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ARTICLE INFO ABSTRACT

Daya Bay in the South China Sea (SCS) has experienced rapid nitrogen pollution and intensified eutrophication
in the past decade due to economic development. Here, we estimated the deposition fluxes of nitrogenous
species, clarified the contribution of nitrogen from precipitation and measured ions and isotopic composition
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SOUFC‘?S » (85N and 8'®0) of nitrate in precipitation in one year period to trace its sources and formation processes among
E:;ZPI‘JZ;O"‘POS‘“O" different seasons. We found that the deposition fluxes of total dissolved nitrogen (TDN), NO3~, NH;*, NO, ™,

and dissolved organic nitrogen (DON) to Daya Bay were 132.5, 64.4 17.5, 1.0, 49.6 mmol m ™ %yr ™!, respec-
tively. DON was a significant contributor to nitrogen deposition (37% of TDN), and NO3~ accounted for 78% of
the DIN in precipitation. The nitrogen deposition fluxes were higher in spring and summer, and lower in winter.
Nitrogen from precipitation contributed nearly 38% of the total input of nitrogen (point sources input and dry
and wet deposition) in Daya Bay. The §'°N-NO5™ abundance, ion compositions, and air mass backward trajec-
tories implicated that coal combustion, vehicle exhausts, and dust from mainland China delivered by northeast
monsoon were the main sources in winter, while fossil fuel combustion (coal combustion and vehicle exhausts)
and dust from PRD and southeast Asia transported by southwest monsoon were the main sources in spring;
marine sources, vehicle exhausts and lightning could be the potential sources in summer. §'®0 results showed
that OH pathway was dominant in the chemical formation process of nitrate in summer, while N,Os+ DMS/HC
pathways in winter and spring.

biologically available nitrogen from the atmosphere to coastal waters
are comparable to that from riverine input (Duce et al., 1991; Spokes

1. Introduction

Emission of reactive nitrogen, including oxidized and reduced in-
organic nitrogen and organic nitrogen, to the atmosphere have in-
creased dramatically because of food production and energy con-
sumption (Duce et al., 2008; Galloway et al., 2003, 2008). Globally,
nitrogen deposition increased slowly from the 1860s to the 1960s, then
rapidly in the past half-century (Galloway et al., 2008). It has been
predicted that atmospheric nitrogen deposition to the ocean will reach
77 TgN-yr~! by 2030, of which more than 45% derives from anthro-
pogenic sources (Altieri et al., 2014; Duce et al., 2008). Such fluxes of
anthropogenic nitrogen deposited to the ocean can impact coastal
ecosystem functions, especially embayments downwind of densely po-
pulated areas (Galloway et al., 2008; Kim et al., 2014). Inputs of

and Jickells, 2005). It is estimated that 10% to more than 40% of ni-
trogen entering estuarine and coastal waters derives from atmospheric
sources and has been considered as a major driver of primary produc-
tion (Owens et al., 1992; Paerl et al., 2002; Valigura et al., 2001). Ni-
trogen-containing compounds in precipitation provide phytoplankton
with nutrients and potentially contribute to eutrophication in estuaries
and coastal waters (Galloway et al., 2003).

Identifying the sources of nitrogen in precipitation and their bio-
geochemical fate is the key managing nitrogen inputs from the atmo-
sphere. Dual isotopes, 8'°N and 880, of nitrate have been used to
identify the sources and chemical processes of nitrate in the atmosphere
(Fang et al., 2011; Hoering, 1957; Michalski et al., 2015). 81°N—NO; is
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viewed as a signal for nitrate sources as the N atoms are conservative
during the formation of NO3~ in the atmosphere (Morin et al., 2009;
Widory, 2007). 8'>N—NO; abundance can be used to determine N
provenance, for example: +6 to +25.6%o for coal combustion (Felix
et al., 2012; Heaton, 1990), —19.1 to +9.8%o for vehicle (Walters
et al., 2015), —7 to +12%o for biomass burning (Fibiger and Hastings,
2016), —0.5 to +1.4%o for lightning (Hoering, 1957), and —50 to
—20%o for biogenic emission (Li and Wang, 2008). 8'80-NO5" values
implicate the oxidation pathway involved with oxidants as Os, free
radical like hydroxy (OH), peroxy and halogen. There are two main
pathways, (1) OH radical pathway (+55%o), 2/3 O3 and 1/3 OH ra-
dical; (2) N,Os pathway (+102%o), 5/6 Oz and 1/6 H,0, for the for-
mation of oxygen atoms in nitrate (Fang et al., 2011; Hastings et al.,
2003). 76% and 18% of annual inorganic NO3 ™~ are formed via the OH
pathway and the N,Os pathway, respectively. Moreover, di-
methylsulfide (DMS) and hydrocarbons (HC) (DMS/HC) pathway is
another important pathway in forming oxygen atoms of nitrate in re-
cent years, which accounts for 4% of the annual inorganic NO3~
(Alexander et al., 2009; Fang et al., 2011). NO3;~ induced via the DMS/
HC pathway have higher 8'®0 values than those via the OH pathway
and the N,Os pathway due to the involvement of O3 (Hastings et al.,
2003).

China's coastal areas are hotspots of nitrogen emissions and de-
position (Liu et al., 2011). A recent study reported that nitrogen de-
position averaged 282 mmol(m?yr)~! within China's coast during
2010-2012, of which wet deposition account for 54.6% (Luo et al.,
2014). Daya Bay, located on the north coast of the South China Sea
(SCS), is surrounded by densely populated land with rapid industrial
growth along the Pearl River Delta (PRD), an economic hub in south
China. Industrial development has increased considerably during the
past 30 years along Daya Bay's coast, including the petrochemical in-
dustry, nuclear and coal-fired power plants, and marine aquaculture.
The drastically increasing input of nutrients has induced eutrophication
in Daya Bay (Yu et al., 2007). To our knowledge, the deposition flux of
nitrogen in precipitation in rainy seasons (March to August in 2012)
(Chen et al., 2014) and incomplete annual data (a field observation
from August 2008 to July 2009, but no data from November 2008 to
February 2009) (Zou et al., 2011) were reported. Daya Bay is a semi-
enclosed bay with relative lower water exchange ability. And the ni-
trogen emission continues to increase in this region. On the basis of
understanding the dry deposition flux (Wu et al., 2018) and riverine
input (Ren et al., 2013) of nutrients in Daya Bay, therefore, it is urgent
to provide annual data of wet deposition fluxes of nitrogenous species
for systematic calculation the budget of nitrogen deposition and
quantifying its ecological effects on Daya Bay. Moreover, Daya Bay is
under the influence of the East Asian monsoon system, whereby strong
northeast winds prevail in winter and southwest winds in spring.
However, the sources of nitrogen deposited from the atmosphere to the
Daya Bay under the co-effect of air pollution and monsoon climate are
unknown. This research, which was conducted over one-year of field
sampling, aims to provide a preliminary understanding of the input flux
and sources of nitrogen in precipitation in Daya Bay under the com-
bined effects of monsoon and anthropogenic pollution.

In this study, concentrations and fluxes of nitrogenous species, ion
composition and dual isotopes (8'°N-NO;~, and §'80-NO; ™) of nitrate
in precipitation in Daya Bay were measured to identify nitrogen inputs,
estimate the sources of the main nitrogen inputs and discuss the de-
positional processes among different seasons.

2. Materials and methods
2.1. Sampling description
Daya Bay is a semi-enclosed subtropical embayment located in

22.45-22.83°N, 114.50-114.89°E on the northern coast of SCS (Fig. 1).
It is one of the largest bays of south China, with an area of ~600 km?.
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The average annual temperature (22 °C) and precipitation (1948 mm)
are controlled by subtropical and monsoonal climate of East Asia. 14
typhoons traverse the SCS in summer and autumn annually (Huang and
Guan, 2012), half of which invade or influence Daya Bay on average.
March to August is considered as rainy months, with > 70% of pre-
cipitation occurring during this period, whereas September to February
is considered as the dry months. In this study, we defined September to
November as autumn, December to February as winter, March to May
and June to August as spring and summer, respectively. There are 12
rivers around Daya Bay, of which Dan'ao river is the largest (Fig. 1).
There are petrochemical bases in the north and aquaculture areas in the
northeast and southwest. Two nuclear power stations (NPS) and the
Pinghai coal-fired power plant in Daya Bay are operating in this area.
Since the 1980s, there have been a rapid expansion of aquaculture,
industrial and agricultural activities in the area, with simultaneous
developments in tourism and the construction of harbours and high-
ways.

Sampling was done at the Daya Bay Marine Biology and Resources
Station (MBRS), located within a distance of 50m to the coastline,
during October 2015 to September 2016. Deposition flux samples were
collected using an automatic ZJD-II wet deposition sampler (Zhejiang
Hengda™, China). The sampler has been successfully deployed to collect
wet deposition of nutrients and trace elements in previous studies
(Huang et al., 2010; Xing et al., 2017). The sampler would immediately
open its lid when it detected the rain, close the lid and seal the cylinder
automatically once the rainy event ended. The sampling cylinder was
positioned 1 m above the ground to prevent dust from dropping in.
Rainwater samples were collected every rainy day (except some rain-
falls < 1mm). A total of 125 precipitation samples were obtained
during this one year sampling period. The precipitation was filtered
through a glass fibre membrane (Whatman) using pre-cleaned plastic
filtration unit (Nalgene Filterware) and stored in wide-mouth poly-
propylene (PP) bottles under — 20 °C. Precipitation samples were mixed
every individual month for the measurements and calculation of VMW
concentration and monthly deposition flux. Additional rainwater sam-
ples (n = 34) for ions and dual isotope of nitrate (§'°>N-NO3 and §'%0-
NOs3) were also collected in the rainy event (rainfall = 10 mm) in the
middle week of every month during the one-year sampling period. Field
blanks were also collected simultaneously in another pre-cleaned cy-
linder by rinsing with ultra-purewater when the rain event stopped at
the sampling site, but the sampling duration period was only 5 min. All
the filtrated rainwater was stored in brown PP bottles at —20 °C until
analysis.

2.2. Air mass backward trajectory

Air mass backward trajectory analysis was performed to recognized
the transport routes using the Hybrid-Single Particle Integrated
Trajectory Model (HYSPLIT 4), provided by the Air Resource
Laboratory of U.S. National Oceanic and Atmospheric Administration
(NOAA) (Rolph et al., 2017; Stein et al., 2015). The backward air mass
trajectory was generated for 24 h back in time with 500 m-agl ending
level. The backward air mass trajectories were performed and clustered
to show the routes of air masses passing through Daya Bay based on the
meteorological data from NCEP's Global Data Assimilation System
(GDAS, global, 09/2007-present).

2.3. Chemical and isotopic analyses

Total dissolved nitrogen (TDN) was measured using a TOC-L auto-
matic analyzer (Shimadzu™, Japan). NH,;* was measured by hypo-
bromite oxidation method, NO3~ with zinc-cadmium reduction
method, and NO,~ with N-(1-naphthyl) ethylenediamine hydro-
chloride spectrophotometric method. Dissolved organic nitrogen (DON)
was determined by subtracting dissolved inorganic nitrogen (DIN) from
the TDN (DON = TDN —DIN). The precisions and recoveries for all
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Fig. 1. Sampling site in Daya Bay (MBRS).

nutrient species were better than 5% and between 96.0 and 103.2%,
respectively.

Major ionic species (Cl1~, SO42~, NO;~, Na*, Mg2*, K*, Ca®",
NH, ") of the additional rainwater samples were individually analyzed
by ion chromatography using an ion chromatograph (Dionex, model
ICS-2500), in units of mg-L_1 and then transformed to meq-L_l. The
concentration of non-sea-salt SO4>~ (;5:504%~) was calculated by sub-
tracting sea-salt SO42~ (xS0427), which was estimated by multiplying
Na* by a factor of 0.252, from total SO,>~ (Yang et al., 2014). Similar
methods were used to calculate non-sea-salt K* (,,;K™) and non-sea-
salt Ca®" (,,Ca®") with a coefficient of 0.038 and 0.022, respectively.
Nitrogen and ions concentration of blank samples was shown in
Table 1. All observed results were blankly corrected.

Dual isotopes (8'°N-NO; and 8'80-NO;) of nitrate (34 samples)
were measured by denitrifier method (Sigman et al., 2001). A batch of
denitrifier strain, Pseudomonas aureofaciens, was cultured to denitrify
nitrate to N,O (NO,~ was insignificant lower (less than 1%) in com-
parison to NO3 ™, it is not considered here). Subsequently, the dual
isotopes of N,O gas were determined online using a GasBench II cou-
pled with a continuous flow isotope ratio mass spectrometer (IRMS,

Table 1
Nitrogen and ions species concentration of blank samples (n = 12).

Nitrogen and ion species Concentration (umol-L ")

TDN 0.30 + 0.12
Na* 0.42 + 0.31
Mg?* 0.62 + 0.20
K* 0.43 + 0.20
Ca%* 0.69 + 0.25
NH,* 0.19 * 0.03
cl- 0.65 + 0.35
$0,% 0.49 + 0.37
NO;~ 0.20 + 0.21
NO,~ 0.02 * 0.03
DON 0.12 + 0.07
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Thermo Finnigan DELTAP™). The 8'°N-NO; were calibrated with
USGS32 (180.0 + 1.0%o for 8'°N), USGS34 (—1.8 + 0.2%o for §'°N)
and IAEA N3 (4.7 = 0.2%o for 8'°N), §!80-NO5” were calibrated with
USGS34 (27.8 + 0.4%o for §'%0), IAEA N3 (25.6 + 0.4%o for §'%0)
and USGS35 (56.8 * 0.3%o for §'0). The accuracy of isotopic analysis
is better than + 0.2 and * 0.5%o for §'°N-NO; and §'®0-NOs, re-
spectively.

2.4. Deposition flux estimation and isotope calculation

The volume-weighted mean (VWM) concentrations of nitrogenous
species were calculated using Eq. (1) and deposition fluxes of nitrogen
were estimated by Eq. (2) as reported by Duce et al. (1991) using the
following formulas:

CVWM = 2:(Cn X Hn)/ZHn (l)

@

where Cywwm (umol‘L_l) is the VWM concentration of nitrogenous
species; F,, (mmol'm™2) is the deposition flux of nitrogen; C,
(umol'L™1) is the concentration of nitrogenous species; H, (mm) is
rainfall amount in every rain event, and n refers to the precipitation
event in a certain period.

The dual isotopic compositions of NO3 (8'°N-NO5 and §'®0-NO3)
were reported as the 8 notation according to Eq. (3)

F, = 0.001 x Z(C, x Hy)

8 (%0) =((Rsample/ Rstandara)-1) X 1000 3

where R denotes the ratios of the heavy isotope to light isotope for N

and O, in units of per mil (%o).

2.5. Data analysis

All data in different seasons were first tested to determine if the
assumptions of homogeneity and normality were met. Differences in
81°N-NO; and 8'80-NO;” between different seasons were assessed with
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independent sample t-tests. Regression analyses were used to examine
the relationships among different parameters. Significance levels are
reported as significant if p < 0.05. Statistical analyses including mean
values and differences were performed with IBM SPSS 19.0 software.

3. Results and discussion
3.1. Concentration of nitrogen in precipitation

The time series data of the nitrogen concentration and atmospheric
nitrogen deposition flux in precipitation and rainfall for each month are
illustrated in Fig. 2. The concentration of TDN varied from 29.3 to
556.5 umol L', with an annual VWM concentration of 54.3 pmol L'’.
TDN concentration present contrary variation trend and negatively
correlated with rainfall (r = 0.58, p < 0.05). This is partially due to
the strong dilution effects of the higher rainfall in rainy seasons
(Laouali et al., 2012). VMW concentration of DIN (60% of the TDN) was
higher than DON, and NO5;~ was the predominant species of DIN (75%
on average). Concentration of nitrogen in precipitation in Daya Bay was
remarkably lower than that in northern China coast (VMW concentra-
tion was 223.3 umol L Jiaozhou Bay) (Xing et al., 2017) and most of
the mainland cities in China (Liu et al., 2013), probably due to the
higher annual rainfall and lower nitrogen emission in Daya Bay.

Distinct monthly variation was also observed among the ni-
trogenous species. The highest concentration of nitrogen was in
November, which was also with the lowest rainfall (8 mm). This scale of
nitrogen was 3-10 times higher compared with other months and may
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Fig. 2. Time series of concentration and deposition fluxes of nitrogenous species in precipitation and rainfall from October 2015 to September 2016.

be due to the longer residence time of ambient aerosols in this month
(Liu et al., 2017; Zhang et al., 2001). Except for November, the nitrogen
concentration in spring (March to May) was relatively higher, espe-
cially for DON, which was also found in north China plain (Zhang et al.,
2012). VWM concentration of NO3;~, which had the highest con-
centration in spring as well, accounted for 78% of DIN. It should be
noted that these maximum concentrations of the nitrogenous species
occurred in a season with relatively more rainfall in the wet season. In
addition, aerosols in spring mostly originated from the PRD (see dis-
cussion below) where there were more industrial activities and an-
thropogenic emissions, which could be the main reason ascribe to the
higher concentration in spring.

3.2. Deposition fluxes of nitrogenous species

Atmospheric nitrogen deposition flux in precipitation and rainfall
for each month are illustrated in Fig. 2. TDN deposition flux varied from
2.4 to 18.3mmolm Z*month™!. DIN flux varied from 1.4 to
13.1 mmol m ~%month ™!, while DON flux varied from 0.7 to
7.3 mmol m~%month ~'. DIN and DON made up 62.6% and 37.4% of
TDN, respectively (Fig. 3). Deposition flux of TDN in precipitation in
this study (11.1 mmol m ~%>month ~!) to Daya Bay was 2.5 times higher
compared with that in 2008 (4.5mmolm ™ %>month™!) (Zou et al.,
2011) (Table 2). Another study conducted in rainy months from March
to August in 2012 showed that the average monthly deposition flux in
precipitation was 14.8 mmolm ™ %month™! (Chen et al., 2014). Ni-
trogen deposition in Daya Bay was at a moderate level compared with
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Fig. 3. Composition ratio of nitrogen: (a) monthly and (b) 1-year in total.

other coastal sites in China, but higher than most of the coastal sites
worldwide (Gioda et al., 2011; Violaki et al., 2010; Zamora et al., 2011)
except Singapore (Table 2) (Karthikeyan et al., 2009). However, it was
lower than PRD (Table 2) (Chen et al., 2010), which is one of the most
developed regions with the largest nitrogen emission hotspots in China
(Huang et al., 2015; Liu et al., 2013).

For the composition of DIN, NO;~ flux ranged from 0.8 to

area are opposite to Chinese inland cities (Xu et al., 2015), where ammo-
nium is the dominant inorganic nitrogen species (Xing et al., 2017; Zheng
et al., 2014). In fact, NH,*/NO;~ ratio is experiencing a decreasing trend
from 5 to 2 in China in the past decade due to the increase of nitrogen
oxidants (Liu et al., 2013). Moreover, the decrease of the NH,* /NO5 ~ ratio
(0.81 in 2008 (Zou et al., 2011),) implied that the emission of NOy is ra-
pidly increasing. The low ratio of NH,*/NOs;~ agreed well with the de-

11.4mmolm ™ ?month™ with an average value at 54 * crease in the ratio of calculated emissions of NH3 to NOy (Liu et al., 2017),
3.9mmol m~*month ~?, while NH,* from 0.03 to reflecting a more rapid increase in NO, emissions from industrial and
46mmolm %month™! with an average value at 15 * traffic sources. A significantly lower NH,*/NO; ™ ratio was found in Daya

1.2mmol m ~2month ~!. Nitrate and ammonium accounted for more than
99% of DIN. NH,* /NO;~ ratios in precipitation over the entire sampling
period varied from 0.02 to 0.92, with lower ratios in the rainy months
(range 0.08-0.40; average 0.21), and higher ratios in the dry months
(range 0.02-0.92; average 0.51). The overall mean NH,*/NOs~ ratio
(0.36) indicated the dominance of nitrate in atmospheric inorganic ni-
trogen in precipitation. This was similar to previous studies in Guangzhou
and Dongsha Island (north SCS) (Jia and Chen, 2010; Yang et al., 2014),
and is consistent with the conclusion that NH,*/NO3~ ratios in coastal

Table 2

Bay compared with nitrate dominant coastal cities of China, like Qingdao,
Fenghua, Fuzhou, etc. (Luo et al., 2014).

According to the previous studies, the ratio of DON/TDN varied
substantially worldwide, between 11 and 42% (Chen et al., 2015;
Cornell, 2011; Gioda et al., 2011; Keene et al., 2002). In this study,
DON accounted for 37.4% of TDN. Especially in dry months, DON ac-
counted more than 50% of TDN (February and March). As has been
found in previous studies in the inland cities in China (Liu et al., 2016),
DON deposition had higher deposition flux and contribution to TDN in

Nitrogen deposition in precipitation at different coastal areas (all the data in this table are unified with unit mmol m~2mon ™).

Sampling Date Rainfall (mm) Fluxes (mmol m ~2 mon ~!)* Ref.
TDN DON NO3-N NH4-N NO,-N
Northern South China Sea
Pearl River Delta 2006.9-2007.12 - 13.2 4.8 3.4 5.0 - (Chen et al., 2010)

Zhanjiang 2010.8-2012.5 1952 - - 7.1 7.9 (Luo et al., 2014)

Daya Bay 2008.8-2009.7" - 4.5 0.2 2.4 1.9 - (Zou et al., 2011)
2015.10-2016.9 2438 11.1 4.1 5.4 1.4 0.2 This study

Other Coastal Sites in China

Xiamen, Fujian 2004-2005 1023 15.0 - - - (Chen et al., 2011)

Dalian, Liaoning 2010.9-2012.4 660 - - 5.4 4.8 - (Luo et al., 2014)

Changdao, Shandong 2010.9-2012.6 531 - - 5.3 4.2 -

Linshan, Shandong 2011.2-2012.5 731 - - 5.0 4.4 -

Fenghua, Zhejiang 2010.8-2012.5 1120 - - 6.9 5.9 -

Fuzhou, Fujian 2010.4-2012.6 1528 - - 4.2 4.3 -

Jiaozhou Bay (QD) 2015.6-2016.5 860 16.3 3.8 4.5 7.6 0.4 (Xing et al., 2017)

Other Worldwide Sites

Charlottesville (USA) 1997.5-1997.8 1390 5.6 0.5 2.8 2.3 (Keene et al., 2002)

Sandy hook (USA) 1998-1999 - - - 3.8 2.0 - (Gao et al., 2007)

Tuckerton (USA) 1999-2001 - - - 2.4 1.6 -

Tampa Bay, FL (USA) 2005.7-2005.9 1330 6.4 0.5 4.5 1.4 (Calderon et al., 2007)

Miami (USA) 2008-2009 1490 2.3 0.02 1.2 0.9 (Zamora et al., 2011)

Luquillo (Puerto Rico) 2004.12-2007.3 1041 1.4 0.6 0.5 0.3 (Gioda et al., 2011)

Singapore 2007.3-2007.4 1730 33.7 12.3 19.4 2.0 (Karthikeyan et al., 2009)

Eastern Mediterranean (Greece) 2003-2006 550 1.8 0.4 0.8 0.6 (Violaki et al., 2010)

North Sea (Belgium) 2004-2006 420 2.9 0.1 1.2 1.6 (Bencs et al., 2009)

- in the table implies no exact data.

@ Fluxes are based on the existing valid data.
" No data from Nov. 2008 to Feb. 2009.
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Seasonal and annual deposition flux (mmol'm ~2) and VWM concentration (umol-L ') of nitrogen at Daya Bay.

Year Sampling period Deposition fluxes/VWM concentration Rainfall (mm)
TDN DIN DON
NO3;~ NH,* NO,~
2015-2016 Autumn 28.2/40.5 13.0/18.6 6.7/9.5 0.06/0.09 8.6/12.3 698
Winter 13.4/63.6 3.8/18.2 2.3/10.7 0.01/0.01 7.4/34.9 210
Spring 46.8/79.3 26.3/44.6 3.7/6.4 0.27/0.45 16.4/27.8 591
Summer 44.0/46.8 21.3/22.7 4.8/5.1 0.63/0.68 17.3/18.3 939
1-year average 11.0/54.3 5.4/26.4 1.5/7.2 0.08/0.39 4.1/20.3 2438
spring (Zhang et al., 2012), which is in accordance with the variation of Table 5

the DON concentration in Daya Bay. Based on this point, we may
conclude that DON plays a ubiquitous role and is a significant con-
tributor to nitrogen deposition in precipitation in Daya Bay. Given the
importance of DON, we recommend further studies on the §!°N isotope
signature of DON to identify the specific sources.

3.3. Seasonal patterns

Seasonal patterns, with high fluxes of nitrogenous species (except
NH4*) in rainy months (spring and summer) and low fluxes in dry
months (autumn and winter), of nitrogen deposition fluxes were pre-
sented in Table 3. DIN accounted for the predominant part of TDN in
precipitation, which is contrary to that DON was the main part in the
dry deposition (Wu et al., 2018). DIN fluxes (including NO3;~ and
NH, ) were well correlated with rainfall, while DON showed no strong
correlation with rainfall (Table 4). Moreover, higher DIN/TDN ratio
was also found in spring. This may suggest that inorganic nitrogen in
the aerosol was strongly scavenged by rainfall. Similar results were
observed in the coast of Yellow Sea of China (Qi et al., 2013; Xing et al.,
2017) and the southern East China Sea (Chen et al., 2015), indicating
that rainfall is an important factor controlling the deposition flux of
inorganic nitrogenous species (Fig. 2, Table 4). Nitrogen deposition flux
and VWM concentrations of TDN and nitrate were higher in spring
(Table 3). On the contrary, the maximum ammonium deposition flux
and VWM concentration occurred in autumn, which differs with other
nitrogenous species. The similar seasonal pattern of ammonium was
found in the Yangtze River Delta (Meng et al., 2014), another major
economic zone in eastern China coast. This coincided with the active
agricultural activities from mainland China (Chen et al., 2011), which
may cause the higher ammonium deposition flux in autumn. However,
both higher concentration and contribution of DON were found in
winter (Table 3). The organic fraction depends on the seasonal biolo-
gical emissions and long-range transport (Gioda et al., 2011), which

Table 4
Correlation matrix of nitrogen species fluxes in precipitation at Daya Bay (performed with
the mean value in 12 months).

Rainfall TDN DIN DON NO; ™~ NO, ™ NH,*
Rainfall 1.00 0.75%** 0.84** 0.13 0.76** 0.39 0.69*
TDN 1.00 0.92**  0.59*  0.92**  0.55 0.46
DIN 1.00 0.23 0.97**  0.35 0.62*
DON 1.00 0.29 0.64* 0.13
NO3;~ 1.00 0.32 0.41
NO,~ 1.00 0.22
NH,* 1.00
*p < 0.05.
wp < 0.01.
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Nutrient input from wet deposition, dry deposition and riverine in Daya Bay.

TDN (t/a) NOs;~ (t/a) NH4" (t/a) NO,~ (t/a) DON (t/a)
Wet deposition 1118.8 544.3 141.1 20.1 413.3
Dry 216.4 71.0 7.8 0.5 137.1
deposi-
tion®
Riverine input” 1626.7 278.7 1018.0 168.2 161.8
Wet deposition  37.8% 60.9% 12.1% 10.6% 58.0%

ratio

@ Dry deposition data was from Wu et al. (2018).
b Riverine input data was from Ren et al. (2013).

could be ascribed to the anthropogenic activities and the northeast
monsoon from the continental sources (Zhang et al., 2012). And this
pattern was also found in Fuzhou (Zhang et al., 2012) and Jiaozhou Bay
(Xing et al., 2017).

3.4. Contribution and effect of nitrogen in precipitation in Daya Bay

The deposition flux of TDN in precipitation could reach to 1 118.8t/
a (in ~600km?) during our sampling period (Table 5). We combined
point sources discharge (including riverine input and waster water
drainage) and atmospheric input (dry and wet deposition) as the total
input of nitrogen. Nitrogen in precipitation was the predominant con-
tributor from the atmosphere (84%, nitrogen from dry deposition was
216.4 t/a, see Wu et al. (2018)). This scale of TDN from wet deposition
could account for 37.8% of the total nutrient input in Daya Bay.
Especially, NO; ™~ and DON accounted for nearly 60% of all the nitrogen
input. Atmospheric deposition of nitrogen plays a more important role
in Daya Bay. It is widely accepted that riverine inputs are the dominant
contributor of nitrogen in coastal waters. However, riverine input was
relatively lower in Daya Bay compared with other embayments (Kocak
et al., 2010; Xing et al., 2017) because of the fewer rivers discharge.
Moreover, nitrogen concentration in precipitation was obviously higher
than that in the seawater (Wang et al., 2008; Wu et al., 2017), which
may enrich the seawater and lead to the rapid growth of phytoplankton
in a short period (Paerl et al., 2002; Xu et al., 2014). Considering the
deposition flux of nitrogen and DIN/DIP ratio (407:1 on a molar basis,
unpublished data), nitrogen input from precipitation throughout the
year may cause ecological effects on the embayment ecosystem, such as
eutrophication or deterioration of the unbalanced nutrient structure
(Wu et al., 2017; Xu et al., 2014).

3.5. Potential sources of nitrate in precipitation

In this study, 34 heavy precipitation samples were collected and
they were suitable to represent the source contributions over the entire
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Table 6
Ranges of seasonal isotopes values in precipitation in Daya Bay.

Stage (8'°N-NO3") (%o0) (8'%0-NO3") (%0)

Mean Range Mean Range
Autumn (n = 7) -2.9% -39to —1.9 +74.9 +63.8 to +77.9
Winter (n = 8) —4.28 -5.9t0 —1.0 +76.5% +66.2 to +81.1
Spring (n = 8) +0.3° —-2.8to +3.6 +70.4"  +50.6 to +78.2
Summer (n = 11) -2.3° -5.0to +0.1 +63.0° +52.5t0 +71.7

Within a column, means followed by different letters are significantly different at
a = 0.05.

year (See in the Supplementary Material). Seasonal variations of 8'5N-
NOj5 isotopes were used to reflect the changes of potential sources,
which are mainly governed by East-Asia monsoon system. §'°N-NOg™ in
precipitation varied between —5.9%o0 and +3.6%o, with an annual
average value of —2.4%o (Table 6). In the winter, 8'°N-NO5’ ranged
from —5.9 to —1.0%o. The 8'°N values of coals in China varies between
—6 and +4%o with an average value of —1.5%o (Xiao and Liu, 2011).
As described in Fig. 1, the Pinghai coal-fired power plant is running in
the east Daya Bay with continuous NO, emissions throughout the year.
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Fig. 4. Air mass transportation pathway at 500 m in four seasons, (a) spring, (b) summer, (¢) autumn, and (d) winter, in Daya Bay:

NOAA. (http://ready.arl.noaa.gov/HYSPLIT traj.php).
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A positive correlation has been found between NO3;~ and ,;,504>~ in
the precipitation (r* = 0.54, p < 0.01, Fig. 5e), suggesting that the
sources of NO;~ might be associated with SO42~ dominated by coal
combustion in the southeast China. It is reported that the main sources
of NO, emission are relevant to fossil fuel combustion in China (Liu
et al., 2011, 2017). Furthermore, the ;504%™ /S04%~ (51%, Fig. 5g) in
winter showed fossil fuel was a significant contributor to nitrogen in
precipitation. Nitrogen deposition in Daya Bay in this season could be
presumed predominantly driven by the anthropogenic sources from
mainland China and northern Daya Bay according to the backward
trajectories (Fig. 4). A similar result was also reported in the nitrogen-
polluted city in southern China (Fang et al., 2011) and the northern SCS
(Yang et al., 2014). Nitrate in the precipitation had low 8'°N-NO5” value
(—=7.5to —3.1%o) in southeastern China coastal area, which was in the
upwind direction of Daya Bay in winter and mostly from vehicle ex-
hausts (Chen et al., 2011; Felix and Elliott, 2014). It is reported that up
to 41% of NO, emission were from mobile sources in the region (Zheng
et al., 2009). 8'°N-NO5™ value in spring and was statistically different
with that in winter (Table 6). As atmospheric inputs are important al-
lochthonous sources of nitrogen, the southwest monsoon in spring may
bring continental nitrogen from PRD and southeast Asia, while from
mainland China by the northeast monsoon in winter (Fig. 4). nssCaZ ™

20N

20N

T T
110E 120E

using HYSPLIT backward trajectory model by ARL,
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red dotted line represents the relationship of the two ions in winter, and the solid red line represents summer. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

was in high concentration and accounted a larger part of Ca®>* in spring
and winter. Moreover, the intimate correlation between ,,,Ca?" and
NO;~ (Fig. 5f, R> = 0.59, p < 0.01) and the ratio of ,Ca2"/Ca®"
(Fig. 5h) could presumably indicate that crustal dust may be an active
carrier of NO3; ™~ in winter. This was also reported by Hsu et al. (2014)
and Streets et al. (2003) that the SCS receives Asian dust and pollution
outflows and Southeast Asian biomass burning, which also may con-
tribute to the nitrate in precipitation in Daya Bay. Based on the dis-
cussion above, we concluded that a mixture of dust and fossil fuel
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combustion (mainly of coal combustion and vehicle exhaust) were the
predominant sources in spring and winter.

In summer, 75% air mass originated from SCS (Fig. 4) and five ty-
phoons passed or influenced Daya Bay, which may bring large pre-
cipitation from the SCS and western Pacific (Potty et al., 2012). Air
mass trajectories have shown that maritime sources could be the main
pathway contributing to Daya Bay. And the Cl-/Na* (1.175, Fig. 5b)
and Na* /Mg2+ (0.24, Fig. 5c¢) ratio indicated that marine input from
SCS to be a potential source in this season (Xiao et al., 2017). Moreover,
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15550427 /80427 (Fig. 5g) showed a relatively lower ratio (31%) and
NO3 ™ /468042 ratio in summer (1.14, Fig. 5e) was higher than that in
other seasons (0.90, 0.61, and 0.67 for spring, autumn and winter, re-
spectively), indicating that nitrogen in precipitation was in a small
portion from fossil fuel combustion. However, 73% of all the 8§'°N va-
lues in summer ranged from —5.0 to +0.1%o (average — 2.3%o), which
were within the range of 8'°N-NO, originated from vehicle exhausts
(Fibiger and Hastings, 2016; Walters et al., 2015), suggesting that fossil
fuel could be a considerable source in summer. Considering the
northern SCS is one of the busiest shipping area consuming a large
amount of fossil fuel, a mix of marine and fossil fuel sources may
contribute to NO3;~ in summer. In addition, 27% of the total samples
were located in the range of 8!°N value from lightning source NOy
(Hoering, 1957). Daya Bay is located in a subtropical area, where
lightning occurs intensively in summer. According to the lightning
observation in Hong Kong, west of Daya Bay, lightning occurred 33,138
times in summer, accounting for 81% of the total lightning frequency
during our sampling period (http://www.weather.gov.hk/contente.
htm), indicating that the contribution of lightning NO, might increase
in summer. Also, it is reported that natural NO, emissions (soil emis-
sion) accounted for 23% of the total Asian NO, emissions in summer,
8% in winter, and 16% annually (Zhao et al., 2015). In Eastern China,
nearly 30% of NOy was from natural sources combining lightning and
biogenic emission in rainy months (Lin, 2012). However, no obvious
isotopic signature of biogenic emission NOy (soil emission) was found in
this paper.

3.6. Formation process of nitrate

Seasonal variation of §'80-NO5;™ was shown in Table 6. 94% of
8'80-NO3™ values in this paper were within the range of +55 to
+102%o, suggesting that the main §'80-NO;™ formation process may
derive from OH radical and N,Os pathway (stated in the introduc-
tion) (Hastings et al., 2003; Johnston and Thiemens, 1997; Xiao
et al., 2015). The highest mean value of 8180-NO5™ (+76.5%0) oc-
curred in winter, while the lowest mean value (+63.0%0) was in
summer. There was a significant difference between winter and
summer, which implies distinct §'80-NO5™ formation processes in
these two seasons.

In winter, strong northeast winds prevail in Daya Bay (Fig. 4b)
(Hsu et al., 2014). NO, from mainland China and northern Daya Bay
significantly contribute to nitrogen deposition in precipitation. NOy
with low 8'°N-NO;  value originated from fossil fuel combustion
originating from Chinese mainland cities, and more O3 contributed to
NO3 due to the heavy pollution (4 and 5). In spring, the 8'°N-NO5’
value was significantly different with that in winter, while no dif-
ference was found of 8'0-NO5". This implies that there are distinct
sources of nitrogen but analogous formation pathways of nitrate in
spring and winter, most probably due to the contribution of air pol-
lutants in the nitrate formation process (Chen et al., 2010; Zheng
et al., 2012). In spring and winter, the air temperature was relatively
lower than summer. A negative correlation was previously found
between 8'®0-NO; and temperature (Fang et al., 2011). NO, is oxi-
dized by O3 to produce NO; radical (NO3) (5), which subsequently
combines with NO, to form dinitrogen pentoxide (N,Os) (6). The
hydrolysis of N,Os yields HNO3 (7). This pathway is most prevalent
during winter as N,Os is thermally unstable (Fang et al., 2011). In
addition, pollutants like dimethylsulfide (DMS) or hydrocarbons (HC)
were involved with O3 during the formation of NO;~ by a DMS/HC
pathway (8) (Alexander et al., 2009). Furthermore, halogens, such as
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chlorine oxide (ClO), were at high levels due to heavy pollution (Ji
et al., 2013), NO or NO, would form to NO3 by combining with ClO
(10) (Altieri et al., 2013; Gobel et al., 2013). Halogen oxides’ in-
volvement made the §'0-NO; value higher because O3 contributes to
ClO formation (9-11) (Alexander et al., 2009; Altieri et al., 2013;
Fang et al., 2011). Although O atom by DMS/HC and Halogen oxides
pathway have higher abundance, it could be diluted by other path-
ways (OH or N,Os pathways) due to their lower proportion in the
formation of NO3 ™. (4-11) simply described the producing of HNO;
involving with Os, though the chemical process was more compli-
cated. Therefore, in winter, NoOs was the predominant pathway that
controls the formation of nitrate, while DMS/HC and halogens could
be additional pathways that make the 8'®0-NO3 value higher than
that in summer.

NO + O3 »NO,+ 0, ©))
NO,+ 03 »NO3+ 0, 5)
NO,+NO3 <Ny0s (6)
N,O0s5+ Hy0 = HNOg 7
NO;3+DMS/HC — HNO3 ®
Cl/Br + O3 =ClO/BrO + O, ©)
NO,+CIO = CIONO, (10)
CIONO, + NaCl = NaNOgs + Cl, (11)

Higher 8'°N-NO;3™ and lower 8'®0-NO; in summer are found
compared with winter. Values of §'°N-NO3;™ and 8'®0-NO; were
statistically different to winter (Table 6), implying a different for-
mation process of nitrate. Typhoons prevail in the SCS in summer,
and air mass back-trajectory evidence showed that 75% of the air
mass was from the SCS, suggesting that §'°N-NO; increased and
8'80-NO; decreased during transport from remote seas to the coastal
area. The high 8'°N-NO; value was associated with low §'80-NO; at
Daya Bay in summer. It should be noted that O3 concentration is re-
latively lower in summer (0.62ugm>, 1.22pgm™ in spring
1.62ug m” in autumn, 1.19 ug m™ in winter) along the PRD (Lee
et al., 2014), and OH concentrations are in high level (OH is photo-
lytically produced, (12)) (Alexander et al., 2009). Photochemistry is
the main driver for chemical activity in the atmosphere in summer
(Aneja et al., 2001), as the radiation was strong in Daya Bay, which
may induce more OH radicals (12). The hydrolysis of NO, yields
HONO and HNOj; (13). And HONO was photolysis to OH (14). It is
likely that an OH radical pathway was most probably dominant in the
formation of nitrate in summer. OH radical pathways are also found
in Guangzhou (Fang et al., 2011) and the SCS (Xiao et al., 2015; Yang
et al., 2014) in rainy months. A negative relationship was found be-
tween 8'°N-NO; and 8§'80-NO5;™ (R? = 0.64, p = 0.0058) in summer
(Fig. 6). Similar results were found in the marine environment (Altieri
et al., 2013; Gobel et al., 2013; Yang et al., 2014), which implies that
nitrate formation was regulated by OH radicals from maritime
sources in summer.

NO,+OH — HNO; (12)
2NO, +H,0 < HONO + HNO; (13)
HONO + hv - NO + OH a4
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Fig. 6. The relationship between §'°N-NO5™ and §'®0-NO3 in rainwater at Bermuda (Altieri et al., 2013), in bulk deposition at Dongsha Island (Yang et al., 2014), in TSP at Yongxiang
Island (Xiao et al., 2015), in rainwater at Guangzhou (Fang et al., 2011), and in rainwater at Daya Bay (black circle). Correlation between 8'5N-NO5™ and 8'®0-NO5™ values in
precipitation (n = 34). The solid line indicates the regression line for the entire data set of Daya Bay.

4. Conclusions

The atmospheric deposition fluxes of TDN in precipitation was
132.5mmolm~2yr~! from October 2015 to September 2016, which
accounted for 37.8% of the total input of nitrogen into Daya Bay. DIN
accounted for 62.6% of the TDN, and NO3;~ accounted for 77.8% of the
DIN. DON acted as a significant contributor to nitrogen in precipitation.
Further study on the compositions and specific sources of DON should
be clarified in the future due to the important role of DON. The TDN
flux was higher in spring and summer, and lower in winter months. The
wet N deposition flux accounted for 37.8% of the total nitrogen input.
In winter, fossol fuel (coal combustion and vehicle exhausts) and dust
from mainland China transported by northeast monsoon are the main
sources of nitrogen, while fossil fuel (coal and vehicle exhausts) and
dust from PRD and southeast Asia delivered by southwest monsoon
were proved to be the probable sources in spring. A mixture of marine,
vehicle exhaust and lightning were the main sources of nitrogen in
summer. Atmospheric nitrogen deposition in precipitation was strongly
regulated by the East Asia Monsoon system in spring and winter
(southwest monsoon and northeast monsoon, respectively) and affected
by the typhoons in summer. OH pathway was dominant in the chemical
formation process of nitrate in summer, while N,Os+ DMS/HC path-
ways in winter and spring. Therefore, it is necessary to control the
emission in the upwind direction in governing the atmospheric nitrogen
inputs to Daya Bay.
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