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Abstract: As an important fraction of light-absorbing particles, black carbon (BC) has a significant
warming effect, despite accounting for a small proportion of total aerosols. A comprehensive
investigation was conducted on the characteristics of atmospheric aerosols and BC particles over
Wuhan, China. Mass concentration, optical properties, and radiative forcing of total aerosols and
BC were estimated using multi-source observation data. Results showed that the BC concentration
monthly mean varied from 2.19 to 5.33 µg m−3. The BC aerosol optical depth (AOD) maximum
monthly mean (0.026) occurred in winter, whereas the maximum total AOD (1.75) occurred in
summer. Under polluted-air conditions, both aerosol radiative forcing (ARF) and BC radiative
forcing (BCRF) at the bottom of the atmosphere (BOA) were strongest in summer, with values of
−83.01 and −11.22 W m−2, respectively. In summer, ARF at BOA on polluted-air days was more
than two-fold that on clean-air days. In addition, compared with clean-air days, BCRF at BOA on
polluted-air days was increased by 76% and 73% in summer and winter, respectively. The results
indicate an important influence of particulate air pollution on ARF and BCRF. Furthermore, the
average contribution of BCRF to ARF was 13.8%, even though the proportion of BC in PM2.5 was
only 5.1%.

Keywords: aerosol optical property; air pollution; black carbon; OPAC; radiative forcing; SBDART

1. Introduction

The main driving force of the Earth system is radiative forcing [1]. The temperature
and circulation of the Earth’s atmosphere and surface are largely regulated by the amount
of radiation the Earth receives from the Sun [2]. Therefore, a detailed and quantitative
knowledge of the Earth’s radiation field is crucial to understand and predict the evolution
of the components of the Earth system. In turn, this demands an accurate, yet increasingly
complex and comprehensive, account of the relevant processes in the climate system.
Atmospheric aerosols, which play a crucial role in global and regional climate change,
significantly modulate the radiation budget of the Earth–atmosphere system through their
direct and indirect effects on solar radiation [3,4]. Intergovernmental Panel on Climate
Change (IPCC) [5] reported that the quantification of the total radiative forcing is fraught
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with uncertainties, which are dominated by aerosol properties, particularly those relating
to aerosol single scattering albedo (SSA) and aerosol optical depth (AOD) [6]. Black carbon
(BC), often called “soot” by the combustion research community, is usually formed under
conditions in which insufficient oxygen is present for complete oxidation of carbonaceous
fuel to carbon dioxide (CO2) [7]. As the most important light-absorbing component in the
atmospheric aerosols, BC aerosols have been considered the second largest contributor
to global warming after CO2 [8–11]. In addition, with the development of air pollution,
BC damages air quality and atmospheric visibility [12,13], and can even change weather
conditions, leading to extreme weather [14–16]. Furthermore, the adverse effects of BC
on human health cannot be ignored because it is easy for harmful substances to absorb
BC particulate matters into the human body [17,18]. Therefore, it is becoming increasingly
difficult to ignore the influence of BC, and the research of BC has received considerable
critical attention.

The temporal and spatial distribution characteristics of the BC load have long been a
popular topic among researchers. Numerous studies focused on the BC mass concentration
characteristics in different regions of China, such as Hongkong, Xiamen, Shenzhen, the
Qinghai-Tibetan Plateau, and Beijing [19–23]. For example, the annual average surface
radiative forcing estimated in the southeastern Tibet Plateau was −19.9 W m−2 for the full
aerosol population and −3.9 W m−2 for a BC-only scenario [24]. Wang, et al. [25] reported
that BC aerosols over the North China Plain in winter led to a cooling effect of −13.6 W m−2

at the Earth’s surface and contributed 86% of the forcing caused by total aerosols in the
atmosphere. These studies suggest that, although BC accounts for a small fraction of
total aerosol load, it makes a significant contribution to atmospheric aerosol forcing due
to its strong radiative absorption nature. However, despite advances in understanding
the climate effects of aerosols and BC over the past few decades, significant uncertainties
remain due to inadequate knowledge of the complex spatial-temporal variability in aerosol
properties and limited measurements of aerosol parameters [6,26–29]. In particular, it is
extremely difficult to quantify BC-related properties in low concentrations [30]. Therefore,
monitoring of total aerosols and BC across various parts of a country is important to assess
the radiative effects on a regional and a global scale. In addition, because model success in
one region or season does not apply to all regions and seasons, long-term measurements
are required in many regions to assess the efficacy of the carbon emission inventory and
transport model output.

Economic development and the accompanying increasing demand for energy have
caused a dramatic increase in aerosol emissions, particularly in a small number of rapidly
growing countries such as China [31,32]. Due to its massive consumption of fossil fuel,
China accounts for the largest share of global BC emissions and half of Asian emissions [7,33],
which has an important impact on air quality and regional climate change [34–39]. As a
megalopolis in Central China, Wuhan shows unique characteristics in terms of its geological
location and synoptic characteristics. It is located on the banks of the Yangtze and Han
Rivers, and has numerous lakes. The large amount of vapor evaporating from rivers and
lakes leads to high-humidity conditions [40,41]. In addition, severe air pollution events
have been frequently reported in recent years, especially in winter [42]. Under these
high-humidity conditions, intense photochemical reactions and gas-to-particle conversions
of the primary pollutants from vehicle and industrial exhausts occur, in addition to the
strong hygroscopic growth of the resulting aerosols, thus leading to changes in the shape,
size, and components of the aerosol particles, and unique aerosol optical and radiative
characteristics, during air pollution episodes [43–45]. Significant progress has been made
to understand aerosol optical properties and aerosol radiative forcing (ARF), and surface
BC concentration, over Wuhan [42,46]. However, scholars have focused on the diurnal
variations or case analysis of these factors over Wuhan. Moreover, the variation in aerosol
absorption under different particulate pollution conditions is poorly understood, although
it has a major impacts on the aerosol radiative effect, as reported by Guan, et al. [47].
Therefore, there remains a lack of analysis of the seasonal changes considering particulate
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air pollution conditions. This uncertainty impairs the quantitative evaluation of future
climate adaptation and mitigation pathways. More complete knowledge of total aerosols
and BC will help enhance the ability to accurately assess radiative forcing and improve the
understanding of the role of different megacities in the regional climate, thus providing a
high-confidence scientific reference for policymakers to develop a better reduction strategy.

In this study, four year continuous comprehensive measurements from the CIMEL
sun–sky radiometer (CE-318) and Aethalometer (AE-31) were utilized from 2013–2016 over
Wuhan, China. Based on the atmospheric aerosol parameters retrieved by CE-318 and the
optical parameters of BC retrieved using the Optical Properties of Aerosols and Clouds
(OPAC) package, ARF and BC radiative forcing (BCRF) in the shortwave region were
estimated through the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART)
model. The remainder of this paper is organized as follows: in Section 2, the main data
and methods are described; in Section 3, the seasonal optical properties and associated
radiative forcing of total aerosols and BC over Wuhan are analyzed; conclusions are finally
presented in Section 4.

2. Materials and Methods
2.1. Data

The main observation data were obtained from CE-318 and AE-31 instruments, which
were installed on the roof of the State Key Laboratory of Information Engineering in Sur-
veying, Mapping, and Remote Sensing (114◦21′ E, 30◦32′ N) in Wuhan University, Wuhan,
China. The CE-318 takes direct Sun measurements with a 1.2◦ full field of view at 340, 380,
440, 500, 675, 870, 940, 1020, and 1640 nm, and measures sky radiance in the almucantar and
principal planes geometries, at 440, 675, 870, and 1020 nm [48]. To ensure its accuracy, it is
calibrated annually from the China Meteorological Administration Aerosol Remote Sensing
Network [49]. In the AE-31 instrument, BC mass concentration is calculated following the
assumption that the light attenuation increases only because of light absorption due to BC
accumulating on the filter [50,51]. According to the change in light attenuation, the AE-31
measures the mass concentration of BC in real time at seven spectral channels from 370 to
950 nm [52]. To obtain reliable data, abnormal values (i.e., absolute values that were three-
fold greater than the hourly average) and values marked as a dead point by the instrument
were eliminated. The BC data was subsequently averaged to a time resolution of 1 day in
order to be aligned with other data. The atmospheric boundary layer height (BLH) used in
this study was acquired from the European Centre for Medium-Range Weather Forecasts
(ECMWF, https://www.ecmwf.int/, accessed on 15 November 2020) ERA5 dataset [53].
In addition, the vertical distribution of atmospheric aerosols, characterized by extinction
coefficients at 532 nm from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
Version 4.20_Level 2–5 km aerosol profile products [54,55], was used to calculated ARF.

Note that the above data were matched with PM2.5 (particulate matter with aerody-
namic diameter less than 2.5 µm) data. The daily average mass concentrations of PM2.5
observed at the monitoring site of East Lake Liyuan (30◦34′ N, 114◦22′ E; the nearest
to the location of CE-318 and AE-31) were obtained from the China National Environ-
mental Monitoring Centre (http://www.cnemc.cn/, accessed on 15 November 2020). In
order to compare the aerosol properties and their radiative effects under different partic-
ulate pollution conditions, we divided the particulate pollution conditions according to
PM2.5 mass concentration. The period with a mass concentration of PM2.5 in the range of
0−75 µg m−3 was defined as the condition of clean air, and the period with a value greater
than 75 µg m−3 was defined as the condition of polluted air. The threshold of 75 µg m−3 is
based on the ambient air quality standards of China [56].

2.2. Retrieval of Aerosol Parameters

For atmospheric aerosols, their optical and microphysical properties were retrieved
from CE-318 after cloud detection and screening with the algorithm proposed by Smirnov,
et al. [57]. Based on the direct solar observations and sky radiance at 440, 675, 870, and
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1020 nm, SSA, asymmetry factor (AF), and volume size distribution (VSD) were calculated
according to the method proposed by Dubovik and King [58]. The estimated uncertainty of
SSA related to the aerosol load and type is between 0.03 and 0.07, and the uncertainty for
VSD is less than 10% in the particle size range of 0.1 to 0.7 µm [58,59]. The Ångström expo-
nent (α) was computed from AOD at 440 and 870 nm in accordance with the relationship
of AOD and wavelength (λ) [60]. Further details about the instrument characteristics and
aerosol retrievals are given elsewhere [61]. The absorbing aerosol optical depth (AAOD)
can characterize the contribution of absorbing aerosols to total atmospheric aerosols, and
was estimated following Equation (1):

AAOD(λ) = AOD× [1− SSA(λ)] (1)

The optical parameters of BC aerosols were calculated from OPAC with BC number
concentration (unit: 1 particle cm−3) and BLH (unit: km) as inputs. OPAC is an aerosol
and cloud optical properties software package composed of a dataset and a FORTRAN
program [50]. The built-in dataset contains microphysical properties and optical properties
of cloud and aerosol components under different humidity conditions. The FORTRAN
program not only allows users to extract data from this dataset, but also to estimate the
optical properties of user-defined mixtures [62,63]. In this study, we defined a new aerosol
type by setting the number concentration of the soot component and the corresponding
height profile. The number concentration of soot provided as an input into OPAC was
scaled appropriately from the measured BC mass concentration. The vertical distribution
of the soot component is described by means of exponential profiles. More details are given
by [50].

For the components other than BC, their AOD was calculated by subtracting BC AOD
from the total AOD, and the corresponding SSA (SSAnobc) and AF (AFnobc) were acquired
following Equations (2) and (3), respectively [64]:

SSAnobc =

(
SSA− BC_SSA× BC_AOD

AOD

)
× AOD

AOD− BC_AOD
(2)

AFnobc =

(
AF− BC_AF× BC_AOD

AOD

)
× AOD

AOD− BC_AOD
(3)

2.3. Calculation of Aerosol Radiative Forcing

Because atmospheric aerosols affect the Earth’s energy balance primarily through
scattering and absorption of shortwave radiation, the radiative effect of total aerosols and
BC were estimated in the shortwave (280–2800 nm) using the Discrete Ordinates Radiative
Transfer Code (DISORT), implemented in the SBDART model [2,65]. The SBDART model
contains 6 standard atmospheric profiles, 5 basic surface types, 4 standard aerosol types,
and vertical distribution models of aerosols, which offer users default values for input
parameters; however, users can also specify real values of these parameters. In this study, in
addition to the optical parameters (such as AOD, SSA, AF, and α) of atmospheric aerosols
and BC, the input to the SBDART model includes total water and ozone column content
obtained from the Level 3 data of the Atmospheric Infrared Sounder (AIRS) onboard the
satellite Aqua [66], surface albedo obtained from Moderate Resolution Imaging Spectrora-
diometer (MODIS) 16 day product (MCD43C3) [67], and atmospheric aerosol extinction
profiles at 532 nm from CALIOP. As shown in Figure 1, the aerosol extinction coefficients
below 3 km increased significantly with decreasing altitude as aerosols are concentrated
near the surface. In addition, the maximum coefficients (0.28–0.50 km−1) were observed
at the lowest detectable altitude in all seasons. Particularly during polluted-air days in
winter, the average value of the extinction coefficients was around 0.50 km−1 below 500 m.
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Figure 1. Multi-year seasonal mean vertical profiles of extinction coefficient in (a) spring; (b) summer;
(c) autumn; (d) winter over Wuhan, China from 2013 to 2016 under different particulate air pollution
conditions.

The main outputs of the simulations were downward and upward fluxes at the top of
the atmosphere (TOA) and at the bottom of the atmosphere (BOA). The ARF, denoted as
∆F, is defined as the difference between the net solar radiation balance in the presence of
aerosol (Fnet

aer ) and without aerosols (Fnet
noaer) [68]. The formulas are as follows:

Fnet
aer = F↓aer − F↑aer (4)

Fnet
noaer = F↓noaer − F↑noaer (5)

∆F = Fnet
aer − Fnet

noaer (6)

where ↑ and ↓ indicate upward and downward solar radiation, respectively. In a similar
manner, BCRF (expressed as ∆FBC), can be calculated by Equation (8) [64]:

Fnet
noBC = F↓noBC − F↑noBC (7)

∆FBC = Fnet
aer − Fnet

noBC (8)

Based on Equations (6) and (8), ARF and BCRF at the TOA and at the BOA were
calculated. Thereafter, ARF (BCRF) in the atmosphere (ATM) was acquired by subtracting
the ARF (BCRF) at TOA and BOA.
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Because the solar zenith angle has an influence on the incident radiation, the scattering
phase function of aerosols, and the calculation of radiation effects [1,65,69,70], it was limited
to 60◦ ± 5◦ [8].

3. Results and Discussion
3.1. Aerosol Optical and Microphysical Properties
3.1.1. Mass Concentration and AOD of BC

Temporal variations in BC mass concentration, BC AOD, and PM2.5 mass concentration
over Wuhan from 2013 to 2016 are illustrated in Figure 2, showing similar monthly change
patterns. The values of BC concentration and BC AOD slightly decreased from January
to February, and fluctuated gently from February to July, and then gradually increased
until December. The maximum of BC mass concentration and BC AOD occurred in
December (5.33± 3.11 µg m−3 and 0.026± 0.015, respectively), and the minimum occurred
in July (2.19 ± 0.93 µg m−3 and 0.014 ± 0.007, respectively). Therefore, the PM2.5 mass
concentration in July was the smallest, with a value of 36.92 ± 17.35 µg m−3, and the
maximum of PM2.5 mass concentration (159.61 ± 62.94 µg m−3) was observed in the
winter month (January). The seasonal variation of BC mass concentration over Wuhan was
similar to those over other cities in China (such as Xi’an, Xiamen, and Xuzhou); that is, its
values were higher in spring and winter, and lower in summer and autumn [21,71,72]. The
monthly changes in BC are mainly influenced by local emissions. According to the China
Statistical Yearbook, the main source of energy production and consumption in China is
coal. The high rates of usage of coal are primarily responsible for high BC emissions [69,70].
In winter, as heating activities increase, coal burning increases, leading to a dramatic
increase in fine-mode anthropogenic aerosols such as BC. In addition, stable atmospheric
conditions in winter have an influence on BC [71]. The temperature and BLH in winter is
low, and atmospheric convection activity is not vigorous, which is not conducive to the
dispersion of air pollutants, thus promoting the accumulation of aerosols on the surface
and maintaining their concentration at a high level. Moreover, Wuhan is located in the
subtropical monsoon climate zone, with frequent rainfall in summer [72,73], which may
reduce the BC concentration [74].

Figure 2. Monthly variation of (a) BC mass concentration; (b) BC AOD; (c) PM2.5 mass concentration
over Wuhan from 2013 to 2016. The red lines are the connection of the monthly averages over the
years, and the vertical bars correspond to one standard deviation from the mean.
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As shown in Figure 2, the multi-year monthly changes in the concentration of BC and
PM2.5 had similar trends, so we explored the correlation between BC and PM2.5 in different
seasons. Figure 3 describes the dependence of daily PM2.5 on BC mass concentration
over Wuhan. The smallest R2 (0.53) was observed in spring whereas the largest R2 (0.72)
appeared in summer. The high correlation between PM2.5 and BC indicates that the increase
in PM2.5 was accompanied by the increase in BC; that is, the contribution of BC to PM2.5
was stable, with a mean fraction of 5.1%. In addition, it is worth noting that the scattered
points in the areas with high PM2.5 and low BC values in Figure 3a,d caused the low R2

in spring and winter, revealing a dramatic change in the proportion of particles other
than BC. This result may be related to the long-range transport of dust in spring and the
water-soluble non-absorbing fine-mode particles in winter [75–77].

Figure 3. Relationship between the mass concentration of BC and PM2.5 in (a) spring; (b) summer;
(c) autumn; (d) winter over Wuhan from 2013 to 2016. The red lines in the plots represent the linear
fitting.

3.1.2. Optical and Microphysical Properties of Total Aerosols

The multi-year seasonal mean of the total atmospheric aerosol optical properties
is shown in Figure 4. During clean-air periods, AOD values in spring, summer and
autumn were similar and the lowest value (0.49 ± 0.27) was observed in winter. During
polluted-air periods, the maximum of AOD (1.75 ± 0.20) occurred in summer whereas the
minimum (1.01 ± 0.43) occurred in autumn. The enhancement in the aerosol extinction
effect, reflected by the increase in AOD, is attributed to the changes in the absorption and
scattering characteristics caused by factors such as aerosol load and size.
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Figure 4. Multi-year seasonal mean of aerosol optical properties in (a) spring; (b) summer; (c) autumn;
(d) winter over Wuhan, China from 2013 to 2016. All parameters shown in this figure are at 440 nm
except for α. The digital labels indicate the average values of aerosol optical parameters, and the
vertical bars correspond to one standard deviation from the mean.

SSA refers to the ratio of scattered radiation to the total radiation (also called “attenua-
tion”, that is, the sum of scattering and absorption), and AF reflects the ratio of forward
scattering, with a value ranging from −1 to 1. For fine-mode particles, generally the larger
the particle, the larger the AF value, which means more forward scattering. In spring and
autumn, the values of SSA and AF were similar under the two conditions. However, in
summer and winter, the values of SSA changed significantly. The SSA rose from 0.87 to
0.93 in summer, and from 0.86 to 0.88 in winter. The AF gently changed from 0.72 to 0.75 in
summer and from 0.69 to 0.72 in winter. The rise in SSA implies that the ratio of scattered
radiation increased; that is, the ratio of absorbing and non-absorbing aerosol particles
changed significantly under polluted-air conditions. In addition, the result of AF reveals
that the size of fine-mode particles may increase in summer and winter.

However, AAOD values during polluted-air periods were higher than those dur-
ing clean-air periods in all seasons, despite the increase in the proportion of scattered
radiation in summer and winter. In particular, the average AAOD values in winter over
Wuhan were greater than 0.10, whereas the results measured in other regions of China,
such as Hangzhou, Shanghai, and Guangzhou, were relatively smaller (AAOD ~0.05 in
winter) [78,79]. This may be attributed to the high load of absorbing aerosol particles
(such as BC and other organic carbon) in Wuhan, which originate from automobile exhaust
emissions, industrial production, and the burning of crops such as straw [80,81]. In addi-
tion, the increase in these particles will promote air pollution over Wuhan. Therefore, the
relationship between AAOD and BC AOD was studied, as shown in Figure 5. The results
reveal that the correlation between the two was relatively stronger in autumn and winter
than that in spring and summer, with R2 reaching 0.45 and 0.33, respectively. Moreover,
although BC accounted for a small proportion of PM2.5, the multi-year seasonal average
proportion of BC AOD in AAOD was greater than 22% in all seasons, with a mean value of
25.8%. Compared with winter, the values of AAOD in summer also increased obviously,
from 0.08 to 0.14, but the corresponding R2 between BC AOD and AAOD was lower.
Dust transported from the northwest region to Wuhan may cause this result, because dust
with iron and organic carbon components displays significant absorption at shortwave
region [82,83]. In addition, BC transported from surrounding regions at a relatively high
altitude is difficult to measure accurately using the Aethalometer in summer [41].
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Figure 5. Dependence of AAOD on BC AOD in (a) spring; (b) summer; (c) autumn; (d) winter over
Wuhan, China from 2013 to 2016. The red lines in the plots are the linear fitting.

The optical properties of aerosols strongly depend on VSD, which is closely related to
α, the fine-mode fraction (FMF) [84,85]. To determine the change in aerosol particle size
under different particulate pollution conditions, the multi-year seasonal mean VSD was
investigated. Figure 6 shows the seasonal-mean changes in VSD under different particulate
air pollution conditions in Wuhan, revealing a bimodal size distribution dependent on
multiple factors such as growth of large particles by condensation of the gas-phase reaction,
mixing of two air masses, and meteorological parameters [86]. In comparison with clean-air
days, on polluted-air days, the peak of fine/coarse-mode particles in different seasons
increased to different degrees. Among these, the variations in the peak of fine/coarse-
mode particles in spring were small and in autumn were almost negligible. However, the
characteristics of VSD on polluted-air days changed significantly in summer and winter,
especially for fine-mode particles, which explains the change in AF. In summer, due to
the high humidity caused by abundant rain and high temperature, leading to fine-mode
aerosol hygroscopic growth and secondary aerosol generation [40], the peak of fine-mode
particles increased sharply to 0.165 µm3 µm−2 and the corresponding volume geometric
radius changed from 0.194 to 0.335 µm. In winter, the dominant particles changed from
coarse mode to fine mode, and the peak of fine-mode particles increased nearly two-fold,
reaching 0.093 µm3 µm−2, indicating an influence of the anthropogenic aerosols. It is worth
mentioning that fine-mode aerosol particles with a large size would have strong extinction
effects on solar radiation, leading to a high AOD value (Figure 4b,d).
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Figure 6. Multi-year seasonal mean of the volume size distribution (VSD) in (a) spring; (b) summer;
(c) autumn; (d) winter over Wuhan, China under different particulate air pollution conditions from
2013 to 2016.

In terms of α, its values under polluted-air conditions are generally larger than those
under clean-air conditions, such as the variation in α in winter (Figure 4d). However, in
comparison with clean-air conditions, the α values under polluted-air conditions decreased
in spring, summer, and autumn. One of the reasons for the abnormal change in α may be
the variation in fine-mode particle size [40]: in spring and autumn, the change in Rf (which
represents the median radius of fine-mode particles) shows that the size of the fine-mode
particles increased, although the magnitude was not obvious; in summer, high temperature
and humidity over Wuhan caused the size of fine-mode particles to increase sharply.

3.2. Aerosol Radiative Forcing
3.2.1. Radiative Effects of Total Atmospheric Aerosols

As described in Section 2.3, ARF and BCRF at TOA, ATM, and BOA were calculated
through the SBDART model. Their seasonal average results under different particulate air
pollution conditions are depicted in Figure 7. Negative radiative forcing indicates a cooling
effect caused by aerosols; on the contrary, positive radiative forcing means a heating effect.
Overall, total atmospheric aerosols have a heating effect on ATM and cooling effects on
BOA and TOA, as shown in Figure 7a.

Under the two air conditions, ARF at BOA and ATM show a strong seasonal variation,
that is, strongest in summer, followed by spring and autumn, and the weakest in winter,
which mainly depends on the incident solar radiation and the aerosol load. During clean-
air periods, the values of ARF at TOA, BOA, and ATM varied from −18.36 to −12.50,
−56.61 to −22.70, and 10.20 to 43.07 W m−2, respectively. During polluted-air periods, the
values of ARF at TOA, BOA, and ATM varied from −31.96 to −15.18, −83.01 to −38.82,
and 23.63 to 51.06 W m−2, respectively. The seasonal mean values and variation of ARF at
BOA in Wuhan were similar to those observed in urban Nanjing [87], whereas relatively
lower values and weaker seasonal variation of ARF at BOA were observed in urban Beijing,
which is attributed to different driver factors of ARF [77,88]. In terms of the influence of
different air conditions, the difference between ARF at TOA/BOA on clean-air days and on
polluted-air days was the greatest in summer. The values of ARF at TOA/BOA in summer
under polluted-air conditions were more than two-fold those under clean-air conditions. In
addition, in spring, the values of ARF at BOA on polluted-air days were about one-quarter
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stronger than those on clean-air days, and in winter they increased by 71%. The results
reveal the significant effect of air pollution on the ARF at BOA, which is consistent with
the previous research [40,77].

Figure 7. Multi-year seasonal mean of (a) ARF; (b) BCRF at TOA, BOA, and ATM in Wuhan, China
from 2013 to 2016. The values in parentheses indicate the proportion of BCRF in the corresponding
ARF at BOA.

3.2.2. Radiative Effects of BC

As a typical absorbing aerosol, BC aerosols cause a negative radiative forcing at BOA
and a positive radiative forcing at TOA and ATM, as shown in Figure 7b. Similar to the
seasonal pattern of ARF, on clean-air days, the absolute values of BCRF at TOA, BOA,
and ATM were highest in summer, followed by spring and autumn, and the lowest in
winter. During clean-air periods, the values of BCRF at TOA, BOA, and ATM changed
from 0.90 to 2.09 W m−2, −6.38 to −3.92 W m−2 and 4.82 to 8.47 W m−2, respectively. On
polluted-air days, BCRF at TOA, BOA, and ATM show a weak seasonal variation pattern.
During polluted-air periods, the highest BCRF values at TOA, BOA, and ATM were
3.80 W m−2 (∆ + 1.71 W m−2, where ∆ means the difference between BCRF on polluted-air
days and clean-air days),−11.22 W m−2 (∆− 4.84 W m−2), and 15.02 W m−2 (∆ + 6.55 W m−2),
respectively. Similarly, the strongest BCRF in summer is associated with the strongest
incident solar radiation in this season. The numerical labels in parentheses in Figure 7b
represent the percentage contribution of BCRF at BOA to ARF at BOA in the corresponding
period (namely, the same season and air condition). Although the proportion of BC in
PM2.5 was only 5.1%, the average contribution of BCRF to ARF was as high as 13.8%,
showing a significant contribution of BC on ARF.

In terms of the impact of different air conditions on radiative forcing, degrees of en-
hancement in BCRF varied with different seasons. Compared with the contribution fraction
of BCRF at BOA under clean-air conditions, the contribution fraction under polluted-air
conditions increased from 10.1% to 12.0% and 11.6% to 15.0% in summer and autumn, re-
spectively, indicating that the contribution of BC to the total atmospheric aerosols increased
because of air pollution. In addition, in comparison with the BCRF at BOA on clean-air
days, the BCRF at BOA on polluted-air days increased by 76% and 73% in summer and
winter, respectively. The enhancement in BCRF at BOA associated with air pollution was
considerably greater than that estimated in urban Beijing (~18%) [89]. The high ratios in
summer may be attributed to the change in the mixing state of BC, which is associated
with fine-mode aerosol hygroscopic growth and secondary aerosol generation [89,90]. The
particle mixing state plays a vital role in the aerosol radiative effect, especially for the
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mixing of anthropogenic pollution (such as BC) over East Asia [91]. The addition of non-BC
materials to BC particles may enhance the light absorption of particles by 50% to 60% [92].
The high ratios in winter may be due to the high BC mass concentration and the interaction
between aerosols and the planetary boundary layer. Ding, et al. [14] reported that the
increase in absorbing aerosol (such as carbonaceous aerosols) can promote the occurrence
of air pollution in China by depressing the development of the boundary layer.

4. Conclusions

In this study, the multi-year seasonal analysis of concentration, optical, and microphys-
ical properties of total atmospheric aerosols and BC was conducted based on CE-318 and
AE-31 observations and the OPAC model. To increase the knowledge about the properties
of aerosols over Wuhan, China, and reduce the uncertainty in assessing the climate effects
of BC, the radiative forcing due to atmospheric aerosols (total aerosol fraction) and the
percentage contribution solely due to BC in total forcing, estimated by SBDART, were
also investigated under different particulate pollution conditions. Thus, the quantitative
evaluation results of total aerosols and BC in this study are helpful in quantifying the
aerosol climatic effects over this region and comparing the climate responses due to dif-
ferent agents, both for policy decisions concerning mitigation and adaptation, and for the
scientific understanding of the relative importance of the forcing agents.

The multi-year monthly mean BC concentration and BC AOD varied from 2.19 to
5.33 µg m−3 and 0.014 to 0.026, respectively, and PM2.5 concentration changed from 36.92
to 159.61 µg m−3. The results show that the monthly variations in BC and PM2.5 had
a strong consistency, with the smallest R2 (0.53) in spring and the largest R2 (0.72) in
summer. The values of AOD under polluted-air conditions were higher than those under
clean-air conditions in all seasons, especially in summer, with a value of 1.75. The SSA
increased from 0.87 to 0.93 and 0.86 to 0.88 in summer and winter, indicating that the ratio
of absorbing and non-absorbing aerosol particles changed significantly. Furthermore, the
AF changed from 0.72 to 0.75 and 0.69 to 0.72 in summer and winter. In addition, the VSD
characteristics of fine-mode particles on polluted-air days changed dramatically in summer
and winter. In particular, in summer, the peak of fine-mode particles increased sharply to
0.165 µm3 µm−2 and the corresponding volume geometric radius changed from 0.194 to
0.335 µm.

Under polluted-air conditions, ARF at BOA and ATM were strongest in summer, with
values of −83.01 and 51.06 W m−2, respectively, and the weakest in winter, with values of
−38.82 and 23.63 W m−2, respectively. This result mainly depends on the incident solar
radiation and the aerosol load. The differences between ARF at TOA/BOA on polluted-air
days and on clean-air days show the important influence of air condition on ARF, especially
in summer. Under polluted-air conditions, the BCRF at BOA and ATM changed from
−11.22 to −6.78 W m−2 and 8.80 to 15.02 W m−2, respectively. Although the proportion
of BC in PM2.5 was small (~5.1%), the average fraction of BCRF to ARF reached 13.8%,
showing a significant contribution of BCRF on ARF. In addition, compared with clean-air
days, the BCRF at BOA on polluted-air days increased by 76% and 73% in summer and
winter.
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