
1. Introduction
At the global scale, the atmospheric levels of reactive nitrogen (Nr, including oxidized and reduced nitrogen 
species, OXN and RDN, respectively) have increased explosively after the industrial revolution due to human 
activities, especially fossil flue consumption and agricultural intensification (Liu & Du, 2020). Increased atmos-
pheric Nr influences air quality through participating in aerosol formation and photochemical reactions, and 
results in excessive Nr deposition to terrestrial and aquatic ecosystems through both dry and wet pathways. Since 
2000s, the average Nr deposition has exceeded 10 kg N ha −1 yr −1 in many regions of the world, much greater 
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Plain Language Summary Due to abundant anthropogenic emissions, China has been a hotspot of 
deposition of atmospheric reactive nitrogen (Nr), which exerts multiple ecological and environmental damages. 
During the past decade, China has been implementing aggressive actions of air pollution controls, leading 
to large changes in Nr emissions and thereby deposition. The evolution of Nr deposition as well as its major 
influencing factors is of great concern for both scientific community and policy makers. We conducted numeric 
simulation and geographic analysis, to explore the spatiotemporal change of Nr deposition and to separate 
the contributions of anthropogenic (emissions) and natural (meteorological conditions) to the change for 
2008–2017. We found a clear growth of Nr deposition till 2012 followed by a decline afterward for the whole 
country, and unequal changes in different regions resulted in a shift to southwest for the spatial distribution 
of Nr deposition since 2012. The changing emissions were identified as the major contributor to the trend of 
Nr deposition, while meteorological conditions played a more important role on its interannual variation. The 
outcomes improve the understanding of driving forces of the changing Nr deposition in China, and reveal the 
effectiveness of national pollution controls on it.
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than the level without the human influence (0.5 kg N ha −1 yr −1 or smaller) and it is expected to remain stable in 
the future (Kanakidou et al., 2016). Large amount of Nr deposition can cause adverse ecological effects, such 
as soil acidification (Liu et al., 2011), eutrophication in water bodies (Matson et al., 2002), forest decline (Yue 
et al., 2019), and global biodiversity loss (Bobbink et al., 2010; Greaver et al., 2012). In addition, Nr deposition 
is closely related to the ecosystem carbon cycles and thereby affects the global climate change (Aber et al., 1998; 
Chen et al., 2015; Liu & Greaver, 2009).

Since late 1970s, China has experienced rapid industrialization and urbanization, and has consumed the fossil 
fuels and fertilizers at an unprecedented growth rate to meet the increasing needs of the world's largest population 
(Fowler et al., 2013; Gu et al., 2012; Melillo, 2021). It is reported that the annual NOX (NO2 + NO) emissions in 
China increased rapidly from 11.0 million metric tons (Mt) in the mid-1990s to 26.1 Mt in 2010, and then expe-
rienced modest decline by 21% between 2013 and 2017 due to effective implementation of National Action Plan 
on the Prevention and Control of Air Pollution (NAPPCAP) designed to mitigate air pollution (Zhao et al., 2013; 
Zheng et al., 2018). Meanwhile, NH3 emissions were nearly doubled from 2.9 Mt in 1980 to 5.0 Mt in 2012, 
followed by a slight fluctuation related mainly to variation in agricultural sector (Kang et al., 2016). Enhanced Nr 
emissions (mainly including NOX and NH3) resulted in a high level of atmospheric Nr deposition in China, and 
made it become one of the Nr deposition hotpots in East Asia and even worldwide (Vet et al., 2014). A series of 
studies based on available historical observation have estimated long-term trends of national Nr deposition. Liu 
et al. (2013) showed that the bulk Nr deposition (wet deposition plus part of dry deposition) in China has increased 
by 60% from 13.2 kg N ha −1 yr −1 in the 1980s to 21.1 kg N ha −1 yr −1 in the 2000s. Yu et al. (2019) supplemented 
the dry deposition estimation by developing a linear relationship between deposition and satellite-derived column 
of specific species, and reported that the Nr deposition stabilized after 2005. Wen et al.  (2020) expanded the 
Nationwide Nitrogen Deposition Monitoring Network (NNDMN) data to 2018, and found that current levels of 
bulk and dry Nr deposition (19.4 ± 0.8 and 20.6 ± 0.4 kg N ha −1 yr −1, respectively) in China were both approxi-
mately twice of those in the United States, Europe, and Japan. Recently, Zhao et al. (2022) developed a general-
ized additive model by combining the ground observation, satellite-derived column and other meteorological and 
land-use data, and obtained the national gridded data set of bulk Nr deposition from 2005 to 2020 at a horizontal 
resolution of 0.25° × 0.25°.

Compared to the abundant ground observation of ambient air pollutant concentrations, the sites of deposition 
monitoring were relatively sparse, particularly for dry deposition, due to the difficultly and expensiveness of 
direct measurement methods (e.g., eddy correlation). Even for wet deposition, various sampling procedures and 
analytical methods applied in different Chinese monitoring networks resulted in great challenge in data quality 
and comparability assurance (Liu et al., 2020). Such limitations led to bias in statistical modeling based on obser-
vation and prevented better estimation of spatiotemporal variations of Nr deposition in China. With the wide 
application of numerical simulation methods in atmospheric chemistry, three-dimensional atmospheric chemical 
transport model (CTM) provides a useful tool to better understand the trend of Nr deposition at multiple spatial 
scales. It calculates the deposition of each Nr species with high temporal and spatial resolution by considering 
the complex atmospheric process, which can effectively compensate for the insufficient spatial coverage of obser-
vation (Flechard et al., 2011; Zhao et al., 2015). A series of studies conducted at national or regional scale for 
China indicated that high deposition of atmospheric Nr mainly occurred in the eastern regions with developed 
economy and intensive Nr emissions (Huang et al., 2015; Xu et al., 2018; Zhao et al., 2017). The project of Model 
Inter-Comparison Study for Asia phase III (MICS-Asia III) reported that annual accumulated Nr deposition over 
China under multiple CTMs in 2010 ranged from 2,800 to 7,200 Gg, more than the other 12 East Asian countries 
(Itahashi et al., 2020). Most of the CTM modeling studies focused on single year or short term, while long-term 
trend of Nr deposition in China has been rarely analyzed. Given China's ambitions and actions in addressing 
the Nr pollution (Liu et al., 2017), there is a growing research need on the interannual variations (IAVs) of Nr 
deposition.

Along with continuous efforts of China's air pollution control after 2005, the effectiveness of reduction of anthro-
pogenic air pollutant emissions on air quality has been increasingly concerned by both scientific community and 
policy makers (Geng et al., 2021). More and more evidences from observational and modeling studies suggested 
that abatement of SO2, NOX, and NH3 emissions has resulted in declining concentration of fine particulate 
matter (PM2.5) across the country, even with the interannual fluctuation of meteorology (Geng et al., 2019; Xiao 
et al., 2021). Emission control was also believed to be beneficial for Nr deposition alleviation (Liu et al., 2019). 
Meanwhile, meteorological conditions, with considerably interannual variations, could play an important role on 
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the key processes involved in the deposition such as long-range transport and chemical conversion of atmospheric 
compositions (Civerolo et al., 2008; Liu & Wang, 2020). The emissions and meteorology have jointly resulted 
in the interannual spatiotemporal change of Nr deposition, but their relative contributions to the change have not 
been quantified or separated clearly, attributed partly to the lack of long-term modeling studies. Such analysis 
will be helpful for diagnosing the driving factors of the interannual variations of Nr deposition and evaluating 
the effectiveness of China's emission control strategy on deposition, for the periods with notable changes in both 
abundance and composition of Nr due to the strictest ever air pollution prevention actions (e.g., NAPPCAP).

Here we simulated the atmospheric Nr deposition in China from 2008 to 2017 using the EMEP MSC-W model 
(Meteorological Synthesizing Centre–West of EMEP, the European Monitoring and Evaluation Programme, 
shortened as EMEP below) by species. We focused on the difference between the two periods, that is, 2008–2012 
when the Nr emissions continued to rise, and 2013–2017 when NAPPCAP was implemented. The spatiotempo-
ral changes over the two periods were identified by piecewise linear regression analysis and standard deviation 
ellipse (SDE) method. The IAVs of Nr deposition and relative contributions of anthropogenic emissions and 
meteorological changes were assessed based on sensitivity experiment through EMEP model. The outcomes can 
improve the understanding of key driving factors of atmospheric Nr deposition in China, and serve as scientific 
basis for better policy making of reducing the ecological risks of Nr deposition.

2. Data and Methods
2.1. Model Description and Evaluation Methods

The EMEP MSC-W CTM was developed by the Norwegian Meteorological Institute to tackle problems of air 
concentrations and depositions as a whole, including acid deposition, tropospheric ozone, and particles (Simpson 
et al., 2012). This study used EMEP (version rv4.17) offline coupled with the Weather Research and Forecast 
(WRF) model (version 3.9.1) as the meteorological driving field. Previous studies have shown the feasibility of 
coupling between WRF and EMEP model (Ma et al., 2020; van der Swaluw et al., 2021; Werner et al., 2018). The 
settings of the physical and chemical parameterization schemes are summarized in Table S1 in Supporting Infor-
mation S1. As shown in Figure 1, the research domain covered the mainland China with a horizontal resolution 
of 27 km × 27 km. Twenty vertical layers were defined and reached about 100 hPa at the top. The meteorological 
initial and boundary conditions were obtained from Final Operational Global Reanalysis (FNL) data provided by 

Figure 1. Schematic diagram of the research domain and the locations of monitoring stations. The red dots represent the Nr 
deposition sample stations and the blue triangle points represent the meteorological observation stations.
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the National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research 
(NCAR) with a horizontal resolution of 1° × 1° (http://rda.ucar.edu/datasets/ds083.2/). For anthropogenic emis-
sions within China, we applied the Multi-resolution Emission Inventory for China (MEIC) (http://www.meic-
model.org/?page_id=560) developed by Tsinghua University (Li, Liu, et al., 2017; Zheng et al., 2018). For the 
emissions outside of China, we applied the Asian anthropogenic emission inventory, named MIX, developed for 
the Model Inter-Comparison Study for Asia (MICS-Asia) project (Li, Zhang, et al., 2017). The horizontal reso-
lutions of both emission inventories were 0.25° × 0.25°. The emissions from natural sources included biogenic 
emissions calculated as a function of underlying surface vegetation species and regional meteorological param-
eters, sea salt aerosol emissions, and natural mineral dust. More details were archived in Simpson et al. (2012).

Temporal profiles of emissions are fundamental inputs for CTMs and play an important role on the model 
performance (Wu et  al.,  2019). The temporal distribution of emissions was determined by country in EMEP 
model (http://www.emep.int/grid/country_numbers.txt). Unfortunately, current EMEP model did not include 
the temporal distribution factors specifically for China, and assumed no diurnal variation of emissions, which 
would increase the simulation uncertainty for the country. To improve the deposition simulation, therefore, we 
adopted local information on monthly, daily and hourly distribution of emissions for China (He et al., 2018; Li, 
Liu, et al., 2017; Shen et al., 2015). Briefly, the monthly profiles by sector were developed based on the monthly 
statistics of fuel consumption and industrial production. The weekly and diurnal profiles were developed based 
on working schedules, on-site investigation and preliminary field measurements combined with recommended 
values in the technical manual for Chinese emission inventory development (He et  al.,  2018). The temporal 
allocation factors for five major emission factors are shown in Figure S1 in Supporting Information S1. The 
typical temporal patterns of emissions in China were well captured, including the relatively high emissions from 
agricultural sector in summer and those from residential sector in winter, reduced emissions from industrial and 
transportation sectors on weekends, and clear diurnal variations for all sectors.

In order to evaluate the model performance, we collected ground observation data of meteorology and Nr deposition 
in China from 2008 to 2017. The locations of monitoring stations were presented in Figure 1. The meteorological 
data were derived from the National Meteorological Information Center of China Meteorological Administration 
(CMA Meteorological Data Centre, 2022, http://data.cma.cn/data/detail/dataCode/A.0012.0001.html). The daily 
averaged surface pressure (PRES), wind speed at a height of 10 m (WS10), relative humidity (RH) and temperature 
at a height of 2 m (T2) were collected from 839 ground weather stations that contained the continuous 10-year 
observation data from 2008 to 2017. The observations of annual Nr deposition fluxes were taken from the NNDMN 
deposition data set (Xu et al., 2018, 2019). Here we select 28 sites for dry deposition fluxes and 53 sites for wet 
deposition fluxes, for which at least 2-year continuous measurement data were available, to evaluate model perfor-
mance. The details of monitoring stations of Nr deposition are shown in Table S2 in Supporting Information S1.

Normalized mean bias (NMB) and coefficient of correlation (R) between observation and simulation at monthly 
scale were used to evaluate the performance of meteorology simulation. NMB, normalized mean errors (NME), 
root mean square error (RMSE) and R at temporal and spatial scales calculated with Equations 1–5, respectively, 
were used to evaluate the annual Nr deposition simulation:

NMB =
∑𝑛𝑛

𝑖𝑖=1
(𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑖𝑖)∕

∑𝑛𝑛

𝑖𝑖=1
𝑂𝑂𝑖𝑖 × 100% (1)

NME =
∑𝑛𝑛

𝑖𝑖=1
|𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑖𝑖|∕

∑𝑛𝑛

𝑖𝑖=1
𝑂𝑂𝑖𝑖 × 100% (2)

RMSE =

√

1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
(𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑖𝑖)

2 (3)

Temporal𝑅𝑅 =
∑𝑛𝑛

𝑖𝑖=1

(

𝑆𝑆𝑖𝑖 − 𝑆𝑆

)(

𝑂𝑂𝑖𝑖 − 𝑂𝑂

)

∕

√

∑𝑛𝑛

𝑖𝑖=1

(

𝑆𝑆𝑖𝑖 − 𝑆𝑆

)2(

𝑂𝑂𝑖𝑖 − 𝑂𝑂

)2

 (4)

Spatial𝑅𝑅 =
∑𝑚𝑚

𝑗𝑗=1

(

𝑆𝑆𝑗𝑗 − 𝑆𝑆𝑗𝑗

)(

𝑂𝑂𝑗𝑗 − 𝑂𝑂𝑗𝑗

)

∕

√

∑𝑚𝑚

𝑗𝑗=1

(

𝑆𝑆𝑗𝑗 − 𝑆𝑆𝑗𝑗

)2(

𝑂𝑂𝑗𝑗 − 𝑂𝑂𝑗𝑗

)2

 (5)

where S and O are the annual deposition from model simulation and observation, respectively, 𝐴𝐴 𝑆𝑆 and 𝐴𝐴 𝑂𝑂 are the 
annual mean deposition from model simulation and observation, respectively, i and j indicates the individual year 
or site.
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2.2. Evaluation of Relative Contributions of Different Factors to the Changing Deposition

To evaluate the IAVs of atmospheric Nr deposition as well as their contributors over 2008–2017, we performed 
the following simulation scenarios of atmospheric Nr deposition in China using the WRF-EMEP model and the 
simulation for each year was conducted from 1st December of the last year to 31st December of the target year, 
and the first 31 days were treated as a spin-up time.

ANNall: the scenario to examine the IAVs of atmospheric Nr deposition. The meteorological conditions and 
emissions of anthropogenic and biomass burning origin were allowed to vary from 2008 to 2017.

ANNmeto17: the scenario to examine the influence of the changed emissions on the IAVs of atmospheric Nr 
deposition. The emissions were allowed to vary from 2008 to 2017, while the meteorological conditions were 
kept at the level of 2017.

ANNemis17: the scenario to examine the influence of meteorological variations on the IAVs of atmospheric 
Nr deposition. The meteorological conditions were allowed to vary from 2008 to 2017 while the anthropogenic 
emissions were kept at the level of 2017.

The mean absolute deviation (MAD) and absolute percent departure from the mean (APDM), which have been 
widely applied to diagnose the drivers of ambient concentration of air pollutants in previous studies (Mao 
et al., 2016; Mu & Liao, 2014; Yang et al., 2015; Zhu et al., 2017), were calculated and compared for the three simu-
lation experiments to explore the influences of meteorological and emission changes on IAVs of Nr deposition:

MAD =
1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
|𝐹𝐹𝑖𝑖 −

1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
𝐹𝐹𝑖𝑖| (6)

APDM = MAD∕
(

1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
𝐹𝐹𝑖𝑖

)

× 100% (7)

where Fi means the Nr deposition flux in year i, and n represents the number of years examined (n = 10 in this 
study). The MAD represents the absolute IAVs in Nr deposition flux while the APDM represent the IAVs relative 
to the average deposition flux over n years.

To estimate the temporal trend of Nr deposition, linear regression with the least square approach was conducted 
for the simulated annual Nr deposition against year, and the slope of linear regression was determined as the 
interannual change rate (ICR, Tg N yr −1 or kg N ha −1 yr −1) of Nr deposition. Positive (negative) slope indicates 
increasing (decreasing) trend within the research period. For each species and deposition forms (dry or wet), the 
deviation from the mean (DM) was calculated to evaluate the annual fluctuation of Nr deposition:

DM𝑖𝑖 =
(

𝐹𝐹𝑖𝑖 −
1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
𝐹𝐹𝑖𝑖

)

∕
1

𝑛𝑛

∑𝑛𝑛

𝑖𝑖=1
𝐹𝐹𝑖𝑖 (8)

where Fi means the Nr deposition flux in year i, and n represent the number of years examined (n = 10 in this study).

We referred to the methodology of Dang et al. (2021) to calculated the normalized contribution of emission or 
meteorological condition changes to the 10-year trend of Nr deposition during 2008–2017. The specific equations 
were as follows:

CTemis =
|ICRANNmeto17|

(|ICRANNmeto17| + |ICRANNemis17|)
× 100% (9)

CTmeto =
|ICRANNemis17|

(|ICRANNmeto17| + |ICRANNemis17|)
× 100% (10)

where CTemis and CTmetoare the relative contributions of emission and meteorological condition change to trend of 
Nr deposition, respectively; and ICRANNmeto17 and ICRANNemis17 represent the ICR of Nr deposition (i.e., the slope 
obtained from linear regression of Nr deposition against time) for the two simulation scenarios, respectively.

The normalized contributions of the two factors to IAVs of Nr deposition were calculated referred to Fu 
et al. (2019), and the specific equations were as follows:

CIemis =
MADANNmeto17

(MADANNmeto17 + MADANNemis17)
× 100% (11)
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CImeto =
MADANNemis17

(MADANNmeto17 + MADANNemis17)
× 100% (12)

where CIemis and CImeto are the relative contribution of emissions and meteorological conditions to IAVs of Nr 
deposition, respectively; MADANNmeto17 and MADANNemis17 represent the MADs of Nr deposition obtained from 
different simulation scenarios.

2.3. SDE Method

The spatial evolution of atmospheric Nr deposition in mainland China for the two periods was conducted with a 
SDE method, which was increasingly applied to explore the spatial variation of emissions (Chen et al., 2019, 2021; 
Yang et al., 2020), ambient concentration (Peng et al., 2016; Shi, Matsunaga, Yamaguchi, Zhao, et al., 2018; Shi, 
Matsunaga, Yamaguchi, et al., 2018) and deposition (Ma et al., 2020) of typical atmospheric species.

The SDE method estimates the geospatial pattern by determining the distribution and orientation of a set of 
two-dimensional datasets, with the specific indicators represented by the average center, SDE, the length of 
major and minor axis and azimuth (Gong, 2002; Wachowicz & Liu, 2016). Detailed equations and parameters are 
described in Text Section 1 in the Supplement. Briefly, the ellipse center point is determined first by calculating 
the weighted average of discrete values in X and Y directions, and then the ellipse is obtained by calculating the 
standard distances in X and Y directions of other points from the average center (Wang et al., 2015). By comparing 
changes between SDEs of multiple years based on the ANNall simulation, the spatial evolution of Nr deposition 
can be illustrated. The moving of the average center reveals the overall evolutionary track of Nr deposition; the 
azimuth change indicates the spatial rotation of ellipse and reflects the deposition change in spatial direction; and 
the changes in the lengths of the major and minor axes of the ellipse indicate the expansion or shrinking of Nr 
deposition in specific directions.

3. Results and Discussion
3.1. Evaluation of Nr Deposition Simulation

The performance of meteorological parameter simulation is shown in Figure S2 in Supporting Information S1. 
Satisfying modeling performance was achieved for PRES, RH and T2 with the NMBs calculated at −2.0%, 2.3%, 
and −2.7%, respectively. The monthly WS10 were generally overestimated with the NMB calculated at 23.6%. 
The surface wind speed is usually difficult to simulate with a common systematic overestimation, due to the 
smoothing of complex underlying surface conditions in mesoscale numerical weather prediction (NWP) models, 
coupled with the strong turbulence mixing consideration in planetary boundary layer scheme and inaccuracy of 
global reanalysis driven data (Carvalho et al., 2012; Yu et al., 2017). More recently, multi-year WRF simulations 
by Liu et al. (2020) and Shen et al. (2021) also showed similar levels of overestimation, with NMB values of 
17.9% and 27.0%, respectively. The R 2 were all greater than 0.60, indicating the simulation was in good agree-
ment with observation. In general, WRF well simulated the changes of 2 m temperature, 2 m RH, 10 m wind 
speed and atmospheric pressure at monthly scale.

The simulated spatial distribution of annual Nr deposition averaged over 2008–2017 and the bias between simula-
tion and observation at site level are shown in Figure 2 by form (dry and wet) and species (oxidized and reduced). 
Table S3 in Supporting Information S1 summarizes the model performance of annual Nr deposition simulation 
indicated by NMBs and NMEs for each year. Nr deposition was generally underestimated compared with obser-
vation, and the biases for most sites were within −5–0 kg N ha −1 yr −1 (Figure 2). The NMBs averaged over all 
the available sites at annual scale ranged from −26% to −3% for different deposition forms and species, while 
NME ranged from 41% to 53%. The coefficients of variation (CV) of NME, calculated as the standard deviation 
divided by the average of NME for the 10 years, ranged from 0.08 to 0.19 for various species and forms (Table S3 
in Supporting Information S1). The relatively small CVs implied a similar model performance of Nr deposition 
for different years.

Among them, the NMB for dry deposition of OXN (DDEP_OXN) was −18.00%, while larger underestimation 
was found for RDN (DDEP_RDN) with the NMB at −30.63%. Since gaseous NH3, the largest contributor to 
DDEP_RDN (Wen et al., 2020; Xu et al., 2015), tends to deposit in regions close to emission sources due to its 
very short lifetimes (generally a few hours, Hertel et al., 2006), the uncertainty of the NH3 emission inventory 
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could be an important reason for the underestimation. Through satellite constraint, Zhang et al. (2018) estimated 
that the “bottom-up” methodology could underestimate China's NH3 emissions by approximately 40% due to lack 
of detailed activity data and emission factors. Better model performance was achieved for wet deposition. The 
NMB of oxidized and RDN of wet deposition (WDEP_OXN and WDEP_RDN) were calculated at −7.85% and 
−4.89%, respectively. It should be noted, however, that most of wet deposition observation actually measured 
bulk deposition, which included both wet deposition and part of dry deposition (Xu et al., 2015). Therefore, those 
negative NMBs resulted partly from the inclusion of part of dry deposition and thereby overestimation of wet 
deposition through bulk deposition observation.

Due to the differences in model framework and deposition algorithms, the performance of Nr deposition simu-
lation with different models varied, mainly for the dry deposition (Chang et al., 2020). Recently, Ge et al. (2020) 
reported and compared the performances of Nr deposition simulation with multiple models over China based 
on project of The Model Inter-Comparison Study for Asia (MICS-Asia) phase III. The overall NMBs and 
NMEs ranged −6.8%–67.2% and 48.3%–82.2% for OXN, and −69.5%–−28.6% and −71.7%–44.3% for RDN, 
respectively (Table 1). The model performance in this work was comparable to previous studies. In addition, 
Figures S3 and S4 in Supporting Information S1 shows the RMSE and R between simulation and observation at 
the site level, respectively. The RMSEs were less than 6 kg N ha −1 yr −1 at most sites for different forms and Nr 
species, and the site-averaged temporal R and the spatial R were both greater than 0.6. Overall, the WRF-EMEP 
model reproduced well the observed Nr deposition fluxes in magnitude and spatiotemporal distribution.

3.2. Annual Atmospheric Nr Deposition and Its 10-Year Trend

Table S4 in Supporting Information S1 summarizes the simulated atmospheric Nr deposition for different forms 
and species averaged over 2008–2017 with WRF-EMEP. The annual mean Nr deposition flux for the 10 years 

Figure 2. The spatial distribution of annual dry (a, b) and wet (c, d) Nr deposition fluxes (kg N ha −1 yr −1) of oxidized nitrogen and reduced nitrogen in ANNvall 
simulation averaged over 2008–2017. The dots represent the bias between simulation and observation at site level.
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was simulated at 15.7 ± 0.9 kg N ha −1 yr −1 for mainland China, comparable with other studies for similar research 
period. Based on GEOS-Chem simulation and the Kriging interpolation, Zhao et al. (2017) and Yu et al. (2019) 
reported the mean value of Nr deposition at 16.4 kg N ha −1 yr −1 for 2008–2012 and 20.4 ± 2.6 kg N ha −1 yr −1 
for 2011–2015, respectively. At the national scale, more Nr was estimated to be removed through wet deposition 
than dry deposition, with a proportion of 57% of the total deposition (8.6 ± 0.6 out of 15.0 ± 0.8 Tg N yr −1) for 
the former. The observation data from nationwide network provided a similar proportion with 55% contribution 
of wet deposition (Xu et al., 2015). For different species, more RDN deposition was found over China than OXN 
(9.0 ± 0.2 vs. 5.9 ± 0.6 Tg N yr −1), reflecting the large abundance of NH3 emissions coming mostly from agri-
cultural activities in China.

Figure S5 and Table S5 in Supporting Information S1 show the monthly and seasonal Nr deposition in China 
averaged over 2008–2017, respectively. Maximum Nr deposition was found in summer and minimum in winter, 
with their contributions at 5.2 Tg N yr −1 (35%) and 2.7 Tg N yr −1 (18%) to the annual total deposition of 15.0 Tg 
N yr −1, respectively. The largest wet deposition of OXN and RDN in summer resulted partly from the highest 
precipitation in the season. Higher dry deposition of RDN was found in spring, summer and autumn than winter, 
with the peak flux in summer. Busy agricultural activities are generally prevalent over the three seasons in China, 
with the NH3-fertilizers are intensively used on the cropland (Li, Liu, et al., 2017, 2021). In addition, the high 
temperature in summer accelerated the volatilization of chemical fertilizers, animal manure, urban garbage, and 
NH3 from vehicle driving (Pan et al., 2018). Insignificant monthly variation was found for OXN deposition, with 
relatively higher flux in autumn and winter. It could be partly related to the elevated NOX emissions from heating 
in northern China and the enhanced formation of secondary nitrate aerosols during haze pollution that occurred 
more frequently in colder seasons.

Figure 3a shows the annual atmospheric Nr deposition during 2008–2017 for mainland China. The seasonal vari-
ations and inter-annual changes of Nr deposition of different forms and species for the two periods (2008–2012 
and 2013–2017) were quantified using the least square piecewise fit approach and summarized in Table 2. An 
increasing trend over 2008–2012 followed by a decline during 2013–2017 was found for all the species. The 
annual deposition of DDEP_OXN, DDEP_RDN, WDEP_OXN and WDEP_RDN was estimated to increase by 
19%, 4%, 31%, and 10% from 2008 to 2012, and then to decline by 22%, 2%, 23%, and 4% from 2013 to 2017, 
respectively. As a result, the annual total Nr deposition increased significantly from 14.6 Tg N in 2008 to 16.7 Tg 
N in 2012, and then declined by 3.11 Tg N (8.6%) in the following 5 years.

With changes in both meteorological conditions and anthropogenic emissions in ANNall simulation, the ICR in 
deposition of DDEP_OXN, DDEP_RDN, WDEP_OXN, WDEP_RDN, and total Nr deposition over 2008–2012 
were +0.15, +0.03, +0.23, +0.10, and +0.51 Tg N yr −1, while those over 2013–2017 were −0.16, −0.02, −0.18, 
−0.03, and −0.39 Tg N yr −1, respectively. OXN dominated the temporal trend in Nr deposition over the 10-year 
period. Although RDN was larger than OXN, the ICR of RDN deposition was limited attributed mainly to the 
small change in anthropogenic NH3 emission during the study period (3% over 2008%–2012% and −4% over 
2013–2017) compared to that of NOX emissions (21% over 2008%–2012% and −21% over 2013–2017, Figure 
S6 and Table S6 in Supporting Information S1). Although the highest deposition existed in summer (Table 2 
and Table S5 in Supporting Information  S1), the contribution to interannual trend of Nr deposition was not 
significantly larger for summer compared to other seasons. For instance, while the simulated Nr deposition in 
summer accounted for 35% of the annual level averaged over 2008–2012, the ICR in summer Nr deposition was 
estimated at +0.15 Tg N yr −1, which contributed only 29% to the growth of annual Nr deposition (+0.51 Tg 
N yr −1). Relatively great contributions of other seasons to ICR, especially for winter, were partly associated with 
the big changes in NOX emissions. As shown in Table S6 in Supporting Information S1, for example, the largest 

Table 1 
Multi-Model Simulation Performance of Nr Deposition Over China

Model

CMAQ a NAQPMS NHM-Chem GEOS-Chem EMEP (this study)

OXN RDN OXN RDN OXN RDN OXN RDN OXN RDN

NMB (%) −6.8–55.4 −55.1–28.6 67.2 −69.5 0.6 −33.1 0.1 −31.6 −12.9 −17.8

NME (%) 54.3–77.8 49.6–58.7 82.2 71.7 49.5 48.5 48.3 44.3 40.0 48.3

 aThe results of CMAQ model contains different version (v4.7.1 and v5.0.2) and different combinations of scheme.
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ICR of NOX emissions were found in winter for 2008–2012 (+0.19 Tg N yr −1), attributed probably to the growing 
demand of heating and thereby elevated coal burning in cold season. Along with the penetration of clean fuel 
for residential heating, moreover, NOX emissions were estimated to decline fastest in winter during 2013–2017, 
indicated by the smallest ICR (−0.18 Tg N yr −1) among all seasons.

Figure 3b shows the DM of Nr deposition obtained through ANNall simulation. From 2008 to 2017, the DMs for 
all deposition forms generally changed from negative to positive and then dropped back to negative, suggesting 
an inverted “V” pattern in Nr deposition for the period. The largest variation in DM was found for WDEP_OXN, 
with the value increasing from −3.7% in 2008 to +25.7% in 2012 and declining to −19.9% in 2017.

Regarding the difference between species, the ratio of RDN to OXN deposition was estimated to increase at 
8%·yr −1 from 2012 to 2017 compared to a 6%·yr −1 decline from 2008 to 2011 (Figure 3c), which could also 
be supported by the observed significantly increasing ratio of RDN to OXN in total deposition after 2010 at 
nationwide monitoring sites (Wen et al., 2020). The rising RDN to OXN ratio was expected to be largely driven 
by the continuous NOX emission controls after 2010 (e.g., the stringent measures in NAPPCAP), and high-
lighted the benefits of those measures on limiting atmospheric OXN pollution. The analysis indicated that the 
Nr pollution in China has been stepping into the RDN dominating condition along with successful control of 
NOX emissions, and that the strategy on NH3 emission abatement is urgently needed to alleviate current nitrogen 
pollution problem. Compared to NOX that came mostly from large-scale fossil fuel burning, NH3 came widely 

Figure 3. (a) Annual Nr deposition (Tg N) during 2008–2017 for Mainland China. The temporal trends of Nr deposition in two periods (2008–2012 and 2013–2017), 
indicated by the relative change rate (ICR1 and ICR2, Tg N yr −1), are calculated by the least square fit; (b) deviation from the mean of Nr deposition obtained through 
ANNall simulation; (c) Annual oxidized and reduced nitrogen (OXN and RDN) deposition and the ratio of RDN to OXN deposition during 2008–2017.
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from nitrogen-fertilizer use and livestock farming that were relatively difficult to be monitored and managed. 
Similar result was also reported for the United States, where RDN was observed to replace OXN to be the 
dominant species in inorganic nitrogen deposition within 20 years, based on a nationwide monitoring network (Li 
et al., 2016; Tan et al., 2020). The common experiences in Nr pollution control for the two countries revealed the 
great challenge of NH3 emission abatement for further reducing Nr deposition as well as other negative environ-
mental impacts like secondary particle formation (Liu et al., 2019).

3.3. Spatiotemporal Evolution of Nr Deposition

A clear gradient from west to east was found for all deposition forms and species (Figure 2), driven mainly by the 
spatial distributions of NH3 and NOX emissions (Han et al., 2017; Yu et al., 2019; Zhao et al., 2017). Within East-
ern China (EC, 22–41°N, 102–122°E), we defined three key regions covering major hotspots of Nr deposition, 
including North China (NC, 32–42°N, 110–120°E), South China (SC, 22–32°N, 110–120°E), and the Sichuan 

Table 2 
Simulated Seasonal and Annual Nr Deposition (Tg N) of Different Forms and Species in Years 2008, 2012, 2013, and 2017 
in ANNall

Form_species Season a

2008–2012 2013–2017

2008 2012 ICR 2013 2017 ICR

DDEP_OXN Spring 0.57 0.70 (23%) 0.03 0.67 0.52 (−22%) −0.04

Summer 0.60 0.70 (17%) 0.04 0.62 0.49 (−21%) −0.04

Autumn 0.65 0.75 (15%) 0.04 0.74 0.59 (−20%) −0.04

Winter 0.64 0.79 (23%) 0.05 0.79 0.59 (−25%) −0.05

Annual 2.46 2.93 (19%) 0.16 2.81 2.20 (−22%) −0.17

DDEP_RDN Spring 0.86 0.90 (5%) 0.01 0.90 0.88 (−2%) −0.01

Summer 1.09 1.10 (1%) 0.00 1.07 1.06 (−1%) 0.00

Autumn 0.92 0.96 (4%) 0.01 0.96 0.96 (0%) 0.00

Winter 0.85 0.88 (4%) 0.01 0.93 0.87 (−6%) −0.01

Annual 3.71 3.84 (4%) 0.03 3.85 3.77 (−2%) −0.02

WDEP_OXN Spring 0.79 1.01 (28%) 0.05 0.88 0.65 (−26%) −0.05

Summer 1.20 1.48 (23%) 0.08 1.28 1.00 (−22%) −0.07

Autumn 0.70 0.92 (31%) 0.06 0.81 0.66 (−19%) −0.03

Winter 0.51 0.75 (47%) 0.04 0.47 0.34 (−28%) −0.03

Annual 3.19 4.17 (31%) 0.23 3.44 2.66 (−23%) −0.18

WDEP_RDN Spring 1.35 1.52 (13%) 0.02 1.45 1.30 (−10%) −0.02

Summer 2.29 2.42 (6%) 0.03 2.21 2.24 (1%) 0.00

Autumn 0.97 1.08 (11%) 0.02 0.98 0.98 (0%) 0.00

Winter 0.64 0.79 (23%) 0.02 0.54 0.48 (−11%) −0.01

Annual 5.25 5.80 (10%) 0.10 5.18 4.99 (−4%) −0.03

Total Nr Spring 3.57 4.13 (16%) 0.11 3.90 3.34 (−14%) −0.12

Summer 5.17 5.70 (10%) 0.15 5.18 4.80 (−7%) −0.11

Autumn 3.24 3.71 (15%) 0.13 3.47 3.19 (−8%) −0.07

Winter 2.64 3.21 (22%) 0.12 2.73 2.28 (−16%) −0.09

Annual 14.62 16.75 (15%) 0.51 15.29 13.62 (−11%) −0.39

Note. Percentage changes in Nr deposition for 2012–2017 compared to 2008–2013 are shown in brackets. The temporal 
trends of Nr deposition in two periods (2008–2012 and 2013–2017), indicated by the interannual change rate (ICR, Tg 
N yr −1), are obtained by the linear regression with least square approach.
 aSeason: Spring includes March, April, and May; Summer includes June, July, and August; Autumn includes September, 
October, and November; Winter includes December, January, and February.
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Basin (SCB, 27–33°N, 102–110°E, Figure S7 in Supporting Information S1). The Nr deposition level in the 
three regions was more than twice of the national average (Table S4 in Supporting Information S1). For western 
China (WC, 28–47°N, 78–102°E), the deposition was usually less than 2 kg N ha −1 yr −1 and kept stable within 
the research period. High values of DDEP_OXN appeared mainly in EC, especially the Beijing-Tianjin-Hebei, 
Yangtze River Delta, and Pearl River Delta regions (Figure S7 in Supporting Information S1), resulting mainly 
from the large NOX emissions caused by active industrialization and urbanization in those regions. In addition, 
the urban expansion increased surface roughness and in turn reduced near-surface turbulent diffusion, leading to 
elevated deposition of air pollutants. High values of DDEP_RDN appeared mainly in NC and SCB with intensive 
agricultural activities. The appearance of WDEP_OXN covered broad areas of EC influenced by precipitation 
and atmospheric circulation, while the highest value of WDEP_RDN was found in SCB, under the joint effect 
of  abundant rainfall and local agricultural NH3 emissions.

Figure  4 shows the changing spatial pattern of Nr deposition across mainland China during 2008–2012 (a) 
and 2013–2017 (b), indicated by the average center, axis length and rotation angle of SDE. The corresponding 
parameters of SDEs for individual years are summarized in Table 3. During 2008–2012, there was no signif-
icant spatial movement in the Nr deposition over China, with the basically overlapped ellipses for 2008 and 
2012. The geographic center of Nr deposition distribution was located at the border of Hubei and Henan prov-
inces. However, a clear shift to the southwest was detected with the center changed from (112.33°N, 33.06°E) 
to (111.88°N, 32.59°E) during 2013–2017, driven by the unequal variation of deposition in different regions. 
Table S7 in Supporting Information S1 provides the annual mean Nr deposition in EC, WC, NC, SC. and SCB 
regions and the relative changes over the two periods. Similar relative changes in Nr deposition were estimated for 

each region between 2008 and 2012, resulting in the limited variation in the 
geographic distribution of Nr deposition. For 2013–2017, a downward trend 
was found for Nr deposition at the national scale with the relative change at 
11%. In contrast, there was basically no change in WC, triggering the move-
ment of the average center to the west. Meanwhile, NC was the only region 
with a relative change larger than the national level at 15%, triggering the 
movement of the average center to the south.

The azimuth angles of the SDEs ranged between 0° and 90° for the both 
periods, indicating that the overall directional distribution of Nr depo-
sition was northeast-southwest. The azimuth angle increased clockwise 
from 56.65° in 2013 to 61.80° in 2017, implying a diminishing influence 
of northern China on the distribution and orientation of Nr deposition. The 
major axes of the ellipse decreased from 109.22 to 107.87 km, and the minor 
axes increased from 65.11 to 66.64 km. Therefore, the ratio of the major to 

Figure 4. The geographic center and standard deviation ellipse of Nr deposition across mainland China from ANNall 
simulation during 2008–2012 (a) and 2013–2017 (b).

Table 3 
Statistics of Standard Deviation Ellipse Parameters for Years 2008, 2012, 
2013, and 2017

Period
Center X 

(°)
Center Y 

(°)
X distance 

(km)
Y distance 

(km)
Azimuth 
angle (°)

2008 112.26 32.74 106.43 63.84 56.43

2012 112.17 32.85 105.92 64.86 56.61

2013 112.33 33.06 109.22 65.11 56.65

2017 112.10 32.59 107.87 66.64 61.80

Note. Center X and Center Y represent the longitude and latitude of SDE 
center point, respectively; X distance and Y distance mean the length of major 
and minor axes of the SDEs for individual years, respectively.
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minor axes decreased from 1.68 to 1.62, suggesting a shifting in spatial distribution of Nr deposition, from the 
northeast-southwest direction to a more uniform distribution during 2013–2017. Overall, the shape change of the 
Nr deposition ellipse between 2013 and 2017 implied that implementation of NAPPCAP weakened the spatial 
heterogeneity of Nr deposition across the country, by cutting more NOX emissions in the pollution hotspot with 
intensive industry and fossil fuel consumption, for example, NC. Indicated by MEIC, the annual NOX emissions 
in NC were estimated to decline 22% from 2013 to 2017, much faster than those in WC at 8% (Zheng et al., 2018). 
The unequal abatement of emissions across the country thus reduced the difference between regions and contrib-
uted to the shift of spatial distribution of Nr deposition.

3.4. Relative Contributions of Emission and Meteorological Changes to IAVs and Trend of Nr Deposition

Figure 5a shows the spatial distribution of MAD of Nr deposition during 2008–2017. The MADs of Nr deposi-
tion obtained from ANNall simulation ranged 0.01–9.20 kg N ha −1 yr −1 in China during study period, with an 
annual average of 0.91 kg N ha −1. MAD of Nr deposition was less than 0.05 kg N ha −1 yr −1 in most of WC, while 
larger MAD was estimated for EC. In particular, the strongest IAVs occurred in BTH and SCB, with the MADs 
exceeding 6 kg N ha −1 yr −1 for some areas. To further examine the seasonal IAVs of Nr deposition for different 

Figure 5. The spatial distribution of mean absolute deviations (kg N ha −1 yr −1) of Nr deposition flux simulated in ANNall (a), ANNemis17 (b) and ANNmeto17 
(c) during 2008–2017. Domain-averaged mean absolute deviation are presented in each panel and the spatial correlation (R) between ANNemis17/ANNmeto17 and 
ANNall are shown in panel (b) and (c)

 21698996, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037489 by N
anjing U

niversity, W
iley O

nline L
ibrary on [26/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

MA ET AL.

10.1029/2022JD037489

13 of 19

forms and species in key regions, the domain-averaged MADs for NC, SC, and SCB are presented by season in 
Table 4. In general, the MADs of wet deposition were much higher than that of dry deposition, indicating that 
IAVs of precipitation could be an important factor affecting that of Nr deposition. The seasonal mean MADs of 
the Nr deposition ranged 0.53–1.62 kg N ha −1 yr −1 over the three regions, and the largest MADs were found for 
summer. Across EC, high convective instability of the warm and moist air resulted in abundant precipitation with 
strong fluctuation in summer (Zhu et al., 2021). As shown in Figure S8 in Supporting Information S1, the largest 
MAD of precipitation was found in summer, leading to the strong IAVs of Nr deposition in the season. Regarding 
the regional difference, higher MADs were found for NC than another two regions for all seasons except winter.

In order to quantify the effects of changing emissions and meteorology on IAVs of Nr deposition, we calculated 
the MADs of ANNemis17 (Figure  5b) and ANNmeto17 (Figure  5c) and compared them with ANNall. The 
national average MAD of Nr deposition for ANNemis17 (0.69 kg N ha −1 yr −1) was closer to that of ANNall 
(0.91 kg N ha −1 yr −1), while the MAD of ANNmeto17 (0.46) was half that of ANNall. Meanwhile, the spatial 
correlation (R) of MADs between ANNall and ANNemis17 reached 0.89 (Figure 5b), while it was less at 0.70 
between ANNall and ANNmeto17 (Figure 5c), indicating that the IAVs of Nr deposition was mainly dominated 
by the changes of meteorology.

We further calculated the APDM of Nr deposition for ANNall, ANNemis17, and ANNmeto17 to evaluate the 
roles of anthropogenic emissions and meteorological conditions on IAVs in key regions. Figure 6 shows the 
seasonal averaged APDMs of dry deposition for NC, SC and SCB in the three scenarios. The driving factors of 
seasonal IAVs in dry deposition varied by region and species. Similar APDMs were found for DDEP_OXN in 
NC between ANNemis17 and ANNmeto17 for spring, summer and autumn, while the values for ANNmeto17 
were slightly larger. The results indicated that the IAVs of DDEP_OXN were affected by both the changing 
meteorological conditions and emissions. In winter, the APDM of ANNemis17 was nearly twice of ANNmeto17 
and close to that of ANNvall, indicating a more important role of meteorological variation on the IAVs of DDEP_
OXN. For SC and SCB, the differences in APDMs of DDEP_OXN between ANNmeto17 and ANNemis17 were 
limited (within ±2%) in spring, autumn and winter, indicating similar effects of the changing meteorological 
conditions and emissions on IAVs of DDEP_OXN. In summer, the APDMs of ANNemis17 was much closer to 
that of ANNvall compared with ANNmeto17, indicating that the IAVs of DDEP_OXN was mainly driven by 
meteorological conditions.

For DDEP_RDN, the IAVs in winter in the NC region was mainly driven by the changing meteorological condi-
tions (same as DDEP_OXN). In other seasons, the IAVs of DDEP_RDN were influenced by both the changing 
meteorological conditions and emissions. In contrast to DDEP_OXN, the changing emissions played a more 
important role indicated by the larger APDMs of ANNmeto17 than those of ANNemis17. Close APDMs between 
ANNemis17 and ANNmeto17 were found for all seasons in SC, indicating the similar contributions of both 
factors to the IAVs. In SCB, the IAVs in summer and winter were identified to be dominated by the changing 
meteorological conditions.

For wet deposition, as seen in Figure  7, similar APDMs was calculated for both OXN and RDN deposition 
in ANNall simulation, with the values ranging 13.22%–35.28%. The largest APDMs were generally found in 
autumn and winter, reflecting the stronger IAVs of precipitation in the seasons. With the changing meteorological 
conditions alone in ANNemis17 simulation, the APDMs ranged 12.89%–32.56%, very close to those in ANNall. 
In contrast, the APDMs calculated by the ANNmeto17 simulation were generally smaller than 10%, especially for 

Table 4 
The Seasonal Domain-Averaged Mean Absolute Deviations (kg N ha −1 yr −1) of Nr Deposition Flux Over NC, SC, and SCB 
During 2008–2017 in ANNall Simulation

Spring Summer Autumn Winter

NC SC SCB NC SC SCB NC SC SCB NC SC SCB

DDEP_OXN 0.15 0.16 0.09 0.25 0.11 0.08 0.18 0.14 0.09 0.11 0.24 0.20

DDEP_RDN 0.10 0.10 0.09 0.13 0.13 0.14 0.11 0.10 0.12 0.11 0.12 0.13

WDEP_OXN 0.39 0.32 0.30 0.70 0.31 0.32 0.48 0.25 0.34 0.24 0.34 0.39

WDEP_RDN 0.43 0.43 0.54 0.83 0.56 0.71 0.48 0.29 0.61 0.24 0.30 0.52

Total Nr 0.85 0.73 0.84 1.62 0.89 1.04 1.03 0.53 0.94 0.49 0.69 0.92
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WDEP_RDN. The comparison indicated the significant contributions of the changing meteorological conditions 
to the IAVs of wet deposition.

Figure 8 summarizes the relative contributions of changing emissions and meteorology to the trends and IAVs of 
Nr deposition from 2008 to 2017, estimated with Equations 9–12. The approach quantified the extent to which the 
changing emissions and meteorological conditions could explain the trend and IAVs of Nr deposition. As shown 
in Figure 8a, the changing emissions alone were estimated to explain 61 (NC)–83% (SCB) of the 10-year trends 
for the concerned regions, and thus to dominate the long-term trend in Nr deposition. The relative contribution 
was estimated at 75% at the national scale. The dominant factors influencing the 10-year trend of each Nr species 
(HNO3, NH3, particulate 𝐴𝐴 NO−

3
 and particulate NH4 +) are consistent with the findings for total Nr deposition, that 

is, emissions changes dominated the trend (Figures S9a–S9d in Supporting Information S1). The linear fitting 
results of annual Nr deposition for the concerned three regions in China are shown in Figure S10 in Supporting 
Information S1. At the national scale, the ICRs of the annual Nr deposition for ANNemis17 and ANNmeto17 
scenarios were calculated at −0.019 and −0.068 kg N ha −1 yr −1, respectively, indicating that meteorology and 
emissions jointly resulted in the decline of Nr deposition from 2008 to 2017 (the ICR for ANNall was −0.095 kg 
N ha −1 yr −1). Similarly, emissions and meteorology were both estimated to contribute to Nr decline in NC, with 
the ICRs for ANNmeto17 and ANNemis17 at −0.26 and −0.18 kg N ha −1 yr −1, respectively. For SC and SCB, 
in contrast, the ICRs in ANNemis17 were positive, suggesting that meteorological changes would enhance Nr 
deposition and thereby weaken the benefit of emission controls for the two regions during the research period. 
Furthermore, similar regional patterns were found for the trends in annual total precipitation (i.e., decline in NC 
and growth in SC and SCB, Figure S11 in Supporting Information S1) with those in Nr deposition from ANNe-
mis17 simulation, indicating that precipitation could be an important meteorological factor influencing the trend 
of Nr deposition during 2008–2017.

Different from trend that dominated by emission change, the changing meteorological conditions played a signif-
icant role on the IAVs of Nr deposition, with the relative contributions estimated at approximately 60% for all the 

Figure 6. The seasonal domain-averaged absolute percent departure from the means (%) of DDEP_OXN (a–c) and DDEP_RDN (d–f) simulated in ANNall, 
ANNemis17 and ANNmeto17 over NC, SC and Sichuan Basin during 2008–2017.
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concerned regions (Figure 8b). More intense meteorological effects occurred for particulate 𝐴𝐴 NO−
3
 deposition, with 

the relative contribution of meteorology factors for IAVs was always higher than that of other species deposition 
(66%–72% for particle 𝐴𝐴 NO−

3
 deposition and 54%–64% for deposition of HNO3, NH3, and particulate NH4 +) at 

national and sub-regional level (Figures S9d and S9e in Supporting Information S1). Among all the meteorologi-
cal factors, the MAD of precipitation was found to be mostly correlated with that of annual Nr deposition, with a 
correlation coefficient of +0.47 for 2008–2017 (Figure S8 in Supporting Information S1). The result confirmed 
that the variation in precipitation was a major factor of the IAVs of Nr deposition.

Figure 7. The seasonal domain-averaged APDMs (%) of WDEP_OXN (a–c) and WDEP_RDN (d–f) simulated in ANNall, ANNemis17, and ANNmeto17 over NC, 
SC, and Sichuan Basin during 2008–2017.

Figure 8. Relative contributions of changing emissions and meteorology to the trend (a) and interannual variations (b) of Nr 
deposition from 2008 to 2017.
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Uncertainty existed when evaluating the relative contributions of meteorology changes and emission changes to 
the trend and IAVs of Nr deposition. On the one hand, the comparison between the simulations with fixed mete-
orology and emission scenario could not fully separate the interaction between the two factors, for example, NH3 
volatilization is strongly dependent on the ambient temperature, and the electricity or heating demand and thereby 
pollutant emissions vary associated with the temperature to support building cooling or warming. As an example, 
Abel et al. (2017) found a roughly 3% increase in electricity SO2, NOX and CO2 emissions per °C increase in 
summer in the Eastern United States. For the total emissions form all sectors, this influence was modest. On the 
other hand, the response of Nr deposition is nonlinear to the changing meteorology and emissions, introducing 
extra bias in the analysis. Following Zhang et al. (2017) and Cheng et al. (2019), we quantified the impact of 
such nonlinear effect on the results (see Text Section 2 in the Supplement for detailed method). The bias was 
calculated at −2.0 kg N ha −1 yr −1, accounting for −5.9% of simulated Nr deposition change during 2008–2017. 
Therefore, the uncertainty from nonlinear effect in the simulation was relatively small and would not affect the 
main findings of this study.

4. Conclusions
We conducted multi-year simulation with WRF-EMEP and explored the 10-year trend and IAVs of China's 
atmospheric Nr deposition for different deposition forms and species from 2008 to 2017. The annual mean Nr 
deposition for the 10 years was simulated at 15.7 ± 0.9 kg N ha −1 yr −1 all over the country. The ratio of RDN to 
OXN started to rise by 8% yr −1 after 2011, driven mainly by the continuous implementation of NOX emission 
control policies, and China has been stepping into the RDN dominating condition in terms of Nr deposition.

With a least square piecewise linear fit, we found an increasing trend during 2008–2012 followed by a decline 
during 2013–2017 for all deposition forms and species, with the interannual changes in Nr deposition estimated 
at +0.51 and −0.39 Tg N yr −1 for the two periods, respectively. The trend in Nr deposition over the 10-year period 
resulted mainly from the changes in OXN, implying the benefit of the nationwide anthropogenic NOX emission 
control on limiting the atmospheric nitrogen pollution and thereby relevant ecological impacts. For the spatial 
evolution of Nr deposition, SDE analysis indicated a significant shift to the southwest with the mean center point 
moving from (112.33°N, 33.06°E) to (111.88°N, 32.59°E) during 2013–2017, driven by the unequal variation 
of deposition in different regions. The IAVs of Nr deposition were quantified based on MAD and APDM, The 
MADs of Nr deposition during 2008–2017 ranged 0.01–9.2 kg N ha −1 yr −1 across the country, and clearly larger 
values existed in EC. The MADs of wet deposition were much higher than those of dry deposition, indicating the 
critical role of the former on IAVs of Nr deposition.

Compared to ANNmeto17 in which meteorology field was fixed for multi-year simulation, the magnitude and 
spatial distribution of MADs of Nr deposition for ANNemis17 in which emission input was fixed were more 
consistent with those of base simulation (ANNall), indicating the greater impact of changing meteorological 
conditions on IAVs of Nr deposition. However, emission changes were identified to be the major driver of the 
trend of Nr deposition during 2008–2017, with the normalized relative contribution ranging 61%–83% for the 
concerned regions across the country. This work reveals the effectiveness of China's emission control on Nr 
deposition for recent decade, and provides scientific basis for further understanding interannual trends in the 
ecological impact of nitrogen deposition.
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