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Abstract: Elevated atmospheric reactive nitrogen (Nr) emissions and the subsequent nitrogen (N)
deposition have negatively impacted the global environment, particularly in China. In order to
assess the long-term trends in atmospheric N deposition in the south of China, Taojiang County
in Hunan Province was selected as a representative rural area for study. We analyzed interannual
variation in atmospheric Nr, including gaseous ammonia (NH3), nitrogen dioxide (NO2), nitrate acid
(HNO3) vapor, particulate ammonium (NH4

+), and nitrate (NO3
−) in air and NH4

+-N and NO3
−-N

in precipitation from 2011 to 2020. The 10-year average atmospheric wet-plus-dry N deposition was
41.9 kg N ha−1 yr−1, which decreased by approximately 24% after 2012, indicating that NH3 and
NOx emissions were effectively reduced by emission controls introduced in 2013. Wet deposition
accounted for approximately 74% of the total N deposition and was significantly influenced by annual
precipitation amount. Reduced N (NH3, pNH4

+, and NH4
+ in rainwater) was the dominant form,

comprising approximately 58% of the total N deposition, while oxidized N (pNO3
−, NO2, HNO3,

and NO3
− in rainwater) accounted for 42% of the total N deposition. Atmospheric HNO3, NO2, and

NH3 concentrations and deposition declined by 30–80% over the decade, while particulate NH4
+

and NO3
− concentrations and deposition remained at relatively stable levels, which suggests that

ongoing research and policy should focus on rural particulate pollution. Future strategies must
concentrate on the integrated control of NH3 and NOx emissions to mitigate air pollution and protect
human health, particularly in rural areas because current abatement efforts are primarily directed
toward urban areas and the industrial sector, whereas non-point source NH3 pollution, influenced
mainly by agricultural activities, dominates in rural regions.

Keywords: atmospheric reactive nitrogen; wet and dry deposition; temporal variation; pollution
control; ammonia abatement

1. Introduction

Atmospheric reactive nitrogen (Nr) emissions have been increasing every year, caused
by rapid economic development and the increasing global population [1]. Anthropogenic
activities are the main contributors to this increase in Nr deposition [2], with ammonia
(NH3) and nitrogen oxides (NOx) being the main sources of nitrogen (N) emissions [3].
Although there are some urban sources from fossil fuel combustion [4–6], NH3 mainly
originates from agricultural activities such as livestock farming and fertilizer applica-
tion [7,8], while NOx is mainly derived from fossil fuel combustion such as industrial and
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traffic emissions [9]. Human-induced pollutant emissions dominate Nr emissions [10]
and deposition [2], damaging the Earth’s ecosystems (e.g., reducing biodiversity) and
triggering a series of ecological and environmental problems [11,12]. Therefore, reducing
NH3 and NOx emissions is essential for reducing N deposition for realizing a green eco-
environment [13]. In recent years, NOx (and sulfur dioxide (SO2)) emissions have been
effectively controlled in China and in other countries, and so the focus on NH3 reduction
has gradually increased [14]. Some research has reported long-term trends in wet/bulk
and dry N deposition in north China [15,16], revealing different responses of N deposition
to changes in Nr emissions. However, to date, no systematic studies have reported recent
interannual changes in N deposition in the rural areas of southern China.

Hunan Province is a major agricultural region in southern China, with a high rate of
N fertilizer use and intensive livestock (especially pig) production. As a consequence, high
NH3 and NOx emissions and N deposition have been observed [17]. Local agricultural
production methods have changed greatly since the 2000s, with the traditional double rice
cropping system gradually being replaced by single rice production, with decreased overall
N fertilizer use. However, pig (as a typical livestock) production has been transformed
from small scale, family-based systems to a more efficient, larger scale and no longer
family-based systems with spatial relocation [18]. This transformation of both crop and
livestock production may have reduced NH3 emissions. In addition, farmers now use
natural gas instead of wood and/or crop straw as fuel, which could lead to a reduction in
NOx emissions and consequently of particulate matter pollution in rural regions of southern
China. We therefore quantified the decadal changes of wet/bulk and dry N deposition at a
rural deposition monitoring site in Taojiang County, Hunan Province, from 2011 to 2020.
Our hypothesis is that atmospheric N deposition will have decreased substantially due
to the reduction in both NH3 and NOx emissions associated with agricultural production
transformations and energy structural changes in this region. Moreover, the change in
agricultural production styles could be the main driving factor of atmospheric N deposition
locally and regionally [1,2,19]. Our research aims to guide the more comprehensive and
effective control of Nr emissions and pollution.

2. Materials and Methods
2.1. Study Sites

The study area is located in the north–central part of Taojiang County, Hunan Province,
in southern China, which belongs to the subtropical monsoon humid climate zone, with a
1990–2010 average annual temperature of 16.6 ◦C and an average annual precipitation of
1700 mm. The monitoring sampling site was at Songmuduan Village (111.97◦ E, 28.61◦ N) in
Wujishan Township, Taojiang County, which is a typical rural site (Figure 1). The sampling
site is located at the edge of hills and surrounded by rice fields, ensuring the adequate
collection of atmospheric deposition samples. Paddy rice, including early, middle, and/or
late rice (sown in mid-March, mid-May, and late June, respectively), is the major local crop.
Double rice (early rice and late rice) was the traditional cropping system, but now more
and more farmers plant only a single crop of rice. Fertilizer application is mostly based on
compound fertilizers and urea, with the compound fertilizer applied at planting and urea
7–10 days later. The development of local animal husbandry has been slow, with a small
number of farmers breeding crossbred yellow cows, black goats, and pigs, and the resultant
manure is generally used on farmland or in biogas digesters. Dry and wet N deposition
was sampled and quantified from January 2011 to December 2020.
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Zhang Lin at Peking University). Based on the influential method, the monthly dry dep-
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Figure 1. Map showing the monitoring site at Taojiang County, Hunan Province, China.

2.2. Sample Collection and Data Analysis

Gaseous NH3, NO2, HNO3, particulate ammonium, and particulate nitrate (pNH4
+

and pNO3
−) samples were collected monthly using ALPHA samplers (NH3, Adapted

Low-cost High Absorption, Center for Ecology and Hydrology, Edinburgh, UK), Gradko
diffusion tubes (NO2, Gradko International Limited, London, UK), and a DELTA system
(HNO3, pNH4

+ and pNO3
−, Denuder for Long-Term Atmospheric sampling, Center for

Ecology and Hydrology, Edinburgh, UK), and their monthly mean concentrations (in
units of µg N m−3) measured with a Continuous Flow Analyzer (AA3, Bran + Luebbe
GmbH, Norderstedt, Germany, for all Nr species except NO2) and a colorimetric method by
absorption at a wavelength of 542 nm for NO2, respectively. Dry deposition velocities of five
Nr species were simulated using the global atmospheric chemistry transport model GEOS-
Chem (http://geos-chem.org, accessed on 31 January 2021, provided by Dr. Zhang Lin
at Peking University). Based on the influential method, the monthly dry deposition of Nr
components can be estimated by multiplying the measured atmospheric Nr concentrations
by the corresponding simulated dry deposition velocities [14].

Rain and snow samples were automatically collected using a rain gauge (SDM6, Tianjin
Weather Equipment Inc., Tianjin, China), and the precipitation amount was recorded in
mm. The annual precipitation (sum of rainfall and snowfall) from 2011 to 2020 is shown
in Table 1. The samples were subjected to appropriate pre-treatment, and later measured
using the Continuous Flow Analyzer (as mentioned earlier), which was calibrated to derive
the inorganic N concentrations in the precipitation, i.e., the concentrations of NH4

+-N and
NO3

−-N in mg N L−1. Wet deposition of atmospheric Nr fractions was then obtained by
multiplying their concentrations in precipitation by the precipitation amount. Excel was
used for the preliminary processing of the data and correlation analysis. Graphs were
plotted using Python and Origin 2023b software.

http://geos-chem.org
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Table 1. Annual precipitation (mm) at the monitoring site in southern China from 2011 to 2020.

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Precipitation 753.2 1740.9 1106.3 1399.6 1461.1 1826.7 1521.7 1398.1 1286.8 1608.2

3. Results
3.1. Temporal Variation in Atmospheric Nr Components

Annual mean concentrations of gaseous NH3, HNO3, and NO2 as well as particu-
late NH4

+ (pNH4
+) and NO3

− (pNO3
−) are shown in Figure 2. The annual mean NH3

concentration ranged from 2.29 to 6.19 µg N m−3, with a mean value of 3.85 µg N m−3,
and showed a general decline from 2011 to 2015, with the lowest value occurring in 2015,
followed by an increase up to 2019, when the maximum increase and the highest concentra-
tion (6.19 µg N m−3) was measured, after which the 2020 mean concentration decreased to
3.11 µg N m−3, less than the mean value in 2011. The annual mean pNH4

+ concentration
ranged from 2.77 to 4.90 µg N m−3 with a mean value of 3.92 µg N m−3, and the lowest
and highest values occurred in 2011 and 2017, respectively. Excluding 2011, the pNH4

+

concentration did not show significant changes regardless of some turbulence during
the 10-year period. The annual mean HNO3 vapor concentrations were in the range of
0.24–1.02 µg N m−3 with a mean value of 0.60 µg N m−3. The mean HNO3 concentration
in 2020 was 74.6% lower than that in 2011 (0.76 µg N m−3). Annual mean pNO3

− concen-
trations were in the range of 0.71–2.28 µg N m−3 with a mean value of 1.34 µg N m−3, with
the lowest and highest concentrations occurring in 2011 and 2018, respectively. In general,
pNO3

− concentrations increased gradually from 2011 to 2018 but decreased after 2018. The
annual mean concentrations of gaseous NO2 ranged from 2.02 to 3.37 µg N m−3, with a
mean value of 2.80 µg N m−3. The annual mean NO2 concentration was relatively stable
except in 2020, when the lowest concentration was observed. From 2011 to 2020, the total
annual mean concentrations of reduced N (NHx, sum of NH3 + pNH4

+) varied between
5.83 and 10.43 µg N m−3 and decreased until 2015, then increased to the highest value in
2019, followed by a rapid decrease of 36.7% in 2020. Total annual mean oxidized N (NOy,
sum of HNO3 + NO2 + pNO3

−) concentrations ranged from 3.49 to 5.40 µg N m−3 and
showed relatively little variation during the research period, with the highest concentration
in 2018 and the lowest concentration in 2020. The NOy concentration in 2020 was 23.8%
lower than that in 2011.
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2011−2020.

3.2. Changes in Monthly Mean Atmospheric Nr Concentrations

The monthly mean NH3 concentrations (1.29–7.41 µg N m−3) averaged 3.52 µg N m−3

and showed distinct seasonal variations, with the highest concentration in summer and
the lowest mostly in winter (Figure 3). Monthly mean pNH4

+ concentrations ranged from
1.95 to 5.49 µg N m−3 with a mean value of 3.69 µg N m−3, with most of the highest
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values occurring in spring and the lowest in summer. The monthly mean HNO3 vapor
concentrations were in the range of 0.43–0.74 µg N m−3 with a mean value of 0.57 µg N m−3.
The seasonal variation in HNO3 concentration was relatively small, with the highest
concentrations in spring and winter. Monthly mean pNO3

− concentrations were in the
range of 0.50–2.58 µg N m−3 with a mean value of 1.26 µg N m−3; the concentration
was high in spring and winter and low in summer and autumn. The monthly mean
concentrations of gaseous NO2 ranged from 1.58 to 3.88 µg N m−3, with a mean value of
2.60 µg N m−3. The seasonal concentration changes are similar to those of pNO3

−, with
the highest concentrations in spring and winter and the lowest in summer and autumn.
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3.3. Changes in Annual Mean Dry N Deposition

The annual mean deposition of gaseous NH3, HNO3, and NO2 and particulate
pNH4

+ and pNO3
− was in the ranges of 3.10–7.93, 0.74–4.04, 1.06–1.75, 1.30–2.36, and

0.40–0.78 kg N ha−1, respectively, over the 10 years. The annual mean deposition of NO2
and HNO3 and particulate pNH4

+ and pNO3
− was of 5.00 ± 1.35, 1.34 ± 0.23, 2.32 ± 1.03,

1.64 ± 0.34, and 0.56 ± 0.13 kg N ha−1, respectively. The annual total dry deposition of Nr
during the 10-year period at this sampling site varied from 6.96 to 13.1 kg N ha−1 and the
mean value was of 10.5 ± 1.83 kg N ha−1 (Figure 4). The analysis of interannual variation
showed that the total dry deposition of Nr decreased, with an average decrease of 39.4% by
2020 compared to 2011 (Figure 4).
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3.4. Changes in Inorganic N Concentrations in Precipitation and Wet/Bulk N Deposition

Precipitation is generally high at this typical site in in southern China. Annual pre-
cipitation varied from 753 to 1608 mm over the 10-year period, with a mean value of
1410 ± 296 mm (Table 1). The annual mean concentrations of NH4

+-N and NO3
−-N in

precipitation were mainly in the ranges of 0.88–1.61 and 0.63–1.27 mg N L−1, and their
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mean values were 1.30 ± 0.25, and 0.97 ± 1.85 mg N L−1, respectively (Figure 5a). NH4
+-N

dominated but declined: despite some fluctuations, the NH4
+-N concentration in precipita-

tion in 2020 was 21.0% lower than that in 2011. The annual mean concentration of NO3
−-N

also decreased by 28.8% in 2020 compared to 2011.
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The annual mean wet/bulk deposition of NH4
+-N, NO3

—N, and total inorganic N
was in the ranges of 11.50–24.10, 8.61–18.61, and 20.11–37.24 kg N ha−1, respectively, with
average values of 18.04 ± 4.2, 13.33 ± 2.90, and 31.37 kg N ha−1, respectively (Figure 5b).
The annual mean total wet/bulk deposition peaked in 2012 and declined gradually during
the 10-year sampling period (without a statistically significant decreasing trend) (Figure 5b).
Combining the analysis of reduced and oxidized N, NH4

+-N and NO3
−-N accounted

for 58% and 42% of the wet/bulk deposition, respectively, suggesting that the former
dominated. The correlation between precipitation and atmospheric inorganic N (NH4

+-
N and NO3

−-N) concentrations, as important components of wet/bulk N deposition,
was investigated. We found a negative logarithmic relationship between monthly mean
inorganic N concentrations and monthly precipitation over the 10-year period (Figure 6).
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3.5. Interannual Variation in Total Nitrogen Deposition

Total N deposition varied from 33.2 to 53.2 kg N ha−1 yr−1 and averaged 41.9 ± 6.0 kg
N ha−1 yr−1 over the 10-year period. The range of interannual variation was small and
decreased by 24.0% in 2020 compared with the maximum value in 2012. The contributions
of the components of dry deposition, i.e., gaseous NH3, NO2, and HNO3, plus particulate
pNH4

+ and pNO3
− to the mean annual deposition, were of 11.8%, 3.2%, 5.5%, 3.9%,

and 1.3%, respectively; and those of the components of wet/bulk deposition, i.e., NH4
+-

N and NO3
−-N to the mean annual deposition, were of 42.7% and 31.6%, respectively

(Figure 7). Compared with dry deposition, wet/bulk deposition dominated the total N
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deposition. Reduced N (pNH4
+ and NH4

+-N in precipitation) contributed 58.4% to the
total N deposition and oxidized N (NO2, HNO3, pNO3

−, and NO3
−-N in precipitation)

accounted for 41.6%. Combined with the analysis in Sections 3.3 and 3.4, it can be seen that
the contribution of reduced N to N deposition is greater than that of oxidized N, i.e., the
key to controlling N deposition in rural areas of the south of China lies in controlling the
emission of NH3.
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4. Discussion
4.1. Changes in Atmospheric Reactive N Components

China’s rapid agricultural development in the 21st century has caused significant
environmental problems, such as severe air pollution and harmed human health [2,19]. Nr
significantly contributes to PM2.5 [13]. In order to mitigate air pollution, during the 10-year
period of this study, the Chinese government gradually improved the legislative mecha-
nism for environmental protection and adopted a series of measures for environmental
pollution control. Since the implementation of the national action plan for the prevention
and control of air pollution (initiated in 2013), China’s national air quality has improved.
Significant reductions in SO2 and Nr emissions [20] and PM2.5 concentrations [21,22] have
been reported: PM2.5 concentrations decreased at a rate of 9.1% per year and the number of
days with PM2.5 concentrations higher than 50 µg m−3 decreased from 2015 to 2018 [23],
and those of SO2, NOx, and NH3 decreased over 2015–2019. Overall, anthropogenic emis-
sions of SO2, NOx, NH3, PM10, and PM2.5 were estimated to have decreased by 53%, 20%,
10%, 21%, and 16%, respectively [24]. This trend was also reflected in southern China:
from 2013 to 2015, pNO3

− decreased significantly in the Pearl River Delta, Sichuan Basin,
and Qinghai–Tibet Plateau [25], and NOx emissions in the Pearl River Delta decreased by
27% [26]; from 2017 to 2020, the annual deposition of NH4

+-N and NO3
—N in the Dan-

jiangkou Reservoir area decreased, and the monthly dry deposition of NO3
—N significantly

decreased (p < 0.01) [27].
The effective control of agricultural activities can reduce N deposition. In recent

years, farmers in Taojiang County, Hunan Province, have been asked to change crop
rotations and to use available manure to replace some chemical fertilizers. This has led
to an increase in nitrogen use efficiency (NUE) [13]. This, together with the gradual
implementation of coal-to-gas conversion for heating in rural households, can reduce
atmospheric Nr concentrations [28]. Our results show that the annual mean atmospheric
NO2 and HNO3 concentrations decreased by 29.2% and 74.6% in 2020 compared to 2011.
The annual mean pNO3

− concentration remained low but also decreased during 2013–2016
and 2018–2020, with average decreases of 12.6% and 23.6%, respectively. The annual mean
pNH4

+ concentration fluctuated during the 10-year period and increased by 26.29% in
2020 compared with 2011, which is worrying. However, overall, the atmospheric reactive
N concentration and deposition in rural areas of southern China decreased from 2011 to
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2020, indicating that the implementation of air pollution control measures were effective
in decreasing N deposition and improving air quality in these regions. To further control
particulate matter pollution in rural and urban areas, real-time monitoring and collaborative
control of particulate matter and its precursor (e.g., NH3 and NOx) emissions in rural areas
should be strengthened.

4.2. Changes in Atmospheric N Deposition and Its Ecological Effects

China is a world hotspot for atmospheric N deposition due to its rapid industrialization
and intensive agricultural production [29]. The country’s overall level of N deposition
increased from the 1980s to the 2000s [2] but stabilized after the 2000s [30], mainly due to
high emissions of NH3 and NOx [14]. The south of China is densely populated with a well-
developed agriculture, with consequent high Nr concentrations and high N deposition [17].
As strict air pollution control measures began to be implemented nationwide in 2013, N
deposition in the south decreased [20]. Taojiang County, a key agricultural area in the
south, suffered from high atmospheric Nr concentrations and dry N deposition during
2011–2013 (Figures 2 and 4) but, following the air pollution control actions introduced in
2013, the concentrations of many Nr species and dry N deposition began to decrease (see
Section 4.1 for details); concentrations of N in wet/bulk N deposition also decreased to some
extent [27]. We measured significant decreases in NH4

+-N and NO3
−-N concentrations in

wet/bulk N deposition, with annual average concentrations in 2020 of 21.0% and 28.8%,
respectively, compared with those in 2011. The concentration of inorganic N in precipitation
at our site was lower than that in the northern region, and lower than the national average
concentration of inorganic N in precipitation measured in China’s Nationwide Nitrogen
Deposition Monitoring Network [31]. Air pollution control has clearly played a positive
role in reducing N deposition in Taojiang County, Hunan, southern China.

However, nitrogen supply could have positive effect too, together with drought
periods occurring more frequently and higher CO2 levels in the air, which are helping the
plants (trees) to cope with such climatic conditions [32]. Although the concentration of
inorganic N in wet/bulk deposition decreased, the higher annual precipitation resulted
in higher wet/bulk N deposition at our site. The annual average NH4

+-N and NO3
−-N

deposition in wet/bulk deposition was up to 31.4 kg N ha−1 (Figure 6), which is higher than
in other southern regions (21.1 kg N ha−1 yr−1) [33]. It is important to note that the main
drivers of increased wet/bulk N deposition in China are increased energy consumption
and N fertilizer use [34]. The ratio of NH4

+-N to NO3
−-N in wet deposition in this study

was 1.35, which is slightly higher than the national average [35], indicating that agricultural
activities are the main source of wet/bulk deposition.

Reductions in atmospheric N deposition in rural areas following government control
of Nr emissions have been demonstrated in several developed countries and regions of
the world: the range of total N deposition in rural Canada from 2000 to 2018 was between
1.7 and 9.5 kg N ha−1 yr−1 [36]; and in 2018, N deposition on all land types in Europe
declined to 6.6 kg N ha−1 yr−1 [37,38]. As in other parts of the world, Nr emissions and
deposition have decreased in China in recent years [39]. Our results show that the total
Nr deposition in southern China during the last 10 years decreased, with less interannual
variation, and with the total annual deposition varying from 33.2 to 53.2 kg N ha−1 yr−1

with a mean value of 41.9 ± 6.0 kg N ha−1 yr−1. This is higher than the national average
(20.4 ± 2.6 kg N ha−1) [30,33], and much higher than that in developed regions of the world
as represented by Europe and Canada, and exceeding the critical load for the sustainability
of forest and grassland ecosystems [40].

From the perspective of specific components, NH4
+-N contributed most to wet deposi-

tion and total N deposition, by 57.5% and 42.7%, respectively, and gaseous NH3 accounted
for the largest proportion of dry deposition, at 46%. Overall, reduced N, including partic-
ulate pNH4

+, contributed as much as 58.4% to the total N deposition. The annual mean
reduced to oxidized N ratio in southern China varied from 0.7 to 1.6 during 2011–2020, with
a mean of 1.44 ± 0.28, which is close to the national average of 1.7 in China [30]. Overall,
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reduced-state N dominated, reflecting the fact that agricultural and non-agricultural NH3
in southern China jointly contribute to the total N deposition [41,42]: NHx accounted for
61.2% and 57.5% of wet and dry deposition, respectively. This represents the increased
importance of reduced N deposition compared to oxidized N deposition since the vigorous
national control of NOx emissions after 2010 [14].

Our results show that the strict implementation of air pollution control measures can
reduce the concentrations of Nr in the atmosphere and reduce N deposition, improving
China’s air quality, ecosystems, and human health [19]. However, rural areas in southern
China still need to adopt more comprehensive N deposition control measures in the context
of environmental sustainability, food security, and human health [43], focusing on ammonia
emission reduction, as well as source identification, prevention, and control.

5. Conclusions

This study of atmospheric Nr deposition at Taojiang, Hunan Province, for 10 consecu-
tive years provides strong evidence for decreasing Nr concentrations, reducing atmospheric
N deposition, and the improvement of air quality in southern China, but differently for
the various components of Nr. Compared with 2011, atmospheric HNO3 concentrations in
2020 decreased by 74.6%; NO2 concentrations decreased by 29.2%; and NH3 concentrations
decreased by 34.5%; however, concentrations of pNH4

+ and pNO3
− increased by 26.3%

and 70.8%. This reflects the complicated transformation mechanisms of atmospheric Nr
into secondary particulate matter. Atmospheric NHx concentrations stabilized after a peak
in 2019, and NOy concentrations decreased significantly after 2018 and again in 2020, with
the effect of the COVID-19 epidemic being significant in that year. Dry N deposition in
rural areas of southern China decreased by more than 30% over the 10-year period, and
the total N deposition decreased by 24.0% in 2020 compared to the peak year. The data
provide important evidence for the positive impact of air pollution control measures on
air quality and atmospheric N deposition in the south of China. However, considering
that Nr emissions and N deposition loads are still high, further emission control measures
are needed to achieve air quality objectives, especially the urgent need to control NH3
emissions and thus particulate matter pollution by improving fertilizer use efficiency and
livestock production.
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