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Abstract

The coastal upwelling has profound influence on the surrounding ecosystem by supplying the nutrient-replete
water to the euphotic zone. Nutrient biogeochemistry was investigated in coastal waters of the eastern Hainan
Island in summer 2015 and autumn 2016. From perspectives of nutrient dynamics and physical transport, the
nutrient fluxes entered the upper 50 m water depth (between the mixed layer and the euphotic zone) arisen from
the upwelling were estimated to be 2.5−5.4 mmol/(m2·d), 0.15−0.28 mmol/(m2·d), and 2.2−7.2 mmol/(m2·d) for
dissolved inorganic nitrogen (DIN), phosphate (DIP), and dissolved silicate (DSi),  respectively,  which were
around 6- to 12-fold those in the background area. The upwelled nutrients supported an additional plankton
growth of (14.70±8.95) mg/m2 for chlorophyll a (Chl a). The distributions of nitrate δ15N and δ18O above the 300 m
water depth (top of the North Pacific Intermediate Water) were different among the upwelling area, background
area in summer, and the stations in autumn, and the difference of environmental and biogeochemical conditions
between seasons should be the reason. The higher DIN/DIP concentration ratio, nitrate concentration anomaly,
and lower nitrate isotope anomaly (Δ(15, 18)) in the upper ocean in summer than in autumn indicated the
stronger nitrogen fixation and atmospheric deposition, and the following fixed nitrogen regeneration in summer.
The higher values of Chl a and nitrate δ15N and δ18O within the euphotic zone in autumn than the background
area in summer suggested the stronger nitrate assimilation in autumn. The differences in relatively strength of the
assimilation, nitrogen fixation and atmospheric deposition, and the following remineralization and nitrification
between the two seasons made the higher δ18O:δ15N and larger difference of enzymatic isotope fractionation
factors 15ε and 18ε for nitrate assimilation in summer than in autumn above the North Pacific Tropical Water.

Key words: nutrients, upwelling, nitrate δ15N and δ18O, nitrogen cycle, South China Sea

Citation:  Zhou  Nan,  Liu  Sumei,  Song  Guodong,  Zhang  Yunyan,  Wang  Lingyan,  Ning  Xiaoyan.  2022.  Responses  of  nutrient
biogeochemistry and nitrogen cycle to seasonal upwelling in coastal waters of the eastern Hainan Island. Acta Oceanologica Sinica, 41(6):
99–113, doi: 10.1007/s13131-021-1934-8

1  Introduction
The upwelling is an important physical process as it can bring

cold, nutrient-replete water to the euphotic zone to support the
growth of primary producers, which plays a significant role in the
biogeochemistry, primary production, and fisheries in the mar-
ine ecosystem (Hu and Wang, 2016; McGregor et al., 2007; Pauly
and Christensen, 1995). The Ekman transport and Ekman pump-
ing induced by wind combined with the bottom topography and
tidal mixing make the marginal seas be the hot place for up-
wellings (Lin et al., 2016; Su and Pohlmann, 2009; Wang et al.,
2013, 2015). The area of the coastal upwelling occupies only 1% of
the global oceans, but contributes more than 10% of the new pro-
duction and 20% of the fisheries in the world oceans (Chavez and
Toggweiler, 1995; Pauly and Christensen, 1995). The Chinese
marginal seas are abundant with coastal upwelling systems and
more than half of them are in the South China Sea (SCS) (Hu and
Wang, 2016).

The Hainan Island is situated in the southern part of China in

the SCS with the surface area of 3.54×104 km2 and is dominated
by the tropical maritime monsoon climate with southwesterly
monsoon in summer and northeasterly monsoon in winter.
There are dozens of small rivers in the Hainan Island empty into
the SCS with a total annual discharge of 3.1×1010 m3 (Zhang et al.,
2013), and the annual precipitation is 1 500 mm to 2 000 mm.
More than 80% of the riverine discharge and rainfall is in the wet
season (May to October) (Herbeck et al., 2020; Li et al., 2013,
2014; Liu et al., 2011; Zhang et al., 2006). The coast of the Hainan
Island with the coastline length of 1 550 km has various biologic-
al habitat types including mangroves, coral reefs, and lagoons (Li
et al., 2014). The seasonal upwelling in coastal waters of the east-
ern Hainan Island (EHI) is one of the most famous coastal up-
welling systems in the SCS and has been studied since the 1960s
(Guan and Chen, 1964). Generally, the upwelling starts in April,
develops to the peak period during June and July, dissipates in
September, and locates at the area between 18.5°N to 20°N and
west of 111.5°E, and the upward speed is in the order of 10 −5 m/s  
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(Chai et al., 2001; Deng et al., 1995; Jing et al., 2009; Su et al.,
2011b). The coastal upwelling system of the EHI varies interan-
nually because of being affected by multiple environmental
factors (e.g., East Asian summer monsoon, ENSO, rainfall, and
tide) (Jing et al., 2011; Liu et al., 2013; Wang et al., 2015).

Nutrients are the essential, and usually, the limiting elements
for the growth and reproduction of marine primary producers.
Nitrogen cycle is a hot and difficult topic in the nutrient biogeo-
chemical studies because of its multiple cycling processes and
directly coupling with other biogenic elements (e.g., C, P and Si)
through biological activities. The nitrate dual isotopes provide a
powerful tool to constrain nitrogen cycle because of the charac-
teristic δ15N and δ18O values (the computing method of δ15N (‰)
or δ18O (‰) is (Rsample/Rstandard–1)×1 000, referenced to air N2 or
the Vienna Standard Mean Ocean Water, where R is concentra-
tion ratio of 15N/14N or 18O/16O) of various nitrate sources; and
the different enzymatic isotope fractionation factor (ε, 15ε (‰)=
[(14k/15k)–1]×1 000, where 14k and 15k represent the rate con-
stants for the light and heavy N isotopes, respectively, and simil-
arly for 18ε with respect to O) among different nitrogen cycling
processes. For example, the δ15N of new fixed N introduced from
marine nitrogen fixation is approximately −1‰±1‰ (Hoering
and Ford, 1960); the ε of nitrate assimilation is obviously lower
than that of denitrification in water column (~5‰ vs. ~20‰;
Granger et al., 2004, 2008); nitrate assimilation and denitrifica-
tion in the ocean produce a 1:1 increase in the residual nitrate
δ18O and δ15N, and the coexisting nitrification would result in a
higher or lower deviation from this ratio, depending on the ini-
tial composition of sinking N (Casciotti et al., 2013; Granger and
Wankel, 2016). Besides, nitrogen sources and their relative con-
tribution can be estimated using the isotope balance model
(Bourbonnais et al., 2013; Liu et al., 2020b).

The nutrient biogeochemical studies on the upwelling sys-
tems in the western SCS are mainly focused on the Vietnamese
coast (Bombar et al., 2010; Loick et al., 2007; Voss et al., 2006). For
the upwelling system in the coastal EHI, a few studies focusing on
the nitrate biogeochemistry and nutrient distributions influ-
enced by the upwelling have been reported (Chai et al., 2001;
Han et al., 1990; Zhang et al., 2015; Chen et al., 2020), and the
main research works are related to the nutrient budgets in estu-
aries and lagoons and their nutrient transport to the ocean (Li et
al., 2013, 2014; Liu et al., 2011; Su et al., 2011a). However, the sea-
sonal nutrient dynamics, especially, the sources and transfer pro-
cesses of nitrogen in coastal waters of the EHI under the influ-
ence of the seasonal upwelling are still seldom.

As coastal area of the EHI is affected by the strong upwelling
in summer, the seasonal nutrient dynamics and nitrogen cycling
processes are complicated. Two field observations were carried
out in coastal waters of the EHI during the peak and end period
of the upwelling in summer 2015 and autumn 2016. With the
dataset of hydrological parameters, nutrient concentrations, ni-
trate nitrogen and oxygen isotopes, chlorophyll a (Chl a), and
dissolved oxygen (DO), we aim to elaborate the importance of
nutrients supplied by the upwelling for supporting the primary
production within the euphotic zone, and the nitrogen sources as
well as the main nitrogen cycling processes in the coastal EHI un-
der influence of the seasonal upwelling in this study.

2  Materials and methods

2.1  Sampling
Two field cruises were conducted in coastal area of the EHI

on July 1 to 10, 2015 (summer) and September 18 to 20, 2016 (au-

tumn). There were 31 hydrological stations in the summer invest-
igation and 19 of them were collected the biogeochemical
samples; and during the autumn investigation, the biogeochem-
ical samples were collected at all the 19 hydrological stations
(Fig. 1). A conductivity-temperature-depth (CTD) rosette system
(Seabird 911 plus) attached with 5 L Niskin bottles was used to
collect discrete water samples from surface to near bottom, and
the sampling layers was decided based on in situ ecological en-
vironment parameters, including temperature, salinity, fluores-
cence, and DO. When the CTD rosette was settled down on the
deck from the water column, silicone tubes were connected to
the Niskin bottles; then water samples were collected using glass
bottles for DO determination and Nalgene high-density poly-
ethylene (HDPE) bottles for nutrients measurement. Before fil-
tration, part of water sample was stored in Axygen polypropylene
tubes for ammonium analysis on board. Then, the rest was
filtered through 0.4 μm Whatman Nuclepore polycarbonate
membrane (precleaned with 1% HCl and rinsed to neutral with
Milli-Q water) using 500 mL Nalgene filtration apparatus. The fil-
ter was folded and preserved in aluminum foil and stored at
–20°C until being measured the Chl a back to laboratory. After
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Fig. 1.   The study area and sampling stations in coastal waters of
the eastern Hainan Island in summer 2015 (rhombuses) and au-
tumn 2016 (circles). The biogeochemical sampling stations were
colored as blue, and the black ones were only for hydrological
sampling.  The  directions  of  monsoon  (southwest  monsoon,
SWM; northeast monsoon, NEM) and Guangdong Coastal Cur-
rent (GCC) during summer and winter were indicated as red and
blue arrows, respectively. Four sections in summer and two sec-
tions  in  autumn  were  marked  from  northeast  to  southwest
(S1−S4,  A1 and A2 colored as red).  SCS is  the abbreviation of
South China Sea;  ZJB,  Zhanjiang Bay;  LP,  Leizhou Peninsula;
QZS, Qiongzhou Strait; LSB, Lingshui Bay; YLB, Yulin Bay.
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being rinsed three times by the filtrate, two 125 mL Nalgene
HDPE bottles were filled with 100 mL filtrate subsamples, the one
for analyzing the nitrate nitrogen and oxygen isotopes was added
1 mL 2.5 mmol/L sulfamic acid in 25% HCl to remove nitrite
(Weigand et al., 2016) and stored at room temperature; and an-
other one was stored at −20°C for nutrient species analyses. We
precleaned the HDPE bottles and filtration apparatuses by soak-
ing them into 10% HCl for three days and rinsing to neutral with
deionized water.

2.2  Measurements of nutrients, DO, and Chl a
On board, ammonium was analyzed using the fluorometric

ortho-phthaldialdehyde method and DO was measured using a
DO benchtop meter (JENCO 9173, America) (Kérouel and
Aminot, 1997). Nitrate, nitrite, DIP, and DSi were quantified us-
ing a QuAAtro autoanalyzer (SEAL Analytical, Germany) back to
laboratory. The limitations of detection were 0.02 μmol/L, 0.02
μmol/L, 0.01 μmol/L, 0.01 μmol/L, and 0.03 μmol/L for ammoni-
um, nitrate, nitrite, DIP, and DSi, respectively, and the precision
was better than 3%. The total dissolved nitrogen (TDN) and total
dissolved phosphorus (TDP) were analyzed using basic-per-
sulfate oxidation (a solution of K2S2O8 and H3BO3 in NaOH) in an
autoclave at 120°C for 30 min to decompose to nitrate and phos-
phate (Liu et al., 2017). The concentration of dissolved organic
nitrogen (DON) and dissolved organic phosphorus (DOP) were
calculated from the differences between TDN and DIN (the sum
of nitrate, nitrite, and ammonium) and between TDP and DIP.
The filter samples for Chl a measurement were analyzed by acet-
one extraction fluorometric determination method (Parsons et
al., 1984) with the Chl a standard from spinach (Sigma-Aldrich
C5753).

2.3  Nitrate δ15N and δ18O analyses
The water samples for nitrate δ15N and δ18O measurement

were adjusted the pH to 6−8 by adding 2 mol/L NaOH and ana-
lyzed using the denitrifier method (Sigman et al., 2001; Casciotti
et al., 2002). In this method, nitrate is converted to N2O by the de-
nitrifier: Pseudomonas aureofaciens which lacks the N2O re-
ductase. Following, the N2O was purified and analyzed for the
isotopic ratios, R, using a purge, cryogenic trap and gas chroma-
tographic separation continuous flow system coupled to an iso-
tope ratio mass spectrometer (IRMS; IsoPrime100, Elementar,
Germany). The results were calibrated by the isotope standards:
IAEA-N3, USGS34, and USGS35. The δ15N and δ18O values of
these standards are 4.7‰ and 25.6‰, –1.8‰ and –27.9‰, 2.7‰
and 57.5‰, respectively. An additional lab mixed standard which
was made by USGS32 (1 mL, 0.05 mol/L) and USGS34 (10 mL,
0.05 mol/L) was added to calibrate the results to cover all pos-
sible δ15N values of our water samples. The δ15N value of the lab
mixed standard was 14.3‰ that was determined by an elemental
analysis IRMS (Vario Micro Cube, Elementar, Germany). The
analytical precision was better than 0.2‰ and 0.5‰ for δ15N and
δ18O, respectively.

The isotopic effect of algal nitrate assimilation could be de-
scribed by the Rayleigh model and depended on whether the ni-
trate was continuous supplied to the system or not, Rayleigh
model was divided to the open system model and closed system
model (Liu et al., 2017; Mariotti et al., 1981).

Open system : δN(δO) = δN(δO)f=+
ε(ε)×(−f), (1)

Closed system : δN(δO) = δN(δO)f= −ε(ε)ln(f), (2)

where f was the fraction of unassimilated nitrate in the water
column, and 15ε (18ε) was the isotope fractionation factor of nitro-
gen (oxygen) for nitrate assimilation.

2.4  Satellite data
The satellite images of surface seawater potential temperat-

ure (SST), surface seawater salinity (SSS), and surface seawater
velocity (SSV) were provided by the Copernicus Marine Environ-
ment Monitoring Service (http://marine.copernicus.eu/). The
reanalysis satellite datasets are the level-4 with spatial and tem-
poral resolutions of (1/12)° and monthly averaged.

2.5  Statistical analysis
Statistical analyses were conducted using the SPSS 22 soft-

ware. The Pearson correlation coefficient was used to determine
the correlation between two variables when p<0.05. The inde-
pendent t-test was employed to compare the difference between
two variables and the difference is significant when p<0.05.

3  Results

3.1  Characteristics of the upwelling
Indicated from the satellite datasets of SST, SSS, and SSV in

the northwestern SCS, performance of the coastal upwelling in
the EHI matched evolution of the East Asia monsoon very well
(Figs S1 and S2). The sampling of summer 2015 was in the peak
period of the upwelling and the sampling period of autumn 2016
was just after the upwelling was dissipated. The difference in dis-
tribution of hydrological parameters between summer and au-
tumn was consistent with characteristic driven by this seasonal
upwelling (Fig. 2a). In summer, the upwelling brought the cold,
salty, and dense deep water to surface and shallowed the mixed
layer depth (MLD, which was defined as the water depth that its
temperature was 0.5°C lower than that of the surface water; Kara
et al., 2000), which made the surface distribution of hydrological
parameters display obvious gradient. The nearshore stations had
colder and denser surface water as well as shallower MLD than
those of the offshore stations, where the differences could reach
more than 3°C, 1 kg/m3, and 20 m, respectively. The salinity of
nearshore stations was high in Sections S1 and S2, however, there
was a water tongue with slightly lower salinity (around 33.6 to
33.8) from the southwest toward the northeast covered the
nearshore stations of Sections S3 and S4, and the middle area of
Sections S1 and S2. In contrast, the surface hydrological charac-
teristics were rather constant in autumn.

The temperature, salinity, and density presented an uplifted
trend from the offshore toward the nearshore stations in the up-
per ~150 m in all sections in summer, but the isopleths of hydro-
logical parameters were parallel to the water depth in autumn
(Fig. 2b, to reduce the figures, Sections S1 and A1 were shown as
the representatives). The temperature-salinity (T-S) diagram was
overall in concordance with each other for both seasons and
presented the classic “reverse S” shape of the SCS (Fig. 3a), which
suggested that though the survey area was not exactly coincident
with each other, the water masses were the same. The high salin-
ity water (around 34.6 to 34.7) with the potential density anom-
aly (σ0, kg/m3) from around 24 to 25 indicated the North Pacific
Tropical Water (NPTW, around 100–150 m), and the low salinity
water (~34.4) with the σ0 from around 26 to 27 indicated the
North Pacific Intermediate Water (NPIW, around 300–700 m)
(Liu et al., 1996; Tian et al., 2009). When σ0 was lower than 25, the
water depth presented more related to density in autumn, but it
was rather scattered in summer (shallow samples could appear
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in high-density area), which was resulted from the nearshore up-
welling brought the cold, salty, and dense water to the shallow
water depth from below in summer (Fig. 3a). The sampling sta-
tions in summer 2015 were divided into nearshore upwelling sta-
tions (including Stations SD1 to SD4 in Section S4, Stations SD13
to SD16 in Section S3, Stations SD17 to SD20 in Section S2, and
Stations S33 to S35 in Section S1) and offshore stations to illus-
trate how far the coastal upwelling can extend and how deep it
could affect (Fig. 3b). The depth profiles for temperature and
density of offshore stations in summer were consistent with the
sampling stations in autumn; however, the upwelling stations in
summer had obviously lower temperature and higher density
above 125 m. Along with the sectional distribution of the hydro-
logical parameters, the nearshore upwelling in summer exten-
ded to at least 50 km off the coastline for Sections S2 to S4, and
85 km for Section S1; and it could affect at least 125 m water
depth.

3.2  Nutrients, Chl a, and DO

3.2.1  Distribution
The surface dissolved inorganic nutrients were very low and

even below the detection limit (nitrate, nitrite, and DIP) in some
regions except for DSi. Ammonium was the main specie of DIN
in surface water and the average percentage was 66%±21% in
summer and 76%±11% in autumn. The dissolved organic nutri-
ents dominated the total dissolved nutrients at the surface and
the percentages of DON and DOP in TDN and TDP were both lar-
ger than 90% in two seasons. There were relatively high concen-
trations of DIN, DIP, DON, DOP, Chl a, and DO in coastal up-
welling regions of the EHI in summer (Fig. 4). The DSi was high-
er in the water tongue with slightly lower salinity. In contrast, the
surface distribution of biogeochemical parameters was relatively
constant in autumn.

The sectional distribution of biogeochemical parameters
from offshore toward the nearshore stations in summer and au-
tumn were similar to those of hydrological parameters, which the
isopleth presented a tilted-up trend in summer because of the
nearshore upwelling, and were parallel with the water depth in
autumn (Fig. 5a, to reduce the figures, Sections S1 and A1 were
shown as the representatives). Resulted from that the nearshore
upwelling supplied the nutrient-replete deep water to the shal-
lower water depth, the DIN, DIP, and DSi of nearshore upwelling
stations had higher concentrations in the upper 125 m than those
of offshore stations in summer and the stations in autumn (Fig.
5b), even within the nutricline (the water depth that had the
biggest increase of nutrient gradient). The depth profiles for DIN,
DIP, and DSi of offshore stations in summer and stations in au-
tumn were nearly consistent with each other, which were very
low within the nutricline; below the nutricline, concentrations of
DIN and DIP increased sharply down to about 500 m, then the
increase trend became mildly and were stable at 38 μmol/L to 40
μmol/L and 2.6 μmol/L to 2.9 μmol/L, respectively, below 1 500 m;
DSi increased constantly down to about 1 000 m, and the concen-
tration exceeded 150 μmol/L at 2 400 m. DO decreased sharply
from the surface to about 500 m, corresponding to the range of
water depth for DIN and DIP sharply increased. Then, DO
presented the minimum values between around 700 m and
1 000 m at 2.7 mg/L to 3.2 mg/L and increased slightly down-
ward. Nitrite presented a subsurface maximum value in both sea-
sons, which reached 1 μmol/L at the nearshore upwelling sta-
tions in summer. The depth of nitrite subsurface maximum val-
ues was in concordance with the Chl a maximum layer (DCM)
for offshore stations in summer and stations in autumn, which
was between around 50 m to 100 m. Chl a of nearshore up-
welling region in the upper 125 m was higher than that of off-
shore stations in summer (p=0.000, n=41 and n=63 for upwelling
and offshore stations, respectively) and stations in autumn
(p=0.005, n=41 and n=95 for upwelling stations in summer and
stations in autumn, respectively) but scattered. For the offshore
stations in summer and stations in autumn, Chl a and nitrite in
the upper 125 m were significantly higher in autumn (p=0.002
and p=0.01 for Chl a and nitrite; n=63 and n=95 for summer and
autumn).

3.2.2  Nutrient ratios
The slopes of the regression line of DIN to DIP for samples in

autumn and offshore stations in summer (Fig. 6) were similar
and were consistent with the Redfield ratio (the regression equa-
tions were y=15.5x+0.22, r=0.996 and y=15.7x+0.53, r=0.997, re-
spectively). The relationship between DSi and DIN was linear for
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Fig. 2.     Surface distribution of temperature, salinity, potential
density anomaly (σ0), and the mixed layer depth (MLD) in coastal
waters of the eastern Hainan Island in summer and autumn (a);
200 m water depth sectional distribution of temperature, salinity,
and σ0 in Section S1 in summer and Section A1 in autumn (b).
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samples above the salinity maximum layer (i.e., NPTW) (k=0.90,
r=0.966 for stations in autumn; k=0.81, r=0.971 for offshore sta-
tions in summer; k=0.93, r=0.974 for upwelling region in summer,
respectively), and the slope of DIN to DIP was higher than that of
samples below the NPTW. The slope of DIN to DIP for samples
below the NPTW in autumn was similar to that in offshore sta-
tions in summer (k=14.0, r=0.994 and k=14.2, r=0.998). However,
the slope was significantly higher for samples above the NPTW in
summer than those in autumn (k=19.3, r=0.995 for offshore sta-
tions in summer; k=19.4, r=0.995 for upwelling region in summer;
k=17.3, r=0.991 for stations in autumn, respectively).

3.3  Dual-isotopic composition of nitrate
Depth profiles of nitrate δ15N and δ18O were generally similar

between summer and autumn (Fig. 7a). The δ15N presented a rel-
atively high value of 6.0‰±0.1‰ at 500 m that was the water
depth of the core of the NPIW in the SCS (You et al., 2005). Down-

ward, the values of δ15N decreased slowly and were stable below
1 500 m at 5.5‰; upward, δ15N decreased more sharply to their
minimum at 100 m water depth with the lowest values of 4.0‰
and 4.6‰ for summer and autumn, respectively; and the values
between 100 m and 300 m was slightly lower in summer than that
in autumn (p=0.006). Above 100 m, δ15N increased severely to the
maximum value of 12.0‰ for both seasons, however the overall
values were significantly higher in autumn than those in summer
(p=0.006; average values were 5.2‰±0.7‰, 6.8‰±2.5‰, and
7.9‰±2.2‰ for upwelling region, offshore stations in summer,
and stations in autumn, respectively). The distribution trend of
δ18O below 500 m coincided with that of δ15N and the value was
2.3‰±0.2‰ below 1 500 m. The values of δ15N and δ18O below 1 500 m
in coastal waters of the EHI in summer and autumn were consist-
ent with those in the world deep oceans (Sigman et al., 2009;
Lehmann et al., 2018). However, δ18O was relatively constant
from 500 m to 100 m, which did not show a decreased trend and
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Fig. 3.   The temperature–salinity diagram showing isopycnals in coastal waters of the eastern Hainan Island in summer and autumn
(a); the color indicated the water depth. The inside figures with smaller ranges of potential temperature, salinity, and water depth
(0–150 m) show the details. Depth profiles for temperature and potential density anomaly (σ0) (b). Dark blue circles were the samples
of autumn. Rhombuses were the samples of summer, and green indicated the stations in the nearshore upwelling region and red
stood for the offshore background stations. The inside figures were the same as their outside figures only with the water depth above
200 m to show the details. NPTW is the abbreviation of the North Pacific Tropical Water; NPIW, the North Pacific Intermediate Water.
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there were no obviously minimum values at 100 m water depth
as the δ15N did. Above 100 m, similar to δ15N, the values of δ18O
increased sharply, but the increased extent was bigger than that
of δ15N; and also, the values of δ18O in upwelling region were sig-
nificantly lower than those in the summer offshore stations and
stations in autumn (p<0.02; the average values were 3.7‰±1.4‰,
6.5‰±4.0‰, and 6.3‰±2.2‰ for upwelling region, summer off-
shore stations, and stations in autumn, respectively).

4  Discussion

4.1  The vertical supply of nutrients caused by upwelling
To comprehensively assess the importance of nutrients sup-

plied by the coastal upwelling to the upper ocean for supporting
the growth of plankton and primary production in coastal ecosys-
tem of the EHI, we estimated ranges of the upwelled nutrient
amounts from the aspects of nutrient dynamics and physical
transport (Lips et al., 2009; Bombar et al., 2010; Su et al., 2011b).

4.1.1  Estimation from the nutrient dynamics
The amounts of nutrients supplied by upwelling could be

overall estimated from the difference of the nutrient loads with
and without the upwelling (Lips et al., 2009). The isopleths of hy-
drological and biogeochemical parameters along sections in
September (just after the peak period of the upwelling; Figs S1
and S2), compared with those in July, were overall parallel to the
water depth (Figs 2b and 5a). There were no significant differ-
ences in these parameters above 125 m (the upwelling influen-
cing depth in summer) between offshore and nearshore stations
(except for a weak difference in ammonium in Section A2

(p=0.047); Table S1), which strongly suggested that when there
was no influence of the upwelling, the hydrological and biogeo-
chemical conditions in the nearshore region in coastal waters of
the EHI were similar to those in the offshore stations. Thus, we
used the hydrological and biogeochemical parameters of off-
shore stations above 125 m in summer as the background para-
meters for nearshore stations, and the differences of these para-
meters between offshore (background) and nearshore stations in
summer should be attributed to the effect of the upwelling.
However, because the water depth became shallow toward the
shore and the shape of water column along sections was irregu-
lar (Figs 2b and 5a), it was difficult to get the background condi-
tions of those irregular sections from the offshore background
stations. So, we took water depth of the shallowest station (S35,
50 m). We sampled in the upwelling region in summer to assess
the nutrients supplied by upwelling to the upper ocean. This wa-
ter depth is deeper than the MLD and shallower than the euphot-
ic zone in the study area (Zhou, 2020); therefore, the upwelled
nutrients within this water depth would be significant for nearby
coastal ecosystem. Besides upwelling, the nearshore area could
be affected by the river discharge, especially in the wet season.
The Wanquan River is the largest river in the EHI, and reportedly,
the low salinity (S<33) and high nutrient (e.g., DIN>1 μmol/L,
DIP>0.1 μmol/L, and DSi>5 μmol/L, respectively) diluted water
was limited within ~20 km off the estuary during July and
September, and even within ~10 km for the smaller Wenchang
River and Wenjiao River (Li et al., 2014). Indicated from our ob-
servation in September, the Wanquan River diluted water could
not affect the coastal area we investigated (Figs 2a and 4). This
finding corresponds with the study in similar region by Su et al.
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Fig. 4.   Surface distribution of nutrients, Chl a, and DO concentrations in coastal waters of the eastern Hainan Island in summer and
autumn. Concentration is below the detection limit in the blank area of DIP. We did not get the data of DO in the southern three
sections in summer. MChl a: Chl a concentration at the depth of the Chl a maximum layer.
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(2011b) which reported that freshwaters from Wanquan River,
Wenchang River, and Wenjiao River were confined to the coastal
area with less than 20–30 m deep and estuarine water did not
have a significant impact on upwelling strength on shelf of the
EHI. Furthermore, considering that the average discharge and
precipitation in the Wanquan River estuary are usually higher in
September than in July (Li et al., 2013) and there is no river larger
than the Wanquan River in the nearshore area of the three south-
ern sections (i.e., S2 to S4), the coastal area of the investigation in
July was unlikely to be affected by the river discharge either. The
shallow water tongue (<25 m) from the southwest toward the
northeast with slightly lower salinity (around 33.6–33.8) and
higher DSi (around 2.4–3.8 μmol/L) than the surrounding water
observed in July extended quite far off the shore (>100 km), and
its DIN (<0.1 μmol/L) and DIP (<0.02 μmol/L) were rather low
(Figs 2a and 4), which probably did not result from the river dis-
charge in the EHI. Indicated from the images of SSS and SSV, the
water tongue was probably originated from other riverine input
in the western and northwestern SCS, such as the Beibu Gulf
(Figs S1b and S2a). Though decomposition of organic carbon

from these areas might provide nutrients (Huang et al., 2017), the
low DIN and DIP in the water tongue implied that the consump-
tion might be more pronounced and the contribution from these
long-range transports in the study area should be limited.

The water depth weighted inorganic nutrient and Chl a con-
centrations above 50 m of upwelling stations were significantly
higher than those of the background stations and the stations in
autumn (Table 1). The difference of DSi between the upwelling
and background stations was rather small compared with that of
DIN and DIP, which might be due to the dominant fast-growing
diatoms in the coastal upwelling regions during summer (Wu et
al., 2014; Zhang et al., 2015) consumed DSi rapidly and the rate of
the remineralization of Si-rich sinking particles was slow (Han et
al., 2012). The bigger standard deviation (SD) of the inorganic
nutrients and Chl a in the upwelling area was caused by the obvi-
ous onshore gradients (Fig. 5a). The relatively constant concen-
trations of DON and DOP among upwelling, the background sta-
tions, and the stations in autumn implied the biologically recal-
citrant nature of dissolved organic matter (Knapp et al., 2005). By
subtracting the background values from the nutrient concentra-
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Fig. 5.   The sectional distribution of biogeochemical parameters in the upper 200 m in Sections S1 in summer and A1 in autumn (a);
depth profiles of biogeochemical parameters (b). The shapes and colors distinguished the samples as same as those in Fig. 3b. The
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  Zhou Nan et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 6, P. 99–113 105



tions of upwelling stations, the increased nutrient concentra-
tions caused by the seasonal upwelling in coastal area of the EHI
were (75.1±82.6) mmol/m2, (4.47±4.63) mmol/m2, and (66.0±
67.1) mmol/m2 for DIN, DIP, and DSi, respectively, which sup-
ported the additional growth of plankton for (14.7±8.95) mg/m2

of Chl a in the upper 50 m. The DIN/DIP and DSi/DIN of the av-
erage increased nutrient concentrations caused by the upwelling
were 16.8 and 0.9. Indicated from the SST, SSS, and SSV in 2015
(Figs S1 and S2a), the upwelling in coastal waters of the EHI was
strongest during May to July, and the upwelling took approxim-
ate one month (April) to get its peak status (similar to the reports
in Su and Pohlmann (2009) and Su et al. (2011b)). We took the in-
creased nutrient concentrations represented the biogeochemical
conditions during the peak period of the upwelling, then the
fluxes of nutrients supplied by the coastal upwelling were
(2.5±2.7) mmol/(m2·d), (0.15±0.15) mmol/(m2·d), and (2.2±2.2)
mmol/(m2·d) for DIN, DIP, and DSi, respectively. Considering of
the higher Chl a in nearshore stations than the background value
and the nutrient consumption by planktons, the increased nutri-
ent concentrations caused by the upwelling might be higher, es-
pecially when the upwelling just achieved its peak status, so the
nutrient fluxes estimated by this way should be the lower limit.

4.1.2  Estimation from the physical transport
The vertical velocity of the upwelling at base of the mixed lay-

er could be roughly estimated using the method suggested in Su
et al. (2011b): the thickness of the mixed layer in the stations
closest to the shore of each section was averaged 4 m and that in
the outermost offshore stations of each section was averaged
29 m, then the mixed layer was uplifted 25 m by the coastal up-
welling in April. Then, the overall vertical velocity of the up-
welling at base of the mixed layer was simply estimated to be
0.83 m/d (25 m divided by 30 d, ca. 1×10–5 m/s). The upwelling in
the ocean typically has the upward speed of 10–6 m/s to 10–4 m/s
(Hu and Wang, 2016). The speed would exceed 4×10–4 m/s in the
ocean near Peru where has one of the strongest upwelling sys-
tem in the world (Albert et al., 2010; Wang et al., 2013). While for
coastal waters of the northwestern SCS, the upward speed of up-
welling was relatively lower, such as ranged from 1.6×10–5 m/s to
2.5×10–5 m/s in the 40 m to 100 m water depth of the southeast-
ern Vietnamese coast (Bombar et al., 2010), and 0.7×10–5 m/s to
4.5 × 10–5 m/s within the tens of meters water depth of the coastal
water of EHI (Deng et al., 1995; Guo et al., 1998; Han et al., 1990;
Jing et al., 2009; Su et al., 2011b). Our result, though relatively
lower, was within the reported results. The outermost stations of
the four sections that affected by the upwelling were averaged
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Fig. 6.   Relationships between DIN and DIP as well as DSi and DIN. The shapes and colors distinguished the samples as same as those
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about 60 km away from the shore and the length of the coastline
in our study area was about 270 km, then the water flux entered the
mixed layer driven by upwelling was 6.75×109 m3/d (~0.08×106 m3/s),
which was slightly higher than that estimated by Su et al. (2011b)
in summer 2007 and 2008. A decade (2000–2009) average total
water flux uplifted by the upwelling in coastal area of the EHI es-
timated by Wang et al. (2013) was 0.21×106 m3/s and based on

our result, only ~37% of it entered the mixed layer. According to
this result, the upwelling would uplift ~6.1×1011 m3 water entered
the mixed layer from below during its peak period (May to July),
which was approximate 10 times bigger than the sum of the an-
nual total riverine discharge in the Hainan Island into the SCS
(ca. 3.1×1010 m3, Zhang et al., 2013) and the annual rainfall in the
study area (~3.2×1010 m3, based on the annual rainfall of no more
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Fig. 7.   Depth profiles for dual-isotopic composition of nitrate (a), Δ(15, 18) and nitrate concentration anomaly (Nʹ) (b).

Table 1.   Water depth weighted nutrient and Chl a concentrations above 50 m of the upwelling region and its background values, and
of stations in autumn in coastal area of the eastern Hainan Island

DIN/(μmol·L−1) DIP/(μmol·L−1) DSi/(μmol·L−1) Chl a/(μg·L−1) DON/(μmol·L−1) DOP/(μmol·L−1)

Upwelling average 1.59 0.10 3.88 0.39 5.69 0.13

SD 1.65 0.09 1.23 0.18 0.28 0.02

Background average 0.08 0.01 2.56 0.09 5.67 0.11

SD 0.02 0.01 0.54 0.03 0.25 0.02

Autumn average 0.16 0.01 2.35 0.11 5.62 0.19

SD 0.12 0.01 0.33 0.04 0.54 0.01
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than 2 000 mm and the study area of 60×270 km2; Herbeck et al.,
2020; Li et al., 2013, 2014; Liu et al., 2011; Zhang et al., 2006).

The nutrients supplied by upwelling could also be evaluated
from the aspect of the upward physical transport (Bombar et al.,
2010). Fupwelling=v×Cnutrient, where v was the vertical velocity of the
upwelling and Cnutrient was the nutrient concentrations. We took
0.83 m/d (ca. 1×10–5 m/s) as the v in our calculation and the
fluxes of nutrients supplied by the upwelling to the upper 50 m
would be (4.18±3.24) mmol/(m2·d), (0.23±0.16) mmol/(m2·d),
(5.59±2.67) mmol/(m2·d), (4.58±0.60) mmol/(m2·d), and
(0.13±0.05) mmol/(m2·d) for DIN, DIP, DSi, DON, and DOP, re-
spectively. The fluxes of DIN and DIP calculated by this way were
slightly higher than those entered the mixed layer estimated by
Luo et al. (2018). The upwelled DIN/DIP and DSi/DIN (18 and
1.3) were slightly higher than those estimated from the nutrient
dynamics, but also did not distinguish from the Redfield ratios.
Furthermore, the vertical inorganic nutrient fluxes of back-
ground area (the offshore stations) could be estimated by consid-
ering the turbulent diffusion, which was calculated by combin-
ing the turbulent diffusion and vertical gradient of the nutrient
concentration (Li et al., 2021) using the following: Fdiffusion=–Kz×
(∂Cnutrient/∂z), where Kz was the turbulent diffusion coefficient
and the negative sign represented that direction of the diffusion
was opposite to the concentration gradient direction; ∂Cnutrient/∂z
was the gradient of nutrient concentrations, which was determ-
ined from differences of nutrient concentration and water depth.
Kz was reported to be 1×10–4 m2/s in the 30 m to 60 m water depth
of the Vietnamese coast (Bombar et al., 2010) and in coastal wa-
ters of the EHI (Guo et al., 1998). Thus, the vertical nutrient fluxes
of background area were (1.05±0.75) mmol/(m2·d), (0.05±0.03)
mmol/(m2·d), and (0.68±0.43) mmol/(m2·d) for DIN, DIP, and
DSi, respectively. The inorganic nutrient fluxes supplied by the
upwelling were several times higher than those by turbulent dif-
fusion in the background area. It should be noted that the nutri-
ent fluxes supplied by turbulent diffusion in the upwelling area,
((2.26±0.86) mmol/(m2·d), (0.10±0.04) mmol/(m2·d), and
(2.25±0.62) mmol/(m2·d) for DIN, DIP, and DSi, respectively)
were also obviously higher than those in the background area.
Considering that there were processes of nutrient addition and
consumption (e.g., mineralization and assimilation) both in
areas of upwelling and background, the high nutrient fluxes sup-
plied by turbulent diffusion in the upwelling area should be at-
tributed to the nearshore upwelling enhancing the nutrient con-
centration gradient of the upper ocean. Upwelling not only
brought the nutrient-replete water to the upper ocean directly,
but also further promoted the vertical nutrient fluxes of turbu-
lent diffusion by enhancing the nutrient concentration gradient.
Then, the total vertical nutrient fluxes in the upwelling area were
around 6- to 12- fold those in the background area, which re-
flects the significance of upwellings to nearby coastal ecosystems.

Based on different approaches, the average nutrients entered
the upper 50 m water depth in the coastal EHI arisen from the
upwelling were estimated at the ranges of 2.5 mmol/(m2·d) to 5.4
mmol/(m2·d), 0.15 mmol/(m2·d) to 0.28 mmol/(m2·d), and 2.2
mmol/(m2·d) to 7.2 mmol/(m2·d) for DIN, DIP, and DSi, respect-
ively. The upwelling nutrient fluxes were at least two orders of
magnitude higher than the annual atmospheric nutrients input
in the SCS (Wu et al., 2018; Chen et al., 2001). The average up-
welled nutrient amounts during its peak period (May to July)
were 5.8×109 mol for DIN, 3.1×108 mol for DIP, 6.8×109 mol for
DSi, 6.7×109 mol for DON, and 1.8×108 mol for DOP. The inor-
ganic nutrients were about 10 times higher than the annual nutri-
ent fluxes transported from land to the coastal EHI estimated by

Su et al. (2011a); and DIN and DSi were 10 times and 4 times,
DIP, DON, and DOP were about 25 times higher than those of the
total annual discharges from the Wenchang River estuary,
Wenjiao River estuary, Wanquan River estuary, and Xiaohai La-
goon and Laoye Lagoon to the coastal EHI (Li et al., 2013, 2014;
Liu et al., 2011). As nitrogen was the primary limited factor in up-
per ocean of the study area (the obviously low N/P and high Si/N
above the DCM compared with those below), based on the Red-
field ratio, the upwelled DIN could support 16.6 mmol/(m2·d) to
35.8 mmol/(m2·d) of carbon fixation. The primary production
around our study area ranged from 26.4 mmol/(m2·d) to 58.4
mmol/(m2·d) (in terms of C) (Ning et al., 2004; Song et al., 2012;
Zhang et al., 2015), which implied that, averagely, the carbon fix-
ation supported by the upwelling in summer 2015 was about 62%
of the primary production in the study area.

4.2  Nitrogen cycling constrained by nitrate δ15N and δ18O
The nitrogen fixation, remineralization, nitrification, and as-

similation are usually the most important nitrogen cycling pro-
cesses in oxygen-rich water. The nitrate concentration and δ15N
synchronized decreased upward between 500 m and 100 m of the
coastal water of EHI (Figs 5b and 7a). This similar trend was
widely observed in the tropical and subtropical open oceans and
was mainly attributed to the nitrogen fixation and its following
remineralization and nitrification bringing 15N depleted nitrogen
sources to the upper ocean (Bourbonnais et al., 2009; Casciotti et
al., 2008; Lehmann et al., 2018). While for the marginal seas, in-
put from atmospheric deposition might be another important
source of light nitrogen (Liu et al., 2017; Umezawa et al., 2014).
For the SCS, the reported annual reactive nitrogen input from at-
mospheric deposition (around 9–50 mmol/(m2·a); Kim et al.,
2014; Yang et al., 2014) was comparable with the measured rate
of nitrogen fixation (around 17–50 mmol/(m2·a); Bombar et al.,
2010; Chen et al., 2014; Voss et al., 2006; Zhang et al., 2015). Ni-
trogen fixation induces the δ15N value of (–1‰±1‰) (Hoering
and Ford, 1960; Minagawa and Wada, 1986) and atmospheric de-
position led to slightly lower δ15N values in the SCS (averagely,
–2.7‰ for nitrate and –1.7‰ for ammonium; Jia and Chen, 2010;
Yang et al., 2014). Both of them were significantly lower than the
average δ15N in the world oceans (4.7‰, Altabet, 2006). However,
the δ18O in atmospheric deposition ranged from 59‰ to 79‰
(Yang et al., 2014), which was extremely high compared with the
δ18O in the world oceans, whereas the δ18O introduced by nitrific-
ation was similar to or slightly higher (around 1.1‰−1.3‰) than
its ambient water (Buchwald et al., 2012; Casciotti et al., 2008;
Marconi et al., 2019; Sigman et al., 2009). Though the δ18O was as
high as nearly 15‰ above 100 m water depth, the concomitant of
high δ15N implied that algal nitrate assimilation was the reason
causing the high δ18O (see below). Combined with the low DIN
concentration and DIN/DIP within the mixed layer (Figs 5b and
6), the reactive nitrogen from atmospheric deposition should be
assimilated rapidly. Nitrogen fixation (and atmospheric depos-
ition) and the following degradation of N-rich organic matter
would result in higher DIN/DIP and lower DSi/DIN above the
NPTW (Wong et al., 2007), thus, the higher slope of DIN to DIP
and lower of DSi to DIN above the NPTW in summer than that in
autumn (Fig. 6) probably resulted from the stronger nitrogen fix-
ation (Chen et al., 2008) and atmospheric deposition in summer
than autumn in the SCS (the high slope of DSi to DIN in up-
welling region in summer was resulted from the southwestern
high DSi and low salinity water tongue). Together with the high-
er biological activities (indicated from the Chl a and nitrite, Fig.
5b and Section 3.2.1) in the upper ocean in autumn than back-
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ground stations in summer (Shen et al., 2008; Cai et al., 2015; Li et
al., 2018) resulted in the higher δ15N values in autumn than sum-
mer above 300 m (Fig. 7a). The δ15N and δ18O of nearshore sta-
tions in summer were significantly lower than those of offshore
stations and stations in autumn, which probably attributed to
that more nitrate was supplied to the nearshore stations by up-
welling and the nitrate from below had relatively lower δ15N and
δ18O (Figs 5b and 7a). The obvious spatial and temporal differ-
ences of nitrate isotope composition above 300 m water depth
(top of the NPIW) implied the nitrogen cycling was sensitive to
the environmental conditions in the upper ocean.

Nitrate isotope anomaly, Δ(15, 18)=(δ15Nnitrate–δ15Nm)–15ε/18ε×
(δ18Onitrate–δ18Om) (Sigman et al., 2005) was widely used to ana-
lyze the processes that drove the relationship of δ15Nnitrate and
δ18Onitrate deviated from the 1:1 pattern caused by nitrate con-
sumption (e.g., assimilation and denitrification; Granger et al.,
2004, 2008; Sigman et al., 2005), where δ15Nm and δ18Om were the
nitrate isotope composition sourced from the deep ocean. Be-
cause of the seasonal stability for nitrate isotope composition in
deep ocean near the EHI (Fig. 7a), we took 5.5‰ and 2.3‰ as the
δ15Nm and δ18Om in our calculations. Meanwhile, the nitrate an-
omaly relative to DIP, Nʹ=[DIN]–k×[DIP], could reflect the pro-
cesses of nitrogen addition and removal in the ocean (Deutsch et
al., 2001; Gruber and Sarmiento, 1997), where k was the slope of
the linear regression of DIN and DIP in the study area (Fig. 6).
The Δ(15, 18) was relatively constant below 300 m water depth
for both seasons with average value of (0.0‰±0.2‰) (Fig. 7b).
Above 300 m, Δ(15, 18) decreased upward and the values in sum-
mer were significantly lower than those in autumn (p=0.018; the
minimum values for summer and autumn were –6.0‰ and
–3.7‰, respectively); meanwhile, the Nʹ presented the maxim-
um values around the 300 m water depth (Fig. 7b) and the values
in summer were significantly higher than those in autumn
(p=0.000). The average values of Δ(15, 18) and Nʹ above 300 m in
summer and autumn were –1.5‰±1.1‰, (1.43±0.69) μmol/L and
–1.1‰±0.8‰, (0.66±1.06) μmol/L, respectively. The higher Nʹ in
summer indicated the higher new nitrogen inputs from nitrogen
fixation and atmospheric deposition as well as the following ni-
trate regeneration affected the nutrient compositions deep to
300 m. The nitrate originated from the nitrogen fixation and at-
mospheric deposition would decrease the values of Δ(15, 18) by
adding more negative 15N relative to 18O, which probably was the
main reason for the lower Δ(15, 18) in summer than autumn. For
coastal waters of the EHI, the decreased Δ(15, 18) in the upper
ocean might also be caused by the cycles of incomplete nitrate
assimilation and regeneration (Casciotti et al., 2008). The rela-
tionships between nitrate δ18O and δ15N for samples above the
NPTW (center at around 100 m to 150 m) presented linearly both
in summer and autumn (Fig. 8a). The salinity decreased upward
and downward from the NPTW (Fig. 3a) together with the differ-
ences of slopes for regressions of DIN to DIP and DSi to DIN
above and below the NPTW (Fig. 6) implied the processes of re-
mineralization and mixing between the waters above and below
the NPTW were different, and the algal nitrate assimilation regu-
lated the nitrate isotope composition just above the NPTW. The
δ18O:δ15N above the NPTW in autumn was nearly the same as
that expected from nitrate consumption of 1:1, which indicated
the assimilation was the dominated nitrogen cycling process
above the NPTW in autumn (Fig. 8a). While in the summer, the
higher δ18O:δ15N above the NPTW (1.6 to 1.7) implied the nitrific-
ation was more important compared with the autumn (Granger
and Wankel, 2016; Liu et al., 2017; Umezawa et al., 2014; Wankel
et al., 2007).

NO−
 NO−

 NO−
 NO−



NO−


The open and closed systems of Rayleigh model (Eqs (1) and
(2)) were applied to get the isotopic effect of algal nitrate assimil-
ation. For the upwelling stations in summer, nitrate was provided
by the coastal upwelling continuously, so we attempted to use
the open Rayleigh model to get the isotopic fractionation factor.
Then the f could be computed as the nitrate measured in the up-
welling stations divided by the initial upwelled nitrate. Because of
the depth of the upwelling extended to at least 125 m (Figs 3b and
5b), which at the center of the NPTW, we took the concentrations
of nitrate at the NPTW as the initial nitrate concentration for up-
welling stations in summer. For the background stations in sum-
mer and all stations in autumn, we applied the closed system
model. As the initial nitrate concentration is a constant value, the
Eq. (2) could be written as δ15N (δ18O)=δ15N (δ18O)f=1+15ε(18ε)×
ln[ ]i–

15ε (18ε)×ln[ ]m, where [ ]i and [ ]m were the
concentrations of initial nitrate and measured nitrate above the
NPTW. Then the slope of the linear regression for δ15N (δ18O) and
ln[ ]m could be regarded as the 15ε (18ε) in the closed system
model. The 15ε and 18ε were estimated to be 2.2‰ and 3.9‰,
3.0‰ and 4.9‰, and 3.1‰ and 3.4‰ for upwelling, background
stations in summer, and all stations in autumn, respectively (Fig.
8b). The isotopic fractionation factors of nitrate nitrogen and oxy-
gen were obviously smaller in upwelling stations than those in
background stations in summer, which was probably arisen from
the difference of plankton species between the two areas and the
isotopic fractionation factors for nitrate assimilation were vari-
able between plankton species (Granger et al., 2004). The diat-
oms were reported to be favored with the nutrient abundance en-
vironment and were the dominant species in coastal upwelling
regions (Umezawa et al., 2014; Wu et al., 2014; Zhang et al., 2015)
and some species were with relatively small isotopic fractiona-
tion factor when proceeding the nitrate assimilation (e.g., ~2.7‰
for Chaetoceros spp.; Needoba et al., 2003). Reportedly, diatom
accounted for about half of phytoplankton biomass at the up-
welling area of the coastal water of EHI in summer 2015 and its
abundance was decreased to ~10% at the offshore area (Liu et al.,
2020a). Additionally, the 15ε was lower than 18ε in all three condi-
tions, which was probably due to the nitrification of fixed nitro-
gen from nitrogen fixation and atmospheric deposition intro-
duced nitrate with lower 15N relative to 18O, and increased the ni-
trate concentration simultaneously. Furthermore, compared
with the autumn, the difference between 15ε and 18ε were signific-
antly larger in summer (averagely 1.8‰ for summer and 0.3‰
for autumn), which was another evidence for the stronger nitro-
gen fixation and atmospheric deposition and the following ni-
trate regeneration in summer than in autumn.

5  Conclusions
The upwelling in the coastal EHI in summer 2015 extended to

the water depth of at least 125 m and distance of 50 km to 85 km
away from the shore. The values of nutrients and Chl a in upwelling
influencing area were significantly higher than non-upwelling
area. Estimated from aspects of nutrient dynamics and physical
transport, the nutrients entered the upper 50 m water depth aris-
en from the upwelling averagely ranged from 2.5 mmol/(m2·d) to
5.4 mmol/(m2·d), 0.15 mmol/(m2·d) to 0.28 mmol/(m2·d), and
2.2 mmol/(m2·d) to 7.2 mmol/(m2·d) for DIN, DIP, and DSi, re-
spectively, which supported the additional growth of plankton for
(14.7±8.95) mg/m2 of Chl a, and the DIN could support, maxim-
ally, 62% of the primary production in the study area. The vertic-
al nutrient fluxes in the upwelling area were around 6- to 12-fold
those in the background area.

The distributions of nitrate δ15N and δ18O below 300 m water
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depth (top of the NPIW) were stable among seasons in coastal
area of the EHI, while above the NPIW, the nitrogen cycling pro-
cesses were different between summer and autumn. The 15ε and
18ε of nitrate assimilation were estimated to be 2.2‰ and 3.9‰,
3.0‰ and 4.9‰, and 3.1‰ and 3.4‰ for upwelling stations,
background stations in summer, and all stations in autumn, re-
spectively. The larger difference between 15ε and 18ε in summer
than that in autumn along with the higher DIN/DIP and

δ18O:δ15N above the NPTW; the lower δ15N and Δ(15, 18), and
higher Nʹ above the NPIW in summer strongly suggested the ni-
trogen fixation and atmospheric deposition, and the following re-
mineralization and nitrification were stronger in summer. Never-
theless, the nitrate assimilation was stronger in autumn than
background area in summer, which made the nitrate isotopes in
the upper ocean higher in autumn, and the δ18O:δ15N close to the
ratio that was expected from nitrate assimilation.
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Fig. 8.   The relationships between the nitrate δ18O and δ15N (a); and between δ15N, δ18O, and 1-f; δ15N, δ18O, and ln[ ] (b). The

green and red rhombuses, and blue circles stood for the upwelling and background stations in summer, and all stations in autumn
above the North Pacific Tropical Water (NPTW). The dotted lines and equations were the linear regressions for samples above the
NPTW. The rhombuses and circles with cross inside in a were samples below the NPTW. The slopes in b were regarded as the isotope
fractionation factor (ε). The f was the fraction of unassimilated nitrate in the water column.
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Supplementary information:

　　Fig. S1. Satellite images of the monthly averaged surface seawater hydrological characteristics in the northwestern South China
Sea. a. Surface seawater temperature (SST) in 2015 and 2016. b. Surface seawater salinity (SSS) in 2015 and 2016. The dates were
labeled in each image.
　　Fig. S2. Satellite images of the monthly averaged surface seawater velocity (SSV) in the northwestern South China Sea in 2015 (a)
and 2016 (b). Arrows point the water flow direction and color indicates the sea water velocity. The dates were labeled in each image.
　　Table. S1. The t-test for the hydrological and biogeochemical parameters of nearshore and offshore stations of Sections A1 and A2
above 125 m in September. The nearshore stations included Stations A26 to A29 for Section A1 and Stations A30 to A33 for Section A2.
　　The supplementary information is available online at https://doi.org/10.1007/s13131-021-1934-8 and www.aosocean.com. The
supplementary information is published as submitted, without typesetting or editing. The responsibility for scientific accuracy and
content remains entirely with the authors.
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