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• Precipitation pH increase in NADP and
EMEP due to SO4-S and NO3-N reductions.
• NADP and EMEP Precipitation acidity
has shifted from sulfate- to niratedominated.
• Sulfate plays a predominant role in precipitation acidity in Asia.
• DIN deposition has shifted from NO3-Ndominated to NH4-N-dominated in
NADP and EMEP.
• NH4-N deposition has a major contribution to N ﬂux in Asia due to high NH3
emission.
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a b s t r a c t
Through synthesizing bulk precipitation chemistry in forest sites (n = 128) from three monitoring networks,
(NADP in Northern America, 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 declines 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 (SO2−
4 )/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 increasing 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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pollutant and in emission control policies. The analyses provide information critical for unraveling global patterns of atmospheric deposition
and evaluating the effectiveness of region-speciﬁc pollution control
polices.

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 intensive 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 SO2−
and NO−
4
3 had declined after
2006 and 2011 in China (Lu et al., 2010; Zhao et al., 2013; Liu et al.,
2016), but the depositions of SO2−
(>50 kg ha−1 yr−1) and NO−
4
3
(>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 dissolved 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 efﬁciency of atmospheric deposition by forests than other land cover
types, makes forests a critical sink of atmospheric pollutants and nutrients. 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 to disentangle 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 European Monitoring and Evaluation Programme (EMEP) in Europe, and the Acid Deposition Monitoring Network in East Asia (EANET) have been established to
monitor precipitation chemistry for more than two decades. We selected 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 precipitation acidity (pH), sulfate, nitrate, ammonium, and calcium depositions
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 there were decreasing trends of the acidic depositions accompanying the descending trends of pollutant emissions.
Second, there were decreasing trends of precipitation acidity (increasing precipitation pH) as the result of decreasing deposition of acid pollutants. Third, the trends of acid deposition and precipitation pH
would differ among the three networks due to the differences in

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 precipitation (>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 country, 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 relationship between emission and deposition at the global scale with continuous 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 ions were 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
2+
(Jacob et al., 1985; Drever, 1988). The ratios of SO2−
to Na+
4 and Ca
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 balance 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 applied in other studies and will make our study comparable with previous 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 ammonium and
nitrate and on dissolved inorganic nitrogen (DIN) in deposition over
−
time, the equivalent ratios of SO2−
4 /NO3 and NH4-N/NO3-N were calcu2−
−
lated. A SO4 /NO3 higher than unity indicates that SO2−
4 has a greater
contribution to acidity of precipitation compared to NO−
3 (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
2
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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).

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 depositions, 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) and NO3-N deposition from 2 to >7.5 kg N ha−1 yr−1 compared 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 the nssSO4-S and NO3-N depositions were 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 associated with a strong El Niño (Huijnen et al., 2016; Tacconi, 2016).
The biomass burning emitted a huge amount of reactive nitrogen

contribution from NO3-N. The relationships between ions were
analyzed using Pearson correlations.
Linear least-square regression was used to explore the trends of atmospheric 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 recommended by WMO and has been applied in many hydro-climatic and environmental 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 anthropogenic 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 precipitation 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
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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 they were initiated in different years.

Viznar (site 126), which have annual deposition of 6.5–11.0 kg ha−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 extremely 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 frequency and intensity of dust storms in northern China showed a decreasing trend with increase of extreme precipitation, vegetation

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 particulate matter
and carbon from biomass burning, and contributes considerably to the
deposition of many elements such as sulfate, nitrate, chloride and ammonium (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
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3.2. Spatiotemporal trends of precipitation quantity and ion depositions

cover, and decrease of wind 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), possibly 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.

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 concentrations 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)

Fig. 3. The temporal trends (as indicted by mean annual change rates) of annual precipitation, precipitation pH, nssSO4-S, NO3-N, NH4-N, and nssCa2+ depositions (kg ha−1 yr−1). The ﬁlled
solid circles indicate that the trends are statistically signiﬁcant as determined by Mann-Kendall (MK) test at p-value < 0.05. The mean annual change rates are derived from the slopes
(annual change rate) of linear regression models.
5
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Within each network, the increasing of precipitation pH is widespread 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 precipitation 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). The widespread of increasing pH especially in NADP and EMEP is attributable to the reductions 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).

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, and NH4N, 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 deposition in EANET and nssCa2+ depositions in NADP (Fig. 6). There is a widespread positive 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 [nssSO4S + 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 by mean annual change rates) of annual H+, nssSO4-S, NO3-N, NH4-N, and nssCa2+ concentrations (μeq L−1 yr−1). The ﬁlled solid circles indicate
that the trends are statistically signiﬁcant as determined by Mann-Kendall (MK) test at p-value < 0.05. The mean annual change rates are derived from the slopes (annual change rate) of
linear regression models.
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Fig. 5. The Pearson correlations between annual VWM precipitation pH and nssSO4-S, NO3-N, NH4-N, and nssCa2+ ionic concentrations (μeq L−1). The ﬁlled color circles indicate signiﬁcant
correlations at p-value < 0.05.

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 effectiveness 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 the NADP (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 depositions (Fig. 3). Some studies showed that the trends of sulfate and nitrate 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

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 widespread 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
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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 the NADP (n = 86), EMEP (n = 23) and EANET (n =
19) networks during 1999–2018. Gray bars stand for standard errors.

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 region while the contribution of nssCa2+ in neutralizing 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 NH+
4 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).

show that the declines of SO2 and NOx emissions not only decrease the
sulfate and nitrate depositions in China but also contribute to the significant reduction on downwind precipitation chemistry in Korea and
Japan during 2001–2015 (Itahashi et al., 2018; Xie et al., 2020). Pollution
control measures 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 reduce 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). Moreover, the SO2 and NOx emissions further reduced 37.5% and 21%
between 2011 and 2015 (Lachatre et al., 2019). China have implemented two strict policies, the Air Pollution Prevention and Control in
Key Region (APPC-KR) in 2012 and Action Plan on Air Pollution Prevention and Control (APPC-AP) in 2013, aiming to improve air quality by
controlling multi-pollutants, including SO2, NOx, PM (particulate matter) 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, however the total emissions in Southeast Asia are still 3–4 times of the levels
in the US and Europe (Fig. 8). The reduction rates of nssSO4-S and NO3-N
depositions are higher at Jiwozi (Hubei) and Jinyunshan (Sichuan) than
other sites in EANET (Fig. 3), nevertheless the mean annual bulk depositions 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 regions 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 decreasing trend in EMEP forest sites are in accordance with 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 increases 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

3.3. The shift from S-dominated to N-dominated acid deposition
There is an extensive decreasing trend of SO2−
4 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 deposition, on the other hand, shows a widespread increasing trend (82/86),
with more than half of the sites receiving higher NH4-N than NO3-N deposition 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 annual 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 continuing effect resulted in further reductions of SO2 and NOx emissions 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
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Fig. 7. The correlations between [nssCa2+ + NH4-N] and [nssSO4-S + NO3-N] (a), between annual VWM precipitation 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).

1999, the number increased to 17 sites in 2015 (Fig. 9b). Unlike the
−
case for SO2−
4 /NO3 , the study of Keresztesi et al. (2019) also found the
−
NH+
/NO
ratio
to be greater than unity. The consistent result
4
3
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 SO2−
4 /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 necessary for the EMEP sites to catch up the pace of NADP. The pattern of increasing precipitation pH is overall in parallel with the decreasing trend
−
of sulfate, nitrate and SO2−
4 /NO3 ratio (Figs. 3 and 9).
In EANET, only one seven sites showed a decreasing trend of SO2−
4 /
2−
−
NO−
3 ratio during 2001–2018 (Fig. 9a). The mean ratio of SO4 /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%

for the acid deposition in the US to shift from sulfate-dominated to
nitrate-dominated, and for DIN deposition to change from nitratedominated to ammonium-dominated (Figs. 8c and 9).
−
In the EMEP, the declining SO2−
4 /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 SO2−
4 /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 included urban, rural and remote areas whereas our study focuses on forest 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
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Fig. 8. The annual trends of SO2, NOx, and NH3 emissions (Tg) (a), their annual reduction rate (kg ha−1 yr−1) in USA, Europe and Southeast Asia during 1999 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 and N emissions in USA, 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).

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). Several sites in southeast Asia have the NH4-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 agricultural activities rather than industry because they are distant from the region of emission center and have low and stable SO2 and NOx emissions
and nssSO4-S and NO3-N depositions (Fig. 2; Vet et al., 2014). High ratios
−
of SO2−
4 /NO3 and NH4-N/NO3-N in EANET are possibly due to higher depositions of sulfate and ammonium than nitrate. Most of the sites, 12 for

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 concentration 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 relatively 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 SO2−
4 to NO3 equivalent concentration ratio (a), NH4-N to NO3-N equivalent concentration ratio (b) and trends of precipitation pH (c) in forest sites of
three monitoring networks, NADP, EMEP and EANET. Filled solid circles indicate signiﬁcant temporal trends based on Mann-Kendall (MK) test at p-value < 0.05. The red dashed lines indicate ratio equal to unity (a, b) and precipitation pH = 5.0 (c). The bold blue, green and red lines representing mean value of each annual box-plot.
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−
SO2−
4 /NO3 ratio and 15 for NH4-N/NO3-N ratio (Fig. 9), do not have signiﬁcant 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).

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150552.
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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 widespread 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 deposition of DIN has shifted from nitrate-dominated to ammoniumdominated in NADP in recent years whereas ammonium always dominant 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 critical contribution on DIN input in Southeast Asia. The implementation of
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NOx emissions and high acid depositions.
CRediT authorship contribution statement
Chung-Te Chang: Conceptualization, Methodology, Software, Formal analysis, Investigation, Data curation, Writing – original draft,
Writing – review & editing, Visualization, Supervision. Ci-Jian Yang:
Software, Formal analysis, Data curation. Ko-Han Huang: Software, Formal analysis, Data curation. Jr-Chuan Huang: Methodology, Resources,
Writing – original draft, Writing – review & editing. Teng-Chiu Lin:
Conceptualization, Writing – original draft, Writing – review & editing.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
This study was supported by the grants from Ministry of Science and
Technology, Taiwan to C.T. Chang (MOST 109-2621-B-029-004-, and
110-2313-B-029-002-), C.J. Yang (MOST 110-2917-I-564-009), J.C.
Huang (MOST 109-2621-M-002-003-MY3), T.C. Lin (MOST 93-2621B-018-001-, and 98-2313-B-003-001-MY3), and NTU Research Center
for Future Earth to J.C. Huang (107L901004). We thank for the assistant
and students for the data collection and analysis.
12

C.-T. Chang, C.-J. Yang, K.-H. Huang et al.

Science of the Total Environment 806 (2022) 150552
Likens, G.E., 2013. Biogeochemistry of a Forested Ecosystem. Third edition. Springer, New
York, US.
Likens, G.E., Butler, T.J., Claybrooke, R., Vermeylen, F., Larson, R., 2021. Long-term monitoring of precipitation chemistry in the U.S.: insights into changes and condition. Atmos.
Environ. 245, 118031.
Liu, Q., Wang, Q., 2017. How China achieved its 11th ﬁve-year plan emissions reduction
target: a structural decomposition analysis of industrial SO2 and chemical oxygen demand. Sci. Total Environ. 574, 1104–1116.
Liu, F., Zhang, Q., Zheng, B., Tong, D., Yan, L., Zheng, Y., He, K., van der A, R.J., 2016. Recent
reduction in NOx emissions over China: synthesis of satellite observations and emission inventories. Environ. Res. Lett. 11, 114002.
Lu, Z., Streets, D.G., Zhang, Q., Wang, S., Carmichael, G.R., Cheng, Y.F., Chin, M., Diehl, T.,
Tan, Q., 2010. Sulfur dioxide emissions in China and sulfur trends in East Asia since
2000. Atmos. Chem. Phys. 10, 6311–6331.
Luangjame, J., 2011. The second periodic report on the state of acid deposition in East
Asia. Part II: national assessments. Acid Deposition Monitoring Network in East Asia
(EANET), p. 305.
Ma, Z., Liu, R., Liu, Y., Bi, J., 2019. Effects of air pollution control policies on PM2.5 pollution
improvement in China from 2005 to 2017: a satellite-based perspective. Atmos.
Chem. Phys. 19, 6861–6877.
Mazdiyasni, O., Aghakouchak, A., 2015. Substantial increase in concurrent droughts and
heatwaves in the United States. Proc. Natl. Acad. Sci. U. S. A. 112, 11484–11489.
Miura, S., Amacher, M., Hofer, T., San-Miguel-Ayanz, J., Thachway, T., 2015. Protective
functions and ecosystem services of global forests in the past quarter-century. For.
Ecol. Manag. 352, 35–46.
Mkadam, K.M., Ali, S.M., Tokuyama, A., 2008. A comparison of bulk precipitation chemistry during normal and typhoon events on subtropical Okinawa Island (Japan). Atmos.
Res. 88, 108–115.
del Río, S., Fraile, R., Herrero, L., Penas, A., 2007. Analysis of recent trends in mean maximum and minimum temperatures in a region of the NW of Spain (Castilla y León).
Theor. Appl. Climatol. 90, 1–12.
Rodhe, H., Dentener, F., Schulz, M., 2002. The global distribution of acidifying wet deposition. Environ. Sci. Technol. 36, 4382–4388.
Rogora, M., Mosello, R., Marchetto, A., 2004. Long-term trends in the chemistry of atmospheric deposition in Northwestern Italy: the role of increasing Saharan dust deposition. Tellus B 56, 426–434.
Safai, P.D., Rao, P.S.P., Momin, G.A., Ali, K., Chate, D.M., Praveen, P.S., 2004. Chemical composition of precipitation during 1984–2002 at Pune, India. Atmos. Environ. 38,
1705–1714.
Sannier, C., McRoberts, R.E., Fichet, L., 2016. Suitability of global forest change data to report forest cover estimates at national level in Gabon. Remote Sens. Environ. 173,
326–338.
Sase, H., Saito, T., Takahashi, M., Morohashi, M., Yamashita, N., Inomata, Y., Ohizumi, T.,
Nakata, M., 2021. Transboundary air pollution reduction rapidly reﬂected in stream
water chemistry in forested catchment on the sea of Japan coast in Central Japan.
Atmos. Environ. 248, 118223.
Sickles, J.E., Shadwick, D.S., 2015. Air quality and atmospheric deposition in the eastern
US: 20 years of change. Atmos. Chem. Phys. 15, 173–197.
Sonali, P., Kumar, D.N., 2013. Review of trend detection methods and their application to
detect temperature changes in India. J. Hydrol. 476, 212–227.
Song, H., Zhang, K., Piao, S., Wan, S., 2016. Spatial and temporal variations of spring dust
emissions in northern China over the past 30 years. Atmos. Environ. 126, 117–127.
Stumm, W., Sigg, L., Schnoor, J., 1987. Aquatic chemistry of acid deposition. Environ. Sci.
Technol. 21, 8–13.
Sutton, M.A., Reis, S., Riddick, S.N., Dragosits, U., Nemitz, E., Theobald, M.R., Tang, Y.S.,
Braban, C.F., Vieno, M., Dore, A.J., Mitchell, R.F., Wanless, S., Daunt, F., Fowler, D.,
Blackall, T.D., Milford, C., Flechard, C.R., Loubet, B., Massad, R., Cellier, P., Personne,
E., Coheur, P.F., Clarisse, L., Van Damme, M., Ngadi, Y., Clerbaux, C., Skjøth, C.A.,
Geels, C., Hertel, O., Kruit, R.J.W., Pinder, R.W., Bash, J.O., Walker, J.T., Simpson, D.,
Horváth, L., Misselbrook, T.H., Bleeker, A., Dentener, F., de Vries, W., 2013. Towards
a climate-dependent paradigm of ammonia emission and deposition. Philos. Trans.
R. Soc. B-Biol. Sci. 368, 20130166.
Sverdrup, H., Thelin, G., Robles, M., Stjernquist, I., Sorensen, J., 2006. Assessing nutrient
sustainability of forest production for different tree species considering Ca, Mg, K, N
and P at bjornstorp estate, Sweden. Biogeochemistry 81, 219–238.
Szép, R., Bodor, Z., Miklóssy, I., Nită, I.A., Opera, O.A., Keresztesi, Á., 2019. Inﬂuence of peat
ﬁres on the rainwater chemistry in intra-mountain basins with speciﬁc atmospheric
circulations (Eastern Carpathians, Romana). Sci. Total Environ. 647, 275–289.
Tacconi, L., 2016. Preventing ﬁres and haze in Southeast Asia. Nat. Clim. Chang. 6,
640–643.
Tian, H., Qiu, P., Cheng, K., Gao, J., Lu, L., Liu, K., Liu, X., 2013. Current status and future
trends of SO2 and NOx pollution during the 12th FYP period in Guiyang city of
China. Atmos. Environ. 69, 273–280.
Tibrewal, B., Venkataraman, C., 2021. Climate co-beneﬁts of air quality and clean energy
policy in India. Nat. Sustain. 4, 305–313.
Tørseth, K., Aas, W., Breivik, K., Fjæraa, A.M., Fiebig, M., Hjellbrekke, A.G., Myhre, C.L.,
Solberg, S., Yttri, K.E., 2012. Introduction to the European Monitoring and Evaluation
Programme (EMEP) and observed atmospheric composition change during
1972–2009. Atmos. Chem. Phys. 12, 5447–5481.
Van Damme, M., Clarisse, L., Franco, B., Sutton, M.A., Erisman, J.W., Kruit, R.W., van Zanten,
M., Whitburn, S., Hadji-Lazaro, J., Hurtmans, D., Clerbaux, C., Coheur, P.F., 2021.
Global, regional and national trends of atmospheric ammonia derived from a decadal
(2008–2018) satellite record. Environ. Res. Lett. 16, 055017.
Varga, G., 2020. Changing nature of Saharan dust deposition in the Carpathian Basin (central Europe): 40 years of identiﬁed North African dust events (1979–2018). Environ.
Int. 139, 105712.

Du, E., de Vries, W., McNulty, S., Fenn, M.E., 2018. Bulk deposition of base cationic nutrients in China's forests: annual rates and spatial characteristics. Atmos. Environ. 184,
121–128.
Duan, L., Yu, Q., Zhang, Q., Wang, Z., Pann, Y., Larssenn, T., Tang, J., Mulder, J., 2016. Acid
deposition in Asia: emissions, deposition, and ecosystem effects. Atmos. Environ.
146, 55–69.
Duncan, B.N., Martin, R.V., Staudt, A.C., Yevich, R., Logan, J.A., 2003. Interannual and seasonal variability of biomass burning emissions constrained by satellite observations.
J. Geophys. Res. 108, 4100.
Fiore, A.M., Naik, V., Spracklen, D.V., Steiner, A., Unger, N., Prather, M., Bergmann, D.,
Cameron-Smith, P.J., Cionni, I., Collins, W.J., Dalsøren, S., Eyring, V., Folberth, G.A.,
Ginoux, P., Horowitz, L.W., Josse, B., Lamarque, J.F., MacKenzie, I.A., Nagashima, T.,
O'Connor, F.M., Righi, M., Rumbold, S.T., Shindell, D.T., Skeie, R.B., Sudo, K., Szopa, S.,
Takemura, T., Zeng, G., 2012. Global air quality and climate. Chem. Soc. Rev. 41,
6663–6683.
Fujii, Y., Huboyo, H.S., Tohno, S., Okuda, T., Syafrudin, T.O., 2019. Chemical speciation of
water-soluble ionic components in PM2.5 derived from peatland ﬁres in Sumatra Island. Atmos. Pollut. Res. 10, 1260–1266.
Fujita, S., Takahashi, A., Weng, J.H., Huang, L.F., Kim, H.K., Li, C.K., Huang, F.T.C., Jeng, F.T.,
2000. Precipitation chemistry in East Asia. Atmos. Environ. 34, 525–537.
Galloway, J.N., Likens, G.E., Keenne, W.C., Miller, J.M., 1982. The composition of precipitation in remote area of the world. J. Geophys. Res. 87, 8771–8786.
Gao, Y., Ma, M., Yang, T., Chen, W., Yang, T., 2018. Global atmospheric sulfur deposition
and associated impaction on nitrogen cycling in ecosystems. J. Clean. Prod. 195, 1–9.
Grennfelt, P., Engleryd, A., Forsius, M., Hov, Ø., Rodhe, H., Cowling, E., 2020. Acid rain and
air pollution: 50 years of progress in the environmental science and policy. Ambio 49,
849–864.
Guan, Q., Sun, X., Yang, J., Pan, B., Zhao, S., Wang, L., 2017. Dust storms in northern China:
long-term spatiotemporal characteristics and climate controls. J. Clim. 30,
6683–6700.
Huang, Y., Wang, Y., Zhang, L., 2008. Long-term trend of chemical composition of wet atmospheric precipitation during 1986–2006 at Shenzhen city, China. Atmos. Environ.
42, 3740–3750.
Huijnen, V., Wooster, M.J., Kaiser, J.W., Gaveau, D.L.A., Flemming, J., Parrington, M., Inness,
A., Murdiyarso, D., Main, B., van Weele, M., 2016. Fire carbon emissions over maritime
southeast Asia in 2015 largest since 1997. Sci. Rep. 6, 26886.
Itahashi, S., Yumimoto, K., Uno, I., Hayami, H., Fujita, S.I., Pan, Y., Wang, Y., 2018. A 15-year
record (2001–2015) of the ratio of nitrate to non-sea-salt sulfate in precipitation over
East Asia. Atmos. Chem. Phys. 18, 2835–2852.
Jacob, D.J., Waldman, J.M., Munger, J.W., Hoffman, M.R., 1985. Chemical composition of
fogwater collected along the California coast. Environ. Sci. Technol. 19, 730–736.
Karlsson, P.E., Ferm, M., Tømmervik, H., Hole, L.R., Karlsson, G.P., Ruoho-Airola, T., Aas, W.,
Hellsten, S., Akselsson, C., Mikkelsen, T.N., Nihlgåd, B., 2013. Biomass burning in eastern Europe during spring 2006 caused high deposition of ammonium in northern
Fennoscandia. Environ. Pollut. 176, 71–79.
Keene, W.C., Pszenny, A.P., Galloway, J.N., Hawley, M.E., 1986. Sea-salt corrections and interpretation of constituent ratios in marine precipitation. J. Geophys. Res. 91,
6647–6658.
Keresztesi, Á., Birsan, M.V., Nita, I.A., Bodor, Z., Szép, R., 2019. Assessing the neutralization,
wet deposition and source contributions of the precipitation chemistry over Europe
during 2000–2017. Environ. Sci. Eur. 31, 50.
Kiely, L., Spracklen, D.V., Wiedinmyer, C., Conibear, L., Reddington, C.L., Archer-Nicholls, S.,
Lowe, D., Arnold, S.R., Knote, C., Khan, M.F., Latiff, M.T., Kuwata, M., Budisulistiorini,
S.H., Syauﬁna, L., 2019. New estimate of particulate emissions from Indonesian peat
ﬁres in 2015. Atmos. Chem. Phys. 19, 11105–11121.
Kopáček, J., Hejzlar, J., Krám, P., Oulehle, F., Posch, M., 2016. Effect of industrial dust on
precipitation chemistry in the Czech Republic (Central Europe) from 1850 to 2013.
Water Res. 103, 30–37.
Krupa, S.V., 2003. Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a review. Environ. Pollut. 124, 179–221.
Kuribayashi, M., Ohara, T., Morino, Y., Uno, I., Kurokawa, J.I., Hara, H., 2012. Long-term
trends of sulfur deposition in East Asia during 1981–2005. Atmos. Environ. 59,
461–475.
Lachatre, M., Fortens-Cheiney, A., Foret, G., Siour, G., Dufour, G., Clarisse, L., Clerbaux, C.,
Coheur, P.F., van Damme, M., Beekmann, M., 2019. The unintended consequence of
SO2 and NO2 regulations over China: increase of ammonia levels and impact on
PM2.5 concentrations. Atmos. Chem. Phys. 19, 6701–6716.
Lajtha, K., Jones, J., 2013. Trends in cations, nitrogen, sulfate and hydrogen ion concentrations in precipitation in the United States and Europe from 1978 to 2010: a new look
at an old problem. Biogeochemistry 116, 303–334.
Lamb, D., Bowersox, V., 2000. The national atmospheric deposition program: an overview.
Atmos. Environ. 34, 1661–1663.
Larssen, T., Lydersen, E., Tang, D.G., He, Y., Gao, J.X., Liu, H.Y., 2006. Acid rain in China. Environ. Sci. Technol. 40, 418–425.
Larssen, T., Duan, L., Mulder, J., 2011. Deposition and leaching of sulfur, nitrogen and calcium in four forested catchments in China: implications for acidiﬁcation. Environ. Sci.
Technol. 45, 1192–1198.
Lequy, É., Conil, S., Turpault, M.P., 2012. Impacts of aeolian dust deposition on European
forest sustainability: a review. For. Ecol. Manag. 267, 240–252.
Li, Y., Schichtel, B.A., Walker, J.T., Schwede, D.B., Chen, X., Lehmann, C.M.B., Puchalski, M.A.,
Gay, D.A., Collett, J.L., 2016. Increasing importance of deposition of reduced nitrogen
in the United States. Proc. Natl. Acad. Sci. U. S. A. 113, 5874–5879.
Li, X., You, Q., Ren, G., Wang, S., Zhang, Y., Yang, J., Zheng, G., 2018. Concurrent droughts
and hot extremes in northwest China from 1961 to 2017. Int. J. Climatol. 39,
2186–2196.
13

C.-T. Chang, C.-J. Yang, K.-H. Huang et al.

Science of the Total Environment 806 (2022) 150552
burning regions: comparison between satellite-derived emissions and bottom-up
ﬁre inventories. Atmos. Environ. 121, 42–54.
Xie, D., Zhao, B., Wang, S., Duan, L., 2020. Beneﬁt of China’s reduction in nitrogen oxides
emission to natural ecosystems in East Asia with respect to critical load exceedance.
Environ. Int. 136, 105468.
Xing, J., Pleim, J., Mathur, R., Pouliot, G., Hogrefe, C., Gan, C.M., Wei, C., 2013. Historical gaseous and primary aerosol emissions in the United States from 1990 to 2010. Atmos.
Chem. Phys. 13, 7531–7549.
Yin, S., 2020. Biomass burning spatiotemporal variations over South and Southeast Asia.
Environ. Int. 145, 106153.
Yin, Y., Ciais, P., Chevallier, F., van der Werf, G.R., Fanin, T., Broquet, G., Boesch, H., Cozic, A.,
Hauglustaine, D., Szopa, S., Wang, Y., 2016. Variability of ﬁre carbon emissions in
equatorial Asia and its nonlinear sensitivity to El Niño. Geophys. Res. Lett. 43,
10472–10479.
Yu, M., Li, Q., Hayes, M.J., Svoboda, M.D., Heim, R.R., 2014. Are droughts becoming more
frequent or severe in China based on the standardized precipitation evapotranspiration index: 1951–2010? Int. J. Climatol. 34, 545–558.
Zhao, B., Wang, S.X., Dong, X.Y., Wang, J.D., Duan, L., Fu, X., Hao, J.M., Fu, J.S., 2013. Environmental effects of the recent emission changes in China: implications for particulate matter pollution and soil acidiﬁcation. Environ. Res. Lett. 8, 24–31.
Zheng, B., Tong, D., Li, M., Liu, F., Hong, C., Geng, G., Li, H., Li, X., Peng, L., Qi, J., Yan, L.,
Zhang, Y., Zhao, H., Zheng, Y., He, K., Zhang, Q., 2018. Trends in China's anthropogenic
emissions since 2010 as the consequence of clean air actions. Atmos. Chem. Phys. 18,
14095–14111.

Vet, R., Artz, R.S., Carou, S., Shaw, M., Ro, C.U., Aas, W., Baker, A., Bowersox, V.C., Dentener,
F., Galy-Lacaux, C., Hou, A., Pienaar, J., Gillet, R., Forti, M.C., Gromov, S., Hara, H.,
Khodzherr, T., Mahowald, M., Nickovic, S., Rao, P.S.P., Reid, N.W., 2014. A global assessment of precipitation chemistry and deposition of sulfur, nitrogen, sea salt, base
cations, organic acids, acidity and pH, and phosphorus. Atmos. Environ. 93, 3–100.
de Vries, W., Solberg, S., Dobbertin, M., Sterba, H., Laubhann, D., Reinds, G.J., Nabuurs, C.J.,
Gundersen, P., Sutton, M.A., 2008. Ecological implausible carbon response? Nature
451, E1–E3.
Waldner, P., Marrchetto, A., Thimonier, A., Schmitt, M.M., Rogora, M., Granke, O., Mues, V.,
Hansen, K., Karlsson, G.P., Žlindra, D., Clarke, N., Verstraetenn, A., Lazdins, A.,
Schimming, Lindroos, A.J., Vanguelova, E., Benham, S., Meesenburg, H., Nicolas, M.,
Kowalska, A., Bleeker, A., Ingerslev, M., Vesterdal, L., Molina, J., Fischer, U., Seidling,
W., Jonard, M., O'Dea, P., Johnson, J., Fischer, R., Lorenz, M., Iacoban, C., 2014. Detection of temporal trends in atmospheric deposition of inorganic nitrogen and sulphate
to forests in Europe. Atmos. Environ. 95, 363–374.
Wang, R., Liu, B., Li, H., Zou, X., Wang, J., Liu, W., Cheng, H., Kang, L., Zhang, C., 2017. Variation of strong dust storm events in northern China during 1978–2007. Atmos. Res.
183, 166–172.
Wen, Z., Xu, W., Li, Q., Han, M., Tang, A., Zhang, Y., Luo, X., Shen, J., Wang, W., Li, K., Pan, Y.,
Zhang, L., Li, W., Collett, J.L., Zhong, B., Wang, X., Goulding, K., Zhang, F., Liu, X., 2020.
Changes of nitrogen deposition China from 1980 to 2018. Environ. Int. 144, 106022.
West, J.J., Smith, S.J., Silva, R.A., Naik, V., Zhang, Y., Adelman, Z., Fry, M.M., Anenberg, S.,
Horowitz, L.W., Lamarque, J.F., 2013. Co-beneﬁts of mitigating global greenhouse
gas emissions for future air quality and human healthy. Nat. Clim. Chang. 3, 885–889.
Whitburn, S., Van Damme, M., Kaiser, J.W., van der Werf, G.R., Turquety, S., Hurtmans, D.,
Clarisse, L., Clerbaux, C., Coheur, P.F., 2015. Ammonia emissions in tropical biomass

14

