
1.  Introduction
Nitrous oxide (N2O) is a trace gas that causes global concern as a greenhouse gas (GHG) with ozone depletion 
capacity (Canadell et  al.,  2021; Ravishankara et  al.,  2009). The concentration of N2O in the atmosphere has 
been increasing at an accelerating pace due largely to anthropogenic perturbation since the onset of the indus-
trial era, contributing substantially to the global GHG budget (Battaglia and Joos, 2018; Prinn et al., 2018; Tian 
et al., 2020). Accurately estimating the N2O fluxes from various sources is thus critical for understanding the role 
of N2O in the climate system.

The ocean is an important source of atmospheric N2O, accounting for over 20% of total annual N2O emis-
sions to the atmosphere (Canadell et al., 2021; Tian et al., 2020). Since the first observation of N2O distribu-
tion in the marine environment in the 1960s (Craig and Gordon, 1963), N2O concentration measurements have 
been conducted in nearly all ocean basins and in many coastal and marginal seas (Bange et  al.,  2019; Yang 
et al., 2020). N2O concentrations vary over four orders of magnitude in different marine systems, ranging from 
<1 nmol L −1 in the anoxic core of the Black Sea (Westley et al., 2006) to >1000 nmol L −1 in the near surface 
of oxygen minimum zones (Arévalo-Martínez et al., 2015) and some hyper-eutrophic coastal areas (Barnes and 
Upstill-Goddard, 2011). In the surface water, the highest levels of N2O saturation are generally observed in near-
shore and tropical upwelling regions (Yang et al., 2020), while in the vast subtropical oligotrophic oceans, surface 
N2O concentration is generally only slightly oversaturated with respect to air equilibrium (Wilson et al., 2017; 
Yang et al., 2020). These observations establish an important baseline for general spatial distribution of N2O 
concentrations in the global ocean.

The air-sea N2O fluxes are highly variable in both space and time (Bange et al., 2019; Canadell et al., 2021; 
Wilson et al., 2020; Yang et al., 2020), and they are challenging to constrain because both excess N2O (ΔN2O) 
and the transfer velocity (k) are regulated by multiple environmental factors such as temperature, salinity, N2O 
concentration, wind speed, and boundary layer dynamics (Wanninkhof et  al.,  2009). Consequently, quantita-
tive estimates of N2O fluxes are highly uncertain and inconsistent among studies (Battaglia and Joos,  2018; 
Buitenhuis et al., 2018; Canadell et al., 2021; Freing et al., 2012; Ji et al., 2018; Manizza et al., 2012; Nevison 

Abstract  The coastal ocean and marginal sea play a disproportionally important role in the release of 
nitrous oxide (N2O) into the atmosphere. The spatial and temporal distribution of N2O in these important source 
regions remains highly uncertain due to the scarcity of N2O measurements. Here we present a large data set of 
N2O concentrations and fluxes obtained from 10 cruises covering four seasons in the Northern South China 
Sea (NSCS). The study area is overall a net source of atmospheric N2O with an annual flux of 1.9 ± 1.2 × 10 8, 
0.8 ± 0.5 × 10 8 and 1.2 ± 0.7 × 10 8 mol N2O yr −1 in the shelf, slope and basin regions, respectively. In terms 
of global warming potentials, the N2O emissions offset 27.8% of the CO2 sink on the shelf, and are equivalent 
to 3.5 and 0.2-fold of the CO2 emission in the slope and basin of the NSCS. On the seasonal time scale, N2O 
flux was significantly higher in autumn and winter than in the warm seasons. The spatial variability was 
contrastingly less pronounced. The seasonality of N2O distribution in the shelf region was modulated by the 
riverine discharge, while intrusion of the Kuroshio Current exerted profound control on N2O distribution in 
the open waters of the NSCS. The variable relationships between N2O excess, apparent oxygen utilization, and 
nitrate in the shelf, NSCS basin and the Luzon Strait indicated a regional difference in N2O cycling pathways 
along with the impact of water mass mixing. Our study establishes a robust baseline to understand N2O 
distribution and flux in the NSCS.

WAN ET AL.

© 2022. American Geophysical Union. 
All Rights Reserved.

Significant Seasonal N2O Dynamics Revealed by Multi-Year 
Observations in the Northern South China Sea
Xianhui S. Wan1,2, Hua Lin1,3, Bess B. Ward2  , Shuh-Ji Kao1  , and Minhan Dai1 

1State Key Laboratory of Marine Environmental Sciences, Xiamen University, Xiamen, China, 2Department of Geosciences, 
Princeton University, Princeton, NJ, USA, 3Key Laboratory of Marine Ecosystem Dynamics, Second Institute of 
Oceanography, Ministry of Natural Resources, Hangzhou, ChinaXianhui S. Wan and Hua Lin contributed 

equally to this work.

Key Points:
•	 �N2O dynamics demonstrate significant 

seasonal, but much less pronounced 
spatial variations in the Northern 
South China Sea

•	 �Annual N2O emmision offset 28% 
of the CO2 sink on the shelf, and are 
equivalent to 249% and 23% of the 
CO2 emission in the slope and basin

•	 �Riverine discharge and Kuroshio 
Current intrusions are the main drivers 
of N2O dynamics in the Northern 
South China Sea

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
M. Dai,
mdai@xmu.edu.cn

Citation:
Wan, X. S., Lin, H., Ward, B. B., Kao, 
S.-J., & Dai, M. (2022). Significant 
seasonal N2O dynamics revealed by 
multi-year observations in the Northern 
South China Sea. Global Biogeochemical 
Cycles, 36, e2022GB007333. https://doi.
org/10.1029/2022GB007333

Received 28 JAN 2022
Accepted 3 OCT 2022

Author Contributions:
Conceptualization: Xianhui S. Wan, Hua 
Lin, Minhan Dai
Data curation: Xianhui S. Wan, Hua Lin, 
Minhan Dai
Formal analysis: Xianhui S. Wan, 
Hua Lin, Bess B. Ward, Shuh-Ji Kao, 
Minhan Dai
Funding acquisition: Minhan Dai
Investigation: Xianhui S. Wan, Hua Lin, 
Minhan Dai
Methodology: Xianhui S. Wan, Hua Lin, 
Minhan Dai

10.1029/2022GB007333

Special Section:
REgional Carbon Cycle Assess-
ment and Processes - 2

RESEARCH ARTICLE

1 of 22

 19449224, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

B
007333 by Princeton U

niversity, W
iley O

nline L
ibrary on [19/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-7870-2684
https://orcid.org/0000-0002-5054-9099
https://orcid.org/0000-0003-0550-0701
https://doi.org/10.1029/2022GB007333
https://doi.org/10.1029/2022GB007333
https://doi.org/10.1029/2022GB007333
https://doi.org/10.1029/2022GB007333
https://doi.org/10.1029/2022GB007333
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8961.RECCAP2
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8961.RECCAP2
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GB007333&domain=pdf&date_stamp=2022-10-19


Global Biogeochemical Cycles

WAN ET AL.

10.1029/2022GB007333

2 of 22

et al., 1995; Yang et al., 2020). Among others, these inconsistencies suggest that N2O measurements are still 
insufficient to resolve the variability of marine N2O at multiple spatial and temporal scales, and our under-
standing to N2O production and consumption across different marine environments is to be improved (Bange 
et al., 2019). Though a recent meta-analysis of the global air-sea N2O flux was able to resolve a seasonal cycle 
with markedly reduced uncertainty (Yang et al., 2020), the volume of the datasets (∼158,000 N2O observations) 
used remains much smaller than that available for sea surface CO2 (>14.7 million values) (Bakker et al., 2016). A 
handful of studies point to the significant seasonality of air-sea N2O flux (Capelle et al., 2018; Farías et al., 2015; 
Nevison et al., 2005; Wilson et al., 2017; Yang et al., 2020); however, observations covering the seasonal cycle 
of marine N2O distribution and emission remain sparse in the global ocean.

N2O is an intermediate or a byproduct of multiple processes in the nitrogen cycle, among which ammonia 
oxidation, nitrifier-denitrification, and denitrification are considered the main processes responsible for N2O 
production (Stein and Yung, 2003; Wrage et al., 2001). The relative importance of these pathways, however, 
varies across  time and space in marine environments. Changes in environmental conditions such as tempera-
ture, dissolved oxygen (DO), pH, and nutrient input may significantly modulate N2O production rate and the 
underlying process, resulting in large uncertainty in predicting the sources and flux of marine N2O in a changing 
ocean (Battaglia and Joos, 2018; Breider et al., 2019; Ji et al., 2018; Landolfi et al., 2017; Rees et al., 2016; 
Suntharalingam et al., 2012, 2019). Correlation analysis between N2O and specific environmental parameters 
provides valuable information about the source and environmental control on N2O production and distribution. 
Among these, correlation analysis between excess N2O (ΔN2O) and apparent oxygen utilization (AOU) or nitrate 
(NO3 −) is a widely used approach to evaluate the source process and the strength of N2O production in the oxygen-
ated ocean. The strong correlation between ΔN2O and AOU is generally considered as evidence of N2O produc-
tion by nitrification (Butler et al., 1989; Carrasco et al., 2017; de la Paz et al., 2017; Nevison et al., 1995, 2003; 
Tseng et al., 2016; Yoshinari, 1976). The coefficient between ΔN2O and AOU varies among different oceanic 
provinces and depths, which might be caused by complex physical-biological processes, including the variable 
N2O yield during nitrification (Nevison et al., 2003), N2O consumption in low oxygen environments (De Wilde 
and Helder, 1997), the increasing atmospheric N2O concentration (Freing et al., 2009), the deviation of O2 equili-
bration with air when water masses are formed (de la Paz et al., 2017), O2 production by photosynthesis (Capelle 
et al., 2018), and water mass mixing (Carrasco et al., 2017; Martinez-Rey et al., 2015). Moreover, the importance 
of these factors in determining the observed ΔN2O and AOU relationship appears to vary among depths and 
regions (de la Paz et al., 2017; Martinez-Rey et al., 2015; Nevison et al., 2003). Therefore, the underlying reason 
for the variation in the ΔN2O and AOU relationship is complicated and needs to be addressed before being used 
for extrapolation or model parameterization.

Ocean margins are significant global N2O sources to the atmosphere, playing a disproportionate role in contrib-
uting to the atmospheric N2O reservoir (Arévalo-Martínez et al., 2015; Bange, 2006; Kock et al., 2016; Murray 
et al., 2015; Yang et al., 2020). The air-sea N2O flux, however, remains poorly constrained due largely to the 
coarse spatial-temporal resolution of N2O measurements in the ocean margins. Thus, there is an urgent need to 
expand N2O observations in these intensive source regions to better constrain the global N2O budget (Wilson 
et al., 2020). In this study, we present seven consecutive years of observations of N2O distribution extending 
from shelf into basin of the Northern South China Sea (NSCS). The primary motivations of our study are to (a) 
characterize the spatial distribution and seasonal variation of N2O in the NSCS; (b) estimate the flux of N2O from 
the investigated area to the atmosphere with particular attention to its seasonal variability; and (c) identify the 
potential sources of N2O and their environmental constraints. The results provide a baseline for long-term N2O 
measurement which will help further constraining uncertainties of the air-sea N2O flux in the NSCS.

2.  Materials and Methods
2.1.  Study Area

The SCS is the largest marginal seas of the North Pacific Ocean, with an area of 3.5 × 10 6 km 2 and an average 
depth of 1,350 m (Chen et al., 2001; Hu et al., 2000). The SCS basin is a typical oligotrophic system featuring 
preeminent stratification. The SCS is semi-enclosed and exchanges with the adjacent western Philippine Sea 
(WPS) through the Luzon Strait, the only gateway for intermediate and deep-water exchanges (Figure 1) (Dai 
et al., 2013 and references therein). By contrast, the western and northern boundaries of the SCS have exten-
sive shelf systems that receive a large amount of terrestrial nutrients primarily through riverine export, which 
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in turn sustains higher biological activities than the basin (Chen et  al.,  2001; Lu et  al.,  2020). The seasonal 
climatic variation and surface circulation of the SCS are mainly determined by the Asian monsoon: the warm 
and wet southwest monsoon season prevails from May to October, shaping an anticyclonic circulation pattern at 
basin scale. The northeast monsoon, which is characterized by cold and high wind speed, prevails from Novem-
ber through April, resulting in a cyclonic surface circulation structure. Meanwhile, the northeastern prevailing 
wind in wintertime reduces the northward momentum of the Kuroshio Current (KC), a northward branch of the 
ultra-oligotrophic North Equatorial Current, which allows a higher proportion of KC water intrusion into the 
SCS (Wong et al., 2007; Zhu et al., 2019). Thus, the surface water in the SCS basin is comprised of a set of water 
masses, including river plume, the SCS surface water and the KC surface water, whose relative contributions vary 
spatially according to variable seasonal forcing.

Figure 1.  Sampling stations and T-S diagram of the sampling depths. (a)–(d) Sampling stations in spring, summer, autumn, winter, respectively. (e) T–S diagram 
at the stations with bottom depth >200 m. The red dashed lines in (a)–(d) denote transect A for repeated investigation in all four seasons. The isobaths of 200 and 
2000 m shown in gray lines define the shelf (0–200 m), slope (200–2000 m), and basin (>2,000 m). The NSCS, WPS, and LZ in panel (a) denote the Northern South 
China Sea, Western Philippine Sea and Luzon Strait, respectively. The schematic pathway of Kuroshio Current (KC) and its intrusion through the Luzon Strait into the 
Northern SCS is also shown in panel (a) (blue solid lines). The black lines in panel (b) show the basin wide surface circulation pattern in winter (solid line) and summer 
(dashed line). The boundaries of shelf (a), slope (b), and basin (c) of the NSCS used for our zonal air-sea N2O flux estimation are shown in purple in panel (b).
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2.2.  Cruises and Sample Collections

Samples were collected during 10 cruises covering four seasons in seven consecutive years. A total of 161 stations 
and over 1,450 depths were sampled for N2O, DO, and nutrients (Table 1). The shelf (0–200 m), slope (200–2,000 
m), and basin (>2,000 m) of NSCS were investigated at all seasons, and the Luzon Strait was sampled in spring 
and autumn (Figures 1a–1d).

Temperature, salinity and depth were measured using a Seabird SBE 911 CTD sensor. Discrete seawater samples 
were collected using 12-L Niskin bottles mounted on the CTD rosette. Duplicate 150 ml high-density polyeth-
ylene Nalgene bottles were used for nutrient collection. The bottles and equipment were acid washed and rinsed 
with seawater three times prior to sample collection. The nutrient samples were stored at −20°C until analysis. 
Samples for N2O concentration measurement were subsampled directly from the Niskin bottles into acid-washed, 
precombusted (450°C for 4 hr) 120 mL serum bottles using Tygon tubing. Each serum bottle was filled to the 
top and overfilled two to three volumes to minimize the introduction of bubbles. The bottle was then sealed with 
a 20 mm butyl stopper and aluminum crimp seal (Wheaton, USA), followed by injection of 0.1 mL saturated 
HgCl2. Samples were stored at 4°C for later laboratory measurement. Samples for DO concentration measure-
ment were collected into ground glass stoppered bottles and overfilled two to three volumes, and stored briefly 
until analyses onboard.

2.3.  Sample Analysis

N2O concentration was analyzed using gas chromatography (Hewlett-Packard Model 6890) connected to a purge 
and trap system (Tekmar Velocity XPT) (Lin et al., 2016). Briefly, 10 mL of sample was transferred into a glass 
vessel where the sample was purged for 10 min using purified N2 (>99.999%). N2O from the sample was trapped 
on a 5 Å molecular sieve at room temperature and subsequently desorbed at 250°C. A micro-electron capture 
detector (μECD) was used to measure N2O concentration. Calibration of N2O concentrations was calculated from 
the peak areas with standard gases of 1.0–5.0 ppmv N2O/N2 (Research Institute of China National Standard Mate-
rials). The precision of this method was estimated to be better than ±3% (Lin et al., 2016).

DO concentration was measured onboard using the Winkler method, and the precision was <2  μmol  kg −1. 
Nitrate plus nitrite (NOX −) was determined according to classical colorimetric methods with an AA3 nutrient 
analyzer. The detection limit for NOX − was 0.03 μmol L −1, and the analytical precision was better than ±1% (Han 
et al., 2012).

2.4.  Saturation and Air-Sea Flux Calculation

AOU represents the consumption of DO in a water parcel since its last equilibration with the atmosphere. It can 
be calculated as the difference between the measured DO concentration and the calculated oxygen solubility 
at the sampling salinity and temperature. However, due to the vigorous air-sea exchange and the biological O2 

Cruise Study area Season Stations Samples

July 2007 NSCS Summer 5 67

July 2008 NSCS Summer 25 134

September 2008 Luzon Strait Summer 3 35

January 2009 NSCS Winter 16 96

July 2009 NSCS Summer 32 304

January 2010 NSCS Winter 26 222

November 2010 NSCS Autumn 21 169

May 2011 NSCS and Luzon Spring 21 204

September–October 2012 NSCS Autumn 7 111

April 2013 NSCS and Luzon Spring 5 117

Table 1 
Summary of Cruises to the Northern South China Sea (NSCS) and Sampling Information
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production, AOU cannot be reliably computed in the euphotic ocean (Capelle et al., 2018; de la Paz et al., 2017; 
Nevison et al., 1995). Thus, AOU in the euphotic zone (i.e., <100 m) was excluded from our study.

Surface N2O saturation was calculated using Equation 1.

𝑅𝑅 =
𝐶𝐶obs

𝐶𝐶eq

× 100� (1)

where R (%) is the saturation of surface N2O; Cobs represents N2O concentration at 5 m depth; Ceq is the expected 
equilibrium concentration, which is computed using Henry's Law and the solubility as a function of temperature 
and salinity (Weiss and Price, 1980). The atmospheric mixing ratios of N2O were obtained from the NOAA/
ESRL program sampling station at Mauna Loa in the sampling month from NOAA/ESRL program (https://gml.
noaa.gov/ccgg/trends_n2o/) (Dlugokencky, 2022).

The ΔN2O represents the net accumulation of N2O during the aging of a water parcel. It was calculated as the 
difference between the calculated N2O equilibrium concentration and the measured concentration of N2O. Taking 
the distinct age (thereby the different atmospheric N2O concentration) of the water mass at different depths, we 
used the “initial atmospheric mole fraction” to calculate the ΔN2O at different depths (Freing et al., 2009; Nevison 
et al., 2003; Walter et al., 2006). Specifically, the water column was vertically divided into three layers based on 
the source of water masses: the upper layer (σθ < 26.4 kg m −3, typically ∼300 m in the NSCS), the intermediate 
layer (σθ: 26.4–27.6 kg m −3, from the base of upper layer to 1,500 m), and the deep layer (σθ > 27.6 kg m −3, 
deeper than 1,500 m) (Zhu et al., 2019). For the upper layer, strong vertical transport and mixing lead to short 
residence time (<2 years) (Liu and Gan, 2017). Thus, the contemporary atmospheric N2O concentration during 
the sampling period was used in the upper layer (0–300 m). For the intermediate (300–1500 m) and deep layer 
(>1500 m), the air N2O concentration used for N2O equilibrium calculation is derived by the aging of the water 
mass. The age of the intermediate water is estimated to be 500–900 years in the western North Pacific Ocean 
(England, 1995), and the age of deep water is 1,200–1,500 years (Gebbie and Huybers, 2012). Therefore, we use 
the air N2O concentration of 270 and 260 ppb for calculating the N2O equilibrium of the intermediate and deep 
layers, respectively (MacFarling Meure et al., 2006). It should be noted that the age of the water mass at different 
depths in the water column could vary and remains uncertain due to active vertical and horizontal water exchange 
in the study area (Liu and Gan, 2017; Zhu et al., 2019). Thus, using a fixed air N2O concentration for the inter-
mediate and deep layers might lead to uncertainties in calculating the ΔN2O. However, given that the variation of 
air N2O concentration in the intermediate and deep layers is relatively small (i.e., range from ∼260 to ∼270 ppb), 
the difference of the ΔN2O estimated using these air N2O concentrations was 2.9 ± 0.8% (range 1.6%–5.9%) in 
our study (Figure S1 in Supporting Information S1).

Air-sea N2O flux was computed using Equations 2 and 3.

𝐹𝐹 = 𝑘𝑘 ×
(

𝐶𝐶obs − 𝐶𝐶eq

)

� (2)

𝑘𝑘 = 0.251 × 𝑢𝑢
2 ×

(

Sc

660

)−0.5

� (3)

where F (μmol N2O m −2  d −1) is air-sea flux of N2O, k (cm h −1) is the gas transfer velocity following 
Wanninkhof (2014), and k is a function of wind speed and temperature through its Schmidt number dependency; u 
is monthly mean wind speed at 10 m above sea surface during the cruise, using monthly averaged QuikScat wind 
speeds (ftp://ftp.ssmi.com/qscat/). Sc is the Schmidt number calculated from temperature (Wanninkhof, 2014).

The regional air-sea N2O flux was derived by integrating N2O fluxes of all four seasons in the NSCS. To better 
characterize and compare the spatial-seasonal variation of the air-sea flux, the study area was subdivided into 
three domains (the shelf, slope and basin) based on the physical-biological characteristics as described previously 
(Li et al., 2020; Zhai et al., 2013). The extent of the NCSC was defined as 18–24°N, 109.5–20.5°E. The boundary 
of each domain was based on the 200 and 2,000 m isobath (Figure 1b). The areas of shelf, slope and basin are 
0.25 × 10 6 km 2, 0.12 × 10 6 km 2, and 0.21 × 10 6 km 2, respectively. The seasonal air-sea flux of each domain was 
derived as the area multiplied by the area-weighted average flux of the investigated stations in each season. The 
annual air-sea flux of each domain was then calculated as the sum of four seasons.
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2.5.  Vertical N2O Flux Across the Base of Euphotic Zone

Vertical N2O flux across a certain depth can be estimated using a one-dimensional vertical diffusion-advection 
model using Equation 4.

𝐹𝐹 = 𝐾𝐾𝑉𝑉

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝜔𝜔𝜔𝜔� (4)

where KV is the diapycnal diffusivity, ω is the diapycnal velocity in the vertical direction, 𝐴𝐴 𝐴𝐴𝐴𝐴∕𝜕𝜕𝜕𝜕 is the concentra-
tion gradient, c is the N2O concentration in the layer. KV and ω in the study area were adapted from observations 
at the South East Asian Time-series Study (SEATs) station located in the NSCS basin (Du et al., 2017), where KV 
and ω were 0.05 cm 2 s −1 and 4 × 10 −8 m s −1 at the 100 m, respectively. Notably, the application of one-dimension 
model is based on the assumption that lateral transport is insignificant. However, both the shelf of the NSCS and 
the Luzon Strait areas are characterized by active lateral processes (Zhu et al., 2019), thus, the one-dimensional 
model used here is restricted to the NSCS basin area.

3.  Results
3.1.  Hydrography

The T–S diagram showed distinct physical properties between the NSCS and the Luzon Strait (Figure 1e). In 
the upper layer (i.e., from the surface to the salinity maximum), the Luzon Strait showed higher salinity and 
temperature than the NSCS interior, demonstrating typical properties of the KC surface water. In the NSCS, the 
T–S data were more scattered due to the mixing of KC water, the NSCS tropical water and coastal current (Wu 
et al., 2021). By contrast, in the intermediate layer, salinity decreased with depth from the salinity maximum to 
the salinity minimum layer at both SCS and the Luzon Strait stations, while the minimum value in the western 
Pacific was lower than the NSCS at the corresponding layer. The T–S relationship in the deep layer was near 
homogenous in the study area as the deep water of NSCS essentially originated from the western Pacific deep 
water (Chen, Shaih, et al., 2006; Chen, Hou, et al., 2006). Overall, the vertical gradients of temperature and salin-
ity were less pronounced in the NSCS than the Luzon Strait stations owing to more intense vertical mixing and 
upwelling at the basin scale in the NSCS (Wong et al., 2007; Zhu et al., 2019).

In the surface water, a clear seasonality of temperature was observed at the NSCS stations (Figure 2; Figure 
S2a and Table S1 in Supporting Information S1); the highest temperature (average: 28.3 ± 1.7°C) was meas-
ured in summer, followed by spring (27.5 ± 1.1°C), and the temperature in autumn (26.1 ± 2.2°C) and winter 
(22.0  ±  2.5°C) was significantly lower than in the warm seasons (p  <  0.01). By contrast, the salinity in 
summer (32.6 ± 1.9) and autumn (33.3 ± 1.0) was lower than in spring (33.9 ± 0.5) (p < 0.01), and winter 
(33.8 ± 0.6)  (p < 0.05), due to the high riverine discharge and more precipitation in the southwest monsoon 
(warm) season (Figure 2; Figure S2b in Supporting Information S1) (Cao et al., 2020). Accordingly, the surface 
density anomaly in spring (21.6 ± 0.4 kg m −3) and summer (21.3 ± 0.8 kg m −3) was significantly lower than in 
autumn (22.0 ± 0.8 kg m −3) and winter (23.3 ± 0.3 kg m −3) (p < 0.01) (Figures 2c, 2f, 2i, and 2l; Figure S2c in 
Supporting Information S1). In spring and winter, the temperature and salinity of the upper layer in the NSCS 
were closer to those of the western Pacific, suggesting a higher proportion of KC intrusion into the upper NSCS 
in these seasons. No significant seasonality was found in the intermediate and deep waters.

3.2.  Surface Water N2O Distribution and Air-Sea N2O Flux

Surface water NOx − concentration decreased from the shelf to the slope and basin in all seasons. Seasonally, the 
area weighted average surface NOX − concentration was highest in autumn (2.4 ± 2.9 μmol L −1), followed by 
winter (1.0 ± 1.3 μmol L −1) and summer (0.5 ± 1.2 μmol L −1), and was lowest in spring (0.2 ± 0.4 μmol L −1) 
(Figures 3a, 3d, 3g, and 3j; Figure S2d and Table S1 in Supporting Information S1).

Similarly, the highest surface N2O concentration was generally observed in the coast and shelf regions 
(7.3 ± 1.0 nmol L −1) and decreased toward the slope (7.0 ± 0.8 nmol L −1) and basin stations (6.7 ± 0.7 nmol L −1) 
although the concentration was significantly different only between shelf and basin (p < 0.01) (Figures 3b, 3e, 
and 3h; Table S2 in Supporting Information S1). These values were slightly lower than the values reported by 
Zhang et al. (2019) in June 2015 but consistent with the observations of Tseng et al. (2016) in summer of 2003 
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and 2004 in the study area. However, there was no significant correlation between NOX − and N2O, suggest-
ing different mechanisms for regulating surface NOX − and N2O distribution in the NSCS. Seasonally, the area 
weighted average N2O concentration was lower in spring (6.6 ± 0.2 nmol L −1) and summer (6.6 ± 0.5 nmol L −1) 
than in autumn (7.1 ± 0.3 nmol L −1) and winter (7.8 ± 0.4 nmol L −1) (Figure S2e in Supporting Information S1).

By contrast, surface N2O saturation did not show a clear spatial pattern as for NOX − and N2O concentration. 
The saturation ranged from 86.9% to 130.1% (average 108.1 ± 11.6%), 95.9%–139.8% (108.9 ± 10.8%), and 
94.9%–117.2% (105.3 ± 7.1%) at the coast, slope, and basin stations, respectively (Figures 3c, 3f, and 3i, 3l). 
Saturation was higher in summer and autumn, followed by winter and was significantly lower in spring than in 
summer and autumn (p < 0.05) (Figure S2f in Supporting Information S1).

Area weighted average seasonal ΔN2O (spring 0.3  ±  0.2  nmol  L −1, summer 0.5  ±  0.5  nmol  L −1, autumn 
0.5 ± 0.3 nmol L −1 and winter 0.6 ± 0.3 nmol L −1) did not vary significantly (Figure S3a in Supporting Infor-
mation S1). On the other hand, the wind speed was significantly higher in autumn (9.3 ± 4.2 m s −1) and winter 
(9.5  ±  1.5  m  s −1) than in spring (4.5  ±  0.1  m  s −1) and summer (5.6  ±  0.2  m  s −1) (p  <  0.01) (Figure S3b 
in Supporting Information S1). Accordingly, a strong seasonality of air-sea N2O flux was observed. The N2O 
flux ranged from −0.5 to 1.7 μmol m −2 d −1, −0.9 to 9.4 μmol m −2 d −1, −2.3 to 8.9 μmol m −2 d −1, and −3.8 to 
7.5 μmol m −2 d −1 in spring, summer, autumn, and winter, respectively (Figures 4a–4d). Area weighted N2O flux 
was significantly lower in spring (0.4 ± 0.3 μmol m −2 d −1) and summer (0.9 ± 1.0 μmol m −2 d −1) than in autumn 
(3.2 ± 1.8 μmol m −2 d −1) and winter (2.9 ± 1.9 μmol m −2 d −1) at all the investigated regions. The highest N2O 
fluxes in shelf and slope regions were observed in autumn, while the flux in the basin was highest in winter 
(Figures S4a–S4c in Supporting Information S1). By contrast, the average N2O fluxes in the shelf, slope and basin 
were not significantly different among seasons (with the exception of autumn, when the flux on the shelf was 
significantly higher than in basin) (Figures S4d–S4g in Supporting Information S1).

Figure 2.  Surface distributions of temperature, salinity and potential density anomaly (sigma theta) at the study area in different seasons. (a)–(c) spring; (d)–(f) 
summer; (g)–(i) autumn; (j)–(l) winter. The black dashed lines denote transect A.
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3.3.  N2O Distribution in the Euphotic Zone

The vertical distribution of N2O concentrations in the euphotic zone was similar at all stations and in all seasons. 
N2O in surface water was nearly equilibrated with the atmosphere and concentration increased toward the base 
of the euphotic zone. Similar to the surface water, N2O and NOX − concentrations in the upper mixed layer were 
higher on the shelf than the open waters (Figure 5). To better explore the seasonality of N2O distribution, a tran-
sect extending from the coast to the basin of the NSCS (Transect A) was repeated during all four seasons. Here, 
we focused on the upper 150 m because the seasonal variability in N2O was more pronounced in this depth range.

Low surface salinity (i.e., <33) was observed at the shelf stations in all seasons, suggesting the direct influence 
of riverine discharge (Figures 6a–6d). The salinity of the upper 100 m was highest in spring, followed by winter, 
indicating stronger intrusion of the KC into the NSCS. The lower salinity in summer and autumn was likely 
caused by the reduced influence from the KC and higher riverine discharge and precipitation. The greater influ-
ence of the KC intrusion into the NSCS in the winter and spring was also evidenced by the more similar T–S 
structure between the NSCS and the KC in these seasons (Figure 1e). Such a prominent seasonal pattern has been 
extensively observed by a large body of studies using T–S structure and numerical models, emphasizing a key 
role of the KC intrusion in determining the physical and biological properties of the NSCS (Du et al., 2013; Gan 
et al., 2016; Zhu et al., 2019 and references therein). Salinity increased with depth at all stations except at A4 
located at the shelf break, which was nearly isohaline except in summer.

In the upper mixed layer, average N2O and NOX − concentrations were elevated in autumn and winter compared to 
spring and summer (Figures 6e–6h, 6m–6p). The DO had an opposite pattern along the transect, that is, DO was 
higher at the slope and basin stations, but the seasonality was consistent with that observed for N2O and NOX −, 
with higher DO concentrations in autumn and winter (Figures 6i–6l).

Figure 3.  Surface distribution of NOX −, N2O and N2O saturation at the study area in different seasons. (a)–(c) spring; (d)–(f) summer; (g)–(i) autumn; (j)–(l) winter. 
The black dashed lines denote transect A.
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The water column was more stratified in the warm seasons (spring and summer). Accordingly, N2O, DO, and 
NOX − in the upper mixed layer were lower in spring and summer than in autumn and winter. However, a reversed 
seasonal correlation was observed in the subsurface water. Below the upper mixed layer, the lowest N2O and 
NOX − concentrations and the highest DO concentration were measured in winter.

3.4.  N2O Distribution in the Mesopelagic and Bathypelagic Zone

Below the euphotic zone, N2O concentration increased toward the bottom at the shelf stations, while at the slope 
and basin stations, a concentration maximum was consistently observed in the mesopelagic layer, coinciding 
with the DO minimum and NOX − maximum layer (Figure 5). Below the N2O maximum, the N2O concentration 
slightly decreased downward and remained near-constant in the deep water. These mirrored vertical distributions 
between N2O and DO indicated an intimate relationship between N2O production and DO consumption.

For the slope and basin stations, the N2O concentration showed a zonal increasing trend from the Luzon Strait to 
the SCS in the upper 600 m, accompanied by decreased DO and increased NOX − concentrations. The regional 
differences in N2O and NOX − were less pronounced below the concentration maximum layer. High N2O concen-
trations (i.e., ∼30 nmol L −1) in the mesopelagic layer (i.e., 600–800 m) were observed in the slope of the NSCS 

Figure 4.  Air-sea fluxes of N2O in shelf, slope and basin areas at different seasons. (a)–(d) spring, summer, autumn, winter, respectively; (e)–(f) N2O flux intensity at 
different seasons and in different regions of the SCS. The black dashed lines in panels (a)–(d) denote transect A. * and ** denote significance at 0.05 and 0.01 levels (t 
test), respectively.
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and at the stations adjacent to the Luzon Strait and were comparable to the peak value (∼28–32  nmol  L −1) 
reported in the study area (Tseng et al., 2016; Zhang et al., 2019).

At depths between 100 m and the N2O concentration maximum, strong positive relationships were observed 
between ΔN2O, AOU, and NOX − (Figure 7). However, the slopes of the regressions were spatially variable: the 
slope of ΔN2O: AOU was lowest (0.05) in the shelf region and highest (0.10) in the Luzon Strait, and intermedi-
ate in the SCS basin at 0.08, indicating that the net N2O yield during DO consumption was highest in the Luzon 
Strait and lowest in the shelf region (Figure 7a). These values were consistent with previous observations in the 
NSCS shelf (0.05) (Zhang et al., 2019) and the WPS (0.09) (Tseng et al., 2016). Globally, these ratios fell in 
the lower range of reported ΔN2O: AOU values (0.01–0.30) (Capelle et al., 2018; Nevison et al., 2003). Anal-
ogously, the slope of ΔN2O: NOX − was lowest in the shelf region (0.35) and highest in the Luzon Strait (0.61) 
(Figure 7b), close to the reported value in the SCS (0.65) (Han et al., 2013) and the subtropical Atlantic (0.74) 

Figure 5.  Vertical distributions of N2O, DO, and NOX − concentration. (a) N2O concentration; (b) DO concentration; (c) NOX − concentration.

Figure 6.  Seasonal distributions of salinity, N2O, DO and NOX − in the upper 150 m along transect A. (a)–(d) salinity; (e)–(h) N2O; (i)–(l) DO; and (m)–(p) NOX −.
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(Walter et al., 2006). The slope of NOX −: AOU ranged from 0.14 to 0.17 (Figure 7c), which was also close to the 
value reported in the SCS (0.17–0.18) (Tseng et al., 2016; Zhang et al., 2019), the western North Pacific (∼0.14) 
(Yoshida et al., 1989) and the Eastern South Pacific gyre (0.19) (Charpentier et al., 2007).

At depths greater than the N2O concentration maximum, the positive linear relationship between ΔN2O and 
AOU, NOX − collapsed; instead a reversed correlation between ΔN2O and NOX − was observed (Figures S5a and 
S5b in Supporting Information S1); while the positive correlation between NOX − and AOU remained (Figure S5c 
in Supporting Information S1).

4.  Discussion
4.1.  Spatiotemporal Variability of N2O Fluxes

Annually, the area weighted average surface N2O saturation was 107.3 ± 6.0%, suggesting the NSCS was overall a 
net source of N2O to the atmosphere. However, both oversaturation and undersaturation were observed in coastal, 
shelf, and basin regimes. Among the investigated sites, 23% of the stations were undersaturated with respect to 
atmospheric N2O whilst 77% of the stations were oversaturated (Figures 3c, 3f, 3i and 3l; Figure S6 in Support-
ing Information S1). Undersaturated surface N2O has been observed in the adjacent WPS (Tseng et al., 2016), 
the shelf and slope of the East China Sea (Chen et al., 2021; Gu et al., 2021), and the Mediterranean Sea (Marty 
et al., 2001), implying a wide occurrence of N2O undersaturation in the low latitudinal oceans. The underlying 
reason for such undersaturation, however, remains unclear. The reduction of nutrient loading (Ma et al., 2019), 
rapid increase of atmospheric N2O concentration and climatological variabilities (Gu et al., 2021), and biological 
N2O consumption by unidentified diazotrophic cyanobacteria (Cornejo et al., 2015) and N2O reducing microbes 
(Sun et al., 2020) could all result in the apparent undersaturation, but the exact mechanism is yet to be elucidated.

The air-sea flux ranged from −2.3 to 9.4 μmol N2O m −2 d −1 (area weighted average flux 1.7 ± 1.6 μmol m −2 d −1). 
The areal integrated N2O fluxes from the shelf, slope and basin were 1.9 ± 1.2 × 10 8, 0.8 ± 0.5 × 10 8, and 
1.2 ± 0.7 × 10 8 mol N2O yr −1, respectively (Table S3 in Supporting Information S1). By comparison, based on 
the reported annual air-sea CO2 flux intensity in the NSCS (Dai et al., 2022; Li et al., 2020), estimated CO2 fluxes 
in the shelf, slope, and basin areas of the NSCS are −2.1 ± 3.2 × 10 11 mol yr −1, 0.1 ± 0.7 × 10 9 mol yr −1, and 
3.1 ± 0.9 × 10 11 mol yr −1, respectively. Using a global warming potential at the 100-year time horizon (GWP100, 
1 mol N2O is equivalent to 300 mol CO2 in retaining radiative energy) (Albritton et al., 1995), the GWP100 of N2O 

Figure 7.  Relationships between excess N2O, AOU and NOX − at the depth range of 100 m to the depth of N2O maximum in the study area. (a) ΔN2O: AOU; (b) ΔN2O: 
NOX −; (c) NOX −: AOU. The dashed lines show least square linear regression, the slope, intercept and significance of the correlation are shown in the lower panels.
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was estimated to be 0.6 ± 0.4 × 10 11 mol yr −1, 0.2 ± 0.1 × 10 9 mol yr −1, and 0.3 ± 0.2 × 10 11 mol yr −1, in the 
shelf, slope, and basin of the NSCS, respectively. These results showed the N2O fluxes to the atmosphere would 
offset 27.8% of the CO2 sink in the shelf region and are equivalent to 248.9% and 23.1% of the CO2 emission 
in the slope and basin of the NSCS, respectively. Taking the NSCS as a whole, the GWP100 of N2O emission is 
estimated to be 73.8% of that of the CO2 flux (Table S4 in Supporting Information S1). This comparison not only 
reveals the significance of N2O in offsetting the benefit of marine carbon sequestration but also shows that N2O is 
a key component for future study to complete the knowledge gaps associated with the marginal seas in the global 
climatic system.

Prominent seasonal variability (Figures S4a–S4c in Supporting Information  S1) of air-sea N2O fluxes was 
observed in our study, and the spatial variation was less pronounced (Figures S4d–S4f in Supporting Informa-
tion S1). The highest area weighted average flux occurred in autumn (3.2 ± 1.8 μmol m −2 d −1), followed by 
winter (2.9 ± 1.9 μmol m −2 d −1) and summer (0.9 ± 1.0 μmol m −2 d −1), while the lowest flux was observed in 
spring (0.4 ± 0.3 μmol m −2 d −1). These air-sea fluxes were at the lower end of the reported N2O flux in the NSCS 
(1.1 ± 1.0 to 11.3 ± 6.8 μmol m −2 d −1) (Han et al., 2013; Tseng et al., 2016; Zhang et al., 2019), but were slightly 
higher than the values reported in the subtropical gyre of the Western North Pacific (0.7–0.9 μmol m −2 d −1) 
(Breider et al., 2015); station ALOHA (0.5 ± 0.9 μmol m −2 d −1) (Wilson et al., 2017), the subtropical North 
Atlantic ocean (0.4–1.1  μmol  m −2  d −1) (Forster et  al.,  2009), or the global average of subtropical gyres 
(0.24 ± 0.05 μmol m −2 d −1) (Yang et al., 2020). These comparisons suggest that the NSCS acts as a weak source 
of N2O to the atmosphere in the spring and summer, similar to the subtropical gyre regions and is a moderate 
source with the flux level similar to tropical and high latitude oceans in the autumn and winter. Regionally, the 
shelf was the largest contributor in summer and autumn, and the basin represented the main source in winter 
and spring (Table S3 in Supporting Information S1). This first report revealing the significant seasonality of 
N2O fluxes in the SCS echoes recent initiatives of increasing time-series N2O observation to better constrain the 
marine N2O budget (Bange et al., 2019; Yang et al., 2020).

In our study, the surface N2O concentration was highly correlated with temperature (p < 0.01) (Figure 8a); such 
a tight relationship between temperature and N2O concentration is consistent with the finding at station ALOHA 
where the seasonality of the surface N2O distribution was largely influenced by seasonal temperature oscillations 
(Wilson et al., 2017). Temperature is a fundamental control on N2O distribution by exerting direct influence on 
biological N2O cycling (e.g., nitrification and denitrification) and by regulating the solubility and equilibrium of 
N2O in seawater. In our study, temperature explained ∼48% of the variance in N2O concentrations (Figure 8a). 
Note that such correlations do not apply to salinity, implying that the variation of N2O concentrations was not 
directly related to the changes in water masses (Figure 8b).

Figure 8.  Relationships between surface N2O and temperature, salinity, and the comparison between N2O fluxes are derived from the temperature-N2O concentration 
relationship-based method and from the measured N2O-based method. (a) N2O concentration versus temperature in the surface waters; (b) N2O concentration versus 
salinity; (c) comparison of N2O fluxes using measured and modeled N2O concentrations, the inset panel shows the relationship after removing the negative flux values. 
The solid lines show the least square linear regression.
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The strong correlation between N2O concentrations and temperature suggest a potential to use temperature to 
predict N2O concentrations and/or ΔN2O, which could allow extrapolations of the measurements. We therefore 
investigated such potentials by using our observed temperature-N2O concentration relationship (Figure 8a), and 
the satellite-derived sea surface temperature, salinity, and wind speed in our study area following Li et al. (2020). 
Upon the predicted surface N2O concentrations, we computed the fluxes based on the ΔN2O and wind speed 
at a given region (shelf, slope and basin) and in the sampling month. Our results showed that the computed 
N2O fluxes were not consistently correlated with the observed fluxes, primarily because the model failed to 
reproduce the negative fluxes, leading to large errors for the samples with undersaturated N2O concentration 
(Figure 8c). However, the predicted results and observed fluxes were highly correlated when the negative fluxes 
were removed (i.e., the undersaturated samples) (Figure 8c, inset panel), indicating that the empirical relationship 
between the temperature and N2O concentration is in order for predicting surface fluxes when N2O is oversatu-
rated. However, cares must be taken in deriving the regional temperature–N2O relationship and computing the 
fluxes in waters with undersaturated N2O.

To assess whether any interannual variability of surface N2O distribution and flux can be detected during our 
study period, we grouped our data set into warm (spring and summer, six cruises) and cold (autumn and winter, 
four cruises) seasons. For the warm seasons, the distribution of N2O concentrations, saturation and fluxes were 
relatively stable except for September 2008 in the Luzon Strait area, featuring higher surface temperature and 
salinity, and lower NOX − and N2O concentrations than the NSCS in the surface layer (Figure 5; Figures S7a–S7e 
in Supporting Information S1). The low N2O concentration and flux observed in September 2008 were thus 
more likely attributed to the spatial difference between Luzon Strait and the NSCS rather than inter-seasonal 
variations. For the cold seasons, a clear increase in temperature accompanied by a slight decrease in salinity 
was observed. However, it should be noted that the cruise in 2012 was carried out between late September and 
October representing a transitional period between warm and cold seasons. The N2O concentration was high-
est during the cruise of January 2010, and the concentrations were comparable between the remaining three 
cruises. By contrast, an increasing trend of N2O saturation can be found from 2009 to 2012 that covaried with the 
temperature. The N2O fluxes, on the other hand, were significantly higher in the 2010 cruises than in the 2009 
winter cruise, but slightly decreased from 2010 to 2012 (Figures S7f–S7j in Supporting Information S1). We thus 
contend that a clear interannual trend in the warm seasons cannot be discerned in our data, but an increasing trend 
of N2O saturation can be found in the cold seasons despite the fact that the N2O concentration remains unchanged. 
Time-series observations with a higher temporal resolution are warranted to confirm the seasonal trend and to 
address the key question of interannual N2O flux variability.

4.2.  Temporal Variability of N2O Distribution in the Euphotic Zone

Repeated surveys at transect A at all four seasons allowed examination of the seasonality of N2O distribution 
in the euphotic zone of the NSCS. Due to the higher freshwater discharge rate in the warm and wet season 
(summer and autumn), higher amounts of nutrients are delivered from the terrestrial source into the coastal 
zone (Chen et al., 2001; Wong et al., 2007). Consequently, the depth-integrated NOX − (surface to bottom depth) 
in the coastal and shelf region was higher in autumn (0.4 ± 0.1 mol m −2) than in spring (0.2 ± 0.3 mol m −2), 
while other seasonal differences were not significant (Figure S8a in Supporting Information S1). At the slope 
and basin stations, the integrated NOX − in the upper 150 m water column was significantly higher in autumn 
(1.1 ± 0.3 mol m −2) than in winter (0.6 ± 0.3 mol m −2) (Figure S8b in Supporting Information S1). However, 
different from the shelf stations, the lower nutrient inventory in the upper layer of the NSCS basin in the winter 
was caused by the stronger intrusion of the KC, which is characterized by ultra-oligotrophic waters, resulting in 
dilution of nutrient inventories (Du et al., 2013).

In contrast to the seasonal differences in depth-integrated NOX −, no significant seasonal difference in the N2O 
inventory was found in either shelf or basin waters (Figures S8c and S8d in Supporting Information S1). Decreas-
ing seawater temperature in the cold seasons increases the solubility of N2O, leading to a higher surface N2O 
concentration due to equilibration across the air-sea interface. In contrast to the seasonality of surface N2O distri-
bution, the concentration in the lower euphotic zone was higher in the warm seasons than the cold seasons, prob-
ably because the stronger stratification in the warm seasons impeded the upward diffusion of N2O from the lower 
euphotic zone into the surface mixed layer, leading to accumulation of N2O in the euphotic zone during the warm 
seasons. As a result, the depth-integrated N2O inventory in the water column was comparable among the  four 
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seasons. These results suggest a crucial role of temperature and stratification in regulating the distribution and 
inventory of N2O in the NSCS.

Trophic status is generally considered as a primary control on N2O production and distribution in the aquatic 
system (Naqvi et al., 2010; Yang et al., 2020). The spatial-seasonal variation of NOX − and N2O, however, did not 
follow the same pattern in our study, implying different and complex controls on nutrient and N2O distributions in 
the NSCS. For the shelf region, freshwater discharge plays a key role in controlling seasonal nutrient distribution, 
while temperature likely dominates the N2O distribution in shallow water. In the open water of the NSCS, the 
strength of KC intrusion largely controls the seasonal evolution of nutrient distribution (Du et al., 2013); however, 
different from NOX − distribution, the dilution effect of the KC on N2O was not found in the winter and spring 
seasons. Several recent studies point out the stimulation of organic carbon and nitrogen remineralization in the 
mixing zone of KC and NSCS (Huang et al., 2019; Li et al., 2021), which increases the ammonia supply (Zhu 
et al., 2021) and facilitates ammonia oxidation (Xu et al., 2018). Moreover, the reduced stratification in the winter 
might favor supplies of subsurface nutrients into the surface ocean, resulting in higher primary productivity in 
winter than summer (Chen et al., 2006; Tseng et al., 2005). The enhanced biological productivity and nitrogen 
regeneration during winter thus might compensate the N2O inventory via biological N2O production, revealing a 
complex physical-biological interactive control on the N2O distribution in the NSCS.

4.3.  Sources and Distribution of N2O in the Water Column

4.3.1.  N2O Source in the Euphotic Layer (0–100 m)

To avoid potential biases caused by the in-situ O2 production and air-sea mixing processes, the AOU above 
100 m of the water column was excluded from our analysis. Biological N2O production in the euphotic zone has 
historically been less studied due to the long-held recognition that denitrification is blocked by high ambient DO 
concentration and nitrification is inhibited by light (Horrigan et al., 1981; Olson, 1981). However, active nitrifi-
cation and N2O production have recently been reported in the global sunlit ocean (Ji and Ward, 2017; Shiozaki 
et al., 2016; Wan et al., 2018), raising the necessity of revisiting the source of N2O in the euphotic zone.

Using a one-dimensional advection-diffusion model (Du et al., 2017), we computed the upward flux of N2O 
across 100 m at the SEATs station. The estimated vertical N2O flux at 100 m was 0.26 ± 0.11 μmol N2O m −2 d −1 
(range 0.20–0.41 μmol N2O m −2 d −1). By comparison, the estimated air-sea N2O flux at the same station was 
1.65 ± 1.13 μmol N2O m −2 d −1 (range 0.48–3.35 μmol N2O m −2 d −1). The difference between the upward flux 
and air-sea flux indicates that as much as 84.3% of N2O in the upper 100 m was produced locally, that is, within 
the top 100 m, assuming a steady state, which was consistent with the estimate of 70% at station ALOHA (Wilson 
et al., 2017) and 70%–75% for the tropical Atlantic Ocean (Kock et al., 2012). Although the one-dimensional 
model was not applicable in the shelf and Luzon Strait areas due to active lateral transport (Zhu et al., 2019), a 
recent investigation of N2O isotopes in the shelf and slope of the NSCS shows that a large N2O source could be 
revealed in the lower euphotic zone in the study area (Zhang et al., 2019). We thus suggest a large fraction of the 
N2O that sustains the air-sea flux results from in-situ production within the euphotic zone in the NSCS.

4.3.2.  N2O Distribution in the Subsurface and Intermediate Water (100 m to Depth of N2O Maximum)

Linear regression analysis between ΔN2O, AOU, and NO3 − is widely used to probe the source of N2O in the 
ocean. A strong positive linear relationship between ΔN2O and AOU has been extensively observed in nearly 
all ocean provinces outside the oxygen minimum zones (Cohen and Gordon,  1979; de la Paz et  al.,  2017; 
De Wilde and Helder, 1997; Freing et al., 2009; Nevison et al., 1995, 2003; Tseng et al., 2016; Walter et al., 2006; 
Yoshinari, 1976). This relationship is usually taken as an evidence of N2O production through nitrification, an 
obligately aerobic process that converts NH4 + to NO3 −. Consistent with those results, significant correlations 
were observed between ΔN2O, AOU, and NOx − in our study in the depth range between 100 m and the depth of 
the N2O concentration maximum, although with significantly different slopes in different regions (Figure S5 in 
Supporting Information S1). Likewise, the ratio ΔN2O: NOX − also varied significantly among regions (Figure S5 
in Supporting Information S1). The identical spatial patterns between ΔN2O: NOX − and ΔN2O: AOU suggests 
that the spatial variation of these ratios was controlled by similar processes.

Several hypotheses have been proposed to explain the regional and vertical differences of ΔN2O: AOU, including 
differences in N2O production processes (De Wilde and Helder, 1997; Law and Owens, 1990), the impact of 
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mixing and advection (de la Paz et al., 2017; Nevison et al., 2003), variable N2O yield during nitrification under 
different ambient DO concentrations (Capelle et al., 2018; Nevison et al., 2003) and the potential effect of temper-
ature and pressure on N2O yield (Freing et al., 2009; Walter et al., 2006). The rate of most microbial metabolisms 
increases with temperature, thus both N2O production and O2 consumption rates are temperature dependent, but 
the net effect on ΔN2O: AOU remains unclear (Nevison et al., 2003). It is suspected that the general decline in 
temperature with depth leads to the decrease of N2O production and O2 consumption rate but not for the ΔN2O: 
AOU ratio because both these rates are controlled by the aerobic organic remineralization process when the ambi-
ent DO is sufficient (Freing et al., 2009; Walter et al., 2006). To our knowledge, there is no direct experimental 
evidence quantifying the impact of pressure on the relationship between N2O production and O2 consumption to 
date, although the pressure effect has been hypothesized in explaining the reduced ΔN2O: AOU in the deep ocean 
(Butler et al., 1989). Moreover, temperature and pressure effects are hard to separate because these two factors 
covary with depth in the ocean. In our study, the slopes of both ΔN2O: AOU and ΔN2O: NOX − varied among 
sampling areas (i.e., shelf vs. SCS slope and basin vs. Luzon Strait), while the slopes did not change over depth 
and temperature within area (Figure 7; Figure S9 in Supporting Information S1), suggesting the effect of temper-
ature and pressure was not the primary determinant on the observed ΔN2O: AOU relationships in our study.

DO concentration is a fundamental control on N2O production through either nitrification or denitrification. 
During nitrification, the N2O yield increases rapidly as DO decreases at low DO concentrations, that is, from 
0.5 to 10 μmol L −1 (Frame and Casciotti, 2010; Goreau et al., 1980; Ji et al., 2018; Qin et al., 2017). Denitrifi-
cation is enhanced at low DO concentrations but the net effect of DO on N2O accumulation is complex. The DO 
threshold for net N2O production is estimated to range from 2 to 20 μmol L −1, but net consumption of N2O by 
denitrification occurs when DO drops to <2 μmol L −1 (Babbin et al., 2015; Brandes et al., 2007; Ji et al., 2018). 
Although the specific threshold appears to be site and microbial species dependent and remains uncertain, regu-
lation by DO of N2O production is most important at low DO concentration (i.e., <20 μmol L −1). Above this 
threshold, the denitrification process is inhibited, and N2O yield during nitrification is no longer sensitive to 
the change in DO. On the other hand, several lines of evidence indicate that N2O in oxygenated water could 
be produced via multiple pathways, such as nitrifier denitrification and denitrification in the particle associ-
ated micro-environment, expanding the niche of anaerobic N2O production to the oxygenated ocean (Breider 
et al., 2015; Frame et al., 2014; Ostrom et al., 2000; Popp et al., 2002; Zhang et al., 2019). In principle, the 
involvement of nitrifier denitrification and denitrification pathways would (a) elevate the apparent ΔN2O: AOU 
as these N2O production processes do not consume DO, (b) increase ΔN2O: NOX − by increasing both N2O produc-
tion and NOX − consumption, and (c) reduce ΔN2O: NOX − if net N2O consumption occurred in the anoxic core 
of the large particles. Substantial contribution by nitrifier-denitrification to N2O production has been suggested 
in the intermediate water of station ALOHA (i.e., >40%–75% of N2O at ∼300 m) (Popp et al., 2002) and the 
Northwest Pacific (i.e., >30%–55% of N2O at ∼140 m) (Breider et al., 2015) based on the finding of decreased 
isotope values (isotope minima) of N2O at these depths. By contrast, the contribution of nitrifier-denitrification 
to N2O in the intermediate water of SCS is significantly lower than those observations (i.e., >70% of N2O is 
produced through hydroxylamine oxidation in the intermediate water of SCS) (Zhang et al., 2019). Variable N2O 
production by nitrifier-denitrification might partially explain the higher ΔN2O: AOU in the intermediate water 
of the Western Pacific stations than the SCS stations. Nitrifier-denitrification is typically associated with ammo-
nia oxidizing bacteria (AOB), but AOB have rarely been detected in the water column of open ocean systems, 
raising the question of which microbes are responsible for the observed “nitrifier-denitrification” like pathway. 
On the other hand, accumulating evidence shows the marine ammonia oxidizing archaea (AOA), which produce 
N2O by a pathway that is distinct from their bacterial counterparts by incorporating NO2 − (and/or intermediates 
from NO2 −) into N2O (Kozlowski et al., 2016; Stieglmeier et al., 2014), likely dominate NH4 + oxidation and N2O 
production in the ocean (Buitenhuis et al., 2018; Freing et al., 2012; Ji et al., 2018). Moreover, a recent study 
reveals the capability of marine AOA to produce N2O under anoxic conditions (Kraft et al., 2022). However, it 
remains to be elucidated whether AOA are capable of producing N2O in the absence of DO consumption in oxic 
water (i.e., can they facilitate certain abiotic N2O formation reactions by releasing intermediates such as NO into 
the environment), and to what extent AOA could contribute to the N2O isotope minima in the water column. 
Moreover, due to the stronger vertical mixing and upwelling in the SCS (Wong et al., 2007; Zhu et al., 2019), 
a higher fraction of SCS deep-water (characterized by lower ΔN2O and higher AOU, Figure S5 in Supporting 
Information S1) would mix into the intermediate layer, which might reduce its ΔN2O: AOU.
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Counterintuitively, the ΔN2O: AOU on the shelf was significantly lower than in the basin stations in our study. 
Because the primary productivity and particle content are higher in the shelf region than in the slope and basin 
(Cai et al., 2015; Wong et al., 2007), a higher ΔN2O: AOU would be expected due to the more favorable envi-
ronment for nitrifier-denitrification in the shelf region. Potential causes of the apparent low ΔN2O: AOU in the 
shelf regions include low N2O production efficiency, high DO consumption, and N2O consumption. Compared 
to the open water stations, the shelf stations receive more terrestrial organic matter, which is characterized by 
higher carbon: nitrogen ratio than the autochthonous organics (Huang et al., 2017; Li et al., 2017). Consequently, 
lower ΔN2O: AOU might be expected due to the higher O2 requirement to provide the same amount of NH4 +. 
Likewise, the remineralization of organic matter in surface sediment might also lead to higher O2 consumption: 
NH4 + production ratio. Moreover, complete denitrification or N2O consumption in the anoxic core of marine 
aggregates, and the sediment (Klawonn et al., 2015; Stief et al., 2016; Wyman et al., 2013) could also lead to 
low ΔN2O: AOU. The potential consumption of N2O in bottom water of the shelf region is also evidenced by the 
elevated N2O isotopic signal in the NSCS (Zhang et al., 2019). Meanwhile, intensive DO uptake by the sediment 
has been reported in the coast and shelf region of the NSCS and the East China Sea (Cai et al., 2014; Zhang and 
Li, 2000), which might contribute to the low ΔN2O: AOU. Therefore, we attribute the observed low ΔN2O: AOU 
in the shelf regions to the combined effects of the higher O2 consumption: NH4 + production ratio of the terrestrial 
and sedimentary sourced organic matter than the marine autochthonous organics and N2O consumption in anoxic 
microenvironments and sediment.

Although the NSCS receives a substantial amount of NOX − from runoff (Chen et al., 2001) and atmospheric 
deposition (Kim et al., 2014), the ratio of NOx −: AOU in the shelf was comparable with the ratio in the slope and 
open waters, and was less variable than the ratio ΔN2O: AOU (Figure 7). The absence of significant regional 
difference of NOx −: AOU was likely due to the fact that these allochthonous NOX − sources were supplied directly 
to the surface ocean and were efficiently scavenged by the phytoplankton, which is consistent with the high 
NO3 − assimilation rate on the shelf of NSCS (Lee Chen, 2005; Ning et  al.,  2004). Consequently, the NOX − 
below the euphotic zone would be mainly produced by nitrification through the particulate organic matter (POM) 
remineralization. This tight link to nitrification establishes a more direct connection between NOX − produc-
tion and DO consumption than that between ΔN2O and AOU. Assuming the NH4 + accessed by nitrifiers was 
solely sourced from the POM with composition in the redfield ratio, the NO3 − production process in principle 
accounts for 23% of total DO consumption during the complete remineralization process. However, the observed 
NOX −: AOU value in our study, as well as other ocean provinces, was consistently lower than the predicted value 
(0.23) following the redfield ratio. NOX −: AOU ratio systematically lower than the theoretical value observed in 
the global ocean implies that a considerable fraction of NO3 − was removed or the NH4 + sourced from organic 
decomposition was consumed by other microorganisms rather than being oxidized by nitrifiers. In our study, the 
minimum DO concentration in the water column was higher than 60 μmol L −1, suggesting that NOx − removal 
through denitrification was not likely a main cause for the low ratio of NOX −: AOU, although NOX − removal in 
the oxic water could not be fully excluded. On the other hand, several recent studies report high NH4 + utilization 
rates by heterotrophic prokaryotes (Deng et al., 2021; Trottet et al., 2016) and chemolithotrophs (Guerrero-Feijóo 
et al., 2018; Pachiadaki et al., 2017; Zhang et al., 2020) in the global dark ocean, suggesting at least part of the 
NH4 + was consumed to produce microbial biomass rather being oxidized by nitrifiers. The average NOX −: AOU 
ratio of 0.16 in our study suggests that 70% (0.16/0.23) of NH4 + was oxidized and 30% was used for assimilation 
in the dark ocean.

4.3.3.  N2O Distribution in the Deep Water (>the Depth of N2O Maximums)

Below the N2O maximum in the slope and basin, the positive relationship between ΔN2O, AOU and NOX − 
collapsed, likely due to the lack of variation and small range in all three parameters. The lack of positive relation-
ships observed in the mesopelagic layer was previously attributed to the pressure effect at the greater depth, that 
is, the production of N2O was inhibited by high pressure in the deep water during DO consumption processes, 
leading to the deviation of the linear relationship between ΔN2O and AOU, but direct experimental evidence 
remains lacking (Butler et  al., 1989; Nevison et  al., 2003). The mixing of water masses (i.e., the deep water 
in western Subtropical North Pacific and the intermediate water of SCS), which carry distinct ΔN2O, AOU 
and NOX − signals, might also result in the observed nonlinear relationship. The negative relationship between 
ΔN2O and NOX − in the deep layer might also reflect a net consumption of N2O during the NOX − accumulation 
process over the aging of the water mass. Recently, N2O reductase functional genes (nosZ clade II) belonging to 
non-canonical denitrifiers were identified in oxygenated waters (Bertagnolli et al., 2020; Sun et al., 2017). Clade 
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II nosZ genes are often found in microbes that do not perform the complete denitrification pathway, indicating a 
potential N2O consumption pathway in the oxic water i.e., not coupled to NO3 − reduction. If N2O consumption 
occurred, it could lead to the negative ΔN2O: NOX − in the deep water. However, the activity of nosZ clade II in 
the oxic deep water has rarely been investigated and warrants further exploration.

Together, our findings demonstrate both the utility and the complexity of interpreting ΔN2O, AOU, NOX − rela-
tionships to understand the source and production of N2O in the ocean. A three-layer structure was proposed here: 
(a) in the euphotic zone, the ΔN2O: AOU and ΔN2O: NOX − relationships were masked by vigorous air-sea flux 
and biological O2 production and NOX − consumption; (b) in the mesopelagic ocean, the spatially variable ΔN2O: 
AOU and ΔN2O: NOX − could be attributed to additional N2O production processes such as nitrifier-denitrification 
and the impact of water mixing in the oxygenated open ocean. In the coastal and shelf region, the role of sedi-
ment and the heavy particle loading should be accounted for to better understand the observed ΔN2O: AOU; (c) 
the absence of strong positive relationships between ΔN2O, AOU and NOX − in the deep ocean reflects lower 
biological activity and indicates a potential role of physical mixing in masking the biological signal. However, 
the extent to which the relationship was regulated by biological N2O cycling processes remains to be addressed. 
Given that ΔN2O: AOU and ΔN2O: NOX − ratios are widely used in the parameterization of biogeochemical 
models related to N2O production and flux (Buitenhuis et al., 2018; de la Paz et al., 2017; Freing et al., 2009; 
Nevison et al., 2003), our study suggests caution in extrapolating N2O production by simply using a fixed ΔN2O: 
AOU ratio.

5.  Conclusions
Based on the data collected from 10 cruises covering four seasons in seven consecutive years, we provide robust 
evidence showing the significant seasonality of surface N2O distribution and flux in the NSCS. The NSCS overall 
is a net source of N2O despite the fact that surface water at >20% of stations was consistently undersaturated. 
Temperature and wind were the key controls of surface N2O distribution and air-sea flux in the NSCS. N2O 
distribution in the water column also demonstrates significant seasonal variability. Riverine discharge largely 
regulates N2O distribution in the coastal and shelf region, while the extent of stratification and KC intrusion into 
the NSCS and the subsequent biological responses determine the seasonality of N2O distribution in the open 
water stations (Figure 9).

Although vigorous mixing and biological O2 production preclude the application of ΔN2O: AOU analysis in 
surface waters, our 1-D mixing model suggests a large fraction of air-sea N2O might be sustained by local sources 
in the surface ocean. Below the euphotic zone, the significantly different ΔN2O, AOU, NOX − relationships 
between regions and depths suggest the complexity of N2O cycling and its distribution in the ocean. These 

Figure 9.  Summary of the key processes and controls on the seasonality of air-sea N2O flux and N2O distribution in the euphotic zone of the NSCS. (a) Warm season 
and (b) cold season. Seasonality of surface N2O concentration is regulated mainly by temperature, and the air-sea N2O flux is determined by both temperature and wind. 
In the water column, riverine discharge induces higher nutrient and N2O levels on the shelf in the summer; while the extent of stratification and KC intrusion regulate 
the vertical distribution of nutrient and N2O inventory in the basin of the NSCS.
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differences imply caution when using ΔN2O, AOU, NOX − relationships to evaluate biogeochemical processes. 
Sources of N2O in addition to nitrification, along with the impact of physical mixing, should be considered in 
interpreting the observed ΔN2O, AOU, NOX − relationships.

The importance and benefits of time-series observation have been demonstrated for CO2 measurements in the 
global ocean (Bakker et al., 2016; Dai et al., 2022). Similar efforts should be taken to better understand the natu-
ral variability of N2O in the ocean, such as resolving the interannual and intra-seasonal variability and impact of 
events (upwellings, tropical cyclones) on air-sea exchange (Li et al., 2020), and in turn, to improve our ability to 
predict the air-sea flux of N2O in a changing ocean. The present study reveals the significant seasonality of N2O 
distribution and flux in the NSCS, establishing a baseline to understand the spatial-seasonal variability of N2O 
in the NSCS and to compare with other ocean margins. Even this relatively high-resolution data set, however, 
was not sufficient to detect interannual differences in fluxes, indicating that longer and more detailed time series 
observations will be necessary to evaluate interannual trends in the coastal ocean.
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