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Abstract  As a frequently-observed phenomenon in the northern South China Sea (nSCS), subsurface 
chlorophyll maximum (SCM) evolution from summer to winter remains unclear, neither the associated 
hydrographic control. In this study, on the basis of in-situ data of fall-season cruises in 2004–2006, we 
characterized the depth, thickness and intensity of the SCM in the nSCS using a general Gaussian-function 
fitting approach, and investigated a linkage to the corresponding ocean vertical buoyance properties. Our 
results show that the SCM becomes deeper, thicker and less intense offshore-wards in the nSCS during fall 
seasons. In parallel, a correlation between the SCM variation and mixed layer depth exists in the nSCS, 
and it becomes pronounced in the shelf region compared to the slope and basin areas in autumn. Physically, 
once warmer surface ocean and thus stronger thermo-determined stratification, the SCM layer goes deeper 
and becomes thicker and less intense in the nSCS, especially in the shelf area of the nSCS. Moreover, the 
impact of water temperatures at deeper layers on the vertical stratification exerts more consequent roles on 
the spatial variability of SCM, compared to surface temperatures in the nSCS. Specifically, the isotherm 
line of 22 °C acts as crucial indicator for variations of the SCM in the nSCS during autumns.

Keyword: subsurface chlorophyll maximum (SCM); northern South China Sea (nSCS); autumn season; 
hydrographic control

1 INTRODUCTION

Biogeochemical change in the South China Sea 
(SCS), the largest marginal sea of the western North 
Pacific, has been linked to the coherent climate 
variability involving Asian monsoons and surface 
ocean circulations (Liu et al., 2013; Hou et al., 
2022). On seasonal scale, variation of chlorophyll-a  
(Chl-a) concentration in the surface SCS is 
predominantly controlled by the variability in 
monsoon winds. Once after the removal of seasonal 
cycles, Liu et al. (2013) found that surface Chl a 
showed subdued response to a deepened thermocline 

under La Niña conditions. On inter-annual time 
scale, the surface Chl a shows a reversed 
relationship with sea surface temperature (SST) in 
the SCS (Tseng et al., 2005; Tang et al., 2011). 
Recently, Hou et al. (2022) illustrated a progressive 
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warming in the surface SCS and shallower thermal 
mixed layer depth (MLD) in the northern SCS 
(nSCS), determining the lower Chl-a concentrations 
during year 1999 to 2019. Moreover, a further study 
has projected a lowering of surface-ocean Chl a in 
the future due to the continuous global warming 
(Wang et al., 2023).

Vertically in the SCS, subsurface chlorophyll 
maximum (SCM) is a year-round phenomenon 
(Ning et al., 2004; Chen, 2005; Chen et al., 2006; 
Liu et al., 2007; Xing et al., 2019). The SCM exists 
below surface-ocean mixed layer where sun light 
attenuated from above meets nutrients sourced from 
the deeper ocean, thus leading to the SCM of 
maximal values of phytoplankton growth rate 
(Anderson, 1969; Klausmeier and Litchman, 2001; 
Cullen, 2015). Depths of the SCM range between 20 
and 100 m in the SCS (Chen, 2005; Chen et al., 
2006; Lu et al., 2010), while SCM intensities vary 
from 0.3 to 3.9 mg/m3 (Ning et al., 2004; Chen, 
2005; Chen et al., 2006; Lu et al., 2010). The 
variations of SCM depth were mainly affected by 
light attenuation in the nSCS (Gong et al., 2014; 
Chen and Zhao, 2021; Xu et al., 2022). In general, 
in the nSCS area, nearly 55% of the total Chl a in a 
water column has been found within the SCM layer 
(Takahashi and Hori, 1984). Moreover, Lu et al. 
(2010) illustrated that the primary production in the 
SCM layer was about 65% of those in the plume and 
upwelled waters during summer.

Existing studies about the SCM in the nSCS have 
mainly focused on summer and winter seasons. 
During summer time, the SCM depth decreased 
shoreward, while its intensity weakened. This is 

mainly controlled by the processes of coastal 
upwelling and regional river plume (Lu et al. 2010). 
Ke et al. (2012) suggested that MLD should be an 
important factor influencing the depth on SCM in 
the nSCS in late summer. Similarly, Xu et al. (2018) 
suggested the response of Chl-a variability to 
hydrodynamic processes in the same region. 
Compared to the summer processes, the Project of 
South East Asia Time-series Study (SEATS) have 
discovered shallowest and strongest SCM in winters 
whose depths is about 20–30 m deep and of about 
0.9-mg/m3 Chl-a concentration (Chen et al., 2006). 
On seasonal time scale, the evolution of the SCM in 
the SCS during summer-to-winter transition time, i.e., 
the autumn season, remains unsolved. In this study, 
we thus employed a general Gaussian function to fit 
vertical Chl-a profiles and obtained the spatial 
distribution of the SCM characteristics in the nSCS 
during autumn seasons, and discussed the associated 
physical oceanographic controls.

2 DATA AND METHOD

Geographically, the nSCS is a semi-closed basin 
of 18°N–23°N, 110°E–121°E, and it interacts with 
the East China Sea, the open Pacific Ocean and the 
Sulu Sea via the Taiwan Strait and the Luzon 
Strait, respectively (Fig.1). Physical oceanography 
observations have shown that the surface circulation in 
the nSCS mainly flows from the Taiwan Strait, via the 
Luzon Strait and southwestwards in winters, distinct 
from northeastward circulation in summers (Chu 
et al., 1999). In the nSCS, the Taiwan-Strait inflow 
delivers cold and high nutrients water, compared to 
Kuroshio-originated, Luzon-Strait inflow water of 

Fig.1 Bathymetry map and sample stations in the northern SCS (nSCS) during 2004–2006 in autumn
Purple dots represent stations with a single sampling, and pink dots represent stations with multiple samplings. Map review No. GS(2022)4314.

2



 GONG et al.: Hydrographic control on subsurface chlorophyll maximum

relatively warmer, more saline but lower nutrients 
(Chen, 2003).

2.1 Data source

Our analysis is based on data of 3 cruises in the 
nSCS of 18.00°N–22.25°N, 110°E–120°E, and in 
the upper 0–200-m depths (Fig.1). The 3 cruises are 
proceeded during the fall seasons of 18 September 
to 2 October 2004, 5–22 September 2005, and 
16–27 September 2006. Water samples for Chl-a 
determinations were taken at 0, 10, 25, 50, 75, 100, 
150, and 200 m, using a rosette of Niskin bottles 
attached to a CTD (conductivity-temperature-depth 
system) probe frame. The observation of Chl-a 
concentrations were fluorometrically determined 
following acetone extraction of samples collected on 
GF/F filters, and 4 stations which have only surface 
Chl a were excluded. In total, 65 stations were 
sampled (see Fig.1), and they are catalogued to 2 
sectors according to bathymetries: the continental 
shelf (depth <200 m), containing 18 stations, and 
open ocean (depth >200 m, including slope and 
basin), containing 47 stations.

2.2 Data processing based on Gaussian function

The non-uniform vertical profiles of Chl a can be 
modeled using a shifted-Gaussian function (Lewis 
et al., 1983) that has subsequently been widely used 
with small modifications (Platt et al., 1988; 
Matsumura and Shiomoto, 1993; Gong et al., 2015). 
Accounting the observed characteristic that surface 
values always exceed the bottom ones, the shifted-
Gaussian functional form is modified with a 
superimposition of background linearly or exponentially 
decrease shape along depth (Uitz et al., 2006; 
Mignot et al., 2011; Gong et al., 2014). Here, we 
adopted a piecewise function (Gong et al., 2014), 
which comprises a constant value (P0) in the surface 
layer (zs) and below a shifted-Gaussian function 
(Eq.1) to approximate the unimodal vertical profiles 
of Chl a (Supplementary Fig.S1). The characteristics 
of SCM were then derived from the Gaussian 
parameters.
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where P is the Chl-a concentrations as a function of 
depth z, P0 is the Chl a above the depth of surface 
layer (zs), zb is the maximum water depth where Chl-a 
concentration can be detected, assumed to be 200 m 

here. zs is assumed a constant, which value is set 
differently in fitting the vertical Chl-a profiles. For 
example, it is set as 10 m in some Chl-a profiles 
over the shelf of the nSCS, 30 m in some profiles in 
the slope and basin of the nSCS. The three Gaussian 
parameters (Pmax, zm, σ) can characterize the SCM 
phenomenon (Supplementary Fig.S2), among which 
Pmax represents the maximum value of Chl a below 
the surface layer depth zs, zm is the depth of the 
maximum Chl a (the peak of the bell shape), and σ 
is the standard deviation of Gaussian function, 
which controls the width of the SCM layer. Notably, 

Pmax=h/ (σ 2π ), h represents the integral of the 

Gaussian function (Supplementary Fig.S2). Considering 
the asymmetrically unimodal distribution of Chl a 
due to the influence of the surface mixed layer, 
parameter h is not equal to (less than) the total Chl a 
integrated through the water column.

The piecewise equation (Eq.1) is sufficiently 
versatile to mimic a large variety of vertical Chl-a 
profiles in the nSCS (Supplementary Fig.S3). 
Within the 95% confidence limits, vertical Chl-a 
profiles that has an R2>80% accounted for about 
75%. That is, out of the 102 profiles, 75 were 
adequately described by the fitting model, with a 
significant SCM phenomenon. More specifically, of 
the 75 profiles, 22 belong to the nSCS shelf region, 
10 above continental slope, and 43 from the basin 
area.

As described in Eq.1, the SCM depth is defined 
as zm, that is, the location of the point-wise 
maximum value of Chl a (Supplementary Fig.S2). 
The SCM intensity refers to the maximum value of 
Chl a (Pmax in Eq.1) in the water column 
(Supplementary Fig.S2). The upper and lower 
boundaries of the SCM layer are defined by the 
depths where phytoplankton presents maximal 
gradients, according to ∂P2z/∂ 2z=0 as explained by 
Beckmann and Hense (2007). Then, we derived the 
depths that bound the SCM layer from Eq.1, i.e., 
zm–σ and zm+σ, respectively, and the thickness of 
SCM layer is thereby expressed as 2σ. Furthermore, 
the boundaries of the SCM layer coincide with the 
locations of the extrema of the vertical diffusive 

phytoplankton fluxes Kv

¶ 2P
¶ z2

=0 (Kv is the vertical 

diffusivity). From a general, one-dimensional 
phytoplankton equation (Riley et al., 1949; Fennel 
and Boss, 2003; Beckmann and Hense, 2007; Gong 
et al., 2015), this alignment results in a balance 
between the in situ growth rate and all losses, 
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including the divergence of the sinking flux, 
respiration, mortality, and grazing in the steady-state 
version (Supplementary Eq.S1). Therefore, the SCM 
layer is believed to be a production layer situated 
between the two compensation depths (Beckmann 
and Hense, 2007; Gong et al., 2015). Note that the 
thickness of SCM layer is defined as zm+σ at 
stations where the upper boundary of SCM layer 
(zm–σ) is less than zero by calculated using the 
piecewise function (Eq.1).

By compared the SCM depth (zm) and the surface 
layer depth (zs) in the slope and basin of nSCS, we 
found that the average difference between them is 
larger than 1.5 times of σ. According to 3-sigma rule 
of Gaussian function, we calculated the total Chl a 
within 0–200 m (TChl a) as following: TChl a=zs×
P0+ℎ, with unit of mg/m2. Note that, in the shelf area 
TChl a was estimated from surface to the bottom as 
following: TChl a=zs×P0+Aℎ , where parameter A is 
determined by the distance between the lower 
boundary of the SCM layer and 200-m water depth. 
The depth-integrated Chl a within the SCM layer 
(IChl a) was then estimated as IChl a=0.68×h 
according to the rule of Gaussian function.

3 RESULT AND DISCUSSION

3.1 Spatial variation of SCM characteristics

In our results, the intensity of SCM generally 
showed an opposite pattern to the SCM 
bathymetries during fall seasons (Fig.2a). Spatially, 
the intensity of SCM generally decreases shoreward 
(Fig.2b). The averaged depth and intensity of SCM 

are ~41 m, ~0.60 mg/m3, respectively in the shelf of 
nSCS, while they turn to deeper and weaker in the 
slope (~57 m, ~0.37 mg/m3) and basin (~64 m, 
~0.31 mg/m3) areas. The SCM depths ranged from 40 
to 80 m in 78% of the profiles (59 out of 75 vertical 
Chl-a profiles), with an average SCM depth of 58 m 
(Fig.3a). Extreme values of 10 m and 107 m were 
observed in isolated instances. Although the SCM 
intensity ranged from 0.05 to 1.25 mg/m3, totally 
75% (57 out of the 75 vertical Chl-a profiles) of the 
SCM intensity were between 0.25 and 0.55 mg/m3 and 
the mode of the distribution was in the 0.37-mg/m3 
range (Fig.3b). An average value of SCM intensity 
in the nSCS is ~0.40 mg/m3, thus around 3 times 
compared to the averaged surface Chl a 
(~0.15 mg/m3).

The SCM thickness basically increased along 
depths (Fig.2c). On average, SCM thickness in the 
shelf of the nSCS was ~41 m, and it was ~48 m and 
~52 m in the slope and open ocean areas. Generally, 
the count distribution show that the thicknesses of 
SCM ranged between 20 and 60 m, with values <20 m 
or >60 m occupying 4% and 20% of the total 
profiles respectively (Fig.3c). Physically, the SCM 
thickness is influenced by turbulent diffusion, 
particularly beneath the surface mixed layer 
(Beckmann and Hense, 2007; Gong et al., 2015). 
Intense turbulent mixing leads to a greater inflow of 
nutrients from deep water into the SCM layer, 
alleviating nutrient constraints and raising its upper 
boundary. Consequently, the SCM layer thickens 
with increased levels of turbulent diffusion 
(Beckmann and Hense, 2007; Gong et al., 2015; Xu 

Fig.2 Spatial patterns of SCM characteristics (top panel) (a. depth; b. intensity; c. thickness), spatial patterns of sea 
surface variables (bottom panel) (d. SST; e. sea surface salinity; f. sea surface density)
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et al., 2022). In the nSCS along 120°30′E, Yang 
et al. (2016) revealed that the average turbulent 
diffusion within the 100–300-m water depth 
increases as latitude decreases. This increase in 
turbulent diffusion may partly explain the observed 
enlargement in SCM thickness offshore from the 
shelf to the open ocean of the nSCS (Fig.3c). 
Additionally, light attenuation plays a critical role in 
affecting SCM thickness (Beckmann and Hense, 
2007; Gong et al., 2014, 2015). Moving shoreward 
in the nSCS, light availability decreases due to 
increased light attenuation, resulting in less light 
penetrating into the SCM layer and causing the 
SCM layer to shrink. The interplay between nutrient 
dynamics driven by turbulent diffusion and varying 
light conditions thus explains the spatial variability 
in SCM thickness across different regions of the nSCS.

As shown in Fig.4a, SCM penetrated deeper 
accompanies weaker SCM intensity, with a negative 
correlation of -0.50 (P<0.001), during autumns of 
year 2004 to 2006. Such linearly fitting relationship 
is similarly revealed based on logarithmic calculation 
of SCM depth and SCM intensity (Pearsons’  r=
-0.50; P<0.001). Moreover, it becomes pronounced 
in the shelf of nSCS area (Pearsons’  r=-0.58; P=
0.004, Fig.4a). In comparison, a similar circumstance 
is similarly revealed for the open ocean of the SCS 
(Mignot et al., 2011), as well as in other marginal 

seas of the Bay of Bengal (Murty et al., 2000) and 
the Southern California Bight (Mantyla et al., 2008). 
Physically, this is likely controlled by a depth 
limitation on the SCM intensity due to the 
exponential decay of solar radiation along depth 
(Klausmeier and Litchman, 2001; Gong et al., 2015).

Additionally, our analysis reveals an inverse 
relationship between SCM thickness and its 
intensity in the nSCS (Pearson’s r=-0.56; P<0.001; 
Fig.4b), meanwhile the SCM thickness presents a 
positive correlation with its depth (Pearson’s r=
0.39; P=0.004; Fig.4c). This characterize a 
circumstance that the SCM becomes weaker and 
thicker when it goes to a deeper ocean. Physically, it 
may be partly attributed to reduced light attenuation 
as one moves offshore (Beckmann and Hense, 2007; 
Gong et al., 2015; Wang et al., 2020; Chen and 
Zhao, 2021). Within the shelf region of the nSCS, 
the SCM thickness does not correlate with the SCM 
depth (P>0.05, n=22), despite of the remaining 
significant correlation between the SCM thickness 
and its intensity (Pearson’s r=-0.67; P<0.001; n=22; 
Fig.4b). The uniqueness of the shelf region, relative 
to the basin scale, in the nSCS may be caused by the 
nutrient fluxes due to regional upwelling (Lu et al., 
2010; Guo et al., 2017), for instance at stations E304 
and E305 (Supplementary Fig.S4). This process 
enhances SCM intensity and increases SCM 

Fig.3 Histogram for the count of SCM depth, intensity and thickness in the nSCS

Fig.4 Linear correlations between the sampled (n=75) SCM depth and SCM intensity (a), SCM thickness and its intensity 
(b), and SCM thickness and its depth (c) in the nSCS
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thickness in the shelf area while maintaining a 
relatively stable depth of the SCM.

3.2 Spatial variation of depth-integrated Chl a 
within the SCM layer

Our results show that surface Chl-a concentration 
in the nSCS spanned between 0.04 and 1.01 mg/m3. 
In addition, the mean value of 0.25 mg/m3 in the 
shelf area and 0.10 mg/m3 in the slope and basin of 
the nSCS are presented, respectively (Fig.5a, squares). 
The integrated Chl a within the SCM layer, IChl a, 
varies between 7.87 and 28.89 mg/m2, with the 
averaged value of 13.93 mg/m2. Spatially, it 
decreases from the shelf (an averaged value of 

17.21 mg/m2) to the slope and basin regions (an 
averaged value of 12.58 mg/m2) (Fig.5b). Similarly, 
the averaged value of the total Chl a, TChl a, 
decreased from 25.31 mg/m2 in the shelf to 
20.90 mg/m2 in the slope and basin of the nSCS, 
with a variation range of the TChl a between 13.10 
and 50.49 mg/m2 (an averaged value of 22.19 mg/m2) 
(Fig.5b). Within the entire nSCS, the IChl a 
contributes to ~63% of TChl a. In addition, the 
proportion of IChl a is higher in the shelf of nSCS 
(71%) than in the slope and basin region (60%).

Both IChl a and TChl a are correlated to surface 
Chl a commonly in linear fitting relationships 
(Fig.5c). Moreover, a linear dependence of IChl a 

Fig.5 Boxplots of surface Chl a (a), total Chl a in the water column and depth-integrated Chl a in SCM layer (b) in the 
nSCS and their relationships (c & d)
In (a) and (b), the rectangle represents the interquartile range (25%–75%). The blank lines inside and around the rectangle indicate the median value 

and 1.5 times interquartile range. In (c) and (d), relationships among total Chl a in the water column, depth-integrated Chl a in SCM layer, and 

surface Chl a in the whole nSCS (c) and different regions (d). In (c), the green line represents the linear fit for the total Chl a, while the red line 

corresponds to the integrated Chl a in the SCM layer for the entire study area. In (d), the green and red lines follow the same conventions as in (c) 

but for the shelf region, whereas the orange and pink lines represent the slope and basin regions, respectively.
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(TChl a) on surface Chl-a exists in each area of the 
shelf, slope and basin, respectively (Fig.5d). 
Spatially, the correlation between depth-integrated 
Chl a and surface Chl a slightly increases 
shoreward, with Pearson’s r from 0.61 to 0.68 for 
TChl a and from 0.48 to 0.80 for IChl a, 
respectively. This is in line with previous study 
(Chen and Zhao, 2021) about a significantly positive 
correlation between surface Chl a and depth-
integrated Chl a within the SCM layer in the nSCS 
during summer. Furthermore, an integrated Chl a 
within the SCM layer shows variation consistent 
with Chl a within the water column. In parallel, a 
higher surface Chl-a concentration accompanies 
with a higher values of the Chl a both within the 
SCM layer and the whole water column. Thus, our 
results suggested that the surface-ocean Chl-a 
concentration may act as an indicator for the depth-
integrated Chl a at the shelf-sea and open-sea areas.

During September of 2004, 2005, and 2006, sea 
surface temperatures (SST) across the nSCS 
exhibited a range of 26.6–29.8 °C (average: 
28.8 °C), displaying an upward trend from the shelf 
to the basin (Fig.2d). Additionally, sea surface 
salinity and sea surface density exhibited diverse 
patterns compared to SST, with lower values 
concentrated near the Zhujiang (Pearl) River plume 
(Fig.2e–f). SST showed a significant negative 
correlation with surface Chl a in the shelf, while the 
correlation was relatively weak in the slope and 
basin during fall (Fig.6a). However, there was no 
statistically significant correlation among sea 
surface salinity (or density), surface Chl a, and 
depth-integrated Chl a (not shown here). In our 
results, significant correlations between SST and 
integrated Chl a are primarily observed in the shelf 

region (P<0.001), while they are not significant in 
the slope and basin of the nSCS (P>0.1; Fig.6b). 
Therefore, we assert that SST is an effective 
indicator for spatial variation in both surface Chl a 
and depth-integrated Chl a in the shelf of the nSCS. 
Nevertheless, it is essential to acknowledge that, for 
the open ocean, SST cannot be considered a suitable 
index for depth-integrated Chl a, both in the SCM 
layer and the water column. In contrast to the 
positive association between surface Chl a and 
depth-integrated Chl a, the negative influence of 
SST on depth-integrated Chl a is evident in Fig.5c–d.

In comparison, previous studies have underlined 
an inverse relationship between the SST and surface 
Chl a across regional to global scales. It suggests 
that colder SSTs generally indicate a convection 
situation contributing to elevated nutrients in the 
surface layer and increased phytoplankton biomass 
(Behrenfeld et al., 2006; Siegel et al., 2013; Gittings 
et al., 2018). In a following study, Behrenfeld et al. 
(2016) cautioned against extrapolating conclusions 
from the surface layer to depth-integrated production.

Here, we emphasize that the surface Chl a could 
be a better indicator for spatial variations of 
integrated Chl a than SST in the nSCS during fall 
seasons. Meanwhile, inconsistent relationships 
among the integrated Chl a and SST between the 
shelf region and the basin implied that the use of 
SST as a common indicator of phytoplankton biomass 
dynamics should be performed with caution.

3.3 Influence of surface stratification on SCM

In our results, MLD in the nSCS varies between 
14 and 56 m during the autumn sampling periods of 
2004–2006, with an average depth of approximately 
31 m. Here, our calculation of the MLD is based on 

Fig.6 Relationships between SST and surface Chl a, IChl a (depth-integrated Chl a within the SCM layer) and TChl a (depth-
integrated Chl a in total water column) in the nSCS (a) and in the shelf, slope and basin areas of the nSCS (b)
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a temperature decrease of 0.2 °C from the 10-m 
seawater temperature, following the method of 
Montégut et al. (2004) and aligned with the MLD 
values calculated by previous studies, e.g., Chen et 
al. (2005, 2006), Wong et al. (2007). According to 
previous studies, the MLD deepens during winter in 
the basin area of nSCS (Tseng et al., 2005; Gong et 
al., 2014; Xing et al., 2019), even easing the 
presence of SCM (Liu et al., 2007; Xing et al., 
2019). In contrast, SCMs are better established in 
association with a more stratified upper ocean from 
spring to autumn in the nSCS (Liu et al., 2007; Xing 
et al., 2019; Hu et al., 2021). Here, we focus on 
exploring the correlation of MLD and SCM 
characteristics during the fall season in the nSCS.

In our results, the SCM depth allocates below the 
MLD, as suggested by 73% of the total vertical Chl-a 
profiles over the shelf of nSCS (Fig.7a). A 
significantly positive linear relationship exists 
between the depth of SCM and MLD, meanwhile 
the SCM intensity negatively correlates to MLD 
with R2=0.21 and P<0.1 (Fig.7b). In parallel, a 
relatively weaker correlation exists between SCM 
thickness and MLD (R2=0.14; P<0.1; Fig.7c). Overall, 
our results show a dependence of SCM depths, 
intensity and thickness on the MLD, commonly in 
the sampling stations of SCM deeper than the 
corresponding MLD in the shelf of nSCS. In 

general, a deeper MLD causes the SCM of moving 
downwards, weaker intensity and enlarged thickness.

According to our analysis, the fitting goodness 
between MLD and SCM characteristics (depth, 
intensity, and thickness) reduces to 7%–14% in the 
slope and basin area of the nSCS, compared to the 
shelf area (Fig.7d–f). This suggests that when 
transitioning to open ocean areas, the MLD has 
relatively less influence on the characteristics of the 
SCM. It is likely because that the MLD was 
shallower than the nutricline depth, leading to 
limited nutrient upwelling from deeper layers into 
the surface ocean (Chen, 2005; Wong et al., 2007; 
Xing et al., 2019). Similarly, Beckmann and Hense 
(2007) showed that the SCM characteristics were 
retained as long as the MLD is located above the top 
of the SCM layer in oligotrophic oceans. Here, 
based on the observations we emphasize that in the 
slope and basin areas of the nSCS the MLD has 
minimal influences on SCM characteristics, while in 
the shelf region the MLD controls variations of 
SCM depth, at least partially affecting SCM 
intensity during autumns.

3.4 Response of SCM characteristics to subsurface 
physical process

Phytoplankton growth is impacted by water 
temperatures, which can provide a foundation for 

Fig.7 Linear regressions between MLD and SCM characteristics (depth, intensity, and thickness) in the nSCS
For the continental shelf region (a–c) and the combined slope and basin area (d–f), respectively. In the top panel (a–c), the six gray dots were regarded as 

outliers in the linear regression calculation, which come from stations with MLD deeper than the SCM depth. In the bottom panel (d–f), the four grey dots 

were regarded as outliers in the linear regression calculation, among which one is from the station with MLD deeper than the SCM depth and the others 

represent stations with MLD much shallower than the SCM depth. The black line is the linear fit with 95% confidence intervals indicated by pink shading.
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modeling the specific growth rate of phytoplankton 
(Bernard and Rémond, 2012; Grimaud et al., 2017). 
Additionally, vertical structure of water temperature 
indirectly affects light and nutrient supplies in the 
upper ocean by influencing ocean stratifications (Hu 
and Chen, 2008; Siegel et al., 2013) and the overall 
growth of phytoplankton, especially within the 
subsurface layer (Sarmiento et al., 2004). To 
understand how phytoplankton growth responds to 
subsurface thermal structure during fall in the nSCS, 
we examined the relationships between temperatures 
at different water depths and the SCM characteristics 
(Fig.8).

Within the nSCS shelf, a positive correlation is 
evident between SCM depth and SST (Pearson’s r=
0.51; P<0.05; Fig.8a). In contrast, a significant 
negative correlation is observed between SCM 
depth and temperatures at greater depths (SCM 
depth and the lower boundary of the SCM layer) 
(Pearson’s r is -0.83 and -0.90, respectively; P<
0.01; Fig.8c–d). The shelf area shows insignificant 
correlation between the SCM depth and water 
temperatures at the upper boundary of the SCM 
layer (P>0.1, Fig.8b). Approaching the slope and 
basin region, SCM depth correlates with temperatures 
below the surface layer (Pearson’ s r is approximately 
0.30; P<0.05; Fig.8b–d), except for SST (P>0.1; 
Fig.8a, top panel).

In the shelf area of the nSCS, the SCM intensity 
decreases with an increase in SST (Pearson’s r=

-0.61; P<0.01; Fig.8a), while it deviates from the 
SCM depth. Moreover, the SCM intensity exhibits 
an increase along higher temperatures in the 
subsurface layer (Pearson’s r=0.41; 0.52; Fig.8b–c). 
In comparison, in the slope and basin regions, the 
SCM intensity becomes solely correlated with water 
temperature at the upper boundary of the SCM layer 
(Pearson’s r=-0.32; P<0.05; Fig.8b), and has no 
discernible correlation with temperature at deeper 
layers (SCM depth and below) (P>0.1; Fig.8a, c, d). 
Physically, the variation in SCM thickness in the 
shelf is primarily associated with temperatures at the 
SCM depth and the lower boundary of the SCM 
layer (Pearson’s r is -0.46, -0.45, respectively; P<
0.05; Fig.8c–d), while in the slope and basin of the 
nSCS, higher temperatures at the upper layer result 
in an enlargement of the thickness of the SCM layer 
(Pearson’s r=0.52; P<0.01; Fig.8b).

According to previous studies, higher water 
temperatures in the upper layer generally enhances 
vertical stratification, and thus affecting nutrient 
supply and light penetration (Sharples et al., 2001; 
Behrenfeld et al., 2006). Such processes could 
explain the development of deeper and thicker 
SCMs characterized by a weaker intensity in our 
results (Fig.8a–b). The control by temperatures from 
the upper layer to the bottom on the SCM was also 
discovered in the Arabian Sea (Hu et al., 2021), in 
which 50 m (at 28 °C) in depth was identified as the 
threshold where the opposing effects become 

Fig.8 Correlations of SCM characteristics v.s. water temperatures at depths
a. SST; b. temperature at the upper boundary of SCM layer; c. temperature at SCM depth; d. temperature at the lower boundary of SCM layer. The red line 

represents the linear fit of all available data in the nSCS (n=75), the black line represents the linear fit of all available data in the slope and basin area (n=

53), and the blue line is the linear fit of all available data in the shelf area (n=22).
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noticeable.
Furthermore, our study revealed a more robust 

correlation between water temperatures at the deep 
layer and SCM characteristics, surpassing the 
correlations observed with water temperature at the 
upper layer. Once lower water temperatures in 
deeper ocean, the SCM layer deepens and thins, 
while the intensity increases (Fig.8c–d). This 
indicates significant impact of deep mixing 
processes on shaping SCMs in stratified ocean, 
similar to observations in the northern North Sea 
(Zampollo et al., 2023). We then suggest that the 
bottom of the mixed layer depth is a more reliable 
predictor of SCM position than surface mixed layer, 
under the condition of a stratified ocean.

Recent studies have addressed an extrapolation 
of SCM characteristics across extensive spatial 
scales by leveraging SST and surface Chl a using 
artificial neural network methods (Sammartino et 
al., 2018, 2020; Chen et al., 2022; Wang et al., 
2023). Here, our results affirm the efficacy of SST 
and surface Chl a as valuable input predictors for 
such analyses. Moreover, we underscore the superior 
suitability of incorporating deep-layer water temperature 
data for an accurate portrayal of vertical Chl-a 
distributions compared to SST in the nSCS.

Additionally, it is observed that water temperatures 
at the depth of SCMs were consistently higher than 
22 °C, with only 6 exceptions (Fig.8c). Thus, 
previous studies have suggested that the depth of 
22-°C isotherm line may serve as a significant 
indicator for both thermocline depth (Liu et al., 
2001; Zhang et al., 2016) and nitricline depth (Xing 
et al., 2019) in the northern and central South China 
Sea. Here, we also tested such relationship in the 
nSCS. According to our analysis, an averaged depth 
of 22-°C isotherm line was around 86 m and below 
25 m from the SCM depth. The significant 
correlation coefficients obtained during fall in the 
nSCS were 0.49 (with the SCM depth), -0.30 (with 
the SCM intensity), and 0.43 (with the SCM 
thickness), respectively (P<0.01; n=75). This indicates 
that the shoaling of the 22-°C isotherm tends to 
entrain more nutrients upwards to invigorate the 
growth of phytoplankton, ultimately resulting in a 
shallower, thinner-layer and intensified SCM in the 
nSCS during the fall season. Here, our results thus 
highlight the 22-°C isotherm line also as a robust 
indicator for vertical profiles of Chl a in the nSCS. 
Specifically, a deeper location of the 22-°C isotherm 
is associated with a deeper, thicker, but weaker 
SCM layer. This relationship underscores the 

significant role of subsurface thermal structures in 
shaping the characteristics of the SCM.

4 SUMMARY

We investigated SCM properties in the nSCS by 
fitting the vertical Chl-a profile using a piecewise 
function, which comprises a generalized Gaussian 
function in the subsurface layer and a uniform linear 
function in the surface layer, and on the basis of 
observations of 3 cruises during the fall in 2004, 
2005, and 2006. In the nSCS, the SCM intensity 
exhibits a decrease trend, and the SCM depth is 
gradually increasing from coastal waters to open 
ocean, with a thicker SCM layer. Statistically, the 
SCM intensity negatively correlates to the SCM 
depth and layer thickness. In addition, a positive 
correlation exists between the SCM thickness and 
depth. The variation of depth-integrated Chl a 
within the SCM layer is consistent with Chl a within 
the water column, and a higher surface Chl a 
combines a larger Chl a both within the SCM layer 
and the water column. Physically, MLD controls 
variations of SCM depth, partially influencing SCM 
intensity in the shelf of the nSCS, but insignificant 
in the slope and basin area. Once higher SSTs or 
lower temperatures at lower boundary of SCM layer, 
the SCM becomes deeper and weaker. With a more 
significant relationship between the latter and the 
SCM characteristics, therefore, water temperature at 
deep layers can be a better proxy as the vertical 
distribution of subsurface Chl a than SST in the 
nSCS. Dropping displaces of the 22-°C isotherm 
result in a shallower, thinner SCM layer together 
with a higher intensity during the fall season. It was 
underscored the significance of the 22-°C isotherm 
as a key indicator for understanding variations in 
SCM characteristics in the nSCS.
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SUPPLEMENTARY MATERIALS
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where P represents Chl-a, t is time, µ is the growth rate, R is the rate of biological losses (including grazing, 
respiration, and mortality), w is the settling velocity of phytoplankton, and Kv is the vertical diffusivity.

Supplementary Fig.S1 Types of vertical chlorophyll profiles in the nSCS fall
a. increasing type, accounting for 14% of the total profiles; b. bimodal type, accounting for 5% of the total profiles; c. unimodal type, accounted for 81% 

of the total profiles.

Supplementary Fig.S2 Schematic picture of SCM characteristics (depth, thickness, and intensity)
The green solid line is Chl-a concentration as a function of depth, fitted by a piecewise function; the green dot line is part of Gaussian fitting function. 

Horizontal dashed line represents the depth of surface mixed layer zs. Horizontal solid lines indicate the locations of the upper and lower SCM layer, zm–σ 

and zm+σ, respectively. zm is the depth of maximum in Chl-a concentrations, i.e., SCM depth. Pmax indicates the maximum in Chl-a concentrations, or SCM 

intensity. Double arrow represents the thickness of the SCM layer, 2σ. The gray shade and overlapped green shade represent Gaussian parameter h for 

deriving Pmax=h/(σ 2π). The green shade indicates the SCM layer.
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Supplementary Fig.S3 Fitting curves of vertical Chl-a profiles by the piecewise function in the shelf (a), the slope (b), and 
the basin of the nSCS

Supplementary Fig.S4 Contours of temperature, salinity, density, and Chl a along transection E3 during 2004–2006
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