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Abstract 12 

Net community production (NCP) is a proxy of carbon export from the surface ocean and can 13 

be estimated based on O2/Ar. In order to obtain the high-resolution distribution of NCP and 14 

improve our understanding of its regulating factors in the slope region of the Northern South 15 

China Sea (SCS), we conducted continuous measurements of dissolved O2, Ar, and CO2 by 16 

membrane inlet mass spectrometry during cruises in October 2014 and June 2015. An overall 17 

autotrophic condition was observed in the study region in both cruises with an average ∆(O2/Ar) 18 

of 1.1 % ± 0.9 % in October 2014 and 2.7 % ± 2.8 % in June 2015. NCP was on average 11.5 19 

± 8.7 mmol C m−2 d−1 in October 2014 and 11.6 ± 12.7 mmol C m−2 d−1 in June 2015. 20 

Correlations between dissolved inorganic nitrogen (DIN), ∆(O2/Ar), and NCP were observed 21 

in both cruises, indicating that NCP is subject to the nitrogen limitation in the study region. In 22 

June 2015, we observed a rapid response of the ecosystem to the episodic nutrient supply 23 

induced by eddies. Eddy-entrained shelf water injection, which supplied large amounts of 24 

terrigenous nitrogen to the study region, resulted in high productivity along a transect. In 25 

addition, upwelling brought large uncertainties to the estimation of NCP at the core region of 26 

the cold eddy (cyclone) in June 2015. The correlation between the volumetric NCP (NCPvol) 27 

and the mixed layer depth (MLD) indicated that light availability may have also been a factor 28 

in influencing NCP in the SCS.  29 
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1. Introduction 31 

The oceanic CO2 uptake is partially regulated by the production and export process of 32 

biological organic carbon in the surface ocean. Net community production (NCP) 33 

corresponds to gross primary production (GPP) minus community respiration (CR) in 34 

the water (Lockwood et al., 2012) and is an important indicator of carbon export. 35 

Dissolved oxygen-to-argon ratio (O2/Ar) has been developed as a proxy for NCP in a 36 

water mass based on the similar physical properties of O2 and Ar (Craig and Hayward, 37 

1987; Kaiser et al., 2005). Recently, the biological production in the oceans (i.e., 38 

Southern Ocean, North Pacific, Arctic Ocean) has been inferred using the O2/Ar ratio 39 

to estimate NCP (Hamme et al., 2012; Lockwood et al., 2012; Ulfsbo et al., 2014; 40 

Shadwick et al., 2015; Izett et al., 2018). Although high-resolution distributions of 41 

O2/Ar and NCP have been reported for coastal Antarctica waters (Tortell et al., 2014; 42 

Eveleth et al., 2017), observations in coastal waters remain sparse (Manning et al., 2017; 43 

Tortell et al., 2012). Despite coastal waters (including shelves and estuaries) only 44 

account for 7 % of the global ocean surface area, they are known to contribute to 15–45 

30 % of the total oceanic primary production (Bi et al., 2013; Cai et al., 2011). Therefore, 46 

coastal waters play an important role in marine carbon cycle and production, and can 47 

provide a considerable expansion for the global NCP data sets.  48 

The South China Sea (SCS) is one of the largest marginal seas in the world with 49 

extremely complex ecological characteristics. River runoff from the Pearl and Mekong 50 

Rivers introduces large amounts of dissolved nutrients into the SCS (Ning et al., 2004). 51 

Due to the prevailing southwest (northeast) monsoon, the surface circulation in the SCS 52 

basin is an anticyclonic (cyclonic) gyre during summertime (wintertime) (Hu et al., 53 

2000). Feng et al. (1999) categorized the surface water of the SCS into three regimes: 54 

shelf water, offshore water (the Kuroshio water), and the SCS water. The shelf water is 55 

mixed with fresh water from rivers or coastal currents and thus usually has low salinity 56 

(< 32) and low density. The salinity of the surface water in SCS mixed with the shelf 57 

water is usually lower than 33 (Uu and Brankart, 1997; Su and Yuan, 2005; Cheng et 58 

al., 2014). The Northern Pacific is considered the source of both offshore water and 59 
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SCS water. Thus offshore water has similar hydrographic characteristics as the 60 

Northern Pacific water (high temperature and high salinity), but the SCS water has 61 

changed a lot because of the mixing with shelf water (Feng et al., 1999). The 62 

distributions of phytoplankton and primary productivity of the SCS show great 63 

temporal and spatial variation (Ning et al., 2004). Low chlorophyll-a (Chl a) and 64 

primary production are the significant characteristics of the SCS basin which is 65 

considered an oligotrophic region, and macronutrients (i.e. nitrogen and phosphorus) 66 

are the main limitations of phytoplankton growth and productivity (Ning et al., 2004; 67 

Lee Chen, 2005; Han et al., 2013). In contrast, the estuaries and the continental shelf in 68 

the SCS are generally characterized by high primary production (Lee Chen, 2005). 69 

Little research has been conducted on NCP in the SCS to date. Chou et al. (2006) 70 

estimated NCP in the northern SCS to be 4.47 mmol C m−2 d−1 based on the dissolved 71 

inorganic carbon (DIC) concentration in the mixed layer at the South East Asia Time-72 

Series Station (SEATS) from 2002 to 2004. Wang et al. (2014) used GPP and 73 

community respiration data from an incubation experiment to calculate NCP in the 74 

northern SCS and obtained a range from −179.0 to 377.6 mmol O2 m−2 d−1. A few 75 

studies were conducted on particulate organic carbon (POC) flux in the SCS. Chen et 76 

al. (1998) collected particles in the SCS using sediment traps at depths from 1000 m to 77 

3770 m and reported that POC export from the surface water was 10.32–12.93 g C m−2 78 

a−1 which was strongly influenced by the monsoon. Chen et al. (2008) quantified POC 79 

export rates in the northern SCS using the 234Th/238U disequilibrium method and 80 

derived a range of POC flux of 5.3 to 26.6 mmol C m−2 d−1 with insignificant seasonality. 81 

Cai et al. (2015) estimated the mean POC export fluxes from the euphotic zone to be 82 

24.3, 18.3, and 6.3 mmol C m−2 d−1, respectively for the coastal, shelf, and basin 83 

regimes based on 234Th and POC data collected during 4 oceanographic surveys. 84 

However, these studies in the SCS were constrained by methodological factors 85 

attributed to discrete sampling and cannot reveal the rapid productivity response to 86 

highly dynamic environmental fluctuations of coastal systems. In this paper, we present 87 

high-resolution NCP estimates in the northern slope region of the South China Sea 88 

based on continuous shipboard dissolved O2/Ar measurements. We discuss the 89 
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regulating factors of NCP and ∆(O2/Ar) based on ancillary measurements of other 90 

hydrographic parameters. We also report on the rapid response of the ecosystem to the 91 

episodic nutrient supply induced by eddies. 92 

 93 

2. Methods 94 

2.1 Continuous underway sampling and measurement 95 

Continuous measurements of dissolved O2, Ar, and CO2 were obtained using membrane 96 

inlet mass spectrometry (MIMS) (HPR 40, Hiden Analytical, UK) onboard the RV 97 

‘Nanfeng’ during two cruises in the northern slope region of the South China Sea 98 

(Figures 1a, b) from 13 to 23 October 2014 and from 13 to 29 June 2015. In addition, a 99 

cyclonic-anticyclonic eddy pair was observed in June 2015 (Figure 1c) and resulted in 100 

dramatic influences on the study region.  101 

We developed a continuous shipboard measurement system of dissolved gases 102 

following the method described by Guéguen and Tortell (2008). Surface seawater was 103 

collected continuously using the ship’s underway intake system (~5 m depth) and was 104 

divided into different lines for various underway scientific measurements. Seawater 105 

from the first line passed through a chamber at a flowrate of 2–3 L min-1 to remove 106 

macroscopic bubbles and to avoid pressure bursts. A flow of ~220 mL min−1 was 107 

continuously pumped from the chamber using a Masterflex Peristaltic Pump equipped 108 

with L/S® multichannel cartridge pump heads (Cole Parmer). In order to minimize the 109 

O2/Ar fluctuations due to temperature effects and water vapor pressure variations, the 110 

water samples flowed through a stainless steel coil (~6 m) with 0.6 mm wall thickness 111 

immersed in a water bath (Shanghai Bilon Instrument Co. Ltd, China) to achieve a 112 

constant temperature (~2 ºC below the sea surface temperature), which avoided 113 

temperature-induced supersaturation and subsequent bubble formation. Then the water 114 

samples were introduced into a cuvette with a silicone membrane mounted on the inside. 115 

The analyte gases were monitored by a Faraday cup detector in the vacuum chamber 116 

after diffusion through the silicone membrane, and the signal intensities at the relevant 117 

mass to charge (m/z) ratios (32, 40 and 44 for O2, Ar and CO2, respectively) were 118 

https://doi.org/10.5194/os-2020-69
Preprint. Discussion started: 21 July 2020
c© Author(s) 2020. CC BY 4.0 License.



5 
 

recorded by MASsoft. Based on the continuous measurement of 50 L air-equilibrated 119 

seawater, the long-term signal stability (measured as the coefficient of variation) over 120 

12 h was 1.57 %, 3.75 % and 2.21 % for O2, Ar and CO2, respectively. Seawater from 121 

the second line passed through a flow chamber, where an RBR Maestro (RBR, Canada) 122 

was installed to continuously record temperature, salinity, dissolved oxygen (DO), and 123 

Chl a. A third line was used to drain the excess seawater. Underway pipelines were 124 

flushed with freshwater or bleach every day, to avoid possible in-lines biofouling. The 125 

data from the underway transects were exported to spreadsheets and compiled into 5 126 

min averages, and the comparisons of the gas data with other hydrographic variables 127 

were based on the UTC time recorded for each measurement. 128 

 The O2/Ar ratio measurements were calibrated with air-equilibrated seawater samples 129 

at about 6–8 h intervals to monitor instrument drift and calculate ∆(O2/Ar). These air-130 

equilibrated seawater samples were prefiltered (0.22 μm) and bubbled with ambient air 131 

for at least 24 h to reach equilibrium at sea surface temperature (Guéguen and Tortell, 132 

2008). For calibration, 800 mL of air-equilibrated seawater sample was transferred into 133 

glass bottles and immediately drawn into the cuvette, where the first 200 mL of the 134 

sample was used to flush the cuvette and pipelines. After 3 min recirculation of the 135 

sample, the average signal intensity was obtained to calculate O2/Ar. During the course 136 

of measurements, flow rate and the temperature of water bath were both kept the same 137 

as the underway measurements. The precision of MIMS-measured O2/Ar was 0.22 %, 138 

based on analyses of 20 duplicate samples in the laboratory test, which is comparable 139 

to previous studies and sufficient to detect biologically driven gas fluctuations in 140 

seawater (Tortell, 2005).  141 

 The instrumental CO2 ion current was calibrated at about 12–24 h intervals using 142 

equilibrated seawater standards as per Guéguen and Tortell (2008) during the survey in 143 

June 2015. Prefiltered seawater (0.22 μm) was gently bubbled with dry CO2 standards 144 

(200, 400, and 800 ppm, provided by the Chinese National Institute of Metrology) at in 145 

situ temperature. After 2 days of equilibrium, these standards were analyzed by MIMS 146 

following the same procedure for measuring air-equilibrated seawater samples to obtain 147 

a calibration curve between CO2 signal intensity and mole fraction. The reproducibility 148 
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of these measurements was better than 5 % within 15 days. Then we used the empirical 149 

equations reported by Takahashi et al. (2009) to convert the CO2 mole fraction derived 150 

from the calibration curve to the in situ partial pressure of CO2 (pCO2). 151 

 Chlorophyll-a (Chl a) data from the RBR sensor were linear calibrated against 152 

extracted Chl a measurements of discrete seawater samples taken from the same 153 

seawater outlet as for MIMS measurements. Samples were filtered through 154 

polycarbonate filters (0.22 μm). The filter membranes were then packed with pre-155 

sterilized aluminum foil and stored in a freezer (−20 °C) until extraction by acetone and 156 

analysis using a fluorimetric method (F-4500, HITACHI, Japan) described by Parsons 157 

(1984). The mean residual of this calibration was 0.00 ± 0.07.  158 

 159 
2.2 Estimation of NCP based on O2/Ar measurements 160 

NCP in the mixed layer was estimated by the O2/Ar mass balance from continuous 161 

measurements. Due to similar physical properties of O2 and Ar, ∆(O2/Ar) is used as a 162 

proxy of the biological O2 supersaturation and is defined as (Craig and Hayward, 1987): 163 

( )
( )
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( / ) = O Ar

O Ar
O Ar −∆  164 

where [O2]/[Ar] is the measured dissolved O2/Ar ratio of the mixed layer and 165 

([O2]/[Ar])eq is the measured dissolved O2/Ar ratio of the air-equilibrated seawater 166 

samples. ∆(O2/Ar) is the percent deviation of the measured O2/Ar ratio from the 167 

equilibrium. Assuming a steady state and negligible physical supply, NCP is the air–168 

sea biological O2 flux and can be estimated as (Reuer et al., 2007):  169 

2 22
2 1

2 : (    )  [ ]   ( / ) satO C ONCP mmol C m d k O rO Ar ρ− − ≈ ⋅ ⋅ ⋅ ⋅∆  170 

where 
2Ok is the weighted gas transfer velocity of O2 (m d−1); 

2[ ]satO denotes the 171 

saturation concentration of dissolved O2 (μmol kg−1) in the mixed layer, which is 172 

calculated based on temperature and salinity (Weiss, 1970); 𝑟𝑟𝐶𝐶:𝑂𝑂2 is the photosynthetic 173 

quotient of C and O2 and was reported as 1:1.38 in the SCS (Jiang et al., 2011); ρ is 174 

seawater density in units of kg L−1 (Millero and Poisson, 1981). We estimated 
2Ok175 

using the European Centre for Medium-Range Weather Forecasts (ECWMF) wind-176 

https://doi.org/10.5194/os-2020-69
Preprint. Discussion started: 21 July 2020
c© Author(s) 2020. CC BY 4.0 License.



7 
 

speed reanalysis data product with a 0.25° × 0.25° grid (https://www.ecmwf.int), the 177 

parameterization by Wanninkhof (1992), and the gas exchange weighting algorithm by 178 

Teeter et al. (2018). However, Teeter et al., (2018) pointed out that O2/Ar method does 179 

not strongly rely on the steady state assumption. When this assumption is violated, our 180 

estimate does not represent the actual daily NCP but rather an excellent estimate of 181 

NCP weighted over the past month and along the path of the water parcel during that 182 

period 183 

 184 
2.3 Ancillary measurements 185 

Surface water samples for the nutrient analysis were collected from Niskin bottles 186 

mounted on the CTD, where the samples were filtered through acid-cleaned acetate 187 

cellulose filters (pore size: 0.4 μm). The filtrates were poisoned by HgCl2 and stored in 188 

the dark at 4 °C. In the laboratory, the nutrients were determined photometrically by an 189 

auto-analyzer (QuAAtro, SEAL Analytical, Germany) with a precision better than 3 %. 190 

The mixed layer depths (MLDs) were defined by the Δσt = 0.125 kg m−3 criterion 191 

(Monterey and Levitus, 1997), and the euphotic depths (zeu) were calculated by the 192 

model-derived formula based on the surface Chl a concentration (Zheng et al., 2018). 193 

The MLDs and the euphotic depths were calculated at the stations where the vertical 194 

CTD casts were made. The MLDs for underway data between CTD stations was 195 

calculated using linear interpolation based on the distance between the underway points 196 

and nearest CTD stations. We matched the underway data to each CTD location using 197 

a combination of latitude/longitude threshold (latitude/longitude of CTD station ± 0.05°) 198 

and time threshold (end/start of stationary time ± 1 h), then took the averages of these 199 

underway data for further analysis with discrete nutrient concentrations and MLDs. 200 

 201 

3. Results and Discussion 202 

3.1 Distributions of hydrographic parameters and gases 203 

The distributions of temperature, salinity, Chl a, and Δ(O2/Ar) during the autumn cruise 204 

(October 2014) are shown in Figure 2. Sea surface temperature (SST) ranged from 205 

26.96 °C to 28.53 °C with an average of 27.82 ± 0.33 °C. Sea surface salinity (SSS) 206 
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ranged from 33.28 to 34.11 with the low values occurring in the southeast of the region. 207 

Chl a concentration was in an average of 0.18 ± 0.13 μg L−1, which was comparable to 208 

the 11-year mean value (~ 0.2 mg m−3) in the same region in October reported by Liu 209 

et al. (2014). Δ(O2/Ar) values were in the range of −2.9–4.9 % (avg. 1.1 % ± 0.9 %) 210 

and most areas were slightly oversaturated (Figure 2d).  211 

 In June 2015, SST ranged from 29.28 °C to 32.24 °C and was in an average of 30.88 212 

± 0.59 °C. Transect 3 was significantly characterized by low salinity (Figure 3b). He et 213 

al (2016) reported that this phenomenon was influenced by the eddy-entrained Pearl 214 

River plume injected into the SCS. Under the influence of this plume water, Chl a values 215 

higher than 0.30 μg L−1 were observed along Transect 3 (Figure 3c). In contrast, Chl a 216 

was in the range of 0.09–0.18 μg L−1 along Transect 1 and 2. It was obvious that DO 217 

was much higher in the east side than the west side in the study region (Figure 3d). 218 

Most of the Δ(O2/Ar) values were positive in the region (avg. 2.7 % ± 2.8 %), whereas 219 

the negative values were concentrated along Transect 4 (Figure 3f). pCO2 exhibited a 220 

high degree of spatial and temporal variability and the high values mostly occurred on 221 

the west side of the study region (Figure 3e). Resulting from the considerable low pCO2 222 

in Transect 3 (avg. 222 ± 33 μatm), the average pCO2 (323 ± 93 μatm) in this region 223 

was lower than those reported previously, i.e., 350–370 μatm by Zhai et al (2009) and 224 

340–350 μatm by Rehder and Sues (2001). Due to the influence of the plume water, 225 

Transect 3 showed high Δ(O2/Ar) and low pCO2, which was presumably indicative of 226 

a strong biological CO2 sink.  227 

 228 

3.2 NCP in autumn and summer 229 

In October 2014, NCP in the northern slope of the SCS ranged from −29.2 to 42.7 mmol 230 

C m−2 d−1 (avg. 11.5 ± 8.7 mmol C m−2 d−1) and most of the region was net autotrophic 231 

(Figure 4a). The estimated NCP based on the O2/Ar values measured in this cruise is 232 

about 34 % of the net primary production rates measured by 14C bottle incubation (34.3 233 

mmol C m−2 d−1 on average, Sun X., personal communication), which was in agreement 234 

with previous research (Quay et al., 2010).  235 

The average NCP in the study region was 11.6 ± 12.7 mmol C m−2 d−1 with a range of 236 
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−27.6–61.4 mmol C m−2 d−1 in June 2015. A high NCP level was observed along 237 

Transect 3 (Figure 4b). Eddy-entrained shelf water brought a large amount of 238 

terrigenous nutrients from the shelf to the slope region along Transect 3 (He et al., 2016). 239 

The average NO3
− and NO2

− concentrations in the surface water of Transect 3 were 2.31 240 

± 0.70 μmol L−1 and 0.04 ± 0.01 μmol L−1 respectively (Figure S2a, b); both values 241 

were much higher than those found in the other three transects (NO3
− was in a range of 242 

< 0.03–0.69 μmol L−1 and NO2
− was mostly below the detection limit). Li et al. (2018) 243 

reported that the entire Transect 3 and the south end of Transect 4 were dominated by 244 

shelf water at the surface and we estimated NCP over these regions (also including the 245 

north end of Transect 4) where salinity lower than 33.0 as 23.8 ± 10.7 mmol C m−2 d−1 246 

on average. We also observed a warm eddy (anti-cyclone) covering most stations in 247 

Transects 1 and 2 (Figure 1b, c) during our survey in June 2015 (Chen et al., 2016). 248 

Anti-cyclonic eddies can cause downwelling, deepening of the thermocline, and 249 

blocking of the supply of nutrients from the deeper water (Ning et al., 2008; Shi et al., 250 

2014). Consequently, a warm eddy is expected to result in an oligotrophic condition in 251 

the surface water associated with low Chl a concentrations and low production (Ning 252 

et al., 2004). As a result, in the summer of 2015, the observed NO2
−, NO3

−, and PO4
3− 253 

concentrations were almost below the detection limit in Transects 1 and 2 (Figure S2a, 254 

b, d). The NCP in Transect 1 and 2 (including the underway data along the cruise track 255 

between Transect 1 and 2) was at a very low level (avg. 2.8 ± 2.7 mmol C m−2 d−1). 256 

Chou et al. (2006) estimated that NCP was on average 4.47 mmol C m−2 d−1 during the 257 

summer from 2002 to 2004 based on DIC budget in the SCS, indicating a lower value 258 

than our result in the summer of 2015. However, NCP estimations based on discrete 259 

sampling (or on-deck incubation) suffer from poor coverage and do not allow for 260 

revealing rapid changes in shelf systems. In contrast, continuous measurements of 261 

O2/Ar allow us to capture rapid variations in NCP along Transect 3 and resolve short-262 

term productivity responses to environmental fluctuations.  263 

 264 

3.3 Distribution of various parameters along representative transects 265 

We chose Transect 5 (Figure 1a) measured in October 2014 and Transect 4 (Figure 1b) 266 
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measured in June 2015 to show the distribution of various parameters. 267 

The distribution of Chl a, Δ(O2/Ar), and NCP showed similar trend along Transect 5 268 

in October 2014 (Figure 5). A spike of Chl a occurred between 115.6°E and 115.7°E 269 

and was coincident with the peaks of Δ(O2/Ar) and NCP (Figure 5b, c). The highest 270 

surface concentration of NH4
+ (0.35 μmol L−1) was also observed between 115.6°E and 271 

115.7°E in this transect and was predominantly higher than the concentrations (0.07–272 

0.17 μmol L−1) in the other regions of this cruise (Figure 5c, S1b). Because no obduction 273 

processes (i.e., upwelling, entrainment, and diapycnal mixing) were reported in this 274 

region, the most likely source of this abundant NH4
+ was in situ regeneration. The 275 

excretion of zooplankton and the bacterial decomposition of organic matter were 276 

considered to be the main mechanisms for the release of NH4
+ into the surface water 277 

(La Roche, 1983; Clark et al., 2008). Ammonium is an important nitrogen source of 278 

phytoplankton growth, which can be quickly utilized by phytoplankton, and contributes 279 

to primary production (Dugdale and Goering, 1967; Tamminen, 1982). Though we only 280 

got nutrient data at two CTD stations in this transect, the result partly indicated that 281 

higher ammonium could result in higher Δ(O2/Ar) and NCP. 282 

A similar distribution pattern of Chl a, NCP, and Δ(O2/Ar) was observed along 283 

Transect 4 in June 2015, whereas pCO2 showed the opposite trend for these three 284 

parameters (Figure 6b, c). Low salinity (lower than 33) existed at both southern and 285 

northern end of this transect (Figure 6a). The concentration of dissolved inorganic 286 

nitrogen (DIN, NO3
− + NO2

− + NH4
+) in the surface water was 0.81 μmol L−1 (0.27 287 

μmol L−1) at the southern (northern) end and was higher than the concentrations in other 288 

stations of this transect (Figure 6c). These results indicate that shelf water is imported 289 

at the northern and southern end of this transect, along with higher levels of Chl a and 290 

NCP (Figure 6c). A sharp drop in the temperature and an increase in salinity occurred 291 

from 19.6°N to 19.8°N (Figure 6a), manifesting an upwelling over this area together 292 

with a dramatic spike in pCO2 and an associated decrease in Δ(O2/Ar) (Nemcek et al., 293 

2008) (Figure 6b). A localized cold eddy was considered to be the cause of this 294 

upwelling, and most regions of Transect 4 were dominated by upwelling and showed 295 

negative sea level height anomaly (Chen et al., 2016; He et al., 2016).  296 
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Upwelled deep waters are characteristic of low O2/Ar signatures and are subject to 297 

oxygen loss due to respiration (Nemcek et al., 2008), resulting in the undersaturation 298 

of Δ(O2/Ar) at the surface. Vertical mixing is considered the largest source of error in 299 

O2/Ar-based NCP estimates because the negative Δ(O2/Ar) resulting from upwelling 300 

may cause an underestimation of NCP in the surface water (Cassar et al., 2014). Cassar 301 

et al. (2014) presented an N2O-based correction method of O2/Ar and NCP for vertical 302 

mixing. Although this method has been successfully adopted by Izett et al. (2018) in 303 

the Subarctic Northeast Pacific, it is not suitable for our study region. This is because 304 

it is basically applicable in areas where the depths of euphotic zone and mixed layer are 305 

similar, and this method is not suitable for oligotrophic regions (Cassar et al., 2014). 306 

The SCS is recognized as an oligotrophic region and the depth of the euphotic zone can 307 

be 2–7 times that of the mixed layer in our study region in summer. In addition, in the 308 

region (e.g. the SCS) where subsurface oxygen maximum exists, upwelled water 309 

theoretically has a chance to cause an overestimation on surface Δ(O2/Ar) and NCP. If 310 

we roughly neglect the regions with these underestimated (overestimated) NCP values 311 

caused by upwelling (neglecting the regions with salinity higher than 33.5 in Transect 312 

4), the average NCP in June 2015 can slightly raise to 12.5 ± 12.5 mmol C m−2 d−1. If 313 

we also remove the influence of shelf water injection (neglecting the regions with 314 

salinity lower than 33), the average NCP can sharply decrease to 4.9 ± 6.2 mmol C m−2 315 

d−1, which was similar to the results of 4.47 mmol C m−2 d−1 and 0.17 mol C m−2 month−1 316 

(~5.67 mmol C m−2 d−1) reported in previous researches in the SCS (Chou et al., 2006; 317 

Huang et al., 2018).  318 

 319 

3.4 Factors influencing Δ(O2/Ar) and NCP in the SCS 320 

The SCS is an oligotrophic region with low biomass and primary production (Lee Chen, 321 

2005; Ning et al., 2004). Previous research has shown that the nutrient, especially 322 

nitrogen and phosphorus, is the most important factor controlling and limiting the 323 

phytoplankton biomass and primary production in the SCS (Ning et al., 2004; Lee Chen, 324 

2005; Lee Chen and Chen, 2006; Han et al., 2013). After neglecting the regions 325 

(including two CTD stations) influenced by upwelling in June 2015, we performed a 326 
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principal component analysis (PCA) to determine the dominant factors influencing 327 

NCP in both cruises. In October 2014, DIN (0.741), Δ(O2/Ar) (0.858), and NCP (0.979) 328 

were significantly loaded on Factor 1, indicating a potential relationship among these 329 

three variables (Figure 7a, Table S1b). The correlation coefficient between DIN and 330 

NCP was 0.706 (p < 0.01, Table S1a), which was significantly higher than the 331 

coefficient between NCP and the other variables, except for Δ(O2/Ar) and temperature; 332 

this indicated that DIN was an important factor influencing NCP in this cruise. Another 333 

two nutrients – dissolved silicate (DSi, SiO3
2−) and dissolved inorganic phosphorus 334 

(DIP, PO4
3−) – had no correlations (p > 0.05) with NCP (Table S1a). In June 2015, 335 

Factor 1 showed a strong loading by DIN (0.876), Chl a (0.950), DO (0.927), Δ(O2/Ar) 336 

(0.902), and NCP (0.909), whereas salinity (−0.936) and pCO2 (−0.908) were 337 

negatively loaded on Factor 1 (Figure 7b, Table S2b). The injection of low salinity shelf 338 

water appeared to have a strong effect on the study region because significant negative 339 

correlations were observed between salinity and DIN, Chl a, Δ(O2/Ar), and NCP (Table 340 

S2a). DIN had strong correlations with NCP, Δ(O2/Ar), and Chl a (the correlation 341 

coefficients were 0.747, 0.910, and 0.754 respectively, Table S2a), indicating that DIN 342 

was the dominant factor controlling the growth of phytoplankton and primary 343 

production in this cruise. DSi (0.582) and DIP (−0.601) were both moderately loaded 344 

on Factor 2 (Figure 7b, Table S2b) and had no correlations with NCP (p > 0.05, Table 345 

S2a). These results suggested the key role of nitrogen in regulating Δ(O2/Ar), NCP, and 346 

phytoplankton biomass in the SCS. The supply of nitrogen may stimulate the growth of 347 

phytoplankton in the SCS and nitrogen is an important participant in photosynthesis 348 

and a basic element that contributes to the increase in primary production (Dugdale and 349 

Goering, 1967; Lee Chen, 2005; Lee Chen and Chen, 2006; Han et al., 2013).  350 

Coupled with biochemical variations, physical processes also play important roles in 351 

the slope region of the SCS by transporting abundant nutrient-rich shelf water into the 352 

SCS and bringing deep water to the surface by enhancing water mixing (Chen and Tang, 353 

2012; Ning et al., 2004; Pan et al., 2012). The surface waters in the slope region of the 354 

northern SCS are primarily composed of waters originating from SCS water, Kuroshio 355 

water, and shelf water (Li et al., 2018). In the summer, the shelf water exists where the 356 
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potential density anomaly is lower than 20.5 kg m−3 (Li et al., 2018). In the fall, there 357 

is a weak offshore transport of the shelf water in the SCS and the salinity of the water 358 

mixed with the shelf water is usually lower than 33 (Fan et al., 1988; Uu and Brankart, 359 

1997; Su and Yuan, 2005). In October 2014, the observed surface salinity was in a range 360 

of 33.28 to 34.11; thus the surface waters were mainly derived from mixing of the 361 

Kuroshio water and the SCS water. In the summer of 2015, a cyclonic-anticyclonic 362 

eddy pair was observed in the study region (Figure 1c). Low-salinity shelf water mixed 363 

with the intruding plume water from the Pearl River in the upper 50 m and was 364 

transported to the slope and basin along the intersection of the two eddies (Chen et al., 365 

2016; He et al., 2016; Li et al., 2018). In both seasons, the surface waters in the study 366 

region were generally found to be nitrogen deficient, with nitrite at < 0.01–0.04 μmol 367 

L−1 (Figure S1a, S2b), nitrate at < 0.03–2.82 μmol L−1 (Figure S2a), and ammonium at 368 

0.04–0.35 μmol L−1 (Figure S1b, S2c). The concentrations of nitrate and nitrite were 369 

below the detection limit at almost 80% of the sampling stations during both cruises. 370 

Due to the injection of shelf water with low salinity and abundant terrestrial nutrients, 371 

significant high concentrations of NO3
− and NO2

− were observed along Transect 3 in 372 

June 2015 (Figure S2a, b) where the shelf water was intruded by eddies (Chen et al., 373 

2016; He et al., 2016). Such transport processes from the inner shelf to the slope region 374 

have a profound influence on nutrient dynamics and biological productions (He et al., 375 

2016). The water that was influenced by shelf water with a potential density anomaly 376 

lower than 20.25 kg m−3 and salinity lower than 33.0 had high concentrations of DIN 377 

(Figure 8a). At the 6 stations (in the red circle of Figure 8a) that were intruded by shelf 378 

water and characterized with surface salinity lower than 33.0, we obtained an average 379 

surface DIN concentration of 1.82 ± 1.16 (0.27–3.01) μmol L−1, which was significantly 380 

higher than the mean of 0.10 ± 0.03 (0.04–0.16) μmol L−1 at other stations (independent 381 

samples t-test, p < 0.01). In addition, a strong correlation between NCP (at the CTD 382 

stations without the influence of upwelling) and DIN was observed during the cruise of 383 

June 2015 (r = 0.747, p < 0.01), with higher NCP (avg. 15.4 ± 4.5 mmol C m−2 d−1) 384 

occurred where shelf water intruded, consistent with the DIN concentration higher than 385 

0.27 μmol L−1 (Figure 8b). At other stations without the influence of shelf water, the 386 
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average NCP was just 2.3 ± 1.7 mmol C m−2 d−1. Compared to NCP, ∆(O2/Ar) had a 387 

stronger correlation with DIN (r = 0.910, p < 0.01). The shelf water intrusion also 388 

caused a significant increase in ∆(O2/Ar) (Figure 8c). These results furtherly suggest 389 

that the supply of DIN from shelf water can greatly stimulate the primary production in 390 

this region, resulting in the NCP increase of nearly 7 times compared to other regions.  391 

 The correlations between ∆(O2/Ar), NCP and physical parameters (sea surface 392 

temperature and salinity) also support the influence of physical forcing on ∆(O2/Ar) 393 

and NCP. In June 2015, we obtained strong negative correlations between ∆(O2/Ar), 394 

NCP, and salinity (Figure 9f, h). Both ∆(O2/Ar) and NCP significantly increased in the 395 

water with salinity lower than 33 (Figure 9f, h). Temperature had weak correlations 396 

with both ∆(O2/Ar) and NCP (Figure 9e, g), and the negative ∆(O2/Ar) and NCP values 397 

were concentrated in the water with temperatures below 30.5°C and salinity values over 398 

33.5 (Figure 9e, f, g and h). This surface water was mostly observed along Transect 4 399 

where vertical mixing caused by a cold eddy brought deep water to the surface. The 400 

undersaturated ∆(O2/Ar) entrained by deep water caused the negative NCP estimates at 401 

the surface, resulting in a considerable underestimation of NCP. Unlike in June 2015, 402 

all the correlations were very weak or not statistically significant between ∆(O2/Ar), 403 

NCP and temperature, salinity in October 2014 (Figure 9a, b, c and d). The Kuroshio 404 

water and the SCS water had similar hydrological characteristics and their mixing in 405 

October 2014 may not have resulted in significant changes in the hydrological 406 

characteristics of the surface water. 407 

 Light availability may also play a role in the primary production of the SCS (Lee Chen, 408 

2005). The MLD is considered an important driver of light availability in the mixed 409 

layer (Cassar et al., 2011; Hahm et al., 2014). We used the volumetric NCP (NCPvol; 410 

mmol C m−3 d−1), which is the ratio of NCP to MLD to normalize NCP variation caused 411 

by a variable MLD (Hahm et al., 2014). To minimize the influence of physical processes 412 

and nutrient concentrations, we selected 9 stations (criterion: DIN < 0.36 μmol L−1) 413 

with similar hydrographic and nutrient conditions in October 2014 and 6 stations 414 

(criterion: NCP < 2 mmol C m−2 d−1) that were all under the influence of warm eddy in 415 

June 2015 (Figure 1c) during the respective cruise to analyze the influence of light 416 
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limitation on NCP. A negative correlation was found between the MLD and NCPvol 417 

(Figure 10a, b) in both cruises. Due to the small sample size of selected stations and the 418 

latent variation in nutrients concentration among these stations, this correlation analysis 419 

did not necessarily mean that light played a key role in controlling NCP, but did imply 420 

a potential dependence of NCP on the light availability in the SCS. Higher NCPvol 421 

mostly occurred at stations with shallower MLD (Figure 10) and a similar phenomenon 422 

was also reported by Cassar et al. (2011) in the subantarctic ocean south of Tasmania 423 

and by Hahm et al. (2014) in the Amundsen Sea in Antarctica. In addition, there was no 424 

relationship between MLD and NCP at the selected stations, since the correlations 425 

analysis was not statistically significant (p > 0.05) in both cruises. This result implied 426 

that there was no significant productivity below the mixed layer that was missed by 427 

underway sampling.  428 

 429 

4 Conclusion 430 

The distribution of Δ(O2/Ar) and NCP on the northern slope of the SCS was strongly 431 

affected by nutrient availability, especially nitrogen, and was also subject to physical 432 

processes. In June 2015, we observed strong and rapid biological responses to the 433 

supply of nitrogen by shelf water injection. As a result, phytoplankton growth was 434 

enhanced and NCP was increase as well. In addition, dynamic processes such as vertical 435 

mixing caused by a cold eddy led to the errors of NCP estimates. The light availability 436 

may have also affected NCP, and higher NCPvol were observed at stations with 437 

shallower MLDs in both cruises. The continuous measurements of O2/Ar presented in 438 

this paper are of significance for studies of the highly dynamic carbon system in the 439 

SCS based on high-resolution NCP estimates. 440 

 441 

  442 
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Figure Captions: 654 

Figure 1. Cruise tracks of two cruises in the slope region of the Northern South China Sea in (a) 655 

October 2014, (b) June 2015 (red numbers indicating transects). The sea level height anomaly (SLA) 656 

and geostrophic current during observations in June 2015 (Chen et al., 2016) are shown in (c). 657 

Figure 2. Surface distributions of (a) temperature, (b) salinity, (c) chlorophyll-a (Chl a), and (d) 658 

Δ(O2/Ar) in October 2014 659 

Figure 3. Surface distributions of (a) temperature, (b) salinity, (c) chlorophyll-a (Chl a), (d) 660 

dissolved oxygen (DO), (e) pCO2, and (f) Δ(O2/Ar) in June 2015 661 

Figure 4. Surface distribution of NCP among the northern slope of SCS during the cruise in (a) 662 

October 2014 and (b) June 2015.  663 

Figure 5. Zonal variations in (a) temperature, salinity, (b) Δ(O2/Ar), (c) Chl a, NCP and surface 664 

concentration of ammonia (NH4+) along Transect 5 in October 2014. The plots of Δ(O2/Ar) and NCP 665 

are 10-point Savitzky-Golay smoothed to give a better view of their distribution.  666 

Figure 6. Meridional variations in (a) temperature, salinity, (b) Δ(O2/Ar), pCO2, (c) Chl a, NCP and 667 

surface concentration of DIN along Transect 4 in June 2015. The plots of Δ(O2/Ar), pCO2 and NCP 668 

are 10-point Savitzky-Golay smoothed. 669 

Figure 7. Principal Component Analysis (PCA) among variables for (a) October 2014 and (b) June 670 

2015 (Bartlett's test of sphericity: p < 0.01) 671 

Figure 8. (a) T-S diagram of surface DIN concentration in June 2015. The stations influenced by 672 

shelf water were in the red circle. Correlation analysis between surface DIN concentration and (b) 673 

NCP (at sampling stations) and (c) Δ(O2/Ar). The stations (characterized with S < 33) influenced by 674 

shelf water presented surface DIN concentration ≥ 0.27 μM. 675 

Figure 9. Correlation analysis between underway Δ(O2/Ar), NCP and physical parameters 676 

(temperature and salinity) in October 2014 (a, b, c and d) and June 2015 (e, f, g and h). 677 

Figure 10. Relationship of volumetric NCP (NCPvol) and mixed layer depth (MLD) in (a) October 678 

2014 and (b) June 2015 679 
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680 

Figure 1. Cruise tracks of two cruises in the slope region of the Northern South China Sea in (a) 681 

October 2014, (b) June 2015 (red numbers indicating transects). The sea level height anomaly 682 

(SLA) and geostrophic current during observations in June 2015 (Chen et al., 2016) are shown in 683 

(c). 684 
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 685 

Figure 2. Surface distributions of (a) temperature, (b) salinity, (c) chlorophyll-a (Chl a), and (d) Δ(O2/Ar) in October 2014 686 

 687 
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 689 

Figure 3. Surface distributions of (a) temperature, (b) salinity, (c) chlorophyll-a (Chl a), (d) dissolved oxygen (DO), (e) 690 

pCO2, and (f) Δ(O2/Ar) in June 2015 691 
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 693 

Figure 4. Surface distribution of NCP among the northern slope of SCS during the cruise in (a) October 2014 and (b) June 694 

2015.  695 

 696 
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 698 

Figure 5. Zonal variations in (a) temperature, salinity, (b) Δ(O2/Ar), (c) Chl a, NCP and surface concentration of ammonia 699 

(NH4+) along Transect 5 in October 2014. The plots of Δ(O2/Ar) and NCP are 10-point Savitzky-Golay smoothed to give a 700 

better view of their distribution.  701 
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 702 

Figure 6. Meridional variations in (a) temperature, salinity, (b) Δ(O2/Ar), pCO2, (c) Chl a, NCP and surface concentration 703 

of DIN along Transect 4 in June 2015. The plots of Δ(O2/Ar), pCO2 and NCP are 10-point Savitzky-Golay smoothed. 704 
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 706 

Figure 7. Principal Component Analysis (PCA) among variables for (a) October 2014 and (b) June 2015 (Bartlett's test of 707 

sphericity: p < 0.01) 708 
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 710 
Figure 8. (a) T-S diagram of surface DIN concentration in June 2015. The stations influenced by shelf water were in the red 711 

circle. Correlation analysis between surface DIN concentration and (b) NCP (at sampling stations) and (c) Δ(O2/Ar). The 712 

stations (characterized with S < 33) influenced by shelf water presented surface DIN concentration ≥ 0.27 μM. 713 
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 716 

Figure 9. Correlation analysis between underway Δ(O2/Ar), NCP and physical parameters (temperature and salinity) in 717 

October 2014 (a, b, c and d) and June 2015 (e, f, g and h). 718 
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 719 

Figure 10. Relationship of volumetric NCP (NCPvol) and mixed layer depth (MLD) in (a) October 2014 and (b) June 2015 720 
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