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Abstract

Understanding how long-term changes in sulfur and nitrogen pollution interact with regional
transport is essential for evaluating the evolving controls on acid deposition in East Asia. This study
examined three decades (1994-2024) of precipitation chemistry in Taoyuan City, northwestern
Taiwan, using a five-station comparison between two monitoring periods, continuous trend analysis
at Chungli, and backward-trajectory clustering for 1,461 precipitation samples collected during
2006-2024. Network volume-weighted mean (VWM) pH increased from 4.56 to 5.07, while VWM
H"* decreased by approximately 69%. The most pronounced compositional change was a 54%
reduction in non-sea-salt sulfate (nss-SO4>). In contrast, NOs~ changed little between the two
monitoring periods but exhibited a small significant increase in the continuous Chungli record. The
nss-SO4>/NO;” equivalent ratio consequently declined, indicating weaker sulfate dominance and a
greater relative contribution from nitrate. Four transport regimes exhibited contrasting chemical
characteristics. The continental/transboundary-influenced C2 regime (37.9% of samples) had the
lowest pH and highest acidic-ion concentrations, whereas C3 (23.9%), characterized by
predominantly summer southerly transport and limited contact with continental source regions, had
lower ionic concentrations. Significant pH increases and nss-SO4+*~ decreases occurred in all four
regimes. NO3™ showed no significant trend in C2 but increased significantly in C3; this contrast is

consistent with differences in transport, seasonal meteorology, and precipitation characteristics, but
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does not establish statistically different trend slopes or quantify source contributions. Collectively,
the results indicate a broad decline in sulfate dominance and an increasing relative influence of
nitrate in precipitation chemistry. Persistent nitrate despite substantial sulfate reductions highlights
the need to maintain sulfur controls while strengthening regional and local management of reactive

nitrogen.

Keywords: Acid deposition, Precipitation chemistry, Sulfur-to-nitrogen transition, Transboundary

transport, Long-term trends.
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1. INTRODUCTION

Acid deposition remains an important environmental issue because atmospheric scavenging
transfers sulfur- and nitrogen-containing pollutants to terrestrial and aquatic ecosystems, affecting
surface-water chemistry, soil nutrient status, vegetation, agricultural productivity, and built
materials (de Vries and Kros, 1989; Agrawal, 2008; Wang et al., 2013; Wang et al., 2018; Shi et al.,
2021; Prakash et al., 2023; Zhang et al., 2024). Sulfur dioxide (SO) and nitrogen oxides (NOx) are
major anthropogenic precursors of sulfuric and nitric acids, and their transformation and removal
through precipitation are reflected primarily in sulfate (SO4>), nitrate (NO5"), and hydrogen ions
(H"). Accordingly, long-term observations of precipitation pH and major ionic species provide an
integrated measure of changes in atmospheric composition and acid deposition(Galloway et al.,
1987; Schindler, 1988; Anttila et al., 1995; Tang et al., 2005; Vet et al., 2014; Duan et al., 2016;
Pascaud et al., 2016; Roy et al., 2016; Pu et al., 2017; Rattigan et al., 2017; Martins et al., 2019;
Bhuyan et al., 2020; Lin et al., 2020; Shah et al., 2020). Such records are particularly valuable for
evaluating how emission changes and atmospheric transport alter the relative contributions of
sulfur and nitrogen to precipitation acidity.

The emission landscape of East Asia has changed markedly during the past several decades.
Rapid industrialization and increasing energy demand initially produced substantial increases in

SO:. and NOy emissions; regional emissions increased by approximately 119% and 176%,
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respectively, between 1980 and 2003 (Ohara et al., 2007). In China, SO: emissions peaked earlier

than NOy emissions, around 2006 and 2011, respectively, and both subsequently declined during

the 2010s following increasingly stringent emission controls (Lu et al., 2011; Zheng et al., 2018;

Kurokawa and Ohara, 2020). Because sulfur and nitrogen emissions have followed different

temporal trajectories, their relative contributions to atmospheric deposition may also have evolved

differently. Long-term precipitation chemistry therefore provides an opportunity to determine

whether reductions in sulfur pollution have been accompanied by comparable changes in nitrogen

deposition, or whether nitrate has become relatively more important as sulfate inputs have declined.

Taiwan is a useful downwind receptor for examining these changes because its air quality is

influenced by both local emissions and long-range transport from the East Asian continent. During

the northeasterly monsoon, particularly in winter and spring, continental air masses can transport

pollutants toward Taiwan through monsoonal flows and frontal systems (Chang et al., 2000; Chen

et al., 2013; Chen et al., 2014; Chuang et al., 2020; Griffith et al., 2020). Similar transboundary

influences have been documented in South Korea and Japan (Aikawa et al., 2010; Kim et al., 2012;

Koo et al., 2012; Lee et al., 2013; Kaneyasu et al., 2014; Oh et al., 2015; Ohizumi et al., 2016;

Vellingiri et al., 2016; Kim et al., 2017a; Kim et al., 2017b; Itahashi et al., 2018; Inomata et al.,

2019; Yim et al., 2019; Kato et al., 2025; Zhou et al., 2025). Consequently, changes observed in

Taiwanese precipitation may reflect the combined effects of regional emission evolution, long-
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range transport, and local pollution, making transport-resolved analysis essential for interpreting

long-term chemical trends.

Long-term monitoring networks, including the National Atmospheric Deposition Program

(NADP), the European Monitoring and Evaluation Programme (EMEP), and the Acid Deposition

Monitoring Network in East Asia (EANET), have demonstrated the value of multidecadal

observations for detecting changes in atmospheric deposition and evaluating environmental

policies. Experience in Europe and North America shows that sustained emission reductions can

substantially reduce sulfur deposition and promote ecosystem recovery (Grennfelt et al., 2020).

However, the response of nitrogen deposition can differ from that of sulfur, and changes in the

sulfate-to-nitrate balance may alter the chemical controls on precipitation acidity. Resolving these

divergent responses is particularly important in East Asia, where rapid changes in emissions coexist

with strong seasonal transport and intensive local anthropogenic activity.

Taoyuan City, located in northwestern Taiwan, provides an especially suitable setting for

investigating these interactions. The Taoyuan Tableland faces the Taiwan Strait and is exposed to

northeasterly monsoonal flow during the cool season, favoring the influence of long-range-

transported pollutants. In summer, southwesterly flow and frequent afternoon convection increase

the importance of locally and regionally influenced precipitation. Taoyuan is also a rapidly

urbanized and industrialized metropolitan area containing major transportation corridors, Taiwan
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Taoyuan International Airport, and dense industrial clusters, including the Dayuan, Guanyin, and

Pingzhen industrial parks. These activities provide substantial local sources of NOx, SOx, and

particulate matter. The coexistence of strong local emissions and seasonally varying regional

transport makes Taoyuan well suited for separating long-term chemical changes associated with

contrasting air-mass regimes.

Despite extensive studies of acid deposition and transboundary air pollution in East Asia,

relatively few studies have combined a multidecadal, multi-site precipitation chemistry record with

event-based air-mass classification to determine whether the long-term responses of sulfur and

nitrogen are consistently observed among transport regimes. This distinction is critical because an

overall recovery in precipitation acidity may mask divergent behavior of sulfate and nitrate and,

consequently, a changing balance between sulfur- and nitrogen-related acidification. Here, we

analyze precipitation chemistry at five monitoring stations in Taoyuan City during 1994-2005 and

2014-2024, supplemented by a continuous 30-year record at Chungli. Period-level chemistry was

summarized across all five stations, station-specific trend comparisons used the four non-Chungli

stations to avoid duplicating the continuous Chungli analysis, and the Chungli record was used for

1994-2024 and transport-resolved analyses. We further combine backward-trajectory clustering

with Mann—Kendall and Sen’s slope analyses to (1) quantify long-term changes in precipitation

acidity and the relative contributions of sulfate and nitrate, (2) determine whether these changes
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are consistently observed under contrasting regional transport regimes, and (3) assess whether

weakening sulfate influence has been accompanied by an increasing relative importance of

nitrogen-related pollution. By linking multidecadal chemical trends with transport pathways, this

study aims to clarify the evolving controls on acid deposition in northwestern Taiwan and to

provide evidence relevant to future sulfur and nitrogen pollution management in Taiwan and other

East Asian receptor regions.

2. MATERIALS AND METHODS

2.1 Site Description

Precipitation chemistry samples were collected at five acid-rain monitoring stations in Taoyuan

City, northwestern Taiwan (Fig. 1). Three stations—Longtan (NO1), Taoyuan (N02), and Chungli

(NO3)—were established in late 1993, followed by Fuxing (N04) and Xinwu (NO5) between late

1996 and 1997. Sampling continued through 2005, after which the monitoring program was

suspended. The network was reactivated in 2014. Where feasible, stations were re-established at or

near their original locations; when the original sites were no longer suitable, notably at Taoyuan

(NO2) and Fuxing (N04), nearby alternative locations were selected. Accordingly, 1994-2005 and

2014-2024 are hereafter referred to as Phase I and Phase II, respectively.

To extend the Chungli record across the network hiatus, wet-deposition observations collected

during 2006-2013 by the Ministry of Environment at National Central University were
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incorporated into the NO3 time series. The Ministry site and the Chungli monitoring station are

separated by approximately 650 m. Although the two sites were separated by approximately 650

m, the same sampling, handling, and analytical protocols were used, and the supplementary

observations were subjected to the same QA/QC procedures before integration. The five stations

were used for the network-wide Phase I and Phase II comparison. Because Chungli was

independently analyzed using the reconstructed continuous 1994-2024 record, station-specific

annual trend analyses were performed for the four non-Chungli stations to avoid duplication. This

distinction allows the multi-site decadal comparison and the continuous 30-year trend analysis to

provide complementary evidence for long-term changes in precipitation chemistry.

Taoyuan City covers approximately 1,220.95 km? and is characterized by a southeast-to-

northwest topographic gradient from mountainous terrain to rolling hills and coastal plains. The

western plains contain the major urban and industrial districts, including Taoyuan and Chungli,

while large industrial parks are distributed across Chungli and neighboring districts. The region

also contains major transportation corridors and Taiwan Taoyuan International Airport (IATA code:

TPE). These local anthropogenic sources coexist with seasonally varying regional transport:

northeasterly monsoonal flow during the cool season favors the arrival of continental air masses,

whereas southwesterly flow and frequent convective rainfall are more important in summer. The

resulting contrast makes Taoyuan well suited for examining precipitation chemistry under different
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local and regional transport influences. The current locations and characteristics of the five stations

are shown in Fig. 1 and summarized in Table 1.

2.2 Rainwater Sampling and Chemical Analysis

Rainwater was collected using a daily sampling interval from 09:00 local time to 09:00 the
following day, with a minimum sample volume of 50 mL. Each station was equipped with an
automatic wet-only precipitation collector. The collector lid opened automatically when rainfall
was detected and closed after rainfall ceased, thereby minimizing contamination by dry deposition
(Sheu and Lin, 2013). Following collection, samples were weighed, double-bagged, stored at 4 °C,

and transported to National Central University for chemical analysis (Do et al., 2021).

An approximately 20-mL aliquot was used for pH and electrical-conductivity measurements
with Mettler Toledo instruments (SevenMulti and MPC227). The remaining sample was passed
through a 0.45-pm PVDF filter to remove insoluble material and analyzed for the major water-
soluble ions CI", NO3", SO4*, NH4", Na*, K*, Mg?", and Ca*>" using Dionex ion chromatography
systems (DX-100 or ICS-1500/1600/2100).

Analytical quality assurance and quality control followed protocols adopted from the Global
Atmosphere Watch/World Meteorological Organization (GAW/WMO) and the European
Monitoring and Evaluation Programme (EMEP). Data quality was evaluated using total ionic

concentration (pneq L) and ionic charge balance (Lin and Peng, 1999). After QA/QC screening,
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summed anion and cation equivalents across the five stations were strongly correlated (R = 0.99),
with a regression slope of 1.06 and R?=0.98 (Fig. S1), indicating good ionic balance and analytical

consistency.

2.3 Data Processing

To reduce the influence of differences in precipitation amount and associated dilution, the
volume-weighted mean (VWM) concentrations were calculated for each species as:

VWM =Z%(CiPy) / ZP;,

where C; is the concentration of the target species in sample i and P; is the corresponding

precipitation amount (Galloway et al., 1987). VWM concentrations were used for period- and
cluster-level comparisons because they weight observations according to the precipitation amount
represented. VWM H" was calculated using the same equation, and VWM pH was then derived as
—logio(VWM H"), with H* expressed in mol L''; pH values were not averaged arithmetically.

Because sulfate in precipitation includes both marine and non-marine contributions, non-sea-salt
sulfate (nss-SO4%) was estimated using Na™ as the sea-salt tracer (Keene et al., 1986):

nss-SO4> = S04> - 0.121 x Na' (peqL™),

where 0.121 is the equivalent SO4>/Na" ratio in seawater. This correction was applied to focus
the long-term sulfur analysis on sulfate not attributable to sea salt (Itahashi et al., 2015; Seinfeld
and Pandis, 2016). The nss-SO4>/NOj3" equivalent ratio was subsequently used as an indicator of

10
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the changing relative importance of sulfate and nitrate in precipitation chemistry.

2.4 Trend Analysis

Long-term trends in precipitation chemistry were evaluated using the non-parametric Mann—
Kendall (M—K) test, which is widely applied to atmospheric-deposition datasets because it is robust
against outliers, accommodates irregular sampling intervals, and requires no distributional
assumptions (Gilbert, 1987; Marchetto et al., 2013; Pascaud et al., 2016). The M—K test was applied
to pH, major ionic species, and the nss-SO4*/ NOj" ratio. Daily ionic concentrations were log-
transformed before trend testing to reduce the influence of the strongly right-skewed concentration
distributions (Do et al., 2021).

For statistically evaluated trends, Sen’s slope estimator was used to quantify the direction and
magnitude of temporal change (Sen, 1968), with significance assessed from the M—K Z statistic
following Pascaud et al. (2016). Because the tests were applied to chronologically ordered daily
samples, Sen’s slopes are expressed per sampling observation (pH unit observation™ for pH and
logio[peq L] observation™ for log-transformed concentrations). Trend analyses were conducted
for the continuous Chungli record and, where applicable, within the trajectory clusters described
below. This approach evaluated whether long-term decreases in sulfate-related acidity and nitrate

behavior were consistently observed across contrasting air-mass regimes.

11
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2.5 Backward Trajectories Calculation and Clustering

Air-mass transport associated with precipitation at Chungli was characterized using the Hybrid

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the NOAA Air

Resources Laboratory (Stein et al., 2015). Meteorological fields were obtained from the National

Centers for Environmental Prediction Global Data Assimilation System (NCEP GDAS; Kalnay et

al., 1996) at 1.0° x 1.0° spatial resolution. Seventy-two-hour backward trajectories were calculated

for precipitation sampling periods during 2006-2024 to characterize the major pathways of air

masses arriving at Chungli (NO3). Previous studies have shown that low-altitude continental

transport can elevate pollutant concentrations in northern Taiwan and that precipitation associated

with trajectories passing through highly polluted regions of East Asia can exhibit enhanced acidity

(Sheu et al., 2010; Klemm et al., 2015; Sheu et al., 2019).

For each 72-h backward trajectory arriving at NO3 (09:00 LST), hourly horizontal coordinates

(72 x—y endpoint pairs) were clustered using an automated K-means algorithm. The optimal

number of clusters (k = 4) was objectively determined via Principal Component Analysis (PCA)

diagnostics (Fig. S2). Specifically, the scree plot exhibited a distinct "elbow" at the fourth principal

component (Fig. S2a), where the leading four components accounted for over 91% of the

cumulative explained variance, exceeding the standard 90% threshold (Fig. S2b). These four

identified transport regimes were subsequently used for precipitation chemistry comparisons and

long-term trend analyses. Given the inherent temporal growth of trajectory errors, potential source

12
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regions were interpreted cautiously, particularly for earlier segments of the 72-h paths (Stohl, 1998).

The combined analytical framework—network-wide Phase I/Phase II comparisons, the
continuous Chungli trend record, and transport-resolved trajectory analysis—was designed to
address the study objectives stated in Section 1: to quantify long-term changes in precipitation
acidity and sulfate—nitrate balance, determine whether these changes differ among transport
regimes, and evaluate whether the weakening influence of sulfate has been accompanied by an

increasing relative importance of nitrogen-related pollution.

3. Results and Discussion

3.1 Changes in Precipitation Chemistry Composition

Precipitation chemistry in Taoyuan City differed markedly between Phase I (1994-2005; Table
2) and Phase II (2014-2024; Table 3). The volume-weighted mean (VWM) pH increased from 4.56
to 5.07, while the corresponding H* concentration decreased from 27.6 to 8.5 peq L'
(approximately 69%). Together, these changes indicate a substantial reduction in precipitation
acidity over the past three decades. Comparable increases in precipitation pH have been reported
in Europe and North America following reductions in SO2 and NOx emissions; East Asia has
generally shown a smaller but directionally similar improvement (Chang et al., 2022). The Taoyuan
record is therefore consistent with the broader response of precipitation chemistry to regional
emission controls, although the respective contributions of local emissions, transboundary transport,

13
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and alkaline neutralization are examined below.

Among the major acidic ions, SO4* showed the largest decrease. Its VWM concentration
declined from 59.5 to 29.6 peq L', while non-sea-salt sulfate (nss-SO4%") decreased from 53.3 to
24.4peq L1, a reduction of approximately 54%. Because nss-SO4?" is principally derived from the
atmospheric oxidation of anthropogenic SO, this decline is consistent with reductions in sulfur
emissions associated with fuel-quality regulations, lower coal use in some sectors, and the
implementation of flue-gas desulfurization in Taiwan and other upwind regions (Holland et al.,
1998; Zhang et al., 2018; Zheng et al., 2018; Likens et al., 2021; Akimoto et al., 2022; Kato et al.,
2025). By contrast, NOs™ changed little, from 25.8 to 24.8 peq L. Consequently, the nss-SOs*
/NOs"equivalent ratio decreased, indicating a shift from sulfate-dominated acidity toward a greater
relative contribution from nitrate. This pattern agrees with EANET observations showing
increasing NO3/SO4* ratios in China, South Korea, and Japan during 2001-2015 (Itahashi et al.,
2018).

The fractional ionic composition (Fig. 2) further illustrates this transition. SO4* accounted for
approximately 22.0% of the total measured ionic equivalents in Phase I but only 15.2% in Phase
II, whereas the NOj™ fraction increased from approximately 12.3% to 14.2%. Thus, although the
VWM NOs™ concentration remained nearly unchanged, its relative importance within the ionic

mixture—and hence its potential contribution to precipitation acidity—increased as sulfate

14
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declined.

The VWM concentration of NH4 ", a major neutralizing ion, decreased moderately from 39.5 peq
L in Phase I to 29.4 peq L™ in Phase II. This change may reflect shifts in agricultural activity,
livestock-waste management, and regional NH3 emissions (Chang et al., 2017; Su et al., 2024),
although source-specific attribution cannot be established from precipitation chemistry alone.
Declines in precipitation NH4" have likewise accompanied reductions in European NH3; emissions
at several EMEP forest sites (Chang et al., 2022). Because the decrease in NH4" was smaller than
that in nss-SO4>, the observed reduction in acidity is more consistent with diminished acidifying
inputs than with an increase in ammonium-based neutralization, in agreement with long-term
observations across EANET (Vet et al., 2014).

In contrast, Ca®" increased from 15.9 to 23.6 peq L, and its contribution to the total measured
ionic equivalents rose from approximately 7.1% to 13.7%. Ca®" in precipitation is commonly
associated with crustal dust and resuspended soil and road material. The increase may therefore
reflect some combination of long-range East Asian dust transport during the winter—spring
monsoon (Lin et al., 2007; Chang et al., 2010; Kong et al., 2022) and local fugitive-dust emissions
associated with urbanization, construction, and infrastructure development (Huang et al., 2009;
Zeng et al., 2022). Without source tracers, their individual contributions cannot be quantified.

Nevertheless, the higher Ca?* level in Phase II indicates greater alkaline neutralization potential

15
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and suggests that the increase in precipitation pH is consistent with both lower acidifying inputs

and changes in alkaline material.

3.2 Decadal Shifts in the Spatial Distribution of Precipitation Chemistry

Fig. 3 to Fig. 5 show pronounced spatial changes in precipitation acidity and ionic composition
between Phase I and Phase II. VWM pH increased at all five monitoring locations, from a range of
4.51-4.65 in Phase I to 4.89-5.25 in Phase II. The increase was especially evident at the urban
Taoyuan (NO2) and Longtan (NO1) sites, indicating that the reduction in precipitation acidity was
spatially widespread rather than confined to a single station.

The clearest spatial change occurred for nss-SO4*". High-concentration areas in the Taoyuan—
Chungli-Longtan corridor (53.0-56.0 peq L in Phase I) decreased to 26.8-27.8 pneq L' in Phase
II. This reduction of more than 50% is consistent with the substantial decline in sulfur emissions
associated with fuel controls and desulfurization in Taiwan and upwind East Asian regions.
Because the spatial analysis does not isolate source regions, however, it should be interpreted as
evidence of a regional-scale response rather than direct attribution to any single policy or
jurisdiction.

By comparison, the spatial range of VWM NOs3" concentrations changed relatively little. In Phase
I, the highest concentrations occurred along the inland corridor between Longtan and Fuxing (up

to approximately 31.4 peq L); in Phase II, the apparent high-concentration area shifted toward

16
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Taoyuan, Chungli, and Longtan, while the regional range remained approximately 20.0-32.0 peq
L. These areas coincide with dense population and transportation corridors near National
Freeways 1 and 3, making traffic and other urban NOy sources plausible contributors, although the
concentration maps alone cannot resolve source attribution. The contrast between the pronounced
sulfate decline and the persistence of nitrate supports an increasing relative role for nitrate in
regional precipitation acidity.

Spatial changes in Ca®>" also contributed to the altered acid-base balance. During Phase II,
elevated Ca*" extended northward from Chungli (N03), with peak values exceeding 31.0 peq L,
whereas most of the region remained below 18.0 peq L in Phase 1. NH4" showed the opposite
broad tendency, with the spatial maximum decreasing from 38.2 to 25.9 peq L! and the high-
concentration area contracting away from the southern rural sites. This divergence indicates that
the greater neutralization potential in Phase II was associated more strongly with Ca-containing
material than with NH4". Possible contributors include long-range dust transport and local fugitive
dust from construction and infrastructure development in northern Taoyuan (Grider et al., 2023),
but these sources cannot be separated with the available ionic data. Overall, the spatial patterns are
consistent with two concurrent influences on pH recovery: reduced anthropogenic sulfur loading

and increased neutralization by alkaline particulate matter.
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3.3 Decadal Shifts and Continuous 30-Year Trend Analysis of Precipitation Chemistry

To evaluate long-term changes in precipitation chemistry across highly urbanized and
industrialized Taoyuan City, we combined a network-wide comparison of two multi-year periods
with a continuous 30-year trend analysis. Monotonic trends were evaluated using the Mann—
Kendall test and Sen’s slope estimator, with statistical significance assessed at o = 0.05. Trend
analyses were conducted at the individual precipitation-event level, with valid samples arranged
chronologically according to their sampling dates. The Mann—Kendall test therefore evaluated
monotonic changes across the complete temporal sequence of precipitation observations rather than
trends in annual means. Sen’s slope was estimated from the chronological observation order and
represents the median change per observation. The period-level analysis summarized VWM
chemistry across all five stations (Tables 2 and 3). To avoid duplicating the continuous Chungli
analysis, station-specific annual trends were then evaluated at the four non-Chungli stations during
Phase I and Phase II (Figs. S3—S7); the corresponding Mann—Kendall results, together with the

continuous Chungli results, are summarized in Table 4.

3.3.1 Network-wide decadal shifts (Phase I vs. Phase II)

The network-wide comparison showed a clear reduction in precipitation acidity. Annual VWM
pH at the four non-Chungli stations was generally below 5.0 in Phase I (4.14-5.02) but shifted

upward in Phase II (4.62-5.82). Among the principal acidifying anions, nss-SO4>" exhibited the

18
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dominant change: all stations showed significant downward trends during Phase II. By contrast,
the five-station period-level VWM NOs~ concentration changed little (25.8 to 24.8 peq L™), and
station-specific NOs3™ trends during Phase II were small and inconsistent. These results identify the
decline in nss-SO4%, rather than a comparable decline in NOs", as the main compositional change
associated with lower precipitation acidity.

Changes in neutralizing cations may also have influenced the long-term pH response (Park et al.,
2015; Chang et al., 2017; Pu et al., 2017; Zhang et al., 2018). For NH4", only Fuxing showed a
significant downward trend during Phase I; the other stations were stable. During Phase II, NH4"
decreased slightly at all stations, but none of these trends were statistically significant. Ca*" was
stable or decreased slightly during Phase I and decreased significantly at all stations during Phase
IT (p < 0.001). Nevertheless, Phase II concentrations remained higher than those in Phase I. This
combination—higher Phase II levels but declining trends within Phase II—suggests that Ca**
inputs increased during the unobserved interval (2006—2013) or early in Phase II and subsequently
declined. Because observations are discontinuous during the interval, the timing and magnitude of

that change cannot be determined directly from the network data.

3.3.2 Continuous 30-year evolution at the Chungli representative station

The network comparison is based on two separate monitoring periods (1994-2005 and 2014—

2024) and therefore cannot resolve changes during 2006-2013. To examine the intervening
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evolution, validated observations from the Ministry of Environment site near Chungli, subjected to

routine quality assurance and quality control, were integrated with the NO3 record to construct a

continuous series for 1994-2024. Individual precipitation-event observations were arranged

chronologically according to sampling date for trend analysis, whereas annual means, medians,

interquartile ranges, and 10th-90th percentiles were used only to visualize interannual variability

(Fig. 6). Thus, the Mann—Kendall test and Sen’s slope were calculated from the complete sequence

of individual precipitation observations rather than from annual means.

As shown in Fig. 6a, the annual distributions of precipitation pH exhibited a significant upward

trend over the three decades, with annual mean pH increasing from 4.46 in 1994 to 5.38 in 2024

(Mann-Kendall t = 0.278, p < 0.001). The positive Sen’s slope indicates a systematic increase in

pH across the chronological sequence of precipitation observations. The magnitude of the long-

term pH increase is broadly comparable to the upward trend reported for Nanjing, China, between

1999 and 2016 (Zhang et al., 2018), and aligns with similar upward pH trends recorded at various

monitoring sites across China, Japan, and South Korea (Pu et al., 2017; Zhang et al., 2018).

Furthermore, starting in 2021, the entire interquartile range of annual pH values consistently shifted

upward, with annual means pH values exceeded 5.0—a phenomenon similarly observed in

neighboring Taipei (Chang et al., 2026)—indicating a substantial long-term recovery in

precipitation acidity.
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The driving mechanisms behind this pH recovery are explicitly detailed in the annual

distributions of the primary acidifying precursors (Fig. 6¢,d) and their relative equivalent ratio (Fig.

6b):

Sulfur-to-Nitrogen Transition (Fig. 6b): The annual distributions of the nss-SO4>/NO3
equivalent ratio showed a significant long-term decline over the 30-year span. This
declining ratio highlights a fundamental structural transition in regional precipitation
chemistry: decreasing sulfate dominance accompanied by an increasing relative
contribution of nitrate.

Anion Divergence (Fig. 6¢,d): The log-transformed nss-SO4>" concentrations (Fig. 6¢)
demonstrated a highly significant monotonic downward trend (Mann-Kendall t =-0.204,
p < 0.001), with a Sen's slope of -0.00021 logio(ueq L) observation™. This result
indicates a persistent decline in sulfate concentrations across the chronological sequence
of precipitation observations and is consistent with long-term reductions in sulfur-related
precipitation inputs reported elsewhere in East Asia (Do et al., 2021). Conversely, the
continuous 30-year record of log-transformed NO3™ at Chungli (Fig. 6d) revealed a
gradual but statistically significant upward trend (Mann—Kendall Tt =0.04, p <0.01; Sen's
slope = +0.000005 logio(pneq L) observation™). This result contrasts with the network-

wide comparison, in which NOj;™ concentrations showed no statistically significant
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difference between Phase I and Phase II. This discrepancy is not an inconsistency but
reflects the different analytical designs: the period-level comparison evaluates
differences between two separated monitoring periods, whereas the continuous event-
based analysis evaluates monotonic change across the complete chronological sequence
of precipitation observations. Despite its small magnitude, the significant positive trend
suggests that nitrate concentrations did not decline in parallel with sulfate over the
continuous record and may have increased slightly over time.

Long-term changes in alkaline species provide additional context for the evolving acid—base
balance (Fig. 6e,f). Log-transformed NH4" showed a small but statistically significant downward
trend (Sen’s slope = —0.00004 logio(peq L) observation™, p = 0.005; Fig. 6¢). The near-zero slope
and comparatively stable interquartile range indicate only a modest multidecadal decline rather
than a major change in neutralizing capacity. The persistence of NH4" is compatible with continued
NH3; emissions from agricultural, livestock, waste, and urban sources in Taoyuan, but the available
measurements do not permit these source contributions to be partitioned.

Log-transformed Ca®" at Chungli decreased during 2014-2024 but increased significantly over
the complete 19942024 record (Sen’s slope = +0.00021 logio(neq L) observation™, p < 0.001;
Fig. 6f). This apparent contrast indicates that the long-term record was not monotonic across all

subperiods and is consistent with an increase before or near the beginning of Phase II followed by
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arecent decline. Greater crustal and terrestrial inputs may be associated with urbanization, airport-
area development, infrastructure construction, and soil disturbance in metropolitan Taoyuan.
However, in the absence of mineralogical or source-tracer data, the Ca*" trend should be regarded
as consistent with, rather than definitive proof of, enhanced fugitive-dust loading.

In summary, the multidecadal increase in precipitation pH across Taoyuan City was associated
primarily with the pronounced decline in nss-SO4>". Relatively persistent NHa4* provided a
continuing neutralization reservoir, while higher long-term Ca*" levels may have supplied
additional alkaline buffering (Grider et al., 2023). These observations support a combined
explanation involving reduced acidic sulfur inputs and changes in neutralizing species, while

avoiding attribution of the pH response to any single source or control measure.

3.4 Air-mass Transport and Precipitation Chemistry

3.4.1 Characteristics of precipitation chemistry under different air-mass transport regimes

To assess how air-mass origin and transport pathways influence precipitation chemistry,
backward trajectories were calculated for individual precipitation events and grouped using
trajectory clustering. This approach has been widely used in acid-deposition studies to identify
recurring transport regimes and evaluate their statistical associations with precipitation
composition (Sun et al., 2010; Kim et al., 2012; Ge et al., 2016; Fedkin et al., 2019; Guo et al.,

2025; Lei et al., 2026). Trajectories indicate potential transport histories rather than source—receptor
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causality; therefore, the cluster results are interpreted as compositional contrasts among transport

regimes.

Using HYSPLIT, 1,461 backward trajectories were generated at 09:00 local time for

precipitation-sampling days with valid samples at Chungli during 2006-2024. Clustering identified

four recurring transport patterns (Fig. 7), accounting for 6.8%, 37.9%, 23.9%, and 31.5% of

samples for C1-C4, respectively. C1 and C2 represent predominantly continental transport from

East Asia. C1 followed the longest northwesterly pathway and generally remained above 1,500 m

before approaching the southeastern coast of China. C2, the most frequent cluster (37.9%), arrived

from the north to northwest after traversing eastern, northern, and central China; it was therefore

classified as the principal continental/transboundary-influenced regime. C3 approached from the

southwest over predominantly maritime areas and occurred mainly in summer, when afternoon

convection is common in Taiwan. Because these pathways had comparatively limited contact with

continental source regions, C3 was treated as a low-transboundary-influence regime in which

scavenging of regional and local pollutants may be more evident. C4 approached from the northeast

after passing over the East China Sea and waters near Japan and Korea and was classified as a

regional marine transport regime. These labels describe dominant pathways and do not imply that

any cluster is chemically pristine or exclusively influenced by one source region.

Precipitation composition differed among the four trajectory clusters (Fig. 8). The distributions
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of acidifying ions were consistent with the pH contrasts. C2 had the highest nss-SO4>" and NOs3~
concentrations (43 and 30 peq L', respectively), followed by C1 (38 and 28 peq L.
Concentrations were lower in C3 (24 and 23 peq L) and intermediate in C4 (32 and 25 peq L™).
The higher acidic-ion load in clusters that traversed continental East Asia is consistent with the
transport of anthropogenic sulfur- and nitrogen-containing pollutants (Klemm et al., 2015; Wu et
al., 2016; Nguyen et al., 2019). The concurrent occurrence of high acidic-ion concentrations and
low pH in C2 supports a substantial continental influence, while recognizing that local emissions
and meteorological differences may also contribute.

The nss-SO4>/NOs” equivalent ratio also varied among clusters: C2 had the highest value (1.67),
followed by C4 (1.59), C1 (1.54), and C3 (1.27). Ratios above 1 in all clusters indicate that nss-
SO4* exceeded NO3™ on an equivalent basis, but the lower ratio in C3 indicates a greater relative
contribution from nitrate. Air-mass history therefore influenced not only the total acidic-ion load
but also its sulfate—nitrate balance.

Neutralizing ions showed similar cluster dependence. NH4" concentrations were 38 peq L™ in
C1 and C2, compared with 29 peq L! in C3 and C4. Ca*" was likewise higher in C2 (23 peq L)
and C1 (22 peq L) than in C3 (16 peq L™!). Continental transport was therefore associated with
higher concentrations of both acidic and neutralizing species. Nevertheless, C2 retained the lowest

pH, indicating that its greater neutralizing-ion content did not fully compensate for the
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accompanying acidic load.

Sea-salt ions (CI" and Na") also varied among clusters. C2 had the highest CI" and Na"
concentrations (101 and 91 peq L', respectively), whereas C3 had the lowest (28 and 26 peq L™);
C1 and C4 were intermediate. These differences show that simple continental-versus-marine labels
do not fully describe the chemical history of an air mass. Sea-salt concentrations can depend on the
marine segments of the complete pathway, wind speed, boundary-layer mixing, storm development,
and precipitation amount. Accordingly, the high sea-salt concentrations in C2 cannot be attributed
to its origin alone, and the relatively low values in the maritime C3 cluster may reflect the
meteorological and scavenging characteristics of summer convective events.

Overall, the four transport regimes had distinct precipitation-chemistry signatures. C2 combined
the highest frequency, lowest VWM pH, and highest nss-SO4> and NOs™ concentrations, making it
the clearest continental/high-loading regime. C3 had the highest pH and lowest concentrations of
most major ions and was dominated by summer convective precipitation. It therefore provides a
useful low-transboundary-influence contrast, although it should not be interpreted as a purely local
or pollution-free baseline.

The contrast between C2 and C3 provides the basis for the following trend analysis. C2
represents frequent transport across continental source regions, whereas C3 represents

predominantly southerly transport with comparatively limited continental influence. Comparing
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their long-term trends allows us to test whether the evolution of sulfate, nitrate, and neutralizing
ions differed between these transport contexts. The analysis evaluates consistency with

transboundary versus regional/local influences; it does not directly apportion sources.

3.4.2 Contrasting long-term trends under transboundary and regionally influenced

transport regimes

Mann—Kendall tests and Sen’s slope estimates were applied separately to the four trajectory
clusters (Table 5). VWM pH increased significantly, and nss-SO4+*~ decreased significantly in every
cluster, showing that the mitigation of precipitation acidity was not restricted to a single transport
pathway. Trend patterns for NOs", NH4", and Ca®* were less uniform among clusters. These within-
cluster results describe contrasting temporal patterns; without a formal interaction or pairwise
slope-difference test, differences in significance should not be interpreted as proof that cluster
slopes differ statistically.

Within C2, the principal continental/transboundary-influenced regime, VWM pH increased
significantly (Sen’s slope = +0.0019 pH units observation™, p < 0.001), while nss-SO4>" decreased
significantly (Sen’s slope = —0.0008 logio(neq L) observation™, p < 0.001; Fig. 9) (Itahashi et al.,
2018; Zhang et al., 2018). The concurrence of these trends is consistent with declining sulfate
loading under transport conditions influenced by continental East Asia (Wang et al., 2014; Duan et

al., 2016; Li et al., 2020). Neither NO3" nor NH4" showed a decreasing trend (both Sen’s slope =
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—0.0001 logio(peq L) observation™), whereas Ca?* increased significantly (+0.0004 logio(peq L-
1 observation™, p < 0.05). Thus, the pH increase in C2 was closely associated with declining nss-
SO4%, with increased Ca?" potentially providing additional neutralization.

C3 showed a contrasting combination of within-cluster trends. VWM pH increased significantly
(Sen’s slope = +0.0026 pH unit observation™, p < 0.001), while nss-SO4>" decreased significantly
(Sen’s slope = —0.0007 logio(pneq L) observation™, p < 0.01), showing that pH recovery also
occurred under limited-transboundary-influence conditions. NOs™ increased significantly within C3
(Sen’s slope =+0.0006 logio(peq L) observation™, p < 0.05), whereas its trend was nonsignificant
within C2.

Approximately 74% of C3 samples occurred during June—August and 81% during June-
September. In Taiwan, summer convective rainfall is strongly influenced by land—sea-breeze
circulation and terrain-induced convergence (John Kerns et al., 2010; Huang et al., 2015). Because
C3 is predominantly associated with summer southerly transport and afternoon convective
precipitation, the observed within-cluster nitrate trend may reflect a combination of long-term
changes in precipitation chemistry and the seasonal meteorological conditions characteristic of this
transport regime. The present event-based analysis does not explicitly separate seasonal
meteorological effects from long-term temporal change. Therefore, the positive NO;3™ trend in C3

reflects a regime-specific temporal association rather than evidence of a season-independent
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increase in nitrate concentrations.

Furthermore, Ca®" also increased significantly in C3 (Sen’s slope = +0.0012 logio(peq L)
observation’!, p < 0.001) was concurrent with the decrease in nss-SO4>" and is consistent with the
observed pH recovery. NHs4" showed no significant trend (Sen’s slope = +0.0004 logio(peq L)
observation!, p > 0.005). The increase in NOs~ would act in the opposite direction and may have
partly offset that recovery, underscoring that sulfur- and nitrogen-related changes were not
synchronous.

C2 and C3 shared significant increases in pH and decreases in nss-SO4>", whereas their NO3
trends differed in statistical significance: NO3™ was nonsignificant in C2 but increased significantly
in C3. This pattern suggests that nitrate may be more sensitive than sulfate to the combination of
regional/local emissions, seasonal meteorology, and precipitation characteristics. However,
because no formal interaction or pairwise slope-difference test was performed, the difference in
statistical significance should not be interpreted as evidence that the C2 and C3 slopes are
statistically different. In addition, the strong summer concentration of C3 events means that
seasonal effects cannot be separated from the within-cluster temporal trend in the present analysis.

The trend analyses for Cl1 and C4 provide complementary evidence supporting these
interpretations (Fig. S8). Although C1 recorded the lowest occurrence frequency (6.8%), it

exhibited a significant upward pH trend (Sen’s slope = +0.0084 pH units observation™, p < 0.001),
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accompanied by a significant decrease in nss-SOs> (Sen’s slope = —0.0038 logio(peq L)
observation™!, p < 0.01). This indicates a pronounced long-term increase in precipitation pH under
the C1 transport regime. C4 showed evolutionary characteristics similar to C2, with a significant
increase in pH (Sen’s slope = +0.0022 pH units observation!, p < 0.001) and a notable decrease in
nss-SO4> (Sen’s slope = —0.0010 logio(neq L) observation™, p < 0.001), along with a minor yet
significant downward trend in NH4" (Sen’s slope = —0.0004 logio(neq L) observation™, p < 0.01).
Overall, the trajectories of C1 and C4 align consistently with the upward pH and downward sulfate
trends observed in C2 and C3, further corroborating that the comprehensive mitigation of
precipitation acidification in Taoyuan City during the study period is robust and consistent across
diverse air mass transport regimes.

Across all four clusters, the most consistent changes were increasing pH and decreasing nss-
SO4*. This common pattern identifies declining sulfate-related acidity as the principal regional
feature of the 20062024 record. NOs~ behavior was less uniform: its trend was nonsignificant in
the continental C2 regime but significantly positive in the low-transboundary-influence C3 regime.
The cluster analysis therefore refines the network-scale findings in Section 3.3: sulfate declined
broadly across transport conditions, whereas nitrate showed greater variation with transport and
seasonal context. From a policy perspective, the results indicate substantial benefits from sulfur-

emission controls while highlighting persistent—and under some conditions increasing—nitrogen-
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related contributions that warrant continued control of NOy emissions at both regional and local

scales.

4. CONCLUSIONS

This study integrated a five-station comparison of period-level chemistry (1994-2005 versus
2014-2024), station-specific trend analysis at the four non-Chungli sites, a continuous 30-year
record at Chungli, and trajectory-cluster analysis to characterize the long-term evolution of
precipitation chemistry in highly urbanized and industrialized Taoyuan City, northwestern Taiwan.
Network VWM pH increased from 4.56 in Phase I to 5.07 in Phase II, while VWM H" decreased
by approximately 69%. The continuous Chungli record, based on chronological individual
precipitation-event observations, independently confirmed a significant multidecadal increase in
pH. Together, the spatially coherent network response and event-based continuous trend analysis
demonstrate sustained recovery from the more acidic conditions of the 1990s.

The principal compositional change associated with this recovery was the pronounced decrease
in sulfur-related acidity. Network VWM nss-SO4>" declined by approximately 54%, and significant
downward trends were observed across all four trajectory regimes. In contrast, NOs~ changed little
between the two network periods but showed a small yet statistically significant upward trend in

the continuous Chungli record. The declining nss-SO42/NOs~ equivalent ratio therefore identifies
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a transition from stronger sulfate dominance toward a greater relative contribution from nitrate.
This finding indicates that declining sulfur loading has altered the relative contributions of sulfur-
and nitrogen-related acidity, while nitrogen-related inputs may represent an increasingly important
constraint on further recovery.

Changes in neutralizing species also modified the precipitation acid—base balance. NH4"
declined only modestly over the long term and continued to provide substantial neutralization,
whereas Ca®" was higher in Phase II and increased across the complete Chungli record despite
decreasing during 2014-2024. These patterns are consistent with additional alkaline inputs from
crustal or resuspended material, but the available ionic measurements cannot distinguish long-
range dust from local construction, road dust, or soil sources. Accordingly, the increase in pH is
best explained by the combined influence of lower sulfate loading and changes in alkaline
neutralization, with the sulfate decline providing the most consistent signal across stations and
transport regimes.

Trajectory clustering further clarified how this chemical transition was expressed under different
transport contexts. The continental C2 regime was the most frequent cluster and had the lowest pH
and highest nss-SO4* and NOs~ concentrations, confirming that continental transport remained

associated with high acidic-ion loading. Nevertheless, pH increased, and nss-SO4* decreased in

every cluster, indicating that long-term mitigation was not confined to a single pathway. The
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within-cluster NO;™ results contrasted: no significant trend occurred in C2, whereas NOs™ increased

significantly in the predominantly summer, southerly C3 regime with comparatively limited

continental influence. This contrast is consistent with an increasing relative influence of regional

and local nitrogen sources under convective precipitation conditions, but the current analysis does

not establish statistically different C2 and C3 slopes. Moreover, trajectory clusters do not constitute

quantitative source apportionment and cannot fully separate transport effects from seasonality,

precipitation amount, and atmospheric processing.

The combined network, continuous-record, and trajectory evidence provides a policy-relevant

benchmark for evaluating changes in East Asian acid deposition. Continued sulfur-emission control

remains necessary to preserve the gains already achieved, while further improvement may

increasingly benefit from continued reductions in NOy emissions from transportation, industrial

combustion, and other urban sources, together with sustained management of NH3 emissions.

Future studies should combine precipitation chemistry with sulfur and nitrogen isotopes, receptor

modeling, emission inventories, and higher-resolution trajectory or chemical-transport modeling to

quantify source contributions. Event-based analyses that explicitly account for rainfall amount,

season, aerosol composition, and below-cloud scavenging would help test the proposed

regional/local nitrate influence. Continued long-term monitoring is also essential for determining

whether changing monsoon circulation, extreme precipitation, and urban development modify the
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emerging sulfate—nitrate balance and wet-deposition fluxes in northern Taiwan.
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Fig. 2. Percentage composition of major ionic species in precipitation during the
periods of 1994-2005 and 2014-2024.
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Fig. 6. Box plots (10th—90th percentile whiskers, 25th—75th percentiles, and median)
of Chungli station daily concentrations for (a) pH, (b) ratio of nss-SO4* /NO5", (c)
Log[nss—SO42‘], (d) Log[NOs7], (e) Log[NH4*], and (f) Log[Ca2+] during 1994-2024.
The red line indicates Sen’s slope trend
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Fig. 7. Mean backward air-mass trajectories for the four identified clusters arriving at
Chungli station during 2006-2024.
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Fig. 9. Box plots (10th—90th percentile whiskers, 25th—75th percentiles, and median)

of Chungli station daily concentrations under C2 (left panel) and C3 (right panel)
trajectory clusters for (a) pH, (b) Log[nss-SO4>], (c) Log[NOs5], (d) ratio of nss-SO4>
/NO3™ during 2006-2024. The red line indicates Sen’s slope trend.
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