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Abstract

Increased reactive nitrogen (Nr, NO−
3 +NH+

4+dissolved organic nitrogen) emission from
Asian continent poses profound threats on ecosystem safety from terrestrial through-
out the ocean proper. To diagnose the sources of atmospheric Nr input and quan-
tify its influence on marine nitrogen cycle of the South China Sea (SCS), an olig-5

otrophic marginal sea adjacent to the emission hotspot China, we conducted measure-
ments of dual isotopes of water-soluble nitrate (δ15NNO3

and δ18ONO3
) and concen-

trations of major ions for bulk atmospheric deposition collected from Dongsha Island
off south China. The δ15NNO3

and δ18ONO3
for bulk deposition ranged from −7.5 %�

to +3.9 %� and ∼ +17 %� to +88 %�, respectively. A relatively uniform low δ15NNO3
10

and high δ18ONO3
endmember were observed in winter. Non-sea-salt sulfate/calcium

(nssSO2−
4 and nssCa2+) peaked as the increasing nitrate depositional flux (one excep-

tion caused by typhoon), implying a pollution source of nitrate during high deposition.
Meanwhile, the flux-weighted average of δ15NNO3

was −2.7± 2.3 %�, resembling the
isotopic signature of fossil fuel combustion in inland China. More variable dual iso-15

topic values observed in July and September suggest relatively dynamics sources and
conversion chemistry. During the period affected by the peripheral circumfluence of
Typhoon Fanapi, a high nitrate deposition with uniform isotopic composition (δ15NNO3

of ∼ −0.5 %� and δ18ONO3
of ∼ +19 %�) was observed accompanying with low terres-

trial constituents such as dust and pollutants (e.g. nssSO2−
4 and nssCa2+). This high20

nitrate deposition was likely a natural endmember sourced from lightning. The sum-
marized total atmospheric Nr deposition (AND) is ∼ 50 mmol N m−2 yr−1. If without this
additional AND fertilization, CO2 release (currently 460±430 mmol C m−2 yr−1) from
the SCS would be doubled. Our study demonstrates that AND may serve as an im-
portant external Nr supply to the SCS yet difficult to separate from N-fixation (−2 %�25

to 0 %�) due to isotopic similarity and high N : P ratio. More studies related to isotopic
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composition of nitrogen speciation and their relative contributions as well as the role of
typhoon-induced input to AND are required.

1 Introduction

The input of newly bioavailable nitrogen to the ocean is thought to largely control the
efficiency of biological pump and thus export of carbon from the surface ocean, and5

subsequently to modulate the levels of atmospheric CO2 (Falkowski et al., 1998). For
decades, human activities significantly contribute to the emission of reactive nitrogen
(Nr) to the atmosphere, a considerable proportion of which is transported and deposited
onto the coastal regions and even the remote ocean proper (Dentener et al., 2006; Gru-
ber and Galloway, 2008; Reay et al., 2008). The global simulated flux of atmospheric10

Nr deposition to the ocean has rapidly increased to ∼ 67 Tg N yr−1 since the mid-1800s
and the number is comparable with the estimates of oceanic N-fixation at present and
would account for ∼ 40 % of external N supply to the surface ocean, mostly due to
anthropogenic emissions (Duce et al., 2008, and references therein; Galloway et al.,
2004, 2008). Such external anthropogenic input from the atmosphere apparently re-15

sults in a prominent impact on marine nitrogen cycle and associated biogeochemistry,
as well as the community structure of ecosystem, particularly in oligotrophic marginal
seas being sensitive to Nr availability (e.g. Bonnet et al., 2005; Duarte et al., 2006; Gal-
loway et al., 2008; Kim et al., 2011; Zhang et al., 2004). However, direct observations
on the magnitude of atmospheric Nr deposition to the ocean are limited. In order to20

better constrain the influence of atmospheric Nr inputs and evaluate its role in marine
nitrogen cycling, field measurements for the sources and quantification of atmospheric
Nr deposition are urgently required.

Nitrate, the most stable compound of atmospheric Nr (Galloway et al., 2008), is
formed from the homogeneous and heterogeneous oxidation of NOx, which could be25

derived both from natural (e.g. lightning, soil emissions, wildfires) and anthropogenic
(e.g. combustion of fossil fuels, vehicle exhausts) origins. Specifically, atmospheric ni-
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trate (atmNO−
3 ) is generally formed by NOx oxidation by several complex chemical path-

ways, mainly including: (1) NO is quickly oxidized by ozone (O3) to NO2 and followed by
hydroxyl radical (OH) oxidation during daytime. These processes are more prevalent
in the summer, when photochemically produced OH concentrations are generally high-
est; (2) hydrolysis of N2O5 formed via combination NO3 radical (NO2 oxidation by O3)5

with NO2 in nighttime and this pathway is predominant during wintertime (Calvert et al.,
1985). Although isotopic fractionation may occur during these processes of nitrate for-
mation and subsequent transport of NO−

3 in the atmosphere (e.g. Freyer, 1991; Morin
et al., 2009), previous studies suggested that N isotopic composition of nitrate in atmo-
spheric deposition could be used as fingerprints to identify NOx sources (e.g. Freyer,10

1991; Hastings et al., 2003; Heaton, 1987; Knapp et al., 2010; Russell et al., 1998;
Yeatman et al., 2001). On the other hand, O isotopes in nitrate are mostly controlled
by the oxidation pathways during atmospheric transport (Elliott et al., 2009; Fang et al.,
2011; Hastings et al., 2003; Savarino et al., 2007; Wankel et al., 2010). However, to
our knowledge no isotope study was conducted so far to trace the sources of atmNO−

315

deposition onto China marginal seas, where has been thought to receive remarkable
amounts of Nr supplied from the inland China (Duce et al., 2008), the hotspot of am-
monia and NOx emissions in global map (Bouwman et al., 2002; Richer et al., 2005).

The South China Sea (SCS) is one of the largest marginal seas of the world with
widely oligotrophic deep basin, located in tropical-subtropical western North Pacific,20

which is largely surrounded by landmasses with the most dense population and vi-
brant economics (Fig. 1). The SCS is under the influence of East Asian monsoon sys-
tem, showing that stronger northeasterly winds prevailing in winter and relatively weak
southwesterly winds in summer. Many studies suggested that Asian outflow dusts and
aerosols and air pollutants from northern China could be detected in the SCS and its25

coastal regions during winter monsoon (Hsu et al., 2007; Lin et al., 2007; Wang et al.,
2005); while under summer monsoon biomass burning in southeast Asia could act as
another provider (e.g. Ma et al., 2003). Several model results reported that Nr depo-
sition to the SCS was higher than 500 mg N m−2 yr−1 in last decade and highly likely
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the number will increase continuously in future (An et al., 2002; Dentener et al., 2006;
Duce et al., 2008). Obviously, the SCS is a receptacle accepting anthropogenic nitro-
gen deposition to alter its oligotrophic ecosystem. Apart from monsoons, the episodic
tropical cyclone (typhoon) may also generate NOx through lightning. These typhoon
events, average of 14 typhoons traversing the SCS each year (Lin et al., 2003), may5

bring significant precipitation into the SCS. However, the seasonal variation of Nr depo-
sition to the SCS basin and its relative contributions from different sources (e.g. natural
and anthropogenic) remains unclear.

Furthermore, the SCS as well as its adjacent areas is thought to be preferable for N2
fixation (Capone et al., 1997; Wong et al., 2002) with relatively higher N2 fixation rates10

(Chen et al., 2008a; Shiozaki et al., 2010). Based on the δ15N values of suspended
and sinking particulate nitrogen observation in the northern SCS, Kao et al. (2012)
estimated the annual N-fixation flux to be ∼ 20±26 mmol N m−2 yr−1, which was similar
to that reported in BATS Station (e.g. Orcutt et al., 2001) and ALOHA Station (e.g. Karl
et al., 1997). However, the isotope-derived estimation of N2 fixation could be biased by15

N supply from atmospheric dry and wet deposition (Kao et al., 2012; Knapp et al., 2010;
Wankel et al., 2010). To clarify the relative contribution of the two external inputs from
the atmosphere, atmospheric Nr and N2 fixation, it is also necessary to quantify the
magnitude and characterize the isotopic imprints of nitrate from various atmospheric
inputs onto the SCS.20

Here we report the first hand data on the fluxes of water-soluble nitrate and am-
monium and the dual isotopic compositions of nitrate (δ15NNO3

and δ18ONO3
) in bulk

atmospheric deposition at a remote island (Dongsha) in the northern SCS. Under as-
sumptions, we estimate the fluxes and examine the potential sources of deposited
nitrate in varying seasons and also discuss the possible impacts of atmospheric nitro-25

gen deposition on nitrogen cycling in the SCS, particularly in terms of the Nr supply to
the upper ocean. In addition, we proposed atmospheric N inputs induced by typhoon
could be important and evaluate its potential significance of Nr supply to the SCS.
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2 Methods

2.1 Sample collection

Dongsha Island (Atoll, Fig. 1) is located 340 km southeast of Hong Kong in the northern
basin of SCS, which is ∼ 2.8 km and ∼ 0.9 wide. The water depth around this island is
∼ 1000 m, and the biogeochemical characteristics (e.g. nutrients and chlorophyll a) in5

the vicinity of Dongsha are generally in the similar condition compared with the wide
slope and basin of the northern SCS (Liu et al., 2007; M. H. Dai, unpublished data).

Four field experimental campaigns were conducted on Dongsha Island in each of
the four months: July, September and December in 2010 as well as February in 2011;
Table 1 provides the exact sampling periods. The wet season is generally from late May10

to late October, while the dry season covers from November to April. Note that during
collection in September, Typhoon Fanapi passed by the northern SCS and its influence
can be seen in our chemistry and isotopic data. We deployed a surrogate surface water
glass dish (19 cm in diameter and 8.5 cm in depth; SCHOTT DURAN) for collecting the
dry deposition following the method employed by Hsu et al. (2013a), which was prin-15

cipally similar to those used previously (Azimi et al., 2003; Inomata et al., 2009). The
pre-cleaned container was infused into 100 mL of Milli-Q water prior to deployment;
once approximately half (∼ 50 mL) of the originally infused water was evaporated dur-
ing deployment, the dish was replenished with additional 50 mL of Milli-Q water. The
sampling duration of each sample was 12 h for the latter three sampling campaigns,20

while 24 h for the first campaign (July 2010). The recovered water was filtrated through
polycarbonate membrane (0.45 µm pore in size and 47 mm in diameter, Nuclepore)
by using pre-cleaned plastic filtration units (Nalgene Filterware 300-4100) and stored
in the pre-weighed wide-mouth PP bottles. Then the deposition samples were sub-
jected to in-situ storage in refrigerator and to post-weighing, when returning back in25

land-based lab, to gravimetrically determine the recovered water volume. During the
four field campaigns, a few samples were contaminated by rainfall, and therefore we

9666

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

treated these samples as bulk deposition samples in the present study. All samples
were stored in −20 ◦C before isotopic analysis.

2.2 Chemical and isotopic analysis

Major ionic species (Cl−, SO2−
4 , NO−

3 , Na+, Mg2+, K+, Ca2+, and NH+
4 ) in the deposition

samples were analyzed by ion chromatography using ion chromatographs (model ICS-5

1100 for anions and model ICS-900 for cations) equipped with a conductivity detector
(ASRS-ULTRA) and suppressor (ASRS-300 for ICS-1100 and CSRS-300 for ICS-900).
Separator columns (AS11-HC for anions, and CS12A for cations) and guard columns
(AG11-HC for anions and CG12A for cations) were used in analyses. The eluents used
were 22–25 mM KOH for anions and 20 mM methansul-fonic acid (MSA) for cations.10

In general, detection limits were below 0.01 mgL−1 for all ions except Cl− and NH+
4

(∼ 0.015 mg L−1). The concentration of non-sea-salt SO2−
4 (nssSO2−

4 ) sulfate was cal-

culated by subtracting sea salt SO2−
4 (ssSO2−

4 ) from total SO2−
4 , of which ssSO2−

4 was
estimated by multiplying Na+ by a factor of 0.252, where the coefficient of 0.252 is
a typical sulfate-to-sodium mass ratio in seawater. Similar method was used to cal-15

culate non-sea-salt Ca2+ (nssCa2+) with the coefficient of 0.0382, which is a typical
calcium-to-sodium mass ratio in seawater.

The δ15N and δ18O of nitrate plus nitrite (since nitrite concentration is mostly below
the detection limit, hereafter as nitrate) was measured by the “denitrifier method” (Cas-
ciotti et al., 2002; Sigman et al., 2001). In brief, cultured denitrifying bacteria that lack20

N2O reductase enzyme were used to quantitatively convert sample nitrate into N2O
(∼ 10 nmol). Then, the dual isotopes of N2O gas were determined online using Gas-
Bench II coupled to a continuous flow isotope ratio mass spectrometer (IRMS, Thermo
Finnigan DELTAplus). The N and O isotope ratios were corrected for drift, O isotopic
exchange and blank by international nitrate standards USGS 34, USGS 35, USGS3225

and IAEA-N3 (Böhlke et al., 2003) as well as lab working nitrate standard. Values are
reported as the δ notation (δ = [(Rsample/Rstandard)−1]×1000, where R denotes the
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ratios of heavy isotope to light isotope for N and O, unit in per mil %�). The standard de-
viations of the δ15N and δ18O measurements based on duplicate (for the samples with
nitrate fluxes above 10 µmolm−2 day−1) or triplicate (for the samples with nitrate fluxes
below 10 µmolm−2 day−1) analysis were generally better than ± 0.2 %� and ± 0.4 %�
(1 SD), respectively. The reproducibility for a laboratory working standard is better than5

± 0.2 %� for δ15N and δ18O over 2 yr.
Previous studies showed a large mass-independent contribution of 17O to the m/z

45 signal of N2O (14N-14N-17O) for atmNO−
3 samples could bias the results of δ15N

measurements by the “denitrified method” (e.g. Hastings et al., 2003; Wankel et al.,
2010). Due to the limited sample for quantifying the effects of 17O, we use a similar10

method (Wankel et al., 2010) based on the observed δ18O values and the reported
relationship between ∆17O and δ18O (Michalski et al., 2004) to correct δ15N values in
this study. The average corrected δ15N value was decreased by ∼ 0.9 %�.

3 Results and discussion

3.1 Chemistry of bulk deposition15

First of all, we examined the equivalent ratios between the selected cations and anions
by looking at their deposition flux correlations in order to evaluate the charge balance
and further to identify the likely chemical forms of nitrate and ammonium that might
be associated with deposited particles, as illustrated in Fig. 2. Obviously, total anions
and total cations follow a nearly 1 : 1 good correlation (Fig. 2a), revealing good charge20

balance in deposition samples. Besides, both Cl− and Na+ equivalent fluxes are well
correlated (R2 = 0.99), showing a linear regression line with a slope of 1.18 (Fig. 2b),
which is close to that (1.17) of average seawater composition. Also, both Na+ and
Mg2+ are well correlated (R2 = 0.99), with a slope of 0.24 for the linear regression
line (Fig. 2c), which is similarly consistent with that (0.23) of average seawater com-25

position. This clearly demonstrates that the origin of Cl−, Na+ and Mg2+ is originated
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almost exclusively from sea salt aerosols which would thus serve as a vital compo-
nent of deposition samples collected on Dongsha Island. On average, both sea salt
derived Cl− and the sum of Na+ and Mg2+ accounted for 80 % or higher of each of the
total anions and cations, respectively, on the basis of equivalent amounts. Accordingly,
when further looking at the correlation between ammonium and sulfate, we only con-5

sidered non-sea-salt SO2−
4 (nssSO2−

4 ) (Fig. 2d), instead of the total SO2−
4 . According to

the correlations of NH+
4 versus nssSO2−

4 (Fig. 2d), NH+
4 versus NO−

3 (Fig. 2e), and NH+
4

versus (nssSO2−
4 + NO−

3 ) (Fig. 2f), NH+
4 appeared to be relatively insufficient to neutral-

ize acid species such as anthropogenic sulfate and nitrate as most of samples have
much lower NH+

4/nssSO2−
4 and NH+

4/NO−
3 equivalent ratios than unity. Hsu et al. (2007)10

have observed that marine aerosols collected over the study ocean were considerably
depleted in ammonium relative to acidic components, leading to enhancing the acid-
ity of marine aerosols (Keene and Savoie, 1998; Pathak et al., 2009). Moreover, this
is in concert with the spatial distribution of ammonia emission over China, revealing
that its hot spot is localized in the northern mainland (Huang et al., 2012). Also, this15

is consistent with the results of precipitation in the Pearl River Delta, showing that the
mean NH+

4 /(nssSO2−
4 + NO−

3 ) equivalent ratio was only around 0.3–0.5 (Zheng et al.,
2012) although no literature data on bulk deposition composition from adjacent areas
for comparison.

3.2 Fluxes of atmospheric nitrate and ammonium deposition20

The time series atmospheric nitrate and ammonium depositions for four collection pe-
riods are shown in Fig. 3 and statistically average values for relevant parameters are
summarized in Table 1. Nitrate deposition (ranged from 2.6 to 628 µmol N m−2 day−1)
is in general higher than ammonium deposition (from 0.4 to 598 µmol N m−2 day−1)
except a few dates in mid-July and late September. In entire monitoring period, eight25

rainy events were observed. In non-rainy days, no parallel changes can be seen in
ammonium and nitrate deposition; however, in rainy days both ammonium and nitrate
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depositions increased concomitantly and ammonium may reach even to the same level
of nitrate deposition. During 16–20 September, Typhoon Fanapi passed by the northern
SCS. The peripheral circumfluence deposited more nitrate than ammonium during 16
to 19 September (typhoon phase 1), yet, a similarly high level of nitrate and ammonium
in 20 September with precipitation (typhoon phase 2).5

Although arithmetic averages of atmNO−
3 deposition were higher during sampling pe-

riods of September and November to December (Table 1) due to peak fluxes in rainy
days, bulk depositional fluxes of nitrate showed no clear temporal trend over the four
sampling periods and the averages among periods were not statistically different. The
average of total nitrate deposition over collection periods was 56.8±80.3 µmol N m−2

10

day−1 (Table 1). By assuming this number to be representative throughout a year,
we obtained the annual bulk nitrate deposition to be 21±29 mmol N m−2 yr−1. Hsu
et al. (2007) recently reported average aerosol concentration of 1.1±0.6 µgm−3 for
nitrate collected on board during wintertime of 2004 in the northern SCS around Dong-
sha. If the similar deposition velocity for NO−

3 of 1.15 cms−1 used in the eastern China15

seas (Zhang et al., 2011, and references therein), the calculated dry nitrate deposition
was 18±10 µmol N m−2 day−1. These values derived from short investigated period
are slightly lower than our data in wintertime mainly due to only considering dry de-
position. Higher inorganic nitrogen fluxes via wet deposition were also observed in the
East China Sea and Yellow Sea (Zhang et al., 2011). This may suggest that wet depo-20

sition is more significant in terms of N supply to the ocean in our study area. Similar to
nitrate, bulk deposition of ammonium also showed no clear temporal trend over sam-
pling periods (Table 1). Similarly, the arithmetic averages of bulk ammonium deposition
were higher during September and November to December due to the sharp peaks
in rainy days. The daily average of bulk ammonium deposition was 33.1±71.5 µmol N25

m−2 day−1 (Table 1), which was then converted into annual bulk ammonium deposition
of 12±26 mmol N m−2 yr−1.

When compared with the observed results from adjacent oceanic regions (e.g. Chen
et al., 2011; Nakamura et al., 2005; Zhang et al., 2011, and references therein), we
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found nitrate fluxes through wet and dry deposition into the northern SCS were gener-
ally comparable to those reported in the Yellow Sea (YS) and open areas of the East
China Sea (ECS), as well as the Western North Pacific (WNP), yet quite lower than
coasts of eastern China seas (80–90 mmol N m−2 yr−1); ammonium depositions to the
northern SCS were slightly lower than those measured over the YS, ECS and WNP5

(15–30 mmol N m−2 yr−1), but considerably lower than in coastal areas of China (up to
100 mmol N m−2 yr−1). Similarly, the observed NO−

3 and NH+
4 fluxes from atmospheric

deposition in the northern SCS were relatively lower than those in coastal urban sta-
tions in southern China (35–45 mmol N m−2 yr−1 for nitrate and 36–144 mmol N m−2 yr−1

for ammonium, e.g. Jia and Chen, 2010; Wai et al., 2010). Such a spatial pattern with10

an offshore decreasing tendency implies that Nr (including nitrate and ammonium) was
likely transported from the continent via the northeasterly wind during winter monsoon
and dust storm outbreak in spring.

The NO−
3/NH+

4 ratios in bulk deposition over entire period ranged widely from 0.2 up
to 94 (Table 1). The range of mean NO−

3/NH+
4 ratios for warm periods July and Septem-15

ber (1.7 to 2.0) is significantly lower than that of cold period in November through March
(3.7–8.4). A similar seasonal pattern was observed by Jia and Chen (2010) in a coastal
city of south China. The high arithmetic mean of daily NO−

3/NH+
4 ratio (4.4) of entire

dataset (Table 1) indicates that nitrate is the major N component in atmospheric de-
position year round. However, the annual NO−

3/NH+
4 ratio is ∼ 1.7 (56.8 divided by20

33.1 µmol N m−2 day−1) revealing that NH+
4 occupied ∼ 40 % in bulk inorganic nitrogen

deposition and cannot be overlooked. Though we know atmospheric NH+
4 is important

and mainly derived from volatilized NH3 (from waste, fertilizer and soil), and thermo-
genic NH3 (from biomass burning and fossil combustion) (Dentener and Crutzen, 1994;
Jia and Chen, 2010), its isotope measurement is not available in our laboratory yet. Be-25

low, we will focus on nitrate isotopes to identify the potential sources of atmospheric
nitrate.
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3.3 Dual isotopic compositions and potential sources of nitrate in bulk
deposition

Nitrate δ15N values in bulk deposition had a wide span, varying between −7.5 %� and
+3.9 %� with a flux-weighted average value of −2.7± 2.3 %� (Fig. 3 and Table 1). All
data fall within the wide range of previously reported δ15N values for atmNO−

3 in coastal5

and oceanic regions (e.g. Baker et al., 2007; Carrillo et al., 2002; Hastings et al., 2003;
Russell et al., 1998; Savarino et al., 2007; Wankel et al., 2010; Yeatman et al., 2001).
Unlike the bulk depositional flux of nitrate, the δ15N values exhibit a clear temporal
trend. The flux-weighted average δ15N values decreased gradually from +0.7 %� in July
to −5.3 %� in February. Similar seasonal trend in δ15N values of atmNO−

3 was observed10

previously (e.g. Hastings et al., 2003; Morin et al., 2008; Wankel et al., 2010), whereas
inverse pattern was also reported in some other studies (Elliott et al., 2009; Yeatman
et al., 2001). Different trends are likely attributed to the sources of atmNO−

3 and their
respective nitrogen imprints varying temporally from site to site.

Nitrate δ18O values in bulk atmospheric deposition ranged from +16.8 %� to15

+88.3 %� with a flux-weighted average value of +65.6±21.4 %�. The δ18O values were
significantly higher during cold periods than those in warm season except those in rainy
days (Fig. 3 and Table 1). The overall seasonal pattern with higher δ18O in winter is
consistent with that from prior studies (e.g. Fang et al., 2011; Hastings et al., 2003;
Wankel et al., 2010). However, the lower bound generally observed in the summer is20

far lower than the typical range reported in previous studies (e.g. Böhlke et al., 2003;
Hastings et al., 2003; Savarino et al., 2007), deserving further discussion (see below).

An overall negative correlation (R2 = 0.52, n = 72) was observed between δ15N and
δ18O of nitrate (Fig. 4). The negative relationship (Fig. 4) was also reported for precip-
itation nitrate δ15N and δ18O at Bermuda (Hastings et al., 2003). They suggested that25

source changes in nitrate by air transport determined the seasonal variations in δ15N
(source-driven signals) and δ18O (chemistry-driven signals) values and produced the
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correlation. However, the slope of the regression line is steeper, mainly due to quite
low δ18O values we observed.

Such low δ18O values (down to ∼ +17 %�) are unusual for atmNO−
3 . The δ18O values

are thought to be mainly controlled by the relative proportion of oxidation reactions
between ozone (+90 %� to +122 %�, Johnson and Thiemens, 1997) and OH radical5

(typically from −10 %� to −6 %� around the SCS from the Global Network of Isotopes in
Precipitation (GNIP), International Atomic Energy Agency, available from http://isohis.
iaea.org). Higher δ18O values in nitrate observed in winter are mainly due to the greater
contribution of oxidation by O3, while the lower δ18O values could be attributed to the
dilution by the reaction of NO2 with OH (Hastings et al., 2003; Michalski et al., 2003;10

Wankel et al., 2010). Using the minimum and maximum δ18O values of O3 and OH,
we calculate the expected δ18O values of nitrate would fall with the lower end value of
∼ +56 %� (assuming two oxygen molecules from O3 and one from OH) and the upper
end of ∼ +100 %� (assuming 5/6 oxygen atoms from O3 and 1/6 from OH) based on
chemical reactions (see Hastings et al., 2003; Fang et al., 2009). However, some of15

our δ18O data from summertime samples were out of range. One possible explanation
for those is that NO oxidation to NO2 by peroxy radicals that could compete with O3
in some environments. The oxygen molecules of peroxy radicals are considered to
derive from atmospheric O2 (see Salisbury et al., 2001, and references therein), which
typically occupies lower δ18O value (∼ +23 %�), that could result in low δ18O values20

in atmospheric NO−
3 . The expected δ18O values could be down to +11 %� followed

by the reaction with peroxy radicals (Fang et al., 2011). However, the formation of
peroxy radicals, which is the intermediates between OH radicals and O3 formation or
destruction, is more prevalent in polluted cities (Salisbury et al., 2001). The importance
of this process remains to be explored under relatively clean conditions.25

Combined with the dual isotopes of nitrate and major ions in bulk deposition, we try
to provide the basic and plausible interpretation for the potential sources of atmNO−

3 .
Considering that relatively long sampling time for individual campaign (1–2 weeks) on
a remote island, it is reasonable to assume that atmNO−

3δ
15N values could be represen-
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tative on a regional scale. In our study area, seasonal variation in atmNO−
3δ

15N might
reflect the changes in likely sources, which is essentially driven jointly by monsoon
system and tropical cyclone. During winter when the northeasterly wind is prevailing,

atmNO−
3 deposition collected in the northern SCS, with δ15N ranging from −7.5 %� to

−1.5 %�, could be presumably predominantly derived from anthropogenic emissions5

originated from mainland China and Central Asia via winter monsoon. Recent studies
showed that aside from natural sources such as soil emission, lightning, and biomass
burning, all the main sources of anthropogenic NOx emissions including industry, power
plants, residential, and transportation in China are relevant to fossil fuel combustion
(Lin et al., 2010; Liu et al., 2013, references therein). Among which, coal is one of the10

primary fossil fuel (more than 70 %; Tian et al., 2001); different types of Chinese coals
exhibit the δ15N values ranging from −6 %� to +4 %� with an average of ∼ −1.5 %�
(Xiao and Liu, 2011). Thermal NOx is generally characterized by negative δ15N values
(e.g. Heaton, 1990), although some studies showed positive δ15N values (e.g. Fang
et al., 2011, and references therein). Chen et al. (2011) found that rain nitrate had low15

δ15N values (−7.5 %� to −3.1 %�) in southeast China coastal area, which was ascribed
mostly to vehicle exhausts. Moreover, a strong correlation is found between NO−

3 and

nssSO2−
4 in bulk atmospheric deposition (R2 = 0.82, P < 0.0001, not shown), suggest-

ing that the transport and/or sources of atmNO−
3 might be associated with SO2−

4 that
is dominated by S-enriched coal combustion in China. A similar positive correlation20

between NO−
3 and SO2−

4 in precipitation also observed in south China, suggesting a si-
multaneous production through S-containing coal combustion (Fang et al., 2011). Ac-
cordingly, our data might indicate the dominance of anthropogenic sources for atmNO−

3
deposited to the northern SCS, of which coal combustion is of particular importance.

In order to further identify the likely sources of atmNO−
3 , we examine the correlations25

of NO−
3 , nssSO2−

4 , and nssCa2+ deposition fluxes against dual isotopic compositions of

atmNO−
3 (Fig. 5). Higher fluxes were almost associated with intermediate δ15N (−4 %� to

0 %�) but with higher δ18O (+60 %� to +90 %�). Accordingly, this perhaps indicates that
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these larger deposition might be contributed by the deposition of Ca(NO3)2 and CaSO4
particles that are formed through heterogeneous reactions between CaCO3 dust and
acid gases including H2SO4 (SO2) and HNO3 (NOx and N2O5) (Sullivan et al., 2007).
Such phenomenon of heterogeneous reaction between Asian dust bearing carbonate
and anthropogenic acid gases has often been observed over the study ocean (Hsu5

et al., 2013b). These deliquescent Ca(NO3)2 and CaSO4 particles would be readily
dissolved in the solution (Milli-Q water) used in collection once they were deposited.

As discussed, we have more clear idea about the sources of high atmNO−
3 deposi-

tion events from polluted sources in winter. However, in July small amounts of atmNO−
3

could be carried by relatively weak southwesterly wind mainly from south/southeast10

Asia and pelagic regions, together with considerably low level of continentally derived
air pollutants and dust (nssSO2−

4 and nssCa2+, see Fig. 5a–c), possibly suggesting the
dominant of natural sources, rather than anthropogenic sources. This weak nitrate
source in July was unknown and difficult to conjecture. Here we draw a tropical cy-
clone case, Typhoon Fanapi, to shed light on this notion. During 16–19 September15

(typhoon phase 1), the atmNO−
3 deposition was higher but δ15NNO3

and δ18ONO3
re-

mained at constant levels around −0.5 %� and +19 %� (Figs. 3 and 4), respectively.
The uniform dual isotopic compositions of nitrate did accompany with little substances
via the continental outflows such as nssSO2−

4 and nssCa2+ (Fig. 5). The atmNO−
3δ

15N

values are identical to the δ15N (−0.5 %� to +1.4 %�) produced by lightning (Hoering,20

1957). Many studies found similar N isotope signals (near 0 %�) of atmNO−
3 in warm

season, which were mainly attributed to lightning-derived (e.g. Elliott et al., 2009; Hast-
ings et al., 2003; Morin et al., 2009). Yet the δ18O value derived from lightning was
not well defined to date. Considering that high-temperature synthetic of N2 and O2 by
lightning, isotopic fractionation should be generally little as we have seen for the δ15N25

of lightning-derived NOx that approaches atmospheric N2. We infer that the δ18O value
of NOx from lightning would be similar to that of O2 in the air (∼ +23.5 %�), similar to

atmNO−
3δ

18O values during typhoon phase 1. The higher level of nitrate deposition and
lightning-derived isotopic feature suggested that nitrate supply induced by tropical cy-
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clone is a potentially important nitrogen source to the SCS. Indeed, previous studies
suggested that lightning-derived NOx could account for a significant amount of nitrate
supply to the ocean. Hastings et al. (2003) calculated a ∼ 70 % contribution derived
from lightning to total nitrate deposition at Bermuda. Levy et al. (1996) predicted that
60–80 % of tropospheric NOx was sourced from lightning source over west Pacific. Af-5

terwards, Fanapi made the landfall in China on 20 September (typhoon phase 2). The
storm swept southern China bringing high deposition of pollutants such as ammonium
and nitrate (see counterclockwise circulation of Fanapi in Fig. 1) into the study ocean.
During this rainfall peak, the δ15NNO3

value decreased and δ18ONO3
value increased

approaching the pollution nitrate endmember of inland China, thus, again cyclone car-10

ried Nr from pollution source towards the northern SCS (Fig. 5), demonstrating that
the storm tracks and air mass characteristics could be important factors governing the
nitrate deposition and isotope signature (Buda and DeWalle, 2009). Then we attempt
to roughly estimate the relative contribution from tropical cyclone to annual nitrate de-
position to the SCS. The mean NO−

3 flux during the period affected by typhoon (16–2015

September) was 122±71 µmol N m−2 day−1. Given an average of 14 typhoons passing
over the SCS annually (Lin et al., 2003) with similar influenced period and magnitude of
nitrate flux, we suggest that typhoon-induced contribution may be as much as ∼ 40 %
on an annual basis. This amount will be dependent on the pathway and intensity of ty-
phoon. Nevertheless, this provides an insight into the importance of newly N supply to20

the SCS, although it is tentative under various assumptions. More studies are required
to quantify its relative importance and explore such nitrate generation processes in
future work.

3.4 Potential implications for atmospheric Nr deposition to the South China Sea

As compared to previously simulated results for the northern SCS (500 ∼ 1000 mg N25

m−2 yr−1, Dentener et al., 2006; Duce et al., 2008), our Nr deposition data (∼33±
39 mmol N m−2 yr−1 or 462±546 mg N m−2 yr−1) are slightly lower but fall within a rea-
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sonable range. The most likely reason why the observed Nr deposition fluxes are rel-
atively lower is the lacking of dissolved organic nitrogen (DON) measurement. Recent
studies suggests that organic Nr could account for 20–40 % of total Nr deposition to the
adjacent marginal seas (Zhang et al., 2011) and open ocean (e.g. Cornell et al., 2001).
If we consider this fractional contribution from DON, total Nr deposition onto the north-5

ern SCS would increase to ∼ 40–50 mmol N m−2 yr−1. On the other hand, we missed
sampling in March, which is the prevailing time of Asian dust outflows that often bring
more pollutants for long-range transport. Those dust events in March brought 2–5×
higher NO−

3 and NO−
2 concentrations in atmospheric loads to the eastern China seas

and Northwest Pacific (Zhang et al., 2011), although the major pathway for dust outflow10

is toward the east, there are a few cases per year (Hsu et al., 2013a) that might still
contribute certain amounts of Nr to the northern SCS. If we take 50 mmol N m−2 yr−1

as total Nr deposition, this amount of Nr may stimulate ∼ 330 mmol C m−2 yr−1 if Red-
field ratio is applied. This amount is comparable to the annual CO2 emission in outer
shelf and slope of the northern SCS (∼ 460±430 mmol C m−2 yr−1; Zhai et al., 2005,15

2013). Due to its unique feature of thermocline circulation the SCS has been taken as
an upwelling basin, thus, a source of CO2 (Dai et al., 2013). Since we know there has
been no pristine marine environment due to significant anthropogenic alteration since
industrial revolution, accordingly, the primitive northern SCS might release 2× higher
CO2 than present day if without this fertilization from atmospheric Nr input.20

Relative to the nutricline depth (150 to 200 m) in the western Philippine Sea (WPS),
the seasonal variations of nutricline and mixed layer depth in the SCS (40 to 90 m)
are much shallower (e.g. Gong et al., 1992). The deeper nutricline depth implies
less efficient Nr supply from the subsurface, thus, the impact of the atmospheric Nr

deposition will be more significant in the WPS. Based on the coupled 228Ra-nitrate25

method, previous studies in November 1997 reported the upward nitrate flux was
∼ 240 mmol N m−2 yr−1, mainly nitrate, from the bottom up to the euphotic zone to
fuel ∼ 1600 mmol C m−2 yr−1 of new production (Cai et al., 2002). Other independent
methods, such as the new production derived from 15NO−

3 -labelled incubation ex-
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periment (∼ 3100±3200 mmol C m−2 yr−1; Chen, 2005), the export production derived
from 234Th-238U disequilibrium method (∼ 3100±700 mmol C m−2 yr−1 from summer to
late autumn with one exceptionally high value of 9100 mmol C m−2 yr−1; Chen et al.,
2008b) and export production measured by sediment trap below the euphotic zone
(∼ 1400 mmol C m−2 yr−1; Kao et al., 2012), together gave a quite wide range for upper5

ocean carbon sequestration. The higher values reported by using 234Th-238U disequi-
librium were collected from shallower region near shelf break. And the comparably
higher estimates of new production based on the 15NO−

3 -labelled incubation experi-
ment is likely due to under-sampling with only a few extremely high values from winter.
Though the overall range is wide and the uncertainty is high, the reasonable value for10

export production in the basin seems to be ∼ 2000 mmol C m−2 yr−1. If this is the case,
the atmospheric Nr contribution will be ∼ 15 %, which is obviously not a small portion
for such an upwelling basin; not mentioning the potential impact on the WPS where
nutrients supplied vertically from the subsurface are much less than those in the SCS.

Meanwhile, nitrogen fixation shall also be considered as new production, thus, con-15

tributing to the export POC flux in N-limiting system as western Pacific (e.g. Sh-
iozaki et al., 2010). So far, only three papers documented N-fixation rates for the olig-
otrophic SCS. The first one was based on nitrate anomaly (N* = [NO−

3 ] – 16 × [PO3−
4 ]

+ 2.9; Deutsch et al., 2001), which provided an amount of 40–240 mmol N m−2 yr−1

(Wong et al., 2007). The second one was that using 15N2-labelled incubation ob-20

tained Trichodesmium-derived N-fixation rates of only 2.4±1.7 mmol N m−2 yr−1 (Chen
et al., 2008a). The third one was based on isotope balance for sinking particles
collected by sediment trap, in which nitrogen fixation rate was estimated to be ∼
20±26 mmol N m−2 yr−1 (Kao et al., 2012). The values given by above studies are
very inconsistent. Each of them inherited weakness. The calculation derived from N*25

could be overestimated. One possibility is that they assumed N supply was only derived
from N2 fixation, and neglect the effects of atmospheric deposition having substantial
amounts of N and high N : P ratios (e.g. Baker et al., 2003). On the other hand, the
lateral intrusion of Kuroshio Current, which holds high N-fixation rates (Chen et al.,
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2008b), was not considered and this may result in overestimate of N-fixation by N*
method. The 15N2-labelled method had been proved to underestimate N2 fixation rate
(Mohr et al., 2010). As for the sediment trap method, since the trap was deployed at
∼ 400 m, which is deeper than what we oft-used depth for export production; thus the
isotope balance at ∼ 400 m might underestimate N-fixation rates since Kao et al. (2012)5

indicated that diazotrophs may get remineralized rapidly and accumulated in the upper
water column. One more problem in their isotope balance model is that both N-fixation
and atmospheric Nr deposition provide low δ15N, which prohibit well separation of the
two sources unless we have accurate isotopic signatures for various nitrogen species.

Note that atmospheric nitrate supplied into surface ocean is instantaneously re-10

worked through the assimilation-remineralization cycle that could erase the typically
high δ18O signature and make little change in original low δ15N values. Below, we un-
ravel the relative contributions of atmospheric Nr input and N2 fixation to the subsurface
15N depletion of nitrate in the water column, which may subsequently contribute to N
dynamics in the upper ocean.15

According to our direct observation on Dongsha the flux-weighted average δ15N of
nitrate was −2.7 %�, which is very similar to that by N-fixation (−2 %� to 0 %�). On the
other hand, earlier documents near cities at coast China, the N isotopic compositions
for NH+

4 range from −12.4 %� to −0.6 %� with an annual volume-weighted mean of
−7.3 %� (Jia and Chen, 2010), which is even lower than the flux-weighted mean of20

atmNO−
3δ

15N for the northern SCS. As for the isotopic composition of dissolved organic
nitrogen, little data were documented. The few reports gave a range of relatively wide
δ15N for DON from −7 %� to +10 %� and it seems to be site-dependent (Cornell et al.,
1995; Russell et al., 1998). Thus in this calculation we assume δ15N for DON is sim-
ilar to the atmNO−

3δ
15N. Collectively, as a result, atmospheric Nr deposition serves as25

a substantial contributor alternatively to further lower down the δ15N values of upwelled
nitrate at subsurface layer below the euphotic zone.

We follow a similar approach adopted in Bermuda (Knapp et al., 2010) to estimate
the fraction of lowering nitrate δ15N of the SCS thermocline due to atmospheric Nr
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deposition (fAND) which are formulated as:

fAND = (∆δ15Nbt-a × Fa)/(∆δ15Nbt-f × Ff +∆δ15Nbt-a × Fa) (1)

where Fa and Ff represent the fluxes of AND (∼ 50 mmol N m−2 yr−1, this study plus
assumptions, see Sect. 3.2) and nitrogen fixation (here we used 40 mmol N m−2 yr−1),
respectively; subscripts bt, a and f stand for nitrate below thermocline, atmospheric5

total Nr and N2 fixation. ∆δ15Nbt-a is the offset between δ15Nbt (δ15Nbt =∼ +6.2 %�; Liu
et al., 1996; Wong et al., 2002) and δ15Na (here we used −2.7 %�, same as atmNO−

3 );

∆δ15Nbt-f stands for the discrepancy between δ15Nbt and δ15Nf (−1 %�; Karl et al.,
1997). Thus, fAND is estimated as ∼ 0.6, indicating that AND could account for ∼ 60 %
of depression in nitrate δ15N of the SCS thermocline. Three numbers may result in10

uncertainty of this percentile, the N-fixation rate, total Nr deposition and the assumption
of δ15Na of −2.7 %�, among which more efforts should be paid for DON deposition
and isotopic composition. As for the incubation estimates of the N-fixation rate, Mohr
et al. (2010) suggested saturated 15N2-labelled gas should be made since previously
reported N-fixation rates derived by either unsaturated 15N2-labelled method (e.g. Chen15

et al., 2008a; Montoya et al., 1996) or acetylene reduction method (Hardy et al., 1968)
would underestimated and/or incorrect. From our result, we knew the observed nitrate
δ15N value resembles that derived from N2 fixation. To better constrain the atmospheric
impact on the nitrogen cycle in the SCS, more spatio-temporal data about Nr speciation
and their relative contributions are required in isotopic balance model.20

On the other hand, it is well known that the N : P ratios in atmospheric deposition are
generally much higher than the Redfield N : P ratio of 16 : 1 (e.g. Baker et al., 2003),
thus enhance atmospheric Nr input may relax N-limitation to suppress N2 fixation. Thus,
the relative importance of Nr deposition and N2 fixation may change over time as the
continuously increasing atmospheric Nr inputs.25
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4 Conclusions

In light of the depositional flux of Nr, dual isotopes of nitrate and ion chemistry mea-
surements on the Dongsha Island, we suggest that the major atmospheric Nr depo-
sition was sourced from mainland China driven by the prevailing monsoon winds and
occasionally by tropical cyclones. Specifically, tropical cyclone may carry with new Nr5

sourced from lightning. Coupled observation and some assumptions we suggest that
atmospheric Nr deposition (∼ 50 mmol N m−2 yr−1) may stimulate a new production of
∼ 330 mmol C m−2 yr−1, which mitigate ∼ 50 % of the CO2 release from the northern
SCS. If the atmospheric Nr emission from China continuously increases as model pre-
dicted, the SCS might turn from a source into a sink in terms of CO2 sequestration. In10

our monitoring, overall mean nitrate/ammonium ratio in deposition was ∼ 4.4, however,
the ratio can be up to ∼ 1 during high wet deposition events suggesting that ammonium
plays an important role on contributing to the N cycling of oligotrophic SCS. Unfortu-
nately, the documented N-fixation rates by different methods varied over ∼ 2 orders
of magnitude, revealing that researchers’ appreciation of N-fixation is still insufficient15

to precisely construct a budget of Nr in the study ocean. Additionally, the similarity in
δ15N produced by depositional nitrate and diazotrophs further complicated the applica-
tion of isotope model onto the euphotic zone. More comprehensive studies on isotopic
compositions of nitrogen speciation in deposition on varying spatio-temporal scale and
their relative importance versus potential impacts on N cycling in the SCS are urgently20

needed.

Acknowledgements. This research was supported by the National Science Council, Taiwan
and the National Natural Science Foundation of China (NSFC 41176059, 2009CB421206 and
2009CB421200, 41130857).

9681

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

References

An, J., Ueda, H., Wang, Z., Matsuda, K., Kajino, M., and Cheng, X.: Simulations of monthly
mean nitrate concentrations in precipitation over East Asia, Atmos. Environ., 36, 4159–4171,
2002.

Azimi, S., Ludwig, A., Thevenot, D. R., and Colin, J. L.: Trace metal determination in total5

atmospheric deposition in rural and urban areas, Sci. Total Environ., 308, 247–254, 2003.
Baker, A. R., Kelly, S. D., Biswas, K. F., Witt, M., and Jickells, T. D.: Atmospheric deposition of

nutrients to the Atlantic Ocean, Geophys. Res. Lett., 30, 2296, doi:10.1029/2003GL018518,
2003.

Baker, A. R., Weston, K., Kelly, S. D., Voss, M., Streu, P., and Cape, J. N.: Dry and wet de-10

position of nutrients from the tropical Atlantic atmosphere: Links to primary productivity and
nitrogen fixation, Deep-Sea Res. Pt. I, 54, 1704–1720, 2007.

Böhlke, J. K., Mroczkowski, S. J., and Coplen, T. B.: Oxygen isotopes in nitrate: new reference
materials for 18O:17O:16O measurements and observations on nitrate water equilibration,
Rapid Commun. Mass Spectrom., 17, 1835–1846, 2003.15

Bonnet, S., Guieu, C., Chiavrini, J., Ras, J., and Stock, A.: Effect of atmospheric nutrients on
the autotrophic communities in a low nutrient, low chlorophyll system, Limnol. Oceanogr., 50,
1810–1819, 2005.

Bouwman, A. F., Boumans, L. J. M., and Batjes, N. H.: Estimation of global NH3 volatilization
loss from synthetic fertilizers and animal manure applied to arable lands and grasslands,20

Global Biogeochem. Cy., 16, 1024, doi:10.1029/2000GB001389, 2002.
Buda, A. R. and DeWalle, D. R.: Using atmospheric chemistry and storm track information to

explain the variation of nitrate stable isotopes in precipitation at a site in central Pennsylvania,
USA, Atmos. Environ., 43, 4453–4464, 2009.

Cai, P. H., Huang, Y. P., Chen, M., Guo, L. D., Liu, G. S., and Qiu, Y. S.: New production based25

on 228Ra-derived nutrient budgets and thorium-estimated POC export at the intercalibration
station in the South China Sea, Deep-Sea Res. Pt. I, 49, 53–66, 2002.

Calvert, J. G., Lazrus, A., Kok, G. L., Heikes, B. G., Walega, J. G., Lind, J., and Cantrell, C. A.:
Chemical mechanisms of acid generation in the troposphere, Nature, 317, 27–35, 1985.

Capone, D. G., Zehr, J. P., Paerl, H. W., Bergman, B., and Carpenter, E. J.: Trichodesmium,30

a globally significant marine cyanobacterium, Science, 276, 1221–1229, 1997.

9682

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003GL018518
http://dx.doi.org/10.1029/2000GB001389


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Carrillo, J. H., Hastings, M. G., Sigman, D. M., and Huebert, B. J.: Atmospheric deposition of
inorganic and organic nitrogen and base cations in Hawaii, Global Biogeochem. Cy., 16,
1076, doi:10.1029/2002GB001892, 2002.

Casciotti, K. L., Sigman, D. M., Hastings, M. G., Bohlke, J. K., and Hilkert, A.: Measurement
of the oxygen isotopic composition of nitrate in seawater and freshwater using the denitrifier5

method, Anal. Chem., 74, 4905–4912, 2002.
Chen, Y. L. L.: Spatial and seasonal variations of nitrate-based new production and primary

production in the South China Sea, Deep-Sea Res. Pt. I, 52, 319–340, 2005.
Chen, Y. L. L., Chen, H. Y., Tuo, S. H., and Ohki, K.: Seasonal dynamics of new production from

Trichodesmium N2 fixation and nitrate uptake in the upstream Kuroshio and South China Sea10

basin, Limnol. Oceanogr., 53, 1705–1721, 2008a.
Chen, W. F., Cai, P. H., Dai, M. H., and Wei, J. F.: 234Th/238U disequilibrium and particulate

organic carbon export in the northern South China Sea, J. Oceanogr., 64, 417–428, 2008b.
Chen, N., Hong, H., Huang, Q., and Wu, J.: Atmospheric nitrogen deposition and its long-term

dynamics in a southeast China coastal area, J. Environ. Manage., 92, 1663–1667, 2011.15

Cornell, S., Randell, A., and Jickells, T.: Atmospheric inputs of dissolved organic nitrogen to the
oceans, Nature, 376, 243–246, 1995.

Cornell, S. E., Mace, K., Coeppicus, S., Duce, R., Huebert, B., Jickells, T., and Zhuang, L. Z.:
Organic nitrogen in Hawaiian rain and aerosol, J. Geophys. Res., 106, 7973–7983, 2001.

Dai, M. H., Cao, Z., Guo, X. H., Zhai, W. D., Liu, Z., Yin, Z., Xu, Y., Gan, J. P., Hu, J., and Du, C.:20

Why are some marginal seas sources of atmospheric CO2, Geophys. Res. Lett., 40, 1–5,
doi:10.1002/grl.50390, 2013.

Dentener, F. and Crutzen, P. J.: A three-dimensional model of the global ammonia cycle, J.
Atmos. Chem., 19, 331–369, 1994.

Dentener, F., Drevet, J., Lamarque, J. F., Bey, I., Eickhout, B., Fiore, A. M., Hauglustaine, D.,25

Horowitz, L. W., Krol, M., Kulshrestha, U. C., Lawrence, M., Galy-Lacaux, C., Rast, S., Shin-
dell, D., Stevenson, D., Van Noije, T., Atherton, C., Bell, N., Bergman, D., Butler, T., Cofala, J.,
Collins, B., Doherty, R., Ellingsen, K., Galloway, J., Gauss, M., Montanaro, V., Müller, J. F.,
Pitari, G., Rodriguez, J., Sanderson, M., Solmon, F., Strahan, S., Schultz, M., Sudo, K.,
Szopa, S., and Wild, O.: Nitrogen and sulfur deposition on regional and global scales: a multi-30

model evaluation, Global Biogeochem. Cy., 20, GB4003, doi:10.1029/2005GB002672, 2006.
Deutsch, C., Gruber, N., Key, R. M., Sarmiento, J. L., and Ganachaud, A.: Denitrification and

N2 fixation in the Pacific Ocean, Global Biogeochem. Cy., 15, 483–506, 2001.

9683

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002GB001892
http://dx.doi.org/10.1002/grl.50390
http://dx.doi.org/10.1029/2005GB002672


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Duarte, C. M., Dachs, J., Llabrés, M., Alonso-Laita, P., Gasol, J. M., Tovar-Sánchez, A., Sañudo-
Wilhemy, S., and Agustí, S.: Aerosol inputs enhance new production in the subtropical north-
east Atlantic, J. Geophys. Res., 111, G04006, doi:10.1029/2005JG000140, 2006.

Duce, R. A., LaRoche, J., Altieri, K., Arrigo, K. R., Baker, A. R., Capone, D. G., Cornell, S.,
Dentener, F., Galloway, J., Ganeshram, R. S., Geider, R. J., Jickells, T., Kuypers, M. M., Lan-5

glois, R., Liss, P. S., Liu, S. M., Middelburg, J. J., Moore, C. M., Nickovic, S., Oschlies, A.,
Pedersen, T., Prospero, J., Schlitzer, R., Seitzinger, S., Sorensen, L. L., Uematsu, M., Ul-
loa, O., Voss, M., Ward, B., and Zamora, L.: Impacts of atmospheric anthropogenic nitrogen
on the open ocean, Science, 320, 893–897, 2008.

Elliott, E. M., Kendall, C., Boyer, E. W., Burns, D. A., Lear, G. G., Golden, H. E., Harlin, K.,10

Bytnerowicz, A., Butler, T. J., and Glatz, R.: Dual nitrate isotopes in dry deposition: utility for
partitioning NOx source contributions to landscape nitrogen deposition, J. Geophys. Res.,
114, G04020, doi:10.1029/2008JG000889, 2009.

Falkowski, P. G., Barber, R. T., and Smetacek, V.: Biogeochemical controls and feedbacks on
ocean primary production, Science, 281, 200–206, 1998.15

Fang, Y. T., Koba, K., Wang, X. M., Wen, D. Z., Li, J., Takebayashi, Y., Liu, X. Y., and Yoh, M.:
Anthropogenic imprints on nitrogen and oxygen isotopic composition of precipitation ni-
trate in a nitrogen-polluted city in southern China, Atmos. Chem. Phys., 11, 1313–1325,
doi:10.5194/acp-11-1313-2011, 2011.

Freyer, H. D.: Seasonal variation of 15N/14N ratios in atmospheric nitrate species, Tellus B, 43,20

30–44, 1991.
Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P.,

Asner, G. P., Cleveland, C. C., Green, P. A., Holland, E. A., Karl, D. M., Michaels, A. F.,
Porter, J. H., Townsend, A. R., and Vorosmarty, C. J.: Nitrogen cycles: past, present, and
future, Biogeochemistry, 70, 153–226, 2004.25

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R., Mar-
tinelli, L. A., Seitzinger, S. P., and Sutton, M. A.: Transformation of the nitrogen cycle: recent
trends, questions, and potential solutions, Science, 320, 889–892, 2008.

Gong, G. C., Liu, K. K., and Liu, C. T.: The chemical hydrography of the South China Sea west
of Luzon and a comparison with the West Philippine Sea, Terr. Atmos. Ocean. Sci., 3, 587–30

602, 1992.
Gruber, N. and Galloway, J. N.: An earth-system perspective of the global nitrogen cycle, Na-

ture, 451, 293–296, 2008.

9684

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2005JG000140
http://dx.doi.org/10.1029/2008JG000889
http://dx.doi.org/10.5194/acp-11-1313-2011


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hardy, R. W. F., Holsten, R. D., Jackson, E. J., and Burns, R. C.: The acetylene-ethylene assay
for N2 fixation: laboratory and field evaluation, Plant Physiol., 43, 1185–1207, 1968.

Hastings, M. G., Sigman, D. M., and Lipschultz, F.: Isotopic evidence for source changes of
nitrate in rain at Bermuda, J. Geophys. Res., 108, 4790, doi:10.1029/2003JD003789, 2003.

Heaton, T. H. E.: 15N/14N ratios of nitrate and ammonium in rain at Pretoria, South Africa,5

Atmos. Environ., 21, 843–852, 1987.
Heaton, T. H. E.: 15N/14N ratios of NOx from vehicle engines and coal-fired power stations,

Tellus B, 42, 304–307, 1990.
Hoering, T.: The isotopic composition of the ammonia and the nitrate ion in rain, Geochim.

Cosmochim. Acta, 12, 97–102, 1957.10

Hsu, S. C., Liu, S. C., Kao, S. J., Jeng, W. L., Huang, Y. T., Tseng, C. M., Tsai, F., Tu, J. Y.,
and Yang, Y.: Water-soluble species in the marine aerosol from the northern South China
Sea: High chloride depletion related to air pollution, J. Geophys. Res., 112, D19304,
doi:10.1029/2007JD008844, 2007.

Hsu, S. C., Tsai, F., Lin, F. J., Chen, W. N., Shiah, F. K., Huang, J. C., Chan, C. Y., Chen, C. C.,15

Liu, T. H., Chen, H. Y., Tseng, C. M., Hung, G. W., Huang, C. H., Lin, S. H., and Huang, Y. T.:
A super Asian dust storm over the East and South China Seas: disproportionate dust depo-
sition, J. Geophys. Res., 118, accepted, doi:10.1002/jgrd.50405, 2013a.

Hsu, S. C., Lee, C. S. L., Huh, C. A., Shaheen, R., Lin, F. J., Liu, S. C., and Liang, M. C.: Aerosol
ammonium missing during a super Asian dust episode: the role of heterogeneous reaction,20

P. Natl. Acad. Sci. USA, in review, 2013b.
Huang, X., Song, Y., Li, M., Li, J., Huo, Q., Cai, X., Zhu, T., Hu, M., and Zhang, H.: A high-

resolution ammonia emission inventory in China. Global Biogeochem. Cy., 26, GB1030,
doi:10.1029/2011GB004161, 2012.

Inomata, Y., Igarashi, Y., Chiba, M., Shinoda, Y., and Takahashi, H.: Dry and wet deposition25

of water-insoluble dust and water-soluble chemical species during spring 2007 in Tsukuba,
Japan, Atoms. Environ., 43, 4503–4512, 2009.

Jia, G. D. and Chen, F. J.: Monthly variations in nitrogen isotopes of ammonium and nitrate in
wet deposition at Guangzhou, south China, Atmos. Environ., 44, 2309–2315, 2010.

Kao, S. J., Yang, J. Y. T., Liu, K. K., Dai, M. H., Chou, W. C., Lin, H. L., and Ren, H. J.:30

Isotope constraints on particulate nitrogen source and dynamics in the upper water
column of the oligotrophic South China Sea, Global Biogeochem. Cy., 26, GB2033,
doi:10.1029/2011GB004091, 2012.

9685

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003JD003789
http://dx.doi.org/10.1029/2007JD008844
http://dx.doi.org/10.1002/jgrd.50405
http://dx.doi.org/10.1029/2011GB004161
http://dx.doi.org/10.1029/2011GB004091


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Karl, D. M., Letelier, R., Tupas, L., Dore, J. E., Christian, J., and Hebel, D.: The role of nitrogen
fixation in biogeochemical cycling in the subtropical North Pacific Ocean, Nature, 388, 533–
538, 1997.

Keene, W. C. and Savoie, D. L.: The pH of deliquesced sea-salt aerosol in polluted marine air,
Geophys. Res. Lett., 25, 2181–2184, 1998.5

Kim, T. W., Lee, K., Najjar, R. G., Jeong, H. D., and Jeon, H. J.: Increasing N abundance in the
northwestern Pacific Ocean due to atmospheric nitrogen deposition, Science, 334, 505–509,
2011.

Knapp, A. N., Hastings, M. G., Sigman, D. M., Lipschultz, F., and Galloway, J. N.: The flux and
isotopic composition of reduced and total nitrogen in Bermuda rain, Mar. Chem., 120, 83–89,10

2010.
Levy II, H., Moxim, W. J., and Kasibhatla, P. S.: A global three-dimensional time-dependent

lightning source of tropospheric NOx, J. Geophys. Res., 101, 22911–22922, 1996.
Lin, I. I., Liu, W. T., Wu, C. C., Wong, G. T. F., Hu, C., Chen, Z. Q., Liang, W. D., Yang, Y.,

and Liu, K. K.: New evidence for enhanced ocean primary production triggered by tropical15

cyclone, Geophys. Res. Lett., 30, 1718, doi:10.1029/2003GL017141, 2003.
Lin, I. I., Chen, J. P., Wong, G. T. F., Huang, C. W., and Lien, C. C.: Aerosol input to the South

China Sea: Results from the MODerate resolution imaging spectro-radiometer, the quick
scatterometer, and the measurements of pollution in the troposphere sensor, Deep-Sea Res.
Pt. II, 54, 1589–1601, 2007.20

Lin, J.-T., McElroy, M. B., and Boersma, K. F.: Constraint of anthropogenic NOx emissions in
China from different sectors: a new methodology using multiple satellite retrievals, Atmos.
Chem. Phys., 10, 63–78, doi:10.5194/acp-10-63-2010, 2010.

Liu, K. K., Su, M. J., Hsueh, C. R., and Gong, G. C.: The nitrogen isotopic composition of
nitrate in the Kuroshio Water northeast of Taiwan: evidence for nitrogen fixation as a source25

of isotopically light nitrate, Mar. Chem., 54, 273–292, 1996.
Liu, K. K., Kao, S. J., Hu, H. C., Chou, W. C., Hung, G. W., and Tseng, C. M.: Carbon isotopic

composition of suspended and sinking particulate organic matter in the northern South China
Sea – from production to deposition, Deep-Sea Res. Pt. II, 54, 1504–1527, 2007.

Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., Vitousek, P., Erisman, J. W., Goulding, K.,30

Christie, P., Fangmeier, A., and Zhang, F.: Enhanced nitrogen deposition over China, Nature,
494, 459–462, 2013.

9686

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003GL017141
http://dx.doi.org/10.5194/acp-10-63-2010


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Ma, Y., Weber, R. J., Lee, Y. N., Orsini, D. A., Maxwell-Meier, K., Thornton, D. C., Bandy, A. R.,
Clarke, A. D., Blake, D. R., Sachse, G. W., Fuelberg, H. E., Kiley, C. M., Woo, J. H.,
Streets, D. G., and Carmichael, G. R.: Characteristics and influence of biosmoke on
the fine-particle ionic composition measured in Asian outflow during the Transport and
Chemical Evolution Over the Pacific (TRACE-P) experiment, J. Geophys. Res., 108, 8816,5

doi:10.1029/2002JD003128, 2003.
Michalski, G., Scott, Z., Kabiling, M., and Thiemens, M. H.: First measurements and modeling

of ∆17O in atmospheric nitrate, Geophys. Res. Lett., 30, 1870, doi:10.1029/2003GL017015,
2003.

Michalski, G., Böhlke, J. K., and Thiemens, M.: Long term atmospheric deposition as the source10

of nitrate and other salts in the Atacama Desert, Chile: new evidence from mass-independent
oxygen isotopic compositions, Geochim. Cosmochim. Ac., 68, 4023–4038, 2004.

Mohr, W., Großkopf, T., Wallace, D. R. W., and LaRoche, J.: Methodological underestimation
of oceanic nitrogen fixation rates, PLoS One, 9, e12583, doi:10.1371/journal.pone.0012583,
2010.15

Montoya, J. P., Voss, M., Kaehler, P., and Capone, D. G.: A simple, high precision tracer assay
for dinitrogen fixation, Appl. Environ. Microbiol., 62, 986–993, 1996.

Morin, S., Savarino, J., Frey, M. M., Yan, N., Bekki, S., Bottenheim, J. W., and Martins, J. M. F.:
Tracing the origin and fate of NOx in the Arctic atmosphere using stable isotopes in nitrate,
Science, 322, 730–732, 2008.20

Morin, S., Savarino, J., Frey, M. M., Domine, F., Jacobi, H. W., Kaleschke, L., and Mar-
tins, J. M. F.: Comprehensive isotopic composition of atmospheric nitrate in the At-
lantic Ocean boundary layer from 65◦ S to 79◦ N, J. Geophys. Res., 114, D05303,
doi:10.1029/2008JD010696, 2009.

Nakamura, T., Matsumoto, K., and Uematsu, M.: Chemical characteristics of aerosols trans-25

ported from Asia to the East China Sea: an evaluation of anthropogenic combined nitrogen
deposition in autumn, Atmos. Environ., 39, 1749–1758, 2005.

Orcutt, K. M., Lipschultz, F., Gundersen, K., Arimoto, R., Michaels, A. F., Knap, A. H., and
Gallon, J. R.: A seasonal study of the significance of N2 fixation by Trichodesmium spp. at
the Bermuda Atlantic Time-series Study (BATS) site, Deep-Sea Res. Pt. II, 48, 1583–1608,30

2001.

9687

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JD003128
http://dx.doi.org/10.1029/2003GL017015
http://dx.doi.org/10.1371/journal.pone.0012583
http://dx.doi.org/10.1029/2008JD010696


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Pathak, R. K., Wu, W. S., and Wang, T.: Summertime PM2.5 ionic species in four major cities of
China: nitrate formation in an ammonia-deficient atmosphere, Atmos. Chem. Phys., 9, 1711–
1722, doi:10.5194/acp-9-1711-2009, 2009.

Reay, D. S., Dentener, F., Smith, P., Grace, J., and Feely, R. A.: Global nitrogen deposition and
carbon sinks, Nat. Geosci., 1, 430–437, 2008.5

Richer, A., Burrows, J. P., Nüß, H., Granier, C., and Niemeier, U.: Increase in tropospheric
nitrogen dioxide over China observed from space, Nature, 437, 129–132, 2005.

Russell, K. M., Galloway, J. N., Macko, S. A., Moddy, J. L., and Scudlark, J. R.: Sources of
nitrogen in wet deposition to the Chesapeake Bay region, Atmos. Environ., 32, 2453–2465,
1998.10

Salisbury, G., Rickard, A. R., Monks, P. S., Allan, B. J., Bauguitte, S., Penkett, S. A., Carslaw, N.,
Lewis, A. C., Creasey, D. J., Heard, D. E., Jacobs, P. J., and Lee, J. D.: Production of peroxy
radicals at night via reactions of ozone and the nitrate radical in the marine boundary layer, J.
Geophys. Res., 106, 12669–12687, 2001.

Savarino, J., Kaiser, J., Morin, S., Sigman, D. M., and Thiemens, M. H.: Nitrogen and oxygen15

isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica, Atmos. Chem.
Phys., 7, 1925–1945, doi:10.5194/acp-7-1925-2007, 2007.

Shiozaki, T., Furuya, K., Kodama, T., Kitajima, S., Takeda, S., Takemura, T., and Kanda, J.:
New estimation of N2 fixation in the western and central Pacific Ocean and its marginal seas,
Global Biogeochem. Cy., 24, GB1015, doi:10.1029/2009GB003620, 2010.20

Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., Galanter, M., and Bohlke, J. K.:
A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and freshwater,
Anal. Chem., 73, 4145–4153, 2001.

Sullivan, R. C., Guazzotti, S. A., Sodeman, D. A., and Prather, K. A.: Direct observations of
the atmospheric processing of Asian mineral dust, Atmos. Chem. Phys., 7, 1213–1236,25

doi:10.5194/acp-7-1213-2007, 2007.
Tian, H. Z., Hao, J. M., Lu, Y. Q., and Zhu, T. L.: Inventories and distribution characteristics of

NOx emissions in China, China Environ. Sci., 21, 493–497, 2001 (in Chinese).
Wai, K. M., Leung, K. Y., and Tanner, P. A.: Observational and modeling study of dry deposition

on surrogate surface in a South China city: implication of removal of atmospheric crustal30

particles, Environ. Monit. Assess., 164, 143–152, 2010.

9688

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-9-1711-2009
http://dx.doi.org/10.5194/acp-7-1925-2007
http://dx.doi.org/10.1029/2009GB003620
http://dx.doi.org/10.5194/acp-7-1213-2007


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Wang, T., Guo, H., Blake, D. R., Kwok, Y. H., Simpson, I. J., and Li, Y. S.: Measurements of
trace gases in the inflow of South China Sea background air and outflow of regional pollution
at Tai O, southern China, J. Atmos. Chem., 52, 295–317, 2005.

Wankel, S. D., Chen, Y., Kendall, C., Post, A. F., and Paytan, A.: Sources of aerosol nitrate to
the Gulf of Aqaba: evidence from δ15N and δ18O of nitrate and trace metal chemistry, Mar.5

Chem., 120, 90–99, 2010.
Wong, G. T. F., Chung, S. W., Shiah, F. K., Chen, C. C., Wen, L. S., and Liu, K. K.: Nitrate

anomaly in the upper nutricline in the northern South China Sea – evidence for nitrogen
fixation, Geophys. Res. Lett., 29, 2097–2100, 2002.

Wong, G. T. F., Tseng, C. M., Wen, L. S., and Chung, S. W.: Nutrient dynamics and N-anomaly10

at the SEATS station, Deep-Sea Res. Pt. II, 54, 1528–1545, 2007.
Xiao, H. Y. and Liu, C. Q.: The elemental and isotopic composition of sulfur and nitrogen in

Chinese coals, Org. Geochem., 42, 84–93, 2011.
Yeatman, S. G., Spokes, L. J., Dennis, P. F., and Jickells, T. D.: Comparisons of aerosol nitrogen

isotopic composition at two polluted coastal sites, Atmos. Environ., 35, 1307–1320, 2001.15

Zhai, W. D., Dai, M. H., Cai, W. J., Wang, Y. C., and Hong, H. S.: The partial pressure of carbon
dioxide and air-sea fluxes in the northern South China Sea in spring, summer and autumn,
Mar. Chem., 96, 87–97, 2005.

Zhai, W.-D., Dai, M.-H., Chen, B.-S., Guo, X.-H., Li, Q., Shang, S.-L., Zhang, C.-Y., Cai, W.-J.,
and Wang, D.-X.: Seasonal variations of air-sea CO2 fluxes in the largest tropical marginal20

sea (South China Sea) based on multiple-year underway measurements, Biogeosciences
Discuss., 10, 7031–7074, doi:10.5194/bgd-10-7031-2013, 2013.

Zhang, J., Zou, L., and Lin, Y. A.: Atmospheric wet deposition and changes in phytoplankton
biomass in the surface ocean, Geophys. Res. Lett., 31, L11310, doi:10.1029/2004GL019464,
2004.25

Zhang, J., Zhang, G. S., Bi, Y. F., and Liu, S. M.: Nitrogen species in rainwater and aerosols
of the Yellow and East China seas: effects of the East Asian monsoon and anthropogenic
emissions and relevance for the NW Pacific Ocean, Global Biogeochem. Cy., 25, GB3020,
doi:10.1029/2010GB003896, 2011.

Zheng, J. Y., Yin, S. S., Kang, D. W., Che, W. W., and Zhong, L. J.: Development and uncer-30

tainty analysis of a high-resolution NH3 emissions inventory and its implications with pre-
cipitation over the Pearl River Delta region, China, Atmos. Chem. Phys., 12, 7041–7058,
doi:10.5194/acp-12-7041-2012, 2012.

9689

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9661/2013/bgd-10-9661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/bgd-10-7031-2013
http://dx.doi.org/10.1029/2004GL019464
http://dx.doi.org/10.1029/2010GB003896
http://dx.doi.org/10.5194/acp-12-7041-2012


BGD
10, 9661–9695, 2013

Isotopic composition
of nitrate in bulk

atmospheric
deposition

J.-Y. T. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Summary of average fluxes of nitrate and ammonium in bulk atmospheric depositions
and flux-weighted isotopic compositions of nitrate for four sampling periods.

Sampling Average fluxes (1 SD) NO−
3/NH+

4 δ15NNO3
δ18ONO3

period (µmol N m−2 day−1) (%� vs. air) (%� vs. VSMOW)
NO−

3 NH+
4 Range Arith. mean

9–19 Jul 2010 29.1±18.5 21.5±13.4 0.3–6.9 2.0 +0.7±2.4 +44.3±21.5
15–23 Sep 2010 78.8±73.4 53.7±52.0 0.2–6.6 1.7 −1.1±1.0 +35.4±18.4
27 Nov–13 Dec 2010 72.3±118.3 42.9±111.9 0.3–14.6 3.7 −3.4±1.1 +80.8±10.7
18 Feb 2010– 40.2±21.1 14.5±13.4 0.3–94.1 8.4 −5.3±1.4 +78.8±6.7
2 Mar 2011

Average 56.8±80.3 33.1±71.5 0.2–94.1 4.4 −2.7±2.3 +65.6±21.4
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Figure 1 911 

 912 

 913 
  914 

Fig. 1. Map of the South China Sea and location of the Dongsha Island. The solid-arrow curve
denotes the pathway of Typhoon Fanapi (from 16–20 September 2010). The blue and orange
dashed circles represent influence areas (radius equals to 200 km and wind speed is more than
15 ms−1) for typhoon phase 1 (16–19 September) and phase 2 (20 September), respectively
(see text). The counterclockwise circulation of Fanapi is also shown on circles.
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Fig. 2. Relationships for equivalent fluxes of (a) the total cations versus total anions, (b) Cl−

versus Na+, (c) Mg2+ versus Na+, (d) NH+
4 versus non-sea-salt SO2−

4 (nssSO2−
4 ), (e) NH+

4 versus
NO−

3 , (f) NH+
4 versus NO−

3 plus nssSO2−
4 in bulk atmospheric deposition during collection periods.
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Fig. 3. Fluxes of atmospheric nitrate and ammonium deposition and dual isotopic composition
of nitrate in bulk deposition during four collection periods. The shaded areas indicate rainy
events.
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Fig. 4. Correlation between δ15N and δ18O of nitrate in bulk deposition. The solid line indicates
the regression line for the entire dataset. The shaded area covers the distribution of δ15N and
δ18O values of precipitation nitrate observed at Bermuda (32.27◦ N, 64.87◦ W; Hastings et al.,
2003).
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Fig. 5. Scatter plots of δ15NNO3
and δ18ONO3

against bulk deposition fluxes of NO−
3 (a, d),

nssSO2−
4 (b, e) and nssCa2+ (c, f), respectively. The dashed lines cover the δ15N and δ18O

ranges corresponding to higher deposition fluxes of NO−
3 , nssSO2−

4 and nssCa2+, respectively.
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