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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  

• China’s Dry deposition was estimated 
based on the RF-derived concentration 
and CTM-simulated Vd. 

• The NO2 dry deposition was found 
larger in east China while SO2 in north. 

• NO2 dry deposition declined slower in 
developed regions from 2013 to 2018, 
while SO2 declined faster. 

• Bigger reduction in SO2 dry deposition 
was found than NO2 due to controls on 
coal burning emissions. 

• Growth in transportation and industrial 
capacity weakened the benefit of emis-
sion control on NO2.  
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A B S T R A C T   

The nitrogen and sulfur deposition results in damages on ecosystems, while the lack of direct observation on dry 
deposition limits our understanding of the total deposition. This study aimed to improve the methodology and 
estimates of NO2 and SO2 dry deposition in China and to explore the efficacy of China’s recent emission control 
measures on dry deposition at the national and regional scales. We combined the random forest algorithm and 
the GEOS-Chem chemical transport model to predict the dry deposition fluxes of NO2 and SO2 and their inter- 
annual variabilities during 2013–2018 in mainland China. The annual NO2 dry deposition ranged between 2.1 
and 3.1 kg N ha− 1 yr− 1, with an annual reduction rate of 0.21 kg N ha− 1 yr− 1 over this period. The areas with 
large deposition were located in the east, while the biggest reduction existed in the relatively clean Tibet Plateau 
region. The annual SO2 dry deposition ranged between 7.5 and 18.4 kg S ha− 1 yr− 1, with the annual reduction 
rate at 2.4 kg S ha− 1 yr− 1. Both the magnitude and relative reduction in the north were generally larger than the 
south. Regarding the four typical economically developed regions, the NO2 deposition declined slower than the 
national average, while SO2 generally declined faster than or equivalently to the national average, except for 
Pearl River Delta. The reduced emissions attributed to the national action on air pollution control were identified 
as an important reason for the declining deposition. However, the increased traffic and industrial capacity in the 
east weakened its benefit on NO2.  
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1. Introduction 

China’s swift growth in economy and energy consumption have 
resulted in high emissions of nitrogen oxides (NOX) and sulfur dioxide 
(SO2), and thereby substantial deposition of nitrogen and sulfur. China 
was identified as one of the regions with the most serious atmospheric 
deposition (Liu et al., 2017; Zhang et al., 2021a), and consequent 
harmful impacts have been found for ecosystems and human, including 
soil and water acidification (Ti et al., 2018; Zhu et al., 2016), vegetation 
damage (Zhu et al., 2020b), reduced biodiversity (Deng et al., 2018) and 
increased greenhouse gas emissions (Lu et al., 2021; Zhu et al., 2020a). 

Atmospheric deposition includes the dry and wet scavenging pro-
cesses. Dry deposition is a process caused by turbulent diffusion, gravity 
deposition and molecular diffusion in the atmosphere without precipi-
tation, while wet deposition is by means of rain or snow (González 
Benítez et al., 2009; Liu et al., 2020). In China, wet deposition that has 
been intensively studied attributed to relatively easy observation and 
sufficient monitoring sites (Jia et al., 2014; Liu et al., 2013; Yu et al., 
2019). For example, Liu et al. (2013) found a significant growth in bulk 
nitrogen deposition across China between 1980 and 2010 based on 
historical observation data. Dry deposition was estimated to account for 
20%–70% of the total deposition in many areas of China (Kuang et al., 
2016; Xu et al., 2015; Zhang et al., 2012), and ignoring it could result in 
massive underestimation in the total deposition flux (Shen et al., 2013; 
Wu et al., 2018). Particularly NO2 was found to account for averagely 
25% of nitrogen dry deposition, and the provincial-level value could 
reach 43% in the east of the country (Vet et al., 2014; Xu et al., 2015, 
2018a). SO2 was the most important species in sulfur dry deposition, 
with its mass fraction ranging 72–98% (Luo et al., 2016). Influenced by 
the changing human activity, atmospheric conditions and underlying 
surfaces, dry deposition could be unevenly distributed in space and vary 
between years. To better understand the risks of atmospheric deposition 
across the country, therefore, it is a great necessity to capture the 
spatiotemporal patterns and the main control factors of dry deposition of 
NO2 and SO2. 

There was currently little direct observation on dry deposition in 
China because it was easily affected by multiple meteorological and 
environmental factors, such as temperature, relative humidity, surface 
roughness and turbulent boundary layer transport process (Pan et al., 
2012; Tarnay et al., 2001; Xu et al., 2018b). Micrometeorological 
methods can be used for direct observation, including eddy covariance 
(Geddes and Murphy, 2014), aerodynamic gradient method (Ke et al., 
2020), and relaxed eddy accumulation (Wei et al., 2020). Due to the 
need of extremely fast response instrument and uniform underlying 
surface, those methods are difficult to be intensively applied for long 
terms or in broad regions. Instead, indirect ways, including chemical 
transport modeling (CTM) and the inferential method, have been used in 
quantifying dry deposition at national or regional scale, e.g., EMEP 
(European Monitoring and Evaluation Programme in Europe; Simpson 
et al., 2012) CASTNET (Clean Air Status and Trends Network/the Na-
tional Atmospheric Deposition Program in United States; Beachley et al., 
2016) and EANET (Acid Deposition Monitoring Network in East Asia; 
Totsuka et al., 2005). Attributed mainly to the bias in emission data and 
incomplete chemical schemes, the uncertainty from CTM was reported 
to reach − 70%-+800% and − 100%-+300% for N and S, respectively 
(Chang et al., 2020; Dentener et al., 2006; Nowlan et al., 2014; Tan et al., 
2018; Vet et al., 2014). The inferential method calculates the deposition 
flux as the product of the ground-level concentration and the dry 
deposition rate (Vd) of concerned species (Ban et al., 2016; Totsuka 
et al., 2005; Xu et al., 2019). When the spatial interpolation of con-
centration is conducted to fill the observation gap in space, over-
estimation likely occurs for the entire country, as the monitoring was 
mostly available in urban regions with high concentrations but much 
less in relatively clean rural areas (Hou et al., 2019; Lye and Tian, 2007; 
van Donkelaar et al., 2016; Young et al., 2016). To correct the bias from 
the uneven distribution of monitoring sites, simple linear or nonlinear 

relationships between satellite-derived column and ground-level con-
centration have been developed and extended for regions without 
ground observation data (Jia et al., 2016; Xu et al., 2018a; Yu et al., 
2019; Zhan et al., 2018). The method usually ignored the influences of 
meteorology, population, and vegetation coverage (an indicator of 
limited anthropogenic activity) on air quality, and the accuracy in 
concentration prediction needed further improvement. Regarding Vd, in 
addition, studies usually collected limited observation or simulation 
data from literature and mapped the parameter according to the land use 
type (Yu et al., 2019; Zhang et al., 2003). Insufficient knowledge of other 
influential factors (e.g., meteorology) and discrepancy in land use 
classification between studies would enhance the errors in deposition 
estimation. 

In this work, therefore, we improved the methodology of NO2 and 
SO2 dry deposition estimation in China. We selected 2013–2018 as the 
research period, as the country started the National Action Plan on the 
Prevention and Control of Air Pollution (NAPPCAP) in 2013 (van der A 
et al., 2017; Zhang et al., 2019). The action has resulted in great changes 
in emissions and air quality (Zhang et al., 2019; Zheng et al., 2018), 
while little information has been reported on the spatiotemporal vari-
ability of dry deposition or its driving factors. Such research gap pre-
vented correctly understanding the effectiveness of pollution control on 
ecological risk. We developed a random forest (RF) algorithm to predict 
the NO2 and SO2 concentrations across the country, and applied a 
state-of-art global transport model to estimate the Vd. The monthly dry 
deposition flux was then calculated and the spatial pattern of dry 
deposition was explored. As far as we know, it is one of the first studies 
revealing the effectiveness of China’s recent actions of air pollution 
control on the variability of dry deposition of gaseous pollutants at the 
national scale. 

2. Data and methods 

2.1. The research area 

We selected mainland China as the research area including 31 pro-
vincial administrative regions. As shown in Fig. 1, the 31 provinces were 
geographically classified into 6 parts, i.e., Northwest (NW), Northeast 
(NE), North-central (NC), Southeast (SE), Southwest (SW), and the Ti-
betan Plateau (TP). 

We also defined the four typical economically developed regions 
(Jing-Jin-Ji (JJJ), Yangtze River Delta (YRD), Pearl River Delta (PRD), 
and Sichuan-Chongqing Basin (SCB)). In the past decades, China’s 
development plans have increasingly focused on developing urban ag-
glomerations where economic ties and industries are concentrated. 
Located along the east coast of China, JJJ, YRD and PRD are the three 
urban agglomerations with the most active economies in China (Xing 
et al., 2018). They occupy 3.6% of the national land area but contain 
over 16% and 40% of the country’s population and GDP, respectively 
(NBS, 2018). Located in inland China, SCB accounts for 2.0% of the 
national land area, 6% of the total population and 5% of the national 
economy (NBS, 2018). It connects SE, SW and NW China and accelerates 
the development of central and western regions (Zhang et al., 2020). 
With rapid urbanization and huge fossil energy consumption, increasing 
attentions have been paid to the four regions for air pollution control 
and emission reduction (Ma et al., 2020; Tao et al., 2017). 

2.2. Dry deposition flux estimation 

The dry deposition flux (Fd) was calculated as the product of the 
predicted concentration of air pollutants (C) and modeled dry deposition 
rates (Vd): 

Fd =C × Vd (1) 

The spatial distribution of monthly mean concentrations of NO2 and 
SO2 were obtained at the horizontal resolution of 0.25 ◦ × 0.25 ◦, based 
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on a RF model that developed the relationships between the tropo-
spheric vertical columns densities (VCD) from satellite observation and 
ground-level concentrations (as will be described in Section 2.3). The 
daily Vd was calculated with the Goddard Earth Observation System 
-Chemistry (GEOS-Chem) 3-D global transport model (http://geos-ch 
em.org; Bey et al., 2001) and averaged at monthly level. We used a 
nested version of GEOS-Chem with the native horizontal resolution of 
0.25 ◦ × 0.3125 ◦ over East Asia (70–150◦E, 11◦S-55◦N) and 4 ◦ × 5 ◦ for 
rest of the world (Zhang et al., 2016). The model assimilated meteoro-
logical field from the Goddard Earth Observation System (GEOS) of 
NASA Global Modeling and Assimilation Office (GMAO), with a 3 h 
temporal resolution (1 h for surface variables and mixing depths) at 72 
levels. The calculation of dry deposition was based on a standard big-leaf 
resistance-in-series parameterization (Wesely, 1989). 

Vd =(Ra + Rb + Rc)
− 1 (2)  

where Ra is aerodynamic resistance of underlying surface, which refers 
to the air resistance experienced by the gas from the atmosphere to the 
surface turbulent motion (same value for both species, Hicks et al., 
1987); Rb is the quasi-laminar boundary layer resistance, which refers to 
the resistance of the gas from the quasi-laminar boundary layer to the 
near ground (Walcek et al., 1986); and Rc is the surface resistance, which 
refers to the resistance of gas molecules absorbed by the surface. 

2.3. Random forest (RF) model 

2.3.1. Model development 
RF is a statistical method to develop the complicated linear or 

nonlinear relationship between response variable and interpretation 
variables. With the ensemble learning, the RF result is determined as the 
arithmetic mean of the multiple decision trees (Breiman, 2001). In 
addition, the model provides the relative importance of variables (RIV, 
dimensionless) to identify the key factors (see the details in the text 
section in the supplement). The algorithm was of satisfying accuracy and 
generalization performance for the multi-layer random process applied. 
We ran the RF modeling program by using the “randomforest” package 
in R software (version 3.6.1). 

Following Zhan et al. (2018), we selected satellite-derived VCDs, 
Normalized Difference Vegetation Index (NDVI) and meteorological 
factors as interpretation variables, and the response variable was the 
observed ground-level concentration, as summarized in Table S1 in the 
supplement. The spatial distributions of monthly NO2 and SO2 concen-
trations across the country for 2013–2018 were predicted at the hori-
zontal resolution of 0.25 ◦ × 0.25 ◦, and the robustness of RF model was 
tested by 10-fold cross validation. We split the entire model fitting 
dataset into 10 groups by year. In each round of cross validation, the 
samples in 9 groups were used as the training data, and the remaining 

Fig. 1. The research domain of this study. The orange boxes represent JJJ (a), YRD (b), PRD (c) and SCB (d). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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group was applied for prediction. This process repeated 10 times and 
every group was tested. The consistency between the ground measure-
ments and predictions was evaluated using statistical indicators, 
including coefficient of determination (R2), root mean squared predic-
tion error (RMSE), mean prediction error (MPE) and relative prediction 
error (RPE). 

To match the horizontal resolution of Vd, the NO2 and SO2 concen-
trations estimated from RF was re-gridded at 0.25 ◦ × 0.3125 ◦ to obtain 
the spatial pattern of dry deposition. 

2.3.2. Data source and processing 
The daily ground-level concentrations of NO2 and SO2 were obtained 

from the real-time data publishing system of the China National Envi-
ronmental Monitoring Centre (CNEMC, http://datacenter.mee.gov. 
cn/websjzx/queryIndex.vm), with the abnormal values eliminated. 
The total site number increased from 834 in 2013 to 1529 in 2018. The 
tropospheric VCDs of NO2 from 2013 to 2018 were originated from the 
POMINO v2 dataset of Ozone Monitoring Instrument (OMI) level-3 NO2 
tropospheric product of Peking University (http://www.temis.nl/ai 
rpollution/no2.html) (Chatzidiakou et al., 2019; Lin et al., 2014). The 
algorithm was based on the LIDORT-driven AMFv6 package (Chatzi-
diakou et al., 2019). The VCDs with cloud coverage over 25% were 
eliminated as high cloudiness would distort satellite detection and in-
crease inversion error. The daily SO2 VCDs was obtained from Level-3e 
OMSO2 Data Products (https://disc.gsfc.nasa.gov/datasets 
/OMSO2e_003/summary). All the OMI SO2 data were generated by an 
algorithm based on principal component analysis (PCA), which was 
considerably sensitive to anthropogenic emissions (Krotkov et al., 
2015). The exclusion of abnormal values followed 13 criteria, contain-
ing observation time, local calendar date, radiative cloud fraction, solar 
zenith angle, solar eclipse possibility flag set and row anomaly flag set 
(https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level3/OMSO 
2e.003/doc/README.OMSO2e.pdf). Monthly mean VCDs of NO2 and 
SO2 were calculated based on the daily product from 2013 to 2018. We 
used the Kriging interpolation method to fill the missing values, and 
developed the spatial patterns of VCDs at the horizontal resolution of 
0.25 ◦ × 0.25 ◦. 

For NDVI, we selected the monthly interval data from the 13Q1 se-
ries of Moderate Resolution Imaging Spectroradiometer (MODIS) Level- 
3 product at 0.1 ◦ × 0.1 ◦ (https://neo.sci.gsfc.nasa.gov/archive/cs 
v/MOD_NDVI_M/). The vegetation index equations used the red and 
near-infrared reflectance signals to separate and strengthen the green 
and photosynthetic active vegetation components. The red and near- 
infrared responses were processed by radiometric, cloud filtering, at-
mospheric correction, spatiotemporal gridding and perspective adjust-
ment to generate a Level 3 vegetation index map (https://eospso.gsfc.na 
sa.gov/sites/default/files/atbd/atbd_mod13.pdf). The numerical value 
of NDVI >1 was assigned to vacancy value (NA). 

The meteorological parameters included rainfall data, boundary 
layer height, wind speed, wind pressure, temperature at 2 m, wind di-
rection, cloud water, total column ozone, and total water volume 
(Table S1). The monthly precipitation data from 2013 to 2018 at 2160 
ground observation stations were obtained from China Meteorological 
Administration (http://data.cma.cn/data/cdcdetail/dataCode/). The 
monthly means of other meteorological parameters were downloaded 
from the European Centre for Medium-Range Weather Forecasts 
(ECMWF, https://apps.ecmwf.int/datasets/data/interim-full-daily/levt 
ype=sfc/) at the resolution of 0.25 ◦ × 0.25 ◦. 

3. Results and discussions 

3.1. The predicted ground-level concentrations of NO2 and SO2 

3.1.1. Model performance and variable contribution to the prediction 
The RF model performances with 10-fold cross validation are shown 

in Fig. S1 and S2 in the supplement for NO2 and SO2, respectively. The 

annual mean R2 of NO2 and SO2 were above 0.62 and 0.71, respectively, 
indicating the satisfying correlations between observation and predic-
tion. Improved model performance was found along with the growth of 
monitoring station numbers in the RF model, indicated by the elevated 
R2 and reduced RMSE, MPE and RPE. For NO2, as an example, the R2 

increased from 0.62 in 2013 to 0.75 in 2018, and the RMSE and RPE 
decreased from 6.36 to 5.57 μg m− 3 and from 36.1% to 18.2%, respec-
tively (Fig. S1). Increased ground-level stations are expected to expand 
the spatial coverage and to improve the spatial distribution of air 
pollutant observation, and thus could help reduce the uncertainty of the 
RF model. Due to the gradual implementation of quality assurance/ 
quality control techniques in observation, moreover, the better ground- 
level concentration data in more recent years could be another reason 
for the improved model performance. 

Fig. S3 summarizes the RIV of interpretation variables to the pre-
dictions in RF models. VCDs were found to be of the greatest impact on 
ground-level concentration prediction, with the RIV estimated at 15.9 
for NO2 and 11.8 for SO2. Complex relationships between response 
variables and interpretation variables were revealed as shown in Fig. S4 
in the supplement. There was a positive correlation between VCDs and 
the ground-level concentrations within a certain range. The NO2 con-
centration increased almost linearly from 22 to 40 μg m− 3 when the VCD 
was elevated from 1 × 1015 to 16 × 1015 molec./cm2 (Fig. S4a). When 
VCD exceeded 16 × 1015 molec./cm2 for NO2, its influence on ground- 
level concentration prediction became limited and smaller than that of 
other variables (such as meteorology and land use). Similar situation 
was found for SO2, with the threshold of VCD at 0.7 × 1015 molec./cm2 

(Fig. S4b). Great impact was also identified from meteorological pa-
rameters including wind speed at 10 m, PBLH, wind direction, temper-
ature at 2 m, surface pressure and precipitation, with their total 
importance value aggregated at 74.6 and 80.2 for NO2 and SO2, 
respectively. As the most important meteorological variable, wind speed 
(‘si10’ in Fig. S3) exhibited negative effect on ground-level concentra-
tions (Fig. S4), since high wind speed was more conducive to the 
diffusion and removal of pollutants. Low temperature was often asso-
ciated with low PBLH, resulting in air stagnation and condensation of 
gaseous pollutants near the ground. Rainfall had a relatively high 
negative impact on SO2 (with RIV at 8.9), as SO2 was easily soluble in 
water and would be converted into sulfate with abundant rainfalls. In 
addition, relatively high NDVI that represented few human activities 
limited the anthropogenic emissions, and the concentrations of NO2 and 
SO2 were reduced accordingly. 

3.1.2. Spatial and temporal variations of predicted ground-level 
concentrations 

Table 1 summarizes the seasonal means of the predicted NO2 and SO2 
concentrations during 2013–2018, and Fig. S5 in the supplement illus-
trates the monthly variations of concentrations. The highest concen-
trations were found in December and January and the lowest in July and 
August. The average NO2 concentration in winter (31.7 μg m− 3) was 
nearly twice of that in summer (18.2 μg m− 3), and the average SO2 
concentration in winter (38.6 μg m− 3) was much higher than that in 
other seasons. This seasonal pattern resulted mainly from the dual in-
fluences of anthropogenic emissions and meteorology (Kang et al., 2019; 
Kuerban et al., 2020; Liu et al., 2018a; Tian et al., 2019; Wang et al., 
2019). Elevated NOX and SO2 emissions resulted from the increased coal 
burning for heating in winter, particularly in the north. Unfavorable 
meteorological conditions (e.g., low PBLH and temperature, high at-
mospheric pressure, low precipitation and wind speed) prevailed in 
winter, and the weak diffusion and chemical reactivity enhanced the 
accumulation of air pollutants in the atmosphere. In contrast, the 
stronger atmospheric turbulence and photochemical activity of ⋅OH 
accelerated the diffusion and chemical conversion of NO2 and SO2, and 
thereby decreased the concentrations (Fan et al., 2020; Kuerban et al., 
2020). 

As presented in Tables 2 and 3, the national annual averages of NO2 
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and SO2 concentrations ranged 20.1–32.0 and 14.0–32.8 μg m− 3 during 
2013–2018, respectively. Significant declining trends (p < 0.001) were 
found for both species, with the annual decreasing rates calculated at 1.9 
and 4.6 μg m− 3 yr− 1 for NO2 and SO2, respectively (Fig. S6 in the Sup-
plement). The measures of NAPPCAP were believed to contribute 
greatly to the reduced concentrations (Ebenstein et al., 2017; Tian et al., 
2019). Those measures included elevated implementations of flue gas 
desulfurization (FGD) and selective catalytic reduction (SCR) systems on 
power boilers, sintering furnaces, and cement precalciners, and pro-
motion of clean energy in industrial, traffic and residential sources. 
Consequently, the national NOX and SO2 emissions were estimated to 
decline 20% and 59% from 2013 to 2017 by the Multi-resolution 
Emission Inventory for China (MEIC, http://meicmodel.org/), and the 
corresponding reductions in concentrations were estimated at 29% and 
45% (indicated in Tables 2 and 3), respectively (Zheng et al., 2018). As 
SO2 comes mainly from coal combustion while NOX is from more 
complicated sources categories, the much larger reduction in SO2 than 
NO2 during the research period reflected the bigger success in SO2 
emission control through earlier and better operation of FGD systems on 
coal-fired boilers. 

Fig. S7 in the Supplement illustrates the spatial patterns of predicted 
annual NO2 concentrations for 2013–2018. Higher concentrations were 

found east to the Hu-Line (a commonly used northeast-to-southwest 
geographical division of China separating areas with different climates 
and topographies) than the west, attributed to larger densities of pop-
ulation and industrial economy in the east. In particular, the hotspots of 
NO2 concentrations include NC, north of SE, and the four typical regions, 
resulting basically from the relatively high emissions of anthropogenic 
origin in those regions (Li, 2020; van der A et al., 2017). In general, the 
more urbanization and industrialization in the east of the country 
resulted in abundant fossil fuel consumption and intensive traffic, and 
the emission intensities were clearly larger than the west (see the 
regional emission intensities in Table 2). 

The biggest relative reduction in NO2 concentration from 2013 to 
2018 was found for TP at − 42.4%, followed by NE (− 36.6%), NW 
(− 29.2%), SW (− 26.6%), SE (− 17.9%) and NC (− 10.2%). Faster con-
centration declines in the west than in the east were consistent with the 
pattern of anthropogenic emissions (Table 2). Although SCR has been 
used in specific sectors (e.g., power generation and cement production) 
to limit the NOX emissions, this measure was insufficient for the indus-
trial boilers which accounted for the largest fraction of emissions (Liu 
et al., 2016; Zheng et al., 2018). Furthermore, fast urbanization and 
industrialization and the swift growth in vehicles and newly-built in-
dustrial plants in eastern provinces partly weakened the effect of air 
pollution control measures on emission abatement (Ding et al., 2017; 
Wu et al., 2017; Xu et al., 2018c). The possible large uncertainty in the 
prediction of NO2 concentrations in the west, due to relatively rare 
ground-level observation stations and the potentially high bias of sat-
ellite observation in relatively clean areas should be noted as well. 

Fig. S8 in the supplement shows the spatial pattern of SO2 concen-
tration by year. Taking the Qinling-Huaihe Line as the boundary, the 
concentration in the north was higher than that in the south, particularly 
in central NC, south of NE, and south of NW. SO2 was mainly emitted 
from coal burning, and it can be easily oxidized into SO3 through gas- 
phase or aqueous pathways, with a lifetime of ~1 week and a short 
transport distance (Chen et al., 2018; Engardt et al., 2005; Hung and 
Hoffmann, 2015; Lin et al., 2008; Park, 2004; Zhang et al., 2021b). 
Therefore, the high concentration implied abundance of large coal-fired 
power plants and industrial boilers in the north (Liu et al., 2019; Wang 
et al., 2020; Zhao et al., 2019). From 2013 to 2018, the relative reduc-
tion in SO2 concentration in the north was commonly larger than that in 
the south. As shown in Table 3, the concentrations in NC and NE were 

Table 1 
The seasonal means of the predicted ground-level concentration (C), dry depo-
sition rate (Vd) and dry deposition flux (Fd) for mainland China during 
2013–2018.   

C (μg m− 3) Vd (cm s− 1) Fd (kgN/S ha− 1) 

NO2 SO2 NO2 SO2 NO2 SO2 

Spring 23.90 ±
0.05 

21.52 ±
0.06 

0.09 0.53 0.60 ±
0.06 

2.93 ±
0.10 

Summer 18.22 ±
0.03 

14.64 ±
0.03 

0.18 0.62 0.91 ±
0.05 

2.48 ±
0.10 

Autumn 26.01 ±
0.06 

21.55 ±
0.06 

0.11 0.60 0.73 ±
0.04 

3.07 ±
0.10 

Winter 31.68 ±
0.08 

38.60 ±
0.14 

0.05 0.57 0.31 ±
0.04 

4.48 ±
0.09 

Note: The seasonal mean of C and Vd was calculated by the arithmetic average of 
monthly datasets. The Fd was the sum of the monthly data. The standard error of 
mean (s.e.) of monthly data was calculated as sd/

̅̅̅
n

√
, where sd is the standard 

deviation. 

Table 2 
The emissions (E), ground-level concentrations (C) and dry deposition flux (Fd) of NO2 for China and the six regions from 2013 to 2018. The emission data were taken 
from the Multi-resolution Emission Inventory for China (MEIC, http://meicmodel.org/).   

Regions 2013 2014 2015 2016 2017 2018 Relative change1 

E (kgN ha− 1 yr− 1) NC 72.8 67.6 60.3 58.2 57.3 – − 21.3% 
NE 21.1 20.4 19.4 18.9 18.5 – − 12.5% 
NW 10.0 9.4 9.1 8.5 8.7 – − 13.5% 
SE 48.4 43.9 42.6 41.2 41.1 – − 15.1% 
SW 12.9 11.6 10.9 10.0 9.6 – − 25.8% 
TP 1.7 1.6 1.4 1.3 1.2 – − 26.9% 
China 12.3 11.3 10.6 10.1 9.8 – − 20.4% 

C (μg NO2 m− 3) NC 39.4 39.4 36.4 37.1 38.6 35.4 − 10.2% 
NE 34.8 31.6 25.6 24.3 24.4 22.1 − 36.6% 
NW 32.5 30.2 22.7 23.6 25.9 23.0 − 29.2% 
SE 29.9 28.4 24.8 24.9 26.2 24.5 − 17.9% 
SW 27.6 27.5 20.5 20.2 21.6 20.2 − 26.6% 
TP 25.4 27.1 16.7 17.1 18.0 14.6 − 42.4% 
China 32.0 27.5 21.6 21.5 22.9 20.1 − 37.1% 

Fd (kgN ha− 1 yr− 1) NC 4.5 4.7 4.3 4.4 4.5 4.1 − 10.9% 
NE 5.0 4.9 3.8 3.8 3.7 3.4 − 33.3% 
NW 2.1 2.1 1.6 1.6 1.7 1.5 − 30.6% 
SE 5.5 5.4 4.5 4.5 4.7 4.2 − 24.4% 
SW 5.3 5.3 3.9 3.7 4.0 3.5 − 33.2% 
TP 1.2 1.3 0.9 0.9 0.9 0.7 − 38.9% 
China 3.1 3.0 2.3 2.3 2.4 2.1 − 32.3% 

1Note: The change of 2018 relative to 2013 for C and Fd, and that of 2017 relative to 2013 for E as the emission data for 2018 were unavailable when this work was 
conducted. 
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estimated to decline over 63%, while those in SE and SW around 58%. 
Similarly, substantial emission abatement was reported for all the six 
regions in MEIC, particularly for NC at 63%. On one hand, tightened 
emission standards and strict emission control measures have been 
gradually applied on a great number of coal-fired boilers in the north. On 
the other hand, the coal consumption for household heating in winter 
has been partly replaced by natural gas or electricity in the rural north 
regions (China, 2018; Wang et al., 2020). Those efforts proved effective 
in restraining SO2 emissions and thereby reducing the ground-level 
concentrations. 

3.2. The simulated dry deposition rate (Vd) of NO2 and SO2 

The national annual mean Vd was simulated at 0.11 and 0.58 cm s− 1 

for NO2 and SO2, respectively (Table S2 in the supplement), with nearly 
no inter-annual change during the research period. The differences be-
tween this work and other available simulation studies ranged from 
− 64% to 27% for NO2 and from − 40% to 5% for SO2 (Su et al., 2012; Xu 
et al., 2015; Yu et al., 2019; Zhang et al., 2003, 2004). The considerable 
differences in the estimated Vd largely reflect uncertainties in the model 
parameterizations and its high sensitivity to some inputs such as land 
type and near-surface meteorological variables used in the model 
(Chang et al., 2020; Flechard et al., 2011; Jia et al., 2016; Lu et al., 
2020). Despite some uncertainties in the Vd estimation and the lack of 
direct Vd observations, the method has been proven to be valid. For 
example, nitrogen deposition fluxes in China have been previously 
estimated based on surface concentration measurements and Vd using 
the GEOS-Chem model (Zhao et al., 2017). 

Fig. S9 in the supplement illustrates the difference in monthly vari-
ation of Vd for the two species. The NO2 Vd was the highest in summer 
(0.18 cm s− 1, Table 1) and the lowest in winter (0.05 cm s− 1), while the 
seasonal variation for SO2 was smaller, with the highest in summer 
(0.62 cm s− 1) and the lowest in spring (0.53 cm s− 1). The seasonal 
variation of Vd could depend on underlying surface condition and 
meteorological factors (Zhao et al., 2015; Zhou et al., 2010). As NO2 is 
insoluble in water with a small Henry coefficient, Rc was much larger 
than other resistance factors and dominated the seasonal variation of Vd 
(Zhang et al., 2004; Zhou et al., 2010). Given that Rc represents the 
resistance of gas absorbed by surface, the seasonal variation of under-
lying surface could play an important role on that of Vd. In summer with 
abundant solar radiation and vegetation, the stomatal opening degree of 

leaf was larger on the surface, which helped removal of atmospheric 
NO2 and elevated the Vd. The vegetation cover decreased sharply in 
winter, resulting in the lowest Vd. For SO2 that is more soluble in water 
with a larger Henry coefficient, the magnitude of Rc was similar to that 
of Ra and Rb, and all the three resistance factors contributed to the 
seasonal variation of Vd. In particular, the higher temperature in sum-
mer and autumn led to the stronger gas turbulence and decreased Ra and 
Rb. Besides solar radiation that could influence the opening and closing 
of the stomata and thereby Rc as mentioned above, high humidity and 
adequate precipitation would also reduce Rc through elevated absorp-
tion of SO2 by canopy, especially in the summer rainy season. Different 
from NO2, there was a peak of SO2 Vd in winter. More snow cover in 
winter may behave as water (with high Vd, Tables S2 and S3) so that dry 
deposition is enhanced (Zhang et al., 2004). 

Fig. S10 in the Supplement shows the spatial distribution of the 
modeled Vd for NO2 and SO2, and larger Vd was commonly found in the 
east and the south of the country. As summarized in Table S3 in the 
supplement, clear difference existed in Vd for various types of underlying 
surfaces, thus the geographical distribution of land use categories 
directly explained the spatial pattern of Vd. NO2 was easily adsorbed to 
the vegetation surface, thus higher Vd was in particular found for the 
forestland, sparse forestland, and shrub forest in SE and SW. For SO2 
with strong absorption capacity by water, Vd was largest for tidal-flat, 
ocean, and reservoir pond, followed by vegetation. In general, the Vd 
in areas with high air humidity and more vegetation was much higher 
than that in arid areas for both gases. The larger Vd of vegetation surface 
than other types (except for SO2 of water surface) helped explain the low 
ground-level concentration in the region with high NDVI as stated in 
Section 3.1, besides the limited anthropogenic emissions. 

3.3. Temporal and spatial patterns of dry deposition 

3.3.1. NO2 dry deposition 
The orange line in Fig. 2 indicates the monthly variation of NO2 dry 

deposition during 2013–2018 (see the seasonal means in Table 1). The 
highest dry deposition was found in summer and the lowest in winter. 
This seasonal fluctuation resembled that of Vd, which was nearly 4 times 
higher in summer. Despite of the higher emissions and concentration in 
winter, meteorology and vegetation limited the Vd and inhibited the dry 
deposition. 

Fig. 3a illustrates the time series and inter-annual variability of NO2 

Table 3 
The same as Table 2 but for SO2.   

Regions 2013 2014 2015 2016 2017 2018 Relative change1 

E (kgN ha− 1 yr− 1) NC 80.4 62.8 47.0 35.8 29.5 – − 63.3% 
NE 16.1 14.5 12.0 9.9 7.9 – − 51.0% 
NW 21.3 19.1 16.0 12.3 10.1 – − 52.4% 
SE 27.5 21.1 18.1 14.8 11.6 – − 57.8% 
SW 29.8 23.2 18.7 14.1 11.0 – − 63.0% 
TP 1.3 1.1 1.0 0.7 0.6 – − 52.0% 
China 12.7 10.2 8.5 6.7 5.3 – − 58.5% 

C (μg NO2 m− 3) NC 46.9 44.5 34.5 29.5 23.9 16.6 − 64.7% 
NE 40.6 38.3 27.0 23.4 19.8 14.8 − 63.5% 
NW 41.0 39.6 27.3 24.9 22.1 16.5 − 59.8% 
SE 23.9 22.7 17.0 14.5 12.5 10.1 − 57.7% 
SW 25.5 25.5 16.3 14.2 12.6 10.8 − 57.6% 
TP 28.1 28.9 21.4 18.9 17.3 12.5 − 55.4% 
China 32.8 34.1 23.4 20.4 17.9 14.0 − 57.4% 

Fd (kgN ha− 1 yr− 1) NC 26.5 25.0 19.6 16.8 13.6 9.5 − 64.0% 
NE 21.1 21.2 14.9 13.2 11.1 8.6 − 59.4% 
NW 20.3 19.9 13.6 12.4 11.0 8.3 − 59.2% 
SE 18.5 17.1 13.4 11.7 10.2 8.2 − 55.9% 
SW 16.7 16.9 11.0 9.5 8.4 7.1 − 57.7% 
TP 13.4 14.2 10.5 9.3 8.2 5.9 − 56.0% 
China 18.4 18.2 12.7 11.3 9.8 7.5 − 59.2% 

1Note: The change of 2018 relative to 2013 for C and Fd, and that of 2017 relative to 2013 for E as the emission data for 2018 were unavailable when this work was 
conducted. 
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dry deposition from 2013 to 2018 (see the annual means in Table 2). The 
nationwide dry deposition was estimated to decline from 3.1 to 2.1 kg N 
ha− 1 yr− 1, with the annual reduction rate estimated at 0.21 kg N ha− 1 

yr− 1 (p < 0.001). The reduction reflected the benefit of the NAPPCAP 
measures on emissions for the whole country, e.g., the expanded use of 
SCR on power plants and cement kilns. The relative reduction in the 
national NOX emissions was estimated at 20% from 2013 to 2017 (Zheng 
et al., 2018), very close to that in NO2 dry deposition at 23% (as indi-
cated by Fd for China for 2013 and 2017 in Table 2). In particular, both 
the power and cement production sectors cut over 45% of their emis-
sions, driving the total emission reduction for the country (Liu et al., 
2018b; Zheng et al., 2018). 

Fig. 4 presents the spatial pattern of NO2 dry deposition across the 
country by year. Similar with concentration, the NO2 dry deposition in 
the regions east to the Hu-Line (e.g., NC and SE) was commonly higher 
than those west (e.g., NW and TP), resulting mainly from the large fossil 
fuel consumption and emission intensity. The hotspots include Fujian, 
Yunnan, Zhejiang and Guangdong, attributed mainly to the very high 
abundance of vegetation and thereby large Vd in those subtropical 
provinces. As shown in Fig. S11 in the Supplement, the ratios of annual 
dry deposition to emissions were around 10% or smaller for NC and SE, 
indicating the limited deposition received in those two regions 
compared to their high emissions (note this current analysis does not 
include another significant species of oxidized nitrogen deposition, 
HNO3). The ratios for NE, NW and SW ranged 20–41%, and the largest 
ratio (72%) was found for TP. The very high ratio of dry deposition to 
emissions indicated that TP was strongly influenced by regional pollu-
tion transport. All the regions had their dry deposition decreased from 
2013 to 2018 as shown in Table 2, and the largest relative reduction was 
found at 39% for TP, followed by SW (33%), NE (33%), NW (31%), SE 
(24%), and NC (11%). The inter-annual variation of NO2 dry deposition 
was dominated by that of NO2 concentration, and the growing industrial 
capacity and traffic in developed eastern regions slowed down their 
declines in emissions and deposition. 

Fig. 5a and b presents the inter-annual changes of NO2 emissions and 
dry deposition for the four typical economic regions in China, respec-
tively. The largest deposition was found in PRD, followed by JJJ and 
YRD, and the lowest in SCB. The dry deposition in all the four regions 
were basically higher than the national average, while the relative 
reduction rates from 2013 to 2018 were estimated at 14%, 18%, 26% 
and 27% for JJJ, YRD, PRD and SCB, respectively, smaller than that for 
the whole country of 32% reduction. As mentioned earlier, the elevated 

industrial capacity and traffic in the developed regions was expected to 
weaken the benefit of recent controls on emissions and deposition. 
Relatively big reduction in dry deposition was achieved for SCB, which 
is located in the SW with less growth of industry and thereby larger 
emission abatement. 

3.3.2. SO2 dry deposition 
Indicated by the blue line in Fig. 2, the dry deposition of SO2 was 

highest in winter (4.5 kg S ha− 1 yr− 1) and lowest in summer (2.5 kg S 
ha− 1 yr− 1). The seasonal variability was dominated by that of ground- 
level concentrations (Fig. S5), revealing the importance of emission 
sources to deposition. As SO2 is easily soluble in water, wet deposition is 
likely enhanced in the more rainy summer thus reducing dry deposition 
in this season. 

Fig. 3b shows the time series and inter-annual variability of SO2 dry 
deposition. The annual dry deposition was estimated to continuously 
decline in China from 18.4 in 2013 to 7.5 kg S ha− 1 yr− 1 in 2018 (see the 
numbers in Table 3), with the annual reduction rate estimated at 2.4 kg S 
ha− 1 yr− 1 (p < 0.001). The significant reduction in dry deposition 
resulted mainly from the great efforts on SO2 abatement in the country. 
Attributed mainly to the improved operation of FGD on power and in-
dustrial sectors, the national SO2 emissions were calculated in MEIC to 
decline 59% during 2013–2017 (Zheng et al., 2018), while the dry 
deposition decreased 47% as indicated by Fd for China for 2013 and 
2017 in Table 3. The much larger relative reduction in both emissions 
and deposition of SO2 than NO2 implied a great success of national 
policy on SO2 control. 

Taking the Qinling-Huaihe Line as the boundary, the dry deposition 
of SO2 in the north (NC, NW and NE) was generally higher than that in 
the south (SE, SW and TP), as shown in Fig. 6. The hotspots included 
Shanxi, Hebei, northern Henan, and western Shandong. The spatial 
pattern of dry deposition could be influenced both by emissions and 
meteorology. On one hand, as mentioned in Section 3.1, coal-fired 
boilers for power and heating were intensively distributed in the 
north, leading to abundant SO2 emissions and thereby dry deposition. 
On the other hand, the relatively stable weather condition with less 
convection in the north was unfavorable to the dispersion and dilution of 
pollutants. The abundant emissions were thus liable to be deposited 
locally. In addition, the more winter snowfall in the north promoted SO2 
dissolution on the snow-covered surface, and thus elevated the Vd. The 
ratios of annual dry deposition to emissions for SO2 were found to be 
larger than NO2, implying the easier removal of SO2 from the 

Fig. 2. The monthly means of NO2 and SO2 dry deposition flux (Fd) during 2013–2018.  
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atmosphere (Fig. S11). Among the six regions, small ratios were found in 
relatively developed NC, SE and SW regions ranging 41–78%, while the 
ratios exceeded 100% for the remaining three regions, with the largest 
value over 1000% for TP. Similar with NO2, the much larger ratio of dry 
deposition to emissions for TP revealed the important role of air pollu-
tion transport to the clean plateau area in the west. 

From 2013 to 2018, the dry deposition of SO2 in all the six regions 
decreased significantly (Table 3). The largest relative reduction rate was 
found for NC at 64%, followed by NE (59%), NW (59%), SW (58%), TP 
(56%), and SE (56%). Compared to NO2, more homogeneous reduction 
ratios for SO2 indicated the relatively consolidated implementation of 
SO2 control measures across the country. In contrast to NO2 that 
declined slower in regions with higher deposition, the SO2 dry deposi-
tion declined faster in the regions with higher deposition values in the 
north of country. As mentioned earlier, multiple measures jointly 
resulted in successful control on SO2 emissions from coal burning 
sources, including increased FGD use on boilers, replacement of dirty 
stoves with clean ones, and promotion of clean energy (e.g., electricity 
and natural gas) for rural heating. 

Fig. 5c and d presents the inter-annual changes of SO2 emissions and 
dry deposition for the four typical economic regions, respectively. Both 
the emission intensity and dry deposition in JJJ were clearly larger than 
other three regions, attributed mainly to the intensive coal burning 

activities in the region. The relative reductions in dry deposition during 
2013–2018 were calculated at 63%, 59%, 53% and 65% for JJJ, YRD, 
PRD and SCB, respectively. Compared to the national level at 59%, 
larger reduction rates were found for JJJ and SCB, almost equivalent one 
was found for YRD, and smaller was found for PRD. The result confirmed 
the effectiveness of SO2 control on atmospheric dry deposition for the 
developed regions through NAPPCAP. 

4. Conclusions 

We present China’s dry deposition of SO2 and NO2 during 
2013–2018 combining a random forest (RF) algorithm and the GEOS- 
Chem model. The RF model successfully predicted the monthly 
ground-level concentrations of NO2 and SO2 at the horizontal resolution 
of 0.25 ◦ × 0.25 ◦, with satisfying consistency with available observa-
tions. In general, high concentrations were found in winter and low in 
summer, and the concentrations were continuously reduced during the 
research period, due to the improved implementation of the national 
emission control measures. The annual dry deposition of NO2 was 
ranged between 2.1 and 3.1 kg N ha− 1 yr− 1, with higher deposition in 
summer and lower in winter. The deposition east to the Hu-Line was 
clearly larger, particularly in North and Southeast China, while the 
deposition declined faster in the relatively clean TP region. The relative 

Fig. 3. The time series and inter-annual variabilities of the dry deposition flux of NO2 (a) and SO2 (b). The black hollow point represents the monthly dry deposition 
flux; the blue line represents the inter-annual variability after removing the seasonal change through time-series decomposition; and the red line represents the linear 
fitting of the inter-annual data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. The spatial distributions of NO2 dry deposition flux from 2013 to 2018.  

Fig. 5. The emissions and dry deposition (Fd) of NO2 (a, b) and SO2 (c, d) in China and the four typical economic regions including JJJ, YRD, PRD and SCB. The 
numbers in the brackets are relative reductions in emissions (2013–2017) or dry deposition (2013–2018). 
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reduction rates during 2013–2018 in all the four economical developed 
regions were smaller than the national average at 32%. Increased 
transportation and industrial capacity in recent years weakened the 
benefit of emission controls on NO2 deposition. The annual dry depo-
sition of SO2 was ranged between 7.5 and 18.4 kg S ha− 1 yr− 1, with 
significantly larger value in winter than other seasons. The dry deposi-
tion in northern China was generally higher than those in the south, and 
it was found to decline faster during the study period as well. The 
relative reduction rates during 2013–2018 for two of the four econom-
ical developed regions (JJJ and SCB) were larger than the national 
average at 59%. The much larger reduction in SO2 deposition than NO2 
indicated a great success of national policy on SO2 control, particularly 
for the regions with intensive coal burning activities. To our knowledge, 
it is the first study that assessed the response of dry deposition of gaseous 
pollutants to emission reduction under NAPPCAP in China. It helps 
improve the understanding of the source and sink of air pollutants for 
scientific community, and emphasizes the importance of strengthening 
NOX emission control in the developed regions for policy making. 

The uncertainty should be acknowledged, as the full evaluation 
could hardly be conducted yet on the spatiotemporal patterns of dry 
deposition obtained in this study. Attributed mainly to the lack of field 
measurements for different regions and land use types, the estimated dry 
deposition or Vd could not be verified with sufficient data from direct 
observation. Moreover, current RF model for concentration prediction 
relied on the data from CNEMC sites, most of which are located in urban 
areas. The model accuracy for rural or remote areas should be further 
evaluated when more observation data get available for those areas. To 
better quantify the deposition of typical atmospheric components across 

the country, future work on data fusion with advanced statistical 
ensemble model is recommended to make rational use of various re-
sources. Those contain available direct observation and CTM simulation 
results on the dry deposition, satellite-derived VCDs, ground-level con-
centrations, and geographic, meteorological and economic covariates. 
Moreover, it is suggested to conduct more comprehensive analysis on 
the source-sink relationships of typical air pollutants, including the long- 
term changes in the spatiotemporal patterns of emissions and deposi-
tion, and the main driving forces of the changed source-sink relation-
ships. The outcomes can better support the policy making of limiting air 
pollutant emissions and reducing the ecological and environmental 
damages from atmospheric deposition. 
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