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Abstract In the South China Sea (SCS), the subsurface chlorophyll maximum (SCM) is frequently observed while the mecha-
nisms of SCM occurrence have not been well understood. In this study, a 1-D physical-biochemical coupled model was used to study
the seasonal variations of vertical profiles of chlorophyll-a (Chl-a) in the SCS. Three parameters (i.e., SCM layer (SCML) depth,
thickness, and intensity) were defined to characterize the vertical distribution of Chl-a in SCML and were obtained by fitting the
vertical profile of Chl-a in the subsurface layer using a Gaussian function. The seasonal variations of SCMs are reproduced reasona-
bly well compared to the observations. The annual averages of SCML depth, thickness, and intensity are 75+10m, 31+6.7 m, and
0.37+0.11 mgm >, respectively. A thick, close to surface SCML together with a higher intensity occurs during the northeastern mon-
soon. Both the SCML thickness and intensity are sensitive to the changes of surface wind speed in winter and summer, but the sur-
face wind speed exerts a minor influence on the SCML depth; for example, double strengthening of the southwestern monsoon in
summer can lead to the thickening of SCML by 46%, the intensity decreasing by 30%, and the shoaling by 6%. This is because part
of nutrients are pumped from the upper nutricline to the surface mixed layer by strong vertical mixing. Increasing initial nutrient
concentrations by two times will increase the intensity of SCML by over 80% in winter and spring. The sensitivity analysis indicates
that light attenuation is critical to the three parameters of SCM. Decreasing background light attenuation by 20% extends the eu-
photic zone, makes SCML deeper (~20%) and thicker (12%—41%), and increases the intensity by over 16%. Overall, the depth of
SCML is mainly controlled by light attenuation, and the SCML thickness and intensity are closely associated with wind and initial

nitrate concentration in the SCS.
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1 Introduction

Subsurface chlorophyll (Chl-a) maximums (SCMs)
commonly occur in world’s oceans (Cullen, 1982; Holm-
Hansen and Hewes, 2004; Martin et al., 2010; Venrick,
1993), especially throughout much of the tropical and
subtropical oceans (Cullen, 1982; Radenac and Rodier,
1996; Teira et al., 2005). Seasonal SCMs are frequently
developed in temperate latitudes (Hopkinson and Barbeau,
2008; Venrick, 1993), and even in arctic and subarctic
latitudes (Holm-Hansen and Hewes, 2004; Martin et al.,
2010). The biomasses in the SCM layer (SCML) make a
significant contribution to primary production in the
whole water column (Hanson et al., 2007; Siswanto et al.,
2005; Weston et al., 2005). Pérez et al. (2006) showed
that 65%—75% of the total chlorophyll in a water column
of the Atlantic subtropical gyres is present in SCML. The
SCML accounts for 58% of water column primary pro-
duction in the central North Sea (Weston et al., 2005).

* Corresponding author. Tel: 0086-532-66782977
E-mail: hwgao@ouc.edu.cn

Since Riley et al. (1949) first found the SCMs in the
western North Atlantic, the mechanisms leading to SCMs
have been investigated. Based on previous studies, a
common explanation can be: 1) There exists a nutrient-
poor surface layer due to rapid phytoplankton consump-
tion; 2) Phytoplankton either undergo an active migration
(Klausmeier and Litchman, 2001) to or sink into subsur-
face layer (Hodges and Rudnick, 2004; Huisman et al.,
2006; Jamart et al., 1977); 3) In subsurface layer the
Photosynthetic Available Radiation (PAR) is not a limita-
tion factor and rich nutrients satisfy the phytoplankton
growth. Some studies proposed that in oligotrophic ocean
SCMs may result from increased chlorophyll content of
phytoplankton with depth at low light levels (i.e., photo-
acclimation of phytoplankton in the euphotic zone) (Cul-
len, 1982; Fennel and Boss, 2003).

SCMs can be characterized using three parameters, i.e.,
depth, thickness, and intensity of the SCML. Various
studies explored the variability of the three parameters in
different oceans (Pérez et al., 2006; Radenac and Rodier,
1996; Teira et al., 2005). Generally, the three parameters
are respectively deeper, thicker and smaller in open oceans
than in coastal seas (Gong et al, 2012). The SCML in
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tropical and subtropical oceans evidently deepens from
winter to summer (Hense and Beckmann, 2008; Teira ef al.,
2005). The thickness and intensity of SCML vary signifi-
cantly from one month to another in the Pacific Ocean
(Hense and Beckmann, 2008). In the Eastern North At-
lantic Subtropical Gyre, the SCML intensity almost re-
mains constant year around (Teira ef al., 2005). However,
questions such as what causes the seasonal variation of
the three parameters remain to be answered.

The South China Sea (SCS) (Fig.1) is the largest mar-
ginal sea along china’s coasts and has an area of more
than 3.5x10°km® with the maximum depth greater than
5000m. The SCS is located within the East Asia monsoon
region. The northeastern monsoon prevails from late
September to April, whereas the southwestern monsoon
prevails from May to early September (Shaw et al., 1996).
It is conceivable that the biogeochemistry of the SCS
could respond to the alternating monsoons. For example,
a winter phytoplankton bloom off the northwest Luzon is
well associated with an increase of ambient nutrients due
to the upwelling under the northeastern monsoon (Chen
et al., 2006; Tang et al., 1999).
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Fig.1 The SCS and the South East Asian Time-series
Study (SEATS) station.

To understand biogeochemical responses to monsoon
and other physical forcing (e.g., typhoons, internal waves,
circulations, etc.) in the SCS, the South East Asia Time-
series Study (SEATS, Fig.1) was initiated in 1999. The
SEATS station is located at about 18°N and 116°E and has
a water depth of about 3800 m. Within the JGOFS (Joint
Global Ocean Flux Study) program SEATS is a unique
time-series study on marginal seas. The first data survey
was carried out from September 1999 to July 2000, and
afterwards about four times per year. Wong ef al. (2007a)
reviewed the data obtained primarily between 1999 and
2003. They concluded that in contrast to the generally
accepted notion that seasonal variations in the tropical
waters are minimal, well defined and regular seasonal
patterns were observed in the carbon cycle, the nutrient
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dynamics and the biological community structure in the
northern SCS. However, the study of SCMs in the SCS is
limited. Liu ef al. (2007) suggested that the photo-adapta-
tion of phytoplankton can be critical to the development
of SCMs in the SCS. Lu et al. (2010) found that the vari-
able SCML depth and intensity are controlled by the up-
welling, river plume, and associated biological bal-
ances among light, nutrients and planktons in the northern
SCS in summer. Chen et al. (2006) reported that the sea-
sonal variations of SCML depth and intensity at 19°N and
118.5°E are within the winter upwelling zone centered at
about 100 km northwest off Luzon in the SCS.

In this study, a process-oriented 1-D model was used to
simulate the seasonal variations and to understand the
controlling mechanisms of SCMs in the SCS. Building on
the model results, a Gaussian function was used to fit the
vertical profile of Chl-a concentration in subsurface layer
and the three parameters of SCM (SCML depth, thickness
and intensity) were obtained and discussed.

2 Model and Data

2.1 1-D Physical-Biochemical Model

In this study, the Modular Ecosystem Model-1D (MEM-
1D) is used to simulate the physical and biogeochemical
processes in the SCS. The physical sub-model in MEM-
1D is part of the Princeton Ocean Model (POM), in which
only the vertical sigma coordinate and time are consid-
ered as independent variables. The model has 40 layers
with varying thicknesses from the surface to 1200 m in
the vertical direction. The vertical turbulence mixing is
parameterized with a 2.5-level turbulence closure scheme.
The time step is 216s. The initial conditions of tempera-
ture and salinity are based on the January observations
from the National Center for Ocean Research, Taiwan
(http://ncor.odb.ntu.edu.tw/odbs/seats/index.htm). The sur-
face forcing includes the climatological daily mean wind,
monthly sea surface temperature and salinity from the
NCEP/NCAR reanalysis. The solar radiation is calculated
using the SBDART (Santa Barbara DISORT Atmospheric
Radiative Transfer) software.

The biochemical sub-model is taken from the European
Regional Sea Ecosystem Model (ERSEM 111, Fig.2) (Vi-
chi et al., 2004). The model can reproduce the seasonal
variations of vertical phytoplankton profiles in the eastern
part of the South Yellow Sea (Xia and Gao, 2006) and in
the northern SCS (Zhang et al., 2011). However, despite
the fact that the <3 um phytoplankters are the dominant
species in the SCML of the SCS (Huang et al., 2002; Lee
Chen, 2005; Ning et al., 2004), Zhang et al. (2011) only
considered diatom in their model, and the modelled chlo-
rophyll concentrations in SCML were significantly lower
than the observations. Takahashi and Hori (1984) re-
ported that more than 70% of Chl-a concentration in the
SCML was derived from picoplankton in the SCS. There-
fore, flagellate and picophytoplankton are considered in
this study. The biochemical model has six compartments
(14 state variables), including nutrient (nitrate, ammo-
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nium, phosphate, silicate), phytoplankton (diatom (20—
200 pm), flagellate (2-20 um), picophytoplankton (0.2-2
um)), zooplankton (omnivorous, heterotrophic nanoflag-
ellates, and microzooplankton), bacteria, organic detritus
(dissolved organic detritus and particulate organic detri-
tus), and dissolved oxygen. The dynamics of each bio-
geochemical state variable (C;), a function of spatial vec-
tor and time, is given by a partial differential equation
written in the following form:

JaC; oC; 0 oC.
Py Ty O g Sy i=1,2,-14), (1
ot ¢ 3z az( ]-I— A ) D

7 0z

where wc is the vertical velocity, K, is the diffusivity co-
efficient, and J; represents the biogeochemical term and
equals to the net production.
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Fig.2 Scheme of the biogeochemical model adapted from
Vichi et al. (2004).

A variable chlorophyll-to-carbon ratio of phytoplank-
ton is proposed in this model. Consequently, Chl-a con-
centration is also set as a state variable, defined as an ad-
ditional vector component of phytoplankton in unit of
mgm . The formula of Chl-a synthesis is presented in
Appendix A.

The PAR is parameterized according to the Lambert-
Beer formulation with depth dependent attenuation coef-
ficients (Eq. (A3)). Light propagation takes into account
the extinction due to water, phytoplankton, particulate
detritus, and suspended inorganic (Eq. (A4)). The pa-
rameters used in this model are presented in Appendix B.
The maximum growth rate, respiration rate, excretion rate
of phytoplankton at 20°C, the sinking velocity of phyto-
plankton, the background light attenuation, and the other
biogeochemical parameters were adapted from previous
studies (Lu ef al., 2010; Bienfang, 1980; Lee Chen, 2005;
Liu et al., 2002; Liu et al., 2007; Vichi et al., 2004).

The initial conditions of nutrient concentration, Chl-a
concentration, zooplankton, and bacteria were obtained
from Marine Atlas of the South China Sea (116°E, 18°N).
Note that nutrient input from atmosphere or through
ocean current is not included. Simulations start from
winter and run for three years. The results obtained in the
second year are analyzed, which are almost the same as
those in the third year.

Model sensitivity experiments were carried out to in-
vestigate influencing factors of SCMs by changing model
parameters. The sensitivity of a predicted variable to a
selected parameter is quantified as:

S:|Change of predicted Variable| @)

| Change of parameter

2.2 Fitting Model

The thickness, depth and intensity of the SCML were
selected as indices to characterize the SCMs. They can be
derived from a shifted-Gaussian model (Lewis et al.,
1983; Platt et al., 1988):

(Z_Zm )2
2

P(r)=—"¢ 20

oN2n ' @)
where P(z) (mgm*) is the Chl-a concentration as a func-
tion of depth z (m), & (mgm?) is the integrated Chl-a
concentration in water column, z, (m) is the depth of the
Chl-a concentration maximum, and ¢ (m) is the width of
the peak.

The simulated Chl-a concentration is vertically homo-
geneous in the upper layer, but increases with the depth
and then peaks at the subsurface layer. Therefore, the
shifted Gaussian function is revised to a piecewise func-
tion:

e 0<z<z

P()=4 5, L) . @

207
e z,£z<z

o~\2n

where z;(m) denotes the bottom depth of the upper layer,
P, is the Chl-a concentration (mgm ) above z,. z, is the
maximum depth where Chl-a concentration can be de-
tected, assumed to be 200m here. It is noted that the up-
per layer depth, z,, is time-dependent, and it is shallower
(~40 m) in winter and roughly constant (~50 m) in the
other seasons.

In this paper, the thickness, the depth, and the intensity

of SCML are defined as 20, z,,, and h
o+2mn

, respectively.

2.3 Data

Ten datasets at the SEATS station from September
1999 to May 2004, including Chl-a concentration, tem-
perature and salinity profiles (Liu et al., 2002; Liu et al.,
2007), were used to evaluate the model results. Detailed
descriptions of the data can be found in the research by
Wong et al. (2007a).

3. Results
3.1 Model Validation

Fig.3 shows the comparison between the observed and
calculated vertical profiles of temperature and salinity at
the SEATS station in winter (December, January, February),
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spring (March, April, May), summer (June, July, August),
and fall (September, October, November). The observed

vertical profiles are fairly well reproduced by the model
results, except for the salinity bias in spring and fall.
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Fig.3 Observed (dots) and modeled (line with circles) vertical profiles of temperature (a, b, ¢, and d) and salinity (e,

f, g, and h) at SEATS station in the SCS in four seasons.

In this study, the mixed layer depth (MLD) is defined
as the depth above which there is a temperature drop of
0.5°C from the sea surface temperature (Karl and Lukas,
1996). The calculated MLD agrees reasonably well with
the observed monthly average MLD (Fig.4). Note that the
observed MLD was defined as the depth above which the
density gradients was <0.10, unit m' (Tseng et al., 2005;
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Fig.4 Observed (black dots), observed monthly average

(red dots) and calculated (line with circles) mixed layer
depth (MLD).
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Wong et al., 2007b). Wong et al. (2007b) found that both
definitions above yielded similar results. The cruises for
the MLD observations are shown in Table 1.

Table 1 Cruises for the MLD observations at the SEATS
station in the SCS

R/V Cruise Date
561 September 17-22, 1999
585 November 22-26, 1999
600 January 17-18, 2000
607 March 12-17, 2000
Ocean 629 May 23-26, 2000
Research 644 July 25-27, 2000
111 657 October 16-21, 2000
682 February 27-March 4, 2001
716 June 27-July 1, 2001
729 October 2-7, 2001
794 July 1-3, 2002
632 December 5-11, 2001
639 March 19—-April 2, 2002
Ocean 656 September 3—4, 2002
Research 664 November 11-13, 2002
I 673 January 20-21, 2003
674 March 5-6, 2003
690 August 7-8, 2003
696 October 4-5, 2003
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The modeled seasonal mean Chl-a concentration in the
top 200 m matches the observed values at the SEATS sta-
tion in different seasons (Fig.5). During winter, the com-
bined effect of surface cooling and wind-induced mixing
brings nutrients from the upper nutricline into the surface
mixed layer to support primary production. As a result, a
distinct surface chlorophyll maximum is often found in
winter while surface Chl-a concentration is low for most
of the year. A permanent SCM exists in all seasons except
winter in the SCS. However, in January 2000, the ob-

Chl-a (mg m™)

served vertical distribution of Chl-a concentration shows
an obvious SCM. Therefore, only using the 2000 data for
the analysis (Zhang et al., 2011) cannot give a fair as-
sessment of the model performance and more observa-
tions are used for the model validation.

Fig.5 also shows that both observed and simulated ver-
tical profiles of Chl-a concentration can be well fitted by
the piecewise function (Eq. (4)) in all seasons, except for
the observations in January and December 2003. The square
of the correlation coefficient is greater than 0.9 (P<0.05).

Chl-a (mg m™?)
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Fig.5 Observed (dots) and simulated (circles) vertical profiles of Chl-a concentration in four seasons. Solid
and dotted lines are the fitting curves of observations and model results.

3.2 Seasonal Variations of SCM Characteristics

The model results show that a SCM occurs in all the
months, although it is less significant in winter than in the
other seasons. The depth of SCML (z,,) typically occurs at
75m with a range of £10m (Fig.6a). Seasonally, the SCML
depth is shallower in winter, at a water depth of 50—67m,
and it ranges from 70—85m in the other seasons. The
SCML thickness (20) ranges from 26—47 m, averaging

31+6.7m (Fig.6b). The SCML intensity ( ) exhibits
o2z

a clear seasonal variation (Fig.6c). The highest and the
lowest are 0.66mgm > in winter and 0.22mgm in fall,
respectively. The annual average SCML intensity is 0.37
+0.11mgm>

4 Discussion

4.1 Responses to East Asian Monsoon

Measured surface wind speed in the SCS is about 10 m
s ' during winter season, and 5ms ' during summer season.
Two numerical experiments were carried out to study the
influence of the East Asian Monsoon on SCMs. In the
first experiment, Wind_0.5, the winter wind speed was set
to equal half of the default value in the practicing model
now (CTRL, control run), and in the second one, Wind 2,
the summer wind speed equals two times the default value.

The model results show that the SCML depth, thick-
ness, and intensity are varying differently corresponding
to different wind speeds in winter and summer (Fig.7 top
panel). The depths of SCML vary slightly both in winter
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100

and summer, especially in summer ($=0.06, Table 2).

= a
These results are consistent with the research done for the = ol
shelf of the northern SCS in summer (Lu et al., 2010), in SE |
which the depth of SCML hardly shows any change under E 60 -
v

changing wind stress.

In summer, the stronger wind can entrain more nutri-
ents to the upper layer by deepening the MLD (Fig.7 right
bottom). The SCML thickness increases by 46% due to
the lifted top boundary of SCML, and its intensity de-
creases by 30% (Table 2). In winter, the weaker wind

40

SCML thickness
(m)

leads to a significant thick SCML because a stratified and 0
stable water column is favorable for the formation of 2 oslc
SCMs. %f‘ 0.6
Fig.7 also shows that the change of Chl-a concentration E fﬂ 04
corresponds to that of nitrate concentration in the eu- 3' E 0a
photic zone. These results suggest that nitrate is a major 2 -
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influential factor on Chl-a concentration. Wind-induced Jan FebMar AprMay Jun Jul AugSep Oct NovDec
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by changing the nitrate transport from the nitrate-rich  Fig.6 Seasonal variations of modeled SCM characteristics (a)
water to the upper layer. SCML depth, (b) SCML thickness, and (¢) SCML intensity.

Table 2 Sensitivity (S) of the simulated SCM characteristics to wind speed, initial nutrient concentration, and light attenuation

Sensitivity Winter Spring Summer Fall

experiment Depth Thickness Intensity Depth Thickness Intensity Depth Thickness Intensity Depth Thickness Intensity
Wind_0.5 0.24 0.40 0.36 / / / / / / / / /
Wind 2 / / / / / / 0.06 0.46 0.30 / / /
Nutrient_ 0.5  0.06 0.14 0.88 0.06 0.18 0.64 0.04 0.22 0.80 0.04 0.14 0.79
Nutrient_2 0.16 0.22 0.86 0.11 0.17 0.86 0.10 0.02 0.23 0.11 0.10 0.36
Light 0.8 0.85 2.05 1.05 0.95 1.05 0.80 0.90 1.30 0.95 1.05 0.60 1.25
Light 1.2 0.70 0.85 0.40 0.50 1.60 0.95 0.60 0.30 0.65 0.65 0.55 0.30

Note: / not analyzed.
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Fig.7 Vertical profiles of Chl-a concentration, nitrate concentration and temperature in winter (left panels) and
summer (right panels) under different wind speeds.
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4.2 Responses to the Initial Nutrient Concentration

There are two important processes influencing nutrient
concentrations within the surface layer in the SCS during
winter. The northeast monsoon forces a cyclonic gyre
over the entire basin of the SCS (Shaw and Chao, 1994),
which induces a strong upwelling and moves more nutri-
ents up to the surface layer (Ning ef al., 2004). The other
process is the mineral dust and atmospheric nitrogen
deposition into the SCS due to monsoon (Lin et al., 2007,
Merrill et al., 1989). Different nutrient levels may change
the vertical distribution of Chl-a concentration. Two nu-
merical experiments, Nutrient 2 and Nutrient 0.5, were

A 40
4 36
40 32
-60 28

24
-80 A
-100 16
-120 12
8
-140 »
-160 0
May

Depth (m)

Depth (m)

-140

-160

Mar May

designed for sensitivity tests of the SCM characteristics
under different nutrient concentrations. The initial nutri-
ent concentrations for the experiments are set to two
times and half of the default value, respectively.

Model results indicate that increasing initial nutrient
concentration leads to higher nutrient level through the
year (Fig.8). The growth of phytoplankton is limited more
by nitrate than by phosphate in the SCS (Chen et al., 2004;
Lee Chen, 2005). As initial nutrient concentration in-
creases, nitrate is rapidly consumed by the growth of
phytoplankton in the upper layer and the nutrient concen-
tration remains low (Fig.8).

High nutrient level in water column leads to a signify-
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Fig.8 Seasonal variations of nitrate concentrations under (A) half of initial nutrient concentrations, (B) default

values, and (C) two times initial nutrient concentrations.
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Fig.9 Simulated vertical distributions of Chl-a concentration with different initial nutrient concentrations.
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cant increase in chlorophyll concentration in the euphotic
zone through the whole year, particularly in winter and
spring (Fig.9). Doubling initial nutrient concentrations
increases the SCML intensity significantly, and vice versa
(0.23<5<0.88) (Table 2). In winter and spring, the inten-
sity is 80% bigger than that of control run (Table 2). How-
ever, the SCML depth and thickness do not show obvious
variations (0.04<5<0.22) under higher or lower nutrient
levels (Table 2). Mellard et al. (2011) found that the nu-
trient input from sediments to the mixed layer enhances
light limitation and brings phytoplankton towards the
surface, while the SCML intensity increases and remains
unaffected. Therefore it can be concluded that nutrient
enrichment in water column decreases the SCML depth
and thickness, and significantly strengthens the intensity.

4.3 Responses to Light Attenuation

The light attenuation is critical in determining the SCML
depth in oligotrophic ocean (Varela et al., 1994). It is
commonly assumed that the light attenuation can be de-
composed and expressed with a set of partial attenuation
coefficients, such as the attenuation by water, phyto-
plankton, and suspended particulate matter. Compared
with the background light attenuation, variations of shelf
shading by organic materials (both phytoplankton and
detritus) have a minor effect on SCM characteristics in
oligotrophic ocean (Beckmann and Hense, 2007). In order
to estimate the variations of SCM characteristics re-
sponding to light in the SCS, the background light at-
tenuation coefficient is set to 20% more and less than that
in the control run (Light 0.8 and Light 1.2 in Table 2),
respectively.

The model results show that the background light at-
tenuation has a profound effect on the three parameters of
SCM (Fig.10). In winter, the better penetration of light
makes phytoplankton migrating downwards out of the
upper mixed layer, leading to a more obvious SCM. In the

other seasons, the 20% weakening of light attenuation and
the increased nutrient availability in deeper water induce
the 20% deepening and thickening of SCML (5~1.00,
Table 2), and the over 16% increase in intensity (0.80<S<
1.25).

Fig.11 shows that the nutricline depth shoals with a
high light attenuation coefficient. Increased light attenua-
tion decreases the light availability in water column. Thus,
phytoplankton tends tomove upward to sustain growth,
resulting in a shallower nutricline. This result is consistent
with the research findings by Klausmeier and Litchman
(2001), in which it was shown that the SCML depth de-
termines the location of nutricline, and not vice versa.

5 Conclusions

A 1-D coupled physical-biological model is used to
examine the seasonal variations of SCMs in the SCS, and
their responses to changes of the northeast monsoon, ini-
tial nutrient level and background light attenuation. The
SCMs are quantified by the SCML depth, thickness, and
intensity, which are obtained from fitting the vertical pro-
files of Chl-a concentration by a Gaussian function.
Driven by climatological forcing, the model results well
reproduce the observed SCMs. The modeling study is
able to identify the key characteristics and processes of
the SCMs at the SEATS station in the SCS.

A strong SCM exists through the year except in De-
cember. During the northeast monsoon, as the SCML is
situated closer to the surface, a thick SCML together with
a high intensity occurs.

The strength of monsoon is the main influential factor
for the formation of SCMs. Due to the strong vertical
mixing under the northeast monsoon, the SCML intensity
tends to be diminished. However, high wind-induced ver-
tical mixing has effect on the SCML thickness and inten-
sity, but almost no effect on the SCML depth in summer.
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Fig.10 Simulated vertical distributions of Chl-a concentration under different background light attenuation.
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Fig.11 The same as Fig.10 except for nitrate concentration.

Besides the profound influence on the SCML intensity by
initial nutrient level, the light attenuation is crucial to the
SCM characteristics, especially for the SCML depth and
thickness. Both the nutrient enrichment in water column
and background light attenuation positively influence the
SCML intensity and will lead to a thinner and shallower
SCML.

In short, the depth and thickness of SCML are mainly
controlled by light attenuation, and the SCML thickness is
partly influenced by wind. The SCML intensity is deter-
mined by wind, light attenuation and initial nitrate con-
centration in the SCS.
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Appendix A

Chl-a concentration is calculated by:

3
Chla=Y" B™,

m=1

(A1)

where P, is the chlorophyll-content in phytoplankton. The
time variation of P, is given by:
p

dp
—L=pugpP.+ do, B s Pet , (A2)

_ 0 n
ar Pen fp P

i
P Uil par

c

where P, is the carbon component of phytoplankton, g is
the net carbon uptake, and d, is the maximum specific

growth rate. The parameter p.;, is the ratio between the

energy assimilated and the energy absorbed, where 0.},
is the maximum Chl-a: C quotum, f7 is the regulating
factor for the nitrate limitation, 7, is the photosynthetic
gross rate, and a,y, is the initial slope of the P-I curve.
The parameter Ips represents the PAR:
0

Ipip = EparQy exp(A,z + L Apio(21)dz"), (A3)

where epsr 1s the coefficient to determine the portion of

PAR (usually 0.5), Qs is the surface short-wave irradiance
flux, 4, is the background extinction of water, and

Abio = 2, CP(j)Pi(j) +CR(6)Rc(6) + Crsm ISM
() (2) (3)

(A4)

is the extinction due to the three terms on the right hand
side of Equation (A4): phytoplankton (1), particulate de-
tritus (2), and inorganic suspended matter (3).

Appendix B
Biogeochemical sub-model parameters

Table B1 Optical parameters

Description Unit Value Reference

Extincti fficient:  _ - _ L

xtinetion coeflicient: - 1o 0.5x107  Vichi ef al., 2004
diatoms
Extincti fficient: _ - = L.

XUREHON COCCINt: " mgC™" 0.4x107°  Vichi ez al., 2004
flagellates
Extincti fficient: _ - . L

xunetion CoTeIent: - =1 o ¢ 0.4x10°  Vichi et al., 2004
picoplankton
Extinction coefficient:
particulate organic m 'mgC™" 0.1x107  Vichi et al., 2004
matter
Extincti fficient: _ _ . L.

XAnCuon CoCTCIENt: - 1 e 0.04x107 Vichi er al., 2004
sediment
Background light . 0.05 Chen et al., 2004;
extinction ’ Lee Chen, 2005

a) Springer
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Table B2 Phytoplankton parameters
o . Value
Description Unit Reference
Diatom Flagellate Picoplankton

Q10 value - 2.0 2.0 2.0 Vichi et al., 2004
Maximum phytoplankton growth rate at 20C  d™! 2.1 2.1 2.1 Liu et al., 2002, 2007

i . o Liu et al., 2002, 2007,
Phytoplankton respiration rate at 20°C d 0.15 0.1 0.1 Vichi e al., 2004
Phytoplankton excretion rate - 0.05 0.2 0.2 Liu et al., 2002, 2007
Specific affinity constant for N-NO3 (mgC)'d”! 0.0025 0.0025 0.0025 Vichi et al., 2004
Specific affinity constant for N-NH4 (mgC)'d”! 0.0025 0.01 0.02 Vichi et al., 2004
Specific affinity constant for PO; (mgC)'d™! 0.0025 0.0025 0.0025 Vichi et al., 2004

o . 1 Bienfang, 1980;

Sinking velocity md 1 0.5 0.1 Luetal. 2010
Minimal dissolution rate d! 0.05 0.05 0.05 Vichi et al., 2004
Si Half-saturation constant mmol Sim™ 0.3 - - Vichi et al., 2004
Standard Si:C ratio in diatoms mmol Si/mg C 0.03 — - Vichi et al., 2004
C:Chl ratio mg C/mgChl-a  25.0 50.0 50.0 Vichi et al., 2004
Minimal N:C ratio mmolN/mgC  0.678x107°  0.678x10°>  0.678x10°  Vichi et al., 2004
Maximum N:C ratio mmol N/mg C 0.0252 0.0252 0.0252 Vichi et al., 2004
Minimal P:C ratio mmolP/mgC  0.428x10°  0.428x10°  0.428x10°  Vichi et al., 2004
Maximum P:C ratio mmol P/mgC_ 0.157x107  0.157x10>  0.157x10°  Vichi et al, 2004

Table B3 Zooplankton parameters (Vichi et al., 2004)

L . Value
Description Unit - -
Heterotrophic flagellates ~ Microzoo-plankton ~ Mesozoo-plankton
Maximum growth rate d! 5.0 1.2 0.5
Assimilation efficiency - 0.4 0.5 0.5
Basal respiration rate d! 0.02 0.02 0.02
Fraction of excretion going to DOM - 0.5 0.5 0.5
Mortality rate d’! 0.25 0.25 0.2

Table B4 Bacterial and detrital parameters
(Vichi et al., 2004)

Description Units Value
Assimilation rate d’ 8.38
Basal respiration rate d’ 0.02
Mortality rate d! 0.05
Q10 value for bacterial - 2.95
Di.ssolutio.n of dissolved organics g 0.05
to inorganics
Fraction of detritus break down d’ 0.01
Relative nitrification rate d’ 0.05
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