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Abstract

To better understand the characteristics and causes of acid rain pollution in Huangshan City,
China, in the context of reduced atmospheric pollutant emissions, this study systematically
analyzes precipitation monitoring data from Huangshan City for the period 2013-2025.
The analytical methods included volume-weighted mean, neutralization factor, and linear
regression analysis. The results indicate that, with 2017 as a turning point, acid rain
in Huangshan City transitioned from high-level fluctuations to a stabilization phase at
medium-to-low levels. However, the annual mean pH remained below 5.6, indicating that
the acid rain problem persists. Regarding pollutant emission reductions, sulfur dioxide
(50O7) control has achieved significant results, but nitrogen oxide (NOy) pollution remains
prominent due to factors such as a sharp increase in vehicle ownership. Analysis of the
chemical composition of precipitation shows that the SO42~ /NO3 ™ ratio decreased from
4.09 to 0.92, and the acid rain type has shifted from sulfate-dominated to mixed sulfate-
nitrate-dominated. In precipitation, highly specific ion pairings are observed: Ca?* with
5042~ (r = 0.989) and NH,* with NO;~ (r = 0.839). These two ion pairs together account
for 81.4% of the total cations, forming two independent neutralization mechanisms—below-
cloud and in-cloud—which explains the relative stability of precipitation pH despite a
decline in total ion concentration. Furthermore, interannual variability in precipitation
amount, particularly extreme wet events, is a key external factor driving fluctuations in
acid rain frequency under stable emission conditions. The dominant driver of acid rain
frequency variability has shifted from emission-dominated to precipitation-dominated.

Keywords: acid rain; emission reduction; neutralization mechanism; ion coupling

1. Introduction

Since the Industrial Revolution, acid rain has evolved into a global environmental
problem, causing frequent ecological disasters and sustained economic losses [1]. Acid
rain is acidic deposition generated by wet (rain, snow, hail, fog) and dry (gaseous and
particulate) acidic substances in the atmosphere [2,3]. Generally, human activities such as
fossil fuel combustion, industrial production, and automobile exhaust emission release
acidic substances, including sulfur dioxide (SO,) and nitrogen oxides (NOy) [4]. Meanwhile,
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natural processes such as volcanic eruptions, forest fires, biological decomposition, sea
spray, and lightning also emit NO and sulfur-containing gases [5]. Acid rain may lead to
acidification of aquatic ecosystems and soils, reduced crop yields, shrinking forest habitats,
and corrosion of various infrastructure [6]. Therefore, analyzing the chemical composition
of precipitation helps to explain atmospheric quality conditions and provides a basis for
identifying different potential associated factors [7].

Over the past three decades, China’s economic growth, accompanied by a significant
increase in energy consumption, has made it the world’s third-largest acid deposition area
after North America and Central Europe [7]. According to the National Ecological and
Environmental Quality Bulletin released by China in 2020, the area with acid rain in China
was about 466,000 square kilometers, accounting for 4.8% of the national land area. It is
mainly distributed in the area south of the Yangtze River and east of the Yunnan-Guizhou
Plateau, including most areas of Zhejiang and Shanghai, northern Fujian, central Jiangxi,
east-central Hunan, central Guangdong, southern Guangxi, and southern Chonggqing [8].
Huangshan is a typical representative of the acid rain area south of the Yangtze River, which
has been significantly affected by acid deposition for a long time, with a high degree of
acid rain pollution, posing a continuous pressure on the conservation of forest ecosystems
and cultural heritage in this area. The formation of acid rain in this region exhibits multiple
superimposed factors. First, Huangshan City is located downwind of the economically
developed industrial zone in eastern coastal China (the Yangtze River Delta). Under the
influence of northerly airflows in winter, it readily receives transboundary transport of
pollutants from highly polluted areas such as southern Jiangsu and northern Zhejiang.
Second, the city’s basin topography, surrounded by mountains, inhibits horizontal dis-
persion of pollutants; coupled with frequent temperature inversions, acidic precursors
accumulate in the lower atmosphere. Third, the subtropical monsoon humid climate brings
abundant precipitation and high humidity, providing favorable conditions for gas-phase
and aqueous-phase oxidation of SO, and NOy. Fourth, intensive agricultural activities
in both local and surrounding areas emit high concentrations of NH3, which not only
participate in neutralization processes but also influence secondary aerosol formation. The
superposition of these geographical, meteorological, and anthropogenic factors imposes
significant acid deposition stress on Huangshan City. However, current studies on acid
deposition in Huangshan mainly focus on descriptive analyses of pollution characteristics,
while investigations into the impacts of pollution control measures and dynamic changes
in ambient air quality on precipitation chemistry remain relatively lacking [9-11].

Huangshan is a world natural and cultural heritage site, and its ecological environment
quality has attracted much attention. Although the comprehensive air quality index of
Huangshan City has long ranked among the top in Anhui Province, and the concentrations
of major pollutants such as PM; 5, PMjp, and SO, are generally lower than the national aver-
age, the problem of acid rain pollution in this area remains prominent [12]. This study aims
to investigate the main causes of the continued occurrence of acid rain in Huangshan City
against the backdrop of an overall decline in major atmospheric pollutant concentrations
and to analyze its temporal changes and potential associations using different methods.

2. Methodology
2.1. Study Area

Huangshan City is located at the southernmost tip of Anhui Province, between
117°02’ E 118°55’ E and 29°24’ N 30°24’ N [13]. In terms of topographic pattern, Huangshan
City is located in a typical mountain-basin terrain with a variety of landforms, dominated
by medium and low mountains and hills. The altitude of mountain bodies is generally
400-500 m, with numerous peaks above 1000 m [14]. This basin structure, surrounded
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by mountains and low-lying in the middle, lays the foundation for the formation of local
meteorological conditions and is prone to inducing mountain temperature inversions and
mountain-valley wind circulation. In terms of soil and geology, most of the medium and
low mountains in Huangshan City are covered with yellow soil and mountain yellow-
brown soil, with thick soil layers and high gravel content. The hilly areas are mostly red
soil and purple soil, with heavy texture, acidity, and poor fertility. The piedmont basins
and plain valleys are mostly sandy loam, and both sides of rivers and streams are mostly
alluvial soil. Climatically, Huangshan City belongs to a typical subtropical monsoon humid
climate zone, characterized by mild and rainy weather and distinct four seasons [15]. The
annual average temperature is 6-15 °C, and most areas have no severe cold in winter,
with a frost-free period of 236 days. Benefiting from the combined effect of monsoon
circulation and basin terrain, precipitation is abundant, with an average annual precip-
itation of 1670 mm and a maximum of 2708 mm. Precipitation is mostly concentrated
from May to August. Adjacent to industrial provinces such as Zhejiang and Jiangxi and
located on the atmospheric pollutant transport channel, Huangshan City is vulnerable to
external pollutants.

2.2. Data Sources and Chemical Analysis

Based on precipitation and pH data from 2013 to 2025, combined with conductivity
and water-soluble ion concentration data from the same period, a systematic statistical
analysis was conducted on precipitation samples collected at 3 acid rain monitoring stations
affiliated with the Huangshan Environmental Monitoring Central Station from 2013 to
2025. The monitoring indicators included precipitation, pH, conductivity, water-soluble
anions (F~, C1=, NO3~, and SO427), and water-soluble cations (Na*, NH,*, K*, Mg2+, and
Ca?*). The three monitoring stations are located at No. 89 East Huangshan Road, No. 89
Yan’an Road, and Fenghu Yanliu. Among them, No. 89 East Huangshan Road and No.
89 Yan’an Road are located in the main urban area (Tunxi District), and Fenghu Yanliu is
located in Xiuning County. Precipitation was collected by an intelligent acid deposition
sampler (ZJC-V, Zhejiang Hengda Instrument and Meter Co., Ltd., Hangzhou, China);
pH value was determined by a portable multi-parameter water quality analyzer (Multi
3630 IDS, WTW, Munich, Germany); conductivity was measured by a conductivity meter
(DDSJ-308A, Shanghai Leici Instrument Co., Shanghai, China); and the concentrations of
various anions and cations were analyzed by an ion chromatograph (ICS-1000, Dionex,
Sunnyvale, CA, USA). The collection, treatment, and determination of all samples strictly
followed the Technical Specifications for Environmental Monitoring (H] /T 165-2004) [16]
to ensure the accuracy and reliability of the data. In terms of data processing, the average
precipitation pH value was calculated by the hydrogen ion concentration-rainfall weighted
method, and acid rain frequency was defined as the proportion of precipitation samples
with a pH value less than 5.6.

2.3. Data Analysis
2.3.1. Volume-Weighted Average Concentration

The volume-weighted average concentration of major ions in precipitation is a core
indicator for accurately evaluating the chemical composition of precipitation and wet
deposition flux [17]. Compared with the simple arithmetic average, this method can more
scientifically characterize the chemical characteristics of precipitation and its deposition
effect by considering the differences in precipitation volume of different precipitation
events. Its main calculation formula is as follows:

_ TGP "
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where Cyy;, is the volume-weighted average concentration of a certain ion in the calculation
period (peq/L), C; is the concentration of the ion in the i-th precipitation event (ueq/L), P;
is the precipitation volume of the i-th precipitation event (mm), and # is the total number
of precipitation events in the calculation period.

2.3.2. Neutralization Factor

The neutralization capacity of various alkaline ions in rainwater can be estimated by
the neutralization factor (NF) [18]. The specific calculation formula is

NF, = |x]/([s0F] + [NO3 ) @)

where [X] is the equivalent concentration of alkaline ions (Ca?*, NH4*, Mg?*) (ueq/L),
[SOE*} is the equivalent concentration of SO42~ (veq/L), and [NO; } is the equivalent
concentration of NO3 ™ (neq/L).

2.3.3. Ion Balance Check and Data Quality Control

To ensure the reliability of the precipitation ion analysis data, the ion balance error
(CBE) was calculated for each precipitation sample. The calculation formula is

|Y_ Cations — ) Anions|

BE =
¢ Y Cations + }_ Anions

x 100% 3)

where ) Cations is the sum of sodium ions, potassium ions, calcium ions, magnesium ions,
and ammonium ions, }_ Anions is the sum of fluoride ions, chloride ions, sulfate ions, and
nitrate ions.

The samples with |CBE| < 10% are defined as having “acceptable” data quality [19].

The method detection limits (MDLs) for each ion are as follows: SO4?~ mg/L, NO3~
mg/L, NHy* mg/L, Ca?* mg/L, Mg** mg/L, Na* mg/L, K" mg/L, CI” mg/L, F~ mg/L.
For samples with concentrations below the MDL, half of the MDL (MDL/2) was used as a
substitute when calculating volume-weighted mean concentrations.

3. Results and Discussion
3.1. Atmospheric Pollutant Emissions

The annual emission changes in SO, and NOy in the atmosphere of Huangshan City
from 2011 to 2024 are shown in Figure 1la,b. Among them, the SO, and NOy emission
data used in the study were sourced from the Ecological Environment Statistical Yearbook
provided by the Huangshan Municipal Bureau of Ecology and Environment. The emissions
from 2011 to 2019 were calculated based on the coefficients of the first national pollution
source census, and those from 2020 to 2024 were calculated based on the coefficients of the
second national pollution source census. It can be seen from the figures that SO, emissions
decreased year by year and gradually stabilized at a low level of about 460 tons per year,
while NOy emissions remained stable at a high level. This variation trend reflects that China
has achieved remarkable results in controlling SO, during the 12th Five-Year Plan period,
and although NOy control has achieved certain results, pollution is still at a high level [20].

From 2021 to 2024, SO, emissions have been controlled at an extremely low level of
460-490 tons, no longer being the main contradiction leading to acid rain. On the contrary, the
total NOy emissions are still large, among which industrial source NOy emissions show an
increasing trend year by year, while mobile sources (including motor vehicles and machinery,
etc.) NOy emissions show a decreasing trend year by year. Nevertheless, mobile source
emissions still occupy an absolute dominant position, accounting for as high as 80-90%, and
their annual fluctuations are mainly affected by changes in mobile source emissions.
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Figure 1. (a) Total emissions of SO, and NOy from 2011 to 2019; (b) Emissions of SO,, industrial NOy,
and mobile source NOy from 2020 to 2024.

According to the Huangshan Statistical Yearbook, the motor vehicle ownership in
Huangshan City increased from 118,900 in 2013 to 387,900 in 2024, with an increase of about
226%. The rapid increase in the number of motor vehicles is the most direct reason why
mobile source NOy emissions are much higher than industrial source emissions, and also
a key practical factor leading to the failure to fundamentally solve the acid rain problem
and the continuous fluctuation of acid rain frequency at medium and low levels (50-70%).
At the same time, more vehicles mean more continuous and dispersed NOy emissions,
potentially making the occurrence of acid rain more susceptible to the randomness of
meteorological diffusion conditions.

3.2. Interannual Variation Characteristics of Acid Rain

This study focuses on the precipitation pH value, electrical conductivity (EC), and acid
rain frequency in Huangshan City from 2013 to 2025, and the changes in these indicators
are shown in Figure 2a. The Action Plan for Air Pollution Prevention and Control (the
Ten Air Pollution Prevention and Control Measures) issued by China in 2013 has played a
significant regulatory role in the decline of atmospheric pollutant concentrations and the
evolution of composite pollution characteristics in China through the implementation of
systematic emission reduction measures [12,21], and the changes in relevant indicators in
Huangshan City also show obvious phased characteristics under this influence. It can be
clearly seen from Figure 2a that 2013-2016 was a period of high-level fluctuations, during
which the average acid rain frequency was about 78%, and the histogram shows that its
value was high with a large fluctuation range. The line chart of pH value shows a low
and frequently fluctuating state with an annual average of about 5.01, within the acid rain
range (pH < 5.6). The line of conductivity is also at a high level, indicating a high total
concentration of dissolved ions in precipitation. The year 2017 was a turning point, with a
cliff-like drop in acid rain frequency in Figure 2a, which is exactly consistent with the final
assessment and conclusion time of the Ten Air Pollution Prevention and Control Measures
nationwide in 2017 [22]. The line of pH value rose significantly, indicating a weakening
of precipitation acidity; the line of conductivity also decreased significantly. This series
of changes indicates that the implementation of the Ten Air Pollution Prevention and
Control Measures has achieved obvious results in Huangshan City, and acid rain pollution
has begun to enter a controlled stage. From 2018 to 2025 was a period of stabilization
at medium and low levels. During 2018-2025, the pH value line stabilized in a slightly
acidic but non-strongly acidic range, and the conductivity line stabilized at an extremely
low level below 1.0 uS/cm. This shows that the acid rain pollution situation in Huang-
shan City has been further improved and stabilized. However, during this period, the
frequency of acid rain fluctuated considerably. As can be seen from Figure 2b, precipitation
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amount and acid rain frequency exhibited highly synchronized interannual variability.
The years 2020 and 2024 were two notable peak years for precipitation (reaching 6711 mm
and 6500 mm, respectively), with corresponding peaks in acid rain frequency (81.1% and
70.5%). In contrast, during 2022-2023, precipitation remained at a relatively low level
(approximately 3700 mm), and the acid rain frequency stabilized at a lower level of 54-55%.
A similar relationship was also observed between rainfall frequency and acid rain frequency.
This indicates that during a plateau period when emission intensities were relatively stable,
interannual variability in precipitation, especially extreme wet events, served as a key
external factor driving anomalous increases in acid rain frequency [23,24].
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Figure 2. (a) Changes in precipitation pH, conductivity, and acid rain frequency from 2013 to 2025;
(b) changes in rainfall frequency, acid rain frequency, and precipitation amount from 2018 to 2025.

In summary, through the analysis of Figure 2, we can clearly see that the interannual
evolution of acid rain in Huangshan City presents three stages: “high-level fluctuation”,
“policy turning point”, and “stabilization at medium and low levels”, and in the current
stage, the occurrence of acid rain is more sensitive to precipitation.

3.3. Seasonal Variation Characteristics of Acid Rain

The relationships between acid rain frequency, pH value, and precipitation volume
with months and seasons in Huangshan are shown in Figure 3. It can be seen from the figure
that precipitation volume fluctuates greatly in different months, with the highest values in
June and July and the lowest values in November and December; acid rain frequency also
changes in different months, with the highest value in May and the lowest values in January
and February; the pH value is relatively stable but slightly decreases in June. In terms of
seasons, acid rain frequency is the highest in winter with the least precipitation and the
lowest pH value; acid rain frequency is the lowest in summer with the highest precipitation
and the highest pH value. The seasonal variation characteristics of acid rain in Huangshan
are restricted by multiple factors. On a macro scale, the seasonal variation in acid rain in
Huangshan is mainly dominated by the changes in pollutant transport paths caused by the
East Asian monsoon circulation and the differences in the sources of in-cloud neutralization
substances, reflecting the typical characteristics of acid rain at alpine background stations
in eastern China with the change in atmospheric circulation [25]. Specifically, southeasterly
winds prevail in summer, and air masses mainly come from the ocean, which are relatively
clean and contain more alkaline ions, increasing alkaline substances in precipitation. At
the same time, abundant rainfall has a significant dilution effect; precipitation is less
in winter, and atmospheric pollutants (such as SO, and NOy) are easy to accumulate,
leading to enhanced precipitation acidity. In addition, northerly or northwest wind prevails
in winter, transporting pollutants from industrial areas such as North China and the
Yangtze River Delta to Huangshan, further increasing the content of acidic substances
in precipitation [26-28]. In addition to monsoon circulation, local terrain and climatic

https://doi.org/10.3390/atmos17060575


https://doi.org/10.3390/atmos17060575

Atmosphere 2026, 17, 575

7 of 16

conditions also play an important role. Huangshan City is located in a mountain—basin
terrain, which makes it easy to form mountain-valley wind circulation and temperature
inversion layers. At night, the superposition of mountain wind and temperature inversion
layer makes the atmospheric stratification stable and inhibits the vertical diffusion of
pollutants; during the day, valley wind brings the accumulated pollutants back to the
valley. This local “up and down circulation” process leads to the continuous retention
of gaseous pollutants over the local area, and the acidic gases retained in the upper air
combine with water vapor to eventually form acid rain. In addition, this area belongs to
a subtropical monsoon humid climate with abundant water vapor throughout the year,
which also provides favorable conditions for the formation of acid rain [29].
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Figure 3. (a) Variations in precipitation, pH, and acid rain frequency in different months; (b) variations
in pH and acid rain frequency in different seasons.

3.4. Precipitation Ions Analysis
3.4.1. Ion Composition and Interannual Variation Trend

According to the balance analysis results of precipitation ion equivalent concentrations
in Huangshan City from 2013 to 2025, the ratio of the average equivalent concentration of
total anions to that of total cations was 0.836, with an ion balance error of 8.94%. The error
value is less than 10%, indicating good data quality and high reliability of the determined
results of anions and cations. In terms of total amount, the cation concentration is slightly
higher than the anion concentration, which may be related to undetermined anions (such
as HCO3~, CO32~, or organic acid anions) in precipitation or affected by partial determina-
tion errors or local pollution sources. Overall, the chemical composition of precipitation
in Huangshan City is relatively stable with good ion balance, providing a reliable data
foundation for subsequent analysis of acid rain causes and potential associated factors.

The proportion of various anions and cations from 2013 to 2025 is shown in Figure 4a.
During this period, SO42~ still accounted for the largest proportion of anions, with an
average of 20.5%, followed by NOs~ with an average of 15.54%. It can be seen from
Figure 4c that the concentrations of SO4%>~ and NO3 ~ showed an overall downward trend
from 2013 to 2025, with a particularly significant decrease in SO42~, which is mainly due to
the positive results achieved by the implementation of atmospheric sulfur emission control
measures in Huangshan, such as energy structure transformation, industrial desulfuriza-
tion, and loose coal governance [30]. In the same period, the decrease in NO3; ™ is mainly
attributed to the continuous advancement of measures such as industrial denitrification
and motor vehicle emission control. The equivalent concentration ratio of SO42~ /NO3;~
can be used to judge the type of acid rain [31]: a ratio greater than 3.0 indicates a sulfuric
acid type (coal-fired type), a ratio between 0.5 and 3.0 indicates a mixed sulfuric-nitric acid
type, and a ratio less than or equal to 0.5 indicates a nitric acid type (motor vehicle type). It
can be seen from Figure 4d that the S0O,4%~ /NO; ™ ratio showed an overall downward trend
with the increase in years, dropping from a peak of 3.44 to 0.92, which is consistent with the
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variation trend of atmospheric pollutants SO, and NOy mentioned above, indicating that
the type of acid rain in Huangshan is gradually shifting from sulfuric acid type to mixed
sulfuric—nitric acid type, and it is necessary to strengthen NOy control.

o, 33% 2.7% \

()  44% 20.5% e
el NO,~
Ll F
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15.5% L NH,
[ ]ca*
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[ INa’
LK
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SO.2/NO, =3

SO.7/NO;

Figure 4. (a) Proportion of different anions and cations, (b) variation in different cations, (c) variation
in different anions, and (d) variation in SO,2~ /NOj3 ™ ratio from 2013 to 2025.

Ca®* and NH4* accounted for a relatively high proportion of cations, with an average
of 21.63% and 21.51%, respectively. This indicates that the neutralization of precipitation
acidity mainly comes from soil dust (Ca?* is mainly from the crust or dust) and ammonia
emitted from agricultural and human activities [32]. It can be seen from Figure 4b that
the concentration of Ca?* decreased significantly from 2013 to 2025, which is mainly due
to the continuous advancement of comprehensive control measures such as dust control,
mine renovation, and soil protection [33]. In contrast, NH;* showed a fluctuating upward
trend, which may be due to the increase in agricultural ammonia emissions and the more
significant neutralization effect of atmospheric ammonia on acidic gases after the sharp
decrease in Ca®*. From the perspective of atmospheric chemical mechanisms, the decline in
the SO42~ /NO; ™ ratio reflects a shift in the emission structure of precursor pollutants: the
substantial reduction in SO, emissions directly leads to a decrease in SO42~ concentration,
whereas the limited reduction in NOy emissions keeps NO3 ™ at a relatively high level.
This trend is highly consistent with the implementation timeline of China’s “Air Pollution
Prevention and Control Action Plan” (commonly known as the “Ten Measures”). In
addition to the influence of emission source structure, the conversion efficiency from NO,
to NO3~ is significantly regulated by meteorological conditions, exhibiting a nonlinear
response characteristic.

3.4.2. Major Alkaline Ion Neutralization Effect

Based on the equivalent concentrations of various cations in Huangshan City from
2013 to 2025, the neutralization capacities of five cations (NH,*, Ca®*, Mg?*, Na*, and
K*) calculated by Formula 2 were 0.60, 0.60, 0.12, 0.09, and 0.08, respectively, proving that
NH4* and Ca?* are the main neutralizing ions in precipitation in Huangshan City. The
neutralization percentage estimated by the neutralization factor (NF) may be overestimated
to a certain extent because this method fails to deduct the alkaline ions contained in soil-
derived evaporites (such as sulfates and chlorides) that have combined with anions [34]. To
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evaluate the neutralization process more accurately, linear regression analysis can be used to
quantify the specific neutralization contribution of major alkaline ions to acidic ions [35,36].
In the linear regression analysis, SO4>~ and NO;~ were taken as dependent variables,
and NH4* and Ca?* as independent variables. The important relevant data of linear
regression analysis are shown in Tables 1 and 2. In the precipitation events of Huangshan,
about 97.5% of SO4%~ and 88.1% of NO3~ can be explained by the regression independent
variables NH;* and Ca?*. Linear regression analysis revealed the combination law of
acidic ions and alkaline ions in the precipitation of Huangshan. For sulfate, Ca* is its most
important neutralizer (3 = 0.633, p < 0.0001), and about 79.4% of S042~ exists in the form
of CaSQy, reflecting the significant impact of crustal source substances on precipitation
chemistry [37]. For nitrate, NH;* is the main neutralizer ( = 0.422, p = 0.050), and about
82.6% of NO3 ™~ exists in the form of NH4NOj3, indicating the important role of agricultural
ammonium salts [7].

Table 1. Linear regression analysis data with 5042~ as the dependent variable and NHy*, Ca?* as
independent variables.

Index Adjusted R-Square Coefficients p-Value
NH,* 0.164 0.666
Ca2* 0975 0633 6.24 x 10~

Table 2. Linear regression analysis data with NO3 ~ as the dependent variable and NH4*, Ca’* as
independent variables.

Index Adjusted R-Square Coefficients p-Value
NH,* 0.422 0.050
Ca?* 0857 0.089 0.003

The study also found the selective combination characteristics between ions: Ca?*
preferentially combines with SO42~, and its neutralization efficiency for NO3~ is only
14% of that for SO4%~; NH4* hardly combines with SO4%~ but specifically combines with
NOj3~. This differentiation pattern reflects the differences in chemical characteristics of
different pollutants and also affects the control mechanism of precipitation acidity in
Huangshan City.

3.4.3. Ion Correlation Analysis

To further analyze the internal relations and potential associations of various chemical
components in precipitation in Huangshan City, the Pearson correlation coefficient was
used to conduct correlation analysis on the physical and chemical indicators of precipitation,
as shown in Table 3 [38,39]. The correlation coefficient r can be used to measure the strength
and direction of the linear relationship between two continuous variables. Conductivity
has a strong correlation with SO42~ (r = 0.688), NO3~ (r = 0.645), Ca®* (r = 0.633), and
Na* (r = 0.668), indicating that these ions are the dominant components of precipitation
ion strength. The correlation between ions shows obvious cluster characteristics. There
is an extremely strong correlation between SO42~ and Ca?* (Ir| > 0.9), indicating their
common source or strong coupling process. At the same time, NO;~ and NHy* also show
a strong positive correlation (r = 0.839), which is completely consistent with the mecha-
nism of their formation of NH4NOj3; secondary aerosols, highlighting the key role of NH3
released from agricultural or biological sources in fixing atmospheric HNOj3, and further
confirming the dominant neutralization contribution of NH;* to NO3; ™ in the regression
analysis (3 = 0.422, accounting for 82.6%) [40]. Atmospheric NH3 mainly originates from
agricultural activities (fertilizer application, livestock and poultry farming) and biomass
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burning, while HNOj3 is produced from the photochemical oxidation of NOy (mainly from
vehicle and industrial emissions) [41,42]. The two react in the gas or aqueous phase to form
NH4NO;. This reaction is reversible and regulated by temperature and relative humidity.
The low temperature and high humidity conditions in winter and spring in Huangshan
City favor the accumulation of NH4NOj in the particulate phase. When precipitation
occurs, these pre-existing NH4NO3 aerosols are scavenged into raindrops, resulting in
a high degree of synchrony between NH;* and NO3 ™ in rainwater. High temperatures
promote the decomposition of NH4NOj3 back into NH3; and HNOj3 gases. The high tem-
peratures in summer in Huangshan City cause the decomposition of NH;NOj3, reducing
the amount of NO3 ™ available for scavenging by precipitation, which is one of the factors
contributing to the lower frequency of acid rain in summer [43]. The above characteristics
of selective ion pairing can be further explained by the differences between in-cloud and
below-cloud processes. The preferential association of Ca** with SO,?>~ mainly occurs
during the below-cloud scavenging stage: H,SO,4 droplets formed from SO, oxidation un-
dergo heterogeneous neutralization reactions with CaCOj3-rich dust particles as they fall. In
contrast, the preferential association of NH;* with NO3 ™ mainly reflects in-cloud processes:
NHj; and HNOj rapidly react in the liquid phase within clouds to form NH4NOj3, which
is subsequently deposited to the ground via precipitation. The difference in timescales
between the two mechanisms explains why the Ca?*~504%~ correlation coefficient (0.989)
is higher than that of NH;*-NO3 ™~ (0.839) [44]. In addition, there is a moderate to strong
positive correlation between Ca?* and NHy* (r = 0.748), indicating a certain degree of
mixing of crustal source and agricultural source ions during transport and deposition, but
the two have significant selectivity for the neutralization objects of acidic anions: Ca?*
specifically combines with S04~ , while NH,* specifically combines with NO3 ™ [45]. The
extremely strong correlation between C1~ and K* (r = 0.964) may point to common sources
such as biomass combustion [30]. The correlation coefficients between pH and most ions
are small (Ir| < 0.15), which just confirms that precipitation in Huangshan City is a buffer
system with a relatively balanced acid-base ion: high concentrations of crustal-source
Ca?" and anthropogenic-source NH,* provide a strong neutralization capacity, making
precipitation acidity (pH) not controlled by the concentration of a single acidic ion but by
the net balance of specific ion pairs such as S04~ with Ca?* and NO; ™~ with NH,* [30].
Therefore, correlation analysis and a linear regression model jointly reveal that precipitation
chemistry in Huangshan City is controlled by the mixed crustal-anthropogenic sources
and agricultural-secondary transformation sources, and the specific pairing between ions
and strong buffer capacity is the key characteristic of its acidity evolution.

Table 3. Correlation coefficients of pH, conductivity, and precipitation chemical composition.

Index pH Conductivity SO42~ NO3— Cl- F- NH;* Ca*>* Mg K* Na*
pH 1 - - - - - - - - - -
Conductivity —0.077 1 - - - - - - - - -
50,2~ —0.041 0.688 1 - - - - - - - -
NO3~ 0.026 0.645 0.931 1 - - - - - - -
Cl~ —0.086 0.444 0.928 0.855 1 - - - - - -
F~ —0.150 0.004 0.234 0.186 0.463 1 - - - - -
NH,* 0.143 0.310 0.754 0.839 0.714  0.0001 1 - - - -
CaZt —0.033 0.633 0.989 0.907 0.953 0279  0.748 1 - - -
Mg —0.052 0.592 0.947 0.873 0.915 0263  0.717  0.968 1 - -
K* —0.056 0.540 0.967 0.931 0.964 0338 0776 0977 0961 1 -
Na* —0.027 0.668 0.980 0.909 0.915 0.261 0697 0979 0953  0.969 1
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3.5. Regional Comparison of Acid Rain Conditions in Huangshan City

To clarify the relative level of acid rain pollution in Huangshan City compared to
different regions across China, we systematically compared it with Nanjing, Guilin, Jinyun
Mountain in Chongqing, Dazhou, Beijing, and the regional average of the Yangtze River
Delta (Table 4). The comparison results show that the average acid rain frequency in
Huangshan City from 2018 to 2025 (55%) is approximately 3.2 times the national average
level in 2024 (17.1%), significantly higher than that in Nanjing (20.9%, 2020-2021) and
Dazhou (27.49%, 2008-2022), and on the same order of magnitude as Guilin (42.5-74.9%,
2013-2017) and the Yangtze River Delta regional average (57.1 £ 18.7%, 2010-2018), whereas
Beijing’s frequency has dropped to 0% since 2017. Regarding acid rain types, Huangshan
City, Jinyun Mountain (Chongging), and Beijing all show a consistent trend of transitioning
from sulfate-type to sulfate—nitrate mixed-type acid rain, reflecting the general effectiveness
of SO, emission reduction policies at the national scale. The above comparison indicates
that the acid rain frequency in Huangshan City is at the upper-middle level among the
acid rain areas of southern China, and its improvement rate lags behind cities such as
Nanjing and Dazhou, highlighting the critical influence of delayed NOy control and basin
topography constraints on acid rain mitigation.

Table 4. Comparison of acid rain conditions between Huangshan City and typical cities/regions

in China.
. . . Acid Rain . .
Cities/Regions Time Frequency pH Acid Rain Type
Huangshan City 2013-2025 55% 5.06 sulfate-type to sulfate-nitrate
mixed-type
Nanjing City [46] 2020-2021 20.9% 58+05 sulfate-type to sulfate-nitrate
mixed-type
Guilin City [7] 2013-2017 42.5-74.9% 4.85-5.23 sulfate-type to sulfate-nitrate
mixed-type
Jinyun Mountam, 2001-2019 } 3.9.5. sulfate—typ? to sulfate-nitrate
Chonggqing [47] mixed-type
YangtzelRlver Delta 2010-2018 571 4 18.7% 487 4+ 098 sulfate—typ-e to sulfate-nitrate
(Region) [48] mixed-type
Dazhou City [49] 2008-2022 27.49% 6.2 sulfate-type to sulfate-nitrate
mixed-type
5.74 + 0.67 (urban .
. Dropped to 0% sulfate-type to sulfate-nitrate
Beijing City [50] 1997-2020 after 2017 area), 6.53 & 0.54 mixed-type

(suburban area)

Compared with Guilin, although the acid rain frequencies in the two cities are on
the same order of magnitude, their evolution mechanisms differ. In Guilin, the acid rain
frequency was similarly high (42.5-74.9%) during 2013-2017, but the decline rates of Ca**
and NH,* concentrations exceeded those of SO42~ and NO;~, disrupting the original
net ion pair balance and leading to a rebound in acid rain conditions in the later stage of
treatment [7]. In contrast, in Huangshan City, the NH;* concentration shows a fluctuating
upward trend (Figure 4b), with a significant neutralization contribution to NO3;~ ( = 0.422,
accounting for 82.6%), and this strong neutralization capacity maintains the stability of the
precipitation buffering system. This comparison underscores the key role of maintaining
the neutralization capacity of Ca?* and NH4* in consolidating the effectiveness of acid
rain control.
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3.6. Uncertainties and Limitations of the Study

The following limitations exist in this study: First, the three monitoring sites are mainly
located in the central and eastern urban areas and do not cover high-altitude mountainous
regions; thus, the representativeness of the conclusions for forest ecosystems requires
further validation. Second, quantitative PMF source apportionment was not conducted, so
the percentage contributions of various pollution sources could not be precisely quantified.
Third, among meteorological factors, only precipitation amount and extreme precipitation
events were analyzed, without incorporating a multi-factor integrated model that includes
temperature, humidity, wind speed, and other variables. Fourth, the distinction between
in-cloud and subcloud processes was inferred indirectly from ion ratios, lacking direct
evidence from time-resolved sampling or isotopic analysis. These limitations suggest
that future research should add monitoring at high-altitude sites, conduct PMF modeling,
and perform isotopic tracer analysis to further advance the understanding of the causal
mechanisms underlying acid rain in Huangshan City.

4. Discussion

(1) The acid rain pollution situation has shown a significant phased improvement, but
the situation remains severe. During the study period, acid rain pollution in Huang-
shan City experienced an evolution from “high-level fluctuations” to “stabilization at
medium and low levels”. With 2017 as a key turning point, the acid rain frequency
dropped off a cliff from the previous high level (e.g., as high as 96% in 2016) and
has basically stabilized below 60% since then, except for an abnormal rebound in
2024. This change is highly consistent with the final assessment time of the National
Action Plan for Air Pollution Prevention and Control (the Ten Air Pollution Preven-
tion and Control Measures), indicating that macro emission reduction policies have
played a decisive role in regional acid rain control. However, unlike the trajectory in
Southwest China, characterized by “severe first, then mild, with rapid improvement,”
Huangshan exhibits a pattern of “effective policies but lagging improvement.” In
terms of harm types, while soil acidification and forest degradation are predominant
in Southwest China, Huangshan, as a UNESCO World Natural and Cultural Heritage
site, faces a unique cultural heritage risk: the corrosion of ancient stone materials
(such as cliff inscriptions and memorial archways) caused by acid rain. The acid rain
frequency still reached 50.9% in 2025, indicating that acid rain, as a wet deposition
pollution, still has a long-term risk in Huangshan City and cannot be ignored.

(2) The type of acid rain is shifting from sulfuric acid type to mixed sulfuric-nitric acid
type, and the contribution of mobile source pollution is becoming increasingly promi-
nent. Precipitation chemical analysis showed that the equivalent concentration ratio
of SO42~ to NO; ~ in precipitation in Huangshan City decreased significantly from
4.09 in 2013 to 1.10 in 2018, marking the shift in the dominant type of acid rain from
the traditional sulfuric acid type (coal-fired type) to the mixed sulfuric—nitric acid type.
This shift is directly related to the change in the local pollutant emission structure:
the control of sulfur dioxide (SO,) emissions has achieved remarkable results, and
the concentration has been stably at an extremely low level for a long time, while the
reduction range of nitrogen oxide (NOy) emissions is relatively limited, among which
the rapid growth of motor vehicle ownership (from 118,900 in 2013 to 387,900 in 2024)
has made mobile sources the absolute main body of NOx emissions. Therefore, the
contribution of motor vehicle exhaust emissions to acid rain formation can no longer
be ignored.

(3) Precipitation exhibits highly specific selective ion pairing between Ca?* and SO42~
(r =0.989) and between NH;* and NO3 ™ (r = 0.839), with these two pairs accounting
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for 81.4% of the total cation concentration. Linear regression analysis shows that Ca**
dominates the neutralization of SO42~ (explanatory power of 97.5%), while NH4*
dominates the neutralization of NO3 ™ (explanatory power of 85.7%). From the per-
spective of atmospheric chemical mechanisms, the Ca?*~-S04%~ pairing mainly occurs
during the below-cloud scavenging stage (heterogeneous neutralization of HySO4
droplets with CaCOj-rich dust), whereas the NH4*-NO3 ™~ pairing primarily reflects
in-cloud processes (rapid liquid-phase reaction of NHz and HNOj3 within clouds to
form NH4NOs3, which is subsequently deposited to the ground via precipitation).
This specific ion pairing, combined with the characteristics of high forest coverage
and low background of alkaline substances due to fewer atmospheric particulates in
the local area, together form a system with a relatively balanced acid-base ion but
limited buffer capacity. This makes the precipitation pH value not controlled by the
concentration of a single acidic ion but by the net balance of specific ion pairs, explain-
ing why the pH value can remain relatively stable when the total ion concentration
(conductivity) changes.

During the plateau period, when emission intensities are relatively stable, interannual
variability in precipitation, especially extreme wet events, serves as a key external
factor driving anomalous increases in acid rain frequency. As emissions of major acid
precursors have been effectively controlled and have entered a period of low-level
stabilization, the main driving factor for acid rain occurrence has shifted. Interannual
analysis shows that anomalous fluctuations in acid rain frequency are closely related
to precipitation amount. Given that the baseline level of pollutant “feedstock” still
exists, abundant and frequent precipitation acts like an efficient scavenging process,
washing down large amounts of acidic substances accumulated in the atmosphere,
leading to a sharp increase in the proportion of acid rain samples. Therefore, the
occurrence of acid rain in Huangshan City has currently shifted from being primarily
driven by “emissions” to a stage where it is more susceptible to the random influence
of “precipitation variability”.

The spatiotemporal pattern of acid rain is jointly shaped by regional transport and
local geographical and climatic characteristics. In Huangshan City, acid rain pollution
exhibits pronounced seasonal variations, with the highest frequency and lowest pH
value occurring in winter and the opposite pattern in summer. This is primarily
governed by the East Asian monsoon circulation: northerly winds from industrial
regions such as North China and the Yangtze River Delta prevail in winter, bringing
exogenous pollutants, whereas in summer, the area is influenced by relatively clean
marine air masses. Furthermore, the unique mountain-basin terrain of Huangshan
City hinders the horizontal diffusion of pollutants, leading to their retention and
thereby exacerbating the transformation and accumulation of local acidic substances.
Comparative studies indicate that the neutralization effect of precipitation in Huang-
shan City is stronger than that in southeastern China but weaker than that in northern
China, which precisely reflects its regional background characteristics as a north-south
transition zone influenced by multiple sources.

5. Conclusions

In summary, acid rain pollution in Huangshan City is the result of the combined action

of regional emission reduction policies, local emission structure transformation, unique

geographical and climatic conditions, and complex atmospheric chemical processes. Future

prevention and control work should focus on strengthening the control of mobile source

NOy emissions on the basis of consolidating the achievements of SO, emission reduction

and pay attention to the coordinated governance of agricultural ammonia emissions. In
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addition, a linkage early warning mechanism between acid rain pollution and meteorologi-
cal conditions should be established to cope with the amplification effect of increasingly
frequent extreme weather events on wet deposition pollution under the background of
climate change.

The core innovations of this study are reflected in two aspects. First, it breaks away
from the conventional aggregate thinking in neutralization factor analysis, simultaneously
revealing highly specific ion pairings of Ca?*-50,42~ (r = 0.989) and NH4*-NO3~ (r = 0.839)
in regional precipitation monitoring. From an atmospheric chemistry perspective, it elu-
cidates the difference between the two mechanisms: Ca?*-SO4%~ represents subcloud
heterogeneous neutralization, while NH;"-NO3 ™~ involves in-cloud pre-formation fol-
lowed by scavenging. This finding decomposes the neutralization capacity from “aggregate
assessment” into “functional differentiation,” explaining why precipitation pH remained
relatively stable despite a decline in total ion concentration. Second, it introduces an an-
alytical perspective of “emission-meteorology dominance shift,” revealing the dominant
role of extreme precipitation during the emission plateau phase and identifying 2017 as
the policy effectiveness threshold. This perspective challenges the implicit assumption in
traditional research that “emissions determine everything,” providing a new framework
for understanding the driving mechanisms of acid rain fluctuations during the emission
reduction plateau period.
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