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Phytoplankton blooms often occur in the offshore region northwest of Luzon Islands in winter. Using
remote sensing data, including sea-surface temperature, monthly-mean mixed layer depth (MLD), wind
speed (SP), and SeaWiFS-derived chlorophyll-a (Chi-a) data from September 1997 to February 2007,
we investigate the spatial and interannual variation of the winter phytoplankton in the region along
with in situ GTS (the Global Telecommunications System) XBT (Expendable Bathythermograph) data and
climatological nitrate and temperature observations from World Ocean Atlas 2005. The results clearly show
high winter phytoplankton biomass (i.e. Chl-a) and its interannual variation in the region. The lower Chl-a
concentrations (~0.2 mg m~3) appeared often in winters (e.g. 1997 and 1998) when there was weaker wind
speed, Ekman pumping velocity (EPV) and entrainment velocity (EV), and shallower MLD; conversely
higher Chl-a (>0.5 mg m™3) appeared in winters (e.g. 2001 and 2003) when there was higher subsurface
temperature, stronger wind speed, EPV and EV, and deeper MLD. It is thought that wind-induced upwelling
(Ekman pumping) and entrainment mixing may be important factors leading to the high winter Chl-a, and
the wind speed and wind stress curl were good indicators of higher Chl-a; the positive correlation between
subsurface temperature (and MLD) and Chl-a represented more warm water intrusion from the Northwest
Pacific Ocean into the region in the higher Chl-a years.

Keywords: Ekman pumping, entrainment, Northeastern South China Sea

in carbon cycling has become increasingly funda-
mental to contemporary geosciences, and has been

Marine phytoplankton biomass forms the basis of  advanced tremendously by the application of ocean
food chains in oceans and affects sea-surface CO,  color remote sensing. Upwelling regions account

Introduction

through photosynthesis, which contributes roughly
half of the biosphere’s net primary production (PP;
Behrenfeld et al., 2006). An understanding of phy-
toplankton photosynthetic production and its role

only for 1% in the total area of the whole oceans,
but the annual PP and the new PP in the upwelling
regions are respectively 1.8% and 7.25% of the to-
tal PP for the whole oceans (Lalli and Parrsons,
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Figure 1. Winter chlorophyll-a (mg m~3) climatology and location of the study area. Box A (15-23°N, 115-123°E): the study area,
where the phytoplankton blooms often occur in winter; Box B (118-121°E, 18.5-20.5°N): a sampling area for satellite data; Box B1
(118-121°E, 17-19°N). The 2000 m isobath is also depicted (white contours).

1997). Due to the high output of phytoplankton
and fishery, investigations of marine ecology in the
upwelling regions have always been a hot topic for
the last 50 years (Martin et al., 1987).

The South China Sea (SCS), with a total area of
about 3.5 x 10% km?, is the largest marginal sea in
the western tropical Pacific Ocean (Figure 1). Luzon
Strait, a channel between the Western Pacific Ocean
and SCS, is about 350 km in width with a sill depth
ofabout 1900 m. It is the most important channel for
the exchange of the SCS deep water with the water
of the open northwestern Pacific Ocean (Sverdrup
et al., 1946). Previous investigations indicated
that seasonal phytoplankton blooms and upwelling
prevailed northeast of Luzon in winter (Gong et al.,
1992; Liu et al., 1996; Shaw et al., 1996; Pefiaflor
et al,, 2007). Pan et al. (2010) investigated the
validation of satellite data in the northern SCS. The
SCS is mostly controlled by oligotrophic water with
abundant light year round (Liu et al., 2002; Zhao and
Tang, 2007), and the mean annual PP is estimated
to be only about 350 mg C m?> d~! (Liu et al., 2002).
There are relatively low winter Chl-a contents
(Figure 1) (<0.2 mg m~?) in the deep basin with a
depth over 2000 m; nevertheless high Chl-a content
(>0.3 mg m~3; Box B in Figure 1) appears evidently
northwest of Luzon islands. Phytoplankton blooms
in the region can exert an important influence
on the SCS PP, fishery and the entire marine

ecosystem. However, historical studies related to
the blooms northwest of Luzon were based on only
remote sensing observations for relatively short
periods (Tang et al., 1999; Pefiaflor et al., 2007)
or sparse in-situ bio-hydrological measurements
(Chen et al., 2006). Distribution and interannual
variation of winter phytoplankton biomass west
of Luzon were seldom investigated using longer
terms of SeaWiFS Chl-a data, combined with other
satellite and buoy’s/historical observations.

In this paper, we emphasize interannual vari-
ation of the winter Chl-a bloom and influences
of upper ocean conditions Northwest of Luzon,
and probe into possible mechanisms underlying
the winter phytoplankton bloom and its interannual
variability.

Study Domain, Data and Methods

Study area and data sampling

Our study area lies in the northeastern SCS
(Box A in Figure 1). In the area, the northeasterly
monsoon appears in September, covering the entire
SCS in November and generally reaching peak
in December-January. The Kuroshio, a western
boundary current of the North Pacific Ocean, and
western tropical Pacific Ocean Water can interact
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with the SCS through Luzon Strait (Shaw, 1991; Li
et al., 1998). Intrusions of the Kuroshio as a loop
into northeastern SCS and eddies shed from the
Kuroshio into the SCS have been observed (Shaw
etal., 1991; Liet al., 1998). The shape of intrusion
circulation merged with distribution of wind stress
curls and wind parallel to the coastline is favorable
to induce upwelling in the region. In order to
further expatiate quantitatively on the relationship
between Chl-a and oceanic conditions (including
surface winds), we chose a box, Box Bl (118 ~
121°E, 17 ~ 19°N) in Figurel for area-averaged
time series, where the variations of wind speed, Ek-
man pumping velocity (EPV) and SST were more
notable. Considering the lag time of phytoplankton
growth for uptake of nutrients (the average turnover
time being 2—6 days (Behrenfeld and Falkowski,
1997) and advections by the winter cyclonic cir-
culation in the area (Hu et al., 2000; Morton et al.,
2001), a patch of high Chl-a here may move north-
ward in the east SCS. Thus, we chose Box B (118 ~
121°E, 18.5 ~ 20.5°N) in Figure 1 as sampling
areas for Chl-a and MLDs, which is equivalent to
assume a northward current of 0.3 ~ 1 ms~!.

Data and Methods
SeaWiFS derived Chl-a data

Sea-viewing Wide Field-of-view Sensor (Sea-
WIiFS) is operational since August 1997onboard
the SeaStar spacecraft of NASA. In the present
study, the Chl-a data are derived from SeaW-
iFS Version 4. Level 3 Monthly Standard Mapped
Image (SMI) data were interpolated to a regu-
lar grid of equidistant cylindrical projection of
2160 x 4320 pixels (about 9.2 km), from October
1997 to July 2005. The data were obtained from
the Distributed Active Archive Center (DAAC)
of Goddard Space Flight Center (GSFC), NASA
(http://oceancolor.gsfc.nasa.gov/cgi/level3.pl).

Sea Surface Temperature (SST), Mixed
Layer Depths (MDL) and Sea Surface
Wind

SST data from AVHRR Pathfinder Version
5 SST Project (spatial resolution 4 km with
daytime) through Multi-Channel SST algorithm
(McClain et al., 1985) and validation (Lee et al.,
2005), which is a new reanalysis of AVHRR data

stream, were obtained from Physical Oceanogra-
phy Distributed Active Archive Center, JPL, NASA
(http://podaac.jpl.nasa.gov/sst). The monthly-mean
products for 1985-2007 are used in the present
study.

Using their Thermal Ocean Prediction Model
(TOPS) model, monthly-mean MLDs were cal-
culated by the Fleet Numeric Meteorology and
Oceanography Center (FNMOC) in Monterey, Cal-
ifornia and available from Oregon State University
(http://www.science.oregonstate.edu).

Sea-surface wind speed (SP) and stress were
obtained from the daily Quick Scatterometer
(QuikSCAT) data provided by the Remote Sens-
ing Systems in Santa Rosa, California (http:/www.
remss.com/). We also calculated the wind-induced
Ekman pumping velocity (EPV) (Zhao and Tang,
2007). The entrainment velocity was estimated,
based on EPV and MLDs according to Mendoza
et al. (2005).

Hydrographic Data

The climatological profiles of in situ temper-
ature, phosphate and nitrate of the World Ocean
Atlas 2005 (WOAO0S5) (Boyer et al., 2006) were
imaged, and this was provided from the Na-
tional Oceanographic Data Center (NODC) of
NOAA (http://www.nodc.noaa.gov). The expend-
able bathythermograph (XBT) data of the Global
Telecommunications System (GTS) were avail-
able from http://www.aoml.noaa.gov. Five sets of
XBT data in Januaries of 2001-2005 are chosen
at stations roughly inside Box B (i.e. 118-120°E
20-21°N). Vertical profiles of temperature were
used to analyze the influence of vertical thermal
structure on phytoplankton biomass.

Methods

By using the above-mentioned data of Chl-
a, SST, SSW, EPV, EV and profiles of cli-
matological temperature, phosphate and nitrate,
monthly-mean climatology during the winter sea-
son (November—March) was produced for a period
as long as these data are available. For further eval-
uating changes of the Chl-a, time series of Chl-a
and MLD were constructed by averaging them over
Box B in Figure 1. The SST, EPV, EV, and SP were
averaged over Box B1 (Figure 1) to probe into the
mechanism of winter high Chl-a.
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Figure 2. The time series of Chl-a concentrations averaged for Box B (Figure 1). X-axis represents yearly dates (month). Solid and
open arrows point to January and July from 1998-2007, respectively.

Results

Winter high Chl-a concentration northwest
of Luzon and temperature profiles

As shown in the climatology of Chl-a averaged
for winter (Figure 1), the low Chl-a (<0.15 mgm™3)
was only observed in the western Pacific Ocean and
offshore regions south of 20°N. The patch of high
Chl-a (>0.3 mg m~3) in winter covering Box B
in Figure 1 and Figure 2 appeared evidently north-
west of Luzon. The climatology for winter months
(Figure 3, A1-A3) showed also obviously high Chl-
a concentration (>0.3 mg m~?) roughly in the sim-
ilar location.

The time series (Figure 2) of Chl-a concentra-
tions averaged for Box B (B in Figure 1) represents
the monthly variation of Chl-a during September
1997 to February 2007 and shows high concentra-
tions (>0.2 mg m~3) up to 0.5 mg m~3 in winter
and low concentration (<0.1 mg m~3) in summer.
The maximum of monthly Chl-a concentrations typ-
ically occurred in December/January in almost ev-
ery winter (solid downward arrows in Figure 2),
confirming annual recurrence of winter phytoplank-
ton blooms in the region. The Chl-a showed evi-
dent interannual variability with the highest peak of
0.55 mg m~3 in December 2003 and the lowest value
of 0.21 mg m~2 in December 1997.

Levitus temperature and nitrate
concentration

Due to cooling and strong mixing induced by
strong winter monsoon, it is likely difficult to dis-
tinguish upwelling tendency from mixing effects.
Here, we used the temperature at the depth of 75 m
(Tempys) as the indicator for upwelling. The Temp;s
climatology (Figure 3b) for winter displayed obvi-
ously a low temperature patch (<21°C) northwest

of Luzon; however, warm temperature is prevalent
northeast of Luzon (>23°C) and in the surrounding
area (>22°C). The low temperature patch (Figure
3 bl-3) in winter may indicate that upwelling ten-
dency was prevalent northwest of Luzon in these
winter months. Though the spatial resolution of the
monthly nitrate concentration from Levitus is low
(1° x 1°), the winter climatology of nitrate con-
centration averaged for the upper 75 m (Figure 3c)
displayed a patch of high nitrate concentration
(>2.5 ug m~3) in roughly the similar location with
the low Temp7s patch northwest of Luzon, which
supports the existence of upwelling in the region
northwest of Luzon.

MLD northwest of Luzon in winter

In winter, MLDs deepen generally due to vigor-
ous mixing induced by strong winter monsoon and
cooling tendency for upper oceans resulted from
heat losses and southward advection of cold water
in northern SCS. Thus, deep MLD (>60 m; Figure
3D) appeared in the western Pacific Ocean and off-
shore regions south of China. Nevertheless, shallow
MLDs were observed northwest of Luzon, approxi-
mately near the high Chl-a patch (Figure 3a) and the
low Temp7s patch (Figure 3b), as well as the high
nitrate patch (Figure 4c).

Wind speed and EPV in winter

The wind vectors and EPV patterns (Figure 3E)
presented strong northeasterly winds (>10 m s™})
and downwelling tendency (<—1 x 107¢ m s7!)
implied by negative EPV in most of the northeast
SCS. Nevertheless, strong upwelling tendency from
EPV (>1 x 107> m s~ !; Figure 3e) can be ob-
served northwest of Luzon, located in 118°-120°E
and 17°-19°N (Figure 3e) roughly similar to the lo-
cation of the low Temp7s patch. Results showed also
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Figure 4. Time series data sampled from Box B and Box B1 in Figure 1 for the winter period of 1997-2007 (a-b) and 1999-2007
(c—e) Sea Surface Temperature (SST); Chl-a (mg m~3); Mixed Layer Depth (MLD) (m); Ekman Pumping Velocity (1070 m s=1),
(EPV); Surface Wind Speed (SP) (m s~'); Entrainment velocity, (1076 m s~!) (EV).

that the region of this strong EPV occurred gener-
ally in the same locations south of the region of high
Chl-a patch during December—February.

Time series of Chl-a, SST, MLD, EPV, SP
and EV in winter

Time series of monthly Chl-a, SST, MLD, EPYV,
SP and EV (Figure 4) for winter months (December-
February) was produced for Box B1 and B (Figure 1)
northwest of Luzon. The time series showed evident
interannual variability of Chl-a, SST and MLD. The
relationship between Chl-a and SST is not signif-
icant, with a negative correlation coefficient (Cor-
relation coefficient: R = —0.297; Level of signifi-
cance: P > 0.05). In contrast, Chl-a presented signif-
icant correlation with MLD (R = 0.445, P < 0.05).

There was also significant positive correlation (Fig-
ure 4c—4e) between Chl-a and EPV (R = 0.5), SP
(R =0.74) as well as EV (R = 0.70) at the level of
significance of 0.01.

Chl-a and XBT vertical temperature
in winter

Here, we selected a set of XBT temperature data
inside Box B (Figure 1) in January from 2001-2005
as a proxy of the winter water temperature. The XBT
profiles in the upper 100-m depth (Figure 5a) indi-
cated high mean temperature in January of 2002
and 2004 and low mean temperature in January
of 2001 and 2003, highest in 2004 and lowest in
2003. According to the time series of the tempera-
ture at the depth of 75 m (Tempss) and the Chl-a
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Figure 5. (a) Profile of temperature (°C) and (b) time series of temperature at 75-m depth (°C) and Chl-a (mg m~3) for January from

2001-2005 in Box B (Figure 1).

concentration averaged for winter (December-
January) (Figure 5B), the Temp;s and Chl-a pre-
sented also a good positive correlation (R = 0.929,
P < 0.05), i.e. high Chl-a vs. high temperature.

Discussion
The winter high Chl-a patch

Nutrients such as nitrate and phosphate are lim-
iting factors for marine phytoplankton in tropical
oceans. In upper tropical oceans with abundant sun-
light, nutrients are generally low in a photic layer
(Levitus et al., 1994) because of consumption by
phytoplankton and block of injection of nutrient
into the upper layer by the pycnocline. Ocean wa-
ter temperature is generally lower below the upper
mixed layer. Thus, horizontal pattern of temperature
or SST is usually taken as an important indicator for
upwelling, which can entrain nutrients into the eu-
photic zone as well as phytoplankton closer to the
surface so that their photosynthetic system receives
greater solar irradiance.

In the present study, according to the vertical
profiles of Levitus climatology of temperature and
nitrate (Figures 3b—3c), the significant upwelling
tendency and increasing concentration of nutrients
(i.e. nitrate concentration) were verified in the re-
gion northwest of Luzon, consistent with Tang et
al. (1999) and Wang et al. (2003). In regions of
strong wind, mixing entrainments may lead to deep-
ening of MLD, increasing nutrient-rich water into
upper oceans and triggering higher Chl-a concen-
tration, in turn. On the other hand, in upwelling
regions, upwelling tendency can generally induce

uptake of sub-surface water and divergence of sea
surface water, reducing the MLD. Thus, as shown
in Figure 3d, shallower MLD implies higher Chl-a
in regions dominated by wind-induced upwelling. It
is a possible reason leading to higher phytoplankton
in winter than that in other seasons (Figures 1 and
2). Moreover, coinciding roughly with the region
of high Chl-q, the ocean data along 18.5°N dis-
played respectively shallower MLD, stronger EPV
and wind speed in the region, compared with re-
gions in the western Pacific Ocean or the SCS close
to the region, respectively (Figures 3d and 3e), in-
dicating possible prevailing upwelling tendency in
the region. Winter upwelling tendency northwest of
Luzon was also validated in the region using ocean
models/observational data (Gong et al., 1992; Liu
et al., 1996; Shaw et al., 1996), consistent with
our study. At the same time, high phytoplankton
biomass in winter was also reported in previous
studies (Tang et al., 1999; Pefiaflor et al., 2007).
Therefore we conjectured that the patch of high Chl-
a observed northwest of Luzon may be mainly trig-
gered by increasing nutrient level through enhanced
EPV associated with the wind stress curl and strong
entrainment mixing associated with strong wind and
heat loss (Figures 3 and 4). Note that the maximum
Chl-a often occurred in December instead of Jan-
uary, which may be attributed to the influence of
zooplankton growth time lagging (Chen et al., 2006;
Olivieri, 1983), leading to high grazing pressure
in January.

In addition, fronts/eddies due to the intrusion
of the Kuroshio and the northward movement
of the northward coastal current west of Luzon
(NCCWL) may also exert certain influence on the
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winter phytoplankton blooms (Chao et al., 1996;
Shaw et al., 1996; Fang et al., 1998).

The interannual variation of the winter
high Chl-a patch

The winter Chl-a, SST, EPV, SP and MLD in
Figure 4 all clearly displayed interannual variation
in the region northwest of Luzon. Nutrients (tem-
perature) are generally higher (lower) at deeper lay-
ers according to Levitus climatology (Boyer et al.,
2006). Thus, upwelling and mixing entrainment can
influence abundance of nutrients available to phyto-
plankton, elevating Chl-a concentration. Compared
with surrounding water column, upwelling tendency
may lead to shoaling of the MLDs and doming
of isotherms and divergence of sea surface water
(Udarbe-Walker and Villanoy, 2001). Thus, inter-
annual changes in MLDs and vertical temperature
might reflect variation of upwelling intensity.

Previous studies showed considerable upwelling
northwest of Luzon, attributable to positive wind
stress curl (Qu, 2000), to subsurface convergence of
the NCCWL during NE monsoon (Chao etal., 1996;
Shaw et al., 1996), or to cyclonic eddies (Hu et al.,
2000; Wang et al., 2003; Han and Huang, 2009). As
shown in Figure 3, vertical and horizontal conditions
ofthe region affirmed also prevalent upwelling in the
region in winter.

The present study indicated EPV and EV are sig-
nificantly correlated with Chl-a concentration, im-
plying that the phytoplankton blooms were mainly
triggered by the nutrient enhancement through
wind-induced upwelling and through vertical en-
trainment due to wind forcing and heat loss. The
interannual variation of the winter SST and MLD
is more complicated. Farris and Wimbush (1996)
displayed that stronger northeast monsoon can trig-
ger intrusion of the Kuroshio Current and stronger
cyclonic current loops into Luzon Straits. The
Kuroshio Current from the Northwest Pacific has
higher temperature and MLD (Figure 3). Higher
temperature of the intruding Kuroshio water works
against the effect of the surface wind mixing and
heat loss as well as the subsurface upwelling on
SST. This may be the reason that the SST cannot
reflect upwelling in the present study. The positive
correlation between the winter MLD and Chl-a is
somewhat unexpected. A plausible explanation is
that although the upwelling generally reduces the
MLD as discussed in 4.1, the far deeper MLD of
the intruding Kuroshio water could overcome the

upwelling effect completely. Indeed, the high pos-
itive correlation between Chl-a and the Temp7s in
the region (Figure 5b) suggests that the intrusion of
warm water from the Northwest Pacific Ocean was
stronger during these years with higher Chl-a, EV
and EPV, as shown in Figures 4-5.

Moreover, Kuroshio Current loops and the fronts
due to the intrusion of the Kuroshio and northward
current along the west Luzon coastline can also be
important for nutrients transport or advection (Far-
ris and Wimbush, 1996; Hu et al., 2000; Wang et al.,
2003; Pefiaflor et al., 2007). However, based on an
analysis of the eddy-induced curls calculated from
altimetry-derived geostrophic currents, we found
poor correlation between the Chl-a concentration
and eddy-induced curls (not shown).

Conclusions

The present study revealed the spatial distribu-
tion and interannual variation of the winter phyto-
plankton bloom northwest of Luzon. The concentra-
tion of the winter high Chl-a patch was significantly
correlated with EPV, EV, SP Temp;s and MLD. It
was thought that the wind-induced upwelling (Ek-
man pumping) and the entrainment associated with
the surface wind stirring and heat loss may play
important roles in the high winter Chl-a blooms.
The EV, EPV, SP may be good indicators of the
uptake of nutrients available to phytoplankton in
eutrophic layers; while the Tempss and MLD may
merely represent the degree of the intrusion of the
warm Kuroshio water.
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