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A B S T R A C T   

The rapid development of China’s industrial economy and implementation of air pollution controls have led to 
great changes in sulfur (S), nitrogen (N) and base cation (BC) deposition in the past three decades. We estimated 
China’s anthropogenic BC emissions and simulated BC deposition from 1985 to 2015 with a five-year interval 
using a multilayer Eulerian model. Deposition of S and N from 2000 to 2015 with a five-year interval was 
simulated with the EMEP MSC-W model and the Multi-resolution Emission Inventory of China (MEIC). The 
critical load (CL) and its exceedance were then calculated to evaluate the potential long-term acidification risks. 
From 1985 to 2005, the BC deposition in China was estimated to have increased by 16 % and then decreased by 
33 % till 2015. S deposition was simulated to increase by 49 % from 2000 to 2005 and then decrease by 44 % in 
2015, while N deposition increased by 32 % from 2000 to 2010 with a limited reduction afterward. The 
maximum CL of S was found to increase in 67 % of mainland China areas from 1985 to 2005 and to decline in 55 
% of the areas from 2005 to 2015, attributed largely to the changed BC deposition. Consistent with the progress 
of national controls on SO2 and NOX emissions, the CL exceedance of S increased from 2.9 to 4.6 Mt during 
2000–2005 and then decreased to 2.5 Mt in 2015, while that of N increased from 0.4 in 2000 to 1.2 Mt in 2010 
and then decreased to 1.1 Mt in 2015. The reduced BC deposition due to particle emission controls partially offset 
the benefit of SO2 control on acidification risk reduction in the past decade. It demonstrates the need for a 
comprehensive strategy for multi-pollutant control against soil acidification.   

1. Introduction 

Atmospheric deposition of sulfur (S) and nitrogen (N) elevates the 
acidification and eutrophication risks of terrestrial ecosystems (Burns 
et al., 2016; Payne et al., 2011; Zhang et al., 2018a). China has become 
the dominant sources of sulfur dioxide (SO2) and nitrogen oxides (NOX) 
in Asia and has experienced abundant acid deposition, with national 
average precipitation pH levels fluctuating between 4.6 and 5.6 during 
1980–2014 (Yu et al., 2017, 2020). The country has been implementing 
a series of measures to control air pollutant emissions since 2005, 
including the application of flue gas desulfurization (FGD) and selective 
catalytic reduction (SCR) systems in selected industries for SO2 and NOX 
control, respectively. These measures have been proven to be successful. 

As indicated by the Multi-resolution Emission Inventory for China 
(MEIC, http://www.meicmodel.org), the national SO2 and NOX emis-
sions started to decline after 2007 and 2012, respectively (Li et al., 2017; 
Liu et al., 2015). With the growth in agricultural activities, in contrast, a 
2.4-fold increase in ammonia (NH3) emissions was estimated from 1980 
to 2016 (Fu et al., 2020). 

Besides S an N, the base cations (BCs) in particulate matter (PM) of 
natural and anthropogenic origins play an important role on neutral-
izing acid deposition (Fenn et al., 2015). The steep reduction in BC 
concentrations was found to greatly decrease the benefit of S and N 
controls on reducing precipitation acidity in Europe and the United State 
(the U.S.) (Cecchini et al., 2019; Jeziorski and Smol, 2017; McHale et al., 
2017; Meesenburg et al., 2016). Due to the high levels of industrial 
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production and coal consumption, the PM and BC emissions of anthro-
pogenic origin in China were much higher than those in developed 
European countries and in the U.S., resulting in more significant impact 
on acidification risk, particularly in Southeast and Southwest China 
(Crippa et al., 2018; Klimont et al., 2017; Posch et al., 2015). Based on 
the monitored wet BC deposition data, Zhang et al. (2020) applied an 
area-weighted method and estimated BC deposition at the national scale 
for China. They found that the wet BC deposition experienced a 
decreasing trend from 2000 to 2017 and buffered 85 % of precipitation 
acidity caused by SO4

2− and NO3
− . However, the insufficient sites and 

lack of dry deposition observations caused the assessment of the acid 
neutralization of BCs to be incomplete. Chemistry transport models 
(CTMs) that combine emission data and meteorology have also been 
applied to illustrate the spatial and temporal patterns of BC deposition 
(Draaijers et al., 1997; Duan et al., 2007; Larssen and Carmichael, 2000). 
The rapid economic development, adjusted industrial structure, and 
stricter air pollution controls have jointly resulted in significant changes 
in emissions and deposition of anthropogenic BCs (Li et al., 2017; Zhang 
et al., 2019). 

Till now, the long-term evolution of acidification risks due to the 
changed deposition of multiple pollutants has been insufficiently 
explored for China. In particular, the long-term changes in BCs have 
seldom been combined with those of S and N to evaluate the compre-
hensive effects of multi-pollutant control on ecosystem acidification. 
Compared to SO2, the studies on long-term trend of BC emissions were 
still lacking for China. For example, Ministry of Ecology and Environ-
ment of China (MEE) started to report the national annual SO2 emissions 
in 1985 (MEE, 2020), but very limited emission data were available for 
BCs. Given the importance of balance between anions and cations, the 
long-term trends in BC emissions and deposition need to be fully 
evaluated. 

As an indicator of the sensitivity of terrestrial ecosystems to acidi-
fication and eutrophication, critical load (CL) has been widely applied to 
determine the threshold for acid deposition without irreversible 
ecosystem damage. This concept considers the heterogeneity of vege-
tation, soil, meteorology and BC deposition by region and makes full use 
of the buffering capacity of ecosystems (UNECE, 2004). CL has been 
widely estimated in different regions, including Europe (Posch et al., 
2015), the U.S. (Nanus et al., 2012; Pardo et al., 2011), and Asia (Reinds 
et al., 2008). The CL and its exceedance have been calculated and 
mapped to indicate the ecological risks and emission reduction goals for 
Europe (Hettelingh et al., 2013; Posch et al., 2015; Reis et al., 2012) and 
China (Duan et al., 2000; Jia and Gao, 2017). However, the effects of 
decadal environmental changes (e.g., variations in BC deposition due to 
changed emissions, and those in soil weathering rate due to changed 
temperatures) on the CL have seldom been analyzed. Furthermore, there 
is limited analysis of spatiotemporal variations in CL exceedance on a 
long-term scale, thus the effectiveness of emission controls on soil 
acidification recovery remains unclear. 

In response to the above limitations, this study aimed to develop an 
integrated modeling framework for the long-term variability of multi- 
pollutant (BCs, S and N) deposition and to explore the comprehensive 
effects of the national policy of air pollution controls on soil acidification 
for decades in China. We developed an emission inventory of China’s 
anthropogenic BCs from 1985 to 2015 with a five-year interval and 
simulated the annual deposition with a multilayer Euler model. We in-
tegrated the long-term changes in BC deposition and meteorological 
conditions, and quantified the interannual variations in the CL. Based on 
the MEIC emission data, we applied the EMEP MSC-W model to simulate 
the S and N deposition from 2000 to 2015 with a five-year interval. By 
comparing the simulated acid deposition and CL, we calculated corre-
sponding CL exceedance of terrestrial ecosystems across the country to 
reveal the effectiveness of multi-pollutant controls on reducing soil 
acidification risks. The case of China serves a profound demonstration of 
national air pollution control and environmental damage alleviation, 
and provides policy guidance for countries at the similar development 

stage. 

2. Material and methods 

2.1. Emission inventory of BCs 

We estimated the calcium (Ca) and magnesium (Mg) emissions of 
anthropogenic origin for China from 1985 to 2015 with a five-year in-
terval (i.e., 1985, 1990, 1995, 2000, 2005, and 2015) based on PM 
emissions and the mass fractions of Ca and Mg in PM. Potassium and 
sodium were not included due to their very small shares of BC emis-
sions). The 31 provinces in mainland China were included. The emission 
sources contained six major categories, i.e., power generation, cement 
production, iron & steel production, industrial boilers, other industrial 
processes, and residential coal combustion. The annual emissions were 
calculated by province and sector with Eq. (1): 

Qi,t =
∑

j,k
QP, j,k,t wi,j,k (1)  

where QP is the PM emissions; w is the percentage of BCs to the total PM 
emissions by mass; and i, j, k and t represent the BC species, province, 
sector and year, respectively. 

Two PM emission inventories were used in calculating BC emissions. 
PM emissions from 1985 to 1995 were obtained from the Emission 
Database for Global Atmospheric Research version 4.3.2 (EDGAR) 
released by the European Commission Joint Research Center (Crippa 
et al., 2018). For 2000–2015, we applied a emission inventory devel-
oped in our previous work (Xia et al., 2016). With a “bottom-up” 
methodology, this inventory incorporated the available data from large 
point sources (e.g., power and cement plants) and tracked the interan-
nual changes in the PM emission factors attributed to the improved 
application of dust collectors. Since EDGAR did not report total PM but 
PM10 (PM with aerodynamic diameters less than 10 μm), we used the 
PM10 emissions in EDGAR and the mass fractions of PM10 to PM for 2010 
in Xia et al. (2016) by province and sector to calculate PM emissions 
from 1985 to 1995. The PM10 emissions in 2000 were estimated at 15.6 
Tg in Xia et al. (2016) but were 13.4 Tg in EDGAR. To provide consis-
tency in the estimates of interannual emissions, we simply adjusted the 
EDGAR emissions for 1985–1995 with a correction factor (15.6/13.4) 
for all sectors. The mass fractions of BCs in PM (w in Eq. (1)) by province 
and sector were taken from our previous studies, which were based on a 
national investigation, and updates of coal quality, interprovincial coal 
transport, and chemical composition of industrial materials (Zhao et al., 
2011; Zhu et al., 2004). 

We allocated the annual BC emissions into a 1◦ × 1◦ grid system that 
covered mainland China. Emissions by large point sources with clear 
addresses were assigned to the grids where they were located. Other 
industrial and residential sources were treated as area sources, and their 
emissions were allocated according to the spatial distribution of indus-
trial gross domestic production and population, respectively. 

2.2. Model description for simulation of BCs, S and N deposition 

2.2.1. Multilayer eulerian model for BC deposition simulation 
Since the commonly used CTMs do not include the module of BC 

deposition simulation, we applied a multilayer dynamic Eulerian model 
to simulate the BC deposition from 1985 to 2015 with a five-year in-
terval. This model was developed by Duan et al. (2007) and used the BC 
emission inventory, meteorological parameters and simplified empirical 
constants to simulate the long-range transport and deposition of BCs. As 
shown in Fig. S1 in the supplement, the modeling domain was within 
18◦N-53◦N and 73◦E− 134◦E, with a horizontal resolution of 1◦ × 1◦. 
Three vertical layers (1000, 850 and 500 hPa at the top) were set in the 
model. 

Besides the anthropogenic emission inventory described in Section 
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2.1, the emission data from natural sources were taken from Zhu et al. 
(2004), with no interannual change assumed in this work. The total 
natural emissions were estimated at 2080 Gg yr− 1 for the country. 
Meteorological parameters were taken from the ERA Interim Daily 
database released by the European Center for Medium-Range Weather 
Forecasts (ECMWF, 2011) and the Global Precipitation Climatology 
Project (NASA and ESSIC, 2018). Empirical constants, including dry 
deposition velocity (Vd) and local deposition coefficients for anthropo-
genic and natural sources, were obtained from Duan et al. (2007). To 
evaluate the reliability of this model, we compared the simulated annual 
wet Ca deposition with available observations (see Text Section 1 in the 
supplement for details). 

2.2.2. The EMEP MSC-W model for S and N deposition simulation 
According to the availability of gridded emission inventory with 

sufficient horizontal resolution, we applied a 3-D CTM EMEP MSC-W 
and simulated the annual S and N deposition from 2000 to 2015 with 
a five-year interval (i.e., 2000, 2005, 2010, and 2015). The Meteoro-
logical Synthesizing Center-West (MSC-W) in Oslo, Norway of European 
Monitoring and Evaluation Program (EMEP) has conducted sufficient 
simulations and proved its good applicability for simulating acid depo-
sition (Jeričević et al., 2010; Simpson et al., 2012). The meteorological 
driving field was obtained from the Weather Research and Forecasting 
v3.9.1 (WRF) Model. As shown in Fig. S1, the modeling domain of 
WRF-EMEP ranges 16◦N-49◦N and 78◦E− 141◦E, with a horizontal res-
olution of 27 × 27 km. Table S1 summarizes the physical and chemical 
scheme settings and input data of the model. We applied MEIC with an 
original horizontal resolution of 0.25◦ × 0.25◦ as the emission input. We 
used FNL meteorological data from the National Center for Environ-
mental Prediction (NCEP and NOAA, 2000) with a horizontal resolution 
of 1◦ × 1◦ as the initial and boundary conditions of the meteorological 
field. The Global Land Cover 2015 (GLC) land-use data http://due.esrin. 
esa.int/page_globcover.phpfrom European Space Agency (ESA, 2017) 
were applied for the whole simulation period. We compared the simu-
lated annual and monthly deposition with available observations to 
evaluate the model performance (see Text Section 1 for details). 

2.3. The extended steady-state mass balance model for critical load (CL) 
mapping 

The CL of S and N for terrestrial ecosystems can be calculated with 
Eqs. (2)–(4) based on an extended steady-state mass balance (SSMB) 
model (UNECE, 2004; Zhao et al., 2007; see Text Sections 2 and 3 and 
Fig. S2 in the supplement for details). This model links deposition to a 
chemical criterion and assumes that the formulation and depletion of 
acidity and alkalinity in soil are time-independent and simultaneously 
considers the changes in the deposition of S, N and BCs: 

CLmax(S)=BCD + BCW − BCU − ANCL,crit (2)  

CL(N)=NI + NU +
min(CLmax(S),NL,crit

)

1 − fDE
(3)  

CL(S) =
{

CLmax(S) (ND ≤ NI + NU)

CLmax(S) − (1 − fDE) [ND − (NI + NU)] (ND > NI + NU)
(4)  

where CL(S) and CL(N) are the critical loads of S and N, respectively; 
BCD is the deposition of BCs; BCW is the weathering rate of BCs from soil 
minerals; BCU and NU are the vegetation uptakes of BCs and N, respec-
tively; ANCL, crit is the critical leaching of alkalinity; NI is the average 
immobilization rate of N in soil for a long period; NL,crit is the critical 
leaching flux of N; fDE is the denitrification rate of N; and ND is the 
deposition of N. 

ANCL, crit in Eq. (2) was calculated with a critical limit (Bc/Al)crit, 
which indicates the connection between soil chemical status and plant 
response (damage to fine root) via a critical molar ratio of the 

concentrations of base cations to aluminum in soil solution. NL,crit in Eq. 
(3) was calculated with a critical limit [NO3

− ]crit, which indicates the 
acceptable concentration of leaching NO3

− depending on the eutrophi-
ciation damage that should be avoided (see Text Sections 2 and 3 and 
Table S2 in the supplement for details). The spatiotemporal patterns of 
BCD were simulated as described in Section 2.2.1. Following the 
methods by Duan et al. (2002) and Duan et al. (2004), the spatial dis-
tributions of vegetation and soil parameters in Eqs. (2)–(4) were ob-
tained at a horizontal resolution of 0.1◦ × 0.1◦ based on the 
comprehensive datasets of the national field investigations (IGSNRR, 
2019). Those investigations were conducted every a few decades, thus 
the data reflected the average conditions of vegetation and soil for a 
relatively long-term period (internal communication with researcher in 
IGSNRR). The annual average temperatures were taken from the 
Resource and Environment Data Cloud Platform provided by the Insti-
tute of Geographic Sciences & Natural Resources Research, Chinese 
Academy of Sciences (IGSNRR, 2019). Due to the kinetic limitation of 
BCw, we adopted the Arrhenius equation to quantify the interannual 
variations in BCw due to changing temperatures: 

BCw =BCw0 e

(

A
T0
− A

T

)

(5)  

where T0 is the reference temperature (281 K), T is the actual temper-
ature, BCw0 is the weathering rate at T0 (Duan et al., 2002), and A is the 
Arrhenius pre-exponential factor (3600 K). 

Exceedances of S (Ex(S)) and N (Ex(N)) were calculated by 
comparing the simulated deposition with CL for corresponding species 
from 2000 to 2015 with a five-year interval. 

3. Results and discussions 

3.1. The emissions and deposition of BCs 

The annual anthropogenic BC (Ca and Mg) emissions from 1985 to 
2015 are shown by sector in Fig. 1 (see the provincial emissions in 
Tables S3 and S4). In general, the emissions of both species were found 
to keep increasing until mid-2000, followed by a continuous decline 
afterward. A mismatch of BC emissions around 2000 needs to be noted 
even if we adjusted the 2 PM inventories. The smaller emissions in 2000 
than 1995 and 2005 could result partly from the bias in energy statistics 
for that period. Based on the interannual variability in NO2 column from 
satellite observation, Akimoto et al. (2006) implied an underestimation 
in the national total fuel consumption by Chinese Energy Statistics 
Yearbook during 1996–2000. 

The total Ca emissions were estimated to increase from 4504 in 1985 
to 5645 Giga grams (Gg) in 2005 and then decrease below the 1985 level 
to 3492 Gg in 2015. The Mg emissions increased from 238 Gg in 1985 to 
371 Gg in 2005 and then decreased to 298 Gg in 2015. Cement and other 
industrial processes were identified as the dominant sources of Ca. The 
two sectors contributed 65 % and 28 % of the total national emissions for 
2000, while the fractions were 25 % and 61 % in 2015, respectively (see 
the details in Table S5). The raw materials used in cement production 
(tricalcium silicate, tricalcium aluminate, and free calcium oxide) 
resulted in much larger mass fraction of Ca in PM emissions (28%–44 %) 
than other sources. Our estimates of BC emissions for 1995–2005 were 
− 2% to − 21 % lower than those of Lei et al. (2011), due to the uncer-
tainty in activity data of small cement and lime plants. 

The interannual variabilities in total BC emissions and their sector 
contributions resulted from the tremendous change in industrial struc-
tures, elevated penetration of improved manufacturing technology, and 
implementation of stricter PM emission controls (Zhang et al., 2019). 
For example, China gradually eliminated inefficient and small factories 
and tightened PM emission standards for cement plants from 50 to 30 
mg m− 3 in 2014 (Zheng et al., 2018). Old rotary and shaft kilns have 
been replaced with advanced precalciners with fabric filter dust 
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collectors (Li et al., 2017). These advanced technologies make rational 
use of raw materials and improve the removal efficiency of PM, resulting 
in significant reductions in Ca emissions. The spatial distributions of 
anthropogenic BC emissions are shown in Fig. S3. North and Southeast 
China accounted for over 70 % of the national anthropogenic BC emis-
sions on average from 1985 to 2015, while Northwest China and the 
Tibetan Plateau accounted for less than 6 % (see the regional definition 
in Fig. S1). Due to the relatively high levels of industrialization and 
urbanization, the urban construction and industrial production in 
developed North and Southeast China produced abundant PM emissions 
and thereby BCs. 

Fig. S4 compares the simulated and observed annual wet BC depo-
sition at specific monitoring sites, and the normal mean biases (NMBs) 
and normalized mean errors (NMEs) ranged from − 32 % to 21 % and 
from 39 % to 47 %, respectively, from 2000 to 2015 (Table S6). Basi-
cally, the model captured the spatial distributions of BC deposition for 
different years. It underestimated the deposition for earlier years but 
overestimated for the more recent ones. In general, the bias could result 
from the simplified atmospheric processes, coarse horizontal resolution 
of the model and the uncertainty in emission estimation. The model 
performance and the main reasons for the simulation bias are presented 

in details in Text Section 1 in the supplement. 
Fig. 2 shows the interannual variations in spatial patterns of the 

simulated BC deposition from 1985 to 2015. Large BC deposition was 
clearly found in the north, southeast, and border of Xinjiang and Qing-
hai, while low deposition was in Tibet. Northwest, Southeast and North 
China contributed 25.3 %, 23.3 % and 20.0 % of BC deposition on 
average, respectively. Anthropogenic activities contributed most of the 
BC deposition in the developed North and Southeast China, while 79 % 
of total BC deposition in Northwest and Qinghai originated from natural 
dust. The deposition was above 0.3 keq ha− 1 yr− 1 for approximately one 
third of mainland China, while it varied between 0.1 and 0.3 keq ha− 1 

yr− 1 in the U.S. in 2000s (Vet et al., 2014). The difference in deposition 
partly reflected the different development stages between the two 
countries. Due to earlier industrial development, the U.S. reached its 
peak in PM emissions in 1980s (Crippa et al., 2018; Klimont et al., 2017). 
The later accelerated industrialization and urbanization in China led to 
higher BC emissions and thereby deposition than the U.S. in early 2000s. 
As previously mentioned, clear reduction in emissions was found in 
following years over the country, resulting mainly from the improved 
industrial structure and PM controls (Li et al., 2017). 

The total annual deposition over the country was simulated to 

Fig. 1. The annual Ca and Mg emissions by sector in mainland China (1985–2015).  

Fig. 2. The spatial distributions of BC (Ca + Mg) deposition in China (1985–2015). The horizontal resolution is 1◦ × 1◦.  
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increase by 16 % in 1985–2005 and then be followed by a reduction of 
32 % in 2005–2015. The temporal patterns of BC deposition varied by 
region. From 1985 to 2005, the growth in annual deposition was 
determined to be the largest for North China, at 52 %, followed by a 
reduction of 45 % from 2005 to 2015. For the southeast, as a compari-
son, deposition peaked in 1995 with a growth of 40 % from 1985 to 1995 
and then declined by 53 % from 1995 to 2015. Overall, stricter envi-
ronmental requirements of local governments and the shift from heavy 
industry to high-tech industries in developed provinces of Southeast 
China (e.g., Jiangsu, Zhejiang, Shanghai and Guangdong) have resulted 
in a decreasing PM pollution trend since the 1990s (Lei et al., 2011), 
while pollution continued to increase until 2007 in North China (Hu 
et al., 2010; Ma et al., 2019). 

3.2. The updated CL mapping of S and N 

Fig. S6 in the supplement illustrates the updated CLmax(S) and CL(N) 
mapping for China 2015. Large CLmax(S) commonly appeared in 
Northwest China and the Tibetan Plateau, indicating relatively low 
acidification risks (Fig. S6a). The high weathering rates of BCs from arid 
environments and the abundant BC deposition from natural sources 
resulted in high alkalinity inputs, while the low vegetation uptake rate 
of BCs limited alkalinity outputs (Posch et al., 2015). The areas with low 
CLmax(S) included Northeast, North, Southeast and Southwest China. 
The low CLmax(S) in Northeast China resulted from the small BC 
weathering rates in cold weather and the strongly acidified soil (Duan 
et al., 2002). In Southwest and Southeast China, the vegetation mainly 
includes subtropical evergreen broad-leaved forests with a high uptake 
rate of BCs, leading to a weak capability of buffering acid deposition. CL 
(N) presented an opposite spatial pattern compared to CLmax(S). High CL 
(N) appeared in Northeast, North, Southeast and Southwest China, and 
low in Northwest and Tibetan Plateau (Fig. S6b). Compared to southern 

China, the uptake and denitrification rate of N were lower in Northwest 
and Tibetan Plateau, attributable to the cold and dry climate, and 
abundance of deserts and grasslands. 

Although the spatial patterns of CL in this study were of limited 
differences from previous (Duan et al., 2000; Posch et al., 2015), the 
latters ignored the effect of long-term change of alkalinity inputs on CL. 
Fig. 3 shows the differences in spatial patterns of CLmax(S) and CL(N) 
from 1985 to 2005 (the period with increased BC deposition) and those 
from 2005 to 2015 (the period with decreased BC deposition). The area 
with increased CLmax(S) values accounted for 67 % of the entire country 
during 1985–2005 (Fig. 3a). The largest CLmax(S) growth was estimated 
at 1.05, 0.98, and 0.96 keq ha− 1 yr− 1 for Henan, Beijing and Shandong 
respectively. The increased CLmax(S) resulted partly from the elevated 
BC emissions and thereby deposition across the country. More signifi-
cant changes were found for provinces with substantial growth in 
anthropogenic BC emissions, e.g., Shandong, with the annual emissions 
increased by 315 Gg. Moreover, the increased temperatures from 1985 
to 2015 elevated alkalinity inputs from soil weathering, particularly in 
Northwest China. For example, the annual average temperature in 
Qinghai increased by 1.8 ◦C during this period, leading to an increase in 
CLmax(S) of 0.37 keq ha− 1 yr− 1. 

From 2005 to 2015, the areas with a reduced CLmax(S) accounted for 
55 % of the entire country and were mainly distributed in Northwest, 
Southwest, North and Southeast China (Fig. 3b). The largest reduction in 
CLmax(S) was found in Henan, Guangdong and Shandong, reaching 1.30, 
0.99 and 0.92 keq ha− 1 yr− 1, respectively. The reduced CLmax(S) resul-
ted mainly from the abatement of BC emissions. Shandong was the 
province with the largest Ca emission reduction (360 Gg) from 2005 to 
2015. The reductions in Guangdong, Henan, and Zhejiang also exceeded 
100 Gg. In contrast, increased CLmax(S) values were found in Tibet, 
southern Inner Mongolia, and Guangxi. In less developed regions with 
fewer industrial sources, anthropogenic BC deposition was not the main 

Fig. 3. The changes in CLmax(S) and CL(N) from 1985 to 2005 (a and c) and from 2005 to 2015 (b and d). The horizontal resolution is 0.1◦ × 0.1◦.  
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contributor to soil alkalinity, and the variations in CLmax(S) could be 
dominated by other factors. For example, the annual temperature in 
2015 was higher than that in 2005 in most parts of Guangxi, resulting in 
elevated soil weathering rate and therefore increased alkalinity inputs. 
This could offset the effect of reduced BC deposition and increase the CL. 

Fig. 3c and d presents the differences in CL(N) for the two periods. CL 
(N) was estimated to increase in 2.0 % of the whole country in 
1985–2005 and to decrease in 2.8 % in 2005–2015. Over 95 % of the 
territory exhibited no interannual variability, as the uptake, immobili-
zation, and denitrification of N were assumed to be unchanged in the CL 
(N) calculation in this work. 

3.3. The deposition of S and N and CL exceedances 

The model performance of S and N deposition simulation with EMEP 
was presented in Text Section 1 in the supplement. As summarized in 
Table S6, in general, EMEP underestimated S and N deposition (partic-
ularly for reduced nitrogen, RDN), with NMBs and NMEs ranging from 
− 60 % to 50 % and from 43 % to 96 %, respectively. Compared with the 
common simulation bias between − 70 % and 800 % (Chang et al., 
2020), the performance of EMEP was reasonable and representative of 
the spatiotemporal deposition patterns. Issues of model application, 
biases in emission inventories and fixed land-use data were expected to 
influence the simulation (see Text Section 1 for details). 

Fig. S7 illustrates the interannual changes in spatial distributions of S 
and N deposition from 2000 to 2015. Similar to previous studies (Ge 
et al., 2020; Zhang et al., 2018b), a relatively large deposition was 
present in North, Southeast and Southwest China, attributed mainly to 
the high emissions from the developed agriculture and industry. In 
addition, the basin topography in Sichuan and Chongqing and the 
increased surface roughness due to urbanization in developed regions 
restrict pollutant diffusion and transport. 

The temporal evolution of deposition differed between S and N. The 
annual total S deposition was estimated to increase by 49 % in 
2000–2005, with a peak of 14.4 Mt in 2005, and then decreased by 17 % 
and 32 % in 2005–2010 and 2010–2015, respectively. The reduced S 
deposition could be caused by the strict emission control measures 
implemented since 2005, including FGD application in power genera-
tion and iron & steel production and improvement in industrial 

manufacturing technologies (Li et al., 2017). Moreover, the annual 
deposition was estimated to decrease more sharply from 2010 to 2015 
by 32 % than that from 2005 to 2010 by 17 %, reflecting the greater 
benefit from SO2 emission reduction after 2010. Much stricter emission 
standards for coal-fired power and industrial coal boilers have been is-
sued since 2010, motivating the upgrading and improved operation of 
emission control facilities (MEP and GAQSIQ, 2011, 2014). 

N deposition was estimated to increase by 32 % in 2000–2010, with a 
peak of 15.8 Mt in 2010, and a limited change was found afterward. NOX 
controls were commonly conducted several years later than those for 
SO2, e.g., the compulsory use of FGD in the power sector began after 
2005, while that of SCR after 2010. Besides, very few controls have been 
implemented for agricultural NH3 emissions (Liu et al., 2019). Conse-
quently, as shown in Table S7, the ratio of RDN to oxidized nitrogen 
(OXN) deposition declined from 1.72 to 0.81 during 2000–2010 and 
increased again to 0.93 in 2015. In contrast to China, the ratio of RDN to 
OXN in the U.S. has increased from 0.72 to 1.49 during 1985–2012, 
resulting from the large reduction in NOX emissions from industrial 
power generation (Du et al., 2014). In Europe, this ratio was found to 
increase from 1.10 in 1997 to 1.22 in 2005 (Simpson et al., 2006, 2014), 
attributed to relatively stable NH3 emissions but continuously reduced 
NOX since 1980 (Crippa et al., 2018). The various temporal trends of the 
ratio thus presented the different progresses of NOX controls between 
the countries. 

Fig. 4 illustrates the spatial patterns of the CL exceedance from 2000 
to 2015, and Table 1 summarizes the annual total exceedances. The 
fractions of areas with Ex(S) reached 52 %, 43 % and 31 % for South-
west, Northeast and Southeast China, respectively, while there was 

Fig. 4. The exceedances of S and N critical loads in mainland China (2000–2015). The horizontal resolution is 27 × 27 km.  

Table 1 
The exceedances of S and N critical loads in China with (base case) and without 
(hypothetical case) the interannual changes in BC deposition from 2000 to 2015 
(unit: Mt).   

2000 2005 2010 2015 

Base case Ex (S) 2.92 4.63 3.90 2.48 
Ex (N) 0.40 0.65 1.21 1.06 

Hypothetical case Ex (S) 2.92 4.63 3.65 2.20 
Ex (N) 0.40 0.65 1.17 1.01  
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nearly no Ex(S) in Northwest and Tibetan Plateau. The large SO2 emis-
sions from intensive coal burning resulted in high S deposition in the 
developed Southeast China and thus elevated the CL exceedance. For 
Southwest, the sulfur contents in coal were much higher than those in 
other regions, leading to substantial SO2 emissions and Ex(S). From 
2000 to 2005, Ex(S) over the entire country was estimated to increase 
from 2.9 to 4.6 Mt and then decrease 46 % to 2.5 Mt in 2015. The 
greatest change was found in North China, with a growth of 88 % during 
2000–2005 and a reduction of 50 % during 2005–2015. The interannual 
changes in Ex(S) demonstrated the benefit of SO2 control on reducing 
soil acidification after 2005. To evaluate the effect of BC deposition on 
CL exceedance, we further defined a hypothetical case in which BC 
deposition during 2005–2015 was assumed unchanged from the 2000 
level. The case presented a situation in which PM emission controls had 
not been conducted since 2000. Based on this assumption, the Ex(S) 
levels in 2010 and 2015 would decrease by 0.25 and 0.28 Mt, i.e., 6.4 % 
and 11.2 % smaller than the base case with BC variability, respectively. 
The results suggested that the PM controls and consequent reduction in 
BC deposition moderately offset the decline of Ex(S) and delayed the soil 
acidification recovery. Given the underestimation in BC deposition for 
earlier years but overestimation for more recent years by our model, the 
reduced BC deposition and its impact on Ex(S) might be underestimated 
in 2000s. Besides, the ignorance of interannual change in natural dust 
deposition would lead to uncertainty in estimation of CL exceedance. As 
shown in Fig. 4, however, the region with high BC deposition from 
natural sources (Northwest) seldom had its CL exceeded. The reasons 
included the abundant alkalinity inputs from weathering and natural 
deposition, and the limited acid deposition due to small industrial 
emissions of gas precursors in the region. Therefore, the uncertainty 
should be moderate. 

Ex(N) was mainly found in Southeast, Southwest and North China 
with relatively high deposition of N. Compared to S, Ex(N) was limited 
across the country since the areas receiving high N deposition also had a 
large CL(N) attributed to the considerable vegetation uptake of N. 
Consistent with the interannual trend of N deposition, Ex(N) increased 
from 0.40 in 2000 to 1.21 Mt in 2010 and then slightly decreased to 1.06 
Mt in 2015. More significant increase in Ex(N) was found in specific 
regions, such as Sichuan and Chongqing. In the hypothetical case 
described above, the Ex(N) values for 2010 and 2015 were calculated to 
be 0.04 (3.6 %) and 0.05 Mt (5.0 %) smaller than the base case, 
respectively, reflecting the limited effect of BC variations on Ex(N). 
From 2000 to 2015, the net growth of Ex(N) was 165 % (0.66 Mt), and 
the reduction in BC deposition contributed 8 %. By combining the 
interannual changes in RDN and OXN deposition, the reduced Ex(N) 
during 2010–2015 resulted mainly from the declining OXN, while a 
relatively stable level was found for RDN. 

In this study, the Ex(S) values for 2005 and 2010 (4.6 and 3.9 Mt, 
respectively) were close to those described in our previous work (4.1 and 
3.8 Mt in Zhao et al. (2009)), while greater discrepancies were found for 
Ex(N) (0.65 and 1.21 Mt in this work and 2.76 and 4.19 Mt in Zhao et al. 
(2009), respectively). The much larger Ex(N) in Zhao et al. (2009) 
resulted from possible overestimation in NH3 emissions and thereby N 
deposition, particularly for Inner Mongolia. 

Comparison of the long-term trends in alkaline and acidic pollutant 
emissions and CL exceedances across the world could provide insights 
on the diversity in the progress and strategy of acidification risk miti-
gation between regions. Fig. S8 shows the relative changes in SO2 and Ca 
emissions for China and the U.S. (PM10 as an indicator for Ca for the U.S. 
due to lack of exact data) during 1985–2015. More significant reduction 
in Ca (or PM10) emissions compared to SO2 was found in China than the 
U.S. at the decadal temporal scale, implying a bigger potential risk of 
ecosystem acidification for China. The US experienced a rising trend of 
CL exceedances until 1985, and the following decline suggested the 
effectiveness of the national policy on restraining the emissions of acid 
precursors (Clark et al., 2018; Sun et al., 2017). Observation on soil ion 
leaching revealed similar but hysteretic pattern of ecosystem response to 

the deposition (Gilliam et al., 2019). For Europe, N deposition was the 
main contributor to the CL exceedances, which peaked in 1980s and 
then declined due to economic transformation and emission abatement 
(Posch et al., 2015; Schmitz et al., 2019). As estimated in this work, 
China started to reduce its CL exceedance around 20 years behind U.S. 
and Europe, through mainly the tightened controls of SO2. The different 
progresses between countries or regions reveal the impact of varied 
phases of economic development and air pollution controls on the 
ecosystem damage recovery. Although acknowledged by existing studies 
(Clark et al., 2018; Ellis et al., 2013; Makar et al., 2018; McDonnell et al., 
2010), moreover, the effect of climate change on the historical trend in 
acidification risk was seldom quantified. Sun et al. (2017) reported a 38 
% decline in CL exceedances in the U.S. due to the enhanced BC 
weathering from a 2 ◦C growth in temperature in 2050. With the na-
tional pollution control strategy gradually shifting from the end-of-pipe 
treatment to energy structure improvement in China, the impact of 
future climate change on ecological risk needs further careful investi-
gation and evaluation. 

4. Conclusions 

We combined CTMs and CL to study the long-term impact of BCs, S, 
and N deposition on soil acidification in China. Driven mainly by the 
changed anthropogenic emissions, the annual deposition of BCs and S in 
China started to decline around 2005–2010, while that of N kept 
growing till 2010. The CL exceedance of S increased from 2.9 to 4.6 Mt 
during 2000–2005, and then decreased to 2.5 Mt in 2015, while that of N 
increased from 0.40 in 2000 to 1.2 Mt in 2010, with limited reduction 
afterward. The changes in CL exceedance matched the progress of na-
tional air pollution control for the past decade. Reduction in BC depo-
sition from PM control moderately offset the benefit of SO2 control on 
soil acidification recovery. The results highlighted the importance of a 
multi-pollutant control strategy for effectively reducing the ecological 
risk. In this work, the deposition relied on CTMs that simplified atmo-
spheric processes, and discrepancies existed between observation and 
simulation for various species, years, and regions. More techniques are 
recommended for integrating available observation data and modeling 
results to better capture the long-term spatiotemporal patterns of at-
mospheric deposition of multiple species. Besides CL, moreover, multi-
ple responses of plant biodiversity, soil microbial communities, and 
forest carbon and nitrogen cycling to atmospheric deposition are rec-
ommended to be further explored to help better understand the feedback 
of ecosystems to the changed deposition. 
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