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The fast economic development of southwest China has resulted in significant increases in the con-
centrations of reactive nitrogen (Nr) in the atmosphere. In this study, an urban (Chengdu, CD), suburban
(Shifang, SF) and agriculture (Yanting, YT) e dominated location in the Sichuan Province, southwest
China, were selected to investigate the atmospheric composition of Nr, their concentrations and depo-
sition rates. We measured Nr concentrations in precipitation (NH4

þ, NO3
� and organic N (DON)), the gas

phase (NH3 and NO2), and the aerosol particles (PM2.5), and calculated their fluxes over a two year period
(2014e2016). Total annual N deposition rates were 49.2, 44.7 and 19.8 kg N ha�1 yr�1 at CD, SF and YT,
respectively. Ammonia concentrations were larger at the urban and suburban sites than the agricultural
site (12.2, 14.9, and 4.9 mg N m�3 at CD, SF and YT, respectively). This is consistent with the multitude of
larger sources of NH3, including city garbage, livestock and traffic, in the urban and suburban areas.
Monthly NO2 concentrations were lower in warmer compared to the colder months, but seasonal dif-
ferences were insignificant. Daily PM2.5 concentrations ranged from 7.7 to 236.0, 5.0e210.4 and 4.2
e128.4 mg m�3 at CD, SF and YT, respectively, and showed significant correlations with fine particulate
NH4

þ and NO3
� concentrations. Ratios of reduced to oxidized N were in the range of 1.6e2.7. This implies

that the control of reduced Nr especially in urban environments is needed to improve local air quality.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Global emissions of reactive forms of nitrogen (Nr) are
increasing proportionally with the human population increase and
had reached a total of 220 Tg N yr�1 in 2010 (Fowler et al., 2015).
The dominant Nr species emitted to the atmosphere are ammonia
(NH3) and nitrogen oxides (NOx), which are precursors of second-
ary aerosols, such as nitric acid (HNO3), particulate NH4

þ (pNH4
þ) and
e by Charles Wong.
an Road, Chengdu, Sichuan,

t al., Ambient concentrations
ations with contrasting land
particulate NO3
� (pNO3

- ) (Delon et al., 2012). Sources of NH3 include
agricultural activities (livestock and fertilizer use), mobile and
stationary fuel combustion, industrial activities and biomass
burning (Lee et al., 2016; Suarez-Bertoa et al., 2014). Nitrogen ox-
ides (NOx), which include NO3

� in rainwater, gaseous NO2 and
HNO3, and aerosol pNO3

- , are mainly emitted from fossil fuel com-
bustion and biomass burning (Zbieranowski and Aherne, 2013).
These atmospheric Nr species are deposited to the Earth's surfaces
via wet or dry deposition. Wet deposition occurs due to the
incorporation of aerosol particles, acting as cloud condensation
nuclei, into cloud droplets; as well as below-cloud and in-cloud
scavenging of soluble gases. Dry deposition is primarily the depo-
sition of gaseous compounds (NH3, NO2 and HNO3), with aerosol
and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://

mailto:bzhu@imde.ac.cn
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2017.10.002
https://doi.org/10.1016/j.envpol.2017.10.002
https://doi.org/10.1016/j.envpol.2017.10.002


L. Song et al. / Environmental Pollution xxx (2017) 1e132
making smaller contributions (Dore et al., 2015). Increased nitrogen
(N) deposition rates have led to biodiversity reductions in terres-
trial ecosystems (Stevens et al., 2004), damage to human health
through aerosols and ozone production (Erisman et al., 2013) and
indirectly contributing to the radiative forcing of our climate. With
the rapid urbanization and industrialization in China, it was esti-
mated that the current level of air pollution may have led to
400,000 premature deaths annually (Xu et al., 2016). The economic
burden of this premature mortality is estimated at approximately
157 billion Yuan (1.16% of the GDP) (Zhang and Smith, 2007), and is
of increasing concern for the general public, the environmental
scientific community and policy makers.

Measures to reduce Nr emissions and deposition rates were
successfully implemented in some countries. In Europe, for
example, policies to reduce agriculture emissions (e.g. Common
Agricultural Policy, Nitrates Directive and the restructuring of
Eastern Europe after 1989) as well as stringent emission controls
(e.g. EC Large Combustion Plants Directive) and the EUROPE stan-
dards for road transport vehicles were implemented in the 1980s
(Sutton et al., 2007). As a result, in some European countries sig-
nificant reductions in NH3 volatilization has been achieved over the
last 20 years (Sanz-Cobena et al., 2014). Similarly, the Chinese
Government has implemented mitigation methods to reduce air
pollution from stationary combustion plants in 2012. This mitiga-
tionwas expected to reduce average Chinese annual NO2 and PM2.5

concentrations by 24.3% and 14.7%, respectively, by 2020 (Wang
et al., 2015b). However, no regulations were implemented to
reduce NH3 emissions.

The Sichuan basin, located in the upper Yangtze River is an
example of serious air pollution in China. Rapid population growth
and economic expansion have resulted in a wide range of Nr pro-
ducing anthropogenic activities, such as biomass and fossil fuel
burning, industry, transport, mining, urbanization and agricultural
activities. The Sichuan basin is one of the four largest regions
affected by haze in China and is one of the world's region most
polluted by PM2.5 (Zhang et al., 2012). In addition, large emissions
of SO2 and NOx have decreased the precipitation pH (Vet et al.,
2014). Although the serious air pollution problems in the Sichuan
basin are recognized, scientific evidence has focused mainly onwet
deposition (Liu et al., 2013). More recent studies have shown that
dry deposition rates can be large (Xu et al., 2015). As it is important
to investigate wet and dry deposition rates together, we have
investigated these at an urban, suburban and agricultural location.
Our aims were to quantify 1) seasonal and spatial patterns for Nr
concentrations and ambient PM2.5 concentrations; 2) the propor-
tion of reduced and oxidized N deposition; and 3) the contribution
of Nr species to ambient PM2.5 concentration.

2. Materials and methods

2.1. Sampling sites

Nitrogen deposition measurements were conducted at Chengdu
(CD, 30�370 N, 104�40 E), Shifang (SF, 31�60 N, 104�90 E) and Yanting
(YT, 30�210 N, 105�120 E), Sichuan Province, southwest China. These
three locations represent urban, suburban and agricultural areas,
respectively (Fig. 1). Nr bulk deposition of NH4

þ, NO3
� and organic N

(DON), dry deposition of the gas phase (NH3 and NO2) and the
aerosol particles (PM2.5) were measured during the period January
2014 to April 2016. All compounds were measured at all three lo-
cations continuously for at least one year (Table S1), but started and
ended at slightly different times. The time period when all com-
pounds and locations weremeasured at three locations was over an
8 month period, May to December 2015.

The study region has a moderate subtropical monsoon climate
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with an annual mean temperature of 17.3 �C and a mean annual
precipitation of 826 mm for the period 1981e2015. The precipita-
tion distribution has a seasonal character, and is larger in summer
than inwinter. Due to it’s topographic, Sichuan has the lowest wind
speeds in China according to Sichuan Muni CIPAL Bureau of Sta-
tistics, 2015 and thereby favors the accumulation of atmospheric
pollutants. The main meteorological characteristics are shown in
Fig. 1. The urban measurement site CD (Chengdu) is located in the
city center close to a major ring road. Chengdu is the capital of
Sichuan province with a population of about 12 million and sur-
rounded by the Longquan Mountains to the east and Qionglai
Mountains to the west. The suburban site SF is located within in the
Chengdu Plain Agricultural Ecology Research Station, Chinese
Academy of Sciences and about 50 km northeast of CD city center. It
has a population of about 0.43 million. The agricultural measure-
ment station YT is a typical agriculture dominated site near Yanting
town, Mianyang city and about 150 km away from Chengdu city
center (Fig. 1). It has a population of about 0.62 million. The main
crops are maize, wheat and oil rape at both urban and suburban site
(Zhu et al., 2009).

2.2. Collection and analysis of bulk deposition samples

All three monitoring sites are equipped with the widely used
“standard rain gauge” (SDM6, Tianjin Weather Equipment Inc.,
China), which are situated within the grounds of CAS research
stations and free from nearby obstacles. The continuously open
collectors collect the bulk deposition, which includes both in-cloud
and below-cloud scavenging as well as a small contribution of dry
deposited aerosols and gases and thereby may overestimate the
actual wet deposition (Cape and Leith, 2002). To minimize the
accumulation of dry deposited material onto the funnel walls,
collection vessels were cleaned with deionized water daily when
there was rain, and every second day when there was no rain. The
bulk deposition collected therefore only includes a very small
proportion of the actual dry deposition.

The method to collect bulk deposition is based on the method
recommended by the European Monitoring and Evaluation Pro-
gram (EMEP) and described in detail by Aas et al. (2007). Collectors
consist of a glass measuring cylinder (scale range: 0e10 mm, di-
vision: 0.1 mm) set within each rain gauge. Collectors are checked
daily around 8 a.m., and any rainfall accumulated over the previous
24 hwas collected then tominimize inputs from dry deposition and
evaporation. The rain samples were transferred to clean poly-
ethylene bottles within 24 h of each rain event, and stored in a
freezer at �20 �C until chemical analysis within one month. The
bottles were first soaked in HCl (2%) overnight and then cleaned
with deionized water. All procedures were strictly quality-
controlled to avoid any possible contamination of the samples.
Before analysis, samples were defrosted and then filtered through a
0.45-mm membrane filter. Ammonium (NH4

þ) and nitrate (NO3
�)

concentrations were analyzed by a flow injection auto-analyzer
(Bran þ Lubbe, Norderstedt, Germany). Precipitation samples
were analyzed in duplicates. One blank and a set of standard con-
centrations of NH4-N, NO3-N and TDNwere analyzed after every 10
samples. Standard solutions were prepared in ultrapure water
(18.2 MU resistance) with concentrations ranges of 0e7, 0e7 and
0e20mg l�1 for NH4-N, NO3-N and TDN, respectively. The detection
limit was 0.01mg N l�1 for both NH4

þ and NO3
� concentrations. Since

NO3
� was converted to NO2

� during the chemical analysis, the
measured NO3

� concentration is the sum of NO3
� and NO2

� in rain-
water. The total dissolved N (TDN) content in the filtrate was
measured using the alkaline potassium persulfate oxidation
method, and has a detection limit of 0.01 mg N l�1 (Rowland and
Haygarth, 1997). Dissolved organic N (DON) concentrations were
s and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://



Fig. 1. Description for the deposition monitoring sites: a) location of the three sampling sites (CD, SF and YT) in Sichuan province, Southwest China, b) mean monthly precipitation
(PP) and air temperature (T), c) monthly mean relative humidity (RH) and wind speed (WS), d) wind rose of 3-h wind directions (WD) and wind speeds during the study period
2014e2016 at the three study sites.
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calculated from the difference of TDN and inorganic N concentra-
tions (Bronk et al., 2000). Therefore the detection limit of DON is
assumed to be the sum of the detection limits of the
TDN þ NH4

þ þ NO3
�, 0.03 mg N l�1.

2.3. Collection and analysis of gaseous Nr samples

Ammonia (NH3) concentrations were measured using ALPHA
(Adapted Low-cost Passive High Absorption) samplers. These are
passive samplers provided by the Center for Ecology and Hydrol-
ogy, UK (Tang et al., 2001), and are widely used in several national
motoring networks, as they are reliable, accurate, cost effective and
easy to use (Puchalski et al., 2011). Each sampler consists of a
26 mm long � 27 mm outer diameter polyethylene tube. One end
contains a 5 mm PTFE membrane through which NH3 gas diffuses,
but not particles. Ammonia is absorbed onto a filter impregnated
with citric acid (13%) located at the other end of the diffusion path.
Inter-comparison of the passive ALPHA samplers with active DELTA
samplers (DEnuder for Long-Term Atmospheric sampling) showed
a high agreement between these methods (Tang et al., 2001; Xu
et al., 2015). Field blank measurements were made seasonally at
all study sites, and the variability between triplicate alpha samplers
was approximately 7%.

Nitrogen dioxide (NO2) was collected using Gradko diffusion
tubes (Gradko International Limited, UK). These passive samplers
are used very widely (Ozden and Dogeroglu, 2008), for example in
the UK NO2 Monitoring Network (Tang et al., 2001). Each sampler
consists of a 71 mm long � 11 mm internal diameter acrylic tube
with colored and white thermoplastic rubber caps. The NO2 is
absorbed by a 20% triethanolamine/deionized water solution
coated onto two stainless steel wire meshes within the colored cap.
The manufacturer Gradko International Ltd, UK specifies a NO2
uptake rate of 68.8� 10�6 m�3 h�1, a desorption efficiency of 0.98, a
limit of detection of 1.6 mg NO2 m�3 over a 2-week exposure period,
and an analytical measurement uncertainty of ±10%. A comparison
with a chemiluminescent instrument indicates no significant dif-
ference in the performance of both methods (Bush et al., 2001).
Field blank measurements (n ¼ 3) were made seasonally at all
study sites. The standard deviations of all samples across all sites
and the entire measurement period ranged from 0.01 to 2.9 mg NO2
m�3 and averaged at 0.8 mg NO2 m�3 (95% confidence interval
0.7e0.9).

At all three study sites three NH3 and NO2 samplers were
exposed under a PVC shelter which protected the samplers from
precipitation and direct sunshine over the one month measure-
ment period. After collection samples were stored at 4 �C and
analyzed within one month of collection. NH3 was extracted in
10 ml ultrapure water, and extracts were stored at 4 �C prior to
analysis using a flow injection auto-analyzer (Bran þ Lubbe, Nor-
derstedt, Germany). The detection limit for NH3 was 0.01 mg N L�1.
NO2 was extracted with sulfanilamide, H3PO4, and N-1-
naphthylene-diamine, and determined using a colorimetric
method at a wavelength of 542 nm. The detection limit for NO2 was
0.01 mg N L�1 (Xu et al., 2015).

2.4. Collection and analysis of PM2.5 samples

Samples for PM2.5 analysis were collected onto 90-mm diameter
quartz fiber filters (Whatman QM/A, Maidstone, UK) using
medium-volume samplers (TH-150 CIII, 100 L min�1, Tianhong Co.,
Wuhan, China) at all the three sites. The quartz fiber filters were
baked at 500 �C for 4 h prior to exposure to remove contaminants.
PM2.5 samples were collected after 24 h exposure from 8:00 a.m. to
Please cite this article in press as: Song, L., et al., Ambient concentration
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8:00 a.m. the next day. Sample frequency was every three days.
Zhang et al. (2017) have demonstrated that the integration to
monthly or annual values from daily samples compared to a sample
taken only every three days was very similar. Before and after
sampling, the filters were equilibrated for 24 h in a desiccator at
25 �C and 40% relative humidity and then weighted using a mi-
crobalance (Sartorius, precision 10 mg). Then, filters were stored in
clean tubes at 4 �C until analyzing within 1 month. The PM2.5
concentrations were calculated by weight differences divided by
the flow rate. Half of each filter was placed into a 50 ml breaker
with 20 ml of ultrapure water, the second half of the filter was
stored at 4 �C in case the analysis had to be repeated. After a 30-min
ultrasonic extraction, the extracts were filtered using 0.22 mm
quartz syringe filters. Cations (NH4

þ, Naþ, Ca2þ, Kþ, Mg2þ) and an-
ions (NO3

�, SO4
2�, F�, Cl�) in the filtrates were determined using a

Dionex-600 and Diones-2100 Ion Chromatograph (Diones Inc.,
Sunnyvale, CA, USA), respectively (Ianniello et al., 2011; Zhao et al.,
2013). Three blank filters were included in the analysis of each set
of samples, following the same procedures as for the analysis of the
water-soluble inorganic ions. To calculate the actual concentra-
tions, blank concentrations were subtracted from the sample con-
centrations.We tested the validity of using only one half of the filter
for the analysis by weighing and analyzing both halves for a subset
of filters. Differences in weight and concentrations were negligible.
2.5. Deposition calculation

As in previous studies (Liu et al., 2013), the bulk N deposition
rate was calculated as the product of the precipitation amount and
the concentration of Nr species in rainwater. Themonthly or annual
bulk deposition rate (BDR) of Nr species can be expressed using the
following equation:

Monthly
�
kg N ha�1 month�1

�
or annual

�
kg N ha�1 yr�1

�
BDR

¼ 0:01
Xn

i¼1

CiPi

where ‘C’ is the measured concentration of N in rainwater (mg N
l�1); ‘P’ is the rainwater amount of an individual precipitation event
(mm); ‘n’ is the number of precipitation events at the corre-
sponding monthly or annually scale; and ‘i’ is the count of precip-
itation events. Then, the monthly or yearly N volume-weighted
concentrations (VWC) of N species were calculated using the
following equation:

Monthly or annual VWC
�
mg N l�1

�
¼ 100� BDR=

Xn

i¼1

Pi

The Nr dry deposition rates were estimated by the inferential
technique, which combines measured concentrations of Nr species
and their deposition velocities. According to Flechard et al. (2011),
the dry deposition rate of each Nr species (F) can be expressed as:

F ¼ CNr � Vd

where ‘CNr’ is the measured concentration of individual Nr species,
mg N m�3; ‘Vd’ is the deposition velocity (cm s�1). As the Vd was not
measured in this study, it was calculated using a well-tested Vd
model together with empirical parameters from the literature and
meteorological data from the three study locations (Petroff and
Zhang, 2010; Wesely and Hicks, 1977; Zhang et al., 2001). Details
s and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://
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Fig. 2. Monthly volume-weighted mean concentrations of NH4
þ, NO3

� and DON in
rainwater at CD (a), SF (b) and YT (c). There was no precipitation at CD in February and
at SF in January.
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of the calculations and model parameters are described byKuang
et al. (2016) and Shen et al. (2016). The modeled mean dry depo-
sition velocities for NH3, NO2, pNH4

þ and pNO3
- were 0.27, 0.03, 0.24

and 0.24 cm s�1 at CD, and 0.23, 0.10, 0.19 and 0.19 cm s�1 at SF and
YT, respectively.

2.6. PM2.5 concentration and variability with wind direction

The polar plots and frequency distribution plots for PM2.5 con-
centrations were calculated based on daily PM2.5 concentrations
combined with the meteorological data using the Openair software
(Carslaw and Ropkins, 2012). Meteorological data for Fig. 1b and c
are average values for each month during the monitoring period.
Data for temperature (T), relative humidity (RH), wind speed (WS)
and wind direction (WD) were downloaded from https://rp5.ru/.
Wind rose maps (Fig. 1d) were produced using R language (R
Development Core Team, 2011). Descriptive statistical and Pearson
correlation analyses were performed using the SPSS software
package, version 14.0 (SPSS Inc., Chicago, IL). When conducting the
Pearson correlation and linear regression analyses, significancewas
evaluated using a significance level (p) of 0.05.

3. Results

3.1. Concentrations of Nr species in rainwater

The monthly concentrations of NH4
þ, NO3

� and DON in rainwater
at the three study sites are shown in Fig. 2. Here we classify the
periods of MarcheMay, JuneeAugust, SeptembereNovember and
January, February and December as spring, summer, autumn and
winter. At CD, both NH4

þ and NO3
� concentrations in winter

(5.4 ± 0.8 mg N l�1 for NH4
þ; 10.7 ± 2.8 mg N l�1 for NO3

�) were
significantly higher than in the other seasons (p < 0.05). The
highest and lowest DON concentrations were measured in the
spring (1.6 ± 1.4 mg N l�1) and autumn (0.4 ± 0.1 mg N l�1), but
differences between the seasons were not significant (Fig. 2a).
Similarly at SF, NH4

þ (8.3 ± 0.3 mg N l�1) and NO3
� (3.5 ± 0.2 mg N

l�1) concentrations were significantly higher (p < 0.05) in winter
compared to other seasons, and autumn and spring had signifi-
cantly higher concentrations than in summer (p < 0.05). DON
concentrations were lower in autumn and higher in winter, but
there were no significant (p > 0.05) seasonal difference (Fig. 2b). At
YT average winter concentrations of NH4

þ, NO3
� and DON were

2.8 ± 0.9, 2.8 ± 0.3 and 1.5 ± 0.8 mg N l�1, respectively, and were
significantly higher than in the other seasons. Differences between
spring, summer and autumn seasons were not significant for all
three N forms (Fig. 2c). Comparing monthly concentrations showed
that all three N forms were significantly higher in the dry months
(January (CD), November (SF) and February (YT)), and significantly
lower in the wet months (August (CD and YT) and July (YT)).
Comparison by site showed that the highest annual NH4

þ and NO3
�

concentrations were found in SF and CD, respectively, while the
highest DON concentration was found in YT.

3.2. Concentrations of gaseous and particulate Nr

Annual NH3 concentrations at CD (12.2 ± 2.8 mg N m�3) and SF
(14.9 ± 4.5 mg Nm�3) were significantly higher (p < 0.01) than at YT
(4.9 ± 4.9 mg N m�3), but there were no statistical significant dif-
ferences between CD and YT (Fig. 3a). Looking at seasonal varia-
tions, average NH3 concentrations at all three locations were
significantly higher (p < 0.01) in summer (14.1 ± 0.6, 17.7 ± 0.9 and
10.0 ± 8.1 mg N m�3 at CD, SF and YT, respectively) than in winter
(9.5 ± 0.4, 10.6 ± 1.4 and 1.9 ± 1.5 mg N m�3 at CD, SF and YT,
respectively). At the monthly scale, NH3 concentrations were
Please cite this article in press as: Song, L., et al., Ambient concentrations
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significantly higher in June at SF (23.2 ± 0.9 mg Nm�3) and in July in
YT (18.8 ± 0.4 mg N m�3) compared to the other months (p < 0.01).

Annual NO2 concentrations were highest in CD (15.4 ± 2.8 mg N
m�3), followed by SF (10.6 ± 1.9 mg N m�3), and lowest in YT
(2.6 ± 1.1 mg N m�3). The differences between the three monitoring
sites were significant (p< 0.01) (Fig. 3b). At CD, the highestmonthly
NO2 concentration measured in December (19.5 ± 2.6 mg N m�3)
was two times larger than the lowest concentration in May
(9.6 ± 1.7 mg N m�3). At SF, the highest and lowest NO2 concen-
trations were observed in November (13.6 ± 1.9 mg Nm�3) and May
(8.1 ± 1.6 mg N m�3), respectively. At the YT site, the highest and
lowest NO2 concentrations were found in October (4.0 ± 0.02 mg N
m�3) and July (0.4 ± 0.3 mg N m�3), respectively.

Average daily concentrations of fine particulate NH4
þ (pNH4

þ)
throughout the monitoring period were 5.9 ± 3.1, 5.1 ± 2.2, and
3.0 ± 1.5 mg N m�3 at CD, SF and YT, respectively (Fig. 3c). In winter
pNH4

þ concentrations (10.6 ± 0.7, 8.1 ± 0.8 and 4.7 ± 1.8 mg Nm�3 at
CD, SF, and YT, respectively) were significantly higher (p < 0.05)
than in the remaining seasons. The highest pNH4

þ concentrations
occurred in the dry, cold months of January (at CD and SF) and
February (at YT). The lowest pNH4

þ concentrations occurred in
and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://
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Fig. 3. Monthly gaseous N (NH3 (a) and NO2 (b)) and aerosol N (pNH4
þ (c) and pNO3

-

(d)) concentrations at CD, SF and YT during the monitoring period. Data for pNH4
þ and

pNO3
- were average values of the daily results within each month. Data were shown as

the monthly average values ± standard deviation. Some of the segments are not visible
because the small uncertainty.

Table 1
Summary of daily average PM2.5 concentrations (mg m�3) and inorganic ionic species
concentrations at the urban site (CD), the suburban site (SF) and the agricultural site
(YT).

CD SF YT

Daily average PM2.5 concentrations
PM2.5 (mg/m3) 83.6 69.2 41.5
Median 73.4 61.8 38.4
Min 7.7 5.0 4.2
Max 236.0 210.4 128.4
SD 40.8 35.7 22.2
na 210 143 190
ECGS(%)b 49.5 35.0 8.2
EWHOS(%)c 97.1 95.1 75.3
Inorganic ionic species concentrations in PM2.5

SO4
2� (mg/m3) 11.7 ± 8.1d 10.7 ± 7.4 6.7 ± 5.1

NH4
þ(mg/m3) 5.6 ± 5.3 5.6 ± 4.3 3.0 ± 3.1

NO3
� (mg/m3) 5.1 ± 6.5 4.1 ± 4.7 2.3 ± 4.4

Naþ (mg/m3) 1.2 ± 0.6 1.1 ± 0.3 1.2 ± 1.3
Kþ (mg/m3) 1.1 ± 0.9 1.0 ± 0.7 0.9 ± 1.3
Ca2þ (mg/m3) 1.2 ± 0.7 0.5 ± 1.0 0.6 ± 0.5
Mg2þ (mg/m3) 0.6 ± 1.1 0.7 ± 1.0 0.4 ± 0.5
Cl� (mg/m3) 0.3 ± 0.8 0.3 ± 0.6 0.2 ± 0.4
F� (mg/m3) 2.1 ± 3.6 0.4 ± 1.1 0.1 ± 0.1
Sum of inorganic ionic species (mg/m3) 23.9 ± 13.9 22.8 ± 12.3 13.4 ± 9.6
Secondary inorganic aerosol (mg/m3) 20.5 ± 12.9 20.1 ± 12.0 11.0 ± 9.3
WSII(%)e 28.6 ± 16.6 32.9 ± 17.8 32.4 ± 23.2
SIA(%)f 24.5 ± 15.5 29.1 ± 17.3 26.6 ± 22.4

a “n” is the number of samples.
b Proportion of sampling days when PM2.5 concentrations exceeded the Chinese

Grade II standard.
c Proportion of sampling days when PM2.5 concentrations exceeded the WHO

standard.
d Concentrations are average values ± standard deviation during the study period.
e Proportion of water-soluble inorganic ions in PM2.5.
f Proportion of secondary inorganic aerosol (SIA) in PM2.5.
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September at CD, in October at SF, and in March at YT.
Average daily concentrations of fine particulate NO3

� (pNO3
- )

were 5.5 ± 4.7, 3.5 ± 2.5 and 2.0 ± 1.5 mg N m�3 at CD, SF and YT,
respectively (Fig. 3d). At CD, pNO3

- concentrations in winter
(12.5 ± 2.2 mg N m�3) were significantly higher (p < 0.05) than in
the remaining seasons. Similarly highest pNO3

- concentrations at SF
were also measured in winter (6.9 ± 1.0 mg N m�3), when pNO3

-

concentrations were significantly higher (p < 0.05) than in spring
(1.9 ± 0.2 mg N m�3) and autumn (1.7 ± 1.4 mg N m�3), but not
significantly (p > 0.05) different from summer concentrations
(3.7 ± 3.2 mg N m�3). At YT, pNO3

- concentrations in autumn
(3.4 ± 1.7 mg N m�3) and winter (2.9 ± 0.8 mg N m�3) were signif-
icantly higher (p < 0.05) than in spring (0.5 ± 0.2 mg N m�3) and
summer (1.3 ± 0.9 mg N m�3). Comparing monthly variability,
highest pNO3

- concentrations were found in January at CD and SF,
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and in September at YT, whereas lowest pNO3
- concentrations were

measured in July at CD, in October at SF, and in April at YT.

3.3. Ambient concentrations and chemical components of PM2.5

The summary statistics for daily average PM2.5 concentrations
during the study period at the three sites are shown in Table 1. The
PM2.5 concentrations were in the range of 7.7e236.0, 5.0e210.4 and
4.2e128.4 mgm�3 at CD, SF and YT, respectively. Daily average PM2.5
concentrations at CD (83.6 ± 40.8 mg m�3) were significantly higher
(p < 0.05) than at YT (41.5 ± 222.2 mg m�3), while there was no
significant difference with SF (69.2 ± 35.7 mg m�3). PM2.5 concen-
trations had similar seasonal distributions at all three study sites
(Fig. 4). In winter PM2.5 concentrations (119.0 ± 17.5, 92.9 ± 8.8 and
73.1 ± 20.3 mg m�3 at CD, SF and YT, respectively) were significantly
higher (p < 0.05) than in summer (57.5 ± 4.1, 41.5 ± 4.0 and
30.1 ± 3.7 mg m�3 at CD, SF and YT, respectively) and autumn
(69.2 ± 15.4, 57.4 ± 20.2 and 34.2 ± 6.9 mg m�3 at CD, SF and YT,
respectively), but no significant differences (p > 0.05) were
observed in spring (86.8 ± 15.9, 66.3 ± 4.7 and 50.6 ± 9.2 mg m�3 at
CD, SF and YT, respectively). However, PM2.5 concentrations in
spring were significantly higher than in summer (p < 0.05) at all
three study sites. Highest concentrations of PM2.5 were found in
January at CD and SF, which were about 2.4 and 3 times higher than
the lowest concentrations in July at CD and in September at SF. At
YT highest PM2.5 concentration was measured in February. This
concentration was about 3.7 times higher than the lowest con-
centration in August.

Proportions of water-soluble inorganic ions in PM2.5 were 28.6%,
32.9% and 32.4% at CD, SF and YT, respectively. Secondary inorganic
aerosols (NH4

þ, NO3
� and SO4

2�) were the dominant water-soluble
inorganic ions and accounted for 24.5%, 29.1% and 26.6% of the
s and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://



Fig. 4. Monthly averaged ambient PM2.5 concentrations at CD (a), SF (b) and YT (c).
Data were based on the daily results for each month within the study period. The line
is the mean value and the shaded area is the 95% confidence of the monthly mean.
(Graphs produced using Openair; Carslaw and Ropkins, 2012).
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PM2.5 concentration at CD, SF and YT, respectively. The magnitude
of concentrations were in the following order:
SO4

2� > NH4
þ > NO3

� > Naþ > Kþ > Ca2þ > Mg2þ > F� > Cl�, except
that the concentration of Ca2þ was higher than Kþ at CD, and Cl�

was higher than F� at YT. Sulphate was the dominant water-soluble
inorganic ions in PM2.5 at all three sites and increased in the
following order: agricultural < suburban < urban. Compared to the
secondary inorganic aerosols, Naþ, Kþ, Ca2þ, Mg2þ, Cl� and F�

constituted a minor fraction (4e6%) of the water-soluble inorganic
ions in PM2.5 (Table 1).

3.4. Nr species deposition rates

Annual deposition rates of reduced N, which includes NH4
þ in

rainwater, gaseous NH3 and aerosol pNH4
þ, were significantly

higher at CD (28.1 kg N ha�1 yr�1) and SF (29.2 kg N ha�1 yr�1) than
at YT (10.7 kg N ha�1 yr�1). The deposition rates of reduced N in
winter (5.0, 4.1 and 1.1 kg N ha�1 yr�1, respectively, at CD, SF and
YT) were significantly lower (p < 0.01) than in other seasons at all
three sites (Fig. 5a). The contributions of NH4

þ in rainwater to the
total reduced N deposition in winter were significantly lower
(p < 0.01) than in other seasons, whereas the contribution of
gaseous NH3 and aerosol pNH4

þ to reduced N total deposition were
significantly higher (p < 0.01) in winter. The annual deposition
rates for oxidized N was highest in CD (17.7 kg N ha�1 yr�1), fol-
lowed by SF (10.6 kg N ha�1 yr�1), and lowest in YT (6.1 kg N ha�1

yr�1). The differences between the three sites were significant
(p < 0.01) (Fig. 5b). The contribution of NO3

� in rainwater to
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oxidized N total deposition inwinterwas significantly lower than in
the other seasons. The annual deposition rates of DON in rainwater
showed significantly higher (p < 0.01) deposition rates in summer
and significantly lower (p < 0.01) deposition rates in winter
(Fig. 5c). The average contributions of DON to bulk N deposition at
YT (23.3 ± 4.5%) was significantly higher (p < 0.01) than in CD
(11.1 ± 2.9%), but not significantly (p > 0.05) different to that of SF
(15.3 ± 11.8%) (p > 0.05) (Fig. 5d). The annual N bulk deposition
rates of NH4

þ, NO3
� and DON were in the range of 5.5e13.5, 4.1e12.1

and 3.1e3.4 kg N ha�1 yr�1, respectively. And the annual dry
deposition rates of NH3, NO2, pNH4

þ and pNO3
- were in the range of

3.5e10.7, 0.8e3.3, 1.6e4.4 and 1.1e4.1 kg N ha�1 yr�1, respectively.
The annual total N deposition (bulk plus dry deposition) rates were
49.2, 44.7 and 19.8 kg N ha�1 yr�1 at CD, SF and YT, respectively,
with relatively higher N deposition in summer and lower N depo-
sition in winter through all of the three study sites (Fig. 5e).

4. Discussion

4.1. Nr species concentration

Atmospheric wet deposition includes (1) rainout: within-cloud
scavenging where aerosol-type air pollutants that can be trans-
ported over long distances-up to 1000 km are incorporated in cloud
droplets which finally precipitate as rain, and (2) washout: below-
cloud scavenging of dust and gases often occurs close to the
emitting source (Zimmermann et al., 2003). As a result, seasonal
patterns of NH4

þ and NO3
� concentrations in rainwater are strongly

influenced by precipitation amount (Huang et al., 2015). In the
present study, NH4

þ and NO3
� in rainwater showed significantly

lower concentrations in the rainy summer and higher concentra-
tions in the dry winter. The monsoon climate determined the
precipitation distribution pattern (Fig. 1). In addition, the low
mixing height and low temperature in winter also contributed to
this seasonal variation (Wang et al., 2016). For example, in the
warmer seasons warm and hot temperatures evaporate NO3

� back
to HNO3, the latter can then be dry deposited faster and be removed
from the atmosphere (Zhang et al., 2008). Lower air temperatures
favor the formation of NH4NO3 and increase the concentrations of
both NH4

þ and NO3
� under the condition of abundant NH3 for fully

neutralizing SO4
2� (Squizzato et al., 2013). At all our three study

sites, rainwater NH4
þ concentrations were significantly higher than

those collected at deposition hotspots such as India (0.2e0.4 mg N
l�1 for NH4

þ; 2.5e11.2 mg N l�1 for NO3
�), whereas NO3

� concentra-
tions in rainwater were comparable to those in India (Bisht et al.,
2017).

Previous studies have shown that sources of atmospheric NH3
concentrations are dominated by agricultural activities (Fowler
et al., 2015). This was also the case at the agricultural (YT) and
suburban (SF) sites. Largest monthly NH3 concentrations were
observed in June or July when N fertilizer was applied to the crops,
which is predominately maize at both YT and SF. Interestingly,
average NH3 concentrations at the urban (CD) and suburban (SF)
sites were significantly higher (p < 0.01) than at the agricultural site
(YT). This was also observed by Meng et al. (2011) comparing an
urbanized and more rural location in Bejing, and by Wang et al.
(2015a). One explanation for the larger urban and suburban NH3
concentrations is themultitude of sources, human sewage, garbage,
traffic and also a relatively large number of livestock (Meng et al.,
2011; Sutton et al., 2000). In Sichuan province, NH3 emitted from
livestock production (619.8 � 103 t) is about 2.7 times larger than
from fertilizer application (230.2 � 103 t). Together these two
sources contribute with 85% to the total NH3 emissions (Feng et al.,
2015). The Chengdu statistic yearbook (2015 and 2016) lists NH3
emissions to be the highest (101.1 � 103 t) in the Sichuan province.
and deposition rates of selected reactive nitrogen species and their
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Fig. 5. Seasonal patterns for: (a) reduced N deposition rate (NH4
þ in rainwater, gaseous NH3 and aerosol pNH4

þ), (b) oxidized N deposition rate (NO3
� in rainwater, gaseous NO2 and

aerosol pNO3
- ), (c) DON bulk deposition rate, (d) contribution of DON to total bulk deposition, and (e) the independent bulk and dry N deposition rates at CD.
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Recent studies conducted in urban Beijing, North China found that
waste and traffic may contribute with 50% to their total NH3
emissions, of which more than 20% was emitted by traffic (Chang
et al., 2016). Furthermore, NH3 concentrations at all three study
sites were significantly higher in summer than in winter due to the
influence of air temperature on the partitioning between liquid
phase NH4

þ and gas phase NH3 (Kurokawa et al., 2013). Every 5 �C
temperature increase nearly doubles the volatilization potential of
ammonia (Sutton et al., 2007). Ammonia is a highly soluble gas in
water. It may react with H2SO4, leading to the formation of
NH4HSO4 and (NH4)2SO4, and the surplus NH3 that does not react
with H2SO4 will react with HNO3, leading to the formation of
NH4NO3 (Wang et al., 2005). The fact that higher pNH4

þ concen-
trations were observed in winter compared with higher NH3 in
summer could be due to the lower winter temperatures favoring
the transformation of NH3 to pNH4

þ, especially as the precipitation
scavenging effect inwinter wasweak due to low precipitation rates.
The average NH3 concentrations in the urban (CD) and suburban
(SF) sites were comparable with that in North China (13.1 mg N
m�3), however, the NH3 concentration at the agricultural site (YT)
was lower than that in North China (16.9 mg Nm�3) (Xu et al., 2016).
Furthermore, the NH3 concentrations in the urban (CD) and sub-
urban (SF) sites were comparable with global hotspots elsewhere.
For example annual NH3 concentrations at an urban measurement
Please cite this article in press as: Song, L., et al., Ambient concentration
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station in Delhi, India were estimated at 17.8 ± 3.4 mg N m�3

(Sharma et al., 2017).
By convention NO2 concentrations reported in this and similar

studies represent the wider group of nitrogen oxides, mainly NO
and NO2. Nitric oxide and NO2 rapidly equilibrate in the presence of
sunlight and the main source of NO are combustion processes
(Kenty et al., 2007). Therefore it is not surprising that NO2 con-
centrations at the agricultural site were significantly lower
(p < 0.01) than in the urban and suburban sites and this is
consistent with the spatial distribution pattern of emission sources
in other regions of China (Xu et al., 2015). NO2 concentrations were
higher in the colder months and lower in the warmer months. This
may be explained by the relatively higher boundary layer, shorter
residence time and faster oxidation rate in warm periods leading to
lower NO2 concentrations (Fowler et al., 2009), and slower photo-
chemical conversion and a shallow boundary layer height inwinter
would produce more NO2 (Hargreaves et al., 2000). However, sea-
sonal variability was not significant at all three study sites. Similar
trendswere also found in previous studies. For example,Wang et al.
(2016) studied NO2 concentrations in the urban site of Chengdu
using NO/NO2/NOx analyzer based on the chemiluminescence
measurement principle and delivering hourly data. They also
observed that seasonal NO2 variations were not significant and
smaller than a factor of 1.5. This differed from other studies in North
s and deposition rates of selected reactive nitrogen species and their
use in southwest China, Environmental Pollution (2017), https://
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China, which showed higher NO2 concentrations in winter than in
other periods due to coal combustion for domestic heating (Li et al.,
2012). Unlike in the northern provinces of China, the climate in
Sichuan province is relatively mild, and therefore the need for
additional heating in winter is limited and avoids the large winter
NO2 emissions seen elsewhere. The seasonal pattern of NO2 is also
affected by the NO/NO2 ratio. Supposing that NOx concentrations
are larger in winter, and there is an excess of NO compared to O3,
then the observed NO2 seasonality would be muted (Han et al.,
2011). Also situations where emission sources are close to the
sampling location and transport time is less than the chemical
lifetime of NO, will impact the seasonal pattern of NO2 (Beirle et al.,
2011). Therefore, we still need more studies to research the tem-
poral changes of NO2 emission and deposition rates. It has been
reported that lower temperatures together with high NOx emis-
sions facilitate the formation of pNO3

- (Mariani and deMello, 2007).
It is therefore likely that the significantly higher pNO3

- concentra-
tions in winter than in summer in the present study was mainly
caused by the temperature differences and lower precipitation
scavenging. Compared with other studies using passive samplers to
study NO2 concentration, the observed NO2 concentrations were
lower than in other developed regions of China. It was reported that
the annual average NO2 concentration can reach up to 42.2 mg N
m�3 at the rural catchment in Jiangsu (Yang et al., 2010) and
39.5 mg N m�3 in the suburban of Beijing (Shen et al., 2009), which
were twice the concentration at the urban site (CD) in our study.
The values reported here were comparable with those observed at
several urban sites in other Asia countries such as Nepal for which
annual NO2 concentrations was estimated at 22.4 ± 8.1 (Kiros et al.,
2016). The NO2 concentration at the agricultural site (YT) was even
comparable with the background concentration of atmospheric
NO2 in North China (Meng et al., 2010).

4.2. Nr species deposition

Total N deposition rates estimated in the present study ranged
from 19.8 to 49.2 kg N ha�1 yr�1. The deposition rate in urban CD
was comparable with that in North China, for which the total
deposition ratewas estimated to be 60.6 kg N ha�1 yr�1 with 60% as
dry deposition (Pan et al., 2012). This implies that southwest China
is experiencing Nr pollution levels similar to those in North China.
Compared to previous measurements at CD (2008e2013), the
precipitation in the present studywas about 31.8% lower than in the
2008e2013 period and as a result the bulk deposition was about
23.6% lower than in our previous study (Song et al., 2017). As the
continuous open bulk collectors may overestimate the actual wet
deposition, this fraction was estimated at about 2.5% according to
Fig. 6. Correlations for ambient PM2.5 concentration with pNH4
þ (a), pNO3

- (b) at CD, and (c) t
Since the correlations for ambient PM2.5 concentration with pNH4

þ or pNO3
- at three monitori

example.
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previous studies, which investigated N wet and bulk deposition
simultaneously at the same agricultural site (YT) (Kuang et al.,
2016; Song et al., 2017). According to Afshar-Mohajer et al. (2017)
the overestimated fraction was mainly composed of coarse
particulates.

Contributions of reduced N, oxidized N and DON to total N
deposition (bulk plus dry deposition) were in the range of
53.2e66.1%, 24.4e36.7% and 6.5e14.8%, respectively. The reduced N
dominated both bulk and dry deposition in the present study,
indicating that reduced N plays a key role in N deposition in
southwest China. Other studies conducted in other parts of China
also found that reduced N dominated N deposition (Meng et al.,
2010). However, the contribution of reduced N to bulk deposition
has decreased from 80% in the 1980s to 55% in the early 2010s
generally as a result of the increase in traffic and industrial activity
in China (Xu et al., 2016). The highest proportion of oxidized N was
found at the urban site (CD), and the highest proportion of DONwas
observed at the agricultural site (YT). This was consistent with
previous research that relatively more traffic and industrial activity
in an urban regionwill lead to more oxidized N emissions (Erisman
et al., 2013) and that DON emissions were significantly influenced
by agricultural activity (Cape et al., 2012). However, the proportion
of reduced N in urban and suburban sites are also both high, and
similar to the situation in Beijing, where both NH3 and NO2 con-
centrations decreased significantly after traffic reduction measures
in Beijing during the 2015 China Victory Day Parade (Xu et al.,
2017).

It should be noted that the estimated dry deposition in the
present study has large uncertainties. Firstly, NH3 fluxes over
vegetated land are bi-directional, with differences between emis-
sion and deposition depending on environmental conditions, plant
communities as well as other factors such as plant phenology
(Sutton et al., 1998). Therefore, the compensation point approach
was used to estimate NH3 deposition fluxes over managed grass-
land and crops (Flechard et al., 2011). However, the compensation
point was not considered in the present study, and NH3 deposition
fluxes may be overestimated at the agriculture and suburban sites
which have relatively high canopy compensation points due to
fertilized crops. Secondly, the contribution of other dry deposited N
species, such as HNO3, PM10 and organic N during our study period
is unknown. However, N deposition flux ratios of HNO3 to NH3were
calculated from previous measurements at YT (2008e2013) and
were 0.5, 0.2, 0.6 and 0.9, respectively in spring, summer, autumn
and winter (Kuang et al., 2016). Since we did not have measure-
ments of HNO3 at CD and SF, we assumed these ratios to be similar,
and inferred that HNO3 deposition fluxes may contribute with 1.1,
0.5, 1.1, and 1.3 kg N ha�1 yr�1 in spring, summer, autumn and
he correlation between pNH4
þ and pNO3

- at CD, SF and YT during the monitoring period.
ng sites all showed significant positive relationship, we only show the data for CD as an
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Fig. 7. Bivariate frequency distribution plots (left) and polar plots (right) of PM2.5 concentrations during the monitoring period at the three monitoring sites. The center of each plot
represents a wind frequency or wind speed of zero, which increased radially outward. The concentration of PM2.5 is shown by the color scale (Graphs produced using Openair;
Carslaw and Ropkins, 2012).
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winter, respectively. Not measuring HNO3 may have led to an un-
derestimate of the total N deposition rate at CD and SF by about 9%,
4%, 10% and 17%, respectively, in spring, summer, autumn and
winter.

4.3. Source analysis for PM2.5 pollution

Fine particles (PM2.5) are a main societal concern in China
because of their long atmospheric residence time, high surface to
volume ratio, and high impact on human health, visibility, climate
and on ecosystems (Tiwari et al., 2012). Annual average PM2.5
concentrations were 83.4, 69.2 and 41.7 mg m�3 at the urban (CD),
suburban (SF) and agriculture (YT) sites, respectively, which is
comparable with similar studies conducted in North China (Xu
et al., 2017), but much larger than measurements made in Euro-
pean and North American cities. According to the Chinese Grade II
standard for PM2.5 (75 mg m�3) at more than 30% of sampling days,
daily average PM2.5 concentration exceeded this standard at CD and
SF, but only 8% of the sampling days exceeded this standard at YT.
However, comparing our data with the WHO standards for daily
average PM2.5 (25 mg m�3), more than 95% of the sampling days
exceeded this standard at CD and SF. And even at YT, more than 75%
of sampling days exceeded this standard (Table 1).

PM2.5 includes both primary and secondary sources, with both
local and long range contributions. The secondary aerosols are
closely coupled to chemical processing of primary pollutants in the
atmosphere.Water-soluble ions, carbonaceous aerosols and surface
derived insoluble compounds all contribute to the measured par-
ticulate matter (Gao et al., 2015). The PM2.5 concentrations
measured in this study showed similar seasonal variations with
pNH4

þ and pNO3
- , which was lower in the rainy season and higher in

the dry season (Fig. 4). The fine particulate NH4
þ and NO3

� contrib-
uted with 7.6% and 5.5%, respectively, on average to total PM2.5
concentrations in our study (Table 1). The combination of NH4

þ and
NO3

� as well as SO4
2� may account for 80% of the water soluble

inorganic ions in PM2.5 in the present study (Table 1). The contri-
bution of secondary inorganic aerosols to PM2.5 was estimated to be
24.5e29.1% and this proportion was consistent with previous
studies conducted in Chongqing, a mega city located near Sichuan
province (He et al., 2012), indicating that secondary inorganic
aerosols play an important role in increased PM2.5 pollution in our
study region. Concentrations of pNH4

þ and pNO3
- showed a signifi-

cant (p < 0.01) positive relationship with PM2.5 concentration
(Fig. 6), with similar trends found at all three sites. Meanwhile,
pNH4

þ and pNO3
- concentrations also showed significant (p < 0.01)

linear correlation (Fig. 6).
The ratio of NO3

�/SO4
2� (0.4, 0.4 and 0.3 at CD, SF and YT,

respectively) was lower than in other developed cities in North
China where the ratio was in the range of 0.75e1.07 (Zhao et al.,
2013). This difference may be attributed to regional differences in
energy structure and meteorology. The lower NO3

�/SO4
2� could also

further reflect the fact that the air pollution in our study area was
more influenced by the coal consumption required by the
manufacturing industry rather than by transport emissions.
Furthermore, fine particulate Ca2þ and Kþ mainly originate from
mineral dust and biomass burning, respectively (Zhao et al., 2010).
The inconsistent trends of higher Ca2þ than Kþ concentrations at
the urban site CD and higher Kþ than Ca2þ at the suburban site SF,
and the agricultural site YT may be caused by different sources
emitted from roads, soil dust and biomass burning. To further
identify and understand the sources of the measured PM2.5 con-
centrations, frequency and polar coordinates of PM2.5 concentra-
tions with wind direction and speed dependence were determined
using the Openair software package (Fig. 7) (Carslaw and Ropkins,
2012). It was found that PM2.5 concentrations were higher under
Please cite this article in press as: Song, L., et al., Ambient concentrations
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lower wind speed and that pollutants in CD and SF were mainly
from local emission sources. In CD, our monitoring site is located in
the urban center near the 1st ring road, and most of the pollution
sources came from south of Chengdu. This was consistent with the
fact that the majority of the polluting activities were located to the
south of the monitoring station, which was the more industrialized
part of the city. In SF, our monitoring site is located to the northeast
and 50 km away from CD, most of the pollutants were from local
emissions while many of the pollutants and notably NO2 also came
from CD. At the agricultural site YT, NH3 was emitted by local
sources. The main source of NO2 at YT is likely to be the mega city
Chongqing, which is about 200 km away, rather than CD (Zheng
et al., 2014). Integrated measures to reduce reactive N emission
from agricultural activities, traffic and industrial sources are
necessary to improve the air quality in southwest China.

5. Conclusions

Bulk and dry deposition of Nr, and PM2.5 concentrations and
composition were observed in urban (CD), suburban (SF) and
agricultural (YT) sites in southwest China. The estimated total N
deposition rates were in the range of 19.8e49.2 kg N ha�1 yr�1.
Reduced N, oxidized N and organic N (in bulk deposition)
contributed 58.7%, 31.0%, 10.3%, respectively, to total N deposition.
Ammonia was the main dry deposition component. Significantly
higher concentrations of NH3 were measured at CD and SF than at
YT, due to a multitude of sources in the urban and suburban areas.
NO2 concentrations were lower in warmer than the colder months.
Proportions of daily PM2.5 concentrations exceeding the WHO
standard for daily average PM2.5 reached more than 95% at CD and
SF, and more than 75% at YT, indicating serious air pollution in the
study region. The components of PM2.5 were similar at the three
study sites, with secondary ions (SO4

2�, NO3
� and NH4

þ) contributing
about 26.7% in total. Fine particulate NH4

þ and NO3
� showed sig-

nificant correlation with PM2.5 concentrations. Most of the PM2.5
pollution was caused by local sources in CD and SF, while sub-
stantial regional sources of NO2 contributed to oxidized N at the YT
location. Our results suggest that reactive N emissions are sub-
stantial, if not dominant contributor to PM2.5 pollution. The control
of reactive N emissions especially for NH3 would significantly
improve air quality in southwest China.
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