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Abstract Primary productivity (PP) and phytoplankton

structure play an important role in regulating oceanic car-

bon cycle. The unique seasonal circulation and upwelling

pattern of the South China Sea (SCS) provide an ideal

natural laboratory to study the response of nutrients and

phytoplankton dynamics to climate variation. In this study,

we used a three-dimensional (3D) physical–biogeochemi-

cal coupled model to simulate nutrients, phytoplankton

biomass, PP, and functional groups in the SCS from 1958

to 2009. The modeled results showed that the annual mean

carbon composition of small phytoplankton, diatoms, and

coccolithophores was 33.7, 52.7, and 13.6 %, respectively.

Diatoms showed a higher seasonal variability than small

phytoplankton and coccolithophores. Diatoms were abun-

dant during winter in most areas of the SCS except for the

offshore of southeastern Vietnam, where diatom blooms

occurred in both summer and winter. Higher values of

small phytoplankton and coccolithophores occurred mostly

in summer. Our modeled results indicated that the seasonal

variability of PP was driven by the East Asian Monsoon.

The northeast winter monsoon results in more nutrients in

the offshore area of the northwestern Luzon Island and the

Sunda Shelf, while the southwest summer monsoon drives

coastal upwelling to bring sufficient nutrients to the off-

shore area of southeastern Vietnam. The modeled PP was

correlated with El Niño/Southern Oscillation (ENSO) at

the interannual scale. The positive phase of ENSO (El Niño

conditions) corresponded to lower PP and the negative

phase of ENSO (La Niña conditions) corresponded to

higher PP.

Keywords Phytoplankton functional groups � Primary

productivity � Nutrient dynamics � East Asian Monsoon �
ENSO � South China Sea � ROMS–CoSiNE model

1 Introduction

The South China Sea (SCS, 0�–25�N, 100�–125�E) is the

largest marginal sea in the northwestern Pacific. The

atmospheric circulation of the SCS is strongly controlled

by the East Asian Monsoon (EAM). Seasonal wind prevails

with northeasterlies in winter and southwesterlies in sum-

mer. April to May and September are two transition periods

that punctuate the alternation of winter and summer mon-

soon (Liu et al. 2004; Xie et al. 2003). The geometry of the

SCS leads to widespread upwelling and seasonal variation

of surface circulation under the influence of the EAM. The

prevailing northeast monsoon results in a basin-wide

cyclonic surface circulation, and the southwest monsoon

causes a surface circulation dipole: a cyclonic gyre in the

north and an anticyclonic gyre in the south (Su 2004).

Meanwhile, the Ekman transport drives the upwelling off

southeastern Vietnam in summer (Kuo et al. 2000; Xie

et al. 2003), and off northwestern Luzon Island, as well as

the northern Sunda Shelf, in winter (Liu et al. 2002; Shaw

et al. 1996). Cold deep waters that enter the SCS through

Luzon Strait (LS) need to upwell and flow laterally
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somewhere to compensate for the descending movement

(Qu et al. 2009). Therefore, the SCS is a basin-wide

upwelling system. The residence time of deep water is only

30–150 years, which results in a high upwelling rate and a

shallow nutricline (Wong et al. 2007a). This featured

upwelling and seasonal circulation pattern is crucial to the

nutrient dynamics and biogeochemistry in the SCS.

Phytoplankton, the primary producer of organic matter,

plays an important role in regulating oceanic carbon cycles.

In the SCS, many observations have indicated that the

growth of phytoplankton responds sensitively to the mon-

soon-related physical-biogeochemical processes. The

northeast winter monsoon results in an enhanced mixing of

the entire basin, which increases the overall nutrient supply

and primary productivity (PP) in the euphotic zone (Liu et al.

2002; Palacz et al. 2011; Tseng et al. 2005; Wang et al. 2010;

Wong et al. 2007b). The southwest summer monsoon,

however, only results in an enhanced PP in the offshore area

of southeastern Vietnam (Kuo et al. 2000) and the southern

SCS (Ning et al. 2004). This unique seasonality of PP also

affects the efficiency of POC export. Particle flux from

sediment traps showed annual or semi-annual cycles that

responded to the EAM change (Chen et al. 2007a; Lahajnar

et al. 2007; Wan et al. 2010; Wei et al. 2011).

It has also been found that the nutrient supply is

important to the variability of the phytoplankton commu-

nity structure. Diatoms grow better in less stratified and

nutrient-rich conditions, while picoplankton are dominant

when the surface water is stratified and under oligotrophic

conditions (Iglesias-Rodrı́guez et al. 2002; Litchman et al.

2007; Margalef 1978). Chen et al. (2007b) indicated that

the alternating dominancy between coccolithophores and

diatoms in the northern SCS revealed the EAM-driven

nutrient dynamics. A rare basin-scale survey conducted by

Ning et al. (2004) in 1998 also showed a significant vari-

ation of the phytoplankton community. However, a very

strong El Niño event occurred in 1998, during which both

the winter and summer monsoons weakened significantly

(Lan et al. 2012; Xie et al. 2003, 2009). Chlorophyll-

a (Chl-a) concentration in the summer of 1998 was the

lowest in the western SCS from 1997 to 2004 (Zhao and

Tang 2007). Limited observations may be biased because

of under sampling in space and time, adding uncertainties

to the biomass and PP estimations. Physical-biogeochem-

ical modeling thus becomes a versatile tool to bridge the

gap and to investigate nutrient and phytoplankton dynam-

ics in responding to the EAM change on the basin scale.

In the SCS, numerical modeling that focuses on bio-

geochemical processes is still limited compared to physical

oceanographic modeling. Examples of the latter include

Chao et al. (1996), Metzger and Hurlburt (1996), Xue et al.

(2004), and Wang et al. (2011). Liu et al. (2002) was the

first to model chlorophyll and PP responses to the EAM

using a simple ‘‘nutrient/phytoplankton/zooplankton/detri-

tus’’ (NPZD) model. Recently, more sophisticated three-

dimensional (3D) physical-biogeochemical models have

been developed to study the spatial and long-term variation

of PP, export production, and air–sea CO2 exchange (Chai

et al. 2009; Liu and Chai 2009). The previous studies,

however, did not discuss the variability of the phyto-

plankton community in the SCS. The current knowledge on

the phytoplankton community suggests that small and large

phytoplankton differ in sinking, remineralization, and

growth rates. Calciferous phytoplankton and non-calcifer-

ous phytoplankton also differ in the functioning of the

biological carbon pump. One numerical modeling example

in the Atlantic Ocean argued that the coccolithophores to

diatoms ratio increased by 80 % under a global warming

scenario, which is a positive feedback (outgassing of CO2

during calcification) to the increasing atmospheric pCO2

(Cermeño et al. 2008). In this paper, we updated the carbon

Si(OH)4 nitrogen ecosystem (CoSiNE) model (Chai et al.

2002) by adding a calciferous functional group (cocco-

lithophores) to the model (Fujii and Chai 2007), which

allowed us to simulate a long-term variability of phyto-

plankton biomass and PP as well as dynamic changes of

functional groups in the SCS.

The rest of this paper is organized as follows. In Sect. 2,

the regional ocean model system (ROMS)-CoSiNE model

is briefly introduced. Section 3.1 compares the model

results with observations. In Sects. 3.2–3.4, the spatial

distribution of modeled phytoplankton, seasonal variation,

and interannual variations are discussed.

2 Model and data

2.1 Model description

We used a 3D coupled physical-biogeochemical model in

this study. The physical model was based on the ROMS

which was a free-surface, terrain-following, primitive

equation ocean model. The Pacific Ocean (45�S–65�N,

99�E–70�W) configuration by Wang and Chao (2004) was

adopted in this study. The model has a horizontal resolu-

tion of 50 km in both zonal and meridional direction and

20 levels in the vertical. The northern and southern

boundaries of the model are closed walls. A sponge layer

was applied to temperature, salinity, and nutrients. The

treatment of the sponge layer consisted of a decay term

j(T* - T), j(S* - S), and j(N* - N) in the temperature,

salinity, and nutrient/carbon equations, respectively, which

restored the modeled variables to the observed temperature

T*, salinity S*, and nutrients N* fields at the two closed

walls. The value of j varied smoothly from 1/30 day-1 at

the walls to zero at 5� from the walls.
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The biogeochemical scheme is based on the CoSiNE

model developed by Chai et al. (2002) and Dugdale et al.

(2002), in which the phytoplankton community was rep-

resented by a small number of functional groups rather than

individual taxonomies for the sake of applicability and

computation efficiency. After introducing a calciferous

functional group into the CoSiNE model, the updated

model includes four nutrients [silicate (SiO4), nitrate

(NO3), ammonium (NH4) and dissolved inorganic carbon,

(DIC)], three phytoplankton groups [small phytoplankton

(P1), diatoms (P2), and coccolithophores (P3)], two grazers

[microzooplankton (Z1) and mesozooplankton (Z2)], and

four detrital pools [detritus nitrogen (DN), detritus silicate

(DSi), detritus carbon (DC), and detritus calcium carbonate

(DCa)].

In the euphotic zone, the growth rate of the phyto-

plankton is determined by the Michaelis–Menten type

feedback in order to take nutrient limitation into account

(Dugdale 1967). P1, P2, and P3 assimilate DIC and dis-

solved inorganic nitrogen (DIN) to form organic matters.

Silicate and DIC are absorbed by P2 and P3, respectively,

to form silica and calcium carbonate shells. The ratio of

calcium carbonate to organic carbon is set to unity during

P3 calcification. Z1 only graze on P1 that is a non-sinking

group, while Z2 graze on P2 and P3 and prey on Z1 and

DC. Below the euphotic zone, sinking particulate organic

matters are converted to inorganic nutrients by a regener-

ation process, in which organic nitrogen decays to

ammonium and then is nitrified to nitrate. The degradation

rates for particulates are functions of temperature. A brief

introduction of equations and parameters are given in the

‘‘Appendix’’. Readers are also referred to Xiu and Chai

(2012) for detailed implementations of the model.

It is worth noting that the treatment of three major

functional groups is a model simplification rather than the

realistic phytoplankton community structure. Nevertheless,

this coccolithophores-included model is more comprehen-

sive for the SCS which is a calcium carbonate well-pre-

served basin (Wang and Li 2009). Fujii et al. (2007) also

indicated that the introduction of coccolithophores into the

model relaxed the grazing pressure on the diatoms and

increased diatom biomass. Liu et al. (2002) incorporated

the photo-adaptation into the NPZD model with one phy-

toplankton functional group, and argued that it is necessary

to use a variable Chl-a to nitrogen (Chl-a/N) ratio in order

to reproduce the subsurface chlorophyll maximum (SCM)

Fig. 1 Modeled Chl-a and

POC in comparison with the

corresponding SeaWiFS

satellite data. a Time series of

modeled and SeaWiFs Chl-a

from 1997 to 2009. b Scatter

plot of the modeled versus

SeaWiFs Chl-a. c Time series of

modeled and SeaWiFs POC

from 1997 to 2009. d Scatter

plot of the modeled versus

SeaWiFs POC. e–f Comparison

of climatological Chl-a and

POC with the corresponding

SeaWiFS data. Diagonals in

(b) and (d) are 1:1 lines.

SeaWiFS POC is divided by 3.2
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(Liu et al. 2007b). In the current ROMS–CoSiNE model,

the Chl-a, nitrogen, and carbon of the phytoplankton were

incorporated as independent variables. Thus, we were able

to take a variable C/N and C/Chl-a molar ratio in the

production of organic matter rather than a fixed Redfield

ratio (Fujii and Chai 2007).

In this study, the model was initialized with climatological

temperature, salinity, and nutrients from the World Ocean Atlas

Fig. 2 Comparison between

the modeled and SeaWiFS Chl-

a: a, b in January, c, d in July

Fig. 3 Depth profile of the

modeled annual mean a NO3

and b SiO4, compared with the

WOA 2009 data (Garcia et al.

2010)
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(WOA) 2005 (Locarnini et al. 2006) and spun up for years to

reach a quasi-equilibrium state. From this equilibrium, the

ROMS–CoSiNE model was integrated for the period from

1958 to 2009 forced with daily air–sea fluxes of momentum,

heat, and freshwater from the NCEP/NCAR reanalysis (Kalnay

et al. 1996). River discharges were not considered in the model.

Table 1 Annual mean and range (in parentheses) of the biomass of three groups of phytoplanktona and the sum of the three

Subdomainb P1 (mmol C m-2) P2 (mmol C m-2) P3 (mmol C m-2) P1 ? P2 ? P3 (mmol C m-2)

N 33.3 (32.6–35.0) 47.5 (32.4–71.1) 22.1 (15.9–34.95) 103.0 (83.2–122.1)

NE1 40.4 (35.7–50.9) 8.5 (2.4–20.6) 41.7 (19.6–77.4) 90.6 (66.0–128.2)

NE2 36.8 (34.2–39.2) 49.3 (24.5–104.7) 21.7 (12.1–35.2) 107.8 (83.1–152.3)

C 36.7 (34.3–39.2) 68.9 (52.4–96.4) 4.8 (3.2–6.5) 110.4 (97.3–134.7)

SW 33.5 (30.9–36.1) 77.3 (56.1–100.0) 4.7 (3.7–6.5) 115.5 (98.1–138.5)

S 32.5 (29.4–35.8) 55.4 (33.9–93.8) 2.5 (0.7–4.8) 90.3 (71.2–124.0)

SCS 34.7 (33.1–35.7) 54.3 (43.7–76.5) 14.0 (8.2–22.5) 103.0 (90.0–119.1)

N Northern box, NE1 northeastern box 1, NE2 northeastern box 2, C central box, SW southwestern box, S southern box, SCS the entire SCS
a All values are the integrations from 0 to 125 m in areas with the water depth [500 m
b Symbols represent subdomains as in Fig. 4a

Fig. 4 Annual mean a small

phytoplankton (P1), b diatom

(P2), c coccolithophores (P3),

and d total phytoplankton

carbon (P1 ? P2 ? P3)

integrated from 0 to 125 m.

Boxes in (a) are 6 subdomains

described in Table 1
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2.2 Satellite and in situ data

Surface Chl-a and carbon data from the sea-viewing wide

field-of-view sensor (SeaWiFS) project from September

1997 to December 2009 were used to evaluate the model

performance. The particulate organic carbon (POC) was

calculated from satellite-sensed particulate backscattering

coefficient through empirical and regionally observed

relationships (Behrenfeld et al. 2005). Measured annual

mean climatology of nitrate (NO3) and silicate (SiO4) were

obtained from the WOA 2009 (Garcia et al. 2010).

3 Results and discussion

3.1 Comparing modeled Chl-a, POC, and nutrients

with observations

The monthly mean time series and climatological annual

cycle of the modeled Chl-a and POC were calculated and

compared with the SeaWiFS data for the period from 1997

to 2009. In Fig. 1, the modeled Chl-a and POC showed a

high correlation with satellite derivations (R = 0.8,

p \ 0.01). The climatological annual cycle also indicated

the consistency in both amplitude and phase (Fig. 1e, f).

Chl-a and POC concentrations had two peaks in winter and

summer but the former one was higher. Spring and autumn

were low Chl-a and POC concentration seasons. The

summer peak disappeared in 1998 due to the El Niño. All

these features were reproduced well in the model. The

SeaWiFS POC shown in Fig. 1c has been divided by 3.2

because phytoplankton carbon only accounted for a small

fraction of the total POC. Eppley et al. (1992) reported that

the phytoplankton carbon to POC (Phyto. C/POC) ratio

ranged from 29 to 49 % in the equatorial Pacific. DuRand

et al. (2001) found a relatively constant value of 33 %

throughout the year near Bermuda. The good comparison

between our modeled phytoplankton carbon and the

SeaWiFS POC after division indicated a Phyto. C/POC

ratio of 1:3.2 in the SCS (Fig. 1d). This validation also

determined a Chl-a/C ratio of 0.008–0.014.

The modeled seasonal variation of Chl-a also shared

similarity with the satellite data. Surface plots showed that

the high Chl-a concentration occurred off the west coast of

Luzon Island and on the Sunda Shelf in January (Fig. 2a).

The central basin, however, was low in concentration. In

July, high chlorophyll values were located offshore of

southeastern Vietnam. The modeled result is also similar to

the basin-scale survey conducted by Ning et al. (2004) in

1998 (see their fig. 5). Moreover, our model results depicted

a clear phytoplankton variation which responded to the

EAM. The northeast winter monsoon induces positive wind

stress curls on the offshore area of the west of Luzon Island

and the Sunda Shelf where upwelling brings more nutrients

to support the growth of the phytoplankton. The southwest

summer monsoon breeze along the coast of southeastern

Vietnam causes strong Ekman transport. This prominent

monsoon-driven variability of phytoplankton is consistent

with previous simulations by Liu et al. (2007b, 2002).

However, a large discrepancy between the model and

satellite data stand out in the northern SCS. The SeaWiFS

data showed high chlorophyll concentrations off the west

of LS, but the modeled chlorophyll was very low in the

corresponding area (Fig. 2). Our modeled high Chl-a val-

ues only occurred off the western Luzon Island and did not

extend to the north in winter. There are three potential

reasons that may account for this discrepancy.

The first is the overestimated Kuroshio intrusion in the

ROMS model. The cross-section at the LS showed that the

surface concentration of nitrate (NO3) and silicate (SiO4)

was lower in the western Pacific than the SCS (Chen et al.

2001). The annual mean surface SiO4 from WOA 2009

also showed a low concentration area in the northeastern

SCS, but our modeled low SiO4 area extended more

westward. The Kuroshio water has high temperature and

salinity. The modeled salinity (not shown) indicated that

this low SiO4 area collocated with high salinity waters. In

other words, there were surplus Kuroshio waters that

intruded into the northern SCS in the model. The intruded

waters with low concentration of nutrients would limit the

growth of phytoplankton in the current model configura-

tion. Except for the northern part, modeled higher SiO4

values are consistent with WOA 2009 in the central basin.

The basin-averaged depth profiles of the modeled nutrients

are also consistent with observations (Fig. 3).

The second reason for the discrepancy is the lack of

river sources. Pearl River, the largest river in the northern

Fig. 5 Annual mean fraction of three types of phytoplankton with

depth. Red, green, and blue represent P3, P1, and P2, respectively

(color figure online)
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SCS, is an important nutrient source to the shelf. The Pearl

River plume can occupy a large area of the middle shelf

with high concentrations of NO3 and SiO4 (Cai et al. 2004;

Han et al. 2012). Very high Chl-a concentrations near the

Pearl River Estuary in the SeaWiFS data could be the result

of high riverine nutrients. Salinity transect showed that

fresh water from the Pearl River was able to flush to the

shelf break during wet seasons (Cai et al. 2004). Thus, the

lateral advection and mixing may bring more nutrients to

the northern basin. These high riverine nutrients can

Fig. 6 0–125 m integrated

carbon of a, P1, c, d P2, and e,

f P3 in January (left) and July

(right), respectively
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support the growth of phytoplankton not only in the estuary

but also on the shelf and adjacent deep sea.

The third possible reason is the insufficient horizontal

resolution of the model. More than 30 eddies in the SCS

were identified each year by a similar model, but with a

12.5-km resolution in the horizontal (Xiu et al. 2010). The

northern SCS is the place where mesoscale eddies occur

with high frequencies (Li et al. 2011; Xiu et al. 2010). The

upwelling associated with cyclonic eddies is an important

mechanism to enhance PP on the route of eddies (Xiu and

Chai 2011). Our current model configuration with a hori-

zontal resolution of 50 km is not adequate to resolve the

impact of eddies.

3.2 Spatial distribution of the modeled phytoplankton

Satellites detect the backscattering optical signal from the

ocean surface. Therefore, Chl-a concentration derived from

SeaWiFS only reflected the condition in a few of the

surface layers. The SCM, however, is a widespread feature

in the subtropics (Hense and Beckmann 2008; Perez et al.

2006; Radenac and Rodier 1996). It occurs at the depth of

*75 m in the SCS (Ning et al. 2004). Surface backscat-

tering based on remote sensing probably contains large

uncertainties in the estimation of biomass and PP. Incor-

porating a variable Chl-a/N ratio into the latest ROMS–

CoSiNE model allowed us to reproduce SCM better com-

pared with the previous study (Liu and Chai 2009).

Moreover, the variable C/N rather than fixed Redfield ratio

made carbon an independent tracer in this study.

To investigate phytoplankton biomass in the water col-

umn, we integrated carbon content of three phytoplankton

functional groups from 0 to 125 m, close to the bottom of

the euphotic zone in the SCS (Shang et al. 2011). The

annual mean phytoplankton compositions in different

regions are shown in Table 1 and Fig. 4. The distribution

of small phytoplankton was very uniform. Its annual mean

carbon concentration, integrated from 0 to 125 m, of the

Fig. 7 SiO4 (a, b) and NO3 (c,

d) concentration at 125 m in

January (left) and July (right),

respectively
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entire basin was estimated to be *35 mmol m-2 with

slightly high values in the northeastern (40.4 mmol m-2)

and central basin (36.7 mmol m-2). Diatoms mainly exis-

ted in the central and southern basins. High concentration

values spread from western Luzon Island to eastern Viet-

nam. The distribution of annual mean total phytoplankton

carbon is similar to that of diatoms, suggesting the domi-

nant group of the biomass comprises diatoms. The con-

centration of coccolithophores was high in the north and

very low in the south. Overall, small phytoplankton, dia-

toms, and coccolithophores accounted for 33.7, 52.7, and

13.6 % of the biomass, respectively. Picoplankton is

thought to be dominant in oligotrophic subtropical waters

(Iglesias-Rodrı́guez et al. 2002; Litchman et al. 2007;

Margalef 1978). The field survey by Ning et al. (2004) also

reported that picoplankton accounted for 63–77 % in

summer and about 52 % in winter. Therefore, the propor-

tion of diatoms may be overestimated in the model.

The composition of three functional groups in different

depth showed that the fraction of diatoms and coccolitho-

phores increased with depth while the fraction of small

phytoplankton decreased with depth (Fig. 5). The biomass

of diatoms and small phytoplankton were nearly equal to

each other at the surface but diatoms became more domi-

nant in deeper waters. This decrease of the small phyto-

plankton fraction with depth was mostly due to its non-

sinking treatment in the model. Small phytoplankton did

not sink to the subsurface unlike diatoms and coccolitho-

phores. A high phytoplankton carbon concentration in the

central basin (Fig. 4d) was likely because of the upwelling-

driven nutrient supply allowed the diatoms be more pro-

liferative in the subsurface layer.

The spatial distribution of three functional groups in

winter and summer are presented in Fig. 6. Small phyto-

plankton did not vary greatly between winter and summer.

Diatoms, however, showed a significant seasonal variabil-

ity. In winter, high values appeared in the offshore area of

western Luzon Island, the central basin and the northern

Sunda Shelf. In summer, high diatom values elongated

from the southwestern to the northeastern SCS. Ning et al.

(2004) reported that diatom cell abundance was much

higher in winter than summer at the basin scale, but was

found to be dominant to the east of Vietnam and the deep

basin area in summer. The spatial and temporal

Fig. 8 Modeled primary productivity (PP) (top panel) and new production (NP) (bottom panel) in January (a, d), July (b, e), and annual mean

(c, f)
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distributions of diatoms from the model are consistent with

this survey. The seasonal variation of coccolithophores

showed clearly in the north. Their concentration increased

in summer and decreased in winter.

The change of composition in different seasons mainly

reflects the variation of nutrient supply. Nutrient concen-

trations at 125 m represent potential sources for the growth

of phytoplankton since these nutrients can reach shallower

depth by upwelling and mixing. The low nutrient concen-

tration in the northern SCS in both winter and summer

(Fig. 7) probably accounted for the low biomass there. It is

worth noting that the variation of coccolithophores reflec-

ted the modeled nutrients dynamics. Depleted SiO4 in the

north limited the growth of diatoms. Thus, the relatively

enhanced NO3 to SiO4 ratio provided room for the growth

of coccolithophores and small phytoplankton in the north.

Seasonal variations of nutrients also showed its dependence

on the EAM. In winter, SiO4 and NO3 were noticeably

higher than in summer. The northeast winter monsoon

Fig. 9 Climatological annual

cycle of phytoplankton carbon

(left), PP (middle), and NP

(right) averaged in 6

subdomains and the SCS basin.

Black P3, blue P1, magenta P3,

and red P1 ? P2 ? P3 (color

figure online)

Fig. 10 Climatological annual cycles of phytoplankton specific

growth rates in 6 subdomains which are shown in Fig. 4. The unit of

the rate is day-1
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resulted in high nutrient values elongating from the

southwest to the northeast. As well, more nutrients were

found off western Luzon Island, while in summer, high

nutrients mainly occurred off eastern Vietnam. Diatoms

were more proliferative than other phytoplankton in the

areas where SiO4 is replete. Otherwise, the proportion of

diatoms would be low as in the north.

Primary productivity and new production (NP) are two

other important variables for evaluating the role of phyto-

plankton in the biological pump. The definition of NP is the

PP supported by new sources of nitrogen (NO3 in the

model). Regenerated production, the counterpart of NP, is

supported by forms of recycled nitrogen (NH4 in the

model). NP is thought to equal the export production (the

fraction of PP that is exported from the euphotic zone) in

the long-term average (Dugdale 1967; Eppley and Peterson

1979). Overall, the vertical integrated PP and NP were

consistent with each other in different seasons and annual

means (Fig. 8). Maranon et al. (2001) reported the decou-

pling between phytoplankton carbon and PP in the Atlantic

Ocean over a large latitudinal range. In the SCS, however,

our modeled results did not show a decoupling. Modeled

phytoplankton carbon was consistent with PP and NP

probably because the SCS is limited in latitudinal range

and does not possess a significant alternation of the com-

munity structure.

3.3 Climatological annual cycle of the modeled

phytoplankton

We divided the basin into 6 subdomains (see Fig. 4a).

Individual months were averaged from 1958 to 2009 to

illustrate the climatological seasonal variation. Figure 9

shows the 0–125 m integrated biomass, PP, and NP in

these subdomains and the entire basin. At the basin scale,

total carbon was higher in winter and lower in summer.

Diatoms were consistent with total carbon which was

higher in winter, while small phytoplankton and cocco-

lithophores were higher in summer. PP and NP showed

more prominent seasonal variations than the biomass. High

winter PP and a slightly high summer value were punctu-

ated by two low PP values in May and October, respec-

tively. The similarity between total and diatom carbon

indicated that diatoms were the main contributor to the

variation of the total biomass. Small phytoplankton and

coccolithophores changed less relative to diatoms, but they

accounted for a larger proportion from May to October.

Nevertheless, the specific growth rate (PP/Phyto. C)

Fig. 11 Comparison of

monthly mean of PP in the SW

box with multivariable ENSO

index (MEI) and Pacific decadal

oscillation (PDO) index from

1958 to 2009. Black lines

overlaid on the MEI and PDO

index and the red line on PP

denote the corresponding annual

mean. MEI is from

http://www.esrl.noaa.gov/psd/

enso/mei/ and PDO data is from

http://jisao.washington.edu/

data_sets/pdo/ (color figure

online)
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showed a different pattern compared with either PP or

biomass. Small phytoplankton had the highest specific

growth rate in each subdomain (Fig. 10). This relatively

high specific growth rate and low biomass denoted that the

turnover time of small phytoplankton was very rapid and

that its standing stock was, however, highly regulated by

the grazing pressure of zooplanktons. The specific growth

rate of diatoms had larger variations although lower than

small phytoplankton.

In the SW box, the modeled PP had two peaks, one in

winter and the other in summer; the summer peak was

higher than the winter one. In the NE2 and N boxes, PP had

only one peak in winter, while in the S and C boxes, winter

PP was the highest throughout the year but a weak increase

also existed in summer, which was shown more clearly in

the specific growth rate. In the N, NE2 and C boxes, PP of

small phytoplankton was higher than the other two func-

tional groups from May to November. Due to the depletion

of the SiO4 concentration in the NE1 box, PP of small

phytoplankton and coccolithophores were higher than

diatoms. This seasonal variation of PP in different boxes

clearly showed their link to the alternation of the EAM.

The Ekman pumping and enhanced mixing during winter

brought more nutrients to the surface especially in the SW

Fig. 12 Comparison of 1-year-lagged annual mean of PP to the MEI

and PDO index for the SW box. a, b The time series of PP versus MEI

and PDO index, respectively. c, d The corresponding scatter plot to

(a) and (b). Black lines in (c) and (d) are the linear regression lines.

Three El Niño (red points) and La Niña (blue points) years are

denoted (color figure online)

Fig. 13 Scatter plot of 1-year-lagged annual mean PP versus a MEI, and b PDO index for the NE2 box. Black lines are linear regression lines.

Three El Niño (red points) and La Niña (blue points) years are denoted (color figure online)
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Fig. 14 Scatter plot of MEI versus 6-month-lagged summer (June–August) PP of a P1, b P2, c P3, and d P1 ? P2 ? P3 over the entire SCS.

Black lines are linear regression lines. Three El Niño (red points) and La Niña (blue points) years are denoted (color figure online)

Table 2 The model parameters and values

Symbol Description Value Unit

S3 Nitrogen concentration of P3 Model output mmol N m-3 day-1

C3 Carbon concentration of P3 Model output mmol C m-3 day-1

Chl3 Chlorophyll concentration of P3 Model output mg Chl m-3 day-1

Temp Sea water temperature Model output K

KNO3 Half-saturation for NO3 uptake by P3 1.0 mmol Nm-3

KNH4 Half-saturation for NH4 uptake by P3 1.0 mmol Nm-3

PC3
ref

Maximum coccolithophores carbon-specific nitrogen-uptake 1.0 day-1

Qmax Maximum phytoplankton nitrogen:carbon ratio 0.15 mol N/mol C

Qmin Minimum phytoplankton nitrogen:carbon ratio 0.04 mol N/mol C

W NH4 inhibition parameter 5.59 (mmol N m-3)-1

ES3 Fraction of new production in dissolved forms 0.1 Dimensionless

aChl3 Chlorophyll-specific initial slope of P vs. I curve for coccolithophores 0.25 mol C m2 (g Chl W day)-1

b2 Mesozooplankton maximum specific grazing rate 0.65 day-1

f10 Grazing preference for coccolithophores 0.1 Dimensionless

f5 Grazing preference for diatoms 0.6 Dimensionless

f6 Grazing preference for microzooplankton 0.2 Dimensionless

f7 Grazing preference for detritus 0.1 Dimensionless

hChl3
Nmax Maximum value of hChl3

N
2.0 g Chl (mol N)-1

c10 Mortality coefficient 0.05 day-1

kS3 Cost of biosynthesis 2.33 mol C (mol N)-1

W3 Coccolithophores sinking velocity 1.0 m day-1
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and NE2 boxes. The southwest monsoon in the summer

gave rise to enhanced upwelling and mixing not only off

Vietnam but also in the southern and central SCS. Sedi-

ment traps also showed that the POC and PIC flux had one

winter peak in the north and dual peaks (winter and sum-

mer) in the south (Chen 2005; Chen et al. 2007a; Wan et al.

2010). The pattern of seasonal variation found in the sed-

iment traps is consistent with our modeled results.

3.4 Interannual variability of PP

Figure 11 shows the time series of monthly mean PP from

1958 to 2009 in comparison with the multivariable El

Niño/Southern Oscillation (ENSO) index (MEI) and Paci-

fic decadal oscillation (PDO) index. The modeled PP in the

SW box showed a clear semi-annual cycle that was high in

both winter and summer but low during transition periods.

In addition to the semi-annual cycle, the interannual vari-

ability also existed in the PP variation. The 1-year-lagged

annual mean PP showed a significant anti-phase relation-

ship with the MEI in the SW box (Fig. 12a, c). The positive

phase of ENSO (El Niño) such as 1965/66, 1987/88, and

1997/98 corresponded to low PP values, while the negative

phase (La Niña) such as 1962/63, 1973/74, 2000/01 cor-

responded to higher PP values. Although the annual mean

PP also showed a negative relationship with PDO, the

correlation was much weaker than that with the ENSO

index. In the NE2 box where the higher PP occurred in

winter, the modeled PP did not show a good relationship

with either ENSO or PDO (Fig. 13).

This spatial difference in the relationship between PP

and ENSO is believed to reflect the interaction between the

EAM and ENSO. ENSO, which has its mature phase in

winter and causes the prominent change of the annual mean

MEI in the previous year, plays an important role in

modulating the strength of summer monsoon in the suc-

cessive year. In 1998 for example, the strongest El Niño in

recent decades resulted in a significant weakening of the

summer monsoon (Lan et al. 2012; Xie et al. 2003, 2009).

The summer peak of PP in the southwestern SCS was

significantly lower than in normal years. The winter

monsoon-driven PP, however, did not show a strong con-

nection with ENSO.

Moreover, the summer PP of three functional groups

showed a different relationship to ENSO over the entire basin

(Fig. 14). The summer PP of small phytoplankton was pos-

itively correlated with ENSO but for diatoms was the

reverse. Coccolithophores, however, did not show a signif-

icant linear relationship with ENSO. The opposite relation-

ship between small phytoplankton and diatoms in summer

revealed that the weak (strong) summer monsoon during El

Niño (La Niña) leads to the phytoplankton composition of

small phytoplankton (diatoms) being more abundant. In the

northern SCS, field observations demonstrated a higher

biomass of small phytoplankton in El Niño years (Liu et al.

2007a). Opal and diatom flux was found to be abnormally

low during 1987/1988, which corresponded to an El Niño

event (Ran et al. 2011). On the other hand, another sediment

trap in the central SCS showed a sharp increase of the diatom

flux during 1994/1995 (an El Niño event) (Wang et al. 2000).

However, this increased diatom flux might be the result of a

mesoscale eddy-induced upwelling instead of a basin-wide

feature (Ning et al. 2009). Long-term, repeated, and large-

scale cruise or sediment trap data are needed to verify the

relationship between phytoplankton dynamics and ENSO.

4 Conclusion

We modeled the variation of nutrients, phytoplankton

biomass, PP, and composition structure from 1958 to 2009

using the Pacific ROMS–CoSiNE configuration. The

modeled chlorophyll and carbon were comparable with the

satellite data for the SCS basin. The inconsistency between

the modeled results and observations in the northern shelf/

slope was due to the overestimated Kuroshio intrusion by

the current model, which brought more waters with a low

concentration of silicate. Our modeled results indicated

that the EAM is responsible for the variations of phyto-

plankton biomass, PP, and group fractionation, not only at

the seasonal but also at the interannual scale. The northeast

winter monsoon induces a positive wind stress curl off the

west of Luzon Island and on the Sunda Shelf, where

upwelling and mixing bring more nutrients to support the

growth of phytoplankton. The southwest summer monsoon,

on the other hand, drives offshore Ekman transport, hence

producing coastal upwelling and high productivity along

the coast of southeastern Vietnam.

Annual mean carbon composition of small phytoplank-

ton, diatoms, and coccolithophores was 33.7, 52.7, and

13.6 %, respectively, at the basin scale. The proportion of

diatoms was overestimated by the model relative to the

small phytoplankton. Diatoms were the main contributor to

the seasonal variability of biomass and PP. Small phyto-

plankton and coccolithophores had less seasonal variabil-

ity. The peak of diatoms in most subdomains of the SCS

occurred in winter except for east of Vietnam, where dia-

tom blooms occurred in both summer and winter. Higher

values of small phytoplankton and coccolithophores

occurred in summer. Small phytoplankton had the highest

specific growth rate but their standing stock is regulated by

the high grazing pressure of zooplanktons.

The interannual variability of PP showed that the posi-

tive phase of ENSO (El Niño) corresponded to lower PP

and the negative phase of ENSO (La Niña) corresponded to

higher PP.
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Appendix

The model equations of each compartment can be expres-

sed as:

oCi

ot
¼ PhysicsðCiÞ þ BiologyðCiÞ; ðA1Þ

where Ci (i = 1, 2, …, 13) denotes each of the 13

compartments listed in Sect. 2. The first term on the right

hand side represents physical processes which include

vertical/horizontal advection and eddy diffusion. The

second term on the right hand side represents biological

processes. Fujii et al. (2007) gave detailed equations for

small phytoplankton and diatoms. Here, we only show

equations of the nitrogen (A2), carbon (A3) and

chlorophyll (A4) concentration that represent dynamics of

coccolithophores. The short description and corresponding

value of parameters are listed in Table 2.

Biology S3 zð Þð Þ mmol N m�3day�1
� �

¼ NP3 zð Þ þ RP3ðzÞ � GS3ðzÞ � c10 � S3ðzÞ

� o

oz
W3� S3ðzÞð Þ; ðA2Þ

Biology C3 zð Þð Þ mmol C m�3day�1
� �

¼ ðPC3 zð Þ � kS3 �max
NP3 zð Þ

NP3 zð Þ þ RP3 zð Þ ; 0:5
� �

� ðNP3ðzÞ þ RP3 zð ÞÞ=ð1� ES3ÞÞ � ð1� ES3Þ

� GC3ðzÞ � c10 � C3ðzÞ � o

oz
W3� C3ðzÞð Þ; ðA3Þ

Biology Chl3 zð Þð Þ mg Chl m�3day�1
� �

¼ ðPChl3 zð Þ � GChl3ðzÞ � c10 � Chl3ðzÞ

� o

oz
W3� Chl3ðzÞð Þ; ðA4Þ

where NP3 and RP3 represent new production and

regenerated production, respectively. GS3, GC3, and

GChl3 denote the grazing of P3 by Z2 in nitrogen, car-

bon, and chlorophyll unit, respectively. c10 is the mor-

tality coefficient of P3. The last term in equations A2–A4

represents vertical sinking of P3, and W3 is the sinking

velocity. The detailed expressions of biological process

are as follows.

New production

NP3 zð Þ mmol N m�3day�1
� �

¼ VC
NrefS3 � e�WNH4 � NO3 zð Þ

KNO3
þ NO3 zð Þ

� Tfunc zð Þ � 1� fnitp3 zð Þ
1:015� fnitp3 zð Þ

� C3 zð Þ � 1� ES3ð Þ � 1� e
� aChl3hC3ðzÞPARðzÞ

PC3
ref
�fnitp3 zð Þ�Tfunc zð Þ

 !

; ðA5Þ

where PAR is photosynthetically active radiation,

VC
NrefS3 ¼ PC3

ref � Qmax; ðA6Þ

Tfunc zð Þ ¼
e�4000ð 1

278:15
� 1

303:15
Þ;Temp zð Þ\278:15

e�4000ð 1
298:15
� 1

303:15
Þ;Temp zð Þ[ 298:15

e
�4000ð 1

TempðzÞ�
1

303:15
Þ; 278:15�Temp zð Þ� 298:15

8
><

>:
;

ðA7Þ

fnitp3 zð Þ ¼
S3 zð Þ
C3 zð Þ � Qmin

Qmax � Qmin

; ðA8Þ

hC3 zð Þ ¼ Chl3ðzÞ=C3ðzÞ; ðA9Þ

Regenerated production

If
S3 zð Þ
C3 zð Þ �Qmin;

RP3 zð Þ mmol N m�3day�1
� �

¼ VC
NrefS3 �

NH4 zð Þ
KNH4

þ NH4 zð Þ � Tfunc zð Þ

� 1� fnitp3 zð Þ
1:015� fnitp3 zð Þ � C3 zð Þ � 1� ES3ð Þ; ðA10Þ

If
S3 zð Þ
C3 zð Þ [ Qmin;

RP3 zð Þ mmol N m�3day�1
� �

¼ VC
NrefS3 �

NH4 zð Þ
KNH4

þ NH4 zð Þ � Tfunc zð Þ � 1� fnitp3 zð Þ
1:015� fnitp3 zð Þ

� C3 zð Þ � 1� ES3ð Þ � 1� e
� aChl3hC3 zð ÞPAR zð Þ

PC3
ref
�fnitp3 zð Þ�Tfunc zð Þ

 !

;

ðA11Þ

Grazing by Z2

GS3 zð Þ mmol N m�3day�1
� �

¼ b2� f10 � S3 zð Þ

� Z2 zð Þ
KZ2 þ f8 þ f9

� S3ðzÞ;

ðA12Þ

Modeling the long term variability of phytoplankton functional groups and PP in the SCS 541

123



GC3 zð Þ mmol C m�3day�1
� �

¼ b2� f10 � S3 zð Þ

� Z2 zð Þ
KZ2 þ f8 þ f9

� C3 zð Þ;

ðA13Þ

GChl3 zð Þ mg Chl m�3day�1
� �

¼ b2� f10 � S3 zð Þ � Z2 zð Þ
KZ2 þ f8 þ f9

� Chl3ðzÞ; ðA14Þ

where

f8 ¼ f5 � S2 zð Þ þ f6 � Z2 zð Þ þ f7 � DN zð Þ þ f10

� S3 zð Þ; ðA15Þ

f9 ¼ f5 � S22 zð Þ þ f6 � Z22 zð Þ þ f7 � DN2 zð Þ þ f10

� S32 zð Þ;
ðA16Þ

Carbon uptake

PC3 zð Þ mmol C m�3day�1
� �

¼ PC3
ref � fnitp3 zð Þ � Tfunc zð Þ

� 1� e
� aChl3hC3 zð ÞPAR zð Þ

PC3
ref
�fnitp3 zð Þ�Tfunc zð Þ

 !

� C3ðzÞ;
ðA17Þ

Chlorophyll uptake

PChl3 zð Þ mg Chl m�3day�1
� �

¼ hChl3
Nmax

�
PC3

ref � fnitp3 zð Þ � Tfunc zð Þ � 1� e
� aChl3hC3 zð ÞPAR zð Þ

PC3
ref
�fnitp3 zð Þ�Tfunc zð Þ

 !

aChl3hC3 zð ÞPAR zð Þ
� ðNP3 zð Þ þ RP3 zð ÞÞ:

ðA18Þ
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