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Abstract: To evaluate the impact of increasing atmospheric nitrogen deposition input to the coastal
ecosystem, measurements were conducted to analyze the inorganic nitrogen wet deposition to
Xiamen Island during April to August in 2014. Using ion chromatography and shown to contain
main nine water-soluble ions—including Na+, NH4

+, K+, Mg2+, Ca2+, Cl−, NO−, NO3
−, and

SO4
2−—we analyzed the composition of the wet deposition sample and verified the contribution

of different ions to the different sources. The results showed that the mean NO3
−-N and NH4

+-N
concentration in rainfall for five months was 4.55 ± 5.15 mg·L−1 (n = 31) and 1.20 ± 1.16 mg·L−1

(n = 33), respectively. Highest NO3
−-N (74.65 mg·N·L−1) and NH4

+-N (16.06 mg N·L−1) values
were both observed in May. Maximum NO3

−-N deposition (507.5 mg·N·m−2) was also in May,
while the highest NH4

+-N deposition (99.8 mg·N·m−2) was in June. The total inorganic wet nitrogen
flux during sampling period was 11.1 kg·N·ha−1. The HYSPLIT backward air masses trajectory and
USEPA PMF model was used, as the composition of the air masses passing over the sample area were
impacted from three sources: fertilizers and biomass combustion, formation of secondary aerosol,
and Marine aerosols. The concentration ratio of SO4

2− and NO3
− in ranged between 0.5 and 3 in

rainfall samples with an average of 1.34, suggesting that the contribution from vehicle exhaust to air
pollution in the sample area is increasing. Long-term continuous monitoring of wet deposition in
this region needs to be expanded to fully understand the impacts of human activity on air quality
and to quantify N deposition to local marine ecosystems.

Keywords: wet deposition; water-soluble ions; inorganic nitrogen deposition fluxes

1. Introduction

Nitrogen is an essential biogenic element and is one of the most complex elements
with many valence states. Nitrogen is a limiting factor for biological productivity, which
gives it a central role in oceanic biogeochemical cycles. The wet deposition of atmospheric
nitrogen is the process by which nitrogen is deposited in terrestrial or aquatic ecosystems by
raindrops or snowfall. Atmospheric nitrogen deposition in the Taihu Lake area is one of the
largest contributors of nitrogen pollution, second only to loss ofnitrogen from farmland [1].
Precipitation chemistry and sedimentation rates are important factors for understanding
and predicting the impacts of anthropogenic atmospheric discharge on ecosystems [2].

The rapid expansion of the global population has been accompanied by an increase in
N emissions and a subsequent increase in N deposition. There has been a non-negligible
increase in atmospheric nitrogen deposition year by yeardue to increases in certain human
activities (such as fossil fuel emissions, artificial fertilizers, etc.), and this deposition into
the natural environment has put a heavy pressure on ecosystems. Specifically, the growth
in number of motor vehicles has led to increased oxynitride emissions since 2000 [3].
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It is generally believed that the main sources of NH4
+ in aerosol are agricultural

activities associated with fertilizer application and livestock production [4]. The application
of fertilizers and the release of animal waste leads to increases in NH3 emissions. However,
the high N concentrations from other sources such as fossil fuel emissions are occurring
in certain times of year [5]. Deposited NH4

+-N accounts for 58.7% of all wet deposition,
coming primarily in the form of wet deposited dissolved inorganic nitrogen (DIN) at
road monitoring stations in the United States [6]. Studies of nitrogen deposition around
Boston, USA showed that rates in cities were about twice as high as those in nearby rural
areas [7]. Urban sites have different N sources than rural areas and population centers in
mountainous areas. In addition, precipitated DIN has the potential to negatively impact
both aquatic and terrestrial ecosystems [8].

Due to the increasing trend in the magnitude of N deposition, many recent studies
have been focused on the effects of N-loading on forests, basins, deltas, and other inland
areas. However, there have been relatively few studies on N deposition in the open sea
and coastal areas. The dry deposition of N in the Huang-Huai-Hai Plain contributed the
majority of the total N deposition, with an average contribution of 65%. Seasonal differ-
ences, active nitrogen source species, site management, underlying surfaces, vegetation
conditions, and weather conditions will all affect atmospheric nitrogen deposition and
its composition [9]. Rural dry deposition in the Beijing area accounted for 75% of all
nitrogen deposition, while wet deposition accounted for 25% [10]. Similarly, total inorganic
nitrogen deposition in the Pearl River Delta and Guangdong Province was dominated
by dry deposition, which accounted for 63.8% and 61.1%, respectively. Generally, NH4

+

is the main component of wet deposition, while NH3-N is the main component of dry
deposition [11]. While the chemistry of wet deposition is generally well characterized at
individual sampling locations for short periods of time, there remains large uncertainty in
the overall spatial variability of N deposition across China. This is due in part to the lack of
a nationwide continuous deposition monitoring network. In order to better evaluate the
impact of nitrogen deposition, it is necessary to monitor the wet and dry nitrogen deposi-
tion across the country. The anthropogenic application of nitrogen fertilizers in the central
subtropical agricultural basin have resulted in significant NH3 emissions. It is essential
to reduce anthropogenic N emitting activities (nitrogen fertilization, animal production,
and fossil fuel combustion) in this subtropical region to prevent irreversible damage to its
fragile ecosystems [12]. The national average nitrogen deposition rates have varied greatly
from year to year, in some cases by as much as 59%. In addition, the data have shown that
nitrogen deposition rates have been increasing in hotspots in the southeastern portion of
China [13].

Xiamen’s air quality ranked second among cities that are prefecture-level and above
in China all year round. A small increase in PM2.5 particles, like those from vehicle
exhaust, will have a significant impact on air quality. According to the Yearbook of
Xiamen Special Economic Zone of 2014 (http://www.xm.gov.cn/zwgk/tqjj/xmjjtqnj/,
accessed on 10 September 2021), the number of tourist and civilian vehicles in Xiamen
reached 632.7 million and 1.2 million, respectively, which coincided with the increased
population density of Xiamen Island. Human influence through the use of waste treatment
systems (e.g., septic tanks, sewage treatment plants, and landfills) and various modes
of transportation accounted for up to 92.4% of the total NH3 emitted within the Siming
District of Xiamen Island in 2015 [14]. Stable isotope mixing models have shown that
fossil fuel-related NH3 emissions (fossil fuel combustion) contributed more than 70% of
the aerosol NH4

+ [15].
Using the MFA (material flow analysis) method to create a detailed model of nitrogen

flow, the results showed that increasing the removal rate of NOx emissions at the point of fossil
fuel consumption and adopting management practices within the surrounding watersheds
to limit the loss of N-containing compounds would greatly help reduce the presence of N-
containing pollutants in the Xiamen region [16]. Without substantial control of NH3 emissions,
model simulations indicate that effective reduction in formation of aerosols in the PM2.5

http://www.xm.gov.cn/zwgk/tqjj/xmjjtqnj/
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fraction will be limited if emphasis is solely on reducing SO2 and NOx emissions [17–19].
Reducing nitrogen emissions to the environment should be prioritized moving forward.

Recently, research in the Xiamen area has been focused on the deposition and char-
acterization of the PM2.5 and PM10 fractions in the atmosphere, including the presence of
various trace metals, salt-forming ions, organic and elemental carbon content, and other
substances [20–22]. While the PM fraction is an important component of air quality, it
is not the only source of N-deposition. The continuous and long-term collection of wet
deposition needs to continue and be strengthened throughout the area to fully understand
N inputs. In this paper, we focus on wet deposition during a single rainy season in the
Xiamen region and characterize the chemistry and magnitude of nitrogen inputs. The rainy
season accounts for ~70% of the total precipitation received and a substantial amount of
the N-loading to this coastal urban area. The source of aerosols captured by wet deposition
were analyzed using the USEPA PMF (positive matrix factorization) model to better un-
derstand the variability in nitrogen wet deposition amounts associated with individual
rain events. These results illustrate the importance of monitoring wet deposition to help
understand the impacts of atmospheric nitrogen on marine nutrient cycling in coastal areas.

2. Methods and Materials
2.1. Sampling Site

The sample site was located in the southwest portion of Xiamen Island near the city
of Xiamen (latitude and longitude information here). Xiamen is an important central
city along the southeast coast of China. The sampling equipment was mounted on a
wooden platform located on the roof of the research building for the Third Institute of
Oceanography at an altitude of 45 m. The sampling equipment is designated as the regional
background station of the marine atmospheric environment monitoring system, and is
considered representative of an urban coastal area in China. Nearby urban influences
include Xiamen University, Gulangyu Island, and Nanputuo Temple as well as other scenic
locations frequented by visitors throughout the year (Figure 1). Urban emissions include
activities from a nearby harbor. It is affected by residential, oceans, and ships emission.
The selected place is relatively representative.
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2.2. Precipitation

Xiamen Island is located in a subtropical monsoon climate within a subtropical high-
pressure zone. The spring and summer periods are from March to May and April to June,
respectively. Wet deposition samples were collected from the beginning of 2014 to the end
of August that year, for a total of 42 individual samples. To the extent possible, each sample
collected represented a single rainfall event. Of this number, samples were excluded if the
concentration of the chemical species of interest were below analytical detection limits.
Using these criteria, only events from April to August 2014 were used in this study. This
included the bulk of the 2014 rainy season at this location. The precipitation in 2014 was
close to that of previous years in Xiamen, mainly concentrated in the rainy season (April to
June) during spring and summer as shown in Figure 2. Heavy precipitation events occurred
in May, July, and August. The total annual precipitation in 2014 was 1084.5 mm, and the
total precipitation during the sampling period was 675.4 mm, or about 62% of the annual
precipitation. The precipitation during different months varied as follows: 52.38 mm in
April, 245.61 mm in May, 217.76 mm in June, 70.54 mm in July, and 89.09 mm in August.
During the sampling period, the daily precipitation ranged from 0.1 mm to a maximum of
80.9 mm. The maximum (80.9 mm) occurred on 23 May 2014 due to the heavy rains driven
by the southwest low-level jet stream, which provides a large amount of moisture and
unstable energy [23]. Typhoon Hagibis on 16 June 2014 and Typhoon Matmo on 23 July
2014 also brought strong single-day precipitation events to Xiamen, coinciding with the
values of 57.91 mm and 39.12 mm, respectively. In 2014, 55.84% of the annual precipitation
occurred from April to June, which exceeded the normal total rainfall for this period.
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Figure 2. The precipitation events during the sampling period.

2.3. Sample Apparatus and Methods

An automatic precipitation and dust sampler (TE-78-100XAPS, TISCH, New York, NY,
USA) was used to collect precipitation samples from April to August 2014. The sampler
was composed of a rain sensor, a wet container, a dry container, and a dust cover. When
rain falls, a sensor triggers the cover to move over the dry container and expose the wet
container to the rain. When the heated sensor dries, the cover returns to the wet container
(typically in about 15 to 20 min) to prevent dust from entering, while at the same time
uncovering the dry deposition sampling container. All unfiltered samples were transferred
to the pre-cleaned polyethylene plastic bottles with screw top lids and then stored at −18 ◦C
to prevent stabilize the collected samples. All plastic buckets and polyethylene plastic
bottles were washed with deionized water at least three times before and after use, and
then airdried in a clean room.
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For chemical analysis, the thawed rainwater samples were used to rinse out the
autosampler vials three times before filling each vial with sample. The autosampler vials
were then capped and placed in an appropriate analysis tray. The whole process of analysis
and testing was conducted at room temperature (25 ◦C) and at a humidity less than 80%. All
samples were analyzed by DIONEX ICS-2500 and DIONEX ICS-90A ion chromatographs
for soluble inorganic ions. The MDL (minimum detection limits) of Na+, NH4

+, K+, Mg2+,
Ca2+, Cl−, NO−, NO3

−, SO4
2− were 0.02, 0.009, 0.02, 0.02, 0.05, 0.003, 0.02, 0.03, and

0.004 mg/L, respectively.
Deposition of the individual ionic species for the sampling season was calculated

using Equation (1)
Fn = ∑n

1=1 Ci ∗ Pi (1)

where, Fn is the ion flux; n is the number of samples; Ci is the concentration of ion
in individual precipitation sample; and Pi is the individual amount of rainfall during
the experiment.

2.4. Data Processing
2.4.1. PMF (Positive Matrix Factorization) Source Resolution Method

This paper used the positive matrix factorization (PMF5.0) (https://www.epa.gov/air-
research/positive-matrix-factorization-model-environmental-data-analyses, accessed on
10 September 2021) developed by EPA (US Environmental Protection Agency) and principal
component analysis (PCA) to conduct the source analysis. PMF5.0 does not require the
measurement of the source component spectrum, but analyzes the source spectrum and
contribution rate of all kinds of sources using constrained conditions, which also ensures
that the elements in the decomposition matrix are non-negative [24].

Use of the PMF5.0 model requires an uncertainty analysis for each chemical species of
interest. Estimates of the uncertainty (Unc) were obtained using either Equation (2) or (3).

Unc =
5
6
∗ MDL (2)

Unc =
√

ErrorFraction × concentration + (0.5 × MDL) (3)

If the measured concentration was <MDL, then Equation (2) was used to calculate
Unc. If the concentration was >MDL, the Error Fraction term in Equation (3) was assigned
a value of 0.1, or 0.2 for species in the PM2.5 fraction.

2.4.2. Air Mass Trajectory Analysis (HYSPLIT)

Developed by the National Oceanic and Atmospheric Administration (NOAA) Air
Resources Laboratory (ARL; http://www.arl.noaa.gov/ready/hysplit4.html, accessed on
10 September 2021), the HYSPLIT model trajectories were based on Global Data Assim-
ilation System (GDAS) meteorological data, gridded at a 1◦ spatial resolution. This was
used to investigate the origins of the aerosols and the influence of regional transport on air
pollution at the sampling site by analyzing the backward trajectories of air masses [25].

3. Results and Discussion
3.1. Characteristics, Concentrations, and Monthly Variations of Water-Soluble Ions

SO4
2−, NO3

−, Cl−, and NH4
+ were the main water-soluble ions, they accounted

for 36.04%, 29.91%, 10.80%, and 8.67% of the total ion mass of the samples, respectively.
Seasonal variability of both cations and anions are shown in Figure 3. The sum of the mass
of these four ions accounted for 85.4% of the total mass of water-soluble ions, suggesting
that secondary aerosols were the dominant source of these ions in the samples. Analysis of
separate PM2.5 fractions indicated that SO4

2−, NO3
−, and NH4

+ accounted for more than
80% of the mass present [15].

https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses
https://www.epa.gov/air-research/positive-matrix-factorization-model-environmental-data-analyses
http://www.arl.noaa.gov/ready/hysplit4.html
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High values of nitrate and ammonium appeared in spring with relatively lower values
in summer (Figure 3). These findings were the same as those PM2.5 samples in 2016 in
Xiamen, with both ions showing higher concentrations in winter and spring than summer
and fall [26].

3.2. Sources of Fine Particles Using PMF

According to PCA and PMF analysis methods, it can be assumed that the nine water-
soluble inorganic ions in the wet deposition samples of Xiamen in spring and summer of
2014 came from three sources, as shown In Figure 4a–c, respectively.

As we can see from the PCA, the left y-axis represents the mass fraction of each species,
the right y-axis represents the percentage of each ion’s contribution to a certain factor.
(Principal component) PC1 represented the contributions of K+, NH4

+, and Ca2+, so it was
identified as artificial fertilization and also biomass combustion. Indeed, biomass burning
in Beijing has been shown to be a regular pollution factor that cannot be ignored [27]. PC2
reflected the formation of secondary aerosols caused by the burning of fossil fuels and
automobile exhaust emissions, which contain high levels of sulfates and nitrates, just as
previously discussed. These high concentrations of sulfates and nitrates serve as precursors
for PM2.5 particulate formation. PC3 was closely related to sea salt aerosols due to its high
levels of Na+ and Cl−, which are distinctive sea salt ions, as well as the high concentrations
of Mg2+ ions. Sea salt is a large natural source that contributes most of the Cl− and Na+ in
aerosols [28]. When clean air masses from the ocean were dominant, the contributions of
other ions in the deposition sample were significantly reduced.

The contributions of different factors to the concentrations of the nine kinds of ions are
shown in Figure 5. NO3

− and SO4
2− mainly came from secondary aerosols; the nitrogen

and sulfur oxides emitted from industrial activities and automobile exhaust undergo a
series of thermochemical and photochemical transformations and become a part of the
secondary pollutant aerosols. NH4

+ and K+ mainly came from anthropogenic activities
such as fertilization and biomass combustion. Ca2+ mainly came from crustal dust and
industrial pollution. Sea salt aerosols usually come from breaking waves and ocean air
masses, and include different concentrations of Na+, Cl−, Mg2+, Ca2+, SO4

2−, etc.
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3.3. Nitrogen Wet Deposition

There were four air mass clusters that had an effect on study area during the sampling
period (Figure 6). T_1 represented the air masses that were transported long-distances
from the northern continental area, while T_4 represented the ocean air masses transported
over long-distances from the South China Sea. T_2 and T_3 represented oceanic air masses
from the Northwest Pacific Ocean and South China Sea, respectively. The precipitation
in April was mainly affected by air masses from the north. The precipitation in May was
mainly affected by the confluence of heating and cooling flows, and the precipitation in
summer (June to August) was mainly controlled by oceanic air masses.
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The concentration of NO3
−-N in the sampling site varied from 9.46 mg/L to 74.65 mg/L

in different months, and an abnormally high concentration in May (74.65 mg/L) was caused
mainly by clusters T_1 and T_3 (Figure 7). The secondary pollution aerosols that are not
flow out of the city were scoured by the rain, leading to high deposition rates. Generally,
the deposited nitrogen came mainly from local motor vehicle exhaust emissions. The
monthly variation of NH4

+-N in this region ranged from 1.18 mg/L to 16.06 mg/L. The
concentrations of NO3

−-N and NH4
+-N in this region were both high in spring, but low

in summer. Their trends of change were the same as those of WIOC (water-insoluble
organic carbon) and EC (element carbon) due to the clean air masses from the ocean [23].
In fact, the great variability in sea salt aerosols, especially during the rainy season, was
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largely dependent on precipitation due to the wet deposition removal effect [29]. In spring,
Xiamen is mainly affected by the northeast monsoon which is influenced by air masses from
north China. These air masses typically have high concentrations of potential pollutants.
The air masses combine with local air masses that are somewhat stagnant, resulting in
relatively higher concentrations of potential pollutants. This results in increased formation
of aerosols. In the summer, the southeast monsoon prevails with increased temperatures
and rainfall. With the increase in the intensity of rainfall, combined with strong winds,
particles in the air are diluted and flushed away, which explains why the concentrations of
nitrogen in summer rainwater were generally low. Despite the low concentrations, results
have shown that the amount of precipitation is still the main factor affecting nitrogen wet
deposition [30].

Atmosphere 2021, 12, x FOR PEER REVIEW 11 of 16 
 

 

Moreover, NH4+plays an important role in the formation of secondary aerosols, signifi-
cantly affecting the composition of polluting atmospheric particles in Xiamen [15] . A 
significant contribution of NH4+ to N deposition was also observed, which indicated that 
controlling NH3emissions should be prioritized in the future [32] . 

 
Figure 7. Trends of precipitation and ionic inorganic nitrogen. 

3.4. Wet N DepositionFlux 
3.4.1. Calculated Flux Values 

The monthly deposition of NH4+and NO3−ranged from 3.0 to 99.8 mg N 
m−2month−1and 4.6 to 507.5 mg N m−2month−1, respectively. Wet deposition fluxes of 
NO3−+NO2−and NH4+during this experimental sampling (mg N m−2month−1) were as fol-
lows in Table 1. 

Table 1. Monthly water-soluble N wet deposition fluxes 

 Wet Deposition 
Month NH4+ NO3− NO2− N+N- 

Apr 96.7 54.8 0.3 55.2 
May 76.5 507.5 0.9 508.4 
Jun 99.8 200.9 0.3 201.2 
Jul 22.3 46.0 0.5 46.5 

Aug 3.0 4.6 0.1 4.7 
Total 298.4 813.9 2.1 815.9 

Average 59.7 162.8 0.4 163.2 
Unit: mg N·m−2. N+N: NO3−+NO2−. 

The highest ammonium nitrogen deposition occurred in June with a value of 99.8 
mg Nm−2month−1, and another high NH4+value of 96.7mgNm−2month−1appeared in April. 
It was found that the precipitation in April was mainly driven by the air mass transport-
ed from the northern continent, which was a different than the source for the high value 
in June. The wet deposition flux in May was mainly influenced by the confluence of 
heating and cooling flows, which was caused by the air flow exchange between the 
northern mainland and the South China Sea. Under the combined influence of high con-
centrations and precipitation, nitrate nitrogen reached a maximum value of 507.5 mg N 
m−2month−1, accounting for 62.4% of the total nitrate deposition during the sampling pe-
riod. The total nitrate nitrogen and ammonium nitrogen depositions were 8.1kg N 

0

20

40

60

80

100

0

50

100

150

200

250

300

April May June July Augest

Co
nc

en
tra

tio
n 

(m
g/

L)

Pr
ec

ip
ita

tio
n 

(m
m

)

precipitation（mm) NH4+(mg/L) N+N(mg/L)

Figure 7. Trends of precipitation and ionic inorganic nitrogen.

As we know, the primary ions in precipitation, such as nitrate ions, mainly come from
biogenic emissions and automobile exhaust. Sulfate ions are mainly affected by industrial
sources and the combustion of various fossil fuels. The ratio of SO4

2− to NO3
− is often

used as an indicator of the relative contribution of coal burning emission sources and
vehicle exhaust emission sources. Compared to previous studies, the SO4

2− to NO3
− ratio

in summer was higher, suggesting that the particular cause of the high SO4
2− values was

dominated by coal burning and electric field combustion, while at the same time NO3
−

concentrations were reduced through reactions with sea salt ions from the marine air mass
to produce coarse-mode NaNO3. In this experiment, the ratio of SO4

2− to NO3
− was

1.34 on average, indicating that air pollution caused by vehicle exhaust emissions was
increasing, compared with the previous sulfuric acid rain type in China [31]. In summer
(June to August) the SO4

2− to NO3
− ratio was 0.92, which was also higher than in previous

years. This could have been due to reductions in coal burning, improved desulfurization
technologies, or an increase in the number of civilian vehicles. Moreover, NH4

+ plays an
important role in the formation of secondary aerosols, significantly affecting the composi-
tion of polluting atmospheric particles in Xiamen [15]. A significant contribution of NH4

+

to N deposition was also observed, which indicated that controlling NH3 emissions should
be prioritized in the future [32].

3.4. Wet N DepositionFlux
3.4.1. Calculated Flux Values

The monthly deposition of NH4
+ and NO3

− ranged from 3.0 to 99.8 mg·N·m−2month−1

and 4.6 to 507.5 mg·N·m−2month−1, respectively. Wet deposition fluxes of NO3
− + NO2

−
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and NH4
+ during this experimental sampling (mg·N·m−2month−1) were as follows in

Table 1.

Table 1. Monthly water-soluble N wet deposition fluxes.

Wet Deposition

Month NH4
+ NO3− NO2− N + N

Apr 96.7 54.8 0.3 55.2
May 76.5 507.5 0.9 508.4
Jun 99.8 200.9 0.3 201.2
Jul 22.3 46.0 0.5 46.5

Aug 3.0 4.6 0.1 4.7
Total 298.4 813.9 2.1 815.9

Average 59.7 162.8 0.4 163.2

Unit: mg N·m−2. N + N: NO3
− + NO2

−.

The highest ammonium nitrogen deposition occurred in June with a value of
99.8 mg·N·m−2month−1, and another high NH4

+ value of 96.7 mg·N·m−2month−1 ap-
peared in April. It was found that the precipitation in April was mainly driven by the
air mass transported from the northern continent, which was a different than the source
for the high value in June. The wet deposition flux in May was mainly influenced by
the confluence of heating and cooling flows, which was caused by the air flow exchange
between the northern mainland and the South China Sea. Under the combined influence
of high concentrations and precipitation, nitrate nitrogen reached a maximum value of
507.5 mg·N·m−2month−1, accounting for 62.4% of the total nitrate deposition during the
sampling period. The total nitrate nitrogen and ammonium nitrogen depositions were
8.1 kg·N·ha−1 and 2.98 kg·N·ha−1, respectively. In the rainy season from April to June, the
average fluxes were 91.0 mg·N·m−2month−1 and 254.4 mg·N·m−2month−1, accounting
for 91% and 94% of the total deposition during the sampling period. In the Xiamen region,
the amount of atmospheric inorganic nitrogen deposition including dry N deposition
accounted for 10.2% of the total nitrogen input in 2018, only after the input of the Jiulong
River [33]. The precipitation from June to August was mainly controlled by the long-range
transportation of a marine air mass from the South China Sea. Under the abundant pre-
cipitation and the centralized scour and obvious removal effect, the overall concentration
of nitrogen ions in the atmosphere was reduced and the overall deposition was not high.
The high dry NO3

− deposition rate in the East China Sea was related to air masses from
northeastern China and central South Korea. In contrast, the wet deposition rates of NO3

−

and NH4
+ were more or less equal, and the concentrations of these ions may have been

related to cloud removal [34]. In order to determine the drivers behind the variability in
nitrogen deposition, differences in the factors that influence N deposition were examined
in different regions. The results showed that precipitation had the greatest impact on wet
deposition in summer when the concentrations of nitrogen gases and particles in the atmo-
sphere were low and precipitation was abundant. However, in spring, when precipitation
was low, the concentrations of gaseous and particle ammonia were higher than in other
seasons. The high rates of nitrogen deposition in spring and summer reflected the higher
precipitation during these seasons.

3.4.2. Calculated Flux Values for Coastal Areas of China

Tables 2 and 3 compared our wet N deposition with those reported in the literature
for coastal urban areas. In the Pearl River Delta, urban areas have higher nitrogen emission
reduction potential than rural areas [30]. The urban N flux was significantly higher than
that of town and rural sites, and the wet deposited N had similar N sources in rural and
townsites, which was different from that of urban sites [35]. Wet deposition was the main
source of atmospheric nitrogen input to the Yellow Sea, accounting for 68% of the total
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nitrogen input. Due to the heavy rainfall in summer, the total deposition during this season
accounted for 51% of the total deposition over 9 months [36].

The North China region ranged between 16.3 and 28.2 kg·N·ha−1 a−1 [37,38], the
Yangtze River Delta region was 26.8 kg·N·ha−1 a−1 [39], the city of Guangzhou was
27.4 kg·N·ha−1 a−1 [40], the Tailake region was 27 kg·N·ha−1 a−1 [41], and the Sichuan
Basin was 22.5 kg·N·ha−1 a−1 [42]. The average value for East Asia was 32.4 kg·N·ha−1

a−1 [43], which was similar to many parts of China. The deposition flux of our observed
flux that was mainly concentrated on the rainy season data was lower than the other found
over many areas of coastal and inland China areas. Compared with 1.7–3.5 kg·N·ha−1

a−1 in the United States [44] and 6.58 kg·N·ha−1 a−1 in Europe [45], which are the other
two N deposition hotspots in the world, more research and emission reductions should be
prioritized and implemented (Table 3).

Table 2. Wet N deposition in different location.

Source NH4
+ N + N Location Sampling

Periods

[31] 20.6–19.6 12.6–8.6 * PRD (Pearl River Delta)
region 2010 to 2017

[19] 12.99 7.68 Jiao Zhou Bay, Yellow Sea 2015 to 2016
[40] 25.1 27.4 * Guangzhou 2008

[33] 1.96–3.78 2.38–3.36 East Sea March 2014 to
February 2016

*, Flux of only NO3−; Unit: kg N·ha−1·a−1.

Table 3. Total wet N deposition.

Source TN Location

[36,37] 16.3–28.2 Northern China
[38] 26.8 Yangtze River Delta
[41] 27 Tai lake region
[31] 12.17–51.93 TGR (the Pearl River Delta) region
[43] 1.7–3.5 US
[44] 6.58 Europe

Unit: kg·N·ha−1·a−1.

The inland areas were less affected by long-distance ocean air masses, and the me-
teorological conditions were not as conducive to the diffusion of pollutants. Compared
with coastal areas, inland areas have less precipitation, so dry deposition was the leading
deposition vehicle. For these reasons, the atmospheric nitrogen deposition was significantly
higher in inland than coastal areas. This delta region has been greatly affected by human
urbanization related activities, such as artificial fertilization and coal burning, and as such
has high N deposition, most of which is NH4

+. Excess deposition of nitrogen and sulfur
can lead to increased acidification of water and soil, especially in areas with low alkalinity
or weak acid neutralization capacity (ANC), such as at high altitudes [46–48]. By analyzing
the data and establishing a model, it has been shown that the precipitation time interval
also has an important influence on wet deposition [8].

4. Conclusions

Wet deposition samples from an urban coastal region in China were analyzed using
ion chromatography and shown to contain nine dissolved ions of which SO4

2−, NO3
−, Cl−,

and NH4
+ comprised over 80% of the average sample mass. Using HYSPLIT to simulate

backward trajectories of air masses which impact the Xiamen region, combined with
PMF and PCA analyses, three source terms were identified that impact the composition
of wet deposition at the sample site: agricultural N fertilization and biomass burning,
secondary aerosol formation, and aerosols of marine origin. The deposition of NO3

−-
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N peaked at 507.5 mg·N·m−2month−1 in May and NH4
+-N deposition peaked at 99.8

mg·N·m−2month−1 in June. The highest concentration of NO3
− was in the month of May

at a value of 75 mg/L, while the concentration of NH4
+ varied from 1.2 to 16 mg/L overall.

The highest concentrations for both ions were in the spring and lowest during the summer
months. Total N deposition during the rainy season (5 months) was 11 kg·N·ha−1.

In this paper, we summarize the composition of wet deposition received at a coastal
urban area (Xiamen, China) during the rainy season in 2014. Subsequent calculation of
nutrient fluxes identified NO3

− as the dominant source of N in wet deposition. This
suggests that control of vehicle numbers and exhaust emissions could have a positive
impact on reducing N-loading to this area in the future. This study adds to the limited
database regarding nitrogen deposition in coastal cities. Despite having relatively few
samples and a short period, this study can be used as a reference for populated coastal
cities, and it would contribute to the development of strategies for eutrophication of local
water bodies and environment, as well as to examining the influence of N deposition as a
nutrient source on primary productivity in the biosphere.
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