
Science of the Total Environment 806 (2022) 150552

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Changes of precipitation acidity related to sulfur and nitrogen deposition
in forests across three continents in north hemisphere over last
two decades
Chung-Te Chang a,b,⁎, Ci-Jian Yang c, Ko-Han Huang b, Jr-Chuan Huang c, Teng-Chiu Lin d

a Center for Ecology and Environment, Tunghai University, Taichung 40799, Taiwan
b Department of Life Science, Tunghai University, Taichung 40799, Taiwan
c Department of Geography, National Taiwan University, Taipei 10617, Taiwan
d Department of Life Science, National Taiwan Normal University, Taipei 11677, Taiwan
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
• Precipitation pH increase in NADP and
EMEP due to SO4-S and NO3-N reduc-
tions.

• NADP and EMEP Precipitation acidity
has shifted from sulfate- to nirate-
dominated.

• Sulfate plays a predominant role in pre-
cipitation acidity in Asia.

• DIN deposition has shifted from NO3-N-
dominated to NH4-N-dominated in
NADP and EMEP.

• NH4-N deposition has a major contribu-
tion to N flux in Asia due to high NH3

emission.
⁎ Corresponding author at: Center for Ecology and Envi
E-mail address: chungtechang@thu.edu.tw (C.-T. Chan

https://doi.org/10.1016/j.scitotenv.2021.150552
0048-9697/© 2021 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 July 2021
Received in revised form 20 September 2021
Accepted 20 September 2021
Available online 24 September 2021

Editor: Elena Paoletti
Through synthesizing bulk precipitation chemistry in forest sites (n = 128) from three monitoring networks,
(NADP inNorthernAmerica, EMEP in Europe, and EANET in East Asia), this study quantifies the temporal changes
of precipitation acidity and its dominant acidifying agents over the last two decades. Results show distinct de-
clines of sulfate and nitrate depositions and increases of precipitation pH in northeast America and central and
east Europe, but not in Asia during 1999 and 2018. The decreases of sulfate and nitrate depositions likely reflect
the long-term effort of pollutant emission controls. The temporal pattern of sulfate (SO4

2−)/nitrate (NO3
−) and

ammonium nitrogen (NH4-N)/nitrate nitrogen (NO3-N) equivalent ratios indicate that acid rain in the NADP
and EMEP have transitioned from sulfate-dominated to nitrate-dominated, and the DIN deposition has shifted
from nitrate-dominated to ammonium-dominated in recent years, owing to reductions of sulfur dioxides
(SO2) and nitrogen oxides (NOx) emissions. In contrast, sulfate still plays a dominant role on the acidity of
precipitation than nitrate in Asia, and NH4-N deposition also has a significant contribution in N flux due to in-
creasing trends of ammonia emissions in Southeast Asia.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Anthropogenic sulfur dioxides (nitrogen oxides) emissions have
been declining in U.S. and Europe since1980s (1990s), while East and
South Asia have become the new hot spots of emissions owing to inten-
sive fertilizer applications and rapid increases of fossil-fuel combustion
(Tørseth et al., 2012; Vet et al., 2014; Duan et al., 2016). Some studies
showed that the emissions of sulfur dioxides (SO2) and nitrogen
oxides (NOx) and depositions of SO4

2− and NO3
− had declined after

2006 and 2011 in China (Lu et al., 2010; Zhao et al., 2013; Liu et al.,
2016), but the depositions of SO4

2− (>50 kg ha−1 yr−1) and NO3
−

(>30 kg ha−1 yr−1) are still higher than the levels in 1980s in most
areas of Europe and northeastern United States (Larssen et al., 2006;
Likens, 2013; Duan et al., 2016). In addition, the elevating ammonia
(NH3) emission owing to increasing livestock and fertilizer
applications in many parts of the world has become a critical concern
(Sutton et al., 2013; Waldner et al., 2014).

Precipitation plays a crucial role in absorbing and scavenging dis-
solved gasses and particulate matters from the atmosphere by rainout
and washout processes (Stumm et al., 1987; Szép et al., 2019). Acidic
deposition originated from anthropogenic emissions of SO2 and NOx,
has profound influences on biogeochemistry, and leads to acidification
of soils and surface water, eutrophication of terrestrial and aquatic
ecosystems and decreased biodiversity in many regions (Driscoll et al.,
2001; Baron, 2006; Bobbink et al., 2010; Benedict et al., 2013; Vet
et al., 2014). Compared to Europe and North America, surface waters
and soil in Asia are less sensitive to effects of sulfur (S) and nitrogen
(N) depositions due to warm and humid climate and therefore higher
rates of mineral weathering of calcium (Ca2+) (Larssen et al., 2011;
Duan et al., 2016; Chang et al., 2017a; Sase et al., 2021).

Forests cover one-third of land surface of the Earth and provide
many essential ecosystem services, such as soil and water conservation,
mitigation of regional climate and conservation of biodiversity (Miura
et al., 2015; Sannier et al., 2016). The much higher interception effi-
ciency of atmospheric deposition by forests than other land cover
types, makes forests a critical sink of atmospheric pollutants and nutri-
ents. The high atmospheric deposition of S and N was considered a key
factor contributing to the forest decline during 1970s–1980s in Europe
and North America (Aber et al., 1998; Cronan et al., 1989; de Vries
et al., 2008; Bobbink et al., 2010; Du et al., 2016). Long-term continuous
observation not only helps todisentangle the alterations of precipitation
chemistry caused by natural processes and human interventions, but
also provides knowledge fundamental for the establishment of future
emission control policies (Waldner et al., 2014; Kopáček et al., 2016).

Understanding the spatiotemporal status and trends of atmospheric
depositions at forest sites is important because forest ecosystems are in
general away from anthropogenic emission sources, and therefore is
more representative of atmospheric deposition of the region (Calvo
et al., 2010). Three major networks including the National Atmospheric
Deposition Program (NADP) in North American, the EuropeanMonitor-
ing and Evaluation Programme (EMEP) in Europe, and the Acid Deposi-
tionMonitoring Network in East Asia (EANET) have been established to
monitor precipitation chemistry for more than two decades. We se-
lected all forest sites (i.e., all sites located within forests such as national
parks, national wildlife refuges or experimental forests, etc.), with a
total of 128, from NADP (n = 86), EMEP (n = 23), and EANET (n =
19; Fig. 1 and Table S1) to: (1) investigate long-term trends of precipi-
tation acidity (pH), sulfate, nitrate, ammonium, and calciumdepositions
in forests from 1999 to 2018; and (2) explore the relative contributions
of S and N on acid deposition over time and their trends across regions.
First, we hypothesize that therewere decreasing trends of the acidic de-
positions accompanying the descending trends of pollutant emissions.
Second, there were decreasing trends of precipitation acidity (increas-
ing precipitation pH) as the result of decreasing deposition of acid pol-
lutants. Third, the trends of acid deposition and precipitation pH
would differ among the three networks due to the differences in
2

pollutant and in emission control policies. The analyses provide infor-
mation critical for unraveling global patterns of atmospheric deposition
and evaluating the effectiveness of region-specific pollution control
polices.

2. Materials and methods

2.1. Acquisition of precipitation chemistry and air pollutant emission data

The annual rainfall and pH and annual concentration and deposition
of SO4-S (sulfate sulfur), NO3-N (nitrate nitrogen), NH4-N (ammonium
nitrogen), and Ca2+ were acquired from NADP (1999–2018; http://
nadp.slh.wisc.edu/data/ntn/), EMEP (1999–2015; http://ebas.nilu.no/),
and EANET (2001–2018; https://www.eanet.asia/). The precipitation
samples of the three networks were based on weekly collections and
have been aggregated to an annual basis after data processing including
ion balance check, and collection efficiency assessment of annual pre-
cipitation (>70%) as suggested by World Meteorological Organization
(WMO; Lamb and Bowersox, 2000; Allan, 2004; Luangjame, 2011;
Chang et al., 2017b).

There are studies using datasets of emission inventories at the coun-
try, and regional levels but to our knowledge there are no cross-region
(continent) studies and some of the studies did not use continuous
long-term data (Vet et al., 2014; Duan et al., 2016). To explore the rela-
tionship between emission and deposition at the global scale with con-
tinuous time-series datasets, we utilized the emission dataset acquired
from Emissions Database for Global Atmospheric Research (EDGAR
v5.0: https://edgar.jrc.ec.europa.eu/emissions_data_and_maps; Crippa
et al., 2019, 2020). The annual time-series of SO2, NOx, and NH3

emission records and annual grid maps during 1999 and 2015 were
obtained from the EDGAR v5.0.

2.2. Data processing

The annual concentration and deposition of the ionswere expressed
as μeq L−1 and kg ha−1 yr−1, respectively. The long-term annual
volume-weighted mean (VWM) concentrations and precipitation pH
were then calculated based on annual precipitation depth and annual
ionic concentration (Conradie et al., 2016).

Non-sea-salt (nss) fraction of SO4-S (nssSO4-S) and Ca2+ (nssCa2+)
were processed for further analysis and presentation, using Na+ as the
sea salt tracer corrected for sea-salt contribution from marine origin
(Jacob et al., 1985; Drever, 1988). The ratios of SO4

2− and Ca2+ to Na+

in sea-salt were 0.12 and 0.043 (Keene et al., 1986; Avila, 1996). The
neutralizing condition of precipitation is largely determined by the bal-
ance between principal anions nssSO4-S and NO3-N and major cations
such as nssMg2+, nssCa2+ and NH4-N. For cations, we used only
nssCa2+ and NH4-N because they are major cations and commonly ap-
plied in other studies and will make our study comparable with previ-
ous results (Fujita et al., 2000; Safai et al., 2004; Mkadam et al., 2008).
Therefore, the relationship between precipitation pH and the difference
of ([nssSO4-S + NO3-N] - [nssCa2+ + NH4-N]) in equivalent
concentrations (μeq L−1) was utilized to evaluate the acidity
neutralization capacity of precipitation as has been used in other
studies (Huang et al., 2008; Chang et al., 2017b).

2.3. Statistical analysis

To examine the relative contributions of sulfuric acid and nitric acid
to total acidity of rainwater, and relative contribution of ammoniumand
nitrate and on dissolved inorganic nitrogen (DIN) in deposition over
time, the equivalent ratios of SO4

2−/NO3
− and NH4-N/NO3-N were calcu-

lated. A SO4
2−/NO3

− higher than unity indicates that SO4
2− has a greater

contribution to acidity of precipitation compared to NO3
− (Keresztesi

et al., 2019). Similarly, if NH4-N/NO3-N is greater than unity, it suggests
that the contribution of NH4-N on DIN deposition is greater than the

http://nadp.slh.wisc.edu/data/ntn/
http://nadp.slh.wisc.edu/data/ntn/
http://ebas.nilu.no/
https://www.eanet.asia/
https://edgar.jrc.ec.europa.eu/emissions_data_and_maps;


Fig. 1. The selected forest sites used in this study from EANET (n=19), NADP (n= 86), and EMEP (n=23) acid deposition monitoring networks (Source of forest types in background:
ESA GlobCover 2009 Project: http://due.esrin.esa.int/page_globcover.php, Bicheron et al., 2011).
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contribution from NO3-N. The relationships between ions were
analyzed using Pearson correlations.

Linear least-square regression was used to explore the trends of at-
mospheric ion depositions over time and, the magnitude of the trends
was obtained from the slopes of the regression models. The statistical
significance was determined by Mann-Kendall (MK) test for evaluating
data of annual time-scales at 5% significance level, which is recom-
mended byWMO and has been applied inmany hydro-climatic and en-
vironmental studies (Antonopoulos et al., 2001; del Río et al., 2007; Ali
et al., 2019). Data normal distribution is not required for MK tests, and
the tests are less sensitive to outliers (Sonali and Kumar, 2013).

3. Results and discussion

3.1. Precipitation quantity, acidity, and ionic depositions

There are 43% (37/86) forest sites with volume-weighted mean
(VWM) pH lower than 5.0 (criterion of acid rain in presence of anthro-
pogenic activities; Galloway et al., 1982) in NADP, mostly in east
America where the long-term mean deposition rates of nssSO4-S and
NO3-N are between 2–10 kg S ha−1 yr−1 and 2–4 kg N ha−1 yr−1,
respectively. In contrast, the VWM pH in central and west America
are >5.0, where the depositions of nssSO4-S and NO3-N are
<2.0 kg ha−1 yr−1 (Fig. 2). The spatial variation of precipitation pH
and the depositions of nssSO4-S and NO3-N highlight the role of sulfate
and nitrate on rainfall acidification, although acidification of precipita-
tion is now much less severe and less common in North America
compared to the levels in 1980s.

The sites with VWM pH < 5.0 in EMEP were mostly in central and
east Europe (11/23). These areas are the European pollutant emission
3

centers (Kopáček et al., 2016), with the deposition of nssSO4-S between
2 and 5 kg S ha−1 yr−1, and the deposition of NO3-N from 2 to
>8 kg N ha−1 yr−1 (Fig. 2). By contrast, the forests in north and west
Europe receive considerably lower nssSO4-S and NO3-N depositions
(<2.0 kg ha−1 yr−1, Fig. 2). The spatial pattern of precipitation acidity
is generally in accord with the patterns of sulfate and nitrate deposi-
tions, decreasing from central and east Europe to north and south
Europe.

Twelve sites have VWM pH < 5.0 in the EANET, most of which are
near urbans in east Asia. These sites have nssSO4-S deposition
>5.0 kg S ha−1 yr−1 (highest of 35 kg S ha−1 yr−1 at Jinyunshan [site
14] of China) andNO3-N deposition from 2 to>7.5 kgN ha−1 yr−1 com-
pared to <2.0 kg S(N) ha−1 yr−1 in sites further from urbans (Fig. 2 and
Table S1). Studies indicated that sulfur emissions in China contribute up
to 65% of total sulfur deposition in surrounding countries (Chang et al.,
2000; Kuribayashi et al., 2012). The transboundary transport could be
the reason that thenssSO4-S andNO3-N depositionswere not consistent
with local SO2 and NOx emissions reported by Duan et al. (2016).

Globally, most forest sites (114/128) have annual NH4-N deposition
<5.0 kg ha−1 yr−1, only 14 sites (8 in central and east Europe and 6 in
east Asia) > 5.0 kg ha−1 yr−1 (Fig. 2), which may be attributed to the
contribution from agricultural activities in these regions (Vet et al.,
2014; Wen et al., 2020). Among all sites, the Kototabang, Sumatra in
Indonesia (site 19; Table S1) has the highest mean annual depositions
of NH4-N (37 kg ha−1 yr−1; Fig. 2), largely because the contribution
from 2015 reaches over 660 kg ha−1 yr−1. During September–October
2015, southern Sumatra and Kalimantan experienced a widespread
fire caused by slash-and-burn agriculture and a prolonged drought as-
sociated with a strong El Niño (Huijnen et al., 2016; Tacconi, 2016).
The biomass burning emitted a huge amount of reactive nitrogen

http://due.esrin.esa.int/page_globcover.php


Fig. 2.Mean annual precipitation (mm yr−1), volume-weighted mean (VWM) precipitation pH, and mean annual depositions (kg ha−1 yr−1) of nssSO4-S, NO3-N, NH4-N, and nssCa2+

during the study period. Data periods are different among different networks (EANET 2001–2018, NADP 1999–2018, and EMEP 1999–2015) because theywere initiated in different years.
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compounds, especially NH3 which could react quickly with acidic
elements to form (NH4)2SO4 or NH4NO3. Ammonium sulfate can be
transported for a long distance such that contributes substantially to
nitrogen deposition at local and regional scales (Krupa, 2003; Karlsson
et al., 2013; Whitburn et al., 2015). The number of fire events and the
density of fire spots were highest in 2015 over the past two decades
in Southeast Asia (Fig. S1), releasing large amounts of particulatematter
and carbon from biomass burning, and contributes considerably to the
deposition of many elements such as sulfate, nitrate, chloride and am-
monium (Fujii et al., 2019; Kiely et al., 2019). The risk of extreme fires
in equatorial Asia is expected to increase due to the projected increases
of the frequency of extreme El Niño drought events (Cai et al., 2014; Yin
et al., 2016). The prevalent forest burning and shifting cultivation in
Southeast Asia in combination with climatic fluctuations are likely to
make biomass burning a more notable contributor of nutrient cycling
in the region (Duncan et al., 2003; Yin, 2020).

The long-term annual average of nssCa2+ deposition across NADP
and EMEP is lower than 2.0 kg ha−1 yr−1, except for three sites near
the Mediterranean: Kamenicki vis (site 111), Ispra (site 119), and
4

Viznar (site126),whichhaveannualdepositionof6.5–11.0kgha−1 yr−1

(Fig. 2b and Table S1). The regions surrounded by the Mediterranean
were strongly influenced by Ca-rich dust transported from the Sahara
that could provide 30% of calcium input, especially during spring and
summer (Lequy et al., 2012). The dust not only helped to neutralize
the precipitation acidity but also supplied base cations directly to
many European forest ecosystems to replenish the buffering capacity
of soil which was sensitive to acidification (Alastuey et al., 1999;
Rogora et al., 2004; Sverdrup et al., 2006; Fig. 2). There were several ex-
tremely intense Sahara dust depositional events recorded in central
Europe after 2014, which not only bought a huge amount of dust but
also enhanced surface warming (Varga, 2020). Two sites with the
highest nssCa2+ deposition (>15 kg ha−1 yr−1; Fig. 2b), Jiwozi and
Jinyunshan in central China, were attributed to the contribution of
dust from both natural dust deposition associated with the semi-arid
environment and industrial emission, such as cement production
(Duan et al., 2016; Du et al., 2018). Over the past half-century, the fre-
quency and intensity of dust storms in northern China showed a de-
creasing trend with increase of extreme precipitation, vegetation
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cover, and decrease ofwind speed (Guan et al., 2017;Wang et al., 2017).
However, there was a rebound of dust emission after 2005 which could
be caused by extreme droughts (Yu et al., 2014; Song et al., 2016), pos-
sibly due to the global frequent heat waves which enhanced the surface
temperature and intensified seasonal droughts in arid regions
(Mazdiyasni and Aghakouchak, 2015; Wang et al., 2017; Li et al.,
2018). Therefore, the interactions between climate change and human
activities remained largely uncertain and required more research for a
thorough understanding of atmospheric deposition.
Fig. 3. The temporal trends (as indictedbymean annual change rates) of annual precipitation, pr
solid circles indicate that the trends are statistically significant as determined by Mann-Kenda
(annual change rate) of linear regression models.

5

3.2. Spatiotemporal trends of precipitation quantity and ion depositions

Over the past two decades, there are 82% (105/128) forest sites
showing no significant trend of precipitation quantity based on MK
test (Fig. 3). The higher partial correlations between ionic concentra-
tions and depositions (r = 0.84 of nssSO4-S, 0.90 for NO3-N, 0.92 for
NH4-N, and 0.91 for nssCa2+, p < 0.01; Table S2) than between
precipitation quantity and ion depositions (r = 0.53 of nssSO4-S, 0.81
for NO3-N, 0.67 for NH4-N, and 0.52 for nssCa2+, p < 0.01; Table S2)
ecipitation pH, nssSO4-S, NO3-N,NH4-N, and nssCa2+depositions (kgha−1 yr−1). Thefilled
ll (MK) test at p-value < 0.05. The mean annual change rates are derived from the slopes
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indicate that the temporal trends of ion depositions are more related to
changes in concentrations rather than changes in precipitation amount
(Table S2; Figs. 4, 5, S2 and S3).Mean annual nssSO4-S, NO3-N, andNH4-
N, and nssCa2+ depositions across sites of each monitoring network
reveal significant descending trends (R2 = 0.28–0.89, p < 0.05),
except for the significant ascending trend of NH4-N deposition in
NADP (R2 = 0.43, p < 0.01) and no significant trend of NH4-N deposi-
tion in EANET andnssCa2+ depositions inNADP (Fig. 6). There is awide-
spreadpositive significant correlation between [nssSO4-S+NO3-N] and
[nssCa2+ + NH4-N] for most sites in NADP and EMEP (r = 0.70–0.90,
p < 0.01), except for EANET (Fig. 7a). The concentrations of [nssSO4-
S + NO3-N] positively correlated to [nssCa2+ + NH4-N] across sites
for three networks (R2 = 0.29–0.76, p < 0.01; Fig. 7c). In addition, the
difference between [nssSO4-S + NO3-N] and [nssCa2+ + NH4-N] is
negatively correlated to precipitation pH (r = 0.50–0.90, p < 0.01) in
80%, 70% and 50% of NADP, EMEP and EANET forest sties respectively
(Fig. 7b) and cross sites in each of three networks (R2 = 0.54–0.93,
p < 0.01; Fig. 7d).
Fig. 4. The temporal trends (as indicated bymean annual change rates) of annual H+, nssSO4-S
that the trends are statistically significant as determined byMann-Kendall (MK) test at p-value
linear regression models.

6

Within each network, the increasing of precipitation pH is wide-
spread across NADP (78/86), ranging from <0.02 unit per year in west
America to 0.04 unit per year in northeast America. Similarly, more
than 70% of the EMEP forest sites show an increasing trend of precipita-
tion pH, the magnitude of increase ranged from 0.003 unit per year in
north Europe to 0.03 unit per year in central Europe. In contrast, there
is no clear temporal pattern across EANET (Fig. 3). Thewidespread of in-
creasing pH especially in NADP and EMEP is attributable to the reduc-
tions of sulfate and nitrate concentrations (Figs. 4 and 5).

The nssSO4-S deposition shows a significant decreasing trend in 69
NADP forest sites, 14 EMEP forest sites and 8 EANET forest sites. In
NDAP forest sites, the annual reduction of nssSO4-S deposition ranged
from 0.20–0.49 in northeast American to 0.001–0.19 kg ha−1 in west
America. The reduction is 0.001–0.50 kg ha−1 yr−1 in EMEP. Unlike
the widespread decreasing trend across the NDAP and EMEP forest
sties, the temporal trend of nssSO4-S deposition ranges from 0.1 to
1.0 kg ha−1 yr−1 near urban regions in EANET whereas the remote
areas are lack of a decreasing trend (Fig. 3).
, NO3-N, NH4-N, and nssCa2+ concentrations (μeq L−1 yr−1). The filled solid circles indicate
< 0.05. Themean annual change rates are derived from the slopes (annual change rate) of



Fig. 5.The Pearson correlations between annual VWMprecipitation pHandnssSO4-S, NO3-N, NH4-N, and nssCa2+ ionic concentrations (μeq L−1). Thefilled color circles indicate significant
correlations at p-value < 0.05.
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The annual reduction of NO3-N deposition in NADP (59/86) ranged
from 0.05 kg ha−1 in west America to 0.15–0.18 kg ha−1 in northeast
America. In comparison, the annual reduction of NO3-N deposition in
EMEP (12/23) was less than 0.05 kg ha−1 and most EANET forest sites
do not have a significant temporal trend (Fig. 3). The results show that
the reduction rate of nssSO4-S is more pronounced than that of NO3-N
deposition across regions. Moreover, the reduction rates of nssSO4-S
and NO3-N depositions in NADP and EMEP are larger and more wide-
spread than those in the EANET (Fig. 3). The widespread reductions of
sulfate and nitrate in NADP and EMEP are generally consistent with
the significant decreases of SO2 and NOx emissions of the regions
(Figs. 3, 6 and 8). However, the high and relatively stable SO2 and NOx
emissions in Southeast Asia probably leads to stagnant nssSO4-S and
NO3-N deposition in most forest sites over the last two decades
(Figs. 3, 6 and 8).

The long-term efforts of the CAA (Clean Air Act) of 1970 and CAAA
(Clean Air Act Amendments) of 1990 effectively cut down SO2 and
NOx emissions and likely the subsequent sulfate and nitrate
depositions, especially in northeast America, where the depositions
7

are among the highest in the NADP (Fig. 8; Davidson et al., 2012; Li
et al., 2016). In Europe, owing to the significant reduction of SO2

emissions since 1980s, the sulfate deposition had gradually declined
(Lajtha and Jones, 2013; Grennfelt et al., 2020). However, nitrate has
become the main acidifying agent because of slower reduction rate of
NOx emission compared to SO2 emission (Waldner et al., 2014;
Kopáček et al., 2016). In addition, although there is a common
regulation of pollutant emission across European countries, the effec-
tiveness of the regulations varied as is evident from the much higher
spatial variation of the concentration and deposition of NO3-N in the
EMEP than theNADP (Figs. 2 and S2; Keresztesi et al., 2019). In contrast,
except for the forest sites nearby urbans, most EANET sites surrounding
China show no significant declining trends of nssSO4-S and NO3-N de-
positions (Fig. 3). Some studies showed that the trends of sulfate and ni-
trate depositions did not coincide with the regional reductions of SO2

and NOx emission in Korea, and Japan, due to the long-range transport
of acidic pollutants from China especially during winter-spring periods
(Figs. 3, 6, 8, and S4), which largely negated their local efforts
(Kuribayashi et al., 2012; Chen et al., 2015). However, recent studies



Fig. 6. The temporal trends of average annual depositions of nssSO4-S (a), NO3-N (b), NH4-N (c) and nssCa2+ (d) across forest sites of theNADP (n=86), EMEP (n=23) and EANET (n=
19) networks during 1999–2018. Gray bars stand for standard errors.
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show that the declines of SO2 and NOx emissions not only decrease the
sulfate and nitrate depositions in China but also contribute to the signif-
icant reduction on downwind precipitation chemistry in Korea and
Japanduring 2001–2015 (Itahashi et al., 2018; Xie et al., 2020). Pollution
controlmeasures that taken transboundary transport into consideration
is required for effective reduction of acid deposition in East Asia.

To improve air quality, China has adopted many regulations to re-
duce SO2 and NOx emissions from industry, power plants and
transportation sectors in their 10th-12th five-year plans (2001–2015),
in which the target is to reduce emission by 8–10% in each phase
(Tian et al., 2013; Liu and Wang, 2017). Recent reports point out that
the SO2 and NOx emissions in China have significantly declined after
2006 and 2011 respectively (Duan et al., 2016; Liu et al., 2016). More-
over, the SO2 and NOx emissions further reduced 37.5% and 21%
between 2011 and 2015 (Lachatre et al., 2019). China have imple-
mented two strict policies, the Air Pollution Prevention and Control in
Key Region (APPC-KR) in 2012 and Action Plan on Air Pollution Preven-
tion and Control (APPC-AP) in 2013, aiming to improve air quality by
controlling multi-pollutants, including SO2, NOx, PM (particulate mat-
ter) and VOCs (Volatile Organic Compounds) simultaneously (Fig. 8;
Ma et al., 2019). The reduction of SO2 and NOx emissions documented
after 2006 and 2013 seems to be consistent with the data in Asia, how-
ever the total emissions in Southeast Asia are still 3–4 times of the levels
in theUS and Europe (Fig. 8). The reduction rates of nssSO4-S andNO3-N
depositions are higher at Jiwozi (Hubei) and Jinyunshan (Sichuan) than
other sites in EANET (Fig. 3), nevertheless the mean annual bulk depo-
sitions of SO4-S (35 kg S ha−1 yr−1) and NO3-N (7.5 kg N ha−1 yr−1)
at Jinyushan in China are still higher than the peak values in most re-
gions of central Europe and northeast America in 1980s (Larssen et al.,
2006).

The overall increasing trend of NH4-N deposition in NADP forest
sties is in accordance with the increases of NH3 in the US, while the de-
creasing trend in EMEP forest sites are in accordancewith the reduction
of NH3 emission in Europe (Figs. 6 and 8). However, the not significant
trend of NH4-N deposition in EANET is not in agreement with the in-
creases of NH3 emission in Southeast Asia (Figs. 6 and 8), possibly due
to the high spatial variation of NH3 emissions, increasing near some
sites and decreasing near other sites. This is not surprising because
8

much of the spatial variation of NH3 emission is related to agriculture
activity which is spatially heterogeneous across the region. Studies
indicated that nssCa2+ play a critical role in neutralizing precipitation
acidity in semi-arid regionwhile the contribution of nssCa2+ in neutral-
izing precipitation acidity might decrease due to reduction of open land
after urbanization (Safai et al., 2004; Conradie et al., 2016). Under the
mixed environmental background, both nssCa2+ and NH4

+ play
important roles in neutralizing precipitation acidity (Rodhe et al.,
2002; Mkadam et al., 2008), which was also supported by the close
relationships between precipitation pH and the difference between
[nssSO4-S + NO3-N] and [nssCa2+ + NH4-N] in our analysis (Fig. 7).

3.3. The shift from S-dominated to N-dominated acid deposition

There is an extensive decreasing trend of SO4
2− to NO3- ratio in NADP

(53/86), with a sharp decrease after 2007 and the ratio is lower than
unity after 2017 (Fig. 9a). The ratio between NH4-N and NO3-N deposi-
tion, on the other hand, shows a widespread increasing trend (82/86),
withmore than half of the sites receiving higher NH4-N than NO3-N de-
position after 2008 (Fig. 9b). The results indicate that acid deposition
has transitioned from sulfate-dominated to nitrate-dominated, and
the deposition of DIN has shifted from nitrate-dominated to
ammonium-dominated in recent years. Meanwhile, the precipitation
pH shows a widespread ascending trend in NADP and all sites have an-
nual VWM pH> 5.0 after 2015 (Fig. 9c). There was a sharp reduction of
SO2 emission in 1995 after the implementation of CAAA (1990), its con-
tinuing effect resulted in further reductions of SO2 andNOxemissions in
2005 and part of the recent declines of emissions was probably due to
electricity switch from coal to natural gas after 2008 (Sickles and
Shadwick, 2015). In addition, the implementations of automobile “Tier
2” standards (80–90% reduction in automobile NOx) in 2004, new
diesel trucks standards (90% reduction of NOx emissions) in 2007 and
similar requirement for off-road diesel tools in 2010 are beneficial for
decreasing NOx emissions (Lajtha and Jones, 2013). Recent estimations
suggest that NH4-N contributes approximately 65% of DIN deposition
across most of the United States due to the increase of NH3 emissions
(11%) and the decease of NOx emissions (41%) concurrently (Xing
et al., 2013; Li et al., 2016). Based on our analysis, it took 30–40 years



Fig. 7. The correlations between [nssCa2++NH4-N] and [nssSO4-S+NO3-N] (a), between annual VWMprecipitation pH and ([nssSO4-S+NO3-N] - [nssCa2++NH4-N]) (b) of each site,
the relationships between [nssCa2+ + NH4-N] and [nssSO4-S + NO3-N] across regions (c), and the relationships between pH and ([nssSO4-S + NO3-N] - [nssCa2+ + NH4-N]) across
regions (d).
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for the acid deposition in the US to shift from sulfate-dominated to
nitrate-dominated, and for DIN deposition to change from nitrate-
dominated to ammonium-dominated (Figs. 8c and 9).

In the EMEP, the declining SO4
2−/NO3

− ratio indicates that like in the
US, the role of nitrate on acid deposition is elevating (Fig. 9a). However,
several EMEP sites remain sulfate-dominated due to very low nitrate
deposition such as Straith Vaich (site 127) and Lough Navar (site 128)
(Fig. 2). In contrast to our result, Keresztesi et al. (2019) reported that
the ratio of SO4

2−/NO3
− varied from 1.78 (Portugal) to 2.83 (Serbia)

across Europe during 2001–2017, and suggested that sulfuric acid
played a more prominent role in precipitation acidity than nitric acid.
The report of Keresztesi et al. (2019) was at the country level which in-
cluded urban, rural and remote areas whereas our study focuses on for-
est sites. The inclusion of urban sites may obscure the regional pattern
as they could be in proximity of major emission sources. Regarding
the NH4-N/NO3-N ratio, six sites had the ratio greater than unity in
9

1999, the number increased to 17 sites in 2015 (Fig. 9b). Unlike the
case for SO4

2−/NO3
−, the study of Keresztesi et al. (2019) also found the

NH4
+/NO3

− ratio to be greater than unity. The consistent result
suggests that like in the NADP sites, NH4-N also gradually become the
dominant form of DIN deposition in the EMEP sites. Despite the similar
patterns of the changes in SO4

2−/NO3
− and NH4-N/NO3-N ratios between

EMEP and NADP, the deposition of nssSO4-S and DIN is higher in EMEP
than NADP (Fig. 2), suggesting that stricter control measures are neces-
sary for the EMEP sites to catch up the pace of NADP. The pattern of in-
creasing precipitation pH is overall in parallel with the decreasing trend
of sulfate, nitrate and SO4

2−/NO3
− ratio (Figs. 3 and 9).

In EANET, only one seven sites showed a decreasing trend of SO4
2−/

NO3
− ratio during 2001–2018 (Fig. 9a). The mean ratio of SO4

2−/NO3
−

ranges from 1.6 to 3.3, clearly indicating that sulfate plays a dominant
role on the acidity of precipitation in Asia (Fig. 9a). A recent study
shows that bulk S deposition (164 Tg S yr−1) in Asia, contributed 59%



Fig. 8.The annual trends of SO2, NOx, andNH3 emissions (Tg) (a), their annual reduction rate (kg ha−1 yr−1) inUSA, Europe and Southeast Asia during1999 and 2015 (Data source: EDGAR
v5.0: https://edgar.jrc.ec.europa.eu/emissions_data_and_maps) (b), and the timeline of policies of air quality regulations on S andN emissions inUSA, Europe and China (c). CAA:US Clean
Air Act; CAAA: US Clean Air Act Amendment; NAAQS: National Ambient Air Quality Standards under the US CAA; SIP: US State Implementation Plan; CSAPR: US Cross State Air Pollution
Rule; FYP: China five-year-plan; APPC-KR: China Air Pollution Prevention and Control in Key Region; APPC-AP: China Action Plan on Air Pollution Prevention and Control (Crippa et al.,
2016; Ma et al., 2019; Grennfelt et al., 2020; Likens et al., 2021).
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of global S deposition and thus impose a high risk of soil and stream
acidification (Gao et al., 2018). The mean ratio of NH4-N to NO3-N con-
centration across EANET forest sites is consistently higher than one over
time revealing that ammonium deposition is a more important form of
DIN deposition in EANET (Fig. 9b). However, Terelj (site 11) and Xiaoping
(site 12) have stable NH4-N but increasing NO3-N concentrations that
might contribute to the descending of NH4-N/NO3-N ratio (Fig. 9b). The
possible reason is that they are very close (<5 km) to Ulaanbaatar (capital
of Mongolia) and Xiamen (the highly developed region in southeast
China), respectively, which have high NOx emissions and the subsequent
depositions. For the precipitation pH, only four sites located islands and
coastal regions present an increasing trend and twelve sites have a rela-
tively stable annual VWM pH below 5.0 (Fig. 9c).

A global analysis of NH3 emission using Infrared Atmospheric
Sounding Interferometer (IASI) satellite dataset has reported that
global NH3 emission increased 12.8% during 2008–2018, in which east
Fig. 9. The temporal trends of annual SO4
2− toNO3

− equivalent concentration ratio (a), NH4-N to
three monitoring networks, NADP, EMEP and EANET. Filled solid circles indicate significant tem
dicate ratio equal to unity (a, b) and precipitation pH= 5.0 (c). The bold blue, green and red l
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Asia had larger enhancement (5.8% yr−1) than north America (2.4%
yr−1) and western and southern Europe (1.9% yr−1) (Van Damme
et al., 2021). The long residence time of NH3 in the atmosphere was
suggested to be important for the ubiquitous upward trends of
ammonia emissions (Zheng et al., 2018). NOx emissions in China
began to decrease after 2011 but NH3 emissions and NH4-N deposition
remained stable due to large livestock manure production and heavy
fertilizer use for food production (Liu et al., 2016;Wen et al., 2020). Sev-
eral sites in southeast Asia have theNH4-N/NO3-N ratio > 5.0 during the
study period, (e.g., Kanchanaburi (site 17), Tanah Rata (site 18), and
Kototabang (site 19)) and should be attributable to intensive agricul-
tural activities rather than industry because they are distant from the re-
gion of emission center and have low and stable SO2 and NOx emissions
andnssSO4-S andNO3-Ndepositions (Fig. 2; Vet et al., 2014). High ratios
of SO4

2−/NO3
− andNH4-N/NO3-N in EANET are possibly due to higher de-

positions of sulfate and ammonium than nitrate.Most of the sites, 12 for
NO3-N equivalent concentration ratio (b) and trends of precipitation pH(c) in forest sites of
poral trends based onMann-Kendall (MK) test at p-value < 0.05. The red dashed lines in-
ines representing mean value of each annual box-plot.

https://edgar.jrc.ec.europa.eu/emissions_data_and_maps
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SO4
2−/NO3

− ratio and 15 for NH4-N/NO3-N ratio (Fig. 9), do not have sig-
nificant trends suggesting that the emissions of SO2 and NOx might
decrease concurrently but are still at high level even the rigorous
plans for air pollution prevention after 2010s especially in China
(Fig. 8). Though the SO2 and NOx emissions began to decrease after
2013 in Asia and China (Fig. 8; Ma et al., 2019), the current enormous
emissions and consequent depositions in the region implies that the
long-term stringent rules and cross-region cooperation is urgently
needed to cut the emissions effectively. The pollutant emissions control
not only betters regional air quality but brings co-benefits for slowing
near-term climate warming and long-term human healthy (Fiore
et al., 2012; West et al., 2013; Tibrewal and Venkataraman, 2021).

4. Conclusions

Through synthesizing long-term dataset of bulk depositions of
nssSO4-S, NO3-N, NH4-N and nssCa2+ based on all forest sites (n =
128) from NADP, EMEP and EANET, this study shows that the wide-
spread increasing of precipitation pH in forest sites of NADP and EMEP
can be attributed to decreasing of sulfate and nitrate concentrations
and which in turn attributable to reductions of SO2 and NOx
emissions. However, there is no significant pattern in EANET. The
changes of compositions both of acidifying and neutralizing ions
might regulate the trends of precipitation acidity. Acid deposition has
changed from sulfate-dominated to nitrate-dominated, and the deposi-
tion of DIN has shifted from nitrate-dominated to ammonium-
dominated in NADP in recent years whereas ammonium always domi-
nant form both in EMEP and EANET, which were observed on forest
sites. In contrast, sulfate play a predominant role on acid deposition,
and the high and stable NH3 emissions and NH4-N deposition has a crit-
ical contribution on DIN input in Southeast Asia. The implementation of
a series of air pollution regulations such as CAA and CAAA in US or Air
Convention and Gothenburg Protocol in Europe have significantly cut
down air pollutants and result in reductions of acid deposition. In
China, the implementation of strict pollution control policies in 2010s
seems to have significant effects on improving air quality, the reduc-
tions of S and N depositions might occur in some regions in recent
years. Nevertheless, to achieve the goal of clean air, it will need long-
running endeavors to reverse the current huge amounts of SO2 and
NOx emissions and high acid depositions.
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