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Abstract. Atmospheric reactive nitrogen (Nr) deposition plays a crucial role in linking air pollution to ecosys-
tem risks. Previous modeling studies have indicated that climate change and pollution controls jointly result in
significant changes in Nr deposition in China. However, it remains unclear how future emission reductions will
influence Nr deposition under different climate pathways. Here, we investigated the spatiotemporal evolution and
driving factors of future Nr deposition under various national clean air and climate policies. We applied WRF-
CMAQ and assessed the historical (2010s, 2010-2014) pattern and future changes of Nr deposition till the 2060s
(2060-2064) in China, by combining two Shared Socioeconomic Pathway (SSP) and Representative Concentra-
tion Pathway (RCP) global climate pathways and three national emission control scenarios. The results show that
the implementation of clean air and carbon neutrality policies would greatly reduce oxidized nitrogen (OXN) de-
position, mitigate the adverse perturbations of climate change, and reduce the outflow from Eastern China (EC;
20-45°N, 110-125°E) to the western Pacific. In Northern China (NC; 30-45°N, 110-125°E), the weakened
atmospheric oxidation capacity (AOC) would elevate the response of OXN deposition to a 20 % abatement of
emissions (expressed as the ratio of percentage change of deposition to emissions) from 82.6 % in the 2010s to
nearly 100 % in the 2060s. In contrast, the response of reduced nitrogen (RDN) deposition to NH3 emissions
would decline, likely attributable to a more NH3-rich condition. The outcomes of this work broaden scientific
understanding on how anthropogenic actions of air quality improvement and carbon emission reduction would
reshape future Nr deposition and support effective policymaking to reduce associated ecological damage.
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1 Introduction

With vigorous development of industrial and agricultural ac-
tivities worldwide since the industrial revolution, the emis-
sions of reactive nitrogen (Nr; including oxidized and re-
duced nitrogen species, OXN and RDN, respectively) have
increased explosively (Kanakidou et al., 2016), elevating the
Nr levels in both atmosphere and deposition. Enriched am-
bient Nr has led to a series of regional haze and ozone (O3)
pollution issues through participation in atmospheric aerosol
formation and photochemical reactions (Chen et al., 2021).
Furthermore, excessive atmospheric Nr deposits onto land
and water bodies through both dry and wet forms, directly
hurting the stability and productivity of the entire ecosystem
(Flower et al., 2013). Substantial Nr deposition can result in
diverse adverse ecological effects, such as water eutrophica-
tion (Zheng et al., 2020), soil acidification (Raza et al., 2020),
and biodiversity loss (Liu et al., 2017).

Influenced by multiple human activities, severe Nr depo-
sition and its subsequent ecological risks in China have at-
tracted growing attention in recent years (Gu et al., 2012;
Liu and Du, 2020). China has undergone rapid industrializa-
tion and urbanization, accompanied with explosive growth
in the consumption of fossil fuels and fertilizers over the
past few decades, triggering significant emissions of NO;
and NH3 (Zhao et al., 2013; Kang et al., 2016). Enhanced Nr
emissions have made the country one of the hotspots that re-
ceives the largest Nr deposition worldwide (Liu et al., 2013;
Vet et al., 2014). Observations of background sites from
the China Nationwide Nitrogen Deposition Monitoring Net-
work (NNDMN) during 2011-2018 revealed that the annual
averaged Nr deposition fluxes reached 23.6kgNha=! yr—!,
vastly surpassing the monitoring results in the United States
(8.1kgNha~!yr~!), Europe (8.7 kg Nha~! yr=!), and Japan
(11.0kgNha~! yr=!) (Wen et al., 2020).

Due to the fast change and heterogeneous distribution of
emissions and the typically short atmospheric lifetime of
most Nr species, there exist challenges in estimating the
spatial pattern and long-term trend of Nr deposition across
big countries like China, based on observations at individ-
ual sites. Atmospheric chemistry transport models (CTMs)
or advanced statistical models support analyses of the inter-
annual variations of Nr deposition at multiple spatial scales
(Liuetal., 2024; Wen et al., 2024). A series of modeling stud-
ies have analyzed the magnitude and spatiotemporal pattern
of Nr deposition in China. Yu et al. (2019) applied Kriging
interpolation combined with empirical remote sensing mod-
els and estimated that China’s annual Nr deposition had in-
creased nearly 60 % from the 1980s to 2010s. By develop-
ing a random forest algorithm, Zhou et al. (2023) quantified
the considerable growth of Nr deposition from 2005 to 2012
in Eastern China. Gao et al. (2023) revealed the shifting of
deposition forms from dominated by wet to more balanced
contributions from dry and wet deposition. The national air
pollution control actions over the past decade have resulted
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in a fast decline in emissions of acidic gaseous pollutants
(mainly NO, and SO») but relatively stable NH3 (Zheng et
al., 2018). The imbalance in emission reductions for differ-
ent species has altered the composition of Nr deposition, i.e.,
a growth in the proportion of RDN (Liu et al., 2020). Zhao et
al. (2022) developed the generalized additive model (GAM)
and found that the decline in OXN deposition has lagged
behind NO, reductions in recent years, attributed partly to
the increased precipitation and the strengthening transport
of pollution. More importantly, the O3 formation in Eastern
China has been primarily under the NO, -saturated condition,
and the reduction in NO, emissions, combined with persis-
tently high volatile organic compound (VOC) emissions, has
enhanced the O3 concentration and thereby the capacity of
atmospheric oxidation. This has, in turn, facilitated the con-
version of NO, to nitrate (NO5') and thus weakened the re-
sponse of OXN deposition to NO, emission abatement, pre-
venting effective reduction in Nr deposition. One-unit abate-
ment of NO, emissions resulted in less than 80 % abatement
of OXN deposition, emphasizing the crucial role of active
03-VOC-NO, photochemistry in modulating the Nr depo-
sition (Liu et al., 2022).

Atmospheric Nr deposition is mainly influenced by rain-
fall, precursor emissions, and long-distance transport (EI-
lis et al., 2013; Kim et al., 2012; Ma et al., 2023; Zhu et
al., 2022). Future climate change may strengthen the lo-
cal turbulence and precipitation intensity, which will alter
the dry and wet deposition rate, respectively (Toyota et al.,
2016; Xia et al.,, 2024). Meanwhile, the anticipated sub-
stantial reduction in Nr emissions through pollution controls
will reduce the Nr deposition and change its dominant com-
ponents. The changing deposition will further exert multi-
ple impacts on the biodiversity, carbon sequestration, and
greenhouse emissions of various ecosystems and thus in-
fluence the climate and ecological environment profoundly
(Zhu et al., 2020). There are only a few studies addressing
future Nr deposition in China. They commonly employed
coupled climate—chemistry global models to conduct simula-
tions under different predefined greenhouse gas (GHG) emis-
sion scenarios. For example, a pioneering study by Galloway
et al. (2004) predicted significant growth in Nr deposition
in east Asia, exceeding 50kgNha~!yr~! by 2050, based
on the Intergovernmental Panel on Climate Change 1S92a
(IPCC92a) emission scenario. The Atmospheric Chemistry
and Climate Model Intercomparison Project (ACCMIP) pre-
sented a multi-model global dataset of Nr deposition from
1850 to 2100 (Lamarque et al., 2013a), with the future emis-
sions obtained from the IPCC Representative Concentration
Pathways (RCPs) based on the radiative forcing in 2100 (van
Vuuren et al., 2011). The Nr deposition in east Asia was esti-
mated to increase 27 % and 39 % in the 2030s under RCP2.6
and RCP8.5, respectively (Lamarque et al., 2013b). Based
on ACCMIP datasets, Zhang et al. (2019) reported that the
OXN deposition fluxes under both RCP4.5 and RCP8.5 were
projected to increase in the 2030s but decrease by the end
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of the century, driven primarily by the Nr emission trends.
More recently, Sun et al. (2022) examined the possible future
changes in RDN deposition by combining ACCMIP datasets
and extra CMAQ simulations. The proportion of RDN in to-
tal deposition in Eastern China was projected to rise from
38 % in 2000 to 56 % in 2100 under RCP8.5, suggesting a
transition in the dominant form from oxidized to reduced.

While previous studies have provided valuable informa-
tion on the future evolution of Nr deposition in China, they
have insufficiently considered the impact of the potentially
profound emission reduction resulting from implementation
of climate and pollution control policies. In 2020, China
announced the plan to achieve carbon neutrality by 2060,
and the effects of a wide range of sharp emission reduc-
tions on future environment have become a major research
focus (Dong et al., 2021). Researchers have integrated na-
tional strategies of emission reduction to assess future air
pollution and associated health risks in China under vari-
ous climate change pathways (Cheng et al., 2021a, 2023; Shi
et al., 2021). For example, the IPCC Sixth Assessment Re-
port (ARG) introduced a scientifically combined set of path-
ways known as Shared Socioeconomic Pathways (SSPs) and
RCPs, denoted as SSP-RCP (Masson-Delmotte et al., 2021).
New pathways integrate the impact of socioeconomic devel-
opment into the framework for the evolution of GHG levels,
offering more reliable projections of possible outcomes of
climate change (Cook et al., 2020; O’Neill et al., 2016; Xin
et al., 2020). However, there is a noticeable gap in the as-
sessment of China’s atmospheric deposition under the SSP-
RCP framework. The roles of future emission and climate
changes in deposition remain unclear across diverse climate
pathways. Moreover, the diverse trajectories of emission for
various species and regions will change the atmospheric ox-
idizing capacity and regional transport of pollution, respec-
tively, which will in turn change the response of Nr depo-
sition to the changing precursor emissions. It is essential to
evaluate these anticipated changes for a comprehensive un-
derstanding of the ecological and environmental impacts of
Nr deposition, for a long-term period with continuous air pol-
lution controls and global warming prevention.

In this study, we applied an air quality model (WRF-
CMAQ; see details in methods) and assessed the future
changes of Nr deposition in China, by combining the SSP-
RCP global climate change pathways and the national emis-
sion control scenarios. The historical period was chosen as
2010-2014, representing the years with the highest Nr emis-
sions in China, and the future simulation period was deter-
mined as 2060-2064. Firstly, we evaluated the model per-
formance of meteorology and Nr deposition for the histori-
cal period based on available ground observations. We then
quantified the spatial and temporal changes of future Nr de-
position and identified the main driving factors under two
IPCC pathways, SSP2-4.5 and SSP5-8.5). The SSP5-8.5 rep-
resents high GHG emissions characterized by continued re-
liance on fossil fuels, often viewed as a pessimistic outlook
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for future climate change (Alexandrov et al., 2021; Mein-
shausen et al., 2020). Conversely, SSP2-4.5 envisions mod-
erate GHG emissions, achieved through the consideration
of environmental policies and technological advancements
(O’Neill et al., 2020; Su et al., 2021). We further assessed
the effects of various emissions abatement scenarios on Nr
deposition. Finally, we analyzed the future response of depo-
sition to emission perturbation under different scenarios. The
study enhances scientific understanding on the interactions
between anthropogenic activities and atmospheric chemistry
along with a changing climate and in turn supports the devel-
opment of effective environmental policies to alleviate the
adverse effects of Nr pollution on ecosystems and human
health.

2 Methodology and data

2.1 Model description and driving data
2.1.1  CMAQ model

The Community Multiscale Air Quality (CMAQ)
model version 5.2 (available at https://epa.gov/cmaq/
access-cmag-source-code, last access: 6 May 2023; USEPA,
2017; Wyat Appel et al., 2018) was adopted to conduct
atmospheric Nr deposition simulations over mainland China
for both historical (2010-2014) and future periods (2060-
2064). As a three-dimensional Eulerian model developed
by the United States Environmental Protection Agency
(USEPA), CMAQ comprehensively considers the complex
atmospheric physical and chemical processes among various
air pollutants, primarily including advection, vertical mixing,
chemistry of gas and aerosol phase, and cloud chemistry, as
well as dry and wet deposition (Benish et al., 2022; Fahey
et al.,, 2017). The model incorporates the temporal and
spatial variations of chemical mechanisms, emissions, and
meteorology, thus effectively accounting for nonlinearity
and regional transport (Liu et al., 2010). It has been demon-
strated to possess extensive practicality and sophistication in
simulating regional air quality and acid deposition (Chang
et al., 2020; Cheng et al., 2021). A single domain covering
mainland China (186 x 156 grid cells) was adopted for
the simulations with a horizontal resolution at 27 x 27 km
per grid (Fig. S1 in the Supplement). Lambert conformal
conic projection was applied for the domain centered at
37°N, 102°E with two true latitudes, 40 and 25°N. In the
vertical direction, 30 eta levels with the pressure of 50 hPa
at the top level were used. For chemical configuration, the
Carbon Bond 05 (CBO05) gas-phase chemical scheme and
the AEROG6 aerosol scheme were adopted (Sarwar et al.,
2008; Pye et al., 2017; Murphy et al., 2017). The boundary
condition of trace gases used in this study was background
concentration (default setup in CMAQ model). To avoid
the model errors associated with individual years, full-year
simulations were conducted for every year of the two 5-year
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intervals, and the 5-year averages were used for further
analyses. Simulation of each year included a 1-month
spin-up time (i.e., 1-31 December of the previous year) to
reduce the impact of the initial conditions on the simulations.
A series of simulation cases were designed by combining
individual climate pathways and national emission scenarios
to separate the roles of multiple factors in future deposition
(see details in Sect. 2.2).

2.1.2 Emissions input

The Multi-resolution Emission Inventory for China version
1.3 developed by Tsinghua University (MEICv1.3; available
at http://www.meicmodel.org/?page_id=560, last access: 10
June 2023; Tsinghua University, 2021a; Li et al., 2017a;
Zheng et al., 2018) provided historical anthropogenic emis-
sion data within China in our simulations. Information on
future emissions was obtained from the Dynamic Projection
model for Emissions in China version 1.1 developed by Ts-
inghua University (DPECvl1.1; available at http://meicmodel.
org.cn/?page_id=1917, last access: 12 June 2023; Tsinghua
University, 2021b; Cheng et al., 2021b; Zheng et al., 2018).
DPEC links global climate mitigation pathways to local clean
air policies and fully incorporates China’s strict air pollu-
tion control progress since the implementation of the “Ac-
tion Plan of Air Pollution Prevention and Control” in 2013.
It thus better depicts the emission trends of China com-
pared to the results in the sixth Coupled Model Intercompar-
ison Project (CMIP6) scenarios (Cheng et al., 2021b; Tong
et al., 2020). Three emission scenarios, named “Baseline”,
“Current-goal”, and “Neutral-goal”, were used in this work
(see the simulation case design in Sect. 2.2). Baseline depicts
a high-emission scenario in the absence of climate and pollu-
tion control policies, equivalent to the SSP5-8.5 climate path-
way. The Current-goal scenario is a combination that takes
into account the SSP2-4.5 climate pathway along with ex-
isting pollution control policies in China. The Neutral-goal
scenario integrates China’s 2060 carbon neutrality goal with
the most stringent pollution control policies. Details of the
scenarios were described in Cheng et al. (2021Db).

Anthropogenic emissions outside of China were taken
from the Asian anthropogenic emission inventory, named
MIX, developed by the Model Inter-Comparison Study for
Asia (MICS-Asia) project (available at http://meicmodel.org.
cn/?page_id=1770, last access: 11 June 2023; Tsinghua Uni-
versity, 2021c; Li et al., 2017b). Biogenic emissions were
calculated by the Model Emissions of Gases and Aerosols
from Nature developed under the Monitoring Atmospheric
Composition and Climate project version 2.1 (MEGANV2.1;
Guenther et al., 2012). The initial horizontal resolutions of
both emission inventories were 0.25° x 0.25°, and they were
interpolated into our simulation domain with a resolution
of 27 km.
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2.1.3 Meteorological driving field

The Weather Research and Forecasting (WRF) model ver-
sion 3.9.1 (available at https://www2.mmm.ucar.edu/wrf/
users/wrf_files/wrfv3.9/updates-3.9.1.html, last access: 24
February 2023; NCAR and NOAA, 2017; Skamarock
and Klemp, 2008a; Skamarock et al., 2008b) was ap-
plied to provide meteorological fields for CMAQ. De-
veloped and maintained collaboratively by the National
Center for Atmospheric Research (NCAR) and the Na-
tional Oceanic and Atmospheric Administration (NOAA),
the WRF model has been recognized as a state-of-the-
art regional weather model and widely utilized in short-
term weather forecasting and regional meteorological re-
search (Huang et al., 2020; Wang et al.,, 2021). For
our historical meteorological simulation, the fifth gen-
eration of European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis dataset, ERAS (avail-
able at https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5S-single-levels?tab=form, last access: 20 April
2023; ECMWE, 2018), was adopted as the initial and
boundary field (Hersbach et al., 2020). The temporal and
spatial resolution was 6h and 0.25° x 0.25°, respectively.
For simulation of the future period, it is common prac-
tice to employ climate forecast results from global cli-
mate models (GCMs) as the initial and boundary condi-
tions. In this study, a global bias-corrected multi-model
(BCMM) climatological dataset with a horizontal resolution
of 1.25° x 1.25° at 6h intervals (available at https://www.
scidb.cn/en/detail 7dataSetld=791587189614968832#p2, last
access: 7 May 2023; CNSDB, 2021) was adopted to drive the
WRF model for 2060-2064. The BCMM dataset was recon-
structed from 18 GCMs of CMIP6, with corrections for cli-
matological mean and interannual variance biases based on
ERAS data from 1979-2014, providing more reliable projec-
tions of long-term nonlinear trends of multiple climate vari-
ables compared with original CMIP6 model outputs. Details
of the BCMM product were described in Xu et al. (2021).
We employed the pseudo-global warming (PGW) method
(Kawase et al., 2013; Liu et al., 2021; Lauer et al., 2013;
Taniguchi and Tajima, 2020) for dynamical downscaling.
Specifically, future driving fields were forced with the ERAS
data from reference period (2010-2014) and a climate pertur-
bation (difference between the years 2060-2064 and 2010-
2014) calculated from BCMM results, as shown in Eqs. (1)
and (2):

WRFinput 2060-2064 = ERAS52010-2014 + ABCMMgs, (1)
ABCMMsp = BCMMyge5—506; — BOMMssig—ors: ()

where ABCMMyg, is the CMIP6 multimodel ensemble
mean change signal for 2060-2064 relative to 2010-2014
under SSP2-4.5 or SSP5-8.5 and BCMMyge55557 and
BCMM5575=30iz represent the 5-year meteorological aver-
ages of BCMM dataset in the future and reference periods,
respectively. Nine physical variables were perturbed in this
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study including zonal wind, meridional wind, air tempera-
ture, sea surface temperature, soil temperature, specific hu-
midity, the surface pressure, sea-level pressure, and geopo-
tential height. The bilinear interpolation was applied to inter-
polate BCMM data to the ERAS grid.

The land-use and land-cover (LULC) data were taken from
global data of the U.S. Geological Survey (USGS) (De Meij
and Vinuesa, 2014; Pineda et al., 2004). The physical param-
eterization schemes used in all simulations are summarized
in Table S1 in the Supplement.

2.1.4 Deposition mechanisms

The dry deposition (DDEP) of each atmospheric chemical
species (i) was calculated as the product of surface concen-
tration (C%"2®) and dry deposition velocity (Vy) at the low-
est model layer, as shown in Eq. (3):

DDEP; = CUface 5 vy, ()

According to the classical resistance cascade model (Venka-
tram and Pleim, 1999; Wesely, 2007), the parameters of Vy
are calculated as in Eq. (4):

Va=1/(Ra+ Rp+ Ro), “

where R, is the aerodynamic resistance to the transfer from
lowest layer to the roughness height, calculated as a func-
tion of surface layer turbulence parameters including friction
velocity and the Monin—Obukhov length; Ry is the bound-
ary layer resistance to transfer between the roughness height
and surface; and R, is the resistance to surface uptake, which
can be further divided into several series and parallel com-
ponents, representing the resistance to the lower vegetation
canopy or ground.

The algorithm module for wet deposition (WDEP) is de-
rived from the regional acid deposition model (RADM;
Chang et al., 1987) and depends on the precipitation rate (P;)
and cloud water concentration (C¢joug) Of specific chemical
components:

WDEP; = P, C. ™" (5)
The wet scavenging is considered in two pathways, depend-
ing upon whether the pollutant participates in the cloud
water chemistry and in the liquid water content. Details
on how CMAQ removes pollutants through wet deposition
can be found in the official CMAQ Science Documenta-
tion (available at https://www.cmascenter.org/cmag/science_
documentation/pdf/ch11.pdf, last access: 10 March 2023). In
this study, OXN included NO, NO,, HNOs3, N>O5, HONO,
and particulates as NO;', and RDN included NH3 and partic-
ulates as ammonium (NHI).

2.2 Numerical simulation experiment design

To evaluate future changes in the spatiotemporal pattern of
atmospheric Nr deposition under different SSP-RCP climate
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pathways and emission control scenarios, we performed par-
allel numerical simulation experiments with WRF-CMAQ,
as summarized in Table 1. The base case simulated the real
situation in historical period (2010-2014). Case 1 and Case 2
were designed to predict the atmospheric Nr deposition in
the 2060s, following SSP2-4.5 climate pathway with the
Current-goal emission scenario in DPEC and SSP5-8.5 cli-
mate pathway with the Baseline emission scenario, respec-
tively. The difference between Case 1 and the base case and
that between Case 2 and the base case revealed the chang-
ing Nr deposition from the 2010s to 2060s in SSP2-4.5 and
SSP5-8.5, respectively.

Cases 3 and 4 applied future climate pathways (SSP2-4.5
and SSP5-8.5, respectively) but historical emissions, and the
difference between each of them and the base case revealed
how climate change would influence Nr deposition under
corresponding climate pathways. Meanwhile, the effect of
emission change on future Nr deposition was examined by
comparing Case 3 and Case 1 for the Current-goal scenario
in DPEC and by comparing Case 4 and Case 2 for the Base-
line scenario. Case 5 applied the SSP2-4.5 climate pathway
and the Neutral-goal emission scenario in DPEC. Compari-
son between Case 5 and Case 3 revealed the benefit of na-
tional emission controls under China’s carbon neutrality pol-
icy on Nr deposition.

Cases 68 were designed based on Cases 1, 2, and 35, re-
spectively. In these cases, emissions in Eastern China (EC;
20-45°N, 110-125°E) were set at the 2060s level, while
those in Western China (WC; 20-45°N, 75-110°E) were
maintained at the 2010s level. The aim was to explore the
effect of diverse emission control progresses for different re-
gions on future Nr deposition. WC and EC were divided by
longitude 110° east in this study, as shown in Fig. S1. In
Cases 9-12, the emissions of all species were reduced by
20 % from those in Cases 3, 1, 2, and 5, respectively, to ex-
plore the response of deposition to emission perturbation at
different atmospheric conditions caused by varying pollution
control levels. The 20 % emissions reduction was regarded
as a reasonable perturbation to achieve a significant change
(Galmarini et al., 2017).

2.3 Observations and model evaluation

WRF-CMAQ model performance was evaluated against
available observation of meteorological variables and Nr de-
position at monthly or annual level. Daily near-surface ob-
servations of four meteorological parameters including tem-
perature at the height of 2m (T2), relative humidity (RH),
wind speed at the height of 10 m (WS10), and accumulated
precipitation (PREC) were derived from the National Mete-
orological Data Center of China Meteorological Administra-
tion (CMA, http://data.cma.cn/data/detail/dataCode/A.0012.
0001.html, last access: 6 February 2024; CMA, 2023). The
839 meteorological surface stations, with continuous 5-year
observations from 2010 to 2014, were selected, as shown in
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Table 1. Description of the designed simulation cases.

Meteorological input

Simulations ~ Emissions input

Base case MEIC, 2010-2014

Case 1 DPEC Current-goal, 2060

Case 2 DPEC Baseline, 2060

Case 3 MEIC, 2010-2014

Case 4 MEIC, 2010-2014

Case 5 DPEC Neutral-goal, 2060

Case 6 Same as Case 1, but emissions in WC are maintained at 2010s levels.
Case 7 Same as Case 2, but emissions in WC are maintained at 2010s levels.
Case 8 Same as Case 5, but emissions in WC are maintained at 2010s levels.
Case 9 Same as Case 3 but with 20 % reduction in emissions for all species.
Case 10 Same as Case 1 but with 20 % reduction in emissions for all species.
Case 11 Same as Case 2 but with 20 % reduction in emissions for all species.
Case 12 Same as Case 5 but with 20 % reduction in emissions for all species.

ERAS reanalysis, 2010-2014

SSP2-4.5 BCMM, 2060-2064
SSP5-8.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP5-8.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP5-8.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
SSP5-8.5 BCMM, 2060-2064
SSP2-4.5 BCMM, 2060-2064
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Fig. 1. Meanwhile, the monthly observations of Nr deposi-
tion fluxes were taken from the Nationwide Nitrogen Deposi-
tion Monitoring Network (NNDMN; Xu et al., 2018, 2019).
We selected 28 sites for dry deposition fluxes and 53 sites
for wet deposition fluxes, for which at least 2-year contin-
uous measurement data were available, to evaluate model
performance. Details of monitoring stations can be found in
our previous study (Ma et al., 2023). As shown in Egs. (S1)
and (S2) in the Supplement, the mean bias (MB), and mean
error (ME) were used to evaluate the deviation level of mete-
orological parameter simulations. Statistical indicators for Nr
deposition were calculated with Egs. (6)—(9), including nor-
malized mean bias (NMB), normalized mean error (NME),
and the correlation coefficient (R) at temporal and spatial
scales (Baker et al., 2004; Ma et al., 2023):

NMB=>"" (Si—01)/> . 0ix100% (6)
NME=Y"" |5 —0il/Y . 0i x 100% 7
R (temporal) = Z?:l (Si=S)(0i—0)/

\/Zf_l(si ~35)*(0; - 0)° ®)
R (spatial) = Z;n:l (S;-=S8;)(0;-0j)/

\/Z’;ZI(SJ -5)(0; - 0;)", )

where S and O are the monthly meteorological variables or
annual Nr deposition from model simulation and observa-
tion, respectively; S and O are the monthly mean meteoro-
logical variables or annual deposition from model simulation
and observation, respectively; i means the individual month
or year; and j means the individual site.
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Figure 1. Evaluations of simulated monthly average temperature at
the height of 2m (T2, a), wind speed at the height of 10 m (WS10,
b), relative humidity (RH, ¢), and accumulated precipitation (PREC,
d) in mainland China. The dots represent the site-level observations.
The normalized mean bias (NMB), normalized mean error (NME),
root mean squared error (RMSE), and the correlation coefficient (R)
for the comparisons are shown in the lower left corner of each panel.

3 Results and discussion

3.1 Evaluation of model performance

We compared the simulated near-surface temperature, wind
speed, relative humidity, and accumulated precipitation with
observations at the monthly level, as shown in Fig. 1.
The model reasonably reproduced the spatial pattern of
near-surface temperature, with the spatial R reaching 0.95
(Fig. 1a). Overestimation was found in the southeast and
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northwest of the country while underestimation over the Ti-
betan Plateau. At the national scale, T2 was generally under-
estimated, with the MB and ME calculated to be —0.94 and
1.54°, respectively. In addition, the temporal R reached 0.99,
indicating the simulation was in good agreement with obser-
vation at the monthly level. Unlike T2, due to the modeling
biases in the topographic effects and the underestimation of
urban land use in USGS (Carvalho et al., 2012; Liao et al.,
2015), WS10 was overestimated, with MB calculated to be
0.69ms~! at the national scale (Fig. 1b). Such overestima-
tion was also reported in other studies (Liu and Wang, 2020;
Shen et al., 2021; Zhu et al., 2022). RH is slightly under-
estimated, with MB and ME calculated to be —1.03 % and
5.82 %, respectively, while both spatial and temporal R were
greater than 0.8 (Fig. 1c). PREC was generally underesti-
mated, with MB and ME at —14.06 and 28.47 mm, respec-
tively. A clear gradient from northwest to southeast China
was well captured, and the temporal and spatial R were 0.83
and 0.76, respectively (Fig. 1d).

The comparison between the simulated and observed an-
nual Nr deposition averaged over 2010-2014 at the site
level are provided by form (dry and wet) and species (OXN
and RDN) in Table 2. Nr deposition was underestimated
for all cases. The NMB and NME for the dry deposition
of OXN (OXN_DDEP) were calculated at —9.07 % and
34.76 %, respectively, and the analogous numbers for RDN
(RDN_DDEP) were at —15.12% and 43.24 %. The uncer-
tainty in NH3 emission inventories was frequently recog-
nized as an important factor contributing to the underestima-
tion (Ma et al., 2023; Chang et al., 2020; Shen et al., 2023).
The limited development of intensive livestock breeding and
farming in China poses a considerable challenge in acquiring
sufficient activity data and accurate emission factors, lead-
ing to underestimation of emissions with the “bottom-up”
approach. Utilizing satellite constraints, Zhang et al. (2018)
estimated that the total NH3 emissions in China may be un-
derestimated by nearly 40 %. Due to lack of direct observa-
tion, additionally, the dry deposition at NNDMN sites was
calculated by multiplying the observed surface concentra-
tions with Vg4 simulated from GEOS-Chem (Bey et al., 2001;
Xu et al., 2019). Difference in the parameterization schemes
for calculating V3 of given trace gases or aerosols between
CTMs could also introduce modest uncertainty for assess-
ment of OXN deposition (Wu et al., 2018; Chang et al.,
2020). The wet deposition of OXN and RDN (OXN_WDEP
and RDN_WDEP) were also underestimated compared to
observations, with the NMBs calculated at —28.76 % and
—17.86 %, respectively. Part of the reason may be underes-
timation of precipitation (Fig. 1d), given the closely linear
relationship between wet deposition and precipitation on an
annual accumulation basis (Sahu et al., 2010; Zhang et al.,
2019). More importantly, most of wet deposition measured
at NNDMN sites was actually “bulk deposition”, which in-
cluded both wet deposition and a small fraction of dry depo-
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Table 2. The normalized mean bias (NMB), normalized mean er-
ror (NME), and the correlation coefficient (R) between the simu-
lated and observed annual Nr deposition. Dry and wet Nr deposition
fluxes of oxidized nitrogen (OXN) and reduced nitrogen (RDN) av-
eraged over 2010-2014 were evaluated separately.

OXN_ OXN_ RDN_ RDN_
DDEP WDEP DDEP WDEP

NMB (%) -9.07 -—15.12 -28.76 —17.86
NME (%) 34.76 43.24 47.17 41.72
R (temporal) 0.63 0.65 0.65 0.82
R (spatial) 0.73 0.72 0.83 0.69

Note that OXN_DDEP and OXN_WDEDP indicate the dry and wet
deposition of oxidized nitrogen, respectively. RDN_DDEP and
RDN_WDERP indicate the dry and wet deposition of reduced nitrogen,
respectively.

sition (Xu et al., 2015). Therefore, the bias from observation
also contributed to the inconsistency.

Project of the Model Inter-Comparison Study for Asia
(MICS-Asia) phase III reported the performances of Nr de-
position simulation with multiple models over China, with
the overall NMBs and NMEs ranged —47 %—67 % and 48 %-—
82 % for OXN, and —70 %——29 % and 44 %—72 % for RDN,
respectively (Ge et al., 2020). The model performance in our
study was comparable to previous studies. In addition, both
spatial and temporal R were greater than 0.6 for each deposi-
tion form and species. This indicates that our 5-year simula-
tions effectively capture the interannual variability. Overall,
our simulations reasonably reproduced the observed Nr de-
position in both magnitude and spatiotemporal patterns.

3.2 Evolution of Nr deposition and the roles of climate
and emission changes

Table 3 summarizes the simulated atmospheric Nr deposition
over historical (base case) and future periods under SSP2-4.5
(Case 1) and SSP5-8.5 (Case 2). The annual averaged Nr de-
position for 2010-2014 was simulated at 14.7 kg Nha~! yr~!
for mainland China (base case). The contribution of RDN to
total deposition reached 52 %, which was in good agreement
with the multiple-model ensemble mean value in the MICS-
Asia phase III project (Ge et al., 2020). The ratio of wet de-
position to total deposition was 0.54 in our simulation, also
close to other CTM and nationwide observation results (Ge
et al., 2020; Xu et al., 2015; Zhao et al., 2017).

Figure 2 shows the changes of NO, and NHj3 emissions in
2060 relative to the historical period (2010-2014) in various
scenarios, and Fig. S2 provides the annual emissions by sec-
tor. Large emission changes would occur mainly in the east of
China. By 2060s, the national NO, emissions would decline
55% (—15.1Mt) and 89 % (—24.5Mt) under the Current-
goal and Neutral-goal emission scenario (Fig. 2b—c). Such
reductions would come mainly from power, industry and
transportation sectors, driven by the predicted transition of
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Table 3. Simulated atmospheric Nr deposition fluxes (kg N ha~1 yr_l) in China averaged over 2010-2014 and 2060-2064 under different

SSP-RCP pathways.

Periods Species Dry Wet Total
OXN 37 34 7.1
2010-2014 (Base case) RDN 3.0 4.6 7.6
OXN+RDN 6.7 80 147
OXN 1.5 1.6 3.1
2060-2064 under SSP2-4.5 (Case 1) RDN 29 30 5.9
OXN +RDN 44 46 9.0
OXN 40 44 8.4
2060-2064 under SSP5-8.5 (Case 2) RDN 29 4.1 7.0
OXN+RDN 69 85 154

energy structure (Fig. S3a-b). Due to less improvement in
agriculture management, the NH3 emissions would decline
much more slowly by 28 % (—2.9 Mt) and 47 % (—4.9 Mt)
in the two scenarios. Under SSP2-4.5, the total Nr depo-
sition would decrease to 9.0kgNha~!yr~! during 2060-
2064, primarily attributed to a sharp decline in OXN deposi-
tion (Case 1). Accompanied with an active energy transition
and effective control of fossil fuel consumption, the substan-
tial reduction in anthropogenic NO, emissions led to a 56 %
decline in OXN deposition compared to the reference period.
Meanwhile, RDN deposition would be reduced by only 22 %,
resulting from a modest abatement of NH3 emissions. Under
SSP5-8.5, the global economy would maintain rapid growth
without sufficient considerations for climate change. A high
dependence on fossil fuels (especially coal) for energy con-
sumption would result in a nationwide growth of annual NO,
emissions by 24 % (6.5 Mt) from the 2010s to 2060s (Base-
line scenario in DPEC, Fig. 2a), and thereby elevate the to-
tal Nr deposition to 15.4kgNha~! yr=! (Case 2). The pro-
portions of OXN and RDN in future Nr deposition were an-
ticipated to vary across different SSP-RCP pathways. Under
SSP2-4.5, RDN was predicted to be the dominant species
of Nr deposition in the 2060s, with a proportion to the total
estimated at 66 %. Under SSP5-8.5, the proportion of OXN
to total deposition was expected to expand from 48 % in the
2010s to 55 % in the 2060s. In addition, we further investi-
gated the interannual variability in Nr deposition for histor-
ical (base case) and future periods under SSP2-4.5 (Case 1)
and SSP5-8.5 (Case 2), as shown in Fig. S3. With the com-
bined influence of emissions and meteorological factors, the
standard deviation (SD) of Nr deposition during 2010-2014
was 0.78 kg Nha~!yr~!. For 2060-2064, the emissions in
Case 1 and Case 2 were held constant from year to year, and
the interannual variability in Nr deposition resulted solely
from meteorological fluctuations, with the SDs estimated at
0.27 and 0.45kg Nha~! yr~!, respectively.

In terms of spatial pattern, our simulations present clearly
larger regional difference in China compared to the global
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results of ACCMIP, owing to finer simulation resolution and
more detailed regional emission information. Figure 3 illus-
trates the spatial distribution of Nr deposition in historical
period and the future changes under different SSP-RCP path-
ways. For 2010-2014, a clear gradient from west to east
was found for all deposition forms and species (Fig. 3a—d),
driven mainly by the spatial distributions of NHz and NO,
emissions. Dry deposition of OXN (OXN_DDEP) appeared
mainly in Eastern China, especially in the Beijing—Tianjin—
Hebei (BTH), Yangtze River Delta (YRD), and Pearl River
Delta (PRD) regions (see Fig. S1 for the locations of these
regions), resulting mainly from the large NO, emissions
caused by active industrialization and urbanization. Hotspots
of RDN dry deposition (RDN_DDEP) appeared mainly in
the North China Plain and the Sichuan Basin (SCB) with
intensive agricultural activities. Further influenced by pre-
cipitation patterns, the southern areas experienced greater
wet deposition compared to the north, consistent with pre-
vious studies (Han et al., 2017; Zhao et al., 2017). Influenced
jointly by the substantial rainfall and local Nr emissions, in
particular, SCB was of the largest wet deposition for both
OXN and RDN (OXN_WDEP and RDN_WDEP).

Future OXN deposition would exhibit contrasting trends
between SSP2-4.5 and SSP5-8.5. Compared to historical pe-
riods, both dry and wet forms were predicted to decrease in
the 2060s under SSP2-4.5, with national average reductions
of 2.2 and 1.8kgNha~!yr~!, respectively. Relative large
declines would be found in their respective hotspots (Case
1 — base case, Fig. 3e—f). In contrast, a growth of OXN de-
position would appear under SSP5-8.5, contributed mainly
by wet deposition. The changes of dry deposition would be
limited within 1kgNha~!yr=! at the national level (Case 2
— base case, Fig. 3i—j). For RDN deposition, there would be
a nationwide decline in the 2060s under SSP2-4.5 (Case 1
— base case, Fig. 3g-h). A large decline would be found for
wet deposition in the SCB and the surrounding area, with the
maximum exceeding 10kg N ha~! yr=!. The changes under
SSP5-8.5 would be small, with the national average reduced
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Figure 2. Spatial distribution of relative changes (%) of NO, (a—c) and NH3 emissions (d—f) from the 2010s (2010-2014) to 2060s (2060—
2064) for Baseline, Current-goal, and Neutral-goal emission scenarios. Relative changes are calculated by comparing 2060s emission levels
to 2010s emission levels and then dividing the difference by the 2010s emission levels.

by 0.1 and 0.5kg Nha~! yr=! for dry and wet deposition, re-
spectively (Case 2-base case, Fig. 3k-1).

With Cases 3 and 4 included in the analyses, we fur-
ther estimated the impacts of climate and emission change
on future total Nr deposition and compared them with the
joint impact (Fig. 4). Under SSP2-4.5, the national aver-
age difference in Nr deposition due to changing emissions
alone (—5.48kgNha~!yr~!, Fig. 4b) was closer to that
from joint impacts (—5.77kgNha~!yr~!, Fig. 4c), while
the difference caused by climate change alone was small
(—0.29kgNha~'yr~!, Fig. 4a). Additionally, the spatial
correlation (R) between the difference in deposition due to
emission change alone and that due to both factors would
be 0.97 (Fig. 4b), while it would be clearly smaller at 0.66
between those due to climate change alone and both factors
(Fig. 4a). This indicates that future long-term Nr deposition
would be primarily dominated by emission change. Under
SSP5-8.5, the total amount of Nr deposition change at the
national level would also be dominated by the varying emis-
sions. The emission change alone would lead to a growth
of nationwide deposition at 0.83kgNha~!yr~! (Fig. 4e),
90 % of the total growth (0.92kg N'ha~! yr~!, Fig. 4f). How-
ever, the spatial pattern of deposition would be largely mod-
ulated by climate change, with the spatial R between the de-
position differences due to climate change alone and both
factors reaching 0.84 (Fig. 4d). The value would only be
0.55 between differences due to emission change alone and
both factors (Fig. 4e). In the southern BTH, for example,
future climate change would elevate the deposition by over
4kgNha~'yr~!. By comparing the roles of emission and
climate changes in Nr deposition under different SSP-RCP
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pathways, our study emphasizes that the rigorous implemen-
tation of emission controls in the future can effectively miti-
gate the adverse perturbations of climate change.

3.3 Varying effects of different emission changing
patterns on Nr deposition

We further quantified the effects of emission controls on
the deposition of different Nr components (OXN and RDN)
and compared them under various future emission scenarios
(Baseline, Current-goal, and Neutral-goal). As illustrated in
Fig. 5, with an exception of OXN deposition in the Baseline
scenario which would increase 24 % (1.42kgNha=!yr—1)
from the 2010s to 2060s, the national Nr deposition would
commonly decline for other cases, ranging from 5 % to 85 %
(0.27-4.93 ngha_1 yr_l). In the Neutral-goal scenario, in
particular, the national average OXN deposition was pre-
dicted to decline to 0.98 kg Nha~! yr~! by 2060s (Fig. S4),
accounting for only 17 % of the total Nr deposition. This im-
plies that the continuous and substantial reduction in NO,
emissions, implemented as part of the national strategy to
address climate change and to improve air quality, would
make RDN become the dominant contributor to future Nr
deposition. The spatial correlation between future emission
change and the resulting deposition change was estimated
and is summarized in Table S2 for different emission scenar-
i0s. Compared with OXN, the spatial change in RDN depo-
sition would be more consistent with that of precursor emis-
sions, indicated by a much higher R for RDN (0.67-0.72)
than OXN (0.24-0.35). The discrepancy could result from
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Figure 3. Spatial distribution of annual averaged Nr deposition fluxes (kg Nha~! yr_l) for different forms and species in the 2010s and the
changes between the 2010s and 2060s. Panels (a) to (d) represent the results of 2010s (base case). Panels (e) to (h) represent future deposition
changes under SSP2-4.5 (Case 1 — base case). Panels (i) to (1) represent the changes under SSP5-8.5 (Case 2 — base case).

the stronger regional transport of NO,, which comes largely
from high-stack sources (Ma et al., 2020).

Figure 6 compares the relative changes in future Nr depo-
sition and precursor emissions for WC and EC in different
emission scenarios. Under the Baseline scenario (Fig. 6a),
the OXN deposition in WC was predicted to increase 47 %
from the 2010s to 2060s. This growth would be notably
smaller than that of NO, emissions (81 %), suggesting that
a larger amount of OXN in WC would deposit to the east
through atmospheric transport. However, the transport might
be weakened from WC to EC in the Current-goal (Fig. 6b)
and Neutral-goal scenarios (Fig. 6¢), in which the OXN de-
position in WC would decline (46 % and 85 %, respectively)
greater than that of NO, emissions (41 % and 77 %, respec-
tively). Additional experiments were conducted to quantify
the impact of changing transport from WC on deposition
in EC, by keeping the emissions in WC at the 2010s lev-
els (Cases 6-8). The fluxes crossing 110° E from west to east
were calculated within the altitude from the surface to 50 hPa
and latitude from 20 to 50° N. Compared to the cases where
emissions in WC were maintained at the 2010 levels, the out-
flow fluxes of OXN would change by 17.57 (Case 2—Case
7), —20.10 (Case 1-Case 6), and —37.12kgNs~! (Case 5-
Case 8) for Baseline, Current-goal, and Neutral-goal scenar-
ios, respectively (Table S3). Consequently, the OXN deposi-
tion in EC would change by 0.30 (2 %), —0.28 (—5 %), and
—0.51kgNha~!yr~! (=27 %) from the 2010s to 2060s due
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to the emission variation in WC for different scenarios (Ta-
ble 4). We further calculated the ratio of changes in OXN
outflow to changes in NO, emissions (AT /AE) by com-
bining the sensitivity simulation cases with fixed WC emis-
sions as the 2010s. As shown in Fig. 6a, AT /AE is greater
than 1 in WC under the baseline emission scenario, indicat-
ing that “efficacy” of eastward transport of OXN would be
enhanced. This resulted in a growing OXN deposition that
would greatly lag behind the growth of emissions. The mete-
orological conditions of high wind speeds and low humidity
in WC would hinder the conversion of aerosol NOy3, result-
ing in a high proportion of NO, in total OXN. Gaseous NO»
usually has stronger long-distance transport capability, thus
contributing to the high transport efficacy of OXN. Under the
two emission reduction scenarios, the efficacy of eastward
transport of OXN would decrease (AT /AE < 1), resulting
in a larger decline in deposition compared to that in emis-
sions (Fig. 6b and c).

The OXN deposition in EC was predicted to increase 13 %,
despite a 17 % growth in NO, emissions under the Baseline
scenario (Fig. 6a). The additional deposition loss may have
been exported off-land through long-distance transport pro-
cesses. Zhao et al. (2017) demonstrated that 30 % of China’s
Nr emissions from 2008-2010 were transported to the China
Sea area of the northwest Pacific. We calculated the outflow
fluxes of OXN from EC crossing 123° E within the altitude
from the surface to 50 hPa and latitude from 20 to 50° N (Ta-
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Figure 4. Changes in annual total Nr deposition fluxes (kg N ha~! yr- 1) from the 2010s to 2060s attributed to climate change (a, d), emission
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ble S4). Under the Baseline scenario, the outflow fluxes from
EC in the 2060s would increase by 19 % compared to the
case with the emissions maintained at the 2010s level. In con-
trast, the outflow fluxes under the Current-goal and Neutral-
goal scenarios would respectively decline by 49 % and 89 %,
attributable to the emission abatement in EC. The result im-
plies that effective implementation of China’s clean air and
carbon neutrality policies would definitely weaken its role of
exporting pollution to west Pacific. More importantly, com-
pared to the declining transport efficacy of OXN from WC to
EC, with AT/AE around 0.8, the AT/AFE in EC is closer
to 1, indicating more similar changes in NO, emissions and
OXN deposition. The disparity in transport intensity between
WC and EC leads to uneven changes in deposition and emis-
sions, highlighting the important role of inter-regional trans-
port in the evolution of pollutant source-sink relationships.
For RDN deposition, the relative change in emissions and
deposition would be essentially the same under the Base-
line scenario (Fig. 6a). However, the change in RDN depo-
sition would be smaller than that of NH3 emissions for both
EC and WC in the remaining two scenarios (Fig. 6b and c).
Given its short atmospheric lifetime (generally a few hours)
and thereby limited long-distance transport capability (Her-
tel et al., 2006), the lag in RDN deposition reduction could
primarily result from chemical transformation processes. As
a crucial reduced gas in the atmosphere, NH3 exhibits high
capability of neutralizing acid gases, thereby slowing down
the formation of acid rain and actively participating in the
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production of sulfates (SOZ_) and NOj . With the substan-
tial reduction in acidic pollutants, the secondary formation
of ammonium sulfate and ammonium nitrate aerosols would
decline, leading to an enhanced proportion of gaseous NHj3
in RDN. Given much larger Vy of gaseous NH3 than that of
particulate NH;", the enhanced NH3 would result in a growth
in dry deposition of RDN, thus slowing the decline in total
RDN deposition.

3.4 Responses of future Nr deposition to emission
perturbation

Figure 7 shows the predicted response of Nr deposition to
a 20% emission reduction for the 2010s and 2060s un-
der different emission scenarios. The response was obtained
by calculating the ratio of the percent change in deposition
to that in emissions. For OXN, the nationwide average re-
sponse of OXN deposition to NO, emissions was 83 % for
the 2010s (Fig. 7a). There was a clear north—south difference
in the response over EC. We defined Northern China (NC;
30-45°N, 110-125°E) and Southern China (SC; 20-30° N,
110-125°E, Fig. S1) and calculated the response of OXN de-
position to NO, emission change at 83 % and 96 %, respec-
tively (Table 5). As a comparison, Liu et al. (2022) reported
the response of OXN deposition to NO, emissions ranging
55 %-76 % in the North China Plain and neighboring areas
during the 2010s. A high ratio of NO, to VOC emissions
in NC resulted in the NO,-saturated regime for O3 forma-
tion, and reduced NO, emissions enhanced the atmospheric
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Figure 5. Changes in OXN (a-c) and RDN deposition (d—f) from the 2010s to 2060s, attributed to emission variation in Baseline, Current-

goal, and Neutral-goal scenarios.

(a) “Baseline”

4
o~ [ ox~ [N, EZ2RoN

Relative change (%)

(b) “Current-goal”

(¢) “Neutral-goal”

we EC we

EC we EC

Figure 6. Relative changes in Nr emissions and deposition as well as the ratio of changes in OXN outflow to changes in NO, emissions
(AT/AFE)in WC and EC from the 2010s to 2060s under different emission scenarios.

oxidation capacity (AOC) and in turn promoted the produc-
tion of atmospheric HNO3. Additionally, there was insuffi-
cient ambient free NH3 to completely neutralize the gaseous
HNOs3, an important component of OXN_DDEP (Liu et al.,
2018; Zhai et al., 2021). The relatively large proportion of
HNOj3; in OXN restrained a fast decline in OXN_DDEP,
given the larger V3 of HNO3 compared to that of NO,. Over-
all, the enhanced AOC, coupled with relatively NH3-poor
condition, resulted in a weak response of OXN deposition to
emissions reduction. In our simulations, emissions were con-
trolled for all species including VOCs. Compared to Liu et
al. (2022) with NO, emission reduction only, the extra VOC
emissions reduction might lower AOC due to their great con-
tribution to the formation of O3 and OH radicals in the atmo-
sphere (McDonald et al., 2018). Thus, the moderately large
response in our simulation resulted from the simultaneous re-
duction in VOC and NO, emissions, which would partially
offset the AOC enhancement induced by NO, emission con-
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trol alone, and thereby restrain the OXN deposition to some
extent.

Similar to the 2010s, the response of OXN deposition
to a 20 % emission reduction in the 2060s would be 84 %
over NC under the Baseline scenario, in which VOC and
NO, emissions would remain at high levels (Table 5). A
20 % reduction in emissions would lead to a 17 % decline
in near-surface annual mean NO, concentrations (Fig. S5a)
but a 3.2 % growth in O3 concentration in NC (Fig. S5b).
In contrast, under the scenarios of Current-goal and Neutral-
goal, a 20 % emission reduction would result in 0.82 % and
2.7 % decline in near-surface O3 concentration, respectively
(Fig. S5b), indicating a weakening nonlinear mechanism be-
tween emission reduction and AOC enhancement with long-
term control of air pollution. Meanwhile, the annual mean
HNO3 concentrations would decrease by 14 % and 19 %
(Fig. S5¢), and OXN_DDEP would decrease by 18 % and
19 % (Fig. S5d) in Current-goal and Neutral-goal scenarios,
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Table 4. Simulated domain-averaged OXN deposition fluxes (kg N ha~! yr_l) over EC for cases where emissions change to 2060s levels in
all regions as well as cases where emissions in WC are maintained at 2010s levels. Relative changes (%) are calculated by comparing cases
with 2060s emission levels in all regions to cases with 2010s emission levels in WC and then dividing the difference by the 2010s emission

levels in WC.
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Figure 7. Predicted response (%) of OXN (a—d) and RDN deposition (e=h) to a 20 % perturbation of emissions in the 2010s and 2060s for
different emission scenarios. The response is obtained by calculating the ratio of the percent change in deposition to that in emission.

respectively. The reductions would be greater than those for
the historical period and the future Baseline scenario (10 %
and 11 % for HNOj concentration and 14 % and 14 % for
OXN_DDERP, respectively). Consequently, the response of
total OXN deposition to emission controls would reach 92 %
and 95 %, respectively. Compared to NC, greater effective-
ness of emission abatement on decreasing OXN deposition
was found in SC for both 2010s and all the future scenar-
ios in the 2060s. The response was estimated to range 93 %—
103.00 % (Table 5), similar to the results of 80 %—120 % in
the United States (Tan et al., 2020).

The response of RDN deposition to a 20 % reduction in
emissions was estimated at 96 % in the 2010s, clearly larger
than that in the United States (60 %—80 %, Tan et al., 2020).
The value would decline to 94 % and 92 % for Current-goal
and Neutral-goal scenarios in the 2060s, respectively, imply-
ing that the national air quality and carbon neutrality poli-
cies would enhance the nonlinear response of RDN deposi-
tion to precursor emission change, towards current US con-
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ditions. As mentioned previously, part of the reason could
be the transition to a more NH3-rich condition in the future,
resulting from more stringent emission controls of SO, and
NO, than NH3. The proportion of gaseous NH3 (with larger
V4 than particulate N HI) to total RDN would be enhanced,
which would in turn delay the reducing RDN deposition. In
addition, our simulations did not account for the bidirectional
feedback between atmospheric NH3 and soil. Soil volatiliza-
tion could weaken the sensitivity of dry deposition of RDN
to changing NH3 emissions.

4 Conclusion remarks

Combining two global SSP-RCP climate change pathways
and three Chinese emission control scenarios, we assessed
the spatiotemporal evolution of future atmospheric Nr depo-
sition in China, its main driving factors, and the changing re-
sponse of Nr deposition to precursor emission controls. Un-
der SSP5-8.5, the total Nr deposition would increase from
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Table 5. Regional average responses (%) of OXN or RDN depo-
sition to a 20 % emission reduction in the 2010s and 2060s under
different emission scenarios over NC and SC and the whole of main-
land China.

NC SC China

Responses (%) of OXN
deposition to NOy emissions

2010s 82.60 96.19 82.71
2060s under Baseline 83.95 92.54 88.41
2060s under Current-goal 91.86 103.00 81.17
2060s under Neutral-goal 94.59 98.07 68.83

Responses (%)
of RDN deposition
to NH3 emissions

2010s 103.11 97.63 96.30
2060s under Baseline 104.67 98.42 98.05
2060s under Current-goal ~ 100.70 95.99 94.38
2060s under Neutral-goal 97.12 95.47 92.44

14.7 in the 2010s to 15.4kgNha~! yr~! in the 2060s, and
the spatial pattern of deposition would largely be modulated
by climate change. In contrast, under SSP2-4.5, Nr depo-
sition is predicted to decrease to 9.0kgNha~!'yr~! by the
2060s, strongly driven by emissions changes. Our predic-
tions of future total Nr deposition were generally lower than
those from previous global-scale studies, particularly the re-
sults of Galloway et al. (2004). They found that Nr deposition
flux in most of east Asia would exceed 5S0kgNha=! yr~!
by 2050 under the old emission scenario of IPCC92a. The
results from ACCMIP datasets that relied on RCPs frame-
work are more comparable to our study. Specifically, Lamar-
que et al. (2013b) reported that the region-averaged Nr de-
position in east Asia would reach 6.9-10.2kgNha~! yr~!
by 2100, which is roughly in line with our results (9.0—
15.4kgNha—!'yr~!) in the 2060s. Such difference arises
from the different assumptions on the changing air pollutant
emissions in China across studies. By considering China’s
near-term strict clean air actions and the anticipated long-
term emissions controls, the air pollutant emission levels in
DPEC (used in this study) are lower than those in any exist-
ing CMIP emission scenarios and the earlier IPCC92a sce-
nario (Cheng et al., 2021a). This would result in predictions
with lower air pollutant concentrations and deposition. Im-
plementation of stricter clean air and carbon neutrality poli-
cies would make RDN become the dominant contributor to
future Nr deposition. In the Neutral-goal scenario, in partic-
ular, the national average OXN deposition was predicted to
decrease to 0.98 kg Nha~! yr~! by the 2060s, accounting for
only 17 % of the total Nr deposition. Previous studies at the
global scale have also indicated the increasing role of RDN
deposition in the future, but the growth of RDN share was
commonly predicted to be slower, due to insufficient knowl-
edge on China’s actions on NO, emission controls. For ex-
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ample, ACCMIP, as reported by Sun et al. (2020), expected
that the ratio of RDN to total Nr deposition in Eastern China
will increase to only 56 % by the end of the century.

Through experiments with fixed WC emissions, we fur-
ther revealed that the OXN deposition from WC to EC
in the 2060s would increase by 0.30kgNha~!yr=! (2%)
compared to the 2010s under Baseline but decline by
0.28kgNha=!lyr~! (6%) and 0.51kgNha~!yr~! (27 %)
under the Current-goal and Neutral-goal scenarios, re-
spectively. Similarly, the outflow OXN fluxes from EC
in the 2060s would decline 94.45kgN s! (49%) and
172.86kgNs~! (89%) in the latter two scenarios in the
2060s, respectively. The response of OXN deposition to a
20 % abatement of emissions in NC was estimated at 84 %
under the Baseline scenario, while it would approach 100 %
in the Current-goal and Neutral-goal scenarios with the de-
clining share of gaseous HNO3 in OXN due to weakened
AOC. In contrast, the response of RDN deposition to a 20 %
abatement of emissions would decline in the latter two sce-
narios, attributed partly to a more NH3-rich condition and
thereby a growing share of gaseous NH3 in the 2060s.

Our study suggests that future rigorous implementation of
clean air and carbon neutrality policies can mitigate the ad-
verse effects of climate change on Nr deposition and weaken
the transport of air pollution to the western Pacific. It high-
lights the potential changes in the source—sink relationship
for China and supports scientific analyses on sources and
mitigation of Nr pollution, not only for China but also for
downwind areas. More attention needs to be paid to NHj3
emission controls due to its increasing importance on Nr de-
position. The sharp decline in future Nr deposition driven
by profound emission abatement may substantially reduce
the ecological damage like acidification and eutrophication.
Meanwhile, it might potentially weaken the carbon sink ca-
pacity of terrestrial ecosystems. A comprehensive considera-
tion of the balance between Nr control and terrestrial carbon
sinks is essential for the future.

Our findings are subject to some limitations. Firstly, given
the computationally intensive of numerical simulation, the
Nr deposition was simulated with a single model (CMAQ)
in this work. As suggested by the MICS-Asia III project,
there existed clear difference in Nr deposition simulation
among multiple CTMs, and in particular the consistency of
dry deposition of OXN was relatively poor, with the coeffi-
cient of variation (CV) ranging 0.4-0.5 throughout most of
China (Ge et al., 2020). A multi-model ensemble methodol-
ogy is thus recommended in future work to reduce the bias
of single-model simulation. Secondly, the role of climate
change in future Nr deposition might be underestimated.
Climate-driven effects on emissions were not considered in
this study, such as the increase in NH3 volatilization due to
global warming (Ren et al., 2023). In addition, we mainly ad-
dressed the future evolution of Nr deposition under the mean
state of climate but neglected the potential impact of ex-
treme climatic events. For example, the changing frequency
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of heavy precipitation has been reported as a key factor in-
fluencing the variation of Nr deposition (Chen et al., 2023;
Ummenhofer and Meehl, 2017). Therefore, more analyses
should be conducted on the connection between the chang-
ing extreme climate events and atmospheric deposition.
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