
Atmos. Chem. Phys., 25, 18599–18616, 2025
https://doi.org/10.5194/acp-25-18599-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

M
easurem

entreport

Measurement report: Insights into seasonal dynamics
and planetary boundary layer influences on aerosol

chemical components in suburban Nanjing from
one-year observation

Jialu Xu1,�, Yingjie Zhang1,2,�, Yuying Wang1, Xing Yan3, Bin Zhu1, Chunsong Lu1, Yuanjian Yang1,
Yele Sun4, Junhui Zhang1, Xiaofan Zuo1, Zhanghanshu Han1, and Rui Zhang5

1State Key Laboratory of Climate System Prediction and Risk Management/Key Laboratory for Aerosol-Cloud
Precipitation of China Meteorological Administration/Special Test Field of National Integrated Meteorological

Observation, Nanjing University of Information Science and Technology, Nanjing 210044, China
2School of Ecology and Nature Conservation, Beijing Forestry University, Beijing 100083, China

3Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China
4State Key Laboratory of Atmospheric Environment and Extreme Meteorology, Institute of Atmospheric

Physics, Chinese Academy of Sciences, Beijing 100029, China
5Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Guangdong Province Key

Laboratory for Climate Change and Natural Disaster Studies, School of Atmospheric Sciences,
Sun Yat-sen University, Guangzhou 519082, China
�These authors contributed equally to this work.

Correspondence: Yuying Wang (yuyingwang@nuist.edu.cn)

Received: 3 July 2025 – Discussion started: 18 August 2025
Revised: 11 November 2025 – Accepted: 2 December 2025 – Published: 19 December 2025

Abstract. Understanding the seasonal behavior of fine particles (PM2.5) and its chemical components is crit-
ical for improving air quality in the Yangtze River Delta (YRD), a densely populated and polluted region in
China. While previous studies have addressed PM2.5 mass trends, the role of planetary boundary layer height
(PBLH) in modulating chemical composition remains insufficiently explored. This study investigates seasonal
variations and PBLH effects on PM2.5 chemical components based on year-round field measurements (Decem-
ber 2020–November 2021) at Nanjing University of Information Science and Technology. Annual mean PM2.5
mass concentration is 30.0± 18.5µgm−3, with winter peaks (48.3 µgm−3) and summer lows (20.4 µgm−3).
Organic aerosol dominates PM2.5, followed by sulfate in warmer seasons and nitrate in winter. Stable meteo-
rological conditions promote the accumulation of primary aerosols and nitrate. The accumulation of SOA and
sulfate remains substantial under elevated PBLH conditions, owing to strong photochemical production, render-
ing them relatively insensitive to PBLH variations. In contrast, during cold and humid winters, shallow PBLH
promotes nitrate buildup, which subsequently suppresses boundary layer development, forming positive feed-
back that accelerates nitrate concentration growth. Source apportionment reveals that the contrasting seasonal
sources, shaped by both local chemistry and regional transport, emphasize the need for seasonally adaptive and
region-specific emission control measures.
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1 Introduction

Fine particulate matter (PM2.5), defined as particles with an
aerodynamic diameter less than 2.5 µm, is a major environ-
mental and public health concern due to its adverse effects on
air quality, visibility, and human health. Exposure to PM2.5
has been linked to increased risks of respiratory and car-
diovascular diseases, premature mortality, and reduced life
expectancy (Pui et al., 2014; Beelen et al., 2015). The ma-
jor components of PM2.5 include organic aerosol (OA), in-
organic ions such as nitrate (NO−3 ), sulfate (SO2−

4 ), ammo-
nium (NH+4 ), chloride (Chl), and black carbon (BC). Each of
these components arises from distinct sources and formation
pathways. For example, BC is emitted directly from incom-
plete combustion of fossil fuels and biomass, while nitrate
and sulfate are typically formed through secondary chemical
processes involving the oxidation of nitrogen oxides (NOx)
and sulfur dioxide (SO2), respectively.

Secondary inorganic aerosols exhibit strong seasonal de-
pendencies. Nitrate formation is particularly enhanced dur-
ing cold and humid seasons, as low temperature (T ) and
high relative humidity (RH) promote heterogeneous reac-
tions, especially the hydrolysis of nitrogen pentoxide (N2O5)
on aerosol surfaces (Wang et al., 2015). These reactions are
more efficient under stable winter meteorology, leading to el-
evated nitrate concentrations in many mid- and high- latitude
continental regions (Alexander et al., 2020). In contrast, sul-
fate formation occurs via both gas-phase oxidation (primarily
by OH radicals) and aqueous-phase pathways involving ox-
idants such as hydrogen peroxide (H2O2), ozone (O3), and
nitrogen dioxide (NO2). The aqueous-phase route tends to
dominate under high RH and cloud presence, especially in
summer, when photochemistry enhances the production of
oxidants (Zhang et al., 2016; Liu et al., 2021). Thus, sulfate
exhibits a different seasonal pattern, often peaking in warm,
humid, and photochemically active periods. Ammonium, as
a crucial role of neutralizing agent, regulates aerosol acid-
ity and modulates the gas-particle partitioning of nitrate and
sulfate (Wang et al., 2016; Xian et al., 2023)

OA, especially secondary organic aerosol (SOA), presents
additional complexity due to its wide variety of precursors
and formation mechanisms. Source apportionment of OA is
commonly achieved using statistical tools such as positive
matrix factorization (PMF) and the multilinear engine (ME-
2), which deconvolute time-resolved mass spectra into dis-
tinct factors associated with sources or processes (Ulbrich
et al., 2009; Canonaco et al., 2013). High-resolution instru-
ments like the aerosol chemical speciation monitor (ACSM)
and aerosol mass spectrometer (AMS) have been widely used
to study aerosol chemical composition. For example, Zhang
et al. (2017) reported that during autumn in Nanjing, pri-
mary organic aerosol (POA) in PM2.5 originates from traf-
fic, cooking, and biomass burning, while SOA formation is
driven by RH. In contrast, summertime SOA formation in ru-
ral Yangtze River Delta (YRD) areas is largely photochem-

ically driven (Huang et al., 2020). These findings highlight
the strong seasonal and spatial variability of both organic and
inorganic PM2.5 components.

The planetary boundary layer height (PBLH) is a key me-
teorological parameter that influences pollutant dispersion
and vertical mixing. A well-established negative correlation
exists between PBLH and near-surface PM2.5 concentrations
(Minoura and Shimo, 2011; Wang et al., 2018; Han et al.,
2024). Under low PBLH and stagnant conditions, primary
pollutants such as BC and POA can accumulate rapidly.
Meanwhile, secondary aerosols respond more dynamically
to PBLH due to their dependence on atmospheric oxidation,
humidity, and solar radiation. For instance, low PBLH in
winter exacerbates BC accumulation in the YRD (Lu et al.,
2019), while high PBLH in the North China Plain (NCP) fa-
cilitates SO2-to-sulfate conversion, and low PBLH promotes
nitrate enrichment (Si et al., 2019). In southern cities like
Guangzhou, high PBLH promotes SOA formation by en-
hancing O3 transport and particle-phase oxidation processes
(Li et al., 2024).

In recent decades, rapid industrialization and urbaniza-
tion in China have exacerbated PM2.5 pollution, especially
in highly developed regions such as the YRD. As one of
the most densely populated and economically active areas
in China, the YRD suffers from frequent haze episodes and
elevated PM2.5 levels. Nanjing, a key city in the YRD, serves
as a representative urban environment where PM2.5 pollution
displays complex seasonal variations and diverse chemical
composition. Numerous studies have highlighted that PM2.5
in this region is influenced by both local sources and regional
transport, modulated by meteorological factors such as T ,
RH, and wind patterns (Sun et al., 2015; Zhu et al., 2021)
Thus, Nanjing serves as an ideal representative region for
understanding the complex interactions between emissions,
atmospheric processes, and meteorology in the YRD.

Research on the seasonal and spatial variability of PM2.5
components has advanced. Remote sensing technologies,
such as micro-pulse lidar (MPL), now enable high-resolution
PBLH estimation based on aerosol backscatter profiles (Su
et al., 2020; Han et al., 2024; Yang et al., 2025). However,
many studies focus on bulk PM2.5 mass or limited chemi-
cal species, often rely on simulation data and some studies
feature short observation periods. There remains a need for
comprehensive, long-term and high-temporal-resolution ob-
servational studies in the YRD that resolve the full chemi-
cal profile of PM2.5 and quantify its modulation by plane-
tary boundary layer processes across seasons especially un-
der current emission control policies.

To address these gaps, this study conducted a compre-
hensive one-year field campaign in Nanjing from Decem-
ber 2020 to November 2021. Continuous online measure-
ments of PM2.5 chemical components and PBLH are ob-
tained using a quadrupole aerosol chemical speciation moni-
tor (Q-ACSM), aethalometer, and MPL. The objectives are to
(1) characterize the seasonal and diurnal variations of PM2.5
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chemical components, (2) quantify the influence of PBLH on
component-specific mass concentrations, and (3) identify po-
tential source regions using positive matrix factorization and
potential source contribution function (PSCF) analysis.

2 Experiment and methods

2.1 Campaign and measurement site

A comprehensive field campaign was conducted from 2020
to 2021 at the special test field of national integrated mete-
orological observation on the campus of Nanjing University
of Information Science and Technology (NUIST; 32°13′ N,
118°46′ E, altitude: 22 m) in the northern suburbs of Nan-
jing, China (Fig. 1a). This observation experiment aims to
investigate the effects of PBLH on the chemical composi-
tion and seasonal evolution of PM2.5, while also exploring
broader atmospheric processes, including aerosol dynamics
and boundary layer development. The NUIST site, located in
a suburban area influenced by a mix of urban, industrial, and
regional emission sources (Fig. 1b), is well-suited to repre-
sent the complex pollution profile of the YRD (Song et al.,
2023). For this study, a one-year subset of high-temporal-
resolution aerosol measurement data, covering December
2020 to November 2021, is analysed to examine the seasonal
characteristics of PM2.5 components and their responses to
PBLH variations.

2.2 Instruments

A Q-ACSM, equipped with a PM2.5 lens system, is used
to measure non-refractory PM2.5 (NR-PM2.5) components,
including organic aerosol, nitrate, sulfate, ammonium, and
chloride. The Q-ACSM vaporizes and ionizes aerosol sam-
ples at 600 °C in an ionization chamber, with the resulting
aerosol mass spectra analysed by a quadrupole mass spec-
trometer, providing mass concentrations at a 15 min time res-
olution (Wang et al., 2021). The mass concentration of equiv-
alent BC is calculated from a seven-wavelength aethalometer
(model AE-33, Magee Scientific) at the BC6 channel based
on its optical absorption properties. Both the Q-ACSM and
aethalometer are connected to a PM2.5 cyclone inlet installed
on the rooftop (∼ 4 m above ground) of the sampling station.
A silica gel dryer is installed between the cyclone and in-
struments to keep the RH of the sample flow below 40 %. In
this study, the sum of aerosol mass concentrations measured
by Q-ACSM and aethalometer is defined as the PM2.5 mass
concentration.

PBLH data are derived from a micro-pulse lidar (MPL-
4B, Sigma Space). The laser emission wavelength of MPL is
532 nm, and the laser repetition rate is 2500 Hz. Raw MPL
data undergo corrections for background subtraction, satura-
tion, overlap, post-pulse effects, and range to obtain normal-
ized signals (Campbell et al., 2002). PBLH is determined as
the height of the first occurrence of a negative gradient in

the backscattering coefficient, following methodologies de-
scribed in Huang et al. (2023) and Han et al. (2024). The
retrieval of PBLH using this method is subject to uncertain-
ties, primarily including interference from aerosol/cloud lay-
ers above planetary boundary layer and a blind zone below
270 m. Importantly, these uncertainties predominantly affect
the absolute value of PBLH. Given that the study emphasizes
the relative changes, diurnal cycles, and seasonal trends of
PBLH and its correlation with aerosol composition, the con-
clusions remain robust.

Routine calibration and maintenance are performed
throughout the observation period, with data from instru-
ment malfunctions, calibrations, and maintenance periods
excluded from analysis. Meteorological parameters, includ-
ing T , RH, wind direction (WD), wind speed (WS), and
precipitation, are obtained from the meteorological observa-
tory at NUIST. Gaseous pollutant data (CO, O3, SO2, and
NO2) are sourced from the Maigaoqiao site of the China
National Environmental Monitoring Centre (CNEMC, https:
//air.cnemc.cn:18014/, last access: 31 July 2025), located ap-
proximately 14 km southeast of the NUIST site.

2.3 ACSM data analysis

The NR-PM2.5 data measured by Q-ACSM are processed
with the ACSM Local software written in Igor Pro to de-
rive the mass concentration, chemical composition, and mass
spectra of organic and inorganic species. The calibration
is conducted using pure ammonium nitrate and ammonium
sulfate particles selected by a differential mobility analyser
(DMA, TSI) and counted by a condensation particle counter
(Ng et al., 2011). Based on the calibration, the relative ioniza-
tion efficiency (RIE) is determined to be 5.73 for ammonium,
1 for sulfate, and 5.15×10−11 for nitrate as the response fac-
tor. Default RIE values are applied for nitrate (1.1), OA (1.4),
and chloride (1.3) (Canagaratna et al., 2007). A newly de-
veloped capture vaporizer replaces the standard vaporizer to
eliminate the incomplete detection of aerosols from particle
bounce, resulting in a collection efficiency (CE) of 1 (Hu et
al., 2017).

PMF analysis of ACSM organic mass spectra is performed
using the PMF Evaluation Tool (PET v2.08A) in Igor Pro.
Detailed PMF procedures are described in Ulbrich et al.
(2009). Ions with m/z’s between 12 and 148 are included for
PMF analysis. Data and error matrices are preprocessed ac-
cording to Zhang et al. (2016). To account for seasonal vari-
ations in photochemical aging and primary emissions, which
violate PMF’s assumption of constant mass spectral profiles,
PMF analysis is performed separately on seasonal datasets
(Sun et al., 2018). Due to the absence of independent trac-
ers for validation, the default solution (fpeak = 0) is selected
for each season. This approach resolves OA into POA and
SOA, constrained by complex emission backgrounds and in-
strument sensitivity limits.
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Figure 1. (a) Geographical location of Nanjing in the Yangtze River Delta and (b) the distribution of pollution sources around the NUIST
observation site (source: Gaode Map, GS (2025)1807). The base map contains data from DigitalGlobe and Spaceview.

Correlation coefficients between OA factors and tracers
are shown in Fig. S1 in the Supplement. POA exhibits strong
correlations with BC and NO2, reflecting primary emission
sources such as combustion. SOA shows a strong correla-
tion with sulfate. Seasonal mass spectral profiles and time
series of OA factors (Fig. S2 in the Supplement) align with
those reported by Zhang et al. (2017) measured at another
site in Nanjing. The SOA profiles feature a peak at m/z 44,
attributed to oxidized organic fragments (CO+2 ) from aged
organics (Aiken et al., 2009). POA spectra are dominated
by hydrocarbon ions (CnH+2n−1 at m/z 27, 41, 55, 69 and
CnH+2n+1 at m/z 29, 43, 57, 71), indicative of coal, gaso-
line, and diesel combustion (Mohr et al., 2012; Crippa et al.,
2013). Elevated m/z 44 in POA spectra suggests atmospheric
aging of primary aerosols.

2.4 Potential source contribution function analysis

To identify potential source regions contributing to PM2.5
and its chemical components, 48 h backward trajectories
are calculated at a release height of 300 m using the Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (Wang, 2014). The HYSPLIT model utilizes
hourly Global Data Assimilation System (GDAS) reanaly-
sis data from the National Centers for Environmental Pre-
diction (NCEP) as meteorological inputs. The PSCF anal-
ysis, a widely used method for pinpointing upwind emis-
sion sources based on HYSPLIT trajectories (Cheng et al.,
1993), is applied to quantify the probability that air masses
transported emissions to the NUIST receptor site. The study
domain covers all trajectory endpoints within 20–45° N and
105–130° E, divided into 1°× 1° grid cells.

The PSCF value for each cell (i,j ) is defined as: PSCFij =

mij/nij , where the nij denotes the total number of trajectory
endpoints in cell (i,j ), and mij represents endpoints exceed-
ing the 75th percentile concentration threshold. To reduce
uncertainties arising from grid cells with a limited number

of points, a weighting function proposed by Polissar et al.
(1999) is applied. The areas with high PSCF values indicate
a potential source of high concentrations of chemical com-
ponents.

3 Results and discussion

3.1 Overview

Figure 2 illustrates pronounced seasonal variations in PM2.5
chemical components, PBLH, and T during the observa-
tion period, with RH showing relatively stable monthly val-
ues. The YRD exhibits consistently high RH levels, with
an annual average of ∼ 71% and monthly means exceed-
ing 60 % year-round. The annual average PM2.5 concentra-
tion (30.0±18.5µgm−3) is similar with measurements from
the Shanghai’s Pudong New Area in the eastern YRD (Fu
et al., 2022). Monthly average PM2.5 mass concentrations
range from 20.4 to 48.3 µgm−3 (Fig. 2a), with accumulation
enhanced under high RH (Fig. S3a in the Supplement), low
WS (Fig. S3b), and suppressed PBLH (Fig. S3c), which col-
lectively inhibit vertical dispersion and horizontal transport
of pollutants.

The highest monthly average PM2.5 mass concentration
(48.3 µgm−3) occurs in December, driven by frequent win-
ter haze episodes in the YRD (Zhong et al., 2018) and
limited precipitation (Fig. S4c4 in the Supplement), which
reduces aerosol wet scavenging. Concurrently, the lowest
monthly average PBLH (673.4 m, Fig. 2b) restricts pollu-
tant diffusion. In contrast, February exhibits lower PM2.5
mass concentration due to six rainfall days (Fig. S4c4) and
higher WS (Fig. S4e4), enhancing wet scavenging and dis-
persion (Wu et al., 2022). The lowest PM2.5 mass concentra-
tion (20.4 µgm−3) is recorded in July, coinciding with peak
PBLH (920.3 m), WS (2.02 ms−1), and rainfall frequency
(15 rainfall days, Fig. S4c2), which promotes wet deposition
and pollutant dispersion.
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Figure 2. Monthly average (a) mass concentration and (c) mass fraction of diverse chemical components of PM2.5. Monthly average
(b) PBLH, (d) T , and RH.

OA dominates PM2.5 composition in most months, fol-
lowed by sulfate in spring, summer, and autumn, and nitrate
in winter (Fig. 2c), consistent with prior Nanjing observa-
tions (Wang et al., 2016; Xian et al., 2023). POA mass con-
centration and fraction peak in winter, followed by autumn,
spring, and summer, with the highest values under low T and
high RH (Fig. 3a and b). These conditions correspond to high
PM2.5, low WS, and suppressed PBLH (Fig. S3), indicating
that stable meteorological conditions favor primary aerosol
accumulation. Similar RH and T dependences are observed
for BC and chloride (Fig. S5 in the Supplement). At low T

and low RH, secondary aerosol formation is suppressed, in-
creasing the POA mass fraction in PM2.5 without significant
concentration changes (Fig. 3a and b).

In contrast, SOA exhibits the highest mass concentration
and fraction in summer and the lowest in winter, driven by
intense photochemical oxidation at high T (Fig. 3c and d,
Huang et al., 2020). Enhanced southeasterly monsoon winds
in summer likely increases biogenic SOA transport from
southern hilly areas (Wu et al., 2016). At low T and low
RH, SOA mass concentration is reduced, but its mass frac-
tion increases due to inhibited sulfate and nitrate formation.
Sulfate mass fraction mirrors SOA’s seasonality (highest in
summer, lowest in winter; Fig. 2c), with smaller concentra-
tion variations (Fig. 2a). Sulfate formation is co-regulated by
T and RH, with high T accelerating gas-phase SO2 oxida-
tion and high RH enhancing aqueous-phase reactions, result-
ing in peak sulfate concentrations and fractions at high T and
high RH (Fig. 3e and f). This contrasts with the NCP, where
aqueous-phase reactions dominate sulfate formation (Sun et
al., 2015), highlighting T as a key driver in the YRD. Ni-

trate peaks in winter and declines in summer (Fig. 3g and h),
with high T promoting volatilization to gaseous nitric acid
(HNO3) and high RH enhancing aqueous-phase formation
(Sun et al., 2013a). Consequently, nitrate exhibits the highest
concentrations at low T and high RH, aligning with PM2.5
hotspots (Fig. S3a) and underscoring its role in winter pollu-
tion episodes.

To investigate the dynamic responses of the formation
and accumulation processes of highly responsive secondary
chemical components to meteorological factors, the rela-
tionships between the monthly average mass fractions of
chemical components in PM2.5 and monthly average T

and PBLH are analysed (Figs. 4 and S6 in the Supple-
ment). It is found that the monthly average mass fractions
of SOA, sulfate, and nitrate show strong T dependencies
(Fig. 4a), with correlation coefficients of RSOA-T = 0.86
(positive), RSO2−

4 -T = 0.93 (strong positive), and RNO−3 -T =

−0.92 (strong negative) with monthly average T . Similar
correlations with PBLH are observed: RSOA-PBLH = 0.70
(positive), RSO2−

4 -PBLH = 0.78 (positive), and RNO−3 -PBLH =

−0.79 (negative) (Fig. 4b). These patterns align with T

correlations, as higher T typically coincides with elevated
PBLH, though the relationship is nonlinear. The negative cor-
relation between nitrate and PBLH reflects enhanced ver-
tical mixing under high PBLH, which disperses aerosols
and reduces concentrations. Conversely, the positive correla-
tions for SOA and sulfate suggest that increased PBLH does
not fully offset their formation and accumulation, driven by
photochemical and transport processes. Note that the PBLH
value of 920 m in Fig. 4b represents a typical summertime
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Figure 3. RH/T dependence of mass concentrations and mass fractions in PM2.5 of POA, SOA, sulfate, and nitrate for the entire period.
The data are grouped into grids with increments of RH and T being 5 % and 3 °C, respectively. Grid cells with the number of data points
fewer than 10 are excluded.

observation from July and is physically consistent with sea-
sonal boundary layer development. As a valid data point, its
inclusion does not change the core finding of a differential
PBLH impact on secondary aerosols (Fig. S7 in the Supple-
ment).

In summary, PM2.5 concentrations and composition are in-
fluenced by meteorological factors and secondary formation
processes. Stable conditions (low WS and PBLH) promote
primary aerosol (POA, BC, chloride) accumulation, while
T drives secondary aerosol dynamics. Low T enhances ni-
trate formation, whereas high T favors sulfate and SOA pro-
duction. PBLH exerts differential effects: elevated PBLH fa-

cilitates dispersion of primary aerosols and nitrate, reduc-
ing their concentrations, but does not significantly counteract
sulfate and SOA accumulation due to their strong generation
processes.

3.2 Chemical composition dynamics of PM2.5 pollution

To investigate the role of different chemical components
in pollution events, the distinct impacts of PM2.5 chemical
components on pollution evolution during elevated aerosol
loading at the NUIST site are illustrated by Fig. 5. PM2.5
mass concentrations exhibit a positively skewed distribution,
with most values clustering at lower mass loadings and a
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Figure 4. The correlation and linear fitting lines between the monthly average mass fractions of SOA, sulfate, nitrate in PM2.5 and the
corresponding monthly average (a) T and (b) PBLH. RSOA-T , RSO2−

4 -T , RNO−3 -T : correlation coefficients with T . RSOA-PBLH, RSO2−
4 -PBLH,

RNO−3 -PBLH: correlation coefficients with PBLH.

smaller fraction extending to higher levels. Frequent winter
haze episodes create a positive feedback mechanism between
high aerosol concentrations and low PBLH (Su et al., 2020),
broadening the PM2.5 frequency distribution to a maximum
of 120 µgm−3 (Fig. 5d). Notably, moderate (10–40 µgm−3)
and high (50–80 µg m−3) PM2.5 concentration ranges occur
more frequently in winter, forming distinct primary and sec-
ondary peaks in the distribution.

Across all seasons, PBLH generally decreases nearly
monotonically with increasing PM2.5 mass concentrations
(Fig. 5e–h). However, exceptions occur in spring (60–
70 µgm−3, Fig. 5e) and winter (100–110 µgm−3, Fig. 5h),
where PBLH deviates from a strictly decreasing trend.
These deviations suggest that during certain high-pollution
episodes, the dilution effect of the boundary layer fails to
counteract pollutant generation and accumulation.

The mass fraction of POA decreases with increasing
PM2.5 mass concentrations in spring and summer but remains
stable in autumn and winter, indicating a consistent contri-
bution of POA to PM2.5 during colder seasons (Fig. 5a–d).
Similarly, primary aerosols (POA, BC, and chloride) exhibit
declining mass fractions across all seasons as PM2.5 levels
rise, suggesting a diminishing role of primary emissions dur-
ing pollution accumulation.

In spring, the mass fraction of SOA increases under
low PM2.5 conditions but slightly decreases at higher load-
ings while maintaining relatively high values (Fig. 5a).
This pattern likely results from reduced competition for
gaseous volatile organic compounds (VOCs) precursors in
low-PM2.5 environments, where inorganic aerosols (e.g., sul-
fate and nitrate) are less abundant and oxidants are more
available (Ehn et al., 2014; Kerminen et al., 2018). Con-
versely, high PM2.5 levels increase inorganic aerosol concen-
trations, leading to precursor depletion or saturation effects
that reduce SOA formation efficiency. Seasonal trends in
SOA mass fractions during summer and autumn mirror those

in spring, with consistently higher values in summer (Fig. 5b
and c). In winter, while SOA mass concentration follows a
similar trend to spring and autumn (Fig. 5h), its mass frac-
tion decreases markedly with rising PM2.5 (Fig. 5d), primar-
ily due to the dominance of nitrate, which significantly in-
creases in mass and dilutes the relative contribution of SOA.

Among secondary inorganic components, the mass frac-
tion of nitrate exhibits a significant increase with rising
PM2.5 mass concentrations across all seasons, consistent
with previous findings highlighting its dominant role in
heavy pollution episodes (Xian et al., 2023). Notably, dur-
ing winter, the incremental growth rate of nitrate mass con-
centration surpasses that of other seasons, even exceeding
SOA levels when PM2.5 exceeds 50 µgm−3 (Fig. 5h). This
phenomenon is likely attributed to accelerated heterogeneous
hydrolysis of dinitrogen pentoxide (N2O5) under low-T and
high-RH conditions (Fig. 3g), driving rapid nitrate accumu-
lation and establishing it as the predominant pollutant during
winter haze events (Alexander et al., 2020). In contrast, sul-
fate maintains relatively stable mass fractions in spring and
winter without significant PM2.5 dependency (Fig. 5a and d),
reflecting its regional and long-range transport characteris-
tics (Sun et al., 2015). However, sulfate mass fractions grad-
ually decline with increasing PM2.5 in summer and autumn.
In summer, elevated T enhances sulfate contributions com-
pared to nitrate at low PM2.5 concentrations (< 60µgm−3),
but nitrate surpasses sulfate at higher PM2.5 levels due to its
efficient formation during pollution episodes (Fig. 5b and f).
By autumn, cooling T enables nitrate to dominate over sul-
fate at PM2.5 concentrations above 40 µgm−3 (Fig. 5c and g).

In summary, winter haze episodes intensify pollution
through the positive feedback mechanism between elevated
aerosols and suppressed PBLH. Primary aerosols contribute
less to PM2.5 as pollution accumulates, while secondary
components, particularly nitrate, increasingly dominate, es-
pecially in winter. SOA contributions vary by season and
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Figure 5. Mass fractions of PM2.5 chemical components (left y axis) and frequency distribution of PM2.5 data points relative to the total
number of data points (right y axis, black line) as a function of PM2.5 mass concentration in (a) spring, (b) summer, (c) autumn, and
(d) winter at the NUIST site. Mass concentrations of PM2.5 chemical components (left y axis) and PBLH (right y axis, blue dashed line) as a
function of PM2.5 mass concentration in (e) spring, (f) summer, (g) autumn, and (h) winter. Data are grouped in PM2.5 bins with 10 µgm−3

increments. Bins containing fewer than 10 data points are excluded.

inorganic aerosol concentrations, while sulfate exhibits re-
gional transport characteristics.

3.3 Diurnal dynamics of PM2.5 chemical components

Figure 6 illustrates the diurnal variations of PM2.5 chemi-
cal components across four seasons at the NUIST site. SOA
mass concentrations increase during daytime and decrease
at night in all seasons (Fig. 6a). Sulfate exhibits a relatively
flat diurnal profile (Fig. 6b), reflecting its regional transport-
dominated characteristics. Nitrate displays distinct seasonal
diurnal patterns: in spring, summer, and autumn, a morn-
ing peak occurs around 08:00 local time (LT), followed by
a gradual decline due to rising T and PBLH. In winter, how-
ever, nitrate concentrations increase until noon (12:00 LT)
before stabilizing (Fig. 6c). Ammonium reflects the com-
bined dynamics of ammonium sulfate and ammonium nitrate
(Fig. 6d, Xu et al., 2014). POA and BC exhibit bimodal diur-
nal patterns (Fig. 6e and f), with peaks during morning rush
hours, declines linked to reduced traffic and PBLH growth,
and secondary peaks around 17:00 LT due to evening traf-
fic and PBLH suppression (Hu et al., 2017). Notably, winter
morning peaks for POA and BC occur later than in summer,
likely due to delayed sunrise and commuter activity in colder
months (Zhu et al., 2021).

PBLH significantly modulates the diurnal variations of
PM2.5 chemical components. Previous studies often use the
ratio of aerosol mass concentrations to CO concentrations to
assess the dilution effect of PBLH variations (e.g., Kuang et
al., 2020). However, this approach assumes CO variability
is solely driven by PBLH fluctuations, overlooking emission

source variations. To address this limitation, high-temporal-
resolution PBLH data from the MPL are utilized. To isolate
emission sources and secondary formation effects on local
pollution, [component]*PBLH is employed to approximate
the aerosol loading within the boundary layer in this study,
thereby removing the dilution effect. It is important to note
that while the absolute value of this parameter is not a direct
physical measurement, its diurnal evolution provides valu-
able insights for investigating source processes and chemical
mechanisms.

Raw observations show that during daytime PBLH eleva-
tion (10:00–16:00 LT, Fig. 6h), POA and BC concentration
decrease by 40 %–60 % (Fig. 6e and f). As primary compo-
nents, their diurnal patterns are strongly governed by plane-
tary boundary layer dynamics. After removing the dilution
effect, [POA]∗[PBLH] and [BC]∗[PBLH] exhibit flattened
diurnal trends (Fig. 7e and f), confirming PBLH rise accel-
erates daytime concentration declines. Residual bimodal pat-
terns in [POA]∗[PBLH] and [BC]∗[PBLH] align with traffic
emissions in morning and evening rush hours, highlighting
vehicular sources as their dominant source. The persistent bi-
modal pattern confirms that targeted traffic emission controls
during morning and evening rush hours would effectively
curtail exposure to primary pollutants like BC and POA in the
urban environment. A minor midday peak in [POA]∗[PBLH]
likely reflects localized cooking-related emissions (Zhang et
al., 2018), which is masked by PBLH dilution in raw obser-
vations.

In summer, from 09:00–14:00 LT, [SO2−
4 ]
∗
[PBLH] and

[SOA]∗[PBLH] increase by 48 % and 32 %, respectively
(Fig. 7a and b), significantly exceeding raw data trends
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Figure 6. Average diurnal variations of (a) SOA, (b) sulfate, (c) nitrate, (d) ammonium, (e) POA, (f) BC, (g) chloride, and (h) PBLH during
four seasons.

Figure 7. Average diurnal variations of (a–g) PM2.5 chemical components after removing the dilution effect of planetary boundary layer,
(h) photochemical oxidant (Ox ), (i) T , (j) RH, (k) sulfate oxidation ratio (SOR), and (l) nitrogen oxidation ratio (NOR) during four seasons.
To isolate emission sources and secondary formation effects on local pollution, the average diurnal variations of PM2.5 chemical components
are multiplied by PBLH to remove the dilution effect (denoted as [component]∗[PBLH], e.g., [POA]∗[PBLH], [BC]∗[PBLH]) in a–g panels.

(Fig. 6a and b). This indicates that daytime PBLH increase
suppresses secondary component accumulation through en-
hanced vertical dispersion. A synchronized increase in pho-
tochemical oxidant concentrations (Ox = O3+NO2, Fig. 7h)
underscores the dominant role of photochemical oxidation
in sulfate and SOA formation during summer. This also
explains the low POA contribution in summer, as emitted
POA undergoes rapid secondary reactions under intense so-
lar radiation and atmospheric oxidation, transforming into
SOA (Takeuchi et al., 2022). Similar daytime increases in
[SO2−

4 ]
∗
[PBLH] and [SOA]∗[PBLH] occur in spring and au-

tumn, though with smaller magnitudes compared to summer.
Winter exhibits flatter diurnal variations, suggesting influ-

ences from regional pollution and long-term accumulation
(Sun et al., 2015). It implies that curtailing the key precur-
sor emissions VOCs and SO2, during the morning and early
afternoon in summer could effectively suppress the photo-
chemical formation of SOA and sulfate, thereby alleviating
daytime particulate pollution.

The average diurnal variations of sulfate oxidation ra-
tio (SOR= nSO2−

4 /(nSO2−
4 +nSO2), n refers to molar con-

centration) in spring, summer and autumn are very slight
(Fig. 7k). Unlike the RH-driven sulfate formation in the NCP
(Sun et al., 2013a), aqueous-phase reactions contribute lim-
itedly to sulfate variation in the YRD during spring, sum-
mer, and autumn nights. The difference may stem from the
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YRD’s persistently high RH (> 60% year-round) compared
to the NCP’s larger RH fluctuations (23.4 %–60.5 %) and
lower baseline humidity (Xu et al., 2024). During winter
nights (00:00–08:00 LT), the SOR significantly increases,
which may be attributed to aqueous-phase secondary forma-
tion. However, [SO2−

4 ]
∗
[PBLH] does not show an obvious

increasing trend at night, indicating that the contribution of
local formation to sulfate is limited, and its diurnal variations
are mainly influenced by regional transport.

Figures 6c and 7c show similar diurnal variation pat-
terns of nitrate in spring, summer and autumn. Daytime T

increases induce ammonium nitrate volatilization, reducing
[NO−3 ]

∗
[PBLH] during the day (Fig. 7c), which indicates

that nitrate formation in these three seasons is primarily gov-
erned by thermodynamics (Griffith et al., 2015). However,
the decrease is smaller than in raw data (Fig. 6c), indicat-
ing that PBLH rise accelerates nitrate concentration declines.
Winter exhibits distinct behavior, with a 25.5 % increase in
[NO−3 ]

∗
[PBLH] and a distinct increase in nitrogen oxidation

ratio (NOR= nNO−3 /(nNO−3 +nNO2), Fig. 7l) from 09:00–
13:00 LT, reflecting competition between thermodynamic
and photochemical processes. Suppressed PBLH, combined
with photochemical activity, enhances nitrate accumulation
(Sun et al., 2013b). The contrasting diurnal patterns highlight
distinct control strategies: broad NOx reductions in warm
seasons, contrasted with stringent NOx controls during win-
ter mornings and nights to impede rapid nitrate accumulation
facilitated by stable conditions.

In conclusion, PM2.5 chemical components exhibit signif-
icant diurnal variations modulated by PBLH dynamics. Pri-
mary aerosols (POA and BC) show bimodal diurnal patterns
driven by traffic emissions, with daytime PBLH rise acceler-
ating concentration declines. Part of secondary components
(SOA and sulfate) increase during the daytime due to pho-
tochemical oxidation, but PBLH elevation suppresses their
accumulation. Nitrate’s diurnal variations are seasonally de-
pendent: PBLH growth accelerates volatilization in warmer
seasons, while winter’s low PBLH and photochemical ac-
tivity promote nitrate accumulation. These patterns inform
time-specific emission control strategies, encompassing traf-
fic controls during rush hours to mitigate primary aerosols,
precursor reductions during peak photochemical periods to
limit secondary aerosols, and rigorous winter NOx controls
during nights and mornings to avert severe nitrate pollution.

3.4 Sensitivity of PM2.5 chemical components to PBLH

To further study the influence of PBLH on different chemi-
cal components, the changes in PM2.5 chemical components
with decreasing PBLH across four seasons at the NUIST site
are illustrated in Fig. 8. The sensitivity of a specified chem-
ical component to PBLH changes (SPBLH) is defined quanti-
tatively as:

SPBLH =−
1C

1PBLH
,

Here, SPBLH specifically represents the absolute rate of
change in PM2.5 chemical components with decreasing
PBLH, where 1C is the change in mass concentration and
1PBLH is the change in PBLH. In this study, we report
SPBLH in units of µgm−3 (100m)−1, representing the con-
centration change per 100 m decrease in PBLH.

As PBLH decreases, the SPBLH of POA is higher than that
of BC within the 300–900 m PBLH range (Fig. 8a3–d3), sug-
gesting that the concentration of POA increases at a faster
rate with the lowering of the PBLH than do those of BC. The
total contribution of primary aerosols (POA, BC, and chlo-
ride) to PM2.5 increases across all seasons as PBLH declines
(Fig. 8a1–d1), reflecting the enhanced accumulation of lo-
cally emitted primary aerosols under low PBLH conditions.

In spring, PM2.5 chemical components display complex
relationships with PBLH. Notably, SOA and sulfate mass
concentrations are anomalously lower under low PBLH
(300–500 m) than at higher PBLH (500–700 m) (Fig. 8a2).
Further analysis reveals that, at PBLH between 300 and
500 m, lower WS (1.6 ms−1), lower T (15.0 °C), higher RH
(92.3 %) and higher frequency of nighttime occurrences sup-
press the photochemical formation and accumulation of SOA
and sulfate, counteracting accumulation effects of low PBL.
In contrast, nitrate mass concentrations are significantly af-
fected by the accumulation effect at low PBLH in spring, ex-
hibiting a negative correlation with PBLH.

In summer and autumn, pronounced diurnal differences
in PBLH influence component dynamics. Sulfate and SOA
dominate PM2.5 pollution during daytime under high PBLH
and elevated T (Fig. 8b1 and b2), but their mass fractions de-
crease as PBLH declines. Nitrate exhibits the opposite trend,
with mass concentrations surging by 331.0 % in summer and
313.0 % in autumn as PBLH decreases, far exceeding in-
creases in sulfate (56.0 % in summer, 21.0 % in autumn) and
SOA (25.0 % in summer, 44.0 % in autumn, Fig. 8b2 and c2).
As noted in Sect. 3.2, sulfate and SOA prevail during low-
pollution, high-PBLH episodes, while nitrate dominates dur-
ing high-pollution, low-PBLH episodes. However, summer
heatwaves reduce the thermal stability of ammonium nitrate,
such that nitrate’s dominance is limited to low-PBLH periods
only in autumn. In contrast to SOA and sulfate, which gen-
erally exhibit lower SPBLH across the PBLH range, nitrate
shows consistently higher sensitivity (Fig. 8b3 and c3). This
indicates that although low PBLH restricts vertical pollutant
dispersion, sulfate and SOA, primarily driven by photochem-
ical processes, are more sensitive to T and solar radiation
than to PBLH variations.

In winter, all aerosol chemical components exhibit height-
ened sensitivity to PBLH. As PBLH decreases, both the
rise in mass concentration and the SPBLH are significantly
greater than in other seasons (Fig. 8d2 and d3). Nitrate shows
the greatest sensitivity to PBLH, with its SPBLH reaching
a peak value exceeding 2. Within the 300–500 m PBLH
range, nitrate constitutes 25.0 % of PM2.5, emerging as the
dominant component (Fig. 8d1). The consistently low T
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Figure 8. (a1–d1) The mass fraction of PM2.5 chemical components as a function of PBLH distribution (left y axis) and frequency distribu-
tion of PBLH data points relative to the total number of data points (right y axis, white dashed line represents daytime and black dashed line
represents nighttime) in four seasons. (a2–d2) The mass concentration of PM2.5 chemical components (left y axis) and the T (right y axis,
pink columns) as a function of PBLH distribution in four seasons. (a3–d3) The rate of change in PM2.5 chemical components (S, units:
µg m−3 (100m)−1) with the decrease of PBLH in four seasons. The data are grouped in PBLH bins with 200 m increments. Bins with the
number of data points fewer than 10 are excluded.

(∼ 6 °C) across all PBLH intervals (Fig. 8d2) fosters condi-
tions conducive to thermodynamic stability of ammonium ni-
trate (Kang et al., 2022). As illustrated in Fig. S8d in the Sup-
plement, low PBLH conditions are associated with elevated
RH and reduced WS. This humid environment markedly en-
hances nitrate formation through heterogeneous pathways,
such as N2O5 hydrolysis (Peng et al., 2024). Simultaneously,

low PBLH limits the vertical diffusion of precursors, leading
to their accumulation near the surface and further boosting
chemical production efficiency. The pronounced sensitivity
of nitrate highlights the critical need for proactive emission
control measures to avert the swift escalation of severe pol-
lution episodes in winter.
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In summary, PBLH regulates PM2.5 chemical compo-
nents through its influence on aerosol dispersion and inter-
actions with temperature, photochemical reactions, and re-
gional transport processes. POA shows greater sensitivity to
PBLH variations than BC. In spring, reduced temperatures
at low PBLH constrain SOA and sulfate formation, counter-
acting accumulation effects. In summer and autumn, SOA
and sulfate are less sensitive to PBLH due to photochemical
dominance, while nitrate exhibits heightened sensitivity. In
winter, low PBLH and cold temperatures amplify the sensi-
tivity of all components. Nitrate exhibits the highest sensitiv-
ity to PBLH across all seasons, with particularly pronounced
effects under low PBLH conditions in winter. Its rapid accu-
mulation during this period is primarily fueled by the high
humidity linked to low PBLH, which vigorously promotes
heterogeneous reactions like N2O5 hydrolysis. At the same
time, the sustained low temperatures ensure the thermody-
namic stability required for nitrate to persist in the particulate
phase.

3.5 Source apportionment of PM2.5 chemical
components

PSCF analysis and pollution rose diagrams (Figs. 9 and 10)
reveal distinct seasonal source patterns for PM2.5 chemical
components. For POA, high-potential source areas are pre-
dominantly located south of the NUIST site during spring,
summer, and autumn (Fig. 9a), with elevated concentrations
in the pollution roses occurring mainly at low wind speeds
from southeasterly directions (Fig. 10a). This pattern sug-
gests dominant influences from local industrial emissions.
In winter, however, POA source regions expand northward
to the NCP (Fig. 9a4), and the pollution roses indicate high
POA concentrations at higher WS from northerly and south-
easterly directions (Fig. 10a4), pointing to a combination of
local emissions and long-range transport from the north (Cao
et al., 2022). POA concentrations generally exhibit an inverse
relationship with PBLH in the pollution roses (Fig. 10a1–a4
vs. e1–e4), highlighting the role of a lower PBLH in pro-
moting primary aerosol accumulation. Notably, in winter, un-
der northeasterly winds of 4–4.5 ms−1, all components show
peak concentrations, corresponding to a PBLH of ∼ 570 m
(Fig. 10a4–e4). Although this PBLH is not the seasonal min-
imum, it facilitates horizontal transport of industrial and ur-
ban pollutants from the northeast while suppressing vertical
dispersion, collectively leading to heavy pollution.

Similar PSCF and pollution rose patterns for POA and
SOA in summer (Figs. 9a2 and b2 and 10a2 and b2) im-
ply shared emission sources, corroborating enhanced pho-
tochemical activity that drives rapid SOA formation from
gaseous precursors and POA conversion under elevated tem-
peratures. SOA’s high-potential sources in summer and au-
tumn concentrate in southeastern forested hills south of the
site (Fig. 9b2 and b3), aligning with concentration maxima
under southeasterly winds (Fig. 10b2 and b3). Elevated SOA

under easterly winds and higher wind speeds corresponds to
increased PBLH, facilitating precursor transport. This aligns
with southeastern monsoon flows conveying biogenic precur-
sors from southern forests (Wang et al., 2017). Summer SOA
peaks at lower wind speeds suggest local formation along-
side regional transport, whereas autumn patterns emphasize
stronger transport. In winter, SOA sources expand to the NCP
(Fig. 9b4), with peaks under northerly winds (Fig. 10b4). As-
sociated higher PBLH indicates substantial long-range north-
ern transport contributions to winter SOA.

Sulfate source regions predominantly localize within the
YRD in summer (Fig. 9c2), with concentration maxima at
low WS (Fig. 10c2), underscoring the prevalence of local
photochemical formation under elevated T . In spring, au-
tumn, and winter, these regions shift northward to the NCP
(Fig. 9c), exhibiting more dispersed high-concentration pat-
terns in pollution roses (Fig. 10c1, c3, and c4), indicative of
enhanced regional transport. This seasonal dichotomy aligns
with sulfate’s diurnal patterns. Furthermore, elevated sulfate
concentrations under higher WS and PBLH across all sea-
sons reinforce the significance of long-range transport.

Nitrate source regions localize proximate to the NUIST
site in summer (Fig. 9d2), with concentration maxima at low
WS (Fig. 10d2), attributable to nitrate’s elevated volatility
and constrained transport under warm conditions. In winter,
nitrate sources coincide with those of SOA (Fig. 9d4), pro-
moted by low T and high RH that enhance aqueous-phase
formation. Winter nitrate peaks manifest at higher WS in the
pollution rose (Fig. 10d4), inversely correlating with PBLH
distribution, thereby emphasizing the shallow boundary layer
contribution to nitrate accumulation via inhibited vertical dis-
persion and expedited chemical production.

These results elucidate the interactions among local emis-
sions, regional transport, and meteorological factors (e.g.,
WD, PBLH) in determining PM2.5 chemical composition.
The differentiated source patterns emphasize the imperative
for tailored emission control strategies, including reductions
in industrial and combustion sources within the YRD and
northern provinces to attenuate winter POA and nitrate, as
well as regulation of biogenic precursors to curtail summer
SOA.

4 Summary and conclusions

This study reveals distinct seasonal and diurnal patterns in
PM2.5 chemical composition and their interactions with me-
teorological factors, particularly PBLH. PM2.5 exhibits pro-
nounced seasonal variations, ranging from 20.4 µgm−3 in
July to 48.3 µgm−3 in December. Stable meteorological con-
ditions, characterized by low PBLH (e.g., 673.4 m in winter)
and low WS, promote the accumulation of primary aerosols,
including POA, BC, and chloride, particularly during winter
haze episodes. Secondary aerosols, mainly including SOA,
sulfate, and nitrate, show strong T dependencies, with SOA
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Figure 9. PSCF analysis of (a) POA, (b) SOA, (c) sulfate, and (d) nitrate in PM2.5 during four seasons. The black dot indicates the NUIST
site. The color scale indicates the values of PSCF.

and sulfate peaking in summer due to intense photochemical
oxidation, while nitrate dominates in winter under low T and
high RH.

PBLH differentially modulates PM2.5 chemical compo-
nents, with underlying mechanisms depicted in Fig. 11. High
PBLH facilitates the dispersion of primary aerosols and ni-
trate, significantly reducing their mass concentrations, es-
pecially during daytime in warmer seasons. However, SOA
and sulfate accumulation persist under high PBLH due to ro-
bust photochemical formation, and thus they are less sensi-
tive to PBLH variations. In a cold and humid winter, low
PBLH facilitates nitrate formation and accumulation, which
in turn further inhibits the development of PBL, establishing
a positive feedback loop that leads to an explosive growth
in nitrate concentrations. Diurnal variations further highlight
PBLH’s role: primary aerosols show bimodal patterns linked
to traffic emissions, while SOA and sulfate increase during
daytime due to photochemical activity, moderated by PBLH-
driven dispersion. POA is influenced by local emissions and
long-range transport from the north in winter. SOA sources
concentrate in southeastern hilly forest areas in summer and
autumn, driven by biogenic precursor transport, while win-

ter SOA aligns with northern coal combustion sources un-
der low PBLH. Sulfate sources localize within the YRD in
summer but shift to the NCP in other seasons, reflecting
regional transport. Nitrate sources cluster near the NUIST
site in summer due to its volatility, but align with northern
sources in winter, enhanced by aqueous-phase formation and
low PBLH.

These findings underscore the complex interplay of local
emissions, regional transport, and meteorological factors in
shaping PM2.5 pollution in the YRD. The differential re-
sponses of PM2.5 chemical components to PBLH highlight
the need for targeted air quality strategies. Reducing indus-
trial and combustion emissions in the YRD and northern re-
gions can mitigate winter POA and nitrate pollution, while
controlling volatile organic compound emissions is critical
for reducing summer SOA. Targeted traffic, precursor, and
NOx emissions at critical periods can effectively mitigate
both primary and secondary aerosol formation. These in-
sights provide a scientific foundation for developing season-
specific air quality management policies in Nanjing and the
broader YRD, addressing both local and regional pollution
sources to improve public health and environmental quality.
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Figure 10. Pollution roses of (a) POA, (b) SOA, (c) sulfate, (d) nitrate and (e) PBLH during four seasons. The data are grouped into grids
with increments of WS and WD being 0.5 ms−1 and 20°, respectively. The unit of color scale is µgm−3.

Figure 11. Schematic diagram illustrating seasonal contrasts in the relationships between PBLH and PM2.5 chemical components. During
the warm season, intense photochemical oxidation under elevated PBLH enhances the formation of SOA and sulfate, both of which exhibit
relatively low sensitivity to PBLH variations. In contrast, the cold season features lower PBLH, which facilitates nitrate formation and
accumulation, reinforced by a strong positive feedback loop between heightened aerosol loading and boundary layer suppression.
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