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a b s t r a c t

China has the largest reactive nitrogen deposition worldwide. Understanding the change of nitrogen
deposition and its socioeconomic drivers in China is crucial for the function and sustainability of regional
and global ecosystems. Here we presented satellite-derived nitrogen deposition constrained with the
national ground-based measurements over China. We found that oxidized nitrogen deposition peaked at
7.0 kg N ha�1 in 2012, then decreased to 6.2 kg N ha�1 in 2017. In contrast, reduced nitrogen deposition
increased continuously, and reached 12.6 kg N ha�1 in 2017. The Chinese Clean Air Act is responsible for
the reduction of oxidized nitrogen emissions, while there is no current effective control policy for
ammonia emissions in place resulting in reduced nitrogen deposition reaching levels of approximately
twice that of oxidized nitrogen in 2017. The ratio of reduced to oxidized nitrogen deposition decreased
from 1.30 in 2008 to 1.08 in 2011, while this ratio began to increase from 1.08 in 2011 to 1.56 in 2017. This
suggests reduced nitrogen deposition would become more important in the air quality and their
ecological consequences in the future. The total nitrogen deposition in China was about 3e4 times that in
the US and Europe. The policy of controlling nitrogen pollution is urgent, especially for reducing
ammonia emissions, while ensuring the sustainable production of agriculture and maintaining food
security.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Global nitrogen (N) cycle throughout the earth system has been
drastically altered by the introduction of reactive nitrogen (Nr,
including oxidized and reduced N compounds) (Zhang et al., 2020)
mainly from fossil fuel combustion and agriculture (Galloway et al.,
2004). Atmospheric Nr deposition has implications to disturb the
carbon cycle (Liu et al., 2005), causes biodiversity loss (Gao et al.,
2018), increases acidification and eutrophication (Gao et al., 2019;
Wei, 2020) and contaminates drinking water (Zhao et al., 2013).
ngxy@nju.edu.cn (X. Zhang).
Quantifying Nr deposition is a prerequisite for assessing its
consequences.

Nr deposition includes both reduced (NHx) and oxidized Nr
(NOy) forms in wet (rainwater and snow) and dry processes
(Dentener et al., 2006). China is the highest Nr producer worldwide
with sharply increasing Nr emissions (Van Damme et al., 2018;
Wang et al., 2012). Dry Nr deposition in China remains uncertain on
large spatial scales resulting from the scarcity of available sites and
long-termmonitoring of both NOy and NHx (Liu et al., 2017c). Many
previous works substantially underestimated total Nr deposition
because only wet deposition was treated or just some parts of NOy
species (but not NHx) were included (Xu et al., 2018). Moreover, the
limited spatial representativeness of ground-based measurements
contributes to the uncertainty, as Nr deposition is featured by
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Abbreviation

ALPHA Adapted Low-cost High Absorption
CTM Chemistry transport model
DELTA DEnuder for Long-Term Atmospheric
ECMWF European Centre for Medium-Range Weather

Forecasts
HNO3 Nitric acid
IASI Infrared Atmospheric Sounding Interferometer
MetOp Meteorological Operational Satellite
N Nitrogen
NH3 Ammonia
NH4

þ Ammonium
NHx Reduced reactive nitrogen deposition
NHy Reduced reactive nitrogen emission
NNDMN National Nitrogen Deposition Monitoring

Network
NO2 Nitrogen dioxide
NO3

� Nitrate
NOx Oxidized reactive nitrogen emission
NOy Oxidized reactive nitrogen deposition
Nr Reactive nitrogen
OMI Ozone Monitoring Instrument
PM Particular Matters
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spatiotemporal heterogeneity. Satellite observations provide
unique high-resolution datasets for estimating regional Nr depo-
sition. A few studies used satellite-retrieved NO2 data to derive the
surface NOx concentrations (Zhang et al., 2017b), dry NOy deposi-
tion (Liu et al., 2017c) and wet NOy deposition (Geddes and Martin,
2017; Liu et al., 2017a). NHx deposition dominated the total Nr
deposition (NOy plus NHx) based on measurements over China (Xu
et al., 2018). Satellite NH3 measurements have been proven to be
powerful for monitoring the abundance of atmospheric NH3 with
numerous regional and global validations by ground-based mea-
surements and aircraft measured NH3 columns (Liu et al., 2017b;
Van Damme et al., 2014).

Recent progress in the national Nr deposition measurements
(National Nitrogen Deposition Monitoring Network, NNDMN) also
made it possible to investigate and recognize the current status of
both wet and dry Nr deposition over China. Here we used satellite-
retrieved NO2 and NH3 columns to estimate Nr deposition over
China constrained with the NNDMN measurements. Satellite-
derived dry and wet Nr deposition in China was presented in this
work, giving scientific background information for policy-makers
to deal with China’s N-enriched pollution challenge and reduce
its ecological consequences. This is extremely important consid-
ering the background that China’s policies focus on green devel-
opment and increasingly stricter environmental protection.

2. Materials and methods

2.1. Observational data

All observational data on Nr deposition and concentrations used
in this study originated from the NNDMN over China, comprising
background, rural and urban types (Xu et al., 2015). It covers six
geo-climatic and social-economic regions in China, including the
Tibetan Plateau, Southwestern China, Northeastern China, North-
western China, Southeastern China and Northern China. Nr species
monitored in the NNDMN included oxidized (gaseous NO2, HNO3,
particulate NO3

� and wet NO3
�) and reduced Nr (gaseous NH3,
particulate NH4
þ and wet NH4

þ). Dry Nr deposition is not a direct
measurement conducted by the NNDMN due to the requirements
for sophisticated methods and instrumentation (Flechard et al.,
2011b; Sutton et al., 2001). Instead, the surface gaseous and par-
ticulate Nr concentrations were measured.

Surface gaseous HNO3, NO2 and NH3 concentrations, and par-
ticulate NH4

þ and NO3
� in the particulate matter (the diameter is

4e5 mm) were monitored by both passive and active samplers.
Gaseous NH3, HNO3, and particles were monitored by DEnuder for
Long-Term Atmospheric (DELTA) active sampling systems. If the
DELTA systems cannot work due to electricity constraints, the
Adapted Low-cost High Absorption (ALPHA) passive samplers were
used to measure NH3 concentrations (Zhang et al., 2010), while
NH4

þ and NO3
� in particular matters (PM) were measured by par-

ticulate samplers. The two methods used by the DELTA and ALPHA
systems to measure surface NH3 concentrations were consistent
(Xu et al., 2015). NO2 concentrations were measured by Gradko
diffusion tubes (Skiba et al., 2006) at all sampling sites. Wet Nr
deposition (rainwater and snow) was monitored by precipitation
gauges, including a glass bottle and stainless steel funnel. The
monitoring results of gaseous, particulate, wet Nr concentrations
and deposition in the NNDMN have been published (Xu et al., 2015,
2019). This study used the ground-based measured gaseous NH3

and NO2 concentrations in the NNDMN to verify the estimates.
Measured wet NH4

þ and NO3
� deposition during 2010e2012 were

used to establish the mixed-effects models, while wet deposition
during 2013e2014 was used to validate the satellite-based
estimates.
2.2. Satellite data

We applied satellite NO2 column products by Ozone Monitoring
Instrument (OMI) onboard NASA’s EOS Aura to estimate the
oxidized Nr deposition. The Aura overpass time crossing the
equator was 13:00e14:00, providing global NO2 retrievals
(Boersma et al., 2007). OMI NO2 retrieval used the reflectance
spectra from 405 to 465 nm, and considered smooth spectral fea-
tures resulting from Mie scattering, Rayleigh and surface albedo
(Lamsal et al., 2015). Updates of using gas profiles and column
temperature from European Centre for Medium-Range Weather
Forecasts (ECMWF) for air mass factor were introduced for
improving the temperature sensitivity to NO2 spectrum (Boersma
et al., 2011). The DOMINO v2.0 product was used at 0.125� grids
on a monthly scale during 2005e2017 (Boersma et al., 2011), which
have been widely used in many scientific applications such as
estimating the NOx emissions, identifying the hotspots of NOx and
environmental related studies (Lamsal et al., 2010; Schaub et al.,
2006).

We also used the satellite NH3 column products from Infrared
Atmospheric Sounding Interferometer (IASI) onboard the meteo-
rological platforms of MetOp-A, crossing the equator at 09:30 and
21:30. IASI used the infrared radiation in the spectra between 645
and 2769 cm�1 (Van Damme et al., 2018). We used satellite re-
trievals during 2008e2017 at 9:30 since they are more sensitive to
NH3with high thermal contrast (http://iasi.aeris-data.fr/NH3/). IASI
NH3 column products were derived by Artificial Neural Network
algorithms with several updates (Van Damme et al., 2017),
considering the impact of temperature, pressure and humidity
vertical profiles. The monthly NH3 columns were averaged by daily
retrievals at 0.25� grids (Liu et al., 2019). IASI NH3 retrievals have
been applied in numerous scientific works such as estimating the
NH3 emissions (Dammers et al., 2019), identifying the NH3 hotspots
(Van Damme et al., 2018), exploring the trends of atmospheric NH3
and environmental related studies (Zhang et al., 2017a).

http://iasi.aeris-data.fr/NH3/
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2.3. Estimating dry and wet Nr deposition

This study evaluated Nr species of gases, particles and precipi-
tation. Total Nr deposition was derived by summing gaseous and
particulate dry Nr deposition, andwet Nr deposition. Dry deposition
can be expressed by the following equation (Flechard et al., 2011a):

F ¼ GSVd (1)

where GS is the surface Nr concentrations; Vd represents the
deposition velocity of Nr species, defined as follows (Sportisse,
2007; Wesely and Hicks, 1977):

Vd ¼
1

Ra þ Rb þ Rc
þ Vg (2)

where Ra, Rb, and Rc represent aerodynamic resistance, penetration
resistance and canopy resistance. For particles (NO3

�, NH4
þ), canopy

resistance is often assumed to be zero (Rc ¼ 0) because particles are
believed to usually adhere to the surface on contact. Vg is the
gravitational settling velocity determined by particle size and
density, and cannot be neglected for particles during the deposition
process.

Surface NO2 and NH3 concentrations were estimated by
combining their vertical profiles and satellite-retrieved columns.
Satellite-derived surface NO2 or NH3 concentrations are calculated
as (Graaf et al., 2018; Liu et al., 2019):

SG ¼ Strop
rðhGÞ
F
�
htrop

� (3)

where Strop represents the NO2 or NH3 columns from satellite;
rðhGÞ is the surface NO2 or NH3 concentrations at the height of hG
and F(htrop) is the NO2 or NH3 columns from a chemistry transport
model (CTM, see the Supporting Information).

Surface particulate NO3
� and gaseous HNO3 concentrations were

calculated using satellite-derived surface NO2 estimates and the
relationship between surface NO2 and NO3

�, while surface partic-
ulate NH4

þ concentrations were estimated by satellite-derived sur-
face NH3 concentrations and the relationship of surface NH3 and
NH4

þ. The correlation between the surface NO2 and NO3
� concen-

trations was 0.76 from NNDMN; the correlation between the sur-
face NO2 and HNO3 concentrations was 0.88; the correlation
between the surface NH3 and NH4

þ concentrations was 0.86
(Fig. S2).

Mixed-effects models (Hedeker, 2010; Stram,1996) were used to
estimate wet Nr depositions based on satellite observations and
meteorological variables. Mixed effect models, also known as hi-
erarchical models, describe the relationship between dependent
variables (such as wet deposition) and independent variables (such
as N compounds in the atmosphere and meteorological variables),
and the coefficients can vary according to one or more grouped
variables (Stram, 1996; Yap and Hashim, 2013). Mixed-effect
models include two parts: random effect and fixed effect. Fixed
effect items are usually part of traditional linear regression, while
random effects are associated with individual randomly selected
experimental factors (such as different land-use types) (Hedeker,
2010; Morrell, 1998). For the wet NH4

þ deposition, the following
equations were used:

NHþ
4 Nijk ¼

�
afix þai þak

�
þðbi þgkÞSij þ εij (4)

where
Sij ¼PijðNH3Þij
NHþ

4 Nijk is measured wet NH4
þ deposition from the NNDMN in

month i, site j, and land-use type k, where 0, 1 and 2 represent
urban, farmland and other land use types, respectively; ðNH3Þij is
IASI NH3 columns in month i and site j; Pij represents precipitation
amounts in month i and site j; Sij represents an indicator of the
combined effect of NH3 and precipitation; afix is the fixed intercept
for all months and sites representing the average effects, while ai
and ak represent random intercepts by month and land-use. bi is
random slopes in month i and site j representing effects of Sij on

NHþ
4 Nij for different months, while gk (k¼[0, 1, 2]) represents

random slopes by land-use types. εij represents the residuals.
NO2 contributes to wet NO3

� deposition in precipitation through
indirect way through reacting with O3 or OH radical to form NO3

� or
N2O5 (Mentel et al., 1996; Miyazaki et al., 2012). Wet NO3

� deposi-
tion was mainly from the scavenging of particulate NO3

� and
gaseous HNO3. NO2 can be an indicator of oxidized Nr components,
and significantly linked with HNO3 and NO3

� within the atmo-
spheric boundary layer (Liu et al., 2017a). Estimation of wet NO3

�

depositions can achieve high predictive accuracy including the
seasonal random intercepts, as the following equations (Liu et al.,
2017a):

NO�
3 Nij ¼

�
afix þai

�
þ bfixSij þ εij (5)

where

Sij ¼PijðNO2Þij
NO�

3 Nij is the measured wet NO�
3 deposition from the NNDMN

in month i and site j; ðNO2Þij is OMI NO2 columns in month i and
site j; Pij indicates precipitation amounts in month i at site j; Sij
represents an indicator of the combined effects of N compounds
and precipitation; afix and ai represent the fixed and random in-
tercepts; bfix indicates the fixed slopes. We used the measured wet
NH4

þ and NO3
� deposition during 2010e2012 to establish mixed-

effects models, while measured wet deposition during
2013e2014 was used to validate the satellite estimates. Please refer
to Table S2 and Table S3 for each parameter of mixed-effects
models.
3. Results

3.1. Validation of satellite-derived estimates

We spatially expand ground measurements of Nr deposition at
the NNDMN monitoring sites to national scale through integrating
satellite observations and models. Dry Nr deposition is not a direct
measurement conducted by the NNDMN, in which surface Nr
concentrations were measured and then multiplied by modeled Vd.
Satellite-derived surface NO2 and NH3 estimates were contrasted
with the ground-based concentrations at the NNDMN sites (Fig. 1).
Satellite-derived estimates explained the variability of surface NO2

concentrations (slope ¼ 1.03, intercept ¼ �1.08 and R ¼ 0.87). The
average of estimated surface NO2 concentrations over monitoring
sites in 2012 were 6.80 mg N m�3, slightly higher than measure-
ments (5.97). Measured surface NH3 concentrations at the NNDMN
sites were also contrasted with the satellite estimates (slope ¼ 0.62
and R¼ 0.84). The average of estimated surface NH3 concentrations
over monitoring sites in 2012 was 5.94 mg m�3, similar to that of
ground-based measurements (6.65). However, several sites over
Yunnan showed relatively larger absolute errors for NO2, and



Fig. 1. Geographical locations of the NNDMN sites (a), and comparison of satellite retrieved Nr deposition and concentrations with measurements at the NNDMN sites (b). Six
geographical regions are the Tibetan Plateau (TP), Southwestern China (SW), Northeastern China (NE), Northwestern China (NW), Southeastern China (SE) and Northern China (NC).
Here R in the figure means correlation coefficient. We also added the residual plots for Eqs. (4) and (5) as Fig. S6 in the Supporting Information.
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several sites in Gansu, eastern Sichuan and Chongqing showed
relatively larger absolute errors for NH3 (Fig. S3), which may be
linked with limited spatial representatives of monitoring sites as
well as the uncertainty of satellite estimates. Similarly, we also
compared wet Nr deposition with the monitoring results in the
NNDMN. Overall, the satellite-based estimates can capture the
general spatial distributions of wet NO3

� deposition (slope ¼ 0.86,
R ¼ 0.86) and wet NH4

þ deposition (slope ¼ 0.74, R ¼ 0.81). The
satellite-based estimates of Nr deposition show good agreement
with measurements for NOy (R ¼ 0.86 and Bias ¼ �9.53%) and NHx
deposition (R ¼ 0.79 and Bias ¼ �7.45%).
3.2. Spatial variations of Nr deposition in China

Total Nr deposition over China in 2012 was estimated at
18.21 kg N ha�1 (Fig. 2a), in which wet and dry Nr deposition
accounted for 57% and 43%. Atmospheric Nr deposition varied
substantially, with lower values over Western regions and higher
values over Eastern China. Highest total Nr deposition was found in
Northern China (NC), a region with centralized management of
agricultural land and which is economically developed, at
38.33 kg N ha�1 for the year 2012; the lowest Nr deposition
appeared over the Tibet Plateau (TP), at 5.01 kg N ha�1. Spatial
pattern of Nr deposition correlates with large gradients in socio-
economic indicators (R2 ¼ 0.85 for deposition vs. GDP; R2 ¼ 0.83
for deposition vs. population in Fig. S4).

The percentage of dry to total Nr deposition was 43% on average
in 2012, which was slightly lower than that (50%) measured by the
NNDMN. The ratio of dry to total Nr deposition shows different
spatial patterns in six regions of China. In NC, most areas hadwet Nr

deposition below 30 kg N ha�1, while vast area had dry Nr depo-
sition above 30 kg N ha�1. Instead, over southern coastal provinces
we found wet Nr deposition dominated the total Nr with values
higher than 20 kg N ha�1, while dry Nr deposition was below
20 kg N ha�1 except for some areas over Guangdong province. The
NC region had the largest dry/total ratio (~50% on average), while
the southern China (including SE and SW) had the smallest dry/
total ratio (approximately 37% on average), indicating that this re-
gion is dominated bywet deposition (Fig. 2), as precipitation events
are more frequent.
3.3. Fractional Nr species for Nr deposition

Regarding oxidized and reduced Nr, NOy and NHx deposition
accounted for 34% and 66%. NOy and NHx deposition exhibited
markedly different spatial patterns. NOy deposition mainly
occurred in urban areas with several hotspots found in the densely
populatedmetropolitan areas such as for instance Beijing-Tianjin or
Yangtze Delta regions. These hotspots generally show NOy depo-
sition rates of 20e30 kg N ha�1, while rates below 10 kg N ha�1

were found over other Eastern and Middle regions, and Western
China, respectively. In contrast, NHx deposition mainly occurred in
intensive agricultural regions, such as the NC, Sichuan Basin, and
low-middle reaches of Yangtze River Basin, which represent main
food baskets for the Chinese population (Huang et al., 2012). As a
key difference, to the scatted distribution of NOy deposition, the
hotspots of NHx deposition are morewidely distributed. Deposition
rates of NHx greater than 30 kg N ha�1 were commonly found over
agricultural regions for instance the NC.

In total, dry NOy, wet NO3
�, dry NHx and wet NH4

þ deposition
accounted for about 13%, 25%, 30% and 32% for the total Nr depo-
sition, respectively (Fig. 3 c). For different components in oxidized
Nr deposition, wet NO3

� deposition contributed about 67% to the
total oxidized Nr deposition, followed by dry HNO3 (20%), NO2 (7%)
and particulate NO3

� (6%) in China (Fig. 3). Dry HNO3 depositionwas
the second (20%) primary contributor to oxidized Nr deposition,
which is mainly due to its high deposition velocity. The average
deposition velocity of HNO3 over China is 1.39 cm s�1, much higher
than the deposition velocity of particulate NO3

� and gaseous NO2
(below 0.20 cm s�1). Regarding different components of reduced Nr
deposition in China, wet NH4

þ deposition dominated the total
reduced Nr deposition (52%), while the dry NH3 and particulate
NH4

þ contribute about 33% and 15% of total reduced Nr deposition,
respectively (Fig. 3 b).
3.4. Trends of Nr deposition over China

Satellite-derived dry and wet oxidized Nr deposition in China
during 2005e2017 is shown in Fig. 4a. Dry NOy deposition
increased by 0.25 kg N ha�1 per year between 2005 and 2011, while
it decreased by �0.23 kg N ha�1 per year between 2011 and 2016.
For wet NO3

� deposition, a slight increase (0.08 kg N ha�1 per year)
occurred between 2005 and 2010; however, there was a drop
(approximately �0.14) for the year 2011 with the lowest precipi-
tation since 2005 (approximately 557 mm). In contrast with the
obvious decrease in dry NOy deposition, wet NO3

� deposition
became stable after 2011 with small fluctuations. The decline in
oxidized Nr deposition during 2011e2017 (�0.24 kg N ha�1 per
year) was mainly driven by the significant decrease of dry NOy
deposition. These reductions of oxidized Nr deposition are mainly



Fig. 2. Atmospheric Nr deposition in China. (a), (c), (d), (e) and (f) are spatial distribution of atmospheric total, wet, dry, NOy and NHx deposition in 2012; (b) is descriptive statics of
satellite-retrieved Nr deposition and dry/total ratio in the six geographical regions.
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due to the effectiveness of the strong control policy on NOx emis-
sions. Correspondingly, therewas an obvious increase in the ratio of
dry to oxidized Nr deposition during 2005e2011 (0.01 y�1) and a
decline during 2011e2017 (�0.01 y�1).

Satellite-derived reduced Nr deposition over China during
2008e2017 is shown in Fig. 4b. An increase of 0.21 kg N ha�1 per
year for dry NHx and 0.09 for wet NH4

þ occurred during 2008e2017.
In total, reduced Nr deposition increased by 0.30 kg N ha�1 per year,
which was associated with the increased NH3 emissions as well as
the lack of control regulations.

Total Nr deposition (reduced plus oxidized) in China increased
by 0.28 kg N ha�1 per year between 2008 and 2017. The ratio of NHx

to NOy deposition decreased from 1.30 in 2008 to 1.08 in 2011,
while this ratio began to increase from 1.08 in 2011 to 1.56 in 2017
(0.09 y�1, p ¼ 0.00), which can be attributed to the decline in NOy
deposition after 2011 and the continued increase in NHx deposition.
Thus, NHx deposition dominates the total Nr deposition and will
become more important for total Nr. The contributions of dry to
total Nr deposition varied with small fluctuations (41e44% on
average over China) during 2008e2017, implying its importance of
dry Nr deposition and its important effects on terrestrial
ecosystems.

3.5. Comparison with other studies

To estimate Nr deposition at large scales, previous studies were
usually based on applying the arithmetic average methods to
monitoring data, geostatistical methods (e.g., Kriging interpolation
of monitoring data) or CTMs (e.g., EMEP, GEOS-Chem or MOZART)
(Table S5 and Fig. 5a). The resulting estimates of total Nr deposition
in China by this work (18.19 kg N ha�1) were reasonably lower
compared to the national NNDMN measurements (36.5 kg N ha�1)
using arithmetic average methods, due to the influence of moni-
toring sites mainly being located in Eastern China, which have



Fig. 3. Fractional Nr species to Nr deposition. (a) fractional gaseous HNO3, NO2, particulate NO3
� and wet NO3

� to total oxidized Nr; (b) fractional gaseous NH3, particulate NH4
þ and

wet NH4
þ deposition to total reduced Nr; (c) fractional dry NOy, wet NO3

�, dry NHx and wet NH4
þ to the total Nr.

Fig. 4. Time series of satellite-derived wet and dry Nr deposition over China. (a), (b) and (c) indicate NOy, NHx and total Nr respectively.
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considerably higher Nr deposition. Satellite-based estimates in this
study were higher than Liu et al. (12.80) and Zhu et al. (13.69), since
their estimates did not include the dry Nr deposition (Liu et al.,
2016; Zhu et al., 2015), which we explicitly include in our esti-
mates. Moreover, our estimates were comparable to the results
from CTMs by Zhao et al. (17.36) and Yu et al. (19.60) (Yu et al., 2019;
Zhao et al., 2017). The estimates in this study were within the
ranges of estimates by previous studies, and may provide a more
realistic spatial picture of Nr deposition in China compared with the
NNDMN sites.
We compared Nr deposition in China with that in the US and
Europe in Fig. 5. Atmospheric Nr deposition in China was more
double than that in the US and Europe due to more intensive NH3
and NOx emission. In 2010, NH3 emission in China (15.05 Tg N y�1)
was estimated approximately 3.67 and 3.38 times than that in the
US (4.13) and Europe (4.45), respectively; NOx emission in China
(8.43 Tg N y�1) was estimated approximately 2.01 and 3.57 times
than that in the US (4.20 Tg N y�1) and Europe (2.36 Tg N y�1),
respectively, based on the global EDGAR emissions. In total, the sum
of NH3 and NOx emission in China (23.48 Tg N y�1) was



Fig. 5. Comparison of atmospheric Nr deposition (kg N ha�1) between China and other countries. (a) atmospheric Nr deposition (kg N ha�1) in China in previous studies and this
study (Table S5); (b) comparison of atmospheric Nr deposition and Nr emission (kg N ha�1) in China, US and Europe. Nr deposition in the US was gained from a recent study by
Zhang et al. (Zhang et al., 2018); Nr deposition in Europe was gained from Tan et al. (Tan et al., 2018).
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approximately 2.82 and 3.45 times than that in the US (8.33) and
Europe (6.81). Total Nr deposition in China in the 2010s was similar
to values of Nr deposition in Europe and the US in the 1980s with
peak atmospheric Nr deposition (Larssen et al., 2006).

4. Discussion

Estimating high-resolution Nr deposition over China is crucial to
evaluate future policy implications regarding mitigation options
(Liu et al., 2013; Sutton et al., 2013). Our work presents the
comprehensive estimates of Nr deposition for China by integrating
satellite observations, ground-based measurements and models at
a high spatial resolution over a long time period. We conducted a
thorough evaluation of wet and dry Nr, which is essential for
gaining an overall insight into the current status of China’s Nr
deposition, considering the background that most previous works
focused on wet deposition and the measurements of dry Nr depo-
sition are still very lacking. In the field of using satellite retrievals to
estimate Nr deposition, some progress has beenmade, but there are
still some problems to be solved. First, satellite NO2 and NH3 re-
trievals used in this work are instantaneous observations, and using
multi-phase satellite data to estimate Nr deposition is worth further
study in the future. New generation of high-resolution sensors of
TEMPO (North America), Sentinel (Europe) and GEMS (Asia) can
improve the time resolution of satellite observations, and possibly
reduce the missing data caused by clouds, which will undoubtedly
improve the accuracy of estimating Nr deposition. Second, with the
development of space technology, more and more Nr components
can be detected. For example, atmospheric HNO3 can be detected
by the IASI sensor, and relevant research has been devoted to the
development of more reliable satellite HNO3 products. Using more
satellite data of Nr components to estimate regional Nr deposition
can reduce the uncertainties of other Nr (such as HNO3, NO3

�)
deposition.

On the national scale, the dry/total ratio was higher than 40%
during 2008e2017, suggesting the importance of dry Nr deposition.
Due to incomplete measurements of dry deposition, previous
studies often underestimated its contributions to total Nr deposi-
tion (Liu et al., 2011). For example, NH3, HNO3, particulate NH4

þ and
NO3

� were not included in estimating dry deposition (Lü and Tian,
2007), which caused large underestimation of total Nr deposition
over China. Moreover, previous research on Nr deposition was
mainly on wet or bulk deposition over China or on NOy deposition
(but not including NHx deposition). Dry Nr deposition in NC can be
approximately 50% of total Nr deposition in this study, which was
very close to the estimates (28e67%, on average ~50%) at ten sites
(Pan et al., 2012).

The continuous declines in NOy deposition occurred since 2011,
reflecting that the policy established to control NOx emissions by
the Chinese government has achieved considerable effectiveness.
By 2015, a reduction of NOx emissions by �10% (compared to 2010
levels) had been achieved, as identified as an essential goal to
evaluate the performance of local governments (Foy et al., 2016).
NOx emission control technologies had been installed in large
combustion plants and other boilers, and upgraded emission
standards of road transport vehicles, alongside gasoline and diesel
fuel quality standards had been implemented rapidly. As a result,
total NOx emissions have been reduced and our results demon-
strate the effect of these policy interventions on the NOy deposition,
with approximately a �11% reduction in the period from 2012 to
2017.

However, NHx deposition has increased continuously since 2008
due to the lack of control policies on NH3 emission from agriculture,
in the context of substantial pressures to maintain food security,
given that China feeds 22% of world population with only 9% of
global croplands (Piao et al., 2010). Our estimates of reduced Nr
deposition were consistent with temporal variations of NH3 emis-
sions by a recent study (Zhang et al., 2017a) as well as the satellite
retrievals both from IASI and AIRS (Liu et al., 2019; Warner et al.,
2017). Moreover, agricultural non-point source pollution has to
date mainly been considered as relevant for water pollution, while
its contribution to air pollution has been widely neglected in China
(Wei et al., 2019a, 2019b). Many currently appliedmeasures, such as
air drying treatment of manure, in fact, accelerate NH3 emission as
an unintended consequence of the original intention to reduce Nr
loss to water bodies (Gu et al., 2015).

Currently, atmospheric Nr deposition in China was more
double than that in the US and Europe. The big difference of Nr
deposition level between China, the US and Europe was associ-
ated with the population, technologies and management stan-
dards. China’s population of 1.4 billion people in 2016 was 4.3
times than the US (0.3 billion) and 1.75 times than Europe (0.8
billion). The pressure from the large population and increased
per capita consumption of agricultural products in China pro-
moted more agricultural production enormously related to syn-
thetic Nr fertilizer production and application (Diamond, 2005;
Geddes et al., 2016). Many Chinese economies remain obsolete
and inefficient, and the efficiency of industrial energy is
approximately half of that compared with developed countries
(Deng et al., 2008; Diamond, 2005).
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In terms of the policy, the implementation of regulations and
laws on controlling Nr emissions in China was generally much later
than the US and Europe. Europe’s peak Nr production appeared in
the 1980s related to agricultural over-production. Since 1990,
effective policies were implemented over Europe, and NOx and NH3
emissions were reduced by �31% and �29% from 1990 to 2009
(Tørseth et al., 2012). The success of the control policies by the US
government on NOx emissions between 1990 and 2010 also made
NOx emissions decrease by approximately �41%, while NH3 emis-
sions raised by 11% during 1990e2010 (Li et al., 2016). Rising
importance of reduced Nr deposition occurred in China due to the
decrease in oxidized Nr deposition since 2011 and the increase in
reduced Nr deposition. China needs to control the oxidized and
reduced Nr at the same time in a balanced way to slow down the
increase of Nr deposition and its negative impacts on the environ-
ment. NH3 contributes to the formation of secondary inorganic
aerosols that affect environmental and human health and reduce
visibility (Hasheminassab et al., 2014; Kloog et al., 2015). The
importance of agricultural NH3 pollution has been now recognized
by China’s central government in the 13th Five-Year Plan
(2016e2020), and the “Zero Increase Action Plan” (ZIAP) was
implemented to maintain and further reduce mineral fertilizer use
in China (Liu et al., 2015).

To meet human health security goals and improve air quality
and the ecosystems, future policies should focus on controlling NH3

emissions as a priority (Gu et al., 2014). Using Nr to promote agri-
cultural production while protecting the environment simulta-
neously is a great challenge for China. Spatiotemporal variations of
Nr depositionwere strongly heterogeneous, suggesting the urgency
to implement comprehensive pollution control strategies to reduce
risks linked to Nr deposition. Recent studies reveal high potentials
in mitigating NH3 losses from both croplands and livestock sectors
(Li et al., 2017b), and new urease inhibitors reduce NH3 volatiliza-
tion and improve N use efficiency of Maize in North China Plain (Li
et al., 2017a), which, in the future, need to be further implemented
and verified in other regions to confirm the effectiveness for miti-
gating NH3 losses.
5. Conclusions

Human activities, including the agricultural production and
fossil fuels combustion, have greatly increased emissions of Nr to
the atmosphere. This article provides the satellite-based, national
assessment of wet and dry Nr deposition, constrained with national
measurements (NNDMN). We demonstrated oxidized and reduced
Nr deposition in China and highlight the key drivers for the recent
trends observed. Increasing Nr emissions in China have resulted in
substantially higher Nr deposition than in the US and Europe,
highlighting the urgent need for China to tackle the increasing Nr
deposition levels to reduce adverse effects on human and envi-
ronmental health. Fortunately, we observe continuous declines in
oxidized Nr deposition since 2012, which reflects that the policy
established to control oxidized Nr emission by the Chinese gov-
ernment has been effective. However, reduced Nr deposition in
China has increased continuously since 2008 due to the lack of
effective control policies on NH3 emissions. Increasing reduced Nr

deposition in China suggests that it is key to address reduced Nr to
mitigate total Nr deposition, and it will be increasingly important in
the future with a further increase in the relative contribution of
reduced Nr. Reducing the risks linked to total Nr emission and
deposition with enforced control strategies is crucial, paying
particular attention to pollution swapping and unintended conse-
quences of single-compartment focused policy measures.
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