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Abstract

An eddy-resolving coupled physical-biological ocean model has been employed to in-
vestigate the physical influences on phytoplankton blooms in the South China Sea dur-
ing 2000–2007. The model captures the seasonal and interannual variability of surface
chlorophyll distribution associated with mesoscale eddies, ocean circulation and up-5

welling generated by the monsoon winds. The model also reproduces the high chloro-
phyll 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 have a large
impact on the winter phytoplankton bloom. The model shows the winter phytoplankton10

bloom is induced by the shallow nutricline depth under the northeast monsoon. Strong
vertical motions at the edge of anticyclonic eddies 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 up-15

welling occur and increase the surface chlorophyll. The high chlorophyll is advected
from the coast to open ocean by the strong offshore circulation.

1 Introduction

The South China Sea (SCS) is influenced strongly by the monsoon system. The sea-
sonal variation of monsoonal winds drives the surface oceanic circulation and upwelling20

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 gyre25
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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 af-
fected by the alternating monsoon winds and resultant changes in ocean circulation.
The strong upwelling induced by the monsoon contributes to the high chlorophyll con-5

centrations 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 Vietnam. During the northeast monsoon (November to March),
blooms appear off the northwest coast of Luzon, and the surface chlorophyll concen-
tration in the upwelling regions is much reduced. Tang et al. (1999, 2004) investigated10

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 north-
west of Luzon is primarily induced by both Ekman pumping-driven upwelling and upper15

mixed layer entrainment.
Interannual variations of the SCS circulation are related to both the El Niño 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 im-
pact on the southwest monsoon over the SCS. These climatic variations influence the20

monsoon winds, sea surface temperature (SST), and ocean circulation in the SCS, and
the changed physical processes affect the biology. During El Niño years unusually high
SST, weak wind stress, and weak Ekman pumping lead to a decrease of nutrients sup-
ply, resulting in a low chlorophyll concentration (Zhao and Tang, 2007; Jing et al., 2011).
In 2007, a positive IOD and La Niñ a event acted to enhance the southwest monsoon25

over the SCS, with the enhanced wind increasing the upwelling and the phytoplankton
bloom off the South Vietnam coast (Liu et al., 2012).

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
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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 re-
sultant 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 limited5

studies, based on a few cruises data and satellite data, have 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 pro-
duction in a cyclonic eddy in Luzon Strait. Lin et al. (2010) studied the phytoplankton10

bloom produced by an anticyclonic eddy injection in the oligotrophic area of the north-
ern 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 concern-
ing the role of physical processes and their impact on the biogeochemical processes15

at different scales. Liu et al. (2002) demonstrated that the uplifted nutricline in associ-
ation 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 of20

biogeochemical processes in the SCS. They showed the interannual variation of bio-
logical 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 and25

new production, and anticyclonic eddies reduce them.
In this study, we focus on the effect of monsoon variation and eddy activity on the phy-

toplankton 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
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mesoscale phenomena such as narrow boundary currents, filamentary structures,
coastal upwelling, and eddy variability. We determine the seasonal variability of phy-
toplankton 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.5

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 Dynam-
ics Laboratory’s Modular Ocean Model (MOM3) (Pacanowski and Griffies, 2000). The
model domain covers 75◦ S to 75◦ N. The horizontal resolution is 0.1◦. There are 54 ver-10

tical 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. The model is spun-up for 50 years before initializing the biological fields.

The marine ecosystem model is a simple nitrogen-based four-compartment, NPZD15

(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 activity. The details of the ecosystem model are described
in Sasai et al. (2006, 2010). To establish a stable pattern of the biological fields, the20

biological model is incorporated into the physical model after the 50-yr spin-up with
climatology and integrated for a further 5-yr period under the climatological monthly
mean forcing. The variability of biological fields has no feedback on the physical fields.
The biological fields in the last year of the coupled 5-yr integration are used as initial
conditions for this simulation.25

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
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(QSCAT) and atmospheric daily mean data (heat and salinity fluxes) of the
NCEP/NCAR reanalysis from 1999 to 2007. Results are presented for years 2000 to
2007. The simulated phytoplankton concentration (mmol N m−3) is converted to chloro-
phyll concentration (mgm−3) 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-5

biological model, we compare our results with the ocean color satellite image data of
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 strong seasonality of the surface chlorophyll dis-10

tribution in the South China Sea, especially, off the east coast of Vietnam and off the
northwestern Luzon (Fig. 1). Figure 1 also shows the peak conditions of the model sur-
face 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 surface physical fields (Ekman pumping, wind15

stress, sea surface height anomaly, SSHA, and eddy kinetic energy, EKE) support
the peak conditions of model surface chlorophyll (Figs. 1 and 2). In August, SeaW-
iFS shows a band of high chlorophyll concentration (> 0.3mgm−3) about 100 km wide
extending 500 km northwestward off the east coast of Vietnam. High chlorophyll con-
centration also appears along the coast of southwestern China, and the south of Viet-20

nam. 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. Off the east coast of Vietnam, the high chlorophyll (> 0.3 mgm−3)
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.25

The southwesterly winds produce coastal upwelling (upward Ekman pumping) off the
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east coast of Vietnam and drive the anticyclonic gyre (Fig. 2) in the southern basin
of SCS. The coastal upwelling brings cold, nutrient rich close to the surface. There is
large vertical nitrate flux (> 4 mmol N m−2 d−1), which induces a phytoplankton bloom
with chlorophyll concentrations in excess of 0.3 mgm−3. An offshore current (Fig. 2),
which is a part of an anticyclonic gyre, transports the high chlorophyll concentration5

from the coast to the open ocean. In the pelagic ocean, excluding the coast and up-
welling regions, the simulated chlorophyll concentration is mostly below 0.2 mg m−3,
similar to that seen in SeaWiFS.

In December, northeasterly winds are dominant over the SCS, and change the sur-
face circulation system (Fig. 2). The cyclonic circulation is dominant in the SCS basin.10

The reversed wind changes the location of the upwelling regions. The upward Ekman
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 mgm−3)
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 thermocline15

depth is shallow (< 75m depth) and the high nitrate (> 1 mmol N m−3) waters lift up
from the subsurface layer. The vertical nitrate flux is also strong (> 4 mmol N m−2 d−1),
and the high surface chlorophyll conditions are maintained by the nitrate supply from
subsurface layer in the northwestern Luzon. The strong Kuroshio inflow also effects on
the spreading of surface chlorophyll distribution. Outside of the coastal and upwelling20

regions, the simulated chlorophyll concentration is again below 0.2 mg m−3.
In general, the seasonal variability of the observed surface chlorophyll distribution is

reproduced in the model. In particular, the model captures the high chlorophyll distri-
bution 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 under-25

estimates chlorophyll concentrations along the coast of southwestern China, south-
ern Vietnam, and Philippines Islands. This is because the coupled physical-biological
model does not include nitrate input with river runoff. Additionally, since the parameter
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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).

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 ob-
servations and model together with the model isotherm depth, nitrate and nitrate flux,5

for regions off the northwestern Luzon and east coast of Vietnam, labeled L and V, re-
spectively (see Fig. 1). The SeaWiFS shows phytoplankton blooms off the northwest-
ern Luzon, and high 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 of10

the wind in the Northern Hemisphere. The seasonal variability of the simulated sur-
face chlorophyll concentration is similar to that found in SeaWiFS data for each box.
In Box L, the peak in the simulated surface chlorophyll concentration (0.4 mgm−3) in
December/January is consistent with the shallow thermocline depth (70 m), the high ni-
trate concentration (> 0.5 mmol N m−3) in the upper 73 m, and the strong vertical nitrate15

flux (> 0.5 mmol N m−2 d−1). In Box V, the observed surface chlorophyll concentration
shows a peak in August (0.2 mgm−3). The model also shows a peak in surface chloro-
phyll 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 con-20

tinuing elevated levels of the depth-integrated nitrate. 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 regions25

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 year boundary. There is interannual variability in the strength of the peak5

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 occurring10

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). A subsurface
maximum in chlorophyll lingers for a few months after the bloom. 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 January15

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 Sect. 3.3.20

Off the coast of Vietnam (Box V) seasonal variability is less dominant (Fig. 4c), al-
though there is a peak in surface chlorophyll in most years around August (as seen in
the seasonal mean, Fig. 3). 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 thermo-25

cline and nutricline during 2004. There was a modest 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 highest chlorophyll val-
ues are found at a subsurface maximum that varies in depth between 40–60 m depth

1585

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1577–1604, 2013

An eddy-resolving
physical-biological
model study study

Y. Sasai et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(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.5

3.3 Northwestern Luzon

During the northwesterly winds, the nitrate supply by the vertical advection is strong
(1 mmol N m−2 d−1) 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 northwestern10

Luzon during the northeast monsoon (Fig. 2). 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 Strait15

and traveled southwestward along the continental slope over seven months. The eddy
was standing off the northwestern Luzon during winter.

Figure 7 shows the physical and biological fields in the northern SCS from Novem-
ber 2003 to February 2004. In this period, the separated anticyclonic eddy (high SSHA
in Fig. 7a) from the Kuroshio has a large effect on the phytoplankton bloom. In the20

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 be-
ing separated from the Kuroshio, the anticyclonic eddy moves from Luzon Strait to the25

east coast of Vietnam along the continental slope at an average speed of 6.0 cms−1.
The surface current speed of the eddy is about 1 ms−1. The lifetime is about 7 months
and the diameter is about 200–300 km. From November 2003 to February 2004, the
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surface chlorophyll concentration is small (< 0.1 mg m−3) in the center of the anticy-
clonic eddy and is high (> 0.2 mgm−3) at the edge of eddy, especially, on the southern
side (> 0.6 mgm−3). 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 level5

(< 0.1 mmol N m−3). 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

Figure 8 shows the vertical distribution of chlorophyll concentration, nitrate con-
centration with potential density, and vertical velocity along the center of anticyclonic
eddy (dashed line in Fig. 7d). In November 2003, high chlorophyll concentrations
(> 0.4 mgm−3) occur in the subsurface layer (50–75 m depth) at the south edge (20◦ N)
of the anticyclonic eddy. Potential density and nutrient contours are pushed down by the15

presence of the eddy such that at the center of the eddy low nitrate (< 0.1 mmol N m−3)
water reaches down to 150 m depth. In December 2003, the chlorophyll concentration
in the south edge of anticyclonic eddy increases (> 0.6 mgm−3) because the high ni-
trate water is uplifted along the steep slop of potential density (20◦ N) by the strong up-
ward vertical velocity (> 10 m day−1) induced by the eddy. In January 2004, the slope of20

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−3)
reaches the surface and the chlorophyll concentration is over 1.5 mgm−3 at the south
edge of eddy.25

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
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the vertical velocity enhances the chlorophyll concentration in the south edge of anti-
cyclonic 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).5

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

3.4 Vietnam coast10

Off the east coast of Vietnam, the pattern of the phytoplankton bloom during the south-
west monsoon (July–August) is largely influenced by the coastal upwelling and offshore
advection by an anticyclonic circulation. The OFES reproduces a similar pattern in sur-
face chlorophyll during this period to that observed by satellites (Tang et al., 2004). Fig-
ure 9 shows the variability of physical and biological fields from June 2002 to Septem-15

ber 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. 9a). 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 the20

coastal upwelling. From July 2002 to September 2002, the anticyclonic gyre is domi-
nant during the southwesterly monsoon winds. The coastal jet separates from the Viet-
nam 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 73 m depth (associated
with a shallowing thermocline and nutricline), but note that the higher chlorophyll levels25

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−3). The surface chlorophyll concentration remains low (< 0.2 mgm−3).
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Figure 10 shows the vertical distribution of chlorophyll concentration, nitrate concen-
tration with potential density, and vertical velocity across the anticyclonic gyre along
111◦ E. Associated with the variation of anticyclonic gyre, the pattern of surface chloro-
phyll is changed. In June 2002, a subsurface maximum in chlorophyll (50–75 m depth)
appears in the northern side of anticyclonic gyre (12◦ N–15◦ N) and continues through5

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−3) 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 an-
ticyclonic circulation and there is a strong upward motion (> 10 m day−1) (Fig. 9d). By10

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 an-
ticyclonic circulation (11◦ N) is decreased because the reduced nitrate supply to 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.15

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 wind20

stress field (Fig. 4d).

4 Conclusions

Climatic variation in the upper ocean of the SCS is primarily controlled by the mon-
soon. 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 2007,25

the model clearly reproduces the seasonal cycle of surface chlorophyll concentration,
which is caused by the seasonal variation of physical processes (upwelling and surface
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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 subsurface nitrate concentration. In particular, the seasonal
variability of surface chlorophyll concentration in the two upwelling regions (northwest-
ern Luzon, and east coast of Vietnam) is largely influenced by the monsoon winds. The5

phytoplankton bloom peaks in two upwelling regions similar to that observed in Sea-
WiFS data. The shallowest period of nutricline depth is also consistent with the phy-
toplankton 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 nutrients10

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).15

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 separated from the Kuroshio passes over the
region during the winter phytoplankton bloom the overall strength of the bloom is in-
creased as a filamentary structure on the southern edge of the eddy. Off the east coast20

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 satel-
lite data and ship measurements. Near the Mekong River mouth, the river-discharged
nutrients initiate the phytoplankton plume. The strong southwesterly winds blow paral-
lel to coastline and strong offshore Ekman transport and upwelling occur. The upwelled25

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 during the southwest monsoon, except the
river discharge of nutrients. The interannual variability of chlorophyll off the east coast
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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 be-5

cause the reproduced upwelling in the OFES is not much difference from other years
(Fig. 6d).
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Fig. 1. Climatological monthly mean surface chlorophyll concentration (mg m−3) during 2000–
2007 from (a) SeaWiFS and (b) OFES, (c) vertical mean nitrate concentration (mmol N m−3)
upper 73 m depth with thermocline depth (contour in m, 20◦ isotherm depth), and (d) vertical
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southeast Vietnam are upwelling regions (L and V) discussed in the text. Positive nitrate flux in
(d) is upward. Negative nitrate flux in (d) is opposite sign.

1595

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1577–1604, 2013

An eddy-resolving
physical-biological
model study study

Y. Sasai et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) Ekman with Wind
AUG

DEC

20N

10N

25N

15N

5N

(b) SSHA (c) EKE
AUG

DEC

AUG

DEC

50 25
0

50
0

75
0

10
00

12
50

15
00

17
50

20
00

25
00

30
00

35
00

40
00

50
00

60
00

80
00

10
00

0

20N

10N

25N

15N

5N
105E 115E 125E110E 120E 105E 115E 125E110E 120E 105E 115E 125E110E 120E

43 5-4 -2-5 -3 0 2-1 1

Ekman pumping velocity x 10-6 (m s-1)
with wind stress (N m-2) in OFES

0.2 N m-2

1612 20-16 -8-20 -12 0 8-4 4
Sea surface height anomaly (cm)

in OFES Eddy kinetic energy (cm2 s-2) in OFES

Fig. 2. Climatological monthly mean (a) Ekman pumping (×10−6 m s−1) with wind stress
(N m−2), (b) sea surface height anomaly (cm), and (c) eddy kinetic energy (cm2 s−2) in the
surface layer in OFES. Contour line in (b) is 0 cm.

1596

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1577/2013/bgd-10-1577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1577–1604, 2013

An eddy-resolving
physical-biological
model study study

Y. Sasai et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

OFES
SeaWiFS

0.1

0.2

0.3

0.4

0.5

Su
rf

ac
e 

ch
la

 (m
g 

m
-3
)

(a) Box-L

0.0
J F M A M J J A S O N D

OFES
SeaWiFS

(b) Box-V 

J F M A M J J A S O N D

0.1

0.2

0.3

0.4

0.5

Su
rf

ac
e 

ch
la

 (m
g 

m
-3
)

0.0

2.0

1.0

0

-1.0
J F M A M J J A S O N DJ F M A M J J A S O N D

V
er

tic
al

 n
itr

at
e 

flu
x 

at
 

73
 m

 d
ep

th
 (m

m
ol

 N
 m

-2
 d

-1
)

1.5

0.5

-0.5

2.0

1.0

-1.0V
er

tic
al

 n
itr

at
e 

flu
x 

at
 

73
 m

 d
ep

th
 (m

m
ol

 N
 m

-2
 d

-1
)

1.5

0.5

-0.5

0.0

20

40

60

80

100

120

0

20
°C

 is
ot

he
rm

 d
ep

th
 (m

)

J F M A M J J A S O N D

Temp20
Nitrate

0.0
V

er
tic

al
 m

ea
n 

ni
tr

at
e

co
nc

en
tr

at
io

n 
(m

m
ol

 N
 m

-3
)1.0

0.6

0.4

0.8

0.2

1.0

0.4

0.0

0.2

0.8

0.6

J F M A M J J A S O N D

Temp20
Nitrate

20

40

60

80

100

120

0

20
°C

 is
ot

he
rm

 d
ep

th
 (m

)

V
er

tic
al

 m
ea

n 
ni

tr
at

e
co

nc
en

tr
at

io
n 

(m
m

ol
 N

 m
-3
)

Fig. 3. Time series of climatological monthly mean surface chlorophyll concentrations, thermo-
cline 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).
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Fig. 5. Time series of simulated vertical distribution of (a) chlorophyll concentration (mg m−3),
(b) nitrate concentration (mmol N m−3) with potential density (dashed line), (c) temperature (◦C)
with mixed layer depth (dashed line), and (d) vertical velocity (m day−1) averaged for Box-L
(northwestern Luzon, L in Fig. 1) during 2000–2007. Solid line in (b) is 1 mmol N m−3. Solid line
in (c) is 20◦.
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Fig. 6. Same as for Fig. 5, but for Box-V (southeast Vietnam, V in Fig. 1).
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Fig. 7. Snapshots of simulated (a) sea surface height anomaly (color, cm) and surface hori-
zontal velocity (vectors, cm s−1), (b) surface chlorophyll concentration (mg m−3), (c) nitrate con-
centration at 73 m depth (mmol N m−3), and (d) vertical velocity at 78 m depth (m day−1) from
November 2003 to February 2004 in the northeastern South China Sea. Dashed line in (d) is
the center of anticyclonic eddy location.
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Fig. 8. Vertical distributions of snapshots of simulated (a) chlorophyll concentration (mg m−3),
(b) nitrate concentration (color, mmol N m−3) and potential density (contour), and (c) vertical
velocity (m day−1) from November 2003 to February 2004 along the center of anticyclonic eddy
(dashed line in Fig. 7d). Contour interval in (b) is 0.2.
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Fig. 9. Snapshots of simulated (a) sea surface height anomaly (color, cm) and surface horizon-
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Fig. 10. Vertical distributions of snapshots of simulated (a) chlorophyll concentration (mg m−3),
(b) nitrate concentration (color, mmol N m−3) and potential density (contour), and (c) vertical
velocity (m day−1) from June 2002 to September 2002 along 111◦ E in the southwestern South
China Sea. Contour interval in (b) is 0.2.
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