physical and biological 265 

processes (Botsford et al., 2006; Tang et al., 2003). The results demonstrate that the upwelling 266 

in the southwest of Luzon Strait is a subsurface phenomenon depended on local bottom 267 

topography and offshore Ekman pumping associated northeast monsoonal winds. The 268 

research region with low sea surface level in winter (Martin and Villanoy, 2008) is above part 269 

of Malina trench with the depth of about 5,000 m; the bottom topography at this place is 270 

complex with a steep slope (Fig. 1B). The sea level anomaly is related with the subsurface 271 

upwelling events, because the topographic steering of the winds moves surface water away 272 

and offshore Ekman transport induces the upwelling. However, cold upwelled waters with 273 

low DO and high nutrients are exposed at subsurface layer (Fig. 4). Phytoplankton growth in 274 

the study area is regulated primarily by nutrient availability. The subsurface upwelling just 275 

permits the transportation of nutrients to the low layer, which is impossible to support the 276 

growth of phytoplankton in the euphotic zone of the upper layer. Therefore, the key to 277 

understanding the formation of the winter blooms lies in elucidation of the possible 278 

mechanism of the nutrients supply to the upper layer.  279 

Time series of mixed-layer depth with local and synoptic wind forcing indicate that 280 

winds in winter are much stronger than in summer, the surface mixed-layer in the study area 281 

deepens more than 60 m during winter and becomes as shallow as 10m to 20m in summertime 282 

in response to the monsoonal winds (Fig. 5A, C). The strong winds during winter promote 283 

evaporative cooling to drive convective mixing and make the upper ocean in a turbulent 284 

situation. The tendency of turbulence to diffuse into the adjoining non-turbulent layer leads to 285 

the erosion of the underlying stratification of the thermocline, namely entrainment 286 



phenomenon, thus increasing the mixed-layer thickness (Backhaus et al., 2003; Labiosal and 287 

Arrigo, 2003; Strang and Fernando, 2001). The entrainment brings nutrients which support 288 

the growth of phytoplankton from the low layer to the upper layer. The influences of 289 

entrainment also enhance the effects on mixing the nutrients and phytoplankton in the upper 290 

layer (Madhupratap et al., 1996). The well-mixed nutrients of N, P, and Si in the upper layer 291 

demonstrate the existence of entrainment (Fig. 6B-D). The concentrations of N, P, and Si 292 

change slightly in the upper 50 m; dramatic increasing is evidenced below this layer.  293 

4.3.2 Conceptional model of the winter blooms formation 294 

The schematic pictures of winter and summer conditions (Fig.7) illustrate the mechanism 295 

of the offshore winter phytoplankton bloom. Strong wind stress during the winter northeast 296 

monsoon (Fig. 7A) results in Ekman transport, which induces the subsurface upwelling near 297 

the slope. Nutrients from the bottom or deep sea are transported to low layer by upwelled 298 

waters. Then turbulence intensifies mixing generated by stronger local wind string near the 299 

surface, which increases entrainment of water from below. During this process, mixed layer is 300 

deepening below the euphtotic zone. More nutrients are continuously being offered to 301 

maintain the growth of phytoplankton, because turbulence mixes nutrients brought by 302 

subsurface upwelling from low layer towards to the upper layer beyond the euphotic layer. At 303 

this time, the study area turns to be a high biological productive region. On the contrary, the 304 

wind direction is southwest in summer and weaker. It seems unlikely that the wind can induce 305 

subsurface upwelling owing to the local bottom topography and strong stratification in this 306 

area (Fig. 7B). Without the availability of nutrients from low layer, phytoplankton biomass in 307 

the study area was low in this season. 308 



 309 

5. Conclusions 310 

The region near Luzon Strait is oligotrophic in general, but it displays some unique 311 

features in wintertime. The present study reveals that phytoplankton in the southwest of 312 

Luzon Strait exhibits a repeated winter bloom appearing within the high occurrence area 313 

about 2.58×10
4
 km

2
 southwest of Luzon Strait off the coast of Philippines, and the bloom is 314 

caused by sufficient nutrients associated with subsurface upwelling and upper mixed-layer 315 

entrainment.  316 

Both the biological and physical processes in the study region have great relationship 317 

with winds. Nutrients are upwelled into the low layer by subsurface upwelling induced by 318 

positive Ekman pumping, subsequently entrained into the upper layer to support the growth of 319 

phytoplankton while turbulence is generated by local wind stirring. The present observations 320 

and explanations may provide insight on the contribution of different physical forcing to 321 

biological processes in the ocean and better understanding the interaction between physical 322 

and biological processes. 323 
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Figure Captions 463 

Fig. 1 A. Location of study area; B. Bathymetry map of study area (black bold line box) in SCS. 464 

The white dash indicated the Malina Trench.  465 

 466 

Fig. 2 A. Spatial pattern of the first EOF on Sea Surface Chl a data. Percentage of variance is 467 

60.1%. The dotted cross shows the extent of phytoplankton bloom; B. Spatial pattern of the 468 

second EOF mode accounts for 11.6% of the total variance. The arrow points the center of the 469 

bloom; C. Time series of the amplitude of the first EOF mode. 470 

 471 

Fig. 3 Seasonal images of 2005. A. MODIS-derived Chl a in (A.1) winter, (A.2) spring, (A.3) 472 

summer, (A.4) autumn. The ellipse and arrow indicate the offshore bloom phenomena; B. 473 

MODIS-derived SST. The ellipse in (B.1) shows SST without any abnormal state in the 474 

bloom region in winter; C. QuickScat wind. The small arrows indicate wind directions, and 475 

the color indicates wind speed. The large arrow and ellipse in (C.1) point out the bloom area 476 

experienced strong wind in winter. 477 

 478 

Fig. 4 Sea temperature distribution at 0 m, 20 m, 30 m ,50 m, 75 m and 100 m depth in January, 479 

2005.The ellipses in D, E and F indicate the subsurface upwelling phenomenon; The sampling 480 

stations in D for DO and nutrients analysis.  481 

 482 

Fig. 5 Temporal variations of the study area for A. SeaWiFS-derived Chl a; B. wind; C. 483 

mixed-layer depth. W: winter; S: summer. 484 



 485 

Fig. 6 Ecological data sampling profiles averaged from the 10 stations (shown as Fig. 6D) in 486 

January, 2005. A. DO profile; B. N profile; C. P profile; and D. profile of Si from surface to 487 

the depth of 250 m. 488 

 489 

Fig. 7 Schematic of phytoplankton bloom in A. winter and B. summer.  490 

 491 

 492 



- 0

- -500

- -5000

- -1000

- -1500

- -2000

- -2500

- -3000

- -3500

- -4000

- -4500

(m
e
te

rs
)

Figure 1.

Philippine

South 

China 

Sea

Luzon Strait

China Taiwan

A.

B.

Figures_Wang&Tang
Click here to download Table(s): Figures_Wang&Tang.ppt

http://ees.elsevier.com/marsys/download.aspx?id=36282&guid=142e945d-1871-49f9-a371-72933f3a9fe3&scheme=1


00  01  02  03  04  05  06  07  
-100

-50

0

50

100

150

2000     2001     2002     2003     2004     2005     2006     2007

150

100

50

0

-50

-100

116E 117E 118E 119E 120E 121E 122E
16N

17N

18N

19N

20N

21N

22N

116E 117E 118E 119E 120E 121E 122E
16N

17N

18N

19N

20N

21N

22N

-0.6   -0.5   -0.4   -0.3   -0.2   -0.1     0      0.1    0.2    0.3    0.4    0.5    0.6    0.7    0.8

EOF1 60.1% EOF2 11.6%

Figure 2.

A. B.

C.

te
m

p
o

ra
l 
a

m
p
lit

u
d

e
 



Figure 3.

116E 117E 118E 119E 120E 121E
16N

17N

18N

19N

20N

21N

22N

122E

A.3 Summer (Jun-Aug) B.3 Summer (Jun-Aug) C.3 Summer (Jun-Aug)

116E 117E 118E 119E 120E 121E
16N

17N

18N

19N

20N

21N

22N

122E

0.0 0.2 0.4 0.6 0.8 1.0 22.0        24.0      26.0       28.0       30.0      32.0 0.0        4.0         8.0         12.0      16.0       20.0

A.4 Autumn (Sep-Nov.) B.4 Autumn (Sep-Nov) C.4 Autumn (Sep-Nov)

A. MODIS chl a (mg m-3) B. MODIS SST (℃) C. QuikSCAT  Wind (m s-1)

116E 117E 118E 119E 120E 121E
16N

17N

18N

19N

20N

21N

22N

122E

A.1 Winter (Dec-Feb) B.1 Winter (Dec-Feb) C.1 Winter (Dec-Feb)

116E 117E 118E 119E 120E 121E
16N

17N

18N

19N

20N

21N

22N

122E

A.2 Spring (Mar-May) B.2 Spring (Mar-May) C.2 Spring (Mar-May)



113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

113E 114E 115E 116E 117E 118E 119E 120E 121E
15N

16N

17N

18N

19N

20N

21N

22N

0m

-20m

-30m

-50m

-75m

-100m

15    16      17     18     19      20     21     22     23     24      25     26      27     28     29    30 (℃)

Figure 4.

A.

B.

C.

D.

E.

F.



Figure 5.

0
10
20
30
40
50
60
70

W
in

d
 s

p
e

e
d

 (
m

 s
-1

)

0

5

-5

-15
-20

10
15

20

-10

W      S      W     S      W      S      W      S      W      S      W      S       W     S       W     S

2000          2001          2002          2003          2004          2005          2006         2007

0
10

20

30

40

50

60

70
W      S      W      S      W      S      W      S       W      S      W      S      W     S

2000           2001          2002           2003          2004          2005          2006

M
ix

e
d

-l
a
y
e

r 
D

e
p

th
 (

m
)

A.

B.

C.

0.05
0.10
0.15
0.20
0.25
0.30
0.35

0.45
0.40

2000          2001          2002          2003          2004          2005          2006         2007

W      S      W     S      W      S      W      S      W      S      W      S       W     S       W     S

C
h
l 
 a

(m
g
 m

-3
)



0 5 10 15 20 25 30 35 0.0 0.4 0.8 1.2 1.6 2.0 0 10 20 30 40 50 60 702.53.03.54.04.55.05.5

-250

-200

-150

-100

-50

0

B. N (µM) C. P (µM) D. Si (µM)

D
e

p
th

 (
m

)
Figure 6.

A. DO (mg L-1)



Sea surfaceSea surface

Bloom region

Northeast Wind

C
oa

stUpwelled water

Mixed layer

Winter

Nutrients

Bloom region

Northeast Wind

C
oa

stUpwelled water

Mixed layer

Winter

Nutrients

Southwest Wind

C
oa

st

Mixed layer

Sea surface

Nutrients

Summer

Southwest Wind

C
oa

st

Mixed layer

Sea surface

Nutrients

Summer

Figure 7.

A. B.


