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Abstract. The optical and physical properties as well as the
direct radiative forcings (DRFs) of fractionated aerosols in
the urban area of the western Yangtze River Delta (YRD) are
investigated with measurements from a Cimel sun photome-
ter combined with a radiation transfer model. Ground-based
observations of aerosols have much higher temporal resolu-
tions than satellite retrievals. An initial analysis reveals the
characteristics of the optical properties of different types of
fractionated aerosols in the western YRD. The total aerosols,
mostly composed of scattering components (93.8 %), have
mean optical depths of 0.65 at 550 nm and refractive index
of 1.44+ 0.0084i at 440 nm. The fine aerosols are approx-
imately four times more abundant and have very different
compositions from coarse aerosols. The absorbing compo-
nents account for only ∼ 4.6 % of fine aerosols and 15.5 %
of coarse aerosols and have smaller sizes than the scatter-
ing aerosols within the same mode. Therefore, fine particles
have stronger scattering than coarse ones, simultaneously re-
flecting the different size distributions between the absorbing
and scattering aerosols. The relationships among the optical
properties quantify the aerosol mixing and imply that approx-
imately 15 and 27.5 % of the total occurrences result in dust-
and black-carbon-dominating mixing aerosols, respectively,
in the western YRD. Unlike the optical properties, the size
distributions of aerosols in the western YRD are similar to
those found at other sites over eastern China on a climato-

logical scale, peaking at radii of 0.148 and 2.94 µm. How-
ever, further analysis reveals that the coarse-dominated par-
ticles can also lead to severe haze pollution over the YRD.
Observation-based estimations indicate that both fine and
coarse aerosols in the western YRD exert negative DRFs, and
this is especially true for fine aerosols (−11.17 W m−2 at the
top of atmosphere, TOA). A higher absorption fraction leads
directly to the negative DRF being further offset for coarse
aerosols (−0.33 W m−2) at the TOA. Similarly, the coarse-
mode DRF contributes to only 13.3 % of the total scattering
aerosols but > 33.7 % to the total absorbing aerosols. A sen-
sitivity analysis states that aerosol DRFs are not highly sen-
sitive to their profiles in clear-sky conditions. Most of the
aerosol properties and DRFs have substantial seasonality in
the western YRD. The results further reveal the contributions
of each component of the different size particles to the to-
tal aerosol optical depths (AODs) and DRFs. Additionally,
these results can be used to improve aerosol modelling per-
formance and the modelling of aerosol effects in the eastern
regions of China.
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1 Introduction

Atmospheric aerosols have a significant influence on air
quality, human health and regional/global climate changes.
Scientists have suggested that scattering aerosols could
greatly offset the warming effects of greenhouse gases (Kiehl
and Briegleb, 1993), while absorbing aerosols might fur-
ther exacerbate global warming (Jacobson, 2002). The global
mean direct radiative forcings (DRFs) of scattering aerosols,
fossil fuel black carbon (BC) and all aerosols were estimated
to be approximately −0.55, +0.2 and −1.04 W m−2, respec-
tively (Forster et al., 2007; Reddy et al., 2005), at the top of
atmosphere (TOA), thus changing atmospheric circulations
and the hydrological cycle in different ways (Menon et al.,
2002; Wang et al., 2015).

Many studies on aerosol radiative forcing and its climate
effects have been carried out over the past two decades at
both global and regional scales, based on model simula-
tions and observations (e.g. Penner et al., 2001; Bellouin et
al., 2003; Liao and Seinfeld, 2005; Wu et al., 2012; Wang
et al., 2015); however, large uncertainties remain. Forster
et al. (2007) noted that the global mean DRF varied from
+0.04 to −0.63 W m−2 for total aerosols and from +0.1
to +0.3 W m−2 for BC. The ranges were larger at regional
scales, especially in high-aerosol-emission regions (Zhuang
et al., 2013a). The DRF uncertainties subsequently result in
large biases of the aerosol-related climate effects. There are
many factors that affect the simulated radiative forcing, in-
cluding the aerosol optical properties, which are related to
aerosol emissions, size distributions, profiles, compositions
and mixing states (Holler et al., 2003; Ma et al., 2017), as
well as the surface albedo and clouds (Ma and Yu, 2012;
Forster et al., 2007). The related uncertainties could be sub-
stantially reduced if the observed aerosol optical properties
were determined and used (Forster et al., 2007).

With the rapid increase in population and economic
growth, air pollutant emissions are much higher in East Asia
than in other regions (Zhang et al., 2009). Additionally, dust
aerosols from desert regions are always transported to north-
ern and eastern China or even further afield (Wang et al.,
2009; Sun et al., 2012; S. Li et al., 2015). Consequently,
aerosols in China frequently experience large loadings and
complicated compositions and spatial distributions (Zhang et
al., 2012), especially in urban agglomerations or megacities
(e.g. the Yangtze River Delta, YRD). Therefore, the aerosol
optical properties in the YRD must be clarified via observa-
tions, which is a premise for accurately estimating the radia-
tive effects of aerosols and for improving aerosol model per-
formance over the eastern region of China. Recently, numer-
ous observation-based studies have been conducted on both
surface (e.g. Bergin et al., 2001; Xu et al., 2002; Zhang et al.,
2004, 2015; Xia et al., 2007; Yan et al., 2008; He et al., 2009;
Fan et al., 2010; Cai et al., 2011; Xu et al., 2012; Wu et al.,
2012; Yu et al., 2016; Deng et al., 2016; Zhuang et al., 2017)
and columnar (e.g. Chiang et al., 2007; Pan et al., 2010; Yu

et al., 2011, 2015; Zhao et al., 2013; Tao et al., 2014; Zhu
et al., 2014; Che et al., 2011, 2013, 2014, 2015a, b, c, 2018;
Xia et al., 2016; Zheng et al., 2016; Qi et al., 2016) aerosol
optical properties (and DRFs), especially in China. However,
surface data cannot completely represent the total conditions
of aerosols in the atmosphere as these aerosols are highly
affected by the variations in boundary layers. The related de-
ficiency could be solved with measurements of the colum-
nar aerosols. For studies of surface aerosols, people mainly
focus on the aerosol absorption coefficient (AAC) and scat-
tering coefficient (SC). For columnar aerosol observations,
the detailed aerosol optical and physical properties can be
obtained, including the aerosol optical depth (AOD), refrac-
tive index and Ångström exponent (AE). Che et al. (2015a)
introduced a systematic long-term measurement of the coun-
trywide total AOD and AE in China from 2002 to 2013 and
indicated that the annual mean AODs were 0.14, 0.74 and
0.54 for rural sites, urban sites and eastern China. There is
also some research focusing on the aerosol optical proper-
ties in the YRD (Pan et al., 2010; Yu et al., 2011; Zhuang et
al., 2014a; Qi et al., 2016). In addition to the aerosol optical
properties, the observation-based aerosol DRFs have been es-
timated around the world (such as those found in Markowicz
et al., 2008; Khatri et al., 2009; Kuhlmann and Quaas, 2010;
Alam et al., 2011; Zhuang et al., 2014a; Xia et al., 2016).
However, almost all these investigations focused on the to-
tal aerosol forcing. For example, Xia et al. (2016) stated that
the regional mean aerosol DRF in China was approximately
−16 to −37 W m−2 at the TOA and approximately −66 to
−111 W m−2 at the surface when the solar zenith angle was
approximately 60◦.

Although considerable studies of the observed columnar
aerosol optical properties have been carried out in China and
even within the YRD (one of the regions with the fastest
urbanization in China), gaps in the current observations re-
main, especially in the urban areas of those regions with in-
tensive human activity. In the YRD or eastern China, most
of the investigations of the aerosol optical properties have
focused on the coastal, lake and rural regions (Pan et al.,
2010; Yu et al., 2011; Che et al., 2015a; Qi et al., 2016)
of the central to eastern YRD. Additionally, most of these
studies address only the total aerosol optical properties (in-
dependent of modes and compositions), except for the work
of Qi et al. (2016). They also introduced the aerosol physical
parameters and size fractional SSA of an eastern coastal city
(Hangzhou, hereinafter written as urHZ) of the YRD, which
is approximately 300 km away from the western YRD. As
implied in Zhang et al. (2012), aerosols have complicated
compositions and spatial distributions, especially in rapidly
developing regions (such as YRD). Thus, considerable dif-
ferences might exist in the aerosol optical and physical prop-
erties among the sites within the YRD. Additionally, none of
research mentioned above studied the aerosol DRFs. Some
investigations of the columnar aerosols in the western YRD
(urNJ) were carried out by Zhuang et al. (2014a), but sig-
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nificant issues (not considered in their work) still require
further study, such as the size fractional optical parameters
and the DRFs of different aerosol components, as well as
the aerosol physical properties of the different size fractions.
Therefore, a more integrated investigation of the aerosol op-
tical and physical properties, as well as their DRFs in the
YRD, is still required. In this study, the unaddressed issues
for the western and whole YRD region mentioned above will
be studied based on the measurements of a Cimel sun pho-
tometer in urNJ combined with a radiation transfer model
(TUV, Madronich, 1993). Additionally, the aerosol types and
mixings in the region will be further identified and discussed
based on the relationships among the aerosol optical proper-
ties. Thirdly, the observed aerosol profiles, which have not
previously been considered in the YRD, are discussed and
used to calculate the aerosol DRFs. The results of this study
will be advantageous in further understanding the character-
istics of aerosols over the eastern region of China. Addition-
ally, this work will help to improve aerosol model perfor-
mance as well as the modelled climatic effects in the relevant
regions. Firstly, the observed aerosol parameters can be used
for data assimilation to obtain more accurate inputs (includ-
ing improved initial conditions and air pollutant emissions)
for the model (Jiang et al., 2013; Peng et al., 2017). Secondly,
more precise aerosol refractive indexes and size distributions
used in these numerical models will yield more reasonable
aerosol loadings and DRFs (Ma et al., 2017). Thirdly, both
the aerosol optical properties and DRFs can be used to vali-
date the simulations.

The methods are described in Sect. 2. The results and dis-
cussions are presented in Sect. 3, followed by the conclusions
in Sect. 4.

2 Methodologies

Sampling station and instruments

The observation site (Urban Environmental Monitoring Sta-
tion of Nanjing University) is located in the downtown area
of Nanjing City (hereafter shortened to urNJ; located at
32.05◦ N, 118.78◦ E) in the western YRD. The site is on the
roof of a 79.3 m tall building, surrounded by a few higher
obstacles and with no industrial pollution sources within a
30 km radius. However, there are several main roads with ap-
parent traffic pollution. Detailed information about the site is
available from Zhu et al. (2012).

The columnar aerosol optical properties and physical char-
acteristics of the site were measured by a Cimel sun pho-
tometer (CE-318, Holben et al., 1998) during the period
from April 2011 to February 2014. Routine maintenance and
calibration was performed during the observational period.
Due to malfunctions of the instrument and problems with
data transmission, the data from May to September 2012
and from August to December 2013 are invalid and were

thus excluded. The wavelength-dependent AOD and AE of
the total aerosols were directly measured by CE-318, while
the following variables are derived from the DOBVIC algo-
rithm Version 2 (Dubovik and King, 2000; Dubovik et al.,
2006): the aerosol size distributions; fractionated (fine and
coarse) aerosol effective radius (Reff); mean radius (Rmn),
volume concentrations (Vol); wavelength-dependent optical
depths of the various sizes of scattering, absorbing and to-
tal aerosols; aerosol SSA; and the wavelength-dependent re-
fractive indices, This algorithm has been widely used by
the AErosol RObotic NEtwork (AERONET) and the China
Aerosol Remote Sensing Network (CARSNET), while the
products have been used globally, as mentioned in the Intro-
duction, due to their high accuracies. The errors for the AOD,
absorption AOD (AAOD) and SSA are 0.01, 0.01 and 0.03
(Yu et al., 2011; S. Li et al., 2015). The errors of the fine-
and coarse-aerosol SSAs are 0.037 and 0.085 (Xu, 2015).
The errors of the refractive index are 0.04 for the real part
and 0.0025–0.0042 for the imaginary part (Yu et al., 2011).
Additionally, the error of the volume size distribution is less
than 10 % in the peak regions but is approximately 35 % in
valley or interval regions for the fine and coarse modes (Yu
et al., 2011). Detailed descriptions of CE-318 and the cor-
responding observations from CARSNET are available from
S. Li et al. (2015) and Che et al. (2015a). For comparison, the
550 nm AODs and SSAs are calculated based on the given
AODs at other wavelengths and AEs (Angstrom, 1929):

AOD550 nm = AOD440 nm×

(
550nm
440nm

)−AE440/870 nm

(1)

AAOD550 nm = AAOD440 nm×

(
550nm
440nm

)−AAE440/870 nm

(2)

SSA550 nm =
AOD550 nm−AAOD550 nm

AOD550 nm
. (3)

For a further comparison, concurrent observations of the
surface total AAC and AE measured with a 7-channel
Aethalometer instrument are used (model AE-31, Magee
Scientific, USA, Hansen et al., 1984; Weingartner et al.,
2003; Arnott et al., 2005). The detailed calculations and cor-
rections of the AAC at the site were presented by Zhuang et
al. (2015). Additionally, the monthly mean AOD and AE of
the total aerosols from the satellite-based Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) were used in the
analysis.

Based on the observed wavelength-dependent aerosol op-
tical properties, the DRF of the aerosols in urNJ is investi-
gated using the radiation transfer model TUV (Madronich,
1993). Only clear-sky DRFs are addressed here because al-
most all the measurements are carried out in cloud-free-sky
conditions. The solar component of the radiative transfer
scheme in the TUV model follows the δ-Eddington approxi-
mation. In addition to the aerosol optical properties, the sur-
face albedo (Palancar and Toselli, 2004) and aerosol verti-
cal profiles (Forster et al., 2007) might have significant in-
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Table 1. Statistical summary of the columnar aerosol optical properties in the urban area of Nanjing.

Factors Max Min Mean ±SD Median

550 nm AOD 2.3208 0.2723 0.6494± 0.2852 0.5912
550 nm FAOD 2.2216 0.1468 0.5257± 0.2806 0.4479
550 nm CAOD 0.9891 0.0139 0.1237± 0.1076 0.0858
550 nm SAOD 2.2744 0.2443 0.6059± 0.2747 0.5492
550 nm FSAOD 2.1459 0.1435 0.5014± 0.2713 0.4263
550 nm CSAOD 0.8842 0.0113 0.1045± 0.0957 0.0705
550 nm AAOD 0.2304 0.0020 0.0435± 0.0240 0.0421
550 nm FAAOD 0.1424 0.0005 0.0244± 0.0175 0.0208
550 nm CAAOD 0.1163 0.0009 0.0192± 0.0145 0.0156
440/870 nm AE 1.9100 0.3085 1.2045± 0.2856 1.2436
440/870 nm FAE 2.3625 0.3565 1.7083± 0.2979 1.7364
440/870 nm CAE −0.0789 −0.3805 −0.1876± 0.0430 −0.1898
440/870 nm SAE 1.9916 0.2958 1.1976± 0.3085 1.2386
440/870 nm FSAE 2.3653 0.3463 1.7102± 0.2980 1.7368
440/870 nm CSAE −0.1048 −0.7111 −0.3838± 0.1017 −0.3864
440/870 nm AAE 3.4619 0.1483 1.3237± 0.4820 1.2587
440/870 nm FAAE 4.5118 0.2912 1.7521± 0.6470 1.6516
440/870 nm CAAE 3.1264 −0.0844 0.8748± 0.4589 0.8209
550 nm SSA 0.9959 0.8053 0.9297± 0.0335 0.9305
550 nm FSSA 0.9974 0.8388 0.9524± 0.0261 0.9549
550 nm CSSA 0.9835 0.5898 0.8208± 0.0754 0.8225
440 nm real part 1.6000 1.3300 1.4423± 0.0638 1.4374
440 nm imaginary part 0.0301 0.0005 0.0084± 0.0047 0.0078

AOD: Aerosol optical depth. FAOD: fine aerosol optical depth. CAOD: coarse aerosol optical depth.
SAOD: scattering aerosol optical depth. FSAOD: scattering aerosol optical depth in fine mode.
CSAOD: scattering aerosol optical depth in coarse mode. AAOD: absorbing aerosol optical depth.
FAAOD: absorbing aerosol optical depth in fine mode. CAAOD: absorbing aerosol optical depth in coarse
mode. AE: Ångström exponent of total aerosols. FAE: Ångström exponent of fine aerosols. CAE: Ångström
exponent of coarse aerosols. SAE: Ångström exponent of scattering aerosols. FSAE: Ångström exponent of
scattering aerosols in fine mode. CSAE: Ångström exponent of scattering aerosols in coarse mode.
AAE: Ångström exponent of absorbing aerosols. FAAE: Ångström exponent of absorbing aerosols in fine
mode. CAAE: Ångström exponent of absorbing aerosols in coarse mode. SSA: single scattering albedo of
total aerosols. FSSA: single scattering albedo of fine aerosols. CSSA: single scattering albedo of coarse
aerosols.

fluences on the DRF. Thus, the wavelength-dependent sur-
face albedo from MODIS, the annual and seasonal mean
aerosol profiles from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) and the polar-
ization Raman lidar (PRL) in Nanjing are included when as-
sessing the aerosol DRF. The aerosol DRF in this study is
defined as the difference in the net shortwave radiative fluxes
when including or excluding the aerosol effects at the TOA
and surface. The gas absorptions in the atmosphere were set
to constant. The scattering aerosol SSA was set to 0.9999
(similar to that of sulfate or nitrate, Li et al., 2015b) when
calculating its DRF. The DRF of the absorbing aerosols is
derived from the differences between the total and scattering
aerosol DRFs.

3 Results and discussions

3.1 Optical properties of the aerosols

Unless otherwise specified, the AODs, SSAs and refrac-
tive indices of the aerosols hereinafter represent the ones at
550, 550 and 440 nm, respectively. In addition to the total
aerosols, the size-dependent (i.e. the fine and coarse frac-
tions) aerosol optical properties of the different types (scat-
tering and absorbing aerosols) are discussed in this section.
Therefore, there are nine types of aerosols: total aerosols
(TA), total fine aerosols (FA), total coarse aerosols (CA),
scattering aerosols (SA), fine scattering aerosols (FSA),
coarse scattering aerosols (CSA), absorbing aerosols (AA),
fine absorbing aerosols (FAA) and coarse absorbing aerosols
(CAA).

Table 1 summarizes the statistics of the aerosol optical
properties during the study period in urNJ. The mean to-
tal aerosol AOD is 0.65, and the SAs account for as much
as 93.8 % of this category. Fine-mode AOD (FAOD), fine-
mode scattering AOD (FSAOD) and fine-mode absorbing
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Figure 1. Monthly variations in the total (a), scattering (b) and absorbing (c) aerosol optical depths (AOD) at 550 nm, including the ratio of
the AOD in fine or coarse mode to the AOD in all mode (line with triangle markers in green) in the urban area of Nanjing. The 10th, 25th,
median, 75th, 90th percentile values of the all mode AOD are presented as box plots. The monthly means of the all mode AODs are presented
as cycle markers in grey.

AOD (FAAOD) account for 81.53, 81.97 and 56.09 % of the
total AODs, scattering AODs (SAODs) and absorbing AODs
(AAODs), respectively, implying that coarse aerosols absorb
more than fine ones. The 440/870 nm AE of the total, scat-
tering and absorbing aerosols are approximately 1.20, 1.19
and 1.32. Fine aerosols have much higher AEs, which can be
0.4–0.5 greater than those of the total aerosols. Overall, the
absorbing aerosols have smaller sizes than the scattering ones
in all modes, especially in the coarse mode, which is con-
sistent with the results from the surface aerosols at the site
(Zhuang et al., 2017). The mean SSAs of TA, FA and CA are
0.93, 0.95 and 0.82, further implying that the coarse aerosols
have different compositions than the fine aerosols. The com-
parisons also indicate that surface aerosols (SSA= 0.9 in
Zhuang et al., 2017) are slightly more absorptive than the
columnar aerosols in urNJ. The mean 440 nm refractive in-
dex is approximately 1.44+ 0.0084i.

3.1.1 Seasonal variations in the aerosol optical
properties

Figure 1 presents the monthly variations in the (a) AOD, (b)
SAOD and (c) AAOD as well as the contributions of their fine
and coarse modes to their corresponding totals. The temporal
variations in the total aerosol AOD are consistent with those
of SAOD due to the significantly large ratio of SAOD/AOD.
The AODs are all considerably high in the winter due to the
more intense emissions of trace gases and particles (Zhang et
al., 2009). Additionally, they are also high in spring and sum-
mer under the influences of dust, high efficiencies of mois-

ture absorption growth and chemical transformation (S. Li
et al., 2015). Therefore, the seasonal variations in the total
AODs are not so obvious in urNJ in the western YRD. These
influences are prominent in the AOD seasonality for different
aerosol types within the different size segments. The largest
AODs appear in the spring for the coarse aerosols, whereas
they appear in the summer for the fine aerosols in urNJ. The
figure also implies that the scattering aerosols might have
different size distributions than the absorbing aerosols. The
fine-mode fraction is 0.83 (peaking at 0.97) for scattering
aerosols and is 0.56 (peaking at 0.83) for absorbing aerosols.
Note that AOD in August does not include values in 2012 and
2013. Coincidentally, air pollution has been controlled since
2012 in Nanjing due to international events in August 2013
and 2014. August AOD in 2011 is 1.18, much higher than
in 2012 (0.75) and 2013 (0.63) as obtained from the MODIS
retrievals. As a result, the AOD in August shown in Fig. 1 is
unusually high.

The aerosol AEs also have substantial seasonal variations,
especially for the absorbing aerosols, as illustrated in Fig. 2.
The seasonal variation of the fine-aerosol AE is highly con-
sistent with the coarse one for the absorbing aerosols, while
the opposite is found for the scattering aerosols. Neverthe-
less, all AEs in the summer are close to 0, possibly due to the
effects of high RH (Zhuang et al., 2014a). The whole mode
AE of each aerosol type is determined by the both variations
in the AEs in each mode and the fine-mode fraction. There-
fore, the smallest AEs appear in the summer (0.74 in July)
for the total absorbing aerosols but appear in the spring (0.94
in March) for the total scattering aerosols. Similarly, the to-
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Figure 2. Monthly variations in the total (a), scattering (b) and ab-
sorbing aerosol (c) Ångström exponents (AE) at 440/870 nm for the
all, fine and coarse modes in the urban area of Nanjing.

tal aerosol AE is determined by both the variations of each
aerosol type’s AE and the ratio of the scattering (or absorb-
ing) aerosols to the total. The seasonality of the total aerosol
AEs is more consistent with that of the scattering aerosols.
The figure also indicates that the scattering aerosols are much
larger than the absorbing aerosols, especially those in the
coarse mode. Further comparisons indicate that the seasonal
variations in the columnar SAE and AAE are consistent with
their surface ones (Zhuang et al., 2017) at the site.

In addition to AOD and AE, the monthly variations in the
aerosol SSAs and refractive indices are investigated as shown
in Fig. 3. SSA is affected by both scattering and absorbing
aerosols, as well as their relative contributions. The fine parti-
cles have much stronger scatterings than the coarse aerosols.
Their SSAs have relatively weaker seasonality. Overall, both
FSSA and CSSA are relatively smaller in the warmer sea-
sons, although they were considerably large in August 2011.
The total aerosol SSA is somewhere between the FSSA and
CSSA and depends on the ratios of FAOD to AOD. Thus,
these SSAs have different seasonal variations from the FSSA
or CSSA. SSA is also rather small in spring due to the largest
contribution of coarse aerosols occurring in this season. The
aerosol refractive indices also show considerable seasonality.
The real part is large in the spring but small in the summer,
which is similar to what was observed in Taihu Lake in the
central YRD (Yu et al., 2011). The imaginary parts show rel-
atively weaker seasonal variations than the real parts.

To provide a more quantitative knowledge, Table 2 sum-
marizes the above-mentioned seasonal means with the corre-
sponding standard deviations for all the aerosol optical prop-
erties. It more obviously reflects the different variations in the
optical properties among different aerosol categories. For ex-
ample, CAOD, CSAOD and CAAOD account for the major-
ity of the AOD, SAOD and AAOD in the spring, with ratios
of 30.1, 27.9 and 58.1 %, respectively. FAOD, FSAOD and
FAAOD account for the majority of the AOD, SAOD and
AAOD in the summer, with ratios of 90.5, 91.2 and 70.2 %.
Comparisons indicate that the seasonal variations in the opti-
cal properties are highly spatially inhomogeneous within the
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Figure 3. Monthly variations in the all, fine and coarse-mode
aerosol single scattering albedo (SSA) at 550 nm (a) and the aerosol
refractive indices at 440 nm (b) in the urban area of Nanjing.

YRD. As indicated by Che et al. (2015a) and Qi et al. (2016),
the largest AOD was found in the spring, while the lowest one
appeared in the summer in urHZ, another city on the eastern
coast of the YRD. In Taihu Lake, a rural site in the central
YRD, the lowest AOD appeared in the winter (Pan et al.,
2010; Yu et al., 2011). Additionally, the aerosols absorb the
most in the winter in the central regions of the YRD (Taihu
Lake and urHZ), and their SSAs are as small as 0.88 (Yu et
al., 2011; Qi et al., 2016). The aerosols in the western YRD
(urNJ) are more scattering than those in other areas. Never-
theless, AE variations are more consistent with each other
between these sites, being smallest in the spring and largest
in the autumn.

3.1.2 Frequencies of the aerosol optical properties

All AODs and SSAs follow a near log-normal pattern, and
almost all the AEs and refractive indices follow a unimodal
pattern (Fig. 4). The ranges around their means are dom-
inant, accounting for at least 60 % of the total data sam-
ples during the entire study period. Similarly to the temporal
variations, the frequency distributions of the total aerosols
(not shown) are also highly similar to those of the scatter-
ing aerosols in both the fine and coarse modes. The frequen-
cies of the absorbing aerosol AEs differ from those of the
scattering aerosol AEs. The occurrences of smaller CAAE
(or large FAAE, AAE) values are also relatively high. Due
to different absorbed fractions among coarse, fine and total
aerosols, the curve of CSSA (FSSA) has a leftward (right-
ward) shift compared with that of SSA, peaking around 0.84
(0.97). The fine-aerosol SSAs were concentrated in a nar-
rower range (∼ 0.1) than the CSSAs were (∼ 0.3). For the
refractive index, the frequencies peak around 1.42 and 0.008
for the real and imaginary parts in urNJ during the study pe-
riod. The frequency patterns of the aerosol optical proper-
ties also have substantial seasonality (not shown here). Over-
all, the curves shift leftward in low-value seasons and right-
ward in high-value seasons. In the summer, the AOD curves
might even have two peaks for the scattering or total aerosols,

Atmos. Chem. Phys., 18, 1419–1436, 2018 www.atmos-chem-phys.net/18/1419/2018/



B. Zhuang et al.: Urban columnar aerosols in the Yangtze River Delta 1425

Table 2. Seasonal mean ±SD of the columnar aerosol optical properties in the urban area of Nanjing.

Factors MAM JJA SON DJF

550 nm AOD 0.6788± 0.2919 0.7508± 0.3749 0.5866± 0.2447 0.6560± 0.2976
550 nm FAOD 0.4739± 0.2613 0.6798± 0.3793 0.5149± 0.2462 0.5687± 0.2978
550 nm CAOD 0.2048± 0.1356 0.0710± 0.0599 0.0717± 0.0346 0.0873± 0.0685
550 nm SAOD 0.6284± 0.2835 0.7031± 0.3728 0.5495± 0.2342 0.6157± 0.2829
550 nm FSAOD 0.4529± 0.2552 0.6463± 0.3760 0.4901± 0.2366 0.5428± 0.2846
550 nm CSAOD 0.1756± 0.1225 0.0568± 0.0497 0.0593± 0.0315 0.0728± 0.0601
550 nm AAOD 0.0503± 0.0208 0.0477± 0.0307 0.0372± 0.0200 0.0403± 0.0271
550 nm FAAOD 0.0211± 0.0125 0.0335± 0.0212 0.0248± 0.0157 0.0259± 0.0211
550 nm CAAOD 0.0292± 0.0165 0.0142± 0.0137 0.0124± 0.0066 0.0144± 0.0111
440/870 nm AE 0.9915± 0.2385 1.2174± 0.2639 1.3744± 0.1907 1.3134± 0.2461
440/870 nm FAE 1.7474± 0.2896 1.4701± 0.3075 1.7408± 0.2582 1.6935± 0.3019
440/870 nm CAE −0.1998± 0.0352 −0.1699± 0.0471 −0.1862± 0.0424 −0.1807± 0.0464
440/870 nm SAE 0.9812± 0.2687 1.2733± 0.2950 1.3824± 0.2043 1.2956± 0.2697
440/870 nm SFAE 1.7555± 0.2862 1.5218± 0.3397 1.7492± 0.2545 1.6809± 0.3039
440/870 nm SCAE −0.3752± 0.0743 −0.2815± 0.0678 −0.3797± 0.0991 −0.4016± 0.1162
440/870 nm AAE 1.1885± 0.4500 0.7971± 0.2657 1.3290± 0.4533 1.5007± 0.4520
440/870 nm FAAE 1.7352± 0.6059 0.9943± 0.2672 1.6715± 0.5970 1.8947± 0.6545
440/870 nm CAAE 0.8542± 0.4665 0.3771± 0.2753 0.8312± 0.4479 0.9798± 0.4235
550 nm SSA 0.9204± 0.0313 0.9241± 0.0422 0.9348± 0.0331 0.9378± 0.0331
550 nm FSSA 0.9527± 0.0237 0.9405± 0.0356 0.9518± 0.0253 0.9555± 0.0265
550 nm CSSA 0.8340± 0.0628 0.7868± 0.0953 0.8115± 0.0752 0.8211± 0.0810
440 nm real part 1.4647± 0.0628 1.4075± 0.0609 1.4252± 0.0602 1.4404± 0.0582
440 nm imaginary part 0.0084± 0.0040 0.0083± 0.0052 0.0080± 0.0044 0.0083± 0.0053

which are similar to the observations at Taihu Lake (Yu et al.,
2011).

3.1.3 Comparisons with MODIS AOD, AE and surface
aerosols

The AOD and AE observed by CE-318, to degrees, are well
correlated with those from MODIS in terms of their seasonal
variations and magnitudes (Fig. 5). The linear correlation co-
efficients are 0.71 and 0.67 between the monthly mean CE-
318 and MODIS AODs and between the monthly mean CE-
318 and MODIS AEs, respectively. The AOD from MODIS
is greater (∼ 1.2 times) than that from CE-318, with an av-
erage value of 0.80 during the study period. The slope of the
linear fitting is 1.12 for AOD in urNJ, similar to that in cen-
tral China (slope= 1.16, Dong et al., 2013). The mean AE at
412/470 nm from MODIS is approximately 1.42. The stan-
dard deviations of the AOD and AE values are much larger
for CE-318 than for MODIS, possibly due to the higher tem-
poral resolution of the CE-318 observations.

The columnar AAOD and AAE values from CE-318 are
less related to the surface aerosol absorption coefficient
(AAC) and AAE from AE-31 (Fig. 6). Because surface
aerosols are mainly affected by local and regional emissions,
and their loadings are highly related to the degrees of bound-
ary layer development (Zhuang et al., 2014b, 2015). The
columnar AAODs could be further affected by emissions and
transports in the upper atmosphere. The surface AAE is con-

centrated in a narrower range and is larger (1.6) than that
from CE-318. The linear correlation coefficients between
the AAOD and AAC and between the columnar and sur-
face AAEs are 0.39 and 0.41, respectively, which are slightly
worse than those between FAAOD and AAC (0.46) and be-
tween the columnar FAAE and surface AAE (0.47).

3.1.4 Brief discussions

Results here allow us to better understand the characteristics
of the aerosols in the YRD and they might be also useful
for improving aerosol model performances and their radia-
tive effects in the YRD or eastern China as referred to in the
Introduction.

Most studies of the aerosol optical properties in China
mainly focus on the AOD and AE of the short-term total
aerosols (i.e. episodes, Che et al., 2013, 2015b; Zheng et
al., 2016), although studies on the annual (Yu et al., 2011)
and decadal (Che et al., 2015a)-scale aerosols have been also
carried out in recent years based on CE-318 measurements.
Results here show that the mean AOD in urNJ is greater than
in northern China and the PRD is smaller than in the coastal
cities of the YRD. The AE is larger in urNJ than in north-
ern and central China. Che et al. (2015a) further suggested
that those aerosols in urban areas likely had larger AODs and
AEs than those in mountain and desert areas. It is the same
in urNJ. Qi et al. (2016) showed that the aerosol SSAs at
440 nm in urHZ are approximately 0.90, 0.92 and 0.70 for the
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Figure 4. Frequency distributions of the size-dependent AODs at 550 nm (a), AEs at 440/870 nm (b), SSAs at 550 nm (c) as well as the real
and imaginary parts at 440 nm (c) in the urban area of Nanjing.

total, fine and coarse aerosols, also implying that the coarse
aerosols absorb more than the fine ones. Our measurements
show similar results. However, the aerosols in urNJ scatter
more than those in urHZ in both the fine and coarse modes,
also revealing inhomogeneous distributions of the aerosol
compositions in the YRD. This study further augments the
current observations of the aerosol optical properties in the
YRD compared with previous studies.

3.2 Physical properties of the aerosols

In addition to the optical properties, the aerosol physical
properties were retrieved, including the volume size distri-
butions, mode-dependent sizes (radius) and volume concen-
trations. Figure 7 shows the volume size distributions of
the aerosols in different seasons (Fig. 7a) and at different
AOD (or polluted) levels (Fig. 7b) in urNJ. It shows that the
aerosols in urNJ have a typical bimodal structure in their vol-

ume size distributions in all seasons, presenting two-mode
log-normal distributions in both the fine (radius < 0.6 µm)
and coarse modes (radius > 0.6 µm). Their annual peaks ap-
pear at radii of 0.148 µm for the fine mode and 2.94 µm for
the coarse mode. The aerosol volume size distributions also
have substantial seasonality. Dust episodes lead to the peak
values in the spring being much smaller in the fine mode than
in the coarse mode, which is the opposite trend to other sea-
sons (especially in the summer). Therefore, the mean radius
of the aerosols increases significantly in the spring due to
the high proportion of coarse particles, leading to a smaller
AE, as discussed in the previous sections. In the summer,
the curve has a rightward shift, showing a larger aerosol size
in both the fine and coarse modes due to the high hygro-
scopic growth efficiency. The fine particles are dominant in
the summer and result in large AE values, in contrast to the
patterns in the spring. The aerosol volume size distribution
varies with different AOD values (Fig. 7b) in urNJ. Overall,
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Figure 6. Comparisons between the absorbing aerosol optical depth
(AAOD) at 550 nm from CE-318 and surface absorption coefficient
(AAC) at 520 nm from AE-31 (a) and between the column AAE
at 440/870 nm from CE-318 and surface AAE at 470/880 nm from
AE-31 (b) in urban Nanjing.

the peak value has a substantial rightward shift with increas-
ing AOD for fine aerosols but a slightly leftward shift for
coarse aerosols, implying that the growth of the fine aerosols
is advantageous to enhance the aerosol radiative effect. In
urNJ, both fine and coarse particles have approximately the
same levels when AOD is below ∼ 0.8. In addition, the fine
aerosols begin to dominate more when AOD > 0.8. The re-
sults here are mostly consistent with the ones from Yu et
al. (2011), Qi et al. (2016) and Zheng et al. (2016). However,
the figure here further indicates that both fine and coarse par-
ticles themselves might cause very serious haze pollution in
YRD, showing considerably high peak values in both fine
and coarse modes, which has not been observed in previous
publications. The aerosol size distributions here are also very
useful for optimizing numerical models.

To further investigate the physical features, the seasonal
variations in the aerosol effective and mean radius and the
volume concentrations in urNJ are presented in Fig. 8. The
mean effective radius, which is generally smaller than the
mean one in all modes, is approximately 0.34, 0.16 and
2.18 µm for the total, fine and coarse aerosols during the
study period. The seasonal variations in the radii have a
strong anti-correlation to that of the AEs (Fig. 2). Both the
fine- and coarse-aerosol radii are larger in the summer than

in the other seasons while the total aerosol radius is much
larger in the spring. Unlike the radius, the seasonal variations
in the volume concentrations of the fine and coarse aerosols
are different, peaking in the spring for coarse aerosols and
in the summer for fine aerosols. Although both the fine and
coarse aerosols have the same annual volume levels in urNJ,
their contributions to the total aerosol volumes vary signifi-
cantly with season. The coarse aerosols lead directly to the
largest total aerosol volume peaking in the spring.

3.3 Aerosol classification based on optical properties

The aerosol clusters, to a certain degree, can be identified
based on the relationships between SSAs at 491 and AEs at
491/870 nm, between the real refractive index (RRI) at 670
and the AE at 491/870 nm and between the SSA differences
(dSSA=SSA870 nm–SSA491 nm) and AE at 491/870 nm, as
presented by Russell et al. (2014). They proposed a Maha-
lanobis classification based on a priori information for each
type of aerosol source (e.g. dust, urban, biomass aerosols).
Different aerosols would then be mostly concentrated within
the corresponding ellipses of a two-dimensional scatter plot
of SSA versus AE (or RRI versus AE, or dSSA versus AE).
Based on their classifications, aerosols from pure dust, pol-
luted dust, biomass burning, industrial urban, developing ur-
ban and marine sources (Fig. 8 in Russell et al., 2014) can be
identified. For example, the polluted dust aerosols are mostly
within the ellipses with smaller AE (near 1.0) values, rela-
tively small SSA levels (0.85 to 0.95), and much larger real
refractive indices (1.45 to 1.55) and SSA differences (0 to
0.05) than those present for other aerosols. The aerosols from
a developing urban area generally have smaller sizes than
polluted dust (AE ranging from 1 to 1.6), but they have larger
SSA (0.9 to 1.0) values, smaller real refractive indices (1.4 to
1.5) and smaller SSA differences (approximately 0). More
classifications can be found in Russell et al. (2014). Based
on their classification standards, the aerosols in urNJ could
be basically identified as clusters of polluted dust, develop-
ing urban and industrial urban during the sampling period,
as shown in Fig. 9, which further supports the analysis in
Section 3. Although urNJ is only approximately 300–400 km
away from the East China Sea, few marine or sea salt aerosol
components are observed, as illustrated in Fig. 9. Unfortu-
nately, the observations missed a biomass burning event in
June 2012 (Zhuang et al., 2014b, 2015) because the instru-
ment was under maintenance. Otherwise, the figure would
be more comprehensive. An analysis here might help us un-
derstand the aerosol sources, transformations, transports and
radiative effects in the YRD. In addition, this information
indicates that the Mahalanobis classification is a very use-
ful approach for classifying aerosol into types, especially in
cases of data shortages or insufficient methods. However,
this method still has a limitation. The classified ellipses have
some overlaps among different aerosols clusters. In overlap
regions, classifying the aerosols into types is a challenge.
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 Figure 7. The averaged aerosol volume size (µm3 µm−2) distributions in different seasons (a) and in different AOD levels (b) in urban
Nanjing.
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Figure 8. Seasonal variations in the effective (a) and mean (b) ra-
dius of aerosols as well as the aerosol volume concentrations (c) in
the all, fine and coarse modes in urban Nanjing.

For example, it is not easy to distinguish between polluted
dust aerosols with large AE values and urban aerosols with
smaller AE. Therefore, if there are two kinds of aerosols with
nearly identical coordinates, further information is needed, or
a more effective approach should be taken into account.

In addition to types, the aerosol mixtures/compositions
can be identified based on SSA and AAOD. Generally,
dust aerosols have strong absorption in the ultraviolet (UV)
band but become non-absorbing in the visible band, lead-
ing to SSAs increasing monotonically with wavelength. For
biomass burning aerosols, the SSAs decrease monotonically
with wavelength. Non-monotonic variations in SSA with
changes in wavelength might be due to aerosol mixtures
dominated by another type of aerosol, as indicated by Li
et al. (2015a). They proposed two curvature parameters to
provide additional information on the aerosol compositions:
the second derivative of the second-order polynomial fit of
the SSA and wavelength and the fit of the AAOD and wave-
length, as shown in Eqs. (4) and (5).

ln(SSAλ)= β2 ln(λ)2+β1 ln(λ)+β0 (4)
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Figure 9. Relationships between the monthly mean values of
491 nm SSA and total Ångström exponent (AE) at 491/870 nm (a),
between the monthly mean values of the real refractive index at 670
and AE at 491/870 nm (b) and between the monthly mean values
of the SSA difference (870–491 nm) and AE at 491/870 nm (c).

ln(AAODλ)= α2 ln(λ)2+α1 ln(λ)+α0, (5)

where −β2 and α2 are the SSA curvature and AADO
curvature. Detailed descriptions were presented by Li et
al. (2015a). Based on these parameters, the aerosols can be
identified as dust dominated, BC (including biomass burning
and urban/industrial aerosols) dominated and other mixed
(peak) type aerosols because the curvature probability (or
frequency) distributions are different for the different aerosol
mixtures. As indicated in Li et al. (2015a), the SSA or AAOD
curvature is mostly concentrated at approximately 0 for the
BC-dominated aerosol mixture, which is much smaller than
that of the dust-dominated aerosol mixtures (0.1 for SSA cur-
vature and 0.5–1 for AAOD curvature) over East Asia. Based
on their method, the curvatures of SSA and AAOD are calcu-
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Figure 10. Distribution of the SSA and AAOD curvatures in the ur-
ban area of Nanjing under different spectral SSA conditions, includ-
ing monotonically decreasing, increasing SSA spectra and peaked
SSA spectra.

lated and then divided into three categories according to the
monotonicity of the SSA. The results show that there are ap-
proximately 15.0, 27.5 and 42.3 % occurrences of monoton-
ically increasing, decreasing and 670 nm peaking SSA spec-
tra, respectively, in urNJ. In addition, their probability (or
frequency) distributions are plotted in Fig. 10. The figure in-
dicates that the SSA and AAOD curvature patterns are highly
consistent with those in Li et al. (2015a) for the monotonic
categories, which implies that the ∼ 15 and ∼ 27 % samples
with monotonically increasing and decreasing SSA spectra
are the dust-dominated and BC-dominated mixing aerosols,
respectively, in urNJ during the observed period. For exam-
ple, a very strong dust storm from north-western China and
Mongolia on 1 May 2011 (Li et al., 2015a) directly yielded
mean SSA and AAOD curvatures of 0.12 and 1.11, which are
close to the values (0.11 and 1.24) of the pure dust aerosols
(Li et al., 2015a). For the rest of the categories with non-
monotonic SSA spectra, the SSA curvatures are mostly con-
centrated from 0.3 to 0.8, implying that the dust component
might not exceed 10 %, while the scattering species (organic
carbon not included) accounted for at least 30 % of the mix-
ing particles in the western YRD according to the sensitivity
results from Li et al. (2015a). Additional data are needed to
derive further information. However, these results might help
us gain a better understanding of the mixings of aerosols in
the urban areas of the YRD. Similarly to Russell et al. (2014),
S. Li et al. (2015) provided an effective approach for classify-
ing the aerosol compositions based on a single data set (such
as the CE-318 retrievals).

3.4 The direct radiative forcing of the aerosols

Based on the above-mentioned wavelength-dependent opti-
cal properties combined with the observed surface albedo
and aerosol profiles, the clear-sky size-dependent aerosol
DRF of the fine and coarse components at both the TOA and
the surface in urNJ are investigated using the radiation trans-
fer model TUV (Madronich, 1993). Due to a lack of SSA ob-
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Figure 11. The aerosol vertical proportions (%) from CALIPSO
and the polarization Raman lidar and their average in Nanjing.

servations of each aerosol component, the scattering aerosol
DRF is estimated based on a given SSA value (0.9999, equal
to that of sulfate or nitrate aerosol) in a reference (Li et
al., 2015b). As indicated in the last section, the absorbing
aerosols in urNJ are always in a mixed state. Therefore, the
absorbing aerosol DRF cannot be estimated directly using
the BC SSA. Here, this value is derived from the difference
between the total and scattering aerosol DRFs, which might
be more representative. For comparison, the aerosol DRF is
also calculated based on the AAODs, AAEs and BC SSA (Li
et al., 2015b).

Observational aerosol profiles, which have not have been
used in previous investigations (e.g. Zhuang et al., 2014a),
might be important to the DRF estimations. Figure 11 shows
the mean vertical aerosol profiles observed by CALIPSO (an-
nual scale data) and the PRL (seasonal scale data) in Nanjing.
For further comparisons, all the profiles in the figure were
standardized to percentages (%). The figure suggests that the
ground and satellite-based aerosol profiles are substantially
different. The CALIPSO profile is more homogeneous than
the PRL one: they account for approximately 61 and 88 %,
respectively, below 4 km. Due to the lack of the long-term
measurements of PRL and the different products of the dif-
ferent observational platforms, both the CALIPSO and PRL
profiles are used here. Additionally, a combined profile (grey
line) of the averaged CALIPSO and PRL values is included
and indicates that aerosols account for approximately 75 % of
the total below 4 km and approximately 60 % in the bound-
ary layer for the combined profile, which is somewhat simi-
lar to the default profile of TUV (Palancar and Toselli, 2004).
All these four profiles were used when estimating the aerosol
DRFs.
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3.4.1 The aerosol direct radiative forcing in clear-sky
conditions

Hereinafter, DRFs, unless otherwise specified, represent
the averaged values from CALIPSO, PRL and a com-
bined profile-based forcing in clear-sky conditions. Figure 12
shows the seasonal variations in the size-dependent daytime
TOA and surface DRFs of the total, scattering and absorb-
ing aerosols in urNJ. The aerosol DRFs are highly dependent
on the aerosol optical properties and compositions. Over-
all, the fine aerosols contribute considerably more to the
total aerosol DRFs, especially for scattering aerosols. The
coarse-aerosol DRF accounts for only 13.3 % for the scatter-
ing aerosols, while this fraction is > 33.7 % for the absorbing
aerosols at both the TOA and surface in urNJ. Negative scat-
tering aerosol DRFs could be significantly offset at the TOA
and could be further strengthened at the surface by absorb-
ing aerosols. Therefore, the total coarse-aerosol DRF at the
TOA is very weak due to a much smaller CSSA and subse-
quently accounts for a much smaller contribution to the total
aerosol DRF than the fine aerosols do. Both the scattering
and absorbing aerosol DRFs have similar seasonality to their
AODs, and the scattering aerosol DRFs have the same sea-
sonality as the absorbing ones within the same mode. In addi-
tion to AODs, the surface albedo and solar zenith angle have
a strong influence on the variations in the aerosol DRFs. As
implied by Zhuang et al. (2014a), a brighter surface would
yield a weaker negative DRF and a stronger positive DRF, as-
suming a fixed AOD. The seasonal mean surface albedo aver-
aged from four wavelengths (440, 670, 870 and 1020 nm) is
approximately 0.145, 0.170, 0.129 and 0.137 in the spring,
summer, autumn and winter, respectively. As a result, the
scattering and fine absorbing aerosol DRFs are also strong
in the winter and spring. Unlike those of the single aerosol
types, the variations in the total aerosol DRFs are co-affected
by those of both the scattering and absorbing aerosols. Thus,
the strongest TOA DRF of the total fine aerosols appears in
the winter instead of the summer, and the total coarse-aerosol
DRFs are positive at the TOA in the summer. For all modes,
the seasonal variations of the total aerosol DRFs at the TOA
are more consistent with those of the fine mode. In contrast
to the TOA DRFs of the total aerosols, the surface DRFs
are much more consistent with those of the corresponding
AODs.

For further comparisons (Fig. 13), the absorbing aerosol
DRFs based on the observed AAOD, AAE and fresh BC
SSA (Li et al., 2015b) are also used. Although the absorb-
ing aerosol DRFs are estimated in different ways, they are
highly correlated at both the TOA and surface, as shown in
the figure. Apparently, the DRFs from the second method are
much weaker than those from the first calculation, possibly
due to the absorbing aerosols in urNJ being in a constantly
mixed state, as shown by the analysis in the previous section
and as indicated by Zhuang et al. (2015). Jacobson (2000)
suggested that the aged (mixed) absorbing aerosols have a
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much stronger ability to absorb solar radiation, by a factor of
2. Zhuang et al. (2013a, b) stated that the simulated regional
mean TOA DRF of the mixed BC (+1.56 W m−2) over East
Asia is approximately 1.9 times that of the unmixed BC. The
ratio is approximately 1.73 in this study, implying that the ab-
sorbing aerosol DRF from the first method is reasonable. The
comparison here further proves the importance of the mixing
states in estimating the absorbing aerosol radiative effects.

Table 3 lists the annual mean size-dependent DRFs of
the total, scattering and absorbing aerosols at both the TOA
and the surface in urNJ. The DRFs at the surface are all
stronger than those at the TOA. The mean DRFs are−10.69,
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Table 3. The annual mean aerosol direct radiative forcing (W m−2)
in the urban area of Nanjing.

Clear sky

Species TOA Surface

TA −10.69± 3.37 −25.54± 2.83
FA −11.17± 3.09 −21.37± 2.78
CA −0.33± 0.60 −6.15± 2.90
SA −16.45± 2.81 −17.17± 2.96
FSA −15.08± 3.18 −15.74± 3.35
CSA −2.31± 1.18 −2.42± 1.24
AA 5. 76± 1.27 −8.38± 1.56
FAA 3.91± 0.95 −5.63± 1.16
CAA 1.99± 1.07 −3.73± 1.71

TA: total aerosols. FA: fine aerosols. CA: coarse aerosols.
SA: all scattering aerosols. FSA: scattering aerosols in fine
mode. CSA: scattering aerosols in coarse mode. AA: all
absorbing aerosol forcing. FAA: fine absorbing aerosol
forcing. CAA: coarse absorbing aerosol forcing.

−16.45, 5.76 W m−2 at the TOA and −25.54, −21.37 and
−8.38 W m−2 at the surface for the TA, SA and AA. The
fine-mode TOA DRFs are nearly an order of magnitude
stronger than those of the coarse mode for the total and scat-
tering aerosols. The DRFs of the fine absorbing aerosols have
the same order of magnitude but are stronger than those of the
coarse absorbing aerosols. Note that the total DRFs in the ta-
ble are not exactly the sum of the contributions from the fine
and coarse ones, because the coarse-aerosol affection on the
solar radiation is excluded when calculating the fine aerosol
DRF separately, and vice versa.

Various studies of aerosol DRFs have been carried out
based on observations or numerical models. Overall, the
DRFs of urban aerosols are much stronger than those on
regional or global scales. Forster et al. (2007) summarized
the global mean clear-sky DRFs of the total observational
aerosols as −5.4 W m−2. Zhuang et al. (2013a, b) indicated
that simulated clear-sky DRFs are −4.97 W m−2 for total
aerosols and+1.2 W m−2 for BC over East Asia. On a subre-
gional or urban scale, the observation-based analysis showed
that the total aerosol DRFs always exceeded 101 W m−2

(Markowicz et al., 2008; Khatri et al., 2009; Wang et al.,
2009; Kuhlmann and Quaas, 2010; Alam et al., 2011; Che
et al., 2015c and so on). For example, the total aerosol DRF
could be as strong as −25 W m−2over the Qinghai–Tibet
Plateau (Kuhlmann and Quaas, 2010) and −30 W m−2 in
the North China Plain (Che et al., 2014, 2015c). Our re-
sults show that the aerosols in the urban area of the western
YRD could also exert very strong DRFs, reaching as high as
−25.5 W m−2 at the surface. Apparently, the DRFs here have
smaller uncertainties than those from the simulations because
of the use of observations. They might be also more precise
compared with previous estimations in Zhuang et al. (2014a).
This study further investigated the size fractional DRFs of

different aerosol components in urban areas of the western
YRD, which allows a better understanding of the effects of
aerosols on solar shortwave radiation. In addition, these is-
sues have not been addressed in previous studies. The results
here can also be used to validate numerical simulations and
to evaluate model performances concerning aerosol radiative
effects.

3.4.2 Sensitivity of the aerosol direct radiative forcing
to aerosol profiles

Different aerosol profiles might result in different DRFs.
Figure 14 presents the TOA and surface DRFs of different
aerosol types, including the SA, AA and TA, based on four
kinds of aerosol profiles from CALIPSO, PRL, the combined
CALIPSO and PRL shown in Fig. 11 and the default one
from TUV (Palancar and Toselli, 2004) in clear-sky condi-
tions. The figure shows that the aerosol DRFs in clear-sky
conditions are not very sensitive to the aerosol profile, al-
though the absorbing aerosol TOA DRFs are more sensitive
than those of the scattering aerosols. Overall, both the scatter-
ing and absorbing aerosol DRFs at the TOA become weaker
to some extent when more aerosols are concentrated in the
lower layers of the atmosphere, especially the AAs. Here, a
profile impact factor (PIF) is defined as the ratio of the stan-
dard deviations among the four types of DRFs in Fig. 14
to the averaged values of these four DRFs. The PIF is ap-
proximately 4.97 % for the absorbing aerosol TOA DRF and
is below 2 % for the rest of the types of DRFs. In contrast,
the aerosol profiles might have much stronger influences on
the DRFs in cloudy-sky conditions because the absorbing
aerosols over brighter cloud will absorb more shortwave ra-
diation (Podgorny and Ramanathan, 2001). This issue will be
addressed in the future.

3.4.3 Brief discussions

Although the observation-based DRFs of the total, scatter-
ing and absorbing aerosols as well as their sensitivities to the
aerosol profiles are analysed in this study, uncertainties still
exist due to the measurement errors of the optical properties
mentioned in Sect. 2. Additional estimations of the aerosol
DRFs are carried out based on the errors of AOD, AAOD
and SSAs. The results indicate that the greater uncertainties
of the aerosol DRFs are mainly derived from the errors of
SSA or AAOD. The uncertainties of the total aerosol AODs
(0.01) yield only approximately 1 % relative biases for the
total aerosol DRFs at both the TOA and surface. The total
or fine-aerosol SSA errors (0.03 or 0.037) may result in ap-
proximately 24 % of the uncertainties at the TOA (< 15 % at
the surface) for the corresponding DRFs. A larger coarse-
aerosol SSA error (0.085) leads to an ∼ 24 % uncertainty of
its surface DRFs. AAOD errors (0.01) cause approximately
20 % of the uncertainties for the absorbing DRFs at both the
TOA and surface while accounting for only 1.2 % of the scat-

www.atmos-chem-phys.net/18/1419/2018/ Atmos. Chem. Phys., 18, 1419–1436, 2018



1432 B. Zhuang et al.: Urban columnar aerosols in the Yangtze River Delta

-50

-40

-30

-20

-10

0

10

 C
le

ar
 sk

y 
di

re
ct

 ra
di

at
iv

e 
fo

rc
in

g 
(W

 m
 -2
)

TA SA AA TA SA AA

 Left: at the TOA  Right: at the surface

 CALIPSO 
 Lidar 

 Combined 
 Default

TA: Total aerosols
SA: Scattering aerosols
AA: Absorbing aerosols    

Figure 14. Sensitivities of the TOA and the surface aerosol DRFs
(daytime, W m−2) to the different aerosol profiles in clear condi-
tions, for the total, scattering and absorbing aerosols.

tering DRFs uncertainties. Overall, these uncertainties are
smaller than those presented in the 5th IPCC report (IPCC,
2013) and could be further decreased if the measurements
or the algorithms were somewhat improved. For example,
the absorbing aerosol DRFs would become more accurate
if corresponding SSAs could be obtained by measurements.
Also, the aerosol DRFs would be better estimated to a de-
gree if its profiles with higher temporal resolution could be
used in future. Additionally, extremely high aerosol loadings
are frequently observed during serious pollution episodes, in-
cluding dust storms, biomass burning and regional transport
(Zhuang et al., 2014a, b, 2015). The aerosol optical and phys-
ical properties as well as the radiative forcing are different
during these extreme episodes, which also deserves further
study.

4 Conclusions

In this study, the size-dependent aerosol optical and physical
properties observed by a Cimel sun photometer (CE-318) are
investigated, as well as the corresponding DRFs calculated
by the radiation transfer model TUV based on observations
from the urban area of Nanjing (urNJ), western YRD.

In the urban area of the western YRD, the annual mean
total aerosol AOD is 0.65 and is mostly due to the contri-
bution of the scattering components (0.61). The absorption
fraction is as small as ∼ 6.7 %. Approximately 80 % of the
aerosols in urNJ during the sampling period are fine-mode
aerosols. The absorption fraction is approximately 4.6 % in
the fine mode and 15.5 % in the coarse mode, showing the
very different compositions and absorption characteristics
of these two kinds of aerosols. Compared with the satellite

retrievals, the observations show aerosol optical properties
with much higher temporal resolutions and more products.
Further analysis of the aerosol optical properties indicates
that there might be approximately 15 and 27 % occurrences
of dust-dominated and BC-dominated mixing aerosols, re-
spectively, in the western YRD during the study period.

The aerosols in the western YRD have a two-mode log-
normal pattern in their volume size distribution, peaking
at the radii of 0.148 and 2.94 µm on an annual scale.
The fine particles have the same contribution as the coarse
ones when AOD < 0.8, and they become predominate when
0.8< AOD < 1.4. In contrast to observations in other regions,
the results here further reveal that the coarse aerosols might
also induce very serious pollution episodes in the YRD. Both
fine and coarse aerosols have the same levels of volume con-
centrations, although their radii differ by an order of magni-
tude.

Similarly to AODs, the total fine-aerosol DRFs have a high
contribution to the totals, especially at TOA (> 97 %), with
a value of −11.17 W m−2. However, differences exist. For
each aerosol type, the coarse-aerosol DRF accounts for only
∼ 13.3 % for the scattering aerosols but at least 33.7 % for the
absorbing aerosols at both the TOA and the surface in urNJ.
The DRFs estimated for urNJ in this study are much stronger
than their regional or global means.

Most of the size-dependent aerosol optical and physical
properties as well as their DRFs have significant seasonal-
ity in the western YRD. The DRF variations for each aerosol
type within the same mode are mostly consistent with the
variations in the corresponding AODs, peaking in the sum-
mer for the fine aerosols and in the spring for the coarse ones.
However, the variations in the total aerosol DRFs at the TOA
are different from the corresponding AODs because the neg-
ative DRFs of the scattering aerosols are always offset by the
absorbing aerosols. Both the fine and coarse aerosols have
the largest sizes in the summer, which differs from the total
aerosol mode (which peaks in the spring).

The sensitivities of clear-sky aerosol DRFs to the aerosol
profiles are not significant and are all smaller than 5 %. Over-
all, both the scattering and absorbing aerosol DRFs at the
TOA would become somewhat weaker if more aerosols were
concentrated in the lower layers of the atmosphere, especially
for the absorbed DRF. Further investigation suggests that an-
other uncertainty of the DRFs is from the measuring errors
of the aerosol optical properties. The larger biases are mainly
derived from the errors of the SSA and AAOD.

Data availability. The monthly mean optical depth (AOD) and
Ångström exponent (AE) of the total aerosols and surface albedo
from the satellite-based Moderate Resolution Imaging Spectro-
radiometer (MODIS) are available at https://giovanni.gsfc.nasa.
gov/giovanni/. The aerosol profile from the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) data
sets are available at https://eosweb.larc.nasa.gov/project/calipso/
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