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Abstract

An eddy-resolving coupled physical-biological ocean model has been employed to investigate
the physical influences on phytoplankton blooms in the South China Sea during 2000-2007.
The model captures the seasonal and interannual variability of surface chlorophyll distribution
associated with mesoscale eddies, ocean circulation and upwelling generated by the monsoon
winds. The model also reproduces the high chlorophyll distributions in two coastal upwelling
regions: the northwestern Luzon in winter and the eastern coast of Vietnam in summer. To the
northwest of Luzon, the monsoon driven-upwelling, anticyclonic eddies, and the intrusion of
the Kuroshio has a large impact on the winter phytoplankton bloom. The model shows the
winter phytoplankton bloom is induced by the shallow nutricline depth under the northeast
monsoon. Strong vertical motions at the edge of anticyclonic eddy enhance the phytoplankton
bloom and produce the filamentary structure. Off the eastern coast of Vietnam, the
monsoon-driven upwelling and anticyclonic circulation control the high chlorophyll
distribution in summer. During the southwest monsoon, strong offshore Ekman transport and
upwelling occur and increase the surface chlorophyll. The high chlorophyll is advected from

the coast to open ocean by the strong offshore circulation.
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1 Introduction

The South China Sea (SCS) is influenced strongly by the monsoon system. The seasonal
variation of monsoonal winds drives the surface oceanic circulation and upwelling in this
region (e.g., Wyrtki, 1961; Shaw and Chao, 1994; Liu and Xie, 1999; Liu et al., 2002). The
alternating monsoons in summer and winter lead to changes in the upper circulation system.
In summer, the strong southwesterly winds drive an anticyclonic gyre in the SCS and result in
localized upwelling off Vietnam (e.g., Kuo et al., 2000; Liu et al., 2002; Xie et al., 2003). In
winter, the northeasterly winds force a cyclonic gyre in the SCS and drive the localized

upwelling off the western Luzon (e.g., Qu, 2000; Liu et al., 2002).

The seasonal variation of the chlorophyll distribution in the SCS is very much affected by the
alternating monsoon winds and resultant changes in ocean circulation. The strong upwelling
induced by the monsoon contributes to the high chlorophyll concentrations found in the areas
off eastern Vietnam, and off western Luzon. During the southwest monsoon (May to
September), the surface chlorophyll maximum occurs off the east coast of Vietham. During
the northeast monsoon (November to March), blooms appear off the northwest coast of Luzon,
and the surface chlorophyll concentration in the upwelling regions is much reduced. Tang et
al. (1999, 2004) investigated the effects of wind forcing on the phytoplankton blooms off the
northwest of Luzon and off the east coast of Vietnam using hydrographic and satellite data.
They indicated the phytoplankton blooms were related to upwelling, which brings nutrients to
the surface waters. Wang et al. (2010) indicated that the winter phytoplankton bloom off the
northwest of Luzon is primarily induced by both Ekman pumping-driven upwelling and upper
mixed layer entrainment. In addition to the seasonal variation, the SCS circulation also shows
the interannual variability related to the El Nifio Southern Oscillation (e.g., Kuo et al., 2004;
Liu et al., 2004; Fang et al., 2006) and Indian Ocean Dipole (IOD) (Saji et al., 1999; Yang et

al., 2010) the latter having a considerable impact on the southwest monsoon over the SCS.

Mesoscale eddies are an important component of ocean dynamics in the SCS (Wang et al.,
2003; Liu et al., 2008; Chen et al., 2011). They play an important role in the transport of heat,
salt and biogeochemical tracers. Eddies affect the rates of nutrient supply to the euphotic zone
through upwelling and downwelling, with a resultant change in phytoplankton productivity.
To investigate the physical characters of mesoscale eddies in the SCS, many studies have
been performed (e.g., Chi et al., 1998; Wang et al., 2003; Xiu et al., 2010; Zhuang et al.,

2010). However, only limited studies, based on a few cruises data and satellite data, have
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focused on the impact of eddy activity on the phytoplankton productivity. Ning et al. (2004)
observed high chlorophyll and primary production in cyclonic eddies and low chlorophyll and
primary production in anticyclonic eddies. Chen et al. (2007) observed enhanced primary
production in a cyclonic eddy in Luzon Strait. Lin et al. (2010) studied the phytoplankton
bloom produced by an anticyclonic eddy injection in the oligotrophic area of the northern

SCS. These studies, based on shipboard measurements, are limited both in time and space.

The physical-biological model provides a useful tool to address questions concerning the role
of physical processes and their impact on the biogeochemical processes at different scales.
Liu et al. (2002) demonstrated that the uplifted nutricline in association with the monsoon
winds generated the observed level of chlorophyll in the SCS. They also simulated the high
chlorophyll concentration off the east coast of Vietnam during the southwest monsoon and off
the northwest of Luzon during the northeast monsoon. Liu and Chai (2009) investigated the
seasonal and interannual variations of biogeochemical processes in the SCS. They showed the
interannual variation of biological productivity is weaker than the seasonal variation. Xiu and
Chai (2011) focused on the biogeochemical response to the modeled mesoscale eddies in the
SCS. They compared the chlorophyll and new production in the cyclonic and anticyclonic
eddies with the SCS basin mean. They showed cyclonic eddies enhance the chlorophyll and

new production, and anticyclonic eddies reduce them.

In this study, we focus on the effect of monsoon variation and eddy activity on the
phytoplankton blooms in the SCS using output of an eddy-resolving (0.1°) global
physical-biological model (Sasai et al., 2006, 2010). The eddy-resolving model captures
mesoscale phenomena such as narrow boundary currents, filamentary structures, coastal
upwelling, and eddy variability. We determine the seasonal variability of phytoplankton
blooms influenced by the several scales of variability of physical processes and also examine
the spatial response of phytoplankton blooms to interannual scale variability during the

2000-2007 period.

2 Model Description

The physical model is the Ocean general circulation model For the Earth Simulator (OFES)
(Masumoto et al., 2004), which is based on the Geophysical Fluid Dynamics Laboratory’s
Modular Ocean Model (MOM3) (Pacanowski, and Griffies, 2000). The model domain covers

a near global region, except for the Arctic Ocean, extending from 75°S to 75°N. The
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horizontal resolution is 0.1°. There are 54 vertical levels, with varying thickness between the
levels from 5 m at the surface to 330 m at the maximum depth of 6065 m. The model
topography is constructed from the 1/30° bathymetry dataset created by the OCCAM Project
at the Southampton Oceanography Center. After the physical fields have been spun up for 50
years under the climatological monthly mean data of NCEP/NCAR, the OFES is forced by
the daily mean NCEP/NCAR reanalysis data (Kalnay et al., 1996) for 48 years from 1950 to
1998. The last day of 1998 is used for the initial physical fields for this simulation.

The marine ecosystem model is a simple nitrogen-based four-compartment, NPZD (Nitrate,
Phytoplankton, Zooplankton and Detritus), ecosystem model (Oschlies, 2001). The evolution
of the biological tracer concentrations in the OFES is governed by an advection-diffusion
equation with source and sink terms. The source and sink terms represent the biological
processes (Sasai et al., 2006,2010). The biological processes include phytoplankton growth,
zooplankton grazing, mortality, and detritus remineralization. The ecosystem model is
described in Appendix A. The initial nitrate field is taken from the climatological dataset
(WOA98) and has no supply from the atmosphere and rivers. The initial P and Z
concentrations are set to 0.14 mmol m~ and 0.014 mmol m™ at the surface, respectively,
decreasing exponentially with a scale depth of 100 m (Sarmiento et al. 1993). D is initialized
to 10* mmol m™ everywhere. To establish a stable pattern of the biological fields, the
biological model is incorporated after the physical field of OFES is spun up for 50 years
under the climatological monthly mean data. The biological model coupled with the evolving
physical fields is integrated over a 5-year period under the climatological monthly mean data
(Sasai et al., 2006). The variability of biological fields has no feedback on the physical fields.
The biological fields at the end of coupled 5-year integration are used as initial conditions for

biological fields for this simulation.

For the experiment reported here, the coupled physical-biological model (OFES-NPZD) is
forced by the daily mean surface wind stress data of Quick Scatterometer (QSCAT) and
atmospheric daily mean data (heat and salinity fluxes) of the NCEP/NCAR reanalysis from
1999 to 2007. We use OFES-NPZD outputs for the SCS domain. Results are presented for
years 2000 to 2007. The simulated phytoplankton concentration (mmol N m™) is converted to
chlorophyll concentration (mg m™) using a ratio of 1.59 g chlorophyll per mol nitrogen
(Cloern et al., 1995; Oschlies, 2001). To investigate the performance of the coupled

physical-biological model, we compare our results with the ocean color satellite image data of
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the Sea-viewing Wide Field-of-View Sensor (SeaWiFS).

3 Results

3.1 Seasonal variability of physical and biological fields

Ocean color satellite images reveal two seasons (summer and winter) of the surface
chlorophyll distribution in the South China Sea, especially, off the east coast of Vietnam and
off the northwestern Luzon (Fig. 1). Fig. 1 also shows the peak conditions of the model
surface chlorophyll, the vertical mean nitrate concentration over the upper 73 m depth, the
thermocline depth, and vertical nitrate flux at 73 m depth during the summer (August) and
winter (December) monsoons. The 73 m depth is close to the subsurface chlorophyll
maximum depth in the model. In August, SeaWiFS shows a band of high chlorophyll
concentration (> 0.3 mg m™) about 100 km wide extending 500 km northwestward off the
east coast of Vietnam. High chlorophyll concentration also appears along the coast of
southwestern China, and the south of Vietnam. The simulated chlorophyll distribution
represents same pattern of the SeaWiFS off the east coast of Vietnam, but has a relatively low
concentration along the coast of southwestern China and the south coast of Vietnam. Off the
east coast of Vietnam, the high chlorophyll (> 0.3 mg m™) area extends about 100 km wide
from the coast to the open ocean (500 km). The high chlorophyll concentration region is
strongly related to the southwesterly monsoon wind. The southwesterly winds produce coastal
upwelling (upward Ekman pumping) off the east coast of Vietnam and drive the anticyclonic
gyre in the southern basin of SCS. The surface current off the Vietnam is also clearly
reproduced (Figs. 2a and 2b). The coastal upwelling brings cold, nutrient rich close to the
surface. There is large vertical nitrate flux (> 4 mmol N m™ d'), which induces a
phytoplankton bloom with chlorophyll concentrations in excess of 0.3 mg m™. An offshore
current, which is a part of an anticyclonic gyre, transports the high chlorophyll concentration
from the coast to the open ocean. In the pelagic ocean, excluding the coast and upwelling
regions, the simulated chlorophyll concentration is mostly below 0.2 mg m™, similar to that

seen in SeaWiFS.

In December, northeasterly winds are dominant over the SCS, and change the surface
circulation system. The cyclonic circulation is dominant in the SCS basin (Figs. 2a and 2b).

The reversed wind changes the location of the upwelling regions. The upward Ekman
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pumping area from the southern SCS to the western Luzon inputs high nitrate waters into the
surface layer. The model clearly captures the high chlorophyll (> 0.3 mg m™) distribution off
the northwestern Luzon as seen in SeaWIFS data. The high chlorophyll area extends from the
northwestern Luzon to open ocean (500 km). The thermocline depth is shallow (< 75 m
depth) and the high nitrate (>1 mmol N m™) waters lift up from the subsurface layer. The
vertical nitrate flux is also strong (> 4 mmol N m™ d), and the high surface chlorophyll
conditions are maintained by the nitrate supply from subsurface layer in the northwestern
Luzon. Outside of the coastal and upwelling regions, the simulated chlorophyll concentration

is again below 0.2 mg m™.

In general, the seasonal variability of the observed surface chlorophyll distribution is
reproduced in the model. The variability of simulated SSHA is also consistent with the
satellite data, and the gyre circulation pattern in the SCS (e.g., Hu et al., 2000) is well
reproduced. The basin scale pattern of nitrate distribution in summer and winter is similar to
the hydrographic data (Ning et al., 2004). The high nitrate off the east coast of Vietnam in
summer and the high nitrate band in the SCS basin in winter are reproduced. The simulated
nitrate distribution reflects the basin-scale circulation and mesoscale eddies (Fig. 2). In
particular, the model captures the high surface chlorophyll distribution in the coastal
upwelling regions, which is strongly influenced by the monsoon winds, as well as the low
chlorophyll in the open ocean. However, the model underestimates chlorophyll concentrations
along the coast of southwestern China, southern Vietnam, and Philippines Islands. This is
because the coupled physical-biological model does not include nitrate input with river runoff
and benthic nitrate fluxes due to the sedimentary remineralization (Liu et al., 2007).
Additionally, since the parameter values for phytoplankton growth based on open ocean
values, they may not be suitable for the coastal environment (e.g., Liu et al., 2002; Liu and
Chai, 2009). On the other hand, the high value of SeaWiFS data might be unreliable owing to
the high levels of suspended sediments and colored dissolved organic matter (Liu et al.,

2002).

To focus on the seasonal variability at two sites strongly affected by changes to the upwelling,
Fig. 3 shows the box-averaged monthly mean surface chlorophyll from observations and
model together with the model isotherm depth, nitrate and nitrate flux, for regions off the
northwestern Luzon and east coast of Vietnam, labeled L and V respectively (see Fig. 1). The

SeaWiFS shows winter phytoplankton blooms off the northwestern Luzon, and high
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chlorophyll concentrations along the coast of southern Vietnam, southwestern China, and
Philippines Islands in response to the induced upwelling. The wind field is reverse over the
SCS, and the upwelling region is formed in the right of the wind in the northern hemisphere.
The seasonal variability of the simulated surface chlorophyll concentration is similar to that
found in SeaWiFS data for each box (Correlation coefficients are 0.90 in box-L and 0.50 in
box-V, respectively). In Box L, the mean surface chlorophyll concentrations of SeaWiFS and
OFES are 0.16+0.07 mg m™ and 0.22+0.10 mg m™, respectively. The simulated chlorophyll
concentration is higher than that observed by SeaWiFS. The peak in the simulated surface
chlorophyll concentration (0.4 mg m™) in December/January is almost consistent with the
shallow thermocline depth (70 m), the high nitrate concentration (> 0.5 mmol N m™) in the
upper 73 meters, and the strong vertical nitrate flux (> 0.5 mmol N m™ d). However, the
peak of surface chlorophyll concentration and the peak of vertical mean nitrate concentration
are not synchronous. The peak of surface nitrate concentration appears in December/January
when the MLD is deep and there is a strong vertical nitrate flux, but the peak of subsurface
nitrate concentration appears in February when the nutricline depth is shallow. In Box V, the
mean surface chlorophyll concentrations of SeaWiFS and OFES are 0.16+0.04 mg m™ and
0.21+0.02 mg m™, respectively. The simulated chlorophyll concentration is also higher than
the SeaWiFS. The observed surface chlorophyll concentration shows a peak in August (0.2
mg m™). The model also shows a peak in surface chlorophyll in August at a time of a
shallowing thermocline, a high vertical nitrate flux and associated increased nitrate levels
induced by the monsoon-driven upwelling. Surface nutrient levels become depleted and the
surface chlorophyll reduces despite the continuing elevated levels of the depth-integrated
nitrate. The peak of vertical mean nitrate concentration is in October when the nutricline is
shallow, and is not at the same time as the peak in surface chlorophyll concentration. The
observed surface chlorophyll shows an increase in November and December. This is caused
by two unusually high chlorophyll events occurring at the end of 2005 and 2007, respectively,

which are not captured by the model (see Fig. 4c - the reason for these events is unclear).

3.2 Interannual variability of chlorophyll in the two upwelling regions

The timing of the mean seasonal variation of surface chlorophyll off northwestern Luzon
(Box L) and the east coast of Vietnam (Box V) is very much influenced by the seasonal

variation of the monsoon winds (Fig. 2). The relative amplitude of the seasonal cycle,
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compared to interannual variations, at each location is, however, very different. The time
series of monthly mean surface chlorophyll concentrations of SeaWiFS and OFES and wind
stress averaged for Box L and V during 2000-2007 is shown in Fig. 4. In Box L the signal is
dominated by the seasonal cycle with the peak in chlorophyll occurring close to the beginning
and the end of the year. The correlation coefficient between SeaWiFS and OFES is 0.82, and
the average of surface chlorophyll concentration is 0.16£0.07 mg m™ in SeaWiFS and
0.20+0.11 mg m™ in OFES, respectively. There is interannual variability in the strength of the
peak values in both SeaWiFS and OFES. OFES tends to overestimate the peak but it does
capture the observed relatively high peaks around January 2002, 2004 and 2005. The
exception is the observed high peak around January 2006, which is not found in the OFES
time series. The vertical distribution of properties averaged over Box L is shown in Fig. 5.
Again the seasonal cycle dominates with the bloom in chlorophyll occurring at a time when
the thermocline and nutricline are both shallow (the shallowing being consistent with the
positive upward velocity towards the end of the year). The simulated vertical chlorophyll
distribution is consistent with the hydrographic surveys (Chen et al., 2006). The simulated
subsurface maximum in chlorophyll is at 50 — 80 m depth which is very similar to that
observed. A subsurface maximum in chlorophyll lingers for a few months after the surface
bloom because the shallow nutricline depth is in the euphotic layer during spring and summer.
The depth/time plot of chlorophyll also shows the interannual variations in surface
chlorophyll are, in general, representative of the variations with depth. The exception is again
around January 2006. Also shown in Fig. 4 is the monthly averaged wind stress over the
region. There is no obvious correlation between the strength of the upwelling winds preceding
the winter bloom and the strength of the bloom. Instead interannual variability in the
chlorophyll concentration is most affected by eddy variability and the intrusion of Kuroshio

waters into the SCS. This is looked at in detail in Section 3.4.

Off the coast of Vietnam (Box V) seasonal variability is less dominant (Fig 4c), although
there is a peak in surface chlorophyll in most years around August (as seen in the seasonal
mean, Fig 3). The correlation coefficient (0.28) of interannual variability is weaker than the
climatological monthly mean (Fig 3). The average of surface chlorophyll concentration is
0.16+0.07 mg m™ in SeaWiFS$ and 0.21£0.03 mg m™ in OFES, respectively. The exception is
2004 when there is no significant peak in OFES (and a reduced seasonal cycle in SeaWIFS).
Referring to the depth/time plots in Fig. 6, we see there was a much-reduced seasonal

variation in the depth of the thermocline and nutricline during 2004. There was a modest
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reduction in the strength of the summer monsoon winds (particularly the eastward component
of wind stress; Fig 4d) during 2004, which may account for the reduced bloom. The average
eastward component of wind stress during summer (June, July, and August) in 2004 is 0.23 N
m” and this value is 30-60% of other years (0.33 - 0.55 N m™). The nutricline is deeper (60
m) and the vertical nitrate flux at 73 m depth weaker (0.34 mmol N m™ d™) in 2004 compared
to other years (when the nutricline depth is 40 — 50 m and nitrate flux is 0.60 — 1.09 mmol N
m™ d). The highest chlorophyll values are found at a subsurface maximum that varies in
depth between 40 - 60m depth (Fig. 6a) in accord with the varying thermocline and nutricline
depths. The peak in the subsurface maximum occurs slightly later in the year (around
September/October) than at the surface, with a reduced variation in 2004 and 2005 (we note
that in the latter case there was a peak in surface chlorophyll). The large peaks seen in the
observations (but not the model) in late 2005 and 2007 have already been noted. The
SeaWiF$S captures the relatively high chlorophyll distribution (> 1 mg m™) off the east coast
of Vietnam in late 2005 and 2007 (not shown). However, the model shows a low chlorophyll
concentration in the surface layer because the nitrate supply to the surface layer by the mixing

and upwelling is not much different with other years.

3.3 Mesoscale eddy activities

Mesoscale eddy activity is an important factor in biological production in the upper layer of
SCS. In the SCS numerous mesoscale eddies are found in a line stretching in a
northeast-southwest direction and southwest of Luzon Strait (Wang et al., 2003; Liu et al.,
2008; Chen et al., 2011). In the west of Luzon Strait, eddies are formed by wind stress curl
variation and the Kuroshio intrusion (e.g., Wang et al., 2000; Yang and Liu, 2003), and
propagate southwestward along the continental slope. The east coast of Vietnam also shows
high mesoscale eddy activity. The variability of western boundary current along the coast
favors the generation of eddies (e.g., Gan and Qu, 2008; Chen et al, 2010). The distribution of
anticyclonic and cyclonic eddies generated by OFES and categorized by the SSHA during
2000-2007, is similar to that observed by satellite altimetry (Chen et al., 2011) (Fig.7). Here
we have taken the 20cm and -20cm SSHA contours to denote anticyclonic and cyclonic
eddies, respectively. The diameter of both eddies in the OFES is from 50 km to 300 km and

the lifetime is from one week to about 7 months.
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3.4 Northwestern Luzon

During the northeasterly winds, the nitrate supply by the vertical advection is strong (1 mmol
N m™ d) fueling biological production in the upper ocean in Box L (Figs. 1-5). Additionally,
the northwestern Luzon is an area where numerous eddies are formed (Chen et al, 2011). The
OFES reproduces the number of eddies in the northwestern Luzon during the northeast
monsoon (Figs. 2 and 7). Since both physical processes largely influence on the winter
phytoplankton bloom, we examine the physical and biological fields in the northwestern
Luzon during the northwest monsoon. As a case study, we focus on an anticyclonic eddy
passing through the winter phytoplankton bloom region in OFES. The eddy separated from
the Kuroshio in October 2003 in the Luzon Strait and traveled southwestward along the
continental slope over seven months. The eddy was standing off the northwestern Luzon

during winter.

Fig. 8 shows the physical and biological fields in the northern SCS from November 2003 to
February 2004. In this period, the separated anticyclonic eddy (high SSHA in Fig. 8a) from
the Kuroshio has a large effect on the phytoplankton bloom. In the northern SCS, the
intrusion of the Kuroshio as an anticyclonic current loop frequently occurs in the winter (e.g.,
Hu et al., 2000; Qu et al., 2000). A warm-core, anticyclonic eddy from the Kuroshio is also
observed (Li et al., 1998). In October 2003 (not shown), the model anticyclonic eddy is
separated from the Kuroshio in the Luzon Strait. After being separated from the Kuroshio, the
anticyclonic eddy moves from Luzon Strait to the east coast of Vietnam along the continental
slope at an average speed of 6.0 cm s™'. The surface current speed of the eddy is about 1 m s,
The lifetime is about 7 months and the diameter is about 200-300 km. From November 2003
to February 2004, the surface chlorophyll concentration is small (< 0.1 mg m™) in the center
of the anticyclonic eddy and is high (> 0.2 mg m™) at the edge of eddy, especially, on the
southern side (> 0.6 mg m™). On the western side of Luzon (south of the anticyclonic eddy),
the thermocline and nutricline are shallow because of the strong northwesterly winds. In the
center of the anticyclonic eddy, the nitrate concentration remains at a low level (< 0.1 mmol
N m™). When the eddy arrives in the high nitrate area, the high nitrate water is drawn out
along the southern edge of the eddy. A filament of high chlorophyll concentration is stretched
out along the south edge of anticyclonic eddy associated with the high nitrate water. There are

large upward and downward motions associated with the eddy.

10
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Fig. 9 shows the vertical distribution of chlorophyll concentration, nitrate concentration with
potential density, and vertical velocity along the center of anticyclonic eddy (dashed line in
Fig. 8d). In November 2003, high chlorophyll concentrations (> 0.4 mg m™) occur in the
subsurface layer (50 — 75m depth) at the south edge (20°N) of the anticyclonic eddy. Potential
density and nutrient contours are pushed down by the presence of the eddy such that at the
center of the eddy low nitrate (< 0.1 mmol N m™) water reaches down to 150 m depth. In
December 2003, the chlorophyll concentration in the south edge of anticyclonic eddy
increases (> 0.6 mg m™) because the high nitrate water is uplifted along the steep slop of
potential density (20°N) by the strong upward vertical velocity (> 10 m day™") induced by the
eddy. In January 2004, the slope of potential density surfaces is increased, and the high nitrate
water is brought close to the surface layer. A narrow filament shape of high chlorophyll is
formed at the south edge of anticyclonic eddy (19°N). In February 2004, the high nitrate water
(> 2.0 mmol N m™) reaches the surface and the chlorophyll concentration is over 1.5 mg m™

at the south edge of eddy.

In the period 2000-2007, the model captures two incidences (in 2003-2004 and 2004-2005) of
the separated anticyclonic eddy from the Kuroshio passing through the region during the
winter (December-February) phytoplankton bloom in the northern SCS. By overlapping with
the bloom season, the steep slope of potential density with the vertical velocity enhances the
chlorophyll concentration in the south edge of anticyclonic eddy and the areal average of
surface chlorophyll in Box L (Fig. 4a). When the eddy passes through the northern SCS
before or after phytoplankton bloom (as in 2000-2001, 2002-2003), the influence of the eddy
on the phytoplankton bloom is small and the areal average of surface chlorophyll in Box L is
relatively small (Fig 4a). In the case when an eddy passes before the phytoplankton bloom,
the nutricline depth is deep before northeasterly monsoon winds, and at the edge of eddy, the
nitrate supply to the surface is small. In the case when an eddy passes after the phytoplankton
bloom, the nutricline depth is deepening. The nitrate supply by the eddy is again small. In
winters with no detached eddy (2001-2002, 2005-2006, 2006-2007), the intrusion of the
Kuroshio can still impact the chlorophyll concentration along its southern edge (in a manner
similar to that of the detached anticyclonic eddy). Fig. 10 shows the surface chlorophyll
concentration with the horizontal velocity field when the intrusion of Kuroshio occurs in
winter. Along the Kuroshio’s southern edge, the phytoplankton bloom is enhanced in all cases.

The impact in 2001-2002 was particularly strong (Fig. 4a).

11
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3.5 Vietnam coast

Off the east coast of Vietnam, the pattern of the phytoplankton bloom during the southwest
monsoon (July-August) is largely influenced by the coastal upwelling and offshore advection
by an anticyclonic circulation. The OFES reproduces a similar pattern in surface chlorophyll
during this period to that observed by satellites (Tang et al., 2004). Fig. 11 shows the
variability of physical and biological fields from June 2002 to September 2002, which is
typical of most years in the OFES (strongest southwesterly wind in Fig. 4d). The SSHA and
surface horizontal velocity fields show the presence of a strong anticyclonic gyre off the east
coat of Vietnam (Fig. 11a). In June 2002, the current along the east coast of Vietnam is
northward. The chlorophyll concentration near the east coast of Vietnam at around 12°N is
high associated with the high nitrate supply by the shallow nutricline depth and upwelling.
From July 2002 to September 2002, the anticyclonic gyre is dominant during the
southwesterly monsoon winds. The coastal jet separates from the Vietnam coast at around
12°N and flows to the northeast. To the north of the anticyclonic gyre, there is a general
increase in the nitrate concentration at 73m depth (associated with a shallowing thermocline
and nutricline), but note that the higher chlorophyll levels are restricted to the northern edge
of the anticyclonic circulation. Within the anticyclonic gyre, the thermocline and nutricline
are depressed and the nitrate concentration is low (< 0.1 mmol N m™). The surface

chlorophyll concentration remains low (< 0.2 mg m™).

Fig. 12 shows the vertical distribution of chlorophyll concentration, nitrate concentration with
potential density, and vertical velocity across the anticyclonic gyre along 111°E. Associated
with the variation of anticyclonic gyre, the pattern of surface chlorophyll is changed. In June
2002, a subsurface maximum in chlorophyll (50 — 75m depth) appears in the northern side of
anticyclonic gyre (12°N — 15°N) and continues through September. This is in response to the
shallowing thermocline and nutricline north of 12°N. In July 2002, the high chlorophyll
concentration (> 0.6 mg m™) is brought to the surface at the northern edge of anticyclonic
circulation (11°N - 13°N). In August 2002, the slope of the potential density surfaces is
increased by the strengthening of the anticyclonic circulation and there is a strong upward
motion (> 10 m day™) (Fig. 11d). By September 2002, the current is straight flowing from the
west (coast) to east (open ocean) around 11°N. The chlorophyll concentration at the northern

edge of the anticyclonic circulation (11°N) is decreased because the reduced nitrate supply to
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the surface layer, but the subsurface chlorophyll maximum layer (around 50 m depth) to the

north of 11°N is maintained, together with the shallow thermocline and nutricline.

In the model, the interannual variability of surface chlorophyll distribution off the east coast
of Vietnam is small. The model reproduces the anticyclonic gyre during summer monsoon
(July — August) and the interannual variation is small in the period 2000-2007. The reason for
the small variation of physical fields (circulation pattern and upwelling system) off the east

coast of Vietnam may be the small interannual variability of wind stress field (Fig.4d).

4 Conclusions

Climatic variation in the upper ocean of the SCS is primarily controlled by the monsoon. We
have investigated the impact of this variation on the phytoplankton blooms using an
eddy-resolving physical-biological model. For the period from 2000 to 2007, the model
clearly reproduces the seasonal cycle of surface chlorophyll concentration, which is caused by
the seasonal variation of physical processes (upwelling and surface ocean circulation drives
by the surface winds, and the thermocline depth). The spatial distribution of surface
chlorophyll concentration is consistent with the distribution of the thermocline depth and
nutricline depth, implying the surface chlorophyll distribution is mainly controlled by the
nitrate supply from the subsurface layer by vertical mixing and upwelling. In particular, the
seasonal variability of surface chlorophyll concentration in the two upwelling regions
(northwestern Luzon, and east coast of Vietnam) is largely influenced by the monsoon winds.
The phytoplankton bloom peaks in two upwelling regions similar to that observed in
SeaWiFS data. The shallowest period of nutricline depth is also consistent with the
phytoplankton bloom peaks. The nitrate supply by the shoaling of nutricline depth mainly
controls the phytoplankton bloom.

To the northwest of Luzon, the winter phytoplankton bloom occurs due to nutrients supplied
from the subsurface layer. The strong northeasterly winds blow parallel to the west coast of
Luzon, and strong offshore Ekman transport and upwelling occur. The nutricline depth is
shallowed by the upwelling and high nutrient waters are supplied by the winter mixing for the
phytoplankton blooms. This result indicates the same winter phytoplankton bloom mechanism
investigated using observed data (Chen et al., 2006). In addition to this mechanism, OFES
also shows the role of anticyclonic eddies and the intrusion of the Kuroshio on the winter

phytoplankton bloom. The timing of these events is important. When the anticyclonic eddy
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separated from the Kuroshio passes over the region during the winter phytoplankton bloom
the overall strength of the bloom is increased as a filamentary structure on the southern edge
of the eddy. Off the east coast of Vietnam the phytoplankton bloom occurs in the boreal
summer. The mechanism of the summer phytoplankton bloom has been described by Tang et
al. (2004) using satellite data and ship measurements. The strong southwesterly winds blow
parallel to coastline and strong offshore Ekman transport and upwelling occur. The upwelled
nutrients support a strong phytoplankton bloom. The phytoplankton bloom is advected
offshore into the SCS by a strong anticyclonic circulation. OFES captures the detailed
nutrient dynamics and phytoplankton bloom in the open ocean during the southwest monsoon.
The interannual variability of chlorophyll off the east coast of Vietnam is not large in the
OFES during 2000-2007. The model fails to capture the two large observed events in
summer/fall 2005, and summer/fall 2007 (Fig.4c). Liu et al. (2012) showed the high
chlorophyll concentration off the east coat of Vietnam is enhanced by the positive IOD of
2007 and the Madden-Julian Oscillation (MJO) events using the satellite data. The simulated
chlorophyll concentration in 2007 is not large because the reproduced upwelling in the OFES

is not much difference from other years (Fig. 6d).
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Appendix A: Ecosystem model

The marine ecosystem model is a simple nitrogen-based Nitrate, Phytoplankton, Zooplankton,
and Detritus (NPZD) pelagic model [Oschlies 2001]. The evolution of any biological tracer

concentration C; in the OFES is governed by an advective-diffusive-reaction equation

aa_? ==V (uC)+V:(AVC )+ sms(C)) (AD

where the first and second terms on the right-hand side represent advection, and diffusion,
respectively. The velocity vector, u, is given by OFES and the lateral and vertical diffusion
coefficients, Ah and Az are the same as used for tracer fields in OFES. The last term is the
source-minus-sink term due to biological activity. For the individual biological tracers
(Phytoplankton, P, Zooplankton, Z, Detritus, D, and Nitrate, N), the source-minus-sink terms
are given by
sms(P) = J(z,t,N)P - G(P)Z - u,P -, P* (A2)
sms(Z) = ,G(P)Z - y,Z - u,Z* (A3)
sms(D) =(1-7,)G(P)Z + w,,P* + u.Z* - u,D - wy % (A4)

sms(N) = u,D+7,Z + u,P - J(z,t,N)P (A5)

where J is the daily averaged phytoplankton growth rate as a function of depth z, time ¢,
and nitrate concentration, N. G is the grazing function. Following [Hurtt Armstrong 1996],
the phytoplankton growth rate is taken to be the minimum of light- and nutrient-limited

growth,

max
1

i(z,t,N)=min(7(z,r),J %) (A6)

where 7(2,1‘) denotes the purely light-limited growth rate averaged over 24 hours, and Jmax

is the light-saturated growth. 7(2,1‘) is computed using the analytical method of [Evans
Parslow 1985].
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Toan "0 Sk~ Zpei g,

where

Val(z,t)
J = P A8
(z.0) V)T (A8)
(—Ekrsz)
I(z,t) =I(1) e - (A9)

()., = PART(1)222 shotwave(r) (A10)
z=0 T

Jow =V, = ab” (All)

Following Fasham (1995), the grazing of phytoplankton by zooplankton is given by,

geP’

G(P) =
(P) g+¢eP’

(A12)

The individual biological parameters are listed in Table Al.
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Figure captions

Figure 1. Climatological monthly mean surface chlorophyll concentration (mg m™) during
2000-2007 from (a) SeaWiFS and (b) OFES, (c) vertical mean nitrate concentration (mmol N
m™) upper 73 m depth with thermocline depth (contour in m, 20°C isotherm depth), and (d)
vertical nitrate flux (mmol N m™ day™) at 73 m depth in OFES. Boxes off northwestern
Luzon, and southeast Vietnam are upwelling regions (L and V) discussed in the text. Positive

nitrate flux is upward. Negative nitrate flux is opposite sign.

Figure 2. Climatological monthly mean sea surface height anomaly (cm) during 2000-2007
from (a) AVISO and (b) OFES, (c) eddy kinetic energy (cm” s™) in the surface layer, and (d)
Ekman pumping (x10° m s™) with wind stress (N m™) in OFES. Contour line in (a) and (b) is
0 cm. AVISO is Archiving, Validation, and Interpretation of Satellite Oceanographic data

altimeter products.

Figure 3. Time series of climatological monthly mean surface chlorophyll concentrations,
thermocline depth, vertical mean nitrate concentration, and vertical nitrate flux at 73 m depth
averaged for each upwelling region of Fig. 1: (a) Box-L of northwestern Luzon (16°N-20°N,
116°E-120°E) and (b) Box-V of southeast Vietnam (11°N-15°N, 110°E-114°E). Mean surface
chlorophyll concentration + standard deviation, and correlation coefficient (r) are also

presented for each box.

21



Ot B~ W N

10
11

12

13

14

15
16
17

18

19
20
21
22
23

24

25
26
27
28

29

Figure 4. Time series of monthly mean surface chlorophyll concentrations (mg m™) and wind
stress (N m™) averaged for each upwelling region of Fig. 1 during 2000-2007 in (a)-(b) Box-L
and (c)-(d) Box-V. Mean surface chlorophyll concentration + standard deviation, and

correlation coefficient (r) are also presented for each box.

Figure 5. Time series of simulated vertical distribution of (a) chlorophyll concentration (mg
m™) with nutricline depth (1 mmol N m~, dashed line) and thermocline depth (20°C, solid
line), (b) nitrate concentration (mmol N m™) with potential density (dashed line), (c)
temperature (°C) with mixed layer depth (dashed line), and (d) vertical velocity (m day™)
averaged for Box-L (northwestern Luzon, L in Fig. 1) during 2000-2007.

Figure 6. Same as for Fig. 5, but for Box-V (southeast Vietnam, V in Fig. 1).

Figure 7. Distribution of sea surface height anomaly (cm) of (a) 20 cm and (b) -20cm during
2000-2007 from OFES. Positive anomaly denotes anticyclonic eddy. Negative anomaly

denotes cyclonic eddy.

Figure 8. Snapshots of simulated (a) sea surface height anomaly (color, cm) and surface
horizontal velocity (vectors, cm s'), (b) surface chlorophyll concentration (mg m™), (c)
nitrate concentration at 73 m depth (mmol N m™), and (d) vertical velocity at 78 m depth (m
day™) from November 2003 to February 2004 in the northeastern South China Sea. Dashed

line in (d) is the center of anticyclonic eddy location.

Figure 9. Vertical distribution of snapshots of simulated (a) chlorophyll concentration (mg
m™), (b) nitrate concentration (color, mmol N m™) and potential density (contour), and (c)
vertical velocity (m day') from November 2003 to February 2004 along the center of
anticyclonic eddy (dashed line in Fig. 8d). Contour interval in (b) is 0.2.
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Figure 10. Snapshots of simulated surface chlorophyll concentration (color, mg m™) and

surface horizontal velocity (vectors, cm s™) in the northeastern South China Sea: (a) January,

16, 2002, (b) January, 16, 2006, and (c) January, 14, 2007.

Figure 11. Snapshots of simulated (a) sea surface height anomaly (color, cm) and surface

horizontal velocity (vectors, cm s'), (b) surface chlorophyll concentration (mg m™), (c)

nitrate concentration at 73 m depth (mmol N m™), and (d) vertical velocity at 78 m depth (m

day™) from June 2002 to September 2002 in the southwestern South China Sea.

Figure 12. Vertical distribution of snapshots of simulated (a) chlorophyll concentration (mg

m™), (b) nitrate concentration (color, mmol N m™) and potential density (contour), and (c)

vertical velocity (m day”') from June 2002 to September 2002 along 111°E in the

southwestern South China Sea. Contour interval in (b) is 0.2.

Table Al. Parameters of ecosystem model

Parameter ‘ Symbol Value Units
Phytoplankton (P) Coefficients
Integration method for daily growth rate Evans and Parslow [1985]
Half saturation constant for N uptake k; 0.5 mmol m”
Specific mortality/recycling Up 0.05 day™
Quadratic mortality rate Upp 0.05 (mmol m™)"'d”!
Zooplankton (Z) Coefficients
Assimilation efficiency Vi 0.75
Maximum grazing rate g 2.0 day™
Prey capture rate € 1.0 (mmol m™)™*d”
(Quadratic) mortality Uz 0.20 (mmol m™)"'d!
Excretion V2 0.03 day™
Detritus (D) Coefficients
Remineralization rate Uup 0.05 day™
Sinking velocity Ws 5.0 md’
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(a) Surface chla in Box-L
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(a) SSHA 20cm contours during 2000-2007 (b) SSHA -20cm contours during 2000-2007
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(a) Chla concentration
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(a) Chla concentration
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