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HIGHLIGHTS

e A comprehensive study of nighttime aerosol characteristics across East Asia.

e Prominent regional differences observed in day-night aerosol variability.

e Consistent vertical distribution of aerosol types between day and night.

e Meteorological factors exhibit notable day-night differences.

e AOD-PM relationships are generally consistent between daytime and nighttime conditions.

ARTICLE INFO ABSTRACT

Keywords: This study comprehensively investigates nighttime aerosol characteristics across East Asia, addressing a critical
Nighttime aerosol gap in current research, as most existing studies focus exclusively on daytime conditions. It systematically ex-
AERONET

amines variations in column-integrated optical properties, vertically resolved extinction profiles, and aerosol-
type distributions in six representative regions of East Asia, including Mongolia (MG), Beijing (BJ), Korea
(KR), Japan (JP), Hong Kong (HK), and Taiwan (TW). Significant regional differences were identified, with
northern regions (MG, BJ, KR, and JP) displaying consistent day-night aerosol optical depth (AOD) and Angstrom
exponent values. In contrast, southern regions (HK and TW) exhibit pronounced discrepancies. All regions
exhibit smoother nighttime extinction profiles than during the daytime. However, northern regions showed
sharper vertical decay, while southern regions exhibited secondary peaks attributed to transported smoke
aerosols. Additionally, CALIPSO revealed peaks of vertical aerosol distribution at nighttime compared to day-
time. Such abnormal phenomenon was then proved to be the more sensitivity of nighttime Lidar signal to upper
thin aerosol layers. After removing this bias, the vertical distribution of aerosol types at nighttime is found to be
generally consistent with that during the daytime. Meteorological analysis in BJ suggests consistency in AOD-PM
relationships between day and night, highlighting temperature as the dominant factor driving seasonal variations
in AOD-PMj 5 correlations, followed by relative humidity. The findings provide valuable insights into nighttime
aerosol characteristics, supporting future research on diurnal aerosol radiative forcing.

Lunar AOD
Aerosol vertical extinction profile
Vertical aerosol type distribution

1. Introduction types (Charlson et al., 1992). Aerosols are intricately linked to the
climate system and the hydrologic cycle (Kaufman et al., 2002). They

Aerosols are small liquid or solid particles suspended in the atmo- affect Earth’s energy budget both directly by reflecting and absorbing
sphere, broadly categorized into natural and anthropogenic aerosol sunlight and indirectly by influencing cloud microphysical processes (Li
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et al., 2022). Furthermore, aerosols impact the hydrological cycle by
altering cloud cover, cloud properties, and precipitation patterns
(Kaufman et al., 2002). In addition to these effects, aerosols significantly
contribute to air pollution, driven by secondary aerosol formation,
which results in adverse health effects and economic losses (Chen et al.,
2018; Huang et al., 2014).

Extensive studies have been conducted on the characterization of
aerosols during daytime, while studies on nighttime aerosols are limited
despite their critical importance. There is a great need for studying
nighttime aerosols. First, the effective radiative forcing (ERF) of aerosol
was estimated to be the largest contributor to the overall ERF uncer-
tainty since 1750 (IPCC, 2023). Aerosol optical depth (AOD) is the most
critical parameter that determines the radiative forcing, which quan-
tifies the entire light attenuation along the vertical atmospheric column.
Existing climate models generally use AOD products from either satellite
or ground-based data, such as the Earth Observing System (EOS)
Multi-angle imaging spectro-radiometer (MISR), MODerate resolution
imaging spectroradiometer (MODIS) satellites, and Aerosol Robotic
NETwork (AERONET) (Jia et al., 2021; Khan et al., 2019), which are all
daytime AOD products. Second, the growing prominence of nighttime
economic activities highlights the need for a better understanding of
nighttime aerosols, as their characteristics and impacts are likely distinct
from those during the daytime. Meteorological and emission differences
between daytime and nighttime significantly influence aerosol proper-
ties (Liu and Chan, 2002; Hien et al., 2011). Due to the absence of
sunlight at nighttime, the temperature decreases, leading to a lower
planetary boundary layer height (PBLH) and reduced vertical convec-
tion. This lower boundary layer height traps pollutants, leading to
localized air quality degradation, particularly in urban and industrial
areas (Su et al., 2018; Tariq and Khan, 2024). Furthermore, the
nocturnal dispersion of air pollution emitted from vehicles, industrial
processes, and residential heating is suppressed due to the low PBLH and
weakened turbulent mixing (Kumar et al., 2021), which further con-
tributes to elevated nighttime aerosol concentrations, and causes serious
air quality and health, and even climate issues (Kose et al., 2024).
Elevated relative humidity (RH) at night further enhances hygroscopic
aerosol growth, significantly altering the properties of aerosols (Jiang
et al., 2024). These combined factors imply substantial differences be-
tween daytime and nighttime aerosols that remain underexplored.

Previous investigations into day-night differences in AOD have pri-
marily relied on the Cloud-Aerosol Lidar and Infrared Pathfinder Sat-
ellite Observations (CALIPSO) satellite data or model simulations.
CALIPSO data suggest that nighttime AOD tends to be higher than
daytime AOD on both global (Kittaka et al., 2011; Ma et al., 2013), and
regional scales, such as eastern China (Gui et al., 2022), and North China
Plain (Xu et al., 2019). These studies suggest that higher nighttime AOD
can be attributed to lower nighttime temperatures and the hygroscopic
growth of aerosols. At the same time, the underestimation of daytime
AOD is likely caused by interference from solar radiation. In contrast, Su
et al. (2020) reported higher daytime AOD, attributing this phenomenon
to the increased anthropogenic emissions during the daytime. Despite
these findings, CALIPSO’s daytime aerosol products are often under-
estimated due to challenges in detecting low-level aerosols under the
interference of solar radiation (Jiang et al., 2024). Moreover, model
simulations generally exhibit lower accuracy than CALIPSO retrievals,
further limiting current understanding.

Since 2015, the release of the AERONET lunar aerosol product has
provided a more accurate ground-based approach to nighttime aerosol
observations, offering new opportunities to study the properties of
nighttime aerosols. Several studies have attempted to use AERONET
lunar AOD products to characterize nighttime aerosol properties in re-
gions such as Lahore, Pakistan (Tariq et al., 2023), the Indo-Gangetic
Plain (Dagestani et al., 2024), and the Beijing-Tianjin-Hebei region
(Zhang et al., 2024). However, these studies are geographically local-
ized, and there is a lack of comprehensive investigations into nighttime
aerosol properties across East Asia, a region characterized by diverse
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aerosol types and complex meteorological conditions.

In addition, AOD is often correlated with ground-level particulate
matter (PM) concentration, primarily including PM3 5 and PM; pollu-
tion, which refer to particulate matter with a diameter of 2.5 pm or less
and 10 pm or less, respectively. Existing models for AOD-PM relation-
ships can be broadly categorized into scaling and statistical approaches
(Ma et al., 2022). While simple linear regression models have been
applied, these relationships often break down when aerosols are aloft,
necessitating the inclusion of ancillary information such as PBLH and RH
(Ma et al., 2022). Advanced regression techniques generally in-
corporates meteorological variables as supplements due to their poten-
tial relationship to aerosol physical and chemical properties (Li et al.,
2016). These meteorological variables generally include RH, PBLH,
temperature (Temp), wind speed (WS), and wind direction (WD) (Meng
et al.,, 2021; Yao et al., 2019). Existing studies largely focus on daytime
aerosols, whereas little research has been conducted on nighttime
aerosols. Especially when considering the considerable differences in
meteorological parameters between daytime and nighttime. A system-
atic analysis of how meteorological factors influence the AOD-PM
relationship at night is urgently needed.

To address these challenges, this study investigates nighttime aerosol
properties across East Asia, focusing on six representative regions: Bei-
jing, Hong Kong, Taiwan, Mongolia, Korea, and Japan. These regions
encompass a variety of aerosol types and meteorological influences. The
objectives of this study are to comprehensively examine the nighttime
aerosol characteristics and daytime-nighttime differences in 1) the
aerosol optical properties of the entire atmospheric column, 2) the
vertical extinction profiles, 3) the vertical distribution of aerosol types,
and 4) the influence of meteorological factors on the AOD-PM rela-
tionship, including both fine particles (AOD-PM; 5) and coarse particles
(AOD-PMjg.2.5).

2. Materials
2.1. AERONET data

The AERONET is a globally federated aerosol observation network
(Holben et al., 1998). Its daytime aerosol monitoring relies on sun
photometers, which provide direct AOD measurements with an uncer-
tainty of approximately 0.01 (Dubovik et al., 2000; Eck et al., 1999).
Since 2014, AERONET has expanded its capabilities to include lunar
observations using T-CIMEL sun photometers, enabling the production
of nighttime AOD datasets. These datasets now include observations at
492 sites. The provisional lunar AOD product is based on the ROLO
Irradiance Model, which accounts for extraterrestrial spectral irradiance
(Barreto et al., 2013). The most recent updates have been made to the
lunar AOD, incorporating the last 5 years of Langleys data, which were
used to generate statistically robust ROLO correction factors for each
wavelength as a function of lunar phase angle (https://aeronet.gsfc.
nasa.gov/, accessed May 14, 2025). The reprocessed dataset of lunar
AOD was released in August 2024, having been corrected with the
updated empirical bias. AERONET lunar products include AOD and
f\ngstrém Exponent (AE) data (Roman et al., 2017), which correspond to
the aerosol optical properties of the entire atmospheric column. The
AOD measures the radiation extinction at a certain wavelength, and it
can be used to measure the spectral extinction along with AE. Nighttime
measurements are limited to periods of waxing gibbous and full moon
phases, as moonlight is significantly fainter than sunlight, allowing
coverage of only 50 % of the lunar cycle (Barreto et al., 2013). Addi-
tionally, uncertainties in illumination calibration and cloud-screening
algorithms result in lower accuracy for lunar AOD measurements
compared to daytime sun photometer observations. The accuracy of the
lunar and solar measured AOD products are comparable in the AERO-
NET database (Schafer et al., 2024). Version 3 Level 2 data and
reprocessed Version 3 Level 1.5 data are used for the solar and lunar
AOD products, respectively. Advanced cloud screening quality control
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have been introduced in the AOD product of version 3 (Giles et al.,
2019). The AERONET AOD at 550 nm was calculated from AOD at 440
nm with an angstrom exponent (440-670 nm) based on the power law
(Angstrbm, 1929). Hereafter, all mentions of AOD refer to AOD at 550
nm. This study utilized AERONET lunar AOD data from six subregions in
East Asia, which include 3, 2, 20, 20, 1, and 9 sites in Beijing (BJ), Hong
Kong (HK), Japan (JP), Korea (KR), Mongolia (MG), and Taiwan (TW),
respectively (Fig. 1).

2.2. CALIPSO extinction profile

The sun-synchronous satellite CALIPSO was launched on April 28,
2006. It has the equator-crossing time of approximately 1:30 p.m. and
1:30 a.m. at local time, with a 16-day repeat cycle. Its primary instru-
ment, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
is a dual-wavelength polarization lidar designed to capture vertical
profiles of attenuated backscatter from a near-nadir-viewing geometry
during both daytime and nighttime (Young and Vaughan, 2009). This
study utilizes the latest CALIPSO cloud and aerosol products, specifically
the Extinction Coefficient at 532 nm from the CALIPSO Lidar Level 2
5-km Aerosol Profile Standard Version 4.51 and the Feature Classifica-
tion Flags from the CALIPSO Lidar Level 2 Vertical Feature Mask (VFM)
Standard Version 4.51, for aerosol profile analysis. The extinction pro-
files are classified as daytime or nighttime based on the Day/Night Flag
and feature a vertical resolution of 0.18 km between altitudes of 20.29
km and 30.01 km, and a vertical resolution of 0.06 km between altitudes
of —0.47 km and 20.17 km.

2.3. PM3 5 and meteorological data

PM, 5 data were obtained from the China National Environmental
Monitoring Centre (CNEMC). For this study, PMy 5 data from two air
quality monitoring stations in Beijing, located near the two AERONET
sites (Beijing-CAMS and Beijing PKU) were used. These data represent
particulate matter concentrations near the surface, which are closely
linked to aerosols.

Meteorological parameters, including PBLH, RH, Temp, WS and WD
were derived from the fifth-generation ECMWF (ERAS5) reanalysis
datasets (Hersbach et al., 2018). The study used the ERA5 hourly data on
pressure levels from 1940 to present (https://cds.climate.copernicus.eu
/datasets/reanalysis-era5-pressure-levels?tab=download, accessed on
Oct 1st, 2024). Meteorological data at the 1000 hPa pressure level were
extracted, with the dataset gridded to a regular latitude-longitude grid of
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Fig. 1. Study area with the six subregions in East Asia. The triangles denote the
locations of AERONET sites, and the rectangles indicate the spatial range for
collecting CALIPSO extinction profiles within each of the subregions of MG, BJ,
KR, JP, HK, and TW.
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0.25° (ECMWEF, 2024). The meteorological data for the grid centred at
40.0°N and 116.25°E were extracted, which encompass the two AER-
ONET sites in Beijing, and were analyzed. The original wind-related
parameters, specifically the U-component (u) and V-component (v)
correspond to the eastward and northward winds, respectively. These
components were combined to calculate WS and WD using the following
equations:

WS=+/u2 + v2 (@)
180
WD =mod <180+Tatan 2(u,v), 360> (2)

Note that meteorological wind direction refers to the direction from
which the wind is blowing, measured in degrees. It starts at 0° for a north
wind (blowing from the north) and increases clockwise: 90° for an east
wind, 180° for a south wind, and 270° for a west wind (https://conflue
nce.ecmwf.int/pages/viewpage.action?pageld=133262398, accessed
on Jan 5, 2025).

3. Method

3.1. Calculation of regional and period averaged vertical extinction
profiles

The CALIPSO data for the study areas, spanning 2013 to 2023, were
collected and divided into two periods: 2013-2018 and 2019-2023. The
Extinction Coefficient and Feature Classification Flags were aligned to
the same vertical resolution to produce extinction profiles under strict
quality control. The extinction profiles were derived using the extinction
coefficient at 532 nm, aided with the cloud-aerosol discrimination
(CAD) score. CAD is an indication of the feature type, with values
ranging between —100 and 100. Positive CAD scores represent clouds,
while negative scores denote aerosols. The absolute value of the CAD
score indicates the confidence level of the classification. For this study,
only CAD scores ranging from —100 to —20 were used to calculate the
extinction profiles, as these correspond to seven aerosol types defined by
the VFM products: clean marine, dust, polluted continental, clean con-
tinental, smoke, volcanic ash, and sulfate. The mean extinction profiles
were calculated for overall aerosols and each specific aerosol type,
separately for daytime and nighttime observations. To reduce errors
caused by outliers, mean values were computed using the 5th to 95th
percentile of the data at each altitude, ensuring robust and reliable es-
timates for both total and aerosol-specific extinction profiles.

3.2. Analysis of vertical-decomposed aerosol type distribution

Vertical aerosol types of information are provided in the CALIPSO
VFM products. Eight aerosol types are involved, including clean marine,
dust, polluted continental, clean continental, polluted dust, smoke,
volcanic ash, and sulfate. The first six types belong to tropospheric
aerosol types, while the latter two belong exclusively to stratospheric
aerosol types. Note that tropospheric sulfate is optically ambiguous and
typically mixed with other particles, therefore it is typically categorized
under broader groups such as polluted continental or smoke (Man-Hae
et al., 2018).

For this analysis, only cases with high and medium-confidence levels
were considered. The frequency of each aerosol type represents the total
number of occurrences during the study period from 2019 to 2023. A
preliminary analysis revealed that, compared to daytime, nighttime
aerosol types exhibit frequency peaks at higher altitudes. However, this
finding contradicts the general understanding that aerosols at nighttime
are confined to a lower atmosphere than during the daytime due to the
decrease of PBLH. This phenomenon can be attributed to the Lidar’s
limited ability to detect extremely thin aerosol layers at high altitudes
during the daytime due to sunlight interference, resulting in a low
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signal-to-noise ratio (SNR). To address this, the study introduces an
innovative filtering criterion by excluding aerosol layers with extinction
coefficients below 0.1, given that such thin layers generally exhibit weak
backscattering signals.

3.3. Analysis of effects of meteorological factors

AOD represents the aerosol loading within the atmospheric column,
whereas PM indicates aerosol concentrations near the surface. This
study proposes to conduct the analysis by using the correlation coeffi-
cient and linear regression slopes, along with the scatterplots. The cor-
relation coefficient quantifies the strength of the relationship between
AOD and PM, where a higher coefficient indicates a stronger direct
relationship, suggesting AOD can more reliably predict PM values or
vice versa. The regression slope reflects the sensitivity of AOD to the
changes in PM. A larger slope indicates that minor increases in PM will
cause significant increases in AOD. Both the relationships between AOD
and fine particulate matter (PMy 5), and between AOD and coarse par-
ticulate matter (PM;o-PMy5) were analyzed, referred to hereafter as
AOD-PMy5 and AOD-PMjg.25, respectively. When constructing the
general linear relationship between AOD and PV, it was observed that
regression slopes were consistently around 0.01. To enhance the visu-
alization of these relationships, AOD values were scaled by a factor of
100. Consequently, the relationships between AOD*100 and PMys/
PMj.2.5 were constructed, providing a more precise representation of
their interaction.

The AOD-PM relationship was first calculated with all available cases
from 2015 to 2024. Considering that meteorological effects vary
significantly across seasons, the analysis was further categorized into
four seasons: spring (March-May: MAM), summer (June-August: JJA),
autumn (September-November: SON), and winter (December—Feb-
ruary: DJF). A preliminary analysis shows that the correlation of the
seasonally decomposed AOD-PM relationship can be significantly
improved compared to that derived from all-year cases. Seasonal vari-
ations consist of the differences in meteorological conditions. Therefore,
this study investigates the impact of meteorological factors’ effects on
the AOD-PM relationship to better understand its seasonal dependence.
Specifically, the AOD-PM relationships were analyzed under different
groups classified based on meteorological conditions. Five major mete-
orological factors involving RH, PBLH, Temp, WS and WD were selected
for detailed analysis, as these factors have been shown to influence the
AOD-PM relationship significantly (Guo et al., 2017; Li et al., 2016;
Zheng et al., 2017).

RH plays a critical role in the relationship between AOD and PM.
AOD is measured under ambient (humid) conditions, while PM is
determined after heating the air sample, reflecting the dry aerosol mass
(Koelemeijer et al., 2006). According to Day and Malm (2001), RH has
minimal impact on particle hygroscopic growth when RH < 50 %, a
moderate impact when 50 % < RH < 80 %, and a significant impact
when RH > 80 %. Additionally, the day and night histograms of RH
reveal a wide distribution spanning from 0 % to 100 %. Based on these
observations, RH was categorized into three levels for both daytime and
nighttime analyses: low for RH < 50 %, middle for 50 % < RH < 80 %,
and high for RH > 80 %.

The PBLH is closely associated with vertical mixing of aerosols and
plays a significant role in the dispersion of pollutants emitted near the
surface through various interactions and feedback mechanisms. Su et al.
(2018) investigated the relationship between PMj 5 concentrations and
PBLH and revealing a general negative correlation. Their study found
that PMy 5 levels decrease sharply as PBLH increases when PBLH is
below 500 m. Between 500 m and 1500 m, PM,s concentrations
continue to decline steadily, while beyond 1500 m, PM; 5 levels become
largely independent of PBLH. Based on these findings, PBLH was cate-
gorized into three levels for analysis: low for PBLH <500 m, middle for
500 m < PBLH < 1500m, and high for PBLH >1500 m.

Temperature also influences the relationship between AOD and PM
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and has been considered in previous studies (Hu et al., 2022; Wei et al.,
2020). Temperature was classified into three categories for analysis: low
for Temp <273 K, middle for 273 K < Temp < 295 K, and high for Temp
>295 K.

Wind effects, including both wind speed and wind direction, also
play crucial roles in the AOD-PM relationship. These factors have been
extensively studied in AOD-PM; s modeling. Wind direction influences
the long-range transport of aerosols from surrounding regions. In
contrast, wind speed determines whether wind increases aerosol con-
centrations (e.g., by enhancing mixing) or decreases them (e.g., by
dispersing or removing local and transported pollutants) (Zheng et al.,
2017). Wind speed was classified into nine levels as suggested by Zheng
et al. (2017). The wind direction was classified into two directions, i.e,
the north (0-90° and 270-360°) and the south (90-270°). This classifi-
cation is based on the observation of two peaks in the wind direction
histogram and the seasonal Windrose maps.

The region of BJ was selected as a representative case study to
examine the impacts of meteorological factors on the AOD-PM rela-
tionship. The meteorological effects on the relationship between AOD
and PM are driven by similar underlying physical mechanisms. For
example, higher relative humidity (RH) increases AOD through hygro-
scopic growth, even when PM levels remain constant. Higher PBLH
enhances convection between the upper and lower atmosphere, leading
to a more uniform vertical aerosol distribution. Among the six regions,
BJ stands out due to its diverse aerosol sources, including urban emis-
sions, industrial emissions from neighboring Hebei province, dust
transported from the upwind Gobi Desert, and oceanic aerosols from the
Yellow Sea. Furthermore, BJ experiences distinct seasonal meteorolog-
ical patterns, making it an ideal location for examining the interplay of
meteorological factors and the AOD-PM relationship.

3.4. Estimation of the significance of correlation and correlation
difference

To assess the significance of the correlation between AOD and PM, an
F-test was conducted at three significance levels « = 0.001, 0.01, and
0.05. To compare the differences in correlation coefficients (r) between
daytime and nighttime, Fisher’s r-to-z transformation method was
applied to evaluate statistical significance (Hawkins, 1989). The corre-
lation coefficients between AOD and PM were initially calculated, and
only groups with a significance level higher than 0.05 for both daytime
and nighttime were included in the comparison. Subsequently, the r
values were transformed to Z value as Equation (3). The final Z statistic
for comparing the difference significance was calculated based on
Equation (4).

1 1+r
zfiln (ﬁ) 3

1 1
Zobserved = (Z1 — Z2) / V=3 Tma_3 4

where nl and n2 are the sample size of daytime and nighttime,
respectively for each group.

4. Results
4.1. Aerosol columnar optical properties

Fig. 2 illustrates the seasonal distribution of aerosol columnar optical
properties, i.e. AOD and AE, across six regions during both daytime and
nighttime. Higher AOD values indicate greater aerosol loading, while
higher AE values signify finer particle sizes. The MG consistently ex-
hibits the lowest AOD during both daytime and nighttime, followed by
JP, KR, TW, and HK, whereas BJ maintains the highest AOD throughout
the year. The AE values are significantly lower in spring compared to



J. Lietal

Atmospheric Environment 360 (2025) 121388

1.5
1.0 | Al | | A2 | L A3
=
o5 .
i e e e
0.0
MAM JJIA SON DIJF MAM JJIA SON DJF MAM JJA SON DIJF
MG BJ KR
(=]
= 2f - -
()
-+ |
w ﬁ
=
< 0r Bl | [ B2 | [ B3
1 1 | 1 1 L 1 L 1 1 1 L
MAM JJA SON DIJF MAM JJIA SON DIJF MAM JJIA SON DIJF
MG BJ KR
1.5
Ad A5 A6
1.0 - -
g
FApad
00 1 ﬁ 1 1
MAM JJA SON DJF MAM JJA SON DIJF MAM JJA SON DIJF
JP HK ™
=
% 2r i i
S IHI {-% Eﬁ% -}% -}%
-+ 1 - o
-+
e
< ol B4 | | B5 | | B6
1 1 | 1 1 | 1 1 1 1 | [
MAM JJA SON DJF MAM JJA SON DIJF MAM JJA SON DIJF
JP HK ™

Fig. 2. Seasonal distribution of AOD and AE during spring (MAM), summer (JJA), autumn (SON), and winter (DJF) across the six regions: MG, BJ, KR, JP, HK, and
TW. The lines representing the middle, bottom, and top edges of the box represent the median, 25th percentile (Q1), and 75th percentiles, respectively, of AOD and
AE values. The height of the box is the interquartile range (IQR) = Q3-Q1. The lowest and highest lines denote the Q1-1.5*IQR, and Q3+1.5*IQR of AOD and

AE values.

other seasons in the four northern regions (MG, BJ, KR, and JP), likely
due to the influence of dust aerosols. In contrast, AE values for HK and
TW remain relatively higher, as these regions are less affected by dust
aerosols. By comparing the nighttime and daytime AOD and AE, general
consistencies were found for the four northern regions. However, HK
and TW display pronounced differences in both AOD and AE, which can
be attributed to variations in relative humidity (RH) and emissions. The
northern regions typically experience lower RH, while the southern

regions, including HK and TW, exhibit higher RH. Day and Malm (2001)
found that the hygroscopic growth of aerosols does not increase linearly
with RH. The hygroscopic growth is minimal when RH < 50 %, and it
grows slowly from around 50 %-80 %, while growth sharply when RH
exceeds 80 %. Therefore, although RH increases at nighttime in the four
northern regions, it may be insufficient to cause significant hygroscopic
growth of aerosols. Instead, in HK and TW, especially in summer, RH
often exceeds 80 % at nighttime, leading to noticeable hygroscopic
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growth, as shown in Fig. 2 (B5 and B6). In addition to hygroscopic
growth, high humidity can also lead to higher cloud coverage, thereby
increasing the AOT level (Eck et al., 2018). Notably, TW consistently
shows lower nighttime AOD values compared to those in daytime across
all four seasons (Fig. 2 A6), suggesting reduced local emissions at night.
In contrast, average nighttime AOD values in HK are generally higher
than those during the daytime across the seasons, especially noticeable
in autumn (Fig. 2 A5). This phenomenon could be attributed to two
factors. First, nighttime land breezes may transport pollutants from the
nearby Greater Bay Area, which typically experiences higher pollution
levels than HK. Second, the stably stratified flow over the region could
contribute to pollutant accumulation, as highlighted by Liu and Chan
(2002).

Fig. 3 illustrates the relationship between AE and AOD at nighttime.
Fig. 3A1 to A4 show that high AOD are generally associated with low AE
over the region of MG, suggesting that high AOD in this area is primarily
caused by aerosols with larger particle sizes. This is likely due to the
frequent occurrence of dust aerosols over Mongolia. Additionally, in the
BJ, KR, JP, and TW regions, high AOD is generally associated with large
AE values during summer, autumn, and winter, indicating that fine
particles contribute significantly to high AOD at nighttime in these re-
gions and seasons. For example, Fig. 3 reveals that high AOD values
(>1.0) correspond to large AE values of approximately 1.5 in summer,
autumn, and winter over BJ. Similarly, Fig. 3 C2 to C4 show that in KR,
high AOD values (>1.0) are associated with AE values of 1.5, 1.4, and
1.2 in summer, autumn, and winter, respectively. The region of JP ex-
hibits a similar pattern to KR, as shown in Fig. 3 D2 to D4. TW dem-
onstrates a slightly different trend, where high AOD values (>1.0)
correspond to AE values of 1.4, 1.4, 1.2, and 1.1 in spring, summer,
autumn, and winter, respectively (Fig. 3 F2 to F4). HK shares some
similarities with TW, but due to the limited number of nighttime cases,
the observed patterns are less pronounced (Fig. 3E2 to E4). The rela-
tionship between AE and AOD at daytime is illustrated in Fig. Al,
showing a similar pattern to that observed at nighttime. High AOD
values are generally associated with high AE in regions of BJ, KR, JP,
HK, and TW, indicating that fine-mode particles predominantly
contribute to high AOD in these regions. In contrast, high AOD values in
MG are generally accompanied by low AE values, suggesting that coarse-
mode particles are the primary contributors to the elevated AOD in this
region.

4.2. Vertical extinction profiles

To investigate the daytime and nighttime aerosol characteristics
along the vertical direction, CALIPSO extinction profiles and aerosol
type classification data from 2013 to 2023 were analyzed. The data were
divided into two periods: 2013-2018 and 2019-2023, using 2019, the
year marking the onset of COVID-19, as a division point.

Fig. 4 presents the average extinction profiles for both day and night
across six regions during the two periods. The number of cases used to do
the average is displayed in Fig. A2. More cases were found at lower al-
titudes compared to those at higher altitudes, which partly explains the
large fluctuations observed at higher altitudes. Compared to 2013-2018,
the rate of extinction at lower levels over BJ decreased significantly at
both daytime and nighttime in the period of 2019-2023, suggesting
improved air quality in recent years due to China’s air quality control
policy (Zheng et al., 2024). Daytime extinction over MG has markedly
increased, while its nighttime extinction remains similar between the
two periods. This suggests that the increased extinction is likely due to
more frequent dust events in recent years, as dust typically occurs during
the daytime, resulting from stronger winds. For HK, TW, KR, and JP, the
extinction profiles for both daytime and nighttime are relatively
consistent, with only minor differences.

Compared to the extinction profiles during the daytime, the night-
time extinction profiles exhibit sharper exponential decay, indicating a
lower PBLH at nighttime (Fig. 4). This suggests that nighttime aerosols

Atmospheric Environment 360 (2025) 121388

are mostly confined to the lower atmosphere. In contrast, daytime
aerosols exhibit more fluctuations along the vertical direction. The
extinction profiles for BJ, KR, and JP exhibit smooth exponential decay,
whereas notable fluctuations are observed in the profiles for MG, HK,
and TW. Over MG, a second extinction peak appears around 1 km for
both time periods, likely corresponding to dust aerosol layers. Addi-
tionally, it is noteworthy that the extinction profiles for HK and TW,
both during the day and at night, deviate from the typical exponential
decay pattern. Instead, secondary extinction peaks are observed at al-
titudes approximately 2-4 km. These peaks are likely to be caused by the
transported smoke aerosols, as supported by Fig. 5, which shows a high
frequency of smoke at this elevation range. The smoke aerosols are
possibly transported from southeast Asia (Zeng et al., 2023). Besides,
several abnormal extinction peaks were identified at altitudes higher
than 5 km over HK and TW, which are likely due to misclassified cirrus.
As cirrus clouds exhibit depolarization ratios similar to those of dust
aerosols, they may be erroneously identified as dust at high altitudes
(Man-Hae et al., 2018).

The day-night difference in extinction profiles at lower altitudes (<2
km) can be explained by local emissions and meteorological factors. The
local emissions are generally higher during the daytime due to more
frequent human activities and transportation in urban areas. Therefore,
considering emissions alone, aerosol extinction should generally be
higher during the daytime than at nighttime. However, it was also
commonly found that high RH at nighttime could cause a hygroscopic
growth of aerosols and more cloud cover, which in turn enhances the
extinction coefficient (Jiang et al., 2024). This creates a balance between
emission-driven and meteorological-driven effects on extinction. The
averaged extinction profiles at 2 km are displayed in Fig. A3, which
shows that all daytime extinction profiles are significantly greater than
those at nighttime, with a p-value less than 0.01. This could be attrib-
uted to the higher emissions at daytime. Notably, there are nighttime
extinction peaks over HK at around 300 m, where the nighttime
extinction is even greater than the daytime. Such a peak is possibly
caused by meteorological factors. For regions of KR, JP, and TW, their
extinction coefficients are relatively lower compared to the other re-
gions, displaying extinction less than 0.1 per km.

4.3. Vertical aerosol type distribution

Fig. 5 presents the seasonal vertical frequency distribution of eight
aerosol types, including clean marine, dust, polluted continental, clean
continental, polluted dust, smoke, volcanic ash, and sulfate. Note that
volcanic ash, and sulfate belong to stratospheric aerosol types as in the
CALIPSO VFM product. Therefore, it was found that the two aerosol
types are rarely observed, as only the range from 0 to 10 km is displayed.
Besides, the polluted dust type is generally the anthropogenic emissions
from local or regional areas, while the dust type is the natural mineral
dust from desert areas (Chen et al.,, 2025). The six regions can be
grouped into three categories, which show similar seasonal vertical
frequency distribution patterns. MG and BJ are dominated by two
aerosol types across all seasons, i.e. polluted dust and dust. KR and JP
are only dominated by dust in spring, while clean marine is the domi-
nant one in the other seasons. HK and TW are dominated by smoke only
in spring, while they are dominated by clean marine in the other sea-
sons. The dominance of dust in the four northern regions (MG, BJ, KR,
and JP) could be attributed to frequent dust activities in spring in
Northeast Asia (Li et al., 2024). Notably, Fig. 5 identifies polluted dust
aerosol in spring and winter in the four northern regions. Such phe-
nomenon could be explained by Tao et al. (2022), which highlights
unnoticeable but frequent dust plumes as the dominant sources of pre-
vailing dust particles over East Asia, which appear most frequently in
spring and followed by winter.

It was noticed that more aerosols appear at higher altitudes at
nighttime than daytime, which is contrary to the understanding that low
PBLH confines the aerosol in the lower layers at nighttime. It was thus
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assumed that such nighttime biases are due to the higher sensitivity of
the Lidar signal at night. Therefore, the vertical frequency distributions
of aerosol types were further decomposed to the thick and thin aerosol
layer based on an extinction threshold of 0.1 in Figure A4 and Figure A5,
respectively. After decomposition, Fig. A4 shows the consistency of
vertical frequency distribution between daytime and nighttime for all
aerosol types, while Fig. A5 exhibits even larger nighttime biases. The
results support the assumption that the nighttime biases are caused by
nighttime Lidar signals’ sensitivity to thin layers. Consequently, it can be
concluded that the aerosol types should be similar between daytime and
nighttime.

To investigate the extinction magnitude of each aerosol type and its
variations along the vertical direction, the extinction profiles for both
day and night were averaged across the seven aerosol types for the two
periods (Fig. 6). Cases with extinctions greater than 0.5 and at altitudes
higher than 5 km are removed because they are likely to be misclassified
cirrus clouds. Fig. 6 illustrates the general consistency in extinction
profiles across the two periods. Among the aerosol types, smoke exhibits
the highest extinction magnitude, followed by polluted continental,
polluted dust and dust types, while clean continental and clean marine
aerosols show minimal extinction. Volcanic ash and sulfate aerosols are
typically classified in the stratosphere aerosol types, and thus, they show
at high altitudes.

4.4. Impacts of meteorological factors on the relationship between AOD
and PM

4.4.1. Diurnal and seasonal patterns of the meteorological factors
Fig. 7 depicts histograms and seasonal diurnal variations of the five
meteorological factors involving PBLH, RH, Temp, WS, and WD in the

region of BJ. The most significant day-night difference is observed for
PBLH, which is up to 10 times higher during the day than at night
(Fig. 7a). Daytime PBLH varies notably between seasons, with the
highest values in spring, followed by summer, and the lowest in winter
and autumn, which is consistent with the results of Zheng et al. (2017).
The high PBLH in spring may be associated with the strongest
near-surface wind speed, while high PBLH in summer could be associ-
ated with solar radiation (Zheng et al., 2017). At nighttime, seasonal
differences in PBLH are minimal (Fig. 7b). It should be noted that the
estimated diurnal PBLH differences could be exaggerated than the actual
conditions, as ERA5 reanalysis data tend to slightly overestimate the
PBLH during the daytime while underestimating it at nighttime, as
revealed in Zhang et al. (2020) and Peng et al. (2023). These studies also
suggest that typical diurnal variations in PBLH differences are approx-
imately two-to three-fold. Nevertheless, ERA5 reanalysis data are
considered suitable for this study, as they reliably capture the diurnal
pattern and have been widely used in building the relationship between
AOD and PMy5 (Ma et al., 2022; Song et al., 2022). RH is generally
higher at night, with more occurrences of RH exceeding 50 % compared
to daytime (Fig. 7c). Seasonally, RH peaks in summer, followed by
autumn, spring, and winter (Fig. 7d). Temp shows the smallest day-night
variation, with daytime temperatures 2-4 K higher than nighttime
values (Fig. 7e). Seasonal differences are much more pronounced, with
the highest temperatures in summer, followed by spring and autumn,
and the lowest in winter (Fig. 7f). WD exhibits comparable day-night
and seasonal differences, with variations of about 1-2 m/s (Fig. 7g
and h). Winter and spring exhibit similarly strong winds, with slightly
higher daytime wind speeds (WS) in spring and higher nighttime WS in
winter, while summer has the weakest winds (Fig. 7h).
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Fig. 5. Seasonal vertical frequency distribution of aerosol types across the regions of MG, BJ, KR, JP, HK, and TW during the period of 2019-2023.

4.4.2. Overall and seasonal AOD-PM relationship

Fig. 8 presents scatterplots of AOD versus PM for overall cases from
2015 to 2024. Correlation coefficients between AOD and PM (PMjy 5/
PMjg.25) are slightly higher during daytime (0.630/0.168) than at
nighttime (0.623/0.142), though the differences are statistically insig-
nificant. The slopes at daytime are also slightly higher than those at
nighttime, indicating AOD is more sensitive to the increase of PM.

Fig. 9 shows seasonal scatterplots of AOD versus PM; 5, where cor-
relation coefficients improve across all four seasons for both daytime
(0.7325, 0.700, 0.702, 0.695) and nighttime (0.669, 0.681, 0.723,
0.642) periods, compared to the overall cases. However, such seasonal
improvements are minimal for AOD-PMj . 5 relationships Fig. 10. The
seasonal differences on the AOD-PM relationship are mainly influenced
by the meteorological factors including PBLH, RH, temperature, and
wind. The following section further explores the impacts of these
meteorological factors on the AOD-PM relationship.

4.4.3. The AOD-PM relationship under grouped meteorological factors
PBLH affects the AOD-PM relationship primarily by either confining
aerosols within a shallow PBLH or allowing more space for aerosol
mixing under a deeper PBLH. For both daytime and nighttime, the AOD-
PM; 5 correlation generally increases with deeper PBLH (Fig. 11). Spe-
cifically, the correlation improves from 0.5988 to 0.724 during the day
and from 0.608 to 0.645 at night as PBLH increases from low to high.
This trend suggests that deeper PBLH enhances the correlation between
AOD and PMjy s, likely due to a deeper PBLH promoting more homoge-
neous aerosol mixing. As a result, the extinction coefficient becomes
more vertically uniform, aligning the relationship between AOD and
PMs; 5 closer to the equation AOD = a*PMj; 5*PBLH. The slope of AOD-

PMS; 5 also increases with PBLH during the day, from low (0.73) to high
(0.96). However, the nighttime slope peaks under the middle PBLH
condition (Fig. 11e). The low slope observed at high PBLH at nighttime
may be attributed to the limited sample size in this category (only 66
samples). The AOD-PM;.25 relationship exhibits similar correlation
trends, with higher PBLH corresponding to increased correlations during
both daytime and nighttime. Since nighttime PBLH tends to skew toward
lower values, an alternative set of thresholds (T2) was introduced to
ensure statistical significance: PBLH<100, middle for 100 m < PBLH
<200 m, and high for PBLH >200 m. This adjustment provided suffi-
cient samples in the high PBLH group (Fig. A6). Under these thresholds,
both correlation coefficients and slopes for the AOD-PM; s relationship
increased with PBLH, with correlation coefficients rising from 0.607 to
0.721 and slopes increasing from 0.64 to 1.17 (Figure A6 a-c). For the
AOD-PMjg.2 5 relationship, the highest correlation coefficients and
slopes were observed under middle PBLH conditions (Figure A6 d-f),
underscoring differences between AOD-PMys and AOD-PMjg.25 re-
lationships. In general, deeper PBLH is associated with stronger AOD-
PM correlations and greater AOD sensitivity to PM.

The effects of RH on AOD-PM relationships could be manipulated by
aerosol humidification, and the RH’s effect on cloud. Fig. 12 shows that
during the daytime, the slope of the AOD-PMjy 5 relationship increases
with RH, from 0.70 under low RH to 0.81 under moderate RH, and 1.16
under high RH. This can be explained by the fact that higher RH pro-
motes hygroscopic particle growth, leading to increased aerosol
extinction and a sharper rise in AOD. The correlation is highest under
dry conditions (0.695), followed by high RH (0.627), and lowest under
moderate RH (0.583). This pattern suggests that under dry conditions
(low RH), most particles do not undergo hygroscopic growth, while
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Fig. 6. Averaged extinction profiles of seven aerosol types for the two periods: 2013-2018 and 2019-2023, across the regions MG (a and g), BJ (b and h), KR (c and

i), JP (d and j), HK (e and k), and TW (f and 1).

under humid conditions (high RH), nearly all particles experience such
growth. These two scenarios result in more uniform hygroscopic
behavior across particles, leading to stronger AOD-PM; 5 correlations. In
contrast, under moderate RH, only part of particles undergo hygroscopic
growth, which is influenced by aerosol types, leading to heterogeneous
growth and lower correlations, as found by Day and Malm (2001). In
addition to hygroscopic growth caused by high RH, the high RH also
associated with high cloud cover, which in turn increase the AOT via
cloud processing, new particle formation, and air convergence (Eck
etal., 2018). At nighttime, the slope trends are similar to those observed
during the day. However, the correlations under low, moderate, and
high RH do not show significant statistical differences, particularly be-
tween low and moderate RH. This may be due to more complex aerosol
types and finer particle sizes at night, as low PBLH confines aerosols
closer to the surface and favors the deposition of coarse particles. The
AOD-PM .25 relationship shows a significant increase in correlation
under low and high RH compared to the overall cases, observed for both
daytime and nighttime. Notably, the highest correlation occurs under
high RH at nighttime (0.351), followed by dry conditions at nighttime
(0.303), representing increases of approximately 150 % and 113 %
compared to the overall correlation (0.142). These values are also the
highest among all classified groups (Table A1). Slopes for AOD-PM; .25
generally increase with RH, except for a minor difference between low
(0.18) and moderate (0.16) RH, which is negligible compared to the
slope of 0.82 under high RH. Similarly, the slopes at high RH (0.61 for
daytime and 0.82 for nighttime) are three to four times higher than those
at low (0.21/0.18) and moderate RH (0.26/0.16) (Table A2). These
findings highlight that RH has the strongest impact on the AOD-PMj.2 5
relationship.

The classified groups by temperature generate higher AOD-PM; 5

10

correlations for both daytime and nighttime (Fig. 13). Compared to the
overall cases, the grouped AOD-PMy s correlations are significantly
improved across all Temp levels, exhibiting correlation coefficients of
0.723, 0.719, and 0.664 in the daytime, representing increases of 15 %,
14 %, and 5 %, respectively, and 0.687, 0.634, and 0.651 at nighttime,
showing increases of 10 %, 2 %, and 5 %, respectively. This improve-
ment is the most pronounced across all categorized groups (Table A1),
suggesting that Temp has the strongest influence on AOD-PMy 5 rela-
tionship. This also suggests that temperature could be the primary
meteorological factor that drives the seasonal variations on AOD-PM; 5
relationship. It is worth noting that the difference in correlation between
low and middle Temp conditions during daytime is minimal, as is the
difference between middle and high Temp conditions at nighttime. This
suggests that correlations tend to be higher under lower Temp condi-
tions, a trend observed for both daytime and nighttime. The slope is
highest under high Temp conditions for both daytime (1.14) and
nighttime (1.05), representing increases of 58 % and 78 %, respectively,
compared to the lowest slope under middle Temp conditions (0.72 and
0.59) (Table A2). This is mainly because that the increase in temperature
could lead to the increases of upward movement of pollutants, thus
higher AOD (Tariq and Khan, 2024). To test whether thresholds affect
these patterns, Temp was classified into more detailed levels. Similar
trends were observed, even with finer Temp classifications, demon-
strating the robustness of the analysis with only three Temp levels
(Fig. A7). However, the correlation coefficients for the AOD-PMjg.2.5
relationship do not show significant improvement under grouped Temp
conditions and even decrease at nighttime. Note that all the correlation
coefficients and slopes under various categorized groups have been
compiled in Table Al and Table A2, respectively, for the above three
meteorological factors.
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The wind effect was analyzed only for the relationship between AOD
and PM, 5, while the correlations between AOD and PM; .25 were wot
analyzed as they are insignificant under various wind conditions. Both
wind direction and wind speed were considered. The seasonal Windrose
map at daytime (Fig. A8) show that south is the most frequent direction
in BJ during spring, summer and autumn, while northwest is the
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prevalent one in winter. The two directions account for more than 90 %.
In contrast, the nighttime seasonal Windrose map (Fig. A9) indicates
that the northwest and north winds are dominant throughout the year in
BJ. To simplify the analysis, two major wind directions were explored:
north (0°-90° and 270°-360°) and south (90°-270°). Fig. 14 illustrates
significant differences in the correlation coefficients for these two di-
rections during both day and night. At daytime, the correlation coeffi-
cient for the north direction (0.686) is 18 % higher than for the south
direction (0.581). At nighttime, the difference is even more pronounced,
with the correlation coefficient for the north direction (0.647) being 26
% higher than for the south direction (0.512). Besides, the regression
lines at north direction show slightly higher slopes (0.81/0.69) than at
the south direction (0.76/0.57) for both daytime and nighttime. Fig. 15
illustrates how the correlation coefficient varies with WS. The correla-
tion exhibits a nonlinear trend with WS: under low wind speed condi-
tions (WS < 2 m/s), the correlation remains consistently around 0.6. For
moderate wind speeds (WS 2-5 m/s), the correlation coefficient in-
creases with increasing wind speed. However, when WS exceeds 5 m/s,
the correlation decreases. At nighttime, the correlation trends for
different wind directions are generally similar but differ in magnitude
and turning points. For the north direction, the correlation coefficient
shows a positive trend with WS under low wind speed conditions (0-2
m/s) but decreases sharply under moderate wind speed conditions (2-6
m/s). Beyond 6 m/s, the correlation coefficient increases again as WS
increases. In contrast, for the south direction, the turning points occur at
lower wind speed thresholds: 1 m/s and 4 m/s for low-to-moderate and
moderate-to-high wind speed conditions, respectively.

It could be concluded that the effects of meteorological factors on the
AOD-PM relationship are generally consistent. For both daytime and
nighttime, high correlation coefficients are typically observed under
conditions of high PBLH, low/high RH and low Temp. Additionally, high
regression slopes are commonly associated with high PBLH, high RH,
and high Temp. However, there is a noticeable discrepancy between day
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and night. While high correlations are found under both low and high
RH during the daytime, high correlations occur only under high RH,
with low RH resulting in lower correlations at nighttime.

Notably, meteorological factors may also be interrelated. To inves-
tigate whether the effect of one meteorological factor could be influ-
enced by another, the relationships between pairs of meteorological
factors were analyzed. Fig. 16 illustrates these relationships. While all
relationships were found to be statistically significant with p-value less
than 0.001, the correlation coefficients were relatively low, except for
two cases: (1) PBLH shows a noticeable negative relationship with RH
during the daytime, with a correlation coefficient of 0.620, which has
also been found in Zheng et al. (2017), and (2) Temp exhibits a positive
correlation with RH at nighttime, with a correlation coefficient of 0.448.
During the daytime, the highest correlation coefficient for AOD-PM3 5
was observed under conditions of low RH and high PBLH (along with
low Temp). To examine whether and how RH influences the effect of
PBLH on the AOD-PM, 5 relationship during the daytime, further anal-
ysis was conducted by constraining PBLH to high levels (PBLH >200 m
to ensure sufficient sample size) and categorizing RH into low, middle,
and high groups. As shown in Fig. Al0(a)-(c), the correlation co-
efficients (0.719, 0.606, and 0.632) are slightly higher than those in the
original categorized RH groups (0.695, 0.583, and 0.627), though these
differences are not statistically significant. This indicates that, during
the daytime, the effect of high PBLH on the AOD-PMj 5 relationship is
likely influenced by RH, and the independent effect of PBLH is marginal.
At nighttime, high regression slopes were observed under conditions of
high RH, high Temp, and high PBLH. To investigate whether and how
RH influences the effect of Temp on the AOD-PM; 5 relationship at
nighttime, further analysis was conducted by constraining Temp to high
levels and categorizing RH into low, middle, and high groups. Fig. A10
(d)—(f) reveal that the regression slopes (0.70, 1.16, and 1.32) are
considerably higher compared to those in the original categorized RH
groups (0.47, 0.65, and 1.01). This suggests that although high Temp is
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partially associated with high RH, high Temp itself plays a critical role in
enhancing the sensitivity of AOD to PMj; 5. Therefore, Temp could be the
most significant contributor to the seasonal dependence of AOD-PM
relationship.

5. Discussion

To elaborate on nighttime aerosol characteristics and the differences
between daytime and nighttime, this study provides insights from
various perspectives including aerosol optical properties across the
entire atmospheric column, the vertically decomposed extinction pro-
file, vertically distributed aerosol types, and the influence of meteoro-
logical factors on the relationship between AOD and PM. The findings
reveal regional variations in day-night differences for columnar aerosol
optical properties and vertical extinction profiles, while the vertical
distribution of aerosol types remains largely consistent between day and
night. Additionally, the influence of meteorological factors on the AOD-
PM relationship offers valuable insights into AOD-PM modeling and the
prediction of surface PM concentrations. Several other issues relating to
our results are discussed below.

5.1. Comparison to existing literatures

The day-night differences in AOD and extinction profiles are mainly
influenced by local emissions and meteorological factors, particularly
relative humidity (RH). In polluted areas with high local emissions,
nighttime AOD and extinction profiles are generally lower than their
daytime counterparts. Conversely, in areas with lower local emissions,
nighttime AOD and extinction profiles tend to be equivalent to those
during the daytime. This can be attributed to lower nighttime temper-
atures, which lead to increased relative humidity and, consequently, an
increase in AOT (Day and Malm, 2001; Jiang et al., 2024). This phe-
nomenon is evident when comparing Fig. A11 (Jiang et al., 2024) with
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Fig. Al12 (Wei et al, 2021). The negative values of (Night-
time-Daytime)/Daytime in Fig. A11 (Jiang et al., 2024) align well with
the areas exhibiting high PMy s, as shown in Fig. A12 (Wei et al., 2021).
Specifically, negative values appear in areas such as the north China
Plain (NCP) and Sichuan Basin, which correspond to the areas with high
air pollution, whereas positive values are observed in less polluted areas.
In this study, we found that nighttime extinction profiles were lower
than daytime profiles in Mongolia (MG) for both the 2013-2018 and
2019-2023 periods and in Beijing (BJ) during the 2013-2018 period.
However, in BJ, nighttime extinction becomes comparable to daytime
extinction from 2019 to 2023. This shift is likely due to improved air
quality in the NCP, as evidenced by the spatial distribution of PM3 5 from
2000 to 2022 (Wei et al., 2023).

5.2. Rationale of using correlation coefficients and regression slopes

This study employed correlation coefficients and regression slope to
analyze the effects of meteorological factors on the AOD-PM relation-
ship. Zheng et al. (2017) have developed the PM; 5/AOD ratio to assess
the influence of meteorological factors. A smaller ratio indicates stron-
ger aerosol extinction capability. However, this ratio only explains the
proportion of surface PMj 5 contributing to total aerosol extinction and

1.0

Atmospheric Environment 360 (2025) 121388

does not clarify the magnitude of each meteorological factor’s effect on
the correlation, which is critical for constructing AOD-PM models.
Instead of calculating the PMj 5/AOD ratio for individual samples, this
study used the regression slope derived from all samples to represent the
general dependency of AOD on surface PMy s, as it is less affected by
outliers. The regression slope analysis revealed that higher PBLH and RH
are associated with higher AOD-PM; 5 regression slopes, indicating a
lower PMjy 5/AOD ratio. This finding is consistent with Zheng et al.
(2017). Our study further revealed that high Temp also leads to high
regression slope, and the Temp has a more substantial effect than both
the PBLH and RH. Moreover, by analyzing correlation coefficients across
various meteorological groups, it was observed that Temp exerts the
most significant effect on the AOD-PMj 5 relationship, followed by RH
and PBLH. In contrast, for the AOD-PMj.5 5 relationship, RH and PBLH
have a greater influence than Temp.

5.3. The PBLH effect on AOD-PM3 5

Previous studies have indicated that high PBLH reduces the relative
contribution of surface PM2.5 to the columnar AOD, primarily due to
enhanced vertical transport and mixing of particles (Qu et al., 2016;
Zheng et al., 2017). Consequently, one would anticipate a wearer cor-
relation between AOD and surface-level PM; 5 under high PBLH condi-
tions. Conversely, a higher correlation is expected under low PBLH, as
aerosols tend to be confined closer to the surface. This expectation aligns
with the observations in section 4.2, where nighttime aerosol extinction
profiles concentrate at low altitudes and rarely exhibit abnormal peaks
at higher altitudes. However, the meteorological factor analysis con-
ducted in this study revealed a counterintuitive finding that high PBLH
is associated with a strong AOD-PMj, 5 correlation, as well as a strong
AOD-PM; .2 5 correlation. This is contrary to the general understanding.

Further investigation suggests that the effect of PBLH on the AOD-PM
relationship could possibly be mediated through its influence on RH.
PBLH and RH are inversely related, i.e., high PBLH is generally associ-
ated with low RH. That is, high PBLH could lead to low RH, which thus
increases the AOD-PM correlation. Additionally, PBLH has a marginal
effect on the correlation. This may be caused by the placement of
AERONET sites, which are often located on building rooftops to ensure
unobstructed illumination. For instance, the altitudes of the Beijing-
CAMS, Beijing PKU, and Yanqihu sites are 106.0 m, 53.0 m, and
100.0 m, respectively, potentially missing aerosol loadings below these
levels. Higher PBLH promotes stronger vertical convection and more
homogeneous mixing, allowing surface aerosols to be lifted to heights
that can be more effectively monitored by AERONET photometers.
However, this hypothesis should be further validated using ground-
based lidar data in conjunction with AERONET photometer observa-
tions in future analysis.
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Fig. 15. The correlation coefficient between AOD and PM, s under varying wind speed levels. The three missing points in the Day_north and Night north lines are
due to the absence of recorded cases by AERONET under high wind speed conditions.
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5.4. The lower correlation coefficient for AOD-PM at nighttime

The vertical extinction profile analysis reveals that the nighttime
extinction profiles are concentrated at lower altitudes, as displayed in
Section 4.2. This suggests that AOD should have a stronger correlation
with near-surface particulate matter during nighttime. However, as
shown in Section 4.4, the correlation coefficients at nighttime are
similar to or even lower than those during the daytime under various
scenarios. This phenomenon could possibly be attributed to the
following reasons. Firstly, as illustrated in Fig. 7, nighttime RH pre-
dominantly falls within the mid-range (50 %-80 %), leading to hetero-
geneous hygroscopic growth of aerosol particles. This variability can
reduce the correlation between AOD and near-surface particulate mat-
ter, as discussed in Section 4.4.3. Secondly, The PBLH at nighttime is
significantly lower than during the daytime. As noted in Section 4.4.3,
lower PBLH is associated with reduced correlation coefficients, likely
due to the confinement of aerosol particles within a smaller vertical
range, resulting in less effective mixing. Thirdly, although comparisons
of AOD during day-night transition periods show negligible bias be-
tween lunar and solar AOD measurements (Schafer et al., 2024), the
slightly lower accuracy of the lunar product is mainly due to less
effective cloud screening at night, as lunar aureole measurements are
unavailable, whereas solar aureole observations are used to detect cirrus
clouds during the day.

6. Conclusion

This study integrates ground observations, satellite remote sensing,
and model simulation datasets to provide comprehensive and extensive
evaluations of nighttime aerosol characteristics in East Asia. It thor-
oughly investigates the aerosol’s optical properties of entire column
(AOD and AE), the total and the aerosol-type specific vertical extinction
profiles, and the influence of meteorological factors on the relationship
between AOD and PM at nighttime, as well as the discrepancies between
daytime and nighttime.
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The results show that nighttime optical properties, including AOD
and AE, are generally consistent with daytime observations. Notably, the
northern regions (MG, HK, KR, and JP) exhibit higher day-night con-
sistency compared to the southern regions (TW and HK). Such regional
variation is likely influenced by differences in relative humidity (RH)
and local emissions. The extremely high RH in TW and HK during
summer promotes aerosol hygroscopic growth, resulting in smaller AE
values. Besides, the increased AOD in HK at nighttime is likely caused by
the increased RH as well as nearby emissions.

Vertical extinction profiles at night are more stable compared to
daytime across all six regions. In northern regions, extinction profiles
exhibit a sharp exponential decay at lower altitudes and nearly zero
extinction at higher altitudes, due to the confined planetary boundary
layers. In contrast, TW and HK exhibit secondary extinction peaks at
2-4 km, likely due to transported smoke aerosols. Aerosol-type extinc-
tion analyses reveal that smoke aerosols exhibit the highest extinction
magnitudes, followed by polluted continental aerosols, polluted dust
aerosols, and dust aerosols. In contrast, clean continental and marine
aerosols display minimal extinction. The vertical aerosol-type frequency
distributions suggest consistent aerosol-type patterns between day and
night in all studied regions. Furthermore, the analysis suggests that thin
aerosol layers at high altitudes may be undetected by daytime lidar
signals but are more effectively captured during nighttime observations.

The influence of meteorological factors on the AOD-PM relationship
generally remains consistent between nighttime and daytime, although
some discrepancies arise under specific meteorological conditions.
Temp notably exerts the strongest influence, significantly contributing
to the seasonal dependence observed in the AOD-PM2.5 relationship.
Higher planetary boundary layer heights (PBLH) correlate with stronger
AOD-PM relationships and increased sensitivity of AOD to PM. Further
analysis suggests that the influence of PBLH on the AOD-PM2.5 rela-
tionship is likely mediated by RH, considering their strong inverse cor-
relation. RH plays a crucial role in the AOD-PM relationships. Both low
and high RH conditions enhance the AOD-PMj, 5 correlation, though this
effect is more pronounced during the daytime than at nighttime. For the
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AOD-PM; .25 relationship, RH has the most substantial impact among
the meteorological factors.

This study comprehensively investigates the nighttime aerosol
properties in East Asia. The findings enhance our understanding of
nighttime aerosols in terms of optical properties, vertical extinction,
aerosol type distribution, and the impacts of meteorological factors.
These insights can support policymakers in developing strategies to
mitigate nighttime aerosol pollution. Furthermore, our findings on the
influence of meteorological factors may provide deeper insight and
contribute to the quantitative understanding of AOD-PM interactions.
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