
Science of the Total Environment 851 (2022) 158007

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Quantifying the wet deposition of reactive nitrogen over China: Synthesis of
observations and models
Jiani Tan a,b, Hang Su b,⁎, Syuichi Itahashi c, Wei Tao b, Siwen Wang a,b, Rui Li d, Hongbo Fu e, Kan Huang e,
Joshua S. Fu f, Yafang Cheng a

a Minerva Research Group, Max Planck Institute for Chemistry, Mainz 55128, Germany
b Multiphase Chemistry Department, Max Planck Institute for Chemistry, Mainz 55128, Germany
c Central Research Institute of Electric Power Industry, Abiko, Chiba 270-1194, Japan
d Ministry of Education Key Laboratory for Earth System Modeling, Department of Earth System Science, Tsinghua University, Beijing 100084, China
e Shanghai Key Laboratory of Atmospheric Particle Pollution and Prevention (LAP3), Department of Environmental Science and Engineering, Fudan University, Shanghai 200433, China
f Department of Civil and Environmental Engineering, University of Tennessee, Knoxville, TN 37996, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
http://dx.doi.org/10.1016/j.scitotenv.2022.158007
Received 24 May 2022; Received in revised form 4 A
Available online 12 August 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.
• Monitoring networks of wet Nr deposition
(>500 sites) over China are summarized.

• Model capability on predicting wet Nr de-
position are evaluated.

• China's wet Nr deposition ranges 7–22 Tg
(N) yr−1 by different approaches.

• Uncertainties of different estimation ap-
proaches are discussed.

• Intergradation of available data (monitor-
ing, satellite and modelling) is suggested.
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Accurate estimation on reaction nitrogen (Nr) deposition is highly demanded for assessing the impacts on the environ-
ment and human beings. This study investigated the wet deposition of inorganic nitrogen (IN) in mainland China by
measurements from over 500 sites from five observational networks/databases and ensemble results of eleven chemical
transportmodels (CTMs). Each data source has its focus and limitations and together formed a comprehensive viewover
China. But the inconsistency among different sourcesmay hinder the appropriate usage of data.Model evaluation results
demonstrated the models' deficiency in simulating the wet NO3

− deposition over Southeast China (40 % underestima-
tion) and showed an overall underestimation of wet NH4

+ deposition over the hotspot regions (5–60 % underestima-
tion). A synthesis of this study and twelve reference studies was conducted to quantify the national amount of wet IN
deposition. The estimations by CTMs ranged 2.4–3.9 Tg(N) yr−1 for wet NOy deposition and 4–6.7 Tg(N) yr−1 for
wet NHx deposition, after adjusting the results with 10–19 % underestimations in wet NOy deposition and 1–40 % un-
derestimations in wet NHx deposition. The estimations by ground observations ranged 7.1–9 Tg(N) yr−1 for wet NOy

deposition and 8–13.1 Tg(N) yr−1 for wet NHx deposition, which were 20–275 % higher than the estimation by
CTMs, but the results were strongly influenced by the abundances and representative of measurements. Studies using
statistical techniques to interpolate site observations predicted 3–5.5 Tg(N) yr−1 for wet NOy deposition and
3.9–7.2 Tg(N) yr−1 for wet NHx deposition. This approach benefited from high accuracy and good robustness of the
statistical models, but the uncertainty in the interpolation methods could be a potential drawback.
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1. Introduction

China has witnessed rapid increases in nitrogen (N) deposition from
1980s to 2000s (Liu et al., 2013; Wen et al., 2020; Gu et al., 2015; Cui
et al., 2013; Gao et al., 2020). The amount stabilized since then due to
the socioeconomic changes in emission control policies (Yu et al., 2019).
China is, however, still one of the hotspots of acid deposition over the
globe (Tan et al., 2018). It has been widely studied that high deposition
that exceeded the natural threshold and resilience could alert the ecosystem
(Galloway et al., 2008; Vitousek et al., 1997), leading to acidification and
nitrification of the terrestrial and aquatic ecosystems, and therefore causing
a series of adverse impacts (Du et al., 2019; Liu et al., 2020). Accurate esti-
mation of the amounts of deposition is thus the essential and fundamental
basis to assess the potential influences on the environment and human
living.

Long-term site monitoring and chemical transport models (CTMs) are
two common approaches to quantify the Nr deposition. Monitoring net-
works are the important cornerstones. There are several observational net-
works/datasets for Nr deposition in China. The National Acid Deposition
Monitoring Network (NADMN) reports the wet deposition of 320 Chinese
cities for 2011–2016 (Li et al., 2019). The Nationwide Nitrogen Deposition
Monitoring Network (NNDMN) is a national measurement network estab-
lished in 2004 by the China Agricultural University (Liu et al., 2011; Yu
et al., 2019). It contains the observations of Nr deposition of 32 sites for
2010–2015 (Xu et al., 2019). The Acid and Nutrient Deposition for
China's Forest (CFAND) collects data of 56 sites for 1991–2015 from litera-
ture (Du, 2018). The Chinese ecosystem research network (CERN), devel-
oped in 1988, records the deposition data of 40 sites (Fu et al., 2010).
The China Meteorological Administration (CAM) established the Acid
Rain Monitoring Network (ARMN) in 1992 and has >300 sites presently
(Tang et al., 2010). The Acid Deposition Monitoring Network in East Asia
(EANET) is a monitoring network for East Asia developed in 2001. It con-
tains the observations of eleven sites in China since 2000 (https://www.
eanet.asia/). Despite the fruitful accumulation of observations, there lacks
a platform to provide a high-quality and large-spatial-coverage database
of observations, compared to the National Atmospheric Deposition
Network (NADP) of North America (http://nadp.slh.wisc.edu/) and the
European Monitoring and Evaluation Programme (EMEP) of Europe
(https://www.emep.int/).

While monitoring data are acknowledged as revealing the truth, CTMs
are praised for imitating the rain-fall process with the physical and chemi-
cal mechanisms and full spatial and temporal coverage. Evaluation with
the measurement data is required before further analysis, and thus, suffi-
cient amounts of observational data ensure the credibility of the modelling
works. Unfortunately, for the large amounts of aforementioned observa-
tional datasets in China, only part of them have been used in model evalu-
ation. In global-scale studies and some regional studies, EANET is the only
source of observation validation over China (Dentener et al., 2006;
Lamarque et al., 2013; Vet et al., 2014; Tan et al., 2018; Wang et al.,
2008; Itahashi et al., 2020), where only eleven sites were available. Studies
focused on China have used more local datasets, but the spatial coverages
are far from satisfactory. Ge et al. (2014) evaluated the NAQPMS model
with 31 sites in China from EANET and CMA-ARMN, and the sites were
mainly located in Eastern China. Zhao et al. (2017) evaluated the perfor-
mance of GEOS-Chem over China with about 60 sites from EANET,
NNDMN and a local dataset reported by Pan et al. (2012), and the sites
were sparsely distributed over China. Ge et al. (2020) used the 83 sites
from EANET, CERN, NNDMN and a local dataset to evaluate the perfor-
mance of nine CTMs over China, and most of the sites were located along
the East Coast of China. As a result, there still lacks a comprehensive under-
standing of the modelling capability in estimating the Nr deposition for
entire China.

This study aimed at quantifying the wet deposition of inorganic
nitrogen (IN) over mainland China with site measurements and CTMs sim-
ulations. First, we collected observations of wet IN deposition from five ob-
servational networks/datasets with a total of 521 sites. We compared their
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spatial coverages and data distributions and discussed the consistencies
among different data sources. Then, we evaluated the predictive ability of
the ensemble results of eleven CTMs with observations, mainly focusing
on five hotspot regions of Nr pollution in China. On this basis, we synthe-
sized the results from this study and twelve reference studies to give estima-
tions on the national amount of wet IN deposition over China.

2. Methods

2.1. Observational database

We collected the ground observations of wet IN deposition around 2010
from 521 monitoring sites over China from literature, including 407 sites
from the NADMN network for 2010 (Li et al., 2019), 41 sites from the
CERN network for 2013 (Zhu et al., 2015), 32 sites from the NNDMN net-
work for 2010–2015 (former CAUDN network) (Xu et al., 2019), 34 sites
from the CFAND version 2.0 database for 2006–2015 (Du, 2018) and 7
sites from the EANET network for 2010.

We ensured the data quality with the following procedures: First, we ex-
cluded the sites with <330 days (90 % of a year) of records (based on
raining days) to guarantee data completeness. Then, we excluded outliners
by the three-sigma rule when multiple monitoring sites from the same
network/dataset were located in the same model grids (0.1° × 0.1°).
These treatments helped to rule out sites that were less representative
than the others and made the model evaluation more reasonable, since
the CTMs were not able to reveal the delicate spatial variability of pollut-
ants within one model grid. As a result, about 300 sites were used for
model evaluations of wet NO3

− deposition (341) and wet NH4
+ deposition

(352).
The NO2 columnwas derived from version 3.0 NASAOzoneMonitoring

Instrument (OMI) products (Krotkov et al., 2017) with an original spatial
resolution of 1° × 1.25°. The NH3 column was derived from Infrared
Atmospheric Sounding Interferometer (IASA) Level 3 product (Clarisse
et al., 2009). We used the average values of year 2010.

2.2. CTMs simulations

The CTMs results came from the second phase of the Task Force on
Hemispheric Transport of Air Pollution (HTAP II) (Galmarini et al., 2017).
The HTAP was established in 2005 by the United Nations Economic
Commission for Europe (UNECE) Convention on Long-range Transboundary
Air Pollution (CLRTAP). The major goals are to investigate issues related to
climate change and air quality at global scale (http://htap.org/).

We used the multi-model mean (MMM) of eleven global models in the
evaluation. The simulations were conducted for the whole year of 2010.
The spatial resolution of the MMM is 0.1° × 0.1°. Details about the simula-
tions and model set-ups were demonstrated in Tan et al. (2018). The
modelled Nr deposition was categorized by NOy deposition and NHx depo-
sition. NOy deposition is the sum of NO2, HNO3, NO3

− and organic nitrates
(ON) depositions. The modelled sum of HNO3 and NO3

− depositions was
evaluated with the observed NO3

− deposition. NHx deposition consists of
NH3 and NH4

+ depositions. The modelled NHx deposition was assessed by
the observed NH4

+ deposition.

3. Results and discussions

3.1. Inter-comparison of observations from different sources

Fig. 1(a–b) showed the measurement sites of wet NO3
− and NH4

+ depo-
sitions. The colors of themarkers indicated the data sources, and the sizes of
the markers indicated the annual accumulated amounts of wet deposition.
We defined five regions of focus (demonstrated with colored shades in
Fig. 1(a–b)), according to the hotspots of the modelled and observed depo-
sition and the spatial intensities of the monitoring sites. (1) The North
China (NC) region included seven provinces/cities in Northeast China.
(2) The Yangtze River Delta (YRD) region consisted of four provinces/cities
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Fig. 1. (a–b) Spatial distributions of measurement sites for wet deposition of (a) NO3
− and (b) NH4

+ (unit: mg(N)m−2 yr−1). Colored areas werefive regions of focus. Colored
markers were measurement sites. Colors of the markers indicated the data sources and sizes of the markers indicated the magnitude of depositions. (c–d) Annual average
vertical columns of (c) NO2 and (d) NH3 by satellite (unit: 1015 molecules cm−2).
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located on the East Coast of China. (3) The Guangdong (GD, marked in
Fig. 1c), Guangxi (GX) and Fujian (FJ) provinces were referred as the
GGF region, which was located in the Southeast Coast of China. The NC,
YRD and GGF regions were the major economic megalopolises of China.
(4) The Sichuan (SC) province and Chongqing (CQ) city were referred as
the SC region, which was surrounded by mountains. The basin topography
trapped emissions andmade this region a hotspot of both air pollutants and
acid depositions. (5) The Jiangxi (JX), Hubei (HuB) andHunan (HuN) prov-
inces were referred as the JHH region, which laid adjoint to the NC, YRD
and GGF regions. This region was also observed with high pollution but
was less studied due to fewer monitoring sites. The SC, GGF, JHH and
southern YRD regions were located in the “Acid Rain Control Area” in the
subtropical regions of China, where high acidity was detected in the precip-
itation (Hao et al., 2000).

The observational database for wet NO3
− deposition (Fig. 1a) has well

covered most of the hotspots demonstrated by the satellite NO2 column
(Fig. 1c), especially the five regions of focus in this study. As for wet NH4

+

deposition (Fig. 1b), the observational database also had good coverage
of the hotspots demonstrated by the satellite NH3 column (Fig. 1d), except
the Xinjiang (XJ) province in Northwest China and Yunnan (YN) province
in Southwest China. The NADMN sites, which have been scarcely involved
in model evaluations before, were intensively distributed in the hotspot re-
gions and ensured a broad view of these heavily “polluted” regions. On the
other hand, the CERN, NNDMN, CFAND and EANET sites were more
sparsely distributed. The NNDMN sites were mainly used to evaluate
model performances in the NC and GGF regions (Zhao et al., 2017; Ge
et al., 2020). The CFAND and CERN networks included several sites in
the remote areas that were not covered by the NADMN network, such as
theHeilongjiang (HLJ) and Jilin (JL) provinces inNortheast China, Shaanxi
(SaX) and Guizhou (GZ) in Center China, and XJ in Northwest China.

Besides the locations of sites, we also compared the data distributions of
different datasets (Fig. 2). The average of the CERN sites was the closest to
the overall average for both wet NO3

− deposition and wet NH4
+ deposition,

but all the observations were below 2000 (NO3
−) and 3000 (NH4

+) mg
(N) m−2 yr−1, so that the extreme high deposition fluxes may not be
3

sampled by the sites of this network. The observations at the NNDMN
and CFAND sites were overall higher than the others. The range of the
EANET dataset was much smaller than the others, suggesting that this
widely used observational network in global studies (Dentener et al.,
2006; Lamarque et al., 2013; Vet et al., 2014; Tan et al., 2018; Wang
et al., 2008; Itahashi et al., 2020) canmerely reveal partial of the condition
in China.

The representativeness of the sites was also affected by their land-use
types (LUTs). Fig. 2(b) and (d) summarized the observed wet depositions
at sites on urban, rural (agriculture), background (forest and grassland)
and others (coastal, desert, etc.) LUTs by different datasets. About 85 %
of the sites were located on urban and rural LUTs, indicating that the mea-
surements mainly revealed the Nr deposition conditions under human im-
pacts. The observed wet NO3

− depositions were higher at urban sites
(832.0 mg(N) m−2 yr−1) than rural (680.3 mg(N) m−2 yr−1) and back-
ground (757.0 mg(N) m−2 yr−1) sites, agreed with the trends of Nr species
in the atmosphere (Wen et al., 2020). On the other hand, the wet NH4

+ de-
positions at rural sites (836.3 mg(N) m−2 yr−1) were comparable to those
at urban sites (884.1mg(N)m−2 yr−1), owing to the agricultural NH3 emis-
sions. The EANET and CERN datasets presented the opposite orders among
different LUTs (i.e. urban< rural forwet NO3

− deposition) due to small sam-
ple sizes. The NADMN dataset was short of information for background re-
gions, and the CFAND dataset, conversely, only focused on background
regions. The observations from the NNDMN dataset were overwhelmingly
higher than the other datasets at both urban and rural sites, due to thatmost
sites were located in intensively polluted regions.

The assemble of datasets could offer more information than individuals,
but problems were foundwhenmerging these datasets. We noticed that the
observations could differ largely among nearby sites that come from differ-
ent data sources. For instance, one urban site from NNDMN in the SC prov-
ince valued 1700 mg(N) m−2 yr−1 and the four adjoining urban sites from
NADMN all valued<700mg(N) m−2 yr−1 (Fig. 1a). Similarly, the observa-
tions from NADMN sites doubled those from the adjacent CERN sites in the
Hebei (HeB), Beijing (BJ) and JX provinces. The inconsistency could come
from lacking standard sampling and quality checking procedures in the



Fig. 2. (a) Boxplot of observedwet deposition of NO3
− and (b) average and standard deviation of observedwet deposition of NO3

− at sites on different land-use types (unit: mg
(N) m−2 yr−1). (c–d) Same as (a–b) but for wet deposition of NH4

+. Number above the bars indicated the numbers of sites in the categories.
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measuring process (He et al., 2015). Despite the fruitful monitoring works
reported in previous publications (Du, 2018; Fu et al., 2010; Li et al.,
2019; Tang et al., 2010; Xu et al., 2019; Yu et al., 2019), there lacks a plat-
form to function not only as a synthesis of data but also for strict control of
data quality to warrant further analysis and applications.

3.2. Model performance on wet deposition

3.2.1. Model performance over the hotspot regions
Figures. 3–4 and Tables 1–2 showed themodel performance on simulat-

ing the annual accumulated amount of wet NO3
− and NH4

+ depositions. The
Normalized Mean Bias (NMB) indicated the model's accuracy in catching
the general value. The Pearson correlation coefficient (r) elucidated the per-
centage of observations explained by models. The Fraction of modelled
values within ±50 % of observations (FAC2) indicated the model's ability
in covering the extreme values.

The overall performance on wet NO3
− deposition was acceptable with

NMB of (−10 %) and FAC2 of 59 % (Fig. 3b). Among the five regions of
focus in this study, the SC region was generally well simulated with NMB
of (−10 %) and FAC2 of 72 % (Table 1). The NMB values at the YRD
(8%) and NC (17%) regions were acceptable, but the FAC2 values (around
50 %) were below average. The models overestimated the wet NO3

− depo-
sition at almost one-third of the sites in the NC and YRD regions by a factor
of two (Fig. 3b) and most of the overestimated sites were rural sites
(Fig. 3c). The performance on the NO3

− ions concentration in precipitation
was better (Fig. 3e). Evaluation on the precipitation also confirmed the pos-
itive model errors on simulating rain fall, especially on low values
(<400 mm yr−1) (Fig. 3h). Adjusting precipitation with site observations
and satellite products was found an effective way to improve model accu-
racy on wet deposition (Itahashi et al., 2021). On the contrary, the JHH re-
gion was underestimated by 27 %, but the FAC2 (78 %) was the highest
among all region. The observations at background sites were concentrated
at around 1000 mg(N) m−2 and the model had well reproduced this pat-
tern. The bias came from the underestimation at rural and urban sites.
The model performance in the GGF region was the worst among the five
with both large NMB (−40 %) and low FAC2 (53 %). About one-fourth
of the sites in the GGF region were underestimated in the amount of wet
NO3

− deposition by a factor of two (Fig. 3b). Sites of all LUTs were
underestimated, especially the urban sites with observations higher than
4

1000mg(N) m−2. Fig. 3d showed that sites in the GD province were gener-
ally well predicted, but some sites in the GX province were severely
underestimated.

Wet NH4
+ deposition was generally underestimated by 31 % and the

overall FAC2 value was only 48 % (Fig. 4). All five regions of focus expect
YRDwere largely underestimated by 20–60%. The SC, JHHandNC regions
have similar NMB values [−(20–30 %)] and FAC2 values (50–60 %). The
YRD region has low NMB (−5 %) and FAC2 (35 %) values. Despite the
broad underestimations in these three regions, about one-third of the sites
at the NC, YRD and JHH regions were overestimated by a factor of two
(Fig. 4b). And same levels of biases were found in the NH4

+ ion concentra-
tion in precipitation (Fig. 4e). The model has the worst performance in the
GGF region, similar to its performance on wet NO3

− deposition. About half
of the sites in the GGF region were underestimated by a factor of two in
both the amount of deposition and ion concentration (Fig. 4(b) and (e)).

The model has higher biases at rural sites than urban sites. The rural
sites received ranged transport of air pollutants from urban emissions,
which could contribute substantially to the pollution (Chen et al., 2017).
Simulation of such process in the CTMs were driven by many factors
including emission sources, meteorological factors and transformations of
pollutants. Thus, modelling of rural sites involved more uncertainty than
urban sites. In addition, the CTMs provided estimations at a regional
scale, with model grids covering both urban and rural areas. Model simula-
tions with coarse grids could fail to distinct the concentration gradients
from urban sites to rural sites.

Our results have similar R and FAC2 values with the model evaluation
work by Ge et al. (2020) in both wet NO3

− deposition and wet NH4
+ depo-

sition, but worse R and NMB values than Zhao et al. (2017) in wet NH4
+ de-

position (Table 2). Zhao et al. (2017) used the same emission inventory as
this study from the Multi-resolution Emission Inventory for China (MEIC)
(Li et al., 2017) but replaced the NH3 emission with the Regional Emission
inAsia (REAS-v2),which estimated higher NH3 emissions thanMEIC. How-
ever, their simulation in the SC region showed an overall high deposition at
around 1600–2500 mg(N) m−2 yr−1, while our 41 observations in this re-
gion ranged 600–1500 mg(N) m−2 yr−1, which indicated the possibility of
over-adjustment in the emission.

Evaluation of the dissolved ON (DON) was not included in this study.
DON contributed to only 2–3 % of the total Nr deposition (ON + IN) in the
model results, much lower than the 23–28 % reported by observational



Fig. 3. Model performance on annual accumulated wet NO3
− deposition and precipitation. (a) Modelled wet deposition (contours) compared with observations (markers)

(unit: mg(N) m−2 yr−1). Scatter plot of the modelled and observed wet NO3
− deposition (b) in different regions (defined in Fig. 1) and (c) on different land-use types.

(d–f) Same as (a–c) but for NO3
− ion in precipitation (unit: mg(N) L−1). (g–h) Same as (a–b) but for precipitation (unit: mm yr−1). Notes for the statistic indexes: NMB —

normalized mean bias, FAC2— fraction of model results within ±50 % of observation, n — numbers of sites used for evaluation.
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evidence inChina (Zhang et al., 2012; Jiang et al., 2013). Severe underestima-
tion of DON in wet deposition was anticipated. However, DON were not in-
volved in the routine monitoring network of wet deposition (Walker et al.,
2019), and the methods of measurements were of high uncertainties (Cape
et al., 2011; Neff et al., 2002; Walker et al., 2012). Further study on the mon-
itoring and modelling of DON deposition were strongly recommended.

3.2.2. Model performance on monthly variations
Fig. 5 showed the modelled and observed monthly variations of wet

NO3
− and NH4

+ depositions. The red lines represented the average values
of all sites and the boxplots indicated the ranges. For wet NO3

− deposition,
the observations (Fig. 5(a) red line) peaked in Summer with a small peak in
February and were generally low in Fall. The model (Fig. 5(b) red line)
caught this trend and reproduced the magnitude of the peak in Summer
at ~100mg (N) m−2 mon−1. The modelled values were close to the obser-
vations during Summer with only 3–7 % differences but were higher than
the observations in the othermonths by 20–40%. For wet NH4

+ deposition,
both observed (Fig. 5(c)) and modelled (Fig. 5(d)) depositions showed one
single peak in Summer, but the peaking value was underestimated by 30 %
5

by the model. In the other seasons, the modelled values agreed well with
the observations (NMB < 10 %).

The model performance on the spatial variations among sites were
implied by the interquartile range, calculated as the difference between
the 3rd quantile and 1st quantile of the boxplot. The observed NO3

− depo-
sitions displayed large interquartile ranges of 60–100 mg (N) m−2 mon−1

in all seasons except winter (~40 mg (N) m−2 mon−1). While, the
modelled depositions showed smaller spatial variations in all seasons
(30–50 mg (N) m−2 mon−1) except Summer (~100 mg (N) m−2

mon−1). Similar problem was also found in wet NH4
+ deposition. The

models performed well in the temporal variations but were weak at the
spatial dispersions of data.

3.3. Synthesis of studies on the wet IN deposition over China

Table 3 summarized the national amounts of wet IN deposition over
China calculated by this study and by literature. For the purpose of cross-
comparison, we only listed the studies that included estimations around
the year 2010.



Fig. 4. Same as Fig. 3 but for the (a–c) wet NH4
+ deposition (unit: mg(N) m−2 yr−1) and (d–f) NH4

+ ion in precipitation (unit: mg(N) L−1).
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Estimations by different CTMs studies (Table 3, studies 1–4) ranged
2.5–3.4 Tg(N) yr−1 for wet NOy deposition and 3.1–6.6 Tg(N) yr−1 for
wet NHx deposition. According to Table 1, all studies except study 3 have
underestimated the wet NO3

− deposition by 10–19 %, and all studies have
underestimated the wet NH4

+ deposition by 1–40 %. After adjusting the
national amounts with these biases, the range of estimations (as shown in
the parentheses in Table 3) changed to 2.4–3.9 Tg(N) yr−1 for NOy deposi-
tion and 4–6.7 Tg(N) yr−1 for NHx deposition. The differences among stud-
ies came from the treatments of both model inputs and outputs. All studies
used the same emission inventory for NOx (Li et al., 2017) and had close
estimations on wet NOy deposition. Zhao et al. (2017) estimated a higher
wet NHx deposition than the other three, due to using a different emission
inventory for NH3 as discussed in Section 3.1. Gao et al. (2020) also found
that using an updated emission inventory could largely improve the model
performance in China. In addition, using different precipitation was an
important source of inter-model differences (Itahashi et al., 2020). Ge
et al. (2020), Itahashi et al. (2020) and this study used the ensemble results
of multiple models, which have been proven to have advantage over single
model studies in providing robust results on quantification (Wang et al.,
2008; Vivanco et al., 2018; Tan et al., 2018; Yoshioka et al., 2019). The
Table 1
Model evaluation studies for wet NO3

− deposition.

Projects/models Reference Observational networks
(number of sites)

R

HTAP II Ensemble This study MIX (n = 43) SC
MIX (n = 32) JH
MIX (n = 64) Y
MIX (n = 83) N
MIX (n = 49) G
MIX (n = 70) O
All sites (n = 341)

MICS-Asia III Ensemble1 Ge et al., 2020 EANET, CERN, NNDMN, DEE (n = 83) O
GEOS-Chem Zhao et al., 2017 EANET, NNDMN, 10 sites in NC (n = 87)
MICS-Asia III Ensemble1 Itahashi et al., 2020 EANET (n = 54) Ea
HTAP II Ensemble Tan et al., 2018 EANET (n = 43)

1 Model Inter-comparison Study for Asia (MICS-Asia) phase III.
2 Range of results from multiple models.
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estimation by this studywas apparently higher than the other two ensemble
results. This study excluded the unreasonable results from the ensemble for
the purpose of accurate quantification of deposition amount (Tan et al.,
2018).While Ge et al. (2020) and Itahashi et al. (2020) aimed at evaluating
the predictive abilities of different models, thus all participating models
were kept for comparison.

For studies that reported the statistics of observational datasets (Table 3,
studies 5–8), the national total depositions were estimated by multiplying
the average deposition of the measurement sites by the area of mainland
China. The estimated wet NOy deposition ranged 7.1–9 Tg(N) yr−1 and
wet NHx deposition ranged 8–13.1 Tg(N) yr−1. The estimations by Liu
et al. (2013), Xu et al. (2015) and Wen et al. (2020) were higher than
those by this study by 11–21 % on wet NOy deposition and 18–39 % on
wet NHx deposition. These three studies all used the NNDMN dataset,
which generally revealed the condition in highly polluted regions
(Fig. 1a) and the observed values were generally higher than the other
datasets (Fig. 2(b) and (d)). This study included more observations in
remote areas than the NNDMN dataset so that the estimations on the na-
tional amounts were lower. The abundance and representative of the mea-
surements, as discussed in Section 3.1, could affect the estimations vastly.
egions Mean of observation
(mg(N) m−2 yr−1)

Mean of model
(mg(N) m−2 yr−1)

r NMB
(%)

FAC2
(%)

816.5 731.3 0.5 −10.4 72.1
H 996.9 727.1 0.0 −27.1 78.1

RD 775.4 837.0 0.4 7.9 51.6
C 715.8 840.2 0.3 17.4 47.0
GF 896.9 540.5 0.4 −39.7 53.1
thers 436.2 311.8 0.5 −28.5 65.7

734.7 663.7 0.3 −9.7 58.7
ver whole China 640.0 677.8 0.2–0.42 5.9 36–602

– – 0.7 −15.0 –
st Asia 347.5 282.6 0.4 −18.7 46.8

356.4 355.7 0.7 −0.2 76.7



Table 2
Model evaluation studies for wet NH4

+ deposition.

Projects/models Reference Observational networks
(number of sites)

Regions Mean of observation
(mg(N) m−2 yr−1)

Mean of model
(mg(N) m−2 yr−1)

r NMB
(%)

FAC2
(%)

HTAP II Ensemble This study MIX (n = 41) SC 1119.8 770.6 0.2 −31.2 61.0
MIX (n = 32) JHH 874.3 697.9 0.4 −20.2 53.1
MIX (n = 66) YRD 614.3 585.3 0.1 −4.7 34.9
MIX (n = 95) NC 970.0 717.0 0.4 −26.1 66.3
MIX (n = 50) GGF 1095.8 430.6 0.2 −60.7 22.0
MIX (n = 68) Others 493.5 300.4 0.4 −39.1 44.1
All sites (n = 352) 837.9 575.7 0.3 −31.3 48.0

MICS-Asia III Ensemble1 Ge et al., 2020 EANET, CERN, NNDMN, DEE (n = 83) Over whole China 1010.0 612.2 0.2–0.52 −39.4 19-632

GEOS-Chem Zhao et al., 2017 EANET, NNDMN, 10 sites in NC (n = 87) – – 0.6 −1.0 –
MICS-Asia III Ensemble1 Itahashi et al., 2020 EANET (n = 54) East Asia 440.7 378.3 0.4 −14.2 38.0
HTAP II Ensemble Tan et al., 2018 EANET (n = 43) 534.5 505.8 0.7 −5.4 60.5

1 Model Inter-comparison Study for Asia (MICS-Asia) phase III.
2 Range of results from multiple models.
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To overcome the weakness in establishing spatial correlation for
observation-based estimations, recent studies (Table 3, studies 9–14) used
various geo-spatial statistical approaches to interpolate the observations,
including Kriging (Zhu et al., 2015; Yu et al., 2019), geographical weighting
regression (Li et al., 2019) and constrain with satellite products (Liu et al.,
2017; Liu et al., 2021; Li et al., 2020). The estimated wet NOy deposition
ranged 3–5.5 Tg(N) yr−1 and wet NHx deposition ranged 3.9–7.2 Tg
(N) yr−1. This pathway took the advantage of low requirement of computa-
tional resources (Reinstorf et al., 2005), but the estimations were unstable
and incomparable among different studies. Even studies with the same
interpolation methods could result in very different predictions, not to
mention those with different methods. Zhu et al. (2015) and Yu et al.
(2019) both adopted the Kriging interpolation, but their products differed
by 32 % on wet NOy deposition and 16 % on wet NHx deposition. Liu
et al. (2021) and Li et al. (2020) both interpolated site observations with
satellites to construct the wet NHx deposition field, but their estimations
differed by 16 %. There is a lack of studies to manage the degree of uncer-
tainty of this approach. The variance of Kriging interpolation ranged
12–100 % in the study by Holland et al. (2005) over the United States
and Western Europe and ranged 9 %–56 % in the study by Lü and Tian
(2007) over China. In addition, the spatial patterns of wet N deposition,
especially NHx, showed a fast decrease with distance to the emission
sources (Du et al., 2014), which indicated high risk when the spatial
Fig. 5.Monthly variations of (a) observed and (b)modelledwet NO3
− deposition, and (c)

indicated the average values of all sites.
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interpolation was operated on limited number of sites (Liu et al., 2015).
The high variability could offset the benefit brought by the high accuracy
and good robustness of the statistical models.

4. Conclusions

This study investigated the wet IN deposition over mainland China
with sitemeasurements and CTMs.We collected a database fromfive obser-
vational networks/datasets of NADMN (407 sites), CERN (41 sites),
NNDMN (32 sites), CFAND (34 sites) and EANET (7 sites). The NADMN
sites were intensively distributed in the hotspot regions of Nr pollution.
The NNDMN sites were mainly located in the NC and GGF regions and
revealed more of the conditions in the highly polluted regions. The CERN,
CFAND and EANET sites were sparsely located over China, with several
sites in the remote areas. The EANET sites were the most widely used
dataset in previous model evaluation studies in East Asia, but were unable
to represent the condition in China. The majority of the sites (85 %) were
located in urban and rural regions, and less information was provided for
remote and background regions (i.e. forest and grassland).

We used this database to evaluate the performance of the ensemble of
eleven CTMs from HTAP II. Wet NO3

− deposition was generally well simu-
lated over China (MB = −10 %) and in the SC (−10 %), YRD (8 %) and
NC (17 %) regions, but was underestimated in the JHH (27 %) and GGF
observed and (d)modelledwet NH4
+ deposition (unit: mg(N)m−2mon−1). Red line



Table 3
Estimations on national amount of wet IN deposition in China (unit: Tg(N) yr−1).

Study no. Type of studies Reference Methods Study period Wet NOy Wet NHx

1 CTMs This study Multi-model ensemble from HTAP-II 2010 3.4 (3.8)⁎ 4.2 (5.5)⁎
2 Itahashi et al., 2020 Multi-model ensemble from MICS-Asia-III 2010 2.5 (3.0)⁎ 3.5 (4.0)⁎
3 Ge et al., 2020 2010 2.5 (2.4)⁎ 3.1 (4.3)⁎
4 Zhao et al., 2017 GEOS-Chem 2008–2012 3.4 (3.9)⁎ 6.6 (6.7)⁎
5 Observations Liu et al., 2013 About 30 NNDMN sites 2010 9 13.1
6 Wen et al., 2020 66 NNDMN sites 2011 8 10
7 Xu et al., 2015 43 NNDMN sites 2010–2014 8.6 9.8
8 This study About 350 sites from different sources 2010 7.1 8.0
9 Observations with geo-spatial techniques Zhu et al., 2015 41 CERN sites with Kriging interpolation 2013 5.4 6.6
10 Yu et al., 2019 260 sites with Kriging interpolation 2011–2015 4.1 5.7
11 Li et al., 2019 1282 NADMN sites with geographical weighting regression 2011 3 3.9
12 Li et al., 2020 500 NADMN sites interpolated with satellite products 2011–2016 – 7.2
13 Liu et al., 2021 43 NNDMN sites interploated with satellite products 2008–2016 – 6.2
14 Liu et al., 2017 33 NNDMN sites interpolated with satellite products 2010–2012 5.5 –

⁎ Values in the parentheses were the adjusted results with model bias from evaluation.
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(40%) regions. The large underestimation in the GGF region came frombias
in the NO3

− ions in precipitation. Wet NH4
+ deposition was general

underestimated over China by 31 %, and was somewhat underestimated
in all five hotspot-regions by 5–60 %. The bias mainly came from the NH4

+

ion concentration in precipitation. The CTMs had more difficulties and un-
certainties in simulating the Nr deposition at rural sites than urban sites.

We synthesized the estimated national amounts of wet IN deposition
over China by this study and twelve reference studies. CTMs studies gener-
ally have 6–19 % underestimation in wet NO3

− deposition and 1–40 % un-
derestimation in wet NH4

+ deposition. After adjusting the results with the
biases, the estimations ranged 2.4–3.9 Tg(N) yr−1 for wet NOy deposition
and 4–6.7 Tg(N) yr−1 for wet NHx deposition. Treatment of both model in-
puts and outputs contributed to the differences among studies. Estimations
from observational databases ranged 7.1–9 Tg(N) yr−1 for wet NOy deposi-
tion and 8–13.1 Tg(N) yr−1 for wet NHx deposition, which were 20–275 %
higher than the estimations by CTMs. This approachwas largely affected by
the abundances and representative of measurements. Studies used statisti-
cal approaches to interpolate site observations to overcome the shortage
of observations and to develop geo-correlation among sites. The estimated
wet NOy deposition ranged 3–5.5 Tg(N) yr−1 and wet NHx deposition
ranged 3.9–7.2 Tg(N) yr−1. The estimations by this approach were unsta-
ble, despite the high accuracy and good robustness of the statistical models.

This study aimed at contributing to a better understanding of Nr deposi-
tion in China, one of the world's fastest-growing economies. The datasets
fromdifferent sources, including variousmonitoring networks andmodelling
results, together could offer more information than single one. However,
large inconsistencies among them may discourage the usage, and study on
data integration is strongly recommended. This study is a pioneer practice
of the measurement-model fusion of Global Total Atmospheric Deposition
(MMF-GTAD) project initialed by the World Meteorological Organization's
Global AtmosphereWatch Programme (WMOGAW) (Fu et al., 2022). Future
study will continue to improve our understanding on atmospheric deposition
and Nr budget and the impacts on human beings. This study provides broad-
scale estimation of wet Nr deposition on the ecosystem. The data could also
help local-scale study on the environmental impacts with calibration experi-
ments (Jung and Kim, 2017; Gao et al., 2020).
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