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Abstract: Atmospheric nitrogen deposition is of great concern to both air quality and the ecosystem,
particularly in northern China, which covers one-quarter of China’s cultivated land and has many
heavily air polluted cities. To understand the characteristics of wet N deposition at rural sites in
northern China, one-year wet deposition samples were collected in the Daheitin reservoir region.
Due to the intense emissions of gaseous nitrogen compounds from heating activities during cold
seasons and distinct dilution effects under different rainfall intensities and frequencies, the volume
weighted mean concentrations of wet N deposition showed higher levels in dry seasons but lower
levels in wet seasons. In contrast, the wet N deposition rates varied consistently with precipitation,
i.e., high during the wet season and lower during the dry season. The annual wet deposition rate of
total inorganic ions (the sum of NO3

−–N and NH4
+–N) at the rural site in North China from July 2019

to June 2020 was observed at 18.9 kg N ha−1 yr−1, still remained at a relatively high level. In addition,
biomass burning activities are ubiquitous in China, especially in northern China; however, studies
on its impact on wet N deposition are limited. Non-sea salt potassium ion (nss-K+) was employed
as a molecular tracer to investigate the characteristics of biomass burning activities as well as their
impact on the chemical properties of wet N deposition. Three precipitation events with high nss-K+

levels were captured during the harvest season (June to July). The variations in the patterns of
nss-K+, deposited N species, and ratios of nss-K+ to nitrogen species as well as their relationships
all indicated that biomass burning emissions contributed remarkably to NO3

−–N but had a minor
influence on NH4

+–N.
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1. Introduction

With the rapid development of agriculture, industry, and the expansion of the urban population
over the last several decades, anthropogenic activities, such as fossil fuel combustion, chemical fertilizer,
etc., have greatly increased the levels of reactive nitrogen (N) in the atmosphere [1–4]. Reactive N in
the atmosphere not only leads to air quality degradation by contributing to the production of ozone
and PM2.5 [5–11] but also disturbs the N cycle through excess deposition of N, leading to aquatic
eutrophication, soil acidification, and impacting on ecosystem functions [2,12–15].
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Nitrogen deposition rates decreased in the USA and Europe several decades ago [3,12,16–18].
In China, however, NH3 and NOx have both continuously increased due to the high loading
emissions from agricultural and industrial activities under the rapid economic development over
the past few decades [19,20]. The annual total reactive nitrogen deposition (27.2 ± 6.7 kg N ha−1)
significantly increased at a rate of 10% from 2011 to 2018 [21]. SO4

2− has previously been reported
for many sites to be the most dominant inorganic PM2.5 component in China, followed by NO3

−

and NH4
+ [22,23]. Under rising NOx emissions, a result of industrialization and increase in vehicle

numbers, NO3
− concentrations have been observed to exceed those of SO4

2− in parts of China [10,24–26].
Meanwhile, NH3 emissions have increased over the several past decades [27]; for example, the annual
concentration of NH3 in 2018 was 14.2 µg N m−3, which is twice that in 2011 (7.0 µg N m−3),
in Zhengzhou, China [28]. High emissions of NH3 and NOx, combined with high loading of NO3

− and
NH4

+ in ambient particulates subsequently contributed to the high deposition of atmospheric N in
China [2,29–32]. In spite of the site-to-site variability in the data, total inorganic N deposition increased
significantly with an average annual increase of 0.41 kg of nitrogen per hectare (kg N yr−1) between
1980 and 2010 [2]. To address severe air pollution issues, the Chinese government implemented the
Air Pollution Prevention and Control Action Plan (Action Plan) in 2013. As a result, China’s air
quality has improved through the substantial reduction of several pollutants, in particular, SO2 and
particulates [19,20]. Under these air pollutant control measures, a subsequent decrease in atmospheric
N deposition was expected. For example, the average wet total inorganic N deposition rate in Beijing
during 1998 to 2004 was 30.6 kg N ha−1 yr−1 [33], while it decreased to 8.0 kg N ha−1 yr−1 at a rural site
in Beijing during 2017–2018 [34].

The North China Plain (NCP) is one of the most polluted regions in China and also greatly affects
the air quality status of downwind regions [35–37]. Scattered among the vast areas of farmlands in the
NCP, which comprises one-quarter of China’s cultivated land [26,38], are many industries of (such as
power, steel, chemical industry, etc.) heavily populated large cities. High loadings of ambient particles
and gas phase pollutants (e.g., NH3, NO2, and SO2) in the NCP are transferred from the atmosphere
to the Earth’s surface and input into ecosystems increasing the N deposition rate [39]. The annual
deposition of inorganic N in northern China was in the range of 15 to 50 kg N ha−1 yr−1 over 2003 to
2006 [40] and 16.3 to 28.2 kg N ha−1 yr−1 over 2007 to 2010 [32]. This deposition can lead to significant
and serious ecological degradation in terrestrial and aquatic systems. Previous works evaluating N
deposition fluxes as well as the influence of air pollutant control measures were mostly limited to
urban areas [28,34,41], while researches in rural areas of North China were rarely reported.

Additionally, previous works have mostly focused on the agricultural or industrial sources of N
deposition in the atmosphere, while the influence of biomass burning on N deposition has rarely been
reported [29,42–44]. Biomass burning activities are ubiquitous in China, especially in North China,
where there is an enormous rural population and winter heating custom. Based on previous studies,
two intensive biomass burning episodes are typically observed in China: one occurring in the late
spring and early summer (mostly in June), featuring open-field burning of agricultural residue after
wheat straw harvest, and the other one in the late fall (between October to November), caused by
agricultural residue burning after wheat or corn harvest [45,46]. Thus, the objectives of this study
were to quantify: (1) the amount and temporal variation of wet N deposition at a rural site in North
China after the clean air policy in China was implemented; (2) the sources of information as well as the
influences of biomass burning for wet N deposition at the rural site in North China.

2. Experimental Section

2.1. Sample Collection

This study was carried out at the area of Daheitin Reservoir (DHT) (40.17◦ N, 118.33◦ E), which is
an important drinking water source for the city of Tianjin and Tangshan (two megacities in North
China) (Supplementary Materials, Figure S1). The sampling station was located on top of a two-story
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building, approximately 3.0 m above ground, surrounded by a small village with approximately
500 inhabitants, roughly 1.0 km to the DHT Reservoir. Precipitation samples were collected using an
automatic wet deposition collector that opens its lid automatically to collect a rainwater sample when
it rains and closes automatically when the rain stops. The collected rainwater samples were transferred
to pre-cleaned brown polyethylene bottles (200 mL) and stored in a refrigerator at −20 ◦C until chemical
analysis. A total of 37 precipitation samples were collected from June 2019 to June 2020, covering the
whole year, including the wet season (June–September) as well as the dry season (October–May).

2.2. Chemical Analysis

The rain samples were filtered with 0.45 µm filters to separate insoluble fractions before chemical
analysis of the ions. The water-soluble inorganic ions in precipitation sample, including three anions (i.e.,
SO4

2−, NO3
−, Cl−) and five cations (i.e., NH4

+, Ca2+, Na+, K+, and Mg2+) were analyzed by a Dionex
ICS-3000 ion chromatograph (Thermo Fisher Scientific. Ltd., Waltham, MA, USA). The potassium
concentrations presented here were corrected by a sea salt indicator (i.e., sodium; Cnss-K

+ = CK
+
−

0.0355× CNa
+) that has been widely used for various field observations [47–49]. More details about the

water-soluble inorganic ion analysis method can be found elsewhere [50].

2.3. Calculations

2.3.1. The Annual Volume-Weighted Mean Concentrations (Cvwm, mg N L−1)

Cvwm =

∑n
i=1(Ci × Pi)∑n

i=1 Pi
(1)

The annual volume-weighted mean (VWM) concentrations of inorganic nitrogen species
(Cvwm, mg N L−1) were calculated using Equation (1). Ci is the mass concentration of inorganic
nitrogen species in the ith sample (mg N L−1), Pi is the precipitation amount collected within the ith
sampling period (mm), and n was the total number of precipitation samples during the whole year.

2.3.2. Flux of Wet N Deposition (Fwd, kg N ha−1)

F = 0.01×
n∑

i=1

Ci × Pi (2)

Fwd represents the monthly, seasonal, and annual wet deposition N flux, calculated by Equation (2).
Ci is the mass concentration of NH4

+-N and NO3
−-N (mg N L−1), and Pi (in mm) is the total amount of

precipitation over a month, season or year.

3. Results and Discussion

3.1. Concentrations of Inorganic Nitrogen Species in Rainwater

The total amount of precipitation for the whole year in the DHT reservoir area from July 2019 to
June 2020 was 595 mm, similar to what was observed at other sites in North China [34] but obviously
lower than in South China [29], East China [51], and Southeast China [42,52]. NO3

−, SO4
2−, and NH4

+

were the three most abundant ions in the rainwater samples with annual VWM concentration
of 4.69 mg L−1, 4.03 mg L−1, and 2.71 mg L−1, respectively. With the rapid urbanization and
industrialization, vehicle emission sources have become increasingly prevalent in China, even in rural
areas, leading to NO3

− concentrations exceeding those of SO4
2− at the DHT site with an annual average

mass ratio (NO3
−/SO4

2−) of 1.20, which is higher than previous aerosol observations in North China
(<1.0) [22–24]. Ca2+ was the second most abundant cation with an annual VWM concentration of
1.54 mg L−1, exhibiting a non-negligible contribution of soil dust sources in the atmosphere at the rural
site in North China (Table 1).
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Table 1. The statistical summary of water-soluble ions in precipitation and their volume-weighted
mean (VWM) concentrations from July 2019 to June 2020. nss = Non-sea salt.

Parameter Unit Average SD Minimum Maximum Median Cvwm

nss-K+ mg L−1 0.35 0.67 0.01 3.59 0.14 0.21
Na+ mg L−1 1.30 3.56 0.04 15.3 0.19 0.74
Ca2+ mg L−1 2.21 2.60 0.17 12.6 1.39 1.54
Mg2+ mg L−1 0.42 0.49 0.07 2.48 0.28 0.30
NH4

+ mg L−1 3.00 1.83 0.34 8.64 2.27 2.71
NO3

− mg L−1 6.24 5.27 0.51 32.7 4.06 4.69
SO4

2− mg L−1 5.04 4.16 0.59 25.5 3.90 4.03
F− mg L−1 0.09 0.09 0.01 0.43 0.06 0.07
Cl− mg L−1 0.96 1.58 0.10 9.04 0.55 0.59

NH4
+–N mg L−1 2.33 1.42 0.27 6.72 1.77 2.28

NO3
−–N mg L−1 1.41 1.29 0.11 7.39 0.92 1.15

Ratio of NH4
+–N/NO3

−–N - 1.97 0.64 0.26 3.41 1.92 1.97
Mass ratio of NO3

−/SO4
2− - 1.20 0.30 0.66 1.75 1.21 -

Most of the rain events occurred during the summer from June–August (Figure 1; Table 2).
During the entire sampling period, precipitation in the DHT region was concentrated in the summer
season (416 mm), 70% of the whole year’s precipitation (595 mm). The annual VWM concentrations of
deposition of inorganic N species, i.e., NH4

+–N, NO3
−–N, and TIN (the total sum VWM concentrations

of NH4
+–N and NO3

−–N) were 2.11 mg N L−1, 1.06 mg N L−1, and 3.17 mg N L−1, respectively.
Notably, seasonal VWM concentrations of NH4

+–N and NO3
−–N showed higher levels in autumn

and winter, and the lowest in summer (Figure 1). In late autumn and winter, more gaseous nitrogen
compounds (i.e., NOx) are accumulated in the atmosphere due to the increased emissions from coal
combustion for heating and biomass combustion activities, as well as rare precipitation wash out,
subsequently resulting in higher concentrations of N deposition. In contrast, there was no coal
combustion for heating over the summer season, the emission of precursor gases were relatively lower,
and coupled with the dilution of frequent rainfall events. The VWM concentration of NO3

−–N was
observed at its lowest level in summer (Figure 1) and showed a negative relationship with precipitation
amount (R2 = 0.22, p < 0.05, Figure S2).
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Figure 1. Monthly patterns of (a) precipitation amounts and VWM concentrations (mg N L−1) of
inorganic nitrogen species (i.e., NH4

+–N and NO3
−–N); (b) proportion of NH4

+–N and NO3
−–N to

TIN in wet deposition at the Daheitin (DHT) reservoir, a rural site in North China from July 2019 to
June 2020. There was no precipitation during December 2019 and January 2020.

Table 2. Annual and seasonal variations in rainfall (mm), NH4
+–N/NO3

−–N ratios, annual VWM
concentrations (mg N L−1) of inorganic nitrogen (NH4

+–N, NO3
−–N, and TIN), and wet N deposition

rates (kg N ha−1) at the DHT reservoir, a rural site in North China from July 2019 to June 2020.

Seasons Rainfall
(mm)

N Concentration in Rainwater (mg N L−1) Wet N Deposition Rate
(kg N ha−1)

NH4
+–N NO3−–N TIN NH4

+/NO3− Ratio NH4
+–N NO3−–N DIN

Spring (March–May) 122 2.35 1.43 3.78 1.81 2.87 1.75 4.62
Summer (June–August) 416 1.94 0.84 2.78 2.15 8.06 3.51 11.6

Autumn (September–November) 51.3 2.70 1.76 4.47 1.35 1.39 0.90 2.29
Winter (December–January) 5.80 4.20 2.55 6.75 1.65 0.24 0.15 0.39

Annual 595 2.11 1.06 3.17 1.97 12.6 * 6.31 * 18.9 *

* The unit is kg N ha−1 yr−1. DIN: deposition rate of wet inorganic nitrogen.

Compared to summer months, the gap between NH4
+–N and NO3

−–N was smaller in the autumn
and winter months (Figure 1a). This may have been due to the large amount of NOx emissions
during heating-related coal combustion in November to March in northern China and coupled with
the decreased NH3 emissions from agriculturally associated sources; the gap between NH4

+–N and
NO3

−–N was reduced during the cold winter season. Accordingly, the proportion of NO3
−–N to TIN

in wet deposition showed a similar variation pattern, with lower proportions in the summer months,
i.e., June (31.3%) and August (31.0%) and higher ones in September (48.2%) and November (46.2%)
as shown in Figure 1b. The annual VWM concentrations of NH4

+–N and NO3
−–N observed in this

study (2.11 mg N L−1 and 1.06 mg N L−1, respectively) were lower than those measured in North
China during the years before the Action Plan was implemented in 2013, for example, during 1999
to 2004 (2.22 mg N L−1 for NO3

−–N and 4.76 mg N L−1 for NH4
+–N) [33]. However, this level was

still higher than those observed in South China over 2016–2017 (0.5–0.9 mg N L−1 for NO3
−–N and

0.7–1.3 mg N L−1 for NH4
+–N) [29], a karst catchment from 2016–2017 (0.3 mg N L−1 for NO3

−–N
and 0.7–0.9 mg N L−1 for NH4

+–N) [42], and rural sites in the central Sichuan Basin of China from
2011–2013 (1.05 ± 0.91 mg N L−1 for NO3

−–N and 1.48 ± 1.05 mg N L−1 for NH4
+–N) [52].

3.2. Wet Inorganic Nitrogen Species Deposition Flux

The monthly variations in the amounts of precipitation, wet deposition rates of N species, as well
as their proportions of the total deposition rate of wet inorganic nitrogen (DIN, sum of wet deposition
rates of NH4

+–N and NO3
−–N) are shown in Figure 2. The deposition rates of NH4

+–N, NO3
−–N,

and DIN were generally higher in the wet season than those in the dry season. The wet deposition
flux of NH4

+–N, NO3
−–N, and DIN during summer were 8.06 kg N ha−1 yr−1, 3.51 kg N ha−1 yr−1,

and 11.6 kg N ha−1 yr−1, respectively, which were 33.6 times, 23.4 times and 29.7 times of those at
winter (0.24 kg N ha−1 yr−1, 0.15 kg N ha−1 yr−1 and 0.39 kg N ha−1 yr−1, respectively) (Table 2).
Wet NH4

+–N and NO3
−–N deposition accounted for 29.2–48.2% and 51.8–70.8% to DIN deposition,

respectively (Figure 2b). The monthly varied patterns of wet N species deposition rates were consistent
with that of precipitation as shown in Figure 2. Furthermore, the relationship between monthly
deposition rates of NH4

+–N and NO3
−–N were positively correlated with the amount of monthly

rainfall (R2 = 0.89, p < 0.01; R2 = 0.92, p < 0.01, respectively, Figure S3) indicating that the amount of
precipitation is crucial in controlling wet N deposition.
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Figure 2. Monthly patterns of (a) wet deposition rates (kg N ha−1) of NO3
−–N, NH4

+–N, and (b) their
proportion of the total deposition rate of wet inorganic nitrogen (DIN) at the DHT reservoir, a rural site
in North China from July 2019 to June 2020. There was no precipitation during December 2019 and
January 2020.

The annual total wet N deposition flux in this study was 18.9 kg N ha−1 yr−1; a comparison
to previous studies is shown in Table S1. The level of annual wet deposition flux in this study was
lower prior to the implementation of the Action Plan, when anthropogenic impact was even stronger,
for example, in northern China from 2007–2010 (16.3–28.2 kg N ha−1 yr−1) [32], urban sites in East
China from 2003–2005 (26.8 kg N ha−1 yr−1) [43], and urban sites, for example, Zhengzhou, China,
during 2011 (33.3 kg N ha−1) [28]. However, these results were still higher than those observed at a
rural site of Beijing from 2017–2018 (8.0 kg N ha−1 yr−1) [34], the Three Gorges Reservoir Region in the
Southwest China in 2015 (7.1–16.8 kg N ha−1 yr−1) [44], and rural areas in South China from 2017–2018
(13.2) [29]. Moreover, this level was also obviously higher than the wet DIN deposition rate in the USA
(0.5–3.5 kg N ha−1 yr−1) (Table S1) [3,16,53]. This indicates that although the wet N deposition flux at
the rural site in North China decreased due to the Action Plan’s implementation; it still remained at a
relatively high level.

3.3. Sources of Wet Inorganic N Deposition

3.3.1. NH4
+–N/NO3

−–N Ratio

In general, NH4
+ in rainwater is formed from the precursor gas NH3, the main anthropogenic

source of which is the volatilization of fertilizer and livestock manure; while NO3
− in rainwater is

produced by the precursor gases NOx (i.e., NO and NO2), which are mainly emitted from fossil fuel
combustion, such as from power plants, vehicles, and heating activities. Moreover, NH3 is readily
converted to NH4

+, having a relatively shorter transportation distance, indicating NH4
+ in rainwater



Atmosphere 2020, 11, 1260 7 of 14

is subjected to local sources [42]. Thus, the NH4
+/NO3

− ratio is a good indicator of the relative
contributions of agricultural sources (i.e., fertilizer and livestock manure) and non-agricultural sources
(e.g., industrial fossil fuel combustion and vehicle emissions) [42,43,54,55]. Generally, in areas with
advanced industrialization, the NH4

+–N/NO3
−–N ratio is usually smaller than 1.0, e.g., at an urban site

in Nanjing (0.94), China [43], Pearl River Delta (PRD) (0.33–4.0, averaged at 1.1), China [56], and New
York (0.76–0.99) [57]. On the contrary, areas with intensive agriculture, such as rural or agricultural
sites, are usually characterized by wet N deposition with NH4

+/NO3
− ratios greater than 1.0. In China,

annual average NH4
+–N/NO3

−–N ratio was reported to be 1.76 for an agricultural site and 1.14 for a
rural site in South China [29], 2.2–2.5 for a rural site in the Three Gorges Reservoir Region, Southwest
China [44,58], 3.6 for the grasslands at Qinghai Lake [59], 1.9–2.0 for the North China Plain [40,54],
and 2.05 for an agricultural site in Northeast China [60].

The monthly variation of NH4
+–N/NO3

−–N ratio at the DHT reservoir is shown in Figure 3. In this
study, the annual average NH4

+–N/NO3
−–N ratio was 1.97 with all monthly average values exceeding

1.0 (in the range of 1.08 to 2.26). Thus, compared to NO3
− from fossil fuel combustion in industry

and transportation, NH4
+ deposition from agriculture and excrement from humans and animals still

occupied the larger portion in the DHT region. This was mainly because the sampling site was located
in a rural area, surrounded by scattered rice paddy fields and villages, where N fertilization had a great
effect on NH4

+ deposition. NH4–N was the dominant form of N deposition; however, the contribution
from NO3

− significantly increased over the past decades in China [2]. The ratio of NH4–N to NO3–N
in wet precipitation decreased significantly by approximately five to two over time from 1980 to 2010
in China [2]. Similarly, the NH4–N/NO3–N ratio in wet deposition sharply decreased from 5.8 to 1.2
in Yangtze River Delta Region from 1980 to 2005 [43]. This indicates a great enhancement in NO3–N
emissions over the past few decades, corresponding to the rapid increase in fossil fuel consumption in
the industry and transportation sectors.

Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 14 

 

is subjected to local sources [42]. Thus, the NH4+/NO3− ratio is a good indicator of the relative 
contributions of agricultural sources (i.e., fertilizer and livestock manure) and non-agricultural 
sources (e.g., industrial fossil fuel combustion and vehicle emissions) [42,43,54,55]. Generally, in 
areas with advanced industrialization, the NH4+–N/NO3−–N ratio is usually smaller than 1.0, e.g., at 
an urban site in Nanjing (0.94), China [43], Pearl River Delta (PRD) (0.33–4.0, averaged at 1.1), China 
[56], and New York (0.76–0.99) [57]. On the contrary, areas with intensive agriculture, such as rural 
or agricultural sites, are usually characterized by wet N deposition with NH4+/NO3− ratios greater 
than 1.0. In China, annual average NH4+–N/NO3−–N ratio was reported to be 1.76 for an agricultural 
site and 1.14 for a rural site in South China [29], 2.2–2.5 for a rural site in the Three Gorges Reservoir 
Region, Southwest China [44,58], 3.6 for the grasslands at Qinghai Lake [59], 1.9–2.0 for the North 
China Plain [40,54], and 2.05 for an agricultural site in Northeast China [60]. 

The monthly variation of NH4+–N/NO3−–N ratio at the DHT reservoir is shown in Figure 3. In 
this study, the annual average NH4+–N/NO3−–N ratio was 1.97 with all monthly average values 
exceeding 1.0 (in the range of 1.08 to 2.26). Thus, compared to NO3− from fossil fuel combustion in 
industry and transportation, NH4+ deposition from agriculture and excrement from humans and 
animals still occupied the larger portion in the DHT region. This was mainly because the sampling 
site was located in a rural area, surrounded by scattered rice paddy fields and villages, where N 
fertilization had a great effect on NH4+ deposition. NH4–N was the dominant form of N deposition; 
however, the contribution from NO3− significantly increased over the past decades in China [2]. The 
ratio of NH4–N to NO3–N in wet precipitation decreased significantly by approximately five to two 
over time from 1980 to 2010 in China [2]. Similarly, the NH4–N/NO3–N ratio in wet deposition 
sharply decreased from 5.8 to 1.2 in Yangtze River Delta Region from 1980 to 2005 [43]. This 
indicates a great enhancement in NO3–N emissions over the past few decades, corresponding to the 
rapid increase in fossil fuel consumption in the industry and transportation sectors. 

 
Figure 3. A box chart of the monthly patterns of NH4+–N/NO3−–N ratios at the DHT reservoir, a rural 
site in North China from July 2019 to June 2020. There was no precipitation during December 2019 
and January 2020. (×: The minimum and maximum values of the NH4+–N/NO3−–N ratio; the average 
value; upper and lower edge mean the 25% and 75% value; lines in the box indicate the median value 
of the NH4+–N/NO3−–N ratio). 

The NH4+–N/NO3−–N ratios also varied with season, peaking in the summer months (i.e., June 
(2.23), July (2.02) and August (2.26)) and reaching lower values in the dry seasons, e.g., September 
(1.08), November (1.38), and March (1.43). This seasonal pattern is similar to those reported by other 

Figure 3. A box chart of the monthly patterns of NH4
+–N/NO3

−–N ratios at the DHT reservoir, a rural
site in North China from July 2019 to June 2020. There was no precipitation during December 2019 and
January 2020. (×: The minimum and maximum values of the NH4

+–N/NO3
−–N ratio; the average

value; upper and lower edge mean the 25% and 75% value; lines in the box indicate the median value
of the NH4

+–N/NO3
−–N ratio).

The NH4
+–N/NO3

−–N ratios also varied with season, peaking in the summer months (i.e., June (2.23),
July (2.02) and August (2.26)) and reaching lower values in the dry seasons, e.g., September (1.08),
November (1.38), and March (1.43). This seasonal pattern is similar to those reported by other studies in
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China, e.g., high values, particularly, in the wet season and low values in the dry season were observed in
South China [29,56]. At the same, the annual average NH4

+–N/NO3
−–N ratio was 2.3 in the western part

of South Korea from 2007–2008, but the lowest NH4
+–N/NO3

−–N ratio was observed during the winter
season (0.63) [14]. This seasonal variation of wet N deposition is in accordance with the nitrogen-fertilizing
period during the crop growing season in China. Meanwhile, temperatures over the wet season were
higher than in the winter season, and hot temperature conditions were much easier for agriculturally
associated NH3 volatilization from fertilizer (urea, di-ammonium phosphate, etc.) and livestock manure
applied in agricultural soils. The contribution of agricultural activity to atmospheric N deposition was
substantially weakened during the winter season. Moreover, when entering into late autumn, the weather
becomes cold, and the coal and biomass burning combustion activities for heating become abundant
in North China, resulting in obvious elevated concentrations of NO3

− in ambient particles, and thus
decreased the NH4

+–N/NO3
−–N ration during winter season.

3.3.2. Biomass Burning Influences on Wet Inorganic N Deposition

Potassium is normally regarded as a tracer of biomass burning [5,47,61]. Non-sea-salt potassium
concentrations were used to exclude the influence of potassium derived from sea-salt. Therefore, the
ratio of non-sea salt (nss)-K+ to NH4

+–N and NO3
−–N in the atmosphere can applied to estimate the

effect of biomass burning to wet N deposition. Three precipitation events occurred during the harvest
season on 6 June, 29 June and 30 July, 2019 (Figure 4). The nss-K+ concentrations in those rainwater
samples were significantly higher than in other precipitation samples, indicating the field biomass
combustion was active during these periods. Fire pixel counts observed from MODIS (Moderate
Resolution Imaging Spectroradiometer) Terra and Aqua also identified many fire spots in North China
during June and July 2019, when it is time to harvest wheat and corn along with the common practice
of straw burning (Figure 5a,b).
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Figure 4. Temporal variations of (a) concentrations of NH4
+–N and NO3

−–N, (b) nss-K+ and Cl−,
(c) the ratios of nss-K+/NO3

−-N and nss-K+/NH4
+-N, (d) the ratios of NO3

−–N/TIN and NH4
+–N/TIN,

and (e) rainfall in wet depositions in the DHT reservoir region from 6 June 2019 to 30 June 2020.
The gray shades in the biomass burning’s impact (precipitation events at 6 June 2019, 29 June and
30 July 2019), and the pink shades in the heating start time with coal combustion and waste incineration
(precipitation event at 21 November 2019).
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Based on the 72 h backward trajectories for the three precipitation events during the summer season
(6 June, 29 June, and 30 July 2019), most of the air masses arriving in the DHT region were restricted
to the polluted areas of North China with dense fire spots (Figure S4a–c). Abundant combustion
aerosols were transported from these source areas to the DHT region, associated with significantly
increased levels of biomass burning tracers, i.e., nss-K+, as well as Cl− (Figure 4). Cl− is regarded
as another common tracer for biomass burning [63], which synchronously changed with nss-K+ in
the wet deposition over the entire year, except for the precipitation event on 21 November 2019.
Based on fuel combustion studies, Cl− in aerosols can also be contributed by coal combustion [64,65]
and chlorinated plastics waste burning [66]. Entering into middle November, the weather became cold,
thus, coal combustion activities commenced in rural areas and central heating systems started operating.
Subsequently, the level of Cl− sharply increased during the precipitation event on 21 November 2019
at the start of the heating period. There was almost no influence on NH3 emissions from biomass
burning; hence, the ratio of nss-K+/NH4

+–N in the atmosphere was expected to be higher when
biomass burning occurred. Correspondently, the ratio of nss-K+/NH4

+–N obviously increased during
the summer harvest biomass burning episode but displayed no variation over the winter heating
season (Figure 4c), which further confirmed that the high levels of Cl− during the precipitation event
on 21 November 2019 was emitted from coal combustion or chlorinated plastics waste burning but not
biomass burning.

The concentration of nss-K+ was positively correlated with NO3
−–N (R2 = 0.98, p < 0.01),

but revealed no relationship to NH4+–N (p > 0.5) (Figure 6). In general, NH4
+–N/TIN ratios were

higher than NO3
−–N/TIN ratios throughout the observations. However, due to the substantial

contribution of biomass burning to atmospheric NOx emissions during the harvest season or intense
fossil fuel combustion during the start of the heating season, the ratios of NO3

−–N/TIN were obviously
elevated, and surpassed the ratios of NH4

+–N/TIN (Figure 4d) during those intense air pollution
periods. The change in the N species in the atmosphere exhibited the influences of air pollution on
wet N deposition. Several studies speculate that biomass burning might be a source of water-soluble
organic N in wet deposition [29]. In this study, we provided evidence for the fact that biomass burning
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evidently contributed to the wet deposition of some inorganic N (e.g., NO3
−–N); however, it had a

minor influence on others (such as NH4
+–N).
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4. Conclusions

One-year wet deposition samples were collected at the Daheitin reservoir in North China.
The annual VWM concentrations of NH4

+–N and NO3
−–N were 2.11 mg N L−1 and 1.06 mg N L−1,

respectively. Due to the intense emissions of more gaseous nitrogen compounds (i.e., NOx and NH3) in
heating activities in the cold seasons and the dilution effect by different rainfall intensity and frequency,
the seasonal VWM concentrations of NH4

+–N and NO3
−–N showed higher levels during the dry

season (i.e., autumn and winter) and lower levels during the wet season, i.e., summer. In contrast,
the wet N deposition rates varied consistently with precipitation (i.e., high during the wet season and
low during the dry season), indicating that the amount of precipitation was crucial in controlling wet
N deposition. Compared to the years prior to the implementation of the Action Plan in 2013, the wet
inorganic nitrogen deposition rate at the rural site in North China decreased to 18.9 kg N ha−1 yr−1 but
still maintained a relatively high level.

Non-sea salt K+ was employed as a molecular tracer of biomass burning emission, and three
precipitation events with high nss-K+ levels were captured during the harvest season (June to July).
Based on the variations in the patterns of nss-K+ and deposition of N species, the ratios of nss-K+ to
N species as well as their relationships, it was indicated that biomass burning emissions contributed
remarkably to NO3

−–N but had a minor influence on NH4
+–N. These results highlight that biomass

burning activity had a substantial influence on the composition of wet nitrogen deposition at the
rural site in North China. Understanding the variations in trends and the influences of wet nitrogen
deposition is important for effective air pollution control and for gaining insight into the atmospheric
nitrogen cycle.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/11/1260/s1,
Table S1: Wet N deposition rates (kg N ha−1 yr−1) in DHT region compared to those reported in other studies,
Figure S1: Location of Daheitin Reservoir station (red star) and the surrounding cities, Figure S2: Relationship
between the concentrations of NO3

−-N in rainwater and rainfall amounts during each precipitation event at the
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DHT reservoir, a rural site in North China from July 2019 to June 2020. Statistical analysis was conducted with
logarithmic fitting method, Figure S3: Relationship between monthly deposition rates of NH4

+-N and NO3
−-N

and rainfall amounts at the DHT reservoir, a rural site in North China from July 2019 to June 2020. Statistical
analysis was conducted with linear fitting method, Figure S4: Air mass origins to DHT region, shown by clusters
of 72 h backward trajectories arriving at 500 m aboveground level in (a) 6 June, 2019, (b) 29 June, 2019, (c) 30 July,
2019, (d) 21 November, 2019.
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