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Abstract: Accurate and updated aerosol optical properties (AOPs) are of vital importance to climatol-
ogy and environment-related studies for assessing the radiative impact of natural and anthropogenic
aerosols. We comprehensively studied the columnar AOP observations between January 2019 and
July 2020 from a ground-based remote sensing instrument located at a rural site operated by Central
China Comprehensive Experimental Sites in the center of the Yangtze River Delta (YRD) region. In
order to further study the aerosol type, two threshold-based aerosol classification methods were used
to investigate the potential categories of aerosol particles under different aerosol loadings. Based on
AOP observation and classification results, the potential relationships between the above-mentioned
results and meteorological factors (i.e., humidity) and long-range transportation processes were
analyzed. According to the results, obvious variation in aerosol optical depth (AOD) during the
daytime, as well as throughout the year, was revealed. Investigation into AOD, single-scattering
albedo (SSA), and absorption aerosol optical depth (AAOD) revealed the dominance of fine-mode
aerosols with low absorptivity. According to the results of the two aerosol classification methods,
the dominant aerosol types were continental (accounting for 43.9%, method A) and non-absorbing
aerosols (62.5%, method B). Longer term columnar AOP observations using remote sensing alongside
other techniques in the rural areas in East China are still needed for accurate parameterization in
the future.

Keywords: columnar aerosol optical properties; sun photometer; meteorological factors; hygroscopic
growth; aerosol classification; aerosol long-range transportation; rural YRD

1. Introduction

Accurate characterization of aerosol optical properties (AOPs)—for example, the
aerosol fine/coarse-mode extinction coefficient, single-scattering albedo, and asymmetry
factor—is critically important for studies related to climate model parameterization [1,2],
quantitative remote sensing [3], and atmospheric pollution and human health problems [4].
In the past two decades, both surface-level [5–7] and columnar [8,9] AOPs have been
comprehensively observed and investigated globally due to the rapid development of
optical observation instruments and remote sensing technology, including ground-based
(e.g., sun photometer) and satellite-based sensors. Despite larger spatial coverage of
satellite-based aerosol optical property observations, relatively lower accuracy is achieved
by satellite-based sensors—mainly because of uncertainty introduced in the decoupling of
radiance contributions from the surface and from aerosols. Ground-based aerosol property
retrievals, however, achieve higher accuracy through the use of sky radiance observations
obtained in almucantar and principal plane modes [10,11].
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Aside from AOP observations, much attention is also paid to the classification of
columnar aerosols, so as to further learn about the long-range transportation and potential
source(s) of aerosol particles [12–14]. These efforts include aerosol typing and component
analysis studies carried out directly from measured radiance [14], or indirectly, based
on AOP inversions (e.g., AAOD) [15–17]. Most indirect aerosol typing methods involve
classification of AOP observations based on a set of predefined thresholds consisting of two
or more AOP parameters, such as AOD–Ångström exponent (AE) [8,18], and fine-mode
fraction (FMF)–SSA [19,20]. Although threshold values may vary slightly across different
regions, the threshold-based classification method does provide a simple and efficient
means of aerosol type determination [13].

The Yangtze River Delta (YRD) region is a hotspot of atmospheric environmental
studies, due to the presence of abundant aerosol emission sources (e.g., vehicles, industry);
thus, numerous studies of AOPs have been conducted in recent decades [21–24]. Using
surface-based instruments (e.g., aethalometer and nephelometer) and sun photometers,
the absorption and scattering properties of near-surface and columnar particles have been
widely investigated [25]. Obvious seasonal variation in surface or columnar aerosol con-
centrations has been observed through multiple studies, and different patterns have been
revealed. High aerosol loading as well as high absorption and scattering coefficients are
observed in winter; meanwhile, the lowest loading recorded was in summer [26]. As
for columnar-AOP-observation-related studies, seasonal variation in AOD was slightly
different among previous studies, with the highest AOD in spring [27], summer, and
autumn [21]. Based on an analysis of spatiotemporal variation in AOPs, many studies
have further examined the aerosol characterization and source apportionment of different
aerosol types. Employing Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) aerosol subtype products, Reddy et al. [27] found that polluted dust
and polluted continental aerosols dominate the aerosols in winter, while polluted dust is
dominant in spring at the coastal site of Zhoushan, which is in the southern part of the YRD.
Shen and Cao [28] further supported the conclusion of dominance of polluted dust in spring
by observing an urban site in Nanjing, using ground-based light detection and ranging
(Lidar). Air quality is typically poor in winter in the YRD, with a high aerosol concentration
of particulate matter near the surface, and unfavorable weather conditions [29]. Source
apportionment analysis conducted over some megacities in the YRD region revealed that
air masses from Northwest China and the North China Plain are the main contributors to
the pollution events in winter [30], while the Zhejiang and Anhui regions contribute the
greatest black carbon (BC) concentrations to the northern Nanjing region in winter [29].
The difference between these studies mainly stems from different vertical distribution
of aerosols throughout the four seasons, while the differences between columnar AOP
observations are caused by the diversified aerosol compositions and complex species across
different observation sites.

Based on the above-mentioned literature review, we can conclude that further inves-
tigation is still needed for AOP observation and source apportionment analysis in the
YRD region. For one thing, since the promulgation of the action plan for comprehensive
treatment of air pollution in autumn and winter 2019–2020 in the Yangtze River Delta by the
Ministry of Ecology and Environment of China [31], many measures to comprehensively
tackle air pollution over the YRD have been taken. However, whether these measures
are effective requires continuous observation, investigation, and research which, thus, are
still needed for the characterization of complex spatiotemporal variations in AOPs in this
region. Furthermore, to the best of our knowledge, the observation of columnar AOPs
over the rural background site located near the center of the YRD is still limited [32]. Thus,
more AOP observations are still needed over the YRD region in order to further investigate
aerosol type and the potential causes of the temporal variations.

The main objectives of the present study were as follows:

(1) The one-and-a-half-year-long (January 2019–July 2020) variation in columnar AOPs—
including SSA, volume size distribution (VSD), AOD, and FMF—were analyzed;
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(2) The relationships between AOPs and meteorological parameters—especially relative
humidity (RH)—were analyzed in order to further investigate the effects of hygro-
scopic growth, as well as the impact on aerosol type;

(3) The AOPs during two episodes characterized by typical meteorological and aerosol
loading conditions were analyzed.

The following section introduces the datasets and methodology (Section 2), followed
by the discussion (Section 3) of the results of the AOPs and aerosol types, and their
connection to meteorological factors. Finally, our main conclusions are summarized in
Section 4.

2. Materials and Methods
2.1. Introduction to Study Area

The Nanjing validation site is a part of the Central China Comprehensive Experimental
sites (CCCES) observation network [33]. The site is located in Shangxing County, Liyang
City, Jiangsu Province—a county lying in the central part of the Yangtze River Delta region,
and which is rich in mineral resources and modern industry. The underlying surface
type of the Nanjing validation site, however, mainly consists of cropland and farmland.
As has been pointed out in the introduction, most AOP observation studies in the YRD
region in the past five years have mainly focused on urban areas. Thus, observations for
one-and-a-half years from this site could well fill the gap in the rural areas affected by the
possible air pollution from the nearby megacities.

2.2. Ground-Based Observations

The ground-based AOP information in this study is derived from sky radiance mea-
surements using a CE-318 sun photometer deployed on the roof of the Nanjing validation
site’s experimental building (119.215◦ E, 31.502◦ N, ~50 m a.s.l.). The model of optical head
was CE318TP9, equipped with nine standard channels (340, 380, 440, 500, 675, 870, 937,
1020, and 1640 nm) as well as three polarized channels (infrared, ultraviolet, and visible).
The study period of the present study was January 2019–July 2020.

Much attention is paid to the accuracy of the instruments, and calibration work is
annually conducted by CIMEL Corporation. Instruments are annually calibrated at a high-
altitude site in Beijing by comparison with a master instrument calibrated using the Langley
method at Aerosol Robotic Network (AERONET)/PHOTONS sites. The calibration method
achieves high accuracy for both solar and sky radiance (<±0.01 for AOD at wavelength
>0.44 µm, and uncertainty for sky radiance measurements between 3% and 5%), which is
comparable to that of AERONET [34] and other aerosol observation networks [35].

Based on radiance observations from both principal plane and almucantar modes, an
AOP inversion algorithm, which is similar to the AERONET V2.0 inversion algorithm, was
employed to decode the aerosol physical information, such as size distribution, volume
concentration, and light-absorptive properties at multiple wavelengths [11]. The details
of the algorithms are explained in a previous study [32]. According to Sinyuk et al. [36],
retrieval accuracy of SSA would decrease under low aerosol loading. Therefore, before
investigating temporal and spatial variations in AOPs, records with AOD at 440 nm (AOD
440 nm) less than 0.4 were screened to ensure that only inversions with high-quality
assurance were used for analysis.

2.3. Meteorological Parameters

ERA5 involves 4D-Var data assimilation and model simulations from the European
Centre for Medium-Range Weather Forecasts (ECMWF)’s Integrated Forecast System (IFS).
As a comprehensive reanalysis, ERA5 assimilates multisource observations from both the
upper air and near-surface areas. The parameters employed in this study include the
instantaneous observations of u and v wind components 10 m above the surface, as well as
the boundary layer height, temperature, and relative humidity. All of these parameters are
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on an hourly basis, and have a horizontal spatial resolution of 0.25 × 0.25◦ in the format of
NetCDF. Other details can be found in [37].

2.4. HYSPLIT

The 48-h back-trajectories arriving at the Nanjing validation site were calculated every
6 h using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
version 5.1.0 [38], which is widely used for research related to simulation of the particle
transportation process. The meteorological data files imported into the model are from the
NCEP/NCAR Reanalysis dataset [39].

2.5. Aerosol Typing Methods

In the present study, two aerosol classification methods were employed to classify
AOP observations throughout the study period.

Method A classifies AOP observations with the combination of SSA and FMF. In order
to better distinguish between anthropogenic aerosol particles with varying degrees of
absorptivity without geolocation information, Lee et al. [19] proposed this method based
on both SSA and FMF, accounting for the radiation absorptivity and size information of
aerosols. According to this method, all AOP observations are first classified into three
categories according to FMF (550 nm): AOP observations with FMF less than 0.4 are
classified as coarse-mode aerosols, while those with FMF greater than 0.6 are classified
as fine-mode aerosols; those with FMF between 0.4 and 0.6 are classified as “mixture”.
The AOP observations in the fine- and coarse-mode groups are further classified into
subcategories based on SSA (440 nm): the observations in the coarse-mode category with
SSA less than 0.95 are defined as “dust”; otherwise, they are categorized as “undefined”.
For the fine-mode category, those observations with SSA greater than 0.95 are classified as
“non-absorbing (NA)” aerosols; otherwise, they are categorized as absorbing aerosols.

Exploiting the fact that the ratio between AOD and two different wavelengths (i.e.,
AROD) correlates well with aerosol chemical composition [40], Method B conducts aerosol
typing based on the combination of AOD and AROD [41]. Basic aerosol types of maritime,
continental, desert dust (DD), urban industry (UI), and biomass burning (BB) are included
in the results of this method. The definitions of each aerosol type can be found in the
work of Dubovik et al. [42] (Table A2). These results are also calculated with predefined
thresholds, which are obtained from numerical simulations with Mie scattering and a multi-
log-normal particle size distribution model [41]. The thresholds used for classification in
this study are from the following references, and have been applied for aerosol classification
over different parts of the world.

These two aerosol classification methods have been widely used, and multiple studies
have proven that these two methods can classify the aerosols well [43,44]. According to
the findings of Chen et al. [13], although the classification results seem rough compared
to chemical composition analysis, the results from different threshold-based methods are
generally consistent, and could reflect the dominant aerosol type in a certain region.

3. Results and Discussion
3.1. Temporal Variation in Aerosol Optical Properties
3.1.1. Hourly and Daily Variation

Meteorological conditions impose a large impact on the transportation of air masses
and the hygroscopic growth of aerosol particles. Moreover, changes in emission sources
and in atmospheric processes can lead to secondary aerosols. Thus, these conditions should
be considered seriously, along with the AOPs [45–48]. Daily variation in relative humidity
at 850 hPa (in %), temperature at 850 hPa (in ◦C), and boundary layer height (in meters) is
shown in Figure 1. The main cause of missing data (gray are in panel c) was unfavorable
weather (e.g., cloudy, rainy). Located near the center of the YRD region, the climate type of
the Nanjing observation site is subtropical monsoon.
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Figure 1. Daily variation in meteorological parameters, including relative humidity (RH) and
temperature at 850 hPa (a), atmospheric boundary layer height (ABL) (b), and columnar volume size
distribution (VSD) (c). The gray are in (c) denotes days without AOP inversions due to unfavorable
observation conditions (e.g., cloudy, rainy). The daily parameters used here are the daily average
composites of raw observations. AOD variation is also shown in (c). Note that double y-axes are
employed in (a,c).

In order to investigate the basic characteristics of AOP temporal variation, hourly
and monthly variation analyses were conducted in the present study, the results of which
can be seen in Figure 2. AOD at 440 nm was selected in this study to indicate the aerosol
extinction coefficient in this section. Green bars denote the fine-mode AOD, while the
orange bars denote coarse-mode AOD. According to the AERONET algorithm, fine-mode
aerosols are typically defined as particles with effective radii <0.992 µm, while coarse-
mode effective radii are >0.992 µm [49,50]. The blue curved line, centered around the blue
translucent band, denotes the FMF of the corresponding wavelength, defined as the ratio
between fine-mode AOD and total AOD at a wavelength of 440 nm. Monthly peak FMF
was reached in August (0.92 ± 0.10). Relatively low FMF can be seen in spring and autumn
(e.g., October and May), both of which had relatively high loadings of coarse-mode AOD
(around 0.1 in March and May, and around 0.07 in November), owing to long-range desert
dust transportation [21].

Monthly variation analyses revealed that high fine-mode aerosol loading appeared
from June to August (~0.7). Low aerosol loading (~0.30–0.58), however, was observed in
the winter. One of the factors contributing to high AOD (fine) in summer may be attributed
to hygroscopic growth in the YRD under the condition of high RH, as can be seen in
Figure 1a [32]. Another possible factor could be the effect of resuspension promoted by the
drier soil and a decrease in secondary nitrates [51]. A moderate level of aerosol loading
(~0.35–0.70) appeared in spring and autumn.
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Diurnal variation in AOD is of importance to quantitative remote sensing, atmospheric
correction, and emission source apportionment [52]. In addition to the seasonal AOP
variation, notable characteristics could also be found from hourly analyses. It is worth
noting that the available time range was 6 a.m.–5 p.m. (local time), because of missing
data at night. The diurnal variation in AOD here was much stronger (between 0.3 and
0.7) than observations from some other regions [53]. During the daytime, FMF (440 nm)
exhibited a bimodal pattern, with peaks reached around 10 a.m. and 2 p.m. (local time) at
the level of 0.91 ± 0.15 and 0.90 ± 0.10, respectively. When focusing on the two modes of
aerosols separately, a similar symmetrical hourly trend can be seen, in that the averaged
fine-mode AOD (440 nm) first decreases from 6 a.m. (~0.64 ± 0.34) to 12 p.m. (~0.32 ± 0.12),
and then gradually increases in the afternoon, to a peak of ~0.67 ± 0.41 at 5 p.m. This
interesting phenomenon of AOD being high in the morning and at dusk, and low around
noon (i.e., 12–2 p.m.) was also observed in previous studies conducted in China [54,55].
This same pattern was also observed in some studies focusing on near-surface aerosol
optical properties [56–58]. This result is determined by both meteorological conditions
and local emissions. For one thing, diurnal variation in AOD is influenced by many
boundary layer dynamics [59]. In the morning (before 8 a.m.) and afternoon (after 3 p.m.),
the relatively lower boundary layer leads to a stable atmosphere structure, impeding the
vertical mixing and dispersion process of aerosols in other directions (including horizontal
transport of aerosols), which is conducive to the accumulation of aerosols. In addition,
relatively low wind speed and high RH in the early morning after sunrise may also give rise
to the formation of haze events, increasing AOD levels [52]. Local emissions from vehicles
during rush hour in the morning are another important contributor to absorbing aerosols.

3.1.2. Monthly Variation

The monthly variations in VSD are shown in Figure 3. The monthly values were
obtained by averaging all of the real-time observations in one month. From Figure 3, we
can see that throughout the year, except for October and May, fine-mode aerosols are the
dominant type of total columnar aerosol particles. The bi-mode, however, is more frequent
in spring and autumn, with higher loadings of coarse-mode aerosols—possibly due to the
impact of sandstorms originating from Northwest China [60]. Monomodal distribution pat-
terns can be vividly observed during the DJF and JJA periods. An interesting phenomenon
is that during the summertime, the volume concentration of particles with a moderate
radius (~0.4–0.9 µm) is higher (>0.05 µm3·µm−2) than in other periods. Meanwhile, from
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Table A1, we can also see that fine-mode effective radii in JJA were larger (~0.20 ± 0.03 µm)
than in observations from other periods, indicating the long-range transport of coarse
particles or the possible growth of aerosol particles. The most probable reason for this phe-
nomenon is hygroscopic growth of the fine-mode water-soluble aerosol particles, especially
under humid conditions [61,62].
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3.2. Wavelength Dependence

The chemical composition, mixing state, and size and shape of the aerosol parti-
cles have a large impact on the optical properties of aerosols, one of which is the wave-
length dependence of different particles [40,63]. In order to further investigate the light-
scattering/absorption properties of aerosols during the study period, we mainly selected
the absorptivity-related properties, including the multiband AOD, AAOD, and SSA of
fine/coarse-mode particles.

SSA is defined as the ratio of the scattering coefficient and extinction coefficient.
Serving as an important parameter of radiative effect estimation [64], the spectral variation
in SSA is widely used for climate-related research. A narrow range of SSA (440 nm) was
found throughout the year, with the average SSA (440 nm) ranging from 0.90 to 0.96. A
high SSA is consistent with previous research [32], and it is significantly higher than the
values observed over the North China Plain [65]. The lowest average SSA was observed in
May (around 0.89). However, the next month (June) saw a sharp increase in SSA 440 (0.955),
which could be attributed to the hygroscopic growth of water-soluble aerosol particles [66].

As pointed out by Dubovik et al. [10,42], SSA is determined by two factors—particle
size and composition. A relatively sharp decrease in SSA with wavelength was found in
the winter months of DJF and the summer months of JA, which could be a result of the
presence of biomass burning and urban industry aerosols [10]. The steepest decrease in
wavelengths occurred in February. The spectral SSA in October was different from that
in other months; a high absorption capacity in the blue band and much lower absorption
capacity at longer wavelengths were observed. The spectral variation pattern is typical of
mineral dust aerosols, showing low SSA at shorter wavelengths due to the high absorption
of iron oxides [65,67]. The monthly fine-mode SSA was high for all months except May,
with the average (black dot) value at 440 nm exceeding 0.94, indicating the high scattering
and low absorptive ability during these months. The relatively low value of fine-mode SSA
in May was mainly caused by desert dust aerosols. As for the wavelength dependence of
the fine-mode SSA, a negative correlation was found between SSA and wavelength for all
months, and the steepest slope appeared in May.

For the variation in coarse-mode SSA, a positive correlation was found between the
SSA and wavelength, with the SSA at 440 nm being the lowest in each month. The spectral
slope of each month was relatively similar, indicating a relatively stable aerosol type
composition during the study period [11]. Relatively high coarse-mode SSA was found
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in June and December, with the average SSA at 440 nm exceeding 0.83. A lower SSA was
found for the coarse-mode SSA compared with the fine-mode SSA, as can also be seen
in Table A1, which can be explained by the absorbing nature of desert dust aerosols [14].
Furthermore, a larger difference in SSA values was found when the wavelength increased
from 440 to 1020 nm for coarse-mode aerosols versus for fine-mode aerosols (~0.10 and
−0.04 for coarse-mode and fine-mode aerosols, respectively). The spectral variation in
fine/coarse-mode aerosol SSA in the present study differs considerably from the results
observed in other regions, such as the Indo-Gangetic Plain (IGP) dominated by desert dust,
which showed a strong correlation between SSA and wavelength [63] for both fine- and
coarse-mode aerosols. In addition, our findings differ from those of research conducted at
other YRD sites [32], in that decreasing SSA with wavelength was observed in each month
except for October in the present site, as a result of high dust aerosol loadings.

Spectral variation in AOD is an important indicator of aerosol type and composition,
and the ratio between AOD observations at two wavelengths can be used for aerosol
type classification [40]. In Figure 4d, decreasing AOD with wavelength can be seen for
each month; the sharpest decrease, which could be inferred from the slope of the gray
lines between different wavelength boxes in Figure 4d, appears in June, July, and August
(JJA). The steep slope of the multi-wavelength AOD in the summer months indicates the
possible abundance of accumulation-mode aerosols [63]. To clearly probe aerosol size
information, the monthly AE between 440 and 870 nm was calculated in this study based
on simultaneous observations of multiband AOD at the two corresponding wavelengths.
Previous studies have highlighted that AE could serve as a good indicator of the ratio
between the loadings of accumulation-mode aerosols (radii < 1 µm) and coarse-mode
aerosols (radii > 1 µm). In addition to JJA, high AE values were also observed in the
winter months (DJF), with averaged AE (440/870) exceeding 1.40. The sharp intermonth
variation in AE is closely connected with the change in aerosol composition as well as
size spectra [63], as shown in Figure 4d. The highest AE in winter months (DJF) could
be well explained by the lowest concentration of coarse-mode particles (~0.01 µm3/µm2

in January) and a high concentration of accumulation-mode aerosols (~0.09 µm3/µm2

in January). Furthermore, the relatively flat slope between AOD and wavelength could
thus be explained by high fine- and coarse-mode aerosol loadings in both SON and MAM,
which could be explained by the long-range transport of desert dust and locally generated
pollution [50,60].

As an important indicator of the contribution of absorption aerosols to total AOD,
spectral AAOD can be obtained from the equation of AAOD(λ) = k·λ−AAE, where k
denotes absorption aerosol loading and AAE is the absorption Ångström exponent. The
monthly variation in absorptive aerosol optical depth (AAOD) shows that the AOP reaches
peaks in spring (May) and autumn (October), with the average AAOD (440 nm) reaching
0.04 and 0.035, respectively. The relatively high AAOD in these two months indicates
the increased abundance of aerosols with high absorptivity, including desert dust and
black carbon, the latter of which is produced by biomass burning commonly seen during
harvest season in China [68]. The relatively low magnitude of AAOD in the winter months
(DJF, <0.02 for AAOD 440 nm) is notable, which is consistent with the findings of previous
research in the YRD region [32]. Seasonal patterns of higher AAOD in spring and fall, as
found by Che et al. [32], were also found in the present study. However, the AAOD here
(0.018–0.04) was obviously lower than the AAOD over sites near the city of Hangzhou, as
well as over the North China Plain [65], at 440 nm. This may be connected to the weaker
absorptivity of aerosols over the Nanjing validation site, located far away from industries
and the population.
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As for the wavelength dependence of AAOD in each month, we can find a steeper
decrease in AAOD with increasing wavelength in the summer months (JJA), along with
a moderate decrease in the winter months (DJF) (Figure 4e). This can also be seen in the
monthly variation in the Absorption Ångström Exponent (AAE). In the present study, AAE
was calculated using two wavelength pairs, i.e., 440/870 and 440/1020 nm. The AAE
calculated from wavelengths of 440 and 870 nm showed seasonal variation throughout
the whole year. According to Figure 4e, relatively low AAE (440/870) can be observed in
spring, increasing in summer and winter, with the lowest AAE (440/870) reached in May
(~0.95 ± 0.18) and the highest in January (~1.12 ± 0.06) Throughout the year, the absorption
Ångström exponents from both wavelength pairs were all close to unity (ranging between
0.95 and 1.12), indicating the possible dominance of urban/industrial aerosols over the
study region [69]. According to Russell et al. [69], Giles et al. [70], and Dumka et al. [63],
higher AAE values could be explained by a possible increase in the fractions of biomass
burning and desert dust aerosols, which have a much higher AAE than the urban/industrial
aerosols. The aerosol typing analysis is further discussed in the next section. Another
interesting phenomenon in Figure 4e is the slight monthly variation between the AAEs
calculated from the 440/870 pair and from the 440/1020 pair,—especially in the months of
MAM (spring) and SON (winter). Higher AAE (440/1020) in spring and fall versus that
from the 440/870 wavelength pair is owed to the possible presence of desert dust, as was
also found in the Bahrain region in the research of Russell et al. [69].

3.3. Aerosol Typing
Comparison of Results from Two Aerosol Typing Methods

Aerosol classification analysis can be applied to the AOP observations to facilitate char-
acterization of aerosols, as well as the apportionment of potential sources of aerosols [13,40].
Based on the parameters analyzed above, two threshold methods, using AOD-AROT and
SSA-FMF parameter pairs, respectively, were employed to classify all of the observations
throughout the study period. As mentioned above, observations with AOD (440 nm) of
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less than 0.4 were screened out for quality assurance. The classification results at different
aerosol loadings can be seen in Figure 5. The reason for using both classification methods
in the current study instead of a single method was that the two methods classify aerosols
into different systems, with the AOD–AROT classifying aerosols into types related to the
type of the dominant aerosol particles, while the other method classifies them into types
related to the level of absorptivity (i.e., non-/moderately/slightly absorbing), thus more
comprehensively characterizing the aerosols in the study region.
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Results obtained from both methods show general consistency. The aerosol type
classification throughout the study period, based on the count distribution of AOD at
440, is shown in Figure 5a,b. Throughout the study period, the dominant aerosol types
were continental (43.9%), UI (38.9%), and subcontinental (12.2%), according to the AOD–
AROT relationship method. Compared with continental aerosols, the subcontinental
aerosols suffer more impacts from anthropogenic and natural emissions based on continen-
tal aerosols [41]. The high fraction of UI aerosols, which have non-absorbing properties,
is mainly caused by emissions from local industry and anthropogenic sources in the YRD
region [71,72]. The marine aerosol type only accounts for a slight proportion (around 1.50%)
during a low-aerosol-loading period (when AOD 440 nm is between 0.1 and 0.3).

The dominant aerosol type found by the SSA–FMF classification method was non-
absorbing (NA) aerosols (accounting for 62.5% of all of the high-quality observations).
This is consistent with the previous results for the low absorptivity of UI aerosols [42].
The dominance of the NA aerosols indicates the prevalence of particles that can scatter
more light back into the air, such as those from vehicle exhausts [71] and household
emissions [73]. This could well explain the dominance of close-to-unity AAE throughout
the year, as observed in Figure 4. From Figure 5b, we can also see that the episodes
with high aerosol loadings (AOD 440 nm larger than 0.9) are also dominated by the NA
type aerosols, as can be demonstrated by the moderate-to-high SSA throughout the year
(Figure 4d), and is consistent with the findings of Che et al. [32]. No highly absorbing
aerosols were observed throughout the whole study period.

3.4. Relationship between Aerosol Properties and Meteorological Factors
3.4.1. AOP under Different RH Levels

Meteorological factors, such as humidity, can have a large impact on the hygroscopic
process of aerosols, thus affecting VSD and AOD [61,74]. Relative humidity (RH) was used
to quantify the humidity in this study.

The process of hygroscopic growth could be examined by the variation in VSD with
increasing RH, as can be vividly seen in Figure 6b. In order to study the variation more
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clearly, the number of RH levels here was enlarged to six groups: D (dry; RH < 15%), MD
(moderately dry; RH between 15% and 25%), SD (slightly dry; RH between 25% and 35%),
SH (slightly humid; RH between 35% and 50%), MH (moderately humid; RH between
50% and 60%), and H (humid; RH greater than 60%). The selection of thresholds above
was mainly determined by the distribution of RH, in order to ensure that an adequate
number of observations are available in each rank. A vivid volume increase with RH can
be observed for some accumulation-mode aerosols with a large radius (between 0.335 and
0.992 µm; purple area in Figure 6b). The radius of water-soluble aerosols increases under
high RH conditions, thus increasing the volume concentration. Furthermore, the obvious
growth in this specific radius range may be closely related to the high volume fraction of
water-soluble aerosols—especially for the urban industry and continental aerosols [61].
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3.4.2. Aerosol Type Occurrence Frequency under Different RH Levels

The relationship between RH and aerosol type was investigated, and the results are
shown in Figure 6a, using the classification results from the AROD–AOD method. In this
section, we also use the six RH levels defined in the previous section. As shown in Figure 6a,
the proportion of continental aerosols decreased gradually from 68% at the D rank to ~22%
at the H rank. This can be explained by the transport of aerosols from the continent, which
occurs when it is relatively dry. Meanwhile, the urban industrial aerosols accounts for
a growing proportion from ranks D (18%) to H (63%), becoming the dominant aerosol
type. The results indicate increasing scattering efficiency of aerosols with RH, which could
be explained by the enhancement of the hygroscopic growth of water-soluble aerosols,
which have greater light-scattering properties [75]. Note that the aerosol type “marine”
was excluded from analysis here due to insufficient sample volume.

3.5. Case Study

For further understanding of the underlying determining factors behind the variation
in aerosol compositions at different times and under different meteorological conditions
(i.e., RH conditions), several short-term episodes were selected to learn more about the
transport and vertical distribution of columnar aerosols. Two episodes with high aerosol
loadings and distinct meteorological conditions were selected in the current study.

3.5.1. Episode 1: 12–27 April 2020

The first period was from 12–27 April 2020, which witnessed a heavy pollution episode
with a high concentration of fine-mode aerosols. Extremely high loading of fine-mode
aerosol concentration, which reached as high as 0.17 (µm3·µm−2), could be observed on
four days (12, 13, 24, and 27 April; plotted in orange and brown), as shown in Figure 7a.
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According to Figure 1c, the large concentration of accumulation-mode aerosols during this
period was rare throughout the whole study period. To investigate the possible reason
for this abnormal phenomenon, we carried out the daily back-trajectory analysis (runtime:
48 h) using HYSPLIT during the episode at two different levels (50 and 1500 m a.s.l). Cluster
analysis was further applied on the daily trajectory results. According to the results of
clustering analysis shown in Figure 8a,c, at the 50 m level, the majority of air masses
arriving at the site originated from central Shanghai as well as northeastern Zhejiang
Province (36%, Cluster 1), which are highly populated and developed in industry. The
local emissions were from vehicles and household cooking, and were mainly composed
of fine-mode particles. Furthermore, relatively high RH on 27 April (~70%) enhanced
the hygroscopic growth of the aerosols. When comparing the results with the trajectory
clusters of April 2019 (Figure A1), we can see that the dominant aerosol masses at the
50 m level were from the East China Sea (~66%), and that they may be the main reason
for the abnormally high volume of accumulation-mode aerosols in April 2020. Another
interesting phenomenon worth noting is the aerosol characteristics on 16 April, where the
volume concentration of fine-mode aerosols is obviously lower than that of the coarse-mode
aerosols, as can be seen in Figure 7a; in addition, positive correlation between wavelength
and SSA can be seen (Figure 7c), and the ratio between AOD 1020 nm and AOD 440 nm is
high (~0.5). Seventy-two-hour back-trajectory analysis reveals that this is closely related
to the possible regional transportation of desert dust aerosols from Northwest China and
Mongolia (Figure A2). As noted in Section 3.2 and [40,63], high AROT for 1020 nm (>0.5)
and positive correlation between SSA and wavelength are typical features of dust aerosols.

Remote Sens. 2022, 14, 406 13 of 20 
 

 

 
Figure 7. Daily average variation in critical aerosol optical properties of VSD (a,f), AOD (b,g), SSA 
(c,h), effective radius (d,i), and RH (e,j) during the two episodes. Note that the y-axes of relative 
humidity (i.e., (e,j)) for the two episodes are different in scale. 

 
Figure 8. Clustering analysis of backward trajectories of episode 1 (a,c) and episode 2 (b,d). The first 
and second rows represent trajectories arriving at the Nanjing site at the levels of 50 and 1500 m 
above sea level, respectively. The number beside each trajectory cluster denotes the contribution of 
the air mass alongside the corresponding trajectory. The base map is supported by GISUNI. 

0.1 1 10

0.00

0.04

0.08

0.12

0.16

Vo
lu

m
e 

C
on

ce
nt

ra
tio

n 
(μ

m
3 · μ

m
-2

)

Radius (μm)

 4/12  4/13 
 4/15  4/16
 4/20  4/24
 4/27

Apr 2020

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

0.3
0.6
0.9
1.2
1.5

A
O

D

0.93
0.94
0.95
0.96
0.97

SS
A

0.0
0.8
1.6
2.4
3.2

R
ef

ft

2020/4/12 4/13 4/15 4/16 4/20 4/24 4/27

20
30
40
50
60
70

R
H

 (%
)

Date

Aug 2019

0.1 1 10

0.00

0.04

0.08

0.12

0.16

Vo
lu

m
e 

C
on

ce
nt

ra
tio

n 
(μ

m
3 · μ

m
-2

)

Radius (μm)

 8/18  8/19
 8/20  8/21
 8/22  8/23
 8/24

0.3
0.6
0.9
1.2
1.5

A
O

D

 aod440   aod1020

0.93
0.94
0.95
0.96
0.97

SS
A

 ssat440  ssat670
 ssat870  ssat1020

0.0
0.8
1.6
2.4
3.2

R
ef

ft

 Total  Fine  Coarse

2019/8/18 8/19 9/20 8/21 8/22 8/23 8/24
60
65
70
75
80
85
90
95

R
H

 (%
)

Date

–2 –2

&3
Shangxing

130°0'E

130°0'E

120°0'E

120°0'E

110°0'E

110°0'E

45
°0

'N

45
°0

'N

40
°0

'N

40
°0

'N

35
°0

'N

35
°0

'N

30
°0

'N

30
°0

'N

®0 750 1,500375
KM

3 (21%)

2 (23%)

Cluster 1 (36%)
4 (20%)

&3
Shangxing

130°0'E120°0'E110°0'E

45
°0

'N

45
°0

'N

40
°0

'N

40
°0

'N

35
°0

'N

35
°0

'N

30
°0

'N

30
°0

'N

®0 750 1,500375
KM

3 (25%)

2 (25%)

Cluster 1 (30%) 4 (21%)

&3
Shangxing

130°0'E

130°0'E

120°0'E

120°0'E

110°0'E

110°0'E

45
°0

'N
40

°0
'N

35
°0

'N
30

°0
'N

®0 750 1,500375
KM

3 (29%)

2 (26%)Cluster 1 (32%)

4 (14%)

&3
Shangxing

130°0'E120°0'E110°0'E

45
°0

'N
40

°0
'N

35
°0

'N
30

°0
'N

®0 750 1,500375
KM

3 (22%)

2 (25%)
Cluster 1 (53%)

Apr 2020
 50 m.a.s.l 

Aug 2019 
50 m.a.s.l

(a) (b)

(c) (d)
Apr 2020

 1500 m.a.s.l 
Aug 2019 

1500 m.a.s.l

Figure 7. Daily average variation in critical aerosol optical properties of VSD (a,f), AOD (b,g), SSA
(c,h), effective radius (d,i), and RH (e,j) during the two episodes. Note that the y-axes of relative
humidity (i.e., (e,j)) for the two episodes are different in scale.
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and second rows represent trajectories arriving at the Nanjing site at the levels of 50 and 1500 m
above sea level, respectively. The number beside each trajectory cluster denotes the contribution of
the air mass alongside the corresponding trajectory. The red, orange and green lines in each figure
denote different contribution levels with red line representing the highest, green the lowest, and
orange and olive green the intermediate. The base map is supported by GISUNI.

3.5.2. Episode 2: 18–24 August 2019

The episode from 18–24 August 2019 was selected due to high loadings of fine-mode
aerosols in mid-August (Figure 1c), as well as the dominance of the “UI” aerosol type
based on the previous section. According to Figure 8, during the study period, air masses
arriving at the Nanjing validation site (119.21◦ E, 31.50◦ N) near the ground (50 m AGL)
mainly included those originating from the East China Sea and Yellow Sea (accounting
for ~86%), along with masses from Shanghai and northern Zhejiang Province (~14%). It is
worth noting that a smaller wavelength dependence of SSA (narrower distribution) was
found in the second period compared to the first one—especially on 23 August —according
to Figure 7h. The possible reason for this is also the abundance of water-soluble aerosol
particles, which have lower absorptivity, leading to flat variation in SSA with wavelength.
It is also notable that the aerosol volume concentration on 23 August 2019 reached a peak,
with AOD 440 nm reaching as much as 1.45. According to 36-h back-trajectory analysis
(Figure A3), the cause of the sudden increase on 24 August 2019 was the transportation of
air masses with high RH from the East China Sea, as well as coastal areas of Jiangsu, which
is highly populated and is the source of anthropogenic aerosols.

4. Conclusions

By comprehensively studying the temporal variation, the wavelength dependence of
AOPs, aerosol typing, and the relationships between AOPs and meteorological factors (i.e.,
RH), analysis was conducted based on the columnar AOP observations from a rural site
near the center of the YRD during January 2019–July 2020, filling the gap of columnar AOP
observations in the rural YRD. The following conclusions were reached:

(1) In terms of the temporal analysis, monthly variations in fine-/coarse-mode AOD
and volume size distribution analysis show the pattern of the highest fine-mode AOD (440
nm) in summer (around 0.7) and relatively low AOD in winter and spring (around 0.3). For
AOD variation during the daytime, an obvious symmetrical distribution pattern was ob-
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served, with the lowest fine-/coarse-mode AOD around 12 p.m. (local time), and the high-
est in the morning and afternoon, as a result of meteorological and anthropogenic factors;

(2) Strong wavelength dependence was observed for fine-/coarse-mode AOD, AAOD,
and SSA, indicating the potential dominance of efficiently scattering fine-mode aerosols;

(3) Aerosol classification analysis reveals the dominance of the urban industry aerosol
type (accounting for ~38.9% for the whole period), which exhibited low absorptivity
throughout the study period. As for the seasonal variation in different aerosol types,
aerosols appear to be efficiently scattering in summer, dominated by non-absorbing parti-
cles over the study area;

(4) Backward trajectory analysis of an episode in April 2020 reveals that the extremely
high loading of fine-mode aerosols at the Nanjing validation site was mainly caused by
local anthropogenic emissions from the YRD region (accounting for more than 36% at the
50 m level).

The present study provides aerosol optical property observations at a cropland (rural)-
based site located near several megacities, including Nanjing. More AOP observation
studies are needed in the future in order to obtain more comprehensive knowledge about
aerosol optical properties in the countryside region, using remote sensors such as ground-
based Lidar and remote sensing images.
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Appendix A

Table A1. Monthly and seasonal variations in size- and light-absorptivity-related AOPs. Both mean
values and standard deviations are given.

Month SSAt440 1 SSAf440 1 SSAc440 1 Refft 2

(µm)
Refff 2

(µm)
Reffc 2

(µm) AAOD440 3 AAE440/870 4 AE440/870 5

January 0.97 ± 0.01 0.97 ± 0.01 0.82 ± 0.06 0.23 ± 0.04 0.19 ± 0.03 3.00 ± 1.28 0.02 ± 0.01 1.12 ± 0.06 1.45 ± 0.27
February 0.94 ± 0.05 0.95 ± 0.03 0.80 ± 0.10 0.22 ± 0.06 0.15 ± 0.03 2.79 ± 1.17 0.02 ± 0.01 1.06 ± 0.23 1.48 ± 0.34

March 0.95 ± 0.03 0.96 ± 0.02 0.84 ± 0.06 0.29 ± 0.09 0.16 ± 0.04 1.75 ± 0.61 0.03 ± 0.01 1.04 ± 0.10 1.13 ± 0.24
April 0.94 ± 0.02 0.95 ± 0.02 0.83 ± 0.05 0.24 ± 0.05 0.16 ± 0.02 1.60 ± 0.44 0.03 ± 0.01 1.06 ± 0.08 1.24 ± 0.19
May 0.90 ± 0.05 0.94 ± 0.03 0.79 ± 0.08 0.34 ± 0.15 0.14 ± 0.03 1.59 ± 0.41 0.04 ± 0.01 0.95 ± 0.18 1.05 ± 0.32
June 0.95 ± 0.02 0.96 ± 0.01 0.84 ± 0.06 0.26 ± 0.04 0.20 ± 0.03 1.79 ± 0.54 0.04 ± 0.01 1.06 ± 0.05 1.14 ± 0.16
July 0.95 ± 0.03 0.95 ± 0.02 0.81 ± 0.07 0.26 ± 0.06 0.20 ± 0.04 1.84 ± 0.55 0.04 ± 0.01 1.08 ± 0.10 1.29 ± 0.25

August 0.96 ± 0.02 0.96 ± 0.01 0.83 ± 0.05 0.26 ± 0.09 0.19 ± 0.04 2.02 ± 0.47 0.03 ± 0.01 1.10 ± 0.10 1.37 ± 0.19
September 0.94 ± 0.04 0.96 ± 0.03 0.82 ± 0.07 0.28 ± 0.10 0.17 ± 0.04 1.97 ± 0.41 0.03 ± 0.01 1.03 ± 0.12 1.25 ± 0.25
October 0.93 ± 0.03 0.96 ± 0.02 0.81 ± 0.06 0.34 ± 0.15 0.17 ± 0.03 1.88 ± 0.90 0.04 ± 0.02 1.10 ± 0.11 1.04 ± 0.51
November 0.95 ± 0.01 0.96 ± 0.00 0.84 ± 0.03 0.27 ± 0.02 0.20 ± 0.02 1.73 ± 0.48 0.03 ± 0.01 1.06 ± 0.03 1.09 ± 0.05
December 0.96 ± 0.02 0.97 ± 0.02 0.86 ± 0.09 0.22 ± 0.06 0.16 ± 0.02 2.10 ± 1.00 0.02 ± 0.01 1.10 ± 0.08 1.40 ± 0.32

1 SSAt440, SSAf440, and SSAc440 denote single-scattering albedo (440 nm) for total, fine-mode, and coarse-mode
aerosols, respectively. 2 Refft, Refff, and Reffc denote the effective radius for total, fine-mode, and coarse-mode
aerosols, respectively. 3 AAOD440 denotes absorption aerosol optical depth (440 nm). 4 AAE440/870 denotes
absorption Ångström exponent calculated by AAOD at 440 nm and 870 nm. 5 AE440/870 denotes Ångström
exponent calculated by AOD at 440 nm and 870 nm.

Table A2. Definition of key aerosol types (reference: Dubovik et al., 2002 [42]).

Description

Biomass burning Produced by forest and grassland fires

Urban/industrial From fossil fuel combustion in populated industrial regions

Continental From the continent; mainly composed of fine particles (radii < 0.6 µm) [80]

Subcontinental Greatly influenced by anthropogenic emissions or natural sources, which
have abnormally high AOT440 [41]

Marine Originating from the ocean

Desert Dust Blown into the atmosphere by wind
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