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Abstract

Although the South China Sea (SCS) exchanges water constantly with the western Philippine Sea, its nutricline is
much shallower and its chlorophyll level in surface waters is twice as high. Analysis of CZCS-SeaWiFS data and
shipboard data reveals a strong seasonality of chlorophyll in the SCS in three upwelling regions. A three-dimensional
numerical model with coupled physics and biogeochemistry is developed to study the effect of monsoonal forcing on
nutrient upwelling and phytoplankton growth in the SCS. The model has a horizontal resolution of 0.4° in the domain
2-24.8°N and 99-124.6°E and 21 layers in the vertical. The circulation is driven by monthly climatological winds. The
nitrogen-based ecosystem model has four compartments: dissolved inorganic nitrogen (DIN), phytoplankton,
zooplankton and detritus. The chlorophyll-to-phytoplankton ratio depends on light and DIN availability. The
biological equations and parameters are taken from previous modeling studies of the Sargasso Sea. The model simulates
the nitrate profile, the strong subsurface chlorophyll maximum, and the primary production in the central basin with
reasonable success. It also generates intense chlorophyll patches in the monsoon-driven upwelling regions northwest of
Luzon and north of the Sunda Shelf in winter and off the east coast of Vietnam in summer. The results are in reasonable
agreement with shipboard observations and CZCS-SeaWiFS data. The primary production derived from SeaWiFS data
shows a strong peak in winter and weak peak in summer with an annual mean of 354 mg Cm~2d ™! for the whole basin.
The modeled primary production displays seasonal variation resembling the trend derived from SeaWiFS data, but the
magnitude (280mg Cm~2d~") is smaller by 20%. The model also predicts an export fraction of 12% from the primary
production in the euphotic zone. © 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Map, with isobaths (in meters), of the SCS. The solid and the dashed curves with arrows indicate the winter and summer jets,
respectively. The heavy solid and dashed lines represent closed and open ocean boundaries of the model domain, respectively. Site S1
(18°N, 116°E) as indicated by the cross (+) in the northern SCS is a time-series station (SEATS).

Asia and second in area only to the ice-covered
Arctic Sea in the world ocean (Sverdrup et al.,
1942). It has wide continental shelves to the
northwest and south, voluminous runoff from
several large rivers such as the Mekong River and
the Pearl River, and a deep basin reaching 4700 m
deep. The basin is connected to the open ocean
through several passages between the surrounding
landmasses and islands, but the Luzon Strait (sill
depth ~ 1900 m) is the only major channel allowing
effective water exchange with the western North
Pacific. On a larger geographic scale, it is located
between two major climate driving engines on
earth, the western Pacific warm pool to the east
and the Tibet Plateau to the northwest.

Climatic variations in the atmosphere and in the
upper ocean of the SCS are primarily controlled by
the East Asian monsoon, which follows closely the
climatic variations in the equatorial central Pacific.
The southwest (summer) monsoon lasts from June
to September. The stronger northeast (winter)
monsoon appears from November to March and is
known to vary with the Southern Oscillation Index

(Zhang et al., 1997). The extremely high sea-
surface temperature in the central basin in spring
(> 29°C) produces a large heat flux to the
atmosphere; the climatological outgoing long-
wave radiation exceeds 230 W m 2 at the onset of
the summer monsoon in the SCS (Ose et al., 1997).
The sea-surface temperature anomaly in summer
correlates well with the equatorial sea-surface
temperature anomalies in the preceding winter
and has been suggested as an indicator for the
monsoonal variations and El Niflo and southern
oscillation (ENSO) (Ose et al., 1997). In the deep
basin, the Pacific water entering the basin through
the Luzon Strait becomes the deep-water mass of
the SCS (Nitani, 1972; Broecker et al., 1986). A
fairly short residence time of 50—150 years has
been suggested for the deep water in the basin
(Broecker et al., 1986; Gong et al., 1992). The deep
water upwells and mixes with surface waters to
form the intermediate water (Gong et al., 1992),
which flows out of the Luzon Strait and modifies
the water properties along the western edge of the
Kuroshio. Water from the SCS can be traced
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along the Kuroshio as far north as the Okinawa
Trough (Chen and Wang, 1998).

The upwelling of the deep water brings the
nutrient-laden water closer to the surface. Gong
et al. (1992) demonstrated that the nutricline in the
SCS could be uplifted by as much as 100 m in
comparison with that in the western Philippine
Sea. Chen and Wang (1998) suggested that the
outflow of intermediate water through the Luzon
Strait may be an important nutrient source for the
Kuroshio. Away from the coastal zone, the mean
CZCS pigment concentration in the SCS proper is
0.10mgm >, which is about twice the value in the
western Philippine Sea. The relative enrichment of
phytoplankton in the SCS is apparently related to
the uplifted nutricline, but the coupled physical—
biogeochemical processes responsible for such
enrichment are yet to be investigated. Monsoonal
forcing is probably a major driving force.

The surface circulation in the SCS changes
drastically with season in response to the alternat-
ing monsoons. The winter monsoon forces a
cyclonic gyre (Fig. 1) covering the entire deep
basin with an intensified southward jet along the
coast of Vietnam (Wyrtki, 1961; Shaw and Chao,
1994). The summer monsoon drives an anti-
cyclonic gyre mainly in the southern basin. The
summer coastal jet (Fig. 1) separates from the
coast of Vietnam at around 12°N and flows
toward the Luzon Strait. Localized upwelling is
forced by the circulation gyres in areas off
Vietnam during the summer monsoon and off
the Sunda Shelf and western Luzon during the
winter monsoon (Chao et al., 1996a; Shaw et al.,
1996; Udarbe-Walker and Villanoy, 2001).

Inter-annual variations in the SCS are mostly
associated with weakened circulation gyres and
upwelling under weakened monsoons during El
Nifio (Chao et al., 1996b; Wu et al., 1999). On a
longer time scale, paleoceanographic variations in
the foraminiferal and geochemical records during
past glacial-inter-glacial cycles have also been
attributed to climate changes manifested by
variations in monsoon strengths (e.g., Wang
et al., 1995, 1999; Wang and Wang, 1990).
Variability in sedimentary organic carbon content
has been interpreted as evidence for changes in
biological production, which was in turn linked to

changes in the monsoon strengths (e.g., Huang
et al., 1997). The responsiveness of the SCS to the
monsoons has inspired a recent boom in sampling
of the SCS sediments for paleoceanographic
studies (Chen et al., 1998; Prell et al., 1999).

It is conceivable that the biogeochemistry of the
SCS could respond to the alternating monsoons in
a way similar to the monsoon-driven Arabian Sea
biogeochemistry (Smith et al., 1998; Burkill, 1999).
For example, Tang et al. (1999) attributed the
recurrence of a winter phytoplankton bloom off
northwest Luzon, revealed in the coastal zone
color scanner (CZCS) data, to upwelling under the
northeast monsoon (Shaw et al., 1996; Udarbe-
Walker and Villanoy, 2001). However, unlike the
Arabian Sea, the SCS has received relatively little
attention in the biogeochemical research. Under
the influence of two nearby climate driving
engines, the SCS would be an ideal site to study
the sensitivity of physical and biogeochemical
conditions to climate changes.

To address the biogeochemical responses to
climate changes in the SCS, we need first to
delineate how the system works under modern
physical forcing. The purpose of this study is to
provide observational data that characterize the
biogeochemical features of the SCS and to develop
a numerical model with coupled physical and
biogeochemical processes to simulate the seasonal
and spatial variability of chlorophyll and primary
production under monsoonal forcing. Model
results will be used to guide newly launched
SCS field studies (Shiah et al., 1999), including
South-East Asia Time-series Station (SEATYS)
and SCS-Integrated Biogeochemical Experiment
(SIBEX).

2. Description of the model and observations
2.1. Hydrodynamic model

The hydrodynamic model has been described in
the papers of Shaw and Chao (1994) and Chao
et al. (1996a). It has a horizontal resolution of 0.4°
in the domain 99—124.6°E and 2—25.6°N. In the
vertical direction, the model has 21 layers with
variable thickness. Variables are evaluated at the
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center of each layer at 2.5, 10, 20, 30, 50, 75, 100,
125, 150, 200, 300, 500, 700, 900, 1200, 1500, 2000,
2500, 3000, 4000, and 5000 m beneath sea surface.
These depths are chosen to be as close to the
standard depths adopted by National Oceano-
graphic Data Center (NODC, USA) as possible
for easy implementation of initial temperature and
salinity. The model solves the three-dimensional
primitive equations with Boussinesq and hydro-
static approximations. It is similar to the general
circulation model of Semtner (1974) except for the
addition of a free sea surface and split time steps
for internal and external modes. Time steps for
computing the internal mode and the external
mode are 2160 and 21.6s, respectively. The
horizontal diffusivity is 2 x 108cm?s™".

Open boundaries, marked by dashed lines (A, B,
C, and D) in Fig. 1, are at the Sunda Shelf, east of
the Luzon Strait, and the Taiwan Strait. Solid lines
(A1, A2 and B1) indicate closed ocean boundaries.
Flow exchange between the SCS and the Sulu Sea
is relatively small (Wyrtki, 1961), justifying the
closing of boundaries A1 and A2. Furthermore,
since the Kuroshio flow is essentially northward
(from boundary B to boundary C), zonal exchange
with the Pacific Ocean is truncated by placing a
vertical wall along B1. Open boundary conditions
for the external-mode velocity normal to the
boundary (U) are given by the prescribed trans-
port estimates of Wyrtki (1961). After being
initialized by the January temperature and salinity
fields of Levitus (1982), the model is driven by
climatological monthly mean wind, monthly sea-
surface temperature, and seasonal surface salinity.
The flow field in the third year of the model run
shows little change from those in the previous
years (Shaw and Chao, 1994).

2.2. Biogeochemical model

The biogeochemical model is linked to the
physical model with the same spatial and temporal
resolution. The time-dependent change of a
biogeochemical tracer (C;) is governed by the
following equation:

oC;

== VUV C)— VeV G+ J, (1)
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Fig. 2. A schematic of the nitrogen-based biogeochemical
model.

where A is the diffusion, vector V' is the velocity
and J; is production minus consumption.

Since pelagic ecosystem studies in the SCS are
scarce, the biogeochemical model that governs the
interaction among the biogeochemical tracers is
kept to a rather simpler form (Fig. 2). It contains
four compartments, dissolved inorganic nitrogen
(DIN or simply N when used in mathematical
equations), phytoplankton (P), zooplankton (Z)
and detritus (D), with a variable chlorophyll (Chl)-
to-phytoplankton ratio. Chlorophyll is expressed
in units of mgm . All other biogeochemical state
variables are expressed in terms of nitrogen
concentration (uM or mmol N'm~>). The biogeo-
chemical parameters are listed in Table 1.

All mathematical expressions for biogeochem-
ical processes are taken from Doney et al. (1996)
except those for grazing and zooplankton mortal-
ity. The latter expressions are adopted from
McGillicuddy et al. (1995). The governing equa-
tions follow Evans and Garcon (1997). The J-term
for P is

aRHiEE R N
Jp=upP|1 —exp| —
P [ p( Up )} Ruie N + ky

— P — wP? — u,Z[1 — exp(—/.P)]. ()

The term E, to be expressed in mathematical terms
later, is the photosynthetically active radiation in
units of Wm 2. On the right-hand side of Eq. (2),
the four terms represent phytoplankton growth,
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Table 1
Biogeochemical parameter values
Parameters Description Units Value References
Ke Light attenuation due to chlorophyll (mg Chlm~2)~! 0.048 Fasham et al. (1990)
Ky Light attenuation due to water M™! 0.040 Fasham et al. (1990)
q10 Temperature dependent growth rate 1.884 Doney et al. (1996)
Upao Maximum specific growth rate of d! 2.10 Doney et al. (1996)
phytoplankton at 20°C
o Initial slope of P—E curve (mmol N/mg Chl)d~! 0.050 Doney et al. (1996)
(Wm™?)"!
KN DIN half saturation concentration Mmol Nm ™ 0.20 Doney et al. (1996)
Ry Minimum chlorophyll/phytoplankton ratio Mg Chl (mmol N)™! 1.0 Doney et al. (1996)
(for high-light condition)
R, Maximum chlorophyll/phytoplankton ratio Mg Chl (mmol N)~! 2.5 Doney et al. (1996)
(for low-light condition)
Ex Light level where photoadaptation starts Wm™2 90 Doney et al. (1996)
n Phytoplankton mortality rate constant d! 0.075 Doney et al. (1996)
w Phytoplankton aggregation rate constant (mmol Nm~3)~!1d~! 0.10 Doney et al. (1996)
Uz Maximum specific growth rate of zooplankton d! 1.0 Fasham et al. (1990)
at 20°C
A Ivlev grazing constant (mmol Nm~3)~! 1.0 McGillicuddy et al.
(1995)
y Fraction of grazing loss 0.25 McGillicuddy et al.
(1995)
n Linear zooplankton mortality rate constant d! 0.11 McGillicuddy et al.
(1995)
n Quadratic zooplankton mortality rate constant (mmol Nm~%)~'d~! 0.52 McGillicuddy et al.
(1995)
&l Fraction of linear rate of zooplankton loss that 0.75 McGillicuddy et al.
turns into to detritus (1995)
& Fraction of quadratic rate of zooplankton loss 0.50 McGillicuddy et al.
that turns into to detritus (1995)
J Remineralization rate constant of detritus d! 0.10 Doney et al. (1996)
Wsink Vertical velocity of detritus relative to water Md™! —10 Doney et al. (1996)

mortality, aggregation and zooplankton grazing.
The maximum specific growth rates of phyto-
plankton (up) and zooplankton (u,) depend on
temperature (7" in °C) as follows:
7-20)/10

T 3)
In the growth term, the time-rate of change of the
chlorophyll-to-phytoplankton ratio, R = Chl/P, is
dependent on light and DIN availability:

OR _ [ ( aRaE\] R

N . (E
X {m[RL — (AR)mln(E—k, 1>:| — R},

4)

where AR = Ry — Ry. The variable chlorophyll-
to-phytoplankton ratio accounts for photoad-
aptation of phytoplankton, which is especially
important for the rather deep and prominent
subsurface chlorophyll maximum (SCM) widely
found in tropical and subtropical waters (Furuya,
1990). The extreme values of R for the high-light
(Ry) and low-light (Ry) conditions are assumed to
be 1.0 and 2.5mg Chl(mmolN)~', respectively
(Doney et al., 1996). The J-term for Z contains an
assimilation term and two removal terms for
zooplankton mortality:

Jz = =Pz Z[l — exp(—=iP)] — mZ — mZ*. (5)

The J-term for D includes source terms for
phytoplankton aggregation, grazing loss, and
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zooplankton mortality, and a removal term for
detritus remineralization:

Jp =wP? +yu,Z[1 — exp(—AiP)]
+ 81]’[12 + 827[222 — oD. (6)

For the calculation of the detritus concentration
change during each time step by advection and
diffusion, the vertical velocity of detritus (Wp) is
the sum of the vertical velocity of water parcel and
the vertical velocity of detritus relative to water
(Wsink), which is assumed to be —10md~!. As the
detritus reaches the seafloor, it is assumed to be
lost from the system. The J-term for N involves all
remineralization terms and the removal by phyto-
plankton uptake:

JIN :17P+(1 - 31)n12+ (1 - 82)]’[222 + 0D
aRyE\| R N

— upP|1 - — — .

i { exp( Hp >}RHN+KN @

The solar irradiance (Wm™2) at the sea surface
is calculated by the following equation (Bernhardt
and Philippes, 1958):

, ®)

E 0.907 /cos?
ES—(l—c)p—gcosﬂ[ ]

(COS 0)0.018

where ¢ is the fraction of cloud coverage, Ej is the
solar constant, p is the variation of the sun—earth
distance, 6 is the zenith angle, and

T = 1.40 + 0.136¢, 9)

where ¢ is the specific humidity (gkg™") at the sea
surface. The photosynthetically active radiation
(Wm™?) in the water column follows Bannister
(1974):

E(z) = Esexp[—kwz + Kclen(2)], (10)
where I (z) is the depth-integrated chlorophyll
(mgm ).

Most of the biogeochemical parameter values
(Table 1) are the same as those used by Doney et al.
(1996). Since we adopt the scheme of McGillicud-
dy et al. (1995) for zooplankton-related processes,
we also use their parameter values except the
maximum specific zooplankton growth rate ().
Values as high as 5d™' have been used for u, in
the tropical ocean (Loukos et al., 1997). Since the
SCS is in the tropical-subtropical region, we pick a
value of 1d~! at the temperature of 20°C (Fasham

et al., 1990). This value is slightly higher than that
(0.69d ") used by McGillicuddy et al. (1995). Note
that the model includes temperature adjustment
for growth rates following Doney et al. (1996). At
the highest temperature of 30°C in the SCS, the
maximum specific zooplankton growth rate would
be 1.88d ', which is still considerably lower than
that used by Loukos et al. (1997). The light
attenuation factors are taken from Fasham et al.
(1990). The attenuation factor due to phytoplank-
ton (k) is converted to a chlorophyll-based value
by the chlorophyll/phytoplankton ratio of 1.59
(mg Chl/mmol N).

2.3. Initial and boundary conditions and model
computation: the biogeochemical components

The initial condition of DIN distribution was
obtained by interpolating the annual mean field of
nitrate of 1° resolution from the World Ocean
Atlas (WOA-94) CD-ROM (Conkright et al.,
1994) provided by the NODC to fit the model
grid. The annual mean field of CZCS-derived
chlorophyll was used as the initial surface chlo-
rophyll distribution (Feldman et al., 1989). The
vertical profile of chlorophyll was assumed to be
the same as the Eumali initial profile (Evans and
Garcon, 1997), which was obtained from the web
site http://ads.smr.uib.no/jgofs/inventory/Tou-
louse/index.htm. The initial phytoplankton field
was calculated from the chlorophyll field under the
assumption of a chlorophyll/phytoplankton ratio
of 1.59. The initial fields of zooplankton and
detritus were calculated from the phytoplankton
field under the assumption of constant ratios of
1/10 for zooplankton/phytoplankton and 1/1.42
for detritus/ phytoplankton, which were similar to
the Eumali initial conditions for zooplankton and
large detritus, respectively (Evans and Garcon,
1997).

Near land boundaries, nitrogen input from river
runoff was included in the form of diffusive fluxes
(Chao et al., 1992). The runoff data were obtained
from Milliman et al. (1995); Kalnay et al. (1996);
Wolanski et al. (1996); Zhang (1996) and Global
Runoff Data Center (http://www.cais.com/gewex/
grdc.html). The monthly runoff inputs were either
taken from available data or calculated from the
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annual mean runoff under the assumption that
runoff is proportional to the mean monthly
precipitation. The concentrations of DIN in runoff
from the Chinese rivers, ranging from 60 to 90 uM,
were taken from Zhang (1996). The concentrations
were assumed to be 60 uM for the Indochina rivers
and 40 uM for other rivers.

For the model computation, advection of
biogeochemical tracers was calculated by the
upstream-differencing scheme to avoid generation
of negative concentrations in regions of extreme
concentration gradients (Torrance and Rockett,
1969; Sarmiento et al., 1993). The horizontal
diffusivity of 4 x 10°cm?s~! (1/50 of that for T,
S and momentum) was used in Eq. (1) for the
biogeochemical tracers. Equations of biogeochem-
ical processes were solved for the top 10 layers
(0—235m). The calculation of photosynthetically
active radiation, which is dependent on the zenith
angle, was carried out for each time step at each
grid point. The monthly mean fields of cloud
coverage and specific humidity averaged over the
period of 1990—1996 (Kalnay et al., 1996) were
used to calculate light availability. The coupled
model was run for 3 years.

For all biogeochemical variables other than
DIN, boundary values on ocean boundaries
remain fixed at their initial values throughout the
simulation period. For DIN, boundary conditions
are derived from temperature data and observed
temperature—nitrate relationships in the western
Philippine Sea and the SCS (Gong et al., 1992;
Yang, 1995) in order to reflect the more realistic
conditions. Biogeochemical concentrations in the
model interior are insensitive to boundary-im-
posed values for all variables except DIN, because
all other biogeochemical tracers are low in
concentration and, therefore, have little effect on
the model results.

At every ocean boundary, a buffer zone of 1.2°
was set up for the calculated concentrations of the
biogeochemical tracers to relax towards the
boundary-imposed values; i.e., at every internal
time step of integration, 10% of the newly
computed biogeochemical variables inside the
buffer zone is replaced by the boundary value to
avoid excessive deviations from boundary values
due to the artificiality of the boundaries. This is

especially important for the DIN computation.
Upwelling may be generated as an artifact on
artificial boundaries of the model (Sarmiento et al.,
1993). If observed profiles of DIN are not enforced
near all boundaries, the artificial upwelling may
cause significant increase of DIN concentration in
the surface layer, leading to unrealistically high
chlorophyll concentration. For Boundaries Al
and A2 (Fig. 1), which separate the SCS and the
Sulu Sea, the buffer zones are set as elongated
zones towards the Sulu Sea. For other boundaries,
the buffer zones are within the model domain.
Results for the buffer zones are excluded from
presentation and discussion.

2.4. Observational data

The monthly composites of sea-surface pigment
concentrations derived from the Nimbus-7 CZCS
data averaged over the years between 1979 and
1986 (Feldman et al., 1989) were taken from the
web site http://seawifs.gsfc.nasa.gov/SEAWIFS/
IMAGES/CZCS_DATA html. CZCS data are
missing in many areas in this region in summer,
apparently because of the high cloud coverage.
Fortunately, in recent years, the Sea-viewing Wide
Field of View Sensor (SeaWiFS) has provided data
for the derivation of surface ocean chlorophyll
concentrations. For the months from July to
September, we obtained the monthly composite
version 3 data of SeaWiFS chlorophyll concentra-
tions in August 2001 from NASA. The data are
Level 3b Global Area Coverage monthly average
chlorophyll a data processed by the OC4 algo-
rithm of SeaDAS.

Observed nitrate and chlorophyll distributions
were taken from cruises in the SCS. Cruise 311 was
aboard R/V Ocean Researcher 1 (OR-I) from 12 to
26 March 1992. Cruise 468 (from 14 to 18
September 1998) and Cruise 500 (from 22 to 27
January 1999) were aboard Ocean Researcher 111
(OR-III). Primary production was measured at six
stations in the northern SCS during 1-12 March
2000 on Cruise 575 aboard OR-I. Chlorophyll
data were obtained at Site S1 (18°N, 116°E), which
is a time-series station of SEATS, on Cruise 484
(15—16 April 1997) aboard OR-I and on six
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additional cruises between September 1999 and
July 2000 aboard OR-II.

Seawater samples were collected with a Rosette
sampler (General Oceanic Inc., USA) with Teflon-
coated Go-Flo bottles (General Oceanic Inc.,
USA) mounted on the CTD assembly. Water
samples for nutrient measurements were placed in
100 ml polypropylene bottles and frozen immedi-
ately with liquid nitrogen. Nitrate was analyzed
with a self-designed flow injection analyzer and
was reduced to nitrite with a cadmium wire which
was activated with copper sulfate solution (Gong,
1992). The precision for the nitrate analysis was
0.3uM for concentrations of 10puM or higher.
Water samples for chlorophyll analysis were
immediately filtered through GF/F filters (What-
man, 47mm), which were stored at —20°C.
Chlorophyll retained on GF/F filters was deter-
mined fluorometrically (Strickland and Parsons,
1972; Gong et al., 1993). The GF/F filters were
ground in 10 ml 90% acetone followed by extrac-
tion in a 4°C shaking incubator for at least 2h.
After centrifugation (1000g; Smin), the chloro-
phyll concentration in the supernatant was mea-
sured with a fluorometer (Turner 10-AU-005).

Primary production was measured by the C
assimilation method (Parsons et al., 1984). Acid-
cleaned polycarbonate bottles (250 ml, Nalgene)
were filled with seawater prescreened through
200 um mesh, and then inoculated with 10pCi
NaH'*CO;. Samples were collected at dawn and
incubated for 6h with artificial lighting, and
incubators were cooled with running surface
seawater. Following incubation, the samples were
filtered through GF/F filters (Whatman, 25 mm)
under low vacuum (< 100 mmHg). The filters then
were placed in scintillation vials and stored in the
dark. Upon returning to the laboratory, 0.5ml of
2N HCI was added and the vials were left open
overnight in a hood at room temperature. Next,
10 ml of scintillation cocktail (Ultima Gold LLT)
was added, and total activity on filters was
counted in a liquid scintillation counter (Packard
2700TR). The PB—E curve was constructed from
the incubation results. Primary production at each
depth was calculated from the measured photo-
synthetically active radiation at the sea surface,
total downwelling attenuation, in situ Chl «

concentration, and the photosynthetic parameters
from incubation (Jassby and Platt, 1976; Gong
et al., 1999). Details of the primary production
measurements will be reported elsewhere.

An Acoustic Doppler Current Profiler mooring
was deployed at Site SCS1 (18.0°N, 115.6°E) near
Site S1 from April 1998 to April 1999 with one
service in between. The 153kHz broad-band
ADCP was mounted at 300m below surface
looking upward. The bin length of the ADCP
was set at 8m. The local sound speed was
estimated from CTD hydrocasts at the deployment
and retrieval of the mooring. Details will be
reported elsewhere.

3. Results and discussion

In this section, we first present observational
data to illustrate the SCS biogeochemical features.
Then we present model results from 4°N to 23.6°N
and west of the Luzon Strait (121.4°E). The chosen
domain of interest excludes buffer zones adjacent
to open ocean boundaries. To illustrate the
model’s convergence in time after initialization,
Fig. 3 shows the monthly mean concentrations of
DIN, phytoplankton, zooplankton and detritus
and the chlorophyll/phytoplankton ratio for the
first 3 years of model simulation. The mean values
are derived by performing a volume average over
the entire SCS area and over the top 135m of the
water column. It took less than 10 months for the
biogeochemical components to reach a regular
annual cycle. The modeled mean nitrate concen-
tration (Fig. 3a) in the upper water column (0—
135m) shows a nearly sinusoidal fluctuation with
recurring peaks in winter corresponding to the
stronger northeast monsoon. On an inter-annual
time scale, the mean nitrate concentration in-
creases slowly with time. The other biogeochem-
ical components also show similar but less
pronounced inter-annual drift. In the first 6
months of model simulation, the phytoplankton
concentration decreases considerably from the
initial concentration to the observed level (see
temporal variation of chlorophyll). This makes
sense, because the fixed profile shape assumed
for phytoplankton overestimates the initial
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Fig. 3. Volume-averaged monthly values of biogeochemical
variables in the upper 135m for the first 3 years of the model
run.

phytoplankton standing stock because of the high
CZCS pigment values in the coastal zone. The
model, though oversimplified, is capable of captur-
ing the main biogeochemical features of the SCS to
be illustrated later.

The modeled biogeochemical quantities contain
a minor inter-annual drift superimposed on a
highly repetitive yearly cycle. The inter-annual
drift, though minor, warrants a discussion. The
circulation component of this model approaches a
steady annual cycle rather fast, because the
incoming and outgoing transports through open
ocean boundaries are exactly balanced. This is

achieved through specification of depth-integrated
transports entering and leaving open boundaries.
Although the depth-integrated transports are
specified, vertical variations of inflow and outflow
nevertheless vary in time because they are deter-
mined by radiation conditions. In fact, vertical
variations of incoming and outgoing currents are
often large enough to produce reverse flow at
depth. Since the vertical profiles of inflow and
outflow vary greatly in time, the balance between
incoming and outgoing fluxes of biogeochemical
components through open boundaries cannot be
taken for granted. A slight imbalance could
accumulate in time and produce an inter-annual
drift. This problem, in our view, is generic in all
regional ocean models with excessive open ocean
boundaries. Fortunately, the inter-annual drift of
biogeochemical components is small in this model.
In terms of spatial distributions, the biogeochem-
ical variables contain highly repeatable seasonal
patterns; changes from one year to the next are
hardly visible. We have chosen the third year’s
results to illustrate essential features of the model,
because the model-data discrepancy is generally
minimal in the third year. One could choose
another year to derive similar conclusions.

In the following, we first present observed depth
profiles of nitrate and chlorophyll to illustrate the
contrast between SCS and the western Philippine
Sea. The modeled nitrate profile is also included
for comparison. Next we show surface pigment/
chlorophyll distributions derived from CZCS and
SeaWiFS data to demonstrate the seasonality in
the SCS, and display modeled chlorophyll dis-
tributions to argue for the processes responsible
for the observed features. Then we briefly discuss
upwelling processes in three regions of the SCS
and the relationship between upwelling and
chlorophyll in the annual cycle. Finally, we assess
primary production and new production based on
observational data and modeling.

3.1. Vertical profiles of chlorophyll and DIN

Fig. 4 illustrates the essential difference of
chlorophyll profiles between the SCS and the
western Philippine Sea. Both seas are characterized
by low surface concentration of chlorophyll and a
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Fig. 4. Chlorophyll profiles observed in the western Philippine Sea and the SCS: (a) one profile obtained in December 1994 at Site C4,
which is near the open boundary B shown in Fig. I; (b) three profiles obtained in September 1998 at Site A3, which is about 2.5° east of

Site S1; and (c) five profiles obtained in January 1999 at Site A3.

prominent SCM as shown in the three examples in
Fig. 4. Despite the generally low surface concen-
trations, the observations indicate that the mean
chlorophyll concentration inside the SCS is about
twice that in the western Philippine Sea. The
profile in the western Philippine Sea (Fig. 4a) was
obtained at Site C4 (18.31°N, 124.61°E) east of
Luzon in December 1994 by Yang (1995). It has
the lowest surface concentration (0.074 mg/m’)
and very deep SCM (100 m). Data obtained at Site
A3 (18.0°N, 118.5°E), which was at about the
same latitude as Site C4 but west of Luzon, are
shown for September 1998 (Fig. 4b) and January
1999 (Fig. 4c). In September 1998, the surface
value at Site A3 (0.13 mg/m?) is about twice that at
Site C4, and the SCM was at about 75m.
Observations at the same site in January 1999
showed even higher surface concentrations (0.18—
0.26 mg/m>) and shallower SCM (40-50 m). This
lends support to the suggested phytoplankton
bloom in the SCS off Luzon in winter based on
CZCS data (Tang et al., 1999).

Fig. 5 contrasts DIN profiles inside and outside
the SCS. The DIN data inside the SCS represent
the average of nine profiles obtained in the area
between 18.5°N and 19.1°N and 116.2°E and

117.7°E on OR-I Cruise 311 in March 1993. The
profile outside the SCS was derived from the
observed temperature profile at the aforemen-
tioned Site C4 (Yang, 1995) and the temperature—
nitrate relationship observed in the western
Philippine Sea (Gong et al., 1992). This profile
outside the SCS, indicated by the dashed curve in
Fig. 5, provides information on the inflow of the
Kuroshio at the open boundary B (Fig. 1). In
the upper ocean, the DIN concentration inside
the SCS is considerably higher than that in the
western Philippine Sea. In waters deeper than
600 m, however, the DIN concentrations of the
western Philippine Sea approach or even exceed
those at the same depths in the SCS (Gong et al.,
1992).

The model-predicted DIN profile for March is
illustrated by the solid curve in Fig. 5. This profile
is derived by averaging the model output in the
same area in the SCS. The modeled profile fits the
observed mean values quite well, indicating that
the model has succeeded in maintaining the
uplifted nitracline by pumping enough nutrients
upward. In more detail, the modeled nitracline is a
bit shallower than the observed one, but the
discrepancy is not serious.
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Fig. 5. DIN profiles in the western Philippine Sea and the SCS.
The dashed curve is the [NO3 + NO; ] profile at Site C4 near the
open boundary B (see text). Dots represent the average
[NO3 +NO;] distribution of nine stations from 18.5°N to
19.1°N, 116.2°E to 117.7°E obtained in March 1992. The solid
curve is the modeled DIN profile for March.

3.2. Surface distributions of chlorophyll

Ocean color images of the SCS reveal the
seasonal changes of the chlorophyll distribution
pattern in the SCS. Four cases are presented in the
following to represent the peak conditions of the
summer and winter monsoons and the two inter-
monsoon periods. Images of pigment concentra-
tion derived from composite monthly CZCS data
are used for April, October and December. For
August, the monthly composite image of SeaWiFS
chlorophyll of August 2000 is used.

In April, before the onset of the southwest
monsoon, the CZCS image (Fig. 6a) shows very
low chlorophyll concentration almost everywhere

in the SCS except in the coastal zone. In the central
basin, the CZCS-derived concentration is mostly
below 0.1 mgm >, especially in the inner portion
of the central basin (<0.05mgm ). In most
coastal areas, the relatively high chlorophyll
concentrations may be attributed to DIN provided
by river runoff. Under the summer monsoon in
August, the SeaWiFS image (Fig. 7a) shows a
band of high chlorophyll concentration about
100km wide extending 600km northeastward
from the Mekong River mouth. Elevated chloro-
phyll concentrations also appear along the coast of
southwestern China and extend into the south-
western reaches of the Taiwan Strait (Fig. 7a).

During the inter-monsoon period in October,
the chlorophyll concentrations again dropped to
very low levels (Fig. 8a), similar to the condition
during the spring inter-monsoon period (Fig. 6a).
The pigment concentrations in the eastern half of
the basin, mostly below 0.l mgm >, are notably
lower than those in the western half. When the
winter monsoon peaks in December, the CZCS
image (Fig. 9a) shows patches of elevated chloro-
phyll concentrations off northwest Luzon. Tang
et al. (1999) reported similar findings in winter. In
the southern SCS, the CZCS image of December
(Fig. 9a) shows a very strong signal in the coastal
zone off southern Vietnam (up to 2—3mgm°),
off the Malay Peninsula and north of Borneo (up
to 5mgm>). The strong ocean color patch off the
southern tip of Vietnam appears to extend from
the Mekong Delta and penetrate into the Gulf of
Thailand.

An important challenge to the model skill is to
simulate the chlorophyll distribution patterns in
different seasons. The monthly results correspond-
ing to the four cases are represented by the model
output for the 15th of each month. In April, the
model results (Fig. 6b) also show very low
chlorophyll concentrations except in the coastal
zone. While this is in qualitative agreement with
observations, the modeled values in the SCS
proper are mainly between 0.1 and 0.2mgm >,
which are consistently higher than the CZCS-
derived concentrations. It is shown later that
observed chlorophyll concentrations at Site S1 in
the central northern SCS rarely dropped below
0.1 mgm >, suggesting that the very low CZCS
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Fig. 6. Sea-surface chlorophyll (mgm~>) distribution for April: (a) CZCS data and (b) model output for Layer 1 (2.5m).
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Fig. 7. Same as Fig. 6 except for August. CZCS data have been replaced by the monthly composite SeaWiFS chlorophyll data for
August 2000, because serious cloud coverage masked a major portion of the CZCS data. Rectangles off Vietnam is an upwelling area
(V) discussed in the text.
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Fig. 8. Same as Fig. 6 except for October.
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Fig. 9. Same as Fig. 6 except for December. Rectangles off northwest Luzon and southeast of Vietnam are upwelling areas (L and S)
discussed in the text.
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values are underestimated as suggested by Gregg
and Conkright (2001). In spite of minimal riverine
inputs from the Philippines, both the CZCS image
and the model results show a notable patch of
slightly elevated chlorophyll concentration off
northwestern Luzon, which is probably the rem-
nant of winter upwelling (Udarbe-Walker and
Villanoy, 2001).

At the height of summer monsoon (August), the
model produces high chlorophyll patches off the
Pearl River Mouth, in the Gulf of Tonkin, off
the east coast of Vietnam and off the Mekong
River Mouth (Fig. 7b). Elsewhere, chlorophyll
concentrations are mostly below 0.2mgm ™. The
riverine discharges are responsible for some of the
coastal high values, but the high chlorophyll patch
off the Vietnamese coast north of the Mekong
River mouth shown in both the SeaWiFS image
and the model results is apparently induced by the
upwelling under southwest monsoon (Chao et al.,
1996a). However, the model overestimates the area
of the patch but underestimates the maximum
intensity. The model also fails to generate the
elevated chlorophyll concentrations in the south-
ern reaches of the Taiwan Strait. Besides high
values, both the model and the satellite image
show rather low chlorophyll concentrations
(<0.1mgm ) in the eastern half of the basin,
probably due to wind-induced downwelling along
the eastern wall of the basin (Shaw and Chao,
1994; Udarbe-Walker and Villanoy, 2001).

The modeled surface chlorophyll concentrations
in October in the SCS proper (Fig. 8b) are mostly
below 0.2mgm ™ with an east-west gradient. The
distribution of low values along the eastern and
southern boundaries of the SCS resembles the
CZCS image (Fig. 8a). This is apparently the
leftover of downwelling in summer. In December,
the model predicts high chlorophyll concentrations
(up to l.4mgm °) off northwest Luzon and
moderately elevated chlorophyll concentrations
(up to 0.7mgm >) north of the Sunda Shelf
(Fig. 9b). Both areas are regions of upwelling
according to model-predicted circulation (Chao
et al., 1996a; Shaw et al., 1996). The CZCS image
(Fig. 9a) does show significant chlorophyll con-
centrations off northwest Luzon, but only scat-
tered patches of slightly elevated chlorophyll level

(around 0.5mgm ) north of the Sunda Shelf. On
the other hand, shipboard observations (Huang
and Chen, 1997) show relatively large patches of
elevated chlorophyll levels (up to 0.7mgm )
between Vietnam and Borneo, but their positions
are farther away from the Vietnamese coast.
Details will be discussed later. In the Mekong
outflow region, the modeled chlorophyll distribu-
tion shows downstream expansion of a patch with
moderately elevated chlorophyll (0.3-0.8 mgm )
from the river delta into the Gulf of Thailand, but
both the concentration and downstream expansion
are much reduced relative to the CZCS image. Off
the coast of Borneo or the Malay Peninsula, the
model does not produce intense chlorophyll
patches.

The relatively low modeled chlorophyll levels in
the coastal areas in the southern SCS and southern
reaches of the Taiwan Strait deserve comment.
Since the parameter values for phytoplankton
growth were adopted from values derived in the
study of the Sargasso Sea (Doney et al., 1996),
which is oligotrophic, they may not be suitable for
the coastal environment, where nutrient levels are
much higher than in the oligotrophic waters in the
basin interior. On the other hand, very high CZCS
pigment concentrations in the coastal zone may
not be real. The highest chlorophyll concentration
observed in December in the coastal zone off
Borneo was only 1.5mgm > (Huang and Chen,
1997), which is considerably lower than the CZCS
values of 3-5mgm °. In determining pigment/
chlorophyll concentrations from CZCS/SeaWiFS
data, the algorithms are applicable to Case I
waters. However, Case II waters are often
encountered in the coastal zone, where the
algorithm may produce unreliable chlorophyll or
pigment concentrations due to interferences from
suspended sediments or colored dissolved organic
matter (CDOM) (Carder et al., 1986; I0CCG,
2000). Such cases have been demonstrated for the
western Pacific marginal seas by SeaWiFS and
OCTS data (Gong et al., 1998; IOCCG, 2000).
December is at the peak of the rainy season
(Wyrtki, 1961) in the southern SCS; the heavy rain
(300 mm/month) may have washed out suspended
sediments or CDOM from land that may con-
tribute to the intense color in the coastal zones.
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The long stretch of intense color in the Gulf of
Thailand may have been caused partially by the
CDOM, which is quite long-lived and traceable
over a long distance from its origin (Blough et al.,
1993). Moreover, the northeast monsoon, which is
strongest in December, may have induced sedi-
ment resuspension that also may contribute to the
strong coastal ocean color. A similar situation may
occur in the northern SCS in summer, where the
Pearl River provides the runoff from land and the
southwest monsoon drives the river plume north-
ward.

3.3. Upwelling and temporal variation
of chlorophyll

After showing the seasonal changes of chlo-
rophyll distribution pattern, we examine the
temporal variation of chlorophyll content and
the upwelling DIN fluxes quantitatively. To
facilitate discussion below, three upwelling regions
are depicted in Fig. 10, with letters L, V and S
representing northwest of Luzon, east of Vietnam
and north of Sunda Shelf. Subscript y defines a

subarea of intense upwelling or the upwelling
center within each upwelling region.

The three upwelling centers (Ly, Vy and Sy in
Fig. 10) are delineated from the distribution of
modeled vertical fluxes of DIN at depth of 125m,
which is at the base of the euphotic zone. Fig. 11
shows the DIN flux and flow field at 125 m depth.
August and December results are shown to
illustrate peak upwelling conditions under summer
and winter monsoons, respectively. The upwelling
centers are quite small; subsequent dispersal to
upper depths spreads DIN to larger areas. The
monthly mean DIN fluxes in the upwelling centers
are calculated and plotted along with the mean
wind stress in Fig. 12. Fig. 13 shows the temporal
variation of monthly mean surface concentrations
of chlorophyll from shipboard observations, ocean
color data and the model in the three upwelling
regions. For inter-comparison, we also make
similar comparison among in situ data, CZCS
data and model-derived results at Site S1, which is
outside the three upwelling regions. The compar-
ison at Site S1 is included in the bottom panel of
Fig. 13.

Fig. 10. Three regions of high sea-surface chlorophyll concentrations: L, V and S. Subareas representing upwelling centers inside the

three regions are Ly, Vy and Sy.
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Rectangles indicate areas used to calculate mean DIN fluxes shown in Fig. 12.

3.3.1. Region L: northwest of Luzon

Upwelling off NW Luzon is confined to a small
area as delineated in Fig. 11b. The upwelling is
attributed to subsurface convergence of the north-
ward jet off the west coast of Luzon (Shaw et al.,
1996). Further, local wind stress curl is positive in
winter, inducing Ekman suction or upwelling
(Chao et al., 1996b). The modeled upwelling starts
in October (Fig. 12b), which agrees with the onset
of isotherm wuplifting off northwest Luzon
(Udarbe-Walker and Villanoy, 2001).

The CZCS-SeaWiFS data (Fig. 13a) reveal a
strong peak (0.5mgm ) in December, a weak
peak (0.16mgm %) in July and very low values
during inter-monsoon periods. The shipboard
observations at Sites Al (19.0°N, 118.0°E) and
A3 confirm the winter bloom of phytoplankton
and the low chlorophyll during inter-monsoon.
The modeled mean surface chlorophyll concentra-
tion (Fig. 13a) stays very low (<0.l mgm ) from

May to September and increases to 0.8-1.0mgm >
in December and January. The modeled winter
peak is about twice the value derived from CZCS
data, and the summer peak is missing.

The origin of the weak summer peak in the
CZCS-SeaWiFS data is not clear, but the over-
estimation of the winter peak is likely due to
insufficient downstream dispersal in the model.
The modeled patch of high Chl « is rather inert,
staying close to upwelling centers (Fig. 9b). On the
other hand, the CZCS image (Fig. 9a) indicates
scattered patches with higher concentration in
each patch. Fig. 14 is a close-up view of chloro-
phyll distribution off northwest Luzon in Jan-
uary; top and bottom panels are from the model
and CZCS data, respectively. The depth-averaged
flow field in the top 30m of the model is
superimposed on both panels to highlight the
effect of downstream advection. For January
(Fig. 14a), the model predicts a chlorophyll
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Fig. 12. Wind stress (a) and mean vertical DIN fluxes in three
upwelling centers ((b)—(d)).

distribution similar to that for December (Fig. 9b),
only slightly more expanded in area. In contrast,
the CZCS imagery (Fig. 14b) indicates much more
dispersed chlorophyll patches spreading across the
entire northern SCS. The patches have rather low
chlorophyll concentrations (0.2—0.4mgm ) but
are clearly above the background level of
0.1mgm . Interestingly, the spreading of the
chlorophyll patches appears to follow the modeled
mean surface current to the north of 18°N
(Fig. 14b).

The lack of downstream dispersal of chlorophyll
in the model (Fig. 14a) suggests that the actual
flow field is stronger than the modeled surface
current. Measurements from a moored ADCP
near Site S1 indicate that the real current is indeed
stronger. The vector representing the mean velo-
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Fig. 13. Comparison of monthly mean chlorophyll concentra-
tion from model prediction (curves), CZCS-SeaWiFS data
(dots) and shipboard measurements (triangles with error bars
indicating data variance): (a) Region L off NW Luzon; (b)
Region V east of Vietnam; (c) Region S north of Sunda Shelf;
and (d) Site S1.

city at 30 m below surface (the top layer from the
ADCP measurement) averaged over the period
from 15 December 1998 to 14 January 1999 is
included in Fig. 14 as a bold arrow. The actual
flow at 30m depth (26cm/s) is about twice the
depth-averaged surface flow in the model. In terms
of direction, the actual flow is more westward than
the northwestward flow in the model. The veering
is expected under the winter northeast monsoon.
Depth-averaged surface flow contains more Ek-
man veering (to the northwest) than flow below.



1404 K.-K. Liu et al. | Deep-Sea Research I 49 (2002) 1387-1412

112°E 114°E 116°E 118°E 120°E

22°N

T =H 22°N
v‘/‘//*fy \\‘\\\\\

, «A\\\ \\\\\\\
20°N é‘\ — N \\\\\\\ 20°N
RN \z\\\“

,’5‘

\x\,

18°N 18°N

16°N

16°N

(a) 14°N 14°N

22°N 29N

W /S ENENE NN

M.\\\\\\‘\\\\

20°N \\\\\\‘\\\\ 20°N

\\\\\T\\\\"
NN NS

18°N & 18°N

DI S N N N
16N B2 0 (0 o v RO v [ 16°N
B A NN AN |
S N NN
(b) 112°E  114°E  116°E  118°E  120°E

14°N 14°N

Fig. 14. Model-data comparison of surface chlorophyll
(mgm~?) distribution in the northern SCS in January: (a)
model result and (b) CZCS data. Superimposed is the model-
generated mean flow field averaged over the top 30 m and from
mid-December to mid-January. The bold arrow indicates the
observed mean velocity at 30m depth at Site S1 from 15
December 1998 to 14 January 1999.

The measured velocity contains high variability as
indicated by the rather large variances for the
zonal (—26+ 10 cm/s) and meridional (0.9 + 14cm/
s) components. This high variability, normally
indicative of eddy activities, is conspicuously
missing in the model. The use of coarse grid
spacing (0.4°) necessitates the use of high hor-
izontal viscosity, which in turn results in weaker
flow and suppresses mesoscale eddies.

Besides insufficient advection, the model’s over-
simplified biological scheme may also contribute
to the localization of upwelling-induced phyto-
plankton growth in a minor way. The model

ecosystem assumes immediate response of biolo-
gical production when upwelled water encounters
light. However, a lag time of 1-2 days in
phytoplankton growth has been reported for an
upwelling ecosystem in the western North Pacific
(Ishizaka et al., 1983). The lag time would allow
for downstream displacement of chlorophyll. At
the speed of 30cms™', one day’s lag corresponds
to a travel distance of 26 km.

3.3.2. Region V: east of Vietnam

Fig. 11a shows intensive upwelling occurring
along the shelf break to the southeast of Vietnam
in summer. This upwelling is induced by the
separation of the western boundary current from
the Vietnam coast in summer (Figs. 1 and 11a).
This type of upwelling is common in many parts of
the ocean. In a larger scale setting, similar
upwelling in the North Atlantic Ocean is also
observed north of the latitude where the Gulf
Stream separates from the coast near Cape
Hatteras (Csanady and Hamilton, 1988). Upwel-
ling occurs from April to September in the
upwelling center Vy (Fig. 12¢).

The modeled mean chlorophyll concentration
(Fig. 13b) reaches a primary peak of 0.9 mgm > in
August and a secondary peak of 0.4mgm ™ in
December, with a rather low level (0.1-
0.3mgm ) in between. The CZCS-SeaWiFS$ data
follow a similar seasonal trend. The correlation is
very good with R” value as high as 0.94, but the
ocean color-derived values reach only 44% of the
modeled chlorophyll concentrations. There are no
sea truth data available for validation. The
modeled upwelling intensifies from June to August
(Fig. 12¢), whereas the phytoplankton blooms
from July to September (Fig. 13b), lagging behind
the intensification of upwelling by about a month.

In addition to the SeaWiFS image (Fig. 7a),
there is other evidence to support summer upwel-
ling off the eastern coast of Vietnam. Analyzing
SST images from 1982 to 1992, Cong (1999)
reported negative temperature anomalies in July
and August along the Vietnam coast between 11°N
and 13°N. This area is the center of the model-
predicted high chlorophyll patch. Kuo et al. (2000)
also reported cold water patches and filaments off
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the east coast of Vietnam in May, June and
August, 1997.

The modeled chlorophyll distribution during
upwelling off Vietnam (Fig. 7b) again shows a
radial distribution similar to that off Luzon
(Fig. 9b), whereas the SeaWiFS image (Fig. 7a)
shows a narrower band extending seaward to the
northeast. Kuo et al. (2000) reported filament-type
structures of the upwelled waters off the southwest
coast of Vietnam around 12°N. Both the observed
high chlorophyll bands and the low temperature
filaments occur at the point where the western
boundary current separates from the coastline as
shown in Figs. 1 and 11a. Clearly the modeled flow
field agrees with the observed surface features
qualitatively, but the magnitude of the modeled
advection is probably not sufficient to carry the
upwelling water downstream far enough.

The weak chlorophyll peak in winter (Fig. 13b)
is not driven by the local upwelling along the
Vietnamese coast, because downwelling occurs in
this area in winter according to the modeled
vertical transport (Fig. 11b). Nevertheless upwel-
ling occurs in the offshore area of the Vietnamese
coast and results in modest chlorophyll rise. This
weak offshore upwelling is related to the upwelling
off the Sunda Shelf, which is to be discussed next.

3.3.3. Region S: north of Sunda Shelf

Based on the sea-surface temperature data set
from the National Center for Environmental
Prediction of the USA, Chu et al. (1997) reported
a strong negative SST anomaly of 1.8—2.4°C off
southeast Vietnam in winter months (December—
February). This strongly supports the upwelling
scenario. The region is in low latitudes of
diminishing Coriolis parameter. As the southward
current in winter impinges on the shelf break to the
north of Sunda Shelf, it is uplifted by the shoaling
topography, inducing upwelling.

The model-predicted chlorophyll variation
(Fig. 13¢) is similar to that in Region L. The
chlorophyll level reaches a winter peak of
0.65mgm ° in January and a weak summer peak
of 0.18mgm* in July. The CZCS-SeaWiFS$ data
also show elevated chlorophyll values in winter,
but the values are only 1/4-1/2 of the model-
predicted values. From May to October, the
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Fig. 15. Same as Fig. 14 except for southern SCS in December:
(a) model results and (b) observations in December 1989 and
December 1993 (Huang and Chen, 1997). The flow field is at
50 m depth for December. The strong counter-clockwise current
may advect the upwelling water downstream.

modeled values are in reasonable agreement with
the ocean color data. Shipboard observations
(Huang and Chen, 1997) in Decembers of 1989
and 1993 in the southern SCS showed large
patches of moderately elevated chlorophyll level
(up to 0.7mgm ") in the region between Vietnam
and Borneo (Fig. 15b). In Fig. 15b, the mean
surface chlorophyll concentration in the region of
elevated concentrations is 0.26mgm >, which is
between the mean value (0.19 mg m ™) from ocean
color and the modeled value (0.56 mgm ). How-
ever, the high chlorophyll patches shift down-
stream from the upwelling center in ways similar
to that off northwest Luzon (Fig. 14b), indicating
again insufficient advective transport in the model.
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The winter upwelling flux of DIN in this region
(Fig. 12d) reaches the highest level (14 mmol
Nm 2d" ') among the three regions, but the
chlorophyll levels in winter from shipboard
observations or ocean color data (Fig. 13c) are
not very high compared to other upwelling
regions. Fig. 11b shows a rather extensive zone
of strong upwelling in the southern end of the
central basin, which is bordered by strips of strong
downwelling near shelf breaks to the west and
south. A considerable fraction of the upwelled
nitrate must have been returned to the deep water
by downwelling. The weak chlorophyll peak in
summer (Fig. 13c) is likely a result of the narrow
upwelling band at the shelf edge of the Sunda Shelf
(Fig. 11a).

3.3.4. Outside upwelling regions

Outside the three upwelling regions, the model
still predicts significant seasonality in chlorophyll
concentration. An example is given at Site S1
(Fig. 13d), where the seasonal trend follows that in
Region L but is much reduced in magnitude. The
model matches the CZCS-SeaWiFS data reason-
ably well from January to October but over-
estimates considerably in November and
December. Although both modeled values and
CZCS-SeaWiFS data demonstrate winter—summer
contrast, in situ time-series data do not show a
clear seasonal trend. Leaving seasonality aside, all
three sets of data fall within a similar range of
chlorophyll concentrations. The mean value for
the shipboard data is 0.15 mgm >, which is closely
matched by the modeled mean (0.16 mgm ). The
mean (0.12mgm ) from CZCS-SeaWiFS$ data is
a little lower. The lack of seasonality in the
measured data suggests that processes other than
monsoon forcing, such as mesoscale eddies, are at
least equally important in controlling the chlo-
rophyll concentration outside upwelling regions.
These processes apparently operate at higher
frequencies and, when averaged over longer terms,
their signals tend to be averaged out. This explains
why the monthly composites of CZCS data have
retained a clear winter—summer contrast
(Fig. 13d). The numerical model, on the other
hand, does not contain enough horizontal resolu-

tion to produce mesoscale eddies, and, therefore,
also retains a strong seasonal variation.

3.4. Primary productivity, grazing and export
detritus flux

Chlorophyll and primary production were
measured at six stations (17.9-22.3°N, 115.5-
119.8°E) on OR-I Cruise 575 in the northern
SCS in March 2000. Fig. 16 shows measured and
modeled profiles of (a) nitrate (plus nitrite), (b)
chlorophyll and (¢) primary production (G.-C.
Gong, unpublished data; Chen, 2000) at Site C
(18.0°N, 115.5°E), which was near Site S1. Similar
to those shown in Fig. 4, the observed chlorophyll
profile at Site C (Fig. 16b) shows a strong SCM
(0.47mgm ), three times the surface concentra-
tion (0.15mgm ). The depth of the SCM was at
60 m, corresponding to the nitracline. The primary
production profile (Fig. 16¢c) also showed a local
maximum at the same depth, which was 40% of
the surface value. The significant primary produc-
tivity associated with the SCM demonstrates the
vitality of the deep dwelling phytoplankton.

The modeled chlorophyll profile (Fig. 16b)
compares favorably with the observed profile.
The surface value (0.12mgm ™) is slightly lower
than the observed value. The peak value at the
SCM of 0.45mgm° is almost the same as the
observed value. The depth of the SCM (50m) is
10 m shallower than that observed. The modeled
nitracline (Fig. 16a) is also shallower, accounting
for the upward displacement of SCM in the model.
Other than the nitracline layer (30-70m), the
modeled DIN concentrations are in good agree-
ment with observed values. It is noted that the
modeled DIN includes all species of inorganic
fixed nitrogen, including ammonia, which could be
relatively important above the nitracline. The
observed [NO3 +NO5] concentration should be
considered as the lower limit for DIN in the
surface layer. It is also noted that the modeled
chlorophyll concentration (Fig. 16b) below the
SCM diminishes sharply, but the observed de-
creasing trend is more gradual. Although the
photoadaptive scheme (Doney et al., 1996) is
employed for the phytoplankton growth, the
model is still unable to produce the significant
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Fig. 16. Observed values (dots) of (a) [NO3 +NO3], (b) chlorophyll, and (c) primary production from Site C (18.0°N, 115.5°E) near
Site S1 (see Fig. 1) in March 2000 and corresponding modeled profiles (curves) for March at the same site. Note that the scale for
nitrate is expanded in the first 1 puM (see text). The model successfully produces a strong SCM, but its peak depth is shallower than the
observed. The shallower SCM also occurs elsewhere in the model. The model underestimates both the chlorophyll level and primary
production in the surface layer by about 25% and also in the deeper water (>60m). Nevertheless, the depth-integrated primary
production of the model output (176 mg Cm >d ') matches that of the observed value (175mg Cm 2d ") well.

deep chlorophyll below the SCM. This warrants
an in-depth investigation to study the viability and
the photoadaptive properties of the observed deep
dwelling pico-eukaryotes (H.B. Liu, personal
communication).

The modeled primary production in units of mg
Cm *d™' is calculated by multiplying the nitro-
gen-based phytoplankton growth rate with the
C/N ratio of 6.63 (Redfield et al., 1963). The
phytoplankton growth rate, represented by the
first term on the right-hand side of Eq. (2), was
integrated in time and then averaged every 10 days
during the model run. The modeled profile of
primary production at Site S1 is illustrated in
Fig. 16c. The model underestimates the surface
primary production, but overestimates the con-
tribution from the SCM. The underestimation in
the surface water apparently results from slightly
underpredicted surface chlorophyll values from
the model (Fig. 16b). In addition, the modeled
incident light intensity is lower than the observed
solar irradiance in the reported case. The over-
estimation in the subsurface layer is a result not
only of the overestimated chlorophyll between 30
and 60 m, but also of the elevated nitracline in the
model. The predicted DIN at 40m is 0.7 uM,
which results in a 78% DIN saturation instead of

the 50% saturation as implied by the observed
concentration of 0.2 uM. Leaving depth-dependent
discrepancies aside, the depth-integrated primary
production (IPP) from the model (176 mg Cm 2d"
') matches the observed value (175mg Cm~2d™")
rather well. Over the six stations in the northern
SCS, the average of the measured IPP was 313 mg
Cm 2d~! (G.-C. Gong, unpublished data), and
the mean of the modeled values is 363mg
Cm 2d~", which is in reasonable agreement with
the observed value.

Averaging over the entire basin area, Fig. 17
shows the annual variation of IPP, integrated
grazing pressure and downward flux of particulate
organic carbon (POC) at 125m depth. The mean
depth-integrated primary production over the
entire output domain follows the seasonal varia-
tion of chlorophyll, with high values in winter and
summer and low values in between (Fig. 17). It
varies between 207 and 373 mg Cm 2>d ™" with an
annual mean of 280mg Cm >d~'. The highest
productivity is in February; the summer peak is
considerably lower, just about the same as the
annual mean level.

The modeled annual mean is similar to that
(290mg Cm >d™") estimated for the Indian
Ocean monsoon gyres (Longhurst et al., 1995).
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Fig. 17. Annual variation of basin-wide averages of depth-integrated values of primary production and grazing for the top 135m of
the basin and area-averaged export flux of POC at 125m in the SCS. The time series are model outputs at 10-day intervals. For
comparison are the primary productivity data (crosses) derived from SeaWiFS data (see text).

We also calculated the monthly mean values over
the model output domain from the global primary
productivity data set provided by the Ocean
Primary Productivity Research Team at the
Institute of Marine and Coastal Sciences, Rutgers
University (http://marine.rutgers.edu/opp). The
data set at 0.5° resolution was derived from
SeaWiFS ocean color images and the semi-
analytical model of Behrenfeld and Falkowsky
(1997). The monthly mean primary productivity
values are also shown in Fig. 17. They all are
higher than the modeled values. Nevertheless, the
SeaWiFS-derived values also show a strong winter
peak and a weak summer peak, and the modeled
values from January to September follow a similar
variation reasonably well. The SeaWiFS-derived
value increases markedly in October and continues
to rise in November and December. The annual
mean of the SeaWiFS-derived values is 354 mg
Cm 2d~", which is 20% higher than the modeled
value. For the first 9 months, the discrepancy is
reduced to 14%.

The zooplankton grazing rate is calculated in
the same way as the phytoplankton growth rate.
Concurrently, the export flux of detritus from the
euphotic zone is calculated at each horizontal grid
point by multiplying the modeled detritus concen-
tration at 125m depth with the net downward

velocity (—Wp) of the detritus. The grazing
pressure and the detritus sinking flux are also
converted to carbon units in Fig. 17. The particle
fluxes in the northern SCS were observed with
sediment traps deployed at a station (18.47°N,
116.02°E) near Site S1. The shallowest trap was
deployed at 1000m from September 1987 to
March 1988. The mean of measured POC fluxes
was 5.6mgm >d~' (Jennerjahn et al, 1992).
Using the normalized depth-dependent function
of POC flux observed near Hawaii (Martin et al.,
1987), we back-calculated the expected POC flux
at 125m to be 42mgm >d~". The modeled mean
flux at 125m depth from the same area from
September to March is 48mgm >d ™', which is
close to the back-calculated POC flux, suggesting
that the model is doing a reasonable job in
simulating the POC flux.

The modeled sinking flux of POC at 125m
shows an annual cycle similar to that of the
primary production, but its peaks lag behind the
primary production peaks by about half a month.
The model predicts that, on average, 70% of the
primary production is removed by zooplankton
grazing and the other 30% by phytoplankton
decay and aggregation (Fig. 17). The exported
POC to the deeper water below the euphotic zone
represents 8—16% of the primary production with
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Fig. 18. (a) Annual variation of area-averaged IPP in the three
upwelling regions and the whole output domain for the top
135m. Time series are model outputs at 10-day intervals. (b)
Corresponding volume-integrated primary production in the
three upwelling regions and the entire basin.

a mean value of 12%, which may be considered as
the mean f-ratio of the SCS. In the three upwelling
regions, the sinking detritus accounts for only
about 1/3 of the upwelled DIN, indicating that 2/3
of the upwelled DIN must have been dispersed out
of upwelling regions. This supports the notion that
the upwelling regions are major sources of new
nutrients to the upper water column in the SCS
(Shaw et al., 1996).

Fig. 18 shows similar area averages of IPP (top
panel) and total primary production (bottom
panel) for the entire basin as well as in the three
upwelling areas (L, V and S in Fig. 10). The three
upwelling regions have roughly the same areas
(2.04—2.16 x 10°km?), each about 7% of the total
area of the output domain. The volume-integrated
primary production (Fig. 18b) shows that the three
regions (L, V, and S) produce, respectively, 29, 40
and 31 Mt of phytoplankton carbon annually;
altogether they account for 30% of basin-wide

total primary production. In Fig. 18a, the mean
IPP for Regions L and S reaches maximum
(around 650mg Cm >d ') in January and Feb-
ruary, whereas that for Region V reaches 1000 mg
Cm 2d™' in August. These peak IPP values are
much higher than basin averages.

4. Conclusions

Biogeochemical observations clearly demon-
strated a sharp contrast between the SCS and the
western Philippine Sea. In addition to the uplifted
nutricline in the SCS, which was previously
reported (Gong et al., 1992), we demonstrate the
surface chlorophyll level in the SCS to be about
twice that in the western Philippine Sea. Ocean
color images show strong seasonal changes of
phytoplankton distribution in the SCS. The
monsoon-forced model has succeeded in main-
taining the uplifted nitracline and generating the
observed level of chlorophyll in the SCS. The
model also successfully produces the main features
in the spatial and temporal patterns of chlorophyll
variation, such as the patches of high chlorophyll
in upwelling regions northwest of Luzon and north
of Sunda Shelf in winter and off the east coast of
Vietnam in summer. The model predicts a strong
subsurface chlorophyll maximum, but its depth is
shallower than what was observed. The modeled
primary production gives a basin-wide annual
average IPP of 280mg Cm 2d ™', which is about
80% of the mean value derived from the SeaWiFS
data (354mg Cm 2d™"). Nevertheless, the mod-
eled temporal variation of primary production is
similar to the SeaWiFS-derived trend with a strong
winter peak and a weak summer peak. The
modeled POC flux at 125m appears to be reason-
able as compared to the value based on one
sediment trap observation. The mean export
fraction of primary production or the f-ratio
predicted by the model is 0.12.

In biogeochemical modeling, the profound
difficulty in matching the model with observa-
tions in the four-dimensional realm should be
emphasized. Even if a one-dimensional (vertical)
model is perfectly tuned, its application in the
four-dimensional space is likely to produce visible



1410 K.-K. Liu et al. | Deep-Sea Research I 49 (2002) 1387-1412

discrepancies. Possible sources of discrepancies
include the inadequate resolution in the physical
and biogeochemical components of the model, and
inadequate data coverage needed to improve
surface forcing and open-ocean boundary condi-
tions. Despite these deficiencies, the model repro-
duces temporal and spatial distribution patterns of
biogeochemical variables rather well, although the
quantitative aspects of the model performance are
still in need of improvements.

One major discrepancy between model results
and observations is the insufficient dispersion of
high chlorophyll patches from the upwelling
centers. Another discrepancy is the overestimation
of shallow chlorophyll and underestimation of
deep chlorophyll. Possible causes lie in both
insufficient data to properly constrain boundary
conditions for DIN and the modeling schemes of
hydrodynamics and biogeochemistry. More sur-
veys in the western Philippine Sea near the Luzon
Strait are required to better define the boundary
conditions for DIN. A more refined lateral
resolution and more realistic wind field should be
used to improve the hydrodynamic model. Better
understanding of photoadaptation of the deep-
dwelling phytoplankton is required to improve the
biogeochemical scheme. Future observations of
the grazing pressure and the export fraction of
detritus from the euphotic zone are needed for
validation of model processes related to grazing,
particle aggregation and sinking of detritus.
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