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Abstract The variability of chlorophyll a concentration (Chl a) in the open South China Sea (SCS) was
examined using observations from two Bio-Argo floats. During the period of September 2014 to August
2015, there was a permanent subsurface Chl a maximum (SCM) in the depth range of 48 to 96 m in the cen-
tral basin of the SCS. In the northern basin, the SCM disappeared in winter, replaced by enhanced surface
layer phytoplankton with high Chl a. The values of the SCM were influenced by the vertical displacement of
isotherms. Strong wind forcing and surface cooling were the main physical drivers of high surface Chl a in
winter. In the north, stronger wind than in the center, lower sea surface temperature (SST) than in the cen-
ter, and Kuroshio water intrusion were more favorable for the upward transport of nutrient-rich deep water.
A large amount of nitrate could be advected from the Taiwan Strait and shallow continental shelf to the
northern basin in winter. A combination of strong wind mixing, surface cooling, Kuroshio water intrusion,
and horizontal advection caused the winter surface phytoplankton bloom in the north.

1. Introduction

The South China Sea (SCS) is the largest marginal sea of the western North Pacific Ocean, extending from
3°S to 23°N and from 99°E to 121°E. It is a semiclosed deep sea with a complex topography, including two
wide shallow shelves in the northern and southern parts and a large deep basin in between. The deep basin
has a maximum depth of approximately 4700 m [Chu and Li, 2000]. It interacts with the East China Sea, the
Pacific Ocean, and the Sulu Sea via the Taiwan Strait, the Luzon Strait, and the Mindoro Strait, respectively
(Figure 1a).

The East Asian Monsoon System controls or regulates circulations, mixed layer depth (MLD), and thermo-
cline in the upper SCS [Chu et al., 1999; Liu et al., 2000; Qu et al., 2007]. Strong northeasterly winds prevail in
winter while southwesterly winds dominate in summer. The transition between them takes place in May
and September. As a result, overall basin-scale circulation is cyclonic in winter but anticyclonic in summer
[Chu et al., 1999; Hu et al., 2000; Zhang et al., 2015b]. In the northern SCS, surface currents originating from
the Taiwan Strait and the Luzon Strait flow southwestward in winter, instead of northeastward currents in
summer [Chu et al.,, 1999]. The southwestward current from the shallow Taiwan Strait has low temperature
and high nutrients [Chen et al., 2013]. By contrast, the current branching from the Kuroshio through the
Luzon Strait has higher temperature and salinity but lower nutrients than the SCS water [Chen et al., 2010].

The change of the MLD in the SCS is mainly related to wind stress, net surface heat flux, and net freshwater
flux [Qu et al., 2007; Fan et al., 2010; Duan et al., 2012]. Among these three factors, wind stress and net sur-
face heat flux are more important [Fan et al., 2010; Duan et al., 2012]. The net surface heat flux is the sum of
sensible heat flux, latent heat flux, net shortwave radiation, and net longwave radiation [Shinoda et al.,
1998; Zhang et al., 2012]. In the surface heat budget, insolation, and latent heat flux are the dominant com-
ponents [Shinoda et al., 1998]. Using historic hydrographic data, Duan et al. [2012] showed that the mixed
layer in the SCS is deeper in winter than in summer. They found that net surface heat flux is the main driver
of the MLD in winter but wind stress is dominant over the net surface heat flux in summer. Net surface heat
flux drives the seasonal variation of the sea surface temperature (SST) in the SCS [Qu, 2001]. Qu [2001]

ZHANG ET AL.

CHLOROPHYLL VARIABILITY IN THE SCS 7123


http://dx.doi.org/10.1002/2016JC011983
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/

@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC011983

21 N
24N (b) A1
2N Pogy A o’ % 7.94 20N i
20'N /
A20151105
19'N
18" N
16N 20140627,
B NE 115 E 116 E 17 E 118°E
14N 1N
(c) A2
12°N i
18'N N\ 20151105
10°N ,
20140711
g N [ 14N & Autumn
— Winter
&N ~ Spring
- 0.0 — Summer
106 E 108" E 110°E 112°E 114 E 116 E 116'E 120° 0o BN 116 E M7 E 118'E 119°E

Figure 1. Geographic map and Bio-Argo floats’ trajectories: (a) geographic map with the trajectories (red curves) of Bio-Argo floats A1 and
A2; (b) trajectory of A1; (c) trajectory of A2. In (a), the colors show the climatological Chl a averaged from July 2002 to June 2015, and the
thick black contour denotes 0.2 mg m~3; the white curve is the isobath of 1000 m. TWS, LS, and MS are the abbreviations of the Taiwan
Strait, the Luzon Strait, and the Mindoro Strait, respectively. Different colored segments in Figures 1b and 1c show the trajectories of floats
during different seasons. The black solid circle and triangle denote the start and end points of a float’s trajectory, respectively.

showed that there is a negative correlation between the MLD and the SST. In winter, negative net surface
heat flux (sea surface losing heat) decreases the SST (surface cooling), which makes the surface layer water
unstable and together with wind stirring produces a deep mixed layer; in summer, positive net surface heat
flux (sea surface gaining heat) increases the SST (surface warming), which makes the surface layer water sta-
ble and results in a shallow mixed layer [Duan et al., 2012]. Qu et al. [2007] noted that wind stirring and sur-
face cooling primarily determine the basin-wide variation of isothermal depth (a good proxy of the MLD) in
the SCS. The thermocline in the open SCS is weaker and thinner in winter than in summer, especially in the
northern basin [Liu et al., 2000, 2001; Hao et al.,, 2012]. Additionally, both the MLD and the thermocline in
the SCS may be influenced by local eddies and the intrusion of Kuroshio water through the Luzon Strait
[Chu et al., 1999; Liu et al., 2000, 2001; Qu et al., 2007]. Cyclonic eddy tends to uplift the thermocline while
anticyclonic eddy tends to depress the thermocline [Liu et al., 2001]. Liu et al. [2000] attributed a thicker mix-
ing layer in winter, than that in summer, to Kuroshio water in the northeastern SCS. Qu et al. [2007] argued
that Kuroshio intrusion potentially has an important influence on the isothermal depth.

Aside from shallow coastal areas with high primary productivity, the SCS is oligotrophic [Shen et al., 2008;
Liu et al,, 2013]. With the advent of abundant satellite remote sensing ocean color data, seasonally high
chlorophyll a concentration (Chl a) has been found in the wind-driven upwelling or jet areas northeast of
Luzon Island and southeast of Vietnam [Tang et al., 1999; Liu et al., 2002]. Although Chl a is not equivalent
or linearly proportional to phytoplankton concentration [Cullen, 2015], it has been taken as one proxy or
indicator of phytoplankton biomass because of its indispensable role in the photosynthesis of phytoplank-
ton [e.g., Tang et al., 2004, 2014]. Some synoptic scale phytoplankton blooms caused by typhoons were also
observed via surface Chl a variation in the open SCS [Lin et al., 2003; Shang et al., 2008]. Because of strong
signals identified easily and great contributions to primary production, many studies have focused on these
local or episodic events. By contrast, less attention was paid to the variability of Chl a in normal conditions
at the annual timescale. The Chl a in this respect provides an essential ecological background for the open
SCS.

Satellite remote sensing data show that surface Chl a in the SCS exhibits a pronounced seasonal variation
[Shen et al., 2008; Palacz et al., 2011; Liu et al., 2013; Tang et al., 2014]. Based on monthly mean SeaWiFS data
during the period of September 1997 to December 2006, Shen et al. [2008] demonstrated that in the
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northern SCS Chl a reached its maximum (larger than 0.3 mg m~3) in winter and minimum (0.1-0.15 mg
m~3) in summer. In the sea area of 17°N-19°N and 115°E-117°E, the satellite data merged from SeaWiFS
(1997-2007) to MODIS (2003-2011) indicated that monthly mean Chl a was in the range of 0.04-0.47 mg
m 3 and large peaks occurred in winter [Liu et al., 2013]. In winter, extreme Chl a usually appears northwest
of Luzon Island where a daily maximum may exceed 3.0 mg m™ > [Shen et al., 2008]. Tang et al. [1999] also
reported that a larger bloom with an area of 20,000 km? happened in this region in December 1979 and the
pigment concentration in the bloom center was approximately 2.5 mg m™~>. A high surface Chl a of 2.17 mg
m~> was observed at a site (17°N, 118°E) west of Luzon Island by a field survey during the period from Sep-
tember to November 1980 [Tang et al., 1999].

In the oligotrophic open SCS, phytoplankton growth is limited by nutrients [Tang et al., 2004; Chen, 2005].
Physical processes (e.g., wind mixing and upwelling) play an important and indispensable role in supplying
nutrients for the phytoplankton growth which changes Chl a in the SCS [Wang et al., 2010; Liu et al., 2013;
Tang et al., 2014]. Previous studies demonstrated that the Chl a variability in the surface layer of the SCS is
closely related to wind forcing and SST cooling [e.g., Liu et al., 2013; Liu and Chen, 2014]. In coastal sea areas
near middle Vietnam coast and northwest of Luzon Island, strong wind stress and wind stress curl can pro-
duce upwelling by wind-driven offshore Ekman transport and Ekman pumping, respectively, which drives
nutrient-rich water upward and then triggers or fuels phytoplankton bloom [Tang et al., 2004; Wang et al.,
2010; Yang et al., 2012]. Strong wind stirring deepens the MLD and entrains nutrients to the surface layer
[Wang et al., 2010; Duan et al., 2012]. Chl a correlates significantly with wind speed in the open SCS, and its
correlation with the SST is significant in the northern SCS [Shen et al., 2008; Liu et al., 2013; Tang et al., 2014].
Surface cooling weakens the stratification of water column and enhances vertical convection, which brings
more nutrients upward [Duan et al., 2012; Tang et al., 2014]. By contrast, surface warming strengthens the
stratification, potentially preventing upward transport of nutrients [Duan et al., 2012; Liu and Chen, 2014].
Compared with wind speed and SST, the correlation between surface Chl a and wind stress curl is very
weak in the open SCS [Tang et al., 2014]. A deep thermocline is unfavorable for the increase of surface Chl a
because the deep thermocline makes wind effect on nutrient transport less efficient [Liu et al., 2013].

In the vertical structure of Chl g, a layer with elevated Chl a may appear in the subsurface, so-called subsur-
face Chl @ maximum (SCM) or deep Chl a maximum [Cullen, 2015]. The SCM is a nearly ubiquitous feature in
stably stratified waters [Liu et al., 2002; Cullen, 2015]. The depth of the SCM is consistent with the top of the
nitracline where phytoplankton growth is enhanced by the optimal combination of nutrient flux and irradi-
ance [Cullen, 2015]. Nutrients above this depth are depleted, resulting in a lower surface layer Chl g; avail-
able light below this depth is inadequate, limiting the growth of phytoplankton [Mignot et al.,, 2011]. In the
layer of the SCM, the ratio of Chl a to phytoplankton carbon is higher than that in the nutrient-depleted sur-
face layer because of photoacclimation of phytoplankton to lower light [Fennel and Boss, 2003]. At the top
of nutricline, the sinking of phytoplankton slows down and may accentuate the SCM [Steele and Yentsch,
1960; Cullen, 2015]. This effect is not important in oligotrophic waters [Bienfang et al., 1983; Fennel and Boss,
2003]. The swimming behavior of motile phytoplankton and the buoyancy regulation of nonmotile phyto-
plankton can also affect the vertical structure of Chl a [Stacey et al., 2007; Durham and Stocker, 2012]. The
above interacting biological and biogeochemical processes form and maintain the SCM, and all these pro-
cesses are influenced by physical processes or hydrodynamics [Cullen, 2015].

In the SCS, the SCM was sporadically captured by in situ observations [e.g., Chen et al., 2006; Liu et al.,
2002]. Liu et al. [2002] observed a deeper SCM at 75 m in September 1998 and a shallower at 40-50 at the
same site (18.0°N, 118.5°E) in January 1999 in the northern SCS. They also observed a strong SCM
(047 mg m~3) at 60 m, three times the surface Chl a (0.15 mg m~3), in March 2000 at another site
(18.0°N, 115.5°E). Based on the bimonthly shipboard observations along a section from Kaohsung to a sta-
tion (19.0°N, 118.5°E) during the period of September 1998 to July 1999 except for November 1998, Chen
et al. [2006] asserted that the SCM was higher in winter and lower in other seasons. A three-dimensional
physical-biogeochemical coupled numerical model predicted the SCM in the SCS, although its depth was
shallower than the observed [Liu et al., 2002]. A one-dimensional physical-biochemical coupled model
showed that wind speed can change the intensity of the SCM in winter and summer, but has a minor
effect on its depth [Gong et al., 2014].

Satellite remote sensing data have played an important role in studies on the variability of surface Chl g,
like those mentioned previously. However, they become helpless in examining the vertical structure of Chl
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a since they are limited to the surface layer. In situ observations by survey ships were sparse in both time
and space, especially in remote open oceans [Mignot et al., 2014]. In addition to biological and biogeochem-
ical processes, Chl a variability is influenced by physical processes [Cullen, 2015]. The variability of Chl a,
particularly vertical structure, and its driving physical processes in the open SCS remains unclear due to
lack of in situ observations. The SCS is a unique semiclosed marginal sea with a large deep basin under
the influence of the East Asian Monsoon System, determining its distinctive biogeochemical and hydrody-
namic environments [Wyrtki, 1961; Liu et al., 2002]. The aim of this work is to obtain a relatively complete
picture of the spatial and temporal variability of Chl a during a whole year and examine its physical driv-
ers in the open SCS using two Bio-Argo floats’ data, which is the first attempt to apply Bio-Argo floats in
examining Chl a variability in the SCS. Bio-Argo floats have invaluable advantages in observing biogeo-
chemical properties and their dynamics with a fine sampling resolution over long time periods in remote
open oceans [Mignot et al., 2014]. The observations of Bio-Argo floats showed that in a year round, Chl a
displayed a different variability in the northern and central parts of the SCS basin. The vertical displace-
ment of isotherms affected the values of the SCM. Strong wind forcing and surface cooling were the main
physical drivers of upward nutrient supply and then high surface Chl a in winter. The combination of
stronger wind mixing, greater surface cooling, Kuroshio water intrusion, and horizontal advection caused
a winter bloom in the northern basin rather than in the central basin. The results presented here will be
valuable to understand the variability of Chl a and its relationship with physical processes in the deep
region of a marginal sea like the SCS.

2. Data and Method

2.1. Bio-Argo Observations

Recently, Bio-Argo floats with biogeochemical sensors have been successfully used to monitor ocean
environment variability [e.g., Xing et al., 2011; Green et al., 2014; Mignot et al., 2014]. Two Bio-Argo floats
(Navis Autonomous Profiling Floats) numbered 0347 and 0348 (identification numbers assigned by the
manufacturer, referred to as A1 and A2, respectively, in this paper) were deployed in the northern and
central parts of the open SCS basin on 27 June and 11 July 2014, respectively. Their traveling paths are
shown in Figure 1. Each of them was equipped with an SBE 41CP CTD, an SBE 63 Optical Dissolved Oxy-
gen sensor, and a WET Labs ECO-MCOMS fluorometer. These two floats were provided by the manufactur-
er at the same time, supposed to be based on the same technology and agree with each other. They
were set to obtain one vertical profile every 3 days during most of the deployment period and sometimes
adjusted to profile once per day for a few short periods. The vertical observation interval was approxi-
mately 2 m from approximately 4 to 1000 m depth and 50 m below 1000 m depth.

The two Bio-Argo floats measured physical, biogeochemical, and optical parameters including salinity, tem-
perature, pressure (depth), Chl a, Colored Dissolved Organic Matter (CDOM), dissolved oxygen, volume scat-
tering coefficient at 700 nm and 150°, water and particle backscattering coefficients at 700 nm. The Chl a is
not a directly measured parameter. It was derived from fluorescence (measured by the ECO-MCOMS fluo-
rometer) based on a linear relationship between Chl a and fluorescence as well as a prescribed scale factor,
which was determined beforehand by the manufacturer. Since the relationship and scale factor are based
upon the experimental results using a monoculture of phytoplankton, there is inevitably some uncertainty
in the derived values of Chl a. In reality, the scale factor between in vivo fluorescence and Chl a depends on
species composition, nutrient availability, and ambient light [Fennel and Boss, 2003; Xing et al., 2011]. Anoth-
er significant phenomenon affecting the accurate retrieval of Chl a is nonphotochemical fluorescence
quenching in daytime, the so-called daytime fluorescence quenching [Sackmann et al., 2008; Xing et al.,
2011]. The extent of quenching is closely related to incoming solar radiation: greater in summer and less in
winter because of the difference in light level and daytime length [Sackmann et al., 2008]. Sackmann et al.
[2008] found that the quenching is most prominent near the surface and reduces with depth; near-surface
daytime fluorescence can decrease by as much as 80% in summer. Nonphotochemical fluorescence
quenching tends to disappear at night [Chekalyuk et al., 2000; Huot and Babin, 2011].

The data during a 1 year period from September 2014 to August 2015 was used in this study. The two floats
profiled almost synchronously (i.e., in the same days) from 18 September 2014 until the end of the period in
August 2015. Prior to 18 September 2014, there was a 1 day shift between their profiles. Only three profiles
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The MLD (see Figure 2) was estimated according to a threshold of 0.06 kg m ™3, the difference in potential
density between 10 m depth and the base of the mixed layer [Zhang et al., 2015a].

2.2. Comparison Between Bio-Argo Chl a and Remote Sensing Data

We compared Bio-Argo-observed Chl a at 5 m depth with daily remote sensing derived surface Chl a
obtained by Moderate Resolution Imaging Spectroradiometer (MODIS)/Aqua instruments [Hu et al., 2012].
This remote sensing Chl a data set has a resolution of 4 km. For each Bio-Argo profile, the remote sensing
Chl a data recorded in the same day were averaged in a 0.4° X 0.4° box centered by the profile, resulting in
a sample pair. Because remote sensing Chl a data were missing in most days due to clouds or sun glitter,
the number of available pairs was much smaller than that of Bio-Argo profiles. Seen from available pairs,
the Bio-Argo-observed Chl a data are in agreement with remote sensing data (Figure 3) despite a slight dif-
ference in observation depth. The mean absolute error is 0.043 mg m > (35 pairs) and 0.038 mg m~3 (41
pairs), with a root mean square error of 0.036 and 0.020 mg m~> for A1 and A2, respectively. The remote
sensing observations generally overestimated at low Chl a and missed most high Chl a, compared with Bio-
Argo data (see Figure 3). Previous studies also indicated that satellite remote sensing Chl a are usually
higher than in situ measurements via survey ships in the SCS [e.g., Tang et al., 2004; Shang et al., 2014]. The
maximum Chl a observed by A1 was near 1.8 mg m > in winter (Figure 3). High Chl a was also captured
before by satellite remote sensing data (3.0 mg m ) and field survey (2.17 mg m ) in the northern SCS
basin [Tang et al., 1999; Shen et al., 2008]. Therefore, the Chl a measurements by Bio-Argo floats are accept-
able for this study although there must be some uncertainty described previously.

2.3. Identification of Eddies

The sea level anomaly (SLA) data have been widely used to identify and track mesoscale eddies. The SLA
data set adopted in this work is an up-to-date delayed-time daily product generated by the Developing Use
of Altimetry for Climate Studies (DUACS) system and distributed by the Archiving, Validation, and Interpreta-
tion of Satellite Oceanographic data (AVISO) project (ftp://ftp.aviso.oceanobs.com). It has been mapped to
global Mercator grids with a 1/4° X 1/4° spatial resolution.

The eddy identifying and tracking methods applied in this paper are similar to those of Chaigneau et al.
[2009] and have been used in Zhang et al. [2015a]. Two steps are taken to identify eddies: (1) searching the
centers of all possible eddies and (2) finding their edges. The SLA contours are plotted with a uniform
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Aside from the above one, there were

another two global blended wind
data sets: one was merged from QuikSCAT wind observations and ECMWF wind analyses; the other was
merged from QuikSCAT winds and NCEP wind reanalyses. Bentamy et al. [2009] compared these three
blended wind data sets with in situ observations from buoys, research vessels, and QuikSCAT scatterometer
during the period of 2005-2006. They showed that the speeds and directions of blended wind data are in
good agreement with in situ observations and concluded that these blended winds are appropriate for
examining mesoscale air-sea interaction processes at both global and regional scales. Unfortunately, only
the first blended wind data set is available after QuikSCAT satellite failed in 23 November 2009. Given that
our study area is located in the open SCS basin away from coastlines, this blended wind set is certainly suit-
able for this work.

Wind effects on the upper ocean include vertical mixing (mechanical stirring, entrainment) and Ekman
pumping (wind-driven upwelling or downwelling) which may affect the transport and distribution of
nutrients [Wang et al., 2010; Liu et al., 2013; Tang et al., 2014]. Wind-driven vertical mixing depends on wind
stress (vertical transfer of horizontal momentum from the atmosphere to the ocean). Wind stress can be
parameterized by a quadratic law [Zhang et al., 2010]:

t=p,Cq|W|W, (1

where 1 is the wind stress vector; p, is the density of air; C4 is the wind stress coefficient (drag coefficient);
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behind AE (CE) denote the beginning and ending of the period.

and W is the wind vector at 10 m height above the sea surface. Following Zhang et al. [2010], the wind
stress coefficient was calculated by the following formula:

1.052, W| <6ms™!
C4X10°={ 0.638+0.069|W|, 6 < |W|<30ms . W)
2.708, |W| >30ms~’

It is impossible to directly calculate real wind-driven mixing without current shear data; however, the mag-
nitude of wind speed roughly indicates entrainment strength according to laboratory experimental results
and simplified theoretical results: larger wind speed would cause stronger mixing in the surface layer
because more kinetic energy is input for mixing from winds [Kraus and Turner, 1967; Haney and Davies,
1976; Price, 1981]. Ekman pumping (Wg) was estimated by the formula as follows:
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where 1, and 7, are the east and north com-
ponents of wind stress, respectively, and 0 is
the latitude in degree. Here seawater density
(p,,) and angular speed of the earth’s rota-
tion (w) were set to 1020 kg m~> and 7.292
X 107° s, respectively.

3. Results and Discussion

3.1. Temperature and Salinity Variations
In the open SCS, the temporal variability of
temperature and salinity was large in the
upper 200 m layer (Figure 4) and small below
the upper 200 m layer (data not shown).
Based on the observations obtained by A1 in
the northern SCS basin, the standard devia-
tions of temperature and salinity were larger
than 0.665°C and 0.028 g kg™, respectively,
in the upper 200 m layer while they were
smaller than 0.648°C and 0.027 g kg~ ',
respectively, below the 200 m depth. There
was a similar pattern in the observations of
A2 in the central SCS basin. In the upper lay-
er, both temperature and salinity experi-
enced more variations in the northern basin
than in the central basin. The mean standard
deviation of temperature (salinity) in A1
observations was 1.486°C (0.142 g kg™ "),
larger than 1.095°C (0.126 g kg™") in A2
observations. The salinity was higher almost
throughout the year, and the temperature in
winter (December to February) and spring
(March to May) was lower in the north
than the counterparts in the center (Figures
4 and 5).

The SCS is strongly influenced by the East
Asian monsoon, northeasterly winds pre-
vailing in winter and southwesterly winds
in summer (June to August) [Chu et al,
1999; Zhang et al., 2015b]. In the mixed lay-
er (Figure 3), the average temperature was
lowest in winter due to strong wind mixing

and negative net heat flux whereas it was highest in summer due to positive net heat flux dominating
over wind mixing [Qu, 2001; Duan et al., 2012; Zhang et al., 2012]. In the subsurface layer (defined as the
layer from the MLD to 200 m depth in this work), isotherms fluctuated up and down with time (Figure 4).
Figure 4a shows that in the north, the isotherm of 18°C rose from approximately 160 m depth in Decem-
ber 2014 to above 120 m and reached the shallowest depth of 60 m in January 2015, indicating a signifi-
cant shoaling of the isotherm. After that, the isotherm dropped down and returned to approximately
160 m depth by the end of March. Another two obvious isotherm shoaling processes happened during
the periods from April to May and from June to August. In the center, two similar isotherm shoaling
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Figure 6. Time series of Chl a, wind speed, and Ekman pumping. The values of Chl a were the observations at 5 m depth from Bio-Argo floats (a, b) A1 and (c, d) A2. Wind speed and
Ekman pumping were calculated from a daily remote sensing wind data set with a spatial resolution of 0.25° X 0.25°. Each value of wind speed in (a, ¢) or Ekman pumping in (b, d) was
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(b, d), and the blue one denotes the 30 day running mean of Chl a. It should be noted that the scales of Chl a and Ekman pumping in Figures 6c and 6d are different from their counter-
parts in Figures 6a and 6b.

processes occurred during the periods from December 2014 to March 2015 and from April to June
(Figure 4b).

It is clear in Figure 4c that salty waters appeared intermittently in the subsurface layer in the northern basin
from September 2014 to May 2015. Because their salinity was higher than that at 200 m depth, they could
come not directly from the depths but via horizontal advection from other area. Their appearance time,
high salinity, and sporadic features are consistent with the well-known Kuroshio water intrusion into the
northern SCS through the Luzon Strait [Yuan et al.,, 2006; Yuan et al., 2014; Zhang et al., 2015b]. Kuroshio
intrusion is strongest in winter and successively becomes weaker during the spring, autumn, and summer
[Yuan et al., 2014]. Figure 5b shows that there were two different mater masses in January in the north. One
water mass with high temperature and high salinity confirms the existence of Kuroshio intrusion water
which has different properties from the SCS water [Gong et al., 1992; Liu et al., 2013]. Kuroshio intrusion
appears as a transient event rather than a persistent circulation pattern [Yuan et al, 2006; Zhang et al.,
2015b]. The salty intrusion water, sometimes trapped in the eddies shed from Kuroshio loop current in the
Luzon Strait, can move westward along the continental slope of the northern SCS [Yuan et al., 2006]. Inter-
estingly, A1 was just in the pathway of westward-moving Kuroshio water during the study period. Figure 1
shows that A1 wandered in the northeastern SCS west of the Luzon Strait in the autumn (September to
November) of 2014 and afterward it moved westward near the isobath of 200 m. Its maximum observation
depth of each profile was deeper than 800 m (data not shown). These indicate that A1 traveled along the
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continental slope in the
northern SCS during north-
easterly wind prevailing sea-
sons, which is consistent in
both time and space with
the westward migration path
of Kuroshio intrusion water
%ep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug [Xue et al, 2004; Qu et al,
2007; Wu and Hsin, 2012].
Hydrographic  observations
and modeling results have
shown that Kuroshio water
can intrude farther into the
SCS through the Luzon Strait
during the period when

Depth [m]

Depth [m]

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug northeasterly wind prevails,
Time (from 1 Sep 2014 to 31 Aug 2015) and Kuroshio intrusion cur-
e — T et fow westward along
-2 0 2 4 6 8 10 the continental slope [Xue
1052 et al, 2004; Wu and Hsin,

Figure 7. Time series of buoyancy (Brunt-Vaisil3) frequency square (N?) derived from the 2012 Qu et dl [200?]
observations by Bio-Argo floats (a) A1 and (b) A2. The interval of N?is 2 X 10™% s ™2, remarked  that  Kuroshio

intrusion water from the
Luzon Strait has apparent influence along the continental slope in the northern SCS. Additionally, no such
intermittent high salinity patches appearing in the center (see Figure 4d) further confirmed that the high
salinity waters observed in the north originated from the Kuroshio water.

The change of temperature vertical structure is mainly caused by the combination of wind mixing, net sur-
face heat flux, Ekman pumping, and eddy activities in the SCS [Liu et al.,, 2000, 2001; Qu et al., 2007; Hao
et al.,, 2012]. Negative heat flux produces a low SST whereas positive heat flux induces a high SST [Qu, 2001;
Duan et al., 2012]. In the winter, mean wind speed was 11.6 m s~ ' in the northern basin and 10.0 m s ' in
the central basin (Figures 6a and 6c¢). Strong wind mixing may entrain deep colder and denser water into
mixed layer [Qu et al., 2007]. Figure 3 shows that the SST decreased to lower than 24°C (26°C) in the north
(center) in winter. Surface cooling can induce and maintain vertical convection because it increases the den-
sity at the sea surface and makes upper layer water instable [Qu et al, 2007; Duan et al., 2012]. Ekman
pumping changed its direction (upward and downward) frequently with time (Figures 6b and 6d). The 30
day running mean data indicate that in the north, the net value of Ekman pumping was positive (upward)
in early December and February, but negative (downward) in late December and January; in the center, net
Ekman pumping was positive for most of the winter. Qu et al. [2007] pointed out that wind mixing and cool-
ing convection are dominant in the seasonal variation of isothermal depth in the northern SCS basin while
Ekman pumping cannot be neglected, particularly in summer when wind becomes weak and SST is high.
Kuroshio intrusion water with high salinity and high temperature could influence the temperature structure
in the northern SCS during its westward migration [Liu et al.,, 2001; Qu et al., 2007]. Liu et al. [2001] demon-
strated that the vertical displacement of thermocline in the northern SCS was closely related to Kuroshio
intrusion. Qu et al. [2007] indicated that the Kuroshio intrusion through the Luzon Strait may play a role in
the change of isothermal depth. Strong vertical convection corresponds to weak stratification, indicated by
small N? [Olbers et al,, 2012]. On average, the smallest N® occurred in the winter of the study period (Figure 7),
implying a weakest stratification and strong convection. The N? was lower in the north than in the center
(Figure 7) because of the combined function of larger wind speed (Figure 6), lower surface temperature, and
saltier Kuroshio intrusion water (Figure 4).

Eddy activities could also induce vertical displacement of isotherms. As a significant feature, the SLA is posi-
tive in an anticyclonic eddy whereas it is negative in a cyclonic eddy [McGillicuddy et al., 2007]. During the
period from 7 March to 22 March, an anticyclonic eddy passed A1 (Figure 8). Figure 9a shows that during
this period the SLA was positive and the isotherm of 18°C deepened from 130 m to near 170 depth. After
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Figure 8. Eddies and the locations (red triangles) of Bio-Argo floats A1 and A2. The black solid (dashed) contours are the edges of anticyclonic (cyclonic) eddies. The white solid lines are
the isobaths of 200 m. Colors denote sea level anomaly (SLA) values. For the visual integrity of eddies near 200 m isobaths, the SLA map in areas shallower than 200 m is shown also,
although the signal in these areas was likely contaminated by tides.

A1 left the eddy, the SLA decreased to zero and the isotherm shoaled (Figure 9a). From 31 March to 5 June,
A1 met a cyclonic eddy and then traveled with it (Figure 8). Accordingly the SLA became negative and the
isotherm rose up to 100-130 m layer (Figure 9a). These two events coincided with the deepening and
shoaling of isotherms during the two periods (Figure 4a), respectively. Similarly, A2 was inside an anticyclon-
ic eddy with positive SLA during 13-28 March, corresponding to the descent (from 120 to 140 m depth) of
the 18°C isotherm, whereas from 15 April to 9 May, it was caught by a cyclonic eddy with negative SLA and
the isotherm went up to about 110 m depth (Figures 8 and 9b). The correlation coefficient between the
depth of 18°C isotherm and SLA is 0.556 for A1 observations and 0.567 for A2 with 99.9% confidence level.
This indicates that eddies played an important role in the vertical displacement of isotherms in the open
SCS. The influence of eddies is sporadic and intraseasonal [Liu et al., 20011, which is different from the sea-
sonal effects of monsoon winds, net surface heat flux, and Ekman pumping [Qu et al., 2007]. In the open
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SCM during winter are the maximum Chl a in the surface layer. standard deviation of 9.6 m.

On average, it was shallower
in the winter than in the summer (Table 1). The SCM was permanent in the center of the SCS basin but it
was not in the north where there was actually no SCM in winter (Figure 10). In the winter of 2010, no DCMs
were observed at many sampling stations in the northern SCS either [Chen et al., 2013].

Without regard to the imprecision of converting chlorophyll fluorescence to Chl g, the Chl a depends on
phytoplankton concentration and the ratio of Chl a to phytoplankton carbon, which are regulated by nutri-
ent supply and light availability [Liu et al., 2002; Cullen, 2015]. More available nutrient and light are responsi-
ble for higher Chl a and then larger SCM [Mignot et al., 2014]. The euphotic zone depth is deeper than the
top of the nutricline throughout the year in the SCS basin [Tseng et al., 2005; Chen and Chen, 2006]. The
mean depth of the SCM observed by A2 coincides with the tops of the nutricline (50-70 m) presented by
Tseng et al. [2005]. These suggest that the magnitude of the SCM is mostly determined by the level of nutri-
ent in the SCS basin.

Recent in situ observations by Williams et al. [2013] showed that the SCM depth corresponds to the base of
thermocline as well as steep nitrate gradient. In the open SCS basin, the thermocline depth can be indicated
by the depth of the 22°C [Liu et al., 2001]. Figures 4 and 10 display that the isotherm of 22°C is just below
(very close to) the depth of the SCM in both the northern and central basins. Here we used the vertical dis-
placement of the 22°C isotherm to reflect the change of thermocline and available nutrients, resulted from
the combined effects of all physical processes described previously. Figures 9c and 9d show that the values
of the SCM are basically consistent with the depths of the isotherm. The correlation coefficient between
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them is —0.444 in the north
and —0.538 in the center of
the SCS basin, indicating a
significant correlation with
99.9% confidence level (121
samples). This suggests that
the shoaling of the isotherm
(thermocline) tended to pro-
vide more nutrients for the
growth of phytoplankton,
resulting in a higher SCM.

Because the ratio of nitrogen
to phosphorus (N/P) s
smaller than the correspond-
gep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug ing Redfield ratio, the deep

Time (from 1 Sep 2014 to 31 Aug 2015) basin of the SCS is nitrogen

ngo’ [ N : limited for phytoplankton

0.2 0.6 1 growth [Chen et al, 2004].

Both in situ observations and
Figure 10. Time series of Chl a profiles obtained by Bio-Argo floats (a) A1 and (b) A2. The enrichment experiments
white curve denotes the MLD, and the red one denotes the depth of maximum Chl a. The p
interval of contours is 0.4 mg m >, have shown that phyto-

plankton growth in the SCS
is limited by nitrogen rather than light intensity and grazing by zooplankton [Chen et al., 2004, 2006]. Fig-
ures 11e and 11f show the climatological monthly mean nitrate concentration profiles which are higher at
depth in January (representing winter) than in July (summer) in both northern and central parts of the SCS
basin. Observed by A2 in the central SCS basin, the SCM was larger in winter and spring, compared with
that in summer and autumn (Figure 10b and Table 1). Chen and Chen [2006] observed that relatively shallow
nitracline in winter makes the waters highly productive in the SCS.

3.3. Surface Layer Chlorophyll Variability

Surface layer Chl a, denoted by observations at 5 m depth, was higher and more variable in the north than
in the center of the open SCS (Figure 10 and Table 1). The mean value and corresponding standard devia-
tion in the north were 0.32 and 0.43 mg m ™3, about three and seven times the counterparts (0.11, 0.06 mg
m~3) in the center, respectively. In the north, the largest value of seasonally averaged Chl a concentration
(1.07 mg m~3) occurred in winter, followed by spring (0.19 mg m™3), autumn (0.16 mg m™~3), and summer
(0.10 mg m—3). The winter phytoplankton bloom appeared in the entire mixed layer (Figure 10a). The ratio
of Chl a between winter and summer is 10.7, larger than those (approximately 3) obtained from remote
sensing data by Shen et al. [2008] and from in situ observations by Chen and Chen [2006]. In the center, sur-
face layer Chl a was very low in the study period and only in winter the averaged value (0.14 mg m ™) was
above 0.10 mg m~3 (Table 1). The above seasonal cycle of Chl a in the SCS basin is qualitatively in agree-
ment with previous results obtained from remote sensing data [Shen et al.,, 2008; Palacz et al., 2011] and
from in situ observations [Chen and Chen, 2006; Liu et al., 2007] in the open SCS.

The supply of nutrients is a controlling factor for the growth of phytoplankton in the surface layer where
enough light is readily available [Tang et al., 2014]. Surface layer nutrient supply is related to physical pro-
cesses: vertical mixing, upwelling, vertical convection, and advection. Wind-driven vertical mixing and
upwelling can bring nutrient-
rich deep water to the surface

Table 1. Seasonally Averaged Depth (m) and Values (mg m~3) of the SCM and Surface layer [Wang et al, 2010; Duan

Layer Chl a (mg m ) Calculated From Observations of Bio-Argo Floats et al, 2012; Yang et al., 2012].
Bio-Argo Parameter Autumn Winter Spring Summer As seen in Figure 6, higher
A1 SCM (depth/value)  61.77/1.06 5671/130  6551/137 Chl a seems to coincide with

Surface layer (5 m) 0.16 1.07 0.19 0.10 stronger wind speed. The cor-
A2 SCM (depth/value) 62.97/1.20 61.79/1.39 67.06/1.43 77.19/1.00

relation coefficient between

Surface layer (5 m) 0.10 0.14 0.07 0.09 ) . ]
30 day running filtering wind

ZHANG ET AL.

CHLOROPHYLL VARIABILITY IN THE SCS 7135



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011983

24'N
22'N
20'N
18" N
16 N
14'N

12°N

10N

2.80
i L {2.40
24’ N
F q12.00
22°N
F 11.60

11.20
0.80
o 0.40

o

14N

0.00

12°N

10N

8N

&N

a
106 E18E1M0E12E 14 ENMEE NS E120E 106 E1086 E 10 E 112°E 114 E 116 E 116 E 1200 E

0 T 0 -
{ October ] October |
¢ January . January
40 \ April 1 40 \ April 1
July July
£ 80 80
£
3 120 12
] 0
160 160
(e) North -(f) Center
200 . , g 200 . : : ;
0 5 10 15 20 25 0 5 10 15 20 25
Nitrate [umol I''] Nitrate [umol I'"]

Figure 11. (a-d) Distribution of nitrate at 5 m depth, (e) vertical profiles of nitrate averaged in the domain shown in Figure 1b, and (f) verti-
cal profiles of nitrate averaged in the domain shown in Figure 1c, based on the climatological monthly data of the World Ocean Atlas
(WOA V2 2013). This climatological data set has a vertical interval of 5 m in the top layer of 0-100 m and 25 m below the top layer, and a
horizontal resolution of 1° in both latitude and longitude. The white curves in Figures 11a-11d denote the isobath of 1000 m.
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Table 2. Area-Averaged Nitrate Concentration (umol L") in the North (Shown in Figure 1b) and Center (Shown in Figure 1c) of the SCS
Basin, Based on the Climatological Monthly Data (WOA V2 2013)

Parameter October January April July
North Mean in 0-20 m layer 0.327 1.766 0.228 0.118
Mean in 20-50 m layer 0.341 1.435 1.088 0.606
At 5 m depth 0.333 2.149 0.164 0.056
Minimum below 5 m depth and its depth (m) 0.187/30 1.196/45 0.236/10 0.099/10
Center Mean in 0-20 m layer 0.080 1.099 0.302 0.209
Mean in 20-50 m layer 0.208 0.836 0.740 0.347
At 5 m depth 0.080 1.238 0.213 0.196
Minimum below 5 m depth and its depth (m) 0.027/30 0.485/25 0.339/10 0.202/40

speed and Chl a was 0.824 (127 samples) and 0.812 (130 samples) with a significance level of 99.9% in the
north and center, respectively. By contrast, the correlation coefficient between Chl a and local Ekman
pumping was very low (—0.061 for A1, 0.171 for A2). Palacz et al. [2011] also found from remote sensing
data that Chl a correlates significantly and positively with surface wind speed, while no similar correlation
exists between Chl a and wind stress curl. Tang et al. [2014] indicated that wind stirring is more important
for surface Chl a than wind stress curl. These findings suggest that wind-driven vertical mixing contributed
more to the growth of surface layer Chl a than Ekman pumping induced by wind stress curl in the open
SCS. In addition to wind effects, the vertical convection due to surface cooling mentioned previously also
contributed to higher Chl a in winter [Duan et al., 2012; Tang et al., 2014]. Salty Kuroshio water intrusion
potentially enhanced this process in the northern SCS basin [Liu et al., 2000; Qu et al., 2007]. The correlation
coefficient between Chl a and temperature at 5 m depth was —0.7566 (127 samples) in the north, while it
was —0.3101 (130 samples) in the center. Although both have a significance level of 99.9%, the correlation
is higher in the north. Based on remote sensing surface Chl a and SST data, Tang et al. [2014] demonstrated
that a significant correlation between Chl a and SST only occurs in the northern SCS.

From the perspective of multiyear average, climatological monthly data (Figure 11) show that in January,
nitrate concentration decreases southwestward from the southern Taiwan Strait and adjacent shallow conti-
nental shelf. Higher nitrate concentration covers the northern basin of the SCS, compared with that in the
southern basin (Figure 11b). This is consistent with previous results that wind-induced circulation as well as
volume transport in the Taiwan Strait and the northern SCS is southward or southwestward in winter [Chu
et al,, 1999; Wu and Hsin, 2005; Zhang et al., 2014], which can drive nutrient-rich water from the East China
Sea into the northern SCS through the Taiwan Strait [Chen 2008; Chen et al., 2013]. The mean nitrate concen-
tration in the layer of 0-20 m is 1.766 umol I~', higher than 1.435 umol I~ " in the layer below (20-50 m), in
the north (Figure 11e and Table 2). Similar results also appear in the center (Figure 9f and Table 2). Nitrate
concentration generally increases with depth in the SCS [Takahashi and Hori, 1984]. If nitrate in the upper
layer all came from the lower layer, the nitrate concentration in the upper layer would be no higher than
that in the lower layer, just similar to the case in April and July (Figures 11e and 11f, Table 2). In January,
nitrate concentration is 2.149 umol | " at 5 m depth, nearly twice the minimum (1.196 umol 1~ ") below 5 m
depth (Table 2). Given that the contribution of deep water to nitrate concentration at 5 m depth is no more
than 1.196 umol |, it could be estimated that the nitrate from deep water contributes 55.7% (1.196/2.149)
or less to the nitrate at 5 m. In the central SCS basin, this value reduces to no more than 39.2% (0.485/
1.238). These indicate that the contribution by horizontal advection to nitrate concentration at 5 m in Janu-
ary is at least 44.3% in the north and 60.8% in the center. Although the relative contribution of horizontal
advection is higher in the center, the absolute value (the value at 5 m depth minus the minimum below) is
higher (0.953 umol I~ versus 0.753 umol | ") in the north, which is consistent with horizontal change trend
shown in Figure 11b. In October, although mean nitrate concentration is lower in the upper layer than in
the lower layer, a lower nitrate concentration at 30 m depth than that at 5 m depth suggests a weak surface
horizontal advection existing both in the north and in the center (Table 2). In April and July, no appreciable
nitrate advection happens in the surface layer of the study region since the nitrate concentration basically
increases with depth (Figures 11e and 11f, Table 2). Previous findings indicated that in winter strong north-
easterly wind drives water to flow southward through the Taiwan Strait, resulting in southward volume
transport [Wu and Hsin, 2005; Zhang et al., 2014], thus nutrients may be transported into the northern SCS
from the East China Sea [Chen, 2008; Chen et al., 2013]. Field surveys in the northern SCS showed that sur-
face nutrient concentration decreased from shelf to slope and basin in January 2010 while no evident cross-
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shelf gradient appeared in July to August 2009 [Chen et al., 2013]. These results are consistent with the
above results obtained from climatological data. Therefore, horizontal advection may supply additional
nitrogen to enhance the winter phytoplankton bloom in the northern SCS basin. Note that the climatologi-
cal monthly data describe only average state at the seasonal timescale, excluding interannual variations.
However, seasonal signals in monsoon winds, surface circulation, nutrient concentration, and Chl a are
dominant over interannual changes in the SCS [Wu et al., 1998; Palacz et al., 2011; Liu et al., 2013], which
suggests that the seasonal variation of the SCS environment in an individual year may be different but do
not depart much from climatological monthly state in the open SCS. The contribution of eddies to the win-
ter bloom was not considered here because A1 stayed outside eddies almost throughout the winter except
only one profile at the edge of a weak cyclonic eddy (figures omitted).

4. Conclusions

The observations of Bio-Argo floats during a 1 year study period of September 2014 to August 2015 were
used to describe the spatial and temporal variability of Chl a in the open SCS. In the center of the SCS basin,
there was a permanent SCM. The SCM was located in the depth range of 48-96 m with a mean depth of
67.4 m. The value of the SCM tended to vary inversely with the depth of the 22°C isotherm: large SCM corre-
sponded to shallow isotherm and vice versa. This demonstrated that the SCM value was mainly determined
by nutrient supply from depths. The upward displacement of nitrate-rich water was responsible for large
SCM in winter and spring. In the north, the SCM disappeared in winter and was replaced by surface layer
phytoplankton bloom.

Surface layer Chl g in the SCS basin was low except during the winter in the north. It had a significant corre-
lation with wind speed and the SST. Strong wind forcing and surface cooling were the main physical drivers
of high Chl a in winter because of their active effects on upward nutrient supply. Compared with the center
of the SCS basin, stronger wind and lower SST as well as Kuroshio water intrusion in the north were more
favorable for the upward supply of nutrients during the winter. Additionally, a large amount of nitrate was
probably advected from the Taiwan Strait and shallow continental shelf to the northern basin. As a result, a
significant winter surface layer phytoplankton bloom occurred in the north rather than in the center of the
SCS basin.

It should be noted that some uncertainty is inevitable in the values of Chl a derived from chlorophyll fluo-
rescence signals and synchronous in situ validation is impossible for fluorometers on autonomous platforms
like Bio-Argo floats [Mignot et al., 2011; Cullen, 2015]. Notwithstanding the above problem, the spatial and
temporal variations of Chl a observed by Bio-Argo floats with factory-calibrated sensors are credible and
valuable to monitor the change of the ecological environment in the open SCS. Indicated by Cullen [2015],
novel techniques and new approaches, as proposed by Mignot et al. [2011] and Roesler and Barnard [2013],
are required to obtain more accurate values of in situ Chl a using sensors on autonomous profiling floats.
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