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Abstract. Particle acidity serves as a key determinant in atmospheric chemical processes. Emerging concerns
regarding aerosol acidity trends have been highlighted amid China’s sustained initiatives to mitigate emissions
of both acidic and alkaline precursors, especially in North China, which is significantly affected by dust aerosol.
12-year observational data in Zhengzhou reveal that the annual average PM2.5 concentration decreased from
162±81µg m−3 in 2011 to 60±41µgm−3 in 2022, with the largest reduction in sulfate (73 %). Correspondingly,
the annual particle pH increased by 0.10 units from 2011–2019. In addition, the elevated particle pH in 2015 and
2018 was notably influenced by the increase in TNHx (NH3+NH+4 ). Note that the crustal material concentrations
and their proportions increased significantly during 2019–2022, which might be responsible for the resuspension
of surrounding soil dust. Even though the TNHx concentration was decreasing, the annual average growth rate
of pH values increased to 0.21 units from 2019–2022. This phenomenon is not unique to Zhengzhou, as major
cities in the North China Plain have also experienced a pronounced upward trend in coarse particles after 2019.
Therefore, the long-term evolution of particle acidity in North China will require comprehensive consideration
of synergistic effects involving acidic precursors, ammonia, and crustal materials.

Graphical abstract Key points.

– Crustal material concentrations and their proportions increased
significantly during 2019–2022.

– The resuspension of surrounding soil dust may determine the
rebound of crustal material concentrations.

– Rebound in crustal material further elevated the particle pH.

1 Introduction

Particle acidity is a critical parameter that affects atmo-
spheric chemistry, such as the gas–particle partitioning of
semi-volatile and volatile species (Surratt et al., 2010; Guo
et al., 2016), the solubility of metals (Tao and Murphy, 2019),
acid-catalyzed reactions (Rengarajan et al., 2011), and acid
deposition (Mao et al., 2009), thereby determining aerosol
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concentration and chemical composition, as well as impact-
ing human health, ecosystems, and climate (Li et al., 2017;
Pye et al., 2020; Su et al., 2020; Nenes et al., 2021). Gener-
ally, the global fine particulate matter (PM2.5, aerodynamic
diameter≤ 2.5µm) exhibits a bimodal pH distribution rang-
ing from 1–3 (e.g., in the United States and Europe) (Guo
et al., 2015; Battaglia et al., 2017; Masiol et al., 2020; Zhang
et al., 2021) and 4–5 (e.g., in East Asia) (Kim et al., 2022;
Sharma et al., 2022). The atmosphere rich in gaseous am-
monia (NH3) and crustal material (CM) shows significant
pH buffering effects (Wang et al., 2020; Zheng et al., 2020;
Karydis et al., 2021), which is a dominant factor that drives
the high particle pH in East Asia (Karydis et al., 2021; Zhang
et al., 2021; Kim et al., 2022; Sharma et al., 2022).

In recent years, the changing trends in particle pH have
become a research focus, especially in China, in response to
air pollution control policies, i.e., Air Pollution Prevention
and Control Action Plan (2013–2018) and Three-Year Ac-
tion Plan (2018–2020). The annual average PM2.5 concentra-
tion in Beijing dropped by 64 % from 89.5 µgm−3 in 2013 to
32 µgm−3 in 2023 (MEP, 2023), with a clear downward trend
of sulfate concentration and nitrate surpassing sulfate as the
primary component (Zhai et al., 2019; Zhou et al., 2019; Li
et al., 2023). The atmospheric behavior of ammonium, gov-
erned by gas–particle partitioning processes involving am-
monia (NH3) as the predominant alkaline gas, demonstrates
notable stability in concentration levels, with observational
records showing less than 5 % interannual variation in NH3
column densities over North China during 2015–2019 (Dong
et al., 2023). Under such conditions, the dominant inorganic
aerosol component transitions from ammonium sulfate to
ammonium nitrate. This compositional shift enhances at-
mospheric particulate hygroscopicity due to ammonium ni-
trate’s superior water uptake capability, ultimately elevating
particle pH levels through aqueous-phase dilution mecha-
nisms (Wexler and Seinfeld, 1991; Pinder et al., 2007, 2008;
Heald et al., 2012; Weber et al., 2016). For instance, a signifi-
cant increase in the nitrate-to-sulfate molar ratio from 2014–
2017 in Beijing resulted in the particle pH increasing from
4.4–5.4 (Xie et al., 2020). Moreover, increased NH3 concen-
trations raised particle pH by 0.3–0.4 units from 2014/2015–
2018/2019 in Beijing (Song et al., 2019). Over Europe and
North America, the pH increased strongly from about 2.8 and
2.2 during the 1970s to 3.9 and 3.3 in 2020, respectively, es-
pecially during the 1990s, with significantly increasing NH3
emission (Karydis et al., 2021). On the contrary, modeling
results indicate a continuous decline in pH in East Asia from
1970–2020 due to sharp increases in SO2 and NOx emissions
(Karydis et al., 2021). In addition, the PM2.5 pH showed a
slight decrease of 0.13 from 2018–2022 summer in Beijing
due to the change in total nitrate (NO−3 +HNO3) (Li et al.,
2023). Moreover, Zhou et al. (2022) found a decreasing pH
trend from 2011–2019 in eastern China, primarily influenced
by temperature, followed by sulfate and non-volatile cations.
Similarly, Nah et al. (2023) observed a decreasing pH trend

from 2011–2020 in Hong Kong SAR, attributing it to tem-
perature and sulfate levels. Thus, concerns have been raised
about the potential increase in the acidity of aerosol and pre-
cipitation due to China’s ongoing efforts to reduce ammonia
emissions, which pose severe health risks and acid deposition
(Liu et al., 2019; Shi al., 2019).

In addition to NH3, CM is another key alkaline substance
that buffers particle pH. Ca2+ can form insoluble CaSO4
with sulfate, reducing sulfate concentration in the aqueous
phase of aerosol and thus lowering H+ and aerosol liquid wa-
ter content (ALWC) concentrations and enhancing particle
pH (Ding et al., 2019; Karydis et al., 2021). Moreover, non-
volatile cations can lower the molar ratio of ammonia to sul-
fate, leading to an increase in particle pH (Zheng et al., 2022).
Karydis et al.’s (2021) framework demonstrated that CM
played a critical buffering role in sustaining aerosol pH of
around 7 across the Middle East arid regions. The model sen-
sitivity tests revealed that under hypothetical dust-free con-
ditions (CM= 0), aerosol acidity would escalate to pH∼ 4
due to NH+4 /SO2−

4 domination. Wang et al. (2022a) reported
that non-volatile cations accounted for approximately 8 %–
17 % of hourly aerosol pH variation. Li et al. (2023) indicated
that the buffering effect of cations was the major reason for
the relatively small pH changes from 2018–2022 in Beijing,
emphasizing that reducing coarse particle emissions in the
future could significantly decrease particle pH. In addition,
there was a rising trend in the contribution of CM to parti-
cle pH in Tianjin, China (Shi et al., 2017). Therefore, it is
evident that CM has a significant impact on the variation of
particle pH, especially in North China, which is significantly
affected by dust aerosol, but the trend of CM concentration
and its long-term implications are still lacking unfortunately.

Zhengzhou presents unique atmospheric chemistry that
distinguishes it from other megacities in North China.
As the capital of China’s foremost agricultural province
(Henan Province, contributing 18 % of national NH3 emis-
sions), Zhengzhou’s PM2.5 composition combined substan-
tial crustal material (15±3% in PM2.5 vs.< 10% in Beijing)
with exceptional ammonia abundance (Huang et al., 2012;
Liu et al., 2018; Wang et al., 2018a). This created distinct
particle acidity characteristics, maintaining pH 4.5–6.0 com-
pared to lower pH levels (3.3–5.4) in other cities like Beijing
(Ding et al.,2019; Zhang et al., 2021). However, two criti-
cal research gaps persist: (1) the long-term evolution of CM
under control policies remains unquantified, and (2) the role
of CM in pH buffer capacity in NH3-enriched environments
lacks systematic assessment.

To address these gaps, our study pioneers the first multi-
decadal analysis (2011–2022) coupling PM2.5 components
with thermodynamic modeling through three key innova-
tions: (1) revealing the long-term trends of CM, (2) analyzing
the variations of CM sources, and (3) exploring the pH trend
and its relationship with CM. The resultant findings advance
our understanding of urban aerosol acidity chemistry by un-
derscoring the critical role of CM.
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2 Experiment and method

2.1 Instruments and measurements

Sampling was conducted on the fourth-floor platform at
Zhengzhou University (34.75° N, 113.61° E) in Zhengzhou,
China. The sampling site (Fig. S1 in the Supplement), ap-
proximately 14 m above the ground, is primarily surrounded
by residential areas with well-developed transportation net-
works and no significant industrial sources. There are two
highways located 3 km to the south and 7 km to the east. Ad-
ditionally, a coal-fired power plant located 6 km to the east
was shut down in 2020, and a gas-fired power plant is situ-
ated 3 km to the south.

Samples were collected using a high-volume sampler (TE-
6070D, Tisch, USA) and air particulate samplers (TH-16 A,
Tianhong, China) from April 2011–December 2022. Two
quartz filters and two Teflon filters were used daily from
10:00 am to 09:00 am the next day, resulting in a total of
5848 samples. After excluding abnormal data due to instru-
ment malfunctions, 4228 valid samples were obtained. De-
tailed information on the samples is provided in Table S1
in the Supplement. Organic carbon (OC) and elemental car-
bon (EC) were analyzed using a carbon analyzer (Model 5L,
Sunset Laboratory, USA). Water-soluble inorganic ions (Cl−,
NO−3 , SO2−

4 , Na+, NH+4 , K+, Mg2+, and Ca2+) were mea-
sured using ion chromatography (ICS-90 and ICS-900 mod-
els, Dionex, USA) (Yu et al., 2017; Jiang et al., 2018). El-
ements were analyzed using a wavelength-dispersive X-ray
fluorescence spectrometer (S8 TIGER, Bruker, Germany) to
determine concentrations of Fe, Na, Mg, Al, Si, Cl, K, Ca,
V, Ni, Cu, Zn, Cr, Mn, Co, Cd, Ga, As, Se, Sr, Sn, Sb, Ba,
and Pb (Tremper et al., 2018). Meteorological conditions, in-
cluding temperature (T ), relative humidity (RH), and wind
speed (WS), were obtained using an automatic weather sta-
tion (Wang et al., 2019). Blank filters were also routinely
analyzed with each batch of samples to detect sample con-
tamination and provide quality assurance on the elemental
concentrations. Detailed analytical methods and quality con-
trol are described in the Supplement (Text S1). The method
detection limits and measurement uncertainties are summa-
rized in Table S2 in the Supplement. The quality assurance
protocol excluded temporally discrete dust storm and precip-
itation periods to prevent contamination of the source analy-
sis of CM and modeling particle pH, given that such events
induce non-representative extremes in both crustal element
concentrations and pH values, coupled with elevated PM
measurement uncertainties. The annual mean PM2.5 concen-
tration data for cities in the North China Plain were obtained
from the China National Environmental Monitoring Center
(CNEMC), available at https://www.cnemc.cn/ (last access:
5 June 2024).

2.2 Data analysis

2.2.1 Mass reconstruction

The calculation method for CM is as follows (Tian et al.,
2016):

[CM] =1.89×[Al] + 2.14×[Si] + 1.4×[Ca]

+ 1.43[Fe] + 1.94[Ti],
(1)

where [Al], [Si], [Ca], [Fe], and [Ti] represent the concen-
trations of the respective elements (µgm−3), but Ti was not
measured.

2.2.2 Thermodynamic model

The particle pH was calculated using the ISORROPIA-II
mode (version 2.1, http://isorropia.eas.gatech.edu, last ac-
cess: 20 May 2024). The input data (excluding RH≤ 30%),
including SO2−

4 , TNO3 (HNO3+NO−3 ), TNHx (NH3+

NH+4 ), Ca2+, K+, Na+, Mg2+, Cl−, RH, and T , with the
temporal resolution aligned with the sampling periods (from
10:00 am to 09:00 am the following day). The concentrations
of hydrogen ions in air (H+air) and ALWC were derived from
the Na+ – K+ – Ca2+ – Mg2+ – NH+4 – SO2−

4 – NO−3 – Cl− –
H2O equilibrium composition system. Activity coefficients
for H+ and OH− were fixed at unity, while other ion pairs
(e.g., H+–Cl−) employed the Kusik–Meissner parameteriza-
tion for ionic activity calculations (Fountoukis and Nenes,
2007). pH values were calculated using the following for-
mula:

pH=− log10H+aq
∼=−log10

1000H+air
ALWCi+ALWCo

∼=−log10
1000H+air
ALWCi

(2)

ALWCo =
morgρw

ρw

κorg(
1

RH − 1
) , (3)

where ALWCi and ALWCo refer to the ALWC for inorganic
and organic components, respectively.morg denotes the mass
of organic aerosol, ρw is the density of water (1.0 gcm−3),
ρorg is the density of organic material (1.4 gcm−3) (Guo
et al., 2015), and korg is the hygroscopicity parameter for or-
ganic aerosol (0.087) (Chang et al., 2010; Li et al., 2016).
The ISORROPIA-II model operated under metastable condi-
tions in the forward mode. Due to the lack of measured data
for gaseous HNO3 and NH3, TNO3 was represented solely
by NO−3 . The concentration of NH3 was simulated based on
a linear regression equation proposed by Wei et al. (2023),
who used the same data as this study from 2013–2020:

NH3 =19.909×RH+ 0.559× T − 0.35×NH+4
+ 0.123×NO−3 + 2.159×Cl−

− 0.224×SO2−
4 − 154.923,

(4)
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where NO−3 , SO2−
4 , NH+4 , and Cl− correspond to their re-

spective concentrations (µgm−3). To validate the applicabil-
ity of Eq. (4) for annual NH3 estimation and pH simulation
in Zhengzhou, this study utilized both observed NH3 data
(from a Thermo Scientific URG-9000D ambient ion monitor,
USA) and calculated NH3 values derived from Eq. (4) at the
same monitoring site throughout 2022, inputting them into
the thermodynamic model for pH simulation. As shown in
Fig. S2 in the Supplement, pH values calculated from ob-
served and simulated NH3 exhibit good agreement (r = 0.97,
P < 0.01). Furthermore, NH3 concentrations modeled by
ISORROPIA demonstrate a significant correlation (r = 0.95,
P < 0.01) with those simulated by Eq. (4). These results col-
lectively demonstrate the reliability of the NH3 estimation
method in this study.

2.2.3 HYSPLIT analysis

Backward trajectories were calculated using the mixed-
particle Lagrangian integrated trajectory method (HYSPLIT,
https://www.ready.noaa.gov/HYSPLIT_traj.php, last access:
2 April 2025). Meteorological input data were from the
Global Data Assimilation System (GDAS) with 3D wind
vectors, temperature, relative humidity, geopotential height,
surface pressure, and boundary layer diagnostics. 24 h back-
ward trajectories were simulated for air masses arriving at
100 m above ground level in Zhengzhou, a receptor height
aligned with the city’s average elevation (∼ 100m above sea
level) to capture near-surface pollutant transport dynamics
within the boundary layer.

Trajectories from 2013–2018 and 2019–2022 were inde-
pendently clustered via the angle distance algorithm to com-
pare policy-driven variations (Wang et al., 2009). The opti-
mal cluster number (three, Fig. S3 in the Supplement) was
determined by tracking total spatial variance (TSV), with
classification finalized at the inflection point preceding the
second TSV surge.

3 Results and discussion

3.1 Temporal variations in chemical components

Over the past 12 years, the Chinese government has imple-
mented two major policies to mitigate air pollution: the Air
Pollution Prevention and Control Action Plans (2013–2018)
and the Three-Year Action Plan (2018–2020), with key tar-
gets and measures detailed in Tables S3 and S4 in the Supple-
ment. The 2013–2018 policy prioritized end-of-pipe controls
in power generation and heavy industries, mandating ≥ 10%
PM10 reduction nationwide and region-specific PM2.5 re-
duction targets (25 % for Beijing–Tianjin–Hebei, 20 % for
Yangtze River Delta, and 15 % for Pearl River Delta). Sub-
sequently, the 2018–2020 campaign shifted toward structural
reforms and multi-pollutant synergistic governance, enforc-
ing ≥ 15% nationwide SO2/NOx emission cuts and ≥ 18%

PM2.5 reduction in non-compliant cities relative to 2015 lev-
els.

The long-term trends in PM2.5 concentrations and its
chemical components in Zhengzhou from 2011–2022 are de-
picted in Fig. 1, with annual average concentrations listed
in Table 1. Correspondingly, the annual average concentra-
tion of PM2.5 in Zhengzhou decreased from 162±81µgm−3

in 2011 to 60± 41µgm−3 in 2022, representing a reduc-
tion of approximately 63 %. In particular, the reduction rate
reached 72 % after 2013. As for chemical components, the
largest reductions were observed in SO2−

4 (79 %), decreas-
ing from 38.0± 19.9µgm−3 in 2013 to 7.9± 4.5µgm−3 in
2022, followed by EC (76 %). Additionally, the concentra-
tions of NH+4 and NO−3 also significantly decreased by 68 %
and 56 %, respectively. The proportion of each component
in PM2.5 (Fig. S4 in the Supplement) reveals a decrease in
SO2−

4 , K+, and Cl−, indicating effective control measures
targeting coal and biomass combustion (Lei et al., 2021).
However, the proportions of NO−3 and OC in PM2.5 rose from
11 % and 12 % in 2013 % to 13 % and 17 % in 2022, respec-
tively, similar to the trend observed in the North China Plain
(Wen et al., 2018; Zhai et al., 2019; Li et al., 2023).

3.2 Temporal variations in CM

Notably, there is no clear declining trend in the CM concen-
tration, with a rebound observed during 2020–2022 (Fig. 1i).
Furthermore, the proportion of CM in PM2.5 exhibits a sig-
nificant upward trend (Fig. S4). To further analyze its trend,
sampling data were divided into three periods correspond-
ing to governmental stages: 2011–2013, when no special
control measures were implemented; 2013–2019, coincid-
ing with the implementation of the Air Pollution Prevention
and Control Action Plan; and 2019–2022, coinciding with
the Three-Year Action Plan. During these periods, Henan
Province and the city of Zhengzhou implemented several
dust control policies summarized in Table S5 in the Sup-
plement. As shown in Fig. 2a and b, the mass concentra-
tion of CM peaked at 14.6± 8.3µgm−3 in 2013, account-
ing for 8 % of PM2.5. To evaluate the interannual change
trend of CM, the Mann–Kendall method, Sen’s slope, and
least-squares (LS) slope were comprehensively used with
the results presented in Table S6 in the Supplement. From
2013–2019, the CM concentration notably decreased from
14.6±8.3 to 8.5±7.8µgm−3, with an annual average decline
rate of 0.81 µgm−3 yr−1 from LS slope (0.015 µgm−3 yr−1

from Sen’s slope). Apart from control measures, the interan-
nual meteorological analysis shows (Fig. S5 in the Supple-
ment) WS exhibited a declining trend, with a decrease rate
of 43 %, while RH showed an increasing trend at a rate of
8 % from 2013–2019, under which conditions that were un-
favorable for dust resuspension (Wang et al., 2013, 2018b).
Seasonal trends (Fig. S6 in the Supplement) reveal significant
declines in CM during spring in 2013–2019, with WS de-
creasing from 2.2 ms−1 in 2013 to 1.4 ms−1 in 2019 (Fig. S7
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Figure 1. Long-term trends in the concentrations of PM2.5 and its chemical components in from 2011–2022 in Zhengzhou. Box plots depict
annual averages (red dots) and medians (black lines); the top, middle, and bottom lines represent the 75, 50, and 25 percentiles of statistical
data, respectively; and the upper and lower whiskers represent the 90 and 10 percentiles of statistical data, respectively.

Table 1. Annual average concentrations of PM2.5 and its components from 2011–2022 in Zhengzhou, China (µgm−3).

Years PM2.5 EC OC NO−3 SO2−
4 NH+4 CM Ca2+

2011 161.9± 81.4 5.1± 2.1 13.6± 8.6 16.2± 11.2 29.6± 14.3 13.8± 8.3 9.3± 7.3 2.0± 2.2
2012 157.9± 71.2 5.6± 2.5 20.0± 13.4 20.2± 13.7 25.0± 11.2 15.0± 7.1 8.5± 3.4 1.8± 0.8
2013 212.4± 101.5 6.9± 3.8 21.5± 10.4 22.7± 13.2 38.0± 19.9 17.1± 6.9 14.6± 8.3 3.2± 2.1
2014 130.8± 48.7 4.6± 2.0 14.2± 8.2 15.5± 10.8 23.4± 9.3 10.2± 6.2 10.7± 4.4 2.1± 1.0
2015 146.1± 61.0 10.0± 4.7 23.2± 11.6 20.6± 14.5 21.6± 9.8 15.7± 7.5 12.7± 6.8 1.6± 0.7
2016 117.4± 73.5 4.0± 2.8 14.4± 10.0 20.4± 18.7 17.1± 11.3 11.9± 10.6 10.8± 5.3 2.0± 1.1
2017 91.5± 61.1 3.1± 2.5 13.7± 7.5 17.6± 15.9 11.8± 11.6 8.4± 7.9 13.8± 6.5 2.0± 1.0
2018 76.8± 41.6 1.5± 0.7 13.4± 7.3 16.7± 13.5 9.4± 6.0 9.7± 6.1 8.1± 5.7 1.0± 0.8
2019 68.4± 34.8 1.5± 0.8 11.5± 6.8 13.8± 13.9 8.6± 6.4 7.5± 6.1 8.5± 7.8 0.9± 0.9
2020 75.5± 31.8 2.1± 0.9 13.3± 7.9 18.6± 14.2 8.3± 5.6 6.7± 6.6 14.6± 7.6 1.6± 1.4
2021 71.5± 45.9 1.7± 0.9 13.0± 8.0 15.1± 15.1 6.1± 4.5 6.8± 6.0 8.9± 7.0 1.7± 1.2
2022 59.5± 41.1 1.6± 1.5 9.1± 8.1 10.0± 14.4 7.9± 4.5 5.5± 5.4 11.2± 8.3 2.2± 1.1

in the Supplement) and stable RH (Fig. S8 in the Supple-
ment). Similarly, summer CM reductions in 2013–2019 cor-
responded with WS declines. These patterns suggest spring–
summer CM improvements resulted from the synergistic ef-
fects of meteorological changes and dust control policies.

Conversely, autumn–winter seasons showed limited CM re-
ductions despite comparable WS decreases in 2013–2019,
highlighting the need for enhanced dust emission controls
in Zhengzhou during these seasons. As for the individual
crustal elements in Fig. S9 in the Supplement, Ca exhibited
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Figure 2. (a, c) Long-term trends in CM and Ca2+ concentrations in Zhengzhou from 2011–2022, respectively. Box plots depict annual
averages (red dots) and medians (black lines). (b, d) Long-term trends in the proportions of CM and Ca2+ in PM2.5, respectively.

the highest average annual decline rate of 33 % during 2013–
2019, followed by Al. Si showed a less pronounced decline,
attributed to its association with soil dust, where control mea-
sures for exposed soil are lacking (Zhang et al., 2020). In
addition, the Ca2+ concentration as depicted in Fig. 2c de-
creased from 3.2± 2.1µgm−3 in 2013 to 2.2± 1.1µgm−3

in 2019, with an approximate annual average decline rate of
0.32 µgm−3 yr−1) from LS slope (4.14× 10−3 µgm−3 yr−1

from Sen’s slope) in Table S6, further demonstrating the de-
cline in dust source. It is worth noting that the proportions
of CM, Ca, Al, Fe, Si, and Ca2+ in PM2.5 showed consecu-
tive annual increases from 2013–2019, with CM proportion
increasing from 8 % in 2013 % to 14 % in 2019, indicating
that CM reduction lagged behind PM2.5 reduction efforts in
Zhengzhou during this period. Additionally, both concentra-
tion and proportion of Ca2+ in 2022 (2.2± 1.1µgm−3 and
5 %) were higher than in other cities of China, such as Beijing
(1.0 µgm−3 and 2.8 %), Tianjin (0.5 µgm−3 and 1.4 %), and
Xiamen (0.48 µgm−3 and 1.5 %) (Shi et al., 2017; Xu et al.,
2025; Zhang et al., 2021). These results indicate that CM re-
mained an important component of PM2.5 in Zhengzhou.

During 2019–2022, both CM and Ca2+ concentrations
exhibited significant rebounds, with annual growth rates of
0.24 and 0.4 µgm−3 yr−1 from LS slope (5.80× 10−3 and
5.42×10−3 µgm−3 yr−1 from Sen’s slope), respectively, and
their proportions increased from 14 % and 2 % in 2019 % to
22 % and 5 % in 2022. CM concentrations rebounded in all
seasons, particularly in winter (Fig. S6). Changes in meteo-
rological conditions may be a significant factor contributing
to these concentration rebounds, accompanied by the average
WS increased by 0.14 ms−1 and RH decreased by 7 % from
2020–2022 (Figs. S5, S7, and S8), facilitating dust resus-
pension. Furthermore, the lack of more effective dust control
measures, as indicated by the absence of significant changes
in the dust control policies from the Air Pollution Prevention
and Control Action Plan and Three-Year Action Plan, may be
another important factor contributing to the rebound of dust.

3.3 Sources of CM

Elemental ratios were employed to characterize the sources
of CM, with the Ca/Al ratio widely recognized as a reli-
able indicator of sandy origin (Zhang et al., 2017). In addi-
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Figure 3. (a) The annual Ca/Si ratios in Zhengzhou from 2011–2022 compared with those in various dust sources (specific values and
references in Table S7). The red dots and black lines in the box plots represent the annual averages and medians, respectively, with n
indicating the sample size. (b) The Ca/Al ratios in Zhengzhou from 2011–2022. The red dots and black lines in the box plots represent the
annual averages and medians, respectively, with n indicating the sample size. (c, d) The transport pathways of CM during 2013–2018 and
2019–2022, respectively.

tion, significant variations in Ca/Si ratios (Table S7 in the
Supplement) were observed among different dust sources
(road, construction, piles, soil). Figure 3a illustrates the trend
in Ca/Si ratios from 2011–2022. After 2013, Ca/Si ratios
showed a declining trend annually, with the average ratio
decreasing from a peak of 1.6 in 2016 to a lowest of 0.4
in 2022. Compared with Ca/Si ratios from different types
of dust sources, the effect of road and construction dust on
CM has gradually decreased. This may be attributed to the
implementation of dust control measures such as enclosure,
shielding, and dust suppression at construction and demo-
lition sites, as well as dust control on ground surfaces and
roads (Table S5). During 2019–2022, the average Ca/Si ra-
tio remained below 1, with a mean of 0.4 in 2022, indicating
that soil dust predominantly contributed to CM. Currently,
measures for controlling soil-suspended dust are limited, pri-

marily relying on long-term strategies such as afforestation
and increasing urban green coverage, thus requiring a longer
process and sustained investment.

Sand dust transport serves as a significant source of CM in
the North China Plain (Zhang et al., 2024). The Ca/Al ratio
from 2016–2022 (Fig. 3b) shows minimal variation, with an-
nual averages ranging between 1.5 and 2.5, indicating no sig-
nificant changes in the source regions of sand. The transport
trajectories (Fig. 3c and d) reveal that a marked decline in
the contribution of long-distance sand dust transport originat-
ing from Inner Mongolia (via Shaanxi and Shanxi provinces)
from 13.9 % during 2013–2018 to 7.2 % in 2019–2022. In
contrast, local transport within Henan Province and short-
distance transport from Shandong Province exhibited con-
trasting increases. These findings suggest that the rebound in
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Figure 4. The time series of particle pH in Zhengzhou from 2011–
2022. In the box plots, red dots and black lines represent the annual
mean and median values, respectively.

CM concentrations during 2019–2022 in Zhengzhou might
be responsible for the resuspension of surrounding soil dust.

3.4 Long-term trend of particle pH

As shown in Fig. 4 and Table S6, pH values showed a clearly
increasing trend after 2014. From 2013–2019, the annual
pH increased by 0.11 units from the LS slope (9.15× 10−4

units from Sen’s slope), reaching a maximum median value
of 4.45 (mean: 4.35) in 2018. Note that the annual average
growth rate of pH values increased to 0.21 units from LS
slope (2.93×10−3 units from Sen’s slope) from 2019–2022,
with a maximum median value of 4.42 (mean: 4.51) in 2022.
Seasonally, pH values showed increasing trends in spring,
summer, and autumn, and they notably increased in winter
from 2020–2022 (Fig. S10 in the Supplement). The increas-
ing trend in pH values observed in this study is similar to
the findings in Beijing (Song et al., 2019; Xie et al., 2020),
presumably attributable to the comparable chemical compo-
sition trends and meteorological conditions (Liu et al., 2017;
Wang et al., 2022b; Xu et al., 2025). In contrast, Shang-
hai and Hong Kong SAR display divergent trends (Nah et
al., 2023; Zhou et al., 2022). This disparity might be as-
cribed to the stronger buffering effect exerted by NH3 and
dust in Zhengzhou than marine aerosols (Na+/Cl−) in these
coastal cities (Shi et al., 2017; Liu et al., 2019). Moreover,
these coastal cities’ warm climates amplify pH declines. El-
evated temperatures reduce ALWC through moisture evap-
oration, concentrating H+ and directly lowering pH. Con-
currently, heat-enhanced NH3 volatilization from particulate
NH+4 weakened acid neutralization (Zhou et al., 2022; Nah
et al., 2023).

Sensitivity analyses were conducted to explore the dom-
inant factors driving the elevated particle pH in Zhengzhou

by giving a range for one parameter (i.e., TNHx) and aver-
age values for other parameters (i.e., SO2−

4 , NO−3 , Na+, Cl−,
Ca2+, K+, Mg2+, RH, and T) input into the ISORROPIA-
II model. Are shown in Fig. S11 in the Supplement, parti-
cle pH increases with the cation concentrations (e.g., TNHx ,
K+, Ca2+, Mg2+, and Na+) and decreases with anion con-
centrations (e.g., SO2−

4 and NO−3 ). Additionally, RH does not
significantly affect pH, whereas an increase in T leads to a
noticeable decrease in particle pH.

Based on the sensitivity analysis curves, the pH values cor-
responding to a variable in different years were calculated
according to the average values of this variable in different
years (Table S8 in the Supplement). The difference in pH
values of this variable between 2 adjacent years was defined
as 1pH, which is illustrated in Fig. 5. According to Eq. (2),
in addition to H+ concentration, particle pH is primarily in-
fluenced by the dilution effect of ALWC. Moreover, ALWC
affects the gas–particle partitioning of semi-volatile com-
pounds, thereby influencing particle acidity (Zuend et al.,
2010; Zuend and Seinfeld, 2012). As shown in Fig. 5 and
Table S8, only in 2015, 2019, and 2020 did the increases
in ALWC concentration (17.6, 4.1, and 11.6 µgm−3, respec-
tively) lead to pH increases of 0.22, 0.06, and 0.14 units.
This clearly cannot fully explain the significant pH increase
in Zhengzhou since 2013. Notably, since 2013, H+ con-
centration has shown a decreasing trend. Particularly, H+

concentrations decreased by 7.6× 10−6, 11.2× 10−6, and
7.2× 10−6 molL−1 in 2013, 2015, and 2017, respectively,
leading to pH increases of 0.21, 0.36, and 0.42 units. Af-
ter 2019, a continuous decline in H+ concentration was ob-
served for 3 consecutive years, resulting in pH increases of
0.21, 0.13, and 0.2 units in 2020, 2021, and 2022, respec-
tively. These findings indicate that the increase in pH from
2019–2022 in Zhengzhou was primarily driven by the reduc-
tion in H+ concentration.

The concentration of H+ in the aerosol liquid phase is in-
fluenced by both chemical composition and meteorological
conditions. To further understand the factors affecting 1pH,
we analyzed the variations in PM2.5 chemical components
and meteorological parameters. Results indicate that the de-
cline in SO2−

4 from 2013–2018 was the primary cause of
the increase in particle pH, as it decreased H+ and ALWC
concentrations (Fig. S12 in the Supplement) in aerosol (Ding
et al., 2019; Zhang et al., 2021). The average SO2−

4 concen-
tration decreased by 14.6 and 5.3 µgm−3, resulting in a pH
increase of 0.43 and 0.35 units from 2013–2014 and 2016–
2017, respectively, which was comparable to an increased
rate of 0.3 units in East Asia due to SO2 emission controls
since 2016 (Karydis et al., 2021). As another acidic ion, the
decrease in nitrate concentration did not significantly con-
tribute to the pH increases, consistent with findings from
Ding et al. (2019) and Zhang et al. (2021). This is primar-
ily because NO−3 declined more slowly compared to sulfate
ions and exceeded sulfate concentrations after 2016, under
which conditions that nitrate-rich particles can absorb twice
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Figure 5. Contribution of each component to the changes in pH (1pH) between adjacent years. The difference between component concen-
trations and meteorological parameters between adjacent years is listed in Table S8.

the amount of water that sulfate-rich particles, leading to an
increase in ALWC concentration and inhibiting pH decline
(Lin et al., 2020; Xie et al., 2020). On the other hand, in-
creases in particle pH in 2015 and 2018 were notably influ-
enced by changes in TNHx with concentrations increased by
5.5 and 1.3 µgm−3, respectively. Increased TNHx concentra-
tions could react with SO2−

4 or NO−3 and consume a sub-
stantial amount of H+, thereby raising particulate matter pH
values (Seinfeld et al., 1998; Zhang et al., 2021). Substan-
tial decreases in T in 2015 (4.2 °C), 2017 (4.9 °C), and 2018
(2.8 °C), favoring NH3 partitioning into the particle phase
and reducing H+ concentrations, drove increases in particle
pH (Tao and Murphy, 2019).

During the period from 2020–2022, the influence of SO2−
4

on particle pH gradually decreased, with a decrease in con-
centration from 0.3–2.3 µgm−3 (Table S8) only bringing
about a pH decrease of 0.03–0.14 (Fig. 5). Moreover, a re-
bound in SO2−

4 concentration to 7.9± 4.5µgm−3 in 2022
even resulted in a decrease of 0.11 units in pH instead. On
the other hand, TNHx began to show a slight annual de-
cline (0.9–2.2 µgm−3), resulting in a significant decrease in
pH (0.21–0.35). Consequently, the increase in pH values was
closely related to the rise in Ca2+ concentration. Ca2+ is less
volatile and competes preferentially with NH3 to neutralize
anions such as SO2−

4 to form insoluble CaSO4, which pre-
cipitates from the aerosol aqueous phase (Ding et al., 2019;
Karydis et al., 2021), thereby reducing H+ concentrations
(Fig. S12) and subsequently lowering particle acidity. Specif-

ically, increases of 0.7 and 0.5 µgm−3 in Ca2+ concentra-
tions led to pH increases of 0.13 and 0.09 units in 2020 and
2022, respectively, making Ca2+ a primary controlling factor
for pH elevation.

4 Conclusions

The annual average PM2.5 concentration in Zhengzhou
decreased from 212.4± 101.5µgm−3 in 2013 to 59.5±
41.2µgm−3 in 2022, with the largest reduction in SO2−

4 . As
for CM, their concentrations notably decreased from 2013–
2019 because of effective dust control measures, as well as
decreased wind speed and increased relative humidity. How-
ever, the proportions of CM in PM2.5 have shown consec-
utive annual increases. In addition, CM concentrations and
their proportions increased significantly during 2019–2022,
which might be responsible for the resuspension of surround-
ing soil dust. Correspondingly, the annual pH increased by
0.11 units from 2013–2019, mainly due to the decline in
SO2−

4 , increased TNHx , or decreased temperature. During
the period from 2020–2022, the annual average growth rate
of pH values increased to 0.21 units from 2019–2022, which
was determined by the rise in Ca2+ concentration.
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5 Implication

Control measures implemented by the Chinese government
have proven effective in reducing dust, but this study reveals
that the crustal materials in PM2.5 rebounded after 2019. This
phenomenon is not unique to Zhengzhou, as major cities in
the North China Plain have also experienced a pronounced
upward trend in coarse particles after 2019 (Fig. S13 in the
Supplement). Thus, crustal materials persist as a substantial
constituent of atmospheric aerosols in North China, sustain-
ing elevated particle pH levels. Extensive research has estab-
lished that heightened particle pH inhibits nitrate reduction in
aerosols (Ding et al., 2019; Lin et al., 2020; Wen et al., 2018),
particularly significant given nitrate’s predominant role in
haze formation within this region. Notably, while moderately
acidic aerosols demonstrate reduced health impacts, particles
with pH< 3 exhibit substantially greater health risks (Shi
et al., 2019). Consequently, future environmental manage-
ment strategies must prioritize real-time assessment of reg-
ulatory impacts on particle acidity. This necessitates an inte-
grated approach that simultaneously addresses acidic precur-
sors, alkaline precursors, and crustal material contributions
to atmospheric acid chemistry.
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